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INTRODUCTION

Photoautotrophs convert light energy into reducing equivalents 
(NADPH) and phosphorylating power (ATP), which are used to 
drive the metabolic reactions of CO2 assimilation. Coordinating 
photosynthetic electron transport activities to downstream met-
abolic needs is essential for cell survival and growth because 
excess production of reducing power may result in an overre-
duction of the photosynthetic electron transport chain, which 
may lead to photooxidative damage (Niyogi, 2000). Multiple 
strategies have therefore evolved to facilitate fine-tuning of pho-
tosynthesis and allow plants and algae to rapidly acclimate to 
natural environments where nutrient, light, and temperature can  
change frequently (Saroussi et al., 2017). Several chloroplast- 
located alternative electron pathways (notably, cyclic electron 

flow, the water-to-water cycle, O2 photoreduction processes, 
and chlororespiration) have been identified to play roles in dissi-
pation of photoreductant and/or reequilibration of the NADPH/
ATP ratio (Peltier et al., 2010; Curien et al., 2016; Saroussi et al., 
2017). Recently, it has been shown that chloroplast redox bal-
ance can also be achieved through export of excess reducing 
equivalents to mitochondria in green algae (Dang et al., 2014) 
and diatoms (Bailleul et al., 2015) yet the detailed molecular 
mechanisms remain to be elucidated. Moreover, alterations of 
mitochondrial metabolism have also been shown to influence 
photosynthetic performance in plants and algae (Sweetlove 
et al., 2006; Nunes-Nesi et al., 2011; Massoz et al., 2015; Larosa 
et al., 2018). Thus current knowledge on chloroplast redox poise 
is centered on the dissipation of excess reducing equivalents 
through chloroplast-based processes or through collaboration 
between chloroplast and mitochondria.
  Alongside chloroplasts and mitochondria, peroxisomes are a 
further subcellular compartment involved in energetic metabo-
lism. The peroxisome was originally defined as an organelle that 
carries out oxidative reactions leading to production of H2O2, a 
reactive oxygen species (ROS) that can cause oxidative damage 
if present in excess (Erickson et al., 2015; Dietz et al., 2016). In 
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plant peroxisomes, the major sources of H2O2 are photorespira-
tion and β-oxidation of fatty acids (FAs). However, in algae such 
as Chlamydomonas reinhardtii that possess a CO2 concentrating 
mechanism, photorespiration is negligible and does not produce 
H2O2 due to the absence of glyoxylate oxidase (Aboelmy and 
Peterhansel, 2014; Hagemann et al., 2016). Algal FA β-oxidation, 
which has recently been demonstrated to be the major path-
way for FA catabolism in Chlamydomonas (Kong et al., 2017), 
is therefore the major contributor to H2O2 formation in peroxi-
somes. H2O2 is produced at the first step of β-oxidation, which 
is catalyzed by acyl-CoA oxidase (ACX). H2O2 can also be pro-
duced in chloroplasts through the Mehler reaction as a “safety 
valve” to photochemical reactions and has been shown to play 
a signaling role if present at sublethal levels (Dietz et al., 2016).  
However, it remains to be established whether peroxisome- 
derived H2O2 can also play a signaling role.
  In addition to H2O2 and its end-product acetyl-CoA, FA  
β-oxidation generates one molecule of NADH (1:1:1) through the 
3-hydoxyacyl-CoA dehydrogenase activity of the multifunctional 
protein (MFP-DH). Studies in yeasts and plants show that reox-
idation of peroxisomal NADH must occur inside the organelle 
because the peroxisomal membrane is impermeable to NAD+ 
(van Roermund et al., 1995). NADH is an essential electron donor 
for numerous biochemical reactions occurring in different cellu-
lar compartments; therefore, NADH trafficking and homeostasis 
requires tight regulation and coordination (Mettler and Beevers, 
1980; Scheibe, 2004). By catalyzing the reversible conversion of 
NADH to NAD+ via reduction of oxaloacetate to malate, which 
can be shuttled across subcellular membranes, malate dehy-
drogenases (MDHs) play a key role in intracellular trafficking 
of reducing equivalents (Mettler and Beevers, 1980; Scheibe, 

2004). MDHs are ubiquitous enzymes, and each subcellular 
compartment usually contains at least one isoform (Mettler and 
Beevers, 1980; Scheibe, 2004). With the exception of the ma-
jor chloroplast isoform which is NADP+-dependent (EC1.1.1.82) 
and so far the best characterized (Musrati et al., 1998; Miginiac- 
Maslow and Lancelin, 2002; Lemaire et al., 2005), all the other 
MDHs require NAD+ as a cofactor (EC1.1.1.37). Despite their 
potential importance in cellular redox homeostasis, none of the 
algal NAD+-dependent MDH has been studied. The Chlamydo-
monas genome encodes four putative NAD+-dependent MDHs 
(Merchant et al., 2007), and MDH2 has been localized to per-
oxisomes (Hayashi and Shinozaki, 2012; Lauersen et al., 2016; 
Kong et al., 2017).
  In this study, through isolation and characterization of two 
Chlamydomonas mutants deficient in peroxisomal NAD+- 
dependent MALATE DEHYDROGENASE2 (MDH2), we show 
that MDH2 plays a key role in the reverse coupling of the 
redox/H2O2 signal from the peroxisome to the chloroplast. The 
mdh2 mutant cells are compromised in triacylglycerol (TAG) 
breakdown and display increased TAG and starch accumula-
tion during both photoautotrophic nitrogen (N) deprivation and 
high light (HL) exposure. We propose that the increased carbon 
storage is a result of more active photosynthesis and increased 
levels of NADPH and H2O2. MDH2 thus connects peroxisomal 
FA catabolism to synthesis of starch and lipid reserves and pho-
tosynthetic electron transport in the chloroplast by transmitting 
the redox state of the peroxisome to the chloroplast. Therefore, 
this study provides unanticipated evidence for the role of peroxi-
somes in helping photoautotrophs to cope with N scarcity and 
HL, which are widespread phenomena in many terrestrial and 
aquatic environments.



1826  The Plant Cell

RESULTS

Mutants Knocked out for MDH2 Are Compromised in Lipid 
Catabolism

In Chlamydomonas, significant levels of TAG accumulate during 
N deprivation, and upon N resupply, TAGs are degraded to re-
lease carbon and energy contained in acyl groups to support 
cell division and growth (Liu and Benning, 2013; Schmollinger 
et al., 2014; Li-Beisson et al., 2015). To investigate the pathways 
and regulatory mechanisms of TAG homeostasis, a library of in-
sertional mutants (∼4500) was screened for alterations in TAG 
content based on Nile red staining and flow cytometry (Cagnon 
et al., 2013). Among 80 mutants isolated, one mutant (Lb9G9) 
was found to be severely defective in TAG breakdown during  
the recovery phase after a period of mixotrophic N deprivation 
(Figure 1A). One day after N resupply while cells kept in the 
dark, the mutant cells retained ∼80% of the TAG amount accu-
mulated before N resupply, whereas the parental strain (dw15) 
kept only ∼20% of the TAG accumulated. The observation that 
the mutant cells were 20% bigger than the wild type during the 
remobilization phase could not explain the fivefold higher TAG 
present in the mutant cells compared with the wild type at that 
stage (Figure 1F). The defect in TAG degradation could also be 
visualized by stronger BODIPY staining under confocal micros-
copy (Figure 1B). The experimental setup used in this study is 
depicted in Supplemental Figure 1A.
  The antibiotic resistance gene APHVIII was found to be inserted 
in the 4th exon of the Cre10.g423250 locus (Figure 1C), which 
codes for an isoform of NAD+-dependent MDH (MDH2/MDY2) 
(Merchant et al., 2007). The mutant was therefore designated 
as mdh2-1. DNA gel blot analyses revealed a single insertion 
in mdh2-1 (Supplemental Figure 2). RT-PCR performed on total 
RNAs isolated from exponentially grown cells showed the ab-
sence of MDH2 transcripts in mdh2-1 (Figure 1D). A polyclonal 
antibody raised against a synthetic peptide recognized in its pa-
rental strain (dw15) one polypeptide corresponding in size to the 
predicted molecular mass of MDH2 (∼36 kD), which was absent 
in mdh2-1 (Figure 1E). Taken together, these data suggest that 
mdh2-1 is a null mutant. Activity measurements performed on 
Chlamydomonas total protein extracts showed an ∼24% reduc-
tion in the activity of NAD+-dependent MDH in mdh2-1 in com-
parison to dw15 during optimal growth (Supplemental Figure 3).  
The residual NAD+-dependent MDH activity is likely due to ex-
istence of at least three other NAD+-requiring MDH isoforms in 
Chlamydomonas (Merchant et al., 2007) (Supplemental Table 1).
  To confirm that the mdh2-1 mutant phenotype is due to a de-
fect in the expression of MDH2, the mutant was complemented 
by transformation with a construct carrying a genomic copy 
of the full-length gene cloned in frame with the epitope tag 
V5 (Figure 2A). After screening ∼100 antibiotic resistant clones, 
we obtained two independent complemented lines that showed 
restoration in their capacity to remobilize oil (Figure 2B). The 
presence of the expressed protein MDH2 in these complemented 
lines was confirmed by immunoblot analysis using anti-V5 as 
well as anti-MDH2 antibodies (Figure 2C).
  In parallel to the genetic complementation experiment, 
we also identified a second allele of the same locus (Cre10. 

g423250) in the CC4533 background from the Chlamydomo-
nas Mutant Library (CLiP; https://www.chlamylibrary.org) (Li  
et al., 2016). This mutant, which we named mdh2-2, harbored an 
insertion of the antibiotic resistance gene in the first exon of the 

Figure 1.  Isolation of the mdh2-1 (Lb9G9) Mutant Impaired in TAG Break-
down during N Recovery.

