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SUMMARY 13 

Sphingolipids are ubiquitous components of eukaryotic cell membranes and are found 14 

in some prokaryotic organisms and viruses. They are composed of a sphingoid backbone that 15 

may be acylated and glycosylated. Assembly of various sphingoid base, fatty-acyl and glycosyl 16 

moieties results in highly diverse structures. The functional significance of variations in 17 

sphingolipid chemical diversity and abundance is still in the early stages of investigation. 18 

Among sphingolipid modifications, the Δ8-desaturation of the sphingoid base occurs only in 19 

plant and fungi. In plant, sphingolipid Δ8-unsaturation is involved in cold-hardiness. Our 20 

knowledge of the structure and functions of sphingolipids in microalgae lags far behind that 21 

of animals, plants and fungi. Original sphingolipid structures have been reported from 22 

microalgae. However, functional studies are still missing. Ostreococus tauri is a minimal 23 

microalga at the base of the green lineage, and is therefore a key organism for understanding 24 

lipid evolution. In the present work, we achieved the detailed characterisation of O. tauri 25 

sphingolipids and unveiled unique glycosylceramides as sole complex sphingolipids. The head 26 

groups are reminiscent of bacterial sphingolipids, as they contain hexuronic acid residues and 27 

can be polyglycosylated. Ceramide backbones show limited variety and sphingolipid 28 
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modification is restricted to 8-unsaturation. The 8-sphingolipid desaturase from O. tauri 29 

only produced E-isomers. Expression of Δ8-sphingolipid desaturase and Δ8-unsaturation of 30 

spingolipids both varied with temperature, with lower levels at 24°C than at 14°C. 31 

Overexpression of the Δ8-sphingolipid desaturase dramatically increases the level of Δ8 32 

unsaturation at 24°C and is paralleled by a failure to increase cell-size. Our work provides the 33 

first characterisation of O. tauri sphingolipids and functional evidence for the involvement of 34 

sphingolipid 8-unsaturation for temperature acclimation in microalgae, suggesting that this 35 

function is an ancestral feature in the green lineage. 36 

INTRODUCTION 37 

Sphingolipids (SLs) are fundamental components of cellular membranes and bioactive 38 

signalling molecules (Hannich et al., 2011). Microalgae are taxonomically diverse and comprise 39 

the earliest divergences within the major multicellular lineages such as plants and seaweeds 40 

(Hopes and Mock, 2015). Gaining insight into the molecular nature and regulation of SLs in 41 

microalgae is therefore fundamental to shed light on the structure/function of these 42 

compounds.  43 

The ceramide (Cer) backbone of SLs is constituted of a long chain base (LCB) linked to a 44 

fatty acyl chain (FA) via an amide bond (Mashima et al., 2019). LCBs and FAs vary in carbon 45 

chain length, degree of unsaturation, number and/or position of hydroxyl groups. Complex 46 

SLs further display a polar head group consisting of variable glycosyl residues attached to the 47 

non-polar ceramide. Glycosylsphingolipids (GSLs) can be divided into glycosylceramides 48 

(GlyCers) and into glycosylinositolphosphorylceramides (GIPCs) (Haslam and Feussner, 2022). 49 

GlyCers have a sugar polar head directly linked to the Cer moiety whereas the core structure 50 

of polar head in GIPCs consist of an inositol-glucuronic-acid linked to the Cer via a 51 

phosphodiester bond. Polar heads of GlyCers commonly contain only one sugar residue while 52 

that of GIPCs are polyglycosylated. Polyglycosylated GlyCers however occur in some non-53 

green microalgae as well as in proteobateria from the Sphingomonad genus (Kawahara et al., 54 

1991; Kawahara et al., 2000). Plant GIPCs contain up to seven different sugar moieties. In 55 

plants, GIPCs are the dominant SLs constituting 64 % of the total in Arabidopsis thaliana leaves 56 

against 34 % for GlyCers (Markham and Jaworski, 2007). Whether SLs are channelled into 57 

GlyCer or GIPC formation is likely determined by LCB modifications (Chen et al., 2012). 58 
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LCBs modifications include desaturations, hydroxylation, and, in fungi, methylation. LCB-59 

Δ4-desaturation is widespread in eukaryotes while Δ8-desaturation only occurs in plants and 60 

fungi in conjunction with either 4-desaturation or 4-hydroxylation (Mashima et al., 2019; Huby 61 

et al., 2020; Haslam and Feussner, 2022). Since Δ8-unsaturation was detected as the primary 62 

monounsaturation of di-hydroxy-LCBs in gymnosperms but only in a few angiosperm species, 63 

including A. thaliana it was proposed that Δ4-monounsaturation is ancestral (Islam et al., 64 

2012). In A. thaliana Δ8-unsaturated LCBs largely dominate in all SLs while Δ4-desaturation 65 

mostly occurs in combination with LCB Δ8-desaturation and is restricted to Glucose-Cers 66 

(GlcCers) of floral tissues (Michaelson et al., 2009). 67 

Plant LCBs are predominantly C18 amino alcohols and are largely comprised of 4-68 

hydroxysphinganine (t18:0, phytosphingosine) and its desaturated form 4-hydroxy-8-69 

sphingenine (t18:18) (Michaelson et al., 2016). Other SLs include sphinganine (d18:0 70 

dihydrosphingosine) and its desaturated forms 8-sphingenine (d18:18), 4-sphingenine (d18:14E 71 

sphingosine) and 4,8-sphingadienine (d18:24E,8). The double bond at the Δ8 position is present 72 

in either the cis (Z) or the trans (E) configurations and the ratios of these isomers vary 73 

according to the species. Although, the overall E/Z ratio does not correlate with chilling 74 

sensitivity of plant species, it was proposed that the amount of t18:18Z correlates with chilling 75 

hardiness (Imai et al., 1997). 76 

Sphingolipid8-desaturases (SLD8) are cytochrome b5-fused desaturases that have first 77 

been characterised from plants and thereafter identified in fungi (Sperling et al., 1998; 78 

Takakuwa et al., 2002). Disruption of SLD8 in Candida albicans resulted in reduced hyphal 79 

growth at low temperature (Oura and Kajiwara, 2008). Similarly, A. thaliana double sld1 sld2 80 

mutants lacked apparent growth phenotypes under optimal conditions, but displayed 81 

advanced chlorosis after prolonged exposure to low temperature (Chen et al., 2012). 82 

However, sphingolipid Δ8-unsaturation remained surprisingly unaltered by temperature in 83 

wild-type (WT) plants (Nagano et al., 2014). Nevertheless, silencing SLD8 in tomato plants also 84 

correlated well with impaired cold-acclimation (Zhou et al., 2016). Although this study did not 85 

report how the level of sphingolipid Δ8-unsaturation changed as a function of temperature in 86 

wild-type plants, it further supported that SLD8 is functionally involved in plant cold response.  87 

Despite the key phylogenetic position and ecological importance of microalgae, 88 

investigations about microalgal SLs structure remain scarce and functional studies are lacking 89 

(reviewed in (Stonik and Stonik, 2018)). The green marine picoalga Ostreococcus tauri 90 
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(Mamiellophyceae, Chlorophyta) corresponds to the most minimalist photosynthetic 91 

eukaryote ( 1 µm) (Courties et al., 1994; Marin and Melkonian, 2010). O. tauri has a strikingly 92 

simple cellular organization, with no cell wall or flagella, and with a single chloroplast and 93 

mitochondrion, and it further has an extremely reduced genome ( 13 Mb) (Derelle et al., 94 

2006; Henderson et al., 2007). O. tauri is therefore an ideal model to gain insight into core 95 

metabolic and physiological processes. Moreover, O. tauri occupies a basal position in the 96 

green lineage, which makes this unicellular organism key for elucidating early stages in the 97 

history of lipid evolution (Leliaert et al., 2012). We have previously achieved detailed analyses 98 

of O. tauri glycerolipidome and characterised original FA-desaturases (Degraeve-Guilbault et 99 

al., 2017; Degraeve-Guilbault et al., 2020; Degraeve-Guilbault et al., 2021). Interestingly, O. 100 

tauri lipidic features combine traits found in the green lineage (Archaplastida) and the 101 

distantly related eukaryotic supergroup composed of Stramenopiles, Alveolates, Rhizaria (SAR 102 

supergroup) (Degraeve-Guilbault et al., 2017; Degraeve-Guilbault et al., 2021). Since SAR have 103 

evolved from secondary endosymbiosis, it is reasonable to assume that O. tauri might have 104 

conserved some ancestral feature that were lost during the evolution of land plants.  105 

In the present work, we sought to better understand the structure and function of O. 106 

tauri SLs. Through a detailed characterisation of O. tauri SLs, we discovered unique classes of 107 

GSLs composed of novel sugar head groups and homogeneous ceramides whose only 108 

modification is the LCB Δ8-unsaturation. Temperature variations and SLD8 overexpression 109 

were then used to shed light on the physiological role of LCB desaturation in O. tauri. 110 

