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Summary

Emerging evidence indicates a close connection between components mitochondrial 

electron transport chain (mETC), nitric oxide (NO) and alternative oxidase (AOX) 

activity in plants. In unicellular algae, AOXs are monomeric fungi-type proteins. 

We previously showed that in Chlamydomonas reinhardtii stress-induced AOX1 

expression was significantly higher under dark conditions. Here we found that in dark 

aerobic Chlamydomonas cells, complex III of mETC produces NO from nitrite, and 

monomeric AOX1 appeared to be involved in reducing this activity. Moreover, in 

dark-incubated cells, NO generation is not mediated by nitrate reductase and nitric 

oxide-forming nitrite reductase complex. Under conditions limiting the flow of 

electrons through complex III, the expression of AOX1 but not the AOX2 expression 

is dependent on changes in NO levels. Taken together, the data indicate that in the 

absence of light, NO generated by mETC, is a key molecule controlling AOX1 levels 

in Chlamydomonas aerobic cells.
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Introduction

The mitochondrial electron transport chain 

(mETC) in some protists, many fungi and plants 

consists of the ATP-coupling cytochrome (cyt) 

pathway (complex III, cyt c, cyt oxidase), and the 

alternative oxidase (AOX) pathway (Finnegan et al., 

2004; Millar et al., 2011). As AOX bypasses proton 

pumping complexes III and IV of the cyt pathway, 

it reduces ATP generation and the energy yield of 

respiration (Affourtit et al., 2001).

AOX is a membrane-bound ubiquinol oxidase 

that directly couples ubiquinol oxidation with O
2

reduction to water (Vanlerberghe and Ordog, 2002; 

Finnegan et al., 2004). Two types of AOX proteins, 

homodimeric plant-type and monomeric fungi-type, 

were identified (Affourtit et al., 2001). In the model 

alga Chlamydomonas reinhardtii (Chlamydomonas 
in the following), AOXs are monomeric fungi-type 

proteins that are encoded by two genes of discrete 

subfamilies, AOX1 and AOX2 (Dinant et al., 2001).

Nitric oxide (NO) triggers the upregulation of 

AOX1 in Chlamydomonas (Zalutskaya et al., 2017). 

Although Chlamydomonas cells form NO associated 

with various physiological processes (Hemschemeier 

et al., 2013; Wei et al., 2014; Minaeva et al., 2017), 
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only one enzymatic system producing NO, nitrate 

reductase – nitric oxide-forming nitrite reductase, 

was characterized in the alga (Chamizo-Ampudia 

et al., 2016). Notably, no gene encoding functional 

NOS (nitric oxide synthase) was identified in Chla-
mydomonas genome so far (Fröhlich et al., 2011; 

Jeandroz et al., 2016). Furthermore, despite the

known contribution of mitochondria to NO pro-

duction in animal and plant cells (Kozlov et al., 

1999; Planchet et al., 2005; Gupta et al., 2018), 

the participation of mETC in NO generation is 

currently not fully understood in Chlamydomonas. 
Only complex IV was shown as a potential site for 

NO generation in this alga (Maxence et al., 2017). 

Here we found a new source for a NO generation 

in Chlamydomonas, complex III of mETC. Further-

more, in dark aerobic cells, NO controls the AOX1 

expression and monomeric AOX conversely regu-

lates NO generation by the mETC. This study thus 

suggests a molecular strategy in algae to coordinate 

NO and monomeric AOX levels in mitochondria 

under normoxia conditions.

Material and methods

STRAINS, GROWTH CONDITIONS AND CHEMICAL TREAT-

MENT

Chlamydomonas strains 21gr mt+ (wild type) 

and 305 (mt−nia1) were kindly provided by Dr. 

Emilio Fernandez (University of Córdoba, Spain). 

Cells were grown mixotrophically in tris-acetate-

phosphate (TAP) medium (http://www.chlamy.

org/TAP.html) under continuous illumination with 

white light (fluence rate of 45 µmol m−2 s−1) at 22 °C 

with constant orbital agitation at 90 rpm. Cells were 

collected at the midexponential phase of growth 

by centrifugation (4000g, 5 min), washed twice 

with nitrogen-free TAP, incubated in the indicated 

medium and then transferred into darkness. Dis-

solved oxygen was assayed using a Clark-type 

electrode to ensure that aerobic conditions were 

maintained.

