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The seawater microalga Nannochloropsis gaditana is capable of accumulating a large fraction of reduced carbon as lipids. To
clarify the molecular bases of this metabolic feature, we investigated light-driven lipid biosynthesis in Nannochloropsis gaditana
cultures combining the analysis of photosynthetic functionality with transcriptomic, lipidomic and metabolomic approaches.
Light-dependent alterations are observed in amino acid, isoprenoid, nucleic acid, and vitamin biosynthesis, suggesting a deep
remodeling in the microalgal metabolism triggered by photoadaptation. In particular, high light intensity is shown to affect lipid
biosynthesis, inducing the accumulation of diacylglyceryl-N,N,N-trimethylhomo-Ser and triacylglycerols, together with the
up-regulation of genes involved in their biosynthesis. Chloroplast polar lipids are instead decreased. This situation correlates
with the induction of genes coding for a putative cytosolic fatty acid synthase of type 1 (FASI) and polyketide synthase (PKS)
and the down-regulation of the chloroplast fatty acid synthase of type 2 (FAS2). Lipid accumulation is accompanied by the
regulation of triose phosphate/inorganic phosphate transport across the chloroplast membranes, tuning the carbon metabolic
allocation between cell compartments, favoring the cytoplasm, mitochondrion, and endoplasmic reticulum at the expense of the
chloroplast. These results highlight the high flexibility of lipid biosynthesis in N. gaditana and lay the foundations for a
hypothetical mechanism of regulation of primary carbon partitioning by controlling metabolite allocation at the subcellular level.

More than 45% of our planet’s annual net primary
biomass is obtained by the photosynthetic activity of
microalgae that convert light energy into chemical
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energy in the chloroplast (Falkowski et al., 2004; Wang
et al., 2011). The fixation of CO, within the Calvin-
Benson cycle plays a central role in the microalgal
primary metabolism and originates fundamental pre-
cursors feeding the synthesis of carbohydrates, proteins
or fatty acids (Ho et al., 2014; Zhao and Su, 2014). In
most photosynthetic organisms, starch and other poly-
saccharides are the primary form of temporary accu-
mulated macromolecules with high energetic content
(Stitt and Zeeman, 2012; Vitova et al., 2015). However,
some species of microalgae are highly efficient in ac-
cumulating triacylglycerols (TAGs) in lipid bodies in
the cytosol by a metabolic pathway that is highly co-
ordinated across the chloroplast, the endoplasmic re-
ticulum and the cytosol itself (Radakovits et al., 2010;
Bogen et al., 2013; Poliner et al., 2015). Some of these
microalgae species can accumulate lipids up to 60% of
their dry weight (Hu et al., 2008), and for this reason,
they have attracted attention as a possible feedstock for
the production of biofuels. In this context, particular
interest is raised by species of the Nannochloropsis ge-
nus, unicellular photosynthetic microalgae belonging
to the Eustigmatophyceae and distributed worldwide
in marine, fresh, and brackish waters, capable of mas-
sive lipid accumulation (Meng et al., 2015; Slocombe
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et al., 2015), especially under nutrient deprivation
(Boussiba et al., 1987; Rodolfi et al., 2009).

Because of these properties, Nannochloropsis is an in-
teresting model for understanding how different
organisms regulate metabolic fluxes toward lipid or
carbohydrate synthesis. In Nannochloropsis, the ability to
synthesize lipids is supported by a genomic enrichment
in biosynthesis genes and glycoside hydrolases that
should play a role in shifting carbon fluxes toward TAG
metabolism. An example of this expansion is the
Diacylglycerol acyltransferase-2 (DGAT-2) genes, which in
Nannochloropsis species investigated showed 11 copies.
As a comparison, diatoms such as Thalassiosira pseudonana
or Phaeodactylum tricornutum have four DGAT-2 copies,
while the green alga Chlamydomonas reinhardtii has five
DGAT-2 genes, despite all having much larger genomes
than Nannochloropsis (Wang et al., 2014).

Lipid accumulation in several algal species is trig-
gered by nitrogen (N) depletion, and these conditions
have been heavily investigated to understand lipid
metabolism regulation (Miller et al., 2010; Simionato
et al,, 2013; Li et al., 2014; Lu et al., 2014; Martin et al.,
2014; Abida et al., 2015; Jia et al., 2015). Nitrogen dep-
rivation also leads to accumulation of storage sugars
like starch or chrysolaminarin, depending on the or-
ganism (Jia et al., 2015), and the impairment of the
storage sugar metabolism was observed to further in-
crease TAGs (Blaby et al., 2013). However, N depletion
also causes a major impairment of the basic metabo-
lism, shutting down nucleic acid and protein biosyn-
thesis and limiting cell division and growth (Simionato
et al., 2013). Upon nitrogen shortage, the fatty acids
required for TAG accumulation in Nannochloropsis
gaditana are mostly produced de novo with, neverthe-
less, a significant contribution of galactolipids recycled
from degraded thylakoid membranes (Simionato et al.,
2013). Investigating other stimuli capable of inducing
TAG biosynthesis could thus be highly valuable to
disentangle the nitrogen depletion response and iden-
tify metabolic switches that induce lipid accumulation
without depressing biomass growth.

It has been shown that light can induce lipid accu-
mulation in Nannochloropsis salina (Sforza et al., 2012),
and since photosynthesis is the primary source of all
reduced carbon, it is understandable that light is a
master regulator of metabolism. Broadly speaking,
lipid biosynthesis and management depend on the
production and recycling of photosynthates. Investi-
gating the metabolic remodeling following light treat-
ment and understanding the crosstalk between the
metabolic pathways in response to light changes can
thus clarify how carbon partitioning is modulated.

To this end, we investigated the light response of
N. gaditana cultures, combining a genome-wide tran-
scriptional analysis with lipidomic, metabolomic, and
functional approaches. The results showed that the lipid
accumulation induced by strong illumination is consis-
tent with the coordinated activation of the putative fatty
acid biosynthesis in the cytoplasm/endoplasmic reticu-
lum (ER) and the parallel inhibition of the chloroplast
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fatty acid biosynthesis. This process is accompanied by
increased carbon fluxes out of the chloroplast, shifting the
balance toward the ER and TAGs accumulation.

RESULTS AND DISCUSSION
N. gaditana in Limiting and Excess Light Conditions

Cells of N. gaditana strain CCAP 849 /5 were cultivated
in small-scale photobioreactors at three different light
intensities: low (LL; 10 umol photons m %s 1), medium
(ML; 100 umol photons m 2 sfl), and high (HL;
1000 umol photons m™*s™") light. Cell duplication was
continuously monitored throughout the 5 d of growth by
measuring OD,,, (Fig. 1A). ML cultures showed the
fastest growth, as expected (Sforza et al., 2012), while LL
cells were light limited. Cells under HL conditions also
showed slower growth compared to ML, suggesting a
photoinhibitory effect (Fig. 1A; Simionato et al., 2011;
Sforza et al., 2012), as supported by the progressive re-
duction in PSII maximum quantum efficiency (F,/F,,)
observed when increasing the light regime (Fig. 1B).
Growth differences in response to light availability were
also confirmed by measuring cell concentration (Fig. 1C)
and dry weight (Supplemental Fig. S2) after 5 d. Nile Red
staining showed that after 5 d of light treatment, neutral
lipid accumulation was induced by 4-fold in the ML and
HL cells compared to LL (Fig. 1D). This result is consis-
tent with the literature showing enhanced TAG accu-
mulation for Nannochloropsis in response to increased
light intensity if CO, is not limiting (Pal et al., 2011;
Sforza et al., 2012; Teo et al., 2014). To better understand
how light intensity affects the N. gaditana metabolism
and induces heightened lipid accumulation, the same
cells grown for 5 d under different light intensities were
subjected to transcriptomic, metabolomic, lipidomic,
and functional analyses.

