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Chlamydomonas reinhardtii, which possesses both an-
imal and plant characteristics, has emerged as a model 
alga for studying lipid metabolism, flagellar assembly, 
photosynthesis, and other cellular processes (Merchant  
et al., 2007). Nutrient starvation in C. reinhardtii and 
other model algae leads to the synthesis of triacylglyc-
erols (TAGs) by inducing membrane lipid hydrolysis 
and starch synthesis (Hu et al., 2008; Schmollinger et al.,  
2014; Kajikawa et al., 2015). The membrane lipid hy-
drolysis is mediated by lipases that release acyl-CoA 
from membrane lipids because these substrates are in-
corporated into the glycerol backbone of TAGs, which 
form the inner core of lipid droplets. There are several 
lipases in C. reinhardtii that efficiently catalyze this con-
version (Li et al., 2012; Yoon et al., 2012).

In plant vegetative tissues, the breakdown of mem-
brane lipids to TAGs under stress conditions is sup-
posed to circumvent the harmful effects of free fatty 
acid (FFA) and reactive oxygen species (ROS) accumu-
lation (Chapman et al., 2012; Hou et al., 2016). TAGs 
in mammalian tissues constantly accumulate and are 
recycled to FFAs based on a complex signaling net-
work involving insulin (Wymann and Schneiter, 2008; 
Nemazanyy et al., 2015). On the other hand, it has been 
proved that inositide signaling inhibits Akt, a Ser/
Thr kinase that in turn regulates Glc homeostasis and 
protein translation, thereby affecting insulin signaling 
growth (Chakraborty et al., 2010). In fact, several stud-
ies have demonstrated the major role of lipid signaling 
in growth, carbon metabolism, autophagy, apoptosis, 
and disease in mammalian models (Wymann and 
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Algae undergo a complete metabolic transformation under stress by arresting cell growth, inducing autophagy and hyper- 
accumulating biofuel precursors such as triacylglycerols and starch. However, the regulatory mechanisms behind this stress-induced 
transformation are still unclear. Here, we use biochemical, mutational, and “omics” approaches to demonstrate that PI3K signal-
ing mediates the homeostasis of energy molecules and influences carbon metabolism in algae. In Chlamydomonas reinhardtii, the 
inhibition and knockdown (KD) of algal class III PI3K led to significantly decreased cell growth, altered cell morphology, and 
higher lipid and starch contents. Lipid profiling of wild-type and PI3K KD lines showed significantly reduced membrane lipid 
breakdown under nitrogen starvation (−N) in the KD. RNA-seq and network analyses showed that under −N conditions, the KD 
line carried out lipogenesis rather than lipid hydrolysis by initiating de novo fatty acid biosynthesis, which was supported by 
tricarboxylic acid cycle down-regulation and via acetyl-CoA synthesis from glycolysis. Remarkably, autophagic responses did 
not have primacy over inositide signaling in algae, unlike in mammals and vascular plants. The mutant displayed a fundamen-
tal shift in intracellular energy flux, analogous to that in tumor cells. The high free fatty acid levels and reduced mitochondrial 
ATP generation led to decreased cell viability. These results indicate that the PI3K signal transduction pathway is the metabolic 
gatekeeper restraining biofuel yields, thus maintaining fitness and viability under stress in algae. This study demonstrates the 
existence of homeostasis between starch and lipid synthesis controlled by lipid signaling in algae and expands our understand-
ing of such processes, with biotechnological and evolutionary implications.
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Schneiter, 2008; Vanhaesebroeck et al., 2012; Shanware 
et al., 2013; Nemazanyy et al., 2015). Although it is 
widely known that algae hydrolyze membrane lipids 
similar to plants and homeostasis exists between TAG 
and membrane lipid hydrolysis, a definite mechanism 
has not been elucidated (Trentacoste et al., 2013). More-
over, the roles of algal lipid signaling and regulation 
in stress-induced responses are largely unexplored,  
although such mechanisms are known to occur in 
mammalian and plant models (Wymann and Schneiter,  
2008; Couso et al., 2016; Hou et al., 2016). Algae are 
unique eukaryotes, as they produce both starch and 
lipid droplets as a response to any stress or starvation 
condition, linking plants and animals (Merchant et al., 
2007). Therefore, algae are excellent model organisms 
for studying signaling and interactions between FFA, 
TAG, membrane lipids, and starch synthesis (Boss and 
Im, 2012; Vanhaesebroeck et al., 2012; Shanware et al., 
2013).

Algae are considered to be a renewable feedstock for 
various bioproducts, including biofuels (Wijffels and 
Barbosa, 2010). Commercialization of algal biofuels 
has several bottlenecks, including current fossil fuel 
prices, high biofuel production costs owing to inade-
quate yields, and harvest inefficiencies. The most sig-
nificant technical challenge in algal biofuel production 
is the trade-off between growth and accumulation of 
biofuel precursors, leading to modest yield. TAG and 
starch granules are precursors of biodiesel and bioeth-
anol, respectively (Sheehan et al., 1998; Hu et al., 2008; 
Wijffels and Barbosa, 2010; Merchant et al., 2012). Even 
after several decades of research in this area, the mo-
lecular mechanism for this dichotomy is still unre-
solved (Sheehan et al., 1998). Therefore, studying the 
signaling mechanism behind growth, starvation, and 
starvation-related responses is critical to the success of 
algal biofuels.

Phosphatidylinositol 3-kinase (PI3K) signaling in 
higher eukaryotes has been connected to starvation- 
induced processes, including autophagy, lipid metabolism,  

and cell survival (Boss and Im, 2012; Chapman et al., 
2012; Vanhaesebroeck et al., 2012; Shanware et al., 
2013). PI3K is also known to have a major role in in-
sulin-dependent Glc homeostasis in higher eukaryotes  
(Nemazanyy et al., 2015). Class III PI3K enzyme is 
the oldest class of this enzyme present in all known 
eukaryotes and is the only class in algae, yeasts, and 
plants (Vanhaesebroeck et al., 2012). Moreover, phos-
phatidylinositol 3-phosphate (PI3P) is thought to be 
the first known phosphatidylinositol lipid to appear 
during evolution, having been found in both bacteria 
and archaea (Irvine, 2016). Earlier studies on PI3K in  
C. reinhardtii have shown that the protein is encoded by 
a single copy gene, Vacuolar protein sorting34 (VPS34; 
Molendijk and Irvine, 1998). It has been speculated 
that PI3P may act as a signaling molecule based on its 
rapid turnover in pulse-chase experiments in Chlam-
ydomonas eugematos and that PI3K in algae may act as a 
signaling system (Irvine et al., 1992; Munnik et al., 1994;  
Molendijk and Irvine, 1998). In addition, a recent study 
on inositide signaling in C. reinhardtii implicated the 
signaling network in nutrient sensing and starvation- 
triggered responses (Couso et al., 2016).

