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Ursula Goodenough,? lan Blaby,” David Casero,®9* Sean D. Gallaher,” Carrie Goodson,? Shannon Johnson,® Jae-Hyeok Leef
Sabeeha S. Merchant,”9 Matteo Pellegrini,®® Robyn Roth, Jannette Rusch, Manmilan Singh," James G. Umen,' Taylor L. Weiss,?
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Department of Biology, Washington University, St. Louis, Missouri, USA®; Department of Chemistry and Biochemistry, University of California, Los Angeles, California, USA;
Department of Molecular, Cell, and Developmental Biology, University of California, Los Angeles, California, USAS; Institute of Genomics and Proteomics, University of
California, Los Angeles, California, USAY; Genome Science, Los Alamos National Laboratory, Los Alamos, New Mexico, USAS; Department of Botany, University of British
Columbia, Vancouver, BC, Canada’; Department of Cell Biology, Washington University School of Medicine, St. Louis, Missouri, USA%; Department of Chemistry,
Washington University, St. Louis, Missouri, USA" Danforth Plant Science Center, St. Louis, Missouri, USA!

When the sta6 (starch-null) strain of the green microalga Chlamydomonas reinhardtii is nitrogen starved in acetate and then
“boosted” after 2 days with additional acetate, the cells become “obese” after 8 days, with triacylglyceride (TAG)-filled lipid bod-
ies filling their cytoplasm and chloroplasts. To assess the transcriptional correlates of this response, the sta6 strain and the
starch-forming cw15 strain were subjected to RNA-Seq analysis during the 2 days prior and 2 days after the boost, and the data
were compared with published reports using other strains and growth conditions. During the 2 h after the boost, ~425 genes are
upregulated =2-fold and ~875 genes are downregulated =2-fold in each strain. Expression of a small subset of “sensitive”
genes, encoding enzymes involved in the glyoxylate and Calvin-Benson cycles, gluconeogenesis, and the pentose phosphate path-
way, is responsive to culture conditions and genetic background as well as to boosting. Four genes— encoding a diacylglycerol
acyltransferase (DGTT2), a glycerol-3-P dehydrogenase (GPD3), and two candidate lipases (Cre03.g155250 and
Crel7.g735600)—are selectively upregulated in the sta6 strain. Although the bulk rate of acetate depletion from the medium is
not boost enhanced, three candidate acetate permease-encoding genes in the GPR1/FUN34/YaaH superfamily are boost upregu-
lated, and 13 of the “sensitive” genes are strongly responsive to the cell’s acetate status. A cohort of 64 autophagy-related genes is
downregulated by the boost. Our results indicate that the boost serves both to avert an autophagy program and to prolong the
operation of key pathways that shuttle carbon from acetate into storage lipid, the combined outcome being enhanced TAG accu-

mulation, notably in the sta6 strain.

Eukaryotic microalgae accumulate storage products—polysac-
charides [starch and (chryso)laminarin] and lipids (triacyl-
glycerides [TAG])—when subjected to growth-arresting condi-
tions, such as transfer to nitrogen-free medium (1, 2). When
conditions improve, the products are broken down and utilized as
sources of carbon backbones, ATP, and reductant. Since TAG
represents a potential feedstock for liquid transportation fuel (2—
5), much recent research has explored the molecular and cellular
parameters associated with TAG biosynthesis.

The green microalga Chlamydomonas reinhardtii has been the
subject of many of these studies, since it has a rich history of
genetic and biochemical analysis (6), a well-annotated genome
(7), powerful molecular-genetic tools (6), and a strong starch/
TAG response to N deprivation in wild-type strains (8-13). Of
particular interest has been the mutant sfa6 strain, which contains
a deletion of the gene encoding an ADP-glucose pyrophosphory-
lase subunit (14, 15) and hence is incapable of starch formation. In
most studies, the sta6 strain produces more TAG than starch-
forming strains, such as the cw15 strain (10, 14, 16-18, 21, 23-25,
48, 72), apparently in large part because it assembles TAG-filled
lipid bodies (LBs) in both the chloroplast and the cytoplasm,
whereas starch-forming strains produce only cytoplasmic LBs
(18). When provided with a “boost” of additional acetate, more-
over, the sta6 strain proceeds to become obese, such that it floats
when centrifuged (18). The boost also enhances LB formation in
the cwl5 strain, but the cells fail to achieve obesity and do not float
(18).
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Here we report studies on gene expression patterns during the
path to obesity. The Merchant/Pellegrini and Los Alamos labora-
tories recently generated and analyzed RNA-Seq transcriptomes
of the cwlI5 and sta6 mutants and several complemented sta6
strains during 2 days of N starvation (0—48 h NF) (14). In collab-
oration with these groups, the Goodenough lab generated a sec-
ond pair of transcriptomes using the cw15 and sta6 strains, tracing
0—48 h NF gene expression patterns under a different set of cul-
ture conditions and taking the time course to 96 h NF, with an
intervening acetate boost. Analysis of these data was deeply in-
formed by cross-comparisons with the data obtained by Blaby et
al. (14). Three additional RNA-Seq studies of wild-type strains (8,
11, 26) were also considered.

By consolidating these data, it has been possible to identify
“robust” biochemical pathways, like starch, fatty acid, and TAG
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biosynthesis, wherein patterns of expression of the relevant genes
are largely concordant regardless of genetic background or culture
conditions, thereby calling attention to the few exceptional cases.
Also identified are “sensitive” genes, encoding products operating
in several pathways that are influenced by ongoing carbon flux;
their expression is coordinated but varies within strains and con-
ditions, suggesting that they play a role in monitoring and re-
sponding to N depletion in particular biosynthetic/metabolic
contexts. We propose that the several enzymes that are differen-
tially expressed in the sta6 strain, combined with a glucose-6-
phosphate (glucose-6-P) “backflow,” participate in generating the
chloroplast LBs of this starchless strain. We also propose that the
acetate boost deters an autophagy pathway that compromises
maximal TAG accumulation.

MATERIALS AND METHODS

Strains. The sta6 strain (CC-4348; Chlamydomonas Center) is flagella-
less and cell wall-less and carries an insertional deletion of the STA6 gene,
encoding the small subunit of ADP-glucose pyrophosphorylase (14, 15)
essential for starch biosynthesis. Blaby et al. (14) documented that the sta6
deletion extends into the neighboring RBOI gene and that its contiguous
orthologue, RBO2, is also attenuated in expression. The cwI5 strain, CC-
4349, was considered the clonal parent of the sta6 strain; however, recent
genomic analyses (14) indicate that it is not the parent of the sfa6 strain,
since it is the opposite mating type and carries distinctive single nucleotide
polymorphisms (SNPs). While its origin is unclear, its flagellar and wall
phenotypes are morphologically indistinguishable from those of the sta6
strain.

Culture conditions in analyzed RNA-Seq data sets. The current
RNA-Seq study of the cw15 and sta6 strains, designated WUSTL (17 sam-
ples per strain), employed cultures grown to 4 X 10° cells/ml in phos-
phate-buffered high-salt medium (HSM) (28) containing 20 mM potas-
sium acetate at 25 wE m~* s~ ! light intensity. Cells were harvested by
centrifugation (1,153 X g for 3 min) and resuspended in acetate-contain-
ing HSM (HSM +acetate) lacking ammonium (nitrogen free [NF]). For
the acetate boost, an appropriate aliquot of a 1.5 M potassium acetate
stock was added to a culture to augment its acetate concentration by an
additional 20 mM.

The two sta6/cw15 data sets from the Merchant/Pellegrini laboratories
at the University of California Los Angeles (UCLA) (14), designated
UCLA1 (8 samples per strain) and UCLA2 (3 samples per strain), were
obtained with cultures grown to 4 X 10° cells/ml in Tris-buffered Tris-
acetate-phosphate (TAP) medium (29) containing 17 mM acetate at 95
RE m™? s~ ! light intensity, harvested by centrifugation (1,006 X g for 5
min), and washed once in NF TAP before resuspension in NF TAP. In
some cases, data were also assessed from two RNA-Seq studies of wild-
type strains. The first (8), designated UCLA-WT (6 samples), reportedly
employed strain CC-3269/2137, but the strain has since been ascertained
to be CC-4532; cells were grown and N starved as in the other experiments
at UCLA. The second (26), from the Snell laboratory at University of
Texas Southwestern Medical school and designated UTSW-WT (3
samples per strain), employed strains CC-1690 mt* and CC-1691 mt~
grown in phosphate-buffered Sager and Granick medium (6) without
acetate at 50 wE m™2 s ! light intensity in either unsynchronized or
synchronous cultures before transfer. The mt* and mt~ asynchronous
cultures were pooled during log phase and prior to RNA extraction, as
were the mt™ and mt~ synchronous cultures, to yield the log reads in
Table 8; samples from the synchronous culture were then transferred
to N-free, acetate-free Sager and Granick medium for 18 h, and the
reads are reported as separate mating types in Table 8. Primary data are
found in Table S3 of reference 26.

The WUSTL and the UCLA culture conditions differ in the following
respects: (i) medium (HSM+acetate versus TAP), (ii) trace elements
(Hutner et al. [30] versus Kropat et al. [31]), (iii) light intensity (25 pE
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m 25 " versus 95 pE m~ % s '), (iv) culture configuration (500 ml in

1-liter Erlenmeyer flasks versus 1 liter in 2.8-liter Fernbach flasks); (v)
flask rotation speed (125 rpm versus 180 rpm), and (vi) the protocol used
for transfer to N-free medium (centrifugation duration and one versus
two centrifugation steps). Blaby et al. (14) reported a transient stimulation
of gene expression in the UCLA samples in conjunction with the centrif-
ugation steps, whereas this was not observed in the WUSTL samples.

Microscopy. Phase and bright-field light microscopy and quick-freeze
deep-etch electron microscopy were performed as previously described
(18).

Viability analyses. Two methods of analyzing viability were used.

(i) Plating efficiency. A log-phase culture was resuspended in N-free
HSM +acetate; after 2 days, the culture was divided, and half was acetate
boosted. At each time point, cells were counted, subjected to serial dilu-
tions in TAP medium, mixed with top agar, overlaid on 1.5% TAP agar
plates, and allowed to grow until colonies were visible. Plates with scorable
colony numbers (50 to 150) were recorded, and the colony number/num-
ber of cells plated (plating efficiency) was calculated. The plating efficiency
for log-phase cells was set as 100%, and values for N-starved cells, with or
without the boost, were expressed proportionately.

(ii) Evans Blue exclusion. A log-phase culture was resuspended in
N-free HSM +acetate; after 2 days, the culture was divided, and half was
acetate boosted. At each time point, cells were counted, mixed 1:1 with a
0.1% aqueous solution of Evans blue, and scored by light microscopy as
viable if dye was excluded. Percent viability was calculated as (viable cell
count/original cell count) X 100.

Acetate uptake. The acetate uptake experiment was performed 3 times
with equivalent results; data from one experiment are shown. Vegetative
sta6 cells were grown to 4 X 10° cells/ml in HSM +acetate, pelleted, and
resuspended at the same density in N-free HSM +acetate. At the time
points indicated in Fig. 4, 7-ml samples were centrifuged at 10,000 X g for
5 min; the supernatant was collected by aspiration, passed through a
0.22-pm filter, snap-frozen in liquid N,, and stored at —20°C until anal-
ysis. The filtered medium samples were diluted 50% (vol/vol) with D,O
containing a known amount of alanine, which served as an internal stan-
dard. Proton nuclear magnetic resonance (NMR) for these samples were
collected on a 14.09-T NMR spectrometer (600 MHz 'H resonance) using
a water suppression pulse sequence to suppress the 'H peak due to water
in the medium. Each spectrum was collected for 4 scans with a recycle
delay of 10 s. The CH; protons of alanine are visible at 1.5 ppm, and the
CHj; protons of acetate are visible at 1.9 ppm. The integrated proton peak
intensities are directly proportional to the molar ratios of those protons.
Hence, the acetate concentrations in the medium samples were deter-
mined by comparing the peak integrals of the CH; protons of acetate to
those of the CH; protons of alanine of known concentration.

RNA-Seq analysis. For RNA extraction, cell density was determined
with a hemacytometer at each time point. Twenty milliliters of culture was
transferred at the time points indicated in Table 1 (maximum cell number
per reaction = 2 X 10%) to a 50-ml Falcon tube and centrifuged at 2,000 X
g for 5 min at room temperature. The supernatant was immediately de-
canted, and the pellets were snap-frozen in liquid N, and stored at —80°C.

For processing, samples were brought to room temperature, and the
pellets were resuspended in 1 ml freshly made lysis buffer (50 mM Tris-
HCI [pH 7.5], 200 mM NaCl, 20 mM EDTA [stock adjusted to pH 8.0],
2% sodium dodecyl sulfate). Ten milliliters of TRIzol (Invitrogen) was
then added with thorough mixing, and the samples were incubated for 5
min at room temperature, after which the cw15 samples were centrifuged
at 600 X g for 2 min to pellet starch. The TRIzol solution/lysate was mixed
with 1/5 volume of chloroform-isoamyl alcohol (24:1) and shaken vigor-
ously for 15 s. The mixture was incubated for 5 min at room temperature
before being transferred to a MaXtract HD (Qiagen) tube. The nucleic
acid-containing phase was subsequently separated according to the man-
ufacturer’s instructions. To extract RNA, samples were processed using
the miRNeasy minikit (Qiagen) according to the manufacturer’s instruc-
tions. To remove contaminating DNA, samples were on-column digested
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Days nitrogen-free

5
Days post-boost

FIG 1 Samples of a sta6 culture, boosted with 20 mM acetate after 48 h NF and centrifuged at 10,000 X g for 5 min at 2, 3, 4, 5, and 8 days postboost. Micrographs
show phase and bright-field (lower right) microscopy. Asterisk, cellular debris. Bars, 10 pm.

using the RNase-free DNase set (Qiagen) according to the manufacturer’s
instructions.

Prior to library preparation, each RNA sample was subjected to quality
control evaluation as follows. The concentration and purity of RNA sam-
ples were assayed by a NanoDrop spectrophotometer (Thermo Scien-
tific). Each sample was required to have an A,¢)/A,q, ratio between 2.0
and 2.2 and an A,4y/A,5, ratio above 2.0. RNA quality was evaluated by
Bioanalyzer (Agilent Technologies) on an Agilent RNA 6000 nanochip
following the manufacturer’s instructions. RNA integrity was quantified
by Agilent 2100 Expert software. Each sample was required to have a RNA
integrity number (RIN) above 7.0. The lowest RIN of the WUSTL samples
was 7.4; the medians were 8.6 for the cw15 strain and 8.7 for the sta6 strain.

cDNA libraries were prepared as described by Boyle et al. (8), and
alignments were performed as described by Blaby et al. (14), where reads
were aligned to the Augl10.2 gene models (based on the v4 assembly [http:
/Igenome.jgi-pst.org/Chlre4/Chlre4.home.html]).

Protein localizations followed the predictions of Blaby et al. (14) and
those determined by Predalgo (32) using their web interface (https:
/Igiavap-genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main).

Phylogenetic analyses. The PDGI phylogeny (see Fig. S1 in the sup-
plemental material) is a Bayesian consensus tree with bootstrap values
from 4,000 iterative samplings using MrBayes (33). PGD1 homologs were
collected from the genome assemblies of V10.2 C. reinhardtii (V10.2),
Volvox carteri (V2), V4 Ostreococcus tauri (V4), Coccomyxa subellipsoidea
C169 (V1), and Arabidopsis thaliana (V10). Protein sequences were
aligned using MAFFT aligner, followed by manual refinement.

The GPD phylogeny (see Fig. S2 in the supplemental material) is a
neighbor-joining tree with bootstrap values from 500 replicates. GPD
homologs were collected from gene models for C. reinhardtii (V10.2), V.
carteri (V1.0), and Arabidopsis thaliana (V10). Protein sequences were
aligned using the MAFFT aligner, followed by manual refinement.
Homology domain information was obtained at the Pfam site (http:
/Ipfam.sanger.ac.uk).

The FBA phylogeny (see Fig. S3 in the supplemental material) is a
Bayesian consensus tree with bootstrap values from 1,000 iterative sam-
plings using MrBayes (33). FBA homologs were collected from gene mod-
els for C. reinhardtii (V10.2), V. carteri (V1.0), and A. thaliana (V10).
Protein sequences were aligned using the MAFFT aligner, followed by
manual refinement. The FBA4 gene is truncated (apparently not due to a
gene model error), deleting 100 amino acids at the C terminus, but retains
homology to a full-length V. carteri member, forming a divergent clade.
The topology of the tree was modified to generate coherent family group-
ings.

