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Abstract

Triglyceride (TAG) synthesis during nitrogen starvation and recovery was addressed using Coccomyxa subellipsoidea by analyzing acyl-
chain composition and redistribution using a bioreactor-controlled time course. Galactolipids, phospholipids and TAGs were profiled us-
ing liquid chromatography tandem mass spectroscopy (LC-MS/MS). TAG levels increased linearly through 10 days of N starvation to a
final concentration of 12.6% dry weight (DW), while chloroplast membrane lipids decreased from 5% to 1.5% DW. The relative quanti-
ties of TAG molecular species, differing in acyl chain length and glycerol backbone position, remained unchanged from 3 to 10 days of N
starvation. Six TAG species comprised approximately half the TAG pool. An average of 16.5% of the acyl chains had two or more double
bonds consistent with their specific transfer from membrane lipids to TAGs during N starvation. The addition of nitrate following 10 days
of N starvation resulted in a dramatic shift from chloroplast-derived to endoplasmic reticulum-derived galactolipids (from <12% to >40%).
A model for TAG synthesis in C. subellipsoidea was developed based on the acquired data and known plant pathways and data presented.

Keywords: LC-MS/MS, Biofuels, Algae, Coccomyxa subellipsoidea, Triglycerides, Acyl editing, Triglyceride synthesis

Abbreviations: LC-MS/MS, liquid chromatography tandem mass spectroscopy; GC-MS, gas chromatography mass spectroscopy; TAG,
triglyceride; MRM, multiple reaction monitoring; DAG, diacylglyceride; MGDG, monogalactosyl-diacylglyceride; DGDG, digalactosyl-

diacylglyceride; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcholine.

1. Introduction

Eukaryotic green algae accumulate triglyceride (TAG) at the expense
of cellular reproduction while under abiotic stress (e.g., nitrogen, sulfur
and iron deprivation) [1,2]. Recent studies using continuous cultures
support this correlation by demonstrating a progression between repro-
ductive growth and lipogenesis depending on the extent of the stress
applied [3,4]. This correlation is not as obvious during less extreme
stress conditions. In the case of reduced N deprivation, several reports
in some algal species have shown an increased biomass [4,5]. These
studies are consistent with a specific dissociation between growth and
lipogenesis. It is precisely this dissociation that supports the genera-
tion and/or selection of an algal TAG production strain, which is es-
sential and a key priority in algal biofuel research. In order to achieve
this goal, it is first essential to gain a comprehensive understanding of
metabolic changes leading to TAG synthesis in microalgae.

Genomic and transcriptional profiling show a number of algal spe-
cies contain TAG synthesis, membrane lipid remodeling, and acyl
chain editing genes that are homologous to known plant genes and
further demonstrate differential expression patterns under conditions
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promoting TAG synthesis [6—10]. Phosphatidylcholine:diacylglycerol
acyltransferase (PDAT) and the type-1 and type-2 diacylglycerol ac-
yltransferases (DGATSs), for example, are up-regulated under N star-
vation in Chlamydomonas reinhardtii. The role of PDAT in TAG syn-
thesis has been confirmed by insertional mutagenesis [7]. While there
are some changes in gene expression, the expectation of significant dif-
ferential gene expression during N starvation has not been confirmed
in proteomic studies. The levels of most lipid metabolic enzymes re-
main relatively constant during N stress [11-13] suggesting changes
in their activities are likely the result of post-translational regulation
as opposed to significant de novo protein synthesis. Metabolomic ap-
proaches, likewise, have been unable to completely address the spe-
cific metabolic processes and their relative importance leading to in-
creased TAG synthesis [14-16].

Comprehensive studies addressing the metabolic processes under-
lying TAG synthesis in algae have lagged behind the phenotypic data
showing oil accumulation during abiotic stress. In plants, TAG synthe-
sis occurs through a complex and interwoven set of metabolic steps,
which are organellar- and tissue-specific, many of which occur at specific
points during development [17]. Chloroplast- and ER-specific isoforms
of lysophosphatidic acid acyltransferase (LPAT) catalyze the addition of
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palmitoyl-CoA or oleoyl-CoA, respectively, at the sn-2 position of the
glycerol backbone to formphosphatidic acid, which is subsequently de-
phosphorylated by phosphatidic acid phosphatase (PAP) to form diacyl-
glycerol (DAG) leading to distinctive pools of complex lipids [18]. TAG
synthesis occurs in the ER from DAG and acyl-CoA, which is catalyzed
by one of several isoforms of DGAT [19-21]. The Kennedy Pathway co-
exists with phosphatidylcholine:diacylglycerol acyltransferase (PDAT),
which catalyzes the coenzyme A (CoA) independent acylation of DAG
using phosphatidylcholine (PC) as the acyl donor, resulting in TAG and
lyso-PC [22]. In developing soybeans, the primary acceptor of de novo
synthesized fatty acid is lyso-PC resulting in PC, which in turn func-
tions as the acyl donor for TAG synthesis [23]. This pathway provides
the bulk of TAG synthesis in developing leaves, while DGAT is more
active during leaf senescence [24]. A third enzyme catalyzing the acyl-
ation of phytol during leaf senescence or stress in Arabidopsis thaliana,
phytyl ester synthase (PES), was recently characterized with DGAT bi-
functionality ex vivo, making PES the only known chloroplastic DGAT
[25]. Adding to the complexity of TAG synthesis are acyl-editing reac-
tions and remodeling of membrane lipids [26,27].

Recently, we discovered a divergence in activities of the prokary-
otic (chloroplastic) and eukaryotic (ER) TAG metabolic pathways be-
tween algae of the classes Chlamydomonadales, Chlorophyceae and
Trebouxiophyceae [28]. This exemplifies that, while much is currently
known about the pathways of TAG synthesis in C. reinhardtii, there is
a scarcity of information in other algae. This research presented here
represents the first steps in determining the mechanism of TAG syn-
thesis in Coccomyxa subellipsoidea C-169. This strain was isolated
from Marble Point, Antarctica and may offer adaptive strategies, par-
ticularly at low temperatures, for TAG and other lipid production and
thus serve as an ideal feedstock for biofuel production. The work de-
tailed in this study represents the first steps required to address the
metabolic changes leading to increased TAG synthesis in C. subellip-
soidea C-169. Following ten days of N starvation, as expected, there
was increased TAG synthesis with a commensurate loss of chloroplast
membrane lipids. A key finding from this work was that the increased
levels of TAG largely come from de novo fatty acid synthesis and, as
with plants, a significant number of acyl groups were transferred from
membrane lipid pools. With the re-addition of N, the TAG pool is rap-
idly degraded and the resultant acyl chains serve as substrates for the
synthesis of galactolipids. These results suggest a distinct metabolic
program is induced by N stress and is defined by changes in fatty acid
synthesis, the relative contributions of membrane lipid acyl chain re-
cycling, and the relative activities of the chloroplast and endoplasmic
reticulum LPATs.

