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Nutrient-deprived microalgae accumulate triacylglycerol
(TAG) in lipid droplets. A dual-specificity tyrosine
phosphorylation-regulated kinase, TAG accumulation regula-
tor 1 (TAR1) has been shown to be required for acetate-de-
pendent TAG accumulation and the degradation of
chlorophyll and photosynthesis-related proteins in photomix-
otrophic nitrogen (N)-deficient conditions (Kajikawa et al.
2015). However, this previous report only examined particular
condition. Here, we report that in photoautotrophic N-defi-
cient conditions, tar1–1 cells, with a mutation in the TAR1
gene, maintained higher levels of cell viability and lower levels
of hydrogen peroxide generation and accumulated higher
levels of TAG and starch compared with those of wild type
(WT) cells with bubbling of air containing 5% carbon dioxide.
Transcriptomic analyses suggested that genes involved in the
scavenging of reactive oxygen species are not repressed in
tar1–1 cells. In contrast, the mating efficiency and mRNA
levels of key regulatory genes for gametogenesis, MID, MTD
and FUS, were suppressed in tar1-1 cells. Among the TAR1-
dependent phosphopeptides deduced by phosphoproteomic
analysis, protein kinases and enzymes related to N assimila-
tion and carbon (C) metabolism are of particular interest.
Characterization of these putative downstream factors may
elucidate the molecular pathway whereby TAR1 mediates
cellular propagation and C and N metabolism in C/N-imbal-
anced stress conditions.

Keywords: C/N balance � Chlamydomonas � Dual-specificity
tyrosine-phosphorylation-regulated kinase � Gametogenesis
� Hydrogen peroxide � Phosphoproteome.

The nucleotide sequences reported in this paper has been
submitted to the DDBJ Sequenced Read Archive under acces-
sion number DRA004651. All MS data from the phosphopro-
teomic analysis are under process of deposition in the Japan

Proteome Standard Repository/Database (accession nos.
PXD012391 and PXD012311).

Introduction

In eukaryotes, phosphorylation-dependent protein modification
plays a major role in the regulation of cell proliferation in stress
conditions. Several protein kinases functioning in response to
nutrient states are highly conserved as key regulators in eukary-
otes, such as AMP-activated protein kinase (AMPK), cyclic AMP-
dependent protein kinase A (PKA), and target of rapamycin
(TOR) (Shashkova et al. 2015). In plants, SNF1-related kinase 1
(SnRK1), conserved as the plant-specific AMPK family member,
is activated when energy storage decreases, due to abiotic stres-
ses such as nutrition depletion (Baena-González et al. 2007).
Plant TOR and SnRK1 have similar antagonistic roles in different
biological processes, including cell division, protein synthesis, re-
serve accumulation and autophagy (Hulsmans et al. 2016).
Activation of SnRK1 leads to transcriptional reprograming of
downstream genes and induces the degradation of proteins,
amino acids, lipids, cell walls, starch and sucrose (Baena-
González et al. 2007). In yeast, a member of the dual-specificity
tyrosine-phosphorylation-regulated kinase (DYRK) family,
named Yak1, negatively regulates cell division in glucose-depriv-
ation conditions (Moriya et al. 2001, Martin et al. 2004). TOR
negatively regulates Yak1 via PKA in glucose-deprivation condi-
tions (Martin et al. 2004). We have reported a positive regulator
of acetate assimilation and triacylglycerol (TAG) accumulation,
TAG accumulation regulator 1 (TAR1), in photomixotrophic ni-
trogen (N)-deficient conditions in the model green alga
Chlamydomonas reinhardtii (Kajikawa et al. 2015). TAR1 phylo-
genetically belongs to the Yak1-type DYRK family. TAR1 is
required for the degradation of both chlorophyll and photosyn-
thesis-related proteins in N-deficient conditions.
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When the balance of carbon and nitrogen (C/N) collapses
due to N-deficiency, C. reinhardtii shows various induced re-
sponses, such as degradation of chlorophyll, photosynthesis-
related proteins and chloroplast membrane lipids (Siaut et al.
2011, Schmollinger et al. 2014), in addition to the accumulation
of starch and TAG (Merchant et al. 2012); moreover, cells
undergo a phase transition from vegetative cells to gametes
(Sager and Granick 1954). It was suggested that excess
NADPH and ATP generated by photosynthesis at the early
stress stage of N-deficiency are consumed by de novo synthesis
of starch and fatty acids for integration into TAGs to prevent
the redox state in cells from becoming imbalanced (Johnson
and Alric 2013). A low-TAG and high-starch accumulation
mutant, pgd1, shows a decrease in cell viability and an increase
in intracellular reactive oxygen species (ROS) compared with
wild type (WT) cells in N-deficient conditions, suggesting that
TAG and starch synthesis are involved in the control of the
intracellular redox state (Du et al. 2018). In addition to TAR1,
another plant-specific DYRK subfamily kinase, STD1, has been
reported to negatively regulate TAG accumulation in photo-
autotrophic N-deficient conditions (Schulz-Raffelt et al.
2016). Based on a phosphoproteomic analysis using the
Chlamydomonas WT-type strain, STD1 and an AtGRIK1 ortho-
log phosphatase, called CDPKK2, are suggested to play central
roles in the coordination of translational, photosynthetic,
proteomic and metabolomic activity in N-deficient conditions
(Roustan et al. 2017).

In photomixotrophic N-deficient conditions, acetic acid is
a major organic carbon source for growth in C. reinhardtii;
acetic acid is utilized mainly to synthesize fatty acids for
TAG accumulation (Juergens et al. 2016). In these conditions,
the amount of TAG increases in proportion to the concentra-
tion of acetic acid in the culture medium (Fan et al. 2012).
Conversely, in photoautotrophic N-deficient conditions, the
levels of accumulated TAG decrease inversely proportional to
increasing levels of supplied CO2 (Sakurai et al. 2014). The
authors hypothesized that the balance between C and N me-
tabolites could be adjusted by decreasing the levels of TAG.
Recently, a rapamycin-hypersensitive C. reinhardtii mutant
called vip1-1, in which a gene encoding an inositol hexakispho-
sphate kinase was disrupted, was reported to accumulate
higher levels of TAG compared with those in WT cells in
photomixotrophic conditions (Couso et al. 2016). Because
the TAG content in vip1-1 mutant cells in photoautotrophic
conditions was unaffected, suggesting that growth and lipid
accumulation with acetic acid as a carbon source in photo-
mixotrophic conditions could be regulated by the TOR kinase
and inositol polyphosphate signaling systems.

Although the protein kinase TAR1 plays a positive role in
accumulation of TAG in photomixotrophic conditions, its
roles in cells in photoautotrophic conditions have not been
examined. In order to understand the contribution of TAR1 to
cellular responses in photoautotrophic N-deficient condi-
tions, we have characterized a TAR1-defective mutant, tar1-
1, by analyzing cell viability, generation of hydrogen peroxide
(H2O2), photosynthetic activity, levels of TAG accumulation,
gamete induction and transcriptomic activity. To further

clarify the molecular mechanisms underlying protein phos-
phorylation by TAR1 and identify possible TAR1-dependent
phosphoproteins that are targeted in response to photoauto-
trophic N-deficiency, we carried out a phosphoproteomic
analysis.

Results

Cell viability and accumulation of TAG and starch
in the tar1-1 mutant in photoautotrophic
N-deficient conditions

Because changes in supplied CO2 concentration affect the
intracellular C/N balance, algal cells acclimate to C/N-imbal-
anced stresses by sensing the status of nutrient availability. To
evaluate the effects of higher C/N stress on Chlamydomonas
cells, cell viability and chlorophyll levels of WT and tar1-1 cells
were examined 2 d after transfer from photoautotrophic cul-
ture in N-containing medium to N-deficient conditions with
continuous bubbling of air containing different CO2 concentra-
tions (from ambient air containing 0.04–10% CO2) (Fig. 1A, B).
In all the CO2 conditions tested, the cell viability and chloro-
phyll levels of tar1-1 cells were higher than those of WT cells. To
compare CO2-dependent carbon assimilation between tar1-1
and WT cells in N-deficient conditions, we measured the levels
of total fatty acids constituting TAG molecules (TAG-FA) and
starch in the cells cultured with air containing 0.04–10% CO2

(Fig. 1C, D). Because the cell number per culture and the cell
dry weight per cell were not significantly different between WT
and tar1-1 cells when the culture medium was replaced by N-
deficient medium (Supplementary Fig. S1A, B), the levels of
accumulation of TAG and starch in the cultures 2 d after the
transfer to N-deficient conditions were expressed as microgram
per milliliter culture. Higher levels of TAG accumulation were
observed only in tar1-1 cells in photoautotrophic N-deficient
conditions with bubbling of CO2-enriched air containing 5% or
10% CO2 (Fig. 1C). In addition, higher levels of starch accumu-
lation in tar1-1 cells were observed in photoautotrophic N-de-
ficient conditions aerated with CO2-enriched air containing
0.5%, 1%, or 5% CO2 (Fig. 1D).

