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Abstract: Photorespiration, an essential component of plant metabolism, is concerted across four
subcellular compartments, namely, chloroplast, peroxisome, mitochondrion, and the cytoplasm. It is
unclear how the pathway located in different subcellular compartments respond to stress occurring
exclusively in one of those. We attempted to assess the inter-organelle interaction during the photores-
piratory pathway. For that purpose, we induced oxidative stress by menadione (MD) in mitochondria
and photo-oxidative stress (high light) in chloroplasts. Subsequently, we examined the changes in
selected photorespiratory enzymes, known to be located in other subcellular compartments. The pres-
ence of MD upregulated the transcript and protein levels of five chosen photorespiratory enzymes
in both normal and high light. Peroxisomal glycolate oxidase and catalase activities increased by
50% and 25%, respectively, while chloroplastic glycerate kinase and phosphoglycolate phosphatase
increased by ~30%. The effect of MD was maximum in high light, indicating photo-oxidative stress
was an influential factor to regulate photorespiration. Oxidative stress created in mitochondria
caused a coordinative upregulation of photorespiration in other organelles. We provided evidence
that reactive oxygen species are important signals for inter-organelle communication during pho-
torespiration. Thus, MD can be a valuable tool to modulate the redox state in plant cells to study the
metabolic consequences across membranes.

Keywords: cellular compartments; chloroplasts; high light; menadione; mitochondria; oxidative
stress; peroxisomes; photorespiration

1. Background

Photosynthesis in higher plants is affected by abiotic stress such as oxidative conditions
and high light (HL) intensities. Prolonged exposure to such stress can damage the pho-
tosynthetic apparatus, particularly PSII, resulting in photoinhibition [1–3]. Nevertheless,
plants try to protect photosynthesis against photoinhibition by operating different com-
partments of their cells [4]. Interactions between chloroplasts and mitochondria through
peroxisomes and cytosol are essential for optimizing photosynthesis [4–7]. In an earlier re-
port, Saradadevi and Raghavendra [8] demonstrated that mitochondrial oxidative electron
transport and phosphorylation could protect photosynthesis against photodamage in pea
mesophyll protoplasts. In addition to dark mitochondrial respiration, photorespiration is
now acknowledged to be a protective mechanism against photoinhibition, as indicated by
the classic work on photorespiratory mutants [9–11]. Readers interested in photorespiratory
metabolism can refer to several reviews, which appeared periodically [12–16]. In addi-
tion, photorespiration is a classic example of the compartmentation in different cellular

Plants 2021, 10, 987. https://doi.org/10.3390/plants10050987 https://www.mdpi.com/journal/plants

https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-5923-503X
https://orcid.org/0000-0003-3105-6296
https://orcid.org/0000-0002-7376-4947
https://www.mdpi.com/article/10.3390/plants10050987?type=check_update&version=1
https://doi.org/10.3390/plants10050987
https://doi.org/10.3390/plants10050987
https://doi.org/10.3390/plants10050987
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/plants10050987
https://www.mdpi.com/journal/plants


Plants 2021, 10, 987 2 of 15

organelles [13,16]. Interestingly, the coordination of photorespiratory metabolism between
mitochondria and peroxisomes was also demonstrated in vitro reconstructed systems [17].

The biochemical link between photorespiration, photosynthesis, and other assimila-
tory pathways is recognized and is currently of great attention in plant biology [18–20].
Despite being a major source of reactive oxygen species (ROS) in peroxisomes, photores-
piration is a part of plant stress responses. In different abiotic stress conditions, such as
drought, HL, or cold, photorespiration can minimize the ROS levels by preventing ac-
cumulation, particularly during oxidative stress [4,11,21]. Photorespiration contributes
to the protection of PSII from oxidative stress and PSI by optimizing its redox state [22].
Under CO2 limiting conditions or HL, photorespiration can be a sink for excess reductants
and maintain the redox state by removing ATP and NADPH [23,24]. When tobacco plants
were exposed to HL, increased photorespiration plays a vital role in energy balancing along
with activation of the water-water cycle [25].

Another important intersection of photorespiration with other cellular metabolism is
nitrogen assimilation and utilization, mainly because of the refixation of ammonia gener-
ated by photorespiration in the mitochondria [13,15]. In addition, proper photorespiratory
flux is needed for nitrate assimilation, as demonstrated in various species [12,26,27]. More-
over, plastidic glutamine synthetase (GS2) turned out to be a crucial component as well
as studies on mutants categorically established the indispensable role of GS2 in photores-
piration [9,28,29]. However, even cytosolic GS1 might play a role in the upregulation of
photorespiration under certain situations [30].

We pointed at the possible signals between chloroplasts, mitochondria, and cytoplasm
to optimize photosynthetic carbon metabolism [4,7]. The ability of ROS as a mobile signal to
modulate the metabolism at subcellular levels is known [31,32]. Recently, we observed that
treatment of pea leaf discs with either menadione (MD; targets initially mitochondria) or
paraquat (targets chloroplasts) increased cellular ROS, including superoxide and H2O2 [33].
This was followed by the upregulation of antioxidant enzymes and a rise in proline levels,
indicating that an increase in ROS can be a signal to modulate the metabolism in both
chloroplast and mitochondria.

However, there are still gaps in our knowledge on the operation and regulation of
photorespiration. Some of these are (i) exact molecular/biochemical signals that trigger the
onset of photorespiration; (ii) mobility of such signal between cellular compartments; (iii)
mechanisms and extents of metabolite fluxes. The present article provides some answers
and demonstrates that ROS (both superoxide and H2O2) can be a signal that traverses
across the organelles and modulate the critical enzymes of photorespiration.

Our primary goal was to trigger ROS production in mitochondria by MD and ex-
amine if photorespiratory enzymes in other cellular compartments respond. In leaves,
a significant increase in ROS levels occurs on exposure to high light and ensuring photoin-
hibition [24,31]. Under high light, the stress is initiated in chloroplasts, while the primary
target of menadione is mitochondria. Thus, we have two different targets for triggering
stress. Irrespective of the target being chloroplasts or mitochondria, the key enzymes
of photorespiration in other compartments, particularly peroxisomes and chloroplasts,
were modulated.

