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Nitrogen starvation leads to TOR 
kinase‑mediated downregulation of fatty acid 
synthesis in the algae Chlorella sorokiniana 
and Chlamydomonas reinhardtii
Jithesh Vijayan1,2,3*, Sophie Alvarez4, Michael J. Naldrett4, Wyatt Morse1, Amanda Maliva1, Nishikant Wase5 and 
Wayne R. Riekhof1 

Abstract 

Background  When subject to stress conditions such as nutrient limitation microalgae accumulate triacylglycerol 
(TAG). Fatty acid, a substrate for TAG synthesis is derived from de novo synthesis or by membrane remodeling. The 
model industrial alga Chlorellasorokiniana accumulates TAG and other storage compounds under nitrogen (N)-limited 
growth. Molecular mechanisms underlying these processes are still to be elucidated.

Result  Previously we used transcriptomics to explore the regulation of TAG synthesis in C. sorokiniana. Surprisingly, 
our analysis showed that the expression of several key genes encoding enzymes involved in plastidic fatty acid syn-
thesis are significantly repressed. Metabolic labeling with radiolabeled acetate showed that de novo fatty acid synthe-
sis is indeed downregulated under N-limitation. Likewise, inhibition of the Target of Rapamycin kinase (TOR), a key 
regulator of metabolism and growth, decreased fatty acid synthesis. We compared the changes in proteins and phos-
phoprotein abundance using a proteomics and phosphoproteomics approach in C. sorokiniana cells under N-limita-
tion or TOR inhibition and found extensive overlap between the N-limited and TOR-inhibited conditions. We also iden-
tified changes in the phosphorylation status of TOR complex proteins, TOR-kinase, and RAPTOR, under N-limitation. 
This indicates that TOR signaling is altered in a nitrogen-dependent manner. We find that TOR-mediated metabolic 
remodeling of fatty acid synthesis under N-limitation is conserved in the chlorophyte algae Chlorella sorokiniana and 
Chlamydomonas reinhardtii.

Conclusion  Our results indicate that under N-limitation there is significant metabolic remodeling, including fatty acid 
synthesis, mediated by TOR signaling. This process is conserved across chlorophyte algae. Using proteomic and phos-
phoproteomic analysis, we show that N-limitation affects TOR signaling and this in-turn affects the metabolic status 
of the cells. This study presents a link between N-limitation, TOR signaling and fatty acid synthesis in green-lineage.
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Rapamycin

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

BMC Plant Biology

*Correspondence:
Jithesh Vijayan
jitheshbt@huskers.unl.edu
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-05408-7&domain=pdf


Page 2 of 14Vijayan et al. BMC Plant Biology          (2024) 24:753 

Background
Algae as a feedstock for biofuels and other bioproducts 
has been investigated over the last 50 years, owing to 
the potential for high biomass yield, accumulation of 
large quantities of neutral lipids, sequestration of car-
bon dioxide, and capability of growth on marginal lands 
and in brackish wastewater [1]. Triacylglycerol (TAG) 
derived from biological sources can be transesterified 
and blended with crude oil-derived diesel for burning 
in Diesel engines, and can serve as a feedstock to pro-
duce jet fuel and other hydrocarbon-based products [2, 
3]. Microalgae accumulate TAG under certain stress 
conditions, such as nutrient limitation [4] or chemical 
stressors [5], and the mechanism by which macronutri-
ent limitation induces TAG accumulation has been the 
subject of many studies for the past five decades [6–8]. 
Fatty acids for TAG synthesis can be derived either 
from de novo synthesis or by membrane remodeling, 
i.e., the process of channeling fatty acids and glycerol 
from other membrane glycerolipids, such as monoga-
lactosyldiacylglycerol and phosphatidylcholine [8–13].

In the plant lineage, fatty acid synthesis occurs in the 
chloroplast, and Acetyl CoA Carboxylase (ACCase) and 
Fatty Acid Synthase complex (FAS) enzymes are similar 
to the prokaryotic multiple-subunit “type II” synthases 
[14]. Carboxylation of acetyl-CoA to malonyl-CoA cat-
alyzed by ACCase is the first committed step in fatty 
acid biosynthesis. FAS complex uses malonyl-CoA to 
sequentially add 2-carbon units to the nascent fatty 
acid, ultimately forming a 16–18 carbon chain [15]. 
Fatty acid synthesis is a major sink of ATP and reducing 
equivalents and is hence highly regulated [16].

Target of Rapamycin (TOR) is a phosphatidylinositol-
3-kinase like serine/threonine kinase that is present 
in all eukaryotes and is known to regulate metabolism 
in response to a variety of cues, such as hormones, 
nutrients, and cellular or organismal energy status. 
It is known to be a nexus connecting nutrient sens-
ing, growth, and metabolism, acting in the regulatory 
module of SnRK1/TOR [17]. TOR kinase functions as 
a complex and in green lineage, there are three known 
proteins forming the complex: TOR kinase, RAPTOR, 
LST8 [18]. In yeast and humans, there are two TOR 
complexes, TORC1 and TORC2. Both complexes have 
TOR-kinase and LST8 as common members, and the 
presence of RAPTOR (TORC1) or RICTOR (TORC2) 
determines the identity and function of the com-
plex [19]. In plants and algae lack RICTOR and hence 
TORC2 is absent [18]. Role of TOR signaling in photo-
synthesis [20, 21], amino acid synthesis [21, 22], redox 
regulation [23, 23], autophagy [24] and TAG accumula-
tion [25] has been established in microalgae.

Chlorella sorokiniana is a microalga belonging to the 
family Trebouxiophyceae. It is an industrial microalga 
with high growth potential [26] with the ability to grow 
on municipal and agricultural wastewater [27]. C. soro-
kiniana genome is sequenced and well characterized and 
annotated [28]. In this article, we show that fatty acid 
synthesis is decreased under nitrogen limitation. We fur-
ther show that this regulation of fatty acid synthesis is, at 
least partly, controlled by TOR signaling in the microal-
gae C. sorokiniana and Chlamydomonas reinharditii.