After 2 d in photoautotrophic N-deficient conditions with
CO2-enriched air containing 5% CO2 (hereafter referred to as
TP–N conditions), tar1-1 showed pleiotropic phenotypes,
such as high levels of viability and accumulation of chloro-
phyll, TAG and starch compared with WT cells. Therefore, we
focused on time-dependent changes in tar1-1 cells in TP–N
conditions. In contrast to WT and TAR1-complemented line
(C1) cells, which showed severe chlorosis by day 2, tar1-1 cells
showed markedly less degradation of chlorophyll, resulting in
a ‘stay-green’ phenotype (Fig. 2A, B). We measured the time
course of cell viability and H2O2 content, as representative of
ROS, in TP–N conditions. The cell survival rate of the tar1-1
mutant was 2.2-fold higher than that of WT cells at day 1
(Fig. 2C). On the other hand, the H2O2 levels in tar1-1 cells
were 0.27-fold lower than that of WT cells at day 1 in contrast
to the rapid accumulation of H2O2 in all strains at 6 h in TP–N
conditions (Fig. 2D).
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tar1-1 mutant impaired the degradation of
photosynthesis-related proteins in TP–N
conditions

High-accumulation of carbon products such as TAG and starch
was observed in tar1-1 cells in TP–N conditions. In order to
know whether the carbon products were generated by photo-
synthetically fixed carbon in TP–N conditions, we evaluated the
effects of the tar1 mutation on photosynthesis in TP–N condi-
tions. First, we measured photosynthetic parameters including
the maximum quantum efficiency of PS-II (Fv/Fm), quantum
efficiency of PS-II photochemistry (�II) and maximum rate of
photosynthetic oxygen (O2)-evolution (Vmax) (Table 1). The
Fv/Fm and �II values in tar1-1 cells at day 1 in TP–N conditions
(0.49 ± 0.02 and 0.31 ± 0.03, respectively) were significantly
higher than those in WT cells (0.27 ± 0.03 and 0.16 ± 0.02, re-
spectively). Although the Fv/Fm and �II values in tar1-1 cells at
day 2 fell to 0.27 ± 0.13 and 0.09 ± 0.08, respectively, these
values were undetectable in WT and C1 cells. The Vmax in
tar1-1 cells at day 2 in TP–N condition was 72.4 ± 12 mmol O2

mgChl–1 h–1, whereas it was undetectable at day 2 in WT and
C1 cells. These results indicated that tar1-1 cells could maintain
photosynthetic activity for longer than WT cells in TP–N con-
ditions. Second, the cellular levels of photoreaction-related pro-
teins, including the light-harvesting complex protein II (LHCII)
in the antenna complex, D1 protein in photosystem II (PsbA),
cytochrome f in the cytochrome b6/f complex (PetA), subunit II
protein in PS-I (PsaD) and proteins related to the Calvin–
Benson cycle, including the large subunit of Rubisco (RbcL),

sedoheptulose-1, 7-bisphosphate (SBP), phosphoribulokinase
(PRK) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and chloroplastic glutamyl-tRNA reductase 1
(HemA) for chlorophyll biosynthesis, decreased in tar1-1 cells,
but they were nevertheless all present at higher levels in tar1-1
cells than in WT and C1 cells (Fig. 3). These results indicated
that TAR1 stimulated degradation the photosynthesis-related
proteins in TP–N conditions. Although degradation of the cyto-
plasmic ribosomal protein RPL37 was previously shown in WT
cells in N-deficient conditions (Couso et al. 2018), the cellular
levels of RPL37 in tar1-1 cells decreased as in the case of WT
cells in N-deficient conditions (Fig. 3), suggesting that the TAR1
contributes to degrade photosynthesis-related proteins rather
than cytoplasmic ribosomal proteins.

tar1-1 cells accumulate high levels of TAG and
starch in TP–N conditions

To understand the effect of the tar1 mutation on changes in
the levels of TAG and starch in tar1-1, WT and C1 cells, con-
tents of TAG-FA and starch were time-dependently analyzed
after changing the C/N balance from TP+N to TP–N conditions
(Fig. 4A, B). Although the amounts of TAG-FA both in tar1-1
and WT cells increased to approximately 3mg ml�1 at 1 d
(Fig. 4A), the level of TAG-FA accumulation in tar1-1 cells
(5.3 ± 0.4mg ml�1) at day 2 was 1.7-fold higher than that in
WT cells (3.2 ± 1.0mg ml�1) (Fig. 4A). Similarly, although at
day 1, the starch contents both in tar1-1 and WT reached ap-
proximately 200 mg ml�1, at day 2 starch accumulation in tar1-1

Fig. 1 CO2-dependent cell viability (A) and accumulation of chloro-
phyll per cell (B), fatty acids (FA) in TAG (C) and starch (D) in WT
(closed box) and tar1-1 (open box) cells in photoautotrophic N-defi-
cient conditions. After transfer to photoautotrophic N-deficient con-
ditions, cell cultures were aerated with air containing 0.04% (ambient),
0.1%, 0.5%, 1%, 5% or 10% CO2 for 2 d. Levels of TAG FA and starch are
expressed per culture volume. Data indicate mean values ± SD from
three biological replicates. Asterisks denote statistically significant dif-
ferences compared with WT cells using Student’s t test (*P< 0.05).

Fig. 2 Stress responses of tar1-1 cells to nitrogen (N)-deficiency.
(A) Images of cultures of WT, tar1-1 and complementation line
(C1) cells after transfer to photoautotrophic N-deficient conditions
with aeration with air containing 5% CO2 (TP�N). (B) chlorophyll
content, (C) cell viability and (D) H2O2 content of WT (closed circle),
tar1-1 (open circle) and C1 (gray circle) cells after transfer to TP–N
conditions aerated with air containing 5% CO2. Data indicate mean
values ± SD from three biological replicates.
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cells was 352.9 ± 28.8 mg ml�1, which was 1.6-fold higher than in
WT cells (218.7 ± 34.2 mg ml�1) (Fig. 4B). After 2 d, TAG and
starch levels in tar1-1 cells reached a plateau that was sustained
for the rest of the assay period of 4 d.

The fatty acid compositions of TAG in tar1-1 at day 2 in TP–
N conditions were compared with those in WT in the same
conditions. The relative abundances of 16:1�9, 16:2�7, 10,
16:3�4, 7, 10, 18:1�9, 18:1�11 and 18:2�9, 12 in TAG of tar1-1
cells were significantly higher than those in WT cells. On the

Fig. 3 Immunoblotting analysis of photosynthesis-related proteins in
WT, tar1-1 and complementation line (C1) cells after transfer to
photoautotrophic nitrogen (N)-deficient conditions with aeration
with air containing 5% CO2 (TP�N). Antibodies against LHCII in an-
tenna, D1 protein in PSII (PsbA), cytochrome f in the cytochrome b6/f
complex (PetA), the subunit II protein in PSI (PsaD), proteins related
to the Calvin–Benson cycle including the large subunit of Rubisco
(RbcL), sedoheptulose-1, 7-bisphosphate (SBP), phosphoribulokinase
(PRK) and GAPDH, chloroplastic glutamyl-tRNA reductase 1 (HemA)
for chlorophyll biosynthesis and cytoplasmic ribosomal protein
(RPL37) were used for immunoblotting, along with loading controls
(�-tubulin and histone H3).

