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Abstract: Nitric oxide (NO) is a signal in the modulation of acclamatory responses to stress in plants.
Here, the metabolic shift of Chlamydomonas reinardtii to sub-lethal NO stress was approached by
exposure to 0.1 mM S-nitroso-N-acetylpenicillamine (SNAP), a NO donor, in the presence or the
absence of the NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide
(cPTIO). NO did not cause growth impairment but induced a decrease in glutathione (GSH) levels
and redox state. NO upregulated the expression of glutathione-associated genes, glutathione
synthetase (GSH1), and glutathione reductase (GSHR1) genes while decreased that of the proteins
associated with ER stress-induced unfolded protein response (UPR). Furthermore, the expression
of NADPH oxidase isoform, respieatory burst oxygenase-like 2 (RBOL2), instead of RBOL1
increased under NO stress. NO-induced upregulation of GSH1 and GSHR1 upregulation and the
downregulation of most UPR genes were not found in rbol2 mutant. The presence of cPTIO
suppressed the NO-induced changes in GSH availability, UPR, and RBOL expression. Overall,
NADPH oxidase (RBOL2)-dependent- and -independent signaling pathways involve in the
inhibition of UPR and the enhancement of GSH availability by NO.
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1. Introduction

Nitric oxide (NO) is an important signaling molecule in the regulation of many metabolic
processes in plants [1]. Evidence shows that NO plays a dual role as a positive regulator or cytotoxic
messenger, depending on its concentration and/or the environments. For example, the adminstration
of NO in low concentration increases the activity of antioxidant enzymes in rice exposed to salt stress
[2]. The transcription of stress resistance genes can be also increased by NO or the regulation of
several physiological processes in the defense of adverse conditions [3]. NO also modulates the
antioxidant defense system in plants in response to stressful conditions. The application of NO donor,
S-nitroso-N-acetylpenicillamine (SNAP), triggers a further increase in the protein levels and activities
of several antioxidant enzymes, superoxide dismutase (SOD), ascorbate peroxidase (APX), and
glutathione reductase (GR) in rice seedlings exposed to Al stress and in turn, alleviates the Al%*
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toxicity [4]. In contrast, the treatment of SNAP or another NO donor, S-nitrosoglutathione (GSNO),
inhibits the activities of antioxidant enzymes, APX and catalase (CAT), in tobacco, pea, and
Arabidopsis [5-8]. The contradictory results is possibly due to the NO concentration and/or plant
species.

The model species Chlamydomonas reinhardtii, an unicellular green alga, is widely used for
studying a broad range of biological processes [9]. It is known that NO is a factor in the regulation of
several physiological processes and stress responses in Chlamydomonas, including the remodelling of
chloroplast proteins by degrading cytochrome bsf complex and Rubisco via FtsH and Clp proteases
and the regulation of nitrogen assimilation by repressing the expression of nitrate reductase and
nitrate and ammonium transporters [10] and their enzyme activities [11,12] under nitrogen limitation,
mastoparan-induced cell death [13], high light-induced oxidative stress [14] and autophagy [15],
proline accumulation under copper stress [16], and upregulation of alternative oxidase 1 for
regulation of mitochhodrial respiration [17].

Endoplasmic Reticulum (ER) is a dynamic organelle responsible for protein synthesis, folding,
assembling, asparagine-linked glycosylation, and transport [18]. It is known that misfolded or
unfolded proteins will cause ER stress, in which to protect the cells, the unfolded protein response
(UPR) is induced for the restoration of cellular protein homeostasis [19]. The sensors to ER stress for
the induction of UPR and its role in the regulation of lipid metabolism have been identified in
Chlamydomonas [20,21]. The involvement of NO in the modulation of ER stress has been heavily
studied in mammals [22-24]. However, the study on the role of NO in the regulation of UPR under
ER stress is still less in plants [25]. Furthermore, using an inhibitor of NADPH oxidase,
diphenyleneiodonium chloride (DPI), and NADPH oxidase mutants (Atrbohc, d, and f), it is identified
that NADPH oxidase is required for the survival of Arabidopsis under ER stress [26]. As we know,
the information for modulation of ER stress-induced UPR in C. reinhardtii through NADPH oxidase
in response to NO has not been clearly elucidated.