Results
Nitrogen starvation in C. sorokiniana leads to a decrease 
in the rate of fatty acid biosynthesis
In a previous transcriptomic analysis of Chlorella soro-
kiniana cultures under N-limitation, we observed that 
many genes encoding key enzymes in various steps of 
fatty acid synthesis are downregulated as depicted in 
Fig. S1A-B [12]. Transcript abundances of Ketoacyl-
ACP-Synthase 1 (KAS1), 3 (KAS3), Hydroxyacyl-ACP-
Dehydratase (HAD1) and Enoyl Reductase (ENR1) are 
significantly decreased. These enzymes are components 
of the plastidic FAS complex as outlined in the intro-
duction. The observed downregulation of these genes 
prompted us to hypothesize that fatty acid synthesis is 
decreased in N-limited cultures. To test this hypothesis, 
we carried out metabolic labeling studies with 14C-ace-
tate under N-replete and -limited conditions after 24 h 
of growth. The experiment was carried out with 107 cells 
for each condition and experimental replicates. Under 
N-limitation, incorporation of 14C-acetate into fatty 
acid is significantly decreased, as shown in Fig.  1A and 
B. We also observed no significant increase in total fatty 
acid content in cultures under N-limitation, on a per cell 
basis (Fig.  1C). While there is no significant increase in 
total fatty acid content, we observed changes in fatty acid 
compositions, with oleic (18:1) and linoleic acid (18:2) 
increasing in abundance, and linolenic acid (18:3) and its 
16-carbon counterpart (16:3Δ7,10,13) decreasing in abun-
dance (Fig. 1D). Incorporation of acetate into fatty acid is 
decreased, but the flux of existing fatty acids into TAG is 
increased, as shown in Fig. 1E. We found that expression 
of genes encoding enzymes involved in the TCA cycle 
are also downregulated (Fig. S1C). Expression of malate 
dehydrogenase, fumarase and citrate synthase 1 are sig-
nificantly downregulated. This suggests that large-scale 
remodeling of central carbon metabolism is a component 
of the response to N-limitation in C. sorokiniana.

Inhibition of TOR kinase leads to decreased fatty acid 
biosynthesis, similar to N‑limitation
The relationship between TOR signaling and N-metab-
olism is well established in the budding yeasts 
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Saccharomyces cerevisiae and the fission yeast Schizos-
accharomyces pombe. Deletion of TOR2 in fission yeast 
leads to N-limitation like responses [29]. The same is 
true of seed plants, including Arabidopsis thaliana, in 
which N-limitation has been shown to regulate TOR 
activity [30]. The transcriptome of C. sorokiniana under 
N-limitation also showed that the expression of RAP-
TOR1, a TOR complex component, is doubled (Fig. 2A). 
This observation and prior studies in other organisms 
prompted us to hypothesize that the activity of the 
TOR complex could be altered under N-limitation in C. 
sorokiniana.

TOR signaling is known to affect lipogenesis via the 
SREBP1 pathway in humans [31]. In Saccharomyces cer-
evisiae, TORC1 regulates lipid droplet formation through 
transcription factors such as Gln3p, Gat1p, Rtg1p, and 
Rtg3p [32]. Furthermore, Imamura et  al. have shown 
that inhibition of TOR induces TAG accumulation in the 
microalga Cyanidioschyzon merolae [25]. This indicates 
that TOR signaling affects lipid metabolism in a num-
ber of organisms that are evolutionarily divergent, so 
we asked if downregulation of fatty acid synthesis under 
N-limitation is mediated by altered TOR signaling in C. 
sorokiniana. Li et al. have observed that rapamycin does 
not inhibit the growth of C. sorokiniana [33]. We decided 
to use Torin 1, a known competitive inhibitor of ATP 
binding of TOR kinase [34]. Unlike Li et al., we observed 
that Torin 1 inhibits growth of C. sorokiniana (Fig. S2). 
This shows that TOR signaling is likely essential for 
growth of C. sorokiniana. 5 and 10 µM of Torin 1 resulted 
in comparable growth inhibition (Fig. S2) and hence we 
decided to use 5 µM for further studies to minimize off-
target effects.

When cells were fed 14C-acetate after 4 h of treatment 
with 5 µM Torin 1 in N-replete media, we see that acetate 
incorporation into fatty acid is significantly decreased 
in comparison to the control cultures (Fig. 2B, C). Con-
trol cultures were cells grown in N-replete media with-
out Torin 1. 4 h after Torin 1 treatment was chosen for 
the assay to avoid the effect of growth inhibition on fatty 
acid synthesis. Decreased fatty acid synthesis when TOR 
kinase activity is inhibited by Torin 1 indicates that TOR 
controls fatty acid synthesis in C. sorokiniana. We ana-
lyzed the total fatty acid content of the cells treated with 
Torin 1 and rapamycin and did not observe any change 
in the composition at 2 and 24 h after inhibition (Fig. S3).