(A) TAG content 2 d after N deprivation and 1 d after N resupply in mix-
otrophically grown cells.
(B) Visualization of LDs in cells upon N resupply (1 d) by staining with 
BODIPY.
(C) The insertion site of the cassette APHVIII in mdh2-1.
(D) RT-PCR analysis.
(E) Immunoblot analysis using anti-MDH2 antibodies.
(F) Cell volume determination.
Cells were first grown mixotrophically in N-deprived conditions. Af-
ter N resupply, cells were kept in the dark in MM medium (1 d) then 
were stained with BODIPY, and pseudocolors were used: lipid droplet 
in green and chlorophyll in red. The housekeeping gene used for RT-
PCR is RACK1. For immunoblots, samples were loaded at equal total 
protein amount and stained by Coomassie blue. RACK1, Receptor of 
activated protein C kinase 1. Values are the mean of biological replicates 
(i.e., independent shaking flask cultures; n = 5, sd). Biological replicates 
refer to cells that were grown in independent flasks. Asterisks indicate 
statistically significant changes compared with the parental line dw15 by 
paired-sample Student’s t test (*P ≤ 0.05 and **P ≤ 0.01).

http://www.plantcell.org/cgi/content/full/tpc.18.00361/DC1
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coding sequence (Figure 3A). Immunoblot analysis revealed the 
absence of the full-length protein and the presence of a smaller  
hybridizing signal likely due to the formation of a truncated pro-
tein (Figure 3B). Oil content analyses showed a similar oil remo-
bilization phenotype (upon N resupply) in mdh2-2 (Figure 3C), as 
was observed in mdh2-1.
  To summarize, based on genetic complementation and isola-
tion of an independent allelic mutant, we conclude that the de-
fect in oil remobilization observed in mdh2-1 and mdh2-2 results 
from the absence of a functional MDH2 protein. MDH2 has been 
previously shown to be located in peroxisomes of Chlamydo-
monas (Hayashi and Shinozaki, 2012; Kong et al., 2017) and is 
expected to play a role in FA β-oxidation based on its function 

in plants (Pracharoenwattana et al., 2010). In peroxisomes, in 
addition to FA β-oxidation, the glyoxylate cycle also requires the 
activity of MDH. Defects in enzymes of glyoxylate cycle often 
result in strains unable to grow in the dark when acetate is sup-
plied as the only carbon source (Plancke et al., 2014). It was  
observed here that mdh2-1 and mdh2-2 mutants grew nor-
mally in the dark either in liquid culture or on agar plates (Sup-
plemental Figures 4A and 4B), ruling out that MDH2 is required 
for acetate utilization. Moreover, the mutants grew as well as 
dw15 when cultivated photoautotrophically in the presence of 
CO2-enriched air, but reached a lower cell density at stationary 
phase when cultivated mixotrophically (Supplemental Figures 
4C and 4D).

Figure 2.  Genetic Complementation of mdh2-1 Mutant.

(A) The construct used for genetic transformation.
(B) Restoration of TAG levels to that of the wild type in the complemented lines.
(C) Immunoblot detection of MDH2 in complemented lines using anti-V5 and anti-MDH2 antibodies.
(D) TAG analysis during mixotrophic N deprivation.
(E) Total FA quantification.
(F) Starch analysis during mixotrophic N deprivation.
TAG and starch contents were determined in N-deprived cells (2–3 d) and in N-resupplied cells (1 d). Two independent transformants (C1 and C2) were 
analyzed, and each line with three biological replicates (i.e., independent shaking flask cultures) and two technical replicates (i.e., different sampling 
from the same flask). Values are the mean of biological replicates (n = 3, sd). Asterisks indicate statistically significant changes compared with the 
control strains (dw15 and C1) by paired-sample Student’s t test (*P ≤ 0.05 and **P ≤ 0.01). Cells were grown in mixotrophic conditions under constant 
light. PHsp70A/RbcS2, the heat shock protein 70A and Rubisco small subunit promoter; ble, antibiotic resistance marker gene; TRbcS2, RbcS2 terminator; 2A, 
FMDV 2A self-cleaving peptide. For immunoblots, samples were loaded at equal total protein amounts. Loading controls were stained by Ponceau red 
for the upper panel and Coomassie blue for the lower panel.
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mdh2 Mutants Overaccumulate TAG and Starch during 
Photoautotrophic N Deprivation (Supplemented with 2% 
CO2 in the Air)

Increasing evidence suggests the occurrence of lipid remobi-
lization simultaneous to synthesis (Miller et al., 2010). For ex-
ample, knocking down lipid catabolism has been demonstrated 
to lead to strains that overaccumulate TAGs (Trentacoste et al.,  
2013; Kong et al., 2017). Disruption in the first step of FA  
β-oxidation (i.e., ACX2) in Chlamydomonas resulted in a mutant 
strain (acx2) that accumulated 20% more TAG than its paren-
tal strain (dw15) during mixotrophic N deprivation (Kong et al., 
2017). Furthermore, in this study, a ∼20% increase was detected  
under mixotrophic culture conditions in the two mutants in which 
MDH2 was knocked out (Figures 1A, 2D, and 3C), although 

total fatty acids remained similar between the three genotypes 
(dw15, mdh2-1, and C1) (Figure 2E).
  Based on immunoblot analysis, we observed that photoau-
totrophically grown wild-type cells made twice as much MDH2  
protein than those grown mixotrophically (Supplemental Figure 5).  
Unless otherwise specified, cells were grown throughout this 
work under photoautotrophic conditions using air supplemented 
with 2% CO2 (Supplemental Figure 1B). To study the role of MDH2 
under photoautotrophic condition, we followed TAG accumula-
tion in N-starved cells cultivated under this condition. Interest-
ingly, we found a much more dramatic increase in TAG when 
cultivated photoautotrophically, i.e., the mutant cells accumulated 
>50% more TAGs than dw15 following 2 d of N deprivation (Fig-
ure 4A). This is considerably greater than the 20% increase in 
mixotrophically grown N-deprived cells (Figures 1A and 2D). Ac-
cordingly, an increased number and size of lipid droplets (LDs) 
was observed in mdh2-1 by confocal microscopy in comparison 
to the control strains (Figure 4C). In addition, although mdh2-1 
mutant cells were smaller during photoautotrophic N-sufficient 
growth (i.e., before the onset of N starvation), they grew bigger 
than the wild type after 2-d N starvation (Supplemental Figure 
6A). To determine whether observed increases in TAG and starch 
content in mdh2-1 mutant result from metabolic effects or 
from an increase in cell size, we also plotted TAG and starch 
content on cellular volume basis (Supplemental Figures 6B and 
6C). Despite the changes being less dramatic compared with 
the per cell basis, TAG and starch content per cellular volume 
were still 30% higher in the mdh2-1 mutant as compared with  
its control strains (dw15 and C1). Similar phenotypes (i.e., in-
crease in TAG and LDs) were also observed in mdh2-2 in com-
parison to its parental strain (CC4533) on a cell basis (Figures 
5A and 5D) or based on cellular volume (Supplemental Figures 
7A and 7B).
  Gas chromatography-mass spectrometry (GC-MS) analysis 
of total cellular FAs as their methyl esters (FAMEs) showed that 
there was a net increase in total cellular FAs in mdh2-1 following 
2 d of N deprivation (Figure 4D), but interestingly there was no 
difference found when cells were cultivated under mixotrophic 
conditions (Figure 2E). It is worth noting here that prior to N depri-
vation, slightly smaller amounts of total FAs were present in the 
mdh2-1 mutant mostly due to its smaller cell size compared with 
the wild type. With the exception of an increase in 18:2(9,12), no 
significant change occurred in FA composition in comparison to 
the control strains (dw15 and C1) 2 d after photoautotrophic  
N starvation (Supplemental Figure 8). That said, during N-sufficient 
growth, the mdh2-1 mutant contains relatively higher amount of 
16:0 and slightly lower amount of 18:3(9,12,15) than the control 
strains (dw15 and C1). Chlorophyll content in all strains was re-
duced upon N starvation, and the reduction was similar between 
all three strains (Supplemental Figures 6D and 6E).
  Metabolic changes in mdh2 mutants were not limited to stor-
age lipids. It was also found that the mutants accumulated two-
fold more starch than control strains (dw15 and C1) following  
2 d of N deprivation (Figures 4B and 5B). By contrast, during mix-
otrophic N deprivation, starch accumulated to similar amounts 
in dw15 and the mdh2 mutants (Figure 2F). We therefore con-
clude that during photoautotrophic N starvation, higher TAG 
and starch accumulation observed in the mdh2 mutants are the 

Figure 3.  mdh2-2 Mutant Characterization.

(A) The insertion site of the cassette APHVIII in mdh2-2.
(B) Immunoblot analysis using anti-MDH2 antibodies.
(C) TAG content analysis.
Cells were grown in mixotrophic conditions under constant light. TAG 
contents were determined in N-deprived cells (2 d) and in N-resupplied 
cells (1d and 2d). Values are the mean of biological replicates (i.e., in-
dependent shaking flask cultures; n = 3, sd). Asterisks indicate statis-
tically significant changes compared with parental strain (CC4533) by 
paired-sample Student’s t test (**P ≤ 0.01). Note: We have screened six 
independent lines, and all of them possessed a hybridizing signal just 
below the expected size, suggesting the likely formation of a truncated 
protein (black arrow). For immunoblot, samples were loaded at equal to-
tal protein amounts. Loading controls were stained by Coomassie blue.

http://www.plantcell.org/cgi/content/full/tpc.18.00361/DC1
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consequence of two cumulative events, a metabolic effect and 
an increase in the cell size.

mdh2 Mutants Maintain a Higher Photosynthetic Activity 
during Photoautotrophic N Deprivation

While the overaccumulation of TAG in mdh2 may not be surpris-
ing given the involvement of MDH2 in lipid catabolism, the effect 
on starch accumulation was more puzzling. To gain insight into 
the overaccumulation of storage compounds in mdh2 mutants, 
we measured photosynthetic parameters under photoautotro-
phic conditions during optimal growth and N deprivation. Pho-
tosynthetic performances (measured here as the photosystem 
II [PSII] operating efficiency) decreased in wild-type cells during 
N deprivation as previously reported (Figure 6A) (Saroussi et al., 
2016; Schulz-Raffelt et al., 2016), but interestingly, the reduction 

in PSII yield was stronger in their respective parental lines than in 
the two mutants (Figures 5C and 6A). No significant difference 
in PSII yield could be observed when cells were cultivated in  
the presence of acetate (TAP condition) (Supplemental Figure 9). 
Measurement of O2 evolution and CO2 uptake using membrane 
inlet mass spectrometry (MIMS) demonstrated that gross and 
net photosynthetic O2 evolution and net CO2 uptake rates, al-
though similar in N-replete conditions (Figure 6B), were sig-
nificantly higher in the mdh2-1 mutant than in the control lines 
following 2 d of N deprivation (dw15 and C1) (Figure 6C).
  In addition to the increased rates of O2 production and CO2 
fixation during N starvation, we also measured the production of 
NADPH upon the transition from dark to light by following changes  
in NAD(P)H fluorescence (Roach et al., 2015). This analysis re-
vealed that while no significant difference between the strains 
was observed in N-replete conditions, both mdh2 mutants dis-
played a higher level of NADPH fluorescence under illumination 
in comparison to their corresponding parental strain following 2 d 
of photoautotrophic N deprivation (Figures 7A and 7B; Supple-
mental Figure 10). We conclude from these measurements that 
photosynthesis (measured as PSII efficiency, photosynthetic gas 
exchange rates, or NADPH accumulation) is less affected by 
N deprivation in mdh2 mutants than in the control lines.
  To better understand the higher photosynthetic activities in 
mdh2 mutants, we next determined the levels of representative 
photosynthetic proteins by immuno-analysis. While photosys-
tem I (PSI) and PSII amounts probed by PSAD and D1 subunits, 
respectively, strongly decreased following 2 d of N deprivation, 
the decrease was less pronounced in the mdh2-1 mutant (Fig-
ure 8). Similar effects were observed on the light-harvesting 
complex stress-related 3 protein (LHCSR3), on the cytochrome 
b6f complex (probed by “the cytochrome f subunit”), and on the 
ATPase complex (probed by the ATPB subunit) albeit to a lesser  
extent than the photosystem proteins (Figure 8). Levels of other 
proteins, including the chloroplast type II NADPH dehydrogenase 
(NDA2), proton gradient regulation like 1 (PGRL1), flavodiiron 
protein (FLVB), and Rubisco large subunit (RBCL1) remained es-
sentially unchanged. We conclude from this experiment that the 
general decrease in components of the photosynthetic machin-
ery occurring during N deprivation in the control strains, and par-
ticularly in PSII and PSI amounts, is less pronounced in mdh2, 
which may at least partly explain the maintenance of higher 
photosynthetic performance in the mutant during N deprivation.