The GFY (GPR1/FUN30/YaaH family) phylogenies (see Fig. S5A, C,
and D in the supplemental material) were constructed as follows. Multiple
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sequence alignments were performed using MUSCLE (34) in MEGA 5.2.2
(35). The unrooted neighbor-joining tree for chlorophycean pfam01184
proteins (see Fig. S5D) was generated in MEGA using 500 bootstrap rep-
licates with the model JTT+G (1.4) and pairwise removal of gaps. The
unrooted maximum likelihood tree (see Fig. S5C) was generated using
PhyML (36) with the model LG+G (1.2) selected using ProtTest (37).
Branch scores for the ML tree are derived from an approximate likelihood
ratio test. Sequences for phylogenies were obtained as follows. C. rein-
hardtii sequences are from Phytozome gene models as listed. V. carteri
gene models were based on Phytozome model numbers but manually
curated and improved; the protein sequences of the improved V. car-
teri models are found in Data Set S5 in the supplemental material. The
remaining sequences were obtained from the Phytozome, JGI UniProt,
or NCBI database with the following accession numbers. Phytozome
protein IDs are as follows: Coccomyxa subellipsoidea C-169, 44355 and
65361; Ostreococcus lucimarinus, gwEuk.3.605.1; Physcomitrella pat-
ens, Pp1s32_336V6.1, Ppls40_45V6.1, and Ppl_s44_75V6.1. The JGI
protein ID for Emiliania huxleyiis 240134. UniProt protein IDs were as
follows: Vibrio vulnificus, Q8DF09; Escherichia coli, Q8FLC8; Leishmania
major, QIN686; Methanosarcina acetivorans, Q8TUG4; Pasteurella mul-
tocida, QOCKZS8; Yarrowia lipolytica, Q96VC8; Saccharomyces cerevisiae,
P32907; and Schizosaccharomyces pombe, P25613. NCBI protein IDs were
as follows: Wickerhamomyces ciferrii, G1:406605912; Ustilago hordei, GI:
388852517.

The GFY similarity network (see Fig. S5B in the supplemental mate-
rial) was generated according to Atkinson et al. (38) and Blaby-Haas and
Merchant (39). Briefly, protein sequences used to generate the network
were obtained from the Uniprot90 database (40) using the GPR1/FUN34/
YaaH domain of Crel7.g702900 (genome version 5.3) as a search query.
Any duplicate sequences in the retrieved data were removed, as were se-
quences resulting from metagenome projects due to unknown eukaryote/
prokaryote origin. The resulting 355 protein sequences are found in Data
Set S6 in the supplemental material. The network was constructed using a
local all-against-all BLASTP (v2.2.28+) search with an E value of le ™ *°.
Visualization of the BLASTP output was performed with Cytoscape v2.8.2
(41) using the BLAST2similarityGraph plugin (42).

Gene data accession number. Raw and processed sequence files are
available at the National Center for Biotechnology Information Gene Ex-
pression Omnibus (accession number GSE55253).

RESULTS

Acquisition of obesity by the sta6 strain. Figure 1 shows sta6
cultures that were acetate boosted 2 days after N starvation (48 h
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3 d NF -boost Bl 4 d NF -boost

5 d NF -boost

6 d NF +boost

6 d NF -boost B 8 d NF -boost

FIG 2 Livingsta6 cells after 1 to 8 days of N starvation with (+) or without (—) acetate boost (phase microscopy). N, nucleus; V, vacuole; LB, lipid body; refractile

blue bodies, eyespots. Bar, 5 pm.

NF) and centrifuged (10,000 X g for 5 min) 2, 3, 4, 5, and 8 days
after the boost. The insets show cells at 2 and 8 days postboost.

Three features are evident. (i) As documented by Goodson et
al. (18), the LBs greatly increase in size. (ii) The cells progressively
degrade their chlorophyll and become bright yellow, perhaps re-
flecting the increase in carotenoid content reported for N-starved
C. reinhardtii (9). (iii) The cells become sufficiently TAG filled that
they float, even when centrifuged, the hallmark feature of obesity.
Subsequently, the boosted cells die, turn white, and lyse; the re-
leased LBs float along with the cells, while the white cellular debris
pellets (Fig. 1, asterisk).

Viability of boosted versus nonboosted cells. Figure 2 com-
pares living boosted and nonboosted sta6 cells using phase mi-
croscopy. As previously noted (18), the nonboosted cells display
large vacuoles by 3 days in N-free medium, which we interpreted
as an indication of morbidity. However, as ascertained by two
different assays (see Table S1 in the supplemental material), via-
bility is not compromised until 6 days in N-free medium, after
which it slowly declines. Boosted cells display similar viability pro-
files (see Table S1), but they do not develop large vacuoles and
contain more abundant LBs.

Quick-freeze deep-etch EM images of the vacuoles in 96-h NF
nonboosted cells are shown in Fig. 3. Contents include profiles of
membrane whorls (“myelin figures”), a hallmark of autophagy.
No such autophagosomes are encountered in boosted cells. These
observations indicate that the boost somehow averts the initiation
of an autophagocytic response at 48 h NF, a response that is ac-
companied by diminished TAG accumulation.

Rates of acetate uptake. An obvious explanation for the
boost’s ability to enhance TAG content is that after 0—48 h NF,
acetate levels in the medium are exhausted and restored by the
boost. Alternatively, the boost might enhance the rate of acetate
uptake. Either scenario would provide the cells with more sub-
strate for TAG synthesis.

To test these possibilities, NMR was used to determine acetate
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levels in the culture medium. As previously reported (25), log-
phase sta6 cells take up acetate very rapidly, such that it is ex-
hausted within 48 h of growth, whereas nongrowing N-starved
cells utilize it much more slowly. Our results (Fig. 4) confirm these
observations: more than half the medium acetate remains after
0—48 h NF, with the mean rate of depletion (193 mol/h) being
similar to the rate observed by Blaby et al. (14) (166 pmol/h). The
rate of depletion following the acetate boost (157 pwmol/h) is, if
anything, lower than before the boost, and samples taken at short
intervals following the boost (Fig. 4, inset) show no spike in ace-
tate depletion rates with acetate addition. Hence, neither hypoth-
esis is supported, although a small transient influx is not likely to
be detectable by these measurements.

Evidence for a transient acetate influx has instead come from
RNA-Seq analysis of boosted cwlI5 cells. As documented in Data
Set S1B in the supplemental material and summarized in Table 1,
an increase in expression of 229 flagellum-related genes is ob-
served within the first 2 h after boost. It has been known for some
time that when the pH of the medium is dropped to pH 4.5 with
0.5 N acetic acid for 1 min and then neutralized, C. reinhardtii cells
first deflagellate and then upregulate expression of their flagellum-
related genes and construct new flagella; a recent RNA-Seq profile
of these genes (43) strongly overlaps the genes listed in Data Set
S1B. Although the cw15 and sta6 strains are flagella-less, Cheshire
et al. (44) reported that such gene upregulation also occurs in
“bald” strains. Deflagellation is induced by several organic acids
but not by inorganic acids (45), indicating that entry of organic
acids, and not external pH, is the causative event. Even at near-
neutral pH, increasing the concentration of exogenous acetate
stimulates the deflagellation response (45).

Intriguingly, only 5 flagellum-related genes are upregulated
with the boost in the sta6 strain (Table 1; also, see Data Set S3B in
the supplemental material). Acetate (pK, = 4.76) is known to
cross cell membranes in its protonated state and then release the
proton into the cytoplasm (46, 47). Therefore, either the cyto-
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plasm of sta6 cells is at a higher resting pH and/or better buffered
than that of cwl5 cells, or the sta6 strain is for some reason not
responsive to some feature of the deflagellation/reflagellation sig-
nal, hypotheses we plan to test. Meanwhile, the boost-induced
changes in expression of nonflagellar genes, described below, are
apparently elicited by stimuli that can act independently of the
pathway that elicits the flagellar-gene response, since the nonfla-
gellar responses occur equivalently in both the cw15 and the sta6
strains (Table 1).

RNA-Seq experiments: general considerations. Another way
that the boost might enhance TAG levels is by influencing gene
expression such that, for example, enzymes involved in TAG bio-

40+ 4| 0 g
i 0. L] °
35 ™ Post-boost o .
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FIG 4 Medium acetate concentrations in an N-starved sta6 culture preboost
and postboost.
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FIG 3 Autophagosomes in 96 h NF nonboosted sta6 cells. M, myelin figures; LB, cytoplasmic lipid bodies. Bars, 500 nm (left) and 100 nm

TABLE 1 Summary of genes increasing or
decreasing expression =2-fold relative to 48-h
NF levels in response to the acetate boost

Time Gono Gone Total unique
post- : genes
category entries "
boost responding
cw15 2 2x increase
oh non-flagellar 70
flagellar 1
05h non-flagellar 331
flagellar 185
2h non-flagellar 116
flagellar 43
total non-flagellar 517 428
flagellar 229 186
cw15 2 2x decrease
0h all 100
0.5h all 745
2h all 194
total all 1039 870
|sta6 2 2x increase
oh non-flagellar 186
flagellar 0
05h non-flagellar 283
flagellar 5
2h non-flagellar 193
flagellar 3
total non-flagellar 662 429
flagellar 8 7
stab 2 2x decrease
0h all 95
0.5h all 697
2h all 399
total all 1191 875
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synthesis and/or polar-lipid recycling are more abundant. To test
this thesis, RNA was sampled from cw15 and sta6 cultures at nine
intervals during 0—48 h NF and at eight intervals during the 2
days following the acetate boost at 48 h NF and subjected to RNA-
Seq analysis.

We first identified genes whose expression levels increased or de-
creased =2-fold within the 2 h following acetate boost compared
with levels at 48 h NF, where in most cases the boost effect subsided
several hours later. Data Sets S1 to S4 in the supplemental material
provide complete lists of these genes and their RPKM (reads per ki-
lobase of exon model per million mapped reads) values, where, no-
tably, some half of the genes are not annotated, so we may well
be missing some important or even key participants. Table 1
summarizes the outcome. Of the estimated 17,301 genes in v.4
of the C. reinhardtii genome, 875 nonflagellar genes displayed a
=2-fold upshift in the sta6 strain and 870 displayed such an up-
shift in the cwl5 strain with the acetate boost, while 429 genes
displayed a =2-fold downshift in the sta6 strain and 428 displayed
a =2-fold down-shift in the cwI5 strain. These numbers might
suggest that the same gene sets are responsive in both strains, but
this is not the case: only 34% of the upregulated genes are shared,
and only 43% of the downregulated genes are shared (identified in
Data Sets S1 to $4 in the supplemental material, last column).

We then focused on genes that encode participants in biosyn-
thetic and metabolic pathways related to C and N flux and stress-
related processes. The genes considered in this report are high-
lighted in Data Sets S1 to S4 in the supplemental material. We also
queried non-boost-responsive genes that participate in the same
pathways as boost-responsive genes.

In analyzing these data, designated WUSTL, we ran compara-
tive studies with the RNA-Seq data on 0—48 h NF in the cw15 and
sta6 strains, designated UCLA1 (8 samples per strain) and, in
some cases, UCLA2 (3 samples per strain) (14), derived from cells
cultured under different conditions than the WUSTL conditions.
On occasion, we also included data from N-starved wild-type cells
maintained in the presence (UCLA-WT) (8) or absence (UTSW-
WT) (26) of acetate. Details of strains and culture conditions are
provided in Materials and Methods.

A comparison of expression patterns revealed that most of
genes involved in the assessed metabolic and biosynthetic path-
ways were expressed concordantly in the WUSTL and UCLA ex-
periments—e.g., “holding steady,” “increasing/decreasing,” or
“rising and then falling”—even though culture conditions and
input transcript levels were disparate, establishing these genes’
response to N depletion as “robust” to environmental influence.
This steady baseline allowed recognition of the few genes whose
expression patterns were not concordant between experiments,
where in many cases these genes also proved to be responsive to
the acetate boost.

Absent from our data are no-boost controls, and such in-
formation would be of particular value with respect to the au-
tophagy-related genes described below. In general, however,
the thousands of genes in the data set that did not respond to
the boost continued to follow their 0—48 h NF trajectory dur-
ing the ensuing 48—96 h NF interval, most either holding
steady or drifting downward. There is every reason to assume,
therefore, that this would also be the case for the boost-respon-
sive genes had a boost not been administered.

Genesrelated to carbon flux with robust expression patterns.

(i) Starch, fatty acid, and TAG biosynthesis. Expression levels
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for genes involved with starch, fatty acid, and TAG biosynthesis
are shown in Tables 2, 3, and 4.

As initially noted by Blaby et al. (14) and confirmed here, the
starch-related genes are uniformly upregulated soon after cells are
subjected to N depletion (Table 2, yellow), while genes encoding
enzymes involved in fatty acid biosynthesis are upregulated only at
24 h NF (Table 3, yellow), patterns that mirror the observed early
increase in starch formation and the later increase in TAG (48).
Genes encoding TAG-related enzymes show two patterns: some
are upregulated early and then decline, while others show a steady
increase, with maximal values at 48 h NF that persist to 96 h NF
(Table 4, yellow). The strong concordance of these patterns be-
tween the WUSTL and UCLA data sets indicates that these are
“robust” genetic programs, akin to those governing expression of
chloroplast ribosomal proteins (see Table S2 in the supplemental
material), persisting despite differences in strains and culture con-
ditions and despite the fact that the sta6 strain fails to synthesize
any starch and produces chloroplast LBs.

Starch-related genes are generally insensitive to boost; the
three exceptions are highlighted in orange in Table 2. Most show a
transient increase in expression at 24 h NF in the WUSTL-sta6
samples (Table 2, red).

Fatty acid synthesis-related genes are downregulated at 2 h NF
and start recovering at 12 h NF, with maximal expression occur-
ring at 24 h NF and continuing to 96 h NF (Table 3). Transcript
levels are consistently higher in the sfa6 strain than the cw15 strain
at48 h NFand, in the WUSTL data, consistently higher in the cw15
strain by 96 h NF. While transcription of these genes is not en-
hanced by the boost, it is briefly depressed in several cases, usually
in the sta6 strain (Table 3, purple). Notably, the five genes encod-
ing subunits of the multimeric “prokaryotic” acetyl coenzyme A
(acetyl-CoA) carboxylase (ACCase)—ACX1I, BCX1, BCRI, BXP1I,
and BXP2—are robustly expressed in both strains (Table 3),
whereas the gene Cre08.g373050, encoding a monomeric “eu-
karyotic” ACCase, produces few (0 to 6 RPKMs) transcripts in
both strains (Table 3).

DAG-to-TAG conversion is canonically catalyzed by type 1
(DGAT) and type 2 (DGTT) diacylglycerol acyltransferases. Con-
firming four reports (8, 11, 13, 14), expression of DGTTI is
strongly upregulated during 0—48 h NF, with further increases
during the next 2 days without a boost response (Table 4), estab-
lishing this enzyme as a robust player in the TAG biosynthesis
response in all tested strains. Confirming the results reported by
Blaby et al. (14), expression of DGTT2 in the sta6 strain is initially
3- to 6-fold higher than in the cwlI5 strain; by 8 h NF, it tapers to
the levels seen in the cw15 strain, but following the boost, levels are
2-fold higher in the sta6 strain to 96 h NF (Table 4, blue). This
distinctive DGTT2 transcription pattern is the first of four differ-
ences between the sta6 and cw15 strains that are highlighted in this
report. DGTT4 and DGAT1 peak early, and their enhanced levels
are sustained to 96 h NF in both strains (Table 4). The WUSTL and
UCLA data are dissimilar in two respects: (i) DGTT3 transcripts
peak early and then decline in WUSTL, whereas they peak late in
UCLA; and (ii) Cre06.g310200 (DGAT3-like) peaks late in the
WUSTL sta6 sample and in the two cw15 samples, whereas it peaks
early in the UCLA sta6 sample.

