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16
17 SUMMARY
18 Sphingolipids are crucial components of cell membranes. Sphingolipid A8-unsaturation

19 is more specific to plants and is involved in the regulation of stress responses. The structure
20  and functions of sphingolipids in microalgae are still poorly understood. Ostreococus tauri is
21  a minimal microalga at the base of the green lineage, and is therefore a key organism for
22 understanding lipid evolution. The present work reports the characterisation as well as the
23 temperature regulation of sphingolipids and A8-sphingolipid desaturase from O. tauri.
24 Complex sphingolipids are glycosylceramides with unique glycosyl moieties encompassing
25  hexuronic acid residues, reminiscent of bacterial glucuronosylceramides, with up to three
26  additional hexose residues. In contrast, the ceramide backbones show limited variety, with
27  dihydroxylated C18/C18:1%*® sphingoid bases and C16:0 fatty-acyl chain being the main

28  compounds.
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29 The sphingolipid A8-desaturase from O. tauri, although phylogenetically related to plant
30 homologues has a substrate preference similar to the diatom homologue. Both sphingolipid
31  A8-desaturase transcripts and sphingolipid A8-unsaturation are regulated in a temperature-
32 dependent manner being higher at 14°C than 24°C. Overexpressing the sphingolipid A8-
33  desaturase in O. tauri at 24°C results in higher sphingolipid unsaturation and impairs the
34  increase in cell size, structure and chlorophyll. In particular, the cell-size defect is not
35 detected in cells acclimated to 14°C and is furthermore suppressed upon transfer from 24°C
36 to 14°C. Our work provides the first functional evidence for the involvement of sphingolipid
37  A8-unsaturation for temperature acclimation in microalgae, suggesting that this function is
38 an ancestral feature in the green lineage.

39 Word count 5534

40 INTRODUCTION

41 Sphingolipids (SLs) are ubiquitous lipids occurring in all eukaryotes as well as in a few
42  bacteria (Hannich et al., 2011). SLs structure membranes and, along with sterols and glycosyl
43  phosphatidylinositol (GPI) anchored proteins, are essential for the dynamics of membrane
44  microdomains (Lingwood and Simons, 2010). SLs have been shown to be importantly
45 involved in biotic and abiotic stresses including temperature responses (Fabri et al., 2020;
46  Huby et al., 2020; Wang et al., 2021). Moderately soluble SLs metabolites such as long-chain
47  base (LCB) and ceramides (Cer) play critical roles as ligands that bind to, and regulate the
48  activity of, enzymes and signaling proteins such as kinases and membrane receptors
49  (Breslow and Weissman, 2010). Moreover, the balance between non-phosphorylated and
50 phosphorylated forms of LCB and Cer has been shown to be involved in programmed cell
51 deathin animals, plants and yeasts (Ali et al., 2018).

52 SLs encompass a ceramide backbone consisting of a long-chain sphingoid base (LCB),
53  commonly a C18 acyl-chain with hydroxyl groups at C1 and C3, to which a fatty acid (FA)
54  chain of various length is amidified (at C2) (Sperling and Heinz, 2003). Ceramide diversity
55 arises from changes in chain length, methylation, hydroxylation and/or degree of
56 desaturation of both the LCB and FA moieties. Mono- or pluri-hexoses in glycosylceramides
57 (GlyCers), phosphoryl in ceramide-phosphates or inositol-phosphate group in
58  phosphoinositol ceramides (IPCs) further substitutes the primary hydroxyl of the sphingoid

59  base. Monohexosylceramides are the simplest glycoSLs. GlyCers occur widely including in
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60 animals while IPCs are common to plants, fungi, and some protists (Hsu et al., 2007; Cacas et
61 al, 2013; Vitova et al.,, 2022; Yamashita et al., 2022). GlycosylIPC (GIPC) result from
62  additional transfer of saccharide residues to phosphoinositol ceramides (IPCs) by
63  glycosyltransferases. Plants complex sphingolipids are glucosylceramides consisting of only
64 one glucose (GlcCers), and GIPCs consisting of highly diverse and complex headgroups
65  defining eight series (Gronnier et al., 2016). Noteworthy, plant GIPCs encompass glucuronic
66 acid (GlcA), which is added to the IPC backbone by inosiltolphosphate ceramide
67  glucuronosyltransferase (Cacas et al., 2012; Rennie et al., 2014).

68 Overall, the core metabolic pathway of SLs is well conserved in eukaryotes (Mashima
69 et al.,, 2019). SL de novo synthesis starts with the condensation of serine and palmitoyl-CoA,
70 catalysed by the serine palmitoyltransferase (SPT) in the ER, and produces 3-
71  ketosphinganine, which has a hydroxyl at C1, an amine group at C2 and a ketone at C3.
72 Further reduction by the 3-ketosphinganine reductase (KSR) generates sphinganine (d18:0,
73  dihydrosphingosine), which is next N-acylated by the ceramide synthase (CS) and yields
74  ceramides. Headgroup attachment takes places in the Golgi. Concerning LCB modifications,
75  C9-methylation appears specific to fungi while LCB hydroxylation and desaturations are
76  widespread. C4 hydroxylation and A4-desaturation of sphinganine are mutually exclusive, as
77  the corresponding enzymes in charge of these modifications, namely C4-hydroxylase and SL
78  AA-desaturase (SLD4), respectively, are competing for the same substrate. The resulting 4-
79  hydroxysphinganine (t18:0, phytosphingosine) and 4-sphingenine (18:1%, sphingosine) are
80 commonly encountered in eukaryotes. LCB A8-unsaturations has been reported from plants,
81 algae, moss and fungi and may be concomitant with C4-modifications yielding either t18:1%
82 ord18:2 % (Stonik and Stonik, 2018; Mashima et al., 2019; Liu et al., 2021; Haslam and
83 Feussner, 2022).

84 Sphingolipid A8-desaturases (SLD8) have first been characterised from plants (Sperling
85 et al,, 1998). SLD8 encompass N-terminal (Nt) fused cytochrome b5 domain (CytB5). SLD8
86  from fungi generates A8-E isomers while plant SLD8 generate both Z and E A8 isomers with
87 different efficiencies depending on the species (Li et al., 2016). The ratio between Z- and E-
88 A8 isomers was proposed to be related to chilling resistance and, to some extent, to
89  aluminium tolerance (Imai et al.,, 1997; Li et al.,, 2016). For microalgae, the only SLD8

90 functionally characterised to date is TpDesB from the diatom Thalassiosira pseudonana
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91 (Tonon et al., 2005). TpDesB introduces a A8 in the E configuration and displays a strong
92  preference for dihydroxylated LCB substrates.
93 Knowledge about microalgal SLs is poor especially in view of the phylogenetic diversity
94  of these organisms. GlyCers were detected in a large number of microalga species (Arakaki
95 etal, 2013; Li et al., 2017; Stonik and Stonik, 2018). The first structural study was carried out
96 on the green microalgae Tetraselmis sp. and unveiled original GlcCer in which a plant-related
97  LCB (d18:2°%%) is combined with a FA bearing modification only reported from fungi (2-
98  hydroxy-A3-unsaturated FA) (Arakaki et al., 2013). Recently, structural analyses of SLs in
99  major species of microalgae from the Stramenopiles, Alveolates, Rhizaria supergroup (SAR)
100 have been achieved (reviewed in (Stonik and Stonik, 2018)). The results highlighted unique
101  features of microalgal GlyCers such as diverse glycosyl moieties consisting of di- to tri-
102  saccharide residues (diatoms) or original monoresidue such as galactose and sialic acid
103  (haptophytes) as well as fungal-like C9 methylation and/or tri to tetra unsaturation of LCBs.
104 Ostreococcus tauri is a marine picoalga that emerged in the green lineage 1.5 billion
105 vyears ago. O. tauri corresponds to the smallest photosynthetic eukaryote (< 2um) and
106  defines with other related picoeukaryotes the Mamiellophyceae class and Mamiellales order
107 (Courties et al., 1994; Marin and Melkonian, 2010). Among Mamiellophyceae, O. tauri has
108 the most reduced genome (13 Mb) and the simplest cellular organization (Derelle et al.,
109 2006; Henderson et al.,, 2007). In the utra-compact cell, the unique chloroplast occupies
110 about 50% of the cell volume and is in contact with most of other organelles. O. tauri
111 glycerolipidome has been characterised in details unveiling features reminiscent of both the
112  SAR and Archaeplastida supergroups (Degraeve-Guilbault et al., 2017). In particular, O. tauri
113  and related species produces very-long chain polyunsaturated FA (VLC-PUFAs, C>20) that are
114  hallmark of SAR microalgae. The Mamiellophyceae FA desaturases crucial for VLC-PUFA
115  synthesis, namely A6-, A5-, A4-desturases (Des), have been functionally characterized
116  (Domergue et al., 2005; Tavares et al., 2011; Vaezi et al., 2013; Degraeve-Guilbault et al.,
117  2020). In contrast to other ancient eukaryotes which encompass ER located A6-desturases
118  using lipids as substrate, Mamiellophyceae display animal-like acyl-CoA A6-Des that uses
119  acyl-CoA as substrate (ER located) as well as plastidic FA A6-Des that are plastid located and