Metabolomics Analyses Reveal Reduction of Malate and 
Readjustment of Primary Metabolism in mdh2 during 
Photoautotrophic N Starvation

To determine if major changes in primary carbon metabolism 
occurred in mdh2 mutants, we performed metabolomics using 
a GC-MS-based method (Lisec et al., 2006). A total of 60 me-
tabolites including organic acids, free amino acids, sugars, and 
their derivatives were quantified. In comparison to N-replete 
condition, over 60% of the total polar metabolites decreased in 
their cellular amount in N-deprived cells (Figure 9A; Supplemen-
tal Data Set 1). Furthermore, most organic acids and free amino  
acids were significantly more reduced in the mdh2-1 mutant than 
control strains (dw15 and C1) following 2 d of N deprivation, 

Figure 4.  The mdh2-1 Mutant Overaccumulates TAG and Starch during 
Photoautotrophic N Deprivation.

(A) TAG content.
(B) Starch content.
(C) Confocal microscopy image of LDs in N-deprived cells (2 d).
(D) Total FA content.
Cells were cultivated under constant light in photoautotrophic conditions 
with additional supply of 2% CO2 in the air. Values are the mean of bi-
ological replicates (i.e., independent shaking flask cultures; n = 6, sd). 
Cells were stained with BODIPY, and pseudocolors were used: lipid 
droplet in green and chlorophyll in red. Asterisks represent statistically 
significant difference from both control strains (the parental line dw15 
and C1) by paired-sample Student’s t test (*P ≤ 0.05 and ** P ≤ 0.01). C1, 
one representative complemented line.
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whereas the changes in sugars were more varied. No signifi-
cant difference in the total content of malate, the product of 
MDH, was detected prior to N deprivation between mdh2-1 and 
control strains. In all strains, the malate content was reduced 
as a response to N deprivation, but the extent of reduction in 
mdh2-1 was far greater than that in control strains (dw15 and 
C1) (Figure 9B). A >60% reduction in intracellular malate con-
tent was observed in mdh2-1 in comparison to control strains 
(dw15 and C1) following 2 d of N deprivation. It is worth noting 
that, maltose, a breakdown product of starch degradation, was 
increased by 200% following 2 d of N deprivation in mdh2-1 
compared with its control strains (Figure 9C). In addition, we 
observed a ∼80% decrease in sucrose content in the mdh2-1  
mutant compared with its control strains following 2 d of N depri-
vation (Figure 9D).
  The observed metabolic shift during N deprivation is in clear 
contrast to cells grown under optimal conditions, where most 
metabolites were found to be present in higher quantities in 
mdh2-1 than in their control strains (dw15 and C1) (Figure 9A, 

Supplemental Data Set 1). For example, with the exception of 
the two nonproteogenic amino acids (β-alanine and ornithine), 
which did not change significantly, most other free amino acids 
were present at levels that are 200 to 500% higher in mdh2-1 
during N-replete growth. Yet, following 2 d of N deprivation, most 
free amino acid levels were present at much lower amount in the 
mdh2-1 mutant compared with its control strains (Figure 9A). 
Taken together, these results suggest that during response to 
N deficiency, greater metabolic adjustment occurs in the mutant 
compared with its parental strain.

The mdh2-1 Mutant Is Delayed in Cell Division during 
N Deprivation but Overall Biomass Productivity Is Not 
Affected

Upon N starvation, the mdh2-1 mutant showed delayed cell di-
vision (1.5-fold increase in cell concentration) compared with the 
control strains (dw15 and C1), which typically show a doubling 
of the cell concentration 1 d after the onset of N deprivation 

Figure 5.  mdh2-2 Overaccumulates TAG and Starch, and Possesses Higher Photosynthetic Activity during Photoautotrophic N Deprivation.

(A) TAG content.
(B) Starch content.
(C) PSII operating efficiency.
(D) LD imaging after cells being stained by BODIPY.
Cells were cultivated under constant light in photoautotrophic conditions with additional supply of CO2 at 2% in the air. Values are the mean of biolog-
ical replicates (i.e., independent shaking flask cultures; n = 6, sd). Actinic light (200 µmol m−2 s−1) supplied by a red LED source was used for PSII yield 
measurement. Asterisks indicate statistically significant changes compared with the parental strain (CC4533) by paired-sample Student’s t test (**P ≤ 
0.01). Cells were stained with BODIPY, and pseudocolors were used: lipid droplet in green and chlorophyll in red. mag., magnification.
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under photoautotrophy (Figure 10A). However, on a cellular 
volume basis, growth was higher in the mdh2-1 mutant than 
in control strains (Figure 10B). Interestingly, there was no sig-
nificant difference found when growth was evaluated on a dry 

biomass basis (Figure 10C). The increase in cell volume in the 
mdh2-1 mutant could be partly due to an impairment in cell  
division, due to the accumulation of carbon reserves, and partly 
due to the considerable increases in sugars and organic acids 
(Figure 9), some of which are known to alter cellular osmotic po-
tential (Centeno et al., 2011; Araújo et al., 2012). The lack of an 
increase in dry biomass, in contrast to the increase in total cell 
volume, supports the latter hypothesis. Taken together, in spite 
of a slight retardation in cell division, there is no compromise in 
overall biomass productivity, possibly because the biomass of 
the mdh2-1 mutant is enriched in oil and starch (Figure 4).

mdh2 Overaccumulates Starch upon HL Exposure and 
during Diurnal Growth

To determine if MDH2 has a function in other situations beyond 
N deprivation, we examined mutant behavior under HL, a con-
dition frequently encountered by many algae. We observed that 
although cells grew at a similar rate in liquid cultures (Figure 
11A), mdh2-1 is more sensitive to HL (500 µmol m−2 s−1) during 
photoautotrophic growth on agar plates than the control strains 
(dw15 and C1) visible 6 d after being exposed to HL, while the 
growth was similar under low light (LL; 50 µmol m−2 s−1) (Figure 
11B). Such a difference in growth performance observed be-
tween solid and liquid cultures may be surprising but not un-
precedented and have indeed also been observed in the pgrl1 
mutant (Dang et al., 2014). Multiple physiological parameters 
could account for this difference among which the shading 

Figure 6.  mdh2-1 Displays Higher Photosynthetic Yield during Photoau-
totrophic N Deprivation.

(A) Measurement of PSII operating efficiency.
(B) and (C) Measurements of O2 production and net CO2 fixation using 
MIMS in N-replete (B) and in N-deprived cells (C).
Cells were cultivated under constant light in photoautotrophic conditions 
with additional supply of 2% CO2 in the air. Values are the mean of biolog-
ical replicates (i.e., independent shaking flask cultures; n = 3, sd). Actinic 
light (200 µmol m−2 s−1) supplied by a red LED was used for PSII yield 
measurement, whereas for MIMS analyses, light was supplied by a green 
LED source. Asterisks indicate statistically significant difference from both 
control strains (dw15 and C1) by paired-sample Student’s t test (*P ≤ 0.05 
and **P ≤ 0.01). C1, one representative complemented line.

Figure 7.  Measurement of NAD(P)H Fluorescence during Photoautotro-
phic N Starvation.

(A) NADPH fluorescence in mdh2-1 and its parental strain dw15.
(B) NADPH fluorescence in mdh2-2 and its parental strain CC4533.
Cells were grown to a constant OD under continuous light in photoauto-
trophic condition (+2% CO2 supplemented in the air), then NADPH fluo-
rescence was measured before (MM) and after N deprivation (MM-N 2 d).  
Cells were kept in the dark for 1 min before an actinic light exposure (at 
70 µmol photons m−2 m−1 provided by a red LED). Values are the mean of 
the NAD(P)H fluorescence level obtained across the 20-s light exposure 
(i.e., independent shaking flask cultures; n = 3, sd). Original NAD(P)H  
fluorescence traces are shown in Supplemental Figure 10. Asterisks 
indicate significant difference compared with their respective parental 
strains by paired-sample Student’s t test (*P ≤ 0.05). A.U., arbitrary unit.
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effect encountered quickly in liquid cultures as a result of cell 
doubling could explain a lack of growth difference between 
mdh2-1 and the wild type (i.e., dw15). Another reason might be 
due to the length of incubation, i.e., 2 d in liquid cultures versus 
5 to 7 d in solid agar plate. Higher amounts of TAG and starch 
accumulated in all strains exposed to HL, which was consistent 
with previous observations in Chlamydomonas wild-type strains 
(Goold et al., 2016), yet the increase in TAG and starch content 
was even greater in mdh2-1 (Figures 11C and 11D).
  Changes in starch metabolism are not limited to N deprivation 
or HL. During diurnal growth, starch is accumulated during the 
day and consumed at night (Ball et al., 1990). Therefore, we also 
followed starch content in mdh2-1 and the control strains during 

a 12-h-light/12-h-dark cycle. We observed that starch accumu-
lation followed the typical “bell shape” in all three strains, i.e., 
starch reached the highest level at the end of day and was de-
graded at night (Figure 12), but strikingly much higher amounts 
of starch (>300% increase at the end of day) were accumulated 
in the mutant. Intriguingly, at the end of night, the starch con-
tent returned to a similar level as found in the parental strain, 
which showed that mdh2-1 mutant degraded a greater amount 
of starch within the same time period, indicating a possible in-
crease in catalytic activities of starch-degrading enzymes and 
implying that the circadian regulation of starch degradation is 
similar in Chlamydomonas as that previously reported in Arabi-
dopsis thaliana (Smith and Stitt, 2007).

mdh2-1 Produces Higher Amounts of H2O2 under N 
Starvation and HL as Well as during Diurnal Growth

