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Whole leaf thermoluminescence emission in Pisum sativum L.:
influence of leaflet age
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Abstract

The thermoluminescence signals from leaflets of the same pea plant varied gradually according to their developmental
stage. The AG emission, due to a back flow of electrons towards photosystem 2 (PS2) along a cyclic/chlororespiratory
pathway, was stronger in mature leaves than in the growing ones. These age-related variations could be explained by a

higher capacity of cyclic electron flow in mature leaves.

Additional key words: “afterglow” emission; pea; photosystem 2.

Chlorophyll photosynthetic luminescence originates from
photosystem (PS) 2 and results from the recombination of
charge pairs separated by a prior irradiation. Lumine-
scence decay phases can be better resolved as thermo-
luminescence (TL), which consists in the recording of
luminescence emission during the warming of the sample
following an irradiation done at a relatively low tempera-
ture (for review see Vass and Inoue 1992). Thermolumi-
nescence reacts on biotic and abiotic stresses (for review,
see Misra et al. 2001). After a short sequence of flashes, a
so-called B-band of TL is classically observed, peaking at
about 35 °C in both isolated thylakoids and leaves. It is
due to a Qg’S,/S; recombination (Qg” — reduced secon-
dary acceptor; S,/S; — oxygen-evolving complex states,
having 2 or 3 positive charges stored on manganese clus-
ter; Demeter and Vass 1984, Rutherford ef al. 1984). An-
other luminescence emission, usually obtained after a far-
red (FR) irradiation (>700 nm) of an intact photosynthetic
material (leaves, algae, intact chloroplasts), is the "after-
glow" (AG) emission. Although FR radiation excites
mainly PS1, its weak absorption by the PS2 antenna is
sufficient to randomly generate S,/S; luminescence-emit-
ting states. This emission was first observed as a delayed
burst of luminescence superimposed over the exponen-
tial luminescence decay (corresponding to the B type
emission in TL), recorded at a constant temperature
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(Bertsch and Azzi 1965). It corresponds to a sharp band
peaking at about 45 °C (Desai et al. 1983, Nakamoto et
al. 1988, Miranda and Ducruet 1995a), when revealed by
TL. Similarly as the B band, the AG emission results
from a Qg’S,/3 charge recombination within PS2 centres
(Hideg er al. 1991) excited by the weakly absorbed FR
radiation; the difference between B and AG emissions is
apparently due to the Qg reduction pathway (Sundblad et
al. 1989). The AG emission originates from those PS2
centres in which the oxidised Qg is progressively reduced
during TL warming, by a reverse electron flow from
stromal reductants toward the plastoquinone pool and Qg.
Such flow occurs in the presence of a transthylakoidal
proton gradient (Bjorn 1971, Sundblad et al. 1989).

It has been shown by photoacoustic spectroscopy that
short heat treatments in the same range of temperature as
that of AG emission (about 45 °C) trigger a PS1-driven
electron flow from stromal reductants towards the ac-
ceptor side of PS2 (Havaux 1996). This flow can proceed
in the dark along the same pathway, as a part of the chlo-
rorespiratory process, which occurs in higher plants
(Garab et al. 1989). This heat-induced reduction of Qg
gives rise to the AG emission through recombination with
the S,/S; states.

The AG emission can be used to define physiological
indicators of the energetic potential [NADPH+ATP] and

Abbreviations: AG — “afterglow” or delayed luminescence rise and the corresponding TL band; B band — TL band due to S,/S; Qg
recombination; FQR — ferredoxin plastoquinone reductase; FR — far red; NDH — NAD(P)H-deshydrogenase (plastoquinone reduc-
tase); PS — photosystem; TL — thermoluminescence; T, — temperature corresponding to the maximum of a TL band.
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of the induction of cyclic electron flow in vivo (Mellvig
and Tillberg 1986, Sundblad 1988, Krieger et al. 1998,
Roman and Ducruet 2000). In the present paper we show
that this emission depends on the age of pea leaflets,
similarly as fluorescence intensity (Sestak and Siffel
1997, Sestdk 1999), in a way that can be related to the
leaflet physiological sink/source role (Stitt e al. 1988).

