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The picoalga Ostreococcus tauri is a minimal photosynthetic eukaryote that has been used as a model system. O. tauri is known to
efficiently produce docosahexaenoic acid (DHA). We provide a comprehensive study of the glycerolipidome of O. tauri and
validate this species as model for related picoeukaryotes. O. tauri lipids displayed unique features that combined traits
from the green and the chromalveolate lineages. The betaine lipid diacylglyceryl-hydroxymethyl-trimethyl-B-alanine and
phosphatidyldimethylpropanethiol, both hallmarks of chromalveolates, were identified as presumed extraplastidial lipids.
DHA was confined to these lipids, while plastidial lipids of prokaryotic type were characterized by the overwhelming
presence of w-3 C18 polyunsaturated fatty acids (FAs), 18:5 being restricted to galactolipids. C16:4, an FA typical of green
microalgae galactolipids, also was a major component of O. tauri extraplastidial lipids, while the 16:4-coenzyme A (CoA) species
was not detected. Triacylglycerols (TAGs) displayed the complete panel of FAs, and many species exhibited combinations of FAs
diagnostic for plastidial and extraplastidial lipids. Importantly, under nutrient deprivation, 16:4 and w-3 C18 polyunsaturated
FAs accumulated into de novo synthesized TAGs while DHA-TAG species remained rather stable, indicating an increased
contribution of FAs of plastidial origin to TAG synthesis. Nutrient deprivation further severely down-regulated the conversion
of 18:3 to 18:4, resulting in obvious inversion of the 18:3/18:4 ratio in plastidial lipids, TAGs, as well as acyl-CoAs. The fine-
tuned and dynamic regulation of the 18:3/18:4 ratio suggested an important physiological role of these FAs in photosynthetic
membranes. Acyl position in structural and storage lipids together with acyl-CoA analysis further help to determine
mechanisms possibly involved in glycerolipid synthesis.

Ostreococcus tauri is a marine green picoeukaryote
(<2 um) that has been described as the smallest eu-
karyote and used as a minimal photosynthetic model
in the last decade. O. tauri belongs to the class of
Mamiellophyceae (Classis nova) that dominates the
picoeukaryotic phytoplankton (Marin and Melkonian,
2010). O. tauri displays a minimal cellular organization
with only one of each organelle and has a highly
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compact and small haploid genome that encodes 7,699
genes (Courties et al., 1994; Derelle et al., 2006; Blanc-
Mathieu et al., 2014). O. tauri minimal features together
with the implementation of a complete molecular
toolbox encompassing efficient gene transformation
and easy gene replacement by homologous recombi-
nation have promoted O. fauri as a unique model
for functional studies (Corellou et al., 2009; Lozano
et al., 2014).

The diversity of microalgae species lies far beyond
that of land plants. Microalgae have representative in
four of the six eukaryotic supergroups (Simon et al.,
2009). The most important supergroups of microalgae
are Viridiplantae (the so-called green lineage), to which
land plants also belong, and Chromalveolata, which
corresponds to the largest group of microalgae spe-
cies. The emergence of this latter lineage arose from
secondary endosymbiotic events (i.e. the engulfment
of an ancestral red microalga by an ancestral non-
photosynthetic eukaryote). Considering the primarily
oceanic production, the importance of photosynthetic
picoplanktonic species, and in particular picoeukar-
yotes from the green lineage, is increasingly recognized
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(Vaulot et al.,, 2008; Massana, 2011). The ubiquitous
occurrence of these organisms in oceanic systems ex-
emplifies the ecological success of miniaturized eukar-
yotic cells. Due to their high surface-volume ratio, these
species would be particularly well adapted to nutrient-
poor environments and environmental changes (Schaum
et al, 2013). The variety of lipid compounds from
microalgae mirrors their diversity and is a great bio-
resource for novel molecules and for genes of related bio-
synthetic pathways (Kumari et al, 2013). Lipids of
marine microalgae are of utmost importance for the
oceanic ecosystems (Parrish, 2013); in particular, marine
microalgae fuel the food web with long-chain (LC)
polyunsaturated fatty acids (PUFAs) such as eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA),
which accumulate in fish oils and are essential for im-
munological, reproductive, and cognitive functions in
animals (Adarme-Vega et al, 2012; Gladyshev et al,
2013). Therefore, acquiring knowledge on lipid metab-
olism and composition from species representative of
different taxons is important from both biotechnologi-
cal and ecological points of view. Foremost, why ma-
rine microalgae display a highly diverse and specific
panel of lipids and PUFAs compared with plants or
freshwater microalgae is a fundamental issue.
Glycerolipids are the major components of biological
membranes. The basics of microalgal glycerolipid me-
tabolism remain largely inferred from terrestrial plants
(Miihlroth et al., 2013; Li-Beisson et al., 2015). The C16
and C18 fatty acids (FAs) synthesized in the chloroplast
are assembled into lipids in both the chloroplast and the
endoplasmic reticulum (ER) through the consecutive
acylations of glycerol-3-phosphate by sn-1 glycerol-
3-phosphate acyltransferase (GPAT), to yield lyso-
phosphatidic acid, and of lysophosphatidic acid by
lysophosphatidic acid acyltransferase (LPAAT), to
yield phosphatidic acid (PA). In plants, chloroplastic
and ER acyltransferases have different specificities for
acyl donors and acyl receivers. As a result, lipids syn-
thesized in the chloroplast by the so-called prokaryotic
pathway preferentially display C16 acyl groups at the
sn-2 position of the glycerol backbone, whereas plas-
tidial lipids synthesized from endosomal precursors
(eukaryotic lipids) display a C18 acyl group in sn-2
(Ohlrogge and Browse, 1995). PA and diacylglycerol
(DAG), the latter arising from PA dephosphorylation,
are the precursors of complex lipids that are built
through the linkage of a polar head group at the sn-3
position of the glycerol backbone. Plasma membranes
as well as endosomal and plastidial membranes are
made of different classes of glycerolipids. Plastidial
lipids, conserved throughout evolution, are the gal-
actolipids monogalactosyldiacylglycerol (MGDG) and
digalactosyldiacylglycerol (DGDG) as well as sulfo-
quinovosyldiacylglycerol (SQDG) and phosphatidyl-
glycerol (PG). The importance of this lipid quartet for
the organization of thylakoid membranes and photo-
synthetic functions, especially through their interaction
with PSII, is recognized from cyanobacteria to higher
plants (Boudiere et al., 2014). Phospholipids (PLs), such
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as phosphatidylcholine (PC), phosphatidylserine (PS),
and phosphatidylethanolamine (PE), are major com-
ponents of extraplastidial membranes (Dorne et al.,
1990). Another class of structural lipids that is widespread
in microalgae corresponds to betaine lipids (BLs;
Dembitsky, 1996, Cafavate et al., 2016). In BLs, the polar
aminoacyl head, which is either a Ser, Ala, or carbox-
ycholine, is ether linked to the glycerol backbone instead of
phosphoester linked, as in PLs. Subsequently, the synthe-
sized BLs are called diacylglyceryltrimethylhomoserine
(DGTS), diacylglycerylhydroxymethyltrimethyl-B-alanine
(DGTA), and diacylglyceryl-carboxyhydroxymethyl-
choline. BLs are assumed to be the phosphorus (P)-free
structural counterparts of PLs and have been located
in extraplastidial membranes (Kiinzler et al., 1997). In
Chlamydomonas reinhardtii, the BL synthase BTA1 was
shown to be localized in the ER and to synthesize
DGTS from DAG (Riekhof et al., 2005). Radiolabeling
experiments previously demonstrated that DGTA was
synthesized from DGTS in the microalga Ochromonas
danica (Vogel and Eichenberger, 1992).

Nonpolar glycerolipids are DAGs and triacylglyc-
erols (TAGs). TAG synthesis results from the acylation
of DAGs at the sn-3 position. Beyond the role of TAGs
as energy storage molecules, there is growing evidence
that, at least in microalgae, TAGs are a reservoir of FAs
that are used for the rapid synthesis and FA remodeling
of structural lipids under both standard and stress
conditions (Cohen et al., 2000; Adarme-Vega et al.,
2012; Yoon et al., 2012). Microalgae are known to ac-
cumulate high amounts of TAGs, in particular under
adverse conditions such as nutrient deprivation, which
results in cell growth cessation (Sharma et al., 2012).
TAG synthesis is thought to serve as a sink for photo-
assimilates no longer consumed by the decreased
growth metabolism. Most importantly, FA de novo
synthesis would serve to replenish the pool of the
electron acceptor NADP" for the still ongoing photo-
synthesis and possibly alleviate the production of
harmful reactive oxygen species.

In the last decade, renewed interest in microalgal
lipids for biotechnological applications as well as the
great improvement of sequencing facilities have led to
an impressive increase of knowledge about lipid com-
position and metabolism in diverse microalga species
(Khozin-Goldberg and Cohen, 2011; Heydarizadeh
et al., 2013; Liu and Benning, 2013). Comprehensive
studies of lipid metabolism from marine microalgae
have been conducted mainly on species belonging to
the supergroup chromalveolates. In particular, the di-
atoms Phaeodactylum tricornutum and Thalassiosira
pseudonana and the eustigmatophyte Nannochloropsis
gaditana, an oligeanous strain, garnered the most at-
tention (Miihlroth et al., 2013; Niu et al., 2013; Peng
et al.,, 2014; Abida et al., 2015). From the green lineage,
however, the dominating model is C. reinhardtii, which
is a terrestrial microalga from the soil, and compre-
hensive and functional studies of lipid metabo-
lism from marine green microalgae remain rather
scarce (Li-Beisson et al., 2015). By contrast with other
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transformable marine model microalgae such as the
diatoms P. tricornutum and T. pseudonana, O. tauri effi-
ciently produces DHA (Wagner et al., 2010; Trentacoste
et al., 2013), which makes this model attractive to gain
insight into DHA biosynthetic pathways and cellular
functions. Genes related to the lipid metabolism of
Ostreococcus have been identified, and several have
been characterized in heterologous hosts and used
in particular for LC-PUFA pathway reconstruction
(Meyer et al., 2004; Domergue et al., 2005; Hoffmann
et al., 2008; Wagner et al., 2010; Tavares et al., 2011;
Misra et al., 2012; Vaezi et al., 2013; Hamilton et al.,
2016). However, a detailed analysis of the Ostreococcus
glycerolipidome has never been provided. In this study,
we aimed at performing in-depth characterization of
the glycerolipidome of the model species O. tauri and
at assessing whether it was representative of related
species. By combining robust quantitative and high-
resolution techniques as well as using nitrogen (N)
and P starvation known to trigger lipid remodeling, we
conducted a comprehensive analysis that revealed
specific features and gave insight into the possible
processes driving O. tauri glycerolipidome dynamics.
This work lays the basis for future investigations of
various aspects of lipid metabolism in this unique
model organism.

