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Acdimation of Chlamydomonas reinhardtii cells to low levels of
singlet oxygen, produced either by photoreactive chemicals or high
light treatment, induces a specific genetic response that strongly
increases the tolerance of the algae to subsequent exposure to nor-
mally lethal singlet oxygen-producing conditions. The genetic re-
sponse includes the increased expression of various oxidative
stress response and detoxification genes, like the glutathione per-
oxidase homologous gene GPXH/GPX5 and the ¢-class glutathione-
S-transferase gene GSTS1. To identify components involved in the
signal transduction and activation of the singlet oxygen-mediated
response, a mutant selection was performed. This selection led to
the isolation of the singlet oxygen resistant 1 (sor1) mutant, which is
more tolerant to singlet oxygen-producing chemicals and shows
a constitutively higher expression of GPXH and GSTS1. Map-based
cloning revealed that the SOR1 gene encodes a basic leucine zipper
transcription factor, which controls its own expression and the ex-
pression of a large number of oxidative stress response and detox-
ification genes. In the promoter region of many of these genes,
a highly conserved 8-bp palindromic sequence element was found
to be enriched. This element was essential for GSTS7 induction by
increased levels of lipophilic reactive electrophile species (RES), sug-
gesting that it functions as an electrophile response element (ERE).
Furthermore, GSTST overexpression in sor1 requires the ERE, al-
though it is unknown whether it occurs through direct binding of
SOR1 to the ERE. RES can be formed after singlet oxygen-induced
lipid peroxidation, indicating that RES-stimulated and SOR1-medi-
ated responses of detoxification genes are part of the singlet oxy-
gen-induced acclimation process in C. reinhardtii.
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In photosynthetic organisms, exposure to harsh environmental
conditions, such as high light intensities or low temperature, can
lower the photosynthetlc efficiency and stimulate the formatlon of
reactive oxygen species (ROS) like singlet oxygen (*O,) and su-
peroxide anion radicals (1). To avoid ROS-induced damage,
physiological acclimation processes are activated, many of which
depend on the increased synthesis of nucleus-encoded proteins
(2). Therefore, the expression of the corresponding genes is con-
trolled by plastid signals responding to various factors such as the
plastid gene expression activity, levels of chlorophyll precursors,
the redox state of the photosynthetic electron transport chain, and
the formation of ROS (recent reviews in refs. 3-5). Mutant anal-
yses have revealed several plastid (e.g, GUN1-5 and EXE-
CUTERLI and -2) or cytosolic proteins (ABI4, GLK, and PTM)
that participate in the chloroplast to nucleus retrograde signaling
(3, 6). However, the molecules transmitting the plastid signals of
the chloroplast are still unknown.

Singlet oxygen is one ROS that can function as a plastid 51gnal to
activate nuclear gene expression (2). In Arabidopsis thaliana, 'O,
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produced in the chloroplast of the conditional fluorescent (flu)
mutant was shown to activate a programmed cell death (PCD)
response (7). In Chlamydomonas reinhardtii, 'O, produced during
acclimation to high light intensities induces an acclimation
response that involves increased expression of various nuclear
defense proteins (8). This expression includes a thioredoxin
peroxidase encoded by the glutathione peroxidase homologous
gene GPXH/GPX5 (9), which was shown to be specifically induced
by '0, (10, 11), and a o-class glutathione-S-transferase (GSTSI)
more generally induced by different ROS (8, 12). The high re-
activity of 'O, suggests that it acts close to its site of productlon
(13). Thus, it was argued that, for induction of nuclear genes, 'O,
reaction products such as ox1dlzed lipids might function as second
messengers to transmit the signal out of the chloroplast (5, 14). In
the A. thaliana flu mutant, fatty acid-derived oxidation products
(oxylipins) were detected shortly after the dark-light shift, which
stimulated 'O, production (7). However, these oxyhplns were
formed enzymatically and resulted in the accumulation of the
phytohormones 12-oxophytodienoic acid (OPDA) and jasmonic
acid (JA) (15). These hormones are known to regulate various
metabolic and developmental processes but are probably not
specific second messengers of "O, signaling. Nevertheless in-
volvement of enzymatically formed oxylipins in '0, srgnahng has
recently been shown usmg mutants of the 9-lipoxygenases initi-
ating fatty acid oxidation in plants (16). However nonenzymatic
lipid oxidation products might function in 'O,-mediated signal
transduction and activate redox-sensitive transcription factors by
their strong electrophilic properties (5, 17). Interestingly, OPDA,
itself a reactive electrophile species (RES), also stimulates the
expression of a set of genes that are distinct from JA-induced
genes and include many genes involved in oxidative stress re-
sponse and det0x1ﬁcat10n of xenobiotics (18). In C. reinhardtii, fast
GPXH induction by 'O, produced by low rose bengal (RB) con-
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centrations in the light was not affected by depleting lipophilic
antioxidants, excluding fatty a01d derived RES as potential signal
molecules for this sensitive 'O, response (19). However, the
GPXH gene is also induced by organic hydroperoxides through
a slower-acting induction mechanlsm indicating that both lipid
peroxidation products and 'O, activate the expression of the same
defense gene, although with different kinetics (20). Thus, 'O,-
derived RES mlght at least partially regulate the response of
defense genes to

Classical genetlc approaches have provided valuable in-
formation about the regulatlon of oxidative stress responses in
general and the response to 'O, specifically in several reference
systems. In Rhodobacter sphaeroides, mutants of the alternative
o-factor o* showed a reduced genetic response and were more
sensitive to 0., suggesting that 6© mediates the 'O,- spemﬁc in-
duction of defense genes (21). In Saccharomyces cerevisiae, re-
sponse to peroxide and 'O, stress is regulated by the basic leucine
zipper (bZIP) transcription factor YAP1, and yapl mutants can-
not acclimate to H,O, and are sensitive to RB (22, 23). Screening
for suppressor mutants of the PCD response in the A. thaliana flu
mutant resulted in the identification of the executer! and -2
mutants, in which the affected genes encode two chloroplast-lo-
calized proteins required for the induction of nuclear gene ex-
pression and PCD after 'O, release (24 25).

To identify components of the 'O,-signaling pathway in C.
reinhardtii, mutants with an altered genetic response to ~O,-pro-
ducing chemicals were isolated (26). However, none of these
mutants was affected in any downstream signaling component. In
the present study, we isolated RB-resistant mutants, one of which
showed a strong constitutive expression of the GPXH and GSTS!
genes. Additional characterization of the mutant revealed a mu-
tation in a gene encoding a putative bZIP transcription factor that
regulates the expression of various oxidative stress and RES de-
toxification genes in response to RES signals.

