
















Supplemental Data Set S8). These genes did not greatly
differ in expression between cht7 and the PL in
N-replete or N-deprived conditions, but upon recovery
fromNdeprivation. The RNA-seq data were confirmed
for representative genes by quantitative PCR (qPCR) in
PL and cht7 as well as cht7 complemented lines in this
analysis (Supplemental Fig. S4A). Genes involved in
maintaining redox homeostasis during high demand of
b-oxidation were down-regulated in cht7 following N
resupply (Fig. 4A, bottom right; Supplemental Fig. S4B;
Supplemental Data Set S9). Catalase 1 and 2, ascorbate
peroxidase 1 and 2, and monodehydroascorbate re-
ductase are enzymes that detoxify the ROS generated as
by-product of b-oxidation within the peroxisomes
(Eastmond, 2007). Notably, Arabidopsis (Arabidopsis
thaliana) genes encoding homologs of HPR1, MAS1,
MDH2, MDH4, monodehydroascorbate reductase 1,
and PXN1 (all misregulated in cht7 at NR12) cause
mutant phenotypes when disrupted, affecting seed oil
breakdown and seedling establishment (Graham,
2008; Theodoulou and Eastmond, 2012), reminiscent
of the defects of cht7 in TAG turnover and regrowth.
The changes in transcript abundance were corrobo-
rated at the metabolite level. Chlorophyll contents
of the PL and complementation lines increased after
6 h of N resupply, and decreased after 12 h likely
because of cell divisions (Figs. 1C and 4B). In contrast,
the chlorophyll content of cht7 remained constant
throughout the same period. TBARS, the cellular me-
tabolites reflecting the damage caused by ROS, were
accumulating in cht7 after transfer to N-replete me-
dium (Fig. 4C).

MGDG Is the Sole Polar Lipid Affected in cht7 Following
N Resupply

Earlier we had shown that TAG turnover took place
after 6 h of N resupply, but total FAs did not change
until 12 h (Fig. 1D). A possible explanation for the dis-
crepancy might be that between 6 and 12 h, lipolytic
products from TAGs were not subjected to the b-oxi-
dation cycle but used to reassemble membrane lipids,
especially the thylakoid lipids enriched in polyunsatu-
rated FAs. Indeed, we found that the absolute quantity
of 16:4 (carbons: double bonds) and 18:3v3 (the two
major FAs of monogalactosyldiacylglycerol [MGDG];
Giroud et al., 1988) did not decrease after N resupply,
but 18:1D9 (the signature FA of TAG; Liu et al., 2013) and
other FAs did (Fig. 5A; Supplemental Fig. S5, A and B).
About 25% of 16:4 and 18:3v3 was stored in TAGs
during N deprivation. While in the PL the relative a-
bundance of 16:4 and 18:3v3 increased gradually fol-
lowing N resupply, the FA profile of total lipids remained
static in cht7 (Fig. 5B; Supplemental Fig. S5, C and D). Ac-
cordingly, among all the polar lipids being tested including
DGTS, digalactosyldiacylglycerol, phosphatidylethanola-
mine, phosphatidylglycerol, phosphatidylinositol, and
sulfoquinovosyldiacylglycerol, the cht7 mutant was un-
able to restore MGDG following N resupply (Fig. 5C;
Supplemental Fig. S6, A–E).

Data obtained at the transcript level are insufficient
to provide a cause for the MGDG phenotype.
Responding to N resupply, only the genes encoding
MGDG-specific desaturases (FAD6, FAD7, and the
C16 D4-desaturase) had increasedmRNA abundance,
and their expression was normal in cht7 (Fig. 5D;
Supplemental Data Set S10). Besides, none of the
MGDG synthesis genes was a candidate for CHT7-
specific regulation (found in the overlaps between
the blue and yellow circles in Fig. 3, A and B). The
inability of cht7 to readjust MGDG may be, at least in
part, a consequence of the delay in TAG turnover,
which could normally contribute precursors for
chloroplast lipid assembly.