TAG synthesis can also be catalyzed by phospholipid diacyl-
glycerol acyltransferase (PDAT), which uses fatty acids from polar
lipids to acylate the DAG hydroxyl group. Recent studies variously
reported that PDAT makes a 25% contribution (8) or only a mi-
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TABLE 2 Expression profiles (RPKM) of genes participating in starch biosynthesis”

Chlamydomonas Triacylglyceride Accumulation

log OhjJ05h] 2h |4h|8h]12h]24h ] 48h boost 05h|2h|4h|8h]12h]24h ] 48h
phase | NF | NF NF | NF| NF] NF | NF | NF PB | PB|{PB]PB| PB | PB | PB
[STARCH BIOSYNTHESIS
Cre03.g175400 PGI1 phosphoglucose isomerase
WUSTL-cw15 196 | 225 264 @ 437 272 295 296 228 @203 216 209 @ 258 258 242 226 234 @233
WUSTL-staé 229 225 329 465 215 223 199 [ESEM 185 219 205 | 326 271 223 225 241 @242
UCLA1-cw15 202 553 490 175 130 148 168 188
UCLA1-sta6 165 238 = 469 264 186 208 @201 @ 172
Cre13.9g598750 GPM1b phosphoglucomutase
WUSTL-cw15 127 166 210 144 78 126 149 93 & 105 126 68 125 132 139 144 131 125
WUSTL-sta6 269 257 326 211 64 95 109 [ 141 125 90 206 168 136 144 156 156
UCLA1-cw15 106 344 133 | 57 | 60 | 75 92 95
UCLA1-sta6 175 219 213 97 65 87 @ 113 84
Cre03.9181500 STAT 4-a-glucanotransferase
WUSTL-cw15 55 50 43 52 47 43 | 47 41 41 40 25 44 42 43 @ 42 44 42
WUSTL-staé 70 59 @ 49 72 44 34 35 [ 37 32 30 55 | 47 ) 39 | 38 34 38
UCLA1-cw15 40 50 44 35 | 31 35 35 35
UCLA1-sta6 47 37 81 63 | 32 | 36 38 33
Cre03.9188250 STA6 ADP-glucose pyrophosphorylase small subunit
WUSTL-cw15 170 170 215 = 251 203 271 304 148 @ 100 148 112 125 147 152 141 115 107
WUSTL-staé 3 2 2 2 1 il 1 7 5 ) 3 2 3 4 4 4 3
UCLA1-cw15 199 503 390 218 124 147 156 @136
UCLA1-sta6 0 1 1 1 1 1 1 1
Cre17.9721500 STA2 starch synthase granule-bound
WUSTL-cw15 110 284 544 397 348 469 505 94 13 40 27 46 59 56 32 28 21
WUSTL-staé 125 247 411 676 336 285 255 [EEGM 47 62 48 162 164 110 113 = 60 75
UCLA1-cw15 146 680 793 698 315 158 @ 96 24
UCLA1-sta6 123 470 1132 867 479 395 @ 291 93
Cre16.9g665800 SSS4 soluble starch synthase
WUSTL-cw15 11 13 24 39 39 62 64 35 20 29 31 28 | 38 | 39| 33 28 25
WUSTL-sta6 20 16 29 42 210831 37 Ol 42 42 42 731 65 ] 59 | 54 46 44
UCLA1-cw15 16 = 84 75 | 42 36 37 35 30
UCLA1-stab 12 30 69 56 | 52 | 59 70 44
Cre06.9282000 STA3 glycogen-primed starch synthase
WUSTL-cw15 49 43 75 217°] 131] 158) 145 | 55 35 50 35 32 | 40 ) 43 | 36 36 33
WUSTL-staé 83 63 108 240 111 118 109 [JEH o4 99 64 124 98 80 75 61 72
UCLA1-cw15 52 | 261 |38258) 131 ] 81 70 52 39
UCLA1-sta6 38 60 255 | 169 113 | 112 | 111 60
Cre06.9289850 SBE1_ starch branching enzyme
WUSTL-cw15 7 5 5 20 19 | 19 | 22 25 28 26 14 22 | 24 | 23| 23 25 27
WUSTL-sta6 12 8 4 17 26 17 @ 20 22 26 22 18 26 23 24 22 24 25
UCLA1-cw15 8 8 32 36 31 32 32 31
UCLA1-sta6 8 4 24 25 25 24 25 23
Cre06.9270100 SBEZ starch branching enzyme
WUSTL-cw15 49 38 66 108 71 67 62 46 29 39 25 35 43 43 40 36 34
WUSTL-sta6 27 17 30 47 28 24 26 i 13 10 11 16 | 16 | 14 | 13 13 13
UCLA1-cw15 15 46 50 36 29 28 20 18
UCLA1-sta6 16 14 48 S1|R250 023 20 17
Cre10.9g444700 SBE3 _starch branching enzyme
WUSTL-cw15 83 92 | 179 | 422 | 254 339 392 | 290 | 244 365 242 | 267 | 391|422 397 | 324 | 337
WUSTL-sta6 118 99 | 179 = 371 153 167 225 [ESEN 239 259 205 263 339 296 273 209 @223
UCLA1-cw15 121 416 = 522 288 222 238 299 @ 275
UCLA1-sta6 79 173 = 454 315 293 316 269 @169
Cre03.9g185250 SSS2 soluble starch synthase Il
WUSTL-cw15 39 118 44 59 94 48 24 14 21 38 53 19 ] 25 | 33 | 35 28 34
WUSTL-staé 75 73 30 2 4 8 8 Bl o9 93 189 41 20 23 22 23 26
UCLA1-cw15 120 15 28 26 19 20 31 42
UCLA1-sta6 1191 23 1 2 | 32| 25 35 22
Cre16.9g663850 SSS5 soluble starch synthase
WUSTL-cw15 i 6 9 22 27 | 30 | 36 35 25 26 28 351 39) 37| 30 33 34
WUSTL-sta6 8 9 19 26 31 ] 31 36 28 18 32 24 (U 37 | 33 | 32 3l 29
UCLA1-cw15 5 24 21 19 19 18 19 18
UCLA1-sta6 5 22 30 37 )| 27| 27 22 21

@ Green, boost addition; PB, postboost; yellow, time points of maximum transcripts during 0—48 h NF; orange, genes with =2-fold increases in
expression relative to 48-h NF levels following acetate boost; red, increased gene expression in WUSTL-sta6 at 24 h NF.
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TABLE 3 Expression profiles (RPKM) of genes participating in fatty acid biosynthesis”

log Oh J05h| 2h | 4h| 8h | 12h | 24h | 48h boost 05h| 2h 4h 8h | 12h | 24h | 48 h
hase | NF NF NF | NF | NF NF NF NF PB PB PB PB PB PB PB
[FATTY ACID BIOSYNTHESIS
Cre12.9519100 ACX1 a-carboxyltransferase subunit of plastidic multimeric ACCase
WUSTL-cw15 1 90 114 36 49 71 113 S 177] 178 212 135 142 = 281 324 305 296 @283
WUSTL-sta6 123 71 79 26 40 76 151 © 262 169 233 209 @ 104 176 @ 231 @ 228 @ 202 @188
UCLA1-cw15 53 64 73 124 150 @ 180 @259 @ 231
JUCLA1-sta6 57 50 47 101 185 203 187 = 164
Cre12.9484000 BCX1 B-carboxyltransferase subunit of plastidic multimeric ACCase
WUSTL-cw15 67 81 98 36 40 60 89 120 = 124 144 95 113 |+ 227 @ 243 207 @ 196 @ 199
WUSTL-sta6 111 79 75 31 32 51 100 = 162 99 147 128 75 143 = 167 = 159 = 140 = 120
UCLA1-cw15 86 57 62 78 94 121 159 146
UCLA1-sta6 64 48 42 79 123 123 115 104
Cre08.9359350 BCR1 biotin carboxylase subunit of plastidic multimeric ACCase
WUSTL-cw15 131 167 @ 168 35 31 56 98 174 = 203 182 116 « 131 287 @ 378 @ 360 306 @293
WUSTL-sta6 185 183 | 129 41 28 | 52 108 = 321 201 194 159 77 180 @ 236 @ 221 194 = 172
JUCLA1-cw15 208 78 69 131 143 168 @257 250
UCLA1-sta6 156 107 57 88 192 219 224 156
Cre17.9715250 BXP1 biotin carboxyl carrirer subunit of plastidic multimeric ACCase
WUSTL-cw15 116 138 = 137 38 32 49 87 157 175 156 101 124 = 279 @ 291 267 @242 237
\WUSTL-sta6 17T 159 @ 128 36 24 47 117 = 254 145 172 157 95 178 = 224 @ 214 182 @ 165
IUCLA1-cw15 171 96 85 123 102 138 234 226
UCLA1-stab 130 = 105 62 90 166 196 = 200 170
Cre01.9037850 BXP2 biotin carboxyl carriersubunit of plastidic multimeric ACCase
WUSTL-cw15 149 180 @ 185 44 30 45 80 145 = 186 172 78 92 231 |« 328 290 @258 @236
WUSTL-sta6 218 190 = 160 36 30 48 119 §8265 | 170 187 150 72 180 @ 250 @ 235 192 | 171
UCLA1-cw15 227 86 64 80 72 95 173 183
JUCLA1-sta6 149 97 40 69 146 171 173 148
W.gﬁﬂ 00 ACP2 acyl-carrier protein
WUSTL-cw15 1849 1918 1994 596 @ 553 1160 1704 1958 1978 2173 1230 1401 2163 2637 2466 1969 @ 1941
WUSTL-sta6 2123 2179 2009 @ 1104 336 646 1500 3003 2302 2284 1750 1126 1630 1930 1979 1647 1468
JUCLA1-cw15 1750 1413 563 844 875 1077 1753 1767
UCLA1-sta6 1356 1133 686 682 1280 1583 1663 1147
Cre14.9621650 MCT1 malonyl-CoA:acyl-carrier-protein transacylase
WUSTL-cw15 57 71 64 29 15 10 12 19 21 25 15 16 39 56 52 41 34
\WUSTL-sta6 95 95 81 52 27 11 12 53 23 26 31 12 34 42 40 32 28
IUCLA1-cw15 81 52 19 24 17 19 85 34
UCLA1-sta6 66 54 37 37 38 37 40 26
Cre22.9765250 KAS1 3-ketoacyl-CoA-synthase
WUSTL-cw15 178 196 @ 171 36 35| 59 100 | 207 @ 246 222 156 = 150 @ 323 @ 401 @364 @312 314
WUSTL-sta6 253 257 | 204 25 24 55 161 |0 351 | 263 266 247 92 220 @ 282 268 @218 @ 209
UCLA1-cw15 229 99 51 68 87 139 © 269 @ 311
JUCLA1-sta6 204 = 156 30 72 185 @ 220 246 204
Cre07.9335300 KAS2 3-ketoacyl-ACP-synthase
WUSTL-cw15 27 27 33 12 13 16 23 25 17 27 21 21 43 56 47 41 38
WUSTL-sta6 36 22 20 7 8 12 26 48 18 31 25 19 29 32 32 24 19
JUCLA1-cw15 18 11 23 | 28| 23 25 36 34
UCLA1-sta6 20 6 13 | 26| 36 il 32 21
Cre04.9216950 KAS3 3-ketoacyl-ACP synthase
WUSTL-cw15 28 37 20 7 8 9 13 17 14 17/ 9 11 26 31 27 24 23
WUSTL-staé 40 32 20 2 4 5 13 17 12 17 12 6 13 16 16 12 10
IUCLA1-cw15 44 4 12 18 15 20 33 36
UCLA1-sta6 36 16 3 11 21 17 14 15
Cre03.9172000 KAR1 3-ketoacyl-ACP reductase
WUSTL-cw15 106 106 = 111 75 | 29 16 23 42 46 46 32 45 63 81 75 55 54
WUSTL-staé 130 122 = 104 50 17 11 23 103 52 48 48 19 48 63 59 41 37
UCLA1-cw15 113 77 66 @ 43 20 33 70 75
JUCLA1-sta6 111 82 44 60 72 60 70 43
Cre06.9294950 ENR1 enoyl-ACP-reductase
WUSTL-cw15 273 278 273 179 115 104 136 157 148 159 141 133 | 223 276 @ 251 191 173
WUSTL-sta6 321 307 260 101 @ 38 61 150 = 348 199 228 192 86 155 = 191 169 @ 160 @ 124
UCLA1-cw15 340 208 @183 180 102 @154 @ 250 255
UCLA1-sta6 276 202 116 127 158 @ 187 =206 126
Cre08.9373050 eukaryotic ACCase
WUSTL-cw15 4 3 4 2 2 1 1 2 2 2 0 2 2 i 2 2 2
WUSTL-sta6 3 2 2 2 4 1 1 3 3 3 1 2 2 2 2 2 2
UCLA1-cw15 4 6 5 4 3 4 4 5
|UCLA1 -sta6 3 1 2 2 2 2 3 2

“ Green, boost addition; PB, postboost; yellow, time points of maximum transcripts during 0—48 h NF; purple, genes =2-fold decreases in expression
relative to 48-h NF levels following acetate boost.
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TABLE 4 Expression profiles (RPKM) of genes participating in TAG biosynthesis®

J log |0h|0.5h|2h|4h|8h|12h|24h|48h|boostlo.shl2h|4h|8h|12h|24h|48h
phase | NF| NF | NF | NF ] NF] NF | NF | NF PB | PB|PB|PB] PB | PB | PB
TAG BIOSYNTHESIS

[Cre01.9045900 DGAT1_DAGAT type 1

WUSTL-cw15 3 2 3 iz 8 10 11 12 43 14 8 9 12 14 13 12 10
\WUSTL-sta6 4 4 8 144 11 | 12 15 12 9 14 6 10 | 12 | 12 10 8 10
UCLA1-cw15 2 14 360 29 | 17 20 19 18

UCLA1-stab 5 6 23] 20 | 18 | 17 15 13

UCLA-WT 3 12 15 15 9 21

[Cre12.9557750 DGTT1_DAGAT type 2

WUSTL-cw15 0 0 0 6 7 17 23 33 35 40 51 41 51 55 45 42 44
WUSTL-sta6 1 0 1 8 11 23 34 47 42 49 35 | 44 58 58 59 52 53
UCLA1-cw15 0 2 20 17 @ 28 32 43 47

UCLA1-stab 0 0 14 20 34 37 38 41

UCLA-WT il 8 17 11 18 25

Cre02.9121200 DGTT2 DAGAT type 2

WUSTL-cw15 25 21 27 26 26 24 30 33 36 41 31 28 | 32 | 36 32 32 31

WUSTL-sta6 103 99 163 144 80 35 36 44 65 48 32 54 62 64 63 68 69
UCLA1-cw15 19 26 27 33 34 36 35 37

UCLA1-staé 73 112 80 68 49 51 39 45

UCLA2-cw15 22 22 43

UCLA2-stab 165 72 19

UCLA-WT 22 21 22 25 26 27

Cre06.9g299050 DGTT3 DAGAT Type 2

WUSTL-cw15 39 22 50 34 | 31) 33 38 34 29 38 30 34 42 41 39 36 37
WUSTL-sta6 35 19 43 42 36 36 42 39 28 34 27 27 32 34 30 30 28
UCLA1-cw15 12, 32 27 ) 31 ] 31 34 39 38

UCLA1-sta6 18 18 37 46 45 47 41 41

UCLA-WT 35 33 27 32 41 32

Cre03.g205050 DGTT4 diacylglycerol acyl transferase

WUSTL-cw15 7 2 12 9 5 8 8 4 4 7 4 5 6 7 7 5 5

\WUSTL-sta6 5 1 7 10 6 3 3 9 5 3 7 4 4 5 4 & 3

UCLA1-cw15 1 iz 10 12 6 7 8 il

UCLA1-sta6 4 2 5 4 6 5 6 4

UCLA-WT 5 8 6 8 3 3

Cre06.9310200 DGAT3-like

WUSTL-cw15 26 21 41 24 38 56 64 @ 78 @ 96 135 114 105 101 94 94 96 109
\WUSTL-sta6 49 40 57 51 45 67 80 89 119 206 129 | 111 ] 103 ) 107 97 115 124
UCLA1-cw15 10 21 26 | 31 ) 28} 19 | 22 35

UCLA1-sta6 26 56 88 80 69 67 80 63

UCLA-WT 19 8 24 32 46 45

Cre02.g106400 PDAT1 phospholipid diacylglycerol acyltransferase

WUSTL-cw15 12 12 9 18 14 17 17 14 15 14 3 8 12 10 10 11 10
\WUSTL-sta6 15 1 9 221 16 | 21 22 18 17 14 4 12 | 12 | 13 10 10 11

UCLA1-cw15 6 9 221 17 | 13| 16 15 14

UCLA1-sta6 9 4 24 20 15 14 12 9

UCLA-WT 3 9 9 8 10 8

Cre06.9g299800 FAT long-chain-fatty-acid CoA ligase

WUSTL-cw15 3 4 3 2 6 9 10 11 17 20 G 30 | 19| 16 ] 23 | 22 | 28
\WUSTL-sta6 3 1 1 0 1 3 3 25 32 34 81 41 28 32 32 27 40
UCLA1-cw15 1 1 il i 7 10 15 22

UCLA1-sta6 2 0 0 0 1 3 14 19

UCLA-WT 5 2 9 11 8 9

Cre01.go377-00 FAD3 fatty acid desaturase

WUSTL-cw15 26 33 88| 85| 52 | 89| 99 | 43 | 26 38 33 jN62M 68 | 75| 70 | 62 | 63
\WUSTL-sta6 22 16 60 60 25 24 24 31 8 10 17 228 26 | 25 | 26 16 18
UCLA1-cw15 22 | 129 | 117 92 | 55 | 46 59 54

UCLA1-sta6 12 30 60 47 39 36 21 14

UCLA-WT 57 54 48 37 37 27

Cre03.g18205-0 LCS1 putative long-chain acyl-CoA synthetase

WUSTL-cw15 71 90 it 81 ] 99 | 111] 124 | 117 | 166 186 95 87 107 118 114 @ 128 142
WUSTL-sta6 67 73 54 60 78 102 129 160 @232 201 91 84 103 118 119 @ 107 115
UCLA1-cw15 92 45 86 | 97 | 117] 132 | 133 | 150

UCLA1-sta6 it 56 64 81 102 104 121 112

Cre13.g566650 LCS2 putative long-chain acyl-CoA synthetase

WUSTL-cw15 37 42 46 61 | 41 ] 68 | 100 8135 132 37 138 | 116 ] 191 212 185 | 170 | 164
\WUSTL-sta6 80 62 54 80 58 77 142 204 162 167 158 ' 141 198 212 199 165 159
UCLA1-cw15 43 43 125 108 117 143 170 149

UCLA1-sta6 41 21 96 102 129 139 134 107

Cre09.g405500 MLDP major lipid droplet protein

WUSTL-cw15 19 18 12 35 139 256 403 551 500 484 474 511 670 669 639 606 634
WUSTL-sta6 24 18« 12 | 24 130 279 467 494 384 401 393 442 627 588 587 @ 653 536
UCLA1-cw15 12 19 47 129 232 230 234 216

UCLA1-sta6 23 19 = 58 259 458 477 426 441

UCLA-WT 12 31 192 225 168 @ 158

@ Green, boost addition; PB, postboost. Yellow, time points of maximum transcripts during 0—48 h NF; orange, genes with
=2-fold increases in expression relative to 48-h NF levels following acetate boost; purple, genes decreasing expression =2-
fold relative to 48-h NF levels following acetate boost; blue, genes showing strong differential expression between the sta6
and c¢wl5 strains.
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nor contribution (27) to TAG synthesis under N-deprivation con-
ditions. Transcription from PDATI peaks early and remains
steady in all three strains, with a transient downregulation at the
boost (Table 4).