 111 

RESULTS 112 

Characterisation of O. tauri sphingolipids 113 

First, we analysed the structure of O. tauri SLs. Dried cells were directly subjected to 114 

strong alkaline hydrolysis for comprehensive profiling of LCB species liberated from SLs 115 

(Markham et al., 2006). LC-MS/MS analysis of total LCBs revealed that O. tauri displays only 116 

two major LCBs: sphinganine (d18:0) and its corresponding E-8-desaturation product 117 

sphingenine (d18:1Δ8E) (Fig. 1A, table S1). Then the FA profile of free Cers was analysed, which 118 

covers the comprehensive Cer composition of complexed SLs as the biosynthetic 119 

intermediates (Markham and Jaworski, 2007; Ishikawa et al., 2016). Targeted multiple 120 
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reaction monitoring of Cers in O. tauri crude extract revealed that C16:0 was the major FA, 121 

and C14:0 and C18:0 were minor components (1-2 mol% of total Cer) (Fig. 1B). Only trace 122 

amounts of very-long-chain fatty acids C22:0 and C24:0 were detected (~0.1 mol% of total Cer) 123 

and other FA derivatives were under detection limits. It thus appears that O. tauri Cers display 124 

a limited diversity with E-8-desaturation being the only modification detected in our 125 

conditions.  126 

Detailed characterization of O. tauri SL headgroups was carried out according to the 127 

methodology of Ishikawa et al. (Ishikawa et al., 2016) (Fig. 2, Fig. S1). In land plants and some 128 

algae, GIPCs and GlyCers are known as the major GSLs (Mamode Cassim et al., 2020). GSLs 129 

provide the specific product ions (i.e., ceramide and LCB moieties) in MS/MS analysis under a 130 

positive ionization mode. Based on the ceramide composition of O. tauri (Fig. 1), the total lipid 131 

extract from O. tauri was applied to the precursor ion scanning using the fragment of d18:1 132 

LCB (m/z 264.3, [LCB−2H2O+H]+ for Cer and mono-glycosylated SLs) and d18:1-16:0 ceramide 133 

(m/z 520.5, [Cer−H2O+H]+ for more complexed SLs) (Fig. 2, Table S1). The MS2 analysis 134 

provided the m/z of putative precursor species 538.5, 714.6 and 890.6 for LCBs (Fig 2A) and 135 

714.5, 890.6, 1052.6, 1214.7, and 1376.7 for Cers (Fig 2B). The m/z 538.5 corresponds to 136 

d18:1-c16:0 Cer, and thus the larger fragments were estimated as GSLs. The differences 137 

between the m/z 890.6, 1052.6, 1214.7 and 1376.7 are 162, which can be unambiguously 138 

attributed to hexose (Hex) attachments (Fig. 2C). There are therefore up to three Hex residues 139 

at the terminal end of GSLs. In addition, the differences Δ176 (m/z 890.6 from 714.6 and m/z 140 

714.6 from 538.5) and Δ194 (m/z 714.6 from 520.5) can be attributed to hexuronic acid (HexA, 141 

without or with H2O, respectively). Thereof, up to two HexA residues are attached to the base 142 

of the glycosyl chain (Fig. 2C). Vice Versa, the product ion scanning of the predicted precursor 143 

ions supported the glycan structure (Fig S1). However, highly glycosylated molecules are often 144 

difficult to be unambiguously determined by ESI-MS, as multiple deglycosylated fragments are 145 

detected via in-source fragmentation. We therefore assessed the above results by further 146 

performing targeted MS2 analysis coupled with a reverse-phase HPLC separation. This enabled 147 

us to detect four separate peaks in the LC chromatograms, which were assigned to Cer, 148 

HexACer, Hex2HexA2Cer, and Hex3HexA2Cer (Fig. 2D). The chromatograms obtained with MRM 149 

settings for HexA2Cer and HexHexA2Cer were overlapped with that for Hex2HexA2Cer, and the 150 

peak at 9.7 min of retention time was also detected in the windows for Cer and HexACer but 151 

not for Hex3HexA2Cer where a distinct peak was detected at 9.2 min, indicating that the 152 
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overlapped peaks are Hex2HexA2Cer and its in-source fragmentation products. Note that 153 

neither (G)IPC nor GlcCers were detected by the scanning and targeted analysis that has been 154 

successively developed for the GSLs in land plants (Ishikawa et al., 2016). 155 

In summary, O. tauri has five classes of GlyCers and does not contain GIPCs. The diversity 156 

of Cers moieties of SLs is limited to two major species i.e. d18:0/C16:0 and d18:1Δ8E/C16:0, 157 

while glycosyl moieties are composed to up to five residues and have the remarkable 158 

peculiarity of containing hexuronic acids at the base of the glycosidic chain. The only 159 

eukaryotic GSLs that contain hexuronic acids and that might be polyglycosylated described so 160 

far are GIPCs. Hexuronic acid-containing polyglycosylated Cers were only reported from the 161 

proteobacteria genus Sphingomonas (Kawahara et al., 2000). 162 

Characterisation of the sphingolipid 8 desaturase from O. tauri 163 

As 8-desaturation of LCB chain was the only modification detected, we aimed at 164 

gaining insight into the regulation and possibly functional significance of SLs 8-desaturation 165 

in O. tauri. Temperature has been shown to modify the composition of GSLs in plants and cold 166 

to impair the growth of plants mutants defective for LCBs 8-dessaturation (Chen et al., 2012; 167 

Nagano et al., 2014; Zhou et al., 2016). We therefore aimed at investigating the effect of 168 

temperature on sphingolipid composition and in particular on LCB unsaturation in O. tauri.  169 

Phylogenetic analysis of Δ8-sphingolipid desaturase candidates 170 

Our previous work enabled us to identify all the desaturases (Des) in O. tauri and to 171 

identify a putative homologue of SLD8 (genomic accession Ot15g01140) (Degraeve-Guilbault 172 

et al., 2020). Similarly as fatty-acid Δ4, Δ5 and Δ6 -desaturases, Δ8-sphingolipid desaturases 173 

have a Cytochrome b5 (CytB5) domain fused at the N terminus (Nt) of the protein that has co-174 

evolved with the desaturase domain (Gostincar et al., 2010). It is worth recalling here that 175 

SLD8s only occur in plants and fungi, and further that plant FA Δ6-Des only occur in a few 176 

18:3n-6 producing plant species. O. tauri and related species have the peculiarity of displaying 177 

animal-like Δ6-Des that uses Acyl-CoA as substrate rather than lipids but branch separately 178 

from their animal counterparts (Domergue et al., 2005; Gostincar et al., 2010). In addition, we 179 

recently discovered the first plastidial Δ6-Des (Degraeve-Guilbault et al., 2020). We therefore 180 

conducted two phylogenetic analyses of the O. tauri SLD8 homologue considering firstly SLD8 181 
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from various organismsincluding taking care to include SLD8s with functionally assessed 182 

activity (Fig. 3A), and secondly Mamiellales CytB5-fused desaturases (Fig. 3B) (Tonon et al., 183 

2005; Oura and Kajiwara, 2008; Li et al., 2016; Degraeve-Guilbault et al., 2020). 184 

The phylogenetic analysis run with SLD8s from various organisms shows that the 185 

Mamiellales clade, together with its sister clade (PP= 0.70) containing Charophyte sequences, 186 

sits basally (PP = 1.00) to a robust clade (PP = 1.00) containing characterised SLD8s from 187 

Bryophytes and higher plants (Fig. 3A, Fig. S2). The Nymphaea thermarum sequence defines 188 

the monocot/eudicot separation, as expected following the Paleoherb hypothesis (Doyle and 189 

Donoghue, 1993; Igersheim and Endress, 1998). Considering sequences from the distant 190 

microalgal lineage SAR, sequences cluster together, with the exception of the two diatoms 191 

species Nitzschia inconspicua and Thalassiosira pseudonana. The only cryptophyte in the 192 

analysis (Guillardia theta), has possibly destabilised the analysis (PP = 0.55). T. pseudonana 193 

SLD8 is the only SAR sequence that has been functionally characterised to date and was shown 194 

to exclusively produce E isomer (Tonon et al., 2005). Bayesian phylogenetic analysis using 195 

amino acid (AA) sequences of all CytB5-fused desaturases from Mamiellales shows that the 196 

putative O. tauri SLD8 AA sequence robustly clusters (posterior probability PP = 1.00) with 197 

other Mamiellales putative SLD8 and is related (posterior probability PP = 0.75) to the clade 198 

of Mamiellales plastidial Δ6-Des (Fig. 3B) (Degraeve-Guilbault et al., 2020). The acyl-CoA Δ6-199 