2. Materials and methods
2.1. Bioreactor growth conditions

C. subellipsoidea C169 was a gift from Dr. James Van Etten (Univer-
sity of Nebraska—Lincoln). The initial inoculum was grown for one
week in 50 mL cultures. These cultures were centrifuged, cell pel-
lets resuspended in 200 mL of fresh Bolds basal medium (BBM), and
added to a sterile, round, water jacketed 3 L glass bioreactor (Applikon
Biotechnology, Foster City, CA) to a final volume of 2 L. The culture
was grown photoautotrophically with 200 pmol photons m 2 s™! at 25
°C and mixed using an impeller with two Rushton turbine blades and
three baffles. A thermocirculator was used to maintain a constant tem-
perature in the bioreactor by circulating water through the jacket. Bub-
bling compressed air through a 0.2 mm polytetrafluoroethylene (PTFE)
filter provided 330 ppm CO, at 1 L min~!; the pH was maintained at
6.6 using 0.1 M KOH and 0.1 M HCI. The pH was monitored using
an autoclavable pH electrode (Applikon Biotechnology Inc., USA).
Air input, temperature and pH were continuously recorded using the

BioXpert software from Applikon and never varied. The culture was
collected after five days of growth by centrifugation and suspended
in 200 mL of BBM media with no N source added (N-BBM), which
was added to 1.8 L of N-BBM in the bioreactor. The bioreactor was
slightly pressurized from the air input, and opening an external valve
allowed for the sterile removal of samples by displacement through a
stainless steel tube with an open end 2 in. from the bottom. 80 mL ali-
quots were collected at 24 h intervals, chilled immediately on ice, sub-
divided, centrifuged, and the cell pellets stored at —80 °C until use as
detailed below. Three pellets from each time point were lyophilized
and the dry weights (DW) determined. As is standard for bioreactor ex-
periments with continuous monitoring [29], the data presented is from
one representative experiment, of three biological replicates. The data
presented represent the mean + standard error of the mean (SEM) or
standard deviation (SD) as noted with an n= 3-5.

2.2. Confocal microscopy using Nile Red and chlorophyll
determination

The development and degradation of lipid droplets was visualized us-
ing the lipophilic fluorophore Nile Red (Sigma) according to Chen et al.
[30] with minor changes. Briefly, algal pellets corresponding to 1 mL of
cells with an optical density of 2.0 at 550 nm were suspended in 0.5 mL
of 50 uM Nile Red in 3:1 aqueous DMSO and stained for 30 min at 37
°C in a shaking incubator. Fluorescence images were collected using a
laser scanning confocal microscope (Olympus FluoView 500). Chloro-
phyll concentration was measured during the bioreactor time course as
a proxy for changes in photosynthetic capacity and chloroplast integrity.
Briefly, bioreactor culture was collected and cell density measured by
absorbance at 550 nm. Chlorophyll was extracted immediately from 1
mL of culture into 1 mL of methanol after homogenization and cellular
debris removed by centrifugation. The sample was measured by UV in
a quartz cuvette using the following equations to determine chlorophyll
a (Chl a) and chlorophyll b (Chl b) concentrations:

Chla=1629 4 (665.2-750.0) __ 854 4 (652.0-750.0)

Chlb=30.66 4 (652.0-750.0) __ 13.58 4 (665.2-750.0)

2.3. Lipid standards and extraction

Internal standards used in quantifying lipids were as follows:
1,2,3-triheptadecanoyl-sn-glycerol (Nu-Chek Prep, Elysian, MN),
1,2-diheptadecanoyl-sn-glycero-3-phosphocholine, 1,2-diheptadec-
anoyl-sn-glycero-3-phosphoethanolamine, and 1,2-diheptadecanoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (Avanti Lipids, Alabaster, AL).
Monogalactosyl-diacylglyceride (MGDG) and digalactosyl-diacylglyc-
eride (DGDG) standards were quantified using internal standards with
known stearoyl and stearoyl/palmitoyl compositions (Matreya LLC,
Pleasant Gap, PA). Endogenous saturated galactolipid content was de-
termined to be negligible during unlimited and N-starved growth. Trip-
licate samples were extracted with methanol/chloroform (2:1) contain-
ing 0.01% butylated hydroxytoluene (BHA; Sigma-Aldrich) using a
bead mill (Qiagen TissueLyser LT, Qiagen, Valencia, CA) set to 50
Hz for 5 min. A slightly modified method of the Bligh and Dyer [31]
technique for total lipid extraction was employed. Briefly, bead mill
disrupted cells in chloroform/methanol (2:1) were incubated at room
temperature for 1 h on a multi-vial vortexer. Lipids were partitioned
by adding 1 mL of chloroform and 2 mL of 0.8% aqueous potassium
chloride solution followed by a brief vortexing step and centrifugation
for 5 min at 2520 xg. The organic phase was removed to a fresh vial
and evaporated under nitrogen gas. The sample was finally dissolved
in into methanol/chloroform (1:1).
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2.4. Trans-methylation and GC—MS analysis of complex lipids

Fatty acid methyl esters (FAMEs) were synthesized from lipid extracts
using a modification of the method published by Morrison and Smith
[32]. Briefly, extracts were saponified for 5 min at 100 °C in 0.5 mL
0.5 M potassium hydroxide in methanol; the samples were allowed to
cool and 0.5 mL of boron trifluoride (14% in methanol) was added,
which were again heated to 100 °C for 5 min. Extracts were kept un-
der a headspace of argon throughout the process. Solvent partitioning
with 0.5mL of hexane and 1mL of saturated aqueous sodium chloride
solution was used to separate and purify the FAME mixture. Partition-
ing was aided by centrifugation (2000 xg; 5 min). The hexane layer
was isolated and FAMESs analyzed directly by GC-MS using an Agi-
lent 7890A GC and a 5975C VL MS triple axis detector (Agilent Tech-
nologies, Santa Clara, CA). The column used was an Agilent CP7421
Select FAME (200 m x 271 ym X 0.25 um). The oven temperature was
set at 130 °C for 10 min, ramped by 10 °C min™! to 160 °C and held for
7 min. The temperature was ramped again at 10 °C min~! to 190 °C,
held 7 min, then increased again by 10 °C min~! to 220 °C and held
for 22 min. A final temperature of 250 °C was reached by an increase
of 10 °C min™! and held for 17 min. The pressure was held constant
at 62.3 psi and the inlet temperature set to 250 °C. Peaks were evalu-
ated by fragment analysis against a standard NIST database and veri-
fied using a mixture of authentic standards (37 FAME standard; Fisher
Scientific). The mol% of each was calculated by comparison with a
standard of known amount (heptadecenoic methyl ester). The data pre-
sented represent the mean + standard error of the mean (SEM) or stan-
dard deviation (SD) as noted with an n = 3-5.

