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Abstract

In a recent study, it has been shown that biosynthesis of triacylglycerol (TAG) in the oleaginous green alga Chlorella 
desiccata is preceded by a large increase in acetyl-coenzyme A  (Ac-CoA) levels and by upregulation of plastidic 
pyruvate dehydrogenase (ptPDH). It was proposed that the capacity to accumulate high TAG critically depends 
on enhanced production of Ac-CoA. In this study, two alternative Ac-CoA producers—plastidic Ac-CoA synthase 
(ptACS) and ATP citrate lyase (ACL)—are shown to be upregulated prior to TAG accumulation under nitrogen depri-
vation in the oleaginous species C. desiccata, but not in the moderate TAG accumulators Dunaliella tertiolecta and 
Chlamydomonas reinhardtii. Measurements of endogenous acetate production and of radiolabelled acetate incorpo-
ration into lipids are consistent with the upregulation of ptACS, but suggest that its contribution to the overall TAG 
biosynthesis is negligible. Induction of ACS and production of endogenous acetate are correlated with activation of 
alcohol dehydrogenase, suggesting that the upregulation of ptACS is associated with activation of PDH-bypass in 
C. desiccata. It is proposed that activation of the PDH-bypass in C. desiccata is needed to enable a high rate of lipid 
biosynthesis under nitrogen deprivation by controlling the level of pyruvate reaching ptPHD and/or mtPDH. This may 
be an important parameter for massive TAG accumulation in microalgae.
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Introduction

Many green algae accumulate, under growth limiting con-
ditions—such as nitrogen deprivation, large quantities of 
storage products such as starch or triacylglycerol (TAG). 
However, the regulatory constrains controlling carbon flow 
towards starch or TAG synthesis are poorly understood. 
Two transcription factors that seem to control TAG accu-
mulation in Chlamydomonas reinhardtii have been identified: 
Nrr1, which is required for lipid accumulation only under 
nitrogen deprivation, and has not been identified in lipid-
accumulating microalgae species (Boyle et  al., 2012); and 

the recently identified PSR1, which appears to function as a 
global regulator of TAG accumulation under different nutri-
ent limitation conditions (Ngan et al., 2015). Recent reports 
have linked between the availability of carbon precursors 
that can be utilized for fatty acids (FA) biosynthesis—such 
as acetate or pyruvate—and the rate of TAG accumulation 
in plants and algae (Goodson et al., 2011; Siaut et al., 2011; 
Fan et al., 2012; Ramanan et al., 2013; Goodenough et al., 
2014), implying that carbon flux is a major determinant con-
trolling the rate of lipid synthesis and accumulation in these 
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species. Interestingly, the TAG accumulation capacity, com-
monly achieved by nutrient limitations such as nitrogen, var-
ies remarkably between species, including green microalgae 
(Rodolfi et al., 2009; Dean et al., 2010; Yeh and Chang, 2011; 
Praveenkumar et al., 2012; Schuhmann et al., 2014). Based 
on such studies, it has been proposed that the ability of cells 
to divert their cellular carbon and nitrogen metabolism, is a 
major means to cope with N limitations and an important 
factor affecting TAG accumulation capacity of each species 
(Goodenough et al., 2014; Li et al., 2014; Schmollinger et al., 
2014). In a recent study, the authors demonstrated that the 
steady-state levels of Ac-CoA remarkably increase prior to 
the accumulation of TAG in N-deprived green microalgae 
and that they were substantially higher in the high TAG-
accumulating alga, Chlorella desiccata (Avidan et al., 2015). 
Moreover, the calculated cellular concentrations of Ac-CoA 
were far lower than reported KmAc-CoA values of plastidic 
acetyl-CoA carboxylase in plants. It was thus suggested that 
the capacity to accumulate high levels of TAG in algae criti-
cally depends on their ability to divert carbon flow towards 
the synthesis of Ac-CoA following N limitation, consistent 
with the idea that carbon flux is a major determinant control-
ling TAG accumulation.

Different Ac-CoA producing enzymes have been previously 
associated with the regulation of FA biosynthesis in various 
organisms. In animals and yeast, in which FA biosynthesis is 
cytosolic, the major Ac-CoA producer is ATP citrate lyase 
(ACL), which is recognized as the rate-limiting enzyme for 
lipogenesis and lipid accumulation (Boulton and Ratledge, 
1981; Ratledge and Wynn, 2002; Ma et al., 2009). Although 
in plants ACL was suggested to be involved mainly in protein 
acetylation, flavonoids biosynthesis, and FA elongation, acl 
mutant Arabidopsis thaliana exhibit dramatic abnormalities, 
indicating that ACL is required for normal growth and devel-
opment also in plants and that no other source can compen-
sate for cytosolic ACL-derived Ac-CoA (Fatland et al., 2002, 
2005; Beisson et al., 2003).

In plants and algae, the major chloroplastic Ac-CoA pro-
ducer is plastidic pyruvate dehydrogenase (ptPDH), which 
was demonstrated to be a critical enzyme for FA biosynthe-
sis in autotrophic species (Shtaida et al., 2014). In a previous 
study, the authors have shown that ptPDH was upregulated 
in correlation to Ac-CoA elevation in an oleaginous green 
microalga species during N limitation, consistent with the 
idea that it is the major supply of Ac-CoA in this species 
(Avidan et al., 2015).