The absence of MDH2 is expected to hinder reoxidation of 
NADH produced by the 3-hydoxyacyl-CoA dehydrogenase 
activity of the β-oxidation spiral, therefore likely resulting in an 
overreduced peroxisome. The observed increases in de novo 
FA synthesis, photosynthetic activity, and starch accumulation 
suggested that the imbalance in peroxisomal redox status can 
be transmitted to chloroplast. H2O2 is a known cellular mes-
senger. We therefore determined extracellular levels of H2O2 
using the Amplex Red method (Allorent et al., 2013; Dang  
et al., 2014). The H2O2 level was 20% higher in mdh2 compared 
with control lines (dw15 and C1) following photoautotrophic N 
starvation (Figure 13A). The increase in the level of H2O2 in the 
mdh2-1 mutant triggered the production of higher amount of 
catalase 1 protein (CAT1) compared with wild-type strain during 
photoautotrophic N starvation (Supplemental Figure 11). To fur-
ther investigate the overproduction of H2O2 by the mutant, we 
used the oxidant-sensing fluorescent probe 2',7'-dichlorodihy-
drofluorescein diacetate (H2DCFDA), which is converted to the 
green fluorescent dichlorofluorescein (DCF) upon exposure to 
conditions high in ROS. DCF fluorescence can be captured with 
a confocal microscope, and intensity of signal reflects the in-
tracellular level of ROS including H2O2. Increased fluorescence 
was observed in all strains (dw15, mdh2, and C1) upon N star-
vation, conforming to previous observations on the increase 
in ROS level in N-deprived Chlorella sorokiniana (Zhang et al., 
2013), Dunaliella salina (Yilancioglu et al., 2014), and Chlamydo-
monas (Du et al., 2018). Furthermore, the increase in ROS level 
upon N deprivation was even greater in mdh2 as observed by 
measurement of DCF fluorescence using a spectrofluorometer 
(Figure 13B) as well as under confocal imaging (Figure 13C). 
Nonuniform patches of green fluorescent spots were observed 
in cells of all genotypes, and although we could not be sure that 
they are present in the peroxisomes, it was clear that they are 
not limited to the chloroplasts. Furthermore, we also determined 
extracellular H2O2 levels in the parental strain and mutants upon 
HL exposure and during a diurnal growth. Whereas no differ-
ence was observed between strains under LL or in the dark, a 
20 to 30% increase in H2O2 was observed in mdh2-1 compared 
with its control strains (dw15 and C1) after 1 d of HL exposure 
or during the light period (Supplemental Figure 12).

Figure 8.  Immunoblot Analyses of Photosystem Proteins during Photo-
autotrophic N Deprivation.

(A) Representative images of immunoblot analysis.
(B) Quantification of signal intensities from cells being N-starved for 2 d.
Proteins were collected from cells before (MM) and after photoautotro-
phic (+2% CO2 supplemented in the air) N deprivation (MM-N, 2d) un-
der constant light. Representative images of immunoblot analysis are 
shown. Signals for (B) were averaged from three biological replicates 
(i.e., independent shaking flask cultures) for N-starved cells (n = 3; sd). 
Asterisks indicate significant difference from the parental strain dw15 by 
paired-sample Student’s t test (*P ≤ 0.05). Samples were loaded at equal 
total protein amounts and stained using Coomassie blue.
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  In plant/algal peroxisomes, H2O2 is produced by ACX, the ini-
tial step of β-oxidation (Graham, 2008; Kong et al., 2017). To 
identify the source of the observed increase in H2O2, we de-
termined the level of ACX activity in cell-free protein extracts 
from mdh2-1 and its parental strain (dw15) using stearoyl-CoA 
(18:0) as a substrate given that it represents one of the major 
acyl-chain lengths in Chlamydomonas. ACX activity (18:0) was 
found to be almost twice higher in mdh2 than in dw15 following 
N-deprivation (2 d) (Supplemental Figure 13), consistent with 
the increased H2O2 production. To further explore a possible link 
between peroxisomal production of H2O2 by ACX and reserve 
formation, we also analyzed the acx2-1 mutant, which we have 
previously shown to be blocked in the H2O2-generating reaction 

of FA β-oxidation (Kong et al., 2017). We observed that under N 
deprivation, the acx2-1 mutant did not overaccumulate H2O2 and 
didn’t overproduce starch or show a difference in PSII operating 
efficiency from the control strains (Figures 14A to 14C). The lack 
of a reduction in H2O2 level in acx2-1 compared with its parental 
strain dw15 is not surprising given the occurrence of four other 
ACX isoforms in Chlamydomonas (Kong et al., 2017). Further-
more, we also examined the response of the acx2-1 mutant to 
HL exposure. The acx2-1 mutant grew as well as dw15 under HL 
(Figure 14D). Unlike the mdh2-1 mutant, where starch is overac-
cumulated during a diurnal growth period (+N), the acx2-1 mu-
tant did not overaccumulate, or made even less, starch during 
the same period (Figure 14E). Overall, the observation on the 

Figure 9.  Metabolomics Analysis of Polar Metabolites in Photoautotrophically Grown Cells before and 2 d after N Deprivation.

(A) A heat map view of metabolic changes.
(B) Intracellular malate content.
(C) Intracellular maltose content.
(D) Intracellular sucrose content.
Cells were cultivated under constant light in photoautotrophic conditions with additional supply of 2% CO2 in the air. Values are the mean of biological 
replicates (i.e., independent shaking flask cultures; n = 8, sd). Asterisks indicate significant difference from control strains by paired-sample Student’s 
t test (*P ≤ 0.05 and **P ≤ 0.01). A.U., arbitrary unit.
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increase of ACX (18:0) activity in mdh2-1 mutant together with 
the lack of starch overaccumulation in acx2 mutant therefore 
supported the idea that peroxisomal FA β-oxidation is a major 
source of H2O2 in mdh2.

H2O2 Supplementation Results in TAG and Starch 
Overaccumulation in the mdh2-1 Mutant

To further evaluate the idea that oil and starch over-accumulation 
observed in mdh2 may result from an increased H2O2, we de-
termined TAG and starch contents in cells supplemented with 
H2O2. Considering the dual role of H2O2 on cell physiology and 
metabolism, we first tested the effect of various H2O2 concen-
trations on growth of the wild-type strain. We chose to use a 
final concentration of 0.5 mM H2O2 because at this concentra-
tion, cells were still growing and did not show any obvious del-
eterious effects seen with higher concentrations (Supplemental 
Figure 14A). Cell growth of all strains in the presence of H2O2 
supplementation was similar in liquid cultures (Supplemental 
Figure 14B), whereas when cells were plated out in solid agar 

Figure 10.  Cell Growth during Photoautotrophic N Deprivation.

(A) Relative growth based on cell number per milliliter of culture.
(B) Relative growth based on cell volume per milliliter of culture.
(C) Relative growth based on dry biomass per milliliter of culture.
Cells were cultivated under constant light in photoautotrophic N starva-
tion conditions with additional supply of CO2 at 2% in the air. Cell growth 
was monitored every day using a Coulter counter. Then, cell concentra-
tion was normalized to that before N deprivation (which is set as 1). Val-
ues are the mean of biological replicates (i.e., independent shaking flask 
cultures; n = 11, sd). Asterisks indicate statistically significant difference 
from control strains by paired-sample Student’s t test (*P ≤ 0.05). Cell 
vol, cellular volume.

Figure 11.  HL Response of the mdh2-1 Mutant during Photoautotrophic 
Growth.

(A) Growth kinetics in liquid cultures under HL.
(B) Growth comparison on agar plates.
(C) TAG content on a per cell basis.
(D) Starch content on a per cell basis.
Cells were cultivated under constant light (either HL or LL) in photoau-
totrophic conditions with additional supply of 2% CO2 in the air. Light 
was provided by a cool LED white light. The same number of cells were 
inoculated on MM agar plate and kept under continuous light to monitor 
cell growth. Images were taken 6 d after cells being deposited. Values 
are the mean of biological replicates (i.e., independent shaking flask cul-
tures; n = 4, sd). Asterisks indicate significant difference from control 
strains by paired-sample Student’s t test (*P ≤ 0.05 and **P ≤ 0.01). LL, 
50 µmol m−2 s−1; HL, 500 µmol m−2 s−1. 
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plate in serial dilutions, the mdh2-1 mutant showed increased 
sensitivity in growth compared with its parental line visible 7 d 
after being deposited (Figure 15A). This might be due to a cu-
mulative effect of light and H2O2 supplementation encountered 
more severely in solid cultures.
  We then compared the capacity of all three strains in accu-
mulating starch and TAG following H2O2 supplementation. In the 
presence of exogenously added H2O2, it was found that starch 
increased >200%, whereas TAG increased by 50% in the wild 
type 2 d after H2O2 supplementation (Figures 15B and 15C). We 
further noticed that the increases in starch and TAG contents in 
the mdh2-1 mutant were much greater (>30% more) than those 
of control strains (dw15 and C1) (Figures 15B and 15C).

DISCUSSION

In all eukaryotic cells, biochemical reactions are compartmen-
talized in specific subcellular organelles rendering the coordina-
tion of metabolism across different compartments essential for 
cell functioning (Sweetlove and Fernie, 2013). The chloroplast,  
the major power house of photoautotrophs, is often found located  
in close proximity to peroxisomes (Hayashi and Shinozaki, 
2012; Hu et al., 2012; Schwarz et al., 2017), but little is known 
about the interaction and exchange of information between 
them in algae. Here, via characterization of two knockout mu-
tants of the peroxisomal MDH2 in the unicellular green alga 
Chlamydomonas, we provide evidence that (1) FA β-oxidation 
requires a functional MDH2; (2) lipid catabolism is connected to 
photosynthesis and chloroplast metabolism through MDH2; (3) 
the reverse coupling of redox/H2O2 from peroxisome to chloro-
plast is essential for cell division during N deprivation or HL ex-

posure; and (4) MDH2 plays a role in modulating starch metab-
olism during diurnal growth. This study thus reveals regulation 
of chloroplast-based activities by factors derived from peroxi-
somes. We further identify malate and H2O2 as important players 
in this process. Below, we discuss and provide a working model 
explaining metabolic reorientations occurring in the absence of 
MDH2 in Chlamydomonas (Figure 16). The logics and reasoning 
in supporting this model are provided below.