N‑limitation alters TOR signaling
To further understand the mechanism of TOR medi-
ated regulation of fatty acid metabolism, and rela-
tionship between TOR signaling and N-limitation, 
we performed a quantitative proteomic and phos-
phoproteomic analysis of cultures grown under these 

Fig. 1  Downregulation of fatty acid under nitrogen starvation in C. 
sorokiniana. A TLC- autoradiograph of 107 C. sorokiniana cells grown 
in N replete (N +) and deplete (N-) media fed with 14C acetate after 1, 
2, and 3 days of inoculation. B Quantitative measurement of 14C 
acetate incorporated into fatty acids under nitrogen replete (N +) 
and deplete (N-). C Total Fatty Acid content of cells under nitrogen 
replete and deplete conditions as normalized by number of cells. 
D Percent fatty acid composition of cells under nitrogen replete 
and deplete conditions. E Percentage of 14C acetate incorporated 
into TAG under nitrogen replete. * indicate the statistical significance 
of student t test n = 9. Error bars indicate SD
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conditions. C. sorokiniana cultures were grown in 
N-replete and -limited conditions. Twenty-two hours 
after inoculation, an aliquot of N-replete culture was 
diluted to 107 cells/ml and Torin 1 was added to a final 
concentration of 5 µM. Cultures with Torin 1 were 
incubated for 90 min before pelleting for sample prepa-
ration. N-limited and -replete cultures were harvested 
24 h after inoculation. N-replete samples were used as 
control for both Torin 1 treated and N-limited samples. 
This shorter period for Torin 1 treatment was chosen 
arbitrarily to allow for the activation of autophagy and 
other direct targets of TOR kinase yet decrease the 
effect of cell cycle inhibition and other downstream 
effects on the data generated.

A total of 3424 proteins were identified of which 3237 
were identified with at least ≥ 2 peptides and quanti-
fied across the three treatments. These proteins have 
a molecular weight ranging from 4–634 kDa. Changes 
in abundance were calculated, with a fold-change of 0.5 
and lower considered downregulated, and 1.5 and above 
as upregulated, with a p-value < 0.05. The abundance 
of 299 and 133 proteins decreased in N-limited and 
Torin 1 treated samples, respectively, while 52 proteins 
decreased in abundance in both conditions as shown in 
Fig. 3A. This accounts for 17% of the total proteins down-
regulated in N-limitation and 39% for Torin 1 treatment. 
Hypergeometric probability analysis shows a significant 
overlap with a representation factor of 4.5 (p < 7.144e-23). 

Fig. 2  Control of fatty acid synthesis under nitrogen limitation by TOR. A Expression levels of different known TOR complex members 
under nitrogen limitation conditions. B TLC- autoradiograph of C. sorokiniana cells fed with 14C -acetate to track de novo fatty acid synthesis grown 
in N replete media with (N + Trn1 +) or without (N +) TOR inhibitor- torin1 C). Quantitative measurement of 14C -acetate incorporation into fatty acid 
as a measure of de novo fatty acid synthesis when fed with (N + Trn1 +) or without (N +) Torin1. * indicate the statistical significance of student t 
test  n = 9. Error bars indicate SD
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Similarly, the abundance of 214 and 246 proteins 
increased in N-limited cells and Torin 1 treated samples 
respectively (Fig. 3A) and 94 proteins in both conditions 
which amounts to 44% of proteins in the N-limited con-
dition. (Representation factor: 6.1; p < 1.305e-56).

A total of 6477 unique phosphopeptides belonging to 
1985 proteins were detected in the phosphoproteomic 
analysis. Figure  3B indicates the number of peptides 
whose phosphorylation status was significantly (p < 0.05) 
decreased under N-limitation and Torin 1 treatment, 
with fold change cutoffs of ≥ 1.5 and ≤ 0.5 for N-limited 
samples and ≥ 1.5 and ≤ 0.75 Torin 1 treatment. The less 
stringent cutoff for the Torin 1 treatment comparison was 
chosen to account for the shorter incubation period of 90 
min, versus the 24-h N-limitation treatment. 848 phos-
phopeptides belonging to 549 proteins had decreased 
phosphorylation levels under N-limitation, while Torin 
1 treatment affected 562 phosphopeptides belonging 
to 402 proteins. 147 phosphopeptides were commonly 
dephosphorylated under both conditions which is 17% 
of peptides in N-limitation samples whose phosphoryla-
tion is decreased (Representation factor: 2.0; p < 1.632e-
18). 1573 peptides had increased phosphorylation under 
N-limitation and 248 of these peptides were common 
between Torin 1 treated cells and N-limited cells (Fig. 3B) 
(Representation factor: 1.6; p < 2.636e-17). There is a sub-
stantial and statistically significant overlap of proteome 
and phosphoproteome between N-limitation and TOR 
inhibition, indicating that TOR activity is affected under 
N-limitation. We tabulated the phosphorylation status 
of C. sorokiniana orthologs of known targets of the TOR 
complex in Arabidopsis, as reported by Van Leene et al. 
[35] (Table  1 & supplement file). We observe that pro-
teins such as S6K, ATG18, eIF2B-δ1, eIF4G, YAK1, ATG1 
and, RPS6A have at least one site that is differentially 
phosphorylated. Some of these phosphosites are similarly 
phosphorylated under N limitation and Torin 1 treat-
ment. Decreased phosphorylation of these sites in Torin 
1 treated samples indicate that Torin 1 does inhibit TOR 
activity in C. sorokiniana. 

Protein levels of known TOR complex members, RAP-
TOR and LST8 are increased in nitrogen starved cells 
(Fig.  3C). It should be noted that the increase in RAP-
TOR level is coupled to an increase in the expression of 
the gene, indicating that this process is transcription-
ally controlled. With the available data, we are unable to 
speculate how this affects the functioning of the complex. 
We also observed differential phosphorylation of RAP-
TOR and TOR kinase (Table  2). In TOR kinase, T1195 
and S1581 were hyperphosphorylated while S1209 and 
S2439 were hypo phosphorylated. S2439 is in a motif 
pSppr. This motif is adjacent to the catalytic domain 
and conserved in many different algae (Fig. 4). This ser-
ine is found to be phosphorylated in C. reinharditii as 
well [23]. Further, we observed that S504, S510, S514, 
S521 and S523 of RAPTOR were hypophosphorylated 
under N limitation. These residues are in TOR-interact-
ing FAT domain. The effect of these phosphorylations 