Chlorophyll content was determined using 

ethanol extraction as described (Minaeva et al., 

2017). When indicated antimycin A, myxothiazol or 

salicylhydroxamic acid (SHAM) were added to the 

medium to a final concentration of 100 µM, 6 µM 

and 2mM, respectively. All chemical compounds 

are from Sigma-Aldrich.
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MEASUREMENT OF NO

Chlamydomonas cells (45 µg/ml chlorophyll) 

were incubated in the presence of 1 µM (4-amino-

5-methylamino-2’7’-difluorofluorescein diacetate) 

dye (DAF-FM DA, Sigma-Aldrich). After 15 min 

the cells were washed, resuspended in indicated 

medium and then incubated for an additional 30 

min to allow complete de-esterification of the 

intracellular diacetates. Intracellular production 

of NO was measured using a microplate reader 

CLARIOstar (BMG). Excitation and emission 

wavelengths were set at 483±14 and 530±30 nm, 

respectively. Fluorescence intensity was expres-

sed as arbitrary units per µg chlorophyll. Cell 

autofluorescence was subtracted from the total 

fluorescence obtained. Three technical replicates 

per condition were included on each plate and 

each experiment was performed at least three times 

independently.

GENE EXPRESSION ANALYSIS

RNA was isolated as described previously (Er-

milova et al., 2010). The quality of the RNA prepa-

rations was estimated by agarose gel electrophoresis, 

and RNA concentration and purity were determined 

spectrophotometrically (SmartSpec Plus, Bio-Rad). 

Reverse transcription was performed with RevertAid 

H MinusFirst Strand cDNA Synthesis Kit according 

to the manufacturer´s instructions (Thermo Sci-

entific). The primer pairs used for real time qPCR 

were 5́-ACTTGGATCTGTGTGCCTGG-3́ and

5́-CTGGGCCGGTATCTACGTTC-3́ for AOX1, 

5́-GAGTTTCAGGACCCGGATGG-3́ and 5́- 

AATAAACCGCAACCCCAGGT-3́ for AOX2, 

and 5́-CTTCTCGCCCATGACCAC-3́ and 5́- 

CCCACCAGGTTGTTCTTCAG-3́ for RACK1. 
Real time qPCR was performed on the Light Cycler 

Instrument (CFX96 Real-Time PCR Detection 

System, Bio Rad) using SYBR Green I as described 

(Zalutskaya et al., 2016). Gene expression ratios were 

normalized to RACK1 (receptor of activated protein 

kinase C; Cre13.g599400) using the ΔΔCt method 

(Livak et al., 2001). Antimycin A, myxothiazol or 

SHAM treatments had no effect on the accumula-

tion of RACK1 transcripts in Chlamydomonas cells. 

The accuracy and reproducibility of the real time 

assay was determined from low variation in C
T
 

values across replicates. Values were obtained from 

at least three biological replicates; each replicate 
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was analyzed three times. Student’s t-tests were used 

for statistical comparisons. P-values of <0.05 were 

considered as significant.

Results and discussion

DARK-INDUCED NO GENERATION IS NOT DEPENDENT 

ON NR

Our previous studies showed that stress-induced 

AOX1 expression was significantly higher under 

dark conditions (Zalutskaya et al., 2015, 2016, 

2018). How can dark treatment lead to increased 

AOX1 induction under various stress conditions? 

Because NO has been implicated in modulating 

AOX1 expression and activity (Zalutskaya et al., 

2017), we explored the potential NO generation 

under dark treatment further. The levels of NO were 

first verified in WT (21gr) strain transferred to the 

dark (Fig. 1A). In response to the dark treatment in 

ammonium-containing medium, NO amount was 

increased to only 1.5-fold after 1 h of incubation. 

When Chlamydomonas cells were exposed to 

nitrate, we observed the higher NO amounts than 

in ammonium medium. However, the highest levels 

of NO generation were reached when cells were 

incubated in 10 mM nitrite (Fig. 1A). Therefore, 

we chose 10 mM nitrite-containing medium for 

further experiments. Importantly, in all experiments 

no significant drop in the dissolved oxygen levels 

was monitored, showing only slight decrease (about 

7-12%) after 3 h of incubation in the dark.