Des clade robustly (1.00) clusters basally to the clade containing both the SLD8 and the 200 

plastidial Δ6-Des. 201 

In summary, OtSLD8 robustly clusters with plant SLD8 and further SLD8, p6-Des and 202 

acyl-CoA-6-Des clades of Mamiellales species are robustly related suggesting a common 203 

ancestor in Mamiellophyceae 204 

Subcellular localization of SLD8 candidates 205 

In order to complete the AA sequence of the NCBI/JGI accessions, we searched for 206 

additional possible start codons 5’ upstream of, and in frame with, the annotated nucleotide 207 

sequence (Fig. S3). Putative start codons 5’ upstream of the automatically annotated start 208 

codons occurred for O. tauri, Ostreococcus sp. RCC809 and Micromonas pusilla. For O. tauri, 209 

we successfully amplified the corresponding sequence from cDNA. From subcellular 210 

localisation prediction (PredAlgo) fair to high scores for chloroplastidic target peptide (cTP) 211 

were obtained for all Mamiellales sequences exception made of Bathycoccus prasinos (Tardif 212 
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et al., 2012). In particular, the 33 AA extended OtSLD8 sequence displayed a cTP score of 3.11 213 

over 5 (Fig. S3). We therefore considered a short version and a long version of SLD8 for 214 

subsequent analyses (short-SLD8 and long-SLD8 thereafter). The subcellular localisation of 215 

both SLD8 version was investigated expressing Cterminal-YFP-fused proteins in Nicotiana 216 

benthamiana as previously done for other O. tauri FA-desaturases (Degraeve-Guilbault et al., 217 

2020; Degraeve-Guilbault et al., 2021). The short-SLD8 was unambiguously ER located while 218 

the long-SLD8 localised at chloroplasts (Fig. 3). These results suggest that two versions SLD8 219 

might exist in O. tauri one being located in the ER the other to the chloroplast.  220 

Expression in yeast 221 

Heterologous expression of OtSLD8 in the yeast Saccharomyces cerevisiae was achieved 222 

to assess the substrate specificity of SLD8 (Table 1, Fig. S4). Both short- and long- SLD8 versions 223 

were expressed in different strains available from previous studies, along with SLD1 from 224 

Arabidopsis thaliana as positive control and an empty vector as negative control. S. cerevisiae 225 

strains allowed to test specific substrate: the wild-type strain provides t18:0, the sur2Δ mutant 226 

d18:0 and the sur2Δ expressing the LCB Δ4 desaturase gene of Komagataella pastoris provides 227 

d18:14E (Haak et al., 1997; Ternes et al., 2002). Further note that the pGAL1 inducible system 228 

was used in addition to the constitutive expression system (promoter PGK1) as expression of 229 

long-SLD8 slowed-down the growth of yeasts. As previously reported, AtSLD1 showed 230 

comparable unsaturation efficiency for sphinganine (d18:0) and 4-hydroxysphinganine (t18:0) 231 

and produced both Z and E isomers (Fig. S4). In contrast, OtSLD8 displayed a clear preference 232 

for dihydroxylated substrate as both SLD8 versions produced about five times more product 233 

from sphinganine than from 4-hydroxysphinganine (Table 1). Only E stereoisomers were 234 

produced (Fig. S4). Both saturated and monounsaturated dihydroxylated substrates (d18:0, 235 

d18:14E) appeared equally well accepted by OtSLD8 while SLD1 had a clear preference for 4-236 

sphingenine (d18:14E).These results are consistent with the LCB analysis from O. tauri and 237 

support that d18:18E is the only d18:0 desaturation product in the alga. 238 

In summary, O. tauri SLD8 , displayed a clear preference for di-hydroxylated C18 LCBs, 239 

whether they were saturated or 4-unsaturated, and produced exclusively E-isomers. These 240 

features are strongly reminiscent of the distant diatom SLD8 homologue TpdesB (Tonon et al., 241 

2005). 242 
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Search for additional desaturase activity 243 

O. tauri has the capacity of producing a peculiar fatty acid 18:53,6,9,12,15 which is 244 

commonly found in species from the SAR supergroup (Degraeve-Guilbault et al., 2017). C18:5 245 

is recognised as a hallmark of galactolipids (plastidial lipids) and is assumed to be derived from 246 

the activity of a previously unidentified 3-desaturase using 18:4,Δ6,9,12,15 as substrate. The first 247 

plastidial Δ6-desaturases (pΔ6-Des) that we have recently discovered do not appear to 248 

produce this compound (Degraeve-Guilbault et al., 2020). Although it seemed unlikely that a 249 

sphingolipid desaturase accepts glycerolipids as substrates, we wanted to investigate whether 250 

SDL8 could display additional enzymatic activity in particular when co-expressed with pΔ6-Des 251 

(Fig. 5) (Li et al., 2016). We therefore co-expressed SLD8 with Ot6-Des in the heterologous 252 

host N. benthamiana. The reasoning behind this experiment is, on the one hand, that homo 253 

and heterodimerisation of glycerolipid desaturases have been reported (Lou and Shanklin, 254 

2010; Lou et al., 2014) and, on the other hand, that some glycerolipid desaturases display 255 

labile regiospecificity (Hastings et al., 2001; Heilmann et al., 2004; Li et al., 2010; Bláhová et 256 

al., 2022; Kabeya et al., 2023).  257 

The long-SLD8 was expressed together with each of the p6-Des (p6-Des1 and p6-258 

Des2) (Fig. 5A) and the Short-SLD8 with the ER acyl-CoA-6-Des (Fig. 5B) (Degraeve-Guilbault 259 

et al., 2020). Consistently with previous report, overexpression of 6-Des in N. benthamiana 260 

resulted in the production of 18:3n-6 and 18:4n-3 from 18:2n-6 and 18:3n-3, respectively with 261 

the greatest conversion observed for p6-Des1 (Fig. 5A). However, expression of OtSDL8 262 

alone or in combination with other Ot6-Des did not result in other noticeable changes in the 263 

fatty acid profiles of N. benthamiana. 264 

Effect of temperature on SLD8 expression 265 

Standard temperature of O. tauri culture is 20°C. We have previously identified 24°C and 266 

14°C as the best temperatures for studying glycerolipid dynamics and desaturase expression 267 

as a function of temperature (Degraeve-Guilbault et al., 2021). Cells synchronised by 268 

light/dark cycles and acclimatised to 14°C or 24°C were either warmed up or cooled down 3-269 

4 hours after the light was switched on. This time was chosen to correspond to the peak of 270 

SLD8 expression, which occurs in the morning.(Monnier et al., 2010) (Fig. S5). 271 
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SLD8 transcript abundance was monitored at 24°C and 14°C in cells acclimated (at least 272 

15 generations), 30 min and 4 hours after chilling and warming (Fig. 6). The transcript level 273 

was unambiguously higher at 14°C than at 24°C, and following the temperature change 274 

adjusted within 30 minutes and remained similar to the control 4 hours later (Fig. 6). 275 

SLD8 functional analyses in O. tauri  276 

We next wanted to gain insight into SLD8 function in the native host. Genetic 277 

transformation of O. tauri remains a challenging technique with low yields and, although gene 278 

replacement by homologous recombination has been reported, it requires in-depth screening 279 

of hundreds of clones (Corellou et al., 2009; Lozano et al., 2014). Valid approaches for gene 280 

silencing or CRISPR-Cas9 that could circumvent this bottleneck have not yet been developed. 281 

Therefore, the overexpression strategy currently remains the most accessible method for 282 

carrying out functional analyses in O. tauri; it has previously proven successful to gain insight 283 

into FA-desaturase functions (Degraeve-Guilbault et al., 2020; Degraeve-Guilbault et al., 284 

2021). 285 

The long-SLD8 was cloned into the pOtOx-Luc vector and SLD8 overexpressors (SLD8-286 

OEs) were selected according to their luminescent level (see methods) (Fig. 7A). The promoter 287 

driving the overexpression is the high affinity phosphate transporter from O. tauri (HAPT or 288 

Pho4). It has a high activity compared to most other endogenous promoters SLD8 promoter 289 

included (Fig. S6A, B) (Degraeve-Guilbault et al., 2020). SLD8 transcript levels were further 290 

assessed for seven of SDL8-OEs and one transgenic containing the empty vector (EV) as 291 

negative control (Fig. 7B, Fig. S6C). For most of the lines, SLD8 transcript levels were about five 292 

times higher than in control. FA analyses indicated that the FA-profile SLD8 transgenics was 293 

undistinguishable from WT or EV (Fig. 7C). 294 

LCB unsaturation was compared between 14°C and 24°C in 4 independent SLD8-OEs and 295 

4 independent control lines (EVs). Interestingly, LCB 8-unsaturation at 24°C in control lines 296 

was about half of that at 14°C (87.71%±0.19 and 47.59 % to ±3.38, respectively). In contrast, 297 

LCB 8-unsaturation at 24°C in SLD8-OEs reached a level close to the EVs at 14°C (86.53% 298 

±2.39) and was even higher at 14°C (93.61%±0.87) (Fig. 7D). These results indicate that 1) LCB 299 

8-unsaturation is inversely correlated to temperature 2) expressing SLD8 from the HAPT 300 

promoter dramatically enhances LCB 8-unsaturation at 24°C. 301 
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Effect of temperature and of SLD8 overexpression on sphingolipids 302 