Here, we show that PI3K regulates the homeostasis 
of membrane lipids, TAGs, starch, FFA, and ATP by in-
fluencing other components of the signaling network. 
Hence, the PI3K signaling cascade independently in-
fluences the energy homeostasis. The PI3K KD lines 
also display significant differences in phenotype and 
genotype related to growth and lipid metabolism. 
PI3K is known to play a major role in autophagosome 
formation in higher eukaryotes (Shanware et al., 2013). 
The selected mutant line reveals autophagy induc-
tion under stress, thereby nullifying any role of selec-
tive autophagic processes in the observed phenotype. 
Therefore, this cascade in algae performs a plethora 
of functions critical for the survival and fitness of the 
organism, especially in an oligotrophic environment. 
From a biofuel perspective, this study sheds light on the 
regulatory mechanisms behind the tradeoff between 
growth and biofuel precursor accumulation. Our find-
ings demonstrate that signal transduction pathways 
might provide vital clues to several outstanding re-
search bottlenecks in algae and that engineering sig-
naling pathways might be one way forward.

RESULTS

Inhibition and Knockdown of Class III PI3K Increases 
Lipid and Starch Contents in Algae

The green algal PI3K protein encoded by the VPS34 
gene is highly conserved and is more closely associ-
ated with homologs from higher plants than other 
protists and mammals, which suggests conservation 
in green lineage (green algae and land plants; Fig. 1A; 
Finet et al., 2010; Mikami, 2014). The C. reinhardtii PI3K 
is an extraordinarily large 125-kD protein with a novel 
insert region in the N terminus of the catalytic domain 
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(Molendijk and Irvine, 1998). PI3K is known to be as-
sociated with starvation-related responses and lipid 
metabolism in higher eukaryotes (Boss and Im, 2012; 
Chapman et al., 2012; Vanhaesebroeck et al., 2012; 
Shanware et al., 2013). Therefore, we tested the related 
phenotypic responses of C. reinhardtii after treatment 
with different PI3K inhibitors. Significantly enhanced 
TAG fluorescence was observed in C. reinhardtii cc124 
(wild type) upon PI3K inhibition with 3-methylade-
nine (3MA) and wortmannin, especially under nitrogen 
(N) starvation (Supplemental Fig. S1). Further studies 
with 3MA showed that PI3K inhibition also increased 
lipid content in wild type under N-sufficient (+N,  
9 d, unless otherwise mentioned) and acute starvation 
(−N, 48 h, unless otherwise mentioned) conditions 
(Supplemental Fig. S1). Similarly, 3MA treatment in 
Scenedesmus obliquus also resulted in increased TAG, 
confirming our initial hypothesis that PI3K has a criti-
cal role in regulating lipid metabolism in algae like in 
higher eukaryotes (Supplemental Fig. S1). Therefore, 
PI3K knockdown (KD) C. reinhardtii mutants were gen-
erated to further study the role of PI3K in lipid signaling 
in algae.

C. reinhardtii KD lines displayed similar morpholog-
ical characteristics compared to wild-type and mock 
(empty vector) lines. The KD mutants had reduced 
growth particularly in photoautotrophic conditions, in 
the presence and absence of N (Fig. 1B). Most PI3K KD 
lines showed increased total lipid content, especially  
in −N conditions, increased TAG content, and increased 
cell size compared to both the mock and wild-type lines. 
KD lines were also more circular in shape compared to 
wild-type and mock lines and displayed an inability 
to move in +N conditions (Supplemental Fig. S2; Sup-
plemental Data Set 1). Among the three KD lines, T1B3 
and T411 lines showed altered growth patterns (Fig. 
1C), while the T411 line showed severely impaired 
growth under both mixotrophic and photoautotrophic 
conditions in both +N and −N conditions. Principal 
component analysis (PCA) of the above morphologi-
cal, physiological, and genotypic traits of the mutants 
showed that all KD lines clustered together, whereas 
wild-type and mock lines clustered separately. It must 
be noted that KD lines under +N and −N conditions 
clustered separately, whereas wild-type and mock 
lines clustered together even though the conditions 
differed. T1B3 and T411 lines displayed significantly 
decreased VPS34 transcript levels (P ≤ 0.05) compared 
to the mock and wild-type lines (Supplemental Fig. S2, 
E and F) under +N and –N conditions. Although both 
T1B3 and T411 lines had similar phenotypic, physio-
logical, and genotypic characteristics, confirming the 
knockdown of PI3K, the T411 line was selected for fur-
ther studies due to its phenotypic stability across gen-
erations (Fig. 2). These studies confirmed that the T411 
line consistently showed highly reduced cell growth in 
+N and –N conditions across generations and a milder  
green hue that was reinforced with decreased PI3P 
generation, confirming reduced PI3K enzyme activity 
(P ≤ 0.01). However, there were no significant changes 

to protein and chlorophyll content in T411 in +N and 
–N conditions while the starch content increased sig-
nificantly in T411, reaching 38% DCW in –N conditions 
(Fig. 2F).

Furthermore, the T411 line showed insignificant 
changes in TAG levels in +N and –N conditions (Fig. 
3A). However, higher TAG fluorescence was observed 
under high-light stress conditions (Supplemental Fig. 
S3). Repeated efforts to knock down the VPS34 gene in 
starchless mutants consistently resulted in lethal mu-
tations. This result, taken together with reduced cell 
numbers in KD lines, shows that severe knockdown 
of PI3K would result in unviable mutants, possibly be-
cause of issues in cell division. These results indicate 
that substantial metabolic changes occur in the mutant 
related to growth and starch and lipid metabolism. 
Therefore, we performed additional lipidomics analy-
ses in wild-type and T411 cells grown in +N and –N 
conditions.

