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Abstract

Responses of the photosynthetic electron transport system of chloroplasts to exogenous proline application were evaluated
in young and mature leaves of Arabidopsis thaliana plants under optimal growth conditions. Exogenous proline
application (10 mM) during the 4" week of growth increased proline accumulation in young leaves more than in mature
leaves, and possibly due to its degradation producing NADPH, decreased significantly the ratio of NADP*/NADPH in
both leaf types compared with controls (without proline). However, the ratio of NADP*/NADPH remained significantly
higher in the young leaves, suggesting lower proline degradation which resulted in less reduced plastoquinone pool than
that in the mature leaves, under both low light [130 pmol(photon) m™ s7!] and high light [1,200 umol(photon) m=2 s™']
treatments. The young leaves seemed to adjust nonphotochemical fluorescence quenching in order to maintain a better
PSII quantum yield. We concluded that under optimal growth conditions exogenous proline results in overreduction of the
plastoquinone pool and blockage of photosynthetic electron flow due to accumulation of NADPH. We suggest that
optimum concentrations of proline are required for optimal PSII photochemistry.
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Introduction

Proline (Pro) accumulation is regarded as a component of
stress tolerance mechanism (Szabados and Savouré 2010),
and has been reported to occur in response to environ-
mental stresses including heat and water stress, salinity,
and metal toxicity (Hare and Cress 1997, Hare et al. 1998,
De Ronde et al. 2004, Ashraf and Foolad 2007,
Verbruggen and Hermans 2008, Sperdouli and Moustakas
2012b, 2014b; Khayyat et al. 2014). Accumulation of Pro
in plant tissue under stressful conditions has been
suggested to be the result of a decrease in Pro degradation,
increase in Pro biosynthesis, a decrease in protein synthesis
or Pro utilization, and increased hydrolysis of proteins
(Ashrafand Foolad 2007, Verbruggen and Hermans 2008).
Pro is synthesized from glutamate by two successive
reductions catalyzed by A'-pyrroline-5-carboxylate (P5C)
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synthase (P5CS) and P5C reductase (P5SCR), respectively
(Ashraf and Foolad 2007, Verbruggen and Hermans 2008).
An alternative precursor for Pro biosynthesis is ornithine,
which can be transaminated to P5C by ornithine-3-amino-
transferase, a mitochondria-located enzyme (Verbruggen
and Hermans 2008). Pro degradation is the reverse process
of Pro biosynthesis catalyzed by Pro dehydrogenase (PDH)
and P5C dehydrogenase (PSCDH) (Ashraf and Foolad
2007, Verbruggen and Hermans 2008).

Pro may serve to protect membrane structures (Chen
and Murata 2002), scavenge reactive oxygen species
(ROS) (Hong et al. 2000), or regulate cellular redox state
(Hare and Cress 1997, Poulson et al. 2006). Exogenous
application of Pro in many, but not all, plant species under
stress conditions has led to significant enhancement
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Abbreviations: AL — actinic light; AOI — area of interest; Chl — chlorophyll; ETR — electron transport rate; Fo, Fm — minimal and maximal
chlorophyll a fluorescence of the dark-adapted state; Fo', Fm' — minimal and maximal chlorophyll a fluorescence of the light-adapted
state; Fs — steady-state photosynthesis at a given actinic light; Fv/Fm — potential (maximal) quantum yield of PSII photochemistry; HL —
high light; LL — low light; ML — mature leaves; NPQ — nonphotochemical quenching; P5C — Al-pyrroline-5-carboxylate; PSCDH — Al-
pyrroline-5-carboxylate dehydrogenase; PSCR — Al-pyrroline-5-carboxylate reductase; PSCS — Al-pyrroline-5-carboxylate synthase;
PDH - proline dehydrogenase; PQ — plastoquinone; Pro — proline; qr — photochemical quenching coefficient; ROS — reactive oxygen
species; YL — young leaves; ®psu — actual (effective) quantum yield of PSII photochemistry.
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in plant growth (Ashraf and Foolad 2007, Moustakas et al.
2011). However, despite its protective role under abiotic
stress conditions, external Pro supply was found to be
highly toxic for plants (Hellmann et al. 2000, Deuschle et
al. 2001, 2004; Nanjo et al. 2003). Nanjo et al. (2003)
reported that an excess of free Pro results in growth
inhibition in Arabidopsis, while Deuschle et al. (2004)
found that external Pro application caused programmed
cell death, with callose deposition and ROS production.
Thus, how Pro accumulation influences particular regula-
tory pathways is still unclear (Funck et al. 2010, Szabados
and Savouré 2010, Sperdouli and Moustakas 2014b).