Results

Isolation of Singlet Oxygen-Resistant Mutants. The green alga C.
reinhardtii is able to increase its tolerance to 'O, stress by actl—
vating an acclimation process during exposure to low levels of 'O,
that involves the specific induction of defense genes (8). To
identify cellular components that trigger this acclimation process,
we sought to isolate mutants showing constitutive acclimation and
increased tolerance to 'O,. Therefore, the WT strain 4A+ was
UV-mutagenized and plated onto agar plates containing a lethal
concentration of the 'O,-photosensitizer RB. After an overnight
recovery in the dark, plates were shifted to continuous light for
1 wk, at which p01nt 40 RB-resistant clones were isolated. To
confirm increased 'O, resistance and identify mutants that are
potentially affected in an upstream regulatory comnonent of de-
fense against 10, the 40 clones were rescreened for 1O, tolerance
using RB and another photosensitizer, neutral red (NR), and then
tested for the expression of the putative target genes GPXH,
GSTS1, and GSTS2. One of three mutants passing this second
screen was called singlet oxygen resistant 1 (sorl), and it showed
1ncreased resistance to RB and NR and strong overexpression of
'0,-response genes (Fig. 1 4 and B).

GSTSI and GSTS2 are both '0,-response genes; however, their
responses are less specific for 'O, than GPXH induction, and they
are also strongly induced by other oxidative stress conditions (12).
Because sorl exhibits a stronger overexpression of GSTSI and
GSTS2 than GPXH (Fig. 1B), we tested the resistance of sorl to
different ROS in a more quantitative manner. Cultures of sor! and
the WT were exposed to increasing concentrations of various
ROS-producing chemicals in liquid cultures for 24 h to measure
growth and then spotted on agar plates to analyze viability. In the
absence of any chemical, there was no significant dlfference in the
growth rates of the two strains (sorl: 1.91 + 0.08 d™'; 4A+: 1.85 +
0.11 d71, showing that the metabolic cost for overexpressmn of
the defense genes is probably low. In the presence of RB and NR,
however, sorl survived concentrations that were at least twofold
higher than those concentrations survived by the WT strain, but
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Fig. 1. Phenotypic characterization of sor7. (A) sor1 was isolated as a '0,-

resistant mutant by growing on solid TAP medium containing lethal concen-
trations of the chemicals RB (2 pM) and NR (8 pM). (B) RNA gel blot analysis
revealed that the sor7 mutant exhibits a constitutive higher expression of the
'0,-responsive genes GPXH, GSTS1, and GSTS2 compared with WT, which was
confirmed quantitatively by gPCR. (C) Quantitative analyses of the sor7 re-
sistance to various oxidative and electrophilic stress conditions were done in
liquid cultures by growing cells with increasing concentration of individual
chemical for 24 h and subsequent spotting on agar plates for recovery. (D)
Distribution of annotated genes (496 up-regulated and 288 down-regulated)
of 1,895 genes differently expressed at least twofold in sor! compared with
WT into different functional categories based on Mapman (28). Size of the
slice for each functional group is based on the absolute number of up- or
down-regulated genes annotated to each category.

sorl did not show increased resistance to the superoxide radical-
producing herbicide methyl viologen (MV) or H,O, (Fig. 1C and
Table 1). Interestingly, sor! was slightly more tolerant to the or-
ganic fert-butylhydroperoxide (tBOOH). GSTs belong to the
phase II detoxification system, which is involved in the removal of
xenobiotics, including electrophiles like substituted quinones and
plant oxylipins, from cells by conjugation and subsequent elimi-
nation (27). This finding prompted us to test resistance of sor! to
various RES; sor! was found to be more resistant than the WT
strain to the potential GST substrates 1-chloro-2,4-dinitrobenzene
(CDNB) and 2E-hexenal, and also, it was found to be slightly more
resistant to fert-butylhydroquinone (tBHQ).
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Table 1.

Induction of a GSTST-GLUC reporter construct in WT exposed to different chemical

treatments and ECso + SEM of the chemicals in WT and sor?

Fold induction (+SEM) ECso (1M)

Chemical Concentration Light Dark WT sort
Salt or osmotic stress

Nacl 200 mM 1.8 +0.5 n.d. n.d. n.d.

Sucrose 600 mM 1.5+ 0.5 n.d. n.d. n.d.
Photosynthesis inhibitor

DCMU 0.1 uM 1.1+£02 n.d. n.d. n.d.

DBMIB 5 pM 325+120 230+ 72 58+ 0.7 57 +03
ROS-generating chemicals

H,0, 2 mM 59+24 1.0 + 0.1 2,100 + 205 1,977 + 294

MV 0.1 uM 1.1+0.2 1.0 £ 0.1 0.056 + 0.004 0.057 + 0.002

NR 5 pM 13.7+£2.0 1.0 + 0.1 41+04 7.9 + 0.5*%

RB 1uM 4.2+ 1.6 0.6 + 0.2 1.3+ 0.1 1.8 +0.1*

tBOOH 100 uM 303 +9.1 125+ 2.1 111 +4 139 + 4*
RES-generating chemicals

p-Benzoquinone 20 pM 130 + 8 53.2 +17.6 199+04 30.5 + 4.0"

tBHQ 30 pM 275+68 403 +97 285+ 1.0 30.8 + 1.6

CDNB 10 pM 125 + 18 24.8 + 6.6 87+04 12.6 + 0.8*

2E-Hexenal 500 uM 232 + 33 107 + 16 471 £ 1 541 + 18*
Phytohormones

OPDA 200 pM 239 +5.6 n.d. n.d. n.d.

JA 200 pM 1.0 + 0.1 n.d. n.d. n.d.

n.d., not determined.

*Significant difference between sor? and the WT resistance (P < 0.01).
TSignificant difference between sor? and the WT resistance (P < 0.05).

To identify more genes that are differentially regulated in
sorl, a genome-wide expression analysis was performed. Over-
expression of GPXH in sorl was found to be higher during the light
period of synchronously grown cultures. Therefore, total RNA
was isolated from synchronously grown cultures of sorl and WT
6 h after starting the light phase. Abundance of mRNAs was ana-
lyzed by RNA-Sequencing (RNA-Seq), and a total of 15,818
transcripts were identified, of which 1,287 were up- and 608 were
down-regulated more than twofold in sor! compared with the WT
strain. Of the genes with known functions, the most strongly up-
regulated genes in sor! are a pyridoxamine 5'-phosphate oxidase
required for vitamin Bg synthesis, an agmatine-iminohydrolase
involved in a polyamine pathway, and GSTSI. For many other
induced genes, it was only possible to annotate functions on the
basis of Pfam protein domains. Additional analyses of cellular
functions were done based on Mapman annotations (28), which
revealed that the differently expressed genes encode for proteins
with a broad range of cellular functions (Fig. 1D). However, only
genes of a few functional groups, like cell division and transport,
were slightly overrepresented in the fraction of overexpressed
genes, whereas genes for vesicle transport were the only significant
group in the down-regulated fraction (P < 0.05) (Table S1).

