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To reveal the molecular mechanisms of oleaginousness in microalgae, transcriptomic and lipidomic dynamics of the
oleaginous microalga Nannochloropsis oceanica IMET1 under nitrogen-replete (N+) and N-depleted (N-) conditions were
simultaneously tracked. At the transcript level, enhanced triacylglycerol (TAG) synthesis under N- conditions primarily
involved upregulation of seven putative diacylglycerol acyltransferase (DGAT) genes and downregulation of six other DGAT
genes, with a simultaneous elevation of the other Kennedy pathway genes. Under N- conditions, despite downregulation of
most de novo fatty acid synthesis genes, the pathways that shunt carbon precursors from protein and carbohydrate
metabolic pathways into glycerolipid synthesis were stimulated at the transcript level. In particular, the genes involved in
supplying carbon precursors and energy for de novo fatty acid synthesis, including those encoding components of the
pyruvate dehydrogenase complex (PDHC), glycolysis, and PDHC bypass, and suites of specific transporters, were substantially
upregulated under N- conditions, resulting in increased overall TAG production. Moreover, genes involved in the citric acid cycle
and -oxidation in mitochondria were greatly enhanced to utilize the carbon skeletons derived from membrane lipids and
proteins to produce additional TAG or its precursors. This temporal and spatial regulation model of oil accumulation in
microalgae provides a basis for improving our understanding of TAG synthesis in microalgae and will also enable more rational
genetic engineering of TAG production.

INTRODUCTION methods of genetically engineering microalgae for improved
growth while stimulating TAG production have long been sought.
However, the molecular and cellular mechanisms underlying lipid
metabolism in microalgae are largely unknown. Identifying the
pathways and regulatory networks that underlie the oleaginous
phenotype should guide the rational genetic engineering of mi-
croalgae for the overproduction of TAG (Li et al., 2010a, 2010b;
Georgianna and Mayfield, 2012).

As in vascular plants, it is generally thought that TAG is syn-
thesized via two pathways in eukaryotic microalgae: the acyl-CoA
dependent Kennedy pathway and the acyl-CoA independent
alternative pathway mediated by a phospholipid:diacylglycerol
acyltransferase (PDAT). In the Kennedy pathway, activated fatty
acids (FAs) in the form of acyl-CoA are sequentially incorporated

Microalgae are capable of storing energy in the form of tri-
acylglycerol (TAG) under adverse environmental conditions,
such as nutrient deprivation (Hu et al., 2008; Merchant et al.,
2012). The high growth potential and oil content, as much as
60% of cell dry weight, of many oleaginous microalgae has led
to growing interest worldwide in utilizing these organisms as
a source of biomass feedstock for biofuels and biomaterials (Hu
et al., 2008). As vigorous growth and TAG accumulation are
usually mutually exclusive in naturally occurring microalgae,
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into glycerol-3-phosphate to produce TAGs, which are catalyzed
by a glycerol-3-phosphate acyltransferase (GPAT), lysophos-
phatidic acid acyltransferase (LPAAT), phosphatidic acid
phosphatase (PAP), and diacylglycerol acyltransferase (DGAT)
(Coleman and Lee, 2004; Ohlrogge and Browse, 1995). Enzymes
of the Kennedy pathway are often encoded by multiple copies of
genes or are distinct proteins in eukaryotes (Coleman and Lese,
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2004). In some cases in vascular plants, isoforms of the enzymes
are associated with different subcellular compartments and in-
volved in diverse physiological functions (Chapman and Ohlrogge,
2012). Thus, identifying the genes specifically underlying TAG
synthesis is essential for understanding lipid metabolism and for
overproducing lipids of commercial interest in microalgae.

Extensive transcriptomic analyses suggested that FA synthesis
may be another important regulatory step in TAG production in
vascular plants (Bourgis et al., 2011; Troncoso-Ponce et al., 2011;
Venglat et al., 2011). Pyruvate and acetyl-CoA, the precursors for
FA biosynthesis, are synthesized via multiple metabolic routes.
For instance, glycolysis and pentose phosphate pathways are the
major contributors for pyruvate production in vascular plants, and
a minor amount of pyruvate can also be synthesized from malate
by NADP-dependent malic enzyme (Kang and Rawsthorne, 1996;
Alonso et al., 2007). Pyruvate is then converted to acetyl-CoA by
the pyruvate dehydrogenase complex (PDHC) for de novo FA
biosynthesis in the plastid (Lutziger and Oliver, 2000; Lin et al.,
2003). In addition, free acetate imported from the mitochondria
into the plastid can be converted to acetyl-CoA by an acetyl-CoA
synthetase (Roughan and Ohlrogge, 1994). The first step of FA
synthesis is catalyzed by acetyl-CoA carboxylase (ACCase) that
converts acetyl-CoA to malonyl-CoA, which then serves as a car-
bon donor for FA chain extension catalyzed by type Il FA synthase
in the plastid (Ohlrogge and Browse, 1995). A number of key en-
zymes involved in the production of the precursor for FA synthesis,
such as phosphofructokinase, pyruvate kinase (PK), and PDHC,
are regulated at the transcript level to increase the carbon fluxes
into TAG production in oil palm Elaeis guineensis (Bourgis et al.,
2011). However, in microalgae, the key enzymes and regulators
involved in FA biosynthesis and conversion into TAG and other
glycerolipids remain unknown, especially in oleaginous species.
Thus, detailed transcriptome and metabolome analyses are
essential for reconstructing the metabolic pathways and regulatory
networks responsible for TAG synthesis in microalgae.

The nonoleaginous green alga Chlamydomonas reinhardtii
has served as a model species for investigating the genetic
mechanism of TAG production in microalgae because its ge-
nome has been sequenced and many specific genetic tools are
available (Merchant et al., 2007, 2012; Miller et al., 2010; Boyle
et al., 2012). In C. reinhardtii, the excess photosynthetically fixed
carbons and energy are mainly stored in the form of starch and
to a much lesser extent TAG under high light or under high light
plus N depletion (Buléon et al., 1997; Li et al., 2010a, 2010b). In
oleaginous microalgae (e.g., Nannochloropsis spp), TAG is the
main carbon and energy reserve along with smaller amounts of
the water-soluble polysaccharide chrysolaminarin under stress
conditions (Radakovits et al., 2012; Vieler et al., 2012; Wang
et al., 2014). The genetic makeup and molecular mechanisms
that bestow oleaginous microalgae the ability to produce ex-
traordinary amounts of TAG in response to stress remain to be
elucidated.

Nannochloropsis is a genus of unicellular photosynthetic
microalgae belonging to the heterokonts and is distributed widely
in the marine environment as well as in fresh and brackish waters.
Nannochloropsis species/strains are of industrial interest due to
their ability to grow rapidly, synthesize large amounts of TAGs and
high-value polyunsaturated FAs (e.g., eicosapentaenoic acid), and

tolerate broad environmental and culture conditions (Sukenik,
1991; Wang et al., 2012). Recently, the genomes of multiple species
of Nannochloropsis have been sequenced and partially annotated
(Radakovits et al., 2012; Vieler et al., 2012; Wei et al., 2013; Wang
et al., 2014). Several transcriptomic analyses have also been con-
ducted with Nannochloropsis (Vieler et al., 2012; Carpinelli et al.,
2013; Zheng et al., 2013); however, the individual-snapshot mRNA
analyses, which tested only one or two time points, has failed to
capture the temporal dynamics of gene expression. Moreover, the
paucity of studies correlating gene expression and metabolite data
during oleaginousness has precluded inference and untangling of
the causal relationships underlying the complex molecular network
involved in lipid metabolism (Ledn-Bafares et al., 2004; Rosenberg
et al., 2008).

In this study, we generated large-scale, highly reproducible
transcript profiles via mRNA-Seq and lipidome profiles by an
electrospray ionization mass spectrometry (ESI/MS) analysis of
Nannochloropsis oceanica strain IMET1 under N-replete (N+)
and N-depleted (N-) conditions. In contrast with the FA analyses
adopted by most previous studies on Nannochloropsis and
many other microalgal species, ESI/MS-based lipidomics analysis
directly measured both the end products and the intermediates of
glycerolipid metabolism. The congruent global, timely resolved
transcriptomic and lipidomic profiles uncovered several key
genomic, metabolic, and regulatory characteristics of the oleagi-
nous phenotype of this organism. These findings enhance our
understanding of TAG production in microalgae and will assist in
the rational genetic engineering of this organism and perhaps of
other related species for the overproduction of TAG or other
bioproducts.

RESULTS AND DISCUSSION

Global Gene Expression Analysis

To dissect the molecular mechanisms underlying lipid metabolism
during oil accumulation, the global gene expression of IMET1 as
a function of time (i.e., over six time points, 3, 4, 6, 12, 24, and
48 h) under N+ and N- conditions was measured by mRNA-Seq,
with three biological replicates for each sample (Supplemental
Table 1). Growth of IMET1 under the two conditions was moni-
tored by optical density measurement (Supplemental Figure 1).
The experiment generated 36 high-quality transcript profiles with
high reproducibility among the three biological replicates at each
time point (Spearman correlation > 0.98; Supplemental Data Set 1).
Partitioning around medoids clustering analysis also suggested
distinction of the transcriptomes among different time points as
well as high reproducibility among the three biological replicates
within each time point (Supplemental Figure 2). Furthermore, the
time-resolved transcriptomes were validated by quantitative PCR
(gPCR) analysis of 13 selected genes over the six time points with
the coefficient of determination between gPCR-based and
mRNA-Seg-based transcript abundance being 0.9366 (R?)
(Methods; Supplemental Figure 3 and Supplemental Table 2).

A total of 9758 genes, accounting for 97.3% of all of the an-
notated genes in the IMET1 genome (Wang et al., 2014), were
aligned with at least one read (FPKM [fragments per kilobase of
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transcript per million mapped reads] value = 1) in each biological
sample. Based on the definition of differential gene expression
(Methods), 1362 genes (14.0% of total) were found to be signifi-
cantly upregulated, whereas 1893 genes (19.4% of total) were
downregulated in response to N depletion. The upregulated
genes were involved in diverse physiological functions without
significant functional enrichment. In contrast, the downregulated
genes showed functional enrichment, with most of these genes
involved in photosynthesis and ribosomal protein synthesis
(Supplemental Data Set 2).