Genome-Wide Changes in mRNA Abundance in Response
to Light

An mRNA-seq experiment was performed with three
biological replicates to measure the response of
N. gaditana to the three different light intensities. Out of
10,919 total predicted nuclear genes (Corteggiani Car-
pinelli et al,, 2014), transcripts of 10,456 genes were
detected under the three conditions. For the functional
classification of light response, we chose those genes
showing statistically significant differential expression
(see “Materials and Methods” for details). A total of 2,354
genes were differentially expressed between LL- and
ML-grown cells and 4,673 between LL- and HL-grown
cells. A lower number of genes (639) were differentially
expressed between ML- and HL-grown cells, suggesting
that overall the ML transcriptome was closer to HL than
to LL conditions (Fig. 2; Supplemental Fig. S3). Only
69 genes were down-regulated in both conditions, and
18 genes were up-regulated in both conditions, repre-
senting the core of genes progressively activated and
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Figure 1. Light effect on the growth and lipid accumulation of N. gaditana cells. A, Growth curves of wild-type cells during the 5 d of
differential light treatment. Squares, low light; circles, medium light; triangles, high light. At day 5, cells were harvested to measure the
following parameters: PSIl quantum yield (F/F,; B), cell concentration (C), and neutral lipid accumulation determined by fluorescence
spectra analysis of Nile Red-stained cells (D). a.u., Arbitrary units and the values are normalized to the same cell number (see “Materials

and Methods” for details). A saturating light pulses of 0.6 s at 6,000 wmol of photons m™

25" was used to measure F, . Data are expressed

as average of three biological replicates = sp. Asterisks indicate statistical significant differences by one-way ANOVA, P value < 0.05.

gradually turned off by increasing light availability, re- Different clusters were subjected to Gene Ontology
spectively (Fig. 2; Supplemental Data Set S1). enrichment analysis using the blast2go software

The differentially expressed genes were clustered (Supplemental Note S1), integrated with a manual an-
into six groups on the basis of their expression levels notation, distributing the genes of each cluster into

(Fig. 3A; see Supplemental Note S1 for details). 14 major functional groups (Fig. 3B; Supplemental Fig. S4).

Figure 2. Venn diagrams of differ-
entially expressed genes identified
in the three light conditions. A,
Genes down-regulated in LL versus
ML are compared with genes down-
regulated in ML versus HL and LL
versus HL. Out of the 639 genes
differentially regulated between ML
and HL, 146 (23%) were specific
to this comparison. (B) Genes
up-regulated in LL versus ML are
compared with genes up-regulated
in ML versus HL and LL versus HL.
Out of the 2,354 LL versus ML reg-
ulated genes, only 398 (16%) were
specific to this comparison.
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Figure 3. Hierarchical clustering of light regulated genes. A, A transcriptional profile dendrogram was created using TMeV 4.3
software. Six groups have been highlighted on the left side of the picture. The red lines on the right side represent schematically the
overall trend of light response of the genes belonging to the corresponding cluster. B, Manual annotation and category distribution
among clusters. Manual annotation was done on the base of gene description and Gene Ontology (biological process). The genes
in A were grouped according to their function in 14 categories: photosynthesis, lipid metabolism, amino acid and nitrogen
metabolism, carbon metabolism, kinase and phosphatase, signaling, redox and stress response, cell function and structure,
DNA/RNA/gene expression, transport, protein regulation, metabolism, miscellaneous, and unknown. Protein domains that could
not be classified in any specific category were grouped into the “miscellaneous” category. The “unknown” category refers to
protein sequences for which no consensus was reachable through annotation. Percentage of each functional category is repre-
sented in the total numbers of differentially expressed transcripts from each individual set of data.

In all cases, genes with unknown function were the most
represented class, constituting between 44 and 73% of the
genes in each cluster, showing that the function of a large
fraction of N. gaditana genes cannot be easily deduced
from annotation. In some cases, however, we were able to
identify specific profiles, such as for those genes involved
in photosynthesis which were enriched in cluster VI and
therefore up-regulated in LL compared to ML and HL.
Genes involved in lipid metabolism were instead more
abundant in clusters I, II, and IV, meaning they are
up-regulated in ML and HL compared to LL, in accor-
dance with the higher lipid accumulation reported in
Figure 1D. Genes involved in redox and stress response
were more abundant in clusters II and IV, suggesting the
activation of an oxidative stress response at the tran-
scriptional level in N. gaditana exposed to excess light
(Figs. 1B and 3; Supplemental Fig. S4).

Starting from the results of cluster analysis, a selec-
tion of gene families and metabolic pathways was an-
alyzed in greater detail, complementing the gene
expression data with metabolic and functional analyses.

Modulation of Photosynthetic Apparatus in Response to
Different Light Intensities

Photosynthetic organisms react to different light re-
gimes by modulating their photosynthetic apparatus
both in protein and pigment content (Maxwell et al.,
1994; Bailey et al., 2001; Dietz, 2015). In agreement with
the general reduction of gene expression in the bio-
synthetic pathway of chlorophyll and carotenoids
(Supplemental Note S2), their total amount per cell
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decreased in proportion to increasing light intensity
(Table I). We consistently observed a strong and gen-
eralized decrease in the expression of genes of the
Light-Harvesting Complex (LHC) superfamily, which
encodes the proteins constituting the antenna system of
the photosynthetic apparatus in eukaryotes. The only
exception to this general behavior was the gene
Naga_101036g3, which was significantly up-regulated
in ML and HL with respect to LL conditions (Fig. 4A;
Supplemental Data Set S2A). The biological function of
LHC proteins can be measured by determining the
functional antenna size of PSII (ASII), based on chlo-
rophyll fluorescence (see “Materials and Methods” for
details). ASII increased in cells grown in LL compared
to ML and HL conditions (Fig. 4B), confirming that
LHC expression is enhanced in LL-treated cells of N.
gaditana to maximize light harvesting capacity.

LHC proteins from Nannochloropsis can be classified
into three subgroups (Vieler et al., 2012), with LHCF
and LHCR composing the main antenna proteins, as in

Table I. Changes in chlorophyll-a and total carotenoid content in
N. gaditana cells at different light regimes

Data are all expressed as average of three biological replicates =+ sp.
Each sample was significantly different from the other (one-way
ANOVA plus Tukey’s t test, P value < 0.05). Chl, Chlorophyll; Car,
carotenoid.