PI3K Regulates Membrane Lipid Hydrolysis in N 
Starvation

Algal lipids were profiled using direct infusion na-
noelectrospray-tandem mass spectrometry in both ion-
ization modes. Twenty-nine lipid species (11 DGTS, 11 
TAG, 4 Lyso-DGTS, and 3 DGDG) were identified in 
the positive-ion mode. Thirteen lipid species (5 PG, 4 
SQDG, 3 MGDG, and 1 PI) were identified in the neg-
ative-ion mode (Supplemental Tables S1 and S2). The 
statistical analysis of algal lipid profiles showed a clear 
separation among all sample groups (WT+N, WT–N, 
T411+N, T411–N; P < 0.001; Supplemental Fig. S4, A 
and C). The levels of most membrane lipids except for 
MGDG were either significantly increased or did not 
show any significant change in T411+N cells compared 
to WT+N (Fig. 3B). The decrease in MGDG in both 
conditions in the T411 line is likely due to the role of 
MGDG as a precursor for acyl groups that are incor-
porated into TAGs via membrane lipid breakdown in 
C. reinhardtii (Li et al., 2012). Several membrane lipid 
species showed high levels in T411–N compared to 
WT–N conditions (P ≤ 0.01). For example, the levels 
of membrane lipid species (DGTS 34:1, LysoDGTS 
18:2, DGDG 34:3, SQDG 34:4, PI 34:1, PG 32:0 and PG 
34:1) were higher in T411–N than in all other sample 
groups (Supplemental Table S2). Thus, these results 
indicate either arrested membrane lipid hydrolysis or 
continuous membrane lipid biosynthesis in PI3K KD 
cells. This result is unique, as all known algal model 
species degrade membrane lipids upon N starvation 
(Hu et al., 2008; Li et al., 2012). Of the 11 TAG species 
identified, one TAG (TAG 50:4) showed significantly 
decreased levels (P ≤ 0.05) in T411, and the remaining 
TAGs showed no significant difference compared to 
wild type under N-replete conditions (Fig. 3). There 
was no significant change in the fatty acid (FA) compo-
sition of the mutant except for the increase in oleic acid 
and linoleic acid during starvation (Supplemental Fig. 
S4D). The findings of unaltered membrane lipid levels 
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Figure 1.  Phylogenetic analysis of class III PI3K enzymes from algae, plant, and animal kingdoms and screening of VPS34 
knockdown mutants through physiological analyses. A, Phylogenetic tree of class III PI3K using amino acid sequences from 
algae, plant, and animal kingdoms. The tree was constructed using a maximum parsimony method, and the bootstrap values 
(1,000 replicates) are shown on each node. Heterodimeric class III PI3K (vacuolar protein sorting 34, VPS34) of C. reinhardtii 
was clustered with other green algal homologs (green). PI3Ks from plants are clustered together (orange) and are closely related 
to green algae. The animal PI3Ks are clustered together (purple), fungi, yeast (gray), and other algal PI3Ks are not related to plant 
and animal PI3Ks and may have different origins. B, C. reinhardtii cc124 (wild type [WT]), the mock and the KD lines were 
grown in photoautrophic and mixotrophic conditions in the presence and absence of N. C, The growth pattern of wild type, 
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except for MGDG and significantly higher TAG levels 
in T411–N compared to T411+N indicate that an alter-
native route for TAG synthesis manifested under stress 
in the T411 line. These changes in TAG synthesis and 
increased starch levels might radically alter cellular en-
ergy metabolism (Johnson and Alric, 2013). Therefore, 
global gene expression analysis of the sample groups 
was performed.

Rerouting of Carbon from Starch to TAGs via De Novo FA 
Biosynthesis

The RNA-seq analyses showed that more than 2,000 
genes were differentially expressed in T411 compared 
to wild type in +N conditions (Fig. 4). There were an 
additional 1,000 genes differentially expressed in –N 
conditions (Fig. 4A). Previous transcriptomic studies in 
C. reinhardtii identified a systemic down-regulation of 
membrane lipid biosynthesis genes and up-regulation 

of various lipases following N depletion (Miller et al., 
2010; Gargouri et al., 2015). The up-regulation of key 
genes involved in the biosynthesis of glycerophospho-
lipids (EPT1, BTA1, and PGP3) and down-regulation 
of a majority of lipases, including putative TAG lipases 
and lysophospholipases, were observed in T411–N 
compared to WT–N (Fig. 4B). Additionally, all identified 
type 2 DGAT genes (DGTT) and the PDAT gene, which 
is involved in TAG synthesis, were consistently up-
regulated in T411–N (Fig. 4C; Wymann and Schneiter,  
2008). Among the phosphoinositol-signaling genes, 
VPS34 and PI4K were downregulated in T411–N. Other 
key genes in the pathway (PIS1 and phosphoinositol- 
specific PLCD), were upregulated (Fig. 4D; Boss and 
Im, 2012). These results indicate that TAG accumulat-
ed in T411 cells without assistance from membrane 
lipid turnover and substantiate earlier observations in 
physiological and lipid profiling analyses (Figs. 1–3; 
Supplemental Fig. S2). However, the source of carbon 

mock, and mutant lines. D, Principal component analyses (PCAs) of various morphological, physiological, and genetic analyses 
such as area and shape, total lipid content, TAG levels, and VPS34 gene expression levels of the KD lines, mock, and wild type 
in both +N and −N conditions. The data used for PCA have been depicted in Supplemental Figure S2.

Figure 1.  (Continued.)

Figure 2.  Comparison of wild-type and PI3K KD (T411) cell physiology. A, Number of wild-type (WT) and T411 cells in +N 
and −N conditions. There were significantly fewer T411 cells than WT cells (P ≤ 0.01). B, The chlorophyll content of the wild-
type and mutant in +N and −N conditions. Appearance of wild-type and mutant in +N and −N conditions, C. The total protein 
content of sample sets, and all sample sets exhibited significantly reduced protein content under −N growth conditions, D. 
The T411 line showed significantly decreased enzyme activity than the wild type in terms of phosphatidylinositol 3-phosphate 
(PI3P) production, E. The starch content of wild-type and T411 under acute starvation, F. All experimental analyses were per-
formed with three biological replicates, and the mean ± sd value is presented. **P ≤ 0.01, *P ≤ 0.05. The P value was calculated 
using Student’s t test and ANOVA.

Ramanan et al.

 www.plantphysiol.orgon June 7, 2019 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.17.01780/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01780/DC1
http://www.plantphysiol.org


Plant Physiol.  Vol. 177, 2018 � 1055

Figure 3.  Imaging and lipidomic profiling of wild type and T411 under +N and −N conditions. A, Confocal imaging confirmed 
there were larger and more circular mutant cells that exhibited mildly higher TAG fluorescence in both conditions than the 
wild type (WT). The scale bar indicates 5 μm. B, The total lipids isolated from the wild type and T411 under +N and −N were 
subjected to Nanomate LTQ-MS/MS analysis. A heat map of 38 lipid species, excluding four lyso-DGTS species, were detected. 
DGTS, diacylglyceryltrimethylhomo-Ser; MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, 
sulfoquinovosyldiacylglycerol; PI, phosphatidylinositol; PG, phosphatidylglycerol; TAG, triacylglycerol. The elemental compo-
sitions and proposed molecular formula are described in Supplemental Table S1. The precise intensity ratio values are presented 
in Supplemental Table S2.
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for TAG accumulation was unclear because the starch 
concentration in acute starvation condition was signifi-
cantly higher in T411. Therefore, a gene network analy-
sis was performed using the transcript data set to trace 
this differential route in the T411 line.