The 3255 differentially expressed genes were grouped into 16
clusters based on their temporal expression patterns (Figure 1A).
To examine if a given expression pattern was linked to any
specific biological functions, the annotated genes in each
cluster were manually categorized into 12 functional groups
(Supplemental Data Set 2; Figure 1B). The genes with unknown
functions accounted for 23 to 64% of the genes in each cluster,
representing the largest category; the exception was in cluster
C12, where the functional category of protein synthesis, modifi-
cation, folding, and turnover predominated.

For those clusters predominated by unknown genes, the
second largest functional category was designated as the pri-
mary functional genes for a given cluster (Figure 1B). In cluster
C1, 42% genes encoded components of the photosynthetic
apparatuses, such as light-harvesting complex and photosys-
tem reaction center proteins. Transcripts of these genes un-
derwent a sharp decrease in transcript level from 3 to 12 h after
the onset of N deprivation, followed by a gradual decrease until
48 h. Cluster C2 was primarily involved in DNA, RNA, and gene
expression, including a number of genes encoding enzymes
required for DNA replication. The cell cycle category was also
enriched in cluster C2. The simultaneous downregulation of
DNA replication and cell cycle-related genes after 12 h of N
depletion may be attributable to retarded cell division under N
deprivation conditions. The primary functional genes of cluster
C6 were involved in transport, including the genes encoding ion
channels and vesicular trafficking proteins. Most of the genes in
this cluster showed progressive upregulation (maximum fold
change >20) in response to N deprivation. The primary functional
group of cluster C15 is related to protein synthesis, modification,
folding, and turnover. Most of the genes in this functional cate-
gory encoded ribosomal proteins, which were downregulated by
~2-fold. The other clusters were predominantly presented by the
category of metabolism, which included genes involved in the
biosynthesis and degradation of carbohydrates, amino acids,
lipids, and secondary metabolites; these genes exhibited diverse
expression patterns (Figure 1B).

Because of the particular interest of this study in lipid
metabolism under N-depletion stress, the genes involved in
lipid metabolism (e.g., FA metabolism, structural and storage
lipid metabolism, and lipid binding/trafficking) in each cluster
are listed in Supplemental Data Set 2. A total of 80 differentially
expressed lipid metabolism-related genes (DELM) were identi-
fied. Regardless of whether the genes were subjected to upre-
gulation, downregulation, or complex regulation, there are several
noteworthy features of DELM genes. DELM gene expression
patterns are extremely diverse, spreading into all clusters except
C12, with the maximum changes in transcript of these genes
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being <20-fold. DELM genes were particularly enriched in clusters
C3, C16, and C10, accounting for nearly 50% of the DELM genes.
However, none of these clusters was specialized or enriched with
a specific functional group; on the contrary, many genes with the
same functions were found in the different clusters. Regulation of
the lipid metabolism genes and pathways will be discussed in
detail in the corresponding sections below.

Quantitative Analysis of Glycerolipids

In parallel with the global gene expression study, global glyc-
erolipid profiling of IMET1 was performed by an ESI-MS method
to characterize the lipid metabolic pathways. Algal samples cor-
responding to those used in the temporal transcriptomic analysis
from the N+ and N- cultures were used for lipidomic analysis.
Moreover, considering that changes in molecular species of
glycerolipids may lag behind the changes in gene expression in
response to nitrogen availability, two more sampling points at 72
and 96 h were added to the lipidomics analysis.

A shotgun mass spectrometry determined nine major glycerolipid
classes: monogalactosyldiacylglycerol (MGDG), digalactosyldiacyl-
glycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), phospha-
tidylglycerol (PG), phosphatidylcholine (PC), diacylglyceryl-O-
4’-(N, N, N,-trimethyl) homoserine (DGTS), phosphatidylinositol
(PI), phosphatidylethanolamine (PE), and TAG. Within each of
these classes, the acyl groups of individual molecular species
were resolved by product ion scanning analysis with optimal
collision energy. A total of 55 major molecular lipid species be-
longing to the nine classes were identified in IMET1 grown under
N+ and N- conditions (Supplemental Data Set 3). To achieve
lipidome-wide quantitative analysis, algal lipid extracts containing
the known amounts of internal standards were separated by two
liquid chromatography gradients and detected in the positive and
negative mode of ESI/MS, respectively. The cellular contents of
the 55 major molecular lipid species over the 96-h period and the
total content of the nine classes of glycerolipids (Figure 2) re-
vealed distinct patterns of dynamics in their relative abundances.
A small amount of TAG (in the range of 1 to 5 mg g~ cell dry
weight) was detected in cells grown under N+ conditions, and it
increased by ~3-fold at the end of the lag phase (24 h after in-
oculation; Figure 2A) and then declined somewhat as cells were
dividing (24 to 96 h). After the onset of N depletion, TAG synthesis
increased by approximately 400-fold within 96 h. Congruently, the
membrane glycerolipids (particularly the photosynthetic membrane
lipids like MGDG, DGDG, SQDG, and PG) that dominated under
N+ conditions decreased significantly in response to N deprivation.
Among the eight classes of membrane glycerolipids, MGDG and
PG were most susceptible to N deprivation, with each decreasing
by 84% after 96 h under N- conditions.

A heat map showing the fold changes (N-/N+) of all 55
molecular lipid species as a function of time under N- conditions
(Figure 3) revealed that 15 major TAG species increased by ~5- to
800-fold at 96 h under N deprivation (P = 0.01; Supplemental
Data Set 3). The TAG species with lower degrees of desaturation,
such as TAG 50:2 (16:0/16:0/18:2) and 48:1 (16:0/16:1/16:0),
were induced at the early stages of N deprivation (e.g., at 3 and
4 h), while the molecular species of TAG containing poly-
unsaturated fatty acids (PUFAs), like TAG 52:6 (16:0/16:1/20:5),
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Figure 1. Transcriptional Dynamics and Function of the 3255 Differentially Expressed (N-/N+) Genes.

(A) Expression pattern of the differentially expressed genes grouped into 16 clusters. Mean fold changes [as indicated by log,(N-/N+)] of genes in
a given cluster was plotted as orange lines, with error bars representing the so (n = 3). The values at time point 0 h were assumed to be zero.

(B) Distribution of genes in manual functional categories within each cluster.

52:5 (16:0/16:0/20:5), and 50:5 (14:0/16:0/20:5), increased con-
siderably after 24 h of N deprivation.

Membrane glycerolipids showed more complex changes than
TAG under N- conditions with respect to class and molecular
species of lipids. In general, most membrane lipid species de-
creased in response to N deprivation. In particular, DGTS 32:2
underwent the most rapid reduction at 3 h, followed by DGTS

36:6 and PC 32:2 at 24 h. The degradation of these N-containing
molecules can be considered an early response to N deprivation
at the molecular lipid species level. After 24 h, a number of
photosynthetic membrane lipid species containing PUFAs (e.g.,
MGDG 34:5 [20:5/14:0], DGDG 34:5 [20:5/14:0], and PG 36:5
[20:5/16:0]), as well as two relatively saturated galactolipid
species (MGDG 32:1 and DGDG 32:1), decreased rapidly. By
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Figure 2. Cellular Content of the Nine Major Glycerolipid Classes in IMET1 as a Function of Time under N+ and N- Conditions.

Values represent means +sp (n = 3 for [A]; n = 4 for [E] [DGTS species], and n = 6 for [B] to [I]). Time refers to the duration (in hours) since the onset of
N+ or N- conditions. DW, dry weight.
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Figure 3. Heat Map lllustrating Variation of the Cellular Content of the
Major Molecular Species of Glycerolipids over 96 h under N Deprivation.

Fold change of the lipid content in response to N deprivation was cal-
culated as log,(Ic(Tx, N-)/Ic (Tx, N+)) (Ic = content of lipid species, Tx =
time point, N- = N deprivation, and N+ = N-replete) and displayed in the
heat map. Significant differences (P = 0.01) between N- and N+ are in-
dicated with an asterisk. Acyl chains of glycerolipid species are de-
scribed by the convention “carbon number: number of double bonds.”
Values represent means + sp (n = 3 for TAG 48:2 [16:1/16:0/16:1], TAG
48:1 [16:0/16:1/16:0], TAG 50:2 [16:0/16:1/18:1], TAG 50:2 [16:0/16:0/
18:2], and TAG 50:1 [16:0/16:0/18:1]; n = 4 for DGTS 32:1 [16:0/16:1]; n =
5 for DGTS 32:2 [16:1/16:1] and DGTS 40:9 [20:4/20:5]; n = 6 [for all other
species]). Time refers to the duration (in hours) since the onset of N+ or
N- conditions.

contrast, a few PC species (34:1, 34:2, 36:2, and 36:3) increased
significantly (by 1.5- to 2.5-fold at 24 h) under N- conditions
(Figure 3; Supplemental Data Set 3), indicating the possible
presence of PC-based acyl editing in membrane lipid turnover
and TAG synthesis. PC acyl editing involves rapid deacylation of
PC to release acyl-CoA (Bates et al., 2007, 2009), which is then
incorporated into TAG. However, N deprivation did not cause
any significant changes in most of the PE species, suggesting
that these “housekeeping” lipid species may be involved in
maintaining the integrity of cellular membrane structure and
function.