MDH2 Is a Major Contributor to NAD+ Regeneration in 
Peroxisomal FA β-Oxidation

MDH2 has been localized to peroxisomes in Chlamydomonas 
by three independent studies (Hayashi and Shinozaki, 2012; 
Lauersen et al., 2016; Kong et al., 2017) and has further been 
observed that MDH2 colocalized with ACX2, the first enzyme of 
the β-oxidation cycle (Kong et al., 2017). The defect in TAG hy-
drolysis reported here together with a peroxisomal localization 
strongly supports the involvement of MDH2 in FA β-oxidation 
(Figure 16, event 1). Moreover, MDH2 showed the highest amino 
acid sequence similarity (>55% identity, BLAST) to the two Ara-
bidopsis peroxisomal proteins AtpMDH1 and AtpMDH2 (Sup-
plemental Table 1). Interestingly, the double Arabidopsis mutant 
(pmdh1 pmdh2) lost the capacity to remobilize TAG during seed  
germination (Pracharoenwattana et al., 2007). A defect in lipid ca-
tabolism has also been observed in a mutant of Saccharomyces 
cerevisiae deficient in the peroxisomal MDH3 (van Roermund 
et al., 1995). Taken together, these studies demonstrate that 
the metabolism of NADH generated via FA β-oxidation in peroxi-
somes is conserved between fungi, plants, and algae, and sim-
ilar to the other two systems, the algal peroxisomal membranes 
are not permeable to NAD(H), thus prohibiting free exchange 
with cytoplasm where de novo NAD+ synthesis occurs (Noctor 
et al., 2006).
  Oil hydrolysis is severely but not completely blocked in the 
mdh2 mutants (Figure 1). This suggests the possible occurrence 
of compensatory pathways in providing NAD+ for β-oxidation. 
Indeed, a number of other mechanisms controlling NAD+ ho-
meostasis have been reported to operate in plant peroxisomes. 
Studies in Arabidopsis have shown that FA β-oxidation can be 
supported by peroxisomal hydroxypyruvate reductase (HPR) 
when AtpMDH1 and AtpMDH2 are absent (Pracharoenwattana  
et al., 2010). Plant peroxisomes are also known to contain 
high amounts of the ascorbate peroxidase (APX)/monodehy-
droascorbate reductase (MDAR1) electron transfer system, 
which has been reported to play a role in NADH reoxidation as 
well as in detoxifying H2O2 (Eastmond, 2007). In addition, an 
Arabidopsis peroxisomal NAD+ carrier (PXN) has been demon-
strated to operate in the import of NAD+ into the peroxisomes  
from the cytoplasm (Bernhardt et al., 2012; van Roermund 
et al., 2016), and knockout mutants for PXN are defective in oil 
breakdown during seedling establishment. Genes homologous 
to HPR (Cre06.g295450), APX (Cre09.g401886), MDAR1 (Cre17.
g712100), and PXN (Cre07.g353300) are encoded in the genome 
of Chlamydomonas (Merchant et al., 2007), and their potential 
involvement in lipid catabolism in algae is further supported by 
a recent transcriptomic study where their transcriptions were 
dysregulated in a mutant defective in oil hydrolysis following 

Figure 12.  Starch Accumulation during Photoautotrophic Diurnal 
Growth.

Cells were cultivated in a diurnal cycle of 12 h light/12 h dark in a con-
trolled incubation chamber supplied with 2% CO2 in air. Light was sup-
plied via fluorescent tubes at an intensity of 100 µmol m−2s−1. Values are 
the mean of biological replicates (i.e., independent shaking flask cul-
tures; n = 4, sd). Shaded area refers to the night period.
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N resupply (i.e., the cht7 mutant, compromised in hydrolysis of 
TAG) (Tsai et al., 2014, 2018). That said, none of the algal proteins 
has yet been functionally characterized. Nevertheless, these al-
ternative mechanisms in any case do not appear to play a major 
role, at least under the conditions tested in this study, since mdh2 
mutants lost >80% of their capacity to remobilize TAG reserves.

The Role of Peroxisomal MDH2 in Fine-Tuning of 
Photosynthesis during Photoautotrophic N Deprivation

Chlamydomonas reduces its electron transport activities to  
adapt to a reduced metabolic need when N is depleted from 

the medium (Schmollinger et al., 2014; Park et al., 2015; 
Saroussi et al., 2016). Structural changes and transcrip-
tomic responses during this adaptation have been reported 
(Schmollinger et al., 2014; Saroussi et al., 2016), but little  
is known concerning the underlying regulatory mecha-
nisms. Findings in this study suggest that the peroxisomal  
MDH2 through participation in peroxisomal FA β-oxidation 
and NAD+ metabolism is, at least partly, involved in down-
regulating photosynthesis in N-deprived Chlamydomonas. 
This conclusion is evidenced by the fact that in the absence 
of MDH2, cells sustained a higher photosynthetic electron 
transport activity and generated higher amounts of NADPH 

Figure 13.  Determination of H2O2 Level during Photoautotrophic N Deprivation.

(A) Extracellular H2O2 level determined by Amplex Red.
(B) Relative DCF fluorescence level.
(C) Intracellular ROS level determined using H2DCFDA staining.
Cells were cultivated under constant light in photoautotrophic conditions with additional supply of 2% CO2 in the air. Values are the mean of biological 
replicates (i.e., independent shaking flask cultures; n = 4, sd). Asterisks indicate significant difference compared with control strains (dw15 and C1) by 
paired-sample Student’s t test (*P < 0.05). C1, the complemented line.
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during photoautotrophic N starvation than control strains 
(Figures 6, 7, and 16, event 2).
  Two major metabolic changes could result in more sustained 
photosynthesis in mdh2, namely, a reduction in malate and an in-
crease in starch. First, malate is a recognized electron carrier and 
can be transported across subcellular membranes by dicarbox-
ylate transporters (Mettler and Beevers, 1980). In wild-type cells 
when malate level is high, less NADP+ is available as acceptor of 
electrons released from PSI; therefore, photosynthesis is down-
regulated to match to the reduced metabolic needs of the cell. 

By contrast, in the absence of MDH2, the malate level is lower 
and more NADP+ is available to accept electrons from PSI, there-
by enhancing electron transport activities and producing more 
NADPH. A lower malate level in the chloroplast of mdh2 mutants 
may result from impaired shuttling of malate between peroxi-
somes and chloroplasts, such shuttling being possible thanks 
to a concerted functioning of both peroxisomal and plastidial 
MDHs. Although the redox-regulated plastidial MDH5 has been 
often reported to function as a malate valve exporting reducing 
power out of the chloroplast (Scheibe, 2004; Hebbelmann et al., 

Figure 14.  Effect of Silencing ACX2 on Starch Accumulation and HL Response.

(A) Fold change in H2O2 production in acx2-1.
(B) Operating PSII efficiency.
(C) Starch content before and after N deprivation (2 d).
(D) Light sensitivity test.
(E) Starch content during diurnal growth.
Cells were grown in liquid culture under constant light with additional supply of 2% CO2 and then the same number of cells was inoculated on MM 
agar plate and kept under continuous light (supplied by cool LED white light) to monitor cell growth at 25°C. Images were taken 7 d after cells being 
deposited. Actinic light (200 µmol m−2 s−1) supplied by a red LED source was used for PSII yield measurement. LL, 50 µmol m−2 s−1; HL, 500 µmol m−2 s−1.  
Shown are the parental strain dw15, acx2-1, and one complemented line (Comp1). Shaded area refers to the night period. Values are the mean of 
biological replicates (i.e., independent shaking flask cultures; n = 4, sd). 



1838  The Plant Cell

2012; Heyno et al., 2014), the enzymatic activity of NADP-MDH 
is highly reversible, and it is therefore conceivable that depending 
on the metabolic conditions (for instance, N availability and/or 
light intensity) and depending on the cellular redox poise the 
shuttle may work in one direction or in the other. Moreover, in 
addition to the redox-regulated NADP-MDH, plants and algal 
chloroplasts contain a NAD-MDH (MDH1) (Supplemental Table 1), 
which is not redox regulated and not involved in the function-
ing of the malate valve, but supports other metabolic functions 
(Beeler et al., 2014; Selinski and Scheibe, 2014).
  Second, the higher photosynthetic activities of mdh2 (in 
comparison to the wild type) occurring during photoautotro-
phic N starvation could be due to increased sink strength since 
starch accumulates in mdh2 mutants (Figure 4), and starch is 
an excellent electron sink. When facing harsh conditions (nu-
trient deprivation or HL), the limiting factor for photosynthesis 
is the availability of electron acceptors. The observed increase 

in starch synthesis in mdh2 will consume a large amount of 
NADPH, therefore regenerating NADP+ for photochemical re-
actions, resulting in more sustained photosynthesis during 
photoautotrophic N starvation compared with the wild type. 
In addition, the chloroplast redox state has been reported to 
induce the expression of proteins of the photosynthetic ap-
paratus (Oswald et al., 2001), which might explain the higher 
levels of these proteins observed in the mutant than the wild 
type during N starvation (Figure 8). The lower sucrose level 
present in the mdh2-1 mutant (Figure 9) could also be involved 
in sustaining photosynthesis, via relieving feedback regulation 
of photosynthesis, as has been reported previously in land 
plants (Pfannschmidt et al., 1999; Lobo et al., 2015). Together, 
the different metabolic adjustments occurring in mdh2 during 
photoautotrophic N starvation favor a higher photosynthetic 
electron flow and higher CO2 fixation into organic carbon as 
compared with the parental strains.

Figure 15.  Effect of H2O2 Supplementation on TAG and Starch Content during Photoautotrophic Growth.

(A) Cell growth.
(B) Starch content per cell.
(C) TAG content per cell.
Cells were cultivated under constant light in photoautotrophic conditions with additional supply of 2% CO2 in the air. Cells were collected before and  
2 d after H2O2 addition (0.5 mM). A given number of cells was deposited on MM agar plates with or without addition of H2O2. Images were taken 7 d 
after cells being deposited. Values are the mean of biological replicates (i.e., independent shaking flask cultures; n = 4, sd). Asterisks indicate statisti-
cally significant difference from control strains (dw15 and C1) by paired-sample Student’s t test (**P ≤ 0.01).
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Malate, H2O2 and Relationships to Starch Metabolism 
during Photoautotrophic N Deprivation

In addition to lipids, we detected large amounts of starch in the 
mutants under N deprivation, HL, and during diurnal growth 
(Figures 4, 5, 11, and 15). In parallel, a reduction in malate and 

an increase in the levels of maltose, NADPH, and H2O2 was 
observed (Figures 7, 9, and 13). Together, these results point 
to a link between malate content, H2O2 level, NADP+ reduction 
state, and starch metabolism (Figure 16, event 3). A negative 
correlation between malate and starch content has been pre-
viously observed in potato tubers (Solanum tuberosum) and 

Figure 16.  Tentative Model Explaining Redirection of Metabolism in the Absence of MDH2 during Photoautotrophic N Deprivation.