We selected four pathways for the gene expression 
network because related studies in C. reinhardtii sug-
gested that under –N conditions, acetyl-CoA was di-
rected toward the tricarboxylic acid (TCA) cycle for 

energy production and partly for FA synthesis (Johnson 
and Alric, 2013; Ramanan et al., 2013; Goodenough 
et al., 2014; Avidan et al., 2015; Gargouri et al., 2015). 
Starch is hydrolyzed through glycolysis to produce 
pyruvate after the initial accumulation stage, which 
eventually feeds into the TCA cycle (Gargouri et al., 
2015). Similar results were obtained in wild-type cells 
in –N conditions, where starch accumulated and was 
subsequently hydrolyzed by glycolysis (Fig. 5). Genes 

Figure 4.  RNA-seq analysis of lipid metabolism and signaling pathways under growth and starvation conditions. A, Venn dia-
gram showing overlapping transcripts among the total transcripts with ≥2-fold change in expression obtained from the wild type 
(WT) and T411 mRNA under +N and −N conditions. Heat map and cluster analysis of the differential gene expression of genes 
involved in the glycerophospholipid pathway, B, glycerolipid pathway, C, and PI signaling pathway, D, in wild-type and T411 
cells under +N and −N conditions. For detailed gene annotation, please refer to Supplemental Table S5.
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encoding soluble starch synthases (SSS isoforms) and 
STA6 were significantly upregulated in WT–N, which 
indicates increased starch accumulation compared to 
WT+N cells (P ≤ 0.01; Fig. 5A). The glycolysis genes 
GAP1, PGI1, and PFK1 were significantly upregulated 
(P ≤ 0.01). Unexpectedly, the T411 line downregulated 
SSS isoforms and STA6 transcripts compared to WT–N 
while GAP1, PGI1, PFK1, and HXK1 were highly up-
regulated (Fig. 5B; P ≤ 0.01). The key TCA genes, such 
as CIS2 and SDH1, were highly upregulated in WT–N 
but downregulated in T411–N. The majority of FA bio-
synthesis genes were upregulated in T411–N compared 
to WT–N, including the CARB1 gene, which catalyzes 
the first committing step in FA synthesis (Goodenough 
et al., 2014). The expression levels of some FA biosyn-
thesis genes in T411–N were even higher than those 
in WT+N. Moreover, genes such as GPD2, which con-
nects carbon assimilation and gluconeogenesis to TAG 
synthesis, showed a nineteen-fold increase in T411–N 
compared to WT–N.

These results suggest that acetyl-CoA generated 
from acetate in the medium was rerouted to FA biosyn-
thesis under acute starvation conditions and bypassed 
the TCA cycle in the mutant. A relevant study on gene 
coexpression network based on RNA-seq data suggest-
ed that there is a definite nexus between carbon and 
nitrogen metabolism and signaling networks during 
starvation (Romero-Campero et al., 2016). The study 
directly connects TAG accumulation assisted by PDAT 
with phospholipid signaling in one of the central clus-
ters. Although integrated omics and network analyses 
of PI3K KD established the nexus between signaling, 
growth, and metabolism and the regulation of mem-
brane lipid turnover, several questions remained. For 
instance, the down-regulation of several starch bio-
synthesis genes in T411–N contrasted with the high 
starch levels noted in the mutant under acute star-
vation. Hence, starch levels under prolonged growth 
(21D+N, 21 d) and starvation conditions (15D–N, 15 d)  
were analyzed to further investigate this finding. Starch 
levels in the wild type and T411 cells were similar 

Figure 5.  Gene network analysis of four pathways involved in energy metabolism under stress in algae. A, Gene network of 
the wild type (WT) under –N conditions based on the FPKM values compared to the wild type under +N conditions. The gene 
network was constructed using relative mRNA levels and was visualized by Cytoscape v 3.2.1. The circular edges represent 
FPKM values, and each node represents the relative fold change between adjoining edges. B, Gene network of T411 under –N 
conditions based on the FPKM values compared to the wild type under +N condition. Green circles represent glycolysis path-
way genes; blue represents TCA pathway genes; pink represents starch and Suc metabolism pathway gene; yellow represents 
FA biosynthesis pathway genes; and red represents genes influencing more than one pathway. For detailed gene annotation, 
please refer to Supplemental Table S5.
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in 21D+N (prolonged N replete growth, ∼24%) and 
15D–N (prolonged N starvation, ∼36%), which differs 
from the results observed under the –N conditions. 
The lower starch levels in the mutant under prolonged 
starvation compared to acute starvation showed that 
starch was hydrolyzed, as seen in network analyses. 
Based on these results, we concluded that after acetate 
exhaustion under prolonged starvation (akin to pho-
toautotrophic mode), starch was hydrolyzed through 
glycolysis to enable FFA biosynthesis in T411 cells (Fig. 
5; Supplemental Fig. S4E; Johnson and Alric, 2013;  
Gargouri et al., 2015).

Increased FFA Production in T411 Reduces Survivability

We sought further confirmatory evidence of increased 
FFA biosynthesis in the mutant by analyzing FFA lev-
els in acute and prolonged growth and starvation con-
ditions in wild type and T411 (+N, –N, 21D+N, 15D–N; 
Fig. 6). The FFA levels in the mutant were higher in 
+N conditions and were significantly reduced under 
–N conditions (P ≤ 0.05), in contrast to the observa-
tions in wild-type cells (Fig. 6A). The FFA levels under 
the 21D+N (P ≤ 0.05) and 15D–N (P ≤ 0.01) conditions 
were much higher than the wild-type levels, substan-
tiating the up-regulation of FA biosynthesis genes in 
T411–N (Fig. 6B). These results indicate that the con-
tinuous production of FFA in T411 compensates for 
decreased acyl-chain accumulation following arrested 
lipid hydrolysis and drives TAG accumulation. The 
mutant uses the initial acetate available for FFA syn-
thesis followed by TAG accumulation, which explains 
the reduced FFA levels under acute starvation. Eventu-
ally, after acetate exhaustion, the mutant continuously  
produces FFAs, akin to tumor cells. In mammalian 
models, it has been established that tumor cells have al-
tered lipogenesis and lipolytic mechanisms compared 
to normal cells. In fact, activation of FA synthesis is 
critical for carcinogenesis (Zaidi et al., 2013). In précis,  
the PI3K KD showed divergence from membrane lip-
id breakdown, an essential stress response in plants 
and algae, and enhanced/uninhibited FFA synthesis, 
a proven trait of malignancy. Thus, algae may serve as 
a focal model for studying the evolution of lipid sig-
naling in eukaryotes, linking plant and animal models 
(Merchant et al., 2007).

On the other hand, unlike malignant cells, T411 cells 
had retarded growth compared to wild type. Further-
more, analysis of transcriptomic responses of genes 
related to flagellar assembly also corroborated with 
phenotypic analyses that the mutant line was nonmo-
tile as most genes were downregulated in the T411 line 
in both +N and –N conditions (Supplemental Fig. S5; 
Supplemental Data Set 1). Therefore, we postulated 
that the T411 cells used available energy for survival 
inefficiently. To test this hypothesis, the ATP levels in 
the wild-type and T411 cells in all conditions (+N, –N, 
21D+N, 15D–N) were evaluated. The ATP levels under 
–N were higher in the wild-type cells (P ≤ 0.05), and as 
previously reported, C. reinhardtii continues to actively 

generate ATP in mitochondria through the TCA cycle 
(Johnson et al., 2014). This increase may compensate 
for starvation and sustain essential cellular processes. 
Conversely, the ATP levels in T411–N were consider-
ably lower than in WT–N (P ≤ 0.05) and were slightly 
lower than in T411+N (Fig. 6C). The prolonged growth 
and starvation conditions further reduced ATP levels 
in T411 (P ≤ 0.01; Fig. 6D).

