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e-mail: mroncel@us.es tial (NADPH+ATP) in chloroplast. In this work, the thermoluminescence (TL)
Received 11 October 2018; emissions corresponding to the AG band were investigated in plants of the
revised 12 December 2018 WT and the Ljgin2-2 photorespiratory mutant from Lotus japonicus grown

under either photorespiratory (air) or non-photorespiratory (high concentra-
tion of CO,) conditions. TL glow curves obtained after two flashes induced
the strongest overall TL emissions, which could be decomposed in two com-
ponents: B band (t,,,=27-29°C) and AG band (t,,,,=44-45°C). Under
photorespiratory conditions, WT plants showed a ratio of 1.17 between the
intensity of the AG and B bands (I,¢/I). This ratio increased considerably
under non-photorespiratory conditions (2.12). In contrast, mutant Ljgln2-2
plants grown under both conditions showed a high 1,5/l ratio, similar to that
of WT plants grown under non-photorespiratory conditions. In addition, high
temperature thermoluminescence (HTL) emissions associated to lipid peroxi-
dation were also recorded. WT and Ljg/n2-2 mutant plants grown under pho-
torespiratory conditions showed both a significant HTL band, which increased
significantly under non-photorespiratory conditions. The results of this work
indicate that changes in the amplitude of 1,:/l; ratio could be used as an
in vivo indicator of alteration in the level of photorespiratory metabolism in
L. japonicus chloroplasts. Moreover, the HTL results suggest that photores-
piration plays some role in the protection of the chloroplast against lipid
peroxidation.
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Introduction and stabilized on carriers of the photosynthetic electron
transfer chain. Luminescence decay phases can be bet-
ter resolved by the thermoluminescence (TL) technique
that records luminescence emission during the warm-
ing of a sample after an irradiation at a moderately low

Photosynthetic luminescence is a delayed fluorescence
emitted by photosystem Il (PSII) that reflects the recom-
bination of charge pairs separated by a prior irradiation

Abbreviations — AG band, afterglow TL band; Bband, TL band due to S,/S;Qg~ recombination; DCMU,
3-(3,4-dichlorophenyl)-1,1-dimethylurea; FR, far red light; HTL, high temperature thermoluminescence; 1,5/lg, ratio between
the intensity of the AG and B bands; OEC, oxygen evolving complex; PR, photorespiration; PSI, photosystem I; PSII, pho-
tosystem II; Q, and Qg, primary and secondary quinone electron acceptors of PSII; S, 4, redox states of water oxidation
complex; STL, standard thermoluminescence; TL, thermoluminescence; t,.,, temperature of the maximum of a TL band; WT,
wild-type.
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non-freezing temperature (Miranda and Ducruet 1995,
Ducruet 2003). After a sequence of short flashes, a
so-called B band of TL, peaking around 20-30°C, is
observed in both isolated photosynthetic membranes
and intact systems, such as leaves and algae. This emis-
sion is due to the recombination of S,/S;Qg~ pairs, Qg
being the secondary quinone acceptor and S,/S; being
the states of the oxygen-evolving complex (OEC) stor-
ing 2 and 3 positive charges (Rutherford et al. 1982).
Another luminescence emission is the so-called after-
glow (AG) band, peaking around 45°C, which is usu-
ally observed in intact photosynthetic materials after
far-red (FR > 700 nm) irradiation (Bertsch and Azzi 1965,
Miranda and Ducruet 1995, Roncel and Ortega 2005,
Roncel et al. 2007, 2016).

The AG emission has been related to the cyclic trans-
port of electrons around PSI because the complete sup-
pression of this band has been observed by blocking
the cyclic electron transfer fluxes (Nakamoto et al. 1988,
Havaux et al. 2005). Thus, the FQR and NDH com-
plexes, which both mediate the electron recycling from
the donor side of PSI to the PQ pool during cyclic
electron transport, are involved in the electron trans-
fer leading to the AG signal (Havaux et al. 2005, Lin-
tala et al. 2009). Moreover, it has been observed that
short heat-treatments, in the same temperature range
as the AG emission, trigger a PSI-driven electron flow
from reducing components of unknown identity in the
stroma towards the acceptor side of PSIl (Havaux 1996).
The reduction of Qg can also proceed in the dark
by the chlororespiratory pathway, a process defined
as a respiratory electron transport chain in interaction
with photosynthetic electron transport involving both
non-photochemical reduction and oxidation of plasto-
quinones (Bennoun 1982, Garab et al. 1989). All of the
above supports the idea that AG emission is due to the
heat-induced reduction of Qg by a stroma component
and further recombination with S,/S; states (Sundblad
et al. 1988). Therefore, it is now accepted that AG emis-
sion does not originate from preformed charge pairs
but reflects an electron transfer that occurs in the dark.
Thus, it results from recombination of the S,/S; Qg ™ states
within PSII centers similarly to the B band (Bertsch and
Azzi 1965). The difference between B and AG emissions
is apparently due to the Qg reduction pathway.