Fig. 3  TOR signaling is affected under nitrogen limitation. 
A Venn diagram showing the number of proteins that are 
differentially regulated under nitrogen limitation (N-) and torin1 
treatment (Trn1 +). Fold change is relative to control (N replete) 
cutoff, ≤ 0.5and ≥ 1.5. p-value ≤ 0.05 or less (n = 3). B Venn diagram 
showing the number of phosphopetides that are differentially 
regulated under nitrogen limitation and torin1 treatment. Fold 
change relative to control (N replete) cutoff, ≤ 0.75and ≥ 1.5. 
p-value ≤ 0.05 or less. (n = 3), C Fold change in the protein level of TOR 
kinase, RAPTOR and LST8 under nitrogen limitation relative to control 
(N replete). *indicate p-value significance (n = 3)
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on the kinase activity and protein–protein interactions 
are beyond the scope of this work, however we hypoth-
esize that these modifications affect the functioning of 
the TOR complex. Conservation of the pSppr motif near 
the C-terminus of the TOR-kinase in different algal line-
age raises the possibility that TOR activity could be con-
trolled by differential phosphorylation of this residue by a 
conserved kinase whose identity is yet unknown.

Robust and statistically significant similarity between 
the proteome and phosphoproteome under N-limitation 
and Torin 1 treatment, similar trend in phosphoryla-
tion of known targets of TOR signaling and changes in 

the phosphorylation status of TOR complex components 
in the N-limited condition suggest that TOR signaling is 
altered under N- limitation.

Effect of N‑limitation and TOR inhibition on ACCase 
and FAS complex components
We observed that protein levels of the carboxyltrans-
ferase component of the plastidic ACCase complex is 
decreased under both N-limitation and TOR inhibition 
(Fig.  5A). 3-oxoacyl-ACP reductase of the FAS com-
plex is also significantly downregulated under N-limi-
tation (Fig.  5B). We hypothesize that these changes in 

Table 1  Known targets TOR signaling. A select list of known targets of TOR kinase in Arabidopsis. Ratios of 0.01 and 100 are arbitrary 
fold changes to indicate that the peptides are not detected in the treated conditions and in control samples, respectively. N.D Not 
Detected in the quantitative proteome. aindicates statistical significance

Prot-ein Arabidopsis homolog(s) Peptide [position in 
protein]

Degree of Modification 
[position (probability)]

Fold change in 
phosphorylation 

Fold change 
in protein 
abundance

N- lim Torin1 N- lim Torin1

S6K  AT3G08730 (S6K1), 
AT3G08720 (S6K2)

SIESIDNFDK [497-506] 1x [S4 (100)] 0.01a 0.546 ND ND

ATG18 AT1g03380 (ATG18G), 
AT1G54710 (ATG18H), 
AT5G4730 (ATG18F)

NLYAGQLADVEPI-
AAAFLPSGPGSPK [620-
645]

1x [S24 (100)] 100a 100a 100 ND

eIF2B-δ1 AT5G38640, AT2G44070, 
AT1G48970

VEGATPSPR [19-27] 1x [S7 (100)] 0.01a 0.831 1.47 1.181

ATPVGASPPGGR [115-126] 1x [S7 (100)] 0.351 0.853

AGGPPATPPSVSSGP-
SASGSAELPPIR [68-94]

1x [S20 (100)] 0.598 0.66

AGGPPATPPSVSSGP-
SASGSAELPPIRTDSSK 
[68-99]

1x [T/S] 0.574 0.917

DTSLADAGAASTVTGSP-
SPVIIPPAFAGQSR [28-58]

1x [T/S] 0.323 0.672

TLPLTPVGTSAPADLG-
GQFASAADDSPRV-
VQQHAPEAGAP-
SAAQAAGK [127-174]

2x [T1 (98.9);
S26 (98.9)]

0.01a 0.881

eIF4G AT3G60240 (eIF4G), 
AT5G57870

TGSGRGPPAPPAR [1349-
1361]

1x [S3 (100)] 0.52 0.81 0.86 0.883

GPESHPIPNGTPSPPPEP-
AAPGGMSWAAR [41-69]

1x [T11 (99.3)] 0.01a 0.928

GPESHPIPNGTPSPPPEP-
AAPGGMSWAAR  [41-69]

1x [T/S] 0.01a 0.479

EAAAQEAP-
SEAAAPAAASESSFAAK 
[701-725]

2x [S20 (99.3);
S21 (99.3)]

0.096 0.917

EAAAQEAP-
SEAAAPAAASESSFAAK 
[701-725]

1x [S18 (100)] 0.251 0.802

YAK1 AT5G35980 (YAK1) TSGTLPHQSSAFSSYSPPER 
[2-21]

1x [S16 (100)] 0.01a 0.878 ND ND

ATG13 AT3G49590 (ATG13) GSSGAEAPPSPSPPTAR 
[511-527]

1x [S/T] 0.303 0.51 ND ND

RPS6A AT4G31700 (RPS6A), 
AT5G10360 (RPS6B),

VQVLMSPGDQCFR [73-85] 1x [S6 (100)] 0.33 0.92 ND ND
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the protein levels affect the rate of fatty acid synthesis. 
It should be noted that the expression of many genes 
encoding FAS complex members are downregulated 
under N-limitation, but the protein levels do not follow 
the pattern. We did not observe any phosphorylation 
of plastidial-ACCase or FAS complex members. Nev-
ertheless, reduction in protein levels of a core compo-
nent of the ACCase and of 3-oxoacyl-ACP reductase 

(FAS) would be expected to decrease the rate of fatty 
acid synthesis. Additionally, in a transcriptomic study 
of C. sorokiniana cells treated with the TOR kinase 
inhibitor AZD8055, Li et  al. observed that the expres-
sion of all FAS complex members are downregulated 
[33]. This indicates that TOR controls fatty acid synthe-
sis at both the transcriptional level, and in regulating 
protein abundance via changes in translation or protein 
turnover.