2.5. Quantification of complex lipids by LC-MS/MS

Complex lipids were analyzed using a SCIEX Q-Trap 4000 LC-MS/
MS coupled to a Shimadzu UFLC-XR system and an Agilent Poroshell
120 EC-18 4.6 x 50 mm (2.7 um) column and an Agilent Eclipse Plus-
C18 narrow bore 2.1 x 12.5mm(5 pm) guard column (Agilent Tech-
nologies, Santa Clara, CA) varying binary solvent systems. In general,
lipid extracts equivalent to 1 x 105 cells were injected. Mono-, di-, and
trigalactosyl-diacylglycerides were analyzed using 95:5 methanol/wa-
ter/1.6 mM ammonium formate/0.7 mM formic acid (Solvent A) and
methanol/ 1.6 mM ammonium formate/0.7 mM formic acid (Solvent
B). The gradient increased with a column temperature of 30 °C from
0 to 100%. Solvent B in 6 min, held for 4 min, decreased to 0% in 0.5
min, and held for 1.5 min. An Agilent Pursuit 5 PFP 150 x 2.0 mm
column was used for phospholipid separations (Agilent Technologies,
Santa Clara, CA). Phosphatidylcholines, phosphatidylethanolamines,
and phosphatidylglycerols were analyzed using 70:5:25 methanol/ iso-
propanol/10 mM aqueous ammonium formate (Solvent A) and 94:5:1
methanol/isopropanol/10 mM aqueous ammonium formate (Solvent
B). The gradient was run at a column temperature of 40 °C. Solvent
B increased from0 to 50% in 10 min, 100% in 2min, held for 2min,
then decreased to 0% in 1 min and was held there for 1 min. Triglyc-
erides were analyzed according to the method of Allen et al. [28] and
by exhaustive measurements of unsaturated TAG molecular species
containing C18 and/or C16 fatty acyl chains and up to three double
bonds and their resulting fragment ions. A binary solvent system con-
sisting of methanol/1.6 mM ammonium formate/0.7 mM formic acid
(Solvent A) and chloroform (Solvent B) was used for both analyses.
Solvent B concentration began at 7% held for 1 min, was increased
to 25% over 2 min, 30% in 4 min, then 7% in 1 min and held for 2
min. Triglycerides (TAGs) were quantified after lipid extraction were
first hydrogen saturated to remove the complexity inherent to double
bond quantity and placement by sealing them with 1 mg of platinum
(IV) oxide (Sigma-Aldrich), replacing the head space with hydrogen
gas, and vortexing for 30 min. All complex lipids were analyzed us-
ing MRMs of their ammoniated ions and their collision fragments. The

data presented represent the mean =+ standard error of the mean (SEM)
or standard deviation (SD) as noted with an n = 3-5.

2.6. Analysis of acyl chain unsaturation of intact TAG molecular species

The method of Liu et al. [33] was used to identify and quantify TAG
molecular species with the unsaturation left intact. MRM-LC-MS/MS
measurements were done of all possible transitions of molecular and
fragment ions for TAG species containing C18 and/or C16 fatty ac-
ids with up to three double bonds per acyl chain. Column separations
were identical those already described with only the MRM transition
lists altered, and TAG molecular species were quantified by compar-
ison to a triheptadecanoate standard. A total of 240 MRM transitions
were analyzed split into 6 injections of 40 transitions each. Since MRM
transitions do not differentiate the site of unsaturation, many of those
measured could represent multiple TAG molecular species (e.g., the
MRM transition defining the TAG 18:1/18:1/16:1 is the same for the
TAGs 18:1/18:2/16:0 and 18:1/18:0/16:2). 66 of the 240 MRM transi-
tions measured were present above the 100 ppm (of dry weight algae)
threshold of measurement, 32 of which represented only one TAG mo-
lecular species, 34 varied in regioisometry but had a known number of
polyunsaturated fatty acyl groups, and 12 were ambiguous. These rep-
resented only 15% of the total TAG quantity and given the complexity
of the data were not included in our analyses. The data presented rep-
resent the mean =+ standard error of the mean (SEM) or standard devi-
ation (SD) as noted with an n= 3-5.

3. Results
3.1. Accumulation of TAG in lipid droplets

C. subellipsoidea C-169 accumulated lipid droplets over the course
of the 10-day nitrogen starvation (Fig. 1). As expected lipid droplets
were visible by day 3 and increased in both size and intensity for the
duration of N starvation. The addition of nitrate on day 10 was fol-
lowed by a rapid reduction in lipid droplets apparent by Nile Red flu-
orescence after a one-day lag period.

3.2. Acyl chain composition of the triglyceride pool during nitrogen
starvation

To gain key information regarding the source of the acyl chains dur-
ing increased triglyceride (TAG) synthesis in N starvation, we used
our recently developed LC-MS/MS method that relies on catalytic hy-
drogenation to remove acyl chain unsaturation and enable quantitative
measurements of TAG levels [28]. Consistent with the accumulation
of the lipid bodies, the TAG pool represented the most dramatic shift
in lipid class quantity during N starvation. TAG increased linearly by
1.5% dry weight day ! (r* = 0.99) over the 10-day period of N starva-
tion and reached a final concentration of 96 mg L' of culture at day
10, which represented 12.8% of the dry weight (Fig. 2). The re-addi-
tion of N on day 10 resulted in a 22-fold decrease in the TAG pool to
43 mg L™ (0.44 +0.01% dry weight) in a 24 h period, commensurate
with a notable increase in cell growth.

We next addressed the composition of the TAG pool, with a spe-
cific focus on acyl chain length over the 10-day period of N starva-
tion to gain insights as to whether the increase in the TAG levels was a
consequence of the degradation of chloroplast membrane lipids as re-
ported in other algal species [34] or in combination with de novo fatty
acid synthesis. The initial increase of TAG accumulation (days 1-3)
was proportional to specific changes in the C16/C18 acyl chain ratio,
which decreased from 0.38 +0.02 to 0.25 = 0.01. This ratio, which re-
mained stable through day 10 of N starvation, was consistent with in-
creased fatty acid synthesis culminating with C18 fatty acids (Table
1). While the C18 fatty acids were the predominant acyl chains in the
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Fig. 1. Confocal microscopy of C. subellipsoidea showing the development and degradation of lipid droplets during N starvation and re-addition. Cells were treated

with Nile Red (upper panels) and merged with Nomarski images (lower panels).

newly synthesized TAG, C16, while decreased, was proportionally in-
creased over the N starvation period, suggesting a fixed ratio of avail-
able acyl chains coming from both de novo fatty acid biosynthesis and
trafficking from membrane lipids (Table 1). C16 in the sn-2 position of
the newly synthesized TAG decreased from 22% to 10% over the first
three days of N starvation and then remained constant over the rest of
the N starvation period. The %dryweight, of the 16/16/18, 16/18/16,
18/18/16, 18/16/18, and 18/18/18 TAG molecular species increased
over N starvation. The 18/18/18 TAG species, for example, increased
1.5-fold during this period. In contrast, the 16/16/16 TAG species, de-
creased 14-fold by day 3 and remained low throughout the starvation
period. The increase in TAG species containing C18 fatty acids is con-
sistent with increased de novo fatty acid synthesis culminating with
C18 fatty acids, which are directed to TAG synthesis under new steady
state conditions during N starvation (Table 1).