FA degradation starts with hydrolysis of TAGs and membrane lipids by lipases. FAs released enter the peroxisomes via an ABC transporter and sub-
sequently are degraded to acetyl-CoAs by the core FA β-oxidation spiral, which consists of four enzymatic activities (ACX, MFP-hydratase, MFP-DH, 
and KAT). MDH2 plays a role in oxidation of NADH, which is generated by hydroxylacyl-CoA dehydrogenase (MFP-DH) at the third step of β-oxidation 
spiral. In the absence of MDH2, NADH is likely accumulated, thereby increasing the reduction state of peroxisome. This would result in two metabolic 
changes in peroxisome: a decrease in malate export and an increase in H2O2 level. These two metabolites would in turn significantly alter photosyn-
thesis and chloroplast metabolism. Activated pathways in the mutant are indicated by blue arrows, whereas downregulated pathways are indicated 
by red arrows. Based on results obtained from this study and current literature, we propose a cascade of events leading to the observed phenotypes 
in mdh2 mutants: “High oil” phenotype (events 1, 2, and 5): A block in FA β-oxidation combined with increased de novo FA synthesis contributes to 
higher TAG accumulation. “High starch” phenotype (events 2 to 4): During N starvation, the more active CO2 fixation and photosynthesis in the mdh2-1 
mutant provides more NADPH and carbon precursors for starch synthesis. The increased level of NADPH in chloroplast activates AGPase for starch 
synthesis and also activates several starch-degrading enzymes; therefore, it results in an increased carbon flux into and out of the starch route. Higher 
amounts of starch indicate high sink capacity, therefore sustaining photosynthesis. As a consequence, more NADPH is produced by photochemical 
reactions, and this further activates AGPase, together resulting in the 100 to 300% increase in starch content. “High H2O2” phenotype (event 3): The 
higher level of H2O2 in the mutant is supported by the 2-fold increase in the H2O2-generating reaction catalyzed by ACX activity. Once it is transmitted 
to chloroplast, H2O2 activates the starch synthesis pathway, as supported further by the observation of starch overaccumulation in wild-type cells 
supplemented with exogenous H2O2. “Sustained photosynthesis” (events 1 and 2): A blockage in FA β-oxidation at the step of MDH2 will result in 
less malate being produced in the peroxisome. Malate, a recognized electron carrier, can be transported to other compartments via the dicarboxylate 
transporter. When malate level is high, less NADP+ is available as electron acceptor at PSI, therefore downregulating photosynthesis. Conversely, in the 
absence of MDH2, the malate level is decreased, and more NADP+ is available to accept electrons from PSI. ACX, acyl-CoA oxidase; CAT, catalase; 
CBC, Calvin-Benson-Bassham cycle; CTS1, comatose 1; DH, dehydrogenase; FAD, flavin adenine dinucleotide; FFA, free fatty acid; Fdx, ferredoxin; 
FNR, ferredoxin-NADP+ reductase; KAT, ketoacyl-CoA thiolase; LHC, light-harvesting complex; Mal, malate; MFP, multifunctional protein; NTRC, 
NADP:thioredoxin reductase C; OAA, oxaloacetate; PQ, plastoquinone; SDP1, sugar dependent 1; SOD, superoxide dismutase.
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tomato fruits (Solanum lycopersicum) when mitochondrial ma-
late metabolism is disturbed (Jenner et al., 2001; Centeno et al., 
2011), and elevated photosynthesis has been reported following 
downregulation of the mitochondrial malate dehydrogenase in 
tomato (Nunes-Nesi et al., 2005). However, the identity of in-
tracellular signal(s) involved in such a connection has not been 
established. Compared with previous reports, our work brings 
in two new aspects: (1) It provides an example in which chlo-
roplast starch metabolism can be modulated by malate metab-
olism in peroxisomes; and (2) it provides evidence that diurnal 
starch metabolism can be modulated by a peroxisome-located 
protein.
  Regulation of starch synthesis is known to occur at the level 
of the first and rate-limiting step catalyzed by ADP-glucose py-
rophosphorylase (AGPase), which is under multiple regulations 
including principally allosteric and redox regulation (Geigenberger, 
2011). Reductive activation of AGPase has been shown to oc-
cur in tomato as well as Chlamydomonas (Iglesias et al., 1994; 
Libessart et al., 1995; Buléon et al., 1997) and is mediated by 
a chloroplast-located NADPH-dependent thioredoxin reductase 
C (NTRC) (Michalska et al., 2009; Geigenberger, 2011; Lepistö 
et al., 2013; Naranjo et al., 2016; Thormählen et al., 2017). The 
increased reduction state of mdh2 chloroplasts (i.e., higher  
NADPH level) could activate AGPase via NTRC (Figure 16, event 
3). In parallel, the higher CO2 fixation of mdh2 (Figure 6) results 
in an increased production of photosynthates through the CBC 
cycle; these two effects (enzyme activation and substrate avail-
ability) result in a boost of starch synthesis in mdh2 mutants.
  Moreover, a positive correlation between H2O2 and starch 
amounts was observed, which is supported by three lines of 
evidence. (1) The H2O2 level was increased in mdh2 mutants 
together with enhanced starch accumulation. 2) When the H2O2 
level remained similar to the wild type, i.e., in the case of the 
acx2-1 mutant, starch was not overaccumulated. (3) When wild-
type cells were supplied with exogenous H2O2, starch was over-
accumulated. This report thus establishes a positive correlation 
between starch amount and H2O2. The biochemical observation 
made here is supported by a recent H2O2-induced transcrip-
tomic response study showing that mRNA abundance of sev-
eral starch synthesis genes is increased in H2O2-supplemented 
cells (Blaby et al., 2015). Nevertheless, the underlying molecular 
mechanisms linking H2O2 and starch still need to be worked out.
  Metabolomics analysis revealed that maltose and glucose, 
the major products of starch degradation, were dramatically in-
creased in mdh2 in comparison to its parental strain. Moreover, 
despite the fact that more starch was made by the end of day 
in mdh2, the level of starch at the end of night period fell to 
the same level as those of control strains, indicating acceler-
ated activities of starch-degrading enzymes. These two sets of 
data thus point to an increase in starch degradation in mdh2 
(Figure 16, event 4). This could be explained by the elevated 
levels of NADPH present in mdh2 because several enzymes of 
the starch degradation pathway, notably, an α-glucan water dik-
inase, a β-amylase, and a phosphatase, have been shown to 
be under redox regulation (Mikkelsen et al., 2005; Sparla et al., 
2006; Comparot-Moss et al., 2010; Geigenberger, 2011). The 
concomitant increase in synthesis and degradation of starch 
seems, at first sight, puzzling. Actually, increasing knowledge 

reveals the occurrence of starch degradation activities simulta-
neous to starch synthesis in the light, in specific cell types, or 
under particular environmental conditions (Sparla et al., 2006; 
Baslam et al., 2017; Daloso et al., 2017).
  In parallel to energetic changes, the increase in CO2 assimi-
lation in mdh2 results in higher production of precursors for the 
synthesis of carbon reserves i.e., starch and TAG. Together, the 
increased synthesis and turnover of starch in mdh2 led to the 
spectacular “high starch high maltose” phenotype. Adding to 
the already complex regulatory mechanisms of starch synthesis, 
our work provides a demonstration of the regulation of chloro-
plast starch synthesis and turnover by signal (and metabolite) 
derived from the peroxisomes.

Increased TAG Amount in N-Deprived mdh2

In this study, we found that significant amounts of TAGs are 
made in N-deprived mdh2 cells (Figures 1, 4, and 5). Upon N 
deprivation, a block in β-oxidation diverts otherwise toxic free 
FAs released from membrane lipids to make storage lipid. This 
is supported by two recent observations in Chlamydomonas, 
i.e., in acx2 mutants (Kong et al., 2017), as well as in the icl 
(isocitrate lyase) mutant that is blocked in glyoxylate cycle that 
functions downstream of β-oxidation allowing conversion of FAs 
to sugars (Plancke et al., 2014). However, this can only partly 
explain the increased TAG content in mdh2 under photoautotro-
phic N deprivation because we found that the increase in TAG 
content in mdh2 is much more dramatic under photoautotro-
phic N deprivation (50–100%) than under mixotrophic N depri-
vation (∼20%). The dramatic increase in TAG content in mdh2 
under photoautotrophic conditions can partly be accredited to 
enhanced de novo FA synthesis, as suggested by the increase 
in total FA amount under photoautotrophy but not mixotrophy 
(Figures 2E and 4D). The difference in the photosynthetic re-
sponses during N starvation under mixo- versus photoautotro-
phic conditions supports an increased production of NADPH 
(and potentially total FA) only in photoautotrophically N-starved 
cells (Figure 4; Supplemental Figure 9). Thus, the additional in-
crease in TAG content in photoautotrophically N-starved mdh2-1  
cells is likely due to an increased de novo FA synthesis (Figure 
16, event 5).
  In mdh2, enhanced de novo FA synthesis can be attributed 
to the increased supply of carbon precursors as well as of the 
reducing equivalent NADPH. De novo FA synthesis occurs in 
the chloroplast of algae and plants and is catalyzed by fatty 
acid synthase (FAS), and this reaction requires a stoichiometric 
supply of carbon precursors, ATP and NAD(P)H (Ohlrogge and 
Browse, 1995; Li-Beisson et al., 2013). Enhanced CO2 assimi-
lation in mdh2 will provide more organic carbon precursors fed 
into the FAS complex for FA synthesis. This conforms to the 
previous finding that carbon precursor supply for FA synthesis 
controls TAG accumulation in Chlamydomonas (Goodson et al., 
2011; Fan et al., 2012).
  The FAS complex is known to be activated by NADPH, which 
was present at higher levels in mdh2 as a result of enhanced 
photosynthetic activities and increased starch turnover. Indeed, 
a positive link between the level of NADPH and FA amount has 
been established in fungi, plants, and algae (Zhang et al., 2007; 
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Xue et al., 2016). For instance, it has been observed that de novo 
FA synthesis can be enhanced via transgenic overexpression of 
an NADPH-producing malic enzyme in the diatom Phaeodac-
tylum tricornutum and in the green alga Chlorella pyrenoidosa 
(Xue et al., 2015, 2016). By contrast, reducing the NADPH supply 
via inhibition of malic enzyme activities using sesamol in Hae-
matococcus pluvialis, Nannochloropsis sp, and the filamentous 
fungus Mucor circinelloides led to reduction in total FAs (Wynn 
et al., 1997; Recht et al., 2012).
  In addition, the increased TAG level in mdh2 could also be 
due to overproduction of H2O2. Indeed, a study in Arabidopsis 
has shown that H2O2 released from the peroxisomes defec-
tive in the APX/MDAR system inhibits the major TAG lipase 
SUGAR-DEPENDENT1, therefore resulting in impaired TAG hy-
drolysis during seed germination and postgerminative growth 
(Eastmond, 2007). Taken together, the dramatic increase in 
TAG content in photoautotrophic N-deprived mdh2 is a com-
binatorial result of downregulating FA β-oxidation and TAG lip-
olysis and enhancing their de novo synthesis due to increased 
availability of carbon precursors as well as reducing equivalent 
NADPH.