Sample Chl (pg)/Cell Car (pg)/Cell Chl/Car

LL 0.133 £ 0.006  0.0389 = 0.0012  3.42 = 0.05

ML 0.063 = 0.005 0.0239 = 0.0017  2.65 * 0.04

HL 0.038 = 0.006 0.0184 = 0.0018 2.04 £ 0.14
2471
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Figure 4. Regulation of LHC complexes. A, Gene expression regulation of LHC superfamily members. Gray and white bars
represent the fold change of normalized reads of LL versus ML and LL versus HL, respectively. For each sample, the average of
normalized reads of three repetitions was used to calculate the fold change, which is expressed in log, scale. All genes except
Naga_100056g42 (NgLHCX?2) are significantly regulated in response to light in the reported comparisons. B, Functional antenna
size of PSII measured by fluorescence induction kinetics monitored upon excitation with 320 wmol photons m™2 s™! of actinic
light at 630 nm. Data are all expressed as average of three biological replicates + sp. Asterisks indicate statistical significant
differences by one-way ANOVA, P value < 0.05. C, Phylogenetic tree of LHC superfamily. Naga_101036g3 gene model was
translated to the corresponding protein sequence for a tBLASTn analysis in the NCBI nucleotide collection. To attribute
Naga_101036g3 to a specific subgroup of LHC, its primary sequence was compared to a larger number of LHC protein se-
quences, notably, 11 LHC proteins of chlorophyll a/b-containing organisms, 19 LHCf proteins, and 23 LHCX/LHCSR photo-
protective proteins from different algae. A multiple alignment of these 52 full-length protein sequences was performed using
MUSCLE, and the aligned protein sequences were used to construct an unrooted maximum likelihood phylogenetic tree using

MEGAG.0. Sequence alignment and details are given in Supplemental Figure S1.

diatoms and brown algae, and found associated pre-
dominantly but not exclusively with the PSI and PSII
complexes (De Martino et al., 2000; Beer et al., 2006;
Lepetit et al.,, 2007; Ikeda et al., 2013). A third group,
LHCSR or LHCX, instead consists of antennas involved
in photoprotection and stress response in several algae
species and mosses (Richard et al., 2000; Peers et al.,
2009; Alboresi et al., 2010; Zhu and Green, 2010). To
infer Naga_101036g3 putative function from its pri-
mary sequence, protein BLAST searches retrieved
sequences annotated as LHCSR in the top hits
(e-value < 107*). This assignment is confirmed by the
phylogenetic tree, showing that Naga_101036g3
appeared to be part of the LHCX/LHCSR subgroup
together with two other putative LHCX proteins
of N. gaditana (i.e. Naga_100173g12 and Naga_
100056g42, respectively, NgLHCX1 and NgLHCX2;
Fig. 4C).

2472

The similarity of Naga_101036g3 to the LHCX pro-
teins and its peculiar up-regulation in stronger light
(Fig. 4A) suggested that this gene may have a specific
role in response to strong light intensities. Interestingly,
however, the two other LHCX genes identified in the
N. gaditana genome exhibited similar expression profiles
to other antennas (Fig. 4A; Supplemental Data Set S2A).

Regulation of Genes Involved in Lipid Metabolism

Most of the genes putatively involved in lipid bio-
synthetic pathways have been previously annotated
for Nannochloropsis (Vieler et al., 2012; Corteggiani
Carpinelli etal., 2014; Li et al., 2014), showing that lipid
biosynthesis follows a complex pathway extended
across several compartments. In photosynthetic eukary-
otes, fatty acids (FAs) are synthesized in the chloroplast

Plant Physiol. Vol. 171, 2016
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stroma; thylakoid lipids (monogalactosyldiacylglycerol
[MGDG], digalactosyldiacylglycerol [DGDG], sulfoqui-
novosyldiacylglycerol [SQDG], and phosphatidylgycerol
[PG]) are synthesized in chloroplast envelope mem-
branes; major phospho-glycerolipids (e.g. phosphatidyl-
choline [PC] and phosphatidylethanolamine [PE]),
betaine lipids (diacylglyceryltrimethylhomo-Ser [DGTS])
and TAGs are instead synthesized in the ER (Petroutsos
et al., 2014). Based on genomic evidence, the metabolic
pathways for the production of glycerolipids are ex-
pected to follow this general scheme in Nannochloropsis.
One remarkable feature of FA synthesis, however, dif-
ferentiates Nannochloropsis from other photosynthetic
eukaryotes, since genes coding for cytosolic proteins that
could act as a fatty acid synthase of type 1 (FASI) or a
polyketide synthase (PKS) have also been identified (Vieler
et al., 2012). Based on a phylogenetic analysis using three
FAS1/PKS-like gene sequences from Nannochloropsis
oceanica, it was recently proposed that these proteins
were more similar to fungal polyketide synthases than
to FASI (Poliner et al., 2015).

In cells exposed to different illumination intensities,
we observed the statistically significant down-regulation
of several lipid biosynthesis genes coding for proteins lo-
calized in the chloroplast. In fact, genes coding for com-
ponents of the chloroplast FAS2 were less expressed in ML
and HL (BXP1, Naga_100594g3; MCT, Naga_100046g34;
KAR1, Naga_100037g12; HAD1, Naga_100113g7, ENR1,
Naga_101525g2; Supplemental Data Set S3B). By the
same token, the gene coding for cytosolic acetyl-CoA
carboxylase (ACC1, Naga_100605g1) was down-regulated
under the ML and HL conditions. In contrast with the
down-regulation of genes encoding plastid FAS2 com-
ponents, we detected the up-regulation in HL of two
B-ketoacyl synthases (Naga_102909g1 and Naga_101811g1)
and five polyketide synthases (Naga_102303g1, Naga_
102722g1, Naga_101380g1, Naga_103117g1, and Naga_
100022g68), all predicted to be localized in the cytosol
(Supplemental Data Set S3B), suggesting a remodulation
of lipid biosynthesis with cytosolic fatty acid synthesis,
increasing its relevance at the expense of the chloroplast.

Second, we detected a general up-regulation of genes
involved in thylakoid lipid assembly in the chloroplast,
i.e. lyso-phosphatidic acid and phosphatidic acid (GPAT,
also known as ATS1, Naga_100562g3), diacylglycerol
(PAP, Naga_100075g9), PG (CDS1, Naga_100056g35;
PGPS, Naga_100114g5), SODG (SQD1, Naga_100038g9),
and galactolipids (MGD1, Naga_100092g7) (Supplemental
Data Set S3B). This feature is different from what was
reported recently in N. oceanica along a circadian
rhythm (Poliner et al., 2015), in which the expression of
the plastid glycerolipid genes (genes involved in the
synthesis of diacylglycerol (DAG), MGDG, DGDG,
and SQDG) displayed high coordination with FA
synthesis genes at the transcriptional level so that their
expression preceded the observed lipid accumulation
during the daylight period. Although we cannot ex-
clude the existence of a previous unrecorded phase of
up-regulation of FAS2 genes, the HL regime seems to
disrupt this coordination.
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Third, in membrane glycerolipid biosynthesis in the
ER, two putative genes coding for enzymes producing
phospho-choline (Naga-100331g3 and Naga 100090g21),
the polar head used for PC synthesis, were less expressed
in ML and HL. By contrast, two genes putatively encod-
ing betaine lipid synthesizing enzymes (BTA1, Naga_
100016g36 and Naga_100004g72) were up-regulated.