TAG Biosynthesis

TAG Synthesis via the Kennedy Pathway

In the IMET1 genome, two DGAT-1 (DGAT-1A and B) and 11
DGAT-2 genes (DGAT-2A, B, C, D, E, F, G, H, |, J, and K) were
identified (Supplemental Data Set 4), along with one PDAT gene
(Wang et al., 2014). The transcriptional dynamics of the 13 DGAT
genes were quantitatively determined by mRNA-Seq and
confirmed by qPCR (Figure 4; Supplemental Figure 4 and
Supplemental Data Set 5). The absolute transcript levels of
the 13 DGAT genes were indicated by FPKM values (Figure 4),
while the relative transcript level was quantified based on fold
changes between the N- and N+ conditions (Figure 5). The 13
DGAT genes showed diverse expression patterns, which were
categorized into four groups based upon the effect of N
availability on the temporal dynamics of their absolute tran-
script abundances. DGAT-2/, DGAT-1B, and DGAT-2K were
transiently upregulated under N+ conditions with the transcript
level peaking at 6, 12, and 24 h, respectively, at levels that
were significantly higher than under N- conditions (Figure 4A).
Nevertheless, the upregulation of these DGAT genes was
concomitant with the increase in TAG from 3 to 24 h under N+
conditions, suggesting that these DGAT genes are responsible
for TAG synthesis in the lag and early exponential growth
phases of the cells. DGAT-2F and 2G may play a more important
role in TAG synthesis under N+ conditions as well, since their
transcript levels were higher in N+ than in N- cells. Compared with
DGAT-2I, DGAT-1B, and DGAT-2K, the transcript levels of DGAT-
2F and 2G peaked at 48 h or at a later time point (Figure 4A),
suggesting that these genes may contribute to a greater extent to
TAG synthesis in the exponential and stationary growth phases of
IMET1 cells.

Seven DGAT genes were upregulated under N- conditions,
yet the expression patterns of the individual DGATs were mark-
edly different. DGAT-2C and 2D showed transient upregulation,
with their transcript levels peaking at 24 h following the onset of
N depletion and declining thereafter (Figure 4B). Rapid upregu-
lation of DGAT-1A and DGAT-2H occurred at 12 h following the
onset of N depletion; DGAT-2A, 2B, and 2E were similarly upre-
gulated at 24 h. Thereafter, the transcript levels of these DGATs
either remained more or less constant (DGAT-2B) or continued
to increase at a reduced rate (DGAT-1A, DGAT-2A, 2E, and 2H)
(Figure 4C). Among these seven DGAT genes, DGAT-2B ex-
hibited both the highest absolute level of transcript and the
greatest fold change (5.7-fold), falling into C6, a differentially
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Figure 4. Absolute Transcript Levels (FPKM) of DGAT Genes under N+ and N- Conditions.

Thirteen DGAT genes were classified into four groups based on the transcriptional expression (absolute transcript abundance) patterns of these genes
under N-replete and N-depleted conditions. Group (A) includes five DGAT genes transiently upregulated under N+ at at least one time point; group (B)
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expressed gene cluster with the most striking upregulation
(Figure 1A), whereas DGAT-2H showed the lowest absolute
transcript level over the 48-h period. Given that a large number
of TAG molecular species increased dramatically after 24 h
under N- conditions, the transient or progressive upregulation
of these DGATSs is likely the major contributor to the bulk of the
TAG formed during N depletion. DGAT-2J was identified as
a “non-N responsive gene,” as its transcriptional expression
was unaffected by the availability of N in the growth medium
(Figure 4D).

Recent studies on C. reinhardtii indicate that multiple organelles
(e.g., the plastid and endoplasmic reticulum [ER]) are involved in
TAG synthesis and assembly (Fan et al., 2011; Goodson et al.,
2011; Troncoso-Ponce et al., 2011). To determine possible
compartmentalization of TAG synthesis in this organism, SignalP
(Petersen et al., 2011), ChloroP (Emanuelsson et al., 1999), Mi-
toprot (Claros, 1995), and HECTAR (Gschloessl| et al., 2008)
were used to predict subcellular localization of the 13 DGAT
genes. A Type Il signal anchor was detected in DGAT-2A, 2H,
and 2K (Supplemental Data Set 6). The Type Il signal anchors
are signal peptides with an extended N-terminal transmembrane
region; thus, the proteins with type Il signal anchors are pre-
sumed to be located in ER membranes (Gschloessl et al., 2008).
These ER-associated DGAT-2 proteins seemed to play differ-
ential physiological roles in TAG synthesis under the various
environmental conditions: The most abundant ER-associated
isoform (encoded by DGAT-2A) and a minor isoform (2H) were
induced under N deprivation (Figures 4C and 5), whereas 2K
was upregulated in the lag and early exponential growth phases
under N+ conditions (Figures 4A and 5). In mammalian cells,
a subdomain of ER membranes physically associated with mi-
tochondria was found to be enriched in DGAT activity, and
a murine DGAT-2 containing a typical mitochondrial transit
peptide was present in that specialized subdomain (Stone et al.,
2009). A strong signal for mitochondrial transit peptides was
detected in DGAT-2I, whose transcriptional pattern strongly
suggested a role in TAG synthesis under N+ conditions
(Figures 4A and 5).

TAG accumulation in microalgae under stress conditions and
in plant leaf cells during senescence may be associated with
plastid membrane turnover or degradation (Kaup et al., 2002;
Goodson et al., 2011; Troncoso-Ponce et al., 2011), but direct
biochemical evidence of DGATSs targeting plastids is lacking. For
Nannochloropsis and other heterokonts derived from secondary
endosymbiosis, an ER signal peptide is required in addition to
the plastid transit peptide for targeting proteins to the plastid
because those plastids are surrounded by a cisterna of ER
membrane called the plastid ER (Gibbs, 1979; Gschloessl et al.,
2008). In IMET1, the plastid transit peptides were identified in
DGAT-1B and 2C proteins (Supplemental Data Set 6), but the ER
signal peptide was absent. However, the possible localization of

DGAT-1B and 2C in the plastid cannot be ruled out, as the signal
peptide may be eliminated due to limitations in gene structure
predictions.

The major TAG species of IMET1 were 16:0/16:1/16:0, 16:0/
16:0/18:1, 16:0/16:0/18:1, and 16:1/16:0/16:1, with 16:0/16:1/
16:0 (48:1) being the most abundant, under either N+ or N- con-
ditions (Supplemental Data Set 3). Given that the FA at the sn-2
position of TAG is determined by the substrate specificity of
LPAAT and C16 FA is the preferred substrate of the plastid LPAAT
(Lassner et al., 1995; Frentzen, 1998), the major TAG species with
C16 FA at the sn-2 position account for more than 80% of total
TAG. This suggests that the de novo prokaryotic pathway in the
plastid makes the largest contribution to TAG synthesis in this
organism. In IMET1, LPAAT is encoded by seven copies of genes
in IMET1: Three (91905, 5355, and 7724) were identified as ho-
mologs of Arabidopsis plastidic LPAAT1, three (g5448, 5683, and
2077) were closely related to Arabidopsis cytoplasmic isoforms
LPAATS3, 4, and 5, respectively; and one (g313) had no Arabidopsis
homologs. Two of the plastid LPAAT genes (g5355 and 7724) were
upregulated in response to N deprivation; these are presumably
involved in the synthesis of prokaryotic-type TAG molecules under
stress conditions (Figure 5).

The first committed step in the Kennedy pathway-mediated
TAG synthesis is catalyzed by GPAT. Two putative GPAT genes
of IMET1 showed different responses to N deprivation stress.
The major isoform g3761, a homolog of Arabidopsis plastidic
GPAT, was downregulated under N- conditions, whereas g9778,
which encodes a homolog of the yeast Saccharomyces cer-
evisiae ER-associated GPAT (SCT1), was slightly upregulated at
48 h after the onset of N deprivation. Similar to the prokaryotic
GPAT genes, the transcript level of the single-copy gene en-
coding a putative plastid PAP (g6690) was reduced under
N- conditions. In contrast, four putative cytoplasmic PAP2
genes, including 92171, g4338, g4866, and g9147, were upre-
gulated to different extents during the first 48 h of exposure to
N- conditions (Figure 5). It was observed that the expression
dynamics of one cytosolic PAP2 gene (g9147) resembled those
of one LPAAT gene (g5355) and DGAT-2D, all of which were
DELM genes that fell into the progressive upregulated cluster
C9, whereas another PAP2 (g4338) was grouped together with
DGAT-2E in cluster C10, exhibiting a progressive increase at the
transcript level as well (Figure 1).

Taken together, the bioinformatics analysis supports the
presence of multiple subcellular compartments for TAG syn-
thesis in IMET1. Both the distinct spatial distribution among the
various subcellular compartments and the temporally differential
expression may result in the large increase in TAG production
under N- conditions. Upregulation of the putative eukaryotic
Kennedy pathway genes, along with a subset of the prokaryotic
Kennedy pathway genes, presumably led to augmented TAG
synthesis under N- conditions.

Figure 4. (continued).

includes two DGAT genes with transcript levels peaking at 24 h following the onset of N depletion and declining thereafter; group (C) includes five DGAT
genes that were progressively upregulated after 12 h under N-; and group (D) has a single gene, DGAT-2J, that was irresponsive to N availability. Values

represent means * sp (n = 3).
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Figure 5. Transcriptional Regulation of the Kennedy Pathway in Response to N Deprivation in IMET1.

Heat map shows the fold changes of transcripts of genes in response to N deprivation. Fold change was calculated as log,(FPKM(Tx, N-)/FPKM (Tx,
N+)) (FPKM = absolute abundance of transcripts, Tx = a time point, N- = N deprivation, and N+ = N-replete). Changes of genes with FDR-corrected
P value = 0.05 were considered as statistically significant. Time refers to the duration (in hours) since the onset of N+ or N- conditions. Subcellular
localizations for GPAT, LPAAT, and PAP were designated based on the experimentally resolved localizations of their eukaryotic homologs. Four
putative cytoplasmic PAP2 encoded by g2171, g4338, g4866, and g9147 are shown as ER-associated proteins, given that dephosphorylation of
phosphatidic acid in the eukaryotic Kennedy pathway occurs in ER membranes. For DGAT, subcellular localization was predicted using SignalP,
ChloroP, Mitoprot, and HECTAR. DGAT presumably targeted to organelles other than plastid and ER is shown in the box labeled DGAT(O).
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Recycling of FA from Membrane Glycerolipids for
TAG Biosynthesis

Recycling of existing FA from membrane glycerolipids has been
demonstrated to contribute to TAG in C. reinhardtii (Li et al., 2012;
Yoon et al,, 2012). This process can be catalyzed by PDAT,
a multifunctional enzyme exhibiting phospholipid/galactolipid:
DAG acyltransferase, DAG:DAG transacylase, and lipase activities
with broad substrate specificity (Yoon et al., 2012). It has been
suggested that PDAT is mainly involved in TAG synthesis under
N+ conditions, as well as at the early phase of N deprivation in
C. reinhardtii. A single-copy PDAT of IMET1 was slightly up-
regulated by ~50% at 48 h in response to N deprivation
(Supplemental Data Set 5), suggesting that the PDAT-mediated
conversion of membrane lipids into TAG occurred under N+
conditions and was enhanced under N- conditions.

