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ARTICLE INFO ABSTRACT

Keywords: In microalgae, triacylglycerol (TAG) biosynthesis occurs by parallel pathways involving both the chloroplast and
Chlamydomonas endoplasmic reticulum. A better understanding of contribution of each pathway to TAG assembly facilitates
Chloroplast enhanced TAG production via rational genetic engineering of microalgae. Here, using a UPLC-MS(/MS) coupled

Extra-chloroplastidic TAG accumulation
Membrane glycerolipids

Short-term nitrogen starvation
Subcellular glycerolipidomics

with TLC-GC-based lipidomic platform, the early response of the major glycerolipids to nitrogen stress was
analyzed at both the cellular and chloroplastidic levels in the model green alga Chlamydomonas reinhardtii.
Subcellular lipidomic analysis demonstrated that TAG was accumulated exclusively outside the chloroplast, and
remained unaltered inside the chloroplast after 4 h of nitrogen starvation. This study ascertained the existence of
the glycolipid, digalactosyldiacylglycerol (DGDG), outside the chloroplast and the betaine lipid, diacylglycerol-
N,N,N-trimethylhomoserine (DGTS), inside the chloroplast. The newly synthesized DGDG and DGTS promi-
nently increased at the extra-chloroplastidic compartments and served as the major precursors for TAG bio-
synthesis. In particular, DGDG contributed to the extra-chloroplastidic TAG assembly in form of diacylglycerol
(DAG) and DGTS in form of acyl groups. The chloroplastidic membrane lipid, monogalactosyldiacylglycerol
(MGDG), was proposed to primarily offer DAG for TAG formation outside the chloroplast. This study provides
valuable insights into the subcellular glycerolipidomics and unveils the acyl flux into the extra-chloroplastidic
TAG in microalgae.

1. Introduction levels [1-3]. Moreover, liquid chromatography-mass spectrometry (LC-

MS) assisted lipidomic analyses have facilitated our understanding of

As promising renewable feedstocks for production of biofuels, tria-
cylglycerols (TAGs) can be substantially produced under various stress
conditions in microalgae. Nitrogen deficiency has been considered the
most efficient manner to induce TAG biosynthesis and accumulation
[47]. Deciphering the mechanism of TAG accumulation induced by
nitrogen stress is indispensable to enhance TAG production via targeted
genetic engineering in microalgae.

Nitrogen stress response generated by microalgae has been ex-
tensively investigated, mainly at the gene, transcription and protein

the intricate lipid metabolism, particularly TAG accumulation, in mi-
croalgae [2,4]. The nitrogen stress-induced TAG accumulation com-
monly encompasses gradual chloroplast degradation and remodeling of
the lipidome. As the largest fraction of lipidome [5], glycerolipids,
which consist of glycolipids, phospholipids, betaine lipids and neutral
lipids, play essential roles in maintaining lipid homeostasis via co-
ordinated actions under nitrogen depletion in microalgae. The re-
modeling of membrane glycerolipids serves as a crucial strategy for
microalgae to respond and adapt to a varied environment. To date,
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studies on LC-MS-based glycerolipid response induced by nitrogen
stress have been reported in several microalgae, such as Phaeodactylum
tricornutum [6], Chlamydomonas reinhardtii [7] and Nannochloropsis
oceanica [8], but most studies were experiments at the cellular level.

The microscopic and biochemical analyses have extended knowl-
edge of the subcellular organization of TAG accumulation in the olea-
ginous microalgae. Freeze-fracture electron microscopy together with
transmission electron microscopy (TEM) observation [9,10] and the
subcellular localizations of acyltransferases involved in TAG biosynth-
esis [11-13] have verified the chloroplast and endoplasmic reticulum
(ER) pathways for TAG accumulation in microalgae. More recently,
Moriyama et al. [14] have unveiled the absence of chloroplast lipid
droplet (LDs) based on the electron microscopic observation and 3D
reconstruction by confocal fluorescence microscopy in C. reinhardtii.
The source analyses of TAG acyl components [15] together with pro-
teins (structural and functional proteins) and polar lipids constituting
the monolayer on the surface of LDs [7,16-18] have further provided
evidences for involvement of the chloroplast and ER in TAG assembly.
Thus, it is necessary to perform subcellular studies on TAG accumula-
tion mechanism in microalgae. Nevertheless, the mechanism of TAG
accumulation at different subcellular compartments remains largely
unknown in microalgae due to the technical difficulties in obtainment
of available biomaterials, mainly the available chloroplast or ER frac-
tions [19].

Studies on the transcriptional regulatory network have demon-
strated that C. reinhardtii coordinates transcriptional downregulation of
57 metabolic enzymes and induces an increase in TAG amounts within
4h of nitrogen deprivation [20]. A study of lipidomic and tran-
scriptomic analyses of heat stress-treated C. reinhardtii detected a three-
fold increase in TAG levels and proposed an alternative pathway for
assembly of polyunsaturated TAG that involves a direct turnover from
membrane lipids after 1h of heat stress [2]. However, the response
mechanism involving changes in the glycerolipidome for TAG accu-
mulation remains mostly unclear in short-term nitrogen-deprived C.
reinhardtii.