In this study, SNAP was applied to C. reinhardtii in low concentration of 0.1 mM in the presence
or absence of the NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide
(cPTIO). The present findings found that the SNAP-treated cells showed normal growth as compared
to the SNAP-free treatment, accompanied with the upregulation of glutathione biosynthesis and
redox state as well as the inhibition of ER stress. Furthermore, the NADPH oxidase involve in the
inhibition of unfolded protein response (UPR) and the enhancement of glutathione availability by
NO, whilst other NO-induced metabolic changes are under control by other sensing and signaling
routes.

2. Experiments

2.1. Algal Culture and Treatments

The green alga Chlamydomonas reinhardtii, strain CC-125 (mt-), was obtained from the
Chlamydomonas Resource Center (USA) and photoheterotrophically cultured in Tris-acetate
phosphate medium (TAP) [27] with a trace element solution in 125 mL flasks (PYREX, Germany) and
agitated on an orbital shaking incubator (model OS701, TKS company, Taipei, Taiwan) (150 rpm)
under continuous illumination with white light (50 pmol'-m=2s) at 25 °C. For chemical treatments,
50 mL cultures were grown to a cell density of 3-5 x 106 cells/mL, and after centrifugation at 1600x g
for 3 min, the supernatant was discarded.

The pellet was suspended in fresh TAP medium to wash the cells and centrifuged again. Then,
the pellet was re-suspended in fresh TAP medium to a cell density of 3 x 10¢ cells/mL. Ten mL of
culture was transferred to a 100-mL beaker (internal diameter: 3.5 cm) for pre-incubation at 25 °C in
50 pmol'm2s conditions for 1.5 h in an orbital shaker (model OS701, TKS company, Taipei, Taiwan)
at a speed of 150 rpm. Then, the algal cells were treated with chemical at 25 °C. Each treatment
included three replicates (n = 3). Samples taken before (0 min) and after chemical treatment were
centrifuged at 5000x g for 5 min, and the pellet was fixed in liquid nitrogen and stored in a =70 °C
freezer until analysis.
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In attempts to explore the physiological responses of C. reinhardtii to NO challenge in different
levels, SNAP, a NO donor, was applied in TAP medium at the concentrations of 0.1 mM and 0.3 mM,
respectively. Furthermore, the identify the NO effects, a NO scavenger, cPTIO [28], was applied
together with SNAP to scavenge the released NO. The cell number in a 1-mL sample was counted
using a hemocytometer.

2.2. Detection of NO Production

An NO-sensitive fluorescent dye, DAF-FM diacetate (Invitrogen Life Technologies, Carlsbad,
CA, USA), which is a pH-insensitive fluorescent dye that emits fluorescence after reaction with an
active intermediate of NO, was used to measure NO production following our previous studies
[14,29]. For the detection of NO, cells were pre-incubated in TAP medium containing 5 pM DAF-FM
diacetate for 60 min at 25 °C under 50 umol'm2s conditions, then washed twice with fresh TAP
medium and subjected to chemical treatment. The fluorescence in the cells was observed under a
fluorescence microscope (Eclipase Ni, Nikon, Japan) with excitation at 488 nm with a FITC filter
(Nikon, Tokyo, Japan). The fluorescence images were acquired using a CCD camera (Nikon's Digital
Sight DS-U3, Tokyo, Japan). Fluorescence was also determined with a fluorescence
spectrophotometer at an excitation wavelength of 492 nm and emission wavelength of 525 nm (F-
2500, Hitachi, Tokyo, Japan).