Two other lipid-related genes augmented with the boost in
both strains are Cre06.g299800 (long-chain-fatty acid CoA ligase)
and FAD3 (fatty acid desaturase) (Table 4). A putative long-chain
acyl-CoA synthetase (LCS1) decreases with the boost, while a sec-
ond (LCS2) is not affected (Table 4).

Expression of the MLDPI gene increases 28-fold in the cwlI5
strain and 21-fold in the sta6 strain during 0—48 h NF and is
sustained at high levels for the next 2 days without a boost re-
sponse; similar increases are seen in the UCLA and UCLA-WT
data (Table 4). The gene product, originally posited to be associ-
ated with lipid bodies (major lipid droplet protein) (12), has re-
cently been shown to instead be associated with endoplasmic re-
ticulum (ER) membranes (49), where it possibly participates in
the intimate ER/LB associations that are established during cyto-
plasmic LB formation in N-free medium (18).

(ii) Lipases. In their pioneering RNA-Seq study, Miller et al.
(11) identified 130 C. reinhardtii genes carrying the GXSXG motif
expected of lipases, of which 46 were either upregulated (75%) or
downregulated (25%) =2-fold in wild-type cells during 0—48 h
NF, and they posited that a subset of these might be involved in
releasing fatty acids from polar lipids for use in TAG formation in
the fashion of the PDAT enzyme. In a subsequent paper (50), the
lab reported that one of these genes, designated Cre03.g193500
and now named PGD] (plastid galactoglycerolipid degradation),
indeed contributes to TAG formation by breaking down pre-ex-
isting chloroplast monogalactosyldiacylglycerol (MGDG) into its
lyso-lipid form for reacylation as TAG; knockdown of this gene
results in reduced TAG accumulation with N starvation.

The WUSTL RNA-Seq data for these 46 candidate lipase genes
are shown in Table S3 in the supplemental material; four genes
annotated as TAG lipases and not included in the 46-gene set are
also listed. Expression is generally equivalent for the cw15 and sta6
strains and generally equivalent in the WUSTL and UCLA data
sets (data not shown). Except for a spike at 2 h NF for two of the
genes (see Table S3, yellow), most display either steady or gradu-
ally increasing expression, with some showing small boost re-
sponses. The three genes in blue in Table S3 are displayed in Table
5 and given additional attention below.

As anticipated, PGDI expression increases strongly through-
out the N starvation time course in all strains (Table 5). The PDG1
protein lacks a predicted leader sequence, but since MGDG is
restricted to thylakoids, a chloroplast location is considered likely.

Two homologues of PDGI1 were identified (see Fig. SI in the
supplemental material). The first, Cre05.g248200/g5168, carries a
high-scoring chloroplast transit sequence and is the only gene in
the candidate-lipase cohort that decreases expression in all strains
during the time course (Table 5).

The second PGD1 homologue, Cre03.g155250 (not included
in the 46-gene set), is more strongly predicted to be mitochon-
drion localized (M score, 0.825) than chloroplast localized (C
score, 0.444), and a mitochondrial TAG lipase was recently de-
tected in yeast (51); that said, organelle transit sequences can be
difficult to differentiate in C. reinhardtii, and direct localization
experiments are needed. Cre03.g155250 is expressed in all strains
at early time points, but transcript levels then plummet in the cw15
strain and the wild type, whereas they strongly increase in the sta6
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strain, with a 2.7-fold boost (Table 5, blue). The distinctive tran-
scription pattern of Cre03.g155250 is the second of four sta6/cw15
differences that are highlighted in this report.

Another candidate lipase-encoding gene also displays differen-
tial expression in the sta6 strain. Crel7.g735600 (not included in
the 46-gene set) encodes a protein with a strongly predicted signal
peptide, which usually indicates an ER—>secretory destination but
in some cases directs proteins to the chloroplast (20, 52). The gene
is not expressed in UCLA-WT or in the cwl5 strain, except for a
brief spike at the boost, but is robustly expressed by sta6 in both
the WUSTL and UCLA1/UCLA2 experiments (Table 5, blue),
with a 2.5-fold increase with the boost (Table 5, orange).
Crel7.g735600 is related to three other C. reinhardtii genes (data
not shown): Cre09.g399400 and Crel4.g615550 yield no tran-
scripts in either strain, while Cre02.g127300 shows a steady in-
crease in both (see Table S3 in the supplemental material). The
distinctive transcription pattern of Crel7.g735600 is the third of
four sta6/cwl15 differences that are highlighted in this report.

Cre02.g127550 (g9712 in the v.5.3 assembly), which lacks a
predicted leader sequence, displays strong expression in the sta6
strain but weak expression in the cwl5 strain, except for a brief
spike at the boost, throughout the 96-h time course in the WUSTL
experiment (Table 5). However, expression of this gene is anom-
alous. In the two UCLA experiments, transcripts are either some-
what more abundant in the c¢wlI5 strain than the sfa6 strain
(UCLA1) or equivalent (UCLA2); moreover, the gene shows no
expression in UCLA-WT (Table 5), whereas it is the most strongly
upregulated candidate lipase (5.6-fold) in the wild-type experi-
ment described by Miller et al. (11). This example emphasizes the
value of having several data sets when assigning expression pat-
terns to particular strains: such anomalies, and this one is obvi-
ously of interest, presumably indicate sensitivity to particular cul-
ture conditions rather than a strain-specific trait.

(iii) Fatty acid 3-oxidation enzymes. TAG accumulation op-
erates in opposition to TAG breakdown. The fatty acids released
from the breakdown of both neutral and polar lipids are processed
by the B-oxidation pathway. In their RNA-Seq comparison of
wild-type cells at 0 h and 48 h NF, Miller etal. (11) noted >3-fold-
decreased transcript levels for two enzymes in this pathway, acyl-
CoA oxidase (Crel6.g689050) and 3-oxoacyl-CoA thiolase
(Crel7.g723650, ATO1I), and a 2-fold increase for a third, enoyl-
CoA hydratase (Cre03.g190850, ECHI). Similar patterns were
seen in the present experiments (see Table S4 in the supplemental
material): expression levels of the oxidase gene declined slightly
and those of the thiolase gene more substantially, while the hydra-
tase levels increased. Interestingly, levels of thiolase and hydratase
transcripts increased 3.9-fold and 1.6-fold, respectively, with the
acetate boost for the sta6 strain, with no boost effect for the cwi15
strain, and thiolase gene expression remained stronger in the sta6
strain to 96 h NF (see Table S4). Therefore, the boost appears to
selectively enhance the machinery for fatty acid breakdown in the
sta6 strain, perhaps in part in conjunction with the breakdown
and remodeling of thylakoid membranes undertaken by sta6 at
later time points in the N-starvation sequence (18).

(iv) Glycerol-3-P dehydrogenase. Glycerol-3-P serves as the
backbone for DAG and TAG biosynthesis and can thus be said to
serve as a bridge between carbohydrate and lipid biosynthesis. It
also drives a mitochondrial shuttle system engaged in the import
of NADH (53). Glycerol-3-P is generated from dihydroxyacetone
phosphate (DHAP), a sugar produced during both gluconeogen-
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TABLE 5 Expression profiles (RPKM) of genes encoding candidate lipases”

log Ohj05h|2h]4h|8h]12h|24h ] 48h boost 05h|j2h]4h|8h|12h]24h | 48h
phase | NFJ NF | NF] NF] NF] NF | NF | NF PB |PB|PB|PB] PB| PB | PB
CANDIDATE LIPASES
Cre03.9193500 PDG1 plastid galactoglycerolipid degradation
WUSTL-cw15 8 5 10 13 14 29 47 88 75 101 76 83 122 132 120 142 146
WUSTL-sta6 8 4 6 9 15 26 53 99 65 100 62 49 79 101 104 87 83
UCLA1-cw15 6 9 37 40 53 60 92 102
UCLA1-sta6 8 5 17 39 46 61 62 58
UCLA2-cw15 10 19 10
UCLA2-sta6 5| 9 72
UCLA-WT 12 13 17 | 18 21 13
Cre05.9248200/g5168 lipase class 3
WUSTL-cw15 17 131 18 | 16| 14 | 10 9 11 9 10 8 7 7 8 9 9
WUSTL-sta6 17 12 15 | 14114 12| 11 9 9 12 10 8 7 7 7 7 8
UCLA1-cw15 20 9 8 3 5 6 6 6
UCLA1-sta6 20 5 91 9|1 8 8 8
UCLA2-cw15 3 3 2
UCLA2-stab 4 3 1
UCLA-WT 5 4 3 5 3 1
Cre03.9155250
WUSTL-cw15 17 34 12 15 24 11 2 0 0 3 2 1 1 1 1 2
WUSTL-sta6 32 13 9 1 2 5 4 15 17 29 45NN ST 8 5 9 14
UCLA1-cw15 84 2 1 1 2 2 1 2
UCLA1-staé 109 1 0 1 6 3 10 12
UCLA2-cw15 11 41 8
UCLA2-sta6 1 6 8
UCLA-WT 24 9 7 14 6 5
Cre17.9735600 TAG lipase
WUSTL-cw15 1 1 2 3 2 2 2 2 2 2 12 3 2 2 1 i 2
WUSTL-staé 19 9 28 39 33 26 23 22 21 25 51 50 41 35 35 34 41
UCLA1-cw15 2 6 8 8 9 10 11 9
UCLA1-sta6 13 24 65 52 44 45 49 47
UCLA2-cw15 12 14 4
UCLA2-sta6 22 28 32
UCLA-WT 0 0 0 0 0 0
Cre02.9127550/g9712 lipase class 3
WUSTL-cw15 0 0 0 0 0 1 2 3 8 5 16 5 3 2 1 2 1
WUSTL-sta6 6 S 2 22 41 36 35 74 185 192 94 50 68 92 100 77 52
UCLA1-cw15 0 0 19 52 88 77 28 8
UCLA1-stab 0 0 7 110} 17| 51 58 26
UCLA2-cw15 3 U 34
UCLA2-sta6 0 6 42
0 0 0 0 0 0

“ Green, boost addition; PB, postboost; orange, genes with =2-fold increases in expression relative to 48-h NF levels following acetate boost; blue, genes

showing strong differential expression between the sta6 and cwI5 strains.

esis and the Calvin-Benson cycle, via NADH-dependent glycerol-
3-P dehydrogenases (GPDH) (the mitochondrial enzymes are
FADH, dependent). NADH-dependent GPDHs are encoded by
five genes in C. reinhardtii (Table 6), one of which (GPD5) was
identified during this study.

Table 6 summarizes their expression patterns. GPDI
(Crel2.g511150) and GPDS5 (Cre02.g122300/g9595), with no
predicted targeting sequences, are expressed constitutively at low
levels throughout the time course. GPD2 (Cre01.g053000) tran-
scripts, predicted to be chloroplast targeted, increase 26-fold in
the cwl5 strain and 24-fold in the sta6 strain during 0—48 h NF;
the boost increases transcript levels 2-fold more in the cw15 strain
and 2.3-fold more in the sta6 strain, and high levels are sustained
to 96 h NF. GPD4 (Crel0.g421700), also predicted to be chloro-
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plast directed, increases expression during 0—48 h NF (4.3-fold
for the cwl5 strain and 6.2-fold for the sta6 strain) and sustains
high levels to 96 h NF without responding to the boost, with levels
being consistently higher in the sta6 strain than in the cw15 strain.
Large increases in GPD2 and GPD4 transcripts during 0—48 h NF,
and the sta6 bias for GPD4, are also seen in the UCLA and
UCLA-WT data (Table 6).

Particularly striking is the pattern of GPD3 (Cre01.g053150),
which carries no predicted leader sequence. Its expression level
remained very low throughout the 0—48 h NF period in both
strains in both experiments but then shot up 30-fold with the
boost in the ecwl5 strain and 72-fold in the sta6 strain (Table 6).
Moreover, while transcript levels then abated in the cw15 strain to
39% of their maximum boost levels by 96 h NF, they continued to
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TABLE 6 Expression profiles (RPKM) of genes encoding glycerol-3-P dehydrogenase”

log OhjJ05hl2h)4h|8h]12h|24h | 48h Boost 05h|2h|4h] 8h | 12h | 24h | 48h
phase | NF| NF | NF | NF | NF] NF | NF | NF PB | PB| PB] PB PB PB PB
[GPD GENES
Cre12.g511150 GPD1 glycerol-3-phosphate dehydrogenase
WUSTL-cw15 11 15 18 10 10 12 13 9 9 15 12 9 | 13 15 15 13 12
WUSTL-sta6 9 4 8 4 4 7 8 15 12 19 19 10 10 11 11 10 10
IUCLA1-cw15 12 16 1 14 N 11 11 12
UCLA1-sta6 16 20 10/ 9 9 10 9 9
UCLA-WT 19 10 14 @ 12 11 10
Cre01.g053000 GPD2 glycerol-3-P dehydrogenase
WUSTL-cw15 12 17 = 40 35 68 161 273 362 441 397 900 731 763 761 686 744 @822
WUSTL-sta6 17 24 30 86 85 192 462 466 578 823 1327 727 833 1064 1119 1074 1069
IUCLA1-cw15 6 77 | 113 219) 518 599 | 729 | 916
UCLA1-sta6 15 11 312 478 407 469 609 895
UCLA-WT 24 50 209 154 188 214
Cre01.g053150 GPD3 glycerol-3-P dehydrogenase
WUSTL-cw15 2 2 d 1 4 7 7 6 2 2 59 43 29 30 30 15 23
WUSTL-sta6 2 2 1 2 il 4 2 1 2 12 128 143 200 163 156 247 278
UCLA1-cw15 0 0 0 1 3 5 7 8
IUCLA1-staS 0 0 1 2 2 2 3 5
UCLA-WT 9 1 2 1 0 7
Cre10.g421700 GPD4 glycerol-3-P dehydrogenase
WUSTL-cw15 14 29 16 43 41 62 79 119 126 93 89 107 133 124 111 116 = 105
WUSTL-sta6 22 18 | 27 | 72 | 77 | 126 153 | 117 | 111 120 73 133 190 167 @ 156 @ 171 163
JUCLA1-cw15 8 18 59 66 99 134 128 127
UCLA1-sta6 14 8 99 172 228 219 191 177
UCLA-WT 22 87 60 96 79 100
Cre02.g122300 GPD5 glycerol-3-P dehydrogenase
WUSTL-cw15 6 4 6 6 6 8 10 12 11 11 11 14 18 19 18 16 16
WUSTL-sta6 10 6 4 6 7 9 13 17 11 15 12 12 | 17 18 17 16 14
UCLA1-cw15 4 3 13 ) 11 | 12| 16 19 18
UCLA1-sta6 4 0 9 | 13|15 ] 14 12 12
UCLA-WT i 7 4 5 7 5

@ Green, boost addition; PB, postboost; orange, genes with =2-fold increases in expression relative to 48-h NF levels following acetate boost; blue, gene

showing strong differential expression between the sta6 and cw15 strains.

strongly increase in the sta6 strain, reaching 217% of their maxi-
mum boost levels at 96 h NF (Table 6, blue), such that GPD3
expression levels at 96 h NF are 12-fold higher in the sta6 strain
than in the cwl15 strain. The distinctive GPD3 transcription pat-
tern is the fourth of four sta6/cw15 differences that are highlighted
this report.