RESULTS

O. tauri FA Composition Is Representative of the
Class Mamiellophyceae

FA patterns of microalgae species from the polyphetic
group prasinophytes, which encompasses Mamiello-
phyceae (Classis nova), were investigated in the 1990s
and shown to be rather conserved (Dunstan et al., 1992).
More recently, independent studies providing the FA
profiles of different Ostreococcus species have been pub-
lished (Wagner et al., 2010; Ahmann et al., 2011; Vaezi
et al., 2013). Collectively, these results showed discrep-
ancies suggesting that some qualitative differences may
exist between Ostreococcus species and between the
genera Ostreococcus and Micromonas. In particular, the
FA profile reported for the deep strain RCC809 differs
greatly from that of the surface strain O. tauri, including
the lack of DHA, and the peculiar FA 18:5 was not
reported for O. tauri while it was for most other pra-
sinophytes. Ostreococcus, Micromonas, and Bathycoccus
are the most qualitatively important genera from the
recently defined monophyletic taxon Mamiellophyceae
(Marin and Melkonian, 2010). Therefore, we investigated
the conservation of FA composition between Ostreo-
coccus species and these related genera to assess the
representativeness of O. tauri for Mamiellophyceae (Fig.
1). Micromonas pusilla and Bathycoccus prasinos, analyzed
in this work, correspond to the strains that were se-
quenced recently. Ostreococcus species were selected
in the four distinct clades reported in the literature,
and an additional species from a distinct geographical
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localization was chosen within each clade (Fig. 1A;
Rodriguez et al., 2005). This selection covered the
genetic and ecological diversity of Mamiellophyceae,
in particular those of the Ostreococcus genus. Cultures
were grown in ventilated culture flasks without agi-
tation in order to allow all species to grow, as neither
Micromonas nor Bathycoccus could grow under con-
stant agitation in our hands. In these conditions, FA
patterns of the different species were closely related,
although quantitative differences in the proportion of
some FAs were observed (Fig. 1B).

Major FAs (80% of total FAs) consisted of half sat-
urated FAs 14:0 and 16:0 and half PUFAs 16:4n-3,
18:3n-3 (a-linolenic acid [ALA]), 18:4n-3 (stearidonic
acid [SDA]), and 22:6n-3 (DHA), among which 16:4n-
3 was the most abundant (15%-20% of total FAs). 14:0
and 16:0 were found in equal proportion in Ostreo-
coccus, while 16:0 was increased and 14:0 was
decreased in the two other genera. Noteworthy, varia-
tions of the ALA/SDA ratio were observed between
species, while the relative amount of the sum of ALA
and SDA remained remarkably stable, representing
26.4% = 3.2 (sD) of the total FAs of all species combined
(Fig. 1B). ALA was especially low compared with SDA
in Ostreococcus RCC809 and RCC788, which are isolates
from deep locations (Fig. 1B). Nevertheless, this inter-
species difference was no longer detected when strains
were grown in Erlenmeyer flasks under agitation, and
the proportions of ALA and SDA were, on average,
similar between the surface species O. tauri and the
deep strains RCC788 and RCC809 (Fig. 1C; see below).
All species except B. prasinos contained 18:5n-3, a pe-
culiar FA initially identified from dinoflagellates and
already reported for several species of prasinophytes,
including M. pusilla and Ostreococcus lucimarinus
(Dunstan et al., 1992, Ahmann et al., 2011). DHA was
detected in all strains examined and accounted for 5%
to 8% of the total FAs. In order to assess whether in-
traspecies variation of FA proportion occurred with
respect to the growing stage of the batch culture, fatty
acid methyl ester (FAME) analysis was performed on
the model species O. tauri along a growing curve (Fig.
2). Progression from the exponential to the stationary
phase of growth (from day 4 to day 8) correlated with a
gradual increase in the relative contents of 16:0 and
16:3n-3 that paralleled the decrease of 16:4n-3. Simi-
larly, 18:4n-3 and 18:5n-3 decreased progressively,
while 18:3n-3 was obviously increased in the late sta-
tionary phase. Along the kinetics, the sum of ALA and
SDA represented, on average, 24.7% of the total FAs
with minor variation (£0.5 sp). The relative content of
DHA remained rather stable, and 20:4n-3 could be
detected only in the stationary phase. From these re-
sults, it appeared that major modifications in the
proportions of 16:0, 16:4n-3, and w3-C18-PUFAs oc-
curred during the growth of batch culture. These
modifications are likely to be related to the changes in
self-shading and nutrient exhaustion inherent to the
increasing cell density.
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In summary, the FA patterns of O. tauri and of other
representatives of Mamiellophyceae species were
closely related, displaying similar major FAs whose
proportions were variable according to the species
and/or culture conditions. The proportions of ALA and
SDA were the most variable and varied in opposite
ways, with the sum of both FAs remaining stable

between species and during the growth of O. tauri.
Collectively, these results suggested that variations of
the FA patterns between species grown in flasks are
likely related to differences in the acclimation of each
strain to defined culture conditions but that FA profiles
are likely to be similar at the physiological optima of
each strain.
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140 02 days of culture during the growth of batch culture. A, Grow-
120 20 Eg ing curve. B, Associated FA profiles. Means of
100 |s triplicate experiments are shown. Errors bars

£ 5 g 15 represent sE.

3 E

3

& 60 =10

-

40
5
20
0 - ,u-l'ﬂ[ﬂ ,rs—ﬂ‘ni’-q : I]i,w—,l]ﬂr‘n-r
0 ! I d . O Q o 5 ™mM®mMQ o8 WY MMy W m®mMmM
01234567839 TSt mIsSSaansSETan 6
days of cuture = == 2322 S 288 R

Plant Physiol. Vol. 173, 2017

2063

Downloaded from on February 1, 2018 - Published by www.plantphysiol.org

Copyright © 2017 American Society

of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Degraeve-Guilbault et al.

Characterization of the O. tauri Glycerolipidome

To accurately assess the identity of all polar glycer-
olipids of O. tauri, two-dimensional thin-layer chro-
matography (2D-TLC) was used and electrospray
ionization-tandem mass spectrometry (MS/MS) anal-
ysis of detected spots was performed (Fig. 3). Thin-layer
chromatography plates were stained by the phospho-
specific stain Molybdenum Blue and revealed two main
PLs: PG and PX, an unknown phospholipid (see below;
Fig. 3B). Other faintly detected PLs estimated by gas
chromatography-flame ionization detection (GC-FID)
analysis to account each for, at most, 1% of the polar
glycerolipids were PS, PE, and phosphatidylinositol
(PI), as confirmed by MS? analysis (Fig. 3, Band D). PX
also was stained by the Draggendorff reagent (Fig. 3C)
commonly used to reveal tertiary amine but also
reported to positively stain tertiary sulfonium deriva-
tives found in microalgae (Sciuto et al., 1988). MS/MS
analysis of each spot confirmed the identity of plastidial
lipids and, most importantly, allowed us to definitively
discriminate DGTA from DGTS as well as to determine
the nature of PX (Supplemental Fig. S1). PX, which
exhibited similar migration properties to PC, was found
to display a mass-to-charge ratio (1m/z) profile different
from PC (Supplemental Fig. S2). The fragmentation
of PX parent ions resulted in a neutral loss of 200 m/z,
in contrast with the 59 m/z loss expected for PC

Figure 3. Characterization of polar lipids
of O. tauri. A to C, Two-dimensional high-
performance thin-layer chromatography
(HPTLC) separation and staining of O. tauri
polar glycerolipids. Migrations were per-
formed in chloroform:methanol:water
(65:25:4, v/v) for the first dimension (arrow 1)
and chloroform:methanol:isopropylamine:
concentrated ammonia (65:35:0.5:5, v/v) for
the second migration (arrow 2). A, Primuline
staining of all lipids. B, PL-specific staining
by Molybdenum Blue. C, Dragendorff rea-
gent staining. D, Estimation of polar glycer-
olipid content by FAME-GC-FID analysis
of polar glycerolipids separated by two-
dimensional HPTLC. The quantity (ug) of
FA in each lipid (as labeled) and the per-
centage of FA in polar lipids are indicated.

PX

PI/PS
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(Supplemental Fig. S2, B and C; Domingues et al., 1998).
This result was similar to the fragmentation features of
a novel lipid identified in the haptophyte Emiliania
huxleyi that was assigned as phosphatidyldimethyl-
propanethiol (PDPT; Supplemental Fig. S2; Fulton
et al, 2014). PDPT is a lipid similar to phosphati-
dylsulfocholine (PSC) but with the terminal dimethyl
sulfide moiety bound to phosphate via propanol in-
stead of ethanol. Reasoning that spectral and frag-
mentation features were similar between PC and PX, in
both positive and negative mode, PX was assigned as
PDPT (Hsu and Turk, 2003; Berdeaux et al., 2010). As
no PC could be detected, PDPT appeared to com-
pletely replace PC in O. tauri, which was not the case in
E. huxleyi.