Functional Curation of Lipid Metabolism Genes Based on
Expression Patterns

RNA-seq resources generated in this study allow us
to filter and classify functionally ambiguous genes.
Here we focus on lipidmetabolism (Supplemental Data
Set S10). Lipases are a subclass of acyl hydrolases that
deesterify carboxylic esters, and can affect TAG me-
tabolism both positively (e.g. PGD1; Li et al., 2012b) and
negatively (e.g. LIP1; Li et al., 2012a), as illustrated in
Figure 6A. Since TAGs increase during N deprivation
and decrease following N resupply, we expected that
genes encoding TAG-hydrolyzing lipases (e.g. LIP1)
would be down-regulated during N deprivation and
up-regulated after N resupply (NR-reverse) or just
up-regulated after N resupply (NR-specific; Fig. 6B, top
left). On the contrary, genes encoding TAG-producing
lipases (e.g. PGD1) would respond in an opposite di-
rection (Fig. 6B, middle left). Following this principle,
we sorted through 131 genes predicted to encode a li-
pase, phospholipase, or patatin based on the GXSXG
motif common to hydrolases, and assigned 9 TAG-
hydrolyzing lipases and 23 TAG-producing lipases
with LIP1 and PGD1 defining their respective class.
Candidate genes encoding b-oxidation enzymes such
as ATO1 and acyl-CoA oxidases were coordinatedwith
those encoding TAG-hydrolyzing lipases (Fig. 6B, bot-
tom left), with the exception of the gene for ECH1, a
specialized enoyl-CoA oxidase/isomerase needed for
unsaturated FAs (Goepfert et al., 2008). Notably, Cre17.
g707300, Cre06.g265850, Cre03.g195200, and Cre03.
g152800 (TAG-hydrolyzing) and PGD1, Cre10.g425100,
g9707, and Cre03.g174900 (TAG-producing) were mis-
regulated in cht7 in either or both NR6 and NR12 con-
ditions in a way that would cause TAGs to be retained
in the cells, making these promising candidates for re-
verse genetic studies (Fig. 6B, top and middle right).

For newly synthesized FAs in the form of acyl-ACP
(acyl carrier protein) to be exported out of plant chlo-
roplasts, the ACP moiety must be removed by the ac-
tivity of acyl-ACP thioesterase, and almost instantly
long-chain acyl-CoA synthetase activates the resulting
free FAs to acyl-CoA so they can be incorporated into
glycolipids such as TAG (Li-Beisson et al., 2013). Like-
wise, FAs hydrolyzed from TAGs also need to be
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Figure 5. Lipid analysis and the expression profile of MGDG synthesis genes. A, FA content of total lipid and TAG in the PL following NR at times
indicated (h). B, Relative FA compositions of PL and cht7 following N resupply. FAs are designated by the total carbon number followed by the number
of double bonds. The position of specific double bonds is indicated either from the carboxyl end “D” or from themethyl end “v.” C, Polar lipid contents
in the presence (+N, N-replete) or absence (2N, N-deprived) of N, or following N resupply at times indicated. The y axis is depicted as the ratio of
individual polar lipid FAs over total FAs. Averages (n = 4) of biological replicates and SD are indicated. D, Overview of the expression of genes
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converted to acyl-CoA prior to b-oxidation. Two iso-
forms of long-chain acyl-CoA synthetase exist in the C.
reinhardtii genome, LACS1, and LACS2. Transcripts of
LACS1 increased in abundance when shifting to
N-deprivedmedium and recovered when the condition
was reversed; those of LACS2 reacted just the opposite
(Supplemental Data Set S10). It is thus likely that
LACS1 works in tandem with acyl-ACP thioesterase,
and LACS2 channels precursors into b-oxidation. Di-
acylglycerol acyltransferase (type 2, DGTT) is a key
enzyme for TAG biosynthesis. Of the five putative
candidates, only the expression of genes encoding
DGTT1 andDGTT5 paralleled the accumulation of TAG.
Expression of the gene for DGTT4 was NR-specific with
a near 4-foldmRNA increase at 6 and 12 h ofN resupply,
the time that TAGswere being degraded. The seemingly
conflicting finding may be reconciled by hypothesizing
that during recovery from N deprivation there is a need
to fine-tune FA production and sequestration into TAG
to avoid the toxicity of free FAs or that nontranscrip-
tional regulation comes into play, which is not consid-
ered here.