SOR1 Gene Encodes a Putative bZIP Transcription Factor. The sorl
mutant was created by UV mutagenesis and thus, was backcrossed
four times to the WT to eliminate any undesired nuclear mutations.
Segregation analysis of these backcrosses showed a clear 2:2 seg-
regation of the resistance to RB and tBOOH in all tetrads tested,
indicating that a single nuclear mutation is responsible for the sor!
phenotype (Fig. S1). To localize this mutation in the genome of C.
reinhardtii, a map-based cloning approach was applied by crossing
the mutant to the polymorphic strain S1-C5 and testing the prog-
enies for segregation of the sor! phenotype with different molecular
markers (29). This process allowed an initial mapping of the sor!
mutation to the long arm of chromosome VII close to the chro-
mosomal marker CHLH (Fig. 24). For fine mapping, additional
molecular markers were designed for the two strains, and analysis
of a total of 214 progenies allowed localization of sor! to a 200-kb
region of the genome in which no additional recombination could
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be detected. This region was searched for candidate genes involved
in regulation of gene expression. Six candidate genes were identi-
fied, including two transcription factors and four guanylyl cyclases.
Sequencing of these genes revealed a C to T transition in the pre-
dicted coding region of one of two putative transcription factors
(JGI-V4 protein ID 187531) (Fig. 2B). Sequencing of the corre-
sponding transcript confirmed the computationally predicted model
for the gene, which is composed of nine exons and eight introns,
and positioned the mutation in the last exon, which is 3,263 bp
downstream of the translation start codon. In this gene model, the
sor] mutation is predicted to cause a single amino acid change of
proline 371 into a leucine near the C-terminal end of the 393-aa
protein (Fig. 2C). Similarity searches for the SOR1 protein in
common sequence databases revealed no homology to any known
protein of other organisms, except for one putative ortholog (74%
identity) in the genome of the closely related alga Volvox carteri.
The protein was predicted to function as a transcription factor
based on the identification of a putative bZIP DNA binding do-
main (E-value = 5.02 x 107°), indicating that the sorl phenotype
could be caused by a mutation in a transcription factor.

To confirm that the mutation identified in the putative bZIP
transcription factor is responsible for the sor! phenotype, comple-
mentation experiments were performed. However, sor! might be
a gain of function mutation, which would be dominant and hence,
not be complemented by the WT allele. To test dominance of sor1,
vegetative diploid C. reinhardltii strains were constructed. The het-
erozygous sorl/SORI diploid showed intermediate expression of
GSTS1 compared with the sorl/sorl and SOR1/SORI homozygote
controls. This finding shows that the sor! mutation is semidominant
and most likely, a gain of function mutation (Fig. 34).

As a consequence of the semidominance of sorl, comple-
mentation analyses were performed by overexpressing either the
sor]l mutant allele in the WT strain or the SORI WT gene in the
sor] mutant using the PSAD promoter (30). Transformants with
the overexpression constructs were screened for their resistance
to NR and tested for overexpression of the complementing sor!
or SORI transcript. Several clones of WT overexpressing the sor!
mutant gene were found to be more resistant to NR and express
the GSTS1 gene at higher levels compared with the corre-
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Fig. 2. Map-based cloning of SORT. (A) Localization of the sor? mutation to
a 200-kb region on the long arm of chromosome VII. The position of
established molecular markers as well as newly designed markers within the
region of 1,100-1,500 kb chromosome VIl and the number of recombinants
for each marker are indicated. (B) Location of a C to T transition at position
3,263 bp relative to the translation start codon within the ninth exon of the
3,333-bp SORT gene. (C) Amino acid sequence (one letter code) of the cor-
responding SOR1 protein with the change of proline 371 into a leucine in the
sor! mutant indicated by an arrow. The positions of amino acids of the
predicted bZIP DNA binding domain are underlined.

sponding WT strain containing only the empty vector (Fig. 3B).
This finding confirms that the mutated bZIP transcription factor
is responsible for the sorl phenotype and that sorl is a gain of
function mutation. Complementation of the sor! mutant with the
WT protein, however, resulted in only one clone with slightly
reduced NR resistance and no significant reduction in GSTSI
expression compared with sor! transformed with the empty
vector. To our surprise, the SORI gene was, similar to GSTSI,
already overexpressed in the sor! mutant before transformation
with any overexpression construct, suggesting that the gene
autoregulates its own expression. This finding was confirmed by
the RNA-Seq data showing that SORI mRNA abundance is 2.5-
fold higher in the mutant compared with the WT strain.

Role of an 8-bp Palindromic Sequence Element in the Promoters of
SOR1, GSTS1, and GPXH. Overexpression of SORI in the sor] mutant
raised the question of whether the expression of SORI is similarly
regulated compared with other genes that are up-regulated in the
mutant. Therefore, we tested the induction of the SORI gene in
the WT strain during exposure to various oxidative stress con-
ditions known to stimulate the expression of GSTSI and GPXH
(12). SORI transcript levels indeed increased 11.5-fold after 1 h of
NR treatment and were also up-regulated to a lower extent by RB,
H,0,, MV, tBOOH, and the herbicide 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (DBMIB), which blocks the photo-
synthetic electron transport chain (Fig. 44). Exposure to high light
conditions, however, only stimulated SORI expression after pro-
longed exposure of at least 2 h. Although induction of SORI was
generally lower than the induction of the GSTS! and GPXH genes
under the same condition, SOR! showed a very similar response
pattern to GSTS1, indicating that their expression might be con-
trolled by similar regulatory mechanisms.
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Fig. 3. Dominance and complementation of sor1. (A) The sor1 mutation
was crossed into the arg7-1 and arg7-8 backgrounds, and vegetative diploids
that are homozygous mutant (sor1/sor1), WT (SOR1/SORT), or heterozygous
(sor1/SORT1) were generated. Dominance of the mutation was tested by
determining GSTST expression with RNA gel blot analysis using the amount
of rRNA as a loading control. (B) Complementation of sor7. Phenotypes of
four independent clones of WT (4A+) or sor1 transformed with constructs
overexpressing either the mutant sor?7 or WT SOR7 coding region with the
PSAD promoter are shown. Because of the semidominant character of the
mutated sor? gene, 4A+ overexpressing sor! became more resistance to NR
on agar plates and exhibited higher expression of GSTST analyzed by gPCR
compared with 4A+ or 4A+ transformed with the empty vector pSL18.
However, when sor1 overexpressed the WT SOR1 protein, no complemen-
tation was detected for most transformants.

Expression of GPXH during different oxidative stress con-
ditions was shown to be regulated by multiple mechanisms (20,
26). A promoter element homologous to the cAMP-responsive
element (CRE) and activator protein 1 (AP-1) binding site in
mammals was essential for the induction of a GPXH-arylsulfatase
(ARS) reporter construct by 'O, (11). Such a CRE/AP-1-like el-
ement was also found in the promoter region of the GSTSI gene.
To test a putative role of this element in the response of the
GSTS1 gene to oxidative stress, reporter constructs with the
GSTS1 promoter fused to the Gaussia luciferase (GLUC) gene
adapted for C. reinhardtii were cloned (31). Although a high var-
iability in expression and induction of the WT construct was
detected in the different transformants, an average up-regulation
of 23.8-fold could be measured during exposure to DBMIB,
showing that the induction of GSTS! by this chemical is caused by
transcriptional activation (Fig. 4B). Interestingly, NR, which led to
the highest GSTS! transcript levels measured by quantitative PCR
(qPCR), only weakly induced the expression of the reporter con-
struct, indicating that this ROS stimulates GSTS1 expression by
multiple regulatory mechanisms. Deletion of the CRE/AP-1-like
element in the promoter of GSTS! did not significantly reduce the
response of the reporter construct to DBMIB or NR. Another
putative regulatory element, consisting of an 8-bp palindromic
core sequence (CAACGTTG), was found in the promoters of
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Fig. 4. Induction mechanism of putative sor? target genes. (A) Induction
profiles of the SOR1, GSTS1, and GPXH genes after exposure to different oxi-
dative stress conditions were compared: RB (1 pM), NR (3 pM), H,0, (2 mM), MV
(1 uM), tBOOH (100 M), and DBMIB (2 uM) for 1 h and high light irradiation
(HL; 2,000 pmol photons m~2s") for 1and 2 h. (B) Independent transformants
containing different GSTST-GLUC or GPXH-ARS reporter constructs were an-
alyzed for the response of the constructs to either 3 uM NR or 2 yM DBMIB. To
analyze the role of the putative regulatory elements CRE/AP1 (gray box) or the
8-bp palindrome (ERE; white boxes) in the response of the genes, various
constructs with one or several mutated elements were tested for induction by
the chemicals. (C) Average ARS activity of the indicated number of WT (4A+) or
sorl1 clones transformed either with the WT or palindrome-deleted GSTS1 re-
porter construct. Significant (*P < 0.05, **P < 0.01) differences to the responses
of the WT constructs in the WT strain (bold letters) are indicated.