2.3. Enzyme Assay

GR activity was determined according to the method of Lin et al. (2016) [28] with modifications.
Five ml of algal culture was centrifuged at 4000x g to collect the algal cells. The enzyme extract was
obtained after extraction of algal cells in 50 mM NaH:POs-Na2HPOs (pH 7.5) buffer containing a
protease inhibitor cocktail (P9599; Sigma-Aldrich, St. Louis, MO, USA), 0.5 mM Na:EDTA, 5 mM 2-
mercaptoethanol, 1 mM phenylmethanesulfonylfuoride, and 10 mg polyvinylpyrrolidone by
sonication. The extract was centrifuged at 20,000x g at 4 °C for 10 min, and the supernatant was
collected as an enzyme extract. GR activity was assayed by mixing 0.01 mL enzyme extract with 0.35
mL of 0.15 M Na2:HPOs/NaH:PO: buffer (pH 7.5), 0.25 mL of 2 mM Na2EDTA, 0.05 mL of 30 mM
MgClz, 0.1 mL of 2.5 mM GSSG, 0.025 mL of 2 mM -NADPH, and H:O in a total volume of 1 mL at
25°C and detected at 340 nm. The reaction blank for the oxidation of NADPH was performed in the
absence of GSSG. After subtracting the reaction blank, a decrease in absorbance at 340 nm was used
to estimate activity using an extinction coefficient of 6.22 mM-cm™!.

2.4. Determination of GSH and GS5G

The total glutathione, GSH, and GSSG contents were determined according to the method of Lin
et al. (2016) [28], with minor modifications. After centrifugation of 5 mL algal culture at 4000x g, the
algal cells were collected and subjected to 0.25 mL of extraction solution (2.5% trichloroacetic acid
(TCA) and 2.5% meta-phosphoric acid (MPA)). After fixation in liquid nitrogen and three frozen (-80
°C)-thaw (25 °C) cycles, the sample was subjected to sonication for further extraction. The extract was
centrifuged at 12,000x g for 10 min at 4 °C, and the supernatant was used to determine glutathione,
GSH, and GSSG within 4 h. A volume of 38.7 pL of 1.25 M K2COs was added to 0.3 mL of TCA/MPA
extract to adjust the pH to 7.0 and centrifuged at 12,000x g for 1 min at 4 °C to collect the supernatant.
For the determination of total glutathione, 0.1 mL of supernatant was added to the reaction mixture
(0.5 mL of 200 mM K2HPO4/KH2POs buffer (pH 7.5), 0.1 mL of 50 mM Na:EDTA, 0.1 mL of 2 mM f3-
NADPH, 0.1 mL of 6 mM dithionitrobenzoic acid, and 0.1 mL of 0.5 unit/mL glutathione reductase
(Sigma-Aldrich, St. Louis, MO, USA)), and the reaction was measured at 412 nm for 3 min at 25 °C.
After the removal of reduced GSH by adding 2 uL of 1 M 2-vinylpyridine and 0.01 mL of 2 M freshly
prepared triethanolamine in 0.1 L1 of supernatant and incubation at 25 °C for 1 h, the GSSG contents
were determined as described above. A standard curve was prepared with different concentrations
of GSSG (0-5 nmol). The reduced GSH contents were calculated by subtracting the GSSG content
from the total glutathione content.
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2.5. RNA Isolation, cDNA Synthesis and mRNA Quantification via Real-Time Quantitative PCR