NADPH produced by the light reactions of photo-
synthesis is utilised in the Calvin cycle. The production
and utilization of ATP and NADPH may affect the proton
gradient and the redox state of PSII (Ogren 1990). While
Pro synthesis generates NADP", its degradation produces
NADPH. Thus, a cycle of Pro synthesis and degradation is
essential for buffering cellular redox potential in the
cytosol, as well as in plastids (Peng et al. 1996, Hare and
Cress 1997, De Ronde ef al. 2004). Hare and Cress (1997)
suggested that the NAD(P)"/NAD(P)H ratio is important
in metabolic regulation and may constitute a form of
metabolic signalling within higher plants. Under drought
stress, decreased NADPH/NADP" ratio, resulting in a
higher level of oxidized state of the PQ pool and thus in a
reduced excitation pressure, contributed to the acclimation
of young leaves (YL) of A. thaliana to water deficit
(Sperdouli and Moustakas 2014b).

Chlorophyll (Chl) fluorescence measurements have
become a widely used method to study functioning of the
photosynthetic apparatus and are a powerful tool to study
the plant's response to environmental stress (Krause and
Weis 1991, Morales et al. 2001, Gorbe and Calatayud

Materials and methods

Plant material and growth conditions: Arabidopsis tha-
liana ecotype Columbia (Col-0) plants were grown in
a growth chamber (EF7, Conviron, Montreal, Canada)
with controlled environmental conditions under a long-day
photoperiod of 14/10 h, with 50 + 5/65 + 5% humidity,
temperature of 22 + 1/18 £ 1°C, and light intensity of 120 +
20 pumol(photon) m~ s™' (Moustakas et al. 2011). Plants
were hand-watered every 2 d by spraying. Leaves in the
center of the leaf rosette with 1.20 £ 0.22 cm length were
assigned as the young leaves (YL), while the average
length of mature leaves (ML) in the rosette was
2.4+ 0.31 cm. During the 4" week of growth, YL and ML
were either sprayed (foliar application four times in total,
day after day) with water or with 10 mM Pro (Székely et
al. 2008). This concentration of Pro was found to alleviate
drought stress effects in A. thaliana (Moustakas et al.
2011) but to be toxic under nonstressed conditions (Mani
et al. 2002). Data shown are means and SE of six replicates
per treatment.
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2012, Sperdouli and Moustakas 2012a, 2014a; Murchie
and Lawson 2013, Osorio et al. 2013, 2014; Guidi and
Calatayud 2014, Hanachi et al. 2014). Chl fluorescence
quenching, predominantly caused by photochemical and
energy-dependent mechanisms, is strongly influenced by
the utilisation of NADPH and ATP in photosynthesis
(Krause and Weis 1991, De Ronde et al. 2004). Photo-
synthetic redox imbalance has recently received a great
deal of attention for its potential to act as a retrograde
signal (Dietz and Pfannschmidt 2011).

Exogenous application of 10 mM Pro under drought
stress conditions has been found to ameliorate drought
stress effects on photosynthesis (Moustakas et al. 2011),
but externally added Pro (10 mM) under optimal growth
conditions has been found to be toxic to Arabidopsis plants
(Mani et al. 2002). Recently, a differential photosynthetic
response of YL and mature leaves (ML) was shown in
A. thaliana under drought stress (Sperdouli and Moustakas
2014a). This differential photosynthetic response of
A. thaliana YL and ML was due to a differential metabolite
accumulation under drought stress (Sperdouli and
Moustakas 2014b).

The objective of this study was to elucidate (/) if
external Pro application influences PSII photochemistry
under optimal growth conditions and (2) if leaf develop-
mental stage modulates the redox potential of photosyn-
thetic electron transport after exogenous Pro application.
Thus, we studied the role of exogenous Pro in the
NADP*/NADPH redox status maintenance and its impact
on photosynthetic electron flow and PSII functioning in
YL and ML of the model plant, A. thaliana, under both low
light [LL, 130 pumol(photon) m~ s7!] and high light [HL,
1,200 umol(photon) m s7!] treatments.