Instead, in storage glycerolipid biosynthesis in the
ER, we detected a significant up-regulation of the ex-
pression of several diacylglycerol-acyltransferase (DGAT)
genes in ML and HL compared to LL, suggesting in-
creased synthesis of these lipids. More precisely, DGAT1
(Naga_101968g1) is the most up-regulated DGAT gene in
response to increasing light (FC;; ,, yp = —1.12;
Supplemental Data Set S3B).

Out of the 11 DGAT?2 genes present in the genome,
three were more highly expressed in ML and HL than
LL (DGAT2a, Naga_100343g3; DGAT2b, Naga_
100010g31; DGAT2f, Naga_100006g86), while two are
more specifically induced in HL compared to
LL (DGAT2h, Naga_100010g4; DGAT2k, Naga_
100004g173). A phospholipid:diacylglycerol acyltransferase
that acts by transferring an acyl group from a phospholipid
to DAG, thus producing TAG, is also up-regulated in
ML and HL (PDAT, Naga_100065g17; Supplemental
Data Set S3B). Taken together, these data suggest a
general increase in ER-localized TAG biosynthesis.

The subgroup of desaturases showed a peculiar be-
havior, with expression levels peaking in ML condi-
tions and lower expression in both LL and HL
(Supplemental Data Set S3B and see Supplemental Note
S3 for details).

Several genes classified as involved in lipid catabo-
lism are expressed more in HL than in LL but also in ML
compared to LL (Supplemental Data Set S3B), with the
strongest up-regulation observed for a lipase (FC; .y =
=237, FC;; . m = —3.07; Naga_100040g9). Out of
76 putative genes involved in lipid catabolism, only
three are expressed at higher levels in LL than ML or
HL, namely, one dehydratase (Naga_100034g21),
one AMP-dependent synthetase and ligase (Naga_
100012g66), and one phospholipase A2 (Naga_100247g4).
As recently reported for the oleaginous diatom Fistulifera
solaris under N shortage (Tanaka et al., 2015), some
genes involved in fatty acid beta-oxidation in the mi-
tochondria have a higher expression level in condi-
tions that trigger TAG accumulation, i.e. in ML and
HL (KAS4, Naga_100004g8, HAD2, Naga_100486g4,
ENR2, Naga_100016g22).

In summary, gene expression analysis suggests that
lipid biosynthesis is down-regulated in the chloroplast
in response to increased light, while genes involved in
cytoplasmic fatty acid synthesis as well as the insertion
of fatty acids into TAG are induced.

Regulation of Lipid Accumulation

A lipidomic analysis was performed to character-
ize how lipid accumulation correlated with gene
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regulation (Fig. 5). It is worth noting here that the same
independent batches of cells were used for the mRNA-
seq, lipidomic, and metabolomic analyses (see “Materials
and Methods” for details) to make all the results di-
rectly comparable. The total amount of acyl lipids was
higher in ML and HL than in LL (Fig. 5A), consistent
with Nile Red quantification (Fig. 1D). The step be-
tween ML and HL did not trigger any significant
change in overall lipid content (Fig. 5A), suggesting that
the light-dependent induction of TAG accumulation is
already activated in ML cultures. Interestingly, while
the content of polar lipids was not significantly affected,
the acyl lipid increase was completely due to the larger
TAG accumulation. This increase in TAG suggests that
fatty acid production is activated by increased light in-
tensity, in contrast with the observed down-regulation of
genes encoding plastid FAS2. This result suggests that the
increased production of fatty acids relies on the activity of
the cytosolic FAS1 system, most notably on the FAS1 /PKS-
like protein (Naga_100022g68), whose expression increases
at higher light intensities (Supplemental Data Set S3B).

DAG:s, the likely precursors of TAG biosynthesis, are
accumulated 50 times less than TAG, but the two lipid
classes show a similar response to light intensity with
the induction of DAG accumulation in ML and HL (Fig.
5B). This result suggests that precursors of TAG bio-
synthesis are accumulated together with the final pro-
duct. Based on the transcriptome analyses, both the de
novo synthesis of TAG (via DGAT enzymes) and
phospholipid recycling (via PDAT) are likely to drive
TAG accumulation.

We also analyzed the different classes of membrane
lipids, observing some significant changes among the
three light intensities (Fig. 5C). The most notable one is
a gradual and strong increase of DGTS from LL to ML
and HL. In contrast, PC decreased in HL, possibly
counterbalancing the variations in DGTS content (Fig.
5C). Concerning plastid lipids, whereas MGDG de-
creased, DGDG and SQDG remained stable, and PG
decreased moderately. Even if the precise DGTS role in
HL is unclear, this result is extremely interesting be-
cause it means that specific polar lipids are differen-
tially accumulated in response to light, even though the
total amount of the polar fraction is not altered. It is also
worth emphasizing that there is a relationship between
the regulation of polar lipid accumulation and the
compartmentalization of the corresponding biosyn-
thetic pathway. In fact, DGTS is likely synthesized in
the endoplasmic reticulum from DAGs by a BTA en-
zyme that is up-regulated at the transcriptional level
(Supplemental Data Set S3B). As synthesis of PC relies
on phospho-choline, its decrease might also be corre-
lated with a decline in the genes coding for enzymes
that produce phospho-choline. The synthesis of chlo-
roplast lipids might result from the combination of
opposite trends, i.e. a decline in fatty acids synthesized
by FAS2 components encoded by down-regulated
genes (KAR1, HADI1, and ENRI1; Supplemental Data
Set S3B) and a stable or increased expression of genes
involved in thylakoid lipid assembly (GPAT/ATS1, PAP,
CDS1, PGPS, SQD1, MGD1, and DGD1; Supplemental
Data Set S3B), resulting in an overall stability of SQDG
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and DGDG, a slight decrease in PG and a decline in
MGDG.

The specific increase of the betaine lipid triggered by
light intensity brings up the question on how DGTS
accumulation in HL could be supported if plastid fatty
acid biosynthesis is inhibited. Again, a possible expla-
nation for this finding lies in the identification of
cytosolic FAS1/PKS-like genes (Naga_100022g68,
Naga_100001g49, and Naga_100028g49; Supplemental
Data Set S3B), which are also induced in HL. This result
suggests that upon light stimulus, DGTS accumulation
is also increased by the activation of cytosolic fatty acid
biosynthesis, compensating for the decrease in plastid
pathway activity. This possibility of supporting lipid
biosynthesis in two different compartments provides a
high flexibility to N. gaditana that would allow it to
finely regulate fatty acid biosynthesis in response to
environmental stimuli, as observed here. This organism
also represents the first described photoautotroph ca-
pable of this separation (Ramakrishnan et al., 2013;
Petroutsos et al., 2014).

When we analyzed the acyl profiles of each lipid
class, some variations in 16:0, 16:1, and 20:5 could be
observed in most membrane lipids, with the exception
of SQDG. Most lipids with 16:1 acyl-groups are gener-
ated through the neosynthesis of fatty acids in the
plastid by the stearoyl-ACP desaturase (actually acting
as a palmitoyl-ACP desaturase). An exception is 16:1 in
PG, which is synthesized by an alternative pathway as a
transdouble bond rather than a cis-double bond
(= 16:1¢).