We are also aware that mitochondrial metabolism offers protection against photoin-
hibition. We have therefore evaluated the effects of MD in dark, normal, and high light.
Severe increases in ROS levels (superoxide and H2O2), antioxidants, and antioxidant en-
zymes confirmed the imposition of oxidative stress by MD. There were marked increases
in the transcripts, proteins, and activities of typical photorespiratory enzymes, known to
be located in either peroxisomes (such as glycolate oxidase (GO), catalase (CAT), hydrox-
ypyruvate reductase (HRP)) or chloroplasts (glycerate kinase (GK) and 2-phosphoglycolate
phosphatase (PGLP)). When leaf samples were treated with a scavenger of H2O2 (catalase)
or superoxide (Tiron), the increases in the activities of GO and GK in response to MD
were dampened, suggesting both superoxide and H2O2 (two forms of ROS) were largely
responsible for the co-responses.
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2. Results

Both superoxide and H2O2 accumulated in pea leaf discs with increased MD concen-
trations (Supplementary Figure S1) and over time (Supplementary Figure S2). Based on the
kinetics of ROS (superoxide and H2O2) accumulation, we chose a combination of 10 µM
MD and 3 h of exposure time for subsequent experiments.

2.1. Changes in Levels of ROS and Antioxidants

The patterns of ROS accumulation on exposure to MD under normal light (NL) or
high light (HL) were ensured (Figure 1a,b). There was a significant increase in the ROS
(both superoxide and H2O2) content under NL as well as in HL conditions on exposure to
menadione. Superoxide content was increased by MD up to 60% above control, while H2O2
content increased by up to ~40% on exposure to MD. The levels of both ascorbate and
glutathione significantly increased under NL and HL conditions in the presence of MD
(Figure 2a,c). In contrast, the ratios of reduced to total ascorbate or glutathione were
decreased in the presence of MD (Figure 2b,d).

Plants 2021, 10, 987 3 of 16 
 

 

late phosphatase (PGLP)). When leaf samples were treated with a scavenger of H2O2 (cat-
alase) or superoxide (Tiron), the increases in the activities of GO and GK in response to 
MD were dampened, suggesting both superoxide and H2O2 (two forms of ROS) were 
largely responsible for the co-responses. 

2. Results 
Both superoxide and H2O2 accumulated in pea leaf discs with increased MD concen-

trations (Supplementary Figure S1) and over time (Supplementary Figure S2). Based on 
the kinetics of ROS (superoxide and H2O2) accumulation, we chose a combination of 10 
µM MD and 3 h of exposure time for subsequent experiments. 

2.1. Changes in Levels of ROS and Antioxidants 
The patterns of ROS accumulation on exposure to MD under normal light (NL) or 

high light (HL) were ensured (Figure 1a,b). There was a significant increase in the ROS 
(both superoxide and H2O2) content under NL as well as in HL conditions on exposure to 
menadione. Superoxide content was increased by MD up to 60% above control, while 
H2O2 content increased by up to ~40% on exposure to MD. The levels of both ascorbate 
and glutathione significantly increased under NL and HL conditions in the presence of 
MD (Figure 2a,c). In contrast, the ratios of reduced to total ascorbate or glutathione were 
decreased in the presence of MD (Figure 2b,d). 
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Figure 1. Leaf discs were treated with menadione (MD 10 µM) and incubated under dark, normal (NL, 300 µmol m−2 s−1)
or high light (HL, 1200 µmol m−2 s−1) light for 3 h and quantification of generated superoxide and H2O2. Another set
had no MD, but were kept in dark, NL or HL. (a) Formazan, precipitate formed from the reduction of NBT by superoxide.
(b) Levels of H2O2 detected by DAB-staining. Each data point is the average of three replicates and error bars represent
±SE. Asterisks indicate the significance of MD effect compared to the respective control. * p < 0.05; ** p < 0.001.
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Figure 2. The levels of antioxidants: ascorbate (a) and glutathione (c) and their redox ratios (b,d) on treatment with light
and/or 10 µM MD. Each data point is the average of three replicates, and error bars represent ±SE. Asterisks indicate the
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2.2. Changes in Transcripts and Activities of Key Antioxidant Enzymes

The transcripts of superoxide dismutase (Cu/Zn-SOD and Fe-SOD) and glutathione
reductase (GR) were upregulated under HL by MD. Only minor changes occurred in the
amounts of ascorbate peroxidase (APX) or Mn-SOD (Figure 3). The activities of antioxidant
enzymes SOD and GR increased significantly in MD-treated samples, under both NL and
HL (Figure 4a,b). In contrast, the APX activity increased only under HL with MD. Even in
the dark, a slight increase in the SOD activity could be seen, but there was not much effect
on APX or GR (Figure 4b,c).
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the leaf extracts. When pea leaf discs were treated with MD, the transcripts of enzymes, 
such as GO, CAT, and HPR increased, particularly in HL (Figure 5). Similarly, the Western 
blots revealed that their protein levels also increased in HL and MD treatments (Figure 6). 

Figure 3. The transcript levels of antioxidant enzymes: ascorbate peroxidase; APX (a); glutathione reductase; GR (b);
copper zinc superoxide dismutase; CuZnSOD (c); iron superoxide dismutase; FeSOD (d); manganese superoxide dismutase;
MnSOD (e) on exposure to light in the absence or presence of MD. The expression of genes was represented in fold change
after normalization with Actin 2. Each data point is the average of three replicates, and error bars represent ±SE. Asterisks
indicate the significance of MD effect compared to the respective control. * p < 0.05; ** p < 0.001.
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Figure 4. The activities of typical antioxidant enzymes superoxide dismutase, SOD (a), glutathione reductase, GR (b),
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2.3. Modulation of Photorespiratory Enzymes in Peroxisomes and Chloroplasts by MD and/or
High Light

We examined the transcripts and protein levels of GO, CAT, HPR, GK, and PGLP,
in the leaf extracts. When pea leaf discs were treated with MD, the transcripts of enzymes,
such as GO, CAT, and HPR increased, particularly in HL (Figure 5). Similarly, the Western
blots revealed that their protein levels also increased in HL and MD treatments (Figure 6).
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When exposed to MD and light, the activities of two peroxisomal enzymes, GO, and 
CAT increased (Figure 7a,b). The levels of glycolate and glyoxylate increased in MD-
treated samples, particularly in HL. However, the ratio of glycolate/glyoxylate decreased 
in MD-treated samples. In contrast, there was only a slight increase in the activity of an-
other peroxisomal enzyme, HPR (Figure 8a), while the two chloroplastic enzymes, GK 
and PGLP, are significantly increased by ~30% on exposure to MD in HL (Figure 7c,d). In 
contrast to the photorespiratory enzymes, the activity of aconitase, a mitochondrial en-
zyme, considered an indicator of oxidative stress, was suppressed in MD-treated samples 
compared to control (Figure 8b). 