Fig. 4 Accumulation of fatty acids (FAs) in TAG (A), starch (B) and
major polar lipid classes (C) in C. reinhardtii cells after transfer to
photoautotrophic nitrogen (N)-deficient cultures with aeration with
air containing 5% CO2 (TP�N). WT, a mutant tar1-1, and comple-
mentation line C1 are indicated by closed, open and gray boxes, re-
spectively. Lipid classes were analyzed at 2 d. DGDG,
digalactosyldiacylglycerol; DGTS, diacylglycerol-N, N, N-trimethylho-
moserine; MGDG, monogalactosyldiacylglycerol; PE, phosphatidy-
lethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol;
SQDG, sulfoquinovosyldiacylglycerol. UD; undetectable. Data indicate
mean value ± SD from three biological replicates. Asterisks indicate
statistically significant differences compared with WT using Student’s
t test (*P< 0.05).

Table 1 Photosynthetic characteristics of WT, tar1-1 and complementation line (C1) cells in photoautotrophic N-deficient conditions

Parameter Strain Time after transfer to TP–N conditions (days)

0 1 2 4

Maximum quantum yield (FV/Fm) of PS-II WT 0.72 ± 0.01 0.27 ± 0.03 UD UD
tar1-1 0.72 ± 0.01 0.49 ± 0.02* 0.27 ± 0.13 0.04 ± 0.03
C1 0.70 ± 0.03 0.22 ± 0.03 UD UD

Quantum efficiency (�II) of PS-II WT 0.65 ± 0.00 0.16 ± 0.02 UD UD
tar1-1 0.65 ± 0.00 0.31 ± 0.03* 0.09 ± 0.08 UD
C1 0.61 ± 0.00 0.17 ± 0.05 UD UD

Maximum photosynthetic rates of O2-evolution
(mmol O2 mg Chl–1 h–1)

WT 294 ± 7 10 ± 2 UD UD
tar1-1 266 ± 11* 213 ± 4* 72.4 ± 12* UD
C1 281 ± 7 24 ± 2 UD UD

Cells cultured photoautotrophically in Tris-acetate-phosphate culture medium aerated with air containing 5% CO2 were transferred to Tris-phosphate medium without
an N source, and aerated with air containing 5% CO2 (TP–N). Data in all experiments indicate mean value ± SD from three biological replicates. Significant differences
(*P< 0.05) compared with WT cells were determined using Student’s t test. Chl, chlorophyll; PS-II, photosystem II; UD, undetectable.
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other hand, the proportions of 16:0, 16:3�7, 10, 13, 18:0,
18:3�5, 9, 12 and 18:3�9, 12, 15 in TAG of tar1-1 cells were signifi-
cantly lower than those in WT cells (Supplementary Fig. S2).
The tar1-1 cells accumulated greater amounts of membrane
lipids than WT cells; these included sulfoquinovosyl diacylgly-
cerol (SQDG), digalactosyldiacylglycerol (DGDG), phosphatidy-
linositol (PI), diacylglycerol-N, N, N-trimethylhomoserine
(DGTS) and phosphatidylethanolamine (PE) (Fig. 4C). Laser
scanning confocal microscopic and transmission electron
microscopic observations revealed that lipid droplets and
starch granules were more developed in tar1-1 than WT cells
(Supplementary Fig. S3). Higher levels of accumulation of starch
and TAG could lead to increases in biomass in tar1-1 cells.
Actually, the dry weight of single cells (0.27 ng ± 0.029 cell–1;
Supplementary Fig. S1B) and cell size (7.4 mm; Supplementary
Fig. S1C) of the tar1-1 mutant were 1.8-fold and 1.3-fold greater
than those of WT cells (cell dry weight: 0.15 ng ± 0.005 cell–1,
cell size: 5.5 mm) at day 2 in TP–N conditions, although the cell
densities, expressed as ‘cells ml–1 culture’, both of tar1-1 and
WT cells did not change significantly in TP–N conditions
(Supplementary Fig. S1A). All of the physiological phenotypes
of tar1-1 cells analyzed above were restored to WT levels in the
C1 line in TP–N conditions, consistent with the analysis of
photomixotrophic growth conditions reported previously
(Kajikawa et al. 2015).

Decreased mating efficiency and expression levels
of gametogenesis-related genes in the tar1-1
mutant

Because the mutation in the TAR1 gene leads to the mainten-
ance of cell viability and photosynthetic activity even in TP�N
conditions, disruption of TAR1 seems more advantageous for
the survival of C. reinhardtii cells in TP�N conditions. Given
this apparent advantage of the mutation, we wondered if there
was also a downside, and we asked whether the mutation im-
pacted other cellular functions, such as mating efficiency. In
order to clarify whether the tar1 mutation affected gametogen-
esis of Chlamydomonas cells, mating efficiencies of tar1-1
(mating type minus; mt�) and a mt+-type progeny of tar1-1,
named tar1-1-F2-11 (mt+) were examined. In contrast to the
mating efficiencies of WT (C9, mt�) � WT (CC-125, mt+) and
C1 (mt�) � WT (CC-125, mt+), which were 53% and 42%,
respectively, those of tar1-1 (mt�) � WT (CC-125, mt+), tar1-
1-F2-11 (mt+)�WT (C9, mt�) and tar1-1 (mt�)� tar1-1-F2-11
(mt+) were significantly lower (5.8%, 2.1%, and 1.3%, respect-
ively) than that of WT (mt�) � WT (mt+) (Fig. 5A).

The relative mRNA levels of a master regulator of gameto-
genesis in the mt� gamete, MID (Ferris and Goodenough 1997),
were lower in the tar1-1 mutant than those in WT and C1 cells,
both at 0 and 2 h after the start of N-deficiency treatment
(Fig. 5B). The expression levels of MTD and GSM also decreased
to 15% and 16% in tar 1-1 cells compared with WT cells after 2 h
of N-deficiency (Fig. 5B). The expression levels of FUS and SAG
in gametogenesis of mt+ gametes of tar1-1-F2-11 also decreased
to 9.5% and 21%, respectively, compared with that of WT (CC-
125, mt+), at 2 h of N-deficiency.

Differentially expressed genes regulated by TAR1
in TP–N and TAP–N conditions

As assessed using quantitative RT-PCR, the mRNA abundance
of TAR1 itself did not change in response to C/N-imbalance
(Supplementary Fig. S4). To find genes whose mRNA
abundances were affected by the loss of TAR1, differentially ex-
pressed genes (DEGs) were estimated by comparison of RNA-seq
data obtained from tar1-1, WT and C1 cells in TP+N conditions,
and 6 h after the transfer of cells from the TP+N to TP–N
conditions using the DEseq algorithm with a statistical q-value
cutoff <0.05 (Anders and Huber 2010, Supplementary Table S1;
Supplementary Dataset S1). Furthermore, tar1-1 accumulates
higher levels of TAG and starch compared with WT and C1
specifically in TP–N conditions (in this study) in contrast to
low-TAG accumulating phenotypes of tar1-1 in TAP–N condi-
tions (Kajikawa et al. 2015). To reveal the differences in gene
expression patterns regulated by TAR1 between
photoautotrophic and photomixotrophic conditions, we
compared RNA-seq data between TP–N conditions
(Supplementary Dataset S1) and those in the TAP–N conditions
(Kajikawa et al. 2015; Supplementary Dataset S2).

Among the DEGs in TP–N or TAP–N conditions, we classi-
fied the DEGs into upregulated DEGs in WT, C1 and tar1-1 cells
compared with TP+N or TAP+N conditions or downregulated
DEGs (Supplementary Fig. S5; Kajikawa et al. 2015). The RNA-
seq analysis showed that DEGs in WT and C1 lines did not
overlap with each other completely. These differences in gene
expression pattern between WT and C1 might be caused by
other mutation(s) other than the tar1 insertional mutation
occurring during transformation of the plasmid DNA encoding
the TAR1 gene into tar1-1 cells. Therefore, DEGs overlapping
between WT and C1 were used as control DEGs.