In addition to PDAT, a number of lipase genes with the pu-
tative function of recycling FA from membrane lipids for TAG
synthesis in C. reinhardtii were found to be greatly elevated
under N- conditions (Miller et al., 2010). Among them, a gal-
actolipase gene designated as PSD1 has been found to be in-
volved in the turnover of MGDG and TAG in C. reinhardtii (Li
etal., 2012). In IMET1, PDAT seemed to play a minor role in TAG
synthesis under N- conditions, as it was only slightly elevated at
the transcript level. By contrast, a homolog of PSD71 was upre-
gulated by ~3-fold at 24 h following N deprivation and remained
constant thereafter. This was coincident with the degradation of
MGDG in IMET1, suggesting that lipase-mediated membrane
degradation is likely the major contributor to the channeling of FA
from photosynthetic membranes to TAG under N- conditions. In
IMET1, 37 putative lipases genes were identified, 14 of which
exhibited upregulation to various extents under N deprivation
(Supplemental Data Set 5). Among the upregulated lipase genes,
g7236 exhibited the greatest fold-change (>4-fold upregulation;
found in cluster C7; Figure 1A).

The upregulated lipases, especially those predicted to be
galactolipases, may be involved in TAG production, given that
galactolipids are the most abundant membrane lipids in IMET1
and are largely degraded under N deprivation. In vascular plants,
most of the known galactolipases belong to the patatin family,
which hydrolyzes galactolipids to release free FA under various
biotic and abiotic stress conditions (Matos et al., 2000, 2001;
Yang et al., 2007). In IMET1, three of the seven putative patatin
genes (99879, g2582, and g3354) were upregulated under N
deprivation.

The occurrence of membrane lipid—derived PUFAs in the TAG
pool is considered to be additional evidence supporting our
hypothesis that FA can be recycled for TAG synthesis under
stress (Simionato et al., 2013). In IMET1, EPA occurs in several
classes of membrane glycerolipids, such as MGDG, DGDG,
and PG, under N+ conditions (Figure 3). Most of these EPA-
containing membrane lipid species decreased by approxi-
mately 20 to 50% (P < 0.01; Supplemental Data Set 3) after 24
h under N- conditions, with a concomitant increase of EPA-
containing TAG species, suggesting that TAG synthesis under
N- conditions used the FA cleaved from EPA-containing mem-
brane lipids. However, the amount of EPA in the TAG pooal is far
less than that measured in the membrane glycerolipids. For

example, the total content of EPA in EPA-containing TAG was
16.4 umol g~ dry weight under N depletion at 96 h, whereas the
decreased amount of membrane glycerolipid-associated EPA at
the same time point was approximately 67 pmol g~ dry weight
(Supplemental Data Set 3). This discrepancy indicated that only
a small portion of EPA cleaved from membrane glycerolipids was
used for TAG synthesis.

Sources of Carbon Precursors for Glycerolipid Synthesis

FA Synthesis and Transport

Two multifunctional monomeric ACCase genes were identified
in the IMET1 genome. One ACCase (g4840) putatively encodes
a plastid-targeting protein, while the other (g8944) encodes
a cytosolic isoform. The transcript level of g4840 decreased ~2-
fold at 12 h and then recovered to 80% of the basal level under
N+ conditions, while g8944 was downregulated immediately
after the onset of N deprivation and decreased ~3-fold at 48 h
(Supplemental Data Set 5). Given that the ACCase genes were
considerably downregulated while the total glycerolipid content
increased 5-fold following N deprivation, we speculated that
ACCase was present in excess in terms of transcript or enzyme
quantity for FA biosynthesis in IMET1 under both N+ and
N- conditions. This explains why previous attempts to increase
lipid content in microalgae and plants by overexpressing ACCase
had limited success (Dunahay et al., 1995; Roesler et al., 1997).
Malonyl-CoA, the product of ACCase, is transferred from CoA to
an acyl carrier protein (ACP) by a malonyl-CoA:acyl protein ma-
lonyltransferase (MCMT) to form malonyl-ACP, which then enters
into a series of condensation reactions to form 16- or 18-carbon
FA. A single-copy ACP gene increased its transcripts by ~2-fold
at 48 h under N- conditions, whereas MCMT was downregulated
in response to N deprivation.

The extension of FA from malonyl-ACP in the plastid is itera-
tively catalyzed by a type Il fatty acid synthase system consisting
of 3-ketoacyl-ACP synthase (KAS), 3-ketoacyl-ACP reductase
(KAR), hydroxyacyl-ACP dehydrogenase (HAD), and enoyl-ACP
reductase (ENR) (Ohlrogge and Browse, 1995). In IMET1, six KAS,
three KAR, one HAD, and three ENR genes were identified
(Supplemental Data Set 5). In vascular plants, condensation of
acetyl-CoA with acyl-ACP is catalyzed by three different types of
KAS: The first condensation reaction of acetyl-CoA and malonyl-
ACP is catalyzed by KAS lIl; subsequent condensation reactions
up to the formation of C:16:0-ACP are catalyzed by KAS I; and the
final condensation reaction to produce C18:0-ACP requires KASII
(Li-Beisson et al., 2010). In IMET1, a single-copy KAS Il gene
(94061) showed an ~2-fold decrease at 24 h, followed by an ~4-
fold decrease at 48 h. The single-copy KAS | gene (g1093)
showed transient upregulation (~20%) at 3 h following N depri-
vation but decreased ~2-fold at 48 h. Two putative KAS Il genes
(94062 and g8736), a single-copy HAD gene (g2692), and the
major isoform ENR gene (g5253) were downregulated ~1.5- to
2-fold. Therefore, similar to the downregulation of ACCase, the
transcriptional expression of the plastid type Il fatty acid synthase
system was globally suppressed under N- conditions. Given that
the KAS encoded by g9573, which was upregulated ~2-fold at
the transcript level after 24 h, shares 49.2% sequence similarity
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with the mitochondrial KAS of Arabidopsis (At2g04540) (Yasuno
et al., 2004), we propose that mitochondria serve as an additional
site for the synthesis of bulk FA in IMET1, as in vascular plants
(Gueguen et al., 2000; Wada et al.,, 1997), particularly under
N- conditions. The other components of the mitochondrial FAS
system have not yet been identified in the IMET1 genome.

FA synthesis in the plastid is terminated either by plastidic
acyltransferases (e.g., plastid GPAT or LPAAT) for direct glyc-
erolipid assembly or by an acyl-ACP thioesterase (TE) that
cleaves FA from acyl-ACP (Joyard et al., 2010). Among the three
TE genes identified in IMET1, the transcript level of one (g9763)
increased 2.7-fold at 24 h and 3.1-fold at 48 h under N depri-
vation (Supplemental Data Set 5). We speculated that the TE
encoded by this gene may preferentially release C16:0 from
acyl-ACP, ultimately contributing to the accumulation of C16:0-
containing TAG. The released FA in the plastid is subsequently
converted to acyl-CoA by long-chain acyl-CoA synthetases
(LC-FACS) in the plastid envelopes of Arabidopsis (Fulda et al.,
2002; Zhao et al., 2010). In IMET1, five of the 11 putative
LC-FACS genes were upregulated in response to N deprivation,
among which g5786, g8758, and g9817 showed significant in-
creases in MRNA at least at one time point, and g6018 and
g9361 displayed gradual increases in transcript level over 48 h.
In contrast, the transcript level of all other isoforms of LC-FACS
was reduced to various extents. The different transcriptional
expression patterns of these LC-FACS isoforms may reflect their
different subcellular localizations, distinct substrate specificities,
or varied timings for expression. The resulting acyl-CoA mole-
cules are then transferred with the aid of cytosolic acyl-CoA
binding proteins (ACBP) to the ER (Koo et al., 2004). Four ACBP
genes (i.e., g2168, g5924, g2727, and g7235; Supplemental
Data Set 5) were identified in IMET1: Two (92727 and g7235)
were elevated at the transcript level over 48 h, whereas g5924
was downregulated progressively following N deprivation;
g2168 was almost undetectable under both N+ and N- con-
ditions. The encoded ACBP proteins may work in concert to
serve as intracellular acyl-CoA transporters that maintain an
appropriate cytosolic acyl-CoA pool.

The common end products of de novo FA biosynthesis are
C16:0, C18:0, and C18:1 in the plastids of algae and vascular
plants (Ohlrogge and Browse, 1995; Li-Beisson et al., 2010). To
synthesize glycerolipids of various chain lengths with different
unsaturation levels, a series of elongation and desaturation re-
actions are required. In vascular plants, stearoyl-ACP desatur-
ase (A9-desaturase) is the only soluble enzyme that introduces
a double bond to the A9 position of C18:0-ACP to form C18:1-
ACP, whereas other desaturases are membrane proteins that
desaturate the acyl-groups of lipid molecules (Browse et al.,
1989, 1985; Iba et al., 1993; Heilmann et al., 2004; Kachroo
et al., 2007; Gao et al., 2009). In plastids, the A9-desaturase-
catalyzed desaturation reaction uses reduced ferredoxin as the
electron donor and molecular oxygen as one of the substrates
(Schultz et al., 2000). In IMET1, the transcript level of one pu-
tative soluble A9-desaturase (g481) increased immediately upon
the onset of N deprivation and remained at a high level
(Supplemental Data Set 5). The transcriptional upregulation of
this gene was consistent with the drastically increased cellular
content of C18:1 under N- conditions in this organism (Xiao
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et al., 2013). The upregulation of the A9-desaturase reflected its
physiological role in the stress response, which is presumably
involved in oxidizing photosynthetically generated ferredoxin
with the concomitant reduction of molecular oxygen into water,
thus relaxing the overreduced photosynthetic electron transport
to prevent the formation of excess reactive oxygen species. It is
noteworthy that the single A9-desaturase gene g481 was co-
upregulated with two ACBP genes (92727 and g7235), one
LC-FACS gene (g5786), and the putative mitochondrial KAS gene
(99573), all of which belong to cluster C10 (exhibiting an ex-
pression pattern of progressive upregulation; Figure 1A); this is an
example of the coupling of the synthesis and transport of FAs with
the relaxing of the photosynthetic electron transport chain as
a molecular or physiological protective mechanism, among other
functions, to cope with photooxidative stress.