120  uses lipid substrates (Domergue et al., 2005; Degraeve-Guilbault et al., 2020).
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121 In the present work, we aimed at gaining insight into the sphingolipid
122 structure/function in O. tauri. We therefore functionally characterised the SLD8 and SLs from

123 O. tauri and further provide evidences for their involvement in temperature acclimation.

124 RESULTS
125 Phylogenetic analysis of sphingolipid A8 desaturase candidates
126 Among CytB5-fused desaturase we previously retrieved, the accession XP_022841141

127 had been identified as a putative SLD8 (Degraeve-Guilbault et al.,, 2020). Bayesian
128  phylogenetic analysis using amino acid (AA) sequences of all CytB5-fused desaturases from
129  Mamiellales shows that the putative O. tauri SLD8 AA sequence robustly clusters (posterior

130  probability PP

1.00) with other Mamiellales putative SLD8 and is related (posterior
131  probability PP = 0.75) to the clade of Mamiellales plastidic A6-Des (Fig. 1) (Degraeve-
132  Guilbault et al., 2020). The acyl-CoA A6-Des clade robustly (1.00) clusters basally to the clade
133 containing both the SLD8 and the plastidic A6-Des. The phylogenetic analysis run with SLD8
134  from other organisms shows that the Mamiellales clade, together with its sister clade (PP=
135 0.70) containing Charophyte sequences, sits basally (PP = 1.00) to a robust clade (PP = 1.00)
136  containing characterised SLD8 from Bryophytes and higher plants (Fig. 2). The Nymphaea
137  thermarum sequence defines the monocot/eudicot separation, as expected following the
138  Paleoherb hypothesis (Doyle and Donoghue, 1993; Igersheim and Endress, 1998). Using a NJ
139  phylogenetic inference, Li and collaborators reported a clear dichotomy between plant SLD8
140 preferentially producing Z and E isomers (Li et al., 2016). From our analysis this dichotomy
141  was not as clear, though Z>E eudicots robustly (P = 1.00) cluster together (with one
142  exception, Prunus persica), whereas the E>Z are more scattered in the tree, still showing a
143  pattern. Considering sequences from the distant microalgal lineage SAR, sequences cluster
144  together, with the exception of the two diatoms species Nitzschia inconspicua and
145  Thalassiosira pseudonana.—The only cryptophyte in the analysis (Guillardia theta), has
146  possibly destabilised the analysis (PP = 0.55). T. pseudonana SLD8 is the only SAR sequence
147  that has been functionally characterised to date and was shown to exclusively produce E

148 isomer (Tonon et al., 2005).
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149 Subcellular localization of SLD8 candidates

150 In order to possibly up-date the start codon provided in the NCBI/JGI accessions we
151 searched for additional possible start codons 5’upstream of, and in frame with, the
152  annotated sequence (Fig. S1). Putative start codons occurred for O. tauri, Ostreococcus sp.
153  RCC809 and Micromonas pusilla. For O. tauri, we successfully amplified the corresponding
154  sequence from cDNA. From subcellular localisation prediction (PredAlgo) fair to high scores
155 for chloroplastidic target peptide (cTP) were obtained for all Mamiellales sequences
156  exception made of Bathycoccus prasinos. In particular, the 33 AA extended OtSLD8 sequence
157  displayed a cTP score of 3.11 over 5 (Fig. S1). We therefore considered a short version and a
158 long version of SLD8 for subsequent analyses (short-SLD8 and long-SLD8 thereafter). Since
159  sphingolipid desaturases are commonly assumed to be ER located, we wanted to assess the
160  subcellular localisation of both short-SLD8 and long-SLD8. To this end Nicotiana
161  benthamiana was used as heterologous host for the expression of Cterminal-YFP-fused-SLD8
162  (Degraeve-Guilbault et al., 2020; Degraeve-Guilbault et al., 2021). The short-SLD8 was

163  unambiguously ER located while the long-SLD8 localised at chloroplasts (Fig. 3).

164 SLD8 enzymatic activity
165 O. tauri LCB and ceramides
166 LCB and ceramides analyses of O. tauri unveiled that sphinganine and its

167  corresponding E-A8-desaturation product sphingenine were the main LCB, and that they are
168  associated with the FA C16:0 in ceramides. (Fig. 4, Table S1). These results suggested that

169 the putative OtSLDS8 possibly displayed a preference for sphinganine and E-isomers.

170 Sphingolipid desaturase activity characterisation

171 Heterologous expression of OtSLD8 in yeast was carried out in order to validate the
172  sphingolipid desaturase activity (Table 1). Both short- and long- SDL8 were expressed in
173  different Saccharomyces cerevisiae strains available from previous studies, along with SLD1
174  from Arabidopsis thaliana as positive control and an empty vector as negative control. S.
175 cerevisiae strains allowed to test specific substrate: the wild-type strain provides t18:0, the

176  sur2A mutant d18:0 and the sur2A expressing the LCB A4 desaturase gene of Komagataella
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177  pastoris provides d18:1%

(Haak et al.,, 1997; Tonon et al.,, 2005). Further note that the
178 pGAL1 inducible system was used in addition to the constitutive expression system
179  (promoter PGK1) as expression of long-SLD8 slowed-down the growth of yeasts. Expression
180 of both the long and short versions of OtSLD8 resulted in five times more abundant
181  unsaturation products from sphinganine than from 4-hydroxysphinganine, reflecting a
182  preference of SLD8 for dihydroxylated substrates over trihydroxylated substrates. (Table 1)
183  (Fig. S2). Considering the inducible expression, this activity was the higher for the short-
184  OtSLD8. This contrasted with AtSLD1, which showed comparable unsaturation efficiency for
185 sphinganine and 4-hydroxysphinganine. Considering the constitutive expression of the short-
186  OtSLD8, both saturated and monounsaturated dihydroxylated substrates (d18:0, dlS:lME)

187  appeared equally well accepted while SLD1 has a clear preference for d18:1%F

(sphingosine).
188  Most interestingly, only E stereoisomers of the A8-double bond were produced by both the

189 long- and short-OtSLD8, whereas E and Z isomers were generated by AtSLD1 (Fig S2).
190 Search for additional desaturase activity

A3,6,9,12,15 . .
22522 which is

191 O. tauri has the capacity of producing a peculiar fatty acid 18:5
192 commonly found in species from the SAR supergroup (Degraeve-Guilbault et al., 2017).
193  C18:5 is recognized as a hallmark of galactolipids (plastidic lipids) and is assumed to be
194  derived from the activity of a previously unidentified A3 desaturase using 18:4%%*%%° as
195  substrate. We recently characterised the first plastidic A6-Des from O. tauri and showed that
196 their expression in N. benthamiana resulted in the accumulation of the A6-desaturation
197 products 18:3n-6 18:4n-3 especially in plastidic lipids (Degraeve-Guilbault et al., 2020). As
198 heterodimerization of closely related desaturases and desaturase bifunctionality have both
199 been reported, we wanted to investigate whether SDL8 could display an additional activity
200  when co-expressed with A6-Des in N. benthamiana (Sperling et al., 2003; Lou et al., 2014).
201  We therefore overexpressed long-SLD8 together with each of the pA6-Des (pA6-Desl1 and
202  pA6-Des2, previously referred to as Ot05 and Ot10 respectively) (Fig. 5A) and Short-SLD8
203  with the ER acyl-CoA-A46-Des (previously referred to as Ot13) (Fig. 5B) (Degraeve-Guilbault et
204  al., 2020). Consistently with previous reports, the transient overexpression of A46-Des in N.

205  benthamiana resulted in the production of 18:3n6 and 18:4n3 from 18:2n6 and 18:3n3

206  respectively with the greatest conversion observed for pA6-Desl (Fig. 5A). However,
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207  expression of OtSDL8 alone or in combination with other OtA6-Des did not result in other
208 changes in the fatty acid profiles of N. benthamiana.

209

210 Altogether, our results show that SLD8 activity is specific to SLs and introduces a A8
211  desaturation exclusively in the trans-configuration into sphinganine, yielding 8E-sphingenine

212 (d18:1%).
213 SLD8 functional analyses in O. tauri

214 SLs and SLD8 have been reported to be involved in temperature acclimation across
215  eukaryotes and in particular in plants (Chen et al., 2012; Zhou et al., 2016; Fabri et al., 2020).
216  We therefore chose to investigate the relationship between SL-A8-unsaturation and
217  temperature acclimation in O. tauri. SLD8 overexpressing lines (SLD8 OEs) were generated to
218 gain insight into the physiological relevance of SL-A8-unsaturation (Fig. S4). Cells
219  synchronized by 16h light/8h dark cycles were acclimated for at least 3 sub-culturing rounds
220 to high (24°C) and low temperature (14°C). Warming and cooling were carried out 3 to 4
221  hours after the light on by transferring acclimated culture from 14°C to 24°C and conversely.
222  These conditions have been previously identified for allowing oscillatory expression of
223  desaturases (peak in the morning), as well as studying temperature-dependent changes of
224  glycerolipids and of desaturase expression (Monnier et al., 2010; Degraeve-Guilbault et al.,

225  2021; Kay et al., 2021) (Fig. S4).