Fig. 4  Conservation of pSppr motif in TOR kinase of different microalgae. Multiple sequence alignment of TOR kinase protein from different 
microalgae highlighting (red box) the conserved pSppr motif in the C-terminus. Serine in red indicates known phosphorylation of the residue

Table 2  Phosphorylation status of TOR complex proteins. Ratios of 0.01 and 100 are arbitrary fold changes to indicate that the 
peptides are not detected in the treated conditions and in control samples, respectively. N.D.D No Domain Detected. aindicates 
statistical significance

Position in Protein Sequence Degree of 
phosphorylation

Phosphorylated amino acid 
(probability)

Abundance 
Ratio: (N-) / 
(N+)

Predicted domain

TOR kinase (2451 aa)

  1192-1202 QSTPDRLHLER 1xPhospho T1195 (99.3) 16.656a N.D.D

  1203-1218 TVTMASDEAGLNTGL 1xPhospho S1209 (100) 0.571 N.D.D

  1569-1599 WEEEEEAGGRGSPDGGLTPSS-
LLAGGLGGAR​

1xPhospho S1581 (100) 100a FAT- domain (IPR014009)

  2434-2441 TGAPSPPR 1xPhospho S2439 (100) 0.231 Pi3-/4- kinase, catalytic 
domain (IPR000403)

RAPTOR (1786 aa)

  499-516 SVPSATSAPGSAAGSIGR 3xPhospho S506 (100); S510 (100); S514 
(100)

0.01a FAT

1xPhospho S514 (100) 0.493

2xPhospho S510 (100); S514 (100) 0.518

  517-530 VGSSGSIAGSGVLR 3xPhospho S520 (100); S521 (100); S523 
(100)

0.01a FAT

2xPhospho S520 (100); S523 (100) 0.145a

1xPhospho S520 (100) 1.016

  810-858 ESAAYGEPRPLSAQGSGG-
SLDAYAASAAAAGHAAAAAL-
PPSGIYTASCR

1xPhospho S/Y/T 100a N.D.D
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TOR mediated regulation of fatty acid synthesis 
under N‑limitation in Chlamydomonas reinhardtii
C. sorokiniana and the well-studied model microalgae C. 
reinhardtii are members of the taxa Chlorophyta. There-
fore, we enquired if similar mechanisms of TOR-signaling 
mediate control of fatty acid synthesis under N-limitation 
in C. reinhardtii. For this, we first queried the published 
transcriptome of C. reinhardtii under N-limitation [36] 
and found that expression of all the genes encoding com-
ponents of the plastidic ACCase and FAS complexes were 
downregulated as early as 4 h after inoculation in nitro-
gen limited media (Fig. S3A, B). This indicates that there 
is indeed a transcriptional mechanism for downregula-
tion of fatty acid synthesis under N-limitation. Next, we 
took advantage of the RNAseq data published by Klees-
sen et  al. to investigate if inhibition of TOR activity by 
rapamycin affects the transcript levels of these genes [37]. 
While the expression of genes encoding BCC1, BCC2, 
KAS2, and KAS3 decrease to a very small extent, we see 
that BCR1 and KAR1 expression decreases by half after 4 
h of rapamycin treatment (Fig. S3C, D). Thus, TOR inhi-
bition affects fatty acid synthesis at a transcriptional level 
in C. reinhardtii, similar to C. sorokiniana. To query if 
the transcriptional downregulation of these genes indeed 
affect fatty acid synthesis in C. reinharditii under N-lim-
itation or TOR inhibition, we carried out a 14C- acetate 
labeling experiment. We used either 5 µM Torin 1 or 1 
µM rapamycin to inhibit TOR activity. Incorporation of 
14C- acetate was significantly decreased under N-limita-
tion and Torin 1 treatment (Fig.  6A, B), thus indicating 
that TOR-mediated control of fatty acid synthesis under 
N-limitation is conserved between C. sorokiniana and C. 
reinhardtii.

Discussion
Downregulation of fatty acid synthesis under N‑limitation
Our study shows that the rate of fatty acid synthesis is 
decreased under N-limitation in the green algae C. soro-
kiniana and C. reinhardtii. This indicates that carbon flux 
into fatty acid synthesis is decreased during N-limitation 
in the green algal lineage. This information is crucial for 
any future biotechnological interventions to increase 
TAG accumulation in these organisms. This also raises 
the question, if inducing N-limitation-like conditions 
would be a means for channeling photosynthate to fatty 
acid, and in turn into oil production. Further, any strat-
egy for enhancing oil production via the N-limitation 
response will have to account for the fact of decreased 
fatty acid synthesis under these conditions.

Nitrogen starvation mediated downregulation of fatty 
acid synthesis is conserved in the yeast Saccharomyces 
cerevisiae. In S. cerevisiae, under N-limitation, reduction 