Figure 5. The transcript levels of glycolate oxidase (GO) (a), catalase (CAT) (b), hydroxypyruvate reductase (HPR) (c),
glycerate kinase (GK), (d), and phosphoglycolate phosphatase (PGLP) (e), in extracts from leaf discs on exposure to MD
and/or high light (HL, 1200 µmol m−2 s−1). The expression of genes was represented as fold-change after normalization
with actin 2. Each data point is the average of three replicates, and error bars represent ±SE. Asterisks indicate the
significance of MD effect compared to the respective control. * p < 0.05; ** p < 0.001.
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Figure 6. The levels of enzyme proteins: glycolate oxidase (GO) (a), catalase (CAT) (b), and hydroxypyruvate reductase
(HPR) (c), in extracts from leaf discs on treatment with MD either normal or high light (1200 µmol m−2 s−1). The ratios
of each protein (such as GO, CAT, and HPR) to Rubisco large subunits (loading control) were calculated based on ImageJ
software. Each data point is the average of three replicates, and error bars represent ±SE. Asterisks indicate the significance
of MD effect compared to the respective control. * p < 0.05; ** p < 0.001.

When exposed to MD and light, the activities of two peroxisomal enzymes, GO,
and CAT increased (Figure 7a,b). The levels of glycolate and glyoxylate increased in MD-
treated samples, particularly in HL. However, the ratio of glycolate/glyoxylate decreased
in MD-treated samples. In contrast, there was only a slight increase in the activity of
another peroxisomal enzyme, HPR (Figure 8a), while the two chloroplastic enzymes,
GK and PGLP, are significantly increased by ~30% on exposure to MD in HL (Figure 7c,d).
In contrast to the photorespiratory enzymes, the activity of aconitase, a mitochondrial
enzyme, considered an indicator of oxidative stress, was suppressed in MD-treated samples
compared to control (Figure 8b).

Plants 2021, 10, 987 7 of 16 
 

 

 
Figure 7. The activities of key photorespiratory enzymes: glycolate oxidase (GO) (a), and catalase (CAT) (b), glycerate 
kinase (GK) (c), and phosphoglycolate phosphatase (PGLP) (d) in leaf extracts from leaf discs on treatment with MD and/or 
high light. Each data point is the average of three replicates, and error bars represent ±SE. Asterisks indicate the signifi-
cance of MD effect compared to the respective control. * p < 0.05; ** p < 0.001. 

 
Figure 8. The activities of two photorespiratory enzymes, peroxisomal hydroxypyruvate reductase, HPR (a) and mito-
chondrial aconitase (b) in extracts from MD (10 µM) treated leaf samples. 

2.4. Reversal of Stress-Induced Responses by Superoxide or H2O2 Scavengers 
Next, we examined CAT and Tiron as scavengers of H2O2 and superoxide, respec-

tively [34,35]. CAT was able to scavenge H2O2 more efficiently than superoxide. However, 
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high light. Each data point is the average of three replicates, and error bars represent±SE. Asterisks indicate the significance
of MD effect compared to the respective control. * p < 0.05; ** p < 0.001.
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2.4. Reversal of Stress-Induced Responses by Superoxide or H2O2 Scavengers

Next, we examined CAT and Tiron as scavengers of H2O2 and superoxide, respec-
tively [34,35]. CAT was able to scavenge H2O2 more efficiently than superoxide. However,
the scavenging by Tiron of superoxide and H2O2 were similar (Figure 9). When present,
both CAT and Tiron restricted the extent of MD-induced increase in the activity of two pho-
torespiratory enzymes, namely GO and GK (Figure 10).
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3. Discussion

Plants especially need to cope with fluctuating light intensity and a combination of
abiotic and biotic stresses [36], as elevated levels of ROS under stress can cause harmful ef-
fects on plant metabolism [3]. However, photo-oxidative stress was observed to cause more
damage than oxidative stress [33]. Our results too emphasized that oxidative stress induced
by MD was significant and quite pronounced under HL. The present report demonstrates
that redox perturbations by MD in mitochondria can upregulate photorespiratory enzymes
in other cellular compartments, namely peroxisomes and chloroplasts. Although MD was
used to study the responses of plant systems to stress earlier, e.g., 60 to 400 µM in the case
of Arabidopsis [37–41] and up to 0.2 mM in pea, Pisum sativum [42,43]. We used a much
lower concentration (10 µM) to avoid unspecific effects that are seen at high concentrations
of inhibitors.

We used high light and oxidative stress (by MD), as such combination occurs in na-
ture [44–46]. The amplified effects of oxidative stress (due to drought or other conditions)
under high light conditions are reflected in the responses of photosynthesis and photoin-
hibition [47,48]. Our work demonstrated the importance of mitochondrial metabolism
in protecting photosynthesis against photoinhibition. The inhibition of photosynthesis
under supra-optimal light gets aggravated when mitochondrial electron transport was
blocked [4,8]. The marked modulation of photorespiratory enzymes by high light, ampli-
fied further by MD-treatment, is therefore not surprising.

3.1. ROS as Signals to Modulate the Metabolism in Multiple Compartments of Plant Cells

The process of photorespiration is an essential component of abiotic stress responses
and can help adapt to a multitude of environmental parameters [11,49–51]. Further, the ben-
efits of photorespiration were proposed to be complemented by chloroplastic cyclic electron
transport and mitochondrial alternative oxidase [21]. Our results add another dimension to
emphasize the signaling role of ROS coordinating the responses in different compartments
of mitochondria, chloroplasts, and peroxisomes. The modulation of ROS is the basis of
plant adaptation under such a combination of stresses [32,52].
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Under HL stress, a significant increase in the levels of superoxide and H2O2 occurred on
the treatment of pea leaf discs with MD (Figure 1), similar to earlier reports [33,37,41,53,54].
ROS are essential signals to acclimatize plants to different stresses. Chloroplastic superoxide
is known to be the major source of ROS in leaves. When exposed to HL, chloroplasts
produce considerable amounts of superoxide from excited chlorophyll molecules and the
disruption of the balance between PSI and PSII reaction centers (31). MD is a redox-active
quinone analog that causes oxidative stress by forming superoxide radicals, primarily in
mitochondria (38). MD can also target sulfhydryl groups and reduce GSH levels (39,41).
Experiments with redox-sensitive GFP (m-roGFP2) revealed that MD created oxidative
stress in mitochondria, and the stress later spread to other compartments [39]. MD can
generate ROS in the dark, too, as indicated by the limited increase in ROS levels compared
to the control samples. This is not surprising, as Mor et al. [55] reported that an increase
in ROS when fluorescent (flu)-like mutants of Arabidopsis thaliana were exposed to abiotic
(Rose Bengal) or biotic stress, even in the dark.