This AG emission is often weaker or absent after
white light (Palmqvist etal. 1986, Roncel and Ortega
2005, Roncel etal. 2007, 2016) but occurs in some
material (Miranda and Ducruet 1995). However, this
band has been observed under some metabolic con-
ditions that slow down the use of photosynthetic
energy, such as lack of CO, or phosphorus (Mellvig
and Tillberg 1986). The induction of the AG band
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by a single turnover flash has also been described
in CAM-inducible species when CAM metabolism is
activated (Krieger et al. 1998). Under these conditions,
the intensity of the AG band () has been corre-
lated with changes in the ratio of dihydroxy-acetone
phosphate/phosphoglycerate  (DHAP/PGA) which is
an indicator of the energy status of the chloroplast.
In fact, the intensity of the AG band is considered as
an indicator of a high ATP/ADP and NADPH/NADP*
ratio in chloroplast (Krieger et al. 1998). A raise in the
assimilatory potential (NADPH + ATP) due to stoma
closure under slow dehydration has been also correlated
with the strong increase in the AG band observed in
wheat cultivar (Birling et al. 2014). A decrease in the
ratio between the intensity of the AG and B bands (1,/1s
ratio) observed in cold-sensitive pea varieties under cold
conditions has also been correlated with a decrease
in the assimilatory potential due to a cold-induced
phosphate limitation in the chloroplast (Roman and
Ducruet 2000).

Photorespiration (PR) is a light-induced biochemical
process that takes place, along with photosynthesis,
when the first enzyme in the photosynthetic CO,
fixation pathway, ribulose 1,5-bisphosphate (RuBP)
carboxylase/oxygenase (Rubisco), oxygenates instead
of carboxylates RuBP (Wingler et al. 2000, Peterhansel
etal. 2010). The resulting products are one molecule
of 3-phosphoglycerate (3PGA), which can be metab-
olized in the Calvin-Benson (CB) cycle, and one of
2-phosphoglycolate (2PG), a compound that is toxic
to the plant as it inhibits the CB cycle enzyme activ-
ities (Farmer and Mueller 2013). 2PG is recycled in
a complex pathway, the C, cycle that encompasses
three compartments: chloroplasts, mitochondria and
peroxisomes (Hagemann et al. 2016). The cycle serves
as a carbon recovery system by transforming 2PG into
3PGA, which goes back to the CB cycle (Wingler et al.
2000, Maurino and Peterhansel 2010).

PR is accompanied by CO, and NH,* release.
NH,* is produced as a result of the conversion of two
molecules of glycine into one molecule of serine in a
reaction catalyzed by an enzymatic complex in the mito-
chondria, which forms part of a more complex process
called the photorespiratory nitrogen cycle (Maurino and
Peterhansel 2010). It was initially thought that cytosolic
glutamine synthetase (GS;) could be responsible for pho-
torespiratory ammonium assimilation. However, the iso-
lation in barley of photorespiratory mutants specifically
deficient in plastidic GS showed that the chloroplastic
form of glutamine synthetase (GS,) was in fact responsi-
ble for this process (Wallsgrove et al. 1987, Keys 2006).