SORI1, GPXH, and GSTSI. GSTS1 contains three copies of the
element within the first 330 bp upstream of the start codon.
However, earlier investigations with reporter constructs contain-
ing a GPXH promoter with a mutated version of the palindrome
revealed that this element was not required for GPXH induction
by 'O, (26). When the same construct was now tested for the re-
sponse to DBMIB, the low but significant induction of the WT
GPXH promoter was completely abolished in the mutated con-
struct (Fig. 4B). We, therefore, deleted the three palindromes in
the GSTSI promoter, either individually or combined, and
detected strong reduction of the response to DBMIB when re-
moving either of the two proximal elements. No reduction was
detected when the most distal element was deleted, showing that
the distance of the palindrome to the transcription start site is
important for activation. The triple mutant construct did not re-
spond at all to DBMIB and NR, showing that these elements are
required for activation of GSTS! transcription by these chemicals.

We then investigated whether overexpression of GSTS! in
sorl is caused by increased transcriptional activity and requires
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the 8-bp palindrome. Because of the very high expression vari-
ability of the same reporter construct containing the GLUC gene
in different transformants, this reporter gene could not be used
to compare difference in expression strength in sor/ and WT.
ARS constructs, however, showed much less expression vari-
ability between clones (9). Thus, transformation of a GSTSI-
ARS reporter construct into the sor! strain resulted, on average,
in a fivefold higher expression of the reporter construct than
when the construct was introduced into the WT strain (Fig. 4C).
However, ARS activity was not increased in transformants of
sorl containing the palindrome-deleted GSTSI-ARS reporter
construct, which showed comparable average expression activity
relative to transformants of the WT strain containing either
construct. This finding indicates that overexpression of GSTS! in
sorl is mediated through the same transcriptional activation
mechanisms as DBMIB induction, both requiring the presence
of the 8-bp palindrome in the promoter region. Furthermore,
transcript half-lives are not changed in sorl, and therefore, a post-
transcriptional mechanism cannot explain GSTS! and SORI
overexpression (Fig. S2).

The different expression pattern of the GSTS! WT gene and
GSTS1-GLUC reporter construct by NR and DBMIB (Fig. 4)
and the conclusion that multiple regulatory mechanisms might
control GSTSI expression raised the question about the stron-
gest activation signal of GSTSI-GLUC transcription. Therefore,
a selection of stress conditions was tested for potency to induce
luciferase activity in one representative WT transformant.
Nonoxidative stress conditions like salt stress or osmotic stress
did not up-regulate the expression of the reporter construct
(Table 1). The same was true for the photosynthetic electron
transport inhibitor DCMU, whereas DBMIB again strongly
stimulated expression by more than 300-fold. DBMIB is often
used to study redox signaling by the reduced plastoquinol pool;
however, a very strong induction of the GSTS! reporter con-
struct in the dark indicates that another chemical property of
DBMIB is responsible for the genetic response. DBMIB is a p-
benzoquinone-derivative, and this group of chemicals is known
to be redox-active and electrophilic (32). We, thus, tested
GSTS1-GLUC induction by a series of oxidative and electro-
philic stress conditions. All of the chemicals that stimulate ROS
production also induced the expression of the reporter construct.
The strength of induction, however, was rather low compared
with DBMIB and reached maximal levels of 30-fold by tBOOH
treatment (Table 1). Stronger stimulation of expression was
detected by the various RES, including p-benzoquinone, tBHQ,
and CDNB. Endogenous electrophiles, such as reactive alde-
hydes, produced by lipid peroxidation are potential cellular sig-
nals to activate detoxification mechanisms (17, 33). Indeed, 2E-
hexenal strongly activated GSTSI transcription, and also, the
electrophilic oxylipin OPDA induced the response, although to
a lower extent. However, the OPDA-related nonelectrophilic
hormone JA did not stimulate expression, indicating that, in-
deed, the electrophilic property of OPDA is responsible for the
response. Furthermore, the GSTSI-GLUC induction strongly
correlated with the lipophilic properties of the chemicals in-
dicated by their octanol-water partitioning coefficient (Fig. 5).

Comparison of the Genome-Wide Response in sor? with Induction by
ROS and RES. To compare the genetic response of sor! with the
induction profiles of oxidative and electrophilic stress conditions,
genome-wide expression analyses were conducted with non-
synchronized cultures of sor/ and WT in the absence of chem-
icals or WT exposed to NR, tBOOH, DBMIB, or 2E-hexenal for
2 h. Expression levels after individual treatments were quantified
with DNA microarrays enabling the assessment of 15,143 tran-
scripts (Fig. 64). Surprisingly, only 245 genes showed signifi-
cantly (P < 0.05) different expression more than twofold (192
genes up and 53 genes down) in sor! compared with WT in this
experiment. This finding seems to contradict the much larger
number of differently expressed genes found in the RNA-Seq
experiments. However, this finding might reflect, on one hand,
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Fig. 5. Correlation of GSTS7-LUC induction by various ROS- or RES-forming
chemicals with their putative membrane localization (lipophilicity) based on
their octanol water partitioning coefficient logKow (4). The correlation
coefficient was calculated excluding RB and tBHQ ({>) because of over-
estimation of their membrane localization by logKow as a result of the
negative charges (RB) or steric hindrance (tBHQ).

the lower sensitivity of DNA microarrays compared with se-
quencing-based expression analysis (34) and on the other hand,
the consequence of the different growth conditions used for the
experiment (i.e., synchronized vs. nonsynchronized cultures).
Indeed, significant overrepresentation of genes involved in cell
division among the sorl-overexpressed genes (Table S1) indi-
cates that the sor/ mutant might be affected in the cell cycle,
resulting in the strong differences in gene expression of syn-
chronized cultures compared with WT. Still, comparison of the
two expression analyses should allow filtering out of putative
specific SOR1-responsive genes that are up-regulated in both
conditions. This comparison revealed only 45 genes up-regulated
more than twofold in both analyses, whereas the majority of
genes might be induced in sor! under certain growth conditions
only (Fig. 6B). For 31 of 45 genes, a putative function could be
annotated, and most of these genes seem to be either involved in
stress response and detoxification (16 genes) or in the control of
transcription and translation (8 genes) (Fig. 6B and Dataset S14).