Concerning light-dependent regulations, HL induces
a relative decrease in 16:1 and an increase in 20:5 in
plastid galactolipids (MGDG and DGDG), while LL
triggers an opposite effect. It is interesting to note that,
although in HL there is an excess of electrons and oxi-
dative conditions (Fig. 1, A and B), MGDG and DGDG,
the lipids most exposed to this stress in the thylakoids,
contain more unsaturated species. Either these species
play a role in response to oxidation or a mechanism
protecting these polyunsaturated lipids is established.

It is worth mentioning that LL samples are charac-
terized by an increase of 16:1 membrane lipids, proba-
bly because the demand for TAG biosynthesis is not
strong enough and the newly synthesized 16:1 lipids
are dedicated to feeding MGDG, DGDG, and PC
(Fig. 6).

We also observed significant changes in PG under
HL, with an increase in 16:1 in favor of 16:0. PG is found
in different cellular compartments and in particular in
the thylakoids, where it contains 16:1t, and in the ER,
where PG is devoid of 16:1t. In the thylakoids, the 16:1t
acyl group of PG was shown to be critical for associa-
tion with photosystems, particularly the D1 core of PSII
(Endo et al., 2015). The observed increase of PG with
higher proportions of 16:1t when light intensity in-
creases is thus possibly playing a role in PSII protection.
This result is consistent with the evidence in Figure 1B
that HL cells suffer from significant PSII photo-
inhibition, increasing their need for PSII repair.

Plant Physiol. Vol. 171, 2016
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Although they likely follow independent mechanisms,
this modification in PG, together with the DGTS vari-
ation mentioned earlier, can be considered as hallmarks
of the response to the light increase.

The acyl distribution of TAGs followed the same
trend observed in DAGs, with a limited amount of 20:5,
suggesting that the fatty acids are not recycled from
polar lipids but originate entirely from de novo syn-
thesis. This finding is significantly different from the
observations in nitrogen-depleted cells, where even if
neosynthesis played a major role in sustaining TAG
production, there was clear evidence of fatty acid
recycling from the polar lipids coinciding with the
degradation of thylakoids (Simionato et al., 2013).

Regulation of Triose, Pentose, and Hexose Content

We analyzed the regulation of the genes belonging to
those pathways directly involved in primary carbon
metabolism, which will necessarily feed all other met-
abolic pathways (Supplemental Data Set S3A). Glycol-
ysis and the Calvin-Benson cycle are involved in the
metabolism of hexose molecules, essential building
blocks for all biomolecules. Deciphering the regulation
of metabolic response in microalgae is extremely com-
plex because of the overlap among pathways and be-
cause of their sophisticated compartmentalization
(Johnson and Alric, 2013; Li et al., 2014). The collection
of genome-wide data from different environmental
conditions is essential to entangle this complex metab-
olism and its various crosstalk.

Among the significant regulations identified in the
conditions analyzed here, glucokinases (GK; Naga_
100170g2 and Naga_100119g19) are up-regulated in
ML and HL, while the cytosolic phosphoglucose iso-
merase is strongly up-regulated in LL (GPL, Naga_
100305g6). Phosphofructose kinase (PFK) and aldolases
(ALDO) did not show any transcriptional regulation, but
a strong response to light was found for the group of eight
Fru bisphosphatases. Two of them (Naga_100005g122
and Naga_100159g16) were up-regulated in HL, while
three were down-regulated in HL (Naga_101891gl,
Naga_102887g1, and Naga_100005g28). Interestingly,
in silico analysis of their coding sequences suggested a
cytosolic localization for up-regulated sequences and a
plastid localization for down-regulated sequences. High
expression of Fru bisphosphatase in the cytosol could
serve for the synthesis of storage carbohydrates (likely
1,3-B-glucans, known as chrysolaminarin or laminarin in
Nannochloropsis; Jia et al., 2015), while its low expression
in the plastid could avoid the removal of Fru 1,6-
biphosphate from the glycolytic pathway.

Through glycolysis, hexose phosphates are broken
down into three-carbon intermediates by the action of
aldolases, producing DHAP and GAP, two compounds
that are interconverted by the action of triose phosphate
isomerases (TPI). DHAP and GAP are essential mole-
cules in the metabolism, being intermediates in various
metabolic pathways located in different compartments
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Figure 6. Estimated acyl chain composition as a function of lipid class. Data are all expressed as average of three biological
replicates. Error bars correspond to sp of three biological replicates. Data are arranged from the most to the less abundant lipid

class (from the top to the bottom of the left and right columns), according to the quantification reported in Figure 5. White bars, LL;

striped bars, ML; black bars, HL. CPE, carboxymethy| phosphatidylethanolamine.
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of the cell, including glycolysis in the chloroplast, mi-
tochondrion, or cytosol, the Calvin-Benson cycle in the
chloroplast, or the pentose phosphate pathway (Chen
and Thelen, 2010; Zaffagnini et al., 2014). DHAP is also
a main precursor for IPP biosynthesis via the non-
mevalonate pathway in the chloroplast (Supplemental
Note S1), namely, the precursor for isoprenoids, which
are severely down-regulated under HL. Interestingly,
one of the major conclusions of a recently reported
study on circadian transcriptional regulation in
N. oceanica was that a coordination between the glycolysis
and fatty acid synthesis occurred for lipid production
(Poliner et al., 2015). Out of three triose phosphate
isomerase sequences, one is down-regulated in ML
(TPI, Naga_100011g1), while the two others (Naga_
103287g1 and Naga_100001g84) are up-regulated in
ML and HL compared to LL. The down-regulated en-
zyme, involved in the Calvin-Benson cycle, is localized
in the chloroplast, while the up-regulated ones are cy-
tosolic and participate in glycolysis. An altered cou-
pling of photosynthesis and glycolysis therefore seems

Light-Dependent Metabolic Remodeling in Algae

to be supported by these data, with a cytosolic energetic
metabolism relying on hexose phosphate consumption.

To complement the expression data, the light re-
sponse of primary carbon metabolites, trioses, pentoses,
and hexoses, was quantified (LC-HRMS; see “Materials
and Methods” for details; Fig. 7; Supplemental Data Set
54). For most sugars, there is a generalized increase in
accumulation with light intensity, and 13 out of
23 measured carbohydrates were significantly more
abundant under ML compared to LL (Fig. 7; Supplemental
Data Set S4). In particular, maltotriose responds pro-
gressively to light (LL < ML < HL; Fig. 7A). Similarly,
sorbitol/mannitol and Fru-dianhydride are accumulated
in response to increased light. The sugar accumulation
signature in HL could negatively regulate photosynthesis
and Calvin-Benson cycle gene expression (Couée et al.,
2006; Supplemental Data Set S3A), as reported in several
plant and cyanobacteria species when exposed to high
light conditions (Pego et al., 2000; Rolland et al., 2006).
In other photosynthetic organisms, sugar accumulation
has also been correlated with the down-regulation of