Photosynthetic Carbon Precursors and Partitioning

Glyceraldehyde-3-phosphate (G3P), a key product of the Calvin
cycle, is converted to pyruvate, the precursor for FA bio-
synthesis, via glycolysis pathways (Figure 6). In vascular plants,
glycolysis occurs in plastids and the cytosol, which produces
pyruvate from glucose while generating the high-energy com-
pounds ATP and NADH (Plaxton, 1996). All the components of
the glycolysis pathway were identified in IMET1, and subcellular
localization analysis of these components revealed that the
plastid only possesses the lower part of the glycolysis pathway
(from G3P to pyruvate) along with a plastidic fructose-1,6-
bisphosphate aldolase (ALDO) that converts fructose 1,6-
biphosphate (F1,6P) to G3P (Supplemental Data Sets 5 and 6;
Figure 6). All of the putative plastid glycolytic genes except for
the PK encoded by g8432 were downregulated at the tran-
script level in response to N deprivation. The plastid PK gene
(98432) is the most abundant of the four putative PK genes and
was progressively upregulated during the first 48 h of exposure
to N- conditions (Figure 6).

In addition to the partial glycolysis pathway in the plastid,
a complete cytosolic glycolysis pathway was identified by
subcellular localization prediction. All genes involved in the
conversion of G3P to pyruvate were significantly upregulated
following N deprivation. Although the cytosolic glycolysis path-
way was upregulated, the absolute transcript level of the plastid
glycolytic genes was higher than their cytosolic counterparts,
suggesting that the plastid glycolysis pathway generates the
bulk of pyruvate under both N+ and N- conditions, whereas the
cytosolic glycolysis pathway is accelerated specifically under
stress.

The gene clustering analysis based on expression patterns
revealed that a number of glycolytic genes were temporally
coregulated at the transcript level (Pearson’s correlation; P < 0.05;
Supplemental Data Set 5). For instance, three of the eight plastid
glycolytic genes, including one encoding aldolase (ALDO, g1829),
one glyceraldehyde-3-phosphate dehydrogenase (GPDH, g10357),
and one phosphoglycerate kinase (PGK, g8651), were grouped
into cluster C4, exhibiting a sharp decrease in transcript during
the first 12 h under N- conditions (Figure 1A). On the other hand,
three putative cytosolic glycolytic genes, including one phos-
phofructose kinase (PFK, g8588), one phosphoglycerate mutase
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Figure 6. Transcriptional Regulation of Central Carbon Metabolism in Response to N Deprivation in IMET1.
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(PGAM, g10298), and one PK (g6372), were grouped into cluster
C9, which consists of a number of genes moderately up-regulated
during the first 48 h of exposure to N- conditions.

The remarkable increase in glycerolipids can result from not
only the accelerated partitioning of newly photosynthetically
fixed carbon through glycolysis but also from the recycling of
carbon fluxes derived from the degradation of existing macro-
molecules (e.g., carbohydrates and proteins) into the precursors
for lipid biosynthesis. Previous studies of the unicellular green
alga C. reinhardtii suggested that conversion of storage poly-
saccharides (e.g., starch) into the precursors for lipid biosynthesis
contributed to TAG accumulation under N- conditions (Li et al.,
2010b, 2011; Work et al., 2010). Microscope observations in-
dicated Nannochloropsis cells lack pyrenoid starch (Vieler et al.,
2012; Dong et al., 2013), consistent with the absence of genes
responsible for starch biosynthesis in the IMET1 genome. Lami-
narin and chrysolaminarin, which are glucans with various ratios
of B-(1,3) to B-(1,6)-linked Glc, with predominantly g-(1,3)-linkages,
have been suggested to be the major storage carbohydrate in
heterokonts (Beattie et al., 1961). The synthesis of storage
glucan in heterokonts has not been elucidated at the molecular
level, but biochemical analysis indicated that a UDP-glucose
pyrophosphorylase (UGPase) and a B-1,3-glucan synthase
were responsible for the production of chrysolaminarin in di-
atoms (Roessler, 1987, 1988). Among the three UGPase genes
(9447, g637, and g2034) identified in IMET1, g447 was upre-
gulated ~1.5- to 2-fold after 24 h of N deprivation, whereas
9637 and g2034 were substantially suppressed under N dep-
rivation (Figure 6). Considering that the absolute transcript
level of g637 and g2034 was higher than that of g447, the
overall transcript level of UGPase was reduced by ~70% at
48 h. A single-copy B-1,3-glucan synthase gene was identified,
and its absolute transcript level slightly increased under N
deprivation relative to N+ conditions. Conversely, a number of
genes involved in 3-1,3-glucan degradation, including a puta-
tive endoglucanase gene (g5401), an endo-1,3-B-glucosidase
gene (g1660), a glucan 1,3-B-glucosidase (g4700), and an exo-
1,3-B-glucosidase gene (g7570), were upregulated 1.3- to ~2-
fold during the first 48 h of exposure to N deprivation. The
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degradation product Glc can be converted into pyruvate via
the cytosolic glycolysis pathway (Figure 6). Thus, the upregu-
lation of the genes involved in laminaran/chrysolaminaran
degradation may represent an additional mechanism by which
photosynthetically fixed carbon is diverged into FA and TAG
synthesis, particularly under N depletion.

Multiple Routes for Acetyl-CoA Synthesis in IMET1

The formation of acetyl-CoA from the substrate pyruvate in the
plastid for FA biosynthesis is believed to be mainly catalyzed by
a PDHC (Oliver et al., 2009) that bridges the glycolysis and lipid
biosynthesis pathways. PDHC consists of three subunits: E1,
E2, and ES3. Both the plastidial and mitochondrial type PDHC
genes were identified in IMET1 (Supplemental Data Set 6), and
the transcript levels of the plastidial E1 (g4805), E2 (g946), and
E3 (g163) were 2- to ~6-fold higher than those of the putative
mitochondrial PDHC genes (Figure 6), suggesting that the
plastid is the major site of acetyl-CoA formation. All the subunits
of the plastidial PDHC were slightly upregulated at 3 h, whereas
the mitochondrial PDHC genes did not increase in transcript
level until 24 to 48 h of exposure to N deprivation.

Acetyl-CoA can also be produced from pyruvate via a so-
called “PDHC bypass,” in which pyruvate is converted to ac-
etate by a pyruvate decarboxylase (PDC) and an aldehyde
dehydrogenase (ALDH) (Figure 6). A single-copy PDC gene
that may encode a cytosolic protein was found in IMET1 and
its transcripts increased 6-fold during 48 h of exposure to N
deprivation. Five copies of ALDH genes were found in IMET1,
four of which increased in transcript under N deprivation. One
ALDH (g7934) was annotated as a cytosolic enzyme; the others
may reside in the mitochondria, as they all possess a strong
mitochondrial transit peptide signal (Supplemental Data Set 6).
It is likely that cytosolic PDC and ALDH convert the pyruvate
produced via the cytosolic glycolysis pathway into acetate.
The acetate produced by PDHC bypass in the cytosol, along
with the acetate exported from the mitochondria, is then acti-
vated to acetyl-CoA by the plastidic acetyl-CoA synthetase. In
IMET1, two copies of the acetyl-CoA synthetase genes were

Figure 6. (continued).

(A) Transcriptional regulation of central carbon metabolic pathways related to TAG biosynthesis. Transcriptional regulation of genes is indicated by blue
(downregulated) and red (upregulated) arrows, respectively.

(B) A heat map illustrating the transcriptional dynamics of individual genes in the central carbon metabolic pathways in response to N availability. Fold
change was calculated as log,(FPKM(Tx, N-)/FPKM (Tx, N+)) (FPKM = absolute abundance of transcripts, Tx = a time point, N- = N deprivation, and
N+ = N-replete). For proteins encoded by multiple copies of genes, the changes in total transcripts of the isogenes were used to determine the
regulation pattern. Statistical analysis was conducted between the two gene expression data sets (N- and N+) at a given time point. Significant changes
(FDR-corrected P value = 0.05) are indicated as asterisks in the heat map.

1,3PG, 1,3-biphosphoglycerate; 20G, «-ketoglutarate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; AAT, ADP/ATP transporter; ACS, acetyl-
CoA synthetase; ACT, aconitate; AHD, aconitate hydratase; ALDO, fructose-1,6-bisphosphate aldolase; CS, ATP citrate synthase; DHAP,
dihydroxyacetone phosphate; ENL, enolase; ENR, enoyl-ACP reductase; F1,6P, fructose 1,6-biphosphate; FBP, fructose bisphosphatase; F6P, fructose-6-
phosphate; FHD, fumarate hydratase; FUM, fumarate; G6P, glucose-6-phosphate; GK, glucose kinase; Glu, glucose; GPDH, glyceraldehyde-3-phosphate
dehydrogenase; GPI, glucose phosphate isomerase; GS, 1,3-3-glucan synthase; HAD, hydroxyacyl-ACP dehydrogenase; ICDH, isocitrate dehydrogenase;
ICIT, isocitrate; MHD, malate dehydrogenase; NTT, nucleotide transporter; OGDH, 2-oxoglutarate dehydrogenase; PGAM, phosphoglycerate mutase; PGK,
phosphoglycerate kinase; PFK, phosphofructose kinase; PPDK, phosphate dikinase; PPT, Pi/PEP translocator; PYR, pyruvate; SCS, succinyl-CoA syn-
thetase; SDH, succinate dehydrogenase; SUC, succinyl-CoA; TPI, triosephosphate isomerase; SFC, succinate/fumarate carrier. Transcripts of all the genes
are listed in Supplemental Data Set 5.
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present. One (g1733) had a high basal transcript level and
underwent a slight increase in transcript level after 3 to 4 h of
exposure to N deprivation, whereas the other (g3155) had a low
basal transcript level and displayed a 3-fold increase over 48 h
under N- conditions (Supplemental Data Set 5).