The first GS photorespiratory mutants isolated from
legume plants were identified several years ago in our

241



laboratory from the model legume L. japonicus (Orea
et al. 2002, Marquez et al. 2005). These mutants have
been substantially characterized at the molecular and
physiological levels (Orea etal. 2002, Marquez et al.
2005, Betti et al. 2006, Pérez-Delgado et al. 2013, Betti
etal. 2014, Pérez-Delgado etal. 2016). One of the
mutants, named Ljg/n2-2, is deficient in plastidic GS
(GS,) but has normal levels of cytosolic GS (GS;) (Orea
etal. 2002, Marquez etal. 2005, Betti etal. 2012).
This mutant presents a single-point allelic mutation
L278H that affected the stability of the GS, polypep-
tide. A complete lack of GS, protein was observed
in leaves, roots and nodules of the Ljgin2-2 mutant
(Betti etal. 2006, Garcia-Calderén etal. 2012). The
LjigIn2-2 mutant is able to grow in a similar manner to
the wild-type (WT) at high CO, conditions that sup-
press PR. However, it accumulates high levels of NH,*
when transferred from high CO, to air conditions, as
a consequence of the activation of PR and the lack of
GS, (Orea et al. 2002, Pérez-Delgado et al. 2013, Betti
etal. 2014, Pérez-Delgado et al. 2015). Photorespira-
tory ammonium accumulation was also shown previ-
ously in barley GS, mutants (Wallsgrove etal. 1987)
and in GS,-antisense oilseed rape lines (Husted et al.
2002).

PR is regarded as an energetically costly sequence
of reactions where both energy (ATP) and reducing
(NADPH) equivalents are required, in great part due to
the retrieval of CO, and NH,*, which are released during
the glycine cleavage reaction in mitochondria. The CO,
re-fixation by Rubisco and further assimilation through
the CB cycle requires both reducing and phosphorylating
potentials (NADPH and ATP). The ammonium fixation
in the chloroplast by the GS/GOGAT system occurs at
the expense of reduced ferredoxin and ATP (Peterhansel
et al. 2010, Hagemann et al. 2016). Thus, the AG band
might be regarded as an indicator of changes in the lev-
els of ATP and/or NADPH induced by alterations in the
photorespiratory metabolism.

In this work, we have analyzed the changes observed
in the TL bands in L. japonicus plants cultivated under
high CO, conditions that suppress PR and under air
conditions that permit a normal flux through the PR
pathway. We included in our study the Ljg/n2-2 mutant
deficient in GS, activity that is required for photores-
piratory ammonium reassimilation in the chloroplasts
and consequently impaired in the photorespiratory
cycle (Orea etal. 2002, Pérez-Delgado etal. 2013,
Betti et al. 2014, Pérez-Delgado et al. 2015). The results
obtained in this work indicate that the I,s/lg ratio and
the level of lipid peroxidation significantly increase
under conditions that suppress PR.
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Materials and methods
Plant material and growth conditions

Lotus japonicus (Regel) Larsen cv. Gifu were initially
obtained by Prof. Jens Stougaard (University of Aarhus,
Denmark) and then self-propagated at the University
of Seville. The Ljgin2-2 mutant was isolated from a
photorespiratory mutant screen as described previously
(Orea etal. 2002, Marquez etal. 2005). The mutant
progeny of two consecutive backcrosses into the WT
background were used. WT and mutant seeds were scar-
ified and surface-sterilized, then germinated in 1% agar
in Petri dishes and transferred to pots using vermiculite
as solid support. Five seedlings were planted in each
pot and grown during 35 days in Sanyo (Osaka, Japon)
or Ibercex (Madrid, Spain) growth chambers under
16/8 h day/night cycles (20/18°C), with a photosynthetic
flux density of 250 pmolm=2 s71 and a constant humid-
ity of 70%. The experiments described in this work were
carried out using L. japonicus plants (WT and Ljg/n2-2
mutant) grown under photorespiratory conditions (air,
0.04% v/v CO,) or photorespiratory-suppressed condi-
tions (high CO, 0.7% v/v CO, by injection of CO,).
The plants were watered with Hornum nutrient solution
(Handberg and Stougaard 1992).