Methyl viologen-, MD-, and H2O2-induced cell death in Arabidopsis leaves under-
lined mitochondria and cytoplasm interactions [56]. In addition to being a source of ROS,
MD can help plants to acclimatize to low temperatures. The exposure to HL (abiotic stress)
and menadione (an oxidant) triggering photo-oxidative stress can lead to priming of plants
to future exposures to abiotic stress. The primed state of plants has been related to efficient
activation of defense responses and also enhanced resistance to recurring challenges of
stress [57]. Thus, menadione can act as a potent priming agent to induce tolerance against
abiotic stresses [58,59].

In our experiments, when mitochondria were targeted with MD, the photorespiratory
components in peroxisomes and chloroplasts responded (Figure 7a–d). We also attempted
to prove whether MD-induced changes in the activities of photorespiratory enzymes can be
directly related to ROS increases. The modulation by MD of photorespiratory enzymes was
dampened when the scavengers of superoxide (Tiron) and H2O2 (catalase) were present in
the incubation medium (Figure 10). Thus, the changes were obviously due to the overall
accumulation of superoxide and H2O2 in leaves (Figure 1).

3.2. Modulation of Photorespiratory Enzymes Located in Peroxisomes and Chloroplasts by MD and
High Light

Photorespiration is an important factor that can protect photosynthesis against oxida-
tive damage under HL and other abiotic stress conditions, including drought or salinity [21].
An increase in the transcripts and enzyme activities of key photorespiratory enzymes such
as GO or CAT under HL or osmotic stress was noticed before [11]. However, observations
on collective responses of enzymes distributed among several subcellular compartments
are rare.

Aconitase, another enzyme located in mitochondria, provided an interesting com-
parison. The activity of aconitase was decreased on exposure to MD and HL (Figure 8b).
Aconitase is known to be sensitive to oxidative stress [39]. In an earlier study, with het-
erotrophically grown Arabidopsis cells, exposure to MD inhibited the aconitase activity [53].
For example, pretreatment with MD, caused oxidative stress leading to the degradation of
mitochondrial proteins, inhibition of TCA cycle enzyme metabolism, and changes in the
NADPH pools [37,41].

Despite the primary disturbance in mitochondria, photorespiratory enzymes located
in peroxisomes and chloroplasts responded to MD treatments. For example, GO/CAT
(peroxisomal) and GK/PGLP (chloroplastic) were upregulated in MD-treated leaf samples
in HL (Figure 7a–d). In agreement, increases in GO and CAT activity were observed in
other studies under HL or drought [60–64]. Similarly, the activities of chloroplastic GK
and PGLP were upregulated on treatment with paraquat [65,66] or heavy metals [67],
suggesting that photorespiration could contribute to the protection against over-reduction
of photosynthetic components.

Arabidopsis mutants were used to study metabolism during the acclimation to short-
term ambient CO2 conditions. These mutants exhibited an increase in pools of key metabo-
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lites such as glycolate, glycerate, glycine, and serine, indicating that the photorespiratory
flux of metabolites was involved in protecting photosynthesis [68,69]. In our experiments,
the upregulation of photorespiration was reflected in not only the transcriptional and
translational levels but also the activity of enzymes (Figure 7a–d; Figure 8). Based on the
enzyme activities and gene expression pattern, we suggest that the MD could be a valuable
tool to modulate the cellular redox and, eventually, the photorespiratory components.

4. Conclusions and Future Perspectives

ROS produced in either chloroplasts (HL-stress) or mitochondria (oxidative stress
by MD) could move across the cell, modulating enzymes in other organelles, including
peroxisomes and chloroplasts. Our study emphasizes the mobility of ROS (both superoxide
and H2O2) within the cell and elaborates the influence of ROS on the redox state in plant
cells, with a focus on photorespiratory enzymes. It is evident that mitochondrial ROS
production through MD can modulate the photorespiratory pathway within different
subcellular compartments to adapt metabolic fluxes to environmental changes due to a
collective upregulation of the pathway.

Our observations throw open several challenging areas for further study. The pho-
torespiratory enzymes chosen by us are all related to carbon metabolism. It would be
interesting to examine the effect of high light and MD on the enzymes of N-metabolism,
which are also compartmentalized and coupled with photorespiration. The long-term
consequences of upregulated photorespiration under photo-oxidative stress are of great
interest. In biological systems, including plants, whenever the organisms are exposed
to stress, they are primed to tolerate the recurring stress in the future. The upregulation
of photorespiration under photo-oxidative stress may also offer such an advantage to
the plants. It would be interesting to examine if plants pre-exposed to stress can tolerate
oxidative stress at a later stage somewhat better.

5. Materials and Methods
5.1. Plant Material and Growth Conditions

Pea seeds (Pisum sativum L., cv. Arkel) from Durga Seeds (Chandigarh, India) were
soaked overnight in water and sterilized with sodium hypochlorite (4%). The washed seeds
were allowed to germinate on blotting paper for 2–3 days, and then the seedlings were
transferred to pots containing manure and soil. The plants were grown in a greenhouse
with average temperatures of 30 ◦C day/ 20 ◦C night.

Discs (approximately 0.25 cm2) were prepared from pea leaves with a sharp paper
punch and kept in 5-cm-diameter Petri dishes containing the incubation medium (2 mM
potassium phosphate buffer pH 6.5, 1 mM CaCl2, and 1 mM KCl with or without test
compound, 10 µM MD. The discs were then kept for 3 h in either dark or normal (NL,
300 µmol m−2 s−1) or high light (HL, 1200 µmol m−2 s−1). At the end of each treatment,
the leaves were frozen and stored in liquid N2. We used these frozen samples for all further
analyses: transcripts, proteins, and enzyme assays.

5.2. Chemicals/Antibodies

Menadione, NBT, DAB, catalase and Tiron (4, 5-Dihydroxy-1, 3-benzenedisulfonic
acid disodium salt) and Premix-BCIP/NBT solution were obtained from Sigma–Aldrich
(St. Louis, MO, USA). Primary antibodies for GO, CAT, HPR, GR, and SOD (CuZn-SOD and
Fe-SOD) and secondary antibody goat anti-rabbit IgG conjugated with alkaline phosphatase
were from Agrisera AB (Vännäs, Sweden). All the chemicals were of analytical grade.

5.3. Staining and Quantification of ROS

ROS accumulation was monitored by staining for superoxide or H2O2 with nitroblue
tetrazolium chloride (NBT) and 3,3′-diaminobenzidine (DAB), respectively, by Kwon et al. [35].
Leaf discs were infiltrated with NBT (1 mg/mL) and DAB (1 mg/mL) for 5 min by using a
vacuum infiltrator and then kept for treatment. After respective treatment, leaf discs were
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soaked in a mixture of ethanol:lactic acid:glycerol in the ratio of 3:1:1 (v/v/v). The pigments
were removed with methanol, and the cleared leaf discs were photographed. H2O2 was
visualized as a reddish-brown color, while superoxide radicals were detected as blue
color formazan.