The quantity and acyl chain composition of the TAGs were next de-
fined for the 4-day period following N re-addition. During this recov-
ery period, there was a 22-fold decrease in TAG content (13% to 4%
dry weight). Of particular note was the 18/18/18 TAG species, which
decreased by 10% over this 4-day period (Fig. 2, Table 1); the other
TAG species remained essentially unchanged. These data showed the
18/18/18 TAG species are preferentially degraded almost immediately
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Fig. 2. Quantification of triglycerides (TAG) following catalytic saturation
using LC-MS/ MS. TAG species (18/18/19 (gray); 16/18/18 (red); 18/16/18
(white); 16/18/16 (hatched); 16/16/18 (black)) were quantified as %DW al-
gae over the 14-day bioreactor time course of 10 days in N starvation and 4
days following N re-addition; the 16/16/16 TAG species was >1% of the total
TAG and not included in the figure. The black line represents total TAG quan-
tities (mg L™). Data presented represent the mean + standard deviation (n= 3).

upon the re-addition of N. By day 4 after the re-addition of N, the mo-
lecular species of the significantly reduced TAG pool approached those
defined under pre-N stressed conditions (Table 1).

It is well-documented that membrane lipids are the substrates for
desaturases acting on C16 or C18 acyl chains to produce two or more
double bonds in plants [35]. In C. subellipsoidea, these predicted de-
saturases share a high degree of homology with their plant counter-
parts supporting the notion that TAG acyl chain desaturation is a mea-
surement for acyl chains arising from membrane lipids [35]. In order
to understand the incorporation of acyl chains originating from mem-
brane lipids, acyl chain unsaturation in the different TAG species were
defined over the 10-day N starvation period using the method of Liu
et al. [33]. The six most abundant TAG species were quantified using
this approach, which represented 48% of the total TAG pool after 10
days of N starvation (Fig. 3A). Triolein (OOO) was the most abundant
TAG species, comprising 3.0 + 0.2% dry weight of the algae on day
10. This was more than 3-fold greater in quantity than the next abun-
dant TAG, 1,3-dioleoyl-2-palmitoylglycerol (OPO) representing more
than half of the TAG derived from DAG with C16 in the sn-2 position
indicative of synthesis by a chloroplast-specific LPAT. The MRM data
of unsaturated TAG molecular species was further analyzed to deter-
mine the rates of acyl chain redistribution from membrane lipids over
the N starvation time course (Fig. 3B). The relative amounts of satu-
rated and mono-unsaturated, di- and tri-unsaturated acyl chains were
used to extrapolate the cumulative amount of these acyl groups using
the quantitative assessment of TAG species by catalytic saturation (Ta-
ble 1). Polyunsaturated acyl groups accumulated linearly (12 = 0.98) in
TAGs, yet rates varied in the different species (Fig. 2B). C. subellip-
soidea contains fatty acid desaturases which are highly homologous to
plant desaturases shown to have specificity for acyl chains esterified to
membrane lipids. Polyunsaturated acyl chains in the TAG pool likely
originated in membrane lipids and were transferred via their conver-
sion to DAGs or free fatty acids through acyl chain editing. Over the
course of N starvation, on average, 18% = 3% of the TAG acyl chains
were polyunsaturated.

3.3. Changes in chloroplast membrane lipids during N starvation
and re-addition

The changes in TAG quantity and molecular species composition under
N starvation conditions supported the conclusion that the acyl chains
come from a combination of membrane lipid remodeling and de novo
fatty acid biosynthesis. Chloroplast size reduction occurred in C. sub-
ellipsoidea commensurate with increased TAG synthesis during N star-
vation (data not shown). The chlorophyll content, as a proxy for the
degradation of the photosystems, was reduced by 74% over the 10-
day N starvation period (Fig. 4). Coincident with the increase in TAG
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Table 1. Ratios of TAG molecular species and acyl chains by chain length. The extrapolated percentages of total TAG with C16 FA in the sn-2 position of the glyc-
erol backbone are indicative of synthesis through the chloroplast-specific branch of the Kennedy Pathway (Prokaryotic Pathway).

Days Total TAG Relative ratios of saturated TAG molecular species (% total) Ratio of C16
(%DW) 16/16/16 16/16/18 16/18/16 18/16/18 16/18/18 18/18/18 to C18 FA %16sn-2
N-starvation 1 0.16 (0.002) 1.38 6.91 8.44 14.37 33.86 35.05 0.38 222
2 0.74 (0.02) 0.60 4.89 7.27 9.58 35.48 42.19 0.31 13.5
3 3.05 (0.12) 0.27 3.52 7.22 7.72 35.97 4531 0.28 10.6
4 4.05(0.2) 0.12 1.77 6.60 6.79 35.85 48.87 0.25 8.4
5 5.66 (0.19) 0.14 247 5.76 6.79 35.15 49.69 0.24 9.8
6 7.62 (0.24) 0.32 221 6.62 7.22 34.71 48.93 0.25 9.7
7 9.44 (0.44) 0.24 1.53 5.85 8.55 33.38 50.45 0.24 9.4
8 10.23 (0.19) 0.14 243 5.50 7.44 34.33 50.16 0.24 8.3
9 11.57 (0.25) 0.14 1.85 5.32 5.66 34.72 52.30 0.23 10.4
10 12.64 (0.39) 0.22 1.95 5.07 5.94 35.76 51.05 0.23 10.6
N-addition 11 4.24 (0.28) 0.44 3.04 491 11.88 31.45 48.28 0.25 15.8
12 1.13 (0.03) 0.39 3.52 7.28 10.41 37.86 40.54 0.31 17.5
13 0.99 (0.03) 0.45 3.64 5.40 9.91 35.75 44.85 0.28 17.8
14 0.44 (0.004) 0.53 3.95 5.01 12.41 32.53 45.56 0.27 18.5

synthesis, these data suggest the catabolism of the plastid membrane
lipids occurs in conjunction with the reduction in chloroplast size and
function and that the liberated acyl chains were likely to be trafficked

into the newly synthesized TAG.