Proline determination: YL and ML of four-week-old
A. thaliana plants sprayed with water or with 10 mM Pro
were washed thoroughly with distilled water, cut into
small pieces, weighed, placed separately in glass vials
containing 10 mL of 80% (v/v) ethanol, and heated at 6°C
for 30 min. The extract was then filtered and diluted with
80% (v/v) ethanol up to 20 mL. The concentration of free
Pro was determined in this extract following the acid-
ninhydrin reagent method (Bates ef al. 1973), as described
by Sperdouli and Moustakas (2014b), using a calibration
curve with standard dilutions of L-Pro and expressed as
[umol g”'(FM)].

Assay of NADP* and NADPH: Extraction of pyridine
nucleotides from YL and ML of 4-week-old 4. thaliana
was performed according to Rius et al. (2006). NADP* and
NADPH were measured by an enzymatic assay system
using glucose-6-phosphate dehydrogenase as described by
Zhang et al. (2000). The pyridine nucleotides were
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assayed spectrophotometrically (PharmaSpec UV-1700;
Shimadzu, Japan) based on the measurement of the absor-
bance of the reduced coenzyme at 340 nm (Hald et al.
2008). The oxidized nucleotides NADP* do not show any
absorbance at 340 nm.

Chl fluorescence was measured at room temperature in
dark-adapted (20 min) 4. thaliana leaves using an Imaging-
PAM chlorophyll fluorometer (Walz, Effeltrich, Germany),
as described by Sperdouli and Moustakas (2012b). Five
areas of interest (AOI) were selected, one in the centre of
the leaf, two in the outer zone of the tip and two in the outer
zone of the base of the leaf. First, minimal (Fy) and
maximal Chl a fluorescence (Fn) were measured with
dark-adapted samples, from which F,/Fy, was derived; it
represents the potential (maximal) quantum yield. F,, was
obtained with a saturating pulse (SP) of white light
(2,400 pmol m2 s™! PAR, 800 ms duration) followed by
application of actinic light (AL) to assess steady-state
photosynthesis (Fs). A low light intensity of AL
[130 umol(photon) m™2 s~ (LL, low light)], to match that
of the growth light of A. thaliana plants, and low enough
to avoid photoinhibition, and a high light intensity of AL
[1,200 umol(photon) m? s! (HL, high light)] were
selected. The illumination time was 2 min with repetitive
measurements of Fy' (minimum Chl a fluorescence in the
light) and F,,' (maximum Chl a fluorescence in the light)
values every 20 s, from which values of other Chl fluo-
rescence parameters were calculated automatically by
Imaging Win software (Walz, Effeltrich, Germany).

Results

Leaf developmental stage influences Pro accumulation
and NADP*/NADPH ratio: Exogenously applied Pro
increased remarkably (21- and 23-fold) the free Pro content
in ML and YL, respectively (Fig. 14), compared with
their corresponding controls. Thus, exogenous Pro appli-
cation resulted in more enhanced Pro accumulation in YL
than in ML.

The ratio of NADP" to NADPH was similar in YL and
ML of the control plants. However, exogenous Pro resulted
in a decreased NADP" and an increased NADPH content
in both YL and ML. Thus, the ratio of NADP*/NADPH
decreased in both YL and ML compared with their controls,
but remained higher in YL compared to ML (Fig. 1B).

Differential photochemical efficiency of control and
Pro-treated young and mature leaves: Different para-
meters were measured in YL and ML of control and the
Pro-treated (10 mM) A. thaliana leaves to determine the
Pro effects on photosynthesis. The maximal quantum yield
of PSII photochemistry (F./Fm) was quite high in both YL
and ML of the control plants, but YL exhibited lower F./F,
values than ML (Fig. 1C). However, in YL sprayed with
Pro, F,/Fy, decreased less than that in ML. Pro-treated ML
had significantly lower F./Fp, values than YL.