In summary, these analyses showed that O. tauri
contains the canonical photosynthetic lipids (MGDG,
DGDG, SQDG, and PG) and one class of BL, namely
DGTA. Five classes of PLs were detected: the two main
ones are PG and the peculiar phosphosulfolipid PDPT,
and the minor ones (less than 2% of the PLs) are PS, PE,
and PL

Comparison of the O. tauri Lipidome with Related Species

Having established the identity of polar glycerolipids
of O. tauri, a comparative FA analysis of major

DGDG

PS

Pl 0

Pl; 1,0;
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DGDG;
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glycerolipids was conducted between O. tauri and other
Mediterranean species from distinct clades (Fig. 4). In
order to obtain a sufficient amount of TAG for the
analysis and readily compare the FA composition of
TAGs in the different Ostreococcus species, cultures
were collected in the early stationary phase. In these
conditions, steryl esters were detected and taken into
account (Supplemental Fig. S3). One-dimensional
HPTLC development of PLs according to Mock and
Kroon (2002) was preferred to 2D-TLC to achieve a
robust quantitative analysis, as 2D-TLC was less re-
producible and resulted in random overlap of PDPT
and SQDG (Fig. 3; Supplemental Fig. S3). Under these
conditions, the minor PLs PS, PI, and PE comigrate with
PDPT, DGTA, and PG, respectively (Supplemental Fig.
53). All species displayed a similar composition of
lipids and FAs (Fig. 4). All species combined, the av-
erage of polar lipids typically represented nearly 80% of
the total analyzed lipids, with the predominance
of chloroplastic lipids, among which MGDG and
SQDG were the most abundant. DGTA/PI was, on
average, about twice as abundant as PDPT/PS. TAGs
represented 17%, on average, of the total lipid classes,
although this content varied greatly between experi-
ments. Lipid and FA patterns were more closely related
between species within an experimental set than for a
given species between experiments, confirming the
previous results that the lipid and FA profiles depend

A 30 m O. tauri
0. mediterraneus
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® O. lucimarinus (RCC 802)
20 -
<
b
X5 |
[=]
£
10
5 I -h
. a bl
& [ ¢ & [
«\Q ,\v\ Q o & ToF A
RS
B 25
20 -
< 15
bl
]
E
® 10
0 —&ﬁﬁ fil‘i'i‘ﬂ...r ;i_fi—n:
9‘:’7!3%’@9‘1‘3‘2?'2‘-'!‘8’2’2’2?
TS T daong BT Ty wne
— w0 @ © ©0 c0 o0 o O O &N N
- - - = = ~NNN NN

Figure 4. Lipid and FA profiles from analyzed lipids of Ostreococcus
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more on the culture conditions than on the affiliation of
the Ostreococcus species to a given clade (Supplemental
Fig. 54). The FA composition of each class of glycer-
olipid was conserved between the different Mediter-
ranean clades (Fig. 5). The saturated fatty acids (SFAs)
14:0 and 16:0 were major compounds of all lipids, with
the exception of MGDG, which displayed a highly
unsaturated FA profile. 16:4n-3 was widely distrib-
uted in lipids, including TAGs and steryl ester,
and especially abundant in MGDG and PDPT, while it
was poorly represented in PG and SQDG (Fig. 5;
Supplemental Fig. S6). Strikingly, ALA and SDA
dominated the PUFA composition of chloroplas-
tic lipids, and 18:5n-3 was detected exclusively in
galactolipids, whereas DHA was a major component
of DGTA/PI and PDPT/PS, presumed to be extrap-
lastidial, in which it represented 40% and 20% of the
FA content, respectively. DGTA/PI and PDPT/PS
accounted, on average, for 70% and 12% of the total
DHA content, respectively. This result was at vari-
ance with a previous report that failed to detect DHA
in the polar lipid fraction from O. tauri (Wagner et al.,
2010). FA analysis of individual O. tauri polar lipids
resolved by 2D-TLC indicated that PE, like PS, was
composed nearly exclusively of DHA, which was
confirmed by mass spectrometry analysis (see be-
low), whereas no DHA could be detected in PG.
Therefore, it is likely that the low proportion of DHA
detected in the PG/ PE fraction in Ostreococcus species
arise exclusively from PE (Supplemental Fig. S5).
Interestingly, DAGs and TAGs displayed an FA
profile closely related to the bulk of PLs, and both
contained as well C18-PUFAs, including 18:5n-3 (Fig.
5). DHA represented at least 10% of the FAs in steryl
esters, which displayed the highest content of 16:3n-3
of all lipids (Supplemental Fig. S6).

Acyl Chain Positional Analysis of Structural Glycerolipids
and TAGs

Positional analysis of FAs was achieved for the major
glycerolipids of O. tauri by MS/MS analysis as de-
scribed by Abida et al. (2015), except for PDPT, which
was done in negative mode on [M-CH3] adduct
(Supplemental Fig. 52, B and C). In agreement with
quantitative results obtained from GC-FID analysis,
14:0, 16:0, and 16:4 were widespread in structural lipids
and found in numerous molecular species of a given
lipid class, whereas 22:6 was detected only in PDPT and
DGTA (Fig. 6; Supplemental Fig. S57). 16:4 was located
at the sn-2 position in most lipid species, including
DGTA and PDPT, but at the sn-1 position in SQDG
species (32:4) and in a minor species of MGDG (32:8),
which corresponded to the only 16:4/16:4 combination
detected in the analysis. Di-SFA species consisting of
14:0 and 16:0 combinations were detected in plastidial
lipids, except MGDG, and in the minor class PI
(Supplemental Fig. S7). In all plastidial lipids, C18-
PUFA acyl groups were located exclusively at the sn-1
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Figure 5. FA composition of glycerolipids of Ostreococcus Mediterranean species. Lipids were resolved by one-dimensional
HPTLC. Means of three independent experiments are shown. Error bars represent st.

position lipids, and SFAs were located exclusively at
the sn-2 position when in combination with PUFAs (i.e.
an exception made of di-SFA species). Consequently,
plastidial lipids displayed the so-called prokaryotic
type FA pattern known to occur in lipids synthesized in
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the chloroplast of plants as well as in cyanobacteria
(Frentzen et al., 1983; Weier et al., 2005). MGDG and
DGDG mature species consisted of the sn-1/sn-2 com-
binations 18:3/16:4, 18:4/16:4, and 18:5/16:4. Mature
DGDG species further encompassed w3-C18-PUFA in
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Figure 6. Positional analysis of FAs in major

mol sp sn-1/sn-2

PDPT _|DGTA glycerolipids. Molecular species (mol sp) of

28:0 14:0/14:0

30:0 14:0/16:0 - 16:0/14:0

PG |saDG |MGDG |DGDG
12 4
9 13

polar glycerolipids (A) and of TAGs (B) and the

30:3 14:0/6:3

corresponding FA combination are represented

30:4 14:0/16:4

as percentages (as labeled) of the total signal

32:0 16:0/16:0

analyzed in each lipid class, and corresponding

bars are scaled according to the highest
percentage. Only species representing more
than 4% are shown (for complete data, see

Supplemental Figs. S7 and S8). In A, letters in

parentheses refer to the lipid class in which the

FA combination was detected (P, PG; S, SQDG;

321 |16:1/16:0 4
32:3  |18:3/14:0 (5,M,D) - 16:3/16:0 (S) 16:0/16:3 (T,B) % 5
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342 |18:2/16:0 (5) 5

34:3  [18:3/16:0 B 29 12
34:4  [18:4/16:0 B s 32 5
345 |18:4/16:1 32

D, DGDG; M, MGDG; B, DGTA; T, PDPT). For

34:6 18:3/16:3 ; 18:2/16:4

34:7 18:3/16:4 (M, D) ; 18:4/16:3 (D)
34:8 18:4/16:4

34:9 18:5/16:4

TAG species in B, only the central position can

1 be deduced from the method. *, The FA position

is likely; **, the FA position is not known.

36:6 14:0/22:6

38:6 16:0/22:6

)]
W

44:11  |22:5/22:6

=]

A4:12  |22:6/22:6

mol sp |sn-1,3/sn-2/sn-3,1 TAG
46:4  |14:0/14:0/18:4 i 1
48:8 16:4/14:0/16:4
50:8 16:4/16:0/18:4
52:9 16:3/14:0/22:6*
16:4/14:0/22:5*
18:4/14:0/20:5*
52:10 [16:4/14:0/22:6
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16:4/16:0/22:5**
18:3/14:0/22:6**
18:4/16:0/20:5**
54:10 [18:4/14:0/22:6

combination with 14:0 or 16:0. In PG and SQDG, 18:3
and 18:4 were detected only in combination with C16
acyl groups. 18:4/16:1-PG was the most detected species
(34:5-PG). This species most certainly corresponded to
the species of PG containing the A3-trans-hexadecenoic
acid (16:1t) detected in high proportion by GC-FID
analyses and known to be essential for photosyn-
thesis in C. reinhardtii, where it stabilizes PSII oligo-
mers in thylakoids (Pineau et al., 2004). 18:4/16:0-PG,
which appears to be the second most abundant PG
species, is the likely precursor of 18:4/16:1t-PG (Li-
Beisson et al., 2015).

In contrast to plastidial lipids, saturated acyl groups
were detected exclusively at the sn-1 position in both
PDPT and DGTA, while the sn-2 position was esterified
exclusively with PUFAs including 16:4. The four major
PDPT molecular species corresponded to the combi-
nation of sn-1-14:0 and sn-1-16:0 with sn-2-16:3, sn-2-
16:4, and sn-2-22:6. These acyl combinations also were
detected in DGTA (Fig. 6; Supplemental Fig. S7).
Nonetheless, in contrast to PDPT, DGTA encompassed
numerous species that displayed unsaturated acyl
groups at both sn-1 and sn-2 positions, including highly
unsaturated molecular species, of which 22:6/22:6 was

Plant Physiol. Vol. 173, 2017

detected with the highest intensity (molecular species
44:12). Therefore, in O. tauri, the sn-2 specificity in
extraplastidial and plastidial lipids is globally reversed,
similar to what was reported for C. reinhardtii. In O.
tauri, however, a noticeable exception is that 16:4 was at
the sn-2 position in most lipid species, including
extraplastidial lipids, while in C. reinhardtii, 16:4 is
reported to be at the sn-1 position in two minor DGTS
species and only at the sn-2 position in MGDG (Li-
Beisson et al., 2015).