Fig. 3. Triglyceride profiling using
MRM-LC-MS/MS. Total TAG pools
during the time course of N starva-
tion (days 1-10) and re-addition (days
11-14) were analyzed using multi-
ple reaction monitoring (MRM) of all
possible intact and fragment ion com-
binations from TAG molecules con-
taining C18 and/or C16 fatty acids
with up to three double bonds each,
which represent 48% of the total TAG
pool on day 10 of N starvation.

A. Changes in 00O, OPO, OOP, OOL,
OLO, and LSL (O — oleic acid, P
— palmitic acid, L — linoleic acid,
and S — stearic acid; letters ap-
pear in order of fatty acyl chains in
the sn-1, 2, and 3 positions) over 10
days of N starvation and 4 days of N
re-addition.

B. The rates of different TAG species
accumulation during N starvation (in-
set); the levels of saturated and mono-
unsaturated (S + M) acyl chains are
compared to the levels of di- and tri-
unsaturated (D + T) acyl chains in
the TAG pools, which likely origi-
nate from membrane lipids. The time
points for each TAG species represent
the mean + standard deviation (n= 3)
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To further define the sources of the acyl chains in the newly syn-
thesized TAG, we next addressed changes in the composition of plas-
tid membrane lipids during N starvation. ESI-MS/MS coupled with
direct injection was used to assess the presence and relative amounts

Days in N Starvation
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of lipid classes in the chloroplast, with a specific focus on the major
galactolipid species, monogalactosyl-diacylglycerol (MGDG) and di-
galactosyl-diacylglycerol (DGDG) (Figs. S, 6). The chloroplast mem-
brane lipids constituted 72% of the total complex lipids analyzed by
LC-MS/MS on day 1; by day 10 of N starvation, they represented only
6% of the total complex lipid pool. The phosphatidylglycerol (PG) pool
constituted 25-35% of the chloroplast lipids and its degradation par-
alleled the decrease in the total complex lipid pool of the chloroplast
over the 10- day N starvation period. The total quantity of PG was re-
duced by 60% by day 10 and was essentially fully recovered after 2
days of N readdition (Fig. 5).

—
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Chlorophyll Content (ug per OD;g,)
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Fig. 4. Chlorophyll content during N starvation and re-addition time course.
Chlorophyll a (Chl a) and chlorophyll b (Chl b) were measured by UV as de-
tailed in Materials and methods. Data shown are the mean + standard devia-
tion (n = 3).

=
=
& m18/16(3)
>
£ 018/16(4)
t
S m18/16(5)
Ie] m18/16(6)
o
P @18/16(7)
©

Fig. 5. Phosphatidylglycerol levels during N starvation and re-addition time
course. Phosphatidylglycerol (PG) pools were quantified by MRM-LC-MS/
MS over a bioreactor time course with 10 days of N starvation and 4 days of N
re-addition. Molecular species are defined by the two acyl chain lengths with
the total number of double bonds in parentheses (e.g., 16/18(2)) without re-
gard to their position. Only 16/18 species were detected for this lipid class by
infusion ESI-MS/MS. Data shown are the mean =+ standard deviation (n = 3).

The galactolipids MGDG and DGDG, as a percentage of dry
weight, were both reduced during N starvation (Fig. 6). MGDG was
reduced by 78% compared to a 66% reduction in DGDG over the 10-
days of N starvation. This differential reduction in DGDG and MGDG
increased the relative percentage of DGDG, a bilayer forming mem-
brane lipid, from 28% to 46% of the total galactolipid content.

The major acyl chain composition of MGDG and DGDG was 16/18
or 18/18 with varying degrees of unsaturation (1-6 doublebonds).
The degree of unsaturation varied between MGDG and DGDG with
MGDG, in general, being more highly unsaturated. During N starva-
tion, the quantity (relative to %dry weight) of 16/18 MGDG with 6
double bonds (MGDG16/18(6)) did not change. However, relative to
the total MGDG pool, MGDG16/18(6) increased 2-fold during the 10-
day N starvation period owing to equivalent reductions in less unsatu-
rated molecular species. The MGDG16/18 levels recovered to roughly
half of pre-stressed levels following the re-addition of N; no signifi-
cant changes were seen in the DGDG16/18 pools over this same pe-
riod of time. Both MGDG18/18 and DGDG18/18 were found in mod-
erate abundance and are presumed to originate either from the transfer
of intact glycerolipid from extra-plastidic membranes followed by head
group remodeling or direct transfer of DAG from the ER Kennedy
Pathway to the chloroplast membrane. This presumption is based on
studies done in plants demonstrating selective incorporation of C16
FA into the sn-2 position of glycerolipids by chloroplast-specific LPAT
[18] and the exclusive production of 18/16 galactolipids by isolated
chloroplasts [36]. The extra-plastidic origin of 18/18 galactolipids has
also been shown by labeling studies of Chlorella kessleri [37]. Dur-
ing N starvation the MGDG18/18 pools increased in unsaturation, with
MGDG18/ 18(6) becoming the predominate species. This finding sug-
gests the increase in unsaturation is likely due to increased desaturase
activity. By comparison, the DGDG18/18 pools remained constant in
relative species quantities throughout the 10 days of N stress (Fig. 6).

The addition of nitrate on day 11 increased the MGDG18/18 and
DGDG18/18 pools, suggesting essentially all of the fatty acids required
for galactolipid synthesis necessary during chloroplast recovery comes
from the breakdown of the 18/18/18 TAGs. Within 1 day of N readdi-
tion, the 18/18 content of MGDG and DGDG was 46% and 41%, re-
spectively (Fig. 6C, D); the large influx of 18/18 species in the MGDG
and DGDG pools coincided with the 3-fold reduction of TAG as de-
tailed above. These data suggest a specific mechanism exists to traffic
the acyl chains liberated from the 18/18/18 TAGs upon N-re-addition
to immediate galactolipid synthesis. These changes were coincident
with the significant greening and the 3.6-fold increase in chlorophyll
content by 4 days after N re-addition. The recovery of the MGDG16/18
pools was similar to the PG pools (Figs. 5, 6); the DGDG16/18 species
decreased slightly in the cells over the 4 days of N recovery (Fig. 6).