The five GDP genes are members of three subfamilies (see Fig.
S2 in the supplemental material). The genes in the third subfamily
(GDP2 to GDP4) have an additional feature: they carry an N-ter-
minal HAD domain encoding a hydrolase sequence with homol-
ogy to the enzyme 3-phosphoserine phosphatase (PSP), which
catalyzes the final and irreversible step of serine biosynthesis (54).
The Arabidopsis member of the subfamily lacks this domain, but it
is present in the V. carteri member. An independent PSPI gene in
C. reinhardtii maintains steady expression throughout 0—96 h NF
(not shown). Assuming that the PSP domains of the GPDH pro-
teins are operant, then two enzymatic activities would be stimu-
lated with up-expression of GPD2-GPD4.

(v) TCA and glyoxylate cycles. Genes encoding enzymes pro-
posed (8) as components of the tricarboxylic acid (TCA) cycle
show either steady or slowly declining 0—48 h NF expression in
both strains, with concordant WUSTL and UCLA trajectories (see
Table S5A in the supplemental material). Only three genes show
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upregulation with the boost (see Table S5A, orange). The CIS2
gene is given further consideration below.

The less familiar glyoxylate cycle, which is absent in animals,
shares many enzymes with the TCA cycle and permits the net
synthesis of a 4-C product (succinate) from two acetyl units; the
succinate is then metabolized to malate/oxaloacetate, which feed
into gluconeogenesis. Table S5B in the supplemental material
shows the three genes encoding enzymes proposed (8) as compo-
nents of the glyoxylate cycle that show robust expression, where
only MDH?2 shows a modest increase in the sta6 strain with the
acetate boost. Two other genes unique to the glyoxylate cycle,
ICL1 and MASI, show a sensitive expression pattern and a strong
stimulation with the boost (see below).

(vi) Acetyl-CoA. Acetate enters both the TCA and glyoxylate
cycles as acetyl-CoA, and acetyl-CoA is also the acetate donor for
fatty acid biosynthesis. Acetyl-CoA synthetases are encoded by
three genes. ACS1 expression, while steady, is far lower in the sta6
strain than the cwl5 strain in the WUSTL data but equivalent in
the UCLA data (see Table S5C in the supplemental material),
again emphasizing the value of having multiple data sets when
attempting to discern strain-specific expression patterns. Expres-
sion of both ACS2 and ACS3 increases with N deprivation in a
sensitive fashion, and these genes are discussed below.
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A second avenue to acetyl-CoA synthesis is catalyzed by mul-
timeric pyruvate dehydrogenases that convert pyruvate to acetyl-
CoA and CO,. The expression patterns of two genes, PDH2 (mi-
tochondrial subunit) and PDC2 (chloroplast subunit) (see Table
S5C in the supplemental material), exemplify those encoding the
other subunits: transcription is strong and steady to 96 h NF with-
out a boost effect.

A third avenue, the cleavage of citrate via ATP citrate lyase, is
important in the generation of acetyl-CoA in the oleaginous yeast
Yarrowia lipolytica (55), but ACLAI and ACLBI transcripts are
steady during 0—96 h NF, and ACLAI expression decreases with
the boost (see Table S5C in the supplemental material).

Acetyl-CoA can also be generated via acetate kinase (ACKI and
ACK2) and acetylphosphotransferase (PATI and PAT2), and
while PATI levels are steady, the other three decline >2-fold in
expression with the boost (see Table S5C in the supplemental
material), suggesting that this pathway is not a major participant.

(vii) Gluconeogenesis/glycolysis and the Calvin-Benson cy-
cle. Gluconeogenesis and the Calvin-Benson cycle both engage in
generating hexose phosphates that have two alternative anabolic
destinations: feeding into the oxidative pentose phosphate path-
way with the concomitant generation of NADPH, or feeding into
starch biosynthesis. They can also be catabolized via glycolysis. In
a recent review, Johnson and Alric (56) noted that enzymes me-
diating the “upper half” of gluconeogenesis (from 3-phosphoglyc-
erate to hexose phosphates) appear to be plastid localized in C.
reinhardtii, where their activities may overlap Calvin-Benson cycle
enzyme activities.

The robust members of the gluconeogenesis pathway and Cal-
vin-Benson cycle are listed in Tables S5D and E in the supplemen-
tal material, respectively; sensitive members are discussed below.
An obvious anomaly is the high initial level of expression of the
RBCS2 gene, encoding the RuBisCO small subunit, in the sta6
strain compared with the cwI5 strain; however, even higher levels
are expressed in the UCLA-WT sample, so the significance of this
difference is not clear [the large subunit is chloroplast encoded
and not represented in these poly(A)-selected RNA samples]. A
few gluconeogenesis/glycolysis genes are mildly up- or downregu-
lated by the boost (see Table S5D in the supplemental material,
orange and purple), but overall, expression of both gene sets in
both strains is quite steady to 96 h NF except for a decrease in
RBCS2 transcripts and increases in GAPI (glyceraldehyde-3-P de-
hydrogenase), PYKI (pyruvate kinase), and GNDI (6-phospho-
gluconate dehydrogenase) transcripts.

Fructose-1,6-bisphosphate aldolases (FBA) function in
both gluconeogenesis/glycolysis and in the Calvin-Benson cy-
cle. During gluconeogenesis, they catalyze the formation of 6-C
fructose-bisphosphate from two 3-C sugars, glyceraldehyde-
3-P and dihydroxyacetone phosphate (DHAP), the latter also
being the substrate for the glycerol-3-P dehydrogenases men-
tioned above. The four FBA genes in the C. reinhardtii genome
belong to two subfamilies (see Fig. S3 in the supplemental mate-
rial). FBA2 (no predicted leader sequence) and FBA4 (predicted
chloroplast leader), in one subfamily, are expressed at low levels
(FBA4 apparently carries a C-terminal deletion), and only FBA2
shows a modest (1.7-fold) boost response in the sta6 strain. FBAI,
also in this subfamily, and FBA3, in the second subfamily, have
predicted chloroplast leaders; both show a sensitive expression
pattern and a modest upregulation with the boost, as detailed
below.
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(viii) Pentose phosphate pathway. The oxidative phase of the
plastid-localized pentose phosphate pathway takes glucose-6-P to
ribulose-5-P, generating 2 NADPHs needed for fatty acid synthe-
sis; the nonoxidative phase generates fructose-6-P and glyceralde-
hyde-3-P to regenerate the hexose-P that keeps the cycle running.
During 0—48 h NF, four of the genes encoding enzymes in the
pathway—GNDI1, GLD1, GLD2, and FSAl—increase in expres-
sion and remain elevated during the next 2 days, while others—
PGL2, RPI1, TRK1, and TAL2—decrease expression and remain
low; PGLI transcripts are steady (see Table S5F in the supplemen-
tal material). The one gene to display an acetate boost is TALI,
encoding transaldolase; it is considered with the other sensitive
genes.

Nitrogen-related genes that increase in expression with
boost. As expected, and as previously reported (8, 11, 14), N star-
vation elicits upregulation of numerous genes involved with
nitrogen uptake and scavenging. Table S6 in the supplemental
material lists the genes encoding N transporters (Table S6A) and
enzymes engaged in the transfer of amino groups (Table S6B)
whose transcription is stimulated =2-fold with acetate boost. Ex-
pression patterns are generally concordant between WUSTL and
UCLA experiments. Noteworthy are the relatively low levels of
expression of LAOI and LAO2, encoding periplasmic amino acid
oxidases, in the sta6 strain but not the cw15 strain, the strong and
enduring rescue of PROBI (glutamate-5-kinase) transcription
with the acetate boost in both strains, and the quirky expression
patterns of DUR3A, a urea transporter. The ASTI gene, encoding
aspartate aminotransferase, is discussed below as a member of the
sensitive gene set.

Boyle et al. (8) presented molecular and genetic evidence that
the gene NRRI encodes a regulator for induction of the TAG ac-
cumulation pathway in N-free medium. Supporting this proposal,
we found a strong increase in its expression starting at 2 h NF and
a 2.3-fold increase with boost in the sta6 strain (see Table S6C in
the supplemental material).

Stress-related genes whose expression increases with the
boost. Abrupt N starvation of log-phase cells is by definition
stressful. An early response is the stimulated expression of mem-
bers of the target of rapamycin (TOR)-related autophagy pathway
(57). Of the seven annotated APG genes (called ATG in most or-
ganisms) that respond to TOR signaling in other organisms, all are
strongly and coordinately upregulated starting at 2 h NF, and all
except APG10 remain elevated for the next 96 h, with only APG4
showing a positive boost response and several showing a modest
negative response (see Table S7A in the supplemental material).

Expression of most PEX, PRX, and MSD genes that participate
in ROS scavenging remains steady or decreases in both experi-
ments throughout the time course (data not shown), perhaps be-
cause chlorophyll levels (8, 9, 13, 25, 48) and photosynthetic elec-
tron transport activity (25, 58) decrease and such toxic products
are not a major issue. Table S7B in the supplemental material
shows the four genes in this category with a modest boost re-
sponse. None of the genes encoding SRR scavenger receptors re-
sponds to the boost; SRR16 shows stronger expression in the sta6
strain than the cw15 strain in the WUSTL but not the UCLA data
(see Table S7B), yet another example of the value of having 2 data
sets.

Table S7C in the supplemental material includes several stress-
related low-CO,-inducible (LCI) genes that are boost upregulated
and a high-CO,-inducible (FEAI) gene to illustrate that members
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of this cohort have highly variable expression patterns both be-
tween strains and between experiments.

Respiratory burst oxidase. The gene RBOI, encoding a homo-
logue of the respiratory burst oxidase that responds to stress in
land plants (59, 60), is contiguous to the STA6 gene and deleted in
the sta6 mutant (14), suggesting that its absence might influence
the sta6 phenotype (14). As shown in Table S7D in the supplemen-
tal material, RBOI produces few transcripts in the cw15 strain and
UCLA-WT during 0—48 h NF and is unresponsive to the boost.

A full copy of the contiguous orthologue RBO2 is present in the
sta6 strain, but it yields few transcripts (see Table S7D in the sup-
plemental material), suggesting that the deletion of RBOI curtails
RBO2 expression as well (14). RBO2 expression is also low in the
wild type; in the cwl5 strain, it decreases in the UCLA data and
increases in the WUSTL data, where it stabilizes without the boost
(see Table S7D).

Blaby et al. (14) noted that in the UCLA experiments, expres-
sion of LHCSR1 and LHCSR2, which are both involved in photo-
quenching, is higher in the cwI5 strain than in the sta6 strain (see
Table S7D in the supplemental material) and suggested that
RBO1/RBO2 might play a role in their induction. However, in the
WUSTL data, both genes are more strongly transcribed in the sta6
strain than in the cwl5 strain (see Table S7D).

A key test of this hypothesis—the effect of an RBOI transgene
on the sta6 phenotype—is currently in progress in the UCLA labs.

Carbon-related genes with “sensitive” expression patterns.

(i) The blue/green cohort. Five boost-enhanced genes—ICLI,
MASI, PCKI, TALI, and FBP1—were of immediate interest be-
cause these genes were identified in the UCLA study (14) as having
patterns of expression that were similar within a strain but mark-
edly different when the cw15 and sta6 strains were compared. Spe-
cifically, expression of the five genes sank or stayed low during
0—48 h NF in the cw15 strain but increased, after an initial drop,
in the sta6 strain (14).

When we analyzed the 0—48 h NF expression patterns of these
five genes in the WUSTL data, they also proved to be similar
within a strain and distinctive between strains. However, the pat-
terns observed were quite different from those observed in the
UCLA study. As shown in Fig. 5, transcription of these genes in the
cwl5 strain is high through 12 h NF, drops at 24 h NF, and is
<40% of starting values by 48 h NF (blue bars), while transcrip-
tion in the sta6 strain generally stays low throughout the time
course except for a strong spike at 24 h NF (green bars), when the
transcripts are >50% more abundant than at 48 h NF. The RPKM
values for these gene sets are presented in Table 7.

We went on to identify 16 additional genes that display the
blue/green pattern in the WUSTL data set; all but ACS2, FBA3,
PGK1, PRK1, and RPEI show the late <40% drop in expression
(blue) in the cw15 strain compared with starting values, and all but
CIS2 show the >50% spike in expression (green) in the sta6 strain
at 24 h NF compared with 48 h NF (Fig. 5 and Table 7). Figure S4
in the supplemental material shows WUSTL expression profiles
for other genes whose products function in the same pathways as
the genes shown in Figure 5, and none displays the blue/green
pattern. Most of the 21 genes responded to the acetate boost to at
least some extent (Fig. 5); those with a =2-fold increase are high-
lighted in orange in Table 7.

None of the additional 16 genes displays the blue/green pattern
in the UCLALI data, and only ACS3, GFY3, and Crel5.g641200
display the cw15 down/sta6 up pattern of the five founder UCLA
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genes (Table 7). Instead, in both UCLA experiments, their expres-
sion tends to decrease gradually in both strains (Table 7; also, see
Table S8 in the supplemental material). Table S8 also displays data
from the UCLA-WT experiment, where expression patterns are
again different, with transcript levels generally being higher than
those in UCLA-cw.

Unlike the genes grouped together in previous sections, the 21
genes listed in Table 7 encode proteins that operate in a number of
different pathways. Isocitrate lyase (ICL1) and malate synthase
(MASI) are the linchpin enzymes of the glyoxylate cycle; PEP
carboxykinase (PCKI) and fructose-1,6-bisphosphatase (FBPI
and FBP2), respectively, drive entry into and a late step in gluco-
neogenesis; acetyl-CoA synthetase (ACS2 and ACS3) feeds acetate
into the TCA and glyoxylate cycles and into fatty acid synthesis;
candidate acetate permeases (GFY3, GFY4, and GFY5), if verified,
would mediate acetate uptake; transaldolase (TALI) and ribulose-
phosphate-3-epimerase (RPEI) serve in the nonoxidative pentose
phosphate pathway; sedoheptulose-1,7-bisphosphatase (SBPI)
and phosphoribulokinase (PRK1) are unique to the Calvin-Ben-
son cycle; Crel5.g641200 is annotated as a candidate mitochon-
drial fatty acid carrier, although it lacks a mitochondrial targeting
sequence; and aspartate aminotransferase (AST1) catalyzes the in-
terconversion of aspartate and a-ketoglutarate to glutamate and
oxaloacetate, which feeds into the pentose phosphate pathway.
The gene products fructose-1,6-bisphosphate aldolase (FBAI and
FBA3), phosphoglycerate kinase (PGK1), and glyceraldehyde-6-
phosphate dehydrogenase (GAP3) are predicted to be members of
the Calvin-Benson cycle (14). It should be noted, however, that
FBA, PGK, and GAPDH also function in gluconeogenesis, and
given that both pathways operate in the chloroplast stroma (56),
their activities may not be strictly segregated. An anomaly related
to CIS2 is considered below.

Taken together, it appears that a group of 21 genes, whose
products function in various pathways, respond to 0—48 h NF
and the acetate boost as a cohort in the WUSTL experiment,
whereas their expression patterns differ in both the UCLA and
UCLA-WT experiments. We suggest that these differences relate
to the fact that the three experiments were performed using dif-
ferent strains (wild type versus mutants) and laboratory condi-
tions (e.g., medium and light intensity; see Materials and Meth-
ods) and propose that the listed genes are singularly sensitive to
the cell’s metabolic status, perhaps because their products serve as
“gateway” members of their respective pathways. They might, for
example, have short half-lives and/or govern rate-limiting reac-
tions and hence serve as nodes that permit gene expression levels
to influence the course of metabolism or biosynthesis. We there-
fore refer to these as “sensitive genes,” as contrasted with the
“robust genes,” whose expression patterns are concordant, with
minor variations, within the three experiments.