226 Effect of temperature on SLD8 expression and LCB unsaturation

227 SLD8 transcript abundance was monitored at 24°C and 14°C (acclimated cells) and 0.5
228 and 4 hours after a temperature shift that was achieved within 3 minutes (see methods) (Fig.
229  6). The transcript level was unambiguously higher at 14°C than at 24°C, and following the
230 temperature change adjusted within 30 minutes and remained similar to the control 4 hours
231 later (Fig. 6A). Consistently, the unsaturation level in transgenics control lines was about
232 twice as high at 14°C compared to 24°C (Fig. 6B). Overexpressing SLD8 resulted an increase
233  of LCB A8-unsaturation, in particular at 24°C, where the unsaturation was comparable to EV

234  and SLDS8 at 14°C (Fig. 6B).
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235 Effect of temperature on SLD8-OE growth, cell size and fluorescence

236 In order to gain insight into the physiological significance of SL A8-unsaturation
237  according to temperature, the growth, cell size and structure as well as chlorophyll
238  fluorescence of SLD8 OEs and negative control (EV) were monitored along a kinetics in the
239  different temperature conditions described above (Fig. 7, Fig. S5, Fig. S6, Table S2). Cell
240 parameters analysed by flow cytometry include two refractory parameters and chlorophyll
241  fluorescence. Refractory parameters are FSC, (forward scatter) reflecting cell size, and SSC
242  (side scatter) reflecting cell structure. The red fluorescence arise from the excitation of
243 chlorophyll a at 488 nm and its emission in the red channel. Cell acclimated to 24°C and 14°C
244  were sub-cultured and allowed to adapt for two days. Part of the culture was then switched
245  to either lower or higher temperature 4 hours after light on in exponential growth phase
246  (Fig. S5A-D). From our analysis, overexpression of SLD8 had no appreciable effect on growth,
247  and EVs and SLD8-OEs displayed similar generation times under each condition. The growth
248  was significantly enhanced at 24°C compared to 14°C and slightly slow-down upon chilling
249  (Fig. 7A, Fig. S5E). Noteworthy, the cell parameter values reflecting size (FSC) (Fig. 7B, C),
250  chlorophyll fluorescence (red fluorescence) (Fig. 7D, E) and cell structure/granularity (SSC)
251  (Fig. S7 A, B) were generally higher for acclimated cells at 24°C than at 14°C. Moreover, the
252  values in SLD8-OEs were overall lower compared to EVs, the probabilities of a significant
253  difference being higher at 24°C than at 14°C (Fig. 7B-E, Fig. S7A-E, TableS2). In particular, the
254  size of SLD8-OEs at 24°C was closely related to that at 14°C (Fig. 7B, C, Fig. S7E, Table S2)
255  vyielding a reduced size-ratio between 24°C and 14°C in SLD8-OES compared to EV (Fig. S7D).
256 Interestingly, chilling allowed the size and structural differences between SLD8-OE and EV to
257  be supressed within 24 hours after the temperature-shift. (Fig. 7C, Fig. S6B, Table S2), which
258 is less than the time required to divide (Fig. 7A). Conversely, differences in cell-size between
259 SLD8-OEs and EV were increased after warming though a longer period seemed to be
260 required (Fig. 7B, Fig. S6A, Table S2). Although a similar trend occurred for chlorophyll
261  fluorescence (Fig. 7D, E, Fig. S6D), values in cells acclimated at 14°C remained significantly
262 lower in SLD8-OEs. Altogether, these results suggest that cell size and chlorophyll
263  fluorescence were higher at 24°C and that overexpressing SLD8 impaired cell size adjustment

264  at 24°C while having little effect at 14°C.

O. tauri sphingolipids and temperature acclimation 9


https://doi.org/10.1101/2023.05.16.541044

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.16.541044; this version posted May 19, 2023. The copyright holder has placed this
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,
remix, or adapt this material for any purpose without crediting the original authors.

265 Characterisation of O. tauri sphingolipids

266 To further gain insight into the SLs substrate of SLD8 and possibly involved in cell-size
267  adjustment defect, the detailed characterization of O. tauri SL was first carried out in wild
268  type (Fig. 8, Fig. S7). In land plants and some algae, GIPC and GlcCer are known as the major
269  SLs (Mamode Cassim et al., 2020). GlycoSLs provide the specific product ions (i.e., ceramide
270  and LCB moieties) in MS/MS analysis under a positive ionization mode. Based on the above
271  mentioned ceramide composition of O. tauri (Fig. 4), the total lipid extract from O. tauri was
272  applied to the precursor ion scanning using the fragment of d18:1 LCB (m/z 264.3,
273 [LCB-2H,0+H]’) and d18:1-16:0 ceramide (m/z 520.5, [Cer-H,0+H]") (Fig. 8, Table S1). The
274  MS? analysis provided the m/z of putative precursor species 538.5, 714.6 and 890.6 for LCB
275 (Fig 8A) and 714.5, 890.6, 1052.6, 1214.7, and 1376.7 for Cer (Fig 8B). The m/z 538.5
276  corresponds to d18:1-c16:0 Cer, and thus the larger fragments were estimated as glycoSLs.
277  The differences between the m/z 890.6, 1052.6, 1214.7 and 1376.7 are A162, which can be
278  unambiguously attributed to hexose (Hex) attachments (Fig. 8C). There are therefore up to
279  three Hex residues at the terminal end of SLs. In addition, the differences A176 (m/z 890.6
280 from 714.6 and m/z 714.6 from 538.5) and A194 (m/z 714.6 from 520.5) can be attributed to
281  hexuronic acid (HexA, without or with H,0, respectively). Thereof, up to two HexA residues
282  are attached to the base of the glycosyl chain (Fig. 8C). Vice Versa, the product ion scanning
283  of the predicted precursor ions supported the glycan structure (Fig S7). However, highly
284  glycosylated molecules are often difficult to be unambiguously determined by ESI-MS, as
285  multiple deglycosylated fragments are detected via in-source fragmentation. We therefore
286  assessed the above results by further performing targeted MS? analysis coupled with a
287  reverse-phase HPLC separation. This enabled us to detect four separate peaks in the LC
288  chromatogram, which were assigned to Cer, HexACer, Hex,HexA,Cer, and HexsHexA,Cer (Fig.
289  8D). The chromatograms obtained with MRM settings for HexA,Cer and HexHexA,Cer were
290 overlapped with that for Hex,HexA,Cer, and the peak at 9.7 min of retention time was also
291 detected in the windows for Cer and HexACer but not for HexsHexA,Cer where a distinct
292  peak was detected at 9.2 min, indicating that the overlapped peaks are Hex,HexA,Cer and its
293 in-source fragmentation products. Note that neither (G)IPC nor GlcCers were detected by
294  the scanning and targeted analysis that has been successively developed for the SLs in land

295  plants (Ishikawa et al., 2016). O. tauri therefore encompasses peculiar classes of complex
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296 and acidic glycoSLs ranging to a simple monoglycosylSLs to pentaglycosylSLs. Most
297  importantly, the basis of the glycosyl chain consist of two hexuronic acids. GlyCers composed
298 of hexuronic acids have so far only been identified from the proteobacteria genus

299  Sphingomonas (Kawahara et al., 2000).

300 Effect of temperature and SLD8 overexpression on sphingolipids

301 The next step was to obtain the relative class composition of SL and to determine the
302 possible influence of temperature and of SLD8 overexpression on these classes. To this end
303 detailed SL analysis of SLD8 overexpressors and EVs acclimated at 14°C and 24°C was carried
304 out (Fig. 9, Fig. S8). Individual changes were analysed in each of the four EVs and SLD8-OE
305 (Fig. 9A, B) and a general trend was gained by averaging all values for each line type (Fig. 9C-
306  F). Overall temperature and SLD8 overexpression had a major impact on the SL unsaturation
307 while the impact on the amount was more subtle. The most abundant (as signal intensity) SL
308 classes were the mono-GlyCer, HexACer and the tetra-GlyCer, Hex,HexA,Cer, while Cer and
309 HexsHexA,Cer were detected at lower intensities (Fig. 9A-C). Comparing 14°C to 24°C, a
310 general trend consisted of a reduction of Hex,HexACer and of Cer, and of an increase of
311 HexAcer and HexsHeXA,Cer (Fig. 9C). These changes occurred to a relative similar extent in
312 OEs and EVs, although the amount of Hex,HexA,Cer in SLD8-OEs remained high at 14°C
313  (Fig.9C, 9D). All SLs displayed A8-unsaturation, the most complex SLs HexsHeXA,Cer being
314  the most unsaturated, followed by Hex,HexA,Cer and then Cer, whereas HexACer were the
315 least unsaturated SLs (Fig.9E). The degree of unsaturation was higher in all SL classes at 14°C
316 in EVs but also in SLD8-OEs, which already unambiguously displayed a higher unsaturation
317 compared to control lines at 24°C (Fig. 9A, B, E). In particular, the unsaturation degree in
318 SLD8-OEs at 24°C appeared closely related to that of EVs at 14°C (Fig. 9E). It should be noted
319 that the unsaturation in SLD8-OE at 14°C is even higher. To summarize it appears that 1)
320 HexACer and Hex2HexA2Cer are the most abundant SLs, HexACer production being favoured
321 at low temperature, 2) low temperature as well as SLD8 overexpression boost the