To determine whether temperature and/or Δ8 unsaturation level affect the relative 303 

amount of GSL species, we carried out the detailed analysis of SL in four independent SLD8-304 

OE lines (Fig. 8A, Fig. S7) and four independent control (EV) lines acclimated to either 14°C or 305 

24°C (Fig. 8B, Fig. S7). To obtain an overall trend, the values for the individual lines of each 306 

type were averaged (Fig. 8C-F). Temperature and SLD8 overexpression had a major impact on 307 

the SL unsaturation while the impact on SL relative amounts was more subtle.. At both 308 

temperatures, the relative amounts of Cers and mono-GlyCers were slightly lower in SLD8-OE 309 

than in EV, while those of tetra- and penta-GlyCers were higher (Fig. 8C). Overall, the same 310 

variations were observed in SLD8-OEs and EVs as a function of temperature, with lower levels 311 

of Cers and tetra-GlyCers and higher levels of mono-GlyCers and penta-GlyCers at 14°C than 312 

at 24°C (Fig. 8D). 313 

LCB 8-unsaturation occurred in all SLs. Penta-GlyCers displayed the highest 314 

unsaturation rate reaching 85% at 24°C, whereas mono-GlyCers were the least unsaturated 315 

with only 20% of unsaturation at 24°C (Fig. 8E). For control lines, the unsaturation rate roughly 316 

doubled at 14°C in all classes but penta-GlyCers, whose unsaturation was increased to 93%. In 317 

SLD8-OEs, the unsaturation rate of SLs at 24°C was closely related to that of EVs at 14°C and 318 

further increased at 14°C suggesting that a post-transcriptional mechanism might limit the 319 

activity of the overexpressed SLD8 at 24°C (Fig. 8A, B, E). As mentioned above, although the 320 

relative abundance of SLs was slightly altered in SLD8-OEs, the variations as a function of 321 

temperature followed a similar trend as in control. This suggests that LCB-unsaturation had a 322 

minor effect on SL relative abundance.  323 

To summarise: 1) although SLD8-OEs and EVs display slight differences in the relative 324 

abundance of SL classes, variations between 24°C and 14°C display a similar trend 2) LCB Δ8-325 

unsaturation is increased in all SL classes at 14°C as well as in SLD8-OEs. 326 

Effect of temperature on SLD8-OE growth, cell-size and fluorescence 327 

In order to gain insight into the physiological significance of SL 8-unsaturation as a 328 

function of temperature, flow cytometry was used to monitor cell parameters of selected 329 

SLD8 OEs and EV along a growth kinetics at 24°C, 14°C and after switching the temperature 330 

from 24°C to 14°C and reversed (Fig. 9, Fig. S8, Fig. S9, Table S2).Cell parameters included cell 331 
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density, cell-size (FSC parameter) and structure (SSC parameter) as well as chlorophyll 332 

fluorescence. Cells acclimated to 24°C and 14°C were sub-cultured and allowed to reach 333 

exponential growth. On the second day of culturing, triplicate cultures were transferred to 334 

either lower or higher temperature 4 hours after light on, while control triplicate were kept at 335 

the original temperature (Fig. S9A-D). 336 

Cell growth was similar between SLD8-OEs and EV in all conditions (Fig. 9A, Fig. S8). The 337 

generation time was significantly lower at 24°C compared to 14°C and slightly slowed-down 338 

upon chilling. Interestingly for both SLD8-OEs and EV, FSC, SSC (Fig. 9B, C, Fig. S8E) cell 339 

parameters (Fig. 9D, E, Table S2) were overall higher at 24°C than at 14°C suggesting that cell-340 

size, cell structure and chlorophyll fluorescence all positively correlated with temperature. 341 

Chilling and warming triggered the progressive adjustment of these parameters that reached 342 

values close to those of acclimated cells after 7 to 8 days of culture (Fig. 9B-E, Fig. S9A-B). 343 

However, the FSC, SSC and red fluorescence parameters were overall lower in SLD8-OEs, the 344 

probabilities of a significant difference with EV being higher at 24°C than at 14°C (Fig. 9B-E, 345 

Fig. S9). In particular, the size of SLD8-OEs at 24°C was closely related to that at 14°C (Fig. 9B, 346 

C, Fig. S9E, Table S2) yielding a reduced size-ratio between 24°C and 14°C in SLD8-OEs 347 

compared to EV (Fig. S9F). Upon warming, SLD8-OEs cell-size appeared to increase though to 348 

a lesser extent than in EV, letting the differences between SLD8-OEs and EV progressively 349 

emerge along the growth kinetics (Fig. 9B). Conversely, chilling resulted in abolishing the cell-350 

size/structure differences between SLD8-OE and EV within 24 hours after the temperature-351 

shift. Although a similar trend occurred for chlorophyll fluorescence (Fig. 9D, E, Fig. S9D), 352 

values in cells acclimated at 14°C remained significantly lower in SLD8-OEs. 353 

Altogether, these results suggest that overexpressing SLD8 impairs cell-size adjustment 354 

at 24°C and correlates with a lower chlorophyll content at both temperatures. 355 

Sphingolipid genes  356 

Based on our results and further retrieval of O. tauri SLs related genes homologues, we 357 

propose a SL pathway in O. tauri (Fig. 10, Fig. S10). Concerning LCB/ceramide modification 358 

enzymes, no SLD4 orthologue could be retrieved from the O. tauri genome, though putative 359 

homologues were found in Micromonas species. No homologue of fatty acid hydroxylase 360 

(AtFAH1) was found in any Mamiellales species except Bathycoccus prasinos. These results are 361 
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consistent with LCB 8-unsaturation being the only SL modification detected in O. tauri. 362 

However, although we did not detect a t18:0, a putative homologue of LCB C4-hydroxylase 363 

was found in Ostreococcus species and Micromonas commoda. Surprisingly, a putative 364 

homologue of the LCB C9-methyltransferase, usually found in fungi, also occurred in all 365 

Mamiellales species. Putative LCB/ceramide-P phosphatase homologues were also retrieved 366 

(not represented). 367 

Homologues of enzymes central to SL synthesis that were easily identified include serine 368 

palmitoyl transferase (SPT) and ceramide synthase (CS), the latter being more closely linked 369 

to the SAR lineage. As regards to the glycosylceramide synthase (GSC), putative A. thaliana 370 

homologues were found in Bathycoccus and Micromonas but not in Ostreococus species. 371 

However, we found putative homologues of the bacterial glucuronosylceramide and 372 

galacturonylceramide synthases in O. tauri as well as in other Mamiellales species (Okino et 373 

al., 2020). Finally, the search for enzymes involved in the synthesis of GIPC (IPC-synthase, 374 

inositolphosphoryl ceramide synthase) proved unsuccessful in agreement with the lack of 375 

GIPCs in O. tauri. 376 

DISCUSSION 377 

While the literature widely reports an inverse correlation between temperature and the 378 

unsaturation of glycerolipid FAs, this is not the case for the LCBs constituting SLs (Nagano et 379 

al., 2014; Holm et al., 2022). As a result, the hypothesis that unsaturated FAs counteract the 380 

rigidification of membranes in the cold has become widespread (Ernst et al., 2016). This 381 

hypothesis, which is already debatable in the case of polyunsaturated fatty acids (PUFAs), is 382 

not, in our opinion, applicable to LCBs (Degraeve-Guilbault et al., 2021). Noteworthy, double 383 

bond in the trans configuration does not lower the melting temperature of the FA as much as 384 

that in the cis configuration. Nevertheless, trans unsaturation that prevails in LCBs are 385 

supposed to increase the physical distance between the hydrophobic core of SLs and other 386 

lipids. LCB desaturation could therefore be involved in the precise and/or local regulation of 387 

membrane properties, contributing, for example, to the dynamics of microdomains 388 

(Fernandes et al., 2016; Huby et al., 2020). As in most organisms LCB Δ8-unsaturation is either 389 

a prerequisite for other modifications and/or impacts on the channelling of Cer backbones 390 

towards the synthesis of different classes of GSLs (Jiang et al., 2021; Haslam and Feussner, 391 

2022). Candida albicans SLD8 knocked-out (KO) mutants have provided the first evidence that 392 
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LCB Δ8-unsaturation might be related to low temperature acclimation (Oura and Kajiwara, 393 

2008). SLD8 KOs displayed a lower growth rate at 10°C than at the control temperature (30°C). 394 

However, mutants also exhibited a slower filamentation independently of the temperature. 395 

Similarly, the disruption of SLD8 in Aspegillus nidulans resulted in defects in growth and 396 

morphology, including the absence of conidial development, which appear to be unrelated to 397 

temperature (Fernandes et al., 2016). It is noteworthy that LCB Δ8-desaturation is a 398 

prerequisite for LCB C9-methylation in fungi, making it difficult to separate the respective 399 

contributions of these modifications. Finally, Arabidopsis SLD8 KOs, whose cold growth is 400 

impaired, not only lack Δ8-unsaturated LCBs, but also experience a 50% reduction in the 401 

quantity of GlcCer, while GIPCs are increased (Chen et al., 2012).  402 

We showed here that LCB Δ8-trans-monounsatutation is the only modification occurring 403 

in O. tauri unique GSLs. Temperature tightly regulated LCB Δ8-desaturation while having only 404 

slight effects on GSLs content. Our results further suggest that increasing LCB Δ8-unsaturation 405 

by SLD8 overexpression correlates with a lower chlorophyll content and impairs cell-size 406 

increase at 24°C. The following sections will discuss in more details the peculiarity of O. tauri 407 