Conclusion

In summary, although the peroxisome was described >60 years 
ago in kidney (Rhodin, 1954), found later in plants (Beevers, 
1979) and only fairly recently confirmed in Chlamydomonas 
(Hayashi and Shinozaki, 2012), the role of the peroxisomes as 
signaling organelle has just started to be recognized in mam-
mals (Tripathi and Walker, 2016). We still know comparatively 
little about the role of peroxisomes in photoautotrophs beyond 
photorespiration in land plants. In addition to revealing previ-
ously unreported functions of peroxisome-chloroplast inter-
actions in algal lipid metabolism (β-oxidation and de novo FA 
synthesis), this study uncovered an important function of the  
peroxisome in photoautotrophs in exerting control on photo-
synthesis and chloroplast metabolism. The proper exchange of 
information (malate/H2O2) from the peroxisome to the chloro-
plast is essential for cell growth especially when facing harsh 
environmental conditions. The peroxisomal H2O2 is likely the 
missing link between environmental stress, metabolism, and 
redox balance. This study also points out the importance of 
peroxisomes in the already complex landscape of chloroplast- 
and mitochondrion-based electron dissipation mechanisms.  
Findings from this study on the unicellular green model alga 
Chlamydomonas should be extendable to photosynthetic tissues 
of land plants where photosynthesis occurs alongside the forma-
tion of carbon reserves in the same cell. Our results therefore may 
suggest additional strategies for engineering plants and algae for 
improved biomass production and stress tolerance.

METHODS

Strains and Culture Conditions

The cell wall-less strain dw15.1 (CC4619 cw15, nit1, mt+; abbreviated as 
dw15 throughout this article), kindly provided by Christoph Benning, was 

used as the parental strain for mutant library generation (Li et al., 2012). 
The mutant mdh2-1 was isolated following the previously published pro-
tocol (Cagnon et al., 2013). The mdh2-2 mutant (LMJ.RY0402.208051) 
together with its background strain CC4533 was purchased from the 
CLiP collection at (https://www.chlamylibrary.org) (Li et al., 2016). Un-
less otherwise specified, cells were routinely cultivated in an incubation 
shaker (INFORS Multitron pro) maintained at 25°C, with 100 rpm shaking 
and constant illumination at 100 µmol m−2 s−1. Except the HL experi-
ment (500 μmol m−2 s−1), which was provided by a cool LED white light, 
all other lightings used for cell cultivation in the INFORS were supplied 
by fluorescent tubes (Fluora Osram). Photoautotrophic growth refers to 
cells grown in MOPS-buffered minimal medium (MM) supplemented with 
2% CO2 in the air (Harris, 2009; Schulz-Raffelt et al., 2016), whereas 
mixotrophic growth refers to cells cultivated in Tris-acetate-phosphate 
(TAP) medium (Harris, 2009). With the exception of TAG remobilization 
experiment (performed in the dark in air), all other cultures were grown in 
MM-MOPS supplemented with 2% CO2 in the air (Supplemental Figure 
1). Cell concentration, cell size, and cellular volume were monitored with 
a Multisizer 3 Coulter counter (Beckman Coulter). For drop test, a series 
of diluted samples was either spotted on TAP plate for heterotrophic 
growth or spotted on MM agar plates and incubated for 5 to 10 d under 
either LL (50 μmol m−2 s−1) or HL (500 μmol m−2 s−1) supplied with a cool 
LED white light at 25°C. For growth test in the presence of H2O2, a given 
number of cells were spotted on MM agar plates with or without H2O2 
supplementation (at a final concentration of 0.5 mM). For N deprivation, 
exponentially grown cells were centrifuged at 600g for 5 min, and cell 
pellets were washed twice with N-free media (TAP-N or MM-N) before 
being resuspended in N-free media for starvation experiments. Unless 
otherwise stated, biological replicates refer to cells grown in independent 
Erlenmeyer flasks.

Starch and Chlorophyll Quantification

Starch and chlorophyll were quantified from 1 mL of culture containing 
∼5 million cells. Briefly, cell culture was centrifuged in a microfuge tube at 
13,000g for 10 min. Pellet was resuspended into 1 mL of methanol, mixed 
vigorously, and stored frozen at −80°C before analyses. The supernatants 
were used to quantify chlorophyll photometrically (Lichtenthaler, 1987), 
and the remaining pellets were left at room temperature in a fume hood 
to evaporate the residual methanol. Pellets were then resuspended in 
400 μL of distilled water and autoclaved for 15 min at 120°C to solubi-
lize the starch polymer. Total starch was quantified using an enzymatic 
starch assay kit (Sigma-Aldrich; ref. SA-20) following the manufacturer’s 
instructions. Glucose converted from the starch was quantified using an 
automated YSI 2700 sugar analyzer (YSI Life Sciences) using a known 
amount of commercial glucose as a standard.

Biomass Determination

Biomass was determined by dry weight measurements. Briefly, cells 
in 10 mL of culture medium (N replete) and 5 mL of culture medium  
(N deplete) were collected on the preweighted glass fiber filter (VWR; 
ref. 611-0739) and dried overnight at 80°C in an incubator. The dried 
biomass was then gravimetrically measured.

FA and Lipid Analyses

FAs were analyzed by GC-MS after all acyl-lipids were converted to their 
methyl esters. TAG content was quantified after being separated from 
the bulk membrane lipids on a thin-layer chromatography plate. Unless 
otherwise stated, all methods related to lipid analyses were performed 
as previously described (Kong et al., 2017).
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Insertion Site Identification by Restriction Enzyme Site-Directed 
Amplification-PCR

The position of the insertion of the cassette APHVIII in the genome of 
Chlamydomonas reinhardtii was determined according to the method of 
restriction enzyme site-directed amplification-PCR (González-Ballester 
et al., 2005; Kong et al., 2017). These and all other primer sequences 
used in this study are listed in Supplemental Table 2.

DNA Extraction, Gene Cloning, and Vector Construction for 
Complementation

Genomic DNA was isolated from exponentially grown cells by the CTAB 
method (Schroda et al., 2001). The genomic DNA coding for MDH2 
was cloned using primers EcoRI-MDH2-F1 and XbaI-MDH2-R1. The 
PCR reaction was performed using the high fidelity KOD Hot Start DNA 
Polymerase (Merck Millipore). The amplified DNA fragment was cloned 
as an EcoRI-XbaI fragment into the pChlamy_4 vector (Life Technolo-
gies), which contains the ble gene conferring zeocin resistance (Stevens  
et al., 1996; Kong et al., 2015), generating pChlamy4-gMDH2. The target 
gene was cloned in frame with a V5 tag at its 3′ end, allowing screen-
ing complemented lines by anti-V5 (GKPIPNPLLGLDST) antibodies. The 
plasmids of pChlamy4-gMDH2 were transformed into the mdh2-1 mu-
tant using electroporation, and independent zeocin (25 mg L−1) resistant 
clones were screened for TAG content by thin-layer chromatography 
(TLC). Briefly, a given number of cells (usually 20 million) was collected  
from each transformant grown to exponential phase, and total lipids 
were extracted following the method described (Kong et al., 2017). 
TAGs were separated out from other lipid classes by migration on a TLC 
plate in a solvent mixture of hexane/diethyl ether/acetic acid (17/3/0.2, 
v/v/v) as described (Siaut et al., 2011). TAG51:0 (17:0/17:0/17:0) (Sigma- 
Aldrich) was used as a standard to allow TAG quantification by densitom-
etry. Detailed methods for TLC and quantification can be found in Siaut  
et al. (2011).

DNA Gel Blot Analysis

To determine the number of insertions in the mutant genome, genomic  
DNA was digested with NotI or StuI. The digested fragments were separated 
and blotted onto positively charged nylon membranes (GE Healthcare). 
The membrane containing DNA was then hybridized with a digoxigenin 
(DIG)-labeled probe made with a fragment of the APHVIII gene. The probe 
was made using a PCR DIG probe synthesis kit (Sigma-Aldrich) by PCR 
amplification with primers APHVIII-probe-F and APHVIII-probe-R. Imag-
ing was done using the luminescent image analyzer G:Box Chemi XRQ 
system (Syngene).

RT-PCR

Total RNA was extracted as described before (Nguyen et al., 2013). The 
RNA was treated with DNase I (Ambion, Invitrogen) and then purified 
with Nucleospin RNA Clean Up (Macherey Nagel). First-strand cDNA 
was synthesized from 1 μg of the total RNA with the SuperScript VILO 
cDNA synthesis kit (Life Technologies) according to the manufacturer’s 
instructions. For RT-PCR, the cDNA fragment of MDH2 was amplified by 
PCR using gene-specific primers MDH2-F2 and MDH2-R2. The RACK1 
(Cre06.g278222) gene was used as a housekeeping gene and amplified 
with primers RACK1-F1 and RACK1-R1.

Generation of Anti-MDH2 Antibodies

Antipeptide antibodies against MDH2 were made by immunizing rabbits 
with the synthetic peptide (PVSEYAYIRHPPRL). Synthesis of the peptide, 
rabbit immunization, and purification of antibodies were performed by 

Proteogenix SAS (Schiltigheim). Specificities of the antibodies were then 
tested on total proteins extracted from whole-cell Chlamydomonas pa-
rental lines (dw15 and CC4533) and the two mdh2 mutants.

Protein Extraction and Immunoblot Analysis

Exponentially grown cells were collected by centrifugation for 2 min at 
1789g and resuspended in 1 mL lysis buffer (20 mM HEPES-KOH, pH 
7.2, 10 mM KCl, 1 mM MgCl

2, 154 mM NaCl, and 0.1× protease inhibitor 
cocktail; Sigma-Aldrich). Cells were then sonicated for 90 s with an alter-
nating cycle of 1-s pulse/1-s pause. The homogenates were centrifuged 
at 14,000g at 4°C for 10 min, and the supernatant was used as total pro-
tein extracts. Protein concentrations were determined spectrophotomet-
rically at 280 nm using a bicinchoninic acid protein assay kit (Bio-Rad). 
The loading controls were visualized either by Ponceau red staining or 
Coomassie Brilliant Blue staining as detailed in the legend. For immuno-
blots, a given amount of total proteins were separated on SDS-PAGE and 
then transferred to a nitrocellulose membrane using the semidry tech-
nique. Primary antibodies (at a dilution of 1/1000) included the specific 
polyclonal rabbit anti-V5 antibodies (Invitrogen; catalog no. PA1-993), 
the rabbit anti-MDH2 antibodies (this study), anti-PGRL1 (Tolleter et al., 
2011), anti-NDA2 (Baltz et al., 2014), anti-FLVB (Chaux et al., 2017), and 
the anti-PSAD (catalog no. AS09-461), anti-PSBA (catalog no. AS01-
016), anti-Cytb6f (subunit f; catalog no. AS06-119), anti-LHCSR3 (catalog 
no. AS14-2766), anti-ATPB (catalog no. AS05-085), anti-RBCL (catalog 
no. AS03-037), and anti-CAT1 (catalog no. AS15-2991) antibodies were 
purchased (Agrisera). Anti-rabbit horseradish peroxidase-conjugated an-
tibodies (Sigma-Aldrich; catalog no. AQ132P) (1/20,000) were used as 
the secondary antibody. The detection was performed with the G:BOX 
Chemi XRQ system (Syngene) using ECL detection reagents (GE Health-
care). The images were captured using a CCD camera by GeneSys Im-
age Acquisition Software (Syngene), and chemiluminescent fluorescence 
was quantitated by GeneTools Analysis Software (Syngene) according to 
the manufacturer’s instructions.