Thermoluminescence

Thermoluminescence (TL) glow curves of L. japonicus
plants were obtained using a home-built apparatus
(University of Seville-CSIC, Spain) designed by Dr
Ducruet (Université Paris-Sud-Orsay, Orsay, France)
for luminescence detection from 1 to 70°C (standard
thermoluminescence, STL) and from 10 to 160°C (high
temperature thermoluminescence, HTL). A detailed
description of the system can be obtained elsewhere
(Ducruet 2003, Zurita et al. 2005, Sajnani et al. 2007,
Guerrero et al. 2014, Repetto et al. 2015). Data acqui-
sition, signal analysis and graphical simulation were
performed as previously described (Ducruet 2003, Zurita
et al. 2005). Before each TL experiment, the plants were
kept under weak white light. Typically, for STL mea-
surements, the leaf-disc was dark-incubated for 2 min
at 20°C, then cooled at 1°C for 1 min and illuminated
at the end of this period with saturating single turn-over
flashes (separated by 1 s) of white light (Walz) through
an optic fiber. Luminescence emission was immediately
recorded while warming the sample from 0 to 70°C at
a heating rate of 0.5°Cs~". In some experiments, before
recording the luminescence emissions, FR illumination
was performed by a tungsten lamp through a 720 nm
interference filter (4 pmol m=2 s71). TL glow curves were
decomposed into elementary bands by mathematical
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simulation and analyzed as previously described by
Ducruet (2003). Additionally, HTL measurements were
carried out with the same setup using a similar protocol,
but the leaf disc was dark-incubated for 10 min at 20°C
and cooled to 10°C for 1T min. Luminescence emission
was then recorded while warming samples from 10 to
160°C at a heating rate of 0.1°Cs~". N, gas was flushed
on the sample during HTL experiments in order to desic-
cate samples and prevents any oxidation induced by high
temperatures. The TL experiments were repeated seven
times using different plants, except those corresponding
to Fig. 2 that had five replicates. The experiments shown
in Figs 1-5 are representative examples of all repetitions.

Results
STL analysis of WT L. japonicus plants

The main objective of this work was to determine if
there is a relationship between the levels of PR and the
intensity of the AG band in L. japonicus plants. Ini-
tially, we have characterized the most relevant TL bands
detected in vivo in L. japonicus plants grown under stan-
dard air conditions. To our knowledge, no TL studies

Air
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Temperature (°C)

TL intensity (a.u.)
>:n.

Temperature (°C)

Fig. 1. Thermoluminescence glow curves from leaves of L. japon-
icus plants grown in air recorded after a series of single turn-over
flashes or under FR light (indicated on each curve). Leaf segments were
dark-adapted for 2 min at 20°C, and subsequently cooled to 1°C dur-
ing 1T min. One, two and three flashes (1F, 2F and 3F) were given at the
end of this period as indicated for each curve. For FR curve, leaf seg-
ments were dark-adapted for 2 min at 20°C, then irradiated 3 min with
720 nm light at 20°C and subsequently cooled to 1°C during 1 min. Two
flashes were given at the end of this period and TL curve recorded. TL
curve obtained after 2F were fitted by two components. The dotted lines
represent the simulation components corresponding to the best fit (see
section Materials and methods). The dashed lines indicate the tempera-
ture maximum of TL bands. Inset: TL signal recorded after one flash (1F),
three flashes (3F) and FR light.
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Fig. 2. Thermoluminescence glow curves from leaves of L. japonicus
previously incubated in the presence of DCMU. Dark-adapted leaf seg-
ments were incubated in the dark at room temperature in 50 yM DCMU
in water solution. One flash was given at the end of this period and TL
curve recorded. Inset: TL curve recorded after 15 min of dark-incubation
in non-flashed untreated leaves. This curve was amplified 10 times for
comparison. The dashed lines indicate the temperature maximum of TL
bands.

have been previously carried out in this species. Exci-
tation of dark-adapted leaf discs with a series of white
light saturating single turn-over flashes (1F, 2F and 3F) at
1°C induced the appearance of two overlapping TL glow
curves different in the temperature of the maximum (t,,.., )
and signal intensity (Fig. 1). The emission curve obtained
after two flashes produced a maximal overall emission
(2F in Fig. 1). The decomposition analysis of this emis-
sion curve is also shown (2F dotted lines in Fig. 1). The
first component can be assigned to the well-known TL
B band originating from the recombination of S;/S,Qg~
charge pairs in PSIl (Rutherford et al. 1982). An aver-
age value of 28.8°C for t,,,, and a signal contribution of
46% were obtained for this band (Table 1). The second
TL component appearing at higher temperature can be
tentatively assigned to an AG band. An average value of
tmax Of 44.4°C and a signal contribution of 54% were
obtained for the AG band (Table 1). In order to quan-
tify the relative variation of the AG band, its integrated
area (l,;) was always related to the integrated area of
the B band (I): 15¢/lg. The 1/l ratio calculated for WT
L. japonicus plants grown under standard air conditions
was 1.17 (Table 1).