Fig. 5  Protein levels of ACCase and FAS complex members. A 
Protein levels of different components of ACCase complex members 
under nitrogen limitation (N-) and Torin 1 treatment (N + Trn1 +). 
BCR1: Biotin carboxylase, BCC: Acetyl-CoA biotin carboxyl carrier 
protein, ACX: Carboxyltransferase. B Protein levels of different 
enzymes involved in the process of fatty acid synthesis. KAR: 
3-Oxoacy-ACP reductase, MCT: Malonyl-CoA: ACP transacylase, KAS: 
3-Ketoacyl-ACP-synthase, HAD: 3-Hydroxyacyl-ACP dehydratase, ENR: 
Enoyl-[acyl carrier protein] reductase. Error bars indicate SD (n = 3)
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in fatty acid synthesis is achieved by autophagy depend-
ent specific degradation of FAS components [38]. Pre-
vention of FAS degradation decreased the viability under 
N-limitation. This indicates that S. cerevisiae, much like 
C. sorokiniana and C. reinhardtii actively decreases 
fatty acid synthesis under N-limitation. Conservation 

of decreased de novo fatty acid synthesis under N-limi-
tation in evolutionarily diverse organisms, like microal-
gae and yeast, indicates that this is an essential adaptive 
response. When growth rate and cell division are limited 
by N-limitation, the demand for membrane glycerolipids 
will likewise be lower. When demand for membrane glyc-
erolipids, a major sink for fatty acids, is lower, it would 
make sense for the cells to decrease the production of 
fatty acids. Further, fatty acid synthesis is an energy 
intensive process consuming NADPH and ATP mol-
ecules [14]. Decreasing carbon flux through this path-
way would save energy (ATP) and reducing equivalents 
(NADPH). It is unclear if this is the only reason for the 
downregulation.

TOR signaling under N‑limitation
TOR signaling is an integral part of energy and nutri-
ent sensing in eukaryotes. This is common to yeast, 
mammals, and plants [39]. Multiple lines of evidence 
suggest the involvement of TOR signaling under N-limi-
tation in microalgae. When treated with rapamycin under 
N-replete conditions, C. reinhardtii cells accumulate var-
ious amino acids within the first 5 min [40]. This accumu-
lation of amino acids is not from increased proteasomal 
activity but from active acquisition of nitrogen from 
the media via the activity of glutamine synthase (GS) 
and glutamine-2-oxoglutarate- aminotransferase. This 
active acquisition of nitrogen from the media is similar 
to an N-starvation response. Additionally, Mallen-Ponce 
et al., have shown that TOR activity is controlled by CO2 
assimilation and this in turn controls the levels of certain 
amino acids in Chlamydomonas [21]. In a phosphoprot-
eomic analysis of nitrogen starved cells of C. reinhardtii, 
Roustan et  al. identified differential phosphorylation of 
ATG13, NNK1 and RSP6, known targets of TOR signal-
ing [41]. This indicates that N-utilization/limitation and 
TOR signaling are linked in C. reinhardtii. Our work 
shows that under N-limitation in C. sorokiniana, there is 
a change in the abundance of individual proteins of the 
TOR complex (RAPTOR and TOR kinase) and differen-
tial phosphorylation of TOR kinase and RAPTOR. This 
coupled with significant overlap between the changes in 
the quantitative proteome and phosphoproteome under 
N-limitation and in TOR-inhibited cells indicates that 
TOR signaling is indeed affected under N-limitation. The 
relationship between TOR signaling and N-availability 
is not limited to microalgae. In Arabidopsis, nitrogen 
starvation leads to inactivation of TOR kinase and sup-
plementation of select amino acids or inorganic nitro-
gen activates TOR kinase [30]. In mammalian cells and 
Saccharomyces cerevisiae, TOR activity is controlled 
by amino acid availability via GTPases, RAB(A-D), and 
GRT1/2, respectively. Further, as mentioned earlier, in 

Fig. 6  Regulation of fatty acid synthesis in Chlamydomonas 
reinhardtii under nitrogen limitation and TOR inhibition. A 
TLC- autoradiograph of C. reinhardtii cells grown in N replete (N +), 
limited (N-), nitrogen replete with rapamycin (N + rapa) or torin1 
(N + trn) fed with.14C acetate to track de novo synthesized fatty acid. 
B 14C-counts in fatty acid under nitrogen replete (N +), nitrogen 
deplete (N-), nitrogen replete with rapamycin (N + rapa) and torin1 
(N + trn +). * indicate p-value confidence (student t-test)
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the fission yeast, Schizosaccharomyces pombe, deletion of 
TOR2 mimics nitrogen starvation [29].

It is not surprising that TOR signaling is controlled 
by N-availability in a variety of eukaryotes ranging from 
yeast and microalgae to land plants, since TOR functions 
as a central node in assimilating growth cues such as hor-
mones and various nutrient availability [42], and nitrogen 
is an important macronutrient that regulates growth.

TOR mediated regulation of fatty acid synthesis
In this study, we show that inhibition of TOR activity 
leads to a decrease in fatty acid synthesis thereby linking 
fatty acid synthesis to TOR signaling in the green plant 
(Viridiplantae) lineage. While there are transcriptional 
(Li et al., 2022) and protein level changes of ACCase and 
FAS complex members (this study), it is unclear if these 
are the only means by which TOR regulates fatty acid 
synthesis. It is also possible that TOR regulates the flux of 
carbon flow into the TCA cycle, in addition to the tran-
scriptional and post-translational control of ACCase and 
FAS.

In mammalian systems, TORC1 regulates fatty acid 
synthesis at the transcriptional level by regulating 
SREBP1, a transcription factor that controls the expres-
sion and activities of ACCase and FAS complexes [31]. It 
is interesting to note that TOR regulates fatty acid syn-
thesis at the transcriptional level in evolutionarily distant 
organisms, such as mammals and microalgae. Evolution-
ary conservation of TOR mediated control of fatty acid 
synthesis can be attributed to two factors: TOR is a cen-
tral regulator of metabolism that responds to many stress 
conditions such as nutrient limitation [43], and fatty acid 
biosynthesis is a major sink for carbon and reducing 
equivalents. As mentioned earlier, decreasing fatty acid 
synthesis under nutrient limitation is in line with cellular 
needs under these stress conditions. TOR, being a central 
regulator of metabolism, coordinates the fatty acid syn-
thesis process in response to external cues.

Knowledge of TOR functioning in the plant lineage has 
been lagging in comparison to that of mammalian and 
yeast cells, however in the past decade, the role of TOR 
kinase signaling as coordinator of metabolism in the 
green lineage has become clear [17, 20, 42, 44–48]. Our 
current work adds to the list of metabolic processes that 
are controlled by TOR signaling.

