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Oxidative stress induced in chloroplasts or mitochondria promotes
proline accumulation in leaves of pea (Pisum sativum): another
example of chloroplast-mitochondria interactions
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Abstract
Oxidative stress can occur in different parts of plant cells. We employed two oxidants that induce reactive oxygen species (ROS)
in different intracellular compartments: methyl viologen (MV, in chloroplasts) and menadione (MD, in mitochondria). The
responses of pea (Pisum sativum) leaf discs to MVor MD after 4-h incubation in dark or moderate (300 μE m−2 s−1) or high
light (1200 μEm−2 s−1) were examined. Marked increase in ROS levels was observed, irrespective of compartment targeted. The
levels of proline, a compatible solute, increased markedly much more than that of ascorbate or glutathione during oxidative/
photo-oxidative stress, emphasizing the importance of proline. Further, the activities and transcripts of enzymes involved in
biosynthesis or oxidation of proline were studied. An upregulation of biosynthesis and downregulation of oxidation was the basis
of proline accumulation. Pyrroline-5-carboxylate synthetase (P5CS, involved in biosynthesis) and proline dehydrogenase (PDH,
involved in oxidation) were the key enzymes regulated under oxidative stress. Since these two enzymes—P5CS and PDH—are
located in chloroplasts and mitochondria, respectively, we suggest that proline metabolism can help to mediate inter-organelle
interactions and achieve redox homeostasis under photo-oxidative stress.
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Abbreviations
ASC Ascorbate
DAB 3,3′-Diaminobenzidine
GSH Glutathione
HL High light
MD Menadione
MDA Malondialdehyde
ML Moderate light
MV Methyl viologen
NBT Nitro blue tetrazolium chloride
P5CDH Pyrroline-5-carboxylate dehydrogenase
P5CR Pyrroline-5-carboxylate reductase
P5CS Pyrroline-5-carboxylate synthetase

PDH Proline dehydrogenase
PVDF Polyvinylidene difluoride
ROS Reactive oxygen species

Introduction

Exposure to oxidative stress typically raises the reactive oxygen
species (ROS) levels in plant tissues. Disturbance in redox can
affect the functioning of chloroplasts or mitochondria or both
(Gill and Tuteja 2010). TheROS levels and antioxidants provide
an effective network of adaptation (Foyer and Noctor 2003).
One of the benefits from the cross-talk between chloroplasts
and mitochondrial interactions is redox stabilization so as to
maintain optimal levels of ROS (Raghavendra and Padmasree
2003; Sunil et al. 2013). However, it is not clear if the different
organelles respond similarly under variable stress conditions.

Among the well-known antioxidant compounds, ascorbate
(ASC) can mediate the cross-talk between mitochondria and
chloroplasts (Talla et al. 2011; Szarka et al. 2013). Glutathione
(GSH) is mostly synthesized in chloroplasts, but is required
for redox balancing in cytoplasm and mitochondria (Noctor
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et al. 2012; Szalai et al. 2009). Besides these two classical
antioxidants ASC and GSH, other compatible solutes such
as proline and GABAmay also have a role in redox responses
of plant cells (Liang et al. 2013; Li et al. 2016).

Apart from antioxidants, accumulation of osmolytes is one
of the common responses to abiotic stresses in many plants.
Among the osmolytes, proline accumulates in large quantities,
when plants are exposed to stress. A strong correlation has
been established between proline accumulation, abiotic stress
tolerance, and adaptation to metabolic disturbance
(Hebbelmann et al. 2012; Sperdouli and Moustakas 2012;
Kishor and Sreenivasulu 2014). Proline seems to have multi-
functional roles, besides being an osmolyte. For e.g., proline
can play a role in scavenging ROS, stabilizing proteins, sup-
plying energy in the form of reducing equivalents, modulating
cellular redox homeostasis and interacting with other metabol-
ic pathways under stress (Kishor et al. 2005; Verbruggen and
Hermans 2008; Szabados and Savoure 2010; Sharma et al.
2011; Wang et al. 2015).

There is extensive literature, on the biochemical basis of
proline accumulation under varying abiotic stresses like
drought/dehydration (Kiyosue et al. 1996; Parida et al. 2008)
or salt (Huang et al. 2013; Wang et al. 2015). The levels of
proline depends on the balance between the rates of biosyn-
thesis and degradation (Szabados and Savoure 2010; Hayat
et al. 2012). Enzymes mediating proline biosynthesis are lo-
calized in chloroplasts and cytosol, while those of proline
oxidation are located in mitochondria (Szabados and
Savoure 2010). Under abiotic stress, plant metabolism will
be disturbed and the metabolic network must be reconfigured
for acclimation to prevailing stress conditions.