Nevertheless, the first enzyme implicated in plastidic 
Ac-CoA biosynthesis in plants was Ac-CoA synthetase 
(ACS2), which converts aerobic fermentation-derived acetate 
into Ac-CoA (Roughan and Ohlrogge, 1996). Later works, 
however, have shown that in developing Arabidopsis seeds 
there is insufficient acetate to account for the rate of FA 
synthesis and that its temporal and spatial mRNA expres-
sion are not correlated with TAG accumulation (Bao et al., 
2000; Ke et  al., 2000). In the green algae C.  reinhardtii, 
ACS-2 and ACS-3 are upregulated during an acetate boost 
which increases TAG biosynthesis, both in the wild-type and 
in the TAG-accumulating sta6 strains, implying that these 

enzymes are involved in channelling acetate into FA and TAG 
(Goodenough et al., 2014).

In this study, the expression of plastidic ACS2 and ACL 
was followed in response to N deprivation in three green 
microalgae species that were compared in a previous study 
(Avidan et al., 2015): C. desiccata, a high TAG accumulator, 
and two moderate TAG accumulators, Dunaliella tertiolecta 
and C. reinhardtii. Their expression was compared with that 
of other Ac-CoA producers and it is shown that ACS and 
ACL are upregulated only in the high TAG-accumulating 
alga C. desiccata. Moreover, evidence is provided that ACS2 
is induced as part of the PDH-bypass, possibly as a mecha-
nism to cope with N deficiency.

Materials and methods

Algal strains and cultivation conditions
D. tertiolecta was obtained from the culture collection of Dr W. H. 
Thomas (La Jolla, CA); C.  reinhardtii cw15 was obtained from 
Prof. A.  Danon (Department of Plant Sciences at the Weizmann 
Institute); and C. desiccata (UTEXID LB2437) was obtained from 
The Algae Culture Collection at the University of Texas at Austin.

Cells were grown under continuous illumination (400 µmol m–2 
s–1) at 24 °C in either artificial sea water medium (ASW, modified 
f/2 medium, Guillard and Ryther, 1962) containing 10 mM nitrate 
and bubbled with air enriched with 5% CO2 (C. desiccata), TAP 
medium (Gorman and Levine, 1965) containing 7 mM ammo-
nium (cw15), or in 2M NaCl Dunaliella medium containing 5 mM 
nitrate and 50 mM NaHCO3 as previously described (Rachutin-
Zalogin and Pick, 2014a). In order to induce triglyceride accu-
mulation, mid-log-phase cells were washed and transferred to a 
nitrogen-depleted (–N) medium at the following initial concentra-
tions: C.  desiccata 2 × 107 cells/ml, D.  tertiolecta 2 × 106 cells/ml, 
and cw15 1.5 × 106 cells/ml.

Chlorophyll measurements
Cell pellets (1 ml culture sample) were suspended in 80% acetone and 
collected by centrifugation. For C. desiccata, cell pellets were first 
permeabilized by pretreatment with 50 µl DMSO at 70 °C for 5 min 
followed by the addition of 80% acetone (1 ml final volume). The 
absorbance of the extracts was measured at 663.6 nm and 646.6 nm 
and chlorophyll content was calculated as previously described 
(Porra, 2002).

Triglyceride analysis by TLC
For TLC, lipids were extracted by the following method: pellets 
of 1–5 × 107 cells were suspended with 200 μl of DMSO, heated to 
70 °C for 5 min, mixed (vortex) with 3 ml MeOH, and left for 12 h 
at 4 °C. Cell pellets were collected by centrifugation and saved for 
starch analysis, while the remaining supernatant was mixed vigor-
ously with 3 ml diethylether, 3 ml n-hexane, and 3 ml double-distilled 
water before centrifugation for 5 min at 3200 g. The upper n-hexane 
phase was separated and evaporated in a desiccator; dried lipids 
were resuspended with 200 μl chloroform and kept at –20 °C. One 
to two microlitres was applied to TLC silica-gel plates (5 × 7.5 cm, 
60 F254, Merck), and developed in a closed jar in a mixture of 
n-hexane:diethylether:acetic acid (85:15:1, v/v/v). Lipid spots were 
visualized by 5 min incubation in iodine vapour. The plate was 
scanned by an Image Scanner III, Epson ExpressionTM 10000 XL 
using scanning software LabScan™ 6.0 (Powered by Melanie, Swiss 
Institute of Bioinformatics). TAG levels were quantified by densi-
tometry software ImageQuant™ TL relative to different amounts of 
Triolein standards.
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Gene expression analysis
For RNA purification, collected samples were treated with TRI 
reagent, according to the manufacturer’s protocol (Molecular 
Research Center). Complementary DNA was synthesized by 
qScript cDNA Synthesis Kit (Quanta), using 0.7  µg of puri-
fied RNA. Gene expression was determined by real-time quan-
titative PCR (qPCR) using PerfeCTa SYBR Green FasMix ROX 
(Quanta), with the following set of primers: ACS2; C.  desiccata 
(gb. KR150763): forward, 5′-GGGTAATGCGTGCCACAAAG; 
reverse, 5′-AAAACCACGTGAAAGGCATGA; D.  ter-
tiolecta (gb. KR150764): forward, 5′-CCTGGGTAAGGTC 
CGAAGTAG; reverse, 5′- GGGTAGAGCTGCAAGAGGAGT; 
cw15 (XM_001700178.1): forward, 5′-TGTGCAGGACAA 
GCAACAGTA; reverse, 5′-ACTTGGTCTCCCAGTGGAACT; 
ACL-b expression was determined by the following set of prim-
ers: C.  desiccata (gb. KR150762): forward, 5′-GTCGCACC 
ACCCCTTCTGT; reverse, 5′-TGAGGGATGGCGACTTCTTC; 
D.  tertiolecta (CBZS4528): forward, 5′-CACTCGCTACTTGGA 
TTACGC; reverse, 5′-AACGTTCATCACCAAGTTTGC: cw15 
(XM_001701903.1) forward, 5′-TACTACGGCGTCAGCATGTC; 
reverse, 5′-ATGAACTTGGTGGCGTACTTG.