GSLs and the temperature dependent regulation of LCB Δ8-desaturation. 408 

O. tauri SL polar heads are reminiscent of bacterial glycosylceramides 409 

O. tauri lacks GIPCs but displays unique GlyCers comprising hexuronic acid residues and 410 

polyglycosylated heads. Betaine lipids are phosphate–free glycerolipids that have been 411 

proposed as substitutes for phospholipids in microalgae . Although speculative, it is possible 412 

that the peculiar GlyCers discovered in O. tauri, which apart from phosphate, have 413 

characteristics of GIPCS, are adaptive substitutes for GIPCs in phosphate-poor environments. 414 

The occurrence of GlyCers in O. tauri is consistent with the prevalence of GlyCers in marine 415 

microalgae (Stonik and Stonik, 2018). However, as in plants, the glycosyl moieties of microalgal 416 

SLs usually consisted of only one sugar residues that is further a neutral sugar (glucose, 417 

galactose). Glycosyl moieties consisting of di to trisaccharidic residues were however reported 418 

from some centric diatoms species (Thalassiosira pseudonana and Skeletonema) while a 419 

monosaccharide sialic acid SL head group was identified in the haptophyte Emiliania huxleyi 420 

(Fulton et al., 2014; Stonik and Stonik, 2018). Interestingly, acidic poly-GlyCers consisting of 421 

glucuronic or galacturonic acids and up to three additional hexose residues are characteristic 422 
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of proteobacteria from the genus Sphingomonas and homologues of the bacterial 423 

glucuronylceramide synthase were found in Mamiellales (Kawahara et al., 1991; Kawahara et 424 

al., 2000; Okino et al., 2020). These hexuronyl containing SLs serve to replace 425 

lipopolysaccharide lacking in the outer membrane of sphingomodacae. Microalgae from the 426 

Mamiellophyceae class have no cell wall but characteristic scales with a spider-web structure. 427 

Ostreoccoccus and the closely related genus Micromonas are exceptions and lack scales. 428 

Biochemical analyses of scales from microalgae formerly referred to as “prasinophytes” 429 

(paraphyletic group including Mamiellophyceae) showed that they are composed primarily of 430 

acidic polysaccharides containing unusual 2-keto sugar acids (Becker et al., 1991; Moreau et 431 

al., 2012). Similarly as for acidic GlyCers functionally replacing LPS in bacteria, acidic GlyCers 432 

could be a substitute for scales in O. tauri. Possibly acidic GlyCers could replace GIPCs in a 433 

phosphoate poor   In this regard, it would be interesting to investigate the conservation of 434 

GSLs in Mamiellales, and in particular, to know whether Bathycoccus prasinos which, in 435 

contrast to Ostreococcus and Micromonas genera, displays GSLs containing hexuronic acid.  436 

Ceramide modification is restricted to Δ8-desaturation and highly regulated by 437 

temperature 438 

Contrasting with the originality of SL head-group, Cer backbone diversity is limited to 439 

d18:0/C16:0 and d18:18E/C16:0 species. Di-hydroxylated LCBs are largely prevalent in marine 440 

microalgae and phytosphingosine has only been reported from the terrestrial green alga 441 

Chlamydomonas reinhardtii, (Kong et al., 2015; Stonik and Stonik, 2018). The absence of tri-442 

hydroxylated LCBs in O. tauri is therefore not surprising. However, microalgal species analysed 443 

so far comprised a more diversified Cer pool composed of di to tri -desaturated LCBs and 444 

hydroxylated and/or desaturated FAs of different chain lengths (Li et al., 2017; Stonik and 445 

Stonik, 2018). By comparison, O. tauri Cer backbone appeared very simple.  446 

More interestingly, the unsaturation level of LCB Δ8-unsaturation correlates closely with 447 

temperature, with the unsaturation level of the major GSLs at 24°C being about half of the 448 

unsaturation level at 14°C and significantly reduced from 93% to 85% in Hex3HexA2Cers. At 449 

the best of our knowledge, such a tight temperature-dependent regulation of LCB 450 

unsaturation has never been reported, as of the time of writing. The idea that LCB Δ8-451 

desaturation is involved in the cold response is largely based on experiments by Chen and 452 
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collaborators who showed that the Arabidopsis sld1 sld2 double mutant which totally lacks 453 

Δ8-unsaturated LCB, exhibited advanced chlorosis and reduced root growth after prolonged 454 

exposure to cold. (Chen et al., 2012). However, it should be remembered that in WT, the 455 

relative level of LCB unsaturation is not altered by cold exposure, leading to the proposal that 456 

"unsaturated LCBs may be required for basic cold resistance rather than for tolerance induced 457 

after cold exposure" (Nagano et al., 2014). Similarly, no correlation between LCB unsaturation 458 

and cold hardiness/acclimation emerged from the detailed lipidomic analysis of Arabidopsis 459 

natural accessions displaying various freezing tolerance (Degenkolbe et al., 2012). Finally, 460 

from survey of t18:18 Z and E isomers in chilling resistant/sensitive plants it was proposed that 461 

the t18:18 trans isomer might correlate with freezing tolerance (Imai et al., 1997; Kawaguchi 462 

et al., 2000). Variations of t18:18 Z and E isomers as a function of temperature in a given 463 

species has however never been reported. To our knowledge, the only slight changes in LCB 464 

unsaturation as a function of temperature were recently evidenced in tobacco pollen tubes 465 

where the relative amount of Δ4-unsaturated LCBs, and to a much lesser extent Δ8-466 

unsaturated LCBs, was slightly reduced by heat stress (Krawczyk et al., 2022). 467 

Impairing temperature-dependent regulation LCB unsaturation correlates with defect of 468 

cell-size upon warming  469 

In O. tauri WT, the relative abundances of LCB unsaturation and SLD8 transcript varied 470 

in unison, being about twice higher at 14°C than at 24°C. Consistently, overexpression of SLD8 471 

significantly increased the LCB unsaturation level at 24°C, erasing the differences observed in 472 

control cell between 14°C and 24°C in all SL classes. Moreover, cell-size and chlorophyll 473 

fluorescence exhibited significant variations as a function of temperature being higher at 24°C 474 

than at 14°C in control cells (EV). Interestingly, SLD8-OE remained as small at 24°C as at 14°C 475 

and exhibited a lower chlorophyll fluorescence than the control at both 24°C and 14°C. As the 476 

lack of increase in cell-size at 24°C correlates with a marked increase in LCB unsaturation in 477 

SLD8-OEs, it is tempting to speculate that the decrease of LCB unsaturation is required for 478 

increasing O. tauri cell volume at 24°C. Knowing whether SLD8 knock-outs show an inverse 479 

phenotype would help to support this hypothesis. However, it should be emphasised that in 480 

our case the level of overexpression is moderate, which minimises the possibility of an indirect 481 

effect. The main criticism of the overexpression strategy is the risk of titration of protein 482 
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partners or cofactor that may be involved in processes other than those under study. The 483 

fusion of CytB5 in SLD8 alleviates the possibility of CytB5 titration and the only SLD8 partner 484 

identified to date in plants, is the Bax-inhibitor 1 which has no homolog in Mamiellophyceae 485 

(Nagano et al., 2014).  486 

The temperature-dependent variations of O. tauri cell-size and chlorophyll b (chl b) 487 

fluorescence observed in our conditions are consistent with previous works examining the 488 

impact of temperature on marine phytoplankton physiology. Typically, phytoplankton 489 

acclimated to low temperatures show a photophysiology comparable to that of high-light-490 

acclimated phytoplankton, with low levels of cellular chlorophyll a (chl a) (Geider, 1987; 491 

Maxwell et al., 1994; Stramski et al., 2002). Photophysiologty adaptation of O. tauri from 20°C 492 

to 24°C includes the increases of both chl a and chl b, light harvesting capacity and electron 493 

transport, all likely to support the enhanced growth rates at higher temperatures (Kulk et al., 494 

2012). The cell-size increase between 14°C and 24°C observed in our study is consistent with 495 

a recent report showing that O. tauri cells acclimated to 33°C had a fourfold higher cell volume 496 

than at 20°C (Barton et al., 2023). The temperature-size rule (TSR) describes an inverse 497 

relationship between organism size and environmental temperature. O. tauri cell-size 498 

variations therefore illustrates a case of reverse-TSR also described for the diatom 499 