We have attempted to examine the consequences of trig-
gering oxidative and photo-oxidative stress in chloroplasts
and mitochondria, with a focus on proline. Oxidative and
photo-oxidative stress was induced by either methyl viologen
(MV) or menadione (MD), which acts primarily on chloro-
plasts or mitochondria, respectively. MV, a redox-active mol-
ecule, induces ROS production and causes light dependent
oxidative damage in leaves (Moustaka et al. 2015). MV acts
primarily on the chloroplasts in the light through the PS-I
mediated generation of superoxide (Donahue et al. 1997; Li
et al. 2013; Hawkes et al. Hawkes 2014). In contrast MD
induces oxidative stress mainly in mitochondria, by compet-
ing with the ubiquinone pool for electrons from complexes I
and II (Sweetlove et al. 2002; Obata et al. 2011). A redox-
sensitive roGFP was used by Lehmann et al. (2009) to dem-
onstrate that exposure to MD led to a rapid disturbance in the
redox state of mitochondria and later in other cellular com-
partments. When exposed to paraquat/MV, a rise in the ascor-
bate and glutathione content (Hemavathi et al. 2011), in-
creased antioxidant enzymatic activity of APX and SOD
(Moustaka et al. 2015), and accumulation of proline were
observed (Rejeb et al. 2015).

The present article describes our efforts to evaluate if pro-
line can be a factor to mediate the interaction between chloro-
plasts and mitochondria, when exposed to oxidative stress.
The differential regulation of proline biosynthesis/oxidation
under photo-oxidative stress conditions created specifically
in chloroplasts or mitochondria has not been much studied.
We emphasize that the disturbance in redox of either chloro-
plasts or mitochondria would promote accumulation of pro-
line, by promoting biosynthesis in chloroplasts and limiting
oxidation in mitochondria. We emphasize that proline could
be another important metabolite during interactions of mito-
chondria and chloroplasts, particularly under oxidative stress.

Materials and methods

Plant growth

Seeds of pea (Pisum sativum L., cv. Arkel) were procured
from Vipul seeds, Indore. The seeds were soaked overnight
in water and sterilized with sodium hypochlorite. They were
covered with filter paper and allowed to germinate. The ger-
minated seeds were sown in plastic trays filled with farmyard
manure and soil. The plants were raised in temperature con-
trolled green houses, with average temperature of 30 °C day/
20 °C night.

Preparation and treatment of leaf discs

Discs (ca. 0.25 cm2) were prepared from leaves with a sharp
paper punch, from either side of themidrib, under water. These
discs were incubated in 5-cm-diameter Petri dishes containing
the medium (2 mM KH2PO4, 1 mM CaCl2, 1 mM KCl,
pH 6.5) and respective test compound (10 μM MVor 10 μM
MD) for 4 h in either dark or moderate (300 μE m−2 s−1, ML)
or high light (1200 μE m−2 s−1, HL). The oxidants MV and
MD are known to trigger stress in chloroplasts and mitochon-
dria, respectively (Li et al. 2013; Obata et al. 2011).

Levels of H2O2, superoxide (O2
•−) and lipid

peroxidation

The detection of H2O2 and superoxide was by 3, 3′-diamino-
benzidine (DAB) and nitro blue tetrazolium chloride (NBT),
respectively. Leaf discs were vacuum infiltrated (at 25 psi)
with 1 mg ml−1 DAB (pH 3.8) or 1 mg ml−1NBT for
5 min and then with the oxidants for 3 min. Later leaf
discs were placed in respective treatment conditions: dark,
ML (300 μE m−2 s−1) or HL (1200 μE m−2 s−1). H2O2

was visualized as a reddish brown color, whereas super-
oxide radicals were detected as blue color formazan.
Quantification of both H2O2 and superoxide was done
according to Kwon et al. (2013).
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The H2O2 levels in leaves with or without treatments were
measured by also using Amplex red reagent (Molecular
Probes) according to Lee et al. (2012). One hundred milli-
grams of leaf sample was powdered in liquid nitrogen and
extracted in sodium phosphate buffer (pH 6.5). Mixture was
centrifuged at 9500×g for 10 min at 4 °C and the supernatant
was examined for absorbance at 560 nm. H2O2 content was
determined by using a standard curve. Lipid peroxidation as-
say was performed according to Hodges et al. (1999).