Here, to characterize the mechanism of TAG accumulation induced
by short-term nitrogen starvation, we focus on the early responses of
the major glycerolipids at both the cellular and chloroplastidic levels in
the model green alga, C. reinhardtii. Our previous work has showed that
the nitrogen-stressed available chloroplasts could be successfully iso-
lated from the photoautotrophically grown C. reinhardtii [21]. Using an
ultra performance LC-MS (UPLC-MS) coupled with thin layer chroma-
tography-gas chromatography (TLC-GC)-based lipidomic platform, the
subcellular lipidomic analyses unveil the origin of extra-chloroplastidic
TAG accumulation from both the chloroplastidic and extra-chlor-
oplastidic compartments. This study provides valuable insights into the
subcellular lipid remodeling triggered by nitrogen stress at the mole-
cular level and discloses the acyl flux into extra-chloroplastidic TAG in
green microalgae.

2. Material and methods
2.1. Microalgal strain and culture conditions

The cell wall-deficient mutant of C. reinhardtii strain CC4326
(http://www.chlamycollection.org/) was used for this study. This
strain was first cultured under nitrogen replete conditions for 4 d and
4 h, and then under nitrogen deprivation for the next 4 h, as previously
reported [21]. The nitrogen-deprived cells for 0 h were used to indicate
nitrogen-replete cells. Briefly, algal cultures were photoautotrophically
grown in minimal medium in photobioreactors (4.5cm in diameter,
45cm in height, 600ml of culture volume), bubbled with air
(120 ml min™ 1Y) containing 4% (v/v) CO,. The irradiance was set as
100 umolm ™~ 25~ illuminated from one side by cool white fluorescent
tubes when subjected to nitrogen stress. Before and after nitrogen
starvation, a portion of algal cultures was immediately used for
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chloroplast isolation, and the residual was divided into aliquots of
30ml each (10-15mg of dry biomass), followed by centrifugation
(3000 x g, 5min, 4°C) and storage at —80 °C for the subsequent lipi-
domic analyses.

2.2. Chloroplast isolation from C. reinhardtii and TEM observation under
nitrogen-replete and -deprived conditions

Isolation of chloroplast fractions from nitrogen-replete and -starved
C. reinhardtii was performed as previously described [21]. Briefly, the
harvested cells were first gently broken using a custom-made cell dis-
ruptor under 0.55MPa of nitrogen pressure. The pressates were cen-
trifuged (750 x g, 2min, 4 °C) and the chloroplasts were purified on a
Percoll step gradient (20%/45%/65%). After centrifugation at 4200 X g
for 15min at 4°C, the intact chloroplasts were obtained between the
45% and 65% layers. The pelleted chloroplasts were promptly frozen
and stored at —80 °C for the succeeding lipid analyses.

The cells and chloroplasts of C. reinhardtii were fixed as previously
reported [21] and images were taken with a JEM-1200EX electron
microscope (JEOL Ltd., Tokyo, Japan) using an ANT camera system.

2.3. Chlorophyll (Chl) quantification and growth measurement

Two milliliters of cell cultures or the equivalent chloroplast fraction
were pelleted and sonicated in 2ml of ethanol on ice. The pigment
extracts were centrifuged at 12,000 rpm for 2 min. The Chl concentra-
tions of algal cultures and chloroplast fraction were determined using
method of Jespersen and Christoffersen [22] and calculated as
Chl = 18.08 ODg49 + 6.63 ODggs, where ODgy9 and ODggs are the ab-
sorption value of the supernatant at 649 and 665 nm, respectively.
Cultures (~5ml) were filtered onto a pre-dried Whatman GF/C filter
(47 mm diameter) and dried to a constant weight with a net biomass
of > 2mg at 60°C. The dry weight of algal cells was the difference
value between the final weight and the weight of the filter. The mass of
the chloroplast fraction was converted to the original cellular biomass
based on the Chl amount and the calculation formula was as follows:

1
(2)

where Mcei.cp Was the equivalent cellular biomass (mg) of the isolated
chloroplasts. M., was the mass (ug) of Chl derived from the isolated
chloroplasts. The coefficient “k” was the cellular biomass per unit mass
of Chl. D was the concentration (mg ml ') of dry weight of algal cells. C
was the concentration (ug ml~ ') of Chl derived from algal cell cultures.

Mcell—cp =M X k

k=D/C

2.4. Fatty acid composition analysis

One-step acid-catalyzed direct transesterification was used to de-
termine the content of fatty acids [23]. Triheptadecanoin (TAG 51:0,
17:0/17:0/17:0, Sigma-Aldrich, USA) was added as an internal stan-
dard. Fresh cells of ~10 mg of dry biomass were mixed with 5ml of 2%
H,S04-methanol (v/v, HySO4/methanol) in a 10-ml flask, followed by
stirring at 70 °C for 1 h with refluxing. The generated fatty acid methyl
ester mixtures were extracted into hexane and quantified using an
Agilent GC 7890A equipped with a flame ionization detector and a DB-
23 column (30m X 0.32mm X 0.25um, Agilent Technologies, USA).
The content of fatty acids was standardized to nmol of fatty acids per
mg of cellular dry biomass.

2.5. Lipid extraction

The total lipids were extracted as described by Bligh and Dyer [24]
before quantification of TAG and polar lipids for fresh algal cells and
chloroplast  fractions. The extraction solvent was chlor-
oform:methanol:water (1:1:0.9, v/v/v). The samples were first added
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