Among DEGs in TP–N conditions, a total 218 genes were
upregulated in both WT and C1 cells (left Venn diagram in
Fig. 6A). Comparing mRNA abundances in tar1-1 with those
in WT and C1 cells cultured in TP–N conditions, the mRNA
abundances of 351 DEGs were significantly higher (left Venn
diagram in Fig. 6A). Among these, 80 overlapping DEGs were
TAR1-dependent upregulated genes in TP–N conditions. RNA-
seq data in TAP–N conditions were processed similarly (right
Venn diagram in Fig. 6A). Consequently, 60 DEGs were shown to
be TAR1-dependent upregulated genes in TAP–N conditions.
Twenty-nine DEGs that overlapped between TP–N and TAP–
N conditions were defined as ‘DEGs whose expression levels were
upregulated TAR1-dependently in common in N-deficient con-
ditions’ [group (a) in the middle of the Venn diagram in Fig. 6A,
Supplementary Dataset S3]. TAR1-dependent genes specifically
expressed in TP–N or TAP–N conditions were found to include
51 and 31 DEGs and defined as ‘DEGs whose expressions levels
were upregulated TAR1-dependently in TP–N or TAP–N condi-
tions specifically’, [groups (b) and (c) in the middle of the Venn
diagram in Fig. 6A; Supplementary Dataset S4 and S5, respect-
ively]. Gene ontology (GO)-enrichment analysis revealed
that genes encoding metabolic enzymes related to the urea
cycle and amino acid synthesis; argininosuccinate lyase
(ARG7), carbamoyl phosphate synthase, small subunit (CMP2),
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argininosuccinate synthase (AGS1) and ornithine carbamoyl-
transferase (OTC1), were significantly enriched in the group (a)
as a GO Slim term ‘Cellular amino acid metabolic process’
[Supplementary Fig. S6A (a), Supplementary Table S2].
Furthermore, urate and purines transporter, Xanthine/uracil/
vitamin C permease-like (UAPA6) and cationic amino acid trans-
porter (AOC5) were also significantly enriched in this group (a) as
a GO Slim term ‘Transmembrane transporter activity’
[Supplementary Fig. S6A (a), Supplementary Table S2].

Similarly, a total 180 DEGs overlapping between TP–N and
TAP–N conditions were defined as ‘DEGs whose expression
levels were increased by tar1 disruption in common in N-defi-
cient conditions’ [group (d) in the middle of the Venn diagram in
Fig. 6B, Supplementary Dataset S6]. The 124 and 131 DEGs were
defined as ‘DEGs whose expression levels were increased by tar1
disruption in TP–N or TAP–N conditions specifically’, respect-
ively [groups (e) and (f) in the middle of the Venn diagram in
Fig. 6B, Supplementary Dataset S7 and S8, respectively]. Among
the DEGs in group (d), six genes encoding amino acid tRNA
ligases, including methionine-tRNA ligase (TSM1), alanine-
tRNA ligase (TSA1), leucine-tRNA ligase, bifunctional glutam-
ate/proline-tRNA ligase, valine-tRNA ligase (TSV) and isoleucyl-
tRNA ligase (TSI), were significantly enriched as ‘tRNA metabolic
process’ genes [Supplementary Fig. S6B (d), Supplementary Table
S3]. Moreover, in the group (e), such as those encoding alterna-
tive oxidase (PTO1) and glutathione peroxidase (GPX5) involved
in the scavenging of ROS, thioredoxin h2 (TRXh2) in protection
against ROS, and Assimilatory sulfite reductase (ferredoxin)/

Sulfite reductase (ferredoxin), gamma-butryrobetaine hydroxy-
lase-related and peptide-methionine (R)-S-oxide reductase
involved in the redox reaction were significantly enriched as
‘Oxidoreductase activity’ [Supplementary Fig. S6B (e),
Supplementary Table S3].

Total 24 DEGs overlapped between TP–N and TAP–N con-
ditions were defined as ‘DEGs whose expression levels were
downregulated TAR1-dependently in common in N-deficient
conditions’, in which the GO Slim term ‘tRNA metabolic pro-
cess’ including serine-tRNA ligase (SERRS2), aspartate-tRNA
ligase (TSD2), valine-tRNA ligase (TSV), bifunctional glutam-
ate/proline-tRNA ligase, tryptophan-tRNA ligase (TSW1)
was significantly enriched [group (g) in the middle of the
Venn diagram in Fig. 6C, Supplementary Fig. S6C (g),
Supplementary Dataset S9, Supplementary Table S4]. TAR1-de-
pendent DEGs found specifically in TP–N or TAP–N conditions
in Fig. 6C were defined as ‘DEGs whose expression levels were
down-regulated TAR1-dependently in TP–N or TAP–N condi-
tions specifically’ consisted of 36 and 23 genes, respectively
[groups (h) and (i) in the middle of the Venn diagram in
Fig. 6C, Supplementary Dataset S10 and S11, respectively].

In group (h), the GO Slim term ‘Photosynthesis’ consisted of
photosystem-related genes, such as photosystem I reaction
center subunit N (PSAN), PSII-associated chlorophyll a/b-bind-
ing protein (LHCBM4), and Oxygen-evolving enhancer protein
2 (PSBP1), were significantly enriched [Supplementary Fig. S6C
(h), Supplementary Table S4]. On the other hand, in group (i),
the GO Slim term ‘Cofactor metabolic process’, including

Fig. 5 Effect of TAR1 mutation on gamete induction. (A) The mating efficiency after mixing of gamete-induced WT, tar1-1 and complemented
line (C1) cells with different combinations of mating types. (B) Relative mRNA abundance of gamete-specific genes in gametes of WT (C9, mt�)
(filled box), tar1-1 (mt�) (open box), C1 (mt�) (gray box), WT (CC-125, mt+) (horizontal striped bar) and tar1-1-F2-11 (mt+) (vertical striped bar)
cells deduced by quantitative real-time PCR. RNA samples were isolated from cells cultured in high-salt minimal medium without a nitrogen to
induce gametogenesis. Data indicate mean value ± SD from three biological replicates. Asterisks indicate statistically significant differences
compared with the WT using Student’s t test (*P < 0.05).
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tetrapyrrole-biosynthesis-related genes encoding magnesium-
chelatase subunit chlD (CHLD), magnesium-chelatase subunit
chlI (CHLI1) and uroporphyrinogen-III decarboxylase (UPD1),
was significantly enriched [Supplementary Fig. S6C (i),
Supplementary Table S4].

A total 31 DEGs overlapping between TP–N and TAP–N
conditions were defined as ‘DEGs whose expression levels
were decreased by tar1 disruption in common in N-deficient
conditions’ [group (j) in the middle of the Venn diagram in
Fig. 6D, Supplementary Dataset S12]. TAR1-dependent DEGs

Fig. 6 Venn diagrams indicating DEGs in WT, tar1-1 and complementation line (C1) cells after 6 h in photoautotrophic nitrogen (N)-deficient
conditions aerated with air containing 5% CO2 (TP–N) or photomixotrophic N-deficient conditions (TAP–N; Kajikawa et al., 2015) compared
with the corresponding N replete conditions, respectively. Numbers of DEGs which are significantly changed between culture conditions or
among strains are shown in parentheses. Genes in each group are listed in Supplementary Dataset S3–S14 as follows: (A) DEGs whose expression
levels were upregulated TAR1-dependently in common in N-deficient conditions (group a, Supplementary Dataset S3) with TP–N (group b,
Supplementary Dataset S4) or TAP–N (group c, Supplementary Dataset S5). (B) DEGs whose expression levels were increase by tar1 disruption in
common in N-deficient conditions (group d, Supplementary Dataset S6) or with TP–N (group e, Supplementary Dataset S7) or TAP–N (group f,
Supplementary Dataset S8). (C) DEGs whose expression levels were downregulated TAR1-dependently in common in N-deficient conditions
(group g, Supplementary Dataset S9) with TP–N (group h, Supplementary Dataset S10) or TAP–N (group i, Supplementary Dataset S11). (D)
DEGs whose expression levels were decrease by tar1 disruption in common in N-deficient conditions (group j, Supplementary Dataset S12) with
TP–N (group k, Supplementary Dataset S13) or TAP–N (group l, Supplementary Dataset S14).
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found specifically in TP–N or TAP–N conditions were defined as
‘DEGs whose expression levels were decreased by tar1 disruption
in TP–N conditions specifically’. A total 126 and 34 DEGs were
classified in these categories, respectively [groups (k) and (i) in
the middle of the Venn diagram in Fig. 6D, Supplementary
Dataset S13 and S14]. In group (k), the GO Slim term
‘Carbohydrate metabolic process’ consisting of three TCA
cycle-related genes: NAD-dependent malate dehydrogenase
(MDH1), malate synthase (MAS1) and isocitrate dehydrogenase
(IDH2); and three Calvin cycle-related genes encoding sedohep-
tulose-1, 7-bisphosphatase (SEBP1), fructose-1, 6-bisphosphate
aldolase 1 (FBA3) and glyceraldehyde 3-phosphate dehydrogen-
ase A (GAP3); and two glycolysis/gluconeogenesis pathway-
related genes encoding enolase (PGH1) and pyruvate kinase
(PYK1) were significantly enriched [Supplementary Fig. S6D
(k), Supplementary Table S5]. Moreover, in group (k), the GO
Slim term ‘Oxidoreductase activity’ consisted of genes for redox-
dependent enzymes, such as GAP3, IDH2, MDH1, glutamate syn-
thase ferredoxin-dependent (GSF1), ferredoxin-NADP reductase
(FNR1) and thioredoxin f1 (TRX f1), was also significantly en-
riched (Supplementary Table S5).