Among the numerous TAG molecular species
detected, the positional distribution could be unam-
biguously assessed for some species, of which the mo-
lecular species 52:10 corresponded to the highest peak
(Fig. 6B; Supplemental Fig. S8). In most species, in-
cluding 52:10, the sn-2 position was occupied by 14:0 or
16:0. C18-PUFAs and LC-PUFAs were detected in nu-
merous combinations of TAG species, suggesting that
TAGs were synthesized from FAs diagnostic for both
plastidial and extraplastidial lipids. The presence of
18:5 and 22:6 in the minor species 56:15 (18:5/16:4/22:6)
is the best illustration that FA from both plastidial
and extraplastidial lipids feeds TAG synthesis and
suggests that active transfer of FAs and/or DAG

2067

Downloaded from on February 1, 2018 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.16.01467/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01467/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01467/DC1
http://www.plantphysiol.org

Degraeve-Guilbault et al.

precursors from the chloroplast to the ER occurs (see
“Discussion”).

Effects of N and P Deprivation on Lipid Composition

N and P deprivation were used to get a dynamic in-
sight into lipid remodeling, the possible associated
regulation of lipid FA composition, especially of TAGs,
as well as the regulation of the acyl-CoA pool. Three
days of starvation was enough to severely slow down
or arrest cell growth in P- or N-deprived cultures and to
trigger TAG accumulation (Fig. 7; Supplemental Fig.
S9A). N deprivation was more stringent than P depri-
vation, leading to an earlier growth slowdown/arrest
and to a greater accumulation of TAGs (Fig. 7A).
Noteworthy, in both cases, TAG accumulation did not
occur at the expense of structural lipids, whose cellular
amounts also were increased (Fig. 7B; Supplemental
Fig. S9A). In particular, the amounts of DGDG and to a
lesser extent MGDG were increased under both N and P
deprivation (Fig. 7B). Although rare, glycolipid accu-
mulation upon nutrient deprivation has been
reported for other microalgae (Liang et al., 2013). For
other structural lipids, specific changes were ob-
served depending on whether P or N was depleted
(Fig. 7B; Supplemental Fig. S9B). Under P deprivation,
SQDG and DGTA content increased at the expense
of P-containing lipids, namely PG/PE and PDPT/PS,
respectively. In phytoplankton, SQDG is known to be a
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Figure 7. Effects of N and P deprivation on cell growth and lipid con-
tent. A, Growing curves representative of five independent experiments.
B, Means of three independent experiments. Error bars represent se.
ASW terms are explained in “Materials and Methods.”
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surrogate of PG in cyanobacteria and thylakoid mem-
branes of microalgae, and BLs replace PC in extrap-
lastidial membranes of microalgae (Van Mooy et al.,
2009). In O. tauri, PDPT was identified in this work as a
major PL besides PG, while PC was absent (Fig.
3D). In P-deprived cells, the FA composition of the
bulk of presumed nonplastidial lipid, namely DGTA/
PI and PDPT/PS, remained unchanged (Fig. 8D;
Supplemental Fig. S9C), while in the PDPT/PS pool,
the DHA proportion was increased and the proportions
of 16:0 and 16:4 were decreased (Fig. 9B). As the minor
class PS was shown to be composed exclusively of DHA
(Supplemental Fig. S5), this result strongly suggests
that PDPT is readily used as a phosphate source under
phosphate deprivation in O. tauri. DGTA, which dis-
plays a closely related FA composition, likely com-
pensates for PDPT loss in extraplastidial membranes
(Figs. 7B, 8D, and 9, A and B). N deprivation triggered
an increase of all structural lipids, PG amount being
increased to the greatest extent (Fig. 7B). As a result, the
proportion of PG was increased while that of SQDG
was decreased (Supplemental Fig. S9B). This feature
has been reported for other microalgae and might be
the result of a compensatory mechanism to maintain a
balanced proportion of anionic lipids in thylakoid
membranes (Martin et al., 2014; Kim et al., 2015).

N and P deprivation triggered rapid alteration of the
FA profiles of all lipid pools, including acyl-CoAs (Fig.
8). Acyl-CoA profiles reflected the global FA profile of O.
tauri, with the striking exception that the major FA 16:4
was not detected (Fig. 8A). Under standard conditions,
DHA was by far the major species of the acyl-CoA pool
before 14:0 and 16:0. Although in a low amount, 18:5-
CoA could be unambiguously detected. It is worth not-
ing that 18:3 and 18:4 species were enriched compared
with other PUFA species in the acyl-CoA pool. However,
compared with the global abundance of FA (total
FAMEs), LC-PUFA-CoAs were the most enriched spe-
cies under standard conditions, especially 22:5-CoA
species (Fig. 8B). Under N and P deprivation, ALA ac-
cumulated to a greater extent than SDA in the plastidial
lipids DAGs and TAGs but not in extraplastidial lipids
(Fig. 8). This resulted in a striking inversion of the ALA/
SDA ratio in all lipids except extraplastidial lipids (Fig.
9). This remarkable trend could be reversed upon me-
dium repletion (Supplemental Fig. S10). The global
proportion of both ALA and SDA of all analyzed lipids,
however, remained stable in all conditions representing
about 26% of the total FA (Supplemental Fig. S9D).
Moreover, in the acyl-CoA pool, 18:3 species readily in-
creased whereas 18:4 was decreased, resulting in the
inversion of the 18:3/18:4 ratio also in this pool (Figs. 8A
and 9]). In accumulating TAGs as in galactolipids, the
decrease of SDA seems to be balanced by the increase of
ALA, while in PG and SQDG, the reduction of SDA
largely exceeded the rise of ALA relative content,
reflecting a specific decrease of 18:4 species in these latter
lipids (Fig. 9).

Altogether, these results indicate that nutrient dep-
rivation down-regulates ALA desaturation and that
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other mechanisms are further involved to specifically
deplete SDA-containing species of PG and SQDG. Be-
sides this unexpected regulation, nutrient deprivation,
especially N deprivation, triggered the increase of 16:0
that impacted all lipid pools but to a greater extent
DAGs, TAGs, and acyl-CoAs (Fig. 9, H and ]). How-
ever, not only saturated FAs but major PUFAs, such
as C16:4, and w3-C18 PUFAs, including C18:5, accu-
mulated in de novo synthesized TAGs, while the
level of LC-PUFAs remained rather stable (Fig. 8E).

Plant Physiol. Vol. 173, 2017

Consequently, the proportions of 16:4 and w3-PUFAs,
hallmarks of plastidial lipids, remained high, whereas
DHA species were reduced by half (Fig. 9H). In other
microalgae, TAGs accumulating upon nutrient stresses
commonly display a decreased unsaturation index,
mainly due to the accumulation of de novo synthesized
SFA and monounsaturated FAs at the expense of
PUFAs arising from modification on structural lipids
(Sharma et al.,, 2012). In particular, the proportion of
16:4 in accumulating TAGs is reduced importantly in
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species in cycling cells was reduced drastically under

nutrient deprivation, whereas 18:3 species accumulated
in the pool at the expense of 18:4, as already mentioned
(Figs. 8A and 9]). The enrichment of the acyl-CoA pool

Figure 9. Effects of N and P deprivation on FA profiles of lipids and acyl-CoA. Black bars, N starvation; gray bars, P starvation;
Downloaded from on February 1, 2018 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

white bars, control. The same data set used in Figures 7B and 8 was used. Error bars represent st.
to O. tauri (Siaut et al., 2011; Davidi et al., 2014). Note-

worthy, the profile of the acyl-CoA pool changed
according to the profile of TAGs: the major DHA

Dunaliella and Chlamydomonas species in stark contrast
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in LC-PUFA species was reduced drastically under N
deprivation, whereas an intermediate situation was
observed under P deprivation. It is likely that the
transfer of LC-PUFAs to the acyl-CoA pool is reduced
rapidly upon cell growth slowdown/arrest, limiting
their incorporation into TAGs and, therefore, preserv-
ing the FA patterns of extraplastidial lipids.

Ultrastructure of Nutrient-Deprived O. tauri

In order to investigate ultrastructural changes asso-
ciated with TAG accumulation as well as to know
whether TAG accumulation occurred concomitant with
or at the expense of starch, as described for some
microalgae, N- and P-deprived cells were observed by
electron microscopy after cryofixation (Li et al., 2015;
Vitova et al., 2015). Ultrastructural observation of
O. tauri nutrient-deprived cells revealed that starch was
actively synthesized in the chloroplast, resulting in
large starch granules, and that cytoplasmic oil bodies
accumulated (Fig. 10). Plastoglobules could be detected
in control cells and were no longer observed in nutrient-

-

Ostreococcus tauri Glycerolipidome

deprived cells. Small granules, which were arranged in
array in control cells and whose electron density was
close to that of starch (i.e. brighter than oil bodies),
could still be detected in starved cells, although they
were much less numerous than in control cells (Fig. 10,
A and E). These granules were reported previously as
storage granules, and their composition remains un-
known (Henderson et al., 2007). Peripheral thylakoid
structures appeared to be preserved in P-deprived cells,
whereas in most N-deprived cells, thylakoids were
hardly distinguishable in the swelled chloroplast filled
with a material that had the same electron density as oil
bodies (Fig. 10, E and F). Cell size was increased for
both N- and P-starved cells compared with controls, as
reflected by the increased cell sections that were sig-
nificantly different from controls (1.05 = 0.33 wm?) and
corresponded, respectively, to 1.65 = 0.59 and 1.71 *
0.61 wm? (Student’s t test, P < 0.01; n > 30). Increase
of cell size has been commonly reported for microalgae
that display a cell wall (Yap et al., 2016). Our observa-
tions indicate that O. tauri cells that are devoid of
cell wall also readily increase in size under nutrient
deprivation. Most P-deprived cells contained two

Figure 10. Transmission electron microscopy of nutrient-replete and nutrient-depleted O. tauri cells. A and D, Control cells.
Either one or duplicated chloroplasts and mitochondria could be observed, reflecting different progression stages of cells into the
cell cycle. Peripheral and central arrays of thylakoids and occasionally plastoglobuli-like structures could be detected in chlo-
roplasts. The chloroplastic starch granule, when detected, was small. Cytoplasmic arrays of granules of unknown composition
were observed frequently. B and E, N-starved cells accumulated oil bodies and displayed a large starch granule in the chloroplast.
Thylakoidal structures were hardly distinguishable (E). C and F, P-starved cells frequently displayed duplicated chloroplasts, each
containing a large starch granule; peripheral thylakoid arrays could be detected. Black arrowheads indicate oil bodies, and white
arrowheads indicate storage granules. cl, Chloroplast; m, mitochondria; n, nucleus; pg, plastoglobules; st, starch. Bars =1 um in

general views (A-C) and 0.5 um in individual views (D-F).
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chloroplasts blocked in division, suggesting that a
specific arrest in the cell cycle had occurred after chlo-
roplast duplication. Consequently, P-deprived cells
displayed either an elongated or a pyramidal shape. N-
deprived cells displayed an altered cell shape and
greater accumulation of both starch and oil bodies.
Therefore, the increase of structural lipid content, in
particular of plastidial lipids, might arise from the in-
crease in cell size and mask the decay of thylakoid
structures at the chloroplastic level.