A @ 0,054
0 0,04
o} 003 P
w Y
S 0,01 % % % 7.
30 I% I% I% % 7 2 % 2 7
@ 0001 77 % > in Im Em/ Wiwm/ iwm/ AW/ Wmy
&
B — 0,0025
2}
o 0,00204
§0,0015- %
‘» 000104 %
%o,ooos- g
2 0,0000 7.
2 ‘§ e Q o e 8) D 53 c;?
é‘(\os ‘.;\@ a@&} v}&?, \“é\(@ & « \QSO\& 9 3 \0& &
3 < S & < & Q o &
i,\.\o Q:Q\ Q\(ﬁ @ (\e’ X
00"’0 bo"e: &\0’ ..@\\v 'a"’e}
o"a\\ \6\} o) w b‘oﬁ
®\><’ ?‘Rg & Q'KQA
& &
b%,o(} Qﬁ\\'
&

Figure 7. LC-ESI(+)-MS analyses of sugars in N. gaditana cells grown in different light conditions. Data are expressed as relative
content with respect to the level of the internal standard (formononetin). White bars, LL; striped bars, ML; black bars, HL. Data are
all expressed as average of three biological replicates. Error bars correspond to sp of three biological replicates. For more details,

see “Materials and Methods.”
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peroxisomal lipid B-oxidation (Contento et al., 2004),
carotenoid biosynthesis (Ryu et al., 2004), and reactive
oxygen species scavenging processes (Stoop et al., 1996;
Elbein et al., 2003; Lunn et al., 2014), all phenomena also
observed in this work, suggesting a possible role for
sugars not only as carbon sinks but also as signaling
molecules (Supplemental Note S1).

In this scenario, it is interesting to observe the pres-
ence of one carbohydrate intermediate more abundant
in LL than ML, i.e. DHAP (LL versus ML = 1.97). Its
accumulation is fully light-dependent in the framework
of this experiment, as it is also more abundant in ML
than in HL (ML/HL = 2.11; Fig. 7B). In plants, DHAP
synthesis in the chloroplast is generally activated by
light and acts as a precursor of starch biosynthesis.
Even if this results should be taken with some caution,
considering that DHAP was shown to have a rapid
turnover (Arrivault et al., 2009; Mettler et al., 2014), this
observation suggests an intriguing idea that DHAP
could represent a checkpoint for metabolic reprogram-
ming toward lipid biosynthesis instead of chrysolaminarin
or laminarin biosynthesis.

Metabolic Regulation by Modulation of
Intercellular Transport

Considering all data presented here, the subcellular
compartmentalization of the enzymes producing/
consuming DHAP and the trafficking of this triose phos-
phate from one compartment to another appear to be
critical for carbon metabolic fluxes and carbon partition-
ing. In primary chloroplasts, DHAP is known to be

Chloroplast

Photosynthesis
Y I 1 Chloroplast
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Q A biosynthesis

TPT

& Photosynthates
Induced in ML/HL export

tﬂecreased in ML/HL

N

exported to the cytosol by the triose phosphate/
phosphate translocator (TPT) in exchange for inorganic
phosphate (Pi) needed to regenerate ATP in the stroma. In
the secondary plastid of Apicomplexa (organisms pre-
senting a plastid limited by four membranes, as in
Eustigmatophyceae, but lacking photosynthesis), TPT
translocators act in the opposite way, importing DHAP to
feed the nonmevalonate pathway of isoprenoid synthesis
and FA synthesis (Mullin et al., 2006; Brooks et al., 2010;
Botté et al., 2012, 2013). We identified four genes coding
for TPTs in N. gaditana (Naga_100100g11, Naga_101308g1,
Naga_100006g37, and Naga_100007g104), and at least one
of these genes has high homology with the Apicomplexa
TPT (Naga_100100g11), showing conserved features such
as 10 membrane-spanning domains and a chloroplastic
transit peptide, suggesting a likely similar role in
importing DHAP into the plastid. The presence of an
Apicomplexa-like TPT suggests that N. gaditana might
be able to import DHAP from the cytosol, possibly to
feed IPP and FA syntheses. The four TPT genes of
N. gaditana are down-regulated in HL, which could
lead to decreased import of DHAP in the chloroplast
under these conditions in favor of FA biosynthesis in
the cytosol and in the ER. Although it still requires
further experimental support, the hypothesis of a role
of TPT translocators in regulation of metabolic fluxes
in Nannochloropsis is consistent with all present data
including the observed down-regulation of isopre-
noids and FA within the plastid.

In an organism that grows phototrophically, such as
N. gaditana, all reduced carbon molecules are first syn-
thesized in the chloroplast and can be directly utilized
there or exported to the cytosol.
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Figure 8. Model of regulation of carbon partitioning and lipid metabolisms in N. gaditana cells treated with high light. A possible
mechanism for the modulation of lipid biosynthesis involving the triose phosphate/inorganic phosphate transporters is proposed.
Pathways and metabolites that are down-/up-regulated in ML/HL are shown in red/green, respectively. In ML/HL, chloroplast FA
biosynthesis is inhibited. Photosynthates exported to the cytoplasm might be converted into FA by a putative cytosolic FAST.
Based on the presented data, triose phosphate/inorganic phosphate transporters could be part of a regulatory loop controlling the
carbon fluxes between the chloroplast and cytosol, determining a novel cellular metabolic status adapted to light intensity.
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This study hypothesizes that the adaptation to high
light involves a strong reorganization of the roles of the
different organelles and supports a scenario where re-
duced carbon molecules can be transported back to the
chloroplast to fuel plastid biosynthetic pathways such
as isoprenoids and FA biosynthesis, initially fed on
plastid precursors. Following this hypothesis, a regu-
latory loop for carbon partitioning between the chlo-
roplast and cytosol could be tuned by modulating the
activity of specific transporters. The regulation of me-
tabolite fluxes in and out of the chloroplast could thus
represent a major mechanism in the metabolic remod-
eling of the whole cell, increasing cytosolic pathways
when needed (Fig. 8). Such a regulation, together with
the peculiar N. gaditana ability of synthesizing FA in the
cytosol, allows this algae to sustain a strong lipids bio-
synthesis in ER also in stressing conditions where the
chloroplast pathway is repressed.

MATERIALS AND METHODS

Culture Conditions, Growth, and Neutral Lipid
Content Determination

Nannochloropsis gaditana wild type from CCAP (Culture Collection of Algae
and Protozoa), strain 849/5, was cultivated in sterile f/2 medium (Guillard and
Ryther, 1962), using 32 g/L sea salts (S9883; Sigma-Aldrich), 40 mm Tris-HCl,
pH 8, and Guillard’s (f/2) marine water enrichment solution (G9903; Sigma-
Aldrich). Cultures were generally kept in Erlenmeyer flasks with magnetic
stirring or in plates on the same f/2 medium supplemented by agar 10 g/L,
under continuous light at 100 wmol photons m 2 s~ at 21°C.

Before starting the experiment, cultures were treated with an antibiotic cocktail
of Ampicillin (100 ug/mL), Streptomycin sulfate (100 ug/mL), and kanamycin
sulfate (100 wg/mL; all from Sigma-Aldrich) for 48 h to obtain axenic cultures.

N. gaditana cells were precultured in a Drechsel bottle insufflated by 5% CO,
(used both for mixing and providing the carbon source) for 2 weeks and diluted
with new fresh f/2 medium every other day in order to keep the algae in ex-
ponential growth phase and restore the initial cellular concentration (20 * 10°
cells/mL). The light intensity was set at 100 umol photons m 2 s~' using
daylight fluorescent lamps.