PI3K Signaling Overrides Autophagic Responses in C. 
reinhardtii

Autophagy is another important aspect of class III 
PI3K signaling, contributing essential ATP under stress 
in all known eukaryotes (Shanware et al., 2013). Class 
III PI3K is actively involved in autophagosome forma-
tion and is essential for selective autophagic processes,  
such as lipophagy in mammals (Singh et al., 2009). 
Moreover, high starch phenotype has been associated 
with decreased autophagic flux in PI3K-silenced Ara-
bidopsis (Arabidopsis thaliana; Wang et al., 2013). Auto
phagy is also activated in C. reinhardtii under stress 
conditions and in the presence of ROS (Pérez-Pérez 
et al., 2012). We analyzed the transcript abundance of 
ATG genes to investigate whether the T411 line has re-
duced autophagic activity, resulting in increased starch 
levels. Several genes involved in the autophagy pro-
cess were down-regulated, including Autophagy-related 
protein1 (ATG1) and Vacuolar protein sorting15 (VPS15), 
which is a regulatory subunit of VPS34 (Díaz-Troya et 
al., 2008). The Autophagy-related protein8 (ATG8) gene 
did not show differential expression in either the RNA-
seq or reverse transcription (RT)-PCR analyses (Sup-
plemental Fig. S6, A and B). The immunoblot analysis 
of ATG8 protein showed increased lipidation of ATG8 
in the mutant under +N conditions (Supplemental Fig. 
S6C). Although transcript abundance of many autoph-
agy-associated genes decreased significantly, the ATG8 
lipidation pattern suggests induction of autophagy un-
der normal growth and starvation (Díaz-Troya et al., 
2008; Pérez-Pérez et al., 2012; Wang et al., 2013). How-
ever, the gene target of rapamycin (TOR1) was upreg-
ulated, while 5′ AMP-activated protein kinase (AMPK) 
was downregulated (Supplemental Fig. S6, A and B). 
Therefore, PI3K in C. reinhardtii might have a signifi-
cant role in nutrient perception and signaling in asso-
ciation with TOR1 and AMPK (Díaz-Troya et al., 2008; 
Hardie et al., 2012; Couso et al., 2016). The combination 
of PI3K and AMPK might have a major role in main-
taining cellular ATP levels in C. reinhardtii because the 
T411 line had highly reduced ATP levels despite the 
induction of autophagy.

DISCUSSION

Our results suggest that PI3K-dependent autophag-
ic processes have a relatively minor role in sustaining 
ATP levels under stress in C. reinhardtii (Díaz-Troya 
et al., 2008; Pérez-Pérez et al., 2010, 2012). Moreover, 
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selective autophagic processes such as lipophagy and 
starch degradation in plants and animals, respectively, 
were not activated in the mutant despite autophagic 

induction. Thus, T411 cells have reduced survival be-
cause decreased ATP levels compromise essential cel-
lular functioning (Johnson et al., 2014). Viability tests 

Figure 6.  Energy levels and viability of wild type and T411 under different conditions. FFA levels in the wild type (WT) and 
T411 under the early stationary phase and acute starvation, A, and prolonged growth and starvation, B. ATP levels in the wild 
type and T411 under the early stationary phase and acute starvation, C, and prolonged growth and starvation, D. A confocal 
laser scanning microscopy merged image of Evans blue-stained wild type and T411 under prolonged growth and starvation 
conditions. The scale bar indicates 5 μm, E. Time-course analysis of the fluorescence intensity of the Evans blue viability stain 
measured by FACS in sample groups under both conditions, F. All experimental analyses were performed with three biological 
replicates, and the mean ± sd value is presented. **P ≤ 0.01, *P ≤ 0.05. The P value was calculated using Student’s t test and 
ANOVA.
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on T411 and wild-type cells under acute and prolonged 
starvation and growth conditions revealed a pro-
gressive increase in T411 cell death in the prolonged 
growth and under chronic N starvation (Fig. 6, E and 
F). The down-regulation of AMPK, decreased ATP, and 
increased FFA levels in T411 suggest a positive inter-
action between PI3K with AMPK under starvation 
conditions, similar to what is observed in mammalian 
cells (Hardie et al., 2012). Moreover, our study sup-
ports recent studies that suggest that TAG and starch 
accumulation are essential processes for energy stor-
age during stress and starvation. These processes are 
primarily aimed at survival of the organism and are 
interlinked to nutrient sensing (Couso et al., 2016; Juer-
gens et al., 2016). Our study confirms that overflow of 
acetate toward TAG and starch is possible (Juergens 
et al., 2016). At the same time, overproduction of TAG 
and starch would be detrimental to the survival of the 
organism rather than a fitness benefit. Therefore, PI3K 
signaling, in combination with other regulatory net-
works involved in nutrient sensing, lipogenesis, and 
starch synthesis, are responsible for the fine balance of 
survival, fitness, and storage of energy molecules.

Based on the results of this and other studies, we pro-
pose that AMPK inhibits several critical genes in cellular 
signaling and metabolism, including acetyl-CoA carbox-
ylase and fatty acid synthase, which are critical for fatty 
acid biosynthesis (Hardie et al., 2012; Couso et al., 2016; 
Juergens et al., 2016; Fig. 7). As PI3K KD resulted in 
AMPK down-regulation, enhanced FA biosynthesis was 
observed in the mutant (Fig. 7). The increased transcript 
abundance of key membrane lipid biosynthesis genes, 
down-regulation of PKA, and lipid profiling results in 
PI3K KD together reveal that PI3K influences mem-
brane lipids levels by initiating membrane lipid hydro-
lysis. This might be achieved via the regulation of PKA 
levels, as in the case of adipocytes (Rambold et al., 2015). 
Therefore, regulation of PKA levels via inositide signal-
ing is likely to have a major role in membrane lipid hy-
drolysis, which in turn leads to TAG overaccumulation 
as in the wild type. To date, no mutant showing highly 
reduced membrane lipid hydrolysis yet high TAG levels 
under stress or starvation has been reported. Thus, the 
inositide-induced regulatory mechanism behind the lip-
id turnover via PKA should be further explored.

Second, our results from the starch analysis in acute 
as well as prolonged starvation and growth indicate 
that starch levels in the PI3K KD tend to reduce in 
prolonged starvation, which is consistent with the 
transcriptomic results (Supplemental Fig. S4E; Fig. 5). 
The gene network analyses show that carbon flux goes 
toward glycolysis by down-regulation of key starch 
synthesis genes as well as up-regulation of several gly-
colysis genes in the PI3K KD. This trend is contrary to 
the recent results obtained from high starch mutants 
following gamma irradiation, which again highlights 
the role of PI3K signaling in starch and carbon metab-
olism (Koo et al., 2017).