3.4. Changes in phosphatidylcholine pools during N stress and
re-addition

Recent transcriptome profiling in C. reinhardtii demonstrated
phospholipid:diacylglycerol acyltransferase (PDAT) transcripts are
increased during N stress coincident with TAG accumulation [7].
This alga utilizes the betaine lipid diacylglyceryl-trimethylhomoser-
ine (DGTS) as a primary membrane lipid and completely lacks phos-
phatidylcholine (PC), suggesting that PDAT may utilize DGTS in this
species. Although PDAT from C. reinhardtii complements a genetic
knock-out in yeast and can therefore use PC as a substrate, C. rein-
hardtii PDAT insertional mutants have reduced TAG pools demonstrat-
ing functionality presumably using DGTS [7]. Regardless of the am-
biguity, the finding that PDAT is increased during N starvation in C.
reinhardtii prompted us to address changes in the PC pools in C. sub-
ellipsoidea during N starvation and readdition to determine changes
in quantity or acyl chain composition that may provide key meta-
bolic information contributing to increased TAG synthesis. Unlike the
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chloroplast membrane lipids, the total quantity of PC did not change
during N starvation or re-addition (Fig. 7A). The quantity of phospha-
tidylethanolamine (PE) was less than 5% of the PC levels and was like-
wise unchanged over the same time course (data not shown). While the
majority of the PC species did not change over the time course of N
starvation and re-addition, we found specific changes in both PC18/18
and PC16/18 suggesting their relative acyl chain quantities are impor-
tant to maintain membrane lipid homeostasis. Of particular note was
that N starvation resulted in a 60% decrease of PC18/18(6) by day 4,
which remained constant through the starvation period; the re-addition
of N increased levels just over 2-fold when compared to levels at day 1
(Fig. 7B). The same trend held for PC18/18(5) where there was an ini-
tial decrease by 35%. The readdition of N increased PC18/18(5) levels
that were 15% higher than before the N starvation. Like the PC18/18
species, the three major PC16/18 species decreased beginning at day
2 of N starvation; by day 10 all three were decreased by 80-85% (Fig.
6C). The re-addition of N restored prestarvation levels of PC16/18(6).
The levels of PC16/18(5) and PC16/ 18(4) had a modest increase upon
N re-addition but were still 50-60% less when compared to pre-star-
vation levels. These data are consistent with the conclusion that PDAT
is likely to function to traffic specific C16 and C18 chains from PC
for TAG synthesis during N starvation. The re-addition of N resulted
in a preferential increase in the PC18/18 species, which is likely com-
ing from de novo fatty acid synthesis as would be required to expand
membranes with the resumption of growth.

3.5. Quantification of total FAMEs

The experimental work detailed above demonstrated N starvation in-
creased TAG synthesis and decreased the amounts of PG, MGDG and
DGDG while having essentially no impact on PC (Fig. 7A). The dif-
ferent classes of lipid immediately changed following the re-addition
of N and were more reflective of pre-stressed patterns. To further un-
derstand the metabolic changes during N starvation and re-addition,
including the amount of total lipid, we analyzed total fatty acids using
a GC-MS over the experimental time-course (Fig. 8, Table 2). Total
fatty acid levels increased, as expected, in parallel with the increases

noted above in total lipid quantity. A key finding from these experi-
ments was the specific changes in Cl 61 7 and Cl&lAg amounts during
N starvation and re-addition. C 47 decreased to levels that were at
the lower limits of detection while C ¢ * ¥ increased nearly 13-fold dur-
ing N starvation. When the total fatty acid profiles were expressed in
mol%, the distribution patterns of the major classes of fatty acids over
N starvation and N re-addition is more apparent (Table 2). Of particu-
lar note was the increase in C,g 9 over the 10-day N starvation period
from 13 mol% to 53 mol%. The mol% of C, ,, did not change appre-
ciably during N starvation. By comparison the C16 monounsaturated
and polyunsaturated fatty acids (C %7, C,,27?and C, ,A71%13) de-

creased 3- to 10-fold in mol% over the same period. The C18 polyun-
saturated fatty acids (C,4,**!? and C ¢ ;2%1215) decreased 2-fold. This
increase in C,g 7 is presumed to come from de novo fatty acid biosyn-
thesis and is subsequently trafficked to TAG synthesis during N star-
vation as opposed to galactolipid and glycerophospholipid synthesis.
Following the readdition of N, the distribution of the major classes of
fatty acid returned to approximately pre-stressed levels, which was co-
incident with the restoration of the different classes of complex lipids.

4. Discussion
4.1. Summary

In accordance with previous studies in other eukaryotic green algae,
TAG accounts for nearly 75% of total lipid following 10 days of N
starvation in C. subellipsoidea, which results from increased TAG syn-
thesis and loss of chloroplast membrane lipids [38-40]. Fig. 9models
the synthesis of TAG under N starvation conditions. The increase in
TAG levels is greater than the decrease in chloroplast lipids and sup-
ports the hypothesis that fatty acids from de novo fatty acid biosyn-
thesis account for this difference. Following 10 days of N starvation,
18% of the acyl chains in the TAG pool were polyunsaturated, which
is consistent with them coming from the degradation of membrane lip-
ids. Within the galactolipids, there is a coincident disproportional loss
of MGDG compared to DGDG that is accompanied by a decrease in
overall fatty acid saturation. The levels of PC are unchanged, but N
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Fig. 7. Phosphatidylcholine levels and changes in unsaturated molecular spe-
cies during N starvation and re-addition. Percent dry weights (%DW) of total
phosphatidylcholine (PC) levels (A) and the more highly unsaturated PC spe-
cies, 18/18(5) and 18/18(6) (B) and 16/18(4), 16/18(5) and 16/18(6) (C). Data
shown are the mean + standard deviation (n= 3).

stress results in moderate reductions in acyl chain unsaturation. While
the incorporation of C16 and C18 fatty acids into the TAG pool dur-
ing N starvation increases proportionally, C,¢ 2% becomes the most
abundant fatty acid, which necessarily comes from de novo fatty acid
biosynthesis. The TAG pool is rapidly degraded following N re-addi-
tion and as such functions as a reservoir for the immediate synthesis
of galactolipids that become enriched in the 18/18 molecular species.
These studies demonstrate a distinct metabolic program is induced by
N starvation and is defined by changes in fatty acid biosynthesis, mem-
brane lipid acyl chain recycling, and the Kennedy Pathway. In total,
lipid metabolism is dynamic under N starvation and re-addition as ev-
idenced by changes in complex lipid pools consistent with a specific
programmed cellular response.