Conclusion
In this work we have presented evidence to show that 
under N-limitation, microalgae like C. sorokiniana and C. 
reinhardtii reduce their rate of fatty acid synthesis, and 
that this downregulation is likely mediated by signal pro-
cessing and transduction via the TOR kinase complex. 
This information will be useful in engineering microalgae 

to produce triacylglycerols and other storage compounds 
under nutrient replete growth conditions and may pro-
vide new insights into TOR-mediated control of fatty 
acid synthesis in land plants.

Methods
Growth and N‑limitation of C. sorokianiana and C. 
reinhardtii
C. sorokianiana and C. reinhardtii were grown in Tris 
Acetate Phosphate (TAP) media under continuous light 
with shaking (200 rpm). C. sorokiniana was grown at 25 
°C while C. reinhardtii was grown at 22 °C. TAP media 
was prepared as described by  Gorman and Levine [49]. 
In nitrogen deplete media (TAP-N), final concentra-
tion of ammonium chloride was 250 µM. For nitrogen 
starved cultures, parent cultures were grown for 2 days 
and washed thrice in appropriate media (TAP or TAP-N). 
The cultures were inoculated at a final concentration of 
107 cells/ml for C. sorokiniana and 5 × 106 cells/ml for C. 
reinhardtii.

Lipid extraction and total fatty acid assay
Lipid extraction was carried out using the Bligh and 
Dyer method [50]. Glycerolipids were sequentially sepa-
rated by Thin Layer Chromatography (TLC) on silica-
G60 plates (EMD-Millipore) in a two-stage solvent 
system. First, the plate was developed for ~ 2/3 of its 
length in chloroform, methanol, acetic acid, and water 
(85:12.5:12.5:3) to separate polar lipids. Next, the plate 
was dried and developed for the full length in petroleum 
ether, diethyl ether and acetic acid (80:20:1) to separate 
nonpolar lipids (triacylglycerol). For total fatty acid anal-
ysis, lipids extracted from 107 cells were transesterified in 
methanolic HCl for 30 min at 80 °C to form Fatty Acid 
Methyl Esters (FAME). FAMEs were extracted into hex-
ane by adding 1 ml hexane and 1 ml of 1 mM NaCl. The 
hexane phase was concentrated under a stream of nitro-
gen and quantified using GC-FID with Innowax column 
as previously described [51]. 15:0 fatty acid was used as 
internal standard for quantification.

14C acetate labeling to measure de novo fatty acid 
synthesis
To measure denovo fatty acid synthesis, we carried out 
14C- acetate feeding experiments. Cells were grown in 
appropriate growth conditions (N + and N-) and then 
washed thrice in media lacking acetate (TP or TP-N) to 
remove any remaining acetate. Cells were then diluted 
to equal number of cells (107 cell for C. sorokiniana 
and 5 × 106 for C. reinhardtii) in 1 ml of TP / TP-N/ 
TP + Torin 1/ TP + rapamycin and 105 cpm of 14C acetate 
(specific activity of 56 mCi/mMol- supplied by ARC Inc.) 
was added and incubated for 45 min. After 45 min the 
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cells were washed thrice in appropriate media to remove 
any remaining 14C acetate. Lipid extraction and lipid sep-
aration was carried out as mentioned earlier. After dry-
ing, the TLC plates were exposed to a phosphoimager 
screen for 24 h, and counts were read on a GE-Typhoon 
FLA 9500 scanner. Images were analyzed by ImageQuant 
TL v8.1. Total fatty acid level in each sample was calcu-
lated as a sum of all lipids in a given TLC lane.

Inhibition of TOR signaling
In C. sorokiniana TOR activity was inhibited with 5 µM 
Torin 1 (EMD Millipore Corp.,). In C. reinhardtii, TOR 
kinase was inhibited using 1 µM rapamycin (Sigma 
Aldrich) or 5 µM Torin 1. To assay the effect of TOR 
inhibition on fatty acid synthesis, we incubated either C. 
sorokiniana or C. reinhardtii in TAP media with or with-
out the inhibitors for 4 h, and then labeled with 14C- ace-
tate as described above.

Protein preparation
For proteomic studies, samples were grown, treated, and 
collected as described (see results). Three replicates per 
condition were used for each treatment group. Protein 
samples for quantitative proteomic and phosphoprot-
eomic analyses were prepared as follows: cells were rup-
tured by bead beating in lysis buffer (50 mM Tris-pH 8.0, 
1 mM DTT, 0.5 mM PMSF and 2 × PhosStop EASYpack- 
Roche) for 7 cycles with 30 s of beating at 400 rpm and 45 
s on ice for each cycle. Glass beads of 0.5 mm diameter 
were used. Following the rupture, cells and debris were 
separated by spinning at 3000 rpm for 5 min at 4 °C.

Proteins were precipitated and washed using the Pro-
teoExtract™ Protein Precipitation Kit (MilliporeSigma, 
Burlington MA) and then redissolved in 8 M Urea, 0.2 
M tris–HCl, pH 8.5 containing 2 × PhosSTOP™ phos-
phatase inhibitor (Roche, Basel, Switzerland), 1 × cOm-
plete™, EDTA-free Protease Inhibitor Cocktail (Roche) 
and 10 mM DTT. Protein amounts were quantified using 
the CB-X™ protein assay (G-Biosciences, St Louis, MO). 
1 mg of each sample was reduced at 37 °C for 1 h and 
then alkylated with 20 mM iodoacetamide (20 min at RT 
in darkness), then quenched with an equimolar amount 
of DTT. Samples were diluted to 4 M urea with water and 
digested with 10 µg Lys-C (1:100 enzyme:substrate) at 
37 °C for 4 h. The urea was then diluted to 1 M by addi-
tion of 0.1 M tris–HCl, pH 8.5 and trypsin digestion car-
ried out for 16 h at a ratio of 1:100. A further aliquot of 
trypsin (1:100) was added and digestion was carried out 
for a further 3 h. Digests were acidified with 20% TFA to 
pH 3, then desalted using 100 mg Sep-Pak® C18 reverse-
phase SPE columns (Waters Corp, Milford, MA). Eluted 
samples were dried down and redissolved in 50 mM 

TEAB. A portion was set aside for analysis of the com-
plete digest sample.