322  unsaturation in all SL classes.
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323 Sphingolipid genes

324 Based on our results and further retrieval of O. tauri SLs related genes homologues, we
325 propose a SL pathway in O. tauri (Fig. 10, Fig. S9). Concerning LCB/ceramide modification
326 enzymes, no SLD4 orthologue could be retrieved from the O. tauri genome, though putative
327 homologues were found in Micromonas species. No homologue of fatty-acid hydroxylase
328  (AtFAH1) occurred in any Mamiellales species but B. prasinos. These results are consistent
329  with our analysis which shows that apart from LCB A8-unsaturation, no other changes are
330 detected. However, although we did not detect a t18:0, a putative homologue of LCB C4-
331 hydroxylase was found in Ostreococcus species and Micromonas commoda. Surprisingly, a
332  putative homologue of the LCB C9-methyltransferase, usually found in fungi, also occurred in
333  all Mamiellales species. Putative LCB/ceramide-P phosphatase homologues were also
334  retrieved.

335 Core enzymes for SL synthesis readily identified encompassed the serine palmitoyl
336 transferase (SPT) and ceramide synthase, which is more closely related to CS-like from the
337 SAR lineage. As regards the glycosylceramide synthase (GSC), putative A. thaliana
338 homologue could be retrieved from Bathycoccus and Micromonas but not from Ostreococus
339  species. However, putative homologues of the recently characterised glucuronosylceramide
340 synthase from the alpha proteobacterium Zymomonas mobilis occured in O. tauri as well as
341  in other Mamiellales species (Okino et al., 2020). In agreement with our analysis, the search
342  for enzymes involved in the synthesis of GIPC (IPC-synthase, inositolphosphoryl ceramide

343  synthase) proved unsuccessful.

344 DISCUSSION

345 More than twenty-five years ago, Sperling and collaborators cloned from plant, the
346  first SLD8 desaturase opening the way for investigating the evolution and physiological
347  functions of SL A8-unsaturation (Sperling et al., 1998). Compared to plants, very little data
348 are available about the structure and function of SLs in microalgae. Once again, it is
349 important to emphasise that microalgae are distributed in four supergroups of eukaryotes
350 and represent a much greater biological diversity than plants (Archaepalstida supergroup).
351  O. tauri, occupies a basal position in the green lineage which makes this unicellular organism

352 key to elucidating early stages in the history of lipid evolution. Previous detailed
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353  glycerolipidome characterization of O. tauri unveiled features at the cross between SAR and
354  Archaeplastida. In the present study we not only provide the first evidence of the
355 involvement of SL A8-unsaturation in temperature acclimation of microalgae, but also report

356 novel eukaryotic SLs features that might have been acquired early in the evolution.

357 Main O. tauri SLs display unique feature reminiscent of bacteria glycosylceramides

358 From the few reports on microalgal SLs, the first structural insight into microalgal
359  GlyCers have been acquired from the green microalga Tetraselmis sp., which is related
360 though paraphyletic, to Ostreococcus (group previously referred to as Prasinophyceae)
361  (Arakaki et al., 2013). Tetraselmis ceramides glycosyl moiety corresponds to a single glucose
362  residue. From structural analyses of SLs of 17 strains of the SAR supergroup it was shown
363 that GlyCer consisted of one to three monosaccharide units linked to highly diverse
364 ceramides backbones (Li et al., 2017). Our work unveils that O. tauri displays three unique
365 classes of GlyCer consisting of hexuronic acids at the basis of the glycosyl head, a feature
366 that makes them unique as hexuronic acid has only been reported from bacterial SLs
367 (Kawahara et al., 2000; Vitova et al., 2022). In particular, glucuronic acid or galacturonic acid
368 residues a-linked to sphingosine derivatives were reported from the proteobacteria
369 Sphingomonas. The GlyCer are structurally related to lipopolysacharrides which are absent in
370 sphingomonads. In O. tauri, two hexuronic acids make the basis of the glycosyl chain
371  consisting of up to three additional hexosyl residues. Hex,HexA,Cer and HexACer are the
372  major SLs class, the former prevailing at 24°C and the latter at 14°C. Consistently, putative
373  orthologues of glucuronylceramide synthase from the alpha proteobacterium Z. mobilis are
374  present in Mamiellales species (Okino et al., 2020). While beyond the scope of the present
375  study, it would be interesting to assess the specificity of these enzymes in the future.

376 Like in bacteria or fungi, the ceramide backbones of O. tauri SLs consist of d18:0/d18:1
377 and C16:0 with C14:0 occurring in trace amount. Although phytosphingosine has been
378  sporadically reported from few green microalgae, it is generally absent in most microalgae
379 and O. tauri is no exception (Shiels et al., 2021). However, it is more surprising that O. tauri
380 ceramides do not contain long-chain acyl LCBs or polyunsaturated LCBs. Indeed, other
381 marine species such as Tetraselmis sp. and diatoms that share with O. tauri the ability to

382  synthesise VLC-PUFAs display such characteristics (Arakaki et al., 2013; Li et al., 2017).
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383  O. tauri SLD8 sequence features and substrate specificity shed light on SLD8 evolution

384 The evolution of eukaryotic desaturases, in particular of CytB5-fused desaturases has
385 been thoroughly investigated in the past, and hypotheses about the evolution of desaturase
386 substrate specificity have been proposed (Lopez Alonso et al., 2003; Sperling et al., 2003;
387  Gostincar et al., 2010). It is worth recalling here that SLD8s only occur in plants and fungi,
388 and further that plant A6-Des only occur in few 18:3n-6 producing species, uses lipids as
389  substrates whereas A6-Des are widespread in animals but uses acyl-CoAs as substrates. O.
390 tauri related species are therefore unique in the plant lineage as, in addition to SLDS, they
391 display an animal-like acyl-CoA A6-Des (ER) and plastidic A6-Des that use lipids as substrates
392 (Domergue et al., 2005; Degraeve-Guilbault et al., 2020). Note, however, that previous
393 phylogenetic analyses revealed that Mamiellales acyl-CoA-A6-Des, branch separately from
394  their animals counterparts (Gostincar et al., 2010).

395 From our phylogenetic analysis, SLD8, pA6-Des and acyl-CoA-A6-Des clades of
396 Mamiellales species are robustly related, with SLD8 and pA6-Des clustering together while
397 acyl-CoA A6-Des clade sets more apart. On the other hand, OtSLD8 robustly clusters with
398 plant SLD8. Sperling proposed that “a common and ancient fusion desaturase with A5- or A6-
399 regioselectivity [is at the origin of CytB5-fused desaturase]. Comparatively late gene
400 duplications gave rise to “local”, i.e. parallel developments of some of the basic
401  regioselectivities [including] A6 from sphingolipid-A8 (plants)” (Sperling et al.,, 2003).
402  Accordingly to Gostincar and collaborators, the duplications and specializations of A6/A8
403  pairs have happened more than once (Gostincar et al., 2010). Our analysis suggests a
404 common ancestor to acyl-CoA-A6-Des, plastidic A6-Des and SLD8. Either the ancestor
405  desaturase had a A6-regioselectivity and gave rise to SLD8 after later gene duplication or the
406 ancestor had a mixed specificity and regioselectivity specifications occurred after gene
407  duplications in parallel to give rise to pA6-Des, SLD8 and acyl-CoA A6-Des.