Support for this proposal comes from the recent study of an
ICLI deletion mutant (61), which is devoid of a glyoxylate cycle
and displays many anomalies in central carbon metabolism. '*N/
>N labeling experiments show that many of the proteins desig-
nated here as sensitive—specifically, those encoded by MASI,
CIS2, FBAI, PCK1, ACS3, TALI, and AST1—are either strongly
increased or decreased in the mutant relative to controls.

(ii) Genes whose expression is stimulated by acetate. Thir-
teen of the 21 sensitive genes in Table 7 have =2-fold increases in
expression with the acetate boost (orange highlighting), whereas
the others show a weaker or no response. Expression of the
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IcL1 MAS1 PCK1 TAL1 FBP1 ACS3 GFY3 GFY4 GFY§
107 (8X) 1607 (7.2%) 160 (329 160 (4.4) 160 (8.1x) 160 (4x) 1607 (3.1%) 160 (6.7%) 160 (4.4%)
140 140 140 140 140 140 140 140 140
120 120 120 120 120 120 120 120 120
100 100 100 100 100 100 100 100 100
80 80 80 80 80 80 80 80 80
60 60 604 60 60 604 60 60 60
40 40 40 40 40 40 40 40 40
20 20 20 20 20 20 20 20 20
o] o] 0 0 OJ' 0 (o] 0.—.—-—.—.—.]. o]

cL1 MAST PCK1 TAL1 FBP1 ACS3 GFY3 GFY4 GFY5
160 (7.2%) 1607 (6.5) 1607 @46y 1607 (3.9%) 1607 (6.1) 160 (4.7x) 160 (4.2%) 1607 (13x) 1607 (5.1x)
140 140 140 140 140 140 140 140 140-
120 120 120 120 120 120 120 120 120
100- 100+ 100 100- 100 100 100 100 100-
=) &0 80| &0 80 80 80 801 801
60 60 60-| 60 601 60 60 60| 601
20 0 20 - 0 0 0 01 01
20 20 -] 20 20 20 20 20-| 20|
o o o o 0 0 0 0 o
cw15
ACS2 FBP2 FBA1 FBA3 GAP3 PGK1 PRK1 SBP1 AST1 Cre16.9641200
107 (2.9x) 180 (1.6x) 107 (1.8x) 1604 (14x) 160 (2%) 160-(no boost) 1604 (1.4x) 160 (1.5x) 160 (2.9x) (9.6%)
140 140-] 140 140 140 140 140 140 140 1901
140
120 120 120- 120 120 1204 120 120 120
120
100 100 100+ 1004 100 100 100+ 100 1004
100
80 80| &0 &0 80 80 80 80| &0
80
60 60-] 60 0 60 60| 60| 60 60 &
20 2] - - - 0] 0 o 0 20
20 2 20 II - 20 || 2 20 2] 20 II 0]
0 o o 0 o o 0 o 0 o

ACS2 FBP2 FBA1 FBA3 GAP3 PGK1 PRK1 SBP1 AST1 Cre16.9641200
1807 (2x) 4 (1.7%) 1807 (1.3 109 (1.8x) 1607 (1.8x) 1807 (1.9x) 1609 (1.7%) W9 (1.7x) 1007 (3.7X) 107 (4.7%)
140 1404 140 140+ 140 140 140+ 140+ 140+ 140
120 1204 120 120 120 120 1204 120 120 1204
100 100 1004 100 100 100 1004 100 1004 100
80 80 80 80 80 80 80+ 80 80 80
60 60+ 60 60 60 60 60 60 60 60
40 40 40+ 40 40+ 40+ 40+ 40 40 40
20 204 20 204 20 20 204 204 20 204
o] 0 o] 0 0 o] 0 0 0 0

FIG 5 Sensitive gene set. RPKM values at 0 h NF (postcentrifugation) were set at 100; subsequent percentiles are at 0.5, 2, 4, 8, 12, 24, and 48 h NF. RPKM data for these
and additional sensitive genes appear in Table 7. A drop in expression in the cw15 strain occurs at late time points (blue when the 48-h NF value is <40% of the initial
value), and a drop in sta6 expression occurs early, with a spike at 24 h NF (green when the 24-h NF value is at least 50% greater than the 48-h NF value). Numbers in
parentheses are fold increases in gene expression in response to the boost (maximum RPKM level during the 2 h postboost divided by RPKM level at 48 h NF).
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TABLE 7 Expression profiles (RPKM) of genes showing “sensitive”
transcription patterns?

Tog [ Oh [osh] zn [an[8n[1zn]2an]aen] _ Tosn] 2h [ an [ 8h[12n]24n]48h
phase | NF | NF | NF | NF | NF | NF | NF | NF =0 I T I -

[Cre06.q282800_ICL1__isocitrate Ivase.
3077 | 2407 | 1525 | 1755 | 2482 | 2697 | 2212 NOA7 1844 472 | 1458 2752 1508 | 1089 | 1042 | 868 & 931

2579 | 1435 875 | 169 | 365 = 629 @ 317 IMi18 556 1682 4005 1916 1145 840 & 723 & 883 & 1085
511 | 108 @ 141 | 30 73 97 58 38

993 | 32 | 28 | 47 | 160 | 287 | 734 | 700

[Cre01.q057800_ WAS1_malate synthetase

[WUSTLcwis | 1015 | 851 | 592 | 516 | 767 | 834 | 768 140511591 194 | 396 | 1134 687 | 497 | 466 | 369 | 360
[WUSTL sta6 1079 | 718 | 388 | 45 | 115 | 174 | 90 /383 183 513 1185 613 | 460 344 321 | 320 429
UCLA1-cw15 205 | 36 | 67 | 16 | 38 | 47 | 34 | 15

UCLA1-sta6 404 44 13 | 28 64 102 220 224

[Cre02.a141400_ PCK1_PEP carboxykinase

1666 | 1252 | 1069 | 1071 | 1380 | 1694 | 1610 \NGAZN W48 287 = 663 | 1585 1260 | 877 | 829 | 636 | 640
1352 | 841 | 471 | 288 | 387 | 707 & 646 [M079 456 929 « 1648 2117 1918 1315 1148 | 1185 1371
495 142 | 95 | 27 | 44 | 76 | 77 | 80

UCLA1-staé 584 136 72 200 . 310 . 420 635 599

[Cre01.q032650 TALT _transaldolase

WUSTL.cwis | 1401 | 951 | 612 | 943 | 1251 1473 1433 | 72012801 210 | 289 1222 900 | 578 | 528 | 427 | 437

[WUSTL sta6 1159 | 539 | 319 | 261 | 266 | 533 | 413 6651 395 | 613 | 1430 1553 1107 | 707 | 634 | 655 | 812
UCLATcwis 15 | 31 | 10| 49 | 63 | o2 | 49 | 43

UCLA1-sta6 467 44 | 110 | 148 193 308 595 588

[Cre07.0338450_ FBP1__fructose bisphosphate phosphatase

186_| 201 | 118 | 123 | 215 | 202 | 160 \N4BNB 16 | 33 148 90 | 53 | 52 | 46 | 62
199 | 178 | 63 | 22 | 20 @ 40 | 27 N438 65 156 400 307 | 212 | 131 | 113 | 120 | 169
106 | 32 | 25 16 14 15 8 12

96 | 54 4 6 10 19 | 66 91

[Cre07.0353450 ACS3__acetyl-CoA synthase
WUSTL-cw15 1156 | 978 | 866 | 827 | 1073 | 1086 | 856 465112981 355 755 1200 612 | 477 | 489 | 422 | 437

WUSTL sta6 1200 | 709 | 582 | 133 | 228 | 454 | 304 745\ 401 1356 1891 900 | 569 | 456 | 395 | 504 & 592
UCLA1-cw15 384 | 128 | 155 123 | 199 | 216 | 149 | 137
UCLA1-sta6 510 | 63 | 116 | 166 289 326 543 468

[Cre17.9700750 GFY3  candidate acetate permease

3080 | 2509 | 2303 | 2121 2688 | 2706 | 2514 N4483) N946N 1744 | 2961 2320 | 2248 | 1803 | 1872 | 1476 | 1532
1748 | 1032 1567 | 676 | 552 | 825 @ 606 (1426. 730 @ 2267 3088 1911 1381 1219 | 1103 | 1380 1287
2073 1196 | 584 & 543 | 768 | 805 A 600 | 486
UCLA1-sta6 1188 . 524 . 569 625 922 1116 1665 1277

[Cre17.0702900  GFY4 _candidate acetate permease

2651 | 1991 1903 | 1742 | 1779 | 1940 | 1401 13121 1184 163 | 413 | 661 491 | 376 | 334 | 234 | 225
1022 | 663 | 821 | 188 | 85 | 130 | 34 1275\ 26 161 | 294 | 337 196 | &7 | 76 | 90 | 104
455 | 375 | 146 @ 44 | 61 59 36 19
UCLA1sta6 263 66 | 69 | 54 75 | 80 | 123 77

[Cre17.a702950 GFY5 _candidate acetate permease

5105 | 4371 4630 | 4022 | 4246 | 4726 | 4351 |A9BAN 7961 1233 | 2803 | 3492 2576 | 2132 | 1945 | 1593 | 1429
1382 | 1169 | 1376 | 798 | 418 | 447 @ 276 14900 176 = 565 893 630 @ 425 @ 294 = 259 | 282 | 298
1708 | 2153 | 1072 623 | 734 | 690 | 411 | 274

731 | 458 | 355 . 291 | 290 . 303 | 338 217

[Cre23.a768500_ ACS2__acetyl-CoA synthase

308 | 268 | 362 | 197 | 269 | 333 | 334 | 196 | 126 | 151 | 244 = 369 239 | 226 | 237 | 210 | 200
340 304 | 355 | 167 | 199 | 250 | 200 860" 184 = 310 = 367 314 297 @ 233 | 233 | 187 @ 250
113 | 214 | 132 | 72 | 105 | 95 83 68

UCLA1-staé 136 92 141 209 . 177 165 166 114

[Cre12.0510650 FBP2__fructose bisphosphate phosphatase

224 | 262 | 327 | 252 | 175 | 261 | 316 MMZANM25N 206 | 165 | 182 | 234 | 270 | 238 | 190 | 187
306 | 258 | 308 | 201 | 61 | 82 | 99 N800 138 123 | 147 | 165 | 159 | 142 | 142 | 114 | 108
316 = 603 | 363 | 244 | 129 | 160 | 234 | 218

221 | 261 | 286 | 129 | 115 | 157 | 192 | 103

[Cre01.q006950_ FBAT _fructose bisphophate aldolase

88 92 99 | 104 | 94 76 71 31 19 35 21 26 30 32 31 27 28
191 161 | 172 | 197 | 175 | 106 | 61 12848 54 48 40 | 68 | 68 | 52 | 56 | 38 @ 48
98 156 | 118 | 57 28 24 29 24

107 | 103 173 188 100 97 62 30

[Cre05.0234550_ FBA3__fructose bisphophate aldolase

[WUSTLcwis | 1941 | 2313 | 2344 | 1499 | 846 | 1394 | 1875 1520 1252 | 1625 | 1285 1711 1945 2070 1991 1638 | 1642
[WUSTL staé 3432 | 3258 | 3520 | 3684 | 1112 | 1174 | 1415 12766\ 1249 1279 | 1321 2302 | 1916 | 1636 1752 1731 1575
UCLA1-cw15 1952 | 3083 | 1200 | 726 @ 419 | 627 @ 1173 1297

UCLA1-sta6 1932 | 2122 3800 1620 727 | 1229 1499 947

[Cre0T:0010900_ GAPS _alvceraldenyde-6-p dehvdrogenase

1385 | 1747 | 2007 | 1058 | 652 | 856 | 1084 \NGO6N W618N 1026 = 481 | 622 | 790 | 887 | 900 | 736 | 676
2930 | 2771 3155 2890 | 778 | 340 | 246 1989 594 @ 638 @ 556 1050 763 | 642 | 706 | 531 = 547
2112 | 3158 | 1078 | 627 | 212 | 245 & 497 | 651

2005 . 2318 | 3150 . 1039 . 352 . 565 = 728 . 373

[Cre22.a763250_ PGK1__phosphoalvcerate Kinase

392 476 | 532 | 157 | 99 | 139 | 186 | 132 | 177 182 90 | 161 | 185 | 196 | 211 | 198 & 191
813 | 655 684 | 341 64 | 40 | 34 N427) 210 176 | 119 | 396 | 316 | 258 | 266 | 272 | 279
478 | 832 | 162 | 52 6 6 2 | 73

470 443 332 79 24 60 106 | 92

[Cre12.0554800_ PRK1__phosphoribulokinase

585 667 | 744 | 599 | 414 | 452 | 603 | 417 | 380 @ 514 | 280 @ 418 | 530 | 602 | 596 & 474 | 467
892 | 733 | 820 | 663 | 188 | 156 | 207 WM038 361 = 347 | 350 | 612 | 496 & 471 | 495 | 399 & 384
644 | 987 | 633 | 258 93 | 133 269 324

511 | 483 | 663 | 205 208 | 359 428 | 248

[Cre03.0185550_ SBP1__sedoheptulose-1,7-bisphosphatase
WUSTL-cw15 581 | 663 | 706 | 564 | 287 | 405 | 536 1832 | 223 364 229 | 338 | 441 527 | 491 | 353 & 348

1056 | 927 | 956 | 902 | 274 | 122 | 147 (4004 287 | 285 | 347 | 480 | 380 | 334 | 360 | 268 | 270
880 | 1186 | 714 | 202 | 123 | 182 | 357 | 387

649 | 637 | 979 | 524 | 164 . 282 | 403 | 200

[Cre12:0511900_ RPET__ribulose phosphate-3-epimerase

193 | 222 | 298 | 222 | 222 | 473 | 614 | 493 | 453 | 649 | 409 | 536 | 743 | 856 | 777 | 626 | 600
228 | 194 | 236 | 110 | 36 | 65 | 142 W80SN 310 | 307 | 285 | 289 | 351 | 405 | 437 | 241 | 263
160 | 241 78 | 66 48 67 | 79 | 77

UCLA1-sta6 169 183 | 58 | 30 36 58 | 72 48

[Cre15.a641200 candidate mitochondrial fatty acid carrier

550 320 | 440 | 411 | 489 | 548 | 448 L1551 151 57 169 | 496 256 | 179 | 167 | 129 | 143
497 | 228 220 | 36 | 74 | 144 86 W3120 163 514 760 428 | 278 218 | 171 | 199 | 251
100 | 19 | 30 5 15 | 20 13 9

159 | 5 6 9 39 | 70 231 198

[Cre02.a122250_ AST1__aspartate aminotransferase

444_| 362 | 262 | 301 | 351 | 350 | 312 | 85111800 90 | 184 | 231 155 | 109 | 109 | 84 | 90
355 | 299 179 | 76 | 117 | 140 | 94 184N 89 180 328 218 | 164 | 130 | 107 | 111 | 150
120 | 28 | 67 | 59 | 64 | 60 | 42 | 38

235 84 | 29 | 58 | 76 . 77 | 121 115

[Cre03.a149100_ CIS2__citrate synthase

840 | 636 | 597 | 519 | 589 | 609 | 507 N27ONNMB8N 152 | 285 @ 462 294 | 221 | 223 | 207 | 218
544 461 | 330 | 102 | 155 | 257 | 204 @ 189 | 121 310 416 349 | 262 | 211 | 178 | 209 @ 251
244 | 52 | 98 | 89 | 119 | 134 97 | 103

UCLAT-sta6 347 | 71 | 56 | 103 160 155 185 174

@ Light green, boost addition; PB, postboost; blue, drop in cwl5 transcripts at 24 h NF
and 48 h NF; dark green, increase in sta6 transcripts at 24 h NF; orange, genes with
=2-fold increases in expression relative to 48 h NF levels following the acetate boost.

strongly boost-responsive set is also highly sensitive to the pres-
ence of exogenous acetate in N-replete medium. Table 8 compares
their transcript levels during N-replete log-phase growth in ace-
tate-containing medium (WUSTL) versus acetate-free medium
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(UTSW) (26). The genes that show =2-fold responses to the ace-
tate boost prove to be expressed at very low levels when the strain
is grown on acetate-free medium (Table 8A, columns 3 and 4)
compared with acetate-containing medium (Table 8A, columns 1,
2, and 7), with low expression persisting after 18 h NF in acetate-
free medium (Table 8A, columns 5 and 6). In contrast, sensitive
genes showing modest or no boost responses are expressed equiv-
alently (Table 8B) or at higher levels (Table 8C) when the strains
are grown on acetate-free medium compared with acetate-con-
taining medium, with expression usually declining after 18 h NF
in acetate-free medium. Hence sensitive genes displaying a strong
acetate boost prove to also display a strong transcriptional sensi-
tivity to the presence/absence of exogenous acetate. Notably, 7 of
these 13 proteins, listed in the previous paragraph, are also ex-
pressed aberrantly in the ICLI mutant (61).