Proline, ascorbate, and glutathione levels

Proline was estimated according to Bates et al. (1973). Leaf
samples were ground in liquid nitrogen with 3% (w/v)
sulfosalicylic acid and the extract was centrifuged at
15200×g for 10 min. An aliquot of the cleared extract was
mixed with sulfosalicylic acid, glacial acetic acid, and acid-
ninhydrin and incubated for 1 h at 96 °C. The reaction was
stopped by transferring the tubes to ice. To this mixture, 2 ml
of toluene was added, stirred for 20 s and left for 5 min to
allow phase separation. The absorbance of toluene (upper lay-
er) was measured at 520 nm with toluene as reference. Proline
content was determined using a standard curve.

Approximately 100 mg of pea leaf discs were harvested
and immediately frozen in liquid nitrogen. Total ASC content
was measured according to Gillespie and Ainsworth (2007).
Ascorbic acid was calculated using ASC as the standard. The
levels of GSH were determined spectrophotometrically as de-
scribed by Griffith (1980) by measuring the absorbance at
412 nm, using a standard curve generated with GSH.

P5CS and PDH: activity and protein levels

The leaf discs (approx. 100-mg fresh weight) after treatment
were collected and ground to powder in liquid nitrogen. The
assay of P5CS was done according to Garcia-Rios et al.
(1997). Activity was measured as the consumption of
NADPH, monitored as a decrease in absorbance at 340 nm.
PDH activity was measured according to Sanchez et al.
(Sánchez et al. 2001). Reduction of NAD+ at 340 nm was
measured to determine enzyme activity.

Western blotting

The leaf discs (100mg) after respective treatment were ground
to powder in liquid nitrogen. The powdered samples of leaf
discs were homogenized in 125 mM Tris–HCl (pH 6.8) con-
taining 5% (w/v) sodium dodecyl sulfate (SDS) and 1 mM
PMSF followed by a brief centrifugation step at 1000×g for
1 min and supernatant was collected. Protein was estimated by
the Bradford method (Bradford 1976).

SDS-PAGE was performed as per the principles of
Laemmli (1970) using mini gels. The proteins were then

transferred electrophoretically from the gel onto
polyvinylidene difluoride (PVDF) membranes (Towbin et al.
1979), using power supply of 30 V, for 4 h at 4 °C. The PVDF
membrane was blocked and was treated for 1 h with primary
antibody (1: 2000) followed by 1: 2000 dilution of secondary
antibody (goat anti-rabbit IgG, Agrisera AB, Sweden) conju-
gated with alkaline phosphatase. We used antibodies raised
against Arabidopsis (Cecchini et al. 2011). We could not
check the specificity of the PDH antibody against pea PDH
enzyme, as we do not have the pure protein. Therefore, we
checked the similarity of PDH proteins of Arabidopsis
thaliana and pea, by the analysis of relevant databases.

The gene sequences of PDH1 of Arabidopsis thaliana and
PDH of pea were retrieved from the NCBI (gene) database.
When these two gene sequences were translated to amino acid
sequences using ExPASy Translate tool, the amino acid se-
quences of Arabidopsis PDH 1 and pea PDH showed up a
similarity of > 82%, when checked by LALIGN tool. The
small deviation from the ideal 100% similarity might be the
reason that higher quantities of antibody were required to de-
tect PDH in pea leaf extract. We had to increase the level of
antibody (1:2000 dilution) to detect PDH in pea, compared to
the dilution used for Arabidopsis (1:5000). The washed blot
was developed with 1 ml of pre-mixed BCIP/NBT solution
(Sigma-Aldrich, St. Louis, USA).

RNA extraction and cDNA synthesis

The leaf discs (approx. 100-mg fresh weight) were ground to
powder in liquid nitrogen. The extraction of RNAwas done,
using guanidine thiocyanate acid phenol-based method
(Chomczynski and Sacchi 1987) using TRI-Reagent®
(Sigma-Aldrich, USA). cDNA was synthesized following
manufacturer’s instructions (RevertAid cDNA synthesis kit,
Fermentas) and was used as template for RT-PCR analysis.