Based on RNA-seq analyses, TAR1 was necessary to increase
the mRNA levels of genes related to N-assimilation, including urea
cycle enzymes and transporters of N-containing compounds, and
also to decrease the mRNA levels of genes encoding amino acids
tRNA ligases in N-deficient conditions regardless of the presence
or absence of acetic acid. On the other hand, specifically in TP–N
conditions, the tar1 mutation caused the expression of several
genes involved in responses to ROS, and decreased mRNA abun-
dance of several genes such as FNR1 and TRX f1 related to the
regulation of redox state, and other enzymatic genes related to
carbon metabolism regulated by redox state.

In vitro protein phosphorylation by a partial
TAR1 containing the kinase domain

To identify putative target proteins of TAR1-mediated phos-
phorylation in C. reinhardtii cells in TP–N and TP+N condi-
tions, we initially tried to express full-length TAR1 recombinant
protein in Escherichia coli but this was not successful. Therefore,
a partial TAR1 recombinant protein (pTAR1; Thr-421 to Leu-
859), containing the kinase domain (Val-495 to Ile-830) and a
partial TAR1 recombinant protein with a K523R substitution at
the putative phosphate anchor site as a kinase-dead (KD)
mutant (pTAR1KD) (Kajikawa et al. 2015), were used for in
vitro assays with [g-32P]- ATP (Supplementary Fig. S7).
pTAR1 showed prominent transphosphorylation activity with
several endogenous proteins extracted from cells cultured in
TP–N and TP+N conditions (lanes 1, 4 in Supplementary Fig.
S7). By contrast, pTAR1KD did not show any phosphorylation
activity (lanes 2, 5 in Supplementary Fig. S7). The amounts of
phosphopeptides in the in vitro reaction with nonradiolabeled
ATP were evaluated by quantitative liquid chromatography–
tandem mass spectrometry (LC-MS/MS) analysis using stable-
isotope dimethyl labeling. Starting with total proteins from cells
cultured in TP–N conditions, peptides were prepared from
either the pTAR1-mediated reaction, and labeled with a

heavy isotope tag (H), or the pTAR1KD reaction, and labeled
with a light isotope tag (L). Taking a 2-fold difference in H/L
ratio as the threshold, 538 phosphopeptides appeared with
higher abundance in pTAR1-mediated reactions than in
pTAR1KD-mediated reactions. For comparison, 520 phospho-
peptides appeared with higher abundance in pTAR1-treated
reactions with total proteins from cells grown in the TP+N
conditions than in pTAR1KD-treated reactions with total pro-
teins from cells grown in the same conditions. Taken together, a
total of 785 nonredundant phosphopeptides (462 phosphopro-
teins) were obtained as in vitro phosphorylated proteins by
pTAR1 (Supplementary Dataset S15). These phosphopeptides
were phosphorylated at serine, threonine and/or tyrosine resi-
dues (Supplementary Dataset S15).

Phosphoproteomic analysis of tar1-1 in TP–N
conditions

In order to reveal TAR1-dependent changes in protein phos-
phorylation during the transition response to TP–N conditions,
phosphopeptides derived from tar1-1, WT and C1 cells in TP–N
(6 h after transfer) and TP+N (control) conditions were ana-
lyzed (Supplementary Dataset S16). In total, 5,251 putative
phosphopeptides were identified. Of these, 947 in WT, 307 in
tar 1-1 and 550 in C1 lines showed significant increases (P <
0.05) in abundance after 6 h in TP–N, relative to TP+N condi-
tions (Supplementary Fig. S8A). On the other hand, the respect-
ive numbers of phosphopeptides whose ion intensity decreased
significantly after 6 h in TP–N compared with TP+N conditions,
were 1,069 in WT, 1,889 in tar1-1 and 1,864 in C1 lines, respect-
ively (Supplementary Fig. S8B). Among these phosphopeptides,
the phosphopeptides were classified into four groups by expres-
sion patterns (Fig. 7A–D) to find phosphopeptides whose dif-
ferential ion intensity was significantly changed by the mutation
of the tar1 gene. Because the ion intensities of 222 phosphopep-
tides were upregulated TAR1 dependently in TP–N conditions,
those peptides were assumed to be candidate TAR1-dependent
phosphoproteins and defied as ‘phosphopeptides whose inten-
sities were up-regulated TAR1-dependently in TP–N conditions’
(Fig.7A, Supplementary Dataset S17). To narrow down the
TAR1-dependent phosphoproteins, phosphoproteins, whose
phosphosite(s) were consistent with those of phosphosite(s)
derived from the phosphoproteomic analysis in vitro
(Supplementary Dataset S15), were selected. This set consisted
of the following phosphoproteins: two protein kinases, calcium-
dependent protein kinase 11 (CDPK11) and mitogen-activated
protein kinase kinase kinase (MLTK); three metabolic enzymes,
glutamine synthetase, carnosine synthase, ammonium trans-
porter 4 (AMT4) involved N-assimilation, and phosphofructo-
kinase 1 (PFK1) in carbon metabolism (Table 2).

In case of other expression pattern groups, the ion intensity
of a total of 139 phosphopeptides increased in tar1-1 cells
after transfer to the TP–N conditions and also higher in
tar1-1 than WT and C1 in the TP–N condition (Fig. 7B,
Supplementary Dataset S18). These phosphopeptides were
defied as ‘phosphopeptides whose intensities increased by
tar1-disruption in TP–N condition’. On the other hand, the
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ion intensity of 107 phosphopeptides decreased in WT and C1
lines after transfer to TP–N and also was lower in WT and C1
compared with tar1-1 (Fig. 7C, Supplementary Dataset S19).
We defined these phosphopeptides as ‘phosphopeptides
whose intensities were down-regulated TAR1-dependently
in TP–N condition’. In contrast, the ion intensity of 507 phos-
phopeptides decreased in tar1-1 cells after transfer to the TP–
N condition and also was lower in tar1-1 than WT and C1 in
the TP–N conditions (Fig. 7D, Supplementary Dataset S20).
We defined these phosphopeptides as ‘phosphopeptides
whose intensities were decreased by tar1-disruption in TP–
N conditions’.

To further characterize these TAR1-dependent
phosphoproteins, GO-enrichment analysis was performed.

Consequently, 9 GO Slim terms category were enriched in
phosphopeptides whose intensities were increased by tar1-dis-
ruption in TP–N conditions (in Fig. 7D), but no GO Slim
terms were enriched in the other three groups (Fig. 7E,
Supplementary Table S6). The term ‘Cellular protein modifica-
tion process’ was significantly enriched in group E (Fig. 7E and
Supplementary Table S6). The phosphoproteins assigned to the
term ‘protein modification process’ in group E included: protein
kinases involved in the mitogen-activated protein kinase
(MAPK) cascade, such as MAPK3, MAPK4, MAPK7, MAPK8,
myosin light chain kinase (MLCK1), MAP kinase kinase kinase
(MEKK), and four protein phosphatases, protein phosphatase
2C3 (PP2C3), PP2C4, phosphoprotein phosphatase 10 (PPP10)
and PPP16 (Supplementary Table S6).