Third, our results indicate that a majority of TCA 
cycle genes were highly downregulated in the mutant 

line (Fig. 5). The mutant line accumulates TAG by FA 
biosynthesis bypassing the TCA cycle through the 
down-regulation of key TCA cycle genes, including 
PCK1 encoding phosphoenolpyruvate carboxykinase. 
PCK1 in C. reinhardtii is acknowledged to be a lynch-
pin in gluconeogenesis and, in general, a cataplerotic 
and feeder enzyme for many downstream processes, 
including FA biosynthesis and lipid metabolism (Yang 
et al., 2009; Goodenough et al., 2014; Montal et al., 
2015). Several studies in C. reinhardtii also emphasize 
the role of TCA cycle in lipid accumulation and carbon 
utilization (Plancke et al., 2014; Couso et al., 2016). In 
this study, transcriptomic and gene network analyses 
add further credence to the role of PCK1 and the TCA 
cycle in the regulation of various processes related to 
carbon and energy metabolism as well as its regulation 
by PI3K signaling.

Lastly, our network analyses elucidate that genes 
involved in glycolysis were upregulated. In particular, 
those involved in the last two steps, PGH1 and PYK, 
encoding Enolase or Phosphoenolpyruvate hydratase 
and Pyruvate kinase, respectively. In the case of PYK, 
four out of the five isozymes were upregulated, where-
as the transcript abundance of the fifth isozyme (PYK4) 
could not be determined. In addition to the down-reg-
ulation of TCA cycle genes, the up-regulation of the 
gene encoding Pyruvate dehydrogenase, PDC2, in-
volved in the conversion of pyruvate derived from 
glycolysis to acetyl-CoA, confirms the direction of car-
bon flux toward FA biosynthesis (Avidan et al., 2015). 
This result is contrary to the expression profile of wild 
type in this study, as well as in high starch strains ob-
tained from gamma irradiation (Koo et al., 2017). These 
results, along with the up-regulation of most genes in-
volved in the FA biosynthetic pathway and the levels of 
ATP and FFA in PI3K KD, suggest that the direction of 
carbon flux is toward FFA biosynthesis. However, the 
network analyses indicate expression levels of genes, 
while the direction of carbon fluxes have been present-
ed based on the concurrence of network analyses with 
lipids, FFA, and ATP levels but devoid of respective 
enzymatic activities. Moreover, several inferences have 
been made with respect to animal and land plant mod-
els as C. reinhardtii is recognized to perform several an-
imal and plant functions (Merchant et al., 2007), and 
the research on regulatory mechanisms in C. reinhardtii 
is still in its infancy.

Overall, highly reduced membrane lipid hydrolysis 
under stress increases the burden of TAG accumula-
tion on FFA biosynthesis. Consequently, the T411 mu-
tant line diverts carbon via enhanced glycolysis for FFA 
synthesis and bypasses the TCA cycle, which results in 
highly reduced ATP levels under prolonged starvation 
(Johnson and Alric, 2013; Johnson et al., 2014; Gargouri 
et al., 2015). Thus, PI3K regulates the fine homeostasis 
of membrane lipids to TAG, and without PI3K, TAG 
synthesis through continued FFA biosynthesis causes 
cytotoxicity, which may also explain the decreased vi-
ability of the PI3K KD (Li et al., 2012; Rambold et al., 
2015). Cytotoxicity and reduced ATP generation dras-
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tically reduce the likelihood of survival under stress 
conditions. Therefore, membrane lipid hydrolysis 
should be achieved for TAG synthesis and energy ho-
meostasis in starvation condition (Fig. 7). Otherwise, 
as in the case of PI3K, TAGs need to be accumulated 
through FA biosynthesis, which is a highly energy-con-
suming process.

Taken together, these events result in drastic changes  
in cellular energetics in the PI3K KD (Williams and 
Laurens, 2010). Such a metabolism would drive high-
er biofuel yields in algae but compromise the effective 
survival strategy of high-ATP generation and reduced 
FFA and ROS generation under prolonged stress 
(Pérez-Pérez et al., 2012). Moreover, a recent study has 
pointed out that interactions occur between nutrient 
sensing by TOR kinase signaling and inositide signal-
ing (Couso et al., 2016). Our study also proposes a pos-
sible interaction between TOR and PI3K signaling for 
nutrient sensing and growth. However, PI3K signaling 
is the likely controller of carbon flux toward TAG ac-
cumulation. Further studies are needed to ascertain 

the primacy of the PI3K signaling system over TOR or 
AMPK signaling, or vice versa (Couso et al., 2016).

Algal biofuel production is at a crossroads over low 
yields resulting from inadequate knowledge of basic 
mechanisms that drive TAG and starch accumulation. 
In this study, we show that class III PI3K, the oldest 
and the only class of PI3K in algae, mediates homeo-
stasis of lipid, starch, FFA, and ATP. The main objec-
tive behind extensive carbon storage and partitioning 
in algae under stress and starvation is survival. PI3K 
signaling initiates this metabolic transformation as a 
response to oligotrophic environments encountered 
by algae. When this mechanism is compromised in the 
PI3K KD, the mutant eventually is relatively incom-
petent to survive under sustained nutrient-deficient 
condition compared to wild type. The excess FFA gen-
erated in the mutant even after prolonged starvation 
indicates similarities with tumor cells, but these FFA 
were not adequately quenched in the mutant, unlike 
the latter, affecting growth and survival. From a biofuel  
standpoint, the T411 line has higher lipid and starch 

Figure 7.  Proposed model of PI3K signaling network in algae under N starvation based on relative gene expression in T411 and 
its unique physiology. Changes in the relative mRNA levels of genes identified in the PI3K signaling pathway in T411 under −N 
conditions compared to wild-type cells grown in the same conditions. Genes and pathways denoted in blue are downregulated 
and those in red are upregulated in T411. In case of pathways, colors denote the response of the majority of genes. For detailed 
gene annotation, please refer to Supplemental Table S5.
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contents in acute starvation conditions, and therefore 
increased biofuels yield. This study is at the forefront 
of signal transduction pathway engineering in algae. 
Further progress would expand our understanding 
of the regulatory processes, augment productivity of 
desired algal biofuels, and enable faster commercial-
ization.

The results of this study point to the existence of 
stable homeostasis between starch and lipid synthesis 
in algae, synthesis of which are prevalent in plant and 
animal models, respectively (Merchant et al., 2007). 
The PI3K signaling cascade in algae shows functions 
of animal PI3K signaling cascade as well as its plant 
counterpart, making algae a focal model to study fun-
damental and evolutionary aspects of lipid signaling 
cascade in eukaryotes.