408 OtSLD8, displayed a clear preference for dihydroxylated substrates, whether they were
409  saturated or A4-unsaturated, and produced exclusively E-isomers. These features are
410  strongly reminiscent of the distantly diatom SLD8 homologue TpdesB (Tonon et al., 2005). It
411 is worth recalling that SL-A4 desaturation is more widespread in eukaryotes than A8
412  desaturation and is regarded as an ancestral feature within the green lineage (Haslam and

413 Feussner, 2022). Moreover, experiments in yeast and moss suggested that A4 unsaturation
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414  precedes, and is required for, A8 desaturation (Ternes et al., 2011; Gimann et al., 2021). Our
415  results indicate that this is not the case for OtSLD8. Furthermore, OtSLD8 activity on
416  trihydroxylated is very poor, which contrasts with AtSLD1 but recalls of TpdesB. Although
417  functional characterisation of additional microalgal homologues are required to gain insight
418 into the evolution of SLD8 specificities, it is tempting to speculate that the ancestral
419  specificity of SLD8 is not dependent on LCB C4 modifications. Further reasoning that
420  microalgae from the SAR and basal to Archaplastidia have conserved the ancient substrate
421  specificities of plant SLDS8, the specificities for C-4 modified LCB would have been acquired
422  later in the evolution. An alternative is the loss of LCB A4 unsaturation requirement for SLD8
423  activity in T. pseudonana, O. tauri and A. thaliana. Nevertheless, it seems reasonable to
424  speculate that the E-regiospecificity occurring in fungi, diatoms and O. tauri, is an ancestral
425  feature, inherited very early in the evolution; the Z-isomer synthesis would rather be a
426  shared derived character of land plants (synapomorphy).

427 Finally, the occurrence of a cTP in SLD8 sequences from Mamiellales and the plastidic
428  localization of the long-OtSLD8 in N. benthamiana is puzzling. Indeed, it is commonly
429  assumed that SLD8 are ER enzymes. Nevertheless, links between SLs and chloroplasts exists
430 and recent data showed that tomato plants silenced for SLD8 and exposed to chilling
431  displayed severely damaged chloroplasts (Zhou et al., 2016). In the case of O. tauri, the
432  possibility of the dual localization (ER/plastid) of some desaturases including SLD8 remains in
433  doubt and has to wait further technical developments allowing subcellular localisation in the
434  tiny native host. Nevertheless, the occurrence of a second methionine upstream of the
435  annotated ORF is common to several O. tauri desaturases including the plastidic ®3-Des, we
436  recently characterised (Degraeve-Guilbault et al., 2021). As a ®3-Des activity is also required
437  outside the chloroplast and no other sequence is available in Mamiellales, we had proposed
438  that alternative translation could allow the synthesis of two different isoforms of the ®3-
439  Des. Alternative translation could possibly be also at work for producing two differentially
440 located SLDS8. Finally, it should be recalled that O. tauri is an ultra-compact organism in
441  which the ER is extremely reduced while the nuclear envelope displays large extensions in
442  contact with the chloroplast (Henderson et al., 2007). Thus, plastidic enzymes could possibly

443  have access to extra-plastidic lipids through contact sites with other organelles.
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444 Physiological function of OtSLD8

445 Reports about physiological function of SLs in algae are scarce: SLs are believed to be
446  crucial component of the interaction between Emiliania huxleyi and its cognate virus (Zeng
447 et al., 2019). SLs have also been shown to be involved in ciliary motility in the microalgae
448  Chlamydomonas reinhardtii (Kong et al., 2015). However, whether desaturation of SLs is
449  involved remains elusive. Insights into the physiological role of SLs unsaturation and of SLs
450  A8-unsaturation in particular, has been mostly gained from plants and mostly from A.
451  thaliana. Chen and co-workers demonstrated that the Arabidopsis double sld1 sld2 mutant
452  which completely lacks SL A8-unsaturation, failed to acclimate to low temperature (Chen et
453  al,, 2012). Accordingly, sld1 and sld2 transcript expression increased at low temperature
454  (Nagano et al., 2014). Moreover, lipidomic analyses of natural Arabidopsis accessions more
455  or less resistant to low temperature showed that the relative content of the unsaturated
456  GlcCer d18:1,C24:0 was positively correlated with increased freezing tolerance (Degenkolbe
457 et al., 2012). Finally, Zhou and co-worker showed that in tomato SISLD knockdown plants,
458  the ultrastructure of envelope was severely affected after exposure to chilling stress (Zhou
459  etal, 2016).

460 Our work shows that in O. tauri temperature regulates OtSLD8 expression and SL A8-
461  content and unsaturation as well as cell size and natural fluorescence. SLD8 transcript and SL
462  A8-unsaturation are increased at 14°C, temperature at which cell size, cell granularity and
463  natural fluorescence are decreased compared to 24°C. Overexpression of SLD8 suppresses
464  the decrease in transcription at 24°C and results in an increase in SL-A8 unsaturation to a
465 level similar to that of control lines at 14°C. Cell growth of SLD8 OEs remains unaffected;
466  SLD8 OEs however fail to adjust their size and natural fluorescence at 24°C. SLD8-OEs display
467  clear defect in the regulation of cell size at 24°C and not at 14°C, which is consistent with the
468 marked increase of SL-unsaturation at 24°C. Since in SLD8-OEs the unsaturation degree is
469  higher in all SLs and only minor changes occur in the content of major classes, it is difficult to
470  speculate about the SLs class that would be possibly involved. Chlorophyll content a well as
471  chlorophyll fluorescence decrease have been reported in chilled plants, and related to
472  photosynthesis adaptation (Riva-Roveda et al., 2016; Daems et al.,, 2022). Since the
473  chloroplast occupies most of the cell volume in O. tauri the variation in size might to some

474  extent be related to the chloroplast adaptation to temperature (Henderson et al., 2007).
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475 Independently of the physiological significance of these changes, our results unambiguously
476  indicate that the downregulation of SLD8 at high temperature is required for O. tauri cell-
477  size and/or chlorophyll fluorescence adaptation. The biological significance of these changes

478  and the involvement of sphingolipids will deserve further investigations.

479 METHODS
480 Chemicals
481 Chemicals were purchased from Merck, Sigma Chemical (St. Louis, MO, USA) and Wako

482  (Tokyo, Japan) when not otherwise stated. Lipids used as internal standards were purchased
483  from Avanti Polar Lipids (Alabaster, AL, USA). Internal standards were prepared according to

484  Markham et al. (2007).

485 Sequences and phylogeny analyses

486 Sequences were obtained from NCBI. SLD8 from Mamiellophyceae species were
487  manually checked for completion of Nt sequences as reported previously for other
488  desaturases (Degraeve-Guilbault et al., 2020; Degraeve-Guilbault et al., 2021). Briefly, open
489 reading frame (ORF) encompassing a start methionine upstream of the annotated start
490 codon were taken into account. Target peptides were predicted from PredAlgo (Tardif et al.,
491  2012). Desaturase sequences alignment was performed using Snapgene trial version (Clustal
492  omega).

493 Phylogenetic analyses used OtSLD8 as query to retrieve homologs from as many taxa
494  as possible. The first dataset produced contained hundreds of sequences with the most
495  populated phylum in plants. A subset of plant sequences was chosen and encompassed
496  sequences of proteins that has been functionally characterised (Li et al., 2016). The subset
497  was then back-BLASTed in all the major repositories (NCBI, Ensembl, JGI) and a new dataset
498  containing SAR and fungal protein was produced. The dataset was visualized in BioEdit
499  v7.0.5.3 computer program then aligned and curated using the MAFFT v7.407_1 (Katoh and
500 Standley, 2013)and BMGE v1.12_1 (Criscuolo and Gribaldo, 2010) tools implemented in
501 NGphylogeny.fr (Lemoine et al., 2019). The final alignment included 46 sequences and 326
502 residues including gaps. Two independent Metropolis-Coupled Markov chain Monte Carlo

503 (MCMCMC) algorithm was used to infer Bayesian phylogenetic relationships using MrBayes
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504 v3.2.7_0 software (Ronquist et al., 2012) implemented in NGphylogeny.fr. Each analysis
505 involved one cold and three warm chains. The number of generations was set at 2.000.000
506 and with a sampling frequency every 500 generations and a burn-in fraction set at 0.25, i.e.
507 the first 500.000 tree topologies were discarded to stabilize the analyses. The parameters of
508 the likelihood model was set to ‘mixed’ hence the algorithm was allowed to jump from one
509 model implemented in the software to the other according to dataset. A gamma distribution
510 probability distribution was set. Once the analysis completed, the outcome was saved in the
511  Nexus format and then visualized in FigTree v1.4.4 to set colors.