The level of expression was normalized according to selected 
endogenous genes, as follows: C. desiccata: ACTIN (gb. KP293895); 
forward, 5′-CGCGACATCAAGGAGAAGCT; reverse, 
5′-TCTGAAGGGTGGAGGAAGCA; D.  tertiolecta: 18S (g.b 
EF473729); forward, 5′-CGCGCTACACTGATGCATTC; reverse, 
5′-GACTCGCGCTTACTAGGCAT; cw15: Receptor of activated 
protein kinase C (CBLP; jgi. 164254); forward, 5′-CTCCATCAAG 
ATCTGGGACCT; reverse, 5′-TTCTTGCTGGTGATGTTGAACT.

All reactions were performed with 500 nM of each primer and 
2–10 ng of cDNA, per well.

Antibodies generation
Polyclonal antibodies for ACS2/ACL-b were raised in rabbits as fol-
lows: complete amino acid sequences were applied to IEDB Epitope 
Prediction and Analysis Tool software (http://tools.immuneepitope.
org/main), by which appropriate sequences were selected accord-
ing to their predicted antigenicity. Peptide sequences were chemi-
cally synthesized (peptide synthesis service laboratory, WIS), and 
conjugated to Imject Maleimide-activated Keyhole limphet haemo-
cyanine (mcKLH, Pierce), according to the manufacturers’ instruc-
tion. The KLH-conjugated peptides were injected into rabbits 
while serum was collected periodically and kept at –20 °C. ACS2: 
C. desiccata, (C)YSNDDVGPRES; D. tertiolecta/C. reinhardtii, (C)
QTFKSLPIPITR; ACL-b, (C)SVGVFSPADVDYI.

Analysis of protein expression by immunoblot assay
Crude protein extracts were generated from pellets of culture samples 
containing 2 × 106 (D. tertiolecta/cw15) or 2 × 107 (C. desiccata) cells 
and resuspended in 0.1 ml of bursting solution (5 mM Hepes pH 7.5, 
5 mM γ-caproic acid, 1 mM benzamidine, 1 mM PMSF), followed by 
the addition of 50 μl of SDS sample buffer. Extracts were then loaded 
on 12% SDS-PAGE acrylamide for western blot assay. Proteins were 
transferred to nitrocellulose and incubated overnight at 4  °C with 
PBS, 0.05% Tween, and 10% low-fat milk (T-PBS milk buffer). The 
blot was incubated for 1 h at room temperature with specific anti-
bodies (anti-ACS2, anti-ACLb, or anti-actin) in T-PBS buffer and 
washed extensively with T-PBS milk buffer. Next, membranes were 
incubated at room temperature for 1 h with anti-rabbit IgG perox-
idase-conjugate diluted 1:20 000 in T-PBS and washed in the same 
buffer. Bound antibodies were detected by ECL detection system 
(homemade, using γ-caproic acid and luminol of Sigma-Aldrich).

EM: immune-gold labelling of ACS2 in C. desiccata
Samples were prepared according to the Tokuyasu method 
(Tokuyasu, 1973). Briefly, C. desiccata cells were cultured for 24 h in 

N-deprived medium and fixed in 2% glutaraldehyde and 0.1% acr-
oleine in growth medium for 1 h. Following that, cells were washed in 
growth medium and embedded in 10% gelatin in water. The gelatin 
was hardened at 4 °C, post-fixed overnight with the fixation medium 
described above, washed in cacodylate buffer and cut into 0.5 mm 
pieces. The embedded cell pieces were then incubated overnight 
in 2.3 M sucrose, frozen in liquid nitrogen, and cut into 80–90 nm 
slices with an EM FC6 cryo-ultramicrotome (Leica Microsystems). 
After 30 min incubation in blocking solution (0.5% gelatin, 0.5% 
BSA, 0.2% glycine, 0.1% Tween-20 in PBS), slices were incubated for 
2 h with anti-ACS2 polyclonal rabbit antibodies in blocking solu-
tion (1:150 dilution). Slices were washed with PBS containing 0.2% 
glycine, incubated for 30 min in 10 nm colloidal-gold-conjugated 
goat anti-rabbit antibodies (Electron Microscopy Sciences), diluted 
1:20 in blocking solution, and washed in PBS and bi-distilled water. 
Labelled sections were stained with 2% uranyl acetate, embedded 
in methyl cellulose, and observed in a Tecnai Spirit Transmission 
Electron Microscope (FEI) operating at 120 kV. Images were 
recorded using an Eagle 2K×2K CCD camera (FE).

Pulse labelling: the incorporation of 14C-labelled acetate 
into lipids
14C-acetate (40–120  nmol, 2–6  μCi) was added to D.  tertiolecta 
(10 ml, 3 × 106 cell/ml), C.  desiccata (30 ml, 3 × 107 cells/ml) and 
C.  reinhardtii (10 ml, 3 × 106 cell/ml) during distinct time points. 
Cultures were grown in N-deficient medium under constant illu-
mination while samples were collected in 12 h intervals and washed 
with fresh medium supplied with 1 mM unlabelled (cold) acetate. 
Cell pellets were then suspended with 4.5 ml of chloroform/metha-
nol/water (2:3:2), vigorously mixed and briefly centrifuged to obtain 
phase separation. The lower phase (lipids) was separated and used 
for estimating total incorporation into lipids (50 µl). In order to esti-
mate incorporation into TAG and polar lipids, samples were loaded 
onto TLC plates and separated as described above. TAG and polar 
lipid bands were cut and extracted with 1.5 ml n-hexane for 1 h, fol-
lowed by addition of 10 ml scintillation solution. The 14C radiola-
belling was measured using a Tri-carb liquid scintillation counter 
(PerkinElmer). Specific activities were then calculated in each sam-
ple and normalized to chlorophyll contents.