Contrary to overexpression of genes in sorl compared with
WT, thousands of genes were induced by one or more of the
chemical treatments. DBMIB, 2E-hexenal, and tBOOH induced
2,588, 2,421, and 2,637 genes, respectively, more than twofold
(P < 0.05), whereas NR stimulated slightly fewer genes (1,757).
Cluster analysis revealed that the induction profiles of DBMIB
and 2E-hexenal were most similar (Fig. 64) and that 1,685 of the
genes induced more than twofold were in common. This finding
is consistent with the view that DBMIB induces an electrophilic
stress response and probably acts as an RES. Expression profiles
of the two oxidative stress conditions NR and tBOOH were also
more similar to each other than to either DBMIB or 2E-hexenal
treatment. Still, the expression patterns of all four stress con-
ditions correlated more strongly to each other than to the pat-
tern of the sor! mutant. This finding was caused by the rather low
number of genes overexpressed in sor! detected by the micro-
array experiments, and it showed that only a small part of the
sorl response correlated with the response to oxidative or elec-
trophilic stress conditions. Still, most of the 45 genes up-regu-
lated in both sorl expression analyses, including all of the 16
stress response and detoxification genes as well as SORI, were
also induced more than twofold by several stress conditions (Fig.
6C and Dataset S14).

All of the differently expressed genes were then searched for the
presence of the 8-bp palindromic sequence element in a 2-kb
promoter region upstream of their start codons. There are 411
promoters (2.6%) with at least one CAACGTTG element in the C.
reinhardtii genome (of a total of 15,818 Augustus5 gene models).
Using this frequency as background, we computed the significance
for an overrepresentation of the 8-bp motif in different sets of
promoters. For instance, 14 of the 45 genes overexpressed in sor!
contain at least one palindromic sequence (31%, hypergeometric
P value = 2.2e-13). None of these 14 genes was in the group of 8
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Fig. 6. Global genetic response in sor? and after ROS and RES treatment. (A)
Total genome expression profiles analyzed by DNA microarrays in either the
sor1 mutant or the WT strain exposed to one of four chemicals [DBMIB (2 pM),
2E-Hexenal (Hex; 0.3 mM), NR (3 uM), or tBOOH (100 pM)] for 2 h. Genes with
significant differential expression (P < 0.001, 9,304 genes) in at least one of
five conditions were clustered based on similar expression profiles and visu-
alized in a color-based expression pattern. (B) Venn diagram showing the
number of genes up-regulated more than twofold in sor7 determined by RNA-
Seq in synchronized cultures and DNA microarrays in cultures exposed to
continuous light (Right). The 45 genes overexpressed in both conditions were
further analyzed for their putative function in cellular processes by homology
searches and identification of functional domains (Lower). (C) Venn diagrams
showing the distribution of the 45 genes consistently overexpressed twofold
in sor1 (Left) and the 166 genes that are more than 20-fold induced by at least
one of the chemical treatments but not in sor7 (Right) into different categories
based on their more than twofold induction by the chemical treatments. The
number of genes in each category (top number) and the number of genes that
contains the 8-bp palindrome sequence (ERE) in their promoter regions (lower
number in parentheses) are indicated.

genes overexpressed in sor! but not induced by any chemical (P
value = 0.19), but 11 of these palindrome-containing genes belong
to the set of 23 genes induced by all chemical stress conditions
(48%, P value = 0) (Fig. 6C and Dataset S14). One gene (protein
ID 404979), encoding a protein of the DJ-1/Pfpl family, had three
copies of the palindrome like GSTSI. When the promoters of 166
genes strongly induced by chemical treatments (but not more than
twofold in sorl) were screened, 12 genes contained the 8-bp pal-
indrome, corresponding to a frequency of 7.2% (P value = 4.0e-
04) (Dataset S1B); 5 of these 12 genes, a thiopurine-S-methyl-
transferase, a zinc-peptidase, a putative GST, GPXH, and a pro-
tein of unknown function (protein ID 194234) were overexpressed
more than twofold insor! in at least one of two expression analyses
and all chemical treatments, indicating that these genes might be
similar to the group of genes induced in sor! and by all chemicals.
Interestingly, all but one of the 14 genes overexpressed in sor!
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contained their palindrome within the first 410 bp upstream of the
start codon, with a strong accumulation between positions —190
and —350 bp (10 genes) (Fig. S3). Palindromes of the 12 genes
mainly induced by chemical treatments, however, were more
equally distributed over the 2-kb regions, with 6 genes having their
element farther upstream of the 410-bp region, which was often
also associated with lower induction strength. This finding sup-
ports a correlation between the presence of the 8-bp palindrome in
the proximal promoter region and a high expression of these genes
in both sorl- and RES-treated cultures.

To connect the genetic response determined for '0,, RES, and
sorl to increased tolerance of the algae to oxidative and electro-
philic stress, cross-acclimation experiments were performed.
Therefore either sorl or WT cells were preexposed to low levels of
the Oz-producmg chemical RB or the RES CDNB and sub-
sequently tested for resistance to high concentrations of the two
chemicals (Fig. 7). The sor] mutant and the WT strain both be-
came more tolerant to RB when acclimated to either RB or
CDNB for 2 h. However, neither of the pretreatments stimulated
resistance to CDNB in the two strains, despite the fact that sor!
was more tolerant to the chemical than the WT strain.

Discussion

Identification of SOR1 as a bZIP Transcription Factor Involved in
Acclimation to Singlet Oxygen. The response mechanisms of pho-
tosynthetic organisms to specific ROS, RES, and other redox sig-
nals have been extensively studied both in plants and algae (5, 35).
Still, only few of the cellular components involved in the regulation
of these responses are known. Here, we describe the isolation and
characterization of a mutant, sorl, that exhibits constitutive high
expression of various oxidative stress and RES detoxification genes;
consequently, it is more tolerant to high levels of ROS and RES
stresses. These phenotypes are caused by a single nucleotide mu-
tation in the coding region of a putative bZIP transcription factor
(protein ID 187531) causing a proline to leucine amino acid ex-
change near the C-terminal end of the mutant compared with WT
protein. Except for the presence of the conserved bZIP DNA
binding domain (N-x;-R-X¢-L-X¢-L-X¢-L) (36), the SOR1 protein
does not show any homology in its amino acid sequence to other
members of this family, except for a putative ortholog present in the
closely related species V. carteri and a paralogous sequence found in
the C. reinhardtii genome (protein ID 157582). Phylogenetic anal-
ysis of plant and algal bZIP transcription factors revealed that
SORI is one of seven putative bZIP proteins in C. reinhardtii, and it
belongs to a group of algal-specific proteins with an unclear evo-
lutionary relationship to other bZIP transcription factors of higher
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Fig. 7. Cross-acclimation experiments with the sor?7 mutant and the WT
strain preexposed to either 0.3 pM RB (+), 2 pM CDNB (+), or no chemical (-)
for 2 h. After acclimation, cells were challenged with increasing concen-
trations of either of the two chemicals in liquid culture for 24 h and then
spotted on agar plates to recover. ECso + SEM for growth inhibition was
determined with four independent replicates, and significant differences
(ANOVA, P < 0.05) are indicated by superscript letters, grouping non-
significant different values with identical letters.
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plants (37). SOR1 seems to be involved in the regulation of oxi-
dative/electrophilic stress response genes, a cellular function found
for various bZIP transcription factors in organisms from different
phyla. The A. thaliana protein bZIP10 is activated by an ROS signal
after pathogen infection, and it initiates a genetic response causing
PCD (38). In yeast, the redox-sensitive transcription factor YAP1p
is activated by ROS in a GPX3-dependent manner and stimulates
the expression of more than 100 genes, including a large number of
defense genes against ROS-induced stress (39). The mammalian
Nrf2-Keap1 system is composed of the bZIP transcription factor
Nrf2 and the redox sensitive negative regulator Keapl, which after
activation by ROS and RES, releases Nrf2 to activate gene ex-
pression (40). Thus, induction of genes by reactive species seems to
be a ubiquitous and evolutionarily conserved function of some
bZIP transcription factors, and it seems also to be the cellular
function of the SOR1 protein in C. reinhardltii.