Fig. 7 Comparative phosphoproteomic analyses of WT, tar1-1 and complementation line (C1) cells after 6 h in photoautotrophic nitrogen (N)-
deficient conditions aerated with air containing 5% CO2 (TP–N). Venn diagram indicating phosphopeptides whose intensities increased or
decreased significantly in WT, tar1-1 and C1 cells after 6 h in TP–N, compared with photoautotrophic N-replete conditions. Numbers of
phosphopeptides which are significantly changed between culture conditions or among strains are shown in parentheses. Phosphopeptides in
each group are listed in Supplementary Dataset S17–S20 as follows: (A) Phosphopeptides whose intensities were upregulated TAR1-dependently
in TP–N conditions (Supplementary Dataset S17). (B) Phosphopeptides whose intensities were increased by tar1-disruption in TP–N conditions
(Supplementary Dataset S18). (C) Phosphopeptides whose intensities were downregulated TAR1-dependently in TP–N conditions
(Supplementary Dataset S19). (D) Phosphopeptides whose intensities were decreased by tar1-disruption in TP–N condition (Supplementary
Dataset S20). (E) GO classification and statistical analysis of phosphoproteins in D (Supplementary Table S6) by Blast2GO. Bar charts for
functional categories of biological process (closed box), molecular functions (gray box) and cellular component (open box). The Y-axis exhibits
representative enriched GO Slim terms. The X-axis shows the �LOG10 (false discovery rate, FDR).
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Discussion

Generation of ROS and chlorosis mediated by
TAR1

In contrast to WT cells, which showed loss of cell viability in
photoautotrophic N-deficient conditions, tar1-1 cells showed
significantly higher cell viability than the WT cells (Figs. 1A, 2).
In contrast of that, both tar1-1 and WT cells kept high levels of
cell viability (�90%) during 6 d in photomixotrophic TAP–N
conditions (Kajikawa et al. 2015). This means that the absence
of acetate and supply of CO2-enriched air to the cells drastically
affects the fate of cell viability in the WT cells but not in tar1-1
cells. After the transfer of cells to TP–N conditions, the level of
H2O2 in both strains increased initially until 6 h, but the level of
H2O2 in tar1-1 cells was significantly lower than that in WT cells
at day 1 (Fig. 2D), and cell viability was maintained for 4 d in
TP–N conditions, unlike WT cells (Fig. 2C). It was reported that
accumulated TAG may protect cells against oxidative damage
in N-deficient conditions by consuming a large proportion of
accumulated NADPH derived from photosynthesis and by lim-
iting the generation of ROS (Li et al. 2012, Johnson and Alric
2013). In tar1-1 cells, the mRNA abundances of PTO1 and GPX5
involved in scavenging of ROS and a homolog of TRXh1, TRXh2,
involved in DNA repair (Sarkar et al. 2005), increased in tar1-1
cells (Supplementary Dataset S7). The expression of these genes
for the ROS-scavenging system is reported to be induced by

exogenous H2O2 treatment (Blaby et al. 2015), and activation of
ROS-scavenging systems contributed to the maintenance of
higher levels of cell viability, in addition to TAG accumulation
(Du et al. 2018). On the other hand, ROS are known to function
as signaling molecules in response to abiotic and biotic stresses
in plants and microalgae (Pérez-Pérez et al. 2012, Shao et al.
2013, Baxter et al. 2014). In C. reinhardtii WT cells, a temporary
increase in H2O2 approximately 1 d after transfer to TP–N con-
ditions could be a signal to induce chlorosis and proteolysis in
C/N-imbalanced stress conditions.

TAR1 down-regulates photosynthesis by degrading
photosynthesis-related proteins

In N-deficient conditions, microalgae inhibit photosynthetic-
related protein production and decrease photosynthetic activ-
ity by degrading chlorophyll, chloroplast membranes (Sakurai
et al. 2014), photosynthesis-related proteins (Wei et al. 2014)
and cytoplasmic and chloroplastic ribosomal proteins
(Schmollinger et al. 2014). We reported previously that tar1-1
cells maintained their chlorophyll content and photosynthetic-
related protein production, such as RbcL and PetA, compared
with WT cells in TAP�N conditions (Kajikawa et al. 2015).
Similarly, in tar1-1 cells, the rate of degradation of the photo-
synthetic apparatus was slower than that in WT and C1 cells in
TP–N conditions (Fig. 3), suggesting that TAR1 kinase could
mediate these protein degradation mechanisms, possibly via

Table 2 Candidate phosphorylation substrates for TAR1

Protein name Gene name Peak group ID Phosphosites Description

Kinase

Cre06.g310100 MLTK1 3232 S350, S351 Mitogen-activated protein kinase kinase kinase

Cre13.g564500 CDPK11 3805 T655 Ca2+/calmodulin-dependent protein kinase, EF-hand protein superfamily

RNA polymerase

Cre16.g673900 RPC3 392 S359, S362 DNA-directed RNA polymerase III subunit RPC3 (RPC3, POLR3C)

N assimilation and carbon metabolic process

Cre02.g113200 GLN1 2823 S54 Glutamine synthetase

Cre06.g262900 PFK1 4316 S77, S81 Phosphofructokinase

Cre13.g569850 AMT4 3708 S475 Ammonium transporter. Belongs to AMT1 family (AMT1; 4 or AMT1.4)

Cre13.g582800 1736, 1188 S135, S155 Carnosine synthase

Stress response

Cre03.g177500 611 S166 Receptor expression-enhancing protein 5/6 (REEP5_6)

Cre16.g663000 PRX 3598 S424 Thioredoxin peroxidase

Others

Cre01.g004400 2909 S126

Cre03.g180450 FAP215 216, 2489 S60, S578 50-Nucleotidase and flagellar associated protein

Cre10.g447950 574, 4153 S67, S70

Cre10.g467000 IFT57 1229 S464 Intraflagellar transport protein 57

Cre14.g614850 FAP33 2552 S1069 Flagellar associated protein

Cre14.g624900 FAP171 3814 S675 Predicted integral membrane protein

Cre16.g689423 3406 S88 Flagellar associated protein

Cre16.g691440 FAP43 5181 S655

Cre17.g706600 3006 T162

925

Plant Cell Physiol. 60(4): 916–930 (2019) doi:10.1093/pcp/pcz010

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/60/4/916/5298786 by guest on 19 April 2024

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz010#supplementary-data


protein phosphorylation in either case of photomixotrophic
and photoautotrophic N-deficient conditions. Wei et al.
(2014) reported that the chloroplast proteases FtsH and Clp
are involved in degradation of the cytochrome b6/f complex
and Rubisco. On the other hand, RNA-seq and phosphopro-
teomic analysis in this study showed that the mRNA abun-
dance of FtsH and Clp and the intensity of phosphopeptides
derived from FtsH and Clp proteins were not affected by the
tar1 mutation. Therefore, it is possible that other chloroplast-
degrading systems such as autophagy, as reported in
Arabidopsis, could be functioning and regulated by TAR1 in
WT Chlamydomonas cells (Ishida et al. 2008, Kajikawa et al.
2019).

Previously, it was suggested that the amount and activity of
PS-II proteins decrease in comparison with those of PS-I in C.
reinhardtii cells in N-deficient conditions (Plumley and Schmidt
1989, Juergens et al. 2015). Actually, in WT and C1 cells in TP–N
conditions, Fv/Fm, �II values, and Vmax decreased rapidly and
became undetectable by day 2 (Table 1). It is well known that
the reaction center protein D1 (PsbA) in PS-II has a relatively
rapid turnover rate with an effective degradation system as part
of the PS-II repair cycle (Aro et al. 1993), in which protein
phosphorylation plays an important role (Tikkanen and Aro
2012, Kato and Sakamoto 2014). On the other hand, PS-I is
more robust in normal light conditions. However, immunoblot-
ting analysis in this study suggested that both PS-II and PS-I
subunits are degraded rapidly in WT cells in highly C/N-imbal-
anced conditions. In the tar1-1 mutant, the amount of the PS-I
protein PsaD did not decrease, whereas the amount of the PS-II
protein PsbA decreased up to day 2 in TP�N conditions
(Fig. 3). These results suggested that the specific degradation
system for PS-II is functional even in tar1-1, whereas the tar1
mutation delayed the degradation of the PsbA or increased the
recycling rate of PsbA, leading to the maintenance higher O2-
evolving activity in tar1-1 cells. Altogether, TAR1 is also
involved in the more general protein degradation system that
affects not only photosystem proteins but also the other
chloroplast components in TP�N conditions.