Endogenous acetate levels
Samples from control and induced (N-deprived) cells were taken 
periodically, collected by centrifugation and suspended with 0.2 ml 
extraction buffer (5 mM Na-HEPES pH 7.5, 5 mM γ-aminocaproic 
acid, 1 mM benzamidine, 1 mM PMSF) and glass beads (C.  des-
iccata, 2.5 × 109 cells; D.  tertiolecta/C.  reinhardtii, 2 × 108 cells). 
Samples (30 µl) from each time point were used for acetate determi-
nation by NADH/acetate bio-analysis, according to the manufac-
turer’s instructions (Megazyme).

Oxygen measurements
Samples from control and induced (N-deprived) cells, correspond-
ing to a chlorophyll content of 2 µg/ml (2 ml), were placed in a 3 ml 
sealed oxygen electrode cell (Hansatech). The samples were illu-
minated with a high red-light laser LH11 (400  µmol m–2 s–1) and 
oxygen levels were measured during light/dark cycles (10 min each). 
Measurements were collected and analysed by Oxy-lab software.

Results

The authors have previously shown that Ac-CoA is accumu-
lated in response to N deprivation and that this increase could 
be largely attributed to the rapid induction of ptPDH in a 
TAG-accumulating alga C.  desiccata (Avidan et  al., 2015). 

http://tools.immuneepitope.org/main
http://tools.immuneepitope.org/main
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Nevertheless, the existence of an additional plastidic Ac-CoA 
producer known to play a major role in cellular metabolism 
of yeast, animal, and plant cells—namely ACS2—has led to 
the testing of the role of this enzyme in green microalgae fol-
lowing N deprivation.

To this end, a comparative approach was used, as previ-
ously reported, using three green microalgae species that 
differ in TAG accumulation capacity: Chlorella desiccata, 
a marine species that rapidly produces high TAG and low 
starch levels and thus serve as a TAG accumulation model in 
the authors’ laboratory (Rachutin Zalogin and Pick, 2014a); 
Dunaliella tertiolecta, a halotolerant species that accumulates 
high starch and moderate TAG levels and has been exten-
sively studied (Ben-Amotz et al., 2009; Rismani-Yazdi et al., 
2011); and C. reinhardtii (cw15), which is grown mixotrophi-
cally and accumulates moderate levels of starch and TAG, 
in which the TAG biosynthesis pathway and regulation have 
been extensively studied (Goodenough et  al., 2014). It has 
already been shown that, not only the extent, but also the 
rate of TAG accumulation differs dramatically among these 
species: whereas in C. desiccata TAG accumulation reaches 
about 70% of maximal level within 24 h, in D. tertiolecta and 
C.  reinhardtii, TAG accumulation at 24 h of N deprivation 
is negligible, but it progressively accumulates for up to 7 d 
(Avidan et al., 2015).

Expression patterns of ACS2 and ACL following N 
deprivation

As a first step, the transcription pattern of ACS2 in response 
to N limitations was followed. Considering the prominent role 
of ACL in FA biosynthesis of non-photosynthetic eukary-
otes and prokaryotes (Wellen et al., 2009), it was decided to 
analyse its expression pattern as well. As depicted in Fig. 1, 
the transcriptions of these genes vary remarkably among the 
species. In C. desiccata, the transcript level of both genes is 
upregulated between 16 and 48 h of N deprivation. ACS2 
transcript levels are elevated by 10-fold reaching a maxi-
mum at 24–32 h, whereas ACL-b peak expression (eight-fold) 
occurs at 32 h. Conversely, none of the genes was significantly 
upregulated in cw15 or in D. tertiolecta. Similarly, an immu-
noblot analysis of protein abundance (Fig. 2) confirms that 
both genes are significantly upregulated only in C. desiccata. 
The upregulation in C. desiccata is surprising since previous 
experiments in plants have demonstrated that expression of 
ACL and ACS mRNA levels do not share spatial or tempo-
ral correlation with FA and TAG synthesis (Bao et al., 2000; 
Ke et al., 2000). This raises questions regarding their possi-
ble involvement in carbon metabolism and TAG synthesis in 
C. desiccata.

Chloroplastic localization of ACS2

In order to validate ACS2 localization, C. desiccata cells were 
induced by N deprivation for 24 h and prepared for immune-
gold labelling by EM, using polyclonal ACS2 antibodies gen-
erated in the lab (described in Materials and methods). As 
visualized in Fig. 3A, 3B, gold particles are clustered within 

the chloroplast boundary of induced cells only. Interestingly, 
clusters of particles were observed on surfaces of structures 
identified as plastidic lipid droplets (Davidi et al., 2014). Such 
observation validates the chloroplastic localization of ACS2, 
consistent with a chloroplast signal-peptide sequence found 
in its 5′-end, as previously described for this gene (Ke et al., 
2000).

Is ACS2 expressed as part of the PDH-bypass?