For quantification of H2O2 and superoxide, DAB- and NBT-stained leaves were pow-
dered in liquid nitrogen and homogenized in 0.2 M HClO4 and 2 M KOH-DMSO (1/1.6)
(v/v) solution. Extracts were centrifuged at 10,000 rpm for 10 min at 4 ◦C. The absorbance
of the supernatant was measured at 450 nm for H2O2 and 630 nm for superoxide. The exact
levels were determined by using a standard curve prepared with known levels of H2O2 in
0.2 M HClO4-DAB or NBT in KOH-DMSO mix. This procedure of quantification was a
slight modification of method by Kwon et al. [35].

5.4. Antioxidants and Antioxidant Enzymes

After respective treatments, approximately 100 mg of leaf discs were collected and stored
in liquid nitrogen. Total ascorbate content was estimated according to Gillespie et al. [70].
Reduced and total ASA were calculated using the regression between the ASA standards
and their blank corrected A525nm. Glutathione content was measured as described by
Griffith et al. [71]. Total GSH was determined using GSH standard curve, and reduced
GSH was determined by the difference between the total GSH and the GSSG.

The powdered leaf samples were homogenized in 50 mM phosphate buffer pH 7.0
containing 1 mM phenyl methane sulfonyl fluoride. The homogenate was centrifuged at
10,000× g for 10 min, and the supernatant was used for APX and GR assays. Protein was
estimated by Lowry’s reagent [72].

Antioxidant enzymes were assayed as per established procedures, as follows: APX,
amount of AsA oxidized at A290nm, Nakano and Asada [73]; and GR-NADPH oxidation at
A340nm, Jiang and Zhang [74]. Superoxide dismutase (SOD), samples were homogenized in
50 mM phosphate buffer pH 7.8. The homogenate was centrifuged at 12,000× g for 10 min,
and the supernatant was used for the assay. SOD-NBT reduction monitored at A560nm,
Beyer and Fridovich [75].

5.5. Transcript and Protein Levels

The leaf discs (100 mg fresh weight) after respective treatment were ground in liquid
nitrogen. RNA was extracted as per the procedure described by Chomczynski et al. [76].
cDNA synthesis and q-PCR analysis of transcripts (GO, CAT, HPR, GK, PGLP, APX, GR,
Cu/Zn SOD, Fe SOD, and Mn SOD) were done as described by Ahn et al. [77]. Gene-
specific primers were designed based on the published sequence (http://www.ncbi.nlm.
nih.gov, accessed on 13 March 2019) and using ESTs available in the cool season food
legume database (www.coolseasonfoodlegume.org, accessed on 13 March 2019) using
Primer3 software [78]. The primers’ sequences for RT-PCR amplification of genes encoding
for GO, CAT, HPR, GK, PGLP, APX, GR, Cu/Zn SOD, Fe SOD, and Mn SOD and the
housekeeping gene, actin 2 (Supplementary Table S1). Actin 2 was used as an internal
control. After electrophoresis, the band intensities were quantified using ImageJ software
and normalized with reference to band intensities of actin 2.

The protein levels were monitored by Western blotting using Agrisera AB (Vännäs,
Sweden) antibodies, following the manufacturer’s recommendation. The protein band
intensities were quantified using ImageJ software and with reference to the large subunit
of RubisCO.

5.6. Photorespiratory Enzyme Assays and Chlorophyll

Pea leaf discs were ground in a mortar and pestle using liquid nitrogen into a
fine powder and homogenized in extraction buffer. The extraction of leaf discs and as-
says of photorespiratory enzymes were all as per the established procedures, as follows:
GO–glyoxylate formation from glycolate, Yamaguchi and Nishimura [79]; CAT–H2O2 con-
sumption monitored at A240nm, Patterson et al. [80]; NADH-HPR–NADH utilization in

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
www.coolseasonfoodlegume.org
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the presence of hydroxypyruvate, Timm et al. [81]; GK–monitoring PGA formation using
pyruvate kinase-lactate dehydrogenase, Kleczkowski and Randall [82]; and PGLP release
of Pi from PGLP, Somerville and Ogren [83]. The assay of aconitase was in accordance with
the study by Lehmann et al. [39]. Chlorophyll concentration in leaf extracts was determined
using 80% (v/v) acetone [84].

5.7. Effect of ROS-Scavengers

The role of ROS in the modulation of photorespiratory enzymes was assessed by
using the scavengers of superoxide (Tiron) or H2O2 (catalase, Sigma Aldrich). Catalase is
a well-known scavenger of H2O2, and Tiron can scavenge superoxide [34,35]. Leaf discs
treated with MD in presence or absence of Tiron or CAT and kept in the dark, NL, or HL
for 3 h. These were complemented with the assay of GO and GK, as described above.

5.8. Statistical Analysis

Results presented are the average of at least three independent experiments done on
different days. The results were analyzed by ANOVA. Each data point is the average of
three replicates, and error bars represented ±SE. Asterisks indicated the significance of the
effect of MD, compared to the respective control. * p < 0.05; ** p < 0.001.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10050987/s1, Figure S1. Varying accumulation of ROS in leaf discs of pea with the
concentration of MD. Figure S2. The levels of ROS in pea leaf discs after treatment with MD (10 µM)
for varying periods. Table S1. Primers used in the study.
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32. Černý, M.; Habánová, H.; Berka, M.; Luklová, M.; Brzobohatý, B. Hydrogen Peroxide: Its Role in Plant Biology and Crosstalk
with Signalling Networks. Int. J. Mol. Sci. 2018, 19, 2812. [CrossRef]

33. Aswani, V.; Rajsheel, P.; Bapatla, R.B.; Sunil, B.; Raghavendra, A.S. Oxidative stress induced in chloroplasts or mitochondria
promotes proline accumulation in leaves of pea (Pisum sativum): Another example of chloroplast-mitochondria interactions.
Protoplasma 2018, 256, 449–457. [CrossRef]