The sorl mutant was originally 1solated in a screen for mutants
with constitutive acclimation to 10, stress. However, the sorl
phenotype is not restricted to 'O, resistance, and the mutant is
also more tolerant to other ROS like tBOOH and various RES
(Fig. 1C). This finding indicates that the SOR1 transcri Ptlon factor
might not be involved only in the regulation of an ~O,-specific
acclimation process but rather, in a more general stress response
mechanism. Although transcriptome analyses revealed large dif-
ferences in the expression profiles of sor! and different ROS and
RES signals (Fig. 64), all oxidative stress response and RES de-
toxification genes overexpressed in sor! were also up-regulated
more than twofold by almost all of the chemical treatments. Some
of these genes might prevent ROS formation and accumulation,
such as an alternative oxidase (41), a pyridoxamine 5’-phosphate
oxidase involved in the synthesis of the ROS scavenger vitamin
Bg (42), and a GDP-L-galactose phosphorylase involved in ascor-
bate synthesis (43). Other enzymes belong to the cellular de-
toxification systems, including GSTS1, GSTS2, a third GST (27),
an ABC transporter, and three carbonyl reductases (one in the
short-chain dehydrogenases family and two in the aldo/keto re-
ductase family) (33, 44, 45). These members of the phases I, II,
and III detoxification systems are involved in the activation,
conjugation, and elimination, respectively, of exogenous and en-
dogenous xenobiotics, including RES such as substituted qui-
nones, o, f-unsaturated aldehydes, 2E-hexenal, and 4-hydroxy-2E-
nonenal formed during lipid peroxidation (27, 44, 45). Such
polyunsaturated fatty acid-derived RES can also be formed en-
zymatically during the synthesis of phytohormones like OPDA
and dinor-OPDA (46). However, their formatlon is often strongly
stimulated nonenzymatically by ROS-like 'O, and hydroxyl rad-
icals, leading to the accumulation of these toxic molecules (17,
33). A third group of genes overexpressed in sor! encodes proteins
that contain cysteines prone to oxidation to prevent oxidative
damage, like a putative protein disulfide oxidoreductase, a me-
thionine sulfoxide reductase (47), the glutaredoxin GRX2 (48),
and two members of the DJ-1/Pfpl superfamily (49). In humans,
a connection between DJ-1 proteins and the ROS-induced Par-
kinson disease and cancer was shown. Thus, DJ-1 is considered to
be a multifunctional oxidative stress response protein for which
different functions, like ROS scavenging, stimulation of gluta-
thione biosynthesis, and activation of Nrf2-dependent stress re-
sponse, were suggested (49). Therefore, many of the putative
SORLI target genes are directly connected to the removal and
detoxification of ROS, RES, and their reaction products.

Many Genes Overexpressed in sor1 Are Also Strongly Induced by
Lipophilic Electrophiles Through an 8-bp Palindromic Regulatory
Element. In addition to many defense genes, several regulatory
genes involved in control of gene expression are overexpressed in
sorl. These genes include SOR! (protein ID 187531) itself as well
as a SORI homologous gene (protein ID 157582) in C. reinhardtii,
both of which were also induced by ROS and RES (Dataset S14).
Thus, SOR! expression positively responds to the same signal as
the overexpressed defense genes, which is mediated by its own
gene product. This finding, together with the fact that sor! is a gain
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of function mutation (Fig. 34), shows that SORI! likely encodes
a positive regulator that is constitutively active in the sor/ mutant.
However, increased expression of the SOR1 protein during stress
treatment seems not to increase short-term induction of defense
genes like GSTS1 and GSTS2, which was shown by the similar
response of these genes to stress signals in the presence or absence
of the protein synthesis inhibitor cycloheximide (Fig. S4). Still,
coexpression of SORI and some defense genes is supported by the
strong overrepresentation of an 8-bp palindromic sequence ele-
ment (CAACGTTG) in the promoter region of these genes (Fig.
6C). The palindrome is essential for the induction of GSTSI and
GPXH by DBMIB and GSTS1 overexpression in sorl, showing
that it is a functional cis-acting sequence directly involved in ac-
tivation of transcription by RES and sor! at least for the GSTS1
gene (Fig. 4). Furthermore, the effect of the palindromes on
GSTS1 induction was lower for the more distal elements, showing
that the distance from the start site influences the response. In
agreement with that finding, we found strong accumulation (70%
of genes) of the palindrome within the positions —70 and —340 bp
of the promoters of induced genes (Fig. S3). Whereas expression
of the GSTSI WT gene was stimulated by NR and DBMIB to
similar extents, the GSTSI-GLUC reporter construct responded
much more strongly to RES than ROS-producing chemicals and
positively correlated with the lipophilicity of the chemicals (Fig. 5
and Table 1). For many of the hydrophilic chemicals producing
ROS (MV, RB, and NR) and high light treatment, increased in-
duction was only observed after prolonged exposure, and this in-
duction was accompanied by significant accumulation of the lipid
peroxidation product malondialdehyde (Fig. 44 and Fig. S5) (20).
This finding suggests that the signals for transcription activation of
GSTS1 expression are probably not ROS themselves but rather,
their reaction products with lipids. Thus, the 700-bp GSTS! pro-
moter fragment containing the three palindromes strongly
responds to lipophilic RES signals, and the 8-bp palindrome is,
therefore, designated as electrophile response element (ERE).
The ERE shares strong functional similarities to the antioxidant
response element and electrophile responsive element in mam-
mals, which are activated by the redox active Keapl/Nrf2 regula-
tory complex (40). However, despite the functional similarities of
these elements, the ERE core sequence is different from the
mammalian antioxidant response element/electrophile responsive
element consensus sequence, and it is also not related to any
other known regulatory element, although it contains the ACGT
core found in many bZIP binding motifs (36). Many of the ERE-
containing genes belong to different groups of oxidative stress
response and RES detoxification genes including two carbonyl
reductases, two DJ1/Pfpl genes, two GSTs, and several others
(Dataset S1 A4 and B). Thus, the high number of stress response
genes that contain an exact copy of the ERE in their proximal
promoter regions and are induced by RES supports the hypothesis
concerning its sequence and function.