The same N. gaditana preculture in exponential growth phase and with a
starting cellular concentration of 60 * 10° cells/mL was used to inoculate a
Multi-Cultivator MC 1000-OD device (Photon Systems Instruments), at the
constant temperature of 21°C, to generate the material for physiological, tran-
scriptomic, metabolomic, and lipidomic analysis. The volume per tube was
80 mL, the starting OD,,, was about 0.2, an air pump was used to aerate the
culture and keep the cells in suspension, and then OD,,, was measured every
hour. After 5 d of acclimation, the algae growth was measured using a cell
counter (Cellometer Auto X4; Nexcelom Bioscience). The biomass concentration
was measured gravimetrically as a dry weight by filtering 5 mL of culture,
diluted 1:5 with deionized water, using 0.45-um pore size cellulose acetate
filters. The filters were thus dried at 70°C for at least 24 h and the dry weight
was expressed in grams per liter of culture.

The neutral lipid content was determined by staining the algal cell sus-
pensions (2 * 10° cells in 1.9 mL final volume of deionized water) with Nile Red
dye, 2.5 ug/mL final concentration, for 10 min at 37°C. The fluorescence was
measured using a spectrofluorimeter (OLIS DM45) with excitation wavelength at
488 nm and emission wavelength in the range of 500 and 700 nm. The relative
fluorescence of Nile Red for the neutral lipids was obtained after the subtraction
of the autofluorescence of algal cells and Nile Red alone.

Pigment Content Analysis and Chlorophyll
Fluorescence Measurement

Total chlorophyll-a and carotenoids were extracted from the cells using 100%
N,N’-dimethylformamide (Sigma-Aldrich), at 4°C, for at least 24 h. Pigment
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concentration was determined spectrophotometrically using a Cary 100 spec-
trophotometer (Agilent Technologies). PSII maximum efficiency [expressed as
F,/F,, = (F;-Fy)/F,] was monitored through in vivo chlorophyll fluorescence
determination with the DUAL-PAM-100 fluorimeter (Heinz-Walz). F, /F,, un-
der LL and ML conditions was consistent with the one reported for various
Nannochloropsis species in other works (Kotabova et al., 2011; Simionato et al.,
2011; Dong et al., 2013). PSII functional antenna size (ASII) was determined
using a JTS10 spectrophotometer (Bio-Logic) at a concentration of 200 * 10°
cells/mL, with 80 um DCMU incubation for 10 min. In fluorescence induction
kinetics, t,,; values were taken as the functional antenna size of PSIL. Samples,
for F,/F,, and ASII determination were dark-adapted for 20 min before mea-
suring (Perin et al., 2015).

Cultures Sampling for -Omics Data Collection

After 5 d of growth, independent photobioreactor tubes coming from the
same biological run (thus representing technical replicates of growth) and ex-
posed to the same light intensity were pulled together to get 20 mL for LL exposed
cultures (2 * 107 cells/mL) and 10 mL for ML/HL exposed cultures (5 and 3.5 *
107 cells/mL, respectively). Cells were collected at 5,000¢ for 15 min at room
temperature and then immediately frozen in liquid nitrogen. This procedure
was followed for three independent photobioreactor runs in order to collect the
biological material coming from three independent biological replicates.

RNA-Sequencing

RNA was extracted from frozen pellets using the RNeasy Plant Mini kit
(Qiagen) and its quality checked with abioanalyzer (Agilent Technologies). RNA
was extracted from three independent biological replicates of N. gaditana cells
grown for 5 d at three different light intensities. All the samples had an RNA
integrity number of 7.2 to 7.8. Samples for ligation sequencing were prepared
according to the SOLiD whole-transcriptome library preparation protocol (pn
4452437 Rev.B). Samples were sequenced using a SOLiD System 5500XL (Ap-
plied Biosystems). The average number of RNA-seq reads per sample was
approximately 45 million and they ranged between 30 and 55 M (Supplemental
Table S1). The reads of each of the nine samples (three biological replicates for
each of the three light intensities) were mapped to the N. gaditana B-31 genome
(Corteggiani Carpinelli et al., 2014) using PASS aligner (Campagna et al., 2013).
The percentage identity was set to 90% with one gap allowed whereas the
quality filtering parameters were set automatically by PASS. Moreover, a
minimum read length cutoff of 50 and 30 nucleotides was set for the forward
sequences and reverse reads, respectively. The spliced reads were identified
using the procedure described in PASS manual (http://pass.cribi.unipd.it).
Forward and reverse reads were aligned independently on the reference ge-
nome while the pairing between forward and reverse reads was performed
using PASS-pair program from the PASS package. The abundance of each gene
was quantified using htseq-counts program (http://www-huber.embl.de/
users/anders/HTSeq/doc/count.html). The quantification was performed
using only the uniquely mapped reads and providing as reference prediction
the gene set available (Corteggiani Carpinelli et al., 2014).

Estimation of Differential Gene Expression

Differentially expressed gene analysis was performed using EdgeR software
(Robinson et al., 2010). The raw read counts were normalized considering both
the different depth of sequencing among the samples and the gene GC content.
The normalization was performed using the EDASeq package (Risso et al.,
2011). We considered as differentially expressed all the genes with a
P value < 0.05 after false discovery rate correction.

Hierarchical Clustering

Cluster analysis of differentially expressed genes was performed using the
TMeV 4.3 software (Significance Analysis of Microarray, multiclass analysis
with 5% false discovery rate accepted; Saeed et al., 2003). Hierarchical clustering
was performed on each cluster to represent gene relationships in dendrograms,
with Pearson’s correlation distance as the metric. Classes considered for clus-
tering the differentially expressed genes were (1) cells grown in LL conditions,
(2) cells grown in ML conditions, and (3) cells grown in HL conditions (three
samples per each class). Gene Ontology analysis of the differentially expressed
genes was performed according to Blast2GO web tool (Conesa et al., 2005).
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Phylogenetic Analysis

Protein sequences were chosen among LHCa /b of Chlamydomonas reinhardtii
and Arabidopsis (Arabidopsis thaliana), LHCf, mainly devoted to light harvest-
ing and LHCX/LHCSR, involved in photoprotection. The multiple alignment
of protein sequences was performed using MUSCLE (Edgar, 2004) and man-
ually adjusted in BioEdit (Supplemental Fig. S1). Phylogeny reconstruction was
performed using maximum likelihood as statistical method and 1000-iteration
bootstrap resampling using Mega6.0 (Tamura et al., 2013). Results were also
confirmed by performing a maximum likelihood analysis using PhyML
(Guindon et al., 2010) and neighbor joining using Mega6.0 (Tamura et al., 2013).

Metabolomic Analysis

Liquid chromatography-positive electrospray ionization-mass spectrometry
[LC-ESI(+)-MS] analysis of primary and secondary semipolar metabolome has
been performed as previously described (De Vos et al., 2007; Iijima et al., 2008),
with slight modifications. Metabolites were extracted from three independent
biological replicates of N. gaditana cells grown for 5 d at three different light
intensities. Ten milligrams of freeze-dried cells were extracted with 0.5 mL cold
75% (v/v) methanol and 0.1% (v/v) formic acid, spiked with 10 ug/mL
formononetin. After grinding and sonication, the extracts have been shacked for
40’ at 20 Hz using a Mixer Mill 300 (Qiagen) and centrifuged for 15" at 20,000g at
4°C. Supernatants (0.3 mL) were transferred to HPLC tubes.