MATERIALS AND METHODS

Strains, Mutants, Media, and Growth Measurements

The wild-type Chlamydomonas reinhardtii strain cc-124 (137c nit1 NIT2 mt−) 
was obtained from the Chlamydomonas Resource Center (CRC) (http://chlamy-
collection.org/; MN University), and sta6 (cw15 nit1 NIT2 arg7-7 sta6-1::ARG7 
mt+) was obtained from Prof. Ursula Goodenough. Scenedesmus obliquus NIES 
2279 was also used in this study. C. reinhardtii strain cc-124 was used to gener-
ate the KD mutants using the amiRNA silencing method described previously 
(Molnar et al., 2009). Oligos were designed using the primer design function 
of WMD2, followed by ligation to pChlamiRNAint vector. The resultant vector 
was cloned in Escherichia coli, transformed in wild type and initially screened 
under the selective pressure of paromomycin (10 µg mL−1). The sequences of 
oligos used for amiRNA knockdown are presented in Supplemental Table S3. 
The primers used for verifying the KD lines are presented in Supplemental 
Table S4. All three KD lines have been maintained for at least 4 years from the 
date of generation without any sign of change in the phenotypes. C. reinhardtii 
were grown in TAP medium at 25°C under continuous illumination of 100 
µE m−2 s−1, and 1,000 µE m−2 s−1 was used for the high-light condition. The 
cultures were grown until the late exponential phase with continuous shaking 
at 100 rpm (6 d). The cultures were centrifuged, washed with nitrogen-free 
TAP medium (TAP–N), and then resuspended at a cell concentration of 106/
mL in TAP–N (N starvation; Ramanan et al., 2013). The cells were centrifuged 
at 3,000g in the early stationary phase (9 d, +N condition), acute starvation 
conditions (48 h, –N condition), prolonged growth (21 d, 21D+N) or starvation 
conditions (15 d, 15D–N), or at defined time intervals. The cells were grown 
until the late exponential phase and treated with inhibitors. For –N samples, 
the cells were immediately treated with inhibitors (Crespo et al., 2005). The 
cells were then collected at 24 h for image analysis or at defined time inter-
vals. To ascertain the growth of cells (wild-type and KD lines) in mixotrophic 
and photoautotrophic modes in both +N and –N conditions, the cells were 
spotted in TAP agar plates after serial dilution and medium without acetate 
(Tris-minimal medium). The pH of the all the medium was adjusted using 1 n 
hydrochloric acid. The S. obliquus cells were grown in BG11 medium and treat-
ed with inhibitor in the late exponential phase (8 d) at the same concentration 
used for C. reinhardtii. The cells were collected at 24 h for image analysis or 
at defined time intervals. At least three biological replicates (three separate 
culture flasks with identical conditions) were used in all analyses. The cells 
were counted using a hemocytometer, and the dry cell weight was determined 
as described previously (Ramanan et al., 2013). The cell size and cell aspect 
ratio were calculated using optical microscopy fitted with live cell analytical 
software (Nikon; n ≥ 100).

Lipid Analyses

The sample preparation and lipid profiling were performed as previously  
described (Kim et al., 2013b). In brief, lipid profiling was performed using 
electrospray ionization tandem mass spectrometry on a linear ion-trap mass 
spectrometer (LTQ-XL, Thermo Fisher Scientific) equipped with an automated 

nanoinfusion/nanospray source (Triversa NanoMate System, Advion). The 
ionization voltage and gas pressure were set to 1.4 kV and 0.4 psi, respec-
tively, and the source was controlled by Chipsoft 8.3.1 software (Advion). All 
lipid samples were dissolved in 500 mL of methanol:chloroform mixture (9:1, 
v/v) containing 7.5 mm ammonium acetate. Five milliliters of the reconsti-
tuted lipid sample was infused using an Advion ESI chip with 5.5 mm ID 
emitter nozzles (Kim et al., 2013b). The total lipid content in the samples was 
determined using a previously described modified Bligh and Dyer method 
(Lee et al., 2010). TAG was qualitatively visualized by staining with 1 µg/mL 
BODIPY 505/515 (Invitrogen). The samples were incubated in the dark for 5 
min and then imaged using confocal laser scanning microscopy merged with 
differential interference contrast micrographs (Carl Zeiss; Velmurugan et al., 
2014). The TAG levels in the cells stained with BODIPY were quantified by 
FACS (Hyka et al., 2013; Velmurugan et al., 2014). The fluorescence intensi-
ty obtained from FACS analysis was normalized with chlorophyll autofluo-
rescence and is presented as a ratio. The mutant and wild-type cells did not 
show any significant difference in chlorophyll content. The TAG levels were 
also quantified colorimetrically according to the manufacturer’s protocol after 
chlorophyll extraction to prevent interference (ab65336; Abcam). The fatty acid 
methyl ester (FAME) profile of the samples was determined by gas chromatog-
raphy fitted with a flame ionization detector (Shimadzu) using a 37-component 
FAME mix as the reference standard (Sigma-Aldrich; Lee et al., 2010).

RNA Isolation and Gene Expression Experiments

Total RNA was isolated from 108 wild-type and mutant cells using an RNA 
isolation kit (Invitrogen). The cDNA synthesis was performed using GoScript 
reverse transcription kit for RT-qPCR (Promega) or as mentioned in the man-
ufacturer protocol for RNA-seq (Illumina). The resulting libraries were se-
quenced using the Illumina HiSeq 2000 system and HiSeq 2500. The samples 
were normalized to 100 ng of total RNA prior to RT-qPCR. The C. reinhardtii 
beta subunit-like polypeptide (CBLP) gene was used as an endogenous con-
trol. The qPCR was performed using a Peltier Thermal Cycler with a Chromo4 
detector (Bio-Rad Technologies) with the following reaction conditions: 95°C 
for 15 min, followed by 40 cycles of 95°C for 20 s, 66°C for 30 s, and 72°C for 
20 s. The reaction was followed by melting curve analysis and then an exten-
sion of 5 min. The gene expression fold change was calculated using the 2−ΔΔCT 
method. The PCR and RT-qPCR primer sequences used in this study are 
presented in Supplemental Table S4.

Protein Isolation, Quantification, Enzyme Assay, and 
Immunoblot

The total protein extract was prepared using a plant total protein extraction 
kit with 108 cells (PE0230, Sigma-Aldrich). The resulting protein concentration 
was estimated using Bradford reagent and a BSA standard (Sigma-Aldrich). 
The PI3K enzyme assay was performed as described in the manufacturer’s 
protocol (K-3000, Echelon Biosciences). The immunoblot analysis was per-
formed as described previously (Pérez-Pérez et al., 2010).

Starch and Chlorophyll Analyses

The starch analysis was performed using a starch (GO/P) assay kit (STA20; 
Sigma-Aldrich). The chlorophyll a concentration was determined as previous-
ly described using chlorophyll a from Anacystis nidulans as a standard (C6144; 
Sigma-Aldrich; Porra et al., 1989).

ATP, FFA, and Viability Measurements

The ATP and FFA levels in the cells were determined by the fluorimetric 
method according to the manufacturer’s protocol with 108 cells after chloro-
phyll extraction to prevent interference (ab83355 and ab65341, respectively; 
Abcam). The cell viability was determined by Evans blue staining (Ex 620 nm/
Em 680 nm) followed by confocal laser scanning microscopy. Evans blue has 
been used for studying microalgal viability as it is a nonpermeating dye in live 
cells. However, in case of plasma membrane damage resulting in cell death, 
dye stains the cytoplasm and nucleus blue (Crutchfield et al., 1999). The inten-
sity of Evans blue fluorescence was quantified using FACS. The fluorescence 
intensity obtained from FACS analysis was normalized with chlorophyll aut-
ofluorescence and is presented as a ratio (Hyka et al., 2013; Velmurugan et al., 
2014).
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Phylogenetic, Statistical, and Bioinformatic Analyses

The amino acid sequences used to construct the phylogenetic tree were 
retrieved from National Center for Biotechnology Information (NCBI). The 
phylogenetic analyses were conducted using a maximum parsimony method 
and were constructed with MEGA 5.0. The branch points were tested for sig-
nificance by bootstrapping with 1,000 replications (Tamura et al., 2007).