Algal cells were harvested from 10 mL aliquots of the algal cultures via centrifugation, as
described in the above for RNA isolation. Total RNA was extracted using the TriPure Isolation
Reagent (Roche Applied Science, Mannheim, Germany) according to the manufacturer’s instructions.
The integrity of the RNA was checked via visual inspection of the 185 and 28S ribosomal RNAs
following 1% agarose (MDBio Inc., Taipei, Taiwan) gel electrophoresis and ethidium bromide
staining. The concentration of the RNA sample was adjusted to 2.95 ug total RNA/pL. After treatment
with DNase (TURBO DNA-freeTM Kit, Ambion Inc., The RNA Company, USA) to remove residual
DNA, 1.5 pug of total RNA was used for the preparation of cDNA. cDNA was amplified from the
poly-(A*) end using Oligo (dT)12-18 with the VersoTM c¢DNA Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and the volume was adjusted to a concentration of 30 ng/mL based on the
original RNA quantity in each sample. The primers for the targeted genes are listed in Table Al. The
primers were designed using LightCycler Probe Design2 (Roche Applied Science, Mannheim,
Germany). The real-time quantitative PCR was performed using the LightCycler 480 system (Roche
Applied Science, Mannheim, Germany). A PCR master mix was prepared with the LightCycler 480
SYBR Green I Master Kit (Roche Applied Science, Mannheim, Germany). To optimize the primer
concentration, real-time PCR analyses using different primer concentrations and a constant template
cDNA concentration of 30 ng or 50 ng were performed separately. To optimize the cDNA template
concentration, each pair of primers was tested across several log dilution series of a positive control
DNA sample. After optimization of real-time PCR conditions, a primer concentration of 3 uM and a
cDNA template concentration of 30 ng/uL were used for the detection of transcript levels. Each
reaction was performed in a total volume of 10 uL, containing 1 pL LightCycler 480 SYBR Green I
Master Mix, the selected concentration of each primer, and cDNA corresponding to 30 or 50 ng/uL
RNA in the reverse transcriptase reaction. The amplification program consisted of an initial
denaturation at 95 °C for 5 min, followed by 50 amplification cycles including annealing at 60 °C for
10 s, elongation at 72 °C for 5 s, real-time fluorescence measurements, and finally, denaturation at 95
°C for 15 s. Dissociation curves were obtained after PCR, and the fluorescence was analyzed using
the LightCycler 480 system. Software including an auto CT (cycle threshold) was used to determine
the threshold for each gene, and the 2*4CT method was used to calculate CT values, in which the
relative change in mRNA level was normalized to a reference gene (UBC (NCBI: AY062935) and the
fold increase was calculated relative to the control RNA sample without chemical treatment at 0 min.
All results are presented as the averages of three replicates.

2.6. Statistics

Three independent biological replicates were performed with a beaker as a replicate. All
experiments were repeated at least three times and because they showed a similar trend, only the
results for one of them were shown in this paper. Statistical analyses were performed using SPSS
(SPSS 15.0 for Windows Evaluation Version). Significant differences between sample means were
analyzed using Student’s t-test or Duncan’s new multiple range test following significant analysis of
variance results for the controls and treatments at p < 0.05.

3. Results

3.1. Survival under Sub-Lethal NO Treatment

The level of NO generated from 0.1 mM SNAP was detected by spectrophotometer using a cell
permeable NO-sensitive fluorescent dye DAF-FM diacetate [29]. The DAF-FM diacetate was loaded
into the medium prior to SNAP treatment to detect the cumulative NO production. As shown in
Figure 1A, the NO level increased rapidly 0.5 h after SNAP treatment and reached a plateau after 1
h. It shows that NO emitts within 1 h. Next, the impact of NO on viability was examined. The
application of 0.1 mM SNAP did not affect cell growth (Figure 1B). Apparently, the adminstration of
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0.1 mM SNAP in the medium triggers NO burst within 1 h without impact on growth ability of
Chlamydomonas cells.
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Figure 1. Cumulative NO production (A) and cell growth (B) in Chlmydomonas reinhardtii in response
to 0.1 mM SNAP in the presence or absence of 0.4 mM cPTIO. The data are expressed as the mean +
SD (n = 3) from three independent biological replicates, and different letters indicate significant
differences among the treatments (p < 0.05).