In higher plants, the crucial role of NR in NO

production in various processes has been demon-

strated (Desikanet al., 2002; Hao et al., 2010; 

Kolbert et al., 2010; Xie et al., 2013; Lombardo et 

al., 2012; Santolini et al., 2016). In Chlamydomonas, 

it has been shown that NR can interact with the

partner protein nitric oxide-forming nitrite reduc-

tase (NOFNiR) to catalyze the formation of NO 

from nitrite (Chamizo-Ampudia et al., 2016). More-

over, our findings suggest that NR-NOFNiR system 

plays a positive role in THB1 (truncated hemoglobin 

1) transcription via generation of NO from nitrite 

in S-starved cells in the light (Zalutskaya et al., 

2018). We further asked whether NR-deficient 

aerobic cells could generate NO in the dark. We 

used nit1 mutant, 305 (Sosa et al., 1978). During 

dark incubation, the formation of NO was clearly 

detected in NR-defective mutant strain (Fig. 1B), 

indicating that NR is not essential to generate NO 

in dark cells under aerobic conditions. Moreover, 

NO levels was significantly higher in nit1 strain 

than in WT (compare Fig. 1 A and B), hinting that 

NO quenching could be impaired in this strains. 

These results prompted us to explore the source of 

NO formation in dark Chlamydomonas cells under 

normoxia.

COMPLEX III IS A SOURCE FOR NO GENERATION IN 

AEROBIC DARK-INCUBATED CELLS

The mitochondrial electron transport chain 

(mETC) has been shown to produce NO in plant 

cells under hypoxia (Tischner et al., 2004; Planchet 

et al., 2005). It was shown that Chlamydomonas 

under normoxic conditions can reduce nitrite into 

NO using a mitochondrial cytochrome c oxidase 

(Maxence et al., 2017). Interestingly, in animal 

mitochondria, complex III can be another source for 

NO generation from nitrite under normoxia (Nohl 

et al., 1999). In addition, in tobacco leaves, complex 

III is required for NO production under aerobic 

conditions (Alber et al., 2017). We further asked 

whether complex III could be a site of NO formation 

in aerobic dark-incubated Chlamydomonas cells. We 

used previously described inhibitors of the complex 

III, myxothiazol (Qo-site inhibitor) and antimycin 

A (Qi -site inhibitor) (Planchet et al., 2005; Gupta 

et al., 2005). To our data, NO levels were strongly 

increased in antimycin A-treated WT cells (Fig. 

2A). The second inhibitor, myxothiazol, also in-

creased NO generation. However, NO amounts 

after myxothiazol treatment were significantly lower 

than after antimycin A treatment. Notably, these 

results are well consistent with data of Alber et al. 

(2017) obtained in tobacco leaves. It was detected 

that electron pressure in the Q-cycle of complex III 

resulted in single electron leak to nitrite generating 

NO. We found that myxothiazol reduced the anti-

mycin A-modulated increase in NO levels (Fig. 

2A), suggesting that the Q-cycle of complex III can 

generate NO from nitrite in dark Chlamydomonas 

cells under normoxia.

NO GENERATED VIA COMPLEX III IS A RETROGRADE 

SIGNAL CONTROLLING AOX1 EXPRESSION

As expression of AOX1 in Chlamydomonas was 

reported to be increased by antimycin A (Molen et 

al., 2006), we asked whether or not the amounts of 

AOX1 transcripts correlated with NO levels in cells 

treated with inhibitors of complex III. Indeed, the 
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Fig. 1. The effects of dark incubation on NO 

production by Chlamydomonas strains under 

normoxia. A – NO levels were determined in

the cells of 21gr strain (wild type) grown in am-

monium-containing medium in the light and 

transferred into the dark to media containing 7 

mM ammonium, 7 mM nitrate or 10 mM nitrite. 

Fluorescence intensity due to intracellular NO 

was determined using 1 µM DAF-FM DA and 

was expressed as arbitrary units per µg chlorophyll. 

Cell autofluorescence was subtracted from the

total fluorescence obtained. Fluorescence in the 

cells grown in the light in ammonium-containing 

medium is considered as control (set to 100%). 

Data are the means±SE (error bars) from three 

independent experiments. Asterisk denotes sta-

tistical significance of means compared with 

the control at the 95% level. B – NO levels 

were determined in cells of wild type (21gr) 

and nitrate reductase deficient strain (305) 

grown in ammonium-containing medium in 

the light and transferred into the dark to 10 mM 

nitrite-containing medium. Following 0.5 h pre-

incubation in the dark (Con), the cells were used for 

analysis of NO generation. Fluorescence intensity 

due to intracellular NO was determined using 1 

µM DAF-FM DA and was expressed as arbitrary 

units per µg chlorophyll. Data are the means±SE 

(error bars) from three independent experiments. 

AOX1 transcript had a 3.8- and 3.2-fold increase 

in the antimycin A-treated cells after 1h and 2h of 

incubation compared with the untreated cells (Fig. 