Role of Mitochondria in Lipid Metabolism

Mitochondria have been suggested to play multiple roles in TAG
synthesis in vascular plants, including providing precursors for
FA elongation in the cytosol and for de novo FA biosynthesis in
the plastid (Ohlrogge and Browse, 1995; Schwender et al.,
2006). In this study, DGAT-2I and one putative KAS (encoded by
g9573) were predicted to be localized in the mitochondria. Their
transcriptional patterns indicate that TAG and FA synthesis re-
actions may occur in the mitochondria and may be stimulated
under N deprivation in IMET1. Moreover, it is speculated that the
mitochondria may contribute to TAG synthesis in IMET1 by re-
cycling carbon skeletons from degraded membrane glycer-
olipids via FA B-oxidation. To test this hypothesis, all candidate
genes involved in B-oxidation from the IMET1 genome were
identified and their temporal transcriptional patterns were
compared (Supplemental Data Set 5). Because the B-oxidation
pathway occurs in mitochondria and peroxisomes in vascular
plants (Gerhardt, 1992; Masterson and Wood, 2001), the puta-
tive proteins were analyzed by Mitoprot and PlantPTS1 to pre-
dict the mitochondrial transit peptide or peroxisomal signal
peptide (Supplemental Data Set 6). In IMET1, two acyl-CoA
dehydrogenase genes (g1094 and g3725), which catalyze the
initial step of FA B-oxidation in mitochondria (Kunau et al.,
1995), were significantly upregulated from 4 to 48 h following
N deprivation. Several other components associated with mi-
tochondrial B-oxidation, including one gene (g1681) encoding
3-ketoacyl-CoA thiolase, four genes (928, g1300, g4575, and
g9197) encoding enoyl-CoA hydratase, and one 3-hydroxyacyl-
CoA dehydrogenase gene (g8580), were concomitantly upregu-
lated in response to N deprivation (Supplemental Data Set 5).
Acetyl-CoA produced from FA B-oxidation can either be
broken down into CO, via the tricarboxylic acid (TCA) cycle to
produce NADH that fuels ATP synthesis by oxidative phos-
phorylation in the mitochondria, or it can be converted into
carboxylic acids via noncyclic TCA reactions for a variety of
biosynthetic processes (Sweetlove et al., 2010). Under N- con-
ditions, transcripts of all enzymes in the TCA cycle except citrate
synthase were upregulated (>2-fold) (Figure 6). It is noteworthy
that the most remarkable increase (>4-fold) in transcript among
those TCA genes was found in one of the fumarate hydratase
genes (g750) for the synthesis of malate, which can be sub-
sequently exported to the cytosol for the production of pyruvate
by a NAD(P)-malic enzyme (ME). Taken together, these clues
suggest that the production of malate and/or oxaloacetate is
accelerated through the TCA reactions under N- conditions.
Moreover, the intermediates of the TCA cycle (e.g., 2-oxoglutarate,
succinyl CoA, fumarate, and oxaloacetate) are linked to amino acid
metabolism. N deprivation-triggered protein and amino acid
degradation can increase the carbon flux into these TCA cycle
intermediates (Hockin et al., 2012). Therefore, the upregulation of
the TCA reactions, coupled with the elevation of FA B-oxidation in

mitochondria, may pinpoint an enhanced recycling of carbon
skeletons from degraded membrane lipids and proteins for TAG
synthesis.

Transport of Metabolites and Energy for FA Synthesis in the
Plastid

Transcriptomic analysis revealed a number of N deprivation—
induced genes encoding transporters that may direct carbon
precursors and energy to FA biosynthesis in the plastid. Two
genes (g2277 and g9518) encoding a putative bile acid:Na+*
symporter (BASS), which mediates sodium-coupled pyruvate
import into plastids (Furumoto et al., 2011), gradually increased
in transcript level following N deprivation. In this pathway, the
balance of coupled-sodium influx is maintained by a sodium:
proton antiporter (NHD). Nine NHD isoforms were identified in
IMET1, and the transcript levels of six of these (g7561, g9360,
g4014, g2617, g10029, and g5328) were upregulated under
N deprivation (Figure 6; Supplemental Data Set 5). Interestingly,
one putative NHD gene (g9360) clustered with one BASS gene
(92277) in cluster C10, indicative of their transcriptional co-
upregulation (Pearson’s product moment correlation coefficient
0.94; P < 0.05). A putative phosphate/phosphoenolpyruvate
translocator encoded by g6871 was induced immediately after
the onset of N deprivation, and its transcript level increased
3-fold after 24 h of exposure to N deprivation. In Arabidopsis
thaliana, phosphate/phosphoenolpyruvate translocator imports
cytosolic phosphoenolpyruvate (PEP) into the plastid stroma in
exchange for Pi (Fischer et al., 1997). PEP can be converted into
pyruvate and then acetyl-CoA for FA synthesis in the plastid
(Rawsthorne, 2002). Simultaneously, the export of PEP from the
plastid into the cytosol was inhibited, as indicated by down-
regulation of three genes encoding triose-phosphate/phosphate
translocator (TPT) isoforms, which are responsible for exporting
photosynthetically fixed carbon (e.g., triose phosphates and
3-phosphoglycerate) out of the plastids in Arabidopsis (Weber
and Linka, 2011). The transcript level of the first TPT gene (g521)
was reduced to 65% of the N+ after 3 h under N depletion and to
22% after 12 h under N depletion. The second one (g1018)
decreased to 54% of the N+ after 12 h of exposure to N- con-
ditions, while the third one (g6303) was moderately reduced.
Several lines of evidence suggested that IMET1 cells may be
able to boost ATP production in mitochondria and probably also
in the cytosol and then export it into the plastid to meet the
energy demands for FA biosynthesis, particularly when photo-
synthesis-based ATP production is considerably decreased
under N deprivation (Figure 6): (1) The transcript level of a mito-
chondrial ATP/ADP translocator (g4664) involved in exporting
ATP from mitochondria to the cytosol was slightly reduced at 3 h
and then increased gradually to a maximal value at 48 h fol-
lowing N deprivation; and (2) ATP import from the cytosol into
plastids may be catalyzed by a plastidial nucleotide transporter
in vascular plants (Fligge et al., 2011). In IMET1, four putative
nucleotide transporter genes (91797, g1694, g4356, and g4016)
were annotated as plastidic ATP/ADP transporter genes, all of
which were moderately upregulated at 48 h in response to
N deprivation (Supplemental Data Set 5). Additionally, a number
of genes encoding the mitochondrial transporters for exporting
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organic acids (e.g., malate and citrate) were upregulated (Figure 6).
For instance, the export of malate from mitochondria to the cytosol
was mediated by a succinate-fumarate carrier in vascular plants
(Picault et al., 2004). Four putative succinate-fumarate carrier
genes in IMET1 were upregulated 1.5- to 2.5-fold during the first
48 h of exposure to N- conditions (Supplemental Data Set 5).

Therefore, the evidence collectively suggests that enhanced
FA and TAG synthesis under N depletion was correlated with the
upregulation of transporter genes responsible for importing the
intermediates (e.g., PEP and pyruvate) and ATP from the cytosol
and mitochondria into the plastid and with the simultaneous
downregulation of the TPT (and perhaps other related genes) to
reduce the export of photosynthetic carbon precursors out of
the plastid.

Carbon Fixation

Transcriptomic analysis indicated that CO, assimilation was
severely inhibited under N- conditions: The transcriptional ex-
pression of most Calvin cycle genes was downregulated 1- to
~4-fold during the 48 h of exposure to N- conditions (Supplemental
Data Set 5). Because carbon fixation efficiency can be affected
by intracellular CO, concentrations, we examined the transcrip-
tional dynamics of a number of genes involved in CO, con-
centration regulation mechanisms. Both carbonic anhydrase
(CA)-mediated carbon-concentrating metabolism and a C4 cycle-
like mechanism have previously been reported in heterokonts,
including several diatoms and Nannochloropsis spp (Roberts
et al., 2007; Kroth et al., 2008; Radakovits et al., 2012; Vieler et al.,
2012). In IMET1, five putative CA genes were identified, along with
two putative bicarbonate transporters and two low CO,-inducible
genes (LCIA) that encode a putative formate/nitrite transporter
protein in the plastid envelope. The presence of CA and these
inorganic carbon transporters suggests that the C4-pathway is
upregulated under N deprivation conditions; alternatively, it is
possible that increased CA activity may play a buffering role in
balancing the carbon flux. One (g2018) of the putative CA genes
and one LCIA gene (g544) were upregulated 1.5- to 2.5-fold over
the 48-h exposure to N- conditions. Although all of the C4 cycle-
like pathway genes, including one phosphoenolpyruvate car-
boxylase, three phosphate dikinases, three MEs, two malate
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dehydrogenases, and one phosphoenolpyruvatecarboxykinase,
were identified in IMET1, their in vivo functions are puzzling be-
cause the three putative MEs (92252, g3463, and g8325), which
are the only enzymes involved in CO, formation in the C4-like
cycle, were predicted to be localized in mitochondria and/or the
cytosol, but not in the plastid (Supplemental Data Set 6). We
suspected that the products of the C4 cycle-like pathway genes
may be more likely to be involved in replenishing TCA cycle in-
termediates for lipid biosynthesis (Figure 6) than in redirecting CO,
into the plastid for carbon fixation in IMET1.