In the course of this analysis, we encountered an anomaly per-
taining to the CISI and CIS2 (citrate synthase) genes. The former
has been predicted to encode a glyoxylate cycle enzyme and the
latter to encode a TCA cycle enzyme (14), assignments that have
been adopted in Table S5A and B in the supplemental material.
However, CIS2 shows a strong acetate boost upregulation and low
expression on acetate-free medium (Table 8A), akin to the dedi-
cated ICLI and MASI enzymes of the glyoxylate cycle (Table 8A),
whereas CISI is non-boost-responsive (see Table S5A), like other
TCA cycle genes (Table S5A), and equivalently expressed in both
media (Table 8B). Plancke et al. (61) also presented arguments for
CIS2 as a member of the glyoxylate cycle.

A second anomaly relates to the glyoxylate cycle itself. Both the
UCLALI and UCLA2 studies document increased levels of expres-
sion of ICLI, MAS1, and CIS2 in the sta6 strain and low expression
levels in the cwl5 strain and complemented sta6 strains during
0—48 h NF and suggest that enhanced glyoxylate activity plays a
role in enhanced TAG production in the sta6 strain. However, this
increase is not observed in the WUSTL data. Miller et al. (11), who
also observed decreases in ICLI and MASI expression in wild-type
N-starved cells, pointed out that depressed glyoxylate cycle activ-
ity would result in more acetate being available for fatty acid bio-
synthesis. The phenotype of the ICLI deletion mutant (57) sup-
ports their proposal: the mutant generates enhanced levels of fatty
acids and TAGs compared with non-deletion-containing controls
even under N-replete conditions. It has also been reported that
hexose phosphates, which accumulate in the sta6 strain (14), in-
hibit expression of ICL and MAS genes in cucumber (62). Taken
together, the enhanced sta6 glyoxylate cycle profiles in the UCLA
studies during 0—48 h NF, confirmed with enzyme assays, pre-
sumably reflect particular features of the UCLA experimental con-
ditions and may explain, at least in part, why TAG levels in the sta6
strain were found to be equivalent to those in the cw15 strain at 48
h NF and were not enhanced until 96 h NF, whereas they were
enhanced by 48 h NF under WUSTL experimental conditions
(18, 24).

Figure 6 shows (in blue) the products of the 13 acetate-sensi-
tive genes and their positions in various metabolic/biosynthetic
pathways. We propose that of the 21 blue/green genes identified in
this study (Tables 7 and 8), this cluster monitors a variety of ac-
tivities related to acetate utilization, while the remaining 8 genes
largely monitor activities related to the Calvin-Benson cycle.

(iii) Candidate acetate permeases. The genes designated
GFY3, GFY4, and GFY5 in Tables 7 and 8, as well as the genes
GFY1 and GFY2, have been identified as members of the GPRI/
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TABLE 8 Expression profiles (RPKM) of genes listed in Table 7 in the presence or absence of acetate”

Acetate + + - - - = +
Growth phase log log log log 18 h NF 18 h NF 0 h NF 2 2x
Synchrony asynch asynch | asynch | synch | synch mt+| synch mt-| asynch. | increase
Strain cwi15 sta6 wt wt wt wt wt with boost
Source WUSTL | WUSTL UTSW UTSW UTSW UTSW UCLA
ACETATE-SENSITIVE GENES
1(A) Low expression in - acetate media
Cre06.9282800 ICL1 3077 2579 17 77 0 0 2271 +
Cre01.9g057800 | MAS1 1015 1079 2 3 1 8 557 +
Cre02.9141400 | PCK1 1666 1352 9 11 12 8 707 +
Cre01.9032650 | TAL1 1401 1159 63 212 77 34 263 +
Cre07.9338450 | FBP1 186 199 10 112 0 0 134 +
Cre07.9353450 | ACS3 1156 1200 33 54 20 15 562 +
Cre23.9768500 | ACS2 308 340 16 15 12 T/ 133 +
Cre03.9149100 CIs2 840 544 33 1AL 51 43 338 +
Cre17.9700750 | GFY3 3080 1748 47 51 6 9 3557 +
Cre17.9702900 | GFY4 2651 1022 2 0 0 0 1311 +
Cre17.9702950 | GFY5 5105 1382 6 4 0 6 5961 +
Cre15.9641200 550 497 11 50 0 0 114 +
Cre02.9122250 | AST1 444 355 16 44 34 27 153 +
|mquivalent expression in +N, +/- acetate media
Cre05.9234550 | FBA3 1941 3432 3802 5235 814 613 4019 -
Cre01.9g010900 | GAP3 1385 2930 3857 5994 298 101 5198 -
Cre22.9763250 | PGK1 392 831 486 789 6 9 628 -
Cre12.9554800 | PRK1 585 892 931 995 140 57 1078 -
Cre03.9185550 | SBP1 581 1056 1548 1994 244 72 1596 -
Cre12.9514750 CIs1 58 78 40 23 92 81 40 -
|ﬁnhanced expression in +N, - acetate media
Cre12.9510650 | FBP2 224 306 679 681 251 141 397 -
Cre12.9511900 | RPE1 193 228 612 432 377 337 323 -
Cre01.9g006950 | FBA1 88 191 258 359 42 18 349 -

@ All genes with low expression without exogenous acetate have =2-fold increases in expression with acetate boost (Table 7).

FUN30/YaaH (pfam01184) gene family (63) (see Fig. S4A in the
supplemental material). Several fungal proteins encoded by genes
in this family have been shown or suggested to mediate acetate
uptake (64, 65), and acetate permease activity has recently been
demonstrated for the E. coli protein YaaH (66). In S. cerevisiae,
both exogenous acetate and induction of the glyoxylate cycle are
accompanied by strong upregulation of its GPR1/FUN30/YaaH
gene (67, 68).

In C. reinhardtii, the five genes are closely linked on LG17, with
GFY1 to GFY3 in one cluster and GFY4 and GFY5 apparently
contiguous in a second cluster.

While GFY1 and GFY2 show constitutive expression and GFY1
transcripts actually decrease with the boost, GFY3 to GFY5 show
the blue/green pattern during 0—48 h NF (Fig. 5) and an increase
in expression of 3- to 13-fold with the acetate boost in both strains
(Fig. 5 and Table 7). Expression of GFY3 to GFY5 is also strong in
the UCLA and UCLA-WT samples (Table 7), all of which derive
from cells maintained in acetate, whereas cells grown or main-
tained in the absence of acetate have very low reads (Table 8A).

We went on to analyze this family in more detail using two
approaches. Figure S5B in the supplemental material shows a sim-
ilarity network (38, 39) of 355 representative GPRI/FUN30/YaaH
sequences (a key is provided in Data Set S6 in the supplemental
material). The proteins are widely disseminated and clearly sepa-
rate along the eukaryote/prokaryote divide, with members absent
from animals and vascular land plants. The genomes of sequenced
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algal species encode orthologs (see Data Set S6) that bear greater
similarity to the prokaryotic proteins than the other eukaryotic
proteins (see Fig. S5B), suggesting that the nonalgal eukaryotes
(mostly fungi) and algae independently acquired the genes from
prokaryotes by horizontal gene transfer (HGT) in two distinct and
early events. Maximum-likelihood analysis (Fig. S5C) shows that
the green-algal genes form a loose clade, clade III, that is again
more closely related to prokaryotic (clade I) than to eukaryotic
(clade IT) family members, and Fig. S5D in the supplemental ma-
terial shows that the six genes in V. carteri form a subfamily dis-
tinct from the five genes in the closely related C. reinhardtii, high-
lighting the rapid evolution of these sequences in algal lineages.
The phylogenetic distributions of GPRI/FUN30/YaaH genes can
be highly unusual, with both moss and fungal genes being found
in clade II, a Leishmania gene being found in the prokaryotic clade
I (presumably a recent HGT), and volvocacean genes being more
closely related to a haptophyte gene (E. huxleyi) than to other
chlorophyte genes in clade III.

Schoénknecht et al. (69) independently performed a phyloge-
netic analysis of this gene family and published a topology wherein
eukaryotic algal and fungal/moss proteins share a direct common
ancestry and together form a clade that is sister to the prokaryotic
members. Subsequent analyses using their data (kindly provided
by G. Schonknecht) revealed that the topology of the two major
eukaryotic clusters is highly sensitive to evolutionary models and
parameters used for phylogenetic reconstruction and can yield
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FIG 6 Proteins encoded by the acetate-sensitive gene set (blue font) and by genes selectively upregulated in the sta6 strain (red font). Abbreviations: ACS,
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well-supported trees in either of two configurations: green algae
and fungi/moss as separate HGT events from bacteria, as depicted
in Fig. S5C in the supplemental material, or green algae (but not
Galdieria) and fungi/moss as a single HGT event, as depicted in
reference 69.

Our network analysis of the GPRI/FUN30/YaaH family (see
Fig. S5B in the supplemental material) supports the tree topology
in Fig. S5C in clearly distinguishing the fungal/moss members and
the green-algal members as separate offshoots of the central pro-
karyotic cluster. In both of our analyses, the unusual phylogenetic
relationships among the eukaryotic members of the family, noted
above, suggest that subsequent HGT took place between disparate
eukaryotic groups.

Stress-related genes that decrease in expression with the
boost. Whereas only a few stress-related genes are upregulated
with the acetate boost (see Table S7 in the supplemental material),
a far larger group of stress-related genes is down-regulated =2-
fold with the boost, with the low point usually occurring at 30 min
postboost (Table 9, purple). More genes are so affected in the sta6
strain (64 genes) than in the cwlI5 strain (40 genes); in Table 9,
those not downregulated in the cwl5 strain are italicized. The
downregulated genes, some of which have been identified in a
recent study of autophagy in C. reinhardtii (73), encode protea-
some subunits, chaperones, heat shock proteins, and proteins that
participate in degradative processes, the one apparent outlier be-
ing BCS1, which encodes a mitochondrial biogenesis factor. We
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, Isocitrate lyase; MAS, malate synthase; PCK, phosphoenolpyruvate carboxyki-

went on to identify 20 additional nonannotated genes that also
show this pattern in both strains (Table 9, purple); these may
prove to be members of the same response cohort.

Of the 41 non-proteasome-encoding genes in Table 9, 22 share
an additional pattern: their expression increases 2- to 6-fold
(means of 3.3-fold = 0.9-fold for the cwI5 strain and 3.5-fold =
1.4-fold for the sta6 strain) between the 24-h NF sample (see Table
S9 in the supplemental material, blue) and the 48-h NF sample
(see Table S9, yellow), followed by the sharp boost-induced de-
crease lifted up in Table 9 (see Table S9, purple). The 11 genes in
red in Table 9 show this blue/yellow/purple pattern in both strains
(see Table S9A); the 11 in blue show the pattern in the sta6 strain
only (see Table S9B). The 20 nonannotated genes in Table 9 also
show the blue/yellow/purple pattern (see Table S9C), except for
the 5 italicized entries, where it is seen only in the sta6 strain, again
suggesting that these genes are members of the same cohort as the
annotated set. While not invariably the case, the genes in the sta6
strain usually show a larger increase at 48 h NF than the genes in
the cwli5 strain.

In the UCLA experiments, where the boost was not performed,
none of the 22 annotated genes shows increased expression at 48 h
NF in the cwl5 strain (see Table S9A in the supplemental mate-
rial). However, 12 of the 22 show a modest (mean of 2.1-fold =
0.4-fold) increase in the sta6 strain (see Table S9A and B in the
supplemental material), as do 8 of the 20 nonannotated genes
(data not shown).
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TABLE 9 Expression profiles (RPKM) of sta6 genes whose As detailed in the Discussion, we propose that this increase/
expression decreases =2-fold relative to 48 h NF levels following decrease pattern in degradation-related genes may relate to our
a . . .
acetate boost (purple) morphological observation (Fig. 2 and 3) that an acetate boost at
FHEEE 48 h NF appears to divert cells from pursuing an autophagocytic
DEGRADATIVE pathway.
Proteasomes
Cre01.g011500 | RPNA1 265 proteasome regulatory subunit 75 |75 | 31| 38|
Cre01.9030850 POA4 20S proteasome a subunit D 43 37 22 DISCUSSION
Cre01.9066650 RPN1 26S proteasome regulatory subunit 44 41 21
Cre06.9275650 | RPN3 268 proteasome regulatory subunit 35 | 2 20| 3 - i i
A s et - General overview .of the TAG .accumulatllon response. This
Cre06.g260850 | _PBGH 208 proteasome f subunit, type 4 52 | 45 | 25 | 36| study, combined with those previously published, generates the
Cre06.g304300 | _POAG 20S proteasome a subunit F 57 | 53 |S2a8l 29 | . R . .
Cre07.329700_| _RPT2 268 proteasome regulatory subunit___| 115 | 100 | 44 | 55 following picture of the TAG accumulation response, which,
Cm08A5373250 POA2 20S proteasome a subunit B 56 46 18 34 . .« . . .
Cro10.g418100 | POA3 208 proteasome o subunit C so | 54 | 21 | 51| while provisional and incomplete, can serve to provide context for
Cre10.g424400 PBB1 20S proteasome @ subunit B, type 2 74 59 28 | 37 . .
Cre10.9461950 PBE1 208 proteasome B subunit E, type B5 49 41 18 | 30 a dlSCllSSlOIl Of our results.
Cre13.9581450 RPN7 26S proteasome regulatory subunit 43 34 168 21 . h d 5 H . . l d N 1
Cre13.g601100 | RPNS 268 proteasome regulatory subunit 54 | a4 | 12 | 21| C. reinhardtii cells growing in acetate-supplemente -replete
Cre14.9619550 POA7 208 proteasome a subunit G 75 56 25 | 37 | M : _ _
Cra14§625400 RPT1 26S proteasome regulatory subunit 74 62 20 | 32 | medlum aCtlvely run acetate fed glyoxylate CYCleS and phOtosyn
Cre16.9663500 RPN10 26S proteasome regulatory subunit 28 28 9 15 1 _ M-
T e T2 T2 T ] thetic electron t'ransport fed Calvin Begson cycles. When the cells
A i | 4o ] - 5 -
Cro17.705400 | _POAT 208 proteasome  subunit A CHECE - are transferred into N-free acetate medium, these cycles presum
Cre17.9708300 RPN12 26S proteasome regulatory subunit 49 43 19 | 26 | . . .
Cre17.g710150 | _RPT4 268 proteasome regulatory subunit__| 61 | 52 | 22 |32 | ably continue to operate in the short term, generating glucose-6-P
Cre17.9724350 POAS 20S proteasome a subunit E 61 55 15 | 28 . . .
Crot7.g727950 | RPNz | 268 proteasome regulatory subunit__| 31 | 30 | m | 13 via both the Calvin-Benson cycle and the glyoxylate cycle-derived
Heat-shock proteins and other chaperones . . .
Cre02.9080650_ | HSPo0E st Shock protein 908 ] e | e oxaloacetate, which feeds into gluconeogenesis.
CreDZ.gOBOTﬂO BIP1 heat shock Erotain 70, ER 242 159 69_“1_23 . .
Cre10.9439900 | HSP70G ER-located HSP110/SSE-like protein 88 | 61 10 | 30 Eaﬂy in the first day, genes enCOdlng starch-related enzymes
Cra14AEG17400 HSP22F heat shock Erotein 22F 441 259 41 51 : .
Cre14.9617450 | HSP22E heat shock protein 22E 335 | 248 | 81 |169 are upregulated’ and much of the glucose_6_P is funneled into
Cre01.9060000 HSP22C heat shock protein 22C 12 5 6 6 _ 1 ic 1 1
reol gonane | Nspae e e A B ADP-glucose and then starch biosynthesis in the cw15 strain but
> = o 2l ) a1 . b -
Cre03.189950_| _HOP1 HSP70-HSPS0 organizing protein 2 1 26 I 27 not in the sta6 strain. During the first day, genes encoding en
|_Cre06.g306100_} CPNGOC chaperonin 60C; HSP60 homologue M5 1 70 JSER 64 ] . . .
Cr09.386750 | HSPSOA heat shock protein S0A sa7 | 308 | 163 [76s) zymes for glycerol-3-P, fatty acid, and TAG biosynthesis are also
Cre18.g746450 | CLPB CipB chaperone, Hsp100 family sa | 13 |42 |2 . e P .
Cro07.g341550 | _pz3 P23 co-chaperone of HSPS0 system | 61 | 62 | 30 [ 76| upregulated in specific patterns, while genes encoding enzymes
Cre08.9372100 HSP70A heat shock protein 70A 599 214 198 | 212} .
Cro05.g393200 | HSPT0C heat shock protein 70C o | 72 | 18 |7 for the glyoxylate cycle are in most cases downregulated, presum-
Cre16.9677000 HSP70E heat shock protein 70E 97 74 37 69 . . . .
c:17.g_f7 or950 | HEP2 T 25| 20 | 4l ably allowing exogenous acetate to funnel into fatty acid biosyn-
Other degradative . . . .
Trevag77aa00 | VANETE RCSNARE protem, VANPTZ fam o] 1« BN 2 thesis. TAGs proceed to accumulate in cytoplasmic LBs (in both
CrellgisRisn _vPZ Yosiele Inducing plastd proteln w28 L strains) and in chloroplast LBs (in the sta6 strain but not the cwi5
Cre12.g498500 DEGIC DegP-type protease 12 66 20 19 t .
Cre17.9725750 mis-folded RNA adaptor 95 45 4 11 S raln)'
Cre 7726850 _mia-folded RNA adaptor izi ] 2o S 20 By the end of the second day, when starch levels start to plateau
c
kol [l biogenesis factor bl (9, 17, 48), the cells ordinarily shift into an autophagy program
Cre02.9135150 | FKB62 peptidyl-prolyl cis-trans isomerase 61 28 1 | 21 R . A .
Cro03.9179100 ublquitin fusion degradation protein | 16 | 6 4 that limits the extent of TAG accumulation, possibly because its
Cre06.9281350 LON1 mitochondrial LON protease 19 14 10 . .
Cre10.g420001 E2ublquitin conjugating enzyme 5| 17 5 execution is dependent on TAG breakdown. If, however, they are
Cre10.g447800 mis-folded RNA adaptor 77 58 21 31 b d b h . b d f
Cre01.g047700 | _CYNAO eptidyl-prolyl cis-trans isomerase 17 |11 9 subjected to an acetate boost, this program 1is bypassed, for un-
e smallublautin ke modifer zlg z known reasons, and the cells instead continue to accumulate TAG
Cre02.9088400 DEG1A DegP-type protease 19 13 14 1 1 1 1
Cret gusnan Degptype protesse Bl 8 until, in the sta6 strain, they reach full obesity. Along the way,
Cre06.g267700 | SPPIB signal peptide pepidase AN = W chlorophyll levels and rates of photosynthetic electron transport
Cre08.9382689 UBQ3 bi-ubiquitin 9 6 4 5 . . . . . .
| Cre0o.g386400 | UBA1 | ubiquitin-activating enzyme E1 130 | 00 | a1 I s diminish, meaning that cells are increasingly reliant on glucose-
Cre12.9483550 VPE1 vacuolar processing enzyme 27 21 12 | 14 .
Cre12g526700 | RBLO thomboid-ike protease S| 25 |l e 6-P entry into the pentose phosphate pathway to generate the
Cre13.9583550 VIPP1 vesicle inducing plastid protein 267 | 206 98 | 126 . . .. .
Cret6.ges4800 | RBL4 thomboid-like protease 2| 14 | m |1 NADPH needed for fatty acid synthesis. Key participants in these
g6
Cre18.9746300 RBL3 rhomboid-like protease 15 8 5 | 6 . .. « e 3 ..
CrozogTr2i00 | vst | VCPICdcA-associated mitochondrialstess | 1, | o | g | 7 various transitions are 21 “sensitive” genes whose transcription
B responsive 1 . . .
ENOC,.,::.,:::M — levels, we suggest, are responsive to the overall operatlon of VaI'l-’
re01.¢
- Creganisstn z1 2 n ous metabolic pathways, with 13 being responsive to the cells
Cre02.9098800 36 17 12
Cre03.9149250 11 79 20 acetaFe statu.s. .
Cre06.928300 s 20| 18 |G Given this context, we first discuss what has been learned about
Cre06.9298850 60 | 22 |6 | 10 . . N ) N
Cre07.g348350 57 | 23 | 10 | 10 the differences between starch-forming strains, in particular the
Cre07.9355850 139 79 53 33 . .
Gre09.ga13150 s | 18 o cwl5 strain, and the starchless sta6 mutant. We then discuss what
Cre10.g435200 52 19 3 18 .
Crot2.505050 105 |50 6 has been learned about the role of the acetate boost in long-term
Cre12.9510500 53 23 19 TAG l .
Cre12.9513600 53 | 18 23 accumulation.
Cre12.9551100 84 27 25 . . L
oot szaen0 o = Comparisons of the cw15 and sta6 strains. The original prem-
Cre13.9580000 784 322 260 35 1 1 1
Sro135500000 Tal s 2% ise gf this study was that the cw15 strain was the parent (?f the sta6
fdaeen sl e telw strain, but the careful work of Blaby et al. (14) has established that
[ Crot7.g725750 iso| o Torl this is not the case, leading them to focus much of their inquiry on
“ Genes that do not show this pattern in the cw15 strain are shown in italics. comparing the sta6 mutant with corn.p.leme.nted stab StralII.S.
The genes in colored type also show an increase in expression at 48 h NE However, the responses to N-free conditions in the cwl5 strain
relative to 24 h NF (see Table S7 in the supplemental material): red indicates and in complemented sta6 strains proved to be generally similar
that the pattern is present in cwl5 and sta6 strains, and blue indicates that it (14).