Thalassiosira pseudonana (Schaum et al., 2018). In the ocean, temperature and nutrients are 500 

strongly anticorrelated and small cells, due to a higher surface-area-to-volume ratio, are 501 

believed to be better cope with nutrient diffusion limitation (Marañón et al., 2012). It is also 502 

possible that O. tauri grown at 14°C have a smaller chloroplast. Since the chloroplast occupies 503 

50% of the O. tauri cell volume, variations of the chloroplast size are likely to reverberates on 504 

the overall cell-size (Henderson et al., 2007).  505 

Our results support the notion that LCB Δ8-unsaturation is related to low temperature 506 

acclimation in O. tauri. However, the mechanisms involved and whether the failure to adapt 507 

chlorophyll content and cell-sizecell-size are an epiphenomenon remains to be clarified.  508 

METHODS 509 

Chemicals 510 

Chemicals were purchased from Merck, Sigma Chemical (St. Louis, MO, USA) and Wako 511 

(Tokyo, Japan) when not otherwise stated. Lipids used as internal standards were purchased 512 
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from Avanti Polar Lipids (Alabaster, AL, USA). Internal standards were prepared according to 513 

Markham et al. (2007).  514 

Sequences and phylogeny analyses 515 

Sequences were obtained from NCBI. SLD8 from Mamiellophyceae species were 516 

manually checked for completion of nucleaotide sequences as reported previously for other 517 

desaturases (Degraeve-Guilbault et al., 2020; Degraeve-Guilbault et al., 2021). Briefly, open 518 

reading frame (ORF) encompassing a start methionine upstream of the annotated start codon 519 

were taken into account. Target peptides were predicted from PredAlgo (Tardif et al., 2012). 520 

Desaturase sequences alignment was performed using Snapgene trial version (Clustal omega). 521 

Phylogenetic analyses used OtSLD8 as query to retrieve homologs from as many taxa as 522 

possible. The first dataset produced contained hundreds of sequences with the most 523 

populated phylum in plants. A subset of plant sequences was chosen, which encompassed 524 

sequences of proteins that have been functionally characterised (Li et al., 2016). The subset 525 

was then back-BLASTed in all the major repositories (NCBI, Ensembl, JGI) and a new dataset 526 

containing SAR and fungal protein was produced. The dataset was visualised in BioEdit 527 

v7.0.5.3 computer program then aligned and curated using the MAFFT v7.407_1 (Katoh and 528 

Standley, 2013)and BMGE v1.12_1 (Criscuolo and Gribaldo, 2010) tools implemented in 529 

NGphylogeny.fr (Lemoine et al., 2019). The final alignment included 46 sequences and 326 530 

residues including gaps. Two independent Metropolis-Coupled Markov chain Monte Carlo 531 

(MCMCMC) analyses were used to infer Bayesian phylogenetic relationships using MrBayes 532 

v3.2.7_0 software (Ronquist et al., 2012) implemented in NGphylogeny.fr. Each analysis 533 

involved one cold and three warm chains. The number of generations was set at 2.000.000 534 

and with a sampling frequency every 500 generations and a burn-in fraction set at 0.25, i.e. 535 

the first 500.000 tree topologies were discarded to stabilise the analyses. The parameters of 536 

the likelihood model was set to ‘mixed’ hence the algorithm was allowed to jump from one 537 

model implemented in the software to the other according to dataset. A gamma distribution 538 

probability was set. Once the analysis completed, the outcome was saved in the Nexus format 539 

and then visualised in FigTree v1.4.4 to set colours. 540 
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The histidine boxes previously identified were aligned following the clades produced in 541 

the Bayesian inference and were used to feed WebLogo3 (Crooks et al., 2004) online tool to 542 

produce the sequence logos in Figure 1. 543 

Biological material and cultures 544 

O. tauri cells (clonal isolate from OtH95) were grown under 18:6 photoperiod in artificial 545 

sea-water (ASW) NaCl 4.1 x10-1 M, KCL 8x10-3 M, MgCl2.6H2O 3.2x10-2 M, CaCl2 2.7x10-3 M, 546 

Tris–HCl 5mM pH 7.6; supplemented with NaNO3 8.82. 10-4 M, NaH2PO4 3.62.10-5, and F/2 547 

components without silicium (ncma.bigelow.org/algal-recipes). Cultures were grown in 548 

incubator-shaker (New Brunswick Innova 42R) with constant agitation (80 RPM) under white 549 

light (75 mmol photons m-2 s-1, 6 X T8 fluorescent bulbs 15 Watt each (Sylvania Gro-Lux). In 550 

standars conditions O. tauri was grown at 20°C. The tempratures 24°C and 14°C have been 551 

previously identified as the best temperatures to investigate difference in desaturase 552 

expresssion and lipid unsaturation and O. tauri were acclimated to these temperatures for at 553 

least 3 su-culturing rounds (about 15 generations) (Degraeve-Guilbault et al., 2021). For 554 

screening of FA of O. tauri transgenics, cells were grown in T25 aerated culture flasks 555 

(Sartstedt, Nümbrecht, Germany). Phosphate (NaH2PO4) was reduced from 35 µM to 5 µM to 556 

allow the expression of transgenes under the high affinity phosphate transporter promoter. 557 

Bacteria associated to O. tauri were reduced to less than 5% using centrifugation (1500 g, 5 558 

min, RT) and antibiotic treatment (vancomycin 1 mg/mL, 4 days followed by G418 0.5 mg/ml, 559 

4 days). Survey of bacterial population was achieved by flow cytometry as previously reported 560 

(Degraeve-Guilbault et al., 2017). 561 

Flow cytometry 562 

Cells were fixed with 0.5 % glutaraldehyde (Grade II) and analysed on a flow Cytometer 563 

(Partec CyFlow Space FACS). Refractory parameters are forward scatter (FSC), and side scatter 564 

(SSC) reflecting cell-size and structure, respectively. Chlorophyll fluorescence arises from the 565 

excitation of chlorophyll a at 488 nm and its emission in the red channel. O. tauri cell were 566 

discriminated based on the red fluorescence and counted.  567 
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Temperature shift 568 

Cells were acclimated to 24°C and 14°C for at least 3 weeks (through 3 subculturing). 569 

During this period, the cell density was regularly adjusted to ensure consistency between 570 

conditions and transgenics. In the final round of subculturing, a low phosphate medium was 571 

used to induce the full expression of transgenes. By the time 0 of the experiment, each batch 572 

was subcultured in 6 independent flasks and allowed to recover for 62 hours before the 573 

temperature shift. Sampling of 1 mL of culture was achieved along the growth kinetics and 574 

fixed cells were analysed within 6 h. 575 

Cloning strategy  576 

PCR amplifications of DES ORF were achieved using Q5® Polymerase by two-step PCR on cDNA 577 

matrix (5’-GGGCCCATGGCGTCGTCGGTGGGCG ATGCGCGCCGCGACGTC-3’.and 5’-578 

CTAGTCGCCCCGCTCCCAGAC-3’), which encompassed the restriction sites ApaI for cloning in 579 

pOtox-Luc (Moulager et al., 2010). The amplified fragment was subcloned in pGEM®-T Easy 580 

(Promega, Madison, WI, US) and sequenced (Genwiz, Leipzig, Germany). Cloning using 581 

Gateway® system was performed according to manufacturer instructions (pDONR 221, 582 

pK7W2G2D or pK7YWG2 for N. benthamiana). Sequences for either the long or the short 583 

version of SLD8 were amplified from the SLD8 sequence cloned in pGEMT with primer 584 

encompassing the extension AttB1 and AttB2 extension. Codon-optimised sequences 585 

(GenScript Biotech, Netherlands) were used for overexpression in S. cerevisiae. 586 

RNA and cDNA preparation and quantitative RT-PCR analysis 587 

RNeasy-Plus Mini kit (Qiagen, Hilden, Germany) was used for RNA purification; DNase I 588 

was used to remove contaminating DNA (DNA-free kit, Invitrogen, Carlsbad, USA) and cDNA 589 

obtained using the reverse transcription iScriptTM supermix kit (Bio-Rad, Hercules, CA, USA). 590 

Primers used for qPCR were (5’-CCCTTCGCGGAAAAGAATGG-3’.and 5’-591 

GCTTGAGCGTTCGAAACACC -3’). Real-time RT quantitative PCR reactions were performed in a 592 

CFX96TM Real-Time System (Bio-Rad) using the GoTaq® qPCR Master mix (Promega, Madison, 593 

WI, USA). Bio-Rad CFX Manager software was used for data acquisition and analysis (version 594 

3.1, Bio-Rad). Ct method was used to normalise transcript abundance with the references 595 
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ACTprot2 (Actin protein-related 2). PCR efficiency ranged from 95 to 105%. Technical triplicate 596 

were used, and at least two independent experiments were achieved. 597 

Genetic transformation  598 

O. tauri electroporation was adapted from (Corellou et al., 2009). In brief, 1.5 × 109 cells 599 

were collected by centrifugation, resuspended in 80µl 1M sorbitol, mixed with 5µg of 600 

linearised pOtOX-Luc vector and transferred into a 2mm wide electroporation cuvette. 601 