34. Willekens, H.; Chamnongpol, S.; Davey, M.; Schraudner, M.; Langebartels, C.; Van Montagu, M.; Inzé, D.; Van Camp, W. Catalase
is a sink for H2O2 and is indispensable for stress defence in C3 plants. EMBO J. 1997, 16, 4806–4816. [CrossRef]

http://doi.org/10.1098/rstb.2000.0712
http://doi.org/10.1111/j.1438-8677.2012.00710.x
http://doi.org/10.1146/annurev.arplant.043008.091948
http://www.ncbi.nlm.nih.gov/pubmed/19575589
http://doi.org/10.1016/j.tplants.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20403720
http://doi.org/10.1016/j.pbi.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22284850
http://doi.org/10.1093/jxb/erw145
http://doi.org/10.1111/j.1438-8677.2012.00691.x
http://doi.org/10.1104/pp.116.4.1333
http://doi.org/10.1093/jxb/erw083
http://doi.org/10.1111/nph.15872
http://doi.org/10.1111/jipb.12709
http://doi.org/10.1007/s11120-018-0577-x
http://doi.org/10.1007/s11120-018-0515-y
http://doi.org/10.1034/j.1399-3054.2001.1110402.x
http://doi.org/10.1371/journal.pone.0094862
http://doi.org/10.1016/j.jphotobiol.2016.02.006
http://doi.org/10.1073/pnas.0404388101
http://www.ncbi.nlm.nih.gov/pubmed/15272076
http://doi.org/10.1007/s11120-014-0056-y
http://doi.org/10.1093/jexbot/53.370.865
http://www.ncbi.nlm.nih.gov/pubmed/11912229
http://doi.org/10.3390/ijms13077994
http://www.ncbi.nlm.nih.gov/pubmed/22942686
http://doi.org/10.1104/pp.020013
http://doi.org/10.1093/jxb/erw080
http://doi.org/10.3390/ijms19092812
http://doi.org/10.1007/s00709-018-1306-1
http://doi.org/10.1093/emboj/16.16.4806


Plants 2021, 10, 987 14 of 15

35. Kwon, K.C.; Verma, D.; Jin, S.; Singh, N.D.; Daniell, H. Release of proteins from intact chloroplasts induced by reactive oxygen
species during biotic and abiotic stress. PLoS ONE 2013, 8, e67106. [CrossRef]

36. Barczak-Brzyzek, A.K.; Kiełkiewicz, M.; Gawronski, P.; Kot, K.; Filipecki, M.; Karpinska, B. Cross-talk between high light stress
and plant defense to the two-spotted spider mite in Arabidopsis thaliana. Exp. Appl. Acarol. 2017, 2, 177–189. [CrossRef]
[PubMed]

37. Obata, T.; Matthes, A.; Koszir, S.; Lehmann, M.; Araújo, W.L.; Bock, R.; Sweetlove, L.J.; Fernie, A.R. Alteration of mitochondrial
protein complexes in relation to metabolic regulation under short-term oxidative stress in Arabidopsis seedlings. Phytochemistry
2011, 72, 1081–1091. [CrossRef] [PubMed]

38. Schwarzlander, M.; Fricker, M.D.; Sweetlove, L.J. Monitoring the in vivo redox state of plant mitochondria: Effect of respiratory
inhibitors, abiotic stress and assessment of recovery from oxidative challenge. Biochim. Biophys. Acta 2009, 1787, 468–475.
[CrossRef] [PubMed]

39. Lehmann, M.; Schwarzländer, M.; Obata, T.; Sirikantaramas, S.; Burow, M.; Olsen, C.E.; Tohge, T.; Fricker, M.D.; Møller, B.L.;
Fernie, A.R.; et al. The Metabolic Response of Arabidopsis Roots to Oxidative Stress is Distinct from that of Heterotrophic Cells
in Culture and Highlights a Complex Relationship between the Levels of Transcripts, Metabolites, and Flux. Mol. Plant 2009,
2, 390–406. [CrossRef]

40. Winger, A.M.; Taylor, N.L.; Heazlewood, J.L.; Day, D.A.; Millar, A.H. The Cytotoxic Lipid Peroxidation Product 4-Hydroxy-2-
nonenal Covalently Modifies a Selective Range of Proteins Linked to Respiratory Function in Plant Mitochondria. J. Biol. Chem.
2007, 282, 37436–37447. [CrossRef]

41. Sweetlove, L.; Heazlewood, J.; Herald, V.; Holtzapffel, R.; Day, D.; Leaver, C.; Millar, A. The impact of oxidative stress on
Arabidopsis mitochondria. Plant J. 2002, 32, 891–904. [CrossRef] [PubMed]

42. Sazanov, L.A.; Burrows, P.A.; Nixon, P.J. The plastid ndh genes code for an NADH-specific dehydrogenase: Isolation of a complex
I analogue from pea thylakoid membranes. Proc. Natl. Acad. Sci. USA 1998, 95, 1319–1324. [CrossRef]

43. Samuilov, V.D.; Lagunova, E.M.; Dzyubinskaya, E.V.; Izyumov, D.S.; Kiselevsky, D.B.; Makarova, Y.V. Involvement of chloroplasts
in the programmed death of plant cells. Biochemistry 2002, 67, 627–634. [CrossRef]

44. Balfagon, D.; Zandalinas, S.I.; Mittler, R.; Gomez-Cadenas, A. High temperatures modify plant responses to abiotic stress
conditions. Physiol. Plant. 2020, 170, 335–344. [CrossRef] [PubMed]

45. Tolosa, L.N.; Zhang, Z. The Role of Major Transcription Factors in Solanaceous Food Crops under Different Stress Conditions:
Current and Future Perspectives. Plants 2020, 9, 56. [CrossRef] [PubMed]

46. Ugarte, R.M.; Escudero, A.; Gavilán, R.G. Metabolic and physiological responses of Mediterranean high-mountain and Alpine
plants to combined abiotic stresses. Physiol. Plant. 2018, 165, 403–412. [CrossRef]

47. Liu, X.; Gao, S.; Liu, Y.; Cao, B.; Chen, Z.; Xu, K. Alterations in leaf photosynthetic electron transport in Welsh onion (Allium
fistulosum L.) under different light intensity and soil water conditions. Plant Biol. 2021, 23, 83–90. [CrossRef]

48. Muhammad, I.; Shalmani, A.; Ali, M.; Yang, Q.H.; Ahmad, H.; Li, F.B. Mechanisms regulating the dynamics of photosynthesis
under abiotic stresses. Front. Plant Sci. 2021, 11, 615942. [CrossRef]

49. Timm, S.; Woitschach, F.; Heise, C.; Hagemann, M.; Bauwe, H. Faster removal of 2-phosphoglycolate through photorespiration
improves abiotic stress Tolerance of Arabidopsis. Plants 2019, 8, 563. [CrossRef]

50. Leverne, L.; Krieger-Liszkay, A. Moderate drought stress stabilizes the primary quinone acceptor QA and the secondary qui-none
acceptor QB in photosystem II. Physiol. Plant. 2021, 171, 260–267. [CrossRef]