3.2 Modulation of Glutathione Availability and Redox State by NO

The treatment of 0.1 mM SNAP for 3 h induced an increae in total glutathione (total GSH, Figure
2A), glutathione (GSH, Figure 2B), and oxidized glutathione (GSSG, Figure 2C) concentrations while
the GSH/GSSG ratio remained unchanged (Figure 2D). The changes in total GSH, GSH, and GSSG
concentrations by SNAP treatment were suppressed in the presence of cPTIO (Figure 2). The activity
of GR (Figure 3A) and the transcript abundances of GSHR1 (Figure 3B) and GSH1 (Figure 3D) were
increased by SNAP treatment, while GSHR2 (Figure 3C) and GSH2 (Figure 3E) transcript abundances
were not affected. The induction of GR activity and GSHR1 and GSH1 transcript abundances by
SNAP was inhibited in the presence of cPTIO. Current data imply that GSH homeostasis and redox
signaling are modulated for the regulation of acclimation machinery in C. reinhardtiit aganist NO
stress.
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Figure 2. Total glutathione (total GSH) (A), glutathione (GSH) (B), and oxidized glutathione (GSSG)
(C) concentration and GSH/GSG ratio (D) in Chlmydomonas reinhardtii in response to 0.1 mM SNAP in
the presence or absence of 0.4 mM cPTIO. The data are expressed as the mean + SD (n = 3) from three
independent biological replicates, and different letters indicate significant differences among the
treatments (p < 0.05).
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Figure 3. The activity of glutathione reductase (GR) (A) and the relative transcript abundance of
GSHR1 (B), GSHR2 (C), GSH1 (D), and GSH2 (E) in Chlmydomonas reinhardtii in response to 0.1 mM
SNAP in the presence or absence of 0.4 mM cPTIO. The data are expressed as the mean + SD (n = 3)
from three independent biological replicates, and different letters indicate significant differences
among the treatments (p < 0.05).

3.3. Negative Regulation of UPR by NO

SNAP treatment differentially modulated the expression of the genes encoding proteins
involved in the UPR. There was an increase in the transcript abundances of the genes encoding
inositol-requiring enzyme 1 (IRE1, Cre08.g371052.t1.1) (Figure 4A) and disulfide-forming protein,
endoplasmic reticulum oxidoreductin 1 (ERO1, Crel7.g723150.t1.1) (Figure 4F) but a decrease in the
transcript abundances of ER-resident molecular chaperone BiP1 (binding protein)
(Crel7.g729900.t1.2) (Figure 4B), chaperone Calreticulin 2 (CAL2, Cre02.g112250.t1.2) (Figure 4C),
membrane-trafficking protein Sar-type small GTPase 1 (SAR1, Crell.g468300.t1.2) (Figure 4D),
protein transport protein Sec61 gamma (SEC61G, Crel6.g680230.t1.1) (Figure 4E) subunit, and
protein disulfide isomerase (PDI6, Cre12.g518200.t1.1) (Figure 4G) in response to SNAP treatment,
while that of protein disulfide isomerase, RB60 (Cre02.g088200.t1.2), was not affected (Figure 4H).
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Figure 4. The relative transcript abundance of IRE1 (A), BIP1 (B), CAL2 (C), SAR1 (D), SEC61G (E),
EROL1 (F), PDI6 (G), and RB60 (H) in Chlmydomonas reinhardtii in response to 0.1 mM SNAP in the
presence or absence of 0.4 mM cPTIO. The data are expressed as the mean + SD (n = 3) from three
independent biological replicates, and different letters indicate significant differences among the
treatments (p < 0.05).

3.4. Involvement of NADPH Oxidase in the NO Modulation of Glutathione and UPR

To explore the possible involvement of NADPH oxidase in the regulation of UPR as well as
glutathione state, the transcript abundances of the gene encoding NADPH oxidase, respiratory burst
oxidase-like 1 (RBOL1, Cre03.g188300.t1.1) and RBOL2 (Cre03.g188400.t1.1) were assayed. As shown
in Figure 5, RBOL1 expression was not affected (Figure 5A) while RBOL2 expression increased
significantly (Figure 5B). It raises the possibility that RBOL2 rather than RBOL1 plays a role in NO-
mediated inhitibion of UPR and enhancement of glutathione availaanility. Therefore, the rbol2
mutant with a decrease in RBOL2 expression and NADPH oxisae activity (Figure 6) was used.