512 The histidine boxes previously identified were aligned following the clades produced in
513 the Bayesian inference and were used to feed WebLogo3 (Crooks et al., 2004) online tool to

514  produce the sequence logos in Figure 1.
515 Biological material and cultures

516 O. tauri cells (clonal isolate from OtH95) were grown under 18h light- 6 h dark cycles in
517 artificial sea-water (ASW) NaCl 4.1 x10 M, KCL 8x10° M, MgCl,.6H,0 3.2x102 M, CaCl,
518  2.7x103 M, Tris —HCl 5mM pH 7.6 supplemented with F/2 components without silicium
519 (ncma.bigelow.org/algal-recipes). Cultures were grown in incubator-shaker (New Brunswick
520  Innova 42R) with constant agitation (80 RPM) under white light (75 mmol photons m? s, 6
521 X T8 fluorescent bulbs 15 Watt each (Sylvania Gro-Lux). For screening of FA of O. tauri
522  transgenics, cells were grown in T25 aerated culture flasks (Sartstedt, Niimbrecht, Germany)
523  at 20°C. Phosphate (NaH,P04) was reduced from 35 uM to 5 uM to allow the expression of
524  transgenes under the high affinity phosphate transporter promoter. Bacteria associated to
525  O. tauri were reduced to less than 5% using centrifugation (1500 g, 5 min, RT) and antibiotic
526  treatment (vancomycin 1 mg/mL, 4 days followed by G418 0.5 mg/ml, 4 days). Survey of
527  bacterial population was achieved by flow cytometry as previously reported (Degraeve-

528  Guilbault et al., 2017).
529 Flow cytometry

530 Flow cytometry (Partec CyFlow Space FACS Flow Cytometer) analyses were achieved
531 on fixed cells (10 min, 0.5 % glutaraldehyde Grade ll). The light scattered parameters

532  forward scatter (FSC) and side scatter (SSC) were used for the discrimination of cells by size
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533  and cell internal complexity (i.e granularity), respectively. O. tauri cell were discriminated on

534  the basis of the red fluorescence and counted.
535 Temperature shift

536 Cell were acclimated to 24°C and 14°C for at least 3 weeks (3 subculturing) during
537  which the cell density strains was regularly adjusted in order to remain similar between
538 conditions and transgenics and low phosphate medium was used in the last round of
539  subculturing to allow the full expression of transgenes. By the time 0 of the experiment,
540 each batch was subcultured in 6 independent flasks and allowed to recover for 62 hours
541  before the temperature shift. Sampling of 1 mL of culture was achieved along the growth

542  kinetics and fixed cells were analysed within 6 h.
543 Cloning strategy

544  PCR amplifications of DES ORF were achieved using Q5® Polymerase by two-step PCR on
545 cDNA matrix (5-GGGCCCATGGCGTCGTCGGTGGGCG ATGCGCGCCGCGACGTC-3’.and 5'-
546  CTAGTCGCCCCGCTCCCAGAC-3’), which encompassed the restriction sites Apal for cloning in
547  pOtox-Luc (Moulager et al., 2010). The amplified fragment was subcloned in pGEM®-T Easy
548  (Promega, Madison, WI, US) and sequenced (Genwiz, Leipzig, Germany). Cloning using
549  Gateway® system was performed according to manufacturer instruction (pDONR 221,
550 pK7W2G2D or pK7YWG2 for N. benthamiana). Sequences for either the long or the short
551  version of SLD8 were amplified from the SLD8 sequence cloned in pGEMT with primer
552  encompassing the extension AttB1 and AttB2 extension. Codon optimized sequences

553  (GenScript Biotech, Netherlands) were used for overexpression in S. cerevisiae.
554 RNA and cDNA preparation and quantitative RT-PCR analysis

555 RNeasy-Plus Mini kit (Qiagen, Hilden, Germany) was used for RNA purification; DNase |
556  was used to remove contaminating DNA (DNA-free kit, Invitrogen, Carlsbad, USA) and cDNA
557  obtained using the reverse transcription iScript™ supermix kit (Bio-Rad, Hercules, CA, USA).
558  Primers used for gPCR were (5’-CCCTTCGCGGAAAAGAATGG-3’.and 5’-
559  GCTTGAGCGTTCGAAACACC -3’). Real-time RT quantitative PCR reactions were performed in
560 a CFX96™ Real-Time System (Bio-Rad) using the GoTaq® gPCR Master mix (Promega,
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561 Madison, WI, USA). Bio-Rad CFX Manager software was used for data acquisition and
562  analysis (version 3.1, Bio-Rad). Ct method was used to normalize transcript abundance with
563 the references ACTprot2 (Actin protein-related 2). PCR efficiency ranged from 95 to 105%.

564  Technical triplicate were used, and at least two independent experiments were achieved.

565 Genetic transformation

566 O. tauri electroporation was adapted from (Corellou et al., 2009). Transgenics were
567 obtained by electroporation and pre-screened accordingly to their luminescent level
568 (Degraeve-Guilbault et al.,, 2020). S. cerevisiae was transformed by the standard LiAc/SS
569 carrier DNA/PEG method (Gietz and Schiestl, 2007) using pEG423 vector. Control lines are
570 transgenics of empty vectors. N. benthamiana leaves from five-week old plants were
571 infiltrated with Agrobacterium tumefaciens previously transformed by electroporation; the
572  pl19 protein to minimize plant post-transcriptional gene silencing (PTGS) was used in all
573  experiments (Shah et al., 2013). Briefly, A. tumefaciens transformants were selected with
574  antibiotics (gentamycin 25 pg/mL with spectinomycin 100 pg/mL or kanamycin 50 pg/mL).
575  Agrobacterium transformants were grown overnight, diluted to an ODggo of 0.1 and grown to
576  an ODggo of 0.6-0.8. Cells were re-suspended in 5 mL sterilized water for a final ODgy of 0.4
577 and 0.2 for overexpression and subcellular localization experiments, respectively and 1 mL
578 was agroinfiltrated. Plants were analysed 2 and 5 days after Agrobacterium infiltration for

579  subcellular localization experiments and for overexpression, respectively.

580 Lipid analysis

581 For all organisms, FA analyses and for O. tauri further lipid analysis were achieved as
582  previously reported (Degraeve-Guilbault et al., 2017).

583 To obtain total LCB composition, lyophilized O. tauri cells or fresh yeast cells were
584  directly hydrolyzed in 10% barium hydroxide/dioxane (1:1) for 24 h at 110°C. After cooling,
585 the solvent was vigorously mixed with 0.5 vol of diether ether and 4% sodium sulfate and
586 the upper phase was collected and evaporated. LCB was derivatized with NBD-F and
587 analyzed by LC-MS/MS according to the previous report (Ishikawa et al.,, 2014) with the
588 MRMs shown in Table S1.
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589 Total sphingolipid extract was prepared and analyzed as previously described with
590 some modifications (Ishikawa et al., 2016; Ukawa et al., 2022). In brief, lyophilized cells were
591 homogenized by vigorous shaking with glass beads in 1-butanol/methanol (2:1). The
592 homogenate was mixed with 0.6 vol of 1 N KOH and kept for 30 min at 50°C. The mixture
593  was acidified with HCl and phase-separated by adding 1-butanol. The upper layer was
594  collected and dried in vacuo. The residue was dissolved in THF/methanol/water containing
595  0.1% formic acid and injected to LC-MS/MS (LCMS-8030, Shimadzu GLC). For MS/MS analysis
596 of glycoSL structures, the sample was directly injected into MS under a flow of
597 methanol/isopropanol/acetonitrile (1:1:1) containing 5 mM ammonium formate. Precursor
598 ion scanning analysis was performed with product ion of m/z 264.3 (LCB) or 520.5 (Cer) and
599 a range of precursor ion scan between m/z 250 to 1800. Targeted MS/MS analysis was
600 performed using the MRMs shown in Table S1. The solvent system and MS parameters were

601  according to Ishikawa et al. (2016).

602 Confocal microscopy

603 Live cell imaging was performed using a Leica SP5 confocal laser scanning microscopy
604  system (Leica, Wetzlar, Germany) equipped with Argon, DPSS, He-Ne lasers, hybrid
605 detectors, and 63x oil-immersion objective. N. benthamiana leaf samples were transferred
606 between a glass slide and coverslip in a drop of water. Fluorescence was collected using
607  excitation/emission wavelengths of 488/490-540 nm for chlorophyll, 488/575- 610 nm for
608  YFP. Co-localisation images were taken using sequential scanning between frames.
609  Experiments were performed using strictly identical confocal acquisition parameters (e.g.
610 laser power, gain, zoom factor, resolution, and emission wavelengths reception), with

611  detector settings optimized for low background and no pixel saturation.

612 Stastistics

613 Statistics were performed with Excel. Student’s test was applied for comparing two
614  data-sets.Tukey test was applied for comparing more than two data sets at once (multiple
615  pair-wise comparison, p-value < 0.05). Compact letter display was used to clarify the output.
616  Each variable that shares a mean that is not statistically different from another one will

617  share the same letter. (Schlattmann and Dirnagl, 2010). Groups with the same letter are not
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618 detectably different (are in the same set) and groups that are detectably different get
619 different letters (different sets). Groups that have more than one letter reflect "overlap"

620 between the sets of groups.