Total Protein Extraction and Enzymatic Activity Assays

Cells at the logarithm phase (around 20 million cells total) were collected 
and resuspended in extraction buffer (50 mM HEPES-KOH, 1 mM EDTA, 
10% glycerol [v/v], 20 μL mL−1 protein protease inhibitor cocktail for plant 
cells [Sigma-Aldrich P9599], and 5 mM DTT at pH 7.5), and then lysed 
by sonication three times with a 10-s interval cycle. The concentrations 
of extracted protein were determined spectrophotometrically at 280 nm 
using a bicinchoninic acid protein assay kit (Bio-Rad) according to the 
manufacturer’s instructions.

MDH Activity Assay

The activity of MDH was determined photometrically by measuring the 
decrease in absorbance at 340 nm resulting from the oxidation of NADH 
to NAD+ as previously described (Mekhalfi et al., 2014). Enzyme assays 
were performed in a 1-cm path-length cuvette containing 2× assay buffer 
(90 mM KH2PO4-KOH, pH 7.4, 0.05% Triton X-100 [v/v], and 5 mM MgCl2) 
buffer with 0.2 mM NADH at 30°C. The reaction was initiated by addition 
of 3 mM oxaloacetate (Sigma-Aldrich), and the rate of NAD+ formation 
was monitored at 340 nm in a Kontron Uvikon 810 spectrophotometer 
(Thermo Fisher Scientific). All the solutions for enzyme activity assays 
were freshly prepared prior to use. The enzyme activities were calculated 
based on the molar extinction coefficient of NAD(P)H at 340 nm (ε340 = 
6220 M−1 cm−1), and the enzymatic reaction rate was calculated using a 
linear regression. One unit of MDH activity is defined as 1 µmol of NADH 
oxidized per min per mg of protein.
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ACX Activity Assay

Stearoyl-CoA (C18:0-CoA; Sigma-Aldrich) at 50 mM was used as the 
substrate for determining ACX activity in total cell-free extracts by fol-
lowing the production of H2O2, detected using the Amplex Red hydrogen 
peroxide/peroxidase assay kit (Invitrogen). A Xenius XC spectrofluorom-
eter (SAFAS) was used to measure the fluorescence emission at 580 nm 
(excitation at 540 nm). Detailed protocols and quantification have been 
described previously (Kong et al., 2017).

LD Imaging

A confocal laser scanning microscope (TCS SP2; Leica) was used to 
observe LDs in cells first fixed in 0.25% glutaraldehyde and subsequently 
stained with BODIPY (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-dia-
za-s-indacene; Thermo Fisher Scientific; D3921) at a final concentration 
of 10 µg mL−1. A 63× oil immersion objective was used for all imaging 
work, cells were excited with a 488-nm laser line, and emission was col-
lected between 500 and 540 nm for BODIPY signal and between 650 and 
714 nm for chlorophyll autofluorescence. Pseudo colors were applied 
using ZEN software (Carl Zeiss).

Determination of Extracellular H2O2 Levels

Chlamydomonas secrets H2O2 outside cell (Michelet et al., 2013). Extra-
cellular H2O2 produced can be determined using the Amplex Red reagent 
(the Amplex Red hydrogen peroxide/peroxidase assay kit; Invitrogen). 
For this, 1.5 mL culture was centrifuged at 700g for 3 min in the dark. 
One milliliter of supernatant was mixed with the Amplex Red following 
the manufacturer’s instructions. The fluorescence emission spectra was 
read at 580 nm (with excitation at 540 nm) using a SAFAS Xenius XC 
fluorescence spectrophotometer. A known amount of commercial H2O2 
(VWR chemicals) was first used to generate a standard curve. Concentra-
tion was calculated based on the standard curve and normalized by cell 
concentrations of the culture media at the time of sampling.

Intracellular ROS Level Imaging

Confocal microscopy images of cellular ROS were captured following 
the method described (Rastogi et al., 2010). Briefly, Chlamydomonas 
cells (∼20 million) were collected by centrifugation, washed once, and 
resuspended in 1× PBS buffer containing 5.0 μM of the oxidant-sensing 
fluorescent probe H2DCFDA (Thermo Fisher Scientific). After incubation 
at room temperature in the dark for 30 min with gentle shaking, the sam-
ples were washed three times with 1× PBS buffer. The cells were exam-
ined by a confocal laser scanning microscope (TCS SP2; Leica), for the 
detection of DCF fluorescence (excitation at 488 nm and emission 510 to 
530 nm) and for chloroplast autofluorescence (excitation at 645 nm and 
emission at 685 to 720 nm). The DCF fluorescence of 2 million cells was 
also collected with a Cary Eclipse fluorescence spectrophotometer using 
excitation at 504 nm and emission at 524 nm.

Electron Transport Rate Measurement

Chlorophyll fluorescence was measured using a Dual Pulse Amplitude 
Modulated Fluorimeter (DUAL-PAM-100; Walz) as previously described 
(Schulz-Raffelt et al., 2016). Actinic light (supplied by a red LED light) 
increased stepwise (every 2 min) from 50 to 500 µmol photons m−2 s−1, 
and saturating flashes (10,000 µmol photons m−2 s−1, 200-ms duration) 
were applied to determine the PSII operating efficiency.

Gas Exchange Measurement by MIMS

Gas exchanges were monitored inside a water-jacketed and thermo- 
regulated (25°C) measuring chamber (using a modified Hansatech electrode 

chamber filled with a 1.5-mL sample). The bottom of the chamber was 
sealed by a Teflon membrane (13-µm thickness) allowing dissolved gases 
to be directly introduced through a vacuum line into the ion source of 
the mass spectrometer (model Prima δB; Thermo Fisher Scientific) after 
passing through a −65°C cooled water trap. Cells of Chlamydomonas 
were grown to mid-log phase and then centrifuged at 450g for 4 min and 
resuspended in fresh high salt medium at pH 6.2 in a final concentration 
of 20 µg chlorophyll mL−1. The cell suspension was placed in the mea-
suring chamber under constant stirring and bicarbonate (0.5 mM final 
concentration) was added to saturate CO2. Before gas exchange mea-
surement, [18O]-enriched O2 (99% 18O2 isotope content; Euriso-Top) was 
bubbled at the top of the suspension until reaching approximately equal 
concentrations of 16O2 and 18O2. Gas abundances (N2, 

16O2, 
18O2, and CO2) 

were recorded adjusting the magnet current to the corresponding mass 
peaks (m/z = 28, 32, 36, and 44, respectively). The measuring chamber 
was then sealed and gas exchanges recorded for 2 min until light was 
provided with three green LEDs at 600 μmol photons m−2 s−1 for 10 min. 
Gas concentrations were calculated according to Cournac et al. (2002). 
O2 exchange rates were calculated using equations from Radmer and 
Kok (1976).

NAD(P)H Fluorescence Measurement

NAD(P)H fluorescence was measured as previously described (Kauny 
and Sétif, 2014; Roach et al., 2015). Briefly, cells (OD684 = 0.26) were 
centrifuged and resuspended in fresh medium, then dark-adapted for 
1 min at room temperature inside the spectrophotometer before start-
ing the measurement. Light-induced measurements were performed at 
room temperature using NADPH/9-AA module of the DUAL-PAM (Walz). 
NAD(P)H fluorescence was first measured in the dark, then the actinic 
light (light intensity 70 µmol photons m−2 m−1 provided by a red LED) was 
switched on for 20 s. After switching off actinic light, fluorescence was 
recorded again in the dark for 10 s. Thirty measurements were averaged 
to obtain a good signal-to-noise ratio for each replicate.

Polar Metabolite Analysis by GC-MS

Chlamydomonas cells were grown to mid log phase, and 60 million cells 
were collected quickly by centrifugation at 13,000g for 10 s at 4°C. Cell 
pellets were quickly frozen in liquid nitrogen until analysis. Metabolites 
extraction and derivatization using GC-MS were performed as described 
(Lisec et al., 2006). The GC-MS data were obtained using an Agilent 7683 
series auto-sampler (Agilent Technologies), coupled to an Agilent 6890 
gas chromatograph-Leco Pegasus two time-of-flight mass spectrometer 
(Leco). Identical chromatogram acquisition parameters were applied to 
those previously used (Cuadros-Inostroza et al., 2009). Chromatograms 
were exported from LECO CHROMATOF software (version 3.34) to  
R software. Ion extraction, peak detection, retention time alignment, 
and library searching were obtained using the Target Search package 
from Bioconductor (Cuadros-Inostroza et al., 2009).

Statistical Analysis

Student’s t test was performed on biological replicates using Excel soft-
ware (2013 version).

Accession Numbers

Sequence data presented in this article can be found for Chlamydo-
monas genes in Phytozome (https://phytozome.jgi.doe.gov/pz/portal.
html#!info?alias=Org_Creinhardtii) with gene identifications as fol-
lows: MDH1 (Cre03.g194850), MDH2 (Cre10.g423250), MDH3 (Cre02.
g145800), MDH4 (Cre12.g483950), MDH5 (Cre09.g410700), RACK1 

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii
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(g6364), FLVB (Cre16.g691800), Cytb6f (Cre16.g650100), PSAD (Cre05.
g238332), LHCSR3 (Cre08.g367400), CAT1 (Cre09.g417150), NDA2 
(Cre19.g750547), PGRL1 (Cre07.g340200), ATPB (Cre17.g698000), 
RBCL (Cre06.g298300), psbA (ChreCp.021), APX (Cre09.g401886), HPR 
(Cre06.g295450), MDAR1 (Cre17.g712100), PXN (Cre07.g353300), and 
ACX2 (Cre05.g232002). For proteins of Arabidopsis, protein IDs can be 
found in TAIR (www.arabidopsis.org).
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