DISCUSSION

A phylogenetic tree of the organisms relevant for the
following discussion is provided in Supplemental
Figure S11 (Letunic and Bork, 2016). Mamiellales that
diverged early in the green lineage are the only organisms
described so far that display combined features of
microalgae from distantly related lineages, namely
Viridiplantae and Chromalveolata. DHA as well as
DGTA and PDPT lipids are absent in the green lineage.
Moreover, the distribution of FAs within the distinct
Ostreococcus lipid classes follows an amazing scheme
in which w3-C18-PUFAs dominate plastidial lipids
whereas LC-PUFAs, including the major species DHA,
are confined to extraplastidial lipids. The preferential
distribution of FAs between plastidial and extrap-
lastidial lipids does exist in other microalgae, but the
marked exclusion of LC-PUFAs from plastidial lipids
occurring in Ostreococcus has no equivalence in the
literature (Dembitsky, 1996). The nearest scenario oc-
curs in the haptophyte E. huxleyi, in which DHA is
detected preferentially in extraplastidial lipids but also
is present in MGDG and SQDG and C18-PUFAs are
confined to plastidial lipids (Fulton et al., 2014). It
might be that the occurrence of LC-PUFAs in plastidial
lipids is somehow related to secondary endosymbio-
sis. Another puzzling feature of Ostreococcus is the
nutrient-dependent regulation of the ALA/SDA ratio
in plastidial lipids, which is reflected in TAGs. Finally,
TAG positional acyl patterns, including the cooccur-
rence of FAs diagnostic of plastidial and extraplastidial
lipids in the same TAG species, raises interesting issues
about TAG synthesis pathways.

Ostreococcus Lipidic Features Are Related to Microalgae
from Viridiplantae and Chromalveolata

The FA profile of Ostreococcus and related species is
well conserved and relatively simple, being dominated
by four PUFAs, 16:4n-3, 18:3n-3, 18:4n-3, and 22:6n-3,
and two SFAs, 14:0 and 16:0, with the additional
presence of 18:5n-3 in most species. C16:4n-3 has
been proposed as a biomarker for Chlorophyceae and
Trebouxiophyceae that belong to the green lineage
(Viridiplantae), whereas 14:0, 18:4n-3, and 22:6n-3 are
major FAs of haptophytes (Chromalveolata; Lang
et al., 2011; Taipale et al., 2013). Octadecapentaenoic
acid, although anciently reported to occur in some
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prasinophytes and more recently in O. lucimarinus
(Dunstan et al., 1992; Ahmann et al., 2011), is usually
found in divisions of microalgae from the chromalveo-
lates. Moreover, DGTA and the peculiar phospho-
sulfolipid PDPT were identified unambiguously as
major structural lipids in O. tauri besides the canonical
quartet of plastidial lipids (Supplemental Figs. S1 and
S2). It is reasonable to postulate that DGTA and PDPT
are extraplastidial lipids. Indeed, DGTA and PDPT not
only displayed closely related FA profiles but also
appeared to substitute one for the other depending on
the availability of P in the medium, the FA profile of the
bulk DGTA/PDPT remaining unchanged. In the liter-
ature, BLs were shown to be associated with non-
chloroplastidial structures in other microalgae, and
PDPT, similar to PSC, is considered as an analog of PC
known to be a major component of extraplastidial
membranes (Dorne et al., 1990; Kiinzler et al., 1997).
Based on the resemblance of lipidic features between
Mamiellophyceae species, it is likely that both of these
lipids are conserved at least in Ostreococcus species (Figs.
1, 4, and 5; Supplemental Fig. S3). DGTA and PDPT
have been reported for microalgae of the chromalveo-
lates supergroup (Fulton et al., 2014; Cafiavate et al.,
2016). Previous studies that thoroughly addressed the
occurrence and evolutionary and taxonomic distribu-
tion of BLs indicated that DGTS was the only class of
BLs in green microalgae, whereas DGTA and/or
diacylglyceryl-carboxyhydroxymethyl-choline occurred
preferentially in species from the chromalveolates su-
pergroup (Dembitsky, 1996). However, DGTA was
reported recently for the prasinophyte Tetraselmis suecica,
indicating that DGTA is present in prasinophytes of
distinct clades (Cafavate et al., 2016). The peculiar
phosphosulfolipid PDPT was only recently identified
from E. huxleyi (haptophyte, chromalveolates), in which
PC and BLs also occur (Fulton et al., 2014). Noteworthy,
PDPT completely replaced PC in O. tauri. Likewise, Sato
et al. (2016) recently reported that, in O. tauri and
O. lucimarinus, no homologs of PE methyltransferase
and phosphoethanol methyltransferase, both required
for PC synthesis, could be identified. The sulfonium
analog of PC, namely PSC, which is more common
than PDPT and has been reported from several marine
diatom species, was found to completely replace PC in
Nitzschia alba (Bisseret et al., 1984). The role of phos-
phosulfolipids in microalgae has not been investigated
directly, but it is likely that the replacement of ni-
trogenous lipids by sulfonium analogs, as for other
compounds, confers (or has conferred) an ecological
advantage in N-poor environments (Giordano and Pri-
oretti, 2016).

Mamiellophyceae are ancestral picoeukaryotes that
diverged early in the green lineage and that might have
conserved ancestral features with respect to the glyc-
erolipid composition compared with other green
microalgae. Several microalgae of distinct taxonomic
position within the chromalveolates were reported to
display genes of the carotenoid pathway originating
from prasinophytes (Frommolt et al., 2008). Prasinophytes
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were further identified at the origin of the important
green footprint discovered in the genome of diatoms
(Moustafa et al., 2009). A cryptic endosymbiotic event
involving an ancestral prasinophyte has been pro-
posed to be responsible for such an important gene
transfer from the green to the brown lineage. Our re-
sults support this hypothesis, as the occurrence of li-
pidic hallmarks of chromalveolates in Ostreococcus
suggests that these features originate from an ancestral
prasinophyte and have been lost during the evolution
of most green microalgae.

FA Distribution in Structural Lipids

LC-PUFAs

As mentioned, the presence of DHA in green micro-
algae is exceptional, since it has only been reported for
some prasinophytes in this lineage, including some but
not all Ostreococcus species (Dunstan et al, 1992;
Wagner et al., 2010; Ahmann et al.,, 2011; Vaezi et al,,
2013). From our work here, it appeared that DHA was
produced in similar amounts in all the Mamiellophy-
ceae species analyzed. DHA was confined to extrap-
lastidial lipids, namely PE, PS, PDPT, and DGTA. In
agreement with quantitative analysis, which showed
that DGTA was highly enriched in LC-PUFAs com-
pared with PDPT, FA positional analysis revealed that
di-LC-PUFA combinations occurred only in DGTA, of
which the di-22:6-DGTA species showed the highest
signal. Furthermore, numerous DGTA species corre-
sponded to likely intermediates of desaturation and/or
elongation steps leading to the formation of highly
unsaturated mature species (22:5/22:6 and 22:6/22:6).
DGTA has been reported to be highly unsaturated in
diverse microalgae species and, in particular, to be the
most unsaturated BL in microalga species that con-
tained several classes of BLs (Dembitsky, 1996; Armada
et al., 2013; Canavate et al., 2016). In O. danica, radio-
labeled oleate was first incorporated in DGTS and trans-
ferred to DGTA for further modification to yield highly
unsaturated DGTA species (Vogel and Eichenberger,
1992). In plants, FA modification, including desatura-
tion, is thought to occur preferentially at the sn-2 po-
sition of PC. A deacylation/reacylation cycle of PC,
referred to as acyl editing, fuels the acyl-CoA pool with
modified acyl chains and further increases the acyl
diversity of PC (Bates et al., 2012). In O. tauri, DHA was
the most abundant species in the acyl-CoA pool of
cycling cells, suggesting an important turnover of this
FA under favorable conditions. Collectively, these re-
sults support the hypothesis that DGTA is a substrate
for FA elongation and desaturation processes and,
furthermore, that acyl editing of DGTA might take
place to generate di-LC-PUFA DGTA species.