Phosphoenrichment
For each sample, 0.75 mg of digested, desalted, dried pep-
tide was dissolved in 2 M lactic acid, 60% acetonitrile, 
0.3% TFA to 3 mg/mL and shaken vigorously with TiO2 
beads (Titansphere, 5 µm, GL Sciences, Tokyo, Japan) in 
a ratio of 1:5 sample: beads (w/w) for 20 h at 4 °C. The 
beads were then washed with 3 × 100µL of the lactic acid 
binding solution and finally resuspended in 50µL and 
placed into 200 µL tips (Eppendorf, Hauppauge, NY) 
plugged with 2 layers of 3 M™ C8 Empore™ membrane 
(ThermoFisher Scientific, Waltham, MA). For each sam-
ple, 100 µL of the same solution was spun through the 
beads at 3000 × g 3 times. The beads were then further 
washed with 3 × 200µL of 80% acetonitrile, 0.4% TFA at 
3000 × g. Bound phosphopeptides were then eluted 3 
times with 100 µL ammonium hydroxide (5% v/v) into 
1.5 mL Lo-Bind tubes (Eppendorf ). These were then fro-
zen and lyophilized. A 2nd elution of phosphopeptides 
was performed using 3 × 100 µL pyrrolidine (5% v/v) at 
1000 × g and the samples were frozen and lyophilized. 
Both eluates for each sample were pooled and desalted 
using an Oasis µElution plate (Waters Corp), dried down 
and then redissolved for analysis by LC–MS/MS.

LC–MS/MS analysis of the proteome 
and phosphoproteome
Peptide and phosphopeptide samples were analyzed by 
LC–MS/MS on an RSLCnano system (ThermoFisher Sci-
entific) coupled to a Q-Exactive HF mass spectrometer 
(ThermoFisher Scientific). The samples were first injected 
onto a trap (Acclaim PepMap™ 100, 75 µm × 2 cm, Ther-
moFisher Scientific) for 2.8 min at a flow rate of 5 µL/
min, 1.5% acetonitrile, 0.2% formic acid before switch-
ing in-line with the main column. Separation was per-
formed on a C18 nano column (Acquity UPLC® M-class, 
Peptide CSH™ 130A, 1.7 µm 75 µm x 250 mm, Waters 
Corp) at 260 nL/min with a linear gradient from 5–32% 
over 96 min. The LC aqueous mobile phase contained 
0.1% (v/v) formic acid in water and the organic mobile 
phase contained 0.1% (v/v) formic acid in 80% (v/v) 
acetonitrile. Mass spectra for the eluted peptides were 
acquired on a Q Exactive HF mass spectrometer in data-
dependent mode using a mass range of m/z 375–1500, 
resolution 120,000 for the MS1 peptide measurements. 
Data-dependent MS2 spectra were acquired by HCD 
fragmentation with a normalized collision energy (NCE) 
set at 28%, AGC target set to 1 × 105, 15,000 (for phos-
phopeptides at 30,000) resolution, intensity threshold 
1 × 105 and a maximum injection time of 118 ms (86 ms 
for phosphopeptides). Dynamic exclusion was set at 45 s 
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for the complex digest and 30 s for the phosphopeptide 
analysis to help capture phospho isomers.

Data analysis
Data were analyzed in Proteome Discoverer 2.2 software 
(ThermoFisher Scientific) and searched using Mascot 
2.6.2. The databases searched were the common con-
taminants database cRAP (116 entries, www.​theGPM.​
org) and in-house Chlorella sorokiniana gene catalog 
with13,906 entries. Gene identifiers and sequence data 
used for the analysis are available at NCBI under Bio-
Project PRJNA34632. Methionine oxidation, protein 
N-terminal acetylation, deamidation of glutamine, car-
bamidomethylation of cysteine and Ser/Thr and Tyr 
phosphorylation were set as variable modifications. A 
maximum of two trypsin missed cleavages were permit-
ted and the precursor and fragment mass tolerances were 
set to 10 ppm and 0.02 Da, respectively. Peptides were 
validated by Percolator with a 0.01 posterior error prob-
ability (PEP) threshold. The data were searched using a 
decoy database to set the false discovery rate to 1% (high 
confidence). The localization probabilities of the PTMs 
were obtained using ptmRS (Taus et al. 2011). The pep-
tides were quantified using the precursor abundance 
based on intensity. The peak abundance was normalized 
using total peptide amount. The peptide group abun-
dances are summed for each sample and the maximum 
sum for all files is determined. The normalization fac-
tor used is the factor of the sum of the sample and the 
maximum sum in all files. The protein ratios are calcu-
lated using a pairwise ratio-based method. The protein 
ratios are calculated as median of all possible pairwise 
ratios between the replicates of all connected peptides. 
To compensate for missing values in some of the repli-
cates, the replicate-based resampling imputation mode 
was selected. The significance of differential expression 
is tested using an ANOVA test which provides adjusted 
p-values using the Benjamini–Hochberg method for all 
the calculated ratios.

Multiple sequence alignment
TOR-kinase sequence for different algae were collected 
from Phycocosm [52] and Multiple sequence alignment 
was performed using Clustal Omega [53].

Statistical analysis
All statistical analysis for biochemical and growth assays 
were performed using Graphpad prism v9.
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