The calculated parameters included the effective
quantum yield of photochemical energy conversion in PSII
[@psi = (Fm' — Fs)/Fr'] that estimates the efficiency at which
light absorbed by PSII is used for photochemistry. The
photochemical quenching coefficient, g, is a measure of
the fraction of open PSII reaction centres that represents
the redox state of the PQ pool and it was calculated as
(Fu' — Fo)/(Fm' — Fo') (Genty et al. 1989). NPQ parameter,
which was calculated as (Fm — Fn')/Fm', estimates the
nonphotochemical quenching that reflects heat dissipation
of excitation energy in the antenna system. The relative PSII
electron transport rate (ETR) was calculated as ¢ x ®pgyy %
PPFD. The coefficient ¢ assumes equal distribution of
photons between PSII and PSI (0.5), while the
homogeneous absorption factor of 0.84 contains
assumptions on leaf absorption of PPFD, thus, a value of
0.42 was assumed (Schreiber et al. 1994).

Statistical analysis: Each treatment was analyzed with at
least six replicates and data are expressed in mean + SE.
Chl fluorescence measurements represented averaged
values from two independent experiments with three leaf
samples (each with five AOI) from three plants per
treatment per experiment. One-way analysis of variance
(ANOVA) was carried out using the StatView computer
package (Abacus Concepts, Inc., Berkley, CA, USA) and
mean was separated at a level of P<0.05. For the estimation
of the relationships of Pro content with ETR, a linear
regression analysis was also performed (Sperdouli and
Moustakas 2012b).

The ®psi was downregulated in control YL, compared
to that in control ML (Fig. 24) under both LL and HL,
indicating that a small fraction of absorbed irradiance was
not utilized via photochemical reactions in control YL.
Compared with control, @psy; in Pro-treated ML decreased
by 36 and 38% under LL and HL, respectively, while ®pgpy
in Pro-treated YL decreased by 16 and 20% under LL and
HL, respectively (Fig. 24).

Pro-treated young leaves showed less reduced PQ pool
than mature leaves: The plastoquinone pool (PQ) of YL
and ML in the control plants was in a more oxidized state
compared to that of the Pro-treated plants under both LL
and HL (Fig. 2B). Pro-treated YL showed the less reduced
PQ pool compared to ML, especially under LL (Fig. 2B).

Pro-treated young leaves retain higher electron trans-
port rate and nonphotochemical quenching compared
to mature leaves: Under HL, NPQ rose in all plants
(Fig. 2C). Under both LL and HL, control ML exhibited
significantly higher NPQ values, whereas Pro-treated YL
showed significantly higher NPQ wvalues than that of
Pro-treated ML, under both LL and HL.

Electron transport rate (ETR) increased under HL in
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Fig. 2. The quantum efficiency of PSII photochemistry (®psi) (4), the redox state of PQ pool (expressed as qp) (B), the nonphotochemical
fluorescence quenching (NPQ) (C), and the electron transport rate (ETR) (D) under low light (130 pmol m= s7!) and high light
(1,200 umol m2 s7") of control and Pro (10 mM) treated young (Y) and mature (M) leaves of Arabidopsis thaliana. Values are mean +
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both control and Pro-treated YL and ML (Fig. 2D). Control
ML had significantly higher ETR values under both LL
and HL, whereas Pro-treated YL had significantly higher
ETR values than that of Pro-treated ML under LL.

Relationships of electron transport rate and Pro
accumulation: ETR was reduced with the increased Pro
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content and these changes in ETR were negatively
correlated with the Pro content under both LL and HL
(Fig. 3). ETR, determined at LL, was negatively correlated
with the Pro content, but it was not statistically significant
(Fig. 34), while it was negatively and significantly
correlated (Fig. 3B) with the Pro content under HL.