Electroporation was performed using Gene Pulser Xcell Electroporator (Bio-Rad), field 602 

strength 7 kV/cm, resistor 600 Ω, capacitor 25 µF. Transformants were selected on semi-solid 603 

agarose (0.21% final concentration) containing 1.5 mg/mL of G418. The pOtOX-Luc vector, in 604 

addition to the HAPT promoter driving the expression of transgene further contains the 605 

luciferase gene under the CCA1 promoter. Luciferase expression allows to readily select the 606 

best overexpressors. High luminescence indicates high luciferase gene expression and 607 

consequently best genetic environment for the activity of the HAPT promoter driving the 608 

expression of SLD8. 609 

S. cerevisiae was transformed by the standard LiAc/SS carrier DNA/PEG method (Gietz 610 

and Schiestl, 2007) using pEG423 vector. Control lines were transformed with of empty 611 

vectors. N. benthamiana leaves from five-week old plants were infiltrated with Agrobacterium 612 

tumefaciens previously transformed by electroporation; the p19 protein to minimise plant 613 

post-transcriptional gene silencing (PTGS) was used in all experiments (Shah et al., 2013). 614 

Briefly, A. tumefaciens transformants were selected with antibiotics (gentamycin 25 µg/mL 615 

with spectinomycin 100 µg/mL or kanamycin 50 µg/mL). Agrobacterium transformants were 616 

grown overnight, diluted to an OD600 of 0.1 and grown to an OD600 of 0.6-0.8. Cells were re-617 

suspended in 5 mL sterilie water for a final OD600 of 0.4 and 0.2 for overexpression and 618 

subcellular localization experiments, respectively and 1 mL was agroinfiltrated. Plants were 619 

analysed 2 and 5 days after Agrobacterium infiltration for subcellular localization experiments 620 

and for overexpression, respectively. 621 

Lipid analysis 622 

For all organisms, FA analyses and for O. tauri further lipid analysis were achieved as 623 

previously reported (Degraeve-Guilbault et al., 2017).  624 
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To obtain total LCB composition, lyophilised O. tauri cells or fresh yeast cells were 625 

directly hydrolyzed in 10% barium hydroxide/dioxane (1:1) for 24 h at 110°C. After cooling, 626 

the solvent was vigorously mixed with 0.5 volumes of diether ether and 4% sodium sulfate 627 

and the upper phase was collected and evaporated. LCB was derivatised with NBD-F and 628 

analysed by LC-MS/MS according to the previous report (Ishikawa et al., 2014) with the MRMs 629 

shown in Table S1.  630 

Total sphingolipid extract was prepared and analysed as previously described with some 631 

modifications (Ishikawa et al., 2016; Ukawa et al., 2022). In brief, lyophilised cells were 632 

homogenised by vigorous shaking with glass beads in 1-butanol/methanol (2:1). The 633 

homogenate was mixed with 0.6 voluimes of 1 N KOH and kept for 30 minutes at 50°C. The 634 

mixture was acidified with HCl and phase-separated by adding 1-butanol. The upper layer was 635 

collected and dried under vacuum. The residue was dissolved in THF/methanol/water 636 

containing 0.1% formic acid and injected to LC-MS/MS (LCMS-8030, Shimadzu GLC). For 637 

MS/MS analysis of GSL structures, the sample was directly injected into MS under a flow of 638 

methanol/isopropanol/acetonitrile (1:1:1) containing 5 mM ammonium formate. Precursor 639 

ion scanning analysis was performed with product ion of m/z 264.3 (LCB) or 520.5 (Cer) and a 640 

range of precursor ion scan between m/z 250 to 1800. Targeted MS/MS analysis was 641 

performed using the MRMs shown in Table S1. The solvent system and MS parameters were 642 

according to Ishikawa et al. (2016). 643 

Confocal microscopy 644 

Live cell imaging was performed using a Leica SP5 confocal laser scanning microscopy 645 

system (Leica, Wetzlar, Germany) equipped with Argon, DPSS, He-Ne lasers, hybrid detectors, 646 

and 63× oil-immersion objective. N. benthamiana leaf samples were mounted on a glass slide 647 

using drop of water and covered with a coverslip. Fluorescence was measured using 648 

excitation/emission wavelengths of 488/490-540 nm for chlorophyll, 488/575- 610 nm for 649 

YFP. Co-localisation images were taken using sequential scanning between frames. 650 

Experiments were performed using strictly identical confocal acquisition parameters (e.g. 651 

laser power, gain, zoom factor, resolution, and emission wavelengths reception), with 652 

detector settings optimized for low background and no pixel saturation. 653 
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Stastistics 654 

Statistical analyses were performed using Microsoft Excel. A Student’s test was 655 

employed to compare two datasets, while a Tukey test to compare multiple datasets 656 

simultaneously (multiple pair-wise comparison, p-value < 0.05). Compact letter display was 657 

used to clarify the output. Variables that that do not have statistically different means from 658 

one another will share the same letter. (Schlattmann and Dirnagl, 2010). Groups sharing the 659 

same letter are statistically indistinguishable and belong to the same set, while groups that 660 

exhibit detectable differences are assigned distinct letters representing different sets. When 661 

a group is labeled with more than one letter, it signifies an 'overlap' between sets of 662 

groups.Table 1 663 

  Unsaturation % 

  OtSLD8 AtSLD1  

  Short Long   

Substrate Product Pro-PGK1 Pro-GAL1 Pro-GAL1 Pro-PGK1 Pro-GAL1 

t18:0 t18:1(Δ8) 5.5 ± 0.7 5.7 ± 0.8 7.5 ± 1.0 21.0 ± 0.4 19.8 ± 0.9 

d18:0 d18:1(Δ8) 24.6 ± 0.8 32.6 ± 1.1 21.1 ± 0.2 28.2 ± 0.5 24.2 ± 1.0 

d18:1(Δ4) d18:2(Δ4,8) 23.1 ± 1.2 *NE *NE 77.6 ± 0.4 *NE 

Table.1. OtSLD8 LCB desaturase activity in S. cerevisiae.  664 

The wild-type strain (W303-1A), sur2Δ (BY4741), and sur2Δ expressing the Δ4 sphingolipid 665 

desaturase of Komagataella pastoris were used to determine the desaturation activity on 666 

t18:0, d18:0, and d18:14E, respectively. The percent of unsaturation was calculated by the 667 

formula (product)/(substrate + product)*100. Means and standard deviations are shown 668 

(n=3).*NE: not examined due to the same Pro-GAL1 plasmid used for expression of 669 

OtSLD8/AtSLD1 and Pichia Δ4 desaturase. 670 
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 688 

FIGURE LEGENDS 689 

Figure 1. Analysis of total LCBs and of free ceramides from O. tauri. 690 

A. LC-MS/MS profile of total LCBs liberated from whole cells of O. tauri. LCBs were 691 

analysed as the NBD-derivatives by LC-MS/MS and the MRM chromatograms of the five major 692 

species conservatively observed in plants are shown at the same scale of absolute intensities 693 

of MS signal intensities. B. Fatty-acids of free ceramides. Free ceramides composed of d18:0 694 

or d18:1 LCB and one of various fatty acids were detected by LC-MS/MS by the targeted MRM 695 

mode. The MRM transitions are shown in Table S1. 696 

Figure 2. Characterisation of O. tauri GSLs. 697 

A. Precursor ion scanning using the product ion corresponding to d18:1 LCB. B. Precursor 698 

ion scanning using the product ion corresponding to d18:1-16:0 Cer. C. Assignment of the 699 

detected m/z to GSLs containing HexA and Hex residues. D. Targeted LC-MS/MS 700 

chromatogram of O. tauri GSLs. Four separate peaks were determined as below; 1, 701 

Hex3HexA2Cer; 2, Hex2HexA2Cer; 3, HexACer; 4, free Cer. The MRMs used were combination 702 

of molecular ions ([M+H]+) and the major product ions for each species, i.e., m/z 264.3 ([d18:1-703 

2H2O+H]+) for Cer, 520.5 ([Cer-H2O+H]+) for HexACer, and 538.5 ([Cer+H]+) for longer GSLs as 704 

determined by the product ion scanning (Fig S1).  705 
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Figure 3. Phylogenic trees of the putative Δ8-sphingolipid desaturases from O. tauri.  706 

The trees were drawn to scale in substitutions per site (scale bar on the figure). Posterior 707 

Probabilities (2.000.000 generations) lower than 1.00 are indicated by the nodes. Vertical bars 708 

indicate taxonomic assignment, also visualised by brench colors. A. Bayesian phylogenetic tree 709 

of SLD8s. The preference of the enzyme to catalyse the E- or Z-isomer is indicated for some 710 

species (bold) (Tonon et al 2005, Oura et al 2008, Li et al 2016). B. Figure 3. Bayesian 711 

phylogenetic tree of Mamiellales CytB5-fused desaturases. Posterior Probabilities (2.000.000 712 

generations) greater than 0.95 are not reported, the others are indicated by the nodes.  713 