Metabolic Regulation of Oil Synthesis in N. oceanica:
Insights from Comparative Analysis with C. reinhardtii

To investigate the metabolic regulation over the TAG production
under N- conditions in N. oceanica, we compared the gene
expression features pertinent to FA synthesis and TAG assem-
bly in IMET1 to those of several other microalgae and oil crop
plants (Cagliari et al., 2010; Miller et al., 2010; Bourgis et al.,
2011; Huang et al., 2011; Troncoso-Ponce et al., 2011; Boyle
et al.,, 2012; Rismani-Yazdi et al., 2012). In IMET1, the TAG
biosynthesis pathways, particularly the eukaryotic Kennedy
pathway and the PDAT-mediated alternative route, were upre-
gulated at the transcript level (Figure 4), whereas most of the
genes involved in a type Il FAS-based de novo FA biosynthesis
in the plastid were downregulated (Figure 6; Supplemental Data
Set 5). The fact that the absolute transcript levels of the FA
biosynthesis enzymes were 3 to 4 times higher than those re-
sponsible for TAG synthesis suggested that the machinery for
de novo FA biosynthesis is normally in excess in IMET1. Thus,
the regulatory step determining final TAG concentration is the
TAG assembly pathway. In other words, under N depletion, it is
the upregulation of the transcript level of the key genes in TAG
assembly, rather than those in FA synthesis, that leads to
accelerated TAG production. A similar regulation strategy was
observed in C. reinhardtii (Table 1) and oilseeds of Ricinus
communis, Brassica napus, Euonymus alatus, and Tropaeolum
majus, except E. guineensis (oil palm), in which FA biosynthesis
rather than TAG assembly was greatly upregulated during oil
accumulation (Cagliari et al., 2010; Miller et al., 2010; Bourgis
et al., 2011; Huang et al., 2011; Troncoso-Ponce et al., 2011;

Table 1. Comparison of the Upregulated Genes Involved in TAG Synthesis for N. oceanica IMET1 and C. reinhardftii

Pathways

N. oceanica IMET1 Upregulated Genes

C. reinhardtii Upregulated Genes

FA synthesis and activation
TAG assembly
Pyruvate production

ALDO (C), ME (C, M)
Acetyl-CoA production PDHC, PDC, ALDH, ACS

Energy production

FAS |, ACP, KAS (M), KAR, TE, LC-FACS
GPAT (E), LPAAT (E, P), PAP (E), DGAT (E, P), PDAT
PK (C, P), ENL (C), PGAM (C), PGK (C), GPDH (C),

PGK (ATP), PK (ATP), GPDH (NADH), PDHC (NADH),

ACP, KAS |, TE, LC-FACS
PAP, DGAT, PDAT
GPI, ALDO, PGAM, PK

PDC
PK (ATP)

MDH (NADH), ICDH (NADH), OGDH (NADH)

The gene expression data for C. reinhardtii was retrieved from the published work by Miller et al. (2010) and Boyle et al. (2012). Subcellular localization
information for IMET1: M, mitochondria; E, ER membrane; P, plastid; C, cytoplasm. ACP, acyl carrier protein; ACS, acetyl-CoA synthetase; ALDO,
aldolase; ENL, enolase; FAS |, type | fatty acid synthase; GPDH, glyceraldehyde-3-phosphate dehydrogenase; GPI, glucose phosphate isomerase;
ICDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase; PGAM, phosphoglycerate mutase; PGK,

phosphoglycerate kinase.
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Boyle et al., 2012). Although microalgae (e.g., IMET1) and many
other oil crops share a similar strategy for stimulating TAG
production, the genes within the TAG assembly pathway that
are subject to transcriptional regulation seem to be species
specific. For example, all of the genes in the Kennedy pathway,
including those encoding GPAT, LPAAT, PAP, and DGAT, were
under transcriptional control in IMET1 (Table 1, Figure 4;
Supplemental Data Set 5), whereas only GPAT and LPAAT
were regulated at the transcript level in the oleaginous green
alga Neochloris oleoabundans (Rismani-Yazdi et al., 2012).
Although N. oceanica IMET1 and C. reinhardltii showed similar
responses to N depletion with respect to plastid-associated de
novo FA and TAG biosynthesis, there are several key distinctions
between these two organisms. First, IMET1 possesses expressed
type | FAS genes (Supplemental Data Set 5), but these genes
are absent from the C. reinhardtii genome, suggesting that type
| FAS genes may contribute additional FA for TAG synthesis in
IMET1. Second, IMET1 possesses two DGAT-1 and 11 DGAT-2
genes, whereas C. reinhardtii contains only one DGAT-1 and five
DGAT-2 genes (Boyle et al., 2012; Wang et al., 2014). Moreover,
the basal level of the absolute amounts of DGAT transcripts was
considerably higher in IMET1 (with a total FPKM value of 205.4
under N+ conditions) than in C. reinhardtii (with a total FPKM
value of 66.4). Although the total DGAT transcript abundance in
IMET1 increased by only ~16% during the 48-h exposure to
N- conditions, which was less than that observed in C. reinhardtii
(where DGAT transcript abundance increased by 62%; Boyle
et al., 2012), the absolute quantities of DGAT transcripts were
nevertheless considerably greater in IMET1 than in C. reinhardtii.
Thus, the greatly increased number of copies of DGAT genes in
IMET1 and the higher degree of transcript levels under both under
N+ and N- conditions might have conferred the ability of IMET1
to produce considerably larger amounts of TAG under stress
compared with C. reinhardtii and other nonoleaginous microalgae.
Previous transcriptomic and biochemical studies on micro-
algae and vascular plants revealed that TAG synthesis is generally
limited by the supply of carbon precursors for FA synthesis
(Ruuska et al., 2002; Bourgis et al., 2011; Troncoso-Ponce et al.,
2011; Fan et al., 2012). Our transcriptomic analysis identified
a number of pathways in IMET1 that can be stimulated under
N- conditions, thereby supplying carbon precursors and energy
for TAG synthesis: (1) the cytosolic glycolysis pathway,
which produces pyruvate; (2) PDHC bypass, which vyields
additional acetyl-CoA; and (3) coupling of TCA reactions
with mitochondrial B-oxidation. Five glycolysis genes (GPDH,
PGK, PGAM, ENL, and PK) were upregulated in IMET1 (Table 1,
Figure 6), whereas only three enzymes (phosphoglucose
isomerase, fructose-1,6-bisphosphate aldolase, and phos-
phoglycerate mutase) were elevated in C. reinhardtii at the
transcript level under N- conditions (Miller et al., 2010). Among
the upregulated glycolytic enzymes in IMET1, PK and PGK
produce ATP for FA biosynthesis, whereas these two energy-
producing steps were not enhanced in C. reinhardtii under
N- conditions. The enzymatic reaction catalyzed by ME represents
another route yielding pyruvate in IMET1, which can produce both
the precursor (pyruvate) and energy (NADPH) for lipid biosynthesis.
In contrast to upregulation of ME in IMET1, the transcript level
of ME in C. reinhardtii was repressed under N deprivation.

Additionally, upregulation of the PDHC bypass and B-oxidation
were not observed in C. reinhardtii cells subject to N deprivation
(Miller et al., 2010). Although these genes/pathways involved in
carbon precursors and TAG synthesis showed significant
changes during 48 h under N deprivation, it is noteworthy that
their upregulation at the transcript level was mostly moderate
(<4-fold). These results indicate that the existence of additional
regulatory mechanisms, such as those at the translational,
posttranslational, and metabolic levels, cannot be excluded.
Thus, coregulation of TAG synthesis at multiple levels is possible
in this organism.

Conclusion

The concurrent global trancriptomic and lipidomic analyses
conducted in this study provide a framework for better un-
derstanding glycerolipid metabolism in the oleaginous microalga
N. oceanica IMET1. The extraordinary capability of IMET1 to
produce TAG is presumably conferred by the higher gene doses
of several Kennedy pathway genes (particularly DGAT) and higher
transcript levels of these genes, compared with the non-
oleaginous microalga C. reinhardtii. The increase in transcripts
of many genes involved in carbohydrate and protein degra-
dation along with the identification of a number of the genes
encoding plastid and mitochondrial membrane transporters
suggested that these pathways shunt photosynthetic carbon
precursors from carbohydrate and protein metabolism into FA
synthesis and ultimately TAG synthesis under nitrogen depri-
vation. Appropriate genetic manipulation experiments coupled
with metabolic analysis are required to confirm these observations.
This study also unraveled the important role of mitochondrial
metabolism in TAG synthesis, which converts proteins and
membrane lipids into precursors and supplies ATP and re-
ducing equivalents (e.g., NADH) to the production of TAG. The
temporal and spatial molecular model of oleaginousness, to-
gether with a large collection of gene sequences, transcriptomes,
and lipidomes, should pave the way for rational genetic en-
gineering of this and other related microalgae for the over-
production of TAG for food, feed, and biofuels.

METHODS

Design of Experimental Strategy

Nannochloropsis oceanica IMET1 was inoculated into modified f/2
liquid medium, which was prepared with 35 g L' sea salt, 1 gL' NaNO,,
67 mg L-' NaH,PO,H,0, 3.65 mg L' FeCl,'6H,0, 4.37 mg L'
Na,EDTA*2H,0, trace metal mix (0.0196 mg L~' CuSO,*5H,0, 0.0126
mg L~ NaMoO,*2H,0, 0.044 mg L' ZnSO,*7H,0, 0.01 mgL~" CoCl,, and
0.36 mg L~' MnCl,*4H,0), and vitamin mix (2.5 pg L' VB,,, 2.5 ug L™
biotin, and 0.5 pg L~ thiamine HCI). The algal cells were grown in liquid
cultures under continuous light (~50 pmol photons m—2 s=) at 25°C and
aerated by bubbling with a mixture of 1.5% CO, in air. Approximately 5 liters
of algal culture in column photobioreactors was harvested by centrifugation
at the linear growth phase (0D, = 2.6). Cell pellets were washed three
times with axenic seawater and inoculated into N-free f/2 medium (800 mL,
n = 3) and /2 medium (800 mL, n = 3) in triplicates, respectively. Cultures
started with the same initial cell concentration of OD,5, = 2.6 and were
exposed to continuous illumination of 50 wmol m=2 s~7. Cell aliquots were
collected for RNA isolation after being transferred to the designated
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conditions for 3, 4, 6, 12, 24, and 48 h. Three biological replicates of algal
cultures were established under each of the above N+ and N- conditions,
respectively.