As compared to wild type (WT), an exposure to SNAP did not induce an increase in the
transcript abundance of GSHR1 (Figure 7A) and GSH1 (Figue 7B). The transcript abundance of IRE1
(Figure 7C), BiP1 (Figure 7D), CAL2 (Figure 7E), SAR1 (Figure 7F), SEC61G (Figure 7G), ERO1 (Figure
7H), PDI6 (Figure 7I), and RB60 (Figure 7]) increased in rbol2 mutant, in which the increase of IRE1,
SARI1, SEC61G and EROL1 transcript abundances can be enhanced upon exposure to SNAP while
increased transcript abundances of BiP1, CAL2, PDI6, and RB60 did not show a further increment.
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Figure 5. The relative transcript abundance of RBOL1 (A) and RBOL2 (B) in Chlmydomo
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nas reinhardtii

in response to 0.1 mM SNAP in the presence or absence of 0.4 mM cPTIO. The data are expressed as

the mean + SD (n = 3) from three independent biological replicates, and different letters indicate

significant differences among the treatments (p <0.05).
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Figure 7. The relative transcript abundance of GSHRI1 (A), GSH1 (B), IRE1 (C), BIP1 (D), CAL2 (E),
SARI1 (F), SEC61G (G), ERO1 (H), PDI6 (I), and RB60 (J) in Chlmydomonas reinhardtii CC-5325 wild
type (WT) and rbol2 mutant in response to 0.1 mM SNAP. The data are expressed as the mean + SD
(n = 3) from three independent biological replicates, and different letters indicate significant
differences among the treatments (p < 0.05).

4. Discussion

NO is a cellular messenger that mediates diverse signaling pathways and plays a role in many
physiological processes in plants [30-32]. In Chlamydomonas, NO is also considered as an essential
factor in the regulation of several physiological responses [11-13,15,16,33-35]. To examine the impact
of NO on physiological responses and metabolic alterations without the interference of other factors,
a NO donor, SNAP, is exogenously applied to cell culture medium in the concentration of 0.1 mM in
the present study. Using DAF-FM fluorescence, NO released fast from SNAP and reached the plateau
after 1 h. Thus, the glutathione concentration and regeneration as well as the transcript abundances
of the genes associated with glutathione and UPR were assayed in 1-h NO treated Chlamydomonas
cells.

Current data showed that NO can increase GSH availability through enhanced synthesis,
reflected by an increase in GSHI1 transcript transcript abundance. Furthermore, glutathione
regeneration can be also enhanced, as suggested by increased GR activity and GSHRI1 transcript
sbundance. A drop in GSH redox state 1 h after NO treatment due to a decline in GSH concentration,
followed by a fast frecovery to the control level after 3 h. Evidence showed that although GSH
synthesis was enhanced reflected by the upregulation of GSH1 expression, GSH concentration still
showed a decrease 1 h after NO treatment due to the use of GSH to scavenging ROS. It has been
reported that the redox state of GSH, a major determinant of cellular redox homeostasis in plants [36],
is associated with the regulation of high light stress tolerance [37] in C. reinhardtii. Further, the
coordination of cellular processes with photosynthetic activity is under GSH redox regulation [38]. It
demonstrates that the GSH redox state is modulated for the shift of metabolism in Chlamydomonas
cells to acclimate NO burst.

The upregulation of CAL2, ERO1, Rb60, and PDI6 genes has been considered as the indicator
for ER stress in Chlamydomonas [39]. A decrease in the expression of most proteins involved in UPR,
including BiP1, CAL2, SAR1, SEC61A, SEC61B, SEC61G, and PDI6, which functions in the restoration
of normal protein metabolism in response to ER stress [40], implies that Chlamydomonas cells
acclimate to NO burst without induction of ER stress. The UPS machinery, an important mechanism
for the degradation of misfolded, damaged, or unneeded proteins for the maintenance of normal
growth, is involved in the regulation of diverse biological processes, such as cell differentiation, stress
responses, cell cycle control, regulation of transcription, and programmed cell death [40-42].
However, the expression of IRE1 and ERO1 was increased by 1-h NO treatment. Because IRE1 has
been identified as a factor for the survival of Chlamydomonas to ER stress caused as tunicamycin [20],
it reflects that the upregulation of IRE1 is required for Chlamydomonas in the acclimation to NO burst
without impact on cell growth. Moreover, ERO1 responsible for the generation of H202 can be
induced by ER stress in Chlamydomonas [43]. Our present finding suggests that the upregulation of
EROI1 represents increased H20: production under NO burst.