LC-PUFA synthesis occurs by successive desatura-
tion and elongation steps known to take place, in lower
eukaryotes, on lipid and acyl-CoA substrates, re-
spectively. However, an acyl-CoA A6-desaturase from
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O. tauri could be identified by functional characteriza-
tion in Saccharomyces cerevisine (Domergue et al., 2005).
Moreover, evidence about the acyl-CoA dependence
of the A5-desaturase from Mantoniella squamata, which
belongs to Mamiellales, also has been provided
(Hoffmann et al., 2008). Acyl-CoA products of acyl-
CoA desaturases are expected to accumulate because
they are more efficiently produced than incorporated
into lipids. From our analysis, it was obvious that the
acyl-CoA pool was enriched in 18:3 and 18:4 spe-
cies compared with the proportion of these FAs in
extraplastidial lipids under standard conditions (Figs.
8 and 9; Supplemental Fig. 59). It is not possible to
discriminate whether the higher proportion of these
FAs arises from the transit of ALA and SDA of plas-
tidial origin in the acyl-CoA pool before their incor-
poration into TAGs and/or from the accumulation of
the acyl-CoA A6-desaturase products, namely 18:3n-6
and 18:4n-3. However, it was striking that the molar
ratio acyl-CoA/FAMEs was higher for LC-PUFA
species, including 20:4, 20:5, 22:5, and 22:6. This re-
flects the accumulation of LC-PUFAs in the acyl-CoA
pool compared with the lipid pool (Fig. 8B). The
greater enrichment of 22:5-CoA, the elongation pro-
duct of 20:5-CoA, compared with other LC-PUFA
species might reflect a bottleneck arising from the re-
quired incorporation of 22:5-CoA into lipids before
further desaturation and strongly suggests that the
O. tauri endosomal A4-desaturase works on lipidic
substrates. As neither DGTA nor PDPT is present in
S. cerevisiae, this would explain why only trace activity
of this enzyme was detected in this heterologous host.
Whether the enrichment of 20:4-CoA and 20:5-CoA
species reflects an activity of the A5-desaturase on
acyl-CoA substrate and/or LC-PUFA acyl editing
could possibly be answered by manipulating the ex-
pression of terminal desaturases in the native host.

Regulation of ALA and SDA Contents in Plastidial Lipids

The contents of ALA and SDA were remarkably
stable between species and culture conditions, while
the ALA/SDA ratio was highly variable. ALA conver-
sion to SDA was obviously down-regulated under nu-
trient deprivation, resulting in an important decrease
of SDA relative to ALA in plastidial lipids. To our
knowledge, no equivalence of such a pronounced and
located FA remodeling of plastidial lipids has ever been
reported under nutrient starvation in other microalgae.
The accumulation of ALA-containing galactolipids
can be explained by the down-regulation of ALA-gal-
actolipid desaturation. This would imply that MGDG/
DGDG remain actively synthesized under nutrient
deprivation, which is in agreement with the increased
amount of galactolipids observed in nutrient-deprived
cells (Fig. 7B). Acyl remodeling of existing plastidial
lipids also might be involved in modulating the ALA/
SDA ratio, especially in PG and SQDG. Indeed, the
proportion of SDA is importantly and similarly re-
duced in these lipids under both N and P deprivation,
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whereas the cellular amount of PG is reduced under P
deprivation and that of SQDG remains stable under N
deprivation, suggesting a reduced turnover of these
lipids. The reflection of the ALA /SDA ratio changes in
accumulating TAGs, suggests that TAG synthesis
serves to regulate the ALA and SDA contents of plas-
tidial lipids (Fig. 8, C and E). Whether the A6-acyl-CoA
desaturase and/or another plastidial A6-desaturase are
involved in regulating ALA and SDA contents in
plastidial lipids would be interesting to specify. Al-
though the physiological relevance of regulating the
ALA/SDA ratio in plastidial lipids remains to be clar-
ified, it is likely related to photosynthetic acclimation.
The crucial role of plastidial lipids for the organization
of photosystems in thylakoid membranes and the in-
volvement of unsaturated FAs in photoacclimation to
temperature changes have been demonstrated in plants
and cyanobacteria (Allakhverdiev et al., 2009; Boudiere
et al,, 2014). On the other hand, N and P nutrient
stresses are known to affect the efficiency of photosys-
tems, in particular PSII, by affecting the structure of
light-harvesting complexes and/or reaction centers
(Jiang et al., 2012; Napoléon et al., 2013). N shortage
also has been reported to result in reducing the linear
electron flow and increasing alternative electron flow in
several microalgae (Simionato et al.,, 2013; Juergens
et al., 2015). However, how lipid and/or FA remodel-
ing is precisely related to functional changes in thyla-
koid membranes remains to be investigated.

Octadecapentaenoic Acid

Octadecapentaenoic acid was restricted exclusively
to galactolipids and occurred only in combination with
16:3 and 16:4. 18:5n-3 was first identified from dino-
flagellates (dinophytes) and, thereafter, found in
raphidophytes and haptophytes. In these microalgae,
18:5 was shown to be confined to galactolipids, as
revealed for Ostreococcus in this work (Bell et al., 1997;
Leblond and Chapman, 2000). As suggested by Bell
et al. (1997), 18:5n-3 might be more widespread in
microalgae than thought, as 18:5n-3 might have been
misidentified as 20:1n-9 in many studies. The most
reasonable hypothesis about 18:5n-3 synthesis is the
existence of a yet uncharacterized A3-desaturase. Our
results suggest that the likely substrates of this putative
A3-desaturase are 18:4/16:4 galactolipid species in O.
tauri. Whether 18:5n-3 confers specific physiological
properties to thylakoid membrane compared with
EPA, which is a major component of galactolipids in
EPA-producing species, remains to be discovered
(Eichenberger and Gribi, 1997; Guschina and Harwood,
2006).

Hexadecatetraenoic Acid Occurrence in Structural Lipids

The omnipresence of 16:4n-3 in Ostreococcus lipids
together with the absence of 16:4-acyl-CoA species
raises interesting questions with respect to the lipidic
substrate required for the synthesis of this FA and its
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possible transfer between lipids. In plants, C16-PUFAs
are the hallmark of plastidial lipids. In microalgae such
as T. tricornutum and C. reinhardtii, C16-PUFAs are
preferentially found in plastidial lipids, and the syn-
thesis of 16:3n-4 and 16:4n-3, respectively, is thought to
occur in the chloroplast (Domergue et al., 2003; Abida
et al., 2015; Li-Beisson et al., 2015). In C. reinhardtii,
16:4n-3 is found exclusively in MGDG (Nguyen et al.,
2013) and has been shown to arise from the desatura-
tion of MGDG species by a plastidial A4-desaturase
specific of MGDG (CrA4FAD; Zauner et al.,, 2012). In
Ostreococcus, 16:4n-3 represents the highest share of FAs
in MGDG but also is a major FA of PDPT (about 20%)
and to a lesser extent of DGTA (about 10%). This is
similar to Dunaliella species, in which 16:4n-3 is abun-
dant in MGDG but also represents about 10% of the FAs
in PC and PE (Evans and Kates, 1984). The putative
O. tauri homolog of CrA4FAD (GenBank accession no.
CEGO00114.1) is predicted to be located in the chloro-
plast. As suggested by Li-Beisson et al. (2015) for
CrA4FAD, it might be that the O. tauri homolog is lo-
cated in the chloroplast envelope and has access to
different lipidic substrates through ER-chloroplast
junctions even more likely to occur in a compact
organism. The detection of PDPT and DGTA species
such as 14:0/16:3n-3 and 16:0/16:3n-3, which might
correspond to precursors of 14:0/16:4n-3 and 16:0/
16:4n-3, together with the absence of 16:4-acyl-CoA
support this hypothesis (Supplemental Fig. S7). Note-
worthy, 16:4 was always detected at the sn-2 position in
extraplastidial lipids (30:4, 32:4, 34:4, 36:8, 36:9, and
38:10). C16:3 was reported to be preferentially located
at the sn-2 position of PC and DGTA in Chlorella species
(Dembitsky, 1996).

Although plant ER LPAATSs do not display signifi-
cant activity toward the C16 acyl group, it cannot be
excluded that, in O. tauri, a putative endosomal LPAAT
accepts 16:3-acyl-CoA as a substrate, possibly arising
from 16:3 export from the chloroplast (see below); sn-2-
16:3-PDPT and DGTA species would be further
desaturated to 16:4 species, as proposed above. An al-
ternative and audacious hypothesis is that entire
(16:3)16:4-glycerol moieties of plastidial origin would
be exported to the ER. However, except for di-SFA
plastidial species, SFAs are at the sn-2 position in
plastidial lipids, whereas they are at the sn-1 position in
extraplastidial lipids, and the acyl pattern sn-1-16:0/sn-
2-16:4 of PDPT and DGTA species is not detected in
plastidial lipids. Therefore, this hypothesis implies that
putative plastidial 16:0/16:3 and16:0/16:4 DAG species
would be specifically exported outside the chloroplast
to serve as precursors for DGTA and PDPT synthesis in
the ER. Further work, such as investigating O. tauri
acyltransferase specificities, would be required to clar-
ify whether 16:0/16:4 DAG could be of plastidial origin.
Finally, a di-16:4 species was detected in MGDG, and
16:4 was located at the sn-1 position in SQDG. Since
MGDG is the most abundant structural lipid and dis-
plays the highest proportion of 16:4 among all lipids, it
is the most likely source of 16:4. 16:4/16:4 MGDG
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species might have a pivotal role in providing 16:4-ACP
or 16:4-glycerol backbones for the synthesis of other
lipids, including TAGs (see below). The mechanisms
underlying the positional specificity of 16:4 and its
possible transfer between lipids remain to be investi-
gated.