Several studies in plants have associated ACS2 with the 
PDH-bypass (Mellema et  al., 2002; Lin and Oliver, 2008). 
To find out whether the upregulation of  ACS2 in C. desic-
cata under nitrogen deprivation is also part of  the activation 
of  the PDH-bypass, several parameters known to be associ-
ated with this pathway were tested in each of  the three algal 
strains.

Fig. 1.  mRNA expression levels of ACS2 and ACL-b. Cultures were 
grown under continuous high light (400 µmol m–2 s–1) and induced by N 
deprivation. Samples taken at the indicated time points were processed 
for RNA purification and cDNA synthesis using oligo-dt primers. qPCR 
measurements were normalized to selected endogenous genes and 
presented as fold-change relative to non-induced cells. (A) C. desiccata; 
(B) D. tertiolecta; (C) C. reinhardtii (cw15) (means ± SD of five independent 
experiments).
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14C-Acetate incorporation into lipids
Previous experiments have shown a correlation between 
ACS protein levels and the incorporation of 14C-acetate into 
FA in spinach and oilseed rape (Roughan, 1994; Roughan 
and Ohlrogge, 1996), and as such, it may serve as a param-
eter for in vivo ACS activity. Accordingly, whether the rate 

of 14C-labelled acetate incorporation into lipids correlates 
with upregulation of ACS2 was tested (Fig. 4). In order to 
distinguish between baseline and induced incorporation, 
labelled acetate was added at several specific time windows 
and its incorporation into lipids analysed during 12 h inter-
vals. Rates of acetate incorporation into lipids were expressed 

Fig. 2.  Variations in the expression level of ACS2 and ACL-b proteins following N deprivation. Equal amounts of protein extracts were loaded onto 
poly-acrylamide gel followed by western blot analysis, using specific anti-ACS2 and anti-ACLb polyclonal antibodies. Expression levels were normalized 
to actin protein (endogenous gene) in each species. Data are presented as fold-change relative to non-induced cells and quantified by Image-Quant TL 
program. (A) C. desiccata; (B) D. tertiolecta; (C) C. reinhardtii. (means ± SD of three independent experiments).

Fig. 3.  Immunogold labelling of ACS2 confirms chloroplastic localization in C. desiccata. Non-induced (A) and 24 h induced (B) cells were subjected 
to immunogold labelling using anti-ACS2 polyclonal antibodies as described in Materials and methods. Chloroplastic protein clusters are detectable in 
induced samples only (black dots). N, nucleus; Th, thylakoid membrane.
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per microgram of chlorophyll (which is the best parameter 
for comparison in view of the different sizes and chlorophyll 
content of the three species) and corrected for the drop in 
chlorophyll/cell during N deprivation. As shown in Fig. 4, the 
extents of incorporation into lipids in response to N starva-
tion vary greatly among the three strains: only in the high 
TAG accumulator C.  desiccata, was acetate incorporation 
significantly increased in response to N deprivation, partic-
ularly at the 36–48 h time window, consistent with maximal 
upregulation of ACS2 during that time in this species. In 
D. tertiolecta, there was a small increase at 12–24 h, followed 
by a reduced incorporation at later time intervals. In cw15, 
high incorporation into lipids was observed, but it was not 
elevated under N deprivation (Fig. 4C). High acetate incor-
poration rate is expected, since cw15 is normally grown with 
acetate as its major carbon source. Taken together, only in 
C.  desiccata was a correlation between peak incorporation 
(36–48 h) and ACS2 expression (32 h) observed, suggesting 
that ACS2 may indeed contribute to acetate incorporation 
into TAG at the late stages of N deprivation in this species.

Endogenous acetate production
Following the induction of the PDH-bypass, pyruvate is con-
verted to acetaldehyde, which in turn is converted to ethanol. 
Since the ability of cells to endure increasing concentrations 
of acetaldehyde and ethanol is limited, acetaldehyde must be 
detoxified into acetate by ACS. The activation of ACS2 dur-
ing N starvation in C. desiccata implies that acetate is indeed 
formed within this timeframe. In order to detect endogenous 
production of acetate, which could provide further indica-
tion for the activation of the PDH-bypass, an assay was used 
that is composed of coupled enzymatic reactions which lead 
to the production of Ac-CoA and NADH, proportional to 
acetate levels in a given extract (described in Materials and 
methods). C. reinhardtii cw15 was excluded from this analy-
sis because it is cultured in an acetate-containing medium. 
Control and induced cells of C. desiccata and of D. tertiolecta 
were deprived of nitrogen, collected at various time points, 
quenched, and lysed for NADH/acetate bio-analysis. As 
shown in Fig. 5, the amount of acetate produced by C. desic-
cata is 100-fold higher than that in D. tertiolecta. The rise in 
endogenous acetate level is transient, reaching a maximum 
after 6 h and decreasing thereafter, in inverse correlation with 
the induction of ACS2 (at 8–32 h, Fig. 2A), consistent with 
the early induction of the PDH-bypass in C. desiccata and 
not in D. tertiolecta.