621 Tablel

Unsaturation %

OtSLD8 AtSLD1

Short Long
Substrate Product Pro-PGK1 Pro-GAL1 Pro-GAL1 |Pro-PGK1 Pro-GAL1
t18:0 t18:1(A8) 5.5+0.7 57+0.8 7.5+1.0 [21.0£0.419.8+0.9
d18:0 d18:1(A8) 24.6+0.8326+1.121.1+0.2 [28.2+£0.524.2+1.0
d18:1(A4) d18:2(A4,8) 23.1+1.2 *NE *NE 77.6 £ 0.4 *NE

622 Table.1. OtSLD8 LCB desaturase activity in S. cerevisiae.

623  The wild-type strain (W303-1A), sur2A (BY4741), and sur2A expressing the A4 sphingolipid
624  desaturase of Komagataella pastoris were used to determine the desaturation activity on
625 1t18:0, d18:0, and d18:14E, respectively. The percent of unsaturation was calculated by the
626 formula (product)/(substrate + product)*100. Means and standard deviations are shown
627 (n=3).*NE: not examined due to the same Pro-GAL1 plasmid used for expression of

628  OtSLD8/AtSLD1 and Pichia A4 desaturase.

629 ACKNOWLEDGMENTS AND FUNDINGS

630  Routine lipid analyses were performed at the Metabolome Facility of Bordeaux-MetaboHUB
631  (ANR-11-INBS-0010). Imaging was performed at the Bordeaux Imaging Center, member of
632 the

633  national infrastructure France Biolmaging. The yeast expression vector pGK423 was provided
634 by the National Bioresource Project (NBRP, Japan).

635  Fundings: Université de Bordeaux- grant SB2: 2017-2019, project acronym PICO-FADO,

636  Université de Bordeaux grant Emergence 2019, project acronym TOTOX.

637 AUTHOR CONTRIBUTIONS

638 AA and FC performed the phylogenetic analyses. FC performed most of the experimental
639  work and analyses) related to O. tauri (cultures, cytometry analyses, cloning, transformation,

640  FAMES analysis, RT-gPCR) and wrote the MS. FD performed the work and analyses on N.

O. tauri sphingolipids and temperature acclimation 22


https://doi.org/10.1101/2023.05.16.541044

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.16.541044; this version posted May 19, 2023. The copyright holder has placed this
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,
remix, or adapt this material for any purpose without crediting the original authors.

641  benthamiana (cloning, agro-transformation, and FAMES analysis). Tl performed the
642  experimental work and analyses related to desaturase expression in yeast and O. tauri
643  sphingolipid characterisation and wrote the corresponding sections. All authors contributed

644  tothe article and approved the submitted version.

645

646 FIGURE LEGENDS

647 Figure 1. Bayesian phylogenetic tree of Mamiellales desaturases.

648 The tree was drawn to scale in substitutions per site (scale bar on the figure). Posterior

649  Probabilities (2.000.000 generations) greater than 0.95 are not reported, the others are
650 indicated by the nodes. Vertical bars indicate protein function. The O. tauri accession is
651  highlighted in red

652 Figure 2. Bayesian phylogenetic tree of sphingolipid A8 desaturases.

653 The tree was drawn to scale in substitutions per site (scale bar on the figure). Posterior
654  Probabilities (2.000.000 generations) lower than 1.00 are indicated by the nodes. Vertical
655  bars indicate taxonomic assignment, also visualised by brench colors. The preference of the
656 enzyme to catalyse the E- or Z-isomer is indicated on the figure and is based on functional
657  characterisation of the protein (Tonon et al 2005, Oura et al 2008, Li et al 2016). According
658  to Steinberg (2021) the occurrence of E and Z in P. patens is indicated. Sequence logos of the
659  previously identified histidine boxes are presented on the right-hand side. The letter hights
660 are drawn in scale to the probability of occurrence in the sequences used for the sequence
661 logo production (SAR n = 4; Ascomycetes n = 7; Charophytes n = 2; Mamiellales n = 5;
662  Bryophytes n = 2; Monocots n = 7; eudicots n = 16).

663 Figure 3. Sub-cellular localisation of transiently overexpressed short and long
664  versions of OtSLD8 Ct-YFP-fused proteins in N. benthamiana.

665 Confocal Microscopy of leaves transformed with the short-SLD8 (A-B) and long-SLD8
666  (C-D). Experiments were repeated twice. Bars represent 20 um

667 Figure 4. Profile of total LCB and fatty acyl moiety of free ceramides from O. tauri.
668 A. LC-MS/MS profile of total LCB liberated from whole cells of O. tauri. LCBs were
669  analysed as the NBD-derivatives by LC-MS/MS and the MRM chromatograms of the major 5
670 species conservatively observed in plants are shown at the same scale of absolute intensities

671  of MS signal intensities. B. Fatty acid profile of free ceramides. Free ceramides composed of
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672 d18:0 or d18:1 LCB and one of various fatty acids were detected by LC-MS/MS by the
673  targeted MRM mode. The MRM transitions are shown in Table S1.

674 Figure 5. Fatty-acid profile of N. benthamiana expressing SDL8 alone and together
675  with A6-desaturases.

676 The anti-silencing protein p19 was used in all infiltrations. A. The long-SLD8 (plastid
677 located) was expressed alone and together with the plastidic A6 desaturases pA6-Desl and
678  pA6-Des2. The number of replicate is indicated. B. The short version of SLD8 (ER located)
679  was expressed alone and together with the ER Acyl-CoA-A6-Des (ACoA-A6-Des) (n=3). Means
680 and standard errors are shown.

681 Figure 6. Effect of temperature on SLD8 expression and LCB unsaturation.

682 Expression of the SLD8 according to temperature in wild-type. Exponentially growing
683  cells were shifted from 24°C to 14°C and reversed while control cells were maintained at the
684 initial temperatures. Cells were harvested 0.5 and 4 h after the temperature shift. Means
685  and standard deviations of technical triplicate are shown. Experiment was repeated twice. B.
686  LCB unsaturation rate in control lines (grey) and SLD8 overexpressing lines (blue). Means
687 and standard deviations of culture triplicate are shown. Values were compared among the
688 different transgenics according to Tukey test at p < 0.05 and groups with the same letter are

689  not detectably different.

690 Figure 7. Flow cytometry analysis of growth and cell parameters of SLD8-OEs and
691 control line under different temperature conditions.
692 Batch cultures acclimated to 24°C or 14°C were grown under light/dark cycles (white

693 and black boxes represented only in B and C). At 62 hours (i.e, 4 hours after light on)
694  triplicate of the SLS8-OEs (15-5, 15-11) and negative control (empty vector, EV) were
695 transferred from 24°C to 14°C (24°C>14°C, blue dotted line) and from 14°C to 24°C
696  (14°C>24°C, red dotted line) and other triplicate were left at the initial temperature for
697  control. Cell counts, refractory parameters (FSC) and red fluorescence parameters were
698 monitored along the growing kinetics. A. Generation times during exponential growth after
699 temperature shift. Values were compared among the different transgenics according to
700 Tukey test at p < 0.05. Paiwise t-test within each conditions yield p > 0.1 (ns) (Table S2).
701  Evolution of cell size (FSC) at 24°C (B) and 14°C (C). Evolution of chlorophyll-a fluorescence at
702  24°C (D) and 14°C (E). means an SD are shown Statistical significance by t-test. (*, p < 0.1; **,

703 p<0.05; *** p < 0.001; ns, not significant). For clarity, the statistical values represented are
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704  for 15-5 compared to EVs at each time point for acclimated cells (black) and cell shifted to
705 lower (blue) or higher temperature (red). See Fig . S5 for growth curves, Fig S6 for SSC
706  parameter and supplemental graphs for FSC and fluorescence parameters. Complete
707  statistical values are available from Table S2.

708 Figure 8. Characterisation of O. tauri SLs.

709 A. Precursor ion scanning using the product ion corresponding to d18:1 LCB. B.
710  Precursor ion scanning using the product ion corresponding to d18:1-16:0 Cer. C. Assignment
711  of the detected m/z to glycosphingolipids containing HexA and Hex residues. D. Targeted LC-
712 MS/MS chromatogram of O. tauri SLs. Four separate peaks were determined as below; 1,
713 HexsHexA,Cer; 2, Hex,HexA,Cer; 3, HexACer; 4, free Cer. The MRMs used were combination
714  of molecular ions ([M+H]) and the major product ions for each species, i.e., m/z 264.3
715  ([d18:1-2H,0+H]") for Cer, 520.5 ([Cer-H,0+H]") for HexACer, and 538.5 ([Cer+H]") for longer
716  glycoSLs as determined by the product ion scanning (Fig S7).

717 Figure 9. Sphingolipid contents and unsaturation rates in control and SLD8
718  overexpressing lines according to temeprature.

719 Four individual lines where cultivated in triplicate for each the negative control
720 (EV1,EV2,EV3,EV4, open colored symbols) and SLD8-OEs (15-5, 15-8, 15-10, 15-11 plain
721  colored symbols). Cells acclimated at 24°C and 14°C were collected at the end of exponential
722  growth for analysis. Correlation between sphingolipid unsaturation and relative content in
723  individual EVs (A) and SLD8-OEs (B). Means and standard deviations of triplicate culture are
724  shown. C-F. All values for each line type EV (n=12) and SLD8-OE (n=12) were averaged. C.
725  Relative amount of sphingolipids in EVs and SLD8-OEs at 14°C and 24°C. D. Ratio of relative
726  amount between 14°C and 24°C. E. Unsaturation rate in sphingolipid classes in EVs and SLD8-
727  OEs at 14°C and 24°C. The following formula was used d18:1/(d18:0+d18:1) x100 (%). F.
728  Unsaturation ratio between 14°C and 24°C. Stastistical significances within each SL class are
729  shown as different letters in C and E (Tukey test, p < 0.05) and as an asterisk in D and E

730  (Student’s t-test, p < 0.05, ns = not significant). Errors bars for ratio z=x/y in D and F were

731  calculated according to the error propagation rule Az=z\/(Ax/x)2+(Ay/y)2 .