To confirm that the TL band appearing around 45°C
in L. japonicus plants after white light flash excita-
tion can be identified as a typical AG band (nor-
mally induced by FR light), we have also performed
TL measurements replacing white light flash excita-
tion by 720nm (FR) monochromatic continuous light
excitation (Fig. 1, inset FR). This type of illumination
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generated a prominent 45°C-band on which a weaker
B band appeared as a shoulder. This FR light, by pre-
dominantly exciting PSI, over-oxidizes the PQ pool,
increases the stroma reduction and, by weakly excit-
ing PSII, generates silent S,/S;Qg centers. These cen-
ters produce the AG band when they are converted
into the luminescence-emitting S,/S;Qg~ centers via
cyclic pathways from stroma reductants (Sundblad et al.
1988, Miranda and Ducruet 1995). This can explain the
increase of the AG band after FR excitation. It is clearly
established that only PSII centres initially in the states
So/S;Qg~ will be able to produce, after two flashes, the
luminescence emitting states S,/S;Qg™~ responsible for
B band emission (Rutherford etal. 1982). The above
described results support that the 44.4°C band observed
in L. japonicus leaves after excitation with white light
flashes corresponds to the same recombination reac-
tion originating the FR-induced AG band described by
Miranda and Ducruet (1995).

We have also studied recombination reactions involv-
ing Q. TL emissions after flashing leaves discs of WT
L. japonicus plants previously incubated in the presence
of DCMU are shown in Fig. 2 (Q band). In these sam-
ples after one flash of white light, the B and AG bands
completely disappeared and a different TL band was
detected: the Q band corresponding to S,Q,~ recom-
bination (Demeter and Govindjee 1989, Ducruet 2003,
Ducruet and Vass 2009). An average value of 13.4°C
for t,,,, Of this band was determined. In the absence of
any previous illumination (Fig. 2, inset), untreated leaf
discs exhibited upon warming a C band with TL emission
peaking at 59.8°C. The intensity of this dark-stable band,
which is the result of Tyrp*Q,~ recombination (Johnson
et al. 1994), is weak compared with those of the B, AG
and Q bands which originate from the recombination of
charge pairs created by illumination (Sajnani et al. 2007).

It is known that high CO, concentrations suppress
the photorespiratory process (Urban 2003). In this
work, we have performed TL measurements in WT L.
japonicus plants grown under high concentration of
CO, in order to analyze the physiological response
to non-photorespiratory conditions (Fig. 3). Excitation
of dark-adapted leaf discs of WT L. japonicus plants
grown under high CO, conditions with a series of white
light flashes showed the same oscillation pattern for TL
emissions than plants growing in air (data not shown).
The overall TL emissions reached a maximum after two
flashes and the decomposition analysis of this emission
curve is shown (Fig. 3, dotted lines). Average values of
27.7 and 44°C for t,,,,, and of 32 and 68% for signal
contributions of B and AG bands were obtained, respec-
tively (Table 1). Thus, the main effect observed for the
plants growing under high CO, concentration was a
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Fig. 3. Thermoluminescence glow curves from leaves of L. japonicus
plants grown under high CO, concentration after two single turn-over
flashes (2F). Leaf segments were dark-adapted for 2 min at 20°C, and
subsequently cooled to 1°C during 1 min. Two flashes were given at
the end of this period and the TL curve recorded. The curve obtained
was fitted by two components. The dotted lines represent the simulation
components corresponding to the best fit. The dashed lines indicate the
temperature maximum of TL bands.

significant increase (about 15%) of the contribution of
the AG band to the total TL intensity, and consequently
of the I ¢/lg ratio. In fact, the 1,5/l ratio obtained for
WT plants under high CO, conditions was 2.12, a
value significantly higher than that obtained under air
conditions (1.17; Table 1). No significant changes were
detected in t.,, values of B and AG bands for either
photorespiratory and non-photorespiratory conditions
(Figs 1 and 3 and Table 1).