A cAMP-Dependent Protein Kinase Pathway Is Required
for Quiescence Exit

Adenylyl cyclase converts ATP to cAMP, and bind-
ing of cAMP to the regulatory domains of protein ki-
nase A (PKA) facilitates the phosphorylation of diverse
enzyme targets. In yeast, the PKA signaling cascade
negatively affects quiescence (Gray et al., 2004).
Therefore, we asked whether PKA could have an im-
pact on quiescence in C. reinhardtii. Competitive ELISA
showed that concentrations of cAMP responded to the
presence and absence of N (Fig. 7A), a prerequisite for a
possible role of PKA activity during recovery from N
deprivation. To verify this hypothesis, we took a
pharmacological approach. A 20-amino acid fragment
of a naturally occurring PKA inhibitor (PKI) is known
to bind and inhibit the catalytic domain of PKA
(Knighton et al., 1991). Derivatives of this fragment
have been used to study flagellar assembly in C. rein-
hardtii (Howard et al., 1994). When applied simulta-
neously with N refeeding, PKI interfered with TAG
turnover in thePL in adosage-dependentmanner (Fig. 7B).
FA profiles of PL cells treated with PKI resembled those
of nontreated cht7 (Supplemental Fig. S7). Addition of
10 mM of PKI caused severe chlorosis indicative of cell
death, and no degradation of TAG was observed in the
PL or cht7. Importantly, within the nontoxic range (0 to
5mM), PKI did not exacerbate the lipolytic defect in cht7.
PKI treatment also mimicked the slow regrowth of cht7
in the PL (Fig. 7C).
Adenylyl (and guanylyl) cyclases form one of the

largest families in the genome ofC. reinhardtii (Merchant

et al., 2007), and their activities are counteracted by cyclic
nucleotide phosphodiesterases that turn cAMP into
AMP. Stimulating the activity of phosphodiesterase at-
tenuates cAMP-mediated lipolysis (Botion and Green,
1999). At a glance, many of the candidate genes were
differentially regulated by N availability and by the loss
of CHT7 (Supplemental Data Set S11). Here we assigned
potential adenylyl cyclases and phosphodiesterases
whose expression profile matched the observed fluctu-
ation of cAMP (Fig. 7D).

DISCUSSION

To grow or not is a fundamental decision that every
cell has to make in response to developmental, meta-
bolic, or environmental stimuli. Based on this decision,
cells either progress through the cell division cycle or
enter into quiescence. While yeast offers a well-studied
model of quiescence, fairly little is known in eukaryota
outside of fungi and certain mammalian cell lines,
photosynthetic eukaryotes in particular. From a bio-
logical standpoint, the reversible cessation of growth
depending on nutrient availability provides a facile
experimental system to study quiescence. N depriva-
tion is thus far the most effective way to induce the
accumulation of neutral lipids in microalgae, for ex-
perimental purposes to study quiescence-related phe-
nomena or for practical reasons in developing algae as a
renewable energy source (Hu et al., 2008). Cellular re-
sponses toNdeprivation have been studied onmultiple
-omic levels, drawing an integrated picture of N econ-
omy (Miller et al., 2010; Blaby et al., 2013; Schmollinger
et al., 2014; Wase et al., 2014). In contrast, research on
the recovery from N deprivation has lagged behind.
Here, we used a systems biology approach to address
the question of how photosynthetic cells recover from
N deprivation to begin to understand mechanism in-
volved in quiescence exit, using C. reinhardtii as a ref-
erence model. The use of the cht7 mutant in
comparative transcriptomics helped to reduce noise
and unravel the transcriptional patterns potentially
relevant to the resumption of growth and proliferation.
While our understanding of how CHT7 affects cell vi-
ability and proliferation in response to different N re-
gimes is only in its infancy, these data provide additional
insights into the function of this potential regulator of
quiescence-relevant transcriptional programs.

Quiescence Exit Is Not Simply the Reverse of
Quiescence Entry

Ultimately, cells recovering from N deprivation-
induced quiescence return to the G1 phase of the cell
cycle. However, recovery from N deprivation is hardly