In contrast to plastidic photosynthesis-related proteins, deg-
radation of the cytoplasmic protein RPL37 in TP�N conditions
was not affected by the tar1-1 mutation (Fig. 3). In considering
that the degradation of RPL37 protein after N-deficiency was
inhibited by treatment with an autophagy inhibitor,
Concanamycin A, but not a proteasome inhibitor, MG132
(Couso et al. 2016), it could be possible that autophagic path-
way may be involved in the degradation of cytoplasmic riboso-
mal proteins, whereas TAR1 mainly contributes to the
degradation of chloroplast proteins.

TAR1 functions as a negative regulator of TAG
and starch accumulation in TP–N conditions

Previously, tar1-1 was isolated as a low-TAG accumulation
mutant in photomixotrophic N-deficient conditions
(Kajikawa et al. 2015). In contrast, tar1-1 cells surpassed WT
cells in the amounts of TAG, starch and dry mass of cells per
culture at day 2 in TP–N conditions (Figs. 1C, D, 4A, B;

Supplementary Fig. 1B). Why does the function of TAR1
appear opposite between mixotrophic and photoautotrophic
conditions? In mixotrophic N-deficient conditions, starch is
predominantly synthesized using photosynthetically fixed
carbon, whereas more than 75% of fatty acids are produced
from exogenous acetate (Juergens et al. 2016). We reported
previously that consumption rate of acetate in the culture
medium with tar1-1 cells was slower than that with WT cells,
implying that acetate supply for de novo synthesis of TAG was
defective in the tar1-1 mutant in photomixotrophic N-deficient
conditions (Kajikawa et al. 2015). Recently, Couso et al. (2016)
reported that a vip1-1 mutant accumulated higher-levels of
TAG and also showed hyper-sensitivity to rapamycin specific-
ally in photomixotrophic conditions. The gene responsible for
the vip1-1 mutant is an inositol hexakisphosphate kinase of the
VIP family, suggesting that rapamycin-dependent growth sup-
pression and lipid accumulation are regulated by TOR kinase
and inositol polyphosphate signaling systems. In budding yeast,
TOR negatively regulates Yak1 via PKA in glucose-deprivation
conditions (Martin et al. 2004). On the other hand, the rela-
tionship between TAR1 and TOR signaling in Chlamydomonas
has not been elucidated. vip1-1 cells accumulate higher levels of
TAG than WT cells in photomixotrophic N-deficient condi-
tions, in contrast to tar1-1 cells, which accumulated lower
levels of TAG than WT cells in TAP–N conditions.
Characterization of a double mutant of vip1 and tar1 could
reveal the relationship between TAR1 and TOR signaling and
the regulatory mechanism of acetate-dependent lipid metab-
olism via TOR and/or TAR1.

In photoautotrophic conditions, why do tar1-1 cells accu-
mulate higher levels of starch and TAG compared with those in
WT cells, although TAG and starch generally compete with
each other for carbon distribution? The higher photosynthetic
activity (Table 1), higher amounts of chlorophyll (Figs. 1B, 2A,
B), higher expression levels of photosynthesis-related proteins
(Fig. 3), and higher cell viability (Figs. 1A, 2C) in the tar1-1
mutant contribute to the higher amounts of photosynthetic
carbon products in tar1-1 cells compared with WT cells. The
fatty acid composition of TAG in tar1-1 cells also supports the
above hypothesis. The proportion of 18:1�9 in the fatty acid
composition of TAG in the tar1-1 mutant was higher than that
in WT cells (Supplementary Fig. S2). 18:1�9 in TAG was re-
ported to be provided mainly through de novo fatty acid syn-
thesis (Riekhof et al. 2005, Li et al. 2012). On the other hand, the
proportions of 18:3�5, 9, 12 and 18:3�9, 12, 15 in TAG in the tar1-
1 mutant were lower than those in WT cells (Supplementary
Fig. S2). These polyunsaturated fatty acids integrated into the
glyceride backbone of TAG are provided from membrane lipids
such as PE, DGTS MGDG and DGDG (Sakurai et al. 2014).
Considering this interpretation of the source of fatty acids in
TAG, tar1-1 cells might produce TAG using de novo synthe-
sized fatty acids rather than transfer from membrane lipids.
These fatty acids were possibly produced by the high photo-
synthetic activity in tar1-1 cells in N-deficient conditions.
Higher levels of membrane lipids remaining in tar1-1 in TP–N
conditions also support this hypothesis (Fig. 4C). Recently, an-
other high-TAG and high-starch accumulating mutant was

926

H. Shinkawa et al. | Algal kinase TAR1 modulates C/N-imbalanced responses

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/60/4/916/5298786 by guest on 19 April 2024

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz010#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz010#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz010#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz010#supplementary-data


reported as being deficient in malate dehydrogenase 2 (mdh2)
(Kong et al. 2018). Kong et al. (2018) discussed the increase in
TAG and starch content in the mdh2 mutant in photoauto-
trophic N-deficient conditions is a combinatorial result of
downregulating �-oxidation of fatty acids and lipolysis of
TAG, enhancing their de novo synthesis due to increased avail-
ability of carbon precursors as well as reducing equivalent
NADPH, and activation of rate-limiting enzymes of starch
and fatty acids synthesis such as ADP-glucose pyrophosphor-
ylase and acetyl-CoA carboxylase by higher levels of ROS than in
WT cells. On the other hand, tar1-1 cells produced lower levels
of ROS than WT, suggesting that the high-TAG and high-starch
accumulation phenotype in tar1-1 cells is not caused by ROS-
mediated activation of ADP-glucose pyrophosphorylase and
acetyl-CoA carboxylase.

TAR1 regulates the induction of gametogenesis

Although the mutation in the TAR1 gene leads to the main-
tenance of photosynthetic activity and cell viability even in
TP�N conditions, this appears to come at a cost. Whereas in
WT C. reinhardtii, N-deficiency is known to induce gametogen-
esis, which involves the differentiation of vegetative cells into
sexually competent gametes (Sager and Granick 1954), we dis-
covered that disruption of the TAR1 gene decreased the mating
efficiency of both mt� and mt+ gametes (Fig. 5A), as well as the
accumulation of MID mRNA (Fig. 5B). Gene expression analysis
in tar1-1 and WT cells indicated that TAR1 positively regulates
the expression of MID, which is a master regulator of mt�

gametogenesis (Ferris and Goodenough 1997). In addition,
the expression levels of MTD1 and GSM1, which function
downstream of MID (Lin and Goodenough 2007), are also posi-
tively regulated by TAR1. The expression levels of FUS and SAG,
which are mt+ gametogenic marker genes (Ferris et al. 1996,
Ferris et al. 2005), are also positively regulated by TAR1. These
results indicated that TAR1 is necessary for the phase transition
from vegetative to gamete cells during N-deficiency.

It was reported that gametes accumulate starch and degrade
the cytochrome b6/f complex in N-deficient conditions (Martin
and Goodenough 1975, Bulté and Wollman 1992). The biolo-
gical reasons of the accumulation of storage compound in gam-
etes are speculated to be related to energy storage for the
germination of zygotes, in order to survive in nutrient-limited
conditions for a long period (Martin and Goodenough 1975,
Wang et al. 2009). However, tar1-1 showed high-starch and
high-TAG accumulation and also severe inhibition of gameto-
genesis. Considering that normal starch accumulation occurs
even in the other gametogenesis-defective mutants (Bulté and
Wollman 1992), there is no positive correlation between the
efficiency of gametogenesis and accumulation of storage
compounds.

TAR1 is involved in transcriptional regulation in
the early phase of N-deficiency

The comparative RNA-seq analyses indicated that TAR1 was
involved in regulation to increase the mRNA abundance of
genes encoding metabolic enzymes in the urea cycle, amino

acid synthesis and urate and purine transporters, both in
TP�N and TAP�N conditions (Supplementary Table S2).
Schmollinger et al. (2014) reported that the mRNA abundance
of genes encoding the urea transporter and enzymes in the urea
cycle increase in the early stage of N-deficiency in C. reinhardtii.
They assumed that C. reinhardtii increases the respective gene
expression to enhance the uptake of the extracellular organic
nitrogen sources and to catabolize it in response to N-defi-
ciency. Considering their hypothesis and our transcriptomic
results, TAR1 could be involved in the positive regulation of
gene expression related to N-assimilation at the early phase of
N-deficiency.