Statistical analyses of experimental results were computed using SPSS 18 
(SPSS Inc.). All experimental analyses were performed with at least three bio-
logical replicates unless otherwise indicated, and the mean value and sd bars 
are presented. ANOVA and t test were performed to generate P values. To 
select a mutant for further experimental analyses, including lipidomics and 
RNA-seq, PCAs were performed based on various morphological, physiolog-
ical, and genetic analyses, such as area and shape, total lipid content, TAG 
levels, and VPS34 gene expression levels of KD lines, mock, and wild type 
in both +N and –N conditions. The data were converted into a common scale 
through Z-transformation so that the mean and variance corresponded to 0 
and 1 (Cho et al., 2015).

The raw RNA-seq data obtained from the sequencer were processed for 
quality via the following four steps: (1) quality control was checked on 100-
bp paired-end data using FastQC (version 0.11.3; Andrews, 2010). (2) Adap-
tor sequence was filtered by cutadapt (version 1.8.3; Martin, 2011) containing 
Illumina True-seq adaptor sequences. (3) Quality trimming was performed 
by Sickle (version 1.33; Joshi and Fass, 2011) with Phred Quality Score of 20 
(i.e., the chances of a base being called incorrectly was 1 in 100 bases). (4) 
Reads below 40-bp length were removed and truncated at the position of 
the first N, following which clean reads were obtained. The reads remaining 
after those steps were aligned to the reference genome Creinhardtii_281_v5.5 
(http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf?or-
ganism=Creinhardtii) using TopHat2 (version 2.0.12), a fast splice junction 
mapper for RNA-seq reads (Kim et al., 2013a) that aligns RNA-seq reads 
to reference genomes using the ultra high-throughput short read aligner 
Bowtie2. The TopHat aligner allowed up to 2 mismatches, 2 gaps, 20 multi-
hits, and minimum 50 bp to maximum 500,000 bp intron length. All aligned 
reads were counted by htseq-count of HTSeq (version 0.6.1; Anders et al., 
2015) with “intersection-nonempty” overlap resolution model (−m intersec-
tion-nonempty) for counting uniquely mapped reads in each gene, and with-
out strand-specific assay (−s no). The gene annotation file (GTF) used for the 
alignment step was transformed to UCSC format for quantification of gene 
expression. After counting raw reads, the htseq-count results of each sample 
was merged into one count matrix.

The differential gene expression was analyzed with edgeR (version 
3.13.2; Robinson et al., 2010), which is a Bioconductor package applied in 
R (version 3.2.2). The software was used to identify statistically significant 
differentially expressed genes. A convenient and well-established approxi-
mation for RNA-seq is the negative binomial distribution, which represents 
a natural extension of the Poisson distribution. By default, edgeR uses the 
number of mapped reads and estimates an additional normalization factor 
to account for sample-specific effects (e.g. diversity) (Robinson and Oshlack, 
2010). These two factors are combined and used as an offset in the negative 
binomial model. The ratios of the size factors should approximately match 
the ratios of the library sizes. Each column of the count table can be divided 
by the corresponding size factor to yield the normalized count values, which 
can be scaled to give counts per million (cpm; Anders et al., 2013). We used 
only tags that had at least 1 cpm in at least half of the sample size to increase 
the statistical power of the differential expression analysis. Additionally, a 
low-read-count filter was applied to remove lowly expressed genes. The sig-
nificant differentially expressed genes were selected using two thresholds of 
Benjamini-Hochberg adjusted P value < 0.05 and fold-change > 2 (absolute 
value of log2 > 1).

The gene annotation is based on C. reinhardtii v5.5 locus IDs download-
ed from Phytozome 10.3 (http://phytozome.jgi.doe.gov). For the genes with 
no annotation available in Phytozome, a gene annotation was obtained from 
ALGAEpath (http://algaepath.itps.ncku.edu.tw/index.html) based on the 
KEGG ortholog (Zheng et al., 2014). The detailed gene annotation and RNA-
seq data are presented in Supplemental Table S5 and Supplemental Data Set 
2. To perform the pathway analysis, genes were mapped onto the KEGG 
pathway provided in ALGAEpath (http://algaepath.itps.ncku.edu.tw/index.
html). The genes for respective pathways were also visualized using hierar-
chically clustered heat maps. The genes were displayed by Heatplus in the 
R package software and were clustered by the complete method. We used 
four pathways (TCA cycle, glycolysis, starch, and Suc metabolism and FA 
biosynthesis) for the network analysis. The gene networks were visualized in 

Cytoscape (version 3.2.1), which is an open source network visualization and 
analysis software platform (Shannon et al., 2003). The edge size was fixed by 
relative weight of cpm values with that of the WT+N control sample. Each 
node weight was based on the fold-change values of all genes used in the 
analysis after normalization.

Accession Numbers

The genetic information from this article can be found in the Phytozome 
database under the following accession numbers: VPS34, Cre01.g035500.v5.5; 
ATG8, Cre16.g689650.v5.5. The accession numbers of other genes and proteins 
from this study can be found in Supplemental Table S5 and Supplemental Data 
Set 2.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Changes in TAG fluorescence (BODIPY 505/515) 
and lipid content in the presence of the PI3K inhibitor 3MA (3MA, 1 
mm).

Supplemental Figure S2. Morphological, genotypic, and phenotypic anal-

yses of PI3K KD transformants used for PCA analyses.

Supplemental Figure S3. TAG levels under high-light conditions in wild-

type and T411 line.

Supplemental Figure S4. Statistical analyses of lipid profiling samples. 

Supplemental Figure S5. Heat map and cluster analysis of the differential 

gene expression of genes involved in flagellar assembly in wild type 

and T411 under +N and –N conditions.

Supplemental Figure S6. Gene and protein expression analyses of autoph-

agy-related proteins.

Supplemental Table S1. Lipid species identified in all sample groups used 

in the lipid profiling.

Supplemental Table S2. Ratio of the intensity of identified lipid species 

in samples.

Supplemental Table S3. Artificial microRNAs used for gene silencing in 

this study.

Supplemental Table S4. Primers used in this study.

Supplemental Table S5. The detailed gene annotation information for all 

RNA-seq-related data analysis.

Supplemental Data Set 1. Video depicting the mobility of wild-type and 

mock cells grown till early stationary phase, whereas the T411 line is 

nonmotile.

Supplemental Data Set 2. RNA-seq data for heat maps and network anal-
yses.
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