is present in the sta6 strain only. PB, postboost.

A major observation of the study by Blaby et al. (14), supported
by assays of enzyme activity and metabolite profiles, is that sta6
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cells increase expression of five key genes—ICL1, MASI, PCKI,
TALI, and FBPI—during 0—48 h NF, whereas expression of
these genes in starch-forming strains is low during this period,
suggesting that the glyoxylate and gluconeogenesis pathways are
more active in the sfa6 strain than in starch-producing strains. In
the WUSTL study, wherein different media and light conditions
were used (see Materials and Methods), these five genes also share
common patterns of expression, but the shared patterns are dif-
ferent from the UCLA patterns: in the cwl5 strain, transcripts
remain elevated until 24 h NF and then drop to lower levels, while
in the sta6 strain, transcript levels are low except for a curious and
unexplained spike in abundance at 24 h NF which abates by 48 h
NF. We went on to identify 16 additional genes in the WUSTL
data set whose patterns of expression match those of the first five,
where most of these 21 genes also respond to acetate boost (Fig. 5
and Table 7). Several of the genes in this cohort are also anoma-
lously expressed in a mutant strain that has a deletion of the isoci-
trate lyase gene (ICLI) and hence is blocked in its glyoxylate cycle
(61). We suggest that the transcription patterns of this “sensitive”
gene set are indicative of the biochemical pathways being pursued
by cells under a given set of environmental/genetic conditions and
that they may be less informative in indicating the defining differ-
ences between starch-forming and starch-null cells.

With the important caveat that half the C. reinhardtii genes
have not yet been annotated, and some of these may play key roles
in storage product biology, four genes, in red in Fig. 6, have been
identified whose expression is markedly distinctive between the
sta6 and starch-forming strains under various laboratory condi-
tions: DGTT2, encoding one of several diacylglycerol acyltrans-
ferases (first noted in reference 14); Cre03.g155250 and
Crel7.g735600, encoding candidate lipases; and GPD3, encoding
one of five glycerol-3-P dehydrogenases.

DGTT2and the candidate lipases are strongly overexpressed in
the sta6 strain compared with starch-forming strains even in N-
replete medium (Tables 4 and 5). While it is straightforward to
posit correlations between enhanced DGTT?2 levels and TAG ac-
cumulation, it is counterintuitive to posit such correlations for
lipases. However, the recent work of Li et al. (50) documents that
a gene annotated as encoding a TAG lipase, and now called PDG],
in fact participates in TAG biosynthesis under N-free conditions,
and Cre03.g155250 is a homologue of PDG. A full characteriza-
tion of the Cre03.g155250 and Crel7.g735600 gene products and
gene knockdowns is clearly highly warranted.

Glycerol-3-P dehydrogenases (GPDHs) catalyze the formation
of glycerol-3-P, the backbone of lipid molecules, from dihydroxy-
acetone phosphate (DHAP), which is, in turn, formed by the
cleavage of fructose bisphosphate via fructose bisphosphate aldo-
lase (FBA). Aldolases associate with both gluconeogenesis and the
Calvin-Benson cycle, and two of the four FBA-encoding genes in
C. reinhardtii are members of the sensitive gene cohort (Table 7).

The C. reinhardtii genome encodes five GPDH enzymes. Of
these, GPDH2 and GPDH4 are predicted to be chloroplastic, and
expression of their corresponding genes increases steadily during
48 h—N, with GPD4 transcripts generally being 1.5- to 2-fold
higher in the sta6 strain than in the cwl5 strain (Table 6). The
GPD3 gene, with no predicted targeting sequence, is poorly ex-
pressed in all tested strains during 0—48 h NF. However, with the
acetate boost, its transcription is strongly enhanced, far more so in
the sta6 strain than in the cwl5 strain, to 96 h NF (Table 6). Little
attention has been given to a possible role for glycerol-3-P levels in
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influencing rates of DAG/TAG biosynthesis (19, 22), but these
profiles suggest that an exploration of this possibility could be
fruitful.

While these four gene expression differences between the cw15
and sta6 strains may well prove to participate in generating the
sta6 phenotype, the phenotype is also likely to be influenced at the
metabolic level by what we can term a glucose-6-P backflow. Blaby
etal. (14) showed thatlevels of glucose-6-P are 2-fold higher in the
sta6 strain at 96 h NF than in complemented starch-forming
strains, similar to two starch-null mutants of Arabidopsis that ac-
cumulate hexose monomers (70, 71). Moreover, the WUSTL and
UCLA data both indicate that sta6 cells are fully committed to
forming starch, expressing the relevant enzymes at the same levels
and for the same time periods as do starch-forming cells (Table 2).
Hence glucose-6-P is presumably generated and sent to the starch-
biosynthetic apparatus in a normal fashion. When, in the sta6
strain, it fails to be converted into glucose-ADP and undergo po-
lymerization, it presumably has to go somewhere, the obvious
possibility being that it is somehow involved in the formation of
chloroplast LBs (18).

The widely accepted model for LB formation in land plants is
that fatty acids are synthesized in the chloroplast and then shuttled
to the ER, where they are conjugated to glycerol-3-P backbones by
resident ER enzymes to generate DAGs and then TAGs. Recent
studies, however, indicate that TAG biosynthesis in C. reinhardtii
has a number of distinctive features (summarized in Fig. 9 of ref-
erence 50): (i) the DAG moieties are largely assembled in the plas-
tid, and some are then shipped to the ER for the addition of a third
acyl group (16); (ii) many of the TAG fatty acids derive from
pre-existing chloroplast glycerolipids that are cleaved by dedi-
cated lipases such as PDG1 (50); and (iii) the closely apposed
chloroplast outer envelope membrane and ER membranes (18)
are coparticipants in cytoplasmic LB assembly, perhaps assisted by
alga-specific and ER-localized MLDP proteins (12, 49). Another
relevant consideration is that C. reinhardtii likely possesses at least
one chloroplast-localized diacylglycerol acyltransferase that me-
diates the constitutive formation of TAG-filled plastoglobules and
eyespot granules in all strains (12, 18).

One sta6 scenario, then, would go as follows. (i) Some of the
posited glucose-6-P backflow feeds into the plastid-localized pen-
tose phosphate pathway to generate the NADPH required for ad-
ditional fatty acid synthesis as photosynthetic electron transfer
abates. (ii) Some of the backflow moves in the glycolysis direction
until it forms fructose bisphosphate, some of which is then
shunted into glycerol-3-P via enhanced levels of GPDH enzymes,
where the sharply reduced level of fructose bisphosphate in N-
starved sta6 cells (14) is consistent with this suggestion. (iii) The
backflow may also inhibit operation of the glyoxylate cycle, as is
observed in land plants (62), directing acetate into fatty acid bio-
synthesis. (iv) The augmented fatty acid and glycerol-3-P pools,
supplemented by the products of thylakoid breakdown (18), gen-
erate augmented levels of chloroplast DAG, some of which is then
converted into chloroplast TAG, events mediated by the enhanced
levels of DGTT2 and Cre03.g155250/Crel7.g735600 enzymes. (v)
The TAG is stored in chloroplast-localized LBs, perhaps via an
expansion of pre-existing plastoglobules (18). Testable features of
this model include the prediction that mutations in the four sta6-
enhanced enzymes would compromise chloroplast LB formation
in a sta6 background and that these enzymes are chloroplast local-
ized.
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Mutations like the sfa6 deletion are expected to generate a loss-
of-function phenotype, in this case an inability to form starch.
Unexpected is a gain-of-function phenotype, in this case the for-
mation of a novel class of LBs with the attendant upregulation of at
least four lipid-related genes. Chloroplast LBs have a well-defined
organization and architecture (18), which is also unexpected for a
cellular trait generated by a biochemical defect. Hence, it is possi-
ble that the sta6 genotype elicits the expression of a chloroplast-LB
biosynthetic program, encoded in the C. reinhardtii genome,
which is not called upon in wild-type cells under normal labora-
tory conditions but is stimulated in wild-type cells under to-be-
identified conditions.

Acetate boost. The acetate boost was discovered by accident:
an additional 20 mM acetate was inadvertently added to a culture
at 48 h NF, and we noticed that the cells went on to accumulate far
larger LBs than nonboosted cells. In our earlier study (18), the
effects of the boost were monitored by light and electron micros-
copy, where both cytoplasmic and chloroplast LB size was more
strongly enhanced in the sta6 strain than in the cw15 strain.

We document here that the rate of acetate depletion from me-
dium boosted to 40 mM acetate is unchanged from the rate of
depletion at 20 mM acetate (Fig. 4), countering hypotheses that
the boosted cells simply take up additional acetate for fatty acid
and hence TAG biosynthesis.

That said, there apparently occurs at least a pulse of acetate
entry when the boost is administered, as documented by two
events: (i) 229 flagellum-related genes are transiently upregulated
in expression in the cwI5 strain, the classic response to the acetic
acid-mediated “pH shock” used to deflagellate C. reinhardtii cells
(43); and (ii) ~1,300 additional genes are either up- or downregu-
lated in expression =2-fold following boost in both strains (Table
1), with most quickly returning to preboost levels. Only a few of
the upregulated genes encode enzymes in pathways for starch or
lipid biosynthesis (Tables 2 to 5), but many encode proteins in-
volved in nitrogen uptake and scavenging (see Table S6 in the
supplemental material) and in pathways of central carbon metab-
olism (Tables 6 and 7; also, see Table S5 in the supplemental ma-
terial).

Of particular interest are 13 strongly boost-upregulated genes
whose expression is low when cells are grown or N starved in
medium lacking exogenous acetate (Table 8 and Fig. 6, blue font),
suggesting that these genes carry upstream regulatory elements
responsive to the cell’s acetate status. Interestingly, a different set
of genes, involved with spore formation, is coordinately upregu-
lated by acetate in S. cerevisiae (68).

Hence, assuming that these transcripts are translated, one con-
sequence of the boost is to endow cells with enhanced levels of key
transporters and enzymes for the ensuing days of N starvation and
TAG formation.

Two observations form the basis for an additional hypothesis
on the influence of the boost. By microscopy, we noticed that
starting at 48 h NF, nonboosted cells come to contain large cyto-
plasmic vacuoles (Fig. 2), filled with degrading cellular material
(Fig. 3), a response that does not occur in boosted cells. The non-
boosted cells are fully viable (see Table S1 in the supplemental
material), indicating that this autophagy program is a “natural”
and not a toxic response to N deprivation, but it is accompanied
by a smaller accumulation of TAG in nonboosted cells.

We then noticed, in analyzing the 875 sta6 genes whose tran-
scription is downregulated by the acetate boost, a set of 64 genes
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encoding proteins that are expected to participate in protein qual-
ity control and autophagocytic processes, including proteasome
subunits, chaperones, heat shock proteins, cyclophilins, and pro-
teases (Table 9). Moreover, 22 of these genes show a sharp increase
in expression in the sta6 strain during the day immediately prior to
the boost (see Table S9 in the supplemental material), where an
additional 20 nonannotated genes also show this pattern as well
and may represent additional members of the cohort. Hence, ex-
pression of a sizable autophagy-related gene subset is either simply
downregulated by the boost or else first stimulated at 48 h NF and
the stimulation then aborted by boost. In both sets of experiments,
the cw15 strain is less responsive to the proposed “autophagy sig-
nal” than is the sta6 strain, possibly because it is less stressed due to
its starch reserves. These data suggest that the boost is able, for
unknown reasons, to signal to the sta6 strain that it is not neces-
sary to pursue the autophagy program, thereby enabling the cells
to follow the path to full obesity.
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