Figure 4. Sub-cellular localisation of O. tauri sphingolipid D8-desaturase short and long 714 

versions in Nicotiana benthamiana.  715 

Confocal images of Nicotiana benthamiana leaves transiently transformed with OtSLD8-716 

YFP short and long versions. Images were taken 2 days post infiltration. Left, YFP signal; Right, 717 

merged of YFP signal and chlorophyll autofluorescence. Bars = 20µm. 718 

Figure 5. Fatty-acid profile of N. benthamiana expressing SDL8 alone and together with 719 

D6-desaturases. 720 

The anti-silencing protein p19 was used in all infiltrations. A. The long-SLD8 (plastid 721 

located) was expressed alone and together with the plastidial D6 desaturases pD6-Des1 and 722 

pΔ6-Des2. The number of replicate is indicated. B. The short version of SLD8 (ER located) was 723 

expressed alone and together with the ER Acyl-CoA-D6-Des (ACoA-Δ6-Des) (n=3). Means and 724 

standard errors are shown. 725 

Figure 6. Effect of temperature on SLD8 expression.  726 

Exponentially growing cells were shifted from 24°C to 14°C and reversed while control 727 

cells were maintained at the initial temperatures. Cells were harvested 0.5 and 4 h after the 728 

temperature shift. Means and standard deviations of technical triplicate are shown. 729 

Experiment was repeated twice. 730 

Figure 7. Selection and lipidic analysis of SLD8 overexpressors.  731 

Transgenics are labelled 15-n for SLD8 and EV for the empty vector. A. Luminescence of 732 

SLD8 transgenics. The Potos-Luc vector carries the luciferase under the CCA1 promoter 733 

allowing the selection of lines according to their luminescent level. The line EV3 containing 734 

the empty vector (v3 in Fig. S4C) was chosen as negative control for lipid analysis because it 735 

produces as much luminescence as SLD8-OEs (Fig. S4C). Means and standard deviation of 736 

technical triplicate are shown. B. SLD8 relative transcript levels in selected luminescent lines. 737 



 O. tauri sphingolipids and temperature acclimation    26 
 

C. Fatty-acid profiles of SLD8 overexpressing lines. D. LCB unsaturation rate in control lines 738 

(grey) and SLD8 overexpressing lines (blue). Means and standard deviations of culture 739 

triplicate are shown. Values were compared among the different transgenics according to 740 

Tukey test at p < 0.05 and groups with the same letter are not detectably different. 741 

Figure 8. Sphingolipid contents and unsaturation rates in control and SLD8 742 

overexpressing lines as a function of temperature. 743 

Four individual lines where cultivated in triplicate for each, negative controls 744 

(EV1,EV2,EV3,EV4, open colored symbols) and SLD8-OEs (15-5, 15-8, 15-10, 15-11 plain 745 

colored symbols). Cells acclimated at 24°C or at 14°C were collected at the end of exponential 746 

growth for analysis. A-B. Correlation between sphingolipid unsaturation rate and relative 747 

content in individual transgenic lines, control lines (EVs, A), SLD8-OEs (B). Means and standard 748 

deviations of independent triplicate are shown. Unsaturation rate is d18:1/(d18:0+d18:1) 749 

×100 (%). C. Relative amount of sphingolipids in EVs and SLD8-OEs at 14°C and 24°C. D. Ratio 750 

of relative amount between 14°C and 24°C. E. Unsaturation rate in sphingolipid classes in EVs 751 

and SLD8-OEs at 14°C and 24°C. Errors bars for ratio z=x/y in D and F were calculated according 752 

to the error propagation rule Dz=z√(Dx/x)2+(Dy/y)2. C-F. Averages of the values from the 4 753 

triplicates of EV lines (n=12) and SLD8-OE lines (n=12) are shown, errors bars are SD. 754 

Stastistical significances were calculated within each SL class using the Tukey test in C and E (p 755 

< 0.05), groups with the same letter are not detectably different, and using the pair-wise 756 

Student’s t-test) in D and F (p < 0.05, ns is not significant). 757 

Figure 9. Cellular parameters of SLD8-OEs and control lines along growth kinetics in 758 

different temperature conditions. 759 

SLS8-OEs (15-5, 15-11) and negative control (EV) acclimated to 24°C or 14°C were grown 760 

in light/dark cycles (white and black boxes). After 62 hours of culture, one part was transferred 761 

from 24°C to 14°C (24°C>14°C) and from 14°C to 24°C (14°C>24°C) (dotted lines), while the 762 

other part was left at the initial temperature. A. Generation times in exponential growth after 763 

temperature change. The Tukey test was applied to all lines and conditions (p < 0.05) and 764 

groups with the same letter are not detectably different. Growth curves are available from 765 

Fig. S8. B-E. Evolution of FSC, i.e. cell-size at 24°C (B,C) and red fluorescence, i.e. chlorophyll b 766 

(D,E) in cells acclimated or transferred to 24°C (B,D) and in cells acclimated or transferred to 767 

14°C (C,E). Means an SD from independent triplicate cultures are shown. Statistical 768 

significance by pairwise t-test between EV and SLD8-OE lines in each condition (*, p < 0.1; **, 769 
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p < 0.05; ***, p < 0.001), absence of label corresponds to non significant values. Vertical 770 

dotted lines represent the time of warming (red) and chilling (blue). Evolution of the SSC 771 

parameter and complementary representations are available from Fig S9. 772 

Fig. 11. Sphingolipid pathway in O. tauri. 773 

Enzymes involved in the metabolic step are indicated and corresponding genomic 774 

accession are indicated (italics). Homologues with E-values ≤ 9.00E-07 and query cover ≥ 41% 775 

are indicated in green boxes when obtained by blasting A. thaliana protein accessions and in 776 

pink box when obtained by blasting protein accessions from other organisms. Red frames 777 

highlight sphingolipids and SLD8 characterised in the present work. Activation and/or 778 

repression of SLD8 and LCB-D8-unsaturation by temperature and associated cell-size changes 779 

are schematised. Grey arrows represent unvalidated step. Details about blast results are 780 

provided in Fig. S10.  781 
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Figure 3. 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



Figure 4. Bayesian phylogenetic tree of sphingolipid Δ8 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).



Figure 5. Sub-cellular localisation of O. tauri sphingolipid D8-desaturase short and long versions in Nicotiana benthamiana.

Confocal images of Nicotiana benthamiana leaves transiently transformed with OtSLD8-YFP constructs. O. tauri sphingolipid D8-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 = 20µm.
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Figure 8. Selection and lipidic analysis of SLD8 overexpressors.
Transgenics are labelled 15-n for SLD8 and EV for the empty vector. A. Luminescence of SLD8 transgenics. The Potos-Luc vector carries the luciferase under the CCA1 promoter allowing the
selection of lines according to their luminescent level. The line EV3 containing the empty vector (v3 in Fig. S4C) was chosen as negative control for lipid analysis because it produces as much
luminescence as SLD8-OEs (Fig. S4C). Means and standard deviation of technical triplicate are shown. B. SLD8 relative transcript levels in selected luminescent lines. C. Fatty-acid profiles of
SLD8 overexpressing lines. D. 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 9. Sphingolipid contents and unsaturation rates in control and SLD8 overexpressing lines as a function of temperature.
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sphingolipids in EVs and SLD8-OEs 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. Errors
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Figure 10. Cellular parameters of SLD8-OEs and control lines along
growth kinetics in different temperature conditions.
SLS8-OEs (15-5, 15-11) and negative control (EV) acclimated to
24°C or 14°C were grown in light/dark cycles (white and black
boxes). After 62 hours of culture, one part was transferred from
24°C to 14°C (24°C>14°C) and from 14°C to 24°C (14°C>24°C)
(dotted lines), while the other part was left at the initial
temperature. A. Generation times in exponential growth after
temperature change. The Tukey test was applied to all lines and
conditions (p < 0.05) and groups with the same letter are not
detectably different. Growth curves are available from Fig. S7
. B-E. Evolution of FSC, i.e. cell size at 24°C (B,C) and red
fluorescence, i.e. chlorophyll b (D,E) in cells acclimated or
transferred to 24°C (B,D) and in cells acclimated or transferred to
14°C (C,E). Means an SD from independent triplicate cultures are
shown. Statistical significance by pairwise t-test between EV and
SLD8-OE lines in each condition (*, p < 0.1; **, p < 0.05; ***, p <
0.001), absence of label corresponds to non significant values.
Vertical dotted lines represent the time of warming (red) and
chilling (blue). Evolution of the SSC parameter and complementary
representations are available from Fig S8.
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Serine + Palmitoyl-CoA (C16:0)

3 -Ketosphinganine
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Fig. 11. Sphingolipid pathway in O. tauri.
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. Red frames highlight sphingolipids and SLD8 characterised in the present
work. Activation and/or repression of SLD8 and LCB-D8-unsaturation by temperature
and associated cell-size changes are schematised. Grey arrows represent unvalidated
step. Details about blast results are provided in Fig. S9.
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