Figure 5. (Continued.)
responsible forMGDG synthesis. RNA-seq comparisons of PL at differentN status and the comparisons between PL and cht7 at eachN status are shown
in the heat map. Arrows indicate the sequence of reactants. FAs at the sn-1/sn-2 position of diacylglycerol (DAG) or MGDG are shown.
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the exact reversal of the processes encountered while
cells become N deprived. We categorized genes that
reversed their expression in response to N resupply into
early-, mid-, and late-reverse groups, implicating pri-
orities of transcriptional reprogramming. Early- and
mid-reverse groups aremore likely to be responsible for
restarting the cell cycle, as they coincided with the time
that cells began to proliferate. These unique temporal
patterns of expression suggest that the recovery fromN
deprivation including the transition to the resumption
of the cell cycle is subject to an ordered set of sequential
events. In an emerging model of microbial quiescence,
growth-limiting conditions appear to trigger a common
pathway that reduces growth by redirecting the carbon
fluxes away from the central metabolic pathways and
toward storage depots (Rittershaus et al., 2013). This is
especially the case for microalgae. Nutrient starvation
(e.g. N, phosphate, sulfur, zinc, and iron), high salt, heat
shock, and oxidative stress are all able to cause TAG
accumulation (Hu et al., 2008; Matthew et al., 2009;
Kropat et al., 2011; Siaut et al., 2011; Hemme et al.,
2014), and TAG utilization is required for regrowth
(Tsai et al., 2014). We curated every putative lipase, and
of course, uncovered many that had reversed expres-
sion patterns (Fig. 6). Importantly, we also identified
genes whose transcript abundance only fluctuated
during the time of N recovery, termed NR6- and NR12-
specific groups. This discovery provides direct evi-
dence that the expression profile of N-resupplied cells
exiting quiescence, is distinct from that of N-deprived
quiescent cells or N-replete cells, which are mostly in
the G1 phase of the cell cycle. TEM also captured key
morphological distinctions between newly dividing
N-resupplied and N-replete cells, showing that grow-
ing cells after N resupply retained small lipid droplets
and starch granules, and their thylakoids were not fully
stacked (Fig. 1H; Supplemental Fig. S3). However,
what happens in cells during recovery from N depri-
vation that causes a delay before they can undergo
genome replication andmitosis comparedwith the cells
that actively traverse the cell division cycle? A 6- to 8-h
doubling time for regular cycling cells was lengthened
to 12 to 15 h counting from the moment that N was
refed (Fig. 1B), or even longer if cells were N-deprived
for long periods (Tsai et al., 2015). Aside from a re-
duction in viability during prolonged N deprivation, it
seems likely based on the current data that this delay
relates to the reorganization of metabolism. Indeed,
much of the provided ontology analysis detected met-
abolic processes related to the synthesis of macromol-
ecules (nucleotides, amino acids, and proteins), cellular
bioenergetics (central metabolism, photosynthesis, mi-
tochondrial electron transport, and ATP synthesis),
cellular components (lipids and chlorophylls), nutrient
assimilation (nitrogen and phosphate), and redox ho-
meostasis. Perhaps the most intriguing findingwas that
the MapMan categories enriched in NR-specific genes
appeared to center on the replenishment of chloroplast
proteins. This finding fits nicely with reports that
chloroplast ribosomes, specific photosynthetic electron

Figure 6. Gene expression of putative lipase and b-oxidation genes. A,
An example depicting how lipases might positively or negatively in-
fluence TAG content. MAG, monoacylglycerol; PGD1 and LIP1, li-
pases. B, Transcript profiles of genes encoding lipases possibly involved
in the degradation of TAG (top), in the production of TAG (middle), or in
b-oxidation (bottom). RNA-seq comparisons of the PL at different N
status and the comparisons between PL and cht7 at each N status are
shown in the heat map. +N, N-replete; 2N, N-deprived; NR6 and
NR12, 6 and 12 h of N resupply. For the geneswhose expression pattern
following N resupply has been classified, the respective categories are
indicated on the right of the heat map. Early, Early-reverse; Mid, mid-
reverse; Late, late-reverse; NR6, NR6-specific; NR12, NR12-specific.
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transfer complexes, plastid ATPase, and Calvin-Benson
cycle enzymes especially Rubisco, are more actively
targeted by N-sparing mechanism during N depriva-
tion in C. reinhardtii (Gray et al., 2004; Schmollinger
et al., 2014). Note that elevated protein abundance of
mitochondrial ATP synthase and the mitochondrial bc1
complex was apparent. Measurements of MGDG and

chlorophylls, both confined to the chloroplast, also
reflected a scenario of rebuilding the chloroplast (Figs.
4C and 5C). Thus, the time delay required by recovering
cells might be to restore chloroplast integrity, which
represents an important distinction between photo-
synthetic eukaryotes on one hand and yeast and
mammalian cells on the other.