4.2. TAG metabolism in C. subellipsoidea

C. subellipsoidea produced approximately the same amount of TAG
during N starvation as the diatoms Phaeodactylum tricornutum and
Thalassiosira pseudonana, but only one third the quantity measured
in Nannochloropsis gaditana [38,41]. The onset of TAG catabolism
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Fig. 8. Total lipid and fatty acid pools during N starvation and re-addition. A.
Total lipid quantities determined using LC-MS/MS, and B. fatty acid profiles
determined using GC-MS over the 14-day bioreactor time-course. The percent
dry weight (%DW) presented is the mean =+ standard deviation (n= 3).

occurred quickly after N re-addition and was paralleled by an increase
in the 18/ 18 galactolipids. There is a nearly 2-fold increase in total ga-
lactolipid quantity during this initial 2448 h period, which was fol-
lowed by the restoration of growth with a doubling time of 2.8 days.
Significant greening occurs during this initial 24-48 h period suggest-
ing the delay in growth is related to the necessity to rebuild the pho-
tosynthetic membranes. Reducing equivalents for the assimilation of
nitrate following readdition are likely to be derived from the oxidative
pentose phosphate pathway rather than p-oxidation. Huppe et al. [2]
reported a 2.5-fold increase in glucose 6-phosphate dehydrogenase ac-
tivity in C. reinhardtii, indicative of oxidative pentose phosphate path-
way activation, and a 70% decrease in the rate of carbon dioxide fix-
ation when nitrate was added to N starved cells.

The difference in acyl chain length specificity between two lyso-
phosphatidic acid acyltransferase (LPAAT) isoforms makes it possible
to determine the compartment of origin of complex lipids [37]. The en-
doplasmic reticulum (ER) isoform preferentially adds C18 to the sn-2
position of lyso-phosphatidic acid to form diacylglycerol (DAG) while
the chloroplast isoform prefers C16 [18]. These two reactions define
the prokaryotic (chloroplastic) and eukaryotic (ER) branches of the
Kennedy Pathway of complex lipid synthesis and yield DAG, which
subsequently gives rise to membrane lipids or TAG. After 4 days of
N starvation, approximately 10% of the newly synthesized TAG in
C. subellipsoidea contains C16 acyl chains from chloroplastic lipids,
which remains essentially unchanged during N starvation. The relative
incorporation of C16 and C18 fatty acids into TAG remains essentially
unchanged after three days of N starvation and re-addition (C16/C18
ratio ranged from 0.25 to 0.31). The TAG C16 and C18 chain compo-
sition in C. subellipsoidea is similar to that reported for P. tricornutum
and 7. pseudonana, that also remained the same regardless of growth
stage or stress condition [41] supporting the conclusion that fatty acid
chain length is an important determinant for TAG biosynthesis in algae.
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Table 2. Fatty acid quantities (mol%) during N starvation re-addition. The total fatty acid profiles of C. subellipsoidea through 10 days of N starvation and 4 days
of N re-addition were quantified by GC-MS after their conversion to FAMEs. Data presented represent the mean + standard deviation (n= 3).

Days Fatty acid (mol%) + SEM
16:0 16:1 16:2 16:3 18:1 18:2 18:3
N-starvation 1 22.0 (2.1) 3.3(0.2) 8.0 (0.7) 9.5(0.8) 13.6 (1.0) 247 (2.2) 17.8 (1.8)
2 21.5(1.2) 2.3(0.1) 6.1(0.5) 7.9 (0.9) 19.7 (2.6) 23.6 (2.9) 17.3 (2.5)
3 20.7 (2.6) 1.4 (0.1) 4.3(0.5) 7.3 (1.0) 29.0 (4.3) 20.8 (3.0) 15.2 (2.6)
4 18.9 (2.0) 1.0 (0.1) 3.2(0.3) 6.5 (1.0) 36.9 (5.0) 18.4 (3.1) 13.9 (2.6)
5 17.6 (2.9) 0.7 (0.1) 2.4(0.3) 6.5(1.3) 41.8 (8.0) 16.6 (3.6) 12.8 (2.9)
6 17.0 (1.2) 0.6 (0.03) 1.7(0.2) 5.5(0.7) 46.7 (3.9) 15.6 (2.0) 11.8 (1.8)
7 16.2 (3.1) 0.4 (0.01) 1.5(0.3) 52 (1.1) 48.9 (9.7) 153 (3.4) 11.4(2.7)
8 15.9 (2.8) 0.4 (0.02) 1.2(0.2) 5.1(1.0) 50.9 (9.7) 14.7 (3.1) 10.8 (2.6)
9 15.5(2.0) 0.3 (0.01) 1.0 (0.1) 4.7 (0.8) 52.9(7.7) 14.4 (2.5) 10.4 (2.1)
10 152 (2.1) 0.3 (0.01) 1.1 (0.05) 4.6 (0.8) 53.4 (8.0) 14.2 (2.7) 10.3 (2.1)
N-addition 11 18.0 (2.6) 1.4 (0.2) 1.4 (0.1) 7.1(1.3) 33.2(7.1) 17.5(3.8) 20.0 (4.5)
12 18.3 (1.5) 1.9 (0.1) 2.0 (0.1) 8.0 (1.0) 22.7(2.9) 20.8 (3.0) 24.8 (3.6)
13 17.8 (2.4) 2.5(0.2) 2.2(0.2) 7.6 (1.2) 21.0 (4.0) 23.0 (4.5) 242 (4.9)
14 18.5(2.2) 3.0(0.2) 2.9(0.3) 7.2(0.9) 17.6 (2.4) 25.4(3.8) 23.9 (3.7)
Fig. 9. Proposed model of triglyceride syn-
thesis during N starvation in C. subellipsoi- L
dea. The acyl CoA precursors for TAG syn-
thesis are derived from(1)membrane lipids
(galactolipids and glycerophospholipids, ML)
through acyl-editing forming a lyso-mem-
brane lipid (LML) and (2) de novo fatty acid
(FA) synthesis. (3) The sequential acylation of 18/18/16
glycerol-3-phosphate (G3P) via the Kennedy
Pathway resulting in lysophosphatidic acid
(LPA) and phosphatidic acid (PA) using sat-
urated and monounsaturated (S/M) or di- and 18/16/18
tri-unsaturated (D/T) acyl-CoAs leads to dia- 16/18/16
cylglycerol (DAG). DAG is subsequently ac- — == 1516/18
ylated to form TAG. (4) Acyl chains are trans- > = 16/16/16
ferred directly from phosphatidylcholine (PC)
to DAG forming TAG and lyso-PC (LPC) @
through the acyl-CoA independent enzyme, rofi
phospholipid:diacylglycerol acyltransferase. TAG Compos: tion
The acyl chains in the membrane lipids (ML)
are further desaturated and contribute to the
smaller acyl CoA pool (red),which consists
of di- and tri-unsaturated species (D/T). Satu- FA TAG
rated and monounsaturated fatty acids (S/M) LPC
contribute to the larger acyl CoA pool (yel- S/M
low) and come largely from de novo synthesis @
and to a more minor extent, membrane lipid
remodeling. (5) The chain composition in the Acyl-COA PC
newly synthesized TAG reflects the source of
the acyl- CoA (S/M, yellow and D/T, red) and D AG

consists of C18 and C16 fatty acids. In 5, the
size of the arrows and color in the arrows rep-
resents the approximate amount of S/M and
D/T acyl chains, respectively in the newly
synthesized TAG pool. (6) The molecular spe-
cies of the fatty acids in the newly synthesized
TAG also differs by chain length, with approx-
imate amounts shown for 18/18/18 (50.2% +
1.7%), 18/18/16 (34.8% + 1.7%), 18/16/18
(6.9% £ 2.1%), 16/18/16 (5.8% + 0.8%),
16/16/18 (2.0% + 0.6%), and 16/16/16 (0.2%
+0.1%) during N starvation.