For each sample, at least two independent extractions from the three inde-
pendent cell cultures (for each light condition) were performed.

LC-MS analyses were carried out using a LTQ-Orbitrap Discovery mass
spectrometry system (Thermo Fisher Scientific) operating in positive ESI, cou-
pled to an Accela U-HPLC system (Thermo Fisher Scientific). Liquid chroma-
tography was carried out using a Phenomenex C-18 Luna column (150 X 2.0 mm,
3 um) and mobile phase was composed of water—0.1% formic acid (A) and
acetonitrile-0.1% formic acid (B). The gradient was as follows: 95% A:5% B
(1 min), a linear gradient to 25% A:75% B over 40 min, 2 min isocratic, before
going back to the initial LC conditions in 18 min. Ten microliters of each sample
was injected and a flow of 0.2 mL per minute was used during the whole LC
runs. Detection was carried out continuously from 230 to 800 nm with an online
Accela Surveyor photodiode array detector (Thermo Fischer Scientific). All
solvents used were LC-MS grade quality (CHROMASOLV; Sigma-Aldrich).

Glycerolipid Analysis

Glycerolipids were extracted from three independent biological replicates of
N. gaditana cells grown for 5 d at three different light intensities. Glycerolipids
were extracted from 10 mg of freeze-dried N. gaditana cells, according to Folch
et al. (1957). The freeze-dried cell pellet was resuspended in 4 mL of boiling
ethanol for 5 min followed by the addition of 2 mL of methanol and 8 mL of
chloroform at room temperature.

The mixture was then saturated with argon and stirred for 1 h at room
temperature. After filtration through glass wool, cell remains were rinsed with
3 mL of chloroform/methanol, 2:1 (v/v). In order to initiate biphase formation,
5mL of 1% NaCl was then added to the filtrate. The chloroform phase was dried
under argon before resolubilization of the lipid extract in pure chloroform.

To isolate TAGs, lipids were run on silica gel plates (Merck) with hexane:
diethylether:acetic acid, 70:30:1 (v/v). To isolate polar glycerolipids, lipids were
analyzed on silica gel plates (Merck) by two-dimensional thin-layer chroma-
tography (2D-TLC). The first solvent was chloroform:methanol:water, 65:25:4
(v/v), while the second one was chloroform:acetone:methanol:acetic acid:water,
50:20:10:10:5 (v/v). Lipids were then visualized under UV light after pulverization
of 8-anilino-1-naphthalenesulfonic acid at 2% in methanol. Lipid classes were then
assessed based on position on the 2D-TLC, according to previous studies
(Simionato et al., 2013), adding a DGTS standard that was not used in this pre-
vious study. Carboxymethyl phosphatidylethanolamine was identified by mass
spectrometry as described by Shoji et al. (2010). Glycerolipids were then scraped
off from the 2D-TLC plates for further analyses. For lipid quantification, fatty
acids were methylated using 3 mL of 2.5% H,SO, in methanol during 1 h at 100°C
(including standard amounts of 21:0). The reaction was stopped by the addition of
3 mL of water and 3 mL of hexane. The hexane phase was analyzed by gas and
liquid chromatography (Perkin-Elmer) on a BPX70 column (SGE Analytical Sci-
ence), coupled with MS. Methylated fatty acids were identified by comparison of
their retention times with those of standards and quantified by surface peak
method using 21:0. For every biological replicate, the extraction and quantification
were repeated at least for three technical replicates.
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Large Data Sets

Since the data sets we refer to are too large to be included in the manuscript,
they are uploaded as supplemental material.

Accession Numbers

Sequence data used for phylogenetic reconstruction can be found in the
GenBank data library under the following accession numbers: AtLhca2,
AT3G61470; AtLhca3, AT1G61520; AtLhca4, AT3G47470; AtLhcbl.1,
AT1G29930; AtLhcb2.1, AT2G05070; AtLhcb5, AT4G10340; CrLhca3,
XP_001701405; CrLhca4, XP_001698519; CrLhcb5, XP_001695927; CrLhcbm?2,
XP_001700243; CrLhcbm2, XP_001694115; CeLHCSR, X60721; SoLHCSR,
DQ394297; MvLHCSR, DQ370082; Ot,LHCSR, AY954739; CrLHCSR3,
XM_001696073; CrLHCSR1, XM_001696086; PpLHCSR1, XM_001776900;
PpLHCSR2, XM_001768019; TpLHCX6, XM_002295147; EsiLHCX1, CBJ48499;
EsiLHCX2, CBN73961; EsiLHCX3, CBJ27268; EsiLHCx4, CBJ27787; EsiLHCXS5,
CBJ27788; EsiLHCX6, CBJ27803; EsiLHCX7, CBJ27803; NgLhcx1, EWM30071;
NgLHCf1, EWM21572.1; NgLHCX2, EWM27041; PtLHCf12, XM_002176699;
TpLHCf7, XM_002294544; PtLHCf11, XM_002184727; PtLHCf10,
XM_002183345; TpLHCf10, XM_002295583; EsiLHCf1, CBN76797; EsiLHCf2,
CBN74050; EsiLHCf3, CBJ30555; EsiLHCf4, CBN76797; PtLHCf13,
XP_002182219; PtLHCF14, XP_002182305; CycLHCf1, CAA04178; TpLHCf1,
XP_002294743; TpLHCf3, XP_002295015; TpLHCf4, XP_002294845; TpLHCf5,
XP_002294608; TpLHCf6, XP_002288729; TpLHC{8, XP_002286436.

Supplemental Material

The following supplemental materials are available.

Supplemental Figure S1. Protein sequence analysis of a subset of LHC
sequences from algae, Physcomitrella patens, and Arabidopsis thaliana.

Supplemental Figure S2. Light effect on the growth of Nannochloropsis
gaditana cells.

Supplemental Figure S3. Two dimensional MDS plot for the light tran-
scriptome data set.

Supplemental Figure S4. Distribution of genes in manual functional cate-
gories for the six groups identified by hierarchical clustering analysis.

Supplemental Table S1. Description of the SOLID whole-transcriptome
RNA-seq libraries.

Supplemental Table S2. Nonpolar metabolites in Nannochloropsis gaditana
cells grown in three different light conditions.

Supplemental Note S1. Genes clusters description according to Gene On-
tology annotation.

Supplemental Note S2. Effect of light on various metabolic pathways.
Supplemental Note S3. Effect of light on desaturases behavior.
Supplemental Methods S1. Isoprenoid determination.

Supplemental Data Set S1. Light dose-regulated genes in Nannochloropsis
gaditana.

Supplemental Data Set S2. Light response of various group of genes re-
lated to plastid physiology and metabolism in Nannochloropsis gaditana.

Supplemental Data Set S3. Light response of various groups of genes
involved in primary carbon and lipid metabolism in Nannochloropsis
gaditana.

Supplemental Data Set S4. LC-ESI-MS of semipolar metabolites in Nanno-
chloropsis gaditana cells grown in three different light conditions.
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