2B). Similarly, but to a less extent, AOX1 expression 

relative to that in the control cells was elevated in 

cells after myxothiazol treatment. Interestingly, the 

increase of AOX2 expression in cells treated with 

antimycin A or myxothiazol was not observed (Fig. 

2B, insertion). Thus, the complex III-dependent 

NO generation appeared to be involved in the signal 

regulation of AOX1 transcription but not of AOX2 

transcription.

AOX1 IS A FACTOR CONTROLLING NO GENERATION BY 

THE METC

Scavenging of NO is essential for cells as 

excess of NO can react rapidly with other toxic 

free radicals and proteins. Because homodimeric 

AOX can regulate mitochondrial NO production 

in higher plants (Cvetkovska and Vanlerberghe, 

2012; Cvetkovska et al., 2014), we investigated the 

possibility that monomeric AOX can also prevent 

NO formation in dark-adapted algal cells under 

normoxic conditions. To identify the potential role 

of AOX in the control of NO amounts, we analyzed 

salicylhydroxamic acid (SHAM) that is inhibitor 

of the alternative electron transport pathway. 

Interestingly, SHAM application led to enhanced 

NO production from nitrite and NO generation 

became even stronger when SHAM was used in 

addition to antimycin A (Fig. 2C), suggesting that 

monomeric AOX can scavenge mitochondrial NO. 

Next, we asked the question whether the 

increased levels in NO generation in nit1 mutant was 

accompanied by changes in the AOX1 expression. 

In WT, the transcript level increased rapidly to 

approximately 4.5–4-fold that of the control after 

30 min and 1 h, respectively .The dark incubation 

of nit1 cells in nitrite-containing medium resulted 

in only about 2-fold induction of this gene over the 

2-h exposure period (Fig. 2D), hinting that AOX-

dependent scavenging mechanism for NO could be 

less effective in this strain that in the WT. In further 

considering the interactions between AOX1 and NO 

in Chlamydomonas, it is clear that this needs to be 

further characterised in the AOX1-unerexpressing 

strains.
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Fig. 2. Changes in NO levels and AOX1 expression in Chlamydomonas strains in response to treatments with 

complex III and AOX inhibitors under normoxia. A – Effects of complex III inhibitors on NO generation in 

WT. Cells were grown and treated as described in Fig. 1B. Following 0.5 h pre-incubation in the dark (Con), 

antimycin A (AA, 100 µM), myxothiazol (Myxo, 6 µM) or antimycin A + myxothiazol were added to the 

medium. Fluorescence intensity due to intracellular NO was determined using 1 µM DAF-FM DA and was 

expressed as arbitrary units per µg chlorophyll. Data are the means±SE (error bars) from four independent 

experiments. B – Effects of complex III inhibitors on AOX1 and AOX2 expression in WT. Cells were treated as 

described in (A). Relative expression levels were normalized with the gene expression of RACK1 and calculated 

using ΔCT. Values are means ± SE of three biological replicates and three technical replicates. C – Effects of 

AOX inhibitor SHAM on NO generation in WT. Cells were grown and treated as described in (A). Following 

0.5 h pre-incubation in the dark (Con), SHAM (2 mM) or SHAM + antimycin A (100 µM) were added to the 

medium. Fluorescence intensity due to intracellular NO was determined using 1 µM DAF-FM DA and was 

expressed as arbitrary units per µg chlorophyll. Data are the means±SE (error bars) from three independent 

experiments. D – Time course of the AOX1 transcripts accumulation during dark incubation of WT and nit1 

cells in nitrite-containing medium. Cells were grown in ammonium-containing medium in the light (Con) and 

transferred into the dark to 10 mM nitrite-containing medium. Relative expression levels were normalized with 

the gene expression of RACK1 and calculated using ΔCT. Values are means ± SE of three biological replicates 

and three technical replicates.

Conclusions

Current understanding concerning the regula-

tory mechanisms of monomeric alternative oxidases 

in organisms is limited. The results provide sub-

stantial evidence that complex III of mETC pro-

duces NO from nitrite in aerobic dark-adapted Chla-
mydomonas, and monomeric AOX1 appeared to be 

involved in reducing this activity. Under conditions 

limiting the flow of electrons through complex 

III, AOX1 expression is dependent on changes in 

NO levels, indicating that NO is a key molecule 

controlling AOX1 amounts in dark Chlamydomonas 

cells under normoxia. To our knowledge, we present 

the first investigations on the effects of NO generated 

by mETC on expression of a monomeric type of 

alternative oxidase.
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