G3P

TAG biosynthesis adjusts during the first three days of N starvation,
as evidenced by the 2-fold decrease of C16 fatty acids in the sn-2 posi-
tion. This change is commensurate with 3- to 10-fold decreases in the
mol% of C,,.;, C,(.,, and C, 5, and to a lesser extent, C,q.,, and C .,
in the newly synthesized TAG. The reduction in C,,, C,,, and C,

LPA

O

fatty acids in response to N starvation suggests the down-regulation
of palmitate desaturation. The single palmitate-A’-desaturase homo-
log in C. subellipsoidea shares 58% of sequence identity with the A.
thaliana MGDG-specific palmitate-A’-desaturase, FADS, whose activ-
ity regulates MGDG synthesis and has been linearly correlated with the
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chlorophyll content of plant leaves [42]. This loss of function is a pos-
sible factor linked to the degradation of chloroplast membrane pools,
where unsaturated C16 FAs are required for complex lipid synthesis.
MGDG quantity is further reduced relative to DGDG degradation dur-
ing N stress in C. subellipsoidea and is disproportionately synthesized
from 18/18 DAG precursor when N stress is alleviated. The relative
proportion of chloroplast membrane lipids is known to greatly affect
membrane architecture [43]. MGDG is non-bilayer forming and pro-
motes the formation of inverted micelles during drought or freezing.
Under these conditions, the remodeling of MGDG into DGDG in 4.
thaliana is mediated by the beta glucosidase-like enzyme SFR-2, with
DAG and eventually TAG produced as products [44]. Although no ap-
parent homologous genes exist in the C. subellipsoidea genome specifi-
cally, or outside of higher plants in general, disproportionate changes in
MGDG quantity are apparent in C. subellipsoidea due to N stress [45].

There is evidence that algae live where changes in temperature or
salinity are common, such as tidal pools and open water marine envi-
ronments, the TAG pool is utilized as a storage reservoir for fatty ac-
ids required to rapidly adjust chloroplast membranes as part of normal
homeostasis [39]. In the red algae Porphyridium cruentum eicosapen-
tadienoic acid (EPA) synthesis occurs in the TAG pool, which is cou-
pled to a flux mechanism exists to move those acyl chains to MGDG
[46]. The EPA-deficient mutant of P. cruentum results in an 8-fold in-
crease in TAG when compared to wild-type algae, suggesting the lack
of EPA disrupts both influx and efflux of TAG acyl chains. A knock-
down mutant of the multifunctional lipase/phospholipase/acyltransfer-
ase in the diatom 7. pseudonana resulted in TAG accumulation under
optimal growth conditions [47]. The results of these studies are con-
sistent with a dynamic TAG pool during normal growth of algae, and
that TAG accumulation is indicative of changes in the rates of influx
or efflux of fatty acids through this lipid pool.

4.3. Movement of acyl chains from TAG to galactolipid pools

As noted above, the TAG pool functions as a storage reservoir for
fatty acids required to rapidly adjust the properties of the chloroplast
membranes [39]. In the present research, we discovered the increases
in MGDG18/18 and DGDG18/18 during the recovery of chloroplast
membranes after N starvation were primarily derived from 18/18/18
TAG (Fig. 4). This data suggests that C. subellipsoidea utilizes TAG
storage as an acyl chain reservoir for galactolipid synthesis, and that
this may be widespread among microalgae. In Chlorella protothe-
coides there is a reduction in membrane lipid and a proportional in-
crease in the TAG pool during the first 12 h of N starvation, showing
that the specific redistribution of acyl chains from membrane lipids is
an early adaptive response [34]. This also appears to be the case for
C. reinhardtii, where a mutation in a putative lipase, plastid galacto-
glycerolipid degradation 1 (PGD1), results in depressed chloroplastic
membrane lipid turnover coincident with a reduction in TAG synthe-
sis during N starvation [48]. These studies support the idea that there
is a continuous flux of acyl chains through membrane lipids and into
TAG pool. The difference between these species may be related to the
replacement of PC with 1,2- dipalmitoyl-sn-glycero-3-O-4'-[N,N,N-
trimethyl]-homoserine (DGTS) in C. reinhardtii and the apparent lack
of DGTS catabolic enzymes [49]. In plants, plastoglobules are involved
in thylakoid remodeling and altering specific plastoglobule proteins re-
sults in conditional chlorosis similar to N starvation [50]. Thylakoid
biogenesis mutants have more numerous, enlarged plastoglobules com-
pared to wild type as well, suggesting that these processes are linked
[51]. A similar mechanism may govern the production of chloroplast
lipid bodies during N starvation and their degradation upon N re-addi-
tion. We conclude that the redistribution of TAG is necessary when de
novo fatty acid synthesis is suppressed by the sudden increase in free

fatty acid from TAG catabolism. However, further research is needed
to conclusively determine the origins of the 18/18 galactolipids and
the extent of fatty acid synthesis during stress recovery.

4.4. Conclusion

The current study examines five lipid class profiles over a fourteen day,
bioreactor controlled, time course of N starvation and re-addition in the
model trebouxiophyceaen alga C. subellipsoidea using LC-MS/ MS.
This is the first such quantitative analysis of global changes in complex
lipids during and after abiotic stress-induced lipid body catabolism in
algae, which found novel aspects of lipid metabolism. First, there is a
reduction in palmitate desaturation that may account for the reduced
synthesis of MGDG and related reduction in chlorophyll content. Sec-
ond, the majority of the newly synthesize TAG is enriched in C18 fatty
acids supporting the hypothesis that the bulk of the acyl chains come
from de novo fatty acid biosynthesis. Third, a new metabolic program
becomes operational under N starvation involves both chloroplast lipid
synthesis and acyl chain remodeling. Collectively, this results in a fixed
ratio of acyl group chain length, positioning, and double bond content
in the newly synthesized TAG molecular species, which becomes sta-
ble by day 3 of N starvation and is consistent with interdependency
between the different TAG synthesis pathways. Finally, the re-addi-
tion of N results in an immediate redistribution of the C18 fatty acids
in TAG into membrane lipids, and especially galactolipids.
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