The mRNA abundance of four genes encoding tRNA ligases
including TSD2, TSV, TSW1 and putative bifunctional Glu/Pro-
tRNA ligase decreased in a TAR1-dependent manner both in
TP�N and TAP�N conditions (Supplementary Table S4). In
keeping with this observation, the mRNA abundance of several
genes encoding the other tRNA ligases increased abnormally in
tar1-1 mutant cells both in the TP�N and TAP�N conditions
(Supplementary Table S3). These results suggested that TAR1 is
contributive to the harmonious degradation of the cellular de
novo protein translation apparatus in response to N-deficiency
as shown previously (Park et al. 2015).

TAR1 and phospho-regulated proteins

Our phosphoproteomic analysis revealed that the GO Slim
term ‘Cellular protein modification process’ was enriched
among phosphoproteins whose intensities were decreased by
tar1 disruption in TP–N conditions (Fig. 7E and Supplementary
Table S6). Among the phosphoproteins assigned to the protein
modification process were several protein kinases related to
MAPK signaling cascades (MAPK3, MAPK4, MAPK7, MAPK8,
MLCK1, MEKK, and related serine/threonine protein kinases),
as well as four protein phosphatases (PP2C3, PP2C4, PPP10 and
PPP16). To explain these TAR1-dependent changes in phos-
phorylation levels, we considered the following two hypotheses:
(i) the phosphorylation levels of these enzymes were main-
tained by TAR1; and (ii) the activity of an unknown phosphat-
ase, which dephosphorylates these enzymes, was suppressed by
TAR1-mediated protein phosphorylation in N-deficient condi-
tions. MAPK signaling cascades are reported to play a central
role in the environmental responses in the land plants
(Rodriguez et al. 2010). The regulatory mechanism between
TAR1 and these TAR1-dependently phosphorylated kinases
and phosphatases needs further detailed analysis.

Our phosphoproteomic analysis also identified candidate
kinases that could be directly targeted by TAR1. The ion inten-
sity of phosphopeptides derived from two protein kinases,
CDPK11 and MLTK1, increased in both WT and C1 cells, but
not in tar1-1 cells. Furthermore, the identical phosphopeptides
derived from CDPK11 and MLTK1 were detected in our in vitro
phosphoproteomic analysis using recombinant TAR1 protein.
Chlamydomonas reinhardtii CDPK11 shows 27% homology
with the amino acid sequence of Arabidopsis thaliana
CDPK11. A strain of A. thaliana with a mutant CDPK11 gene
exhibits an ABA insensitive phenotype (Zhu et al. 2007). Lynch
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et al. (2012) reported that A. thaliana CDPK11 interacts with
AHG1 and AHG3, which are A. thaliana PP2C proteins belong-
ing to subgroup A, along with ABI1. It may be possible to
speculate that C. reinhardtii CDPK11 might interact with sub-
group A PP2C members, such as PP2C3 and PPP10, down-
stream of TAR1-mediated protein phosphorylation.

We found that phosphopeptides derived from AMT4, GLN1
and carnosine synthase, which were detected in the in vivo
phosphoproteomic analyses, were also detected in the in vitro
phosphorylation assays using purified TAR1, raising the possibil-
ity that TAR1-mediated phosphorylation regulates the activities
of these transporters and metabolic enzymes in N assimilation.

Recently, a C. reinhardtii std1 mutant line, with a mutation in
a plant-specific type DYRK, DYRKP, was isolated (Schulz-Raffelt
et al. 2016). Similar to tar1-1, the std1 mutant also accumulated
higher levels of starch and TAG than WT cells, and maintained a
higher photosynthetic activity in photoautotrophic CO2-en-
riched (2%) and N-deficient conditions. However, several
phenotypes differ between these mutants: (i) higher amounts
of photosynthesis-related proteins remained in the tar1-1
mutant than in WT cells in TP�N conditions (Fig. 3), but
many of these proteins were degraded in std1 cells (Schulz-
Raffelt et al. 2016); (ii) the amount of TAG in the tar1-1
mutant was lower than that in WT cells in photomixotrophic
N-deficient conditions (Kajikawa et al. 2015), but there were no
differences between the std1 mutant and WT cells (Schulz-
Raffelt et al. 2016); (iii) std1 cells aggregated with each other
regardless of stress treatment (Schulz-Raffelt et al. 2016), but
tar1-1 cells propagated individually without cell aggregation
(Supplementary Fig. S3; Kajikawa et al. 2015). Although these
differences were noted, TAR1 and DYRKP may function inde-
pendently to suppress photosynthetic activity and limit the
accumulation of carbon stores in photoautotrophic N-deficient
conditions.

Phosphoproteomic analyses revealed that TAR1 affects the
phosphorylation status of a wide range of cellular processes in
the initial phase of TAG-synthesis, 6 h after transfer to TP–N
conditions (Fig. 8; Table 2). However, we could not deny that
the result contains false positives because we have not exam-
ined the statistical significance of the results of in vitro assays
using recombinant partial TAR1 protein. To reveal the regula-
tory mechanism of phosphorylation of proteins mediated by
TAR1, the characterization of insertion mutants defective in
factors regulated by TAR1-mediated phosphorylation protein
kinases of CDPK11 and MLTK1 could reveal the biological rele-
vance of this process to various physiological alterations in re-
sponse to C/N-imbalanced stress.

Materials and Methods

Strains and culture conditions

Three C. reinhardtii strains including a WT strain C-9 (mt–), an insertion mutant

tar1-1 and the TAR1-complemented line (C1), have been described previously

(Kajikawa et al. 2015). For photoautotrophic N-deficiency studies, cells were

cultured in 50 ml Tris-phosphate (TP) culture medium (Kropat et al. 2011)

supplemented with 20 mM 3-morpholinopropanesulfonic acid (MOPS) (pH

7.2) and aeration with air containing 0.04%, 0.1%, 0.5%, 1%, 5% or 10% CO2

with illumination at 120 mmol photons m�2 s�1 using white fluorescent lamps.

Cells in the late-logarithmic phase of growth (2.0� 106 cells ml–1) were washed

twice with TP without N (TP–N) medium with 20 mM MOPS (pH 7.2), and

further cultured in 50 ml TP–N medium in the same conditions for 4 d. Detailed

culture conditions are described in the Supplementary Materials and Methods.

Measurements of H2O2 content and cell viability

The H2O2 concentration was measured using an AmplexTM Red Hydrogen

Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific) as described by

Çakmak et al. (2015). Further details are provided in Supplementary

Materials and Methods. Cell viability was measured using the Evans Blue stain-

ing method, as described by Pérez-Martı́n et al. (2014).

Gamete induction and determination of mating
efficiency

Induction of gametogenesis was performed as described previously (Lin and

Goodenough 2007). Further details are provided in Supplementary Materials

and Methods.

Transcriptomic and phosphoproteomic analysis

RNA-seq analysis was performed as described previously (Wang et al. 2016).

Phosphoproteomic analysis was performed as described previously (Imamura

et al. 2012, Choudhary et al. 2015) with minor modifications, as specified in the

Supplementary Materials and Methods, as are further details of the Materials

and Methods section. GO-enrichment analysis was carried out using GO Slim

classification based on the annotation of C. reinhardtii v5.5 in Phytozome v.12 in

the Blast2GO platform (Conesa et al. 2005).

Other methods

Measurement of chlorophyll content and Vmax, immunoblotting analysis, quan-

tification of lipid and starch, confocal and electron microscopic observations

were performed as described previously (Kajikawa et al. 2015). Anti-LHCII, anti-

HemA, anti-SBP, anti-PRK and anti-GAPDH antibodies were provided by

Kentaro Ifuku (Kyoto University), Ayumi Tanaka (Hokkaido University) and

Masahiro Tamoi (Kindai University), respectively.

Supplementary Data

Supplementary data are available at PCP online.

Fig. 8 Hypothetical model of the functional roles of TAR1 in cellular
responses to carbon (C)/nitrogen (N)-imbalanced stress. Possible pro-
tein phosphorylation-mediated steps are indicated by broken arrows.
ROS, reactive oxygen species.
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Blaby, I.K., Blaby-Haas, C.E., Pérez-Pérez, M.E., Schmollinger, S., Fitz-Gibbon,
S., Lemaire, S.D., et al. (2015) Genome-wide analysis on Chlamydomonas

reinhardtii reveals the impact of hydrogen peroxide on protein stress
responses and overlap with other stress transcriptomes. Plant J. 84:

974–988.
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