51. Chastain, D.R.; Snider, J.L.; Collins, G.D.; Perry, C.D.; Whitaker, J.; Byrd, S.A. Water deficit in field-grown Gossypium hirsutum
primarily limits net photosynthesis by decreasing stomatal conductance, increasing photorespiration, and increasing the ratio of
dark respiration to gross photosynthesis. J. Plant Physiol. 2014, 171, 1576–1585. [CrossRef]

52. Choudhury, F.K.; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress combination. Plant J.
2016, 90, 856–867. [CrossRef]

53. Baxter, C.J.; Redestig, H.; Schauer, N.; Repsilber, D.; Patil, K.R.; Nielsen, J.; Selbig, J.; Liu, J.; Fernie, A.R.; Sweetlove, L.J.
The Metabolic Response of Heterotrophic Arabidopsis Cells to Oxidative Stress. Plant Physiol. 2007, 143, 312–325. [CrossRef]
[PubMed]

54. Lehmann, M.; Laxa, M.; Sweetlove, L.J.; Fernie, A.R.; Obata, T. Metabolic recovery of Arabidopsis thaliana roots following
cessation of oxidative stress. Metabolomics 2011, 8, 143–153. [CrossRef]

55. Mor, A.; Koh, E.; Weiner, L.; Rosenwasser, S.; Sibony-Benyamini, H.; Fluhr, R. Singlet oxygen signatures are detected independent
of light or chloroplasts in response to multiple stresses. Plant Physiol. 2014, 165, 249–261. [CrossRef] [PubMed]

56. Yoshinaga, K.; Arimura, S.-I.; Niwa, Y.; Tsutsumi, N.; Uchimiya, H.; Kawai-Yamada, M. Mitochondrial behavior in the early
stages of ROS stress leading to cell death in Arabidopsis thaliana. Ann. Bot. 2005, 96, 337–342. [CrossRef] [PubMed]

57. Aranega-Bou, P.; de la O Leyva, M.; Finiti, I.; García-Agustín, P.; Gonzalez-Bosch, C. Priming of plant resistance by natural
compounds. Hexanoic acid as a model. Front. Plant Sci. 2014, 5, 488. [CrossRef] [PubMed]

58. Prasad, T.K.; Anderson, M.D.; Martin, B.A.; Stewart, C.R. Evidence for chilling-induced oxidative stress in maize seedlings and a
regulatory role for hydrogen peroxide. Plant Cell 1994, 6, 65–74. [CrossRef]

59. Borges, A.A.; Jimenez-Arias, D.; Exposito-Rodríguez, M.; Sandalio, L.M.; Perez, J.A. Priming crops against biotic and abiotic
stresses: MSB as a tool for studying mechanisms. Front. Plant Sci. 2014, 5, 642. [CrossRef]

http://doi.org/10.1371/journal.pone.0067106
http://doi.org/10.1007/s10493-017-0187-x
http://www.ncbi.nlm.nih.gov/pubmed/29119280
http://doi.org/10.1016/j.phytochem.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21146842
http://doi.org/10.1016/j.bbabio.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19366606
http://doi.org/10.1093/mp/ssn080
http://doi.org/10.1074/jbc.M702385200
http://doi.org/10.1046/j.1365-313X.2002.01474.x
http://www.ncbi.nlm.nih.gov/pubmed/12492832
http://doi.org/10.1073/pnas.95.3.1319
http://doi.org/10.1023/a:1016138003183
http://doi.org/10.1111/ppl.13151
http://www.ncbi.nlm.nih.gov/pubmed/32533896
http://doi.org/10.3390/plants9010056
http://www.ncbi.nlm.nih.gov/pubmed/31906447
http://doi.org/10.1111/ppl.12898
http://doi.org/10.1111/plb.13165
http://doi.org/10.3389/fpls.2020.615942
http://doi.org/10.3390/plants8120563
http://doi.org/10.1111/ppl.13286
http://doi.org/10.1016/j.jplph.2014.07.014
http://doi.org/10.1111/tpj.13299
http://doi.org/10.1104/pp.106.090431
http://www.ncbi.nlm.nih.gov/pubmed/17122072
http://doi.org/10.1007/s11306-011-0296-1
http://doi.org/10.1104/pp.114.236380
http://www.ncbi.nlm.nih.gov/pubmed/24599491
http://doi.org/10.1093/aob/mci181
http://www.ncbi.nlm.nih.gov/pubmed/15944174
http://doi.org/10.3389/fpls.2014.00488
http://www.ncbi.nlm.nih.gov/pubmed/25324848
http://doi.org/10.2307/3869675
http://doi.org/10.3389/fpls.2014.00642


Plants 2021, 10, 987 15 of 15

60. Silva, E.N.; Silveira, J.A.; Ribeiro, R.V.; Vieira, S.A. Photoprotective function of energy dissipation by thermal processes and pho-
torespiratory mechanisms in Jatropha curcas plants during different intensities of drought and after recovery. Environ. Exp. Bot.
2015, 110, 36–45. [CrossRef]

61. Yuan, H.; Cheung, C.Y.M.; Poolman, M.G.; Hilbers, P.A.J.; Van Riel, N.A.W. A genome-scale metabolic network reconstruction of
tomato (Solanum lycopersicum L.) and its application to photorespiratory metabolism. Plant J. 2016, 85, 289–304. [CrossRef]

62. Neto, M.C.L.; Cerqueira, J.V.A.; da Cunha, J.R.; Ribeiro, R.V.; Silveira, J.A.G. Cyclic electron flow, NPQ and photorespiration are
crucial for the establishment of young plants of Ricinus communis and Jatropha curcas exposed to drought. Plant Biol. (Stuttg)
2017, 19, 650–659. [CrossRef]

63. Wingler, A.; Quick, W.P.; Bungard, R.A.; Bailey, K.J.; Lea, P.J.; Leegood, R.C. The role of photorespiration during drought stress:
An analysis utilizing barley mutants with reduced activities of photorespiratory enzymes. Plant Cell Environ. 1999, 22, 361–373.
[CrossRef]

64. Li, J.; Hu, J. Using Co-Expression Analysis and Stress-Based Screens to Uncover Arabidopsis Peroxisomal Proteins Involved in
Drought Response. PLoS ONE 2015, 10, e0137762. [CrossRef] [PubMed]

65. Ananieva, E.A.; Alexieva, V.S.; Popova, L.P. Treatment with salicylic acid decreases the effects of paraquat on photosynthesis.
J. Plant Physiol. 2002, 159, 685–693. [CrossRef]

66. Hristova, V.; Popova, L. Treatment with Methyl Jasmonate Alleviates the Effects of Paraquat on Photosynthesis in Barley Plants.
Photosynthetica 2002, 40, 567–574. [CrossRef]