Expression of alcohol dehydrogenase
As a major component of the PDH-bypass (Zabalza et al., 
2009), localized upstream to ACS, the activity of alcohol 
dehydrogenase (ADH)1 is expected to be induced at the 
early stages of activation of the bypass. Indeed, an immu-
noblot analysis with well-characterized polyclonal antibodies 
(Hemschemeier et al., 2008) revealed that ADH1 is rapidly 
and transiently upregulated in C.  desiccata (8–24 h) while 
gradually downregulated in D.  tertiolecta in response to N 
starvation (Fig. 6A, 6B). Moreover, the peak expression after 
24 h precedes that of ACS2 (32 h) in C. desiccata, consistent 

with activation of the pathway in this species and not in 
Dunaliella. Additionally, as this pathway was suggested pre-
viously to play a role in detoxification of fermentation prod-
ucts (e.g. ethanol and acetaldehyde), the transient sharp 
expression in C. desiccata may imply that these intermediates 
are rapidly and transiently accumulated during that time. In 

Fig. 4.  Incorporation of 14C-acetate into lipids at different stages 
during N deprivation. Exogenous 14C-acetate was added to N-deprived 
C. desiccata (A), D. tertiolecta (B), and C. reinhardtii (C) cultures at the 
indicated time windows during N deprivation and to control cultures. The 
rate of incorporation into lipids was used as a measure for ACS2 protein 
activity. (means ± SD of three independent experiments).
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C. reinhardtii, ADH1 refers to the dual function alcohol/acet-
aldehyde dehydrogenase enzyme and is continuously overex-
pressed to high levels following N deprivation. Considering 
that ACS2 was downregulated under these conditions, the 
upregulation of ADH1 is most probably linked to various 
bacterial-like fermentation pathways known to be induced in 
this species following N starvation, rather than to the PDH-
bypass (Gibbs et al., 1986; Oa and Bo, 2005; Terashima et al., 
2010).

Respiration and oxygen evolution
Nitrogen assimilation in plants and algae is mainly medi-
ated by plastidic nitrate reductase and glutamine oxoglutar-
ate amidotransferase, and depends on a constant supply of 
carbon, amino acids (Glu, Gln), and reducing equivalents 
from mitochondria, cytoplasm, and plastids (e.g, malate, 
2-oxoglutarate) (Linka and Weber, 2005; Rodolfi et al., 2009; 
Nunes-Nesi et  al., 2010; Blaby et  al., 2013; Schmollinger 
et al., 2014). Accordingly, the metabolism of carbon and of 
nitrogen are tightly linked, hence, any decrease in N avail-
ability may affect cellular C/N ratio. Since TAG accumula-
tion in algae is achieved through N limitations, the rate of 
carbon exchange between chloroplast and mitochondria is 
significantly hampered, leading to increased accumulation of 

ATP and reducing equivalents (NADPH) (Hoefnagel et al., 
1998; Padmasree et al., 2002; Raghavendra and Padmasree, 
2003). Considering that cells do not divide under these condi-
tions, constant pyruvate supply may overload and limit the 
activity of mtPDH and thus also the tricarboxylic acid and 
mitochondrial respiration. As a regulator of pyruvate and 
oxygen levels, the induction of the PDH-bypass would then 
tunnel a portion of the pyruvate towards ethanol production, 
as part of an aerobic fermentation. Consequently, it should 
reduce the amount of pyruvate respired, which in turn, would 
sustain higher mitochondrial activity, as previously proposed 
(Zabalza et al., 2009).

Fig. 5.  Endogenous acetate production following N deprivation. Samples 
from control and induced cultures of C. desiccata (A) and D. tertiolecta 
(B) were collected and quenched. Cell extracts were analysed for acetate 
levels by the NADH/acetate bioassay. Acetate levels are expressed per 
microgram of chlorophyll and corrected for the drop in Chl/cell as in Fig. 4 
(means ± SD of three independent experiments).

Fig. 6.  The expression of ADH1 protein following N deprivation. Crude 
protein extracts were analysed for ADH1 expression, as described in 
Fig. 2, using anti-E. coli adhE antibodies (Hemschemeier et al., 2008) 
(means ± SD of three independent experiments).
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To test whether this is the case also in the microalgae, 
variations in oxygen production (photosynthesis) and 
uptake (respiration) of light and dark-adapted control and 
N-deprived cells were measured (Fig. 7). Significant changes 
in the response to N deprivation were observed among the 
three species. In D.  tertiolecta and in C.  desiccata, oxygen 
evolution and respiration rates changed in a similar manner 
in response to N deprivation, but with one difference: at the 
first 24 h of N deprivation, D.  tertiolecta exhibited a sharp 
decrease in both respiration and photosynthesis, whereas 
in C.  desiccata, there was only a small (photosynthesis) or 
no (respiration) detectable decrease. After 48 h, both species 
exhibited a sharp decrease in photosynthesis and respiration. 
In C. reinhardtii, both basal respiration and photosynthesis 
rates in control cells were much lower (by two- to five-fold). 
Following induction, net oxygen production dropped steeply, 
whereas respiration rate rose over time (two-fold), probably 
reflecting degradation of chloroplasts for buildup of mito-
chondrial components, consistent with previous reports on 
adaptation of heterotrophic algae to N deprivation (Miller 
et al., 2010; Schmollinger et al., 2014).

Taken together, the 24 h delay in the inhibition of respira-
tion and photosynthesis observed in N-deprived C. desiccata, 
and the indications for the activation of the PDH-bypass 
during this time (ACS2, ADH1, enhanced acetate produc-
tion and incorporation), suggest that the PDH-bypass may 

be involved in protecting mitochondrial and chloroplast 
metabolism to enable high TAG accumulation activity under 
N deprivation in C. desiccata.