STL analysis of Ljg/n2-2 photorespiratory mutant
plants

We have also analyzed TL emission bands of Ljgln2-2
mutant plants grown under standard air (Fig. 4, air)
and high CO, concentration (Fig. 4, high CO,). Fig. 4
shows only the emission curves obtained in plants after
two flashes (2F), which produced the maximal overall
emissions. These curves could be well simulated by
two decomposition components, B and AG bands, with
differences in the t,,, and contributions to the total
signal intensity (Table 1). Ljg/n2-2 mutant plants did not
show significant differences in B and AG bands (t,.,
and intensity contributions) when maintained either
on high CO, or air (Fig. 4 and Table 1). The intensities
contribution values obtained were similar, 34.8% and
35.9% for B band and 65.1% and 64.1% for AG band, in
air and high CO, conditions, respectively (Table 1). The
Ixc/lg ratio obtained from Ljgin2-2 plants under air and
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Fig. 4. Thermoluminescence glow curves from leaves of Ljgin2-2 L. japonicus mutant plants grown under air and high CO, conditions. Curves were
recorded from leaf segments dark-adapted for 2 min at 20°C and subsequently cooled to 1°C during 1 min. Two flashes (2F) were given at the end
of this period as indicated on each curve. TL curves obtained were fitted by two components. The dotted lines represent the simulation components
corresponding to the best fit. The dashed lines indicate the temperature maximum of TL bands.

Table 1. Thermoluminescence band emissions of WT and Ljg/in2-2 L. japonicus plants under air or high concentration of CO,.

B band AG band
Genotype Conditions tax CC) Signal contribution (%) tmax CC) Signal contribution (%) Iac/lg ratio
Wild-type Air 28.8+0.8 46.0+1.2 444 +0.9 54.0+1.2 1.17 +£0.06
CO, 27.7+1.0 320+14 44.0+0.8 68.0+1.3 2.12 £0.12
LjgIn2-2 Air 26.6+0.7 34.8+0.9 446+0.7 65.1+0.9 1.87 +£0.07
CO, 28.3+0.9 359+1.2 44.8+0.8 64.1+1.2 1.79 +£0.09

high CO, conditions were 1.87 and 1.79, respectively
(Table 1). It should be noted that the 1,5/l ratio in the
mutant under air conditions (1.87) was significantly
higher than that obtained for the WT plants under the
same conditions (1.17).

HTL analysis of WT and Ljg/n2-2 mutant plants

We also studied the levels of lipid peroxidation in WT
and Ljgln 2-2 mutant plants grown under both pho-
torespiratory and non-photorespiratory conditions. The
level of lipid peroxidation in photosynthetic membranes
can be measured by the high temperature TL technique
(HTL; see section Materials and methods and Vavilin and
Ducruet 1998, Ducruet and Vavilin 1999, Vavilin et al.
2002, Roncel et al. 2007).

Fig. 5 displays the overall HTL emissions from 10 to
160°C in leaves of WT and Ljg/n2-2 mutant plants grown
under air and high CO, conditions. The HTL emissions
obtained from WT and Ljg/n2-2 mutant plants under air
conditions (Fig. 5, traces 1 and 3, respectively) showed
the appearance of an important HTL2 band (t,,,, of
128-133°C), whose intensity in Ljg/n2-2 mutant plants
was slightly higher (around 15%). The same HTL2 band
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Fig. 5. High-temperature thermoluminescence from leaves of WT and
LjgIn2-2 L. japonicus plants grown under air or high CO, conditions.
Samples were dark-adapted for 1 min at 10°C and heated with a slow
warming rate of 0.1°C s~" from 10 to 160°C without light excitation. WT
and Ljgin2-2 plants were growing under air (traces 1 and 3, respectively)
or under high CO, conditions (traces 2 and 4, respectively). In order to
desiccate the samples and prevent any oxidation induced by high tem-
perature, leaves were flushed with nitrogen during the HTL experiments.
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(tmax Of 130-135°C) emerged in both WT and Ljg/n2-2
mutant plants grown under high CO, conditions, but
with a significant higher intensity (Fig. 5, traces 2 and 4,
respectively). Therefore, we can consider that the greater
intensity of the HTL2 band under high CO, in compar-
ison with air conditions, both in WT and in Ljgln2-2
mutant (Fig. 5), is indicative of a higher peroxidation of

chloroplast lipids when PR is suppressed.