Figure 7. The effect of the cAMP-PKA pathway on the recovery fromN deprivation. A, ELISA assay to quantify the cellular content
of cAMP in the PL. +N, N-replete; 2N, N-deprived; NR, N resupply at times indicated (h). Asterisks indicate a statistically sig-
nificant difference (unpaired t test, P, 0.05). B, TAGdegradation of PL and cht7 in the presence of PKI. The TAG content (depicted
as the ratio of TAG FA over total FA) of cells just before N resupply (designated here as NR0) is shown on the far left. TAG contents
of cells treatedwith different concentrations of PKI (as indicated in the x axis) were quantified at 24 h of N resupply (NR24). C, The
regrowth of PL and cht7 in the presence of PKI. The fold change of regrowth is calculated by dividing the cell count measured at
24 h of N resupply by that at 0 h of N resupply (NR24/NR0). PKI treatments in B and Cwere done simultaneously with N resupply.
D, Transcript profiles of genes encoding putative adenylyl cyclase and phosphodiesterase. RNA-seq comparisons of PL at different
N status and the comparisons between PL and cht7 at each N status are shown in the heat map. For the genes whose expression
pattern following N resupply has been classified, the respective categories are indicated on the right of the heat map. Early, Early-
reverse; Mid, mid-reverse; Late, late-reverse; NR6, NR6-specific; NR12, NR12-specific. For all quantitative data, averages (n = 3)
and SD are indicated.
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How Does CHT7 Facilitate the Recovery from
N Deprivation?

On one hand, 34 NR-reverse categories (MapMan)
failed to revert back to the state prior to N deprivation
in N-resupplied cht7. This seems to support the notion
that CHT7 contributes to the reversal of the quiescent
state by acting as its suppressor. On the other hand, the
finding of 14 NR-specific gene expression categories
that appeared in N-resupplied cht7 as if cells were still
under N deprivation suggests that CHT7 has addi-
tional, specific functions during the recovery from N
deprivation. The discussed examples of misregulated
pathways (i.e. tetrapyrrole synthesis and peroxisomal
redox homeostasis) represent just a fraction of genes
affected in their expression by CHT7. Particularly
important is that the expression of genes affecting
these pathways was completely normal in the cht7
mutant at any other stage outside of N recovery. We
hypothesize that when cells receive signals to recover
from N deprivation, CHT7 governs some transcrip-
tional programs, directly or indirectly, that allow the
resumption of growth and proliferation. This hy-
pothesis can be addressed through the identification of
the in vivo chromatin binding sites for CHT7 or CHT7-
containing complexes under different growth condi-
tions. A future integrative analysis of the tran-
scriptome and chromatin binding data will help
distinguish the genes that are primary or secondary
targets of CHT7, as well as clarify the potential feed-
back regulations by metabolite levels.

Interaction between CHT7 and Other Regulatory Modules
of Quiescence

In yeast, the cAMP-PKA pathway is active during
abundance of nutrients and represses aspects of
nutrient deprivation-induced quiescence by targeting
nutrient-sensitive transcription factors MSN2 and
MSN4 (Smith et al., 1998; Beck and Hall, 1999). The
cAMP signal is also required for a timely recovery, as
mutants unable to transiently elevate cAMP levels fol-
lowing the addition of Glc to starved cells show ex-
tended delays in resuming growth (Jiang et al., 1998).
This is somewhat similar to the observed increase of
cAMP following N resupply (Fig. 7A). Furthermore, we
showed that PKI-treated PL cells recapitulated both the
regrowth and TAG phenotypes of cht7, presumably
due to the deactivation of PKA (Fig. 7, B and C). To our
surprise, when cht7 cells were treated with nontoxic
concentrations of PKI we did not observe deterioration,
suggesting some level of functional redundancy
between the CHT7 and cAMP-PKA pathways. In
adipocytes, adenylyl cyclase and PKA transduce
signals between hormone binding to cells and lipo-
lytic responses. Upon activation, PKA phosphorylates
hormone-sensitive lipase and perilipin 1 (Guo et al.,
2009). This raises the question, whether during the

response to N resupply the cAMP-PKA pathway trig-
gers TAG breakdown by phosphorylating protein an-
alogs found in adipocytes, which in turn fuels the
recovery or acts on nuclear targets such as CHT7 to
stimulate gene expression that promotes growth. Bio-
chemical studies have confirmed the presence of PKA
catalytic subunits in C. reinhardtii although the respec-
tive genes remain uncertain (Howard et al., 1994).
Continued study of cAMP-PKA pathway genes (e.g.
the listed candidates in Fig. 7D) will shed light on the
role of this pathway in C. reinhardtii quiescence exit.