Discussion

It has been estimated that in rapidly growing plant tissues, 
such as pollen tubes and roots, 20–50% of glycolytic glu-
cose is fermented through the PDH-bypass (Bucher et  al., 
1995; Tadege and Kuhlemeier, 1997; Mellema et  al., 2002). 
Therefore, it is interesting to assess whether the primary role 
of the pathway in C. desiccata is to supply Ac-CoA for FA 
biosynthesis or alternatively, to support respiration and pho-
tosynthesis. In order to roughly estimate how significant is the 
flux through this pathway towards FA biosynthesis in C. des-
iccata, the levels of incorporation of acetate and bicarbonate 
into TAG were compared. Calculated levels of 14C-acetate 
and 14C-bicarbonate incorporation in C. desiccata give values 
of approximately 10 ng/µg Chl and 10 µg/µg Chl for acetate 
and bicarbonate, respectively (Supplementary Fig. S1, avail-
able at JXB online). These calculations, however, should be 
considered with caution. The low calculated acetate incorpo-
ration rate may be underestimated because it is not known 
how much 14C-acetate penetrates the chloroplast and to what 
extent it is ‘diluted’ with endogenous acetate. Nevertheless, 
although no strict flux-related determinations can be drawn 

Fig. 7.  The effect of N deprivation on respiration and on photosynthesis. Cell samples taken at the indicated time points of induction were incubated 
in an oxygen electrode cell and exposed to cycles of red-light illumination (400 µmol m–2 s–1) and dark periods as described in Materials and methods. 
Oxygen evolution represents the difference between oxygen levels in light and dark periods. (A) oxygen uptake (respiration); (B) oxygen evolution 
(photosynthesis) (means ± SD of three independent experiments).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv424/-/DC1
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from these calculations, the three orders of magnitude dif-
ference between these values suggests that the contribution 
of ACS2 to the overall carbon tunnelling towards lipids in 
this alga is most probably negligible. These findings are in 
agreement with previous reports in Arabidopsis leaves (Lin 
and Oliver, 2008), which implied that the role of ACS2 is to 
remove its substrate—acetate, and its toxic precursors—etha-
nol and acetaldehyde, rather than supplying Ac-CoA for lipid 
biosynthesis. In contrast, in heterotrophically grown C. rein-
hardtii, that were induced to accumulate TAG by an acetate 
boost, ACS2 and ACS3 seem to serve as a major carbon 
assimilation pathway for TAG biosynthesis (Goodenough 
et al., 2014).

Several lines of evidence suggest that ACS2 is induced as 
part of the PDH-bypass in C. desiccata under N deprivation: 
of the three major enzymes comprising the PDH-bypass—
pyruvate decarboxylase (PDC), ACS, and ADH—at least two 
are upregulated in C. desiccata. Unfortunately, PDC mRNA 
could not be detected, possibly because the enzyme in this 
species may differ in sequence from other green algae. Also, 
the enhanced production of endogenous acetate and the 
incorporation of acetate into lipids in this alga are consist-
ent with activation of the PDH-bypass. Moreover, the finding 
that, endogenous acetate peaks at 6–16 h of N deprivation 
and decreases thereafter between 16 and 48 h, correlated with 
the maximal induction of ACS2 at 24–32 h, suggests that 
ACS2 is a major consumer of acetate. However, the role of 
the PDH-bypass in this alga is not clear.

Upregulation of the PDH-bypass under nitrogen depriva-
tion was recently reported also in another oleaginous alga 
Nannochloropsis (Li et  al., 2014), indicating that this meta-
bolic pathway may be linked to the high energy demands 
needed for massive TAG biosynthesis under N deprivation.

The PDH-bypass may have diverse roles in different organ-
isms and even in different tissues in the same organism. In 
yeast, it is induced under conditions where the glycolytic 
activity exceeds the respiratory capacity, such as at high glu-
cose or at limiting oxygen. It has been proposed that the limit-
ing factor under these conditions is the turnover of mtPDH, 
and the bypass serves to divert part of the excess pyruvate 
from reaching the mitochondria and thus maintain the ener-
getic status (Holzer and Goedde, 1957; Berg and Steensma, 
1995; Pronk et al., 1996, Otterstedt et al., 2004). In plants, the 
proposed roles of the PDH-bypass are to relieve mitochon-
drial over-energization, to enable cells to maintain respiratory 
energetic and metabolic activities (Shiao et al., 2002; Boamfa 
et al., 2005; Gass et al., 2005; Zabalza et al., 2009), and/or in 
detoxification of fermentation products (Ke et al., 2000; Lin 
and Oliver, 2008). In pollen tubes of plants, activation of the 
bypass supports respiration and lipid biosynthesis (Mellema 
et al., 2002), and it has been proposed that its role is to relieve 
the limited capacity of PDH to metabolize pyruvate (Gass 
et al., 2005). The role of the PDH-bypass in C. desiccata is 
not clear.

One possibility is that similar to yeast and plants, activa-
tion of the PDH-bypass serves to protect respiratory and/
or photosynthetic activity under N deprivation. The delayed 
inhibition of respiratory and photosynthetic activities in 

C. desiccata in comparison to D. tertiolecta is consistent with 
this possibility. It is also in line with a previous finding that 
this species is relatively resistant to sodium azide in com-
parison to other green algae: sodium azide induces massive 
accumulation of TAG in C. desiccata with minimal growth 
retardation through inhibition of nitrate reductase, which 
mimics nitrogen deprivation (Rachutin-Zalogin and Pick, 
2014a, 2014b). It is likely that the reason for the resistance 
of C. desiccata to growth retardation under these conditions 
results from activation of the PDH-bypass.

Is it possible that activation of the PDH-bypass serves to 
protect PDH from overflow of pyruvate, as proposed in yeast 
and in plants? The answer to this question is complicated 
because in algae, as in plants, there are two distinct PDH 
enzymes, one in the mitochondrion (mtPDH), serving to gen-
erate Ac-CoA for mitochondrial respiration, and one in the 
plastids (ptPDH), serving to generate Ac-CoA mainly for FA 
biosynthesis. Both possibilities are equally intriguing.