Transcriptome Sampling and Sequencing

Total algal RNA under the above conditions was extracted using Trizol
reagents (Invitrogen). For mRNA-Seq, the poly(A)-containing mRNA
molecules were purified using Sera-mag Magnetic Oligo(dT) Beads
(Thermo Scientific) and were fragmented into 200- to 300-bp fragments
by incubation in RNA fragmentation reagent (Ambion) according to the
manufacturer’s instructions. The fragmented mRNA was then purified
away from the fragmentation buffer using Agencourt RNAClean beads
(Beckman Coulter). The purified, fragmented mRNA was converted into
double-stranded cDNA using the SuperScript double-stranded cDNA
synthesis kit (Invitrogen) by priming with random hexamers. Strand
nonspecific transcriptome libraries were prepared using the NEBNext
mRNA Library Prep Reagent Set (New England Biolabs) and sequenced
for 2X90-bp runs (paired-end) using lllumina HiSequation 2000.

To ensure quality, the raw data (2X90-bp paired-end reads) were
modified as follows: First, adapter pollutions in reads were deleted, and
second, because the sequence qualities of lllumina reads degrade quickly
toward the 3’ end, all reads were trimmed from the 3’ end until the 3’-end-
most position with Phred-equivalent score was 20 or greater. The raw
data were deposited in the National Center for Biotechnology Information
Gene Expression Omnibus with the reference series number GSE42508.
These filtered lllumina reads were aligned to the N. oceanica draft genome
with TopHat (version 2.0.4, allowed no more than two segment mismatches)
(Trapnell et al., 2009). Reads mapped to more than one location were
excluded. Third, the short read mapping results from TopHat were used for
the differential gene expression analysis with Cufflinks (version 2.0.4), as
described below (Trapnell et al., 2010, 2013).

Estimation of Differential Gene Expression

For each of the mRNA-Seq data sets under each experimental condition,
gene expression was measured as the numbers of aligned reads to
annotated genes by Cufflinks (version 2.0.4) and normalized to FPKM
values.

Genes were considered to be significantly differentially expressed if
either of the conditions was met: (1) Their expression values showed at
least a 2-fold change with a false discovery rate (FDR)-corrected P value
= 0.05 (Benjamini-Hochberg correction, which is provided by the Cuffdiff
program in the Cufflinks package, version 2.0.4) between control and
stressed conditions for at least one time point, and moreover their FPKM
values at either conditions were = 10. (2) Their expression values showed
a 1.5- to <2-fold change with an FDR-adjusted P value = 0.05 between
control and stressed conditions for at least two time points, and moreover
their FPKM values at either of the conditions were =10.

The 3255 differentially expressed genes were grouped into 16 clusters
based on their temporal expression patterns by the k-means clustering
using the MultiExperiment Viewer 4.8 (MeV4.8; http://www.tm4.org/mev.
html) with Euclidean distance (Saeed et al., 2006). The optimal number of
clusters was identified and investigated by performing a figure of merit
analysis within MeV4.8 (Yeung et al., 2001). Figure of merit analysis showed
that the value was stabilized after a partitioning into 12 to 18 clusters using
k-means algorithm. Therefore, the transcripts were split into 16 clusters,
each of which exhibits a particular pattern of temporal dynamics.

Validation Using Real-Time PCR

To further test the validity of the mRNA-Seq results, RNA extracted from
the same cultures for mRNA-Seq was subjected to the PrimeScript RT
reagent kit with gDNA Eraser (Takara) for cDNA synthesis. Also, gqRT-PCR
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was performed by standard methods (Roche) as previously described
(Guénin et al., 2009). Ct values were determined for triplicate independent
technical experiments performed on triplicate biological cultures (n = 3).
Relative fold differences were calculated based on the ACt method using
the actin amplification product as an internal standard. Primer pairs used
for gqRT-PCR analyses are listed in Supplemental Table 2. Sizes of am-
plification products were 100 to 300 bp. The coefficient of determination
between the gPCR results and the mRNA-Seq results was 0.94 (R?)
(Supplemental Figure 3).

Mass Spectrometry Analysis of Lipids

Ten milligrams lyophilized algal cells were homogenized in liquid nitrogen
using a mortar and pestle. Total lipids were then extracted with chloro-
form: methanol (2:1, w/w) according to the method we previously described
(Yoon et al., 2012). Lipidomic analysis was performed with an Agilent 6460
triple quadruple electrospray ionization mass spectrometer equipped with
an Agilent 1260 high-performance liquid chromatograph. PC, DGTS, and
PE were analyzed as [M+H]* at the positive mode of MS, while MGDG,
DGDG, and TAG were detected as [M+ NH,]J*; SQDG, PG, and Pl were
analyzed in the form of [M-H]~ at the negative mode. Precursor ion and
neutral loss scanning modes were employed to identify lipid species for
a given class according to previously described methods (Han and Gross,
2001; Welti et al., 2002, 2003; Hsu and Turk, 2009). Product ion mode was
used to resolve the acyl groups of each lipid species.

Nitrogen was used as nebulizing gas (at 0.3 Bar) and a dry gas (4 liters
min~—" at 200°C). The spray capillary voltage was 3700 V for the negative
ion mode and 4200 V for the positive ion mode. Internal standards, in-
cluding PC 17:0/20:4 (Avanti Polar Lipids), PE14:1/17:0 (Avanti Polar
Lipids), MGDG 18:0/18:0 (Matreya), DGDG 18:0/18:0 (Matreya), TAG 17:0/
17:0/17:0 (Sigma-Aldrich), PG 17:0/20:4 (Avanti Polar Lipids), and PI 17:0/
20:4 (Avanti Polar Lipids), were added to the lipid extract prior to mass
spectrometry analysis. Lipid extracts were separated at 40°C on a ZOBAX
SBC18 column (1.8 pym, 2.1X 150 mm; Agilent) and an Extend C18
column (1.8 ym, 2.1X 150 mm; Agilent) for positive- and negative-mode
mass spectrometry analysis, respectively. For positive mode, the mobile
phases were methanol:acetonitrile:water (19:19:2) (A) and isoproponal (B)
containing 0.1% formic acid and 10 mM ammonium acetate; the LC
gradients were as follows: 0 min, 90% A and 10% B; 5 min, 90% A and
10% B; 25 min, 60% A and 40% B; 60 min, 45% A and 55% B; 66 min,
45% A and 55% B; and 68 min, 90% A and 10% B. For negative mode, the
mobile phases were 85% methanol (A) and isopropanol containing
0.025% NH,OH; the LC gradients were as follows: 0 min, 95% A and 5%
B; 15 min, 85% A and 15% B, 22 min, 45% A and 55% B; 42 min, 45% A
and 55% B; and 44 min, 95% A and 5% B. The flow rate was 0.2 mL min—1.
Multiple reaction monitoring scanning mode was used for mass spec-
trometry detection: PC (M+H]* - m/z 184), DGTS ((M+H]* — m/z 236), PE
(IM+H]* = [M+H-1411*), PG (M-H]~ — m/z 153), and SQDG (M-H]~ — m/z
225, Pl ((M-H]* - m/z 241). For MGDG, DGDG, and TAG, single-stage mass
spectrometry scanning mode was employed for detection of [M+NH,]*. For
quantification, calibration standards of each lipid class were titrated relative
to a constant amount of internal standard. Relative intensity ratios were
plotted against their molar concentration ratios to establish standard
curves. The calibration standards included PC 18:1/18:1, DGTS 16:0/
16:0, PE 18:0/18:1, MGDG 16:3/18:3, DGDG, PI 18:1/18:1, PG 18:0/18:1
(all from Avanti Polar Lipids); SQDG 16:0/18:3 (Indofine Chemical); and
TAG 16:1/16:1/16:1, TAG 16:0/18:1/16:0, TAG 18:1/16:0/18:1, and TAG
18:1/18:1/18:1 (all from Sigma-Aldrich).

Fold change of the lipid content in response to N deprivation was
calculated as log,(Ilc(Tx, N-)/Ic (Tx, N+)) (lc = content of lipid species, Tx =
time point, N- = N deprivation, N+ = N-replete) and displayed as a heat map.
Student’s t test was used to compare the two data sets (N-deprived and
N-replete, n = 6) at the same time point. If the test gives a P value = 0.01, the
difference between N- and N+ was interpreted as being significant.
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Accession Numbers

The mRNA-Seq data from this article can be found in the National Center
for Biotechnology Information Gene Expression Omnibus under acces-
sion number GSE42508. Accession numbers for the N. oceanica IMET1
genes were also included in Supplemental Data Sets 2, 4, 5, and 6.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Growth Curves of IMET1 Cells under N+ and
N- Conditions.

Supplemental Figure 2. Clustering Analysis of the mRNA-Seg-Based
Time-Series Transcriptome Data Set.

Supplemental Figure 3. Consistency between mRNA-Seg-Based
and Real-Time PCR-Based Transcript Quantification.

Supplemental Figure 4. Transcript Abundance and Dynamics of the
DGAT Genes in IMET1 as Measured by mRNA-Seq and Real-Time
Quantitative PCR.

Supplemental Table 1. General Information of the mRNA-Seq Data.

Supplemental Table 2. Real-Time PCR Primer Sequences for the 13
Genes Used in Real-Time PCR Experiments to Validate the mRNA-
Seq Results.

Supplemental Data Set 1. Spearman Correlation of Transcript
Profiles.

Supplemental Data Set 2. The mRNA-Seq Data for the 3255
Differentially Expressed Genes and Manual Functional Curation.

Supplemental Data Set 3. Cellular Content of the 55 Glycerolipid
Molecular Species under N+ and N- Conditions.

Supplemental Data Set 4. Protein Sequences of N. oceanica IMET1
Genes Related to TAG and Lipid Synthesis.

Supplemental Data Set 5. The mRNA-Seq Data for the Genes
Involved in Glycerolipid Metabolism, Fatty Acid Biosynthesis, Lipases,
Carbon Fixation and CCM, Carbon Metabolism and Transporter, and
B-Oxidation.

Supplemental Data Set 6. Subcellular Localization Prediction for the
Selected Putative Proteins Involved in TAG Synthesis and Carbon
Metabolism.
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