Although the ERE was shown to be required for GSTS! over-
expression in sor! (Fig. 4C), it is not clear whether the SOR1
protein directly binds to the element and stimulates transcription.
Attempts to show direct binding of the SOR1 protein to the ERE
element were, thus far, unsuccessful, and additional investigation
is needed to test whether specific binding conditions, additional
interaction partners, or heterodimer formation is required for
transcriptional activation. Indeed, sequence analysis of the bZIP
interaction domain of SOR1 revealed that putative repulsive
interactions might hinder homodimer formation (50). However,
not every gene that contains the ERE in its promoter is overex-
pressed in sorl, showing that the ERE is not sufficient to confer
SOR1-dependent expression. Thus, for some genes, the ERE
might function independently of SOR1 in one or more distinct
signaling pathways.

SOR1, Singlet Oxygen Acclimation, and Response to RES. How is
SORl involved in the acclimation to 'O,? Quantitative comparison
of 'O, acchmatlon and sorl resistance revealed that the acclimation
response to 'O, is stronger and more specific than the sorl phe-
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notype (Fig. 7 and Table 1) (8). This finding shows that, in C.
reinhardtii, there is an ~O,-specific acclimation process that is
SOR1- mdependent However, an SOR1-dependent response to
RES might at least partially contribute to the increased 10, toler-
ance during acclimation, which is supported by the increased cross-
tolerance of CDNB-acclimated cultures to toxic RB concentrations
(Fig. 7). A similar cross-tolerance of RES-acclimated cell cultures
to "O, stress was shown in human skin cancer cells, which depended
on the Keapl/Nrf2-induced gene expression (51). However, the
fact that CDNB pretreatment in C. reinhardtii did not increase
tolerance to CDNB itself suggests that pretreatment with this
chemical resulted either in the response of fewer genes or a lower
response than in sorl, which still was able to increase tolerance to
RB. The same response to RES might be induced indirectly by 'O,
through the formation of a,f-unsaturated aldehydes during lipid
peroxidation. This response would be in agreement with the gen-
eral conclusion that oxidized lipids might function as more stable
second messengers for 'O, retrograde signaling to activate nuclear
gene express1on (13, 52). It was shown recently in A. thaliana that
part of the 'O, response was dependent on a functional oxygena-
tion of fatty acids to form oxyhpms (16). Similarly, enzymatically
formed oxylipins affected the 'O, response in the A. thaliana flu
mutant, which accumulated increased levels of the electrophiles
OPDA and dinor-OPDA (dnOPDA) and JA after dark-light shifts
(15, 53). Although OPDA and JA seem not to directly act as second
messengers for the 'O,-induced PCD process, they have been
shown to contribute to the complex srgnahng cascade induced by
10, affecting the expression of some of the 'O,-induced genes (15).
In the present study, a strong induction of GST'SI was detected in
response to OPDA but not JA, which is the nonelectrophilic
product of OPDA, indicating that electrophilic oxylipins can be
a signal to stimulate the RES-induced stress response in C. rein-
hardtii (Table 1). The specific induction of genes by OPDA but not
JA was also shown in A. thaliana (18). Many of the induced genes
were oxidative stress response and RES detoxification genes, sug-
gesting that, in plants, OPDA plays an important role in the early
response to oxidative and electrophilic stress conditions.

Other than RES signaling, another 'O,-specific response is
likely to be involved in RB acclimation in C. reinhardtii. This 'O,-
specific response includes the strong induction of GPXH and
maybe other genes at low RB concentrations and during early
high light response (8, 9, 20); however, it seems to not involve
lipid-derived signals or the ERE (9, 19). The involvement of
multiple signaling pathways in the response to 'O, has also been
suggested for A. thaliana (52). It has been suggested that such
a redundancy in signaling processes helps to increase the ro-
bustness of the response, indicating its importance for the or-
ganism (54). In agreement recent investigations to isolate
mutants in the putative 'O,-specific signaling pathway were un-
successful, supporting the robustness of a pathway that is either
essential or redundant (26). SOR1 might even further increase
this robustness through a positive feedback stimulation of SOR!
expression. It has been shown that 'O, is the major ROS pro-
duced on high light stress in higher plants (55), and considering
the presumed evolution of such a robust defense response
mechanism in C. reinhardtii, it might also be the major ROS
produced in green algae. In the present study, we identified
SORI1 as one factor that can stimulate the tolerance of C. rein-
hardtii to high 'O, formation by activating an RES-induced de-
fense response, thereby contributing to the overall tolerance of
this organism to deleterious photooxidative stress conditions.

Materials and Methods

Strains and Growth Conditions. The WT strain 4A+, which is in a 137c strain
background (56), was used to perform the mutant screen, the cell wall-de-
ficient strain cw15 (CC-406) was used for transformation of reporter con-
structs, and the polymorphic strain S1-C5 (CC-1952) was used for mapping
(29). All strains were grown mixotrophically in a Tris-acetate phosphate
(TAP) medium (57) at 25 °C and 100 pmol photons m=2s~! photosynthetically
active radiation either in liquid cultures on a rotary shaker (120 rpm) or on
plates containing 1.5% agar. Experiments were usually performed by
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growing cultures mixotrophically until they reached a density of 2 x 10° cells
mL~". For UV mutagenesis, 20 mL culture were aliquoted into a sterile glass
Petri dish (14-cm diameter) and exposed to 30-60 mJ cm™2 UV light in a UV
Stratalinker 1800 (Stratagene). Cells were plated on TAP plates containing
4 uM RB, kept in the dark for 1 d to prevent light-activated DNA repair, and
then shifted to 100 pmol photons m~2 s~" to initiate selection for resistant
clones. To test resistance of mutants after screening, 5 uL each 1:10 serial
dilution of a concentrated cultures at 1 x 107 cells mL™" were spotted onto
plates containing either 2 uM RB or 8 uM NR and exposed to 100 pmol
photons m~2 s™' for several days. Quantitative evaluation of resistance to
different stress conditions was done by transferring 1-mL aliquots of culture
at 2 x 10° cells mL™" into a 24-well culture plate and adding the individual
chemical to the final concentrations indicated. Growth was analyzed by
measuring OD at 750 nm after 0 and 24 h, and 5 pL each well were spotted
on a TAP agar plate for recovery; ECsq values were determined by nonlinear
fitting of a sigmoidal dose-response curve (four parameter logistic equation)
with the program Prism version 4 from GraphPad Software.

RNA Isolation, Gel Blot Analysis, and Real-Time RT-qPCR. To analyze gene
expression, cultures were exposed to the treatment indicated, and cells were
harvested by centrifugation. RNA was extracted using either the phenol/
chloroform method described in Ledford et al. (8) or the RNeasy Mini Kit
(Qiagen) as described by the manufacturer’s protocol with the following
modifications. Cells were sonicated two times for 5 s in the RLT buffer on ice
to break cells, and DNA was digested on column using the RNase-Free DNase
Set (Qiagen). After purification, RNA was quantified with a NanoDrop2000
(Thermo Fisher Scientific), and quality was assessed on a 2100 Bioanalyzer
(Agilent Technologies). RNA gel blot analyses of GPXH, GSTS1, and GSTS2
expression were performed as described before (8). Sequences of primers for
gPCR were designed with the Primer Express software (Applied Biosystems)
(Table S2), and gPCR reactions were performed on the ABI Prism 7500 Se-
quence Detection System using the SYBR Green technology (Applied Bio-
systems) as described before (9). Relative expression was calculated for each
treatment compared with the untreated WT under the same growth con-
ditions as an average with SE of three independent experiments.