Discussion

The aim of this work was to study if there is any
correlation between the intensity of the AG TL band
and the photorespiratory metabolism in L. japonicus
plants. As already mentioned, the intensity of the AG
TL emission depends on the ‘assimilatory potential’ that
is the concentration of NADPH and ATP in the stroma
(Gerst et al. 1994, Krieger et al. 1998). Because PR is a
process that requires extra energy cost, blocking it using a
high CO, environment will allow us to check whether its
suppression, and consequently the increase of the assim-
ilatory potential, will induce an increase in AG band
intensity.

The high intensity of AG band in L. japonicus

The data presented in this work show the appearance
of a TL band with a maximum emission at 45°C induced
in leaves of L. japonicus by two flashes (Fig. 1) or after
FR illumination (Fig. 1, inset). We propose that this band
corresponds to the so-called afterglow (AG) band. It cor-
responds to the fraction of PSIl centers in the S,,;Qpg
non-radiative state immediately after pre-illumination, in
which the arrival of an electron transferred from stroma
along cyclic/chlororespiratory pathway(s) produces the
S,;3Qg~ radiative state that emits luminescence (Sund-
blad et al. 1988).

An lo/lg ratio of 1.17 has been determined in L.
japonicus plants grown under air conditions (Table 1).
As already mentioned, the intensity of AG emission is
considered as an in vivo indicator of the assimilatory
potential (NADPH + ATP) when it is inducible by a white
light illumination in green algae (Mellvig and Tillberg
1986, Palmqvist et al. 1986, Sundblad et al. 1986) or
flash excitation in plants (Miranda and Ducruet 1995,
Krieger et al. 1998). The assimilatory potential, which is
also dependent on the cellular energetic status, has also
been correlated to the dihydroxyacetone-P/PGA ratio
(Heber et al. 1986). An increase in the flash-induced
AG band has been observed in CAM plants during
the phases of the diurnal cycle corresponding to a
high dihydroxyacetone-P/PGA ratio and consequently
a strong phosphorylation and reduction potential
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(Krieger etal. 1998). A decrease of the flash-induced
AG emission in cold-sensitive pea varieties has been
also observed under cold conditions. It correlated with
a decrease of the assimilatory potential, which can be
explained as a cold-induced phosphate limitation in the
chloroplast (Roman and Ducruet 2000).

The high value of the intensity of AG band induced
by two flashes in control air conditions observed in this
work seems to demonstrate that a metabolic state (a high
level of NADPH/ATP) leading to this emission may arise
spontaneously in non-stressed L. japonicus leaves. It has
been described that temperate annual legume species as
L. japonicus carry out most of their nitrate assimilation
in the root (Andrews 1986, Woodall and Forde 1996,
Marquez et al. 2005). Because the assimilation of nitrate
in L. japonicus is a major drainage of assimilation power
process (Mdrquez etal. 2005), the high level in AG
band intensity could correspond to the lack of nitrate
assimilation in the leaves of this plant. However, more
experiments are needed to confirm this proposal.

The intensity of AG band as indicator of changes
in the photorespiratory metabolism

PR is an energetically costly process where both energy
(ATP) and reducing equivalent (NADPH) are required
(Wingler et al. 2000, Hagemann et al. 2016). Therefore,
under conditions in which the PR is suppressed (high
concentration of CO,), NADPH and ATP can accumu-
late, raising the assimilatory potential. The very signifi-
cant increase in l,./lg value observed in plants grown
under high CO, conditions (2.12) in comparison with
standard air conditions (1.17) may be due to this greater
availability of NADPH and/or ATP (Fig. 3 and Table 1).
An increase of the assimilatory potential in the stroma of
plants grown at high CO, concentration due to the PR
suppression has already been described (Urban 2003).
Therefore, the intensity of the AG band might be regarded
as an indicator of this extra ATP and/or NADPH when PR
is inactive.

At high CO, concentration, there could be other
metabolic processes apart from impairment of the PR that
generate an increase in assimilatory potential. However,
the availability of a photorespiratory mutant (Ljg/n2-2)
deficient in plastidic glutamine synthetase enzyme (GS,)
allowed us to confirm the relationship between the
increasing AG band intensity and the PR blocking at a
high CO, concentration. Ljg/n2-2 mutant plants grown
under air conditions showed a high 1,¢/l5 ratio (1.87),
similar to that obtained for WT plants grown under
high CO, conditions (Table 1). Therefore, the excess of
assimilatory potential due to either the impairment of the
photorespiratory pathway in WT plants under high CO,
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conditions or in Ljgln2-2 mutant plants due to photo-
respiratory mutation could be the responsible for the sig-
nificant increase of AG band intensity in L. japonicus
plants.