RT-PCR analysis

The complete genome of Pisum sativum is not yet available
(Kulaeva et al. 2017). Semi-quantitative reverse transcription-
PCR (RT-PCR) was performed using primers designed on the
basis of the published sequences (http://www.ncbi.nlm.nih.
gov) and using ESTs available in cool season food legume
database (https://www.coolseasonfoodlegume.org/) using
Primer3 software (Rozen and Skaletsky 2000). The sequences
of the primers used for various enzymes and the house keep-
ing gene are given in Supplemental Table 1. The PCR con-
ditions were optimized by testing annealing temperatures.
Actin 2 was used as an internal (constitutive) control, and
the amplified products were resolved by electrophoresis.
Band intensities after electrophoresis were quantified
using Image J software and normalized with reference to
band intensities of Actin 2.
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Replications

The data presented are the average of results (mean ± SE) from
three to four experiments conducted on different days.
Significance of difference was tested by one-way ANOVA
and student’s t test using SIGMA PLOT 11.

Results

Production of ROS: peroxides and superoxide

The oxidants directed at either chloroplast (MV) or mitochon-
dria (MD) triggered an increase in ROS generation, as indicat-
ed by staining with DAB and NBT, for H2O2 and superoxide,
respectively. The extent of ROS accumulation was higher at
4 h of incubation than that at 2 h. Representative images of
DAB and NBT stained leaf discs with oxidants at 2 h and 4 h
were given in Supplemental Fig. 1 and the quantified values
were given in Supplemental Table 2. In an earlier report, Wang
et al. (2015) reported that proline content increased by 37% in
leaves of Kosteletzkya viriginica after 2 h of salt stress, where-
as proline levels further increased up to twofold at the end of
6 h. In another report, threefold increases in proline was ob-
served in leaves of grapevine after treatment with H2O2 for 6 h
(Ozden et al. 2009). We could see an increase of approximate-
ly threefold in proline, even by 4 h of exposure to oxidants
particularly under HL. In view of the significant increase in
proline, we limited all our subsequent experiments to 4 h. We
also felt that exposure to periods exceeding 4 h, particularly
under HL, could be harmful.

The levels of H2O2 measured by DAB staining (Fig. 1a),
were much higher than the levels determined by Amplex red
reagent (Fig. 1b). Highest H2O2 levels were in light compared
to those in dark, in both MVand MD treated samples (Fig. 1a,
b). The levels of H2O2 were threefold higher in MV treated
samples under HL compared to control, while the levels of
superoxide were about twofold higher in HL (Fig. 1c). The
extent of lipid peroxidation, as indicated by MDA levels, was
not much altered in dark conditions. In contrast, the level of
lipid peroxidation was twofold higher in HL treated samples
on treatment with MV (Fig. 1d).

Levels of proline, ascorbate, and glutathione

There was no significant change in levels of proline when
treated with MVor MD in dark. In contrast, there was marked
increase in the level of proline (> threefold) in either MD or
MV treated samples, under HL (Fig. 2a). Ascorbate and glu-
tathione contents increased on treatment with MVor MD, but,
the increase (about 50 to 60%) was much less than that of
proline (Fig. 2b, c). Enhanced antioxidant enzymatic activities

and upregulation of transcripts were observed upon exposure
to oxidants for 4 h (Supplemental Figs. 2 and 3).

Enzymes of proline biosynthesis and oxidation:
activities, protein levels, and transcripts

Since proline accumulation was more pronounced upon oxi-
dant (MV or MD) treatment, we measured the activities of
enzymes involved in proline metabolism. The activity of
P5CS increased markedly while the activity of PDH de-
creased. These changes were pronounced in HL compared to
that in ML or dark. For e.g., the activity of P5CS increased
more than threefold when treated withMVunder HL (Fig. 3a).
In contrast, the activity of PDH decreased by as much as 50%
on treatment with MV under HL (Fig. 3b).

When the levels of PDH protein were determined by using
an antibody, there was no marked change in PDH protein
content when treated with MVor MD in dark. However, the
amount of PDH protein decreased on treatment with oxidants,
MVor MD, particularly under HL (Fig. 4a). The decrease in
PDH on exposure to MVor MD was significant, particularly
under HL (Fig. 4b). Protein levels of P5CS could not be de-
termined due to non-availability of antibody.

The transcripts of genes involved in proline metabolism
were studied and quantified (Fig. 5a). Both P5CS and P5CR
genes were upregulated in light-treated conditions and no pre-
dominant changes were observed in dark (Fig. 5b, c). Under
light conditions, 1.8-fold increase of P5CS transcripts was ob-
served in MVor MD treated samples and the stimulation was
significant (Fig. 5b). In contrast, the upregulation of P5CRwas
significant only by MV but not with MD (Fig. 5c). Though
downregulation of P5CDH and PDH genes was noticed, a
significant change of P5CDH was not observed under given
conditions (Fig. 5d). Significant decrease in transcripts of PDH
was seen in both ML and HL conditions (Fig. 5e). Maximum
downregulation was seen in case of ML-treated MD samples,
with a decrease from 1 to 0.24, whereas the levels were reduced
to 0.54 only in case of MV-treated ML samples (Fig. 5d, e).