RNA-Seq Experiments. The cultures for RNA-Seq were grown in triplicates
under 120 pmol photons m™ s™" in a 12-h dark-light cycle, and cells were
collected 6 h after the beginning of the light cycle. RNA isolation and
preparation and sequencing of the RNA-Seq libraries was done as described
in the work by Castruita et al. (58) following the manufacturer’s instructions.
In detail, RNA-Seq libraries of the three independent biological replicates of
either the mutant and WT cultures were pooled and sequenced in one or two
technical replicates, respectively, on an Illumina sequencer (lllumina). This
process resulted in a total of 11,895,587 reads for the mutant and 5,143,241
or 5,260,441 reads for the WT library, with an average length of 36 bp per
fragment. For individual library, between 84% and 88% of the fragments
could be aligned to the C. reinhardtii genome, with 74-76% of the sequences
providing a unique match. Additional data processing and statistical analyses
were done as described in the work by Castruita et al. (58) selecting for genes
differently expressed more than twofold between strains with a linear signal
threshold level of six for the stronger expressed sample. All of the RNA-Seq
data were submitted to the Gene Expression Omnibus database (http:/www.
ncbi.nlm.nih.gov/geo) under the accession no. GSE33548.

DNA Microarray Experiments. Cultures of sor? or 4A+ were exposed to the
chemical treatments for 2 h before total RNA was isolated with the RNeasy
Mini Kit (Qiagen), including the RNase-Free DNase Set (Qiagen). RNA was
quantified with a NanoDrop2000 (Thermo Fisher Scientific), and quality was
measured on the 2100 Bioanalyzer (Agilent Technologies). Microarray
experiments were performed using a custom-made 4 x 44-K Chlamydomonas
Whole Genome DNA Microarrays (Agilent Technologies) containing 15,143
specific probes designed based on the C. reinhardtii version 4 transcript
models provided by the DOE Joint Genome Institute, with an average of three
replicates for each probe. Labeling, purification, and hybridization was done
according to the One-Color Microarray-Based Gene Expression Analysis sys-
tem (Agilent Technologies) following the manufacturer’s protocol. Hybrid-
ized slides were scanned with the Agilent DNA Microarray scanner and
quantified using the Agilent Feature Extraction software. Additional data
analyses were performed with the R/Bioconductor software using back-
ground-corrected and quartile-normalized median signals. Significant dif-
ferences of average signal intensities between conditions were determined by
one-way ANOVA followed by Tukey's pairwise comparison. Induction of sig-
nificantly different expressed genes (P < 0.0001, false discovery rate =
0.000158) was calculated as log, of the ratio between the sample and the
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untreated WT condition, excluding genes with high probability of cross-hy-
bridization contaminations and minimal signal intensities below 10. Cluster-
ing was performed based on complete linkage of normalized and centered
induction factors with Cluster 3.0, and the results were visualized in a color-
based expression pattern using the TreeView 1.60 software (both designed by
the Eisen Laboratory; http:/rana.lbl.gov). The microarray data have been
submitted to the Gene Expressiion Omnibus database (http://www.ncbi.nlm.
nih.gov/geo) under accession number GSE30648.

Construction and Isolation of Vegetative Diploids. C. reinhardtii is haploid, but
vegetative diploids can be selected by crossing strains containing com-
plementing alleles of the arg7 gene, arg7-1 and arg7-8. The ARG7 locus
encodes argininosuccinate lyase, and arg7 mutants are arginine auxotrophs.
Intragenic complementation of arg7-1 and arg7-8 allows diploids bearing
both alleles to be selected by plating mated cells directly onto TAP plates
without added arginine. Colonies isolated in this manner were then tested
for the presence of both mating type alleles (plus and minus) by PCR.

Mapping. To map the sor? mutation on the C. reinhardtii genome, sor1 was
crossed to the polymorphic strain S1-C5 mt- (CC-1952) (29), and the resulting
zygospores were harvested and dissected as described in the work by Harris
(57). A total of 214 progeny from independent tetrads was phenotyped
based on RNA gel blot analysis of GSTS17 expression as described above. DNA
was isolated as previously described, excluding the final CsCl purification
step (56).

The molecular markers used in this study are listed in Table S3. CHLH,
CPN60B2, and SFA markers were designed based on information in the
work by Kathir et al. (29). All of the other markers in this study were cre-
ated based on the JGI v2.0 C. reinhardtii nuclear genome sequence either
by Qi Sun and David Stern (Boyce Thompson Institute for Plant Research,
Ithaca, NY) or ourselves and were named based on their position on scaf-
fold 57 in a kilobase scale (e.g., C57_389563 is C57_389). Whenever possible,
S1-C5 EST sequences were used to design markers. Where S1-C5 sequence
information was not available, primers were designed to hybridize to
coding regions that flanked predicted introns and/or simple sequence
repeats. When the amplified products from sor? and S1-C5 did not differ
obviously in size, PCR products from each parent were sequenced to find
unique restriction sites that could be used to develop a cleaved amplified
polymorphic sequence marker. All markers were run on 1.5% agarose gels.

Sequencing of candidate genes was done by amplifying overlapping
fragments of 1 kb from genomic DNAs of sor7 and 4A+. For the SORT gene,
each fragment was amplified and sequenced four to six times, and the
identified nucleotide substitution in sor? was confirmed to be present in a
total of 48 progenies of a sor’x4A+ cross using a cleaved amplified poly-
morphic sequence marker (Table S3).

Cloning and Transformation of Plasmids and Reporter Assay. Cloning of all
plasmids is described in full details in S/ Text. The GLUC reporter constructs
were transformed into the cell wall-deficient strain CC-406. The ARS reporter
construct and the pSL18-based overexpression constructs were transformed
into 4A+ or sor1, respectively, following the protocol in the work by Kindle
(59). The Streptomyces aminoglycoside 3’-phosphotransferase type VIII
encoding gene (aphVIIl) was used for selection of transformants on paro-
momycin in all cases.

Between 4 and 24 independent transformants expressing the reporter
genes were selected and tested for strength of the expression either in
different strains or after exposure to chemicals. To do testing, 1-mL cultures of
strain CC-406 expressing the different GSTS7-GLUC constructs were grown to
similar cell density in 24-well plates and exposed to increasing concen-
trations of the chemicals tested. After 1 h exposure, 20-pL samples were
taken and frozen at —80 °C before luciferase activity was tested as described
in the work by Shao and Bock (31). To test ARS activity of different strains, 1-
mL cultures of each clone were grown to the same cell density, and samples
of 150 uL were transferred into a transparent 96-well plate. Then, ARS ac-
tivity was determined as described before (26), and significant difference
was determined by one-way ANOVA followed by Tukey’s pairwise compar-
ison using Prism version 4 from GraphPad Software.
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