For the bioindustry using microorganisms to pro-
duce drugs, biofuels, nutritional supplements, flavors
and fragrances, control of nutrient deprivation-induced
quiescence is at the core of research that strives to gain
insights into the inverse relationship between biomass
production and production of the target compound.
Thus, the information gathered here has practical im-
plications for the engineering and cultivation of pho-
tosynthetic algae, and potentially more broadly to crop
plants. Due to their sessile nature, plants are continu-
ously exposed to biotic and abiotic stresses that prompt
cells to arrest growth and division to spare resources for
respective defense responses. Understanding how to
manipulate the balance between growth versus defense
based on insights into the regulation of cellular quies-
cence may one day help in improving crop yields in
agricultural settings.

MATERIALS AND METHODS

Strains and Growth Conditions

The Chlamydomonas reinhardtii dw15.1 (cw15, nit1, mt+) or CC-4619 (http://
chlamycollection.org/strain/cc-4619-cw15-nit1-mt-dw15-1/) strain was
obtained fromArthur Grossman and is referred to as the wild type (with regard
to CHT7) PL throughout. A cell-walled strain CC-125 obtained from Chlamy-
domonas Resource Center (http://www.chlamycollection.org) was used for
TEM. The four independent complemented lines of cht7 were generated as
previously described (Tsai et al., 2014). Growth conditions and media were as
previously described (Tsai et al., 2014). For N deprivation, mid-log-phase cells
grown in TAP were collected by centrifugation (2,000g, 4°C, 2 min), washed
twice with TAP-N (NH4Cl omitted from TAP), and resuspended in TAP-N at
0.3 OD550. N was resupplied by adding 1% culture volume of 1 M NH4Cl (1003)
to the N-deprived culture. The size and concentration of cells in all assays was
monitored using a Z2 Coulter Counter.

Lipid Analysis

Lipid extraction, TLC, fatty acid methyl ester preparation, and gas chro-
matography were conducted as previously described (Tsai et al., 2015) with
modifications. For neutral lipids, 5mL of cell culture was pelleted and extracted
into 1 mL of methanol and chloroform (2:1 v/v). To this extract 0.5 mL 0.9%
KCL were added and the suspension was vortexed, followed by phase sepa-
ration at 3,000g centrifugation for 3 min. For polar lipids, 10 mL of culture was
extracted with methanol-chloroform-88% formic acid (2:1:0.1 v/v/v) followed
by phase separationwith 1 MKCl and 0.2 MH3PO4. Lipid species were separated
by TLC on Silica G60 plates (EMD Chemicals) developed in petroleum ether-
diethyl ether-acetic acid (80:20:1 v/v/v, for neutral lipids) or chloroform-
methanol-acetic acid-distilled water (75:13:9:3 v/v/v/v, for polar lipids). Af-
ter brief exposure to iodine vapor for visualization of lipids, fatty acid methyl
esters of each lipid or total cellular lipid were processed and quantified by gas
chromatography as previously described (Rossak et al., 1997).
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TEM

For electron microscopy, walled strains were fixed and processed as pre-
viously described (Harris, 1989), except that TAP medium with or without N
was used as diluents for fixatives. Transmission electron micrographs were
captured using a JEOL100 CXII instrument (Japan Electron Optics Laborato-
ries).

Metabolite Measurements

Chlorophylls were extracted from fresh cell pellets using 80% acetone, and
concentrations were calculated from the absorbance values at 647 and 664 nm
according to Zieger and Egle (1965). For the TBARS assay, 5 mL of culture was
centrifuged and analyzed immediately. Cell pellets were resuspended in 1 mL
of thiobarbituric acid/trichloroacetic acid solution (0.3 and 3.9%, respectively)
and heated at 95°C for 15min. The solution alonewas also heated to serve as the
blank for spectrophotometric measurements. Samples and blank were mea-
sured after no further gas bubbles were released. TBARS were determined by
absorbance at 532 and 600 nm as previously described (Baroli et al., 2003). The
extinction coefficient used was 155 mM

21 cm21. Quantification of cellular cAMP
was conducted using a cAMP Competitive ELISA kit (Thermo Scientific)
according to the manufacturer’s instructions. For some experiments, protein
kinase A inhibitor (P9115; Sigma-Aldrich) was added to the culture at the time
when N was resupplied.