Discussion

There was a marked rise in the levels of ROS (H2O2 or super-
oxide or MDA equivalents) when treated with an oxidant, that
acts primarily on either chloroplasts (e.g., MV) or mitochondria
(MD). The following three points emerged from the results.

i. Photo-oxidative stress (particularly HL) elicited stronger
response than the oxidative stress in dark. Thus, the dis-
turbance in chloroplasts was more stressful than that in
mitochondria.

ii. Proline accumulation was more pronounced than that of
ascorbate and glutathione.

452 V. Aswani et al.



iii. P5CS and PDH, key enzymes of proline biosynthe-
sis and oxidation respectively, were strongly modu-
lated and hence more important than the other two
enzymes P5CR and P5CDH during oxidative/photo-
oxidative stress.

ROS accumulation was maximal
under photo-oxidative stress

An increase in H2O2 content on exposure toMVwas observed
in leaf discs of tobacco (Kwon et al. 2013). Similarly in

Fig. 1 The levels of ROS and lipid peroxidation were monitored in leaf
discs after treatment with oxidants for 4 h in either dark, 300 or
1200 μE m−2 s−1 light intensities. The amount of DAB in stained discs
was quantified to assess the levels of H2O2 (a). The levels of H2O2 were
measured also by using Amplex red (b). Superoxide levels were
quantified as formazan formed after incubating with NBT (c). Lipid

peroxidation in leaf discs was determined as MDA equivalents (d). The
images for DAB and NBTstained leaf discs in a typical experiment are in
Supplemental Fig. 1. Each data point is the average of three replicates,
and error bars represent ± SE. Asterisks indicate significance of the effects
ofMVorMD, compared to respective control. *P < 0.05; **P < 0.01; and
***P < 0.001

Fig. 2 Proline (a) or ascorbate (b)
or glutathione (c) content in leaf
discs after exposure to oxidants
for 4 h in dark, 300 or
1200 μE m−2 s−1 light intensities.
Proline or antioxidant levels were
expressed as μmol g−1 FW. Each
data point is the average of three
replicates, and error bars represent
± SE. Asterisks indicate
significance of MVor MD-effect,
compared to respective control.
*P < 0.05; and ***P < 0.001
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another study, treatment with MD increased H2O2 in
Arabidopsis suspension cultures (Sweetlove et al. 2002).
Our study with both MV and MD in the same experimen-
tal system is the first such attempt. A marked increase in
H2O2 and superoxide occurred when leaf discs were treat-
ed with either MV or MD, particularly under HL (Fig. 1).
Though the ROS accumulation occurred irrespective of
compartment targeted, high accumulation was noticeable
when chloroplasts were stressed (for e.g., by MV). Since,
accumulation of both H2O2 and superoxide was always
much higher in light than that in dark, we felt that
photo-oxidative conditions could create more stress than
oxidative conditions.

Marked increase in proline

The levels of ASC and GSH (important antioxidants in plant
cells) usually increase on exposure to oxidative stress (Foyer
2001). In the present study too, the total ASC and GSH con-
tent increased on oxidant treatment under both dark and light
conditions (Fig. 2b, c). It is obvious that oxidative stress trig-
gered in chloroplasts (by MV) or mitochondria (by MD) lead
to an increase in levels of antioxidants. Increase of both ASC
and GSH upon exposure to MV has been observed in potato
plants (Hemavathi et al. 2011).

Accumulation of compatible solutes such as proline is one
of the common responses to abiotic stresses in plants. We

Fig. 4 Western blot analysis of
proline dehydrogenase (PDH)
enzyme showing protein levels in
leaves treated with MVor MD for
4 h in dark, 300 or
1200 μE m−2 s−1 light intensities.
Ponceau-stained gels showing
Rubisco large subunits are in
lower panel to indicate the protein
loading in each gel (a). The ratios
of PDH to Rubisco were calcu-
lated based on the ImageJ analysis
and plotted (B). Each data point is
an average of three replicates, and
error bars represent ± SE.
Asterisks indicate significant dif-
ference determined by t test,
compared to respective control.
*P < 0.05; and **P < 0.01