Acyl Positioning in Structural Lipids

Fatty acid patterns of de novo synthesized glycer-
olipids are established according to the selectivities of
acyltransferase for acyl chains from both acyl donor
and acyl acceptor. In plants, plastidial GPATSs possess a
more or less pronounced selectivity for the 18:1 acyl
group, while the LPAATSs exclusively direct 16:0 to the
sn-2 position so that the prokaryotic fatty acid pattern is
established. Conversely, plant microsomal GPATs have
a modest preference for palmitoyl-CoA, whereas the
microsomal LPAAT displayed a strong selectivity for
both 18:1 acyl acceptor and 18:1 acyl donor, resulting in
the configuration sn-1/sn-2 16:0/18:X and 18:X/18:X
(X<0) in glycerolipids arising from the so-called eu-
karyotic pathway. Based on these distinctive FA
patterns between ER and plastidial lipids, it was
demonstrated that the transfer of ER-synthesized DAG
to the chloroplast occurs in plants, giving rise to the
eukaryotic pattern of some plastidial lipids. The sub-
strate selectivities of microalgal GPAT and LPAATSs
have not been investigated except for the LPAAT1 of
C. reinhardtii, which was recently reported to prefer
16:0-acyl-CoA over 18:1-CoA in vitro (Yamaoka et al.,
2016). In O. tauri similar to C. reinhardtii, only plastidial
lipids of prokaryotic type occur, strongly suggesting
the absence of lipid transfer from the ER to the chloro-
plast. Plastidial lipids of prokaryotic type commonly
occur in green microalgae; an exception is Chlorella
kessleri, for which a contribution of the so-called eu-
karyotic pathway to the synthesis of galactolipids has
been clearly demonstrated (Sato et al., 2003). In O. tauri,
the plastidial GPAT and LPAAT preference for C18:1
might be conserved, and the formation of di-SFA spe-
cies would arise from high 14:0 and 16:0 fluxes, driving
their incorporation at the sn-1 position of some DAGs
further channeled for PG, SQDG, and DGDG synthesis.

The sn-1 localization of SFA was the most striking
feature of O. tauri nonplastidial lipids and was in
agreement with previous reports from other microalgae
(Dembitsky, 1996). That major PDPT and DGTA spe-
cies (30:0 and 30:4) display an SFA at the sn-1 position
suggests that the microsomal GPAT might display a
preference for SFA as in plants. In O. tauri, however,
only one GPAT predicted to be plastidial was identified
from bioinformatic analysis (Misra et al., 2012). Inter-
estingly, microalgae genome-wide analysis failed to
identify LPAAT2, which is a typical ER LPAAT of
plants, but showed that a single homolog of soluble
LPAAT was ubiquitous among algal lineages (Misra
et al, 2014). The soluble LPAAT of Arabidopsis
(Arabidopsis thaliana) was demonstrated to be plastidial
and to display a broad specificity for acyl-CoA donors,
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including 16:0-CoA in vitro (Ghosh et al., 2009). Speci-
fying substrate selectivities of microalgal GPAT and
LPAAT would help to apprehend pathways involved
in glycerolipid synthesis.

Lipid Remodeling under Nutrient Deprivation

N and P enter into the composition of proteins,
nucleic acids, and PLs (Raven, 2015). N and P depri-
vation triggers microalgal metabolic reorientations that
involve lipid metabolism (Dyhrman et al., 2012;
Schmollinger et al., 2014; Levitan et al., 2015). N and P
deprivation of O. tauri culture resulted in cell division
arrest and triggered structural lipid remodeling as well
as TAG and starch accumulation. In agreement with the
literature, N deprivation appeared to be more stringent
than P deprivation, resulting in an earlier growth arrest
and a higher TAG accumulation (Sharma et al., 2012;
Fields et al., 2014). An important increase of DGDG was
observed in Ostreococcus under both N and P depriva-
tion. The increase of DGDG upon N deprivation, which
has been commonly reported in plants and microalgae,
is thought to allow the maintenance of bilayers in thy-
lakoid membranes that are greatly destabilized by the
loss of protein from which nitrogen is recycled. PL
remobilization and replacement by phosphorus-free
polar lipids is a universal response to P deprivation.
Under P starvation, BLs are known to replace PLs in
photosynthetic bacteria, fungi, as well as microalgae
(Benning et al., 1995; Giiler et al., 1996, Van Mooy et al.,
2006; Riekhof et al., 2014). The increase of DGDG under
P starvation is known to occur in plants, where DGDG
of nonchloroplastic FA composition was shown to re-
place PLs in extraplastidial membranes (Hartel et al.,
2000). DGDG also has been proposed to compensate the
loss of PE in the eustigmatophyte Monodus subterraneus
(Khozin-Goldberg and Cohen, 2006). In O. tauri, DGTA
most likely replaces PDPT, and it seems unlikely that
DGDG, whose FA composition is not related to that of
PDPT, is exported to nonplastidial membranes. Rather,
it might be that DGDG increases to compensate the
protein loss of thylakoid membranes either directly
triggered by P deprivation or indirectly via the inhibi-
tion of N assimilation (Raven, 2015).

TAG Origin?

In plants, TAGs are thought to arise mainly from ER
synthesis via the Kennedy pathway. DAG precursors of
TAGs originate either from de novo synthesis or
from head exchange between DAG and PC performed
by the PC:DAG cholinephosphotransferase (Bates and
Browse, 2012). The monoacylglycerol pathway has
been proposed as an alternative pathway for TAG bio-
synthesis in microalgae. In this pathway, sn-2 monoac-
ylglycerols are formed by sn-2-specific GPATs and
further converted to DAG by monoacylglycerol acyl-
transferase (Zienkiewicz et al., 2016). The final acylation
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step of the DAG precursor of TAGs uses acyl groups
either from the acyl-CoA pool via the activity of diacyl-
glycerol acyltransferase (DAGAT) or from complex
lipids via the activity of phospholipid:diacylglycerol
acyltransferase (PDAT). In microalgae, however, there
is now clear evidence that the chloroplastic pathway is
the major pathway for TAG synthesis (Li-Beisson et al.,
2015; Lenka et al, 2016). In particular, CrPDAT is
thought to be responsible for the synthesis of TAGs that
would arise as coproducts of chloroplastic membrane
remodeling or degradation during the active phase of
growth of C. reinhardtii (Li et al., 2012; Yoon et al., 2012).
This enzyme was demonstrated to accept a wide vari-
ety of acyl donors, of which MGDG, SQDG, and PG
would be favored in vivo, and preferentially uses DAGs
of prokaryotic origin as acyl acceptors for TAG syn-
thesis. Although the conservation of PDAT function
between microalgae needs to be ascertained, the puta-
tive Micromonas PDAT and CrPDAT belong to the same
phylogenetic clade (Pan et al., 2015).

O. tauri TAGs were enriched in FAs diagnostic for
plastidial lipids and probably contributed to the regu-
lation of the ALA/SDA ratio, clearly indicating an im-
portant and regulated transfer of plastidial lipids into
TAGs. Interestingly, LC-PUFAs occurred in numerous
TAG species, in which they were detected at the sn-1
and/or sn-3 position but never at the sn-2 position. As
LC-PUFA species, especially DHA, were abundant in
the acyl-CoA pool while poorly represented in DAGs
compared with TAGs, the major mechanism for LC-
PUFA TAG synthesis appears to involve DAGAT en-
zymes. The occurrence of 16:4 at a lateral position of
56:13 TAG species likely originating from the ER DAG
precursor possibly results from the incorporation of
16:4 at the sn-3 position of DAGs through direct transfer
from the sn-2 position of extraplastidial lipids. Note-
worthy, several TAG species were obviously of mixed
origin, including the major species 52:10 (16:4/14:0/
22:6) as well as the TAG species 56:15, 56:11, 56:13 (and
possibly 56:14), which all display 18:5 and LC-PUFAs at
lateral positions. The identification of 18:5/18:1/20:5
clearly indicates that 18:5 can be incorporated into
ER-synthesized DAGs. Together with the detection of
18:5-acyl-CoA, the occurrence of such a species sug-
gests that a DAGAT would transfer 18:5-CoA to an ER
DAG precursor.

With respect to the origin of the DAG precursor of
TAGs, it was striking that most and major TAG species
displayed 14:0 or 16:0 at the sn-2 position while 18:X
(where X < 5) occurred most rarely (species 56:11,
56:13, and possibly 56:14). Although neither PDPT nor
DGTA displayed an SFA at the sn-2 position, it could be
that ER-synthesized DAG precursors bearing 14:0 and
16:0 at the sn-2 position would be channeled for TAG
synthesis. The detection of the minor species 22:6/14:0/
22:6, whose acyl pattern is not in agreement with that of
structural lipid, might reflect this channeling and/or
the existence of an unconventional pathway for TAG
synthesis. Nonetheless, the sn-2 positioning of 14:0 and
16:0 was an obvious feature of plastidial lipids, suggesting
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that DAGs, precursors of major TAG species, are of
chloroplastic origin. It was further striking that nu-
merous TAG species displayed side/central combina-
tions reflecting sn-1/sn-2 FA positions detected in
galactolipid species (18:3/14:0/16:4, 18:4/14:0/16:4,
18:3/16:4/18:4, 18:4/16:4/18:4, and 18:5/16:4/22:6). In
particular, the pattern sn-1/3 18:X sn-2 16:4 in the major
TAG species (52/11) strongly recalls the FA patterns of
mature MGDG species. Moreover, the 48:8 TAG spe-
cies, in which 16:4 is found at both extremities of the
TAG molecule, can only originate from an sn-1 16:4-
DAG precursor that is probably of plastidial origin, as
discussed above. These observations strongly suggest
that DAG precursors of plastidial origin, if not entire
glycerol moieties from plastidial lipids, might be in-
volved in the synthesis of TAGs. The direct conversion
of MGDG to DAG and then to TAG accumulating upon
heat stress has been reported to occur in C. reinhardtii
(Légeret et al., 2016). In plants, the gene SFR2 is known
be responsible for the production of DAG from MGDG
molecules under freezing stress (Moellering and
Benning, 2011). The mechanism involved in C. reinhardtii
remained elusive and seemed to be unrelated to the ac-
tivity of a galactosylgalactolipid glycosyltransferase
known to be encoded by SFR2 in higher plants.

CONCLUSION

Ostreococcus displays combined lipidic features of
two distantly related lineages. Therefore, we expect that
future work dedicated to unraveling pathways associ-
ated with the generation of these features will be
broadly informative. The FA positional distribution
and partitioning into different classes of lipids, the tight
regulation of the ALA/SDA ratio in plastidial lipids,
and the accumulation of highly unsaturated TAGs un-
der nutrient deprivation make O. tauri an attractive
model with which to decipher the dynamic processes
underlying the regulation of structural lipids in mem-
branes and, possibly, to understand the physiological
role of PUFAs in biological membranes of microalgae.
From a biotechnological point of view, unraveling the
mechanisms involved in the synthesis of TAG species
containing highly valuable FAs for animal health, such
as ALA, SDA, and DHA, might have important con-
sequences.