Illumina RNA-Seq and Analysis

The raw data for Illumina RNA-seq were generated in our previous study
(Tsai et al., 2014). In each of the experiments, three replicates were taken in-
dependently to ensure the reproducibility of the data. RNA abundance in the
samples was computed as previously described (Tsai et al., 2014). C. reinhardtii
genome sequence and annotations version 5.3.1 were downloaded from JGI
(www.phytozome.net/chlamy.php). Differential expression was determined
by using the numbers of mapped reads overlapping with annotated C. rein-
hardtii genes as inputs to DESeq, version 1.10.1 (Anders and Huber, 2010). The
hierarchical clustering was conducted and heat maps were generated using
Qlucore Omics Explorer (qlucore.com). The quality of the RNA-seq data was
also validated by qPCR on select metabolic pathways. To assess which pathway
genes tend to be differentially regulated, Fishers exact test was used to deter-
mine overrepresentation. Each gene set was compared to each MapMan
pathway gene group (http://mapman.gabipd.org/web/guest/mapmanstore,
mapmen_Creinhardtii_236, retrieved on 12/11/2014). P values obtained from
Fishers exact test were corrected for multiple testing to obtain q-values (Storey
and Tibshirani, 2003). Significant overrepresentation was reported for the
pathways with q, 0.05. We also repeated the overrepresentation analyses with
GO terms. To get GO annotation, we compared Creinhardtii_v5.3_223 peptide
sequences available from Phytozome (http://phytozome.jgi.doe.gov/pz/
portal.html) against the NCBI nonredundant database using blast (BLASTP
2.2.25+). The BLAST results were imported into Blast2Go (version 2.7) and
peptides were mapped to GO terms. The resulting overrepresented terms were
plotted as heat maps in R using the gplots package (https://cran.r-project.org/
web/packages/gplots/index.html).

qPCR

qPCR was done as previously described (Tsai et al., 2014) following the
Minimum Information for Publication of Quantitative Real-Time PCR Experi-
ments guidelines (Bustin et al., 2009). All experiments contained at least two
biological replicates and each reaction was run with technical repeats. Primers
can be found in Supplemental Table S1.

Fluorescence-Activated Cell Sorting

To monitor the DNA content in synchronized cells, fluorescence-activated
cell sorting (FACS)byflowcytometrywas carriedout aspreviouslydescribedby
Fang et al. (2006) with modifications. For this purpose, 10 mL of cells was
collected and the cells were fixed by resuspension in 10 mL of 70% ethanol for
1 h at room temperature. Fixed cells were washed once with FACS buffer (0.2 M

Tris, pH7.5, 20 mM EDTA, and 5 mM NaN3), resuspended in 1 mL of FACS
buffer, and stored at 4°C. Prior to flow cytometry, 2 3 106 of these cells were
pelleted, and resuspended in 1mL of FACS bufferwith 100mg/mLRNase A for

2 h in the dark. Cells were washed with 1mL of PBS and stainedwith 1mL of PI
solution (PBS supplemented with 50 mg/mL propidium iodine [Sigma-Aldrich
P4864]) overnight in the dark. The samples were then analyzed at the Flow
Cytometry Core Facility at theMI State University (http://rtsf.natsci.msu.edu/
flow-cytometry/).

Accession Numbers

Thefiltered sequencedata sets have beendeposited at theNationalCenter for
Biotechnology Information Sequence Read Archive (www.ncbi.nlm.nih.gov/
Traces/sra/) with the BioProject ID PRJNA241455.

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Oligonucleotide primers used in this study.

Supplemental Figure S1. Experimental setup of RNA-seq experiments.

Supplemental Figure S2. Cell count and size distribution following N
resupply.

Supplemental Figure S3. Cellular ultrastructure following N resupply.

Supplemental Figure S4. Confirmation of transcriptional changes by
qPCR.

Supplemental Figure S5. Fatty acid composition of cells following N
resupply.

Supplemental Figure S6. Polar lipid analysis of cells following N resupply.

Supplemental Figure S7. Fatty acid composition of PKI-treated cells fol-
lowing N resupply.

Supplemental Data Sets. Combined File of Supplemental Data Sets 1 to 11.
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