The possibility of protecting mtPDH is attractive for sev-
eral reasons: first, it is consistent with the delayed inhibition 
of mitochondrial respiration, as discussed above. Second, it 
has been shown that under nitrogen limitation in green algae, 
protein synthesis and chlorophyll contents are dramatically 
reduced, and the bypass may be important for sustaining effi-
cient mitochondrial activity, and exchange of metabolites and 
reducing equivalents between the mitochondria and chloro-
plast, which are needed for the high metabolic demands dur-
ing massive TAG biosynthesis (Terashima et al., 2010; Banti 
et  al., 2013; Schmollinger et  al., 2014). A  recent study has 
shown that the mitochondrial TCA cycle in Nannochloropsis 
is upregulated under nitrogen deprivation (Li et  al., 2014), 
consistent with this idea.

Third, it is consistent with the activation of ACL, whose 
significance is not yet clear. As noted above, this cytoplas-
matic enzyme was shown to serve as the major supplier of 
Ac-CoA for FA biosynthesis in non-photosynthetic organ-
isms (Wellen et al., 2009). This raises an interesting possibility 
that activation of FA biosynthesis in the cytoplasm may con-
tribute to the massive TAG biosynthesis under N deprivation 
in this oleaginous green alga. In preliminary studies, there 
were two indications that support this possibility: treatment 
of N-deprived C. desiccata with 100 μM sethoxydim—a selec-
tive inhibitor of the homomeric Ac-CoA carboxylase, which 
specifically inhibits synthesis of FA in the cytoplasm in dicot-
yledonous plants (Slabas et  al., 2002; Sasaki and Nagano, 
2004; Belkebir et  al., 2006)—inhibited TAG accumulation 
by about 50%, whereas 5 mM 1,2,3-benzenetricarboxylate—
a specific inhibitor of the mitochondrial citrate transporter 
(Aluvila et al., 2010), which is expected to decrease the availa-
bility of cytoplasmic citrate required for Ac-CoA production 
by ACL—inhibited TAG accumulation by about 30%. These 
inhibitors did not inhibit TAG accumulation in N-deprived 
D.  tertiolecta or in C.  reinhardtii (Supplementary Fig. S1, 
available at JXB online). Further studies are needed to vali-
date the contribution of cytoplasmic Ac-CoA production by 
ACL to TAG accumulation in oleaginous algae. However, if  
true, the activity of ACL, which converts citrate to Ac-CoA, 
would require enhanced efflux of citrate from mitochondria 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv424/-/DC1
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to the cytoplasm, which would drain the TCA cycle and 
necessitate constant replenishment of TCA intermediates 
and increased supply of pyruvate to mtPDH. Thus, activa-
tion of the PDH-bypass may be important to control mtPDH 
due to its expected enhanced activity under these conditions.

The possibility that the bypass is activated to protect 
ptPDH is equally intriguing: ptPDH is sensitive to product 
inhibition by NADH/NADPH and by Ac-CoA (reviewed in 
Tovar-Mendez et al., 2003). As mentioned above, it was found 
that during N deprivation there is a dramatic rise in Ac-CoA 
levels in the chloroplast of C. desiccata (Avidan et al., 2015), 
which may limit ptPDH activity. Furthermore, there was 
upregulation of ptPDH under nitrogen deprivation, suggest-
ing that the activity of this enzyme is limiting under these 
conditions. Notably, the large increase in Ac-CoA and activa-
tion of ptPDH were observed only in the oleaginous C. des-
iccata, in which the bypass is upregulated, but not in other 
green algae species that do not accumulate high levels of 
TAG. Thus, it is proposed that the PDH-bypass in this alga 
may be activated in order to control and/or protect ptPDH 
to enable rapid production of Ac-CoA within the chloro-
plast that is utilized for massive FA and TAG biosynthesis. 
A schematic representation of the proposed enzymatic reac-
tions involved in Ac-CoA production in C. desiccata under N 
deprivation is depicted in Fig. 8. According to the proposed 
scheme, part of the pyruvate that is produced in the chloro-
plast that exceeds the capacity of ptPDH to produce Ac-CoA, 
is transported to the cytoplasm, where it may have two fates: 
it can be either be processed by the PDH-bypass, converted 
to acetate—which may diffuse back into the chloroplast to be 
converted to Ac-CoA by ACS2, or it may enter the mitochon-
dria, be converted to Ac-CoA by mtPDH, and incorporated 
into the TCA cycle. Mitochondrial pyruvate may also serve 
to replenish the level of TCA intermediates that is constantly 
depleted, partially by efflux of citrate to the cytoplasm, where 

it is converted to Ac-CoA by ACL. The produced cytoplas-
mic Ac-CoA may be utilized to produce FA in the cytoplasm, 
increasing the FA pool needed for massive TAG biosynthesis.

In summary, activation of the PDH-bypass in C. desiccata 
is correlated with enhanced TAG biosynthesis in this spe-
cies. The estimated low carbon assimilation from acetate into 
TAG suggests that its primary role is not to provide Ac-CoA 
for TAG biosynthesis. It is proposed that the main role of 
the PDH-bypass during N starvation is to maintain mtPDH 
activity and to control the level of pyruvate reaching ptPDH 
in order to optimize Ac-CoA production in the chloroplast.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Effects of citrate efflux and hmACCase inhibitors 

on TAG level.
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