MATERIALS AND METHODS
Microalgal Strains and Culture Conditions

Microalgal strains, except Ostreococcus tauri, were obtained from the Roscoff
Culture Collection. O. tauri corresponded to the strain OTTH0595. Growth and
bacterial contamination were monitored by flow cytometry after SYBR staining
according to Corellou et al. (2005). Bacterial contamination was initially high in
Micromonas pusilla, Bathycoccus prasinos, Ostreococcus sp. RCC 809, and Ostreo-
coccus lucimarinus RCC 3401 and was reduced to the minimum level by cycles of
centrifugation/resuspension and antibiotic treatment (1 mg mL ™" penicillin,
1 mg mL ™" streptomycin sulfate, 0.5 mg mL ™' gentamycin, or 0.5 mg L~}
ciprofloxacin purchased from Sigma-Aldrich). All strains were maintained in
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natural seawater supplemented with F/2 components (https:/ /ncma.bigelow.
org/media/pdf/NCMA-algal-medium-f_2.pdf) in aerated flasks (Sarstedt)
under natural light at 20°C. Strains were acclimated for at least 3 weeks to
defined culture conditions before analysis. When not stated otherwise, cultures
analyzed were grown in Erlenmeyer flasks in growing chambers with constant
agitation under constant white light (75 wmol photons m 2 s™') at 20°C.
For nutrient deprivation experiments, artificial seawater was used as the base
(4.1 x 10" MNaCl, 8 X 10 *MKCl, 3.2 X 102 M MgCl,6H,0,and 2.7 X 10 *m
CaCl,, pH 8.2, adjusted with NaHCO, and HCl) supplemented by F/2 com-
ponents. One-fold concentrations of NaNO; and NaH,PO, were 8.82 X 10™¢ m
and 36 X 10° m, respectively. Cells were acclimated for 8 d to artificial medium
and maintained in exponential growing phase (20 to 30 X 10° cells mL ™) by
regular dilution. Cells were switched to medium 10 times enriched in both
NaH,PO, and NaNO; for control culture (ASW 10N10P) or lacking one of the
two elements and enriched in the other (ASW 10NOP or ASW ON10P) for
deprivation. The time of deprivation was chosen so that growth arrest, FA
profile changes, and TAG accumulation had occurred in both N- and
P-deprived cultures and that the effects could be reversed by nutrient repletion.
The initial cell density (20 X 10° cells mL ") was chosen so that control cells had
reached late exponential phase at the end of the experiment in order to obtain
sufficient amounts of TAGs for a reliable FA quantification between control and
deprived cells. Three days of deprivation was found to be optimal.

Cell Extraction

Cells were disrupted at 4°C in microtubes by bead beating (glass beads;
cycles of 30 Hz min™ " in a tissue lyzer) in the appropriate solvent depending on
whether lipid or total FAME analysis was achieved. Cells were reextracted until
a whitish pellet was obtained from the centrifuged extract (10,000, 10 min).
Extracts cleared from cells debris were transferred to glass tubes kept on ice.
Extraction corresponded to a yield of 90% to 95% as checked by FAME quan-
tification from the pellet.

FA Analysis

FAME preparation was achieved by extracting samples (cells or purified
lipids) in 2 mL of acidic methanol (2% H,SO,) containing heptadecanoic acid
(2 or 10 wg mL™") as an internal standard and butylated hydroxytoluene as
an antioxidant (final concentration, 25 ug mL™). FA transmethylation was
achieved by heating samples at 90°C for 1 h in screw-cap glass tubes. Equal
volumes of 2.5% (v/v) NaCl and 1 mL of hexane were added, and FAMEs were
extracted into hexane. Separation of FAMEs was performed by gas chroma-
tography (Hewlett-Packard 5890 series II; Agilent) on a 15-m X 0.53-mm X
1.2-um Carbowax column (Alltech) with flame ionization detection. Oven
temperature was programmed for 1 min at 150°C, followed by a 5°C min "'
ramp to 230°C, and maintained at this temperature (total run time, 30 min).
Routinely, FAs were identified by comparing retention times with those of
commercial and homemade standards (37-component FAME mix, PUFA source
no. 1, PUFA source no. 3 [Sigma-Aldrich], Arabidopsis FAMEs for 16:1t and
16:3n-3, and Chlamydomonas reinhardtii FAMEs for 16:4n-3). FAs were quantified
by the surface peak method using 17:0 for calibration. Peak integration was
performed using ChemStation software (Agilent), and data were further pro-
cessed using a homemade Excel macro provided by Dr. Christophe Garcion.

Lipid Analysis

Forlipid class analysis, lipids were extracted in chloroform:methanol (2:1, v /v)
and 10% butylated hydroxytoluene. Phase separation was achieved by the
addition of 0.5 volume of aqueous solution (50 mm Tris, pH 7, and 0.9% NaCl)
followed by a brief centrifugation (1,000¢, 5 min). The lower organic phase was
collected and washed with 0.25 volume of water. The upper aqueous phase was
reextracted with 1 volume of chloroform and pooled with the previously col-
lected organic phases. Lipid extracts were concentrated by evaporation under N
flux and resuspended in chloroform:methanol (2:1, v/v). This procedure
allowed the recovery of intact glycerolipids, as reflected by the absence of or
faintly detected PA and free FAs. Lipids were separated by HPTLC onto glass-
backed silica gel plates (Merck) using the resolving systems indicated in the
text. Routine one-dimensional development was performed in an ADC2-
Chamber system (CAMAG) under controlled humidity of 33%. Lipids were
revealed either by 2% (v/v) 8-anilino-1-naphthalenesulfonic acid or by pri-
muline. Following FAME preparation, FAs were quantified by GC-FID as

Plant Physiol. Vol. 173, 2017

Ostreococcus tauri Glycerolipidome

described above. Molybdenum Blue and Draggendorff reagent were obtained
as ready-to-use solutions from Sigma-Aldrich.

Acyl-CoA Analysis

Freshly harvested material was frozen in liquid nitrogen, and acyl-CoAs were
extracted as described by Larson and Graham (2001) and analyzed using liquid
chromatography-MS/MS plus multireaction monitoring in positive ion mode.
Acyl-CoA extraction efficiency was normalized to a 17:0 CoA (Sigma-Aldrich)
internal standard. All samples were immediately analyzed after extraction and
were maintained on a cooled stage prior to liquid chromatography-MS/MS
plus multireaction monitoring analysis (using an ABSciex 4000 QTRAP device)
as described by Haynes et al. (2008) using an Agilent 1200 LC system with a
Agilent Eclipse XDB-C18 (3 X 100 mm; 3.5-um particle size) column. For the
purposes of identification and calibration, standard acyl-CoA esters with acyl
chain lengths from C14 to C20 were purchased from Sigma-Aldrich as free
acids or lithium salts.

Mass Spectrometry

Lipids were resolved by 2D-TLC and eluted for mass spectrometry analysis as
described by Abida et al. (2015). Purified lipids were introduced by direct infusion
(electrospray ionization-mass spectrometry) into a trap-type mass spectrometer
(LTQ-XL; Thermo Scientific) and identified by comparison with standards. In
these conditions, the ions produced were present mainly as H,, H", NH}, or
Na* adducts. Lipids were identified by MS? analysis with their precursor ion
or by neutral loss analyses. FA positional analysis of glycerolipids was achieved
as described previously by Abida et al. (2015), except that the positional anal-
ysis of PDPT was performed from adducts obtained in negative mode.

Transmission Electron Microscopy of Nutrient-Deprived
O. tauri Cells

This procedure was adapted from Henderson et al. (2007). O. tauri cells were
concentrated by pelleting 50 mL of culture (20 to 40 X 107 cells mL™Y) by
centrifugation (5,000g, 1 min, 4°C). The cell pellet was gently resuspended in
2 mL of 10% 70-kD Ficoll as cryoprotectant (GE Healthcare Biosciences) in the
appropriate cooled artificial seawater medium, transferred to 1.5-mL micro-
centrifuge tubes, and pelleted again (5,000, 1 min, 4°C). Most of the superna-
tant was discarded, leaving ~10 uL of liquid to resuspend the cells by gentle
finger tap. The loose pellet was kept on ice. Cells were transferred into flat
specimen carriers and high pressure frozen in an EM-PACT1 device (Leica). The
samples were freeze substituted with 1% osmium tetroxide in pure acetone
using the AFS2 system (Leica). Samples were held at —90°C for 48 h and then
warmed to room temperature at a rate of 3°C h™". Samples were then infiltrated
progressively, embedded in Spurr resin (Electron Microscopy Science), and
polymerized at 70°C for 16 h. Ultrathin sections (70 nm) were obtained with a
Reichert Ultracut S ultramicrotome and observed at 80 kV on the FEI Tecnai G2
Spirit TWIN 120 kV transmission electron microscope equipped with a
16-megapixel Eagle 4k CCD camera. Image] software was used for cell mea-
surements.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession number: O. tauri Cr. plastidial delta4
homolog, GenBank CEG00114.1.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Identification of DGTA by mass spectrometry.

Supplemental Figure S2. Identification of phosphatidyldimethylpropane-
thiol in O. tauri.

Supplemental Figure S3. One-dimensional HPTLC development of polar
and neutral lipids of Mamiellales species.

Supplemental Figure S4. Variation of lipid and FA profiles in the genus
Ostreococcus according to the experimental set.
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Supplemental Figure S5. FA composition of O. tauri PLs and DGTA.

Supplemental Figure S6. FA composition of steryl esters of Ostreococcus
Mediterranean species.

Supplemental Figure S7. Positional analysis of FA in polar glycerolipids.
Supplemental Figure S8. FA positional analysis in TAGs.

Supplemental Figure S9. Effect of N and P deprivation on lipid and FA
profiles of various lipid pools.

Supplemental Figure S10. FA composition changes upon the kinetics of
nutrient depletion and repletion.

Supplemental Figure S11. Phylogenetic tree representing chosen photo-
synthetic organisms.
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