Photorespiration seems to protect chloroplasts
against lipid peroxidation

The HTL experiments of this work have shown a signif-
icant lipid peroxidation level in both WT and Ljg/n2-2
plants either in high CO, or air conditions (Fig. 5). The
broad HTL band emission obtained in both conditions
(centered near 130°C and known as the HTL2 band)
is indicative of oxidative damage (Havaux and Niyogi
1999, Vavilin et al. 2002). In fact, the amplitude of this
band has been well correlated with the accumulation of
malondialdehyde, an indicator of lipid peroxidation in
standard chemical tests (Vavilin and Ducruet 1998, Vav-
ilin et al. 2002).

As already mentioned, temperate annual legume
species as L. japonicus carries out most of their nitrate
assimilation in the root (Andrews 1986, Woodall
and Forde 1996, Mdrquez etal. 2005). Thus a high
NADPH/NADP* ratio must be present in the leaves
of these legume species when they are grown in air.
Consequently, a decrease of the amount of oxidized
NADP* available as electron acceptor could result in an
over-reduction of the photosynthetic electron transport
chain (Kozaki and Takeba 1996, Ahmad et al. 2008).
Under such conditions, ferredoxin is over-reduced and
electrons originating from water oxidation in PSIl may
be transferred from PSI to oxygen to form superoxide
radicals (O, ") by the process called Mehler reaction and
subsequently produce hydrogen peroxide (H,O,) via
O, (Asada 2006, Ahmad et al. 2008). These reactive
oxygen species (ROS), O, and H,0,, can initiate the
lipid peroxidation (Triantaphylides et al. 2008, Farmer
and Mueller 2013) in the chloroplast of L. japonicus.

On the other hand, the HTL experiments of this work
have also shown a significant increase in lipid peroxida-
tion in chloroplasts when PR is impaired, i.e. at high CO,
concentration and/or in the Ljg/n2-2 mutant. Notewor-
thy, higher levels of HTL signals were detected in high
CO, conditions compared to air, both in the WT and the
LjigIn2-2 mutant, and also in the mutant plants compared
to the WT on each of these conditions (Fig. 5). These
results might be explained by assuming that PR block-
ing increases ROS production as a result of higher levels
of NADPH and ATP. A contribution of PR metabolism in
the protection from photoinhibition and the dissipation
of excess excitation energy has been proposed (Kozaki
and Takeba 1996, Wingler et al. 2000, Takahashi et al.
2007, Peterhansel etal. 2010, Takahashi and Badger
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2011). Itis considered that consumption of photochemi-
cal energy, stored as ATP and NADPH, through PR helps
preventing the overreduction of the photosynthetic elec-
tron transport, and thus protects against the photoox-
idative damage by ROS. PR, as a defense mechanism
from photoinhibition, has also been shown in transgenic
tobacco plants overexpressing the plastidic GS, enzyme
(Kozaki and Takeba 1996). These authors proposed that
PR has a protective function against photooxidation, pos-
sibly via the up-regulation of glutamine synthetase (GS,)
to recycle ammonia, diminishing photooxidation and
photoinhibition. Recently, it has been proposed that PR
has a specific direct effect on electron transport, in addi-
tion to preventing its over-reduction by the consumption
of NADPH and ATP (Messant et al. 2018). These authors
suggested that modification of the redox properties of
Q, by the photorespiratory metabolite glycolate favors
the direct charge recombination pathway between P g,*
and Q,~ and, in that way, lowers 'O, generation in the
reaction center of PSII.

Conclusions

The results of this work have shown that the absence of a
functional PR pathway in plants of L. japonicus under
high CO, conditions led to a significant increase in the
Ixc/lg ratio. A greater availability of NADPH and ATP
could be the reason (Wingler et al. 2000, Urban 2003).
Our results show that the AG band could be regarded
as an indicator of this extra ATP and/or NADPH in the
plant under non-photorespiratory conditions. Thus, TL
proves to be a useful technique to study changes in
the photorespiratory metabolism in vivo in L. japonicus
plants. Moreover, the HTL results confirm that PR plays
a role in the protection of the chloroplast against lipid
peroxidation.
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