Fig. 3 Activities of P5CS (a) and PDH (b) (enzymes involved in proline
metabolism) were measured in extracts after treatment for 4 h with
oxidants in dark, 300 or 1200 μE m−2 s−1 light intensities. Activity was
expressed as μmol mg−1 protein min−1. Each data point is the average of

three replicates, and error bars represent ± SE. Asterisks indicate
significant difference determined by t test, compared to respective
control. *P < 0.05; and ***P < 0.001
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observed that the increase in proline levels (Fig. 2a) was more
pronounced than that of ASC/GSH (Fig. 2b, c). This suggests
that proline can be as crucial as the other well-known antiox-
idants, when there is a redox disturbance in either chloroplasts
or mitochondria. Though proline was not much accumulated
in dark, increased proline levels were quite evident in light
particularly in MV-treated samples where chloroplasts are the
major targets. We suggest that light may be playing a crucial
role in accumulating proline under photo-oxidative stress.

Basis of proline accumulation: increased synthesis
and decreased oxidation

An important point from our results is that the modulation of
biosynthesis/oxidation leading to an elevation of proline
levels is mediated by oxidative stress in either chloroplasts
or mitochondria. The aggravation of stress in HLwas reflected
again in higher proline levels (Fig. 2a). Proline biosynthesis
occurs from glutamate in chloroplasts, while proline oxidation

occurs in mitochondria. The levels of proline appear to be
tightly regulated by biosynthesis and oxidation under
oxidative/photo-oxidative stress. An alternative pathway of
proline biosynthesis from ornithine was found during seedling
development (Armengaud et al. 2004).

Based on the enzymatic activities and gene expression pat-
terns, we suggest that the modulation of P5CS and PDH could
be the major reason for proline accumulation under oxidative
or photo-oxidative stress by MV or MD (Figs. 3 and 5).
Changes in expression of P5CDH and P5CR were much
less than those of P5CS and PDH. Similar pattern of pro-
line accumulation was observed under various abiotic
stresses (Parida et al. 2008; Huang et al. 2013; Kishor
and Sreenivasulu 2014; Wang et al. 2015).

Relevance to chloroplast-mitochondrial interactions

Since two key enzymes of biosynthesis and oxidation (name-
ly, P5CS in chloroplasts and PDH in mitochondria) were

Fig. 5 Expression pattern of
genes involved in proline
metabolism. a The transcripts
from semi-quantitative RT-PCR
of leaf extracts, after treatment
with oxidants for 4 h in dark, 300
or 1200 μE m−2 s−1 light intensi-
ties. Actin 2 was used as an inter-
nal control. b Extent of changes in
expression of genes after normal-
izing with actin. Each data point is
the average of three replicates,
and error bars represent ± SE.
Asterisks indicate significance of
effects of MVor MD, compared
to respective control. *P < 0.05;
**P < 0.01; and ***P < 0.001
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modulated by oxidants targeted either to chloroplasts
(MV) or mitochondria (MD), we feel that proline could
be another key metabol i t e dur ing chloroplas t -
mitochondrial interactions. The ability of proline to direct-
ly scavenge the ROS is debated (Signorelli 2016), but the
importance of proline in maintenance of redox balance in
chloroplasts and mitochondria has been suggested earlier
(Szabados and Savoure 2010; Shinde et al. 2016). In our
experiments, the responses to stress in chloroplasts were
always higher than in mitochondria, indicating that stress
or redox disturbance within chloroplasts was stronger.
Proline synthesis could be an important sink for reducing
equivalents in chloroplasts and can help to minimize the
excess reduction.

Concluding remarks

Disturbance in redox state of either chloroplasts (by MV)
or mitochondria (by MD) increased the ROS levels in leaf
tissues, followed by a marked increase in levels of pro-
line, maximum being under HL. Upregulation of P5CS
and downregulation of PDH were the reasons for en-
hanced proline levels. Since these two enzymes of P5CS
and PDH are located in chloroplasts and mitochondria,,
proline metabolism could mediate the utilization of reduc-
tants in chloroplasts and regeneration in mitochondria,
thus maintaining an optimal redox status. Additionally,
proline could team up with other metabolic pathways such
as lipids to ensure an efficient redox (Shinde et al. 2016).
We propose that proline, like ASC, could be an important
metabolite to facilitate the cross-talk between mitochon-
dria and chloroplasts, during adaptive responses to photo-
oxidative response. Proline transporters are known to op-
erate in mitochondria (Szabados and Savoure 2010;
Shinde et al. 2016), but the mechanism of proline trans-
port across chloroplasts is not clear.
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