67. D’Alessandro, A.; Taamalli, M.; Gevi, F.; Timperio, A.M.; Zolla, L.; Ghnaya, T. Cadmium Stress Responses in Brassica Juncea:
Hints from Proteomics and Metabolomics. J. Proteome Res. 2013, 12, 4979–4997. [CrossRef]

68. Timm, S.; Mielewczik, M.; Florian, A.; Frankenbach, S.; Dreissen, A.; Hocken, N.; Fernie, A.R.; Walter, A.; Bauwe, H. High-to-low
CO2 acclimation reveals plasticity of the photorespiratory pathway and indicates regulatory links to cellular metabolism of
Arabidopsis. PLoS ONE 2012, 7, e42809. [CrossRef] [PubMed]

69. Eisenhut, M.; Brautigam, A.; Timm, S.; Florian, A.; Tohge, T.; Fernie, A.R.; Bauwe, H.; Weber, A.P.M. Photorespiration is crucial for
dynamic response of photosynthetic metabolism and stomatal movement to altered CO2 availability. Mol. Plant 2017, 10, 47–61.
[CrossRef]

70. Gillespie, K.M.; Ainsworth, E.A. Measurement of reduced, oxidized and total ascorbate content in plants. Nat. Protoc. 2007,
2, 871–874. [CrossRef]

71. Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinyl-pyridine.
Anal. Biochem. 1980, 106, 207–212. [CrossRef]

72. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

73. Nakano, Y.; Asada, K. Hydrogen Peroxide is Scavenged by Ascorbate-Specific Peroxidase in Spinach Chloroplasts.
Plant Cell Physiol. 1981, 22, 867–880. [CrossRef]

74. Jiang, M.; Zhang, J. Effect of abscisic acid on active oxygen species, antioxidative defense system and oxidative damage in leaves
of maize seedlings. Plant Cell Physiol. 2001, 42, 1265–1273. [CrossRef] [PubMed]

75. Beyer, W.F.A.; Fridovich, I. Assaying for superoxide dismutase activity: Some large consequences of minor changes in conditions.
Anal. Biochem. 1987, 161, 559–566. [CrossRef]

76. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinum thiocyanate-phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156–159. [CrossRef]

77. Ahn, J.H. RNA Extraction from Arabidopsis for Northern Blots and Reverse Transcriptase-PCR. Cold Spring Harb. Protoc. 2009,
2009, 5295. [CrossRef] [PubMed]

78. Rozen, S.; Skaletsky, H. Primer3 on the WWW for General Users and for Biologist Programmers. Bioinform. Methods Protoc. 2000,
132, 365–386. [CrossRef]

79. Yamaguchi, K.; Nishimura, M. Reduction to below threshold levels of glycolate oxidase activities in transgenic tobacco enhances
photoinhibition during irradiation. Plant Cell Physiol. 2000, 41, 1397–1406. [CrossRef] [PubMed]

80. Patterson, B.D.; Payne, L.A.; Chen, Y.-Z.; Graham, D. An Inhibitor of Catalase Induced by Cold in Chilling-Sensitive Plants.
Plant Physiol. 1984, 76, 1014–1018. [CrossRef]

81. Timm, S.; Nunes-Nesi, A.; Parnik, T.; Morgenthal, K.; Wienkoop, S. A cytosolic pathway for the conversion of hydroxypyruvate
to glycerate during photorespiration in Arabidopsis. Plant Cell 2008, 20, 2848–2859. [CrossRef]

82. Kleczkowski, L.A.; Randall, D.D. Light and thiol activation of maize leaf glycerate kinase: The stimulating effect of reduced
thioreoxins and ATP. Plant Physiol. 1985, 79, 274–277. [CrossRef] [PubMed]

83. Somerville, C.R.; Ogren, W.L. A phosphoglycolate phosphatase-deficient mutant of Arabidopsis. Nat. Cell Biol. 1979, 280, 833–836.
[CrossRef]

84. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in beta vulgaris. Plant Physiol. 1949, 24, 1–15. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.envexpbot.2014.09.008
http://doi.org/10.1111/tpj.13075
http://doi.org/10.1111/plb.12573
http://doi.org/10.1046/j.1365-3040.1999.00410.x
http://doi.org/10.1371/journal.pone.0137762
http://www.ncbi.nlm.nih.gov/pubmed/26368942
http://doi.org/10.1078/0176-1617-0706
http://doi.org/10.1023/A:1024356120016
http://doi.org/10.1021/pr400793e
http://doi.org/10.1371/journal.pone.0042809
http://www.ncbi.nlm.nih.gov/pubmed/22912743
http://doi.org/10.1016/j.molp.2016.09.011
http://doi.org/10.1038/nprot.2007.101
http://doi.org/10.1016/0003-2697(80)90139-6
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1093/oxfordjournals.pcp.a076232
http://doi.org/10.1093/pcp/pce162
http://www.ncbi.nlm.nih.gov/pubmed/11726712
http://doi.org/10.1016/0003-2697(87)90489-1
http://doi.org/10.1016/0003-2697(87)90021-2
http://doi.org/10.1101/pdb.prot5295
http://www.ncbi.nlm.nih.gov/pubmed/20147280
http://doi.org/10.1385/1-59259-192-2:365
http://doi.org/10.1093/pcp/pcd074
http://www.ncbi.nlm.nih.gov/pubmed/11134426
http://doi.org/10.1104/pp.76.4.1014
http://doi.org/10.1105/tpc.108.062265
http://doi.org/10.1104/pp.79.1.274
http://www.ncbi.nlm.nih.gov/pubmed/16664385
http://doi.org/10.1038/280833a0
http://doi.org/10.1104/pp.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16654194

	Background 
	Results 
	Changes in Levels of ROS and Antioxidants 
	Changes in Transcripts and Activities of Key Antioxidant Enzymes 
	Modulation of Photorespiratory Enzymes in Peroxisomes and Chloroplasts by MD and/or High Light 
	Reversal of Stress-Induced Responses by Superoxide or H2O2 Scavengers 

	Discussion 
	ROS as Signals to Modulate the Metabolism in Multiple Compartments of Plant Cells 
	Modulation of Photorespiratory Enzymes Located in Peroxisomes and Chloroplasts by MD and High Light 

	Conclusions and Future Perspectives 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Chemicals/Antibodies 
	Staining and Quantification of ROS 
	Antioxidants and Antioxidant Enzymes 
	Transcript and Protein Levels 
	Photorespiratory Enzyme Assays and Chlorophyll 
	Effect of ROS-Scavengers 
	Statistical Analysis 

	References