BLOCKAGE OF PHOTOSYNTHETIC ELECTRON FLOW BY PROLINE

Discussion

Under abiotic stress conditions, Pro accumulation fulfils
a number of roles, acting as an osmolyte, protecting
enzymes from denaturation, scavenging ROS, and inter-
acting with membranes and other metabolites (Hare and
Cress 1997, Verbruggen and Hermans 2008, Sperdouli and
Moustakas 2012b). Pro accumulation under stress
conditions might serve as a sink for excess reductants,
providing the NADP* necessary for maintenance of the
photosynthetic process (Hare and Cress 1997, Ashraf and
Foolad 2007). While Pro synthesis generates NADP, its
degradation produces NADPH (Hare and Cress 1997).
The degradation of exogenously applied Pro produced
NADPH that decreased the NADP*/NADPH ratio. Accu-
mulation of NADPH in stroma causes over-reduction of
the PQ pool by blockage of electron flow, due to depletion
of electron acceptors (Marutani et al. 2012), and
consequently, a less efficient PSII photochemistry. In our
experiment, foliar application of Pro led to a greater
increase in Pro accumulation in YL compared to ML,
suggesting a higher catabolism of Pro in ML that leads to
increased accumulation of NADPH. This accumulation of
NADPH in ML causes over-reduction of the PQ pool and
lowers the electron transport efficiency in PSII by blocking
electron flow due to depletion of electron acceptors
(Marutani et al. 2012). Over-reduction of the PQ pool in
ML is considered to be dangerous to PSII (Yamamoto
et al. 2008), as verified by the observed photoinhibition. In
contrast, in YL, a decrease in Pro catabolism resulted in
lesser deregulation of the redox status of the PQ pool and
decreased blockage of electron flow through PSII. A cycle
of Pro synthesis and its degradation has been shown to be
essential for buffering a cellular redox potential in cytosol
and in plastids (Hare and Cress 1997, De Ronde et al.
2004). Pro treatment caused the inhibition of PSII in YL
as indicated by the decrease in F,/Fy. This phenomenon
was more pronounced in Pro-treated ML, indicating
increased susceptibility of ML to Pro-induced PSII photo-
inhibition. Reductions in the F./Fy, ratio were associated
with the low ratio of NADP*/NADPH. ®ps;; was lower in
YL and ML sprayed with Pro than that in the control plants
under both LL and HL, reflecting the overall inhibition of
photosynthesis. The degree of inhibition was higher in ML
sprayed with Pro than in YL. If the regeneration of NADP*
is limited, redox imbalance is likely to result in
photoinhibition and enhanced use of O, instead of NADP*
as the electron acceptor in photosynthesis (Hare et al.
1998). A decreased NADP*/NADPH ratio would lead to
potentially harmful over-reduction and blockage of
photosynthetic electron flow (Foyer ef al. 2012, Marutani
et al. 2012), as shown in Fig. 2D. Blockage of the
photosynthetic electron flow indicates an imbalance
between energy supply and demand (Dietz and
Pfannschmidt 2011). Excess excitation energy has to be
safely removed in the antennae complexes of PSII as heat
through a process which involves the xanthophyll cycle

and a low intrathylakoid pH (Krause and Weis 1991) to
prevent formation of ROS (Marutani ef al. 2012). Both YL
and ML from control A. thaliana plants dissipated more
excitation energy by NPQ than Pro-treated YL and ML, as
evidenced by the significantly higher heat dissipation of
excitation energy (NPQ). Because NPQ deactivates excited
Chl molecules (Havaux et al. 2007), thereby avoiding
singlet oxygen ('O,) production, its inhibition in Pro-
treated YL and ML leads to photooxidation (Trianta-
phylideés et al. 2008, Sperdouli and Moustakas 2012a).

Hare et al. (2002) suggested that the destructive effects
of Pro on chloroplast ultrastructure resulted from feedback
inhibition of Pro synthesis that caused over-reduction.
Exogenous Pro activates PDH expression (Peng et al.
1996) and causes toxicity (Hellmann et al. 2000, Deuschle
et al. 2001, Mani ef al. 2002). External Pro concentrations
(10 mM) have been found to be toxic to Arabidopsis plants
(Mani et al. 2002). Thus, under optimal growth conditions,
degradation of Pro leads to toxicity, suggesting that Pro
degradation requires an accurate regulation (Hellmann et
al. 2000).

Measurements of Chl fluorescence allow us to conclude
that a more reduced redox state of the PQ pool than that in
control ones was observed in both YL and ML sprayed
with Pro. At the same time, we observed an over- reduction
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of the PQ pool in ML sprayed with Pro and consequently,
a less efficient PSII photochemistry under both LL and HL
conditions. This over-reduced PQ pool in ML is due to the
fact that Pro degradation is developmentally regulated in
Arabidopsis (Nakashima et al. 1998, Funck et al. 2010).
An over-reduction of PQ pool has been shown to initiate a
chloroplast retrograde signalling for proper plant
responses (Petrillo ef al. 2014).

It is suggested that external Pro application resulting in
high internal Pro accumulation is essential for quenching
ROS and contributing to drought tolerance in Arabidopsis
(Moustakas et al. 2011), but under optimal growth con-
ditions external Pro application results in over-reduction of
the PQ pool and blockage of photosynthetic electron flow.
Under extreme environmental conditions, such as elevated
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