An upregulation of NADPH oxidase gene, RBOL2 instead of RBOL1, suggests a role of RBOL2
in Chlamydomonas cells against NO burst. Evidence shows that NO modulates the transcription and
enzyme activity of NADPH oxidase in higher plants [44]. Using rbol2 mutant, we find that the
RBOL2-dependent and -idependent pathways are operating in Chlamydomonas cells under NO buest.
The NO-induced GSHR1 and GSH1 expression is mediated through RBOL2 for the modulation of
GSH redox state. The upregulation of RBOL2 expression for inhibiting ER stress is reflected by an
increase of IRE1, SAR1, SEC61G, EROI1, BiP1, CAL2, and PDI6 in rbol2 mutant. A further
enhancement of IRE1, SAR1, SEC61G, and ERO1 expression in rbol2 mutant when exposed to NO
suggest that other pathways besides RBOL2 may play a role in the sense of NO in the regulation of
several UPR genes. However, the expression of BiP1, CAL2, and PDI6 is under RBOL2 control.
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5. Conclusions

NO as a signal in the modulation of acclamatory responses to stress triggers a change in
glutathione availability and regeneration for the modulation of cellular redox state in the activation
of acclimation process in Chlamydomonas. The ER stress can be prevented in Chlamydomonas cells in
response to sub-lethal NO challenge reflected by a suppression of most UPR genes. The upregulation
of GSHR1 and GSH1 as well as UPR gene is mediated through RBOL2 and other pathways is involved
in the regulation of several UPR genes. In conclusion, NADPH oxidase (RBOL2)-dependent- and
independent signaling pathways involve in the inhibition of UPR and the enhancement of GSH
availability by NO.
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Abbreviations

BiP1 ER-resident molecular chaperone
CAL2 chaperone Calreticulin 2
cPTIO 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide

ERO1 disulfide-forming protein, endoplasmic reticulum oxidoreductin 1
GSNO S-nitrosoglutathione

IRE1 inositol-requiring enzyme 1

NO nitric oxide

SNAP S-nitroso-N-acetylpenicillamine
SAR1 membrane-trafficking protein Sar-type small GTPase 1
SEC61G  protein transport protein Sec61 gamma

Appendix A

Table A1l. Primers for the genes and internal control genes (CrUBC, CrEF-1a) used for real-time PCR
analysis.

Gene Forward Primer Sequence (5" —~ 3’) Reverse Primer Sequence (5' =~ 3)
UBC  CATTAGAGGCGGGCAAA TATCGTCATCGTGGTTGTGTAT
GSH1 ACCACCTACCACCATCTTC GTATATGAGCCCCACCCACA
GSH2 CATATATTGCAGTACATACGTGG GCACCTACTCACCTACTGTCA
GSHR1 GCCATCAAGGTGGATGAGTT ATAGTCGGGCTTGGTCAGC
GSHR2 TCCTTTCGAGGGAGAGC GTCATTCTATACACGCCTTCCTA
IRE1  CTTGGCAGTTTGCCAGTACA AGTCCAGGTAGGACCCGAGT
BiP1  AGTGAGCCCGTCTTTTAGAACTT TCTCCTCTGTACCACCGTTTTTA
CAL2 ACCCTGACTACGTCCACGAC GTCCTCAGCGAACTTCTTGG
SAR1 CGAGGAGATTCAATTGGGCG CGGTGGGAATGTCGATCTTG
SEC61G GTCAAGCCTGTGAAGGATTTTGG GAATGAAGAGGAGCTTCACAAAG
PDI6  GGTGTGGCTGGITGAGTTCT CTCTTTGGCGTCCTCACAGT
ERO1 TGTCAACCTGCTCATCAACC CTGCTGCTGCTACTGCTGTC
RB60 CCAAGCGCTTTAAGAAGGTG GTAGGGAAGCCCTTGACCTC
RBOL1 CGATCAAGGGAGCCGAA GCTATTTGCAGGTGCACTCA
RBOL2 GCTTTCACATTGCCACGA TACCTCCAGATGTACCTCCCTA
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