732 Fig.10. Sphingolipid pathway in O. tauri.

733 Red frames highlight sphingolipid and enzyme characterised in the present work.
734  Enzymes involved in the metabolic step are indicated and corresponding genomic accession
735 are indicated (italics). Homologues with E-values < 9.00E-07 and query cover = 41% are
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736 indicated in green boxes when obtained by blasting A. thaliana protein accessions and in
737  pink box when obtained by blasting protein accessions from other organisms. Grey arrows

738 represent unvalidated step. Details about blast results are provided in Fig. S9.
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Figure 1. Bayesian phylogenetic tree of Mamiellales desaturases.

The tree was drawn to scale in substitutions per site (scale bar on the figure). Posterior Probabilities
(2.000.000 generations) greater than 0.95 are not reported, the others are indicated by the nodes. Vertical
bars indicate protein function. The O. tauri accession is highlighted in red
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Figure 2. Bayesian phylogenetic tree of sphingolipid A8 desaturases.
The tree was drawn to scale in substitutions per site (scale bar on the figure). Posterior Probabilities (2.000.000 generations) lower than 1.00 are indicated by the nodes. Vertical bars
indicate taxonomic assignment, also visualised by brench colors. The preference of the enzyme to catalyse the E- or Z-isomer is indicated on the figure and is based on functional
characterisation of the protein (Tonon et al 2005, Oura et al 2008, Li et al 2016). According to Steinberg (2021) the occurrence of E and Z in P. patens is indicated. Sequence logos of the
previously identified histidine boxes are presented on the right-hand side. The letter hights are drawn in scale to the probability of occurrence in the sequences used for the sequence logo
production (SAR n = 4; Ascomycetes n = 7; Charophytes n = 2; Mamiellales n = 5; Bryophytes n = 2; Monocots n = 7; eudicots n = 16).
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Short-SLDS-YFP

Long-SLD8-YFP

Figure 3. Sub-cellular localisation of O. tauri sphingolipid A8-desaturase short and long versions in Nicotiana benthamiana.

Confocal images of Nicotiana benthamiana leaves transiently transformed with OtSLD8-YFP constructs. O. tauri sphingolipid A8-desaturase short and long
versions were cloned into the pK7YWG2 destination vector, the resulting constructs transferred into the Agrobacterium tumefaciens strain GV3101, and
transformants used for transient expression in leaves. Images were taken 2 days post infiltration. Left, YFP signal; Right, merged of YFP signal and chlorophyll

autofluorescence. Bars = 20um.
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Figure 4. Profile of total LCB and fatty acyl moiety of free ceramides in wild-type O. tauri.

A. LC-MS/MS profile of total LCB liberated from whole cells of O. tauri. LCBs were analysed as the NBD-derivatives by LC-MS/MS and the MRM chromatograms of the major 5
species conservatively observed in plants are shown at the same scale of absolute intensities of MS signal intensities. B. Fatty acid profile of free ceramides. Free ceramides
composed of d18:0 or d18:1 LCB and one of various fatty acids were detected by LC-MS/MS by the targeted MRM mode. The MRM transitions are shown in Table S1.
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Figure 5. Fatty-acid profile of N. benthamiana expressing SDL8 alone and together with A6-desaturases.
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The anti-silencing protein p19 was used in all infiltrations. A. The long-SLD8 (plastid located) was expressed alone and together with the plastidic A6 desaturases pA6-Desl1 and
pA6-Des2. The number of replicate is indicated. B. The short version of SLD8 (ER located) was expressed alone and together with the ER Acyl-CoA-A6-Des (ACoA-A6-Des) (n=3).

Means and standard errors are shown.
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Figure 6. Effect of temperature on SLD8 expression and LCB unsaturation.

A. Expression of the SLD8 according to temperature in wild-type. Exponentially
growing cells were shifted from 24°C to 14°C and reversed while control cells were
maintained at the initial temperatures. Cells were harvested 0.5 and 4 h after the
temperature shift. Means and standard deviations of technical triplicate are shown.
Experiment was repeated twice. B. LCB unsaturation rate in control lines (grey) and
SLD8 overexpressing lines (blue). Means and standard deviations of culture triplicate
are shown. Values were compared among the different transgenics according to
Tukey test at p < 0.05 and groups with the same letter are not detectably different.
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Figure 7. Flow cytometry analysis of growth and cell parameters of
SLD8-OEs and control line under different temperature conditions.
Batch cultures acclimated to 24°C or 14°C were grown under
light/dark cycles (white and black boxes represented only in B and
C). At 62 hours (i.e, 4 hours after light on) triplicate of the SLS8-
OEs (15-5, 15-11) and negative control (empty vector, EV) were
transferred from 24°C to 14°C (24°C>14°C, blue dotted line) and
from 14°C to 24°C (14°C>24°C, red dotted line) and other triplicate
were left at the initial temperature for control. Cell counts,
refractory parameters (FSC) and red fluorescence parameters
were monitored along the growing kinetics. A. Generation times
during exponential growth after temperature shift. Values were
compared among the different transgenics according to Tukey test
at p < 0.05. Paiwise t-test within each conditions yield p > 0.1 (ns)
(Table S2). Evolution of cell size (FSC) at 24°C (B) and 14°C (C).
Evolution of chlorophyll-a fluorescence at 24°C (D) and 14°C (E).
means an SD are shown Statistical significance by t-test. (*, p <
0.1; **, p < 0.05; *** p < 0.001; ns, not significant). For clarity,
the statistical values represented are for 15-5 compared to EVs at
each time point for acclimated cells (black) and cell shifted to
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curves, Fig S6 for SSC parameter and supplemental graphs for FSC
and fluorescence parameters. Complete statistical values are
available from Table S2.
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Figure 8. Characterisation of O. tauri SLs.

A. Precursor ion scanning using the product ion corresponding to d18:1 LCB. B. Precursor ion scanning using the product ion corresponding to d18:1-16:0 Cer. C. Assignment of
the detected m/z to glycosphingolipids containing HexA and Hex residues. D. Targeted LC-MS/MS chromatogram of O. tauri SLs. Four separate peaks were determined as below;
1, Hex;HexA,Cer; 2, Hex,HexA,Cer; 3, HexACer; 4, free Cer. The MRMs used were combination of molecular ions ([M+H]*) and the major product ions for each species, i.e., m/z
264.3 ([d18:1-2H,0+H]*) for Cer, 520.5 ([Cer-H,0+H]*) for HexACer, and 538.5 ([Cer+H]*) for longer glycoSLs as determined by the product ion scanning (Fig S7).
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Figure 9. Sphingolipid contents and unsaturation rates in control and SLD8 overexpressing lines according to temperature.

Four individual lines where cultivated in triplicate for each the negative control (EV1,EV2,EV3,EV4, open colored symbols) and SLD8-OEs (15-5, 15-8, 15-10, 15-11 plain colored symbols). Cells
acclimated at 24°C and 14°C were collected at the end of exponential growth for analysis. Correlation between sphingolipid unsaturation and relative content in individual EVs (A) and SLD8-OEs
(B). Means and standard deviations of triplicate culture are shown. C-F. All values for each line type EV (n=12) and SLD8-OE (n=12) were averaged. C. Relative amount of sphingolipids in EVs and
SLD8-0Es at 14°C and 24°C. D. Ratio of relative amount between 14°C and 24°C. E. Unsaturation rate in sphingolipid classes in EVs and SLD8-OEs at 14°C and 24°C. The following formula was used
d18:1/(d18:0+d18:1) x100 (%). F. Unsaturation ratio between 14°C and 24°C. Stastistical significances within each SL class are shown as different letters in C and E (Tukey test, p < 0.05) and as an

asterisk in D and E (Student’s t-test, p < 0.05, ns = not significant). Errors bars for ratio z=x/y in D and F were calculated according to the error propagation rule Az=z\/(Ax/x)2+(Ay/y)2 .
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Fig.10. Sphingolipid pathway in O. tauri.

Red frames highlight sphingolipid and enzyme characterised in
the present work. Enzymes involved in the metabolic step are
indicated and corresponding genomic accession are indicated
(italics). Homologues with E-values < 9.00E-07 and query cover
> 41% are indicated in green boxes when obtained by blasting A.
thaliana protein accessions and in pink box when obtained by
blasting protein accessions from other organisms. Grey arrows
represent unvalidated step. Details about blast results are
provided in Fig. S9.
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