Pea (Pisum sativum L. cv. Merveille de Kelvedon)
plants were grown up to a 9 leaves-stage (2 weeks after
emerging) on Perlite, fertilised with a Hydrokani® H2
nutritive solution, in a Conviron E7 chamber (Winnipeg,
Canada), with a 16/8 h 18/14 °C (day/night) cycle. Fluo-
rescent tubes and halogen lamps provided irradiation,
with a photon flux density of 230 umol m™ s at the leaf
level. Measurements were done on disks of leaflets at
different developmental ages of the same dark-adapted
plant. Freshly excised 25 mm diameter leaflet disks were
softly pressed against the thermostated Peltier plate in the
TL sample holder, with their adaxial face oriented to-
wards the photomultiplier tube.
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Fig. 1. Thermoluminescence (TL) signals obtained after a 30-s
FR irradiation at 0 °C on dark-adapted pea leaflets of different
ages from the same plant. Leaves counting started from root
level, with the oldest leaflet. /nsert: T,,B and T,AG (tempera-
ture corresponding to the maximum of the B or AG band, re-
spectively) dependence on the leaflet age. (For clarity, the TL
signals of the 5 and the 7" leaflets were omitted in this figure.)

For pre-irradiated samples, a 3-min actinic irradiation
(600 pumol m? s at 20 °C, “white light”) of leaf disks
was followed by 10-min dark-adaptation at 20 °C outside
the TL holder. Pre-irradiated or dark-adapted samples
were kept in the dark on the Peltier plate for 2 min, at
20 °C. Then they were cooled to 0 °C for 60 s, with an
FR-irradiation during the last 30 s (Waiz 102-FR, set at
10), immediately before starting the TL recording (from 0
to 70 °C, with a 0.5 °C per s heating rate). The TL-meas-
uring device was a laboratory-made set-up previously
described (Miranda and Ducruet 1995a, Ducruet ef al.
1998). Basically, the sample temperature was deter-
mined by a thermoelectric Marlow (Dallas, USA) DT-
1089 plate (maximum range: from —15 to +100 °C) and
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luminescence was detected by a compact Hamamatsu
(Tokyo, Japan) H5701-50 red-extended photomultiplier.

The TL signal was decomposed into elementary bands
to evaluate the maximal temperatures T, of the B and AG
bands using a numerical simulation (Ducruet and
Miranda 1992).

Significant differences in the intensities and positions
of AG and B bands were observed between leaflets of
different ages from the same plant. Actually, the AG band
intensity was higher for a mature leaflet as compared to a
younger one of the same dark-adapted plant (Fig. 1).
Moreover, the maximum temperature T (B) of the B-
band was increasingly downshifted from growing to ma-
ture leaflets (Fig. 1, inserr). A 3-min actinic (“white
light”) pre-irradiation stimulated the AG emission and
apparently decreased the B-band in the growing leaflets
(Fig. 24), whilst negligible changes were observed in the
mature ones (Fig. 2B). Pre-irradiation also enhanced the
FR-induced downshift of the B-band in growing leaflets,
which can be explained by a decreased stabilisation of
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Fig. 2. Thermoluminescence signals obtained after a 30 s far-red
irradiation at O °C on dark-adapted leaflets (DA) and on leaflets,
which were pre-irradiated for 3 min by “white actinic light”
(AL). Growing leaflet (4) and mature leaflet (B).

positive charges in S,/S; states exposed to an acidic lu-
men (Joliot and Joliot 1980, Miranda and Ducruet
1995b). This indicates a stronger thylakoid lumen acidi-
fication after FR pre-irradiation as compared to dark-
adapted growing leaflets. Prior exposure to an actinic
radiation restored ‘an acidification of the thylakoid lumen
by FR light as well as it increased the AG-band intensity
in growing leaflets. This relation between the intensity of
the AG-band and the downshift of the B-band is consis-
tent with the requirement of a trans-thylakoidal proton
gradient necessary to the reverse electron flow, which
produces the AG emission (Sundblad et al. 1989). We
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performed 5 replicates of the experiments to confirm that
the results were qualitatively reproducible.

Taking into account the above mentioned mechanism
of the AG emission and our observations of the charac-
teristics of the TL signals for leaflets in different develop-
mental stages, we suggest that the AG-band intensity
might depend on the [NADPH+ATP] energetic potential
(Krieger et al. 1998), smaller in dark-adapted growing
leaflets (sink) and higher in mature leaflets (source). An
actinic pre-irradiation  significantly increases the
[NADPH+ATP] energetic potential in growing leaflets,
whilst this effect is less pronounced in mature leaflets, in
which this potential is already large in dark-adapted con-
ditions. The AG emission is dependent on the cyclic
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