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Abstract 

We have measured thermoluminescence (TL) and chlorophyll fluorescence from leaves of peas grown under 
an intermittent light regime (IML) and followed changes in those leaves during greening. IML peas show low 
variable fluorescence and a certain capacity for reversible non-photochemical quenching. It has been suggested 
that reversible quenching may be caused by pH-dependent release of Ca 2+ from Photosystem II (PS II) (Krieger 
and Weis (1992) Photosynthetica 27: 89-98). Under conditions in which reversible non-photochemical quenching 
occurs, a TL band at around 50 °C is observed, in the presence of DCMU, in IML leaves. A band in this temperature 
range has previously been observed in PS II depleted of Ca 2+ (Ono and Inoue (1989) Biochimica et Biophysica 
Acta 973: 443--449). The 50 °C band disappears upon dark adaptation. In mature leaves, no significant band is 
seen at 50 °C. It is concluded that, in IML leaves, reversible quenching may be related to the release of Ca 2+ 
from Photosystem II. However, it seems that in the mature system, under most conditions, such release does not 
contribute significantly to quenching 

Abbreviations: Fo - dark level of fluorescence; Fm - maximal fluorescence; Fv - variable fluorescence; IML - 
intermittent light; TL - thermoluminescence, Tyr - tyrosine 

Introduction 

When higher plants are exposed to excess light, pro- 
cesses are induced which lead to an increase in the 
dissipation of excitation energy by non-photochemical 
routes (for reviews see Demmig-Adarns 1990; Krause 
and Weis 1991; Horton and Ruban 1992). This is 
measured as quenching of the maximum yield of fluo- 
rescence (Fro) emitted by chlorophyll associated with 
Photosystem II (PS II). In vitro, a large portion of 
this quenching results from the presence of a low 
pH in the thylakoid lumen (Briantais et ai. 1979). 
Such pH-induced quenching, termed 'high energy- 
state quenching', is believed to correspond to a por- 
tion of quenching observed in intact leaves that relaxes 

within minutes of ceasing illumination (Waiters and 
Horton 1991). pH-induced quenching is thought to 
protect PS II from the damaging effects of high light 
(Krause and Behrend 1986). 

For some years there has been a debate as to the 
molecular basis of pH-dependent quenching. Models 
have fallen into two groups: reaction centre quenching 
(Weis and Berry 1987; Schreiber and Neubauer 1987) 
and antenna quenching (Genty et ai. 1989; Demmig- 
Adams 1990; Horton and Ruban 1992). The two mech- 
anisms are often distinguished by their differential 
effects on the maximal (Fro) and zero (Fo) levels of 
fluorescence. 

Although in the literature the reaction centre and 
antenna quenching mechanisms are often presented as 
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rival models, they are not mutually exclusive. Indeed, 
it now seems clear that in vitro at least two mecha- 
nisms of pH-induced quenching can occur (Rees et al. 
1992). The reaction centre model of quenching envis- 
ages two states of the PS II reaction centre, one active 
for photochemistry, the other inactive but still able 
to quench excitation energy (Weis and Berry 1987). 
Recently, Krieger and Weis (1992, 1993) demonstrat- 
ed that conversion between these two states can be 
induced by a pH-dependent release of a Ca 2+ ion, 
probably bound at or close to the donor side of PS 
II. In Ca2+-depleted PS II the water-splitting complex 
is inhibited, such that the efficiency of donation of 
electrons to P6so +, the oxidised primary donor in PS 
II, is greatly reduced (Boussac et al. 1992). Quenching 
of excitation energy is brought about either by recom- 
bination of the P6s0+/QA - charge pair or by direct 
quenching by P6s0 +. The pK for both Ca2+-release 
and quenching of chlorophyll fluorescence was found 
to be 4.7 in spinach PS II (Krieger and Weis 1992). 

The mechanism of antenna quenching is less clear. 
A large amount of data has accumulated showing a 
correlation in intact leaves between the extent of non- 
photochemical quenching and the formation of the 
xanthophyll zeaxanthin, by the low pH-induced de- 
epoxidation of violaxanthin. This has led to the sugges- 
tion that zeaxanthin, in the presence of a low lumenal 
pH, is able to quench fluorescence (Demmig-Adams 
1990). There is, however, no direct evidence that 
zeaxanthin acts as a quencher and it would be equally 
valid to propose that it is the absence of violaxanthin 
that allows quenching to occur. An alternative model 
for antenna quenching, proposed by Horton and co- 
workers (1991), suggests that quenching is mediated 
by organisational changes in the antenna which may, 
in turn, be modulated by zeaxanthin/violaxanthin. 

Although both reaction centre and antenna quench- 
ing can be shown to occur in vitro (Rees et al. 1992) 
and both have been argued for using theoretical analy- 
ses (Weis and Berry 1987; Genty et al. 1989; Rees et al. 
1990; Waiters and Horton 1991), the extent to which 
each of these is important in the intact leaf remains 
uncertain. In order to investigate the possible contri- 
bution of antenna and reaction centre quenching to the 
total rapidly-relaxing non-photochemical quenching, 
we have sought methods that can be used to distin- 
guish these in leaves. Thermoluminescence (TL) can 
be used as a probe of the behaviour of PS II reac- 
tion centres both in isolated systems and in whole 
leaves (for reviews see Sane and Rutherford 1986; 
Vass and Inoue 1992). Using this method, samples 

are illuminated to generate charge pairs within the 
PS II reaction centre and then rapidly frozen to trap 
those charge-seperated states. Alternatively, samples 
can be frozen first and then illuminated at low tem- 
perature. Subsequent warming leads to the emission 
of light (luminescence) at characteristic temperatures. 
Light originates from recombination of trapped charge 
pairs and the emission temperature is characteristic of 
the pair involved. For example, recombination of the 
semi-quinone, QA-, with the $2 or $3 state of the 
water-splitting complex yields a TL band in the range 
5-20 °C (Rutherford et al. 1982). 

In PS II depleted of Ca 2+, a TL band is typically 
observed, in the presence of DCMU, in the tempera- 
ture range 40-50 ° C (Ono and Inoue 1989). The precise 
temperature is sensitive both to the rate of heating and 
to the composition of the medium (Homann and Mad- 
abusi 1993). The TL band in Ca2+-depleted centres is 
thought to arise from recombination of the charge pair 
Tyr D+/QA - (Johnson et al. 1993). This band can be 
used as an indicator of Ca 2+ release occurring in intact 
leaves (Krieger et ai. 1993). 

If, as is thought, antenna type quenching occurs 
within the light-harvesting complex associated with 
PS II (Chl a/b binding proteins), then, in experimental 
systems in which such proteins are absent, any non- 
photochemical quenching is likely to occur in the PS 
II reaction centre. Such a system is produced by grow- 
ing plants under an intermittent light (IML) regime. 
Typical experimental protocols have used cycles of 
2 minutes light and 118 minutes dark (Argyroudi- 
Akoyunoglou and Akoyunoglou 1970; Armond et al. 
1976). IML plants assemble functional PS II reaction 
centres but only form small amounts of chlorophyll b 
and have few Chl a/b binding proteins (Akoyunoglou 
1981; Marquardt and Bassi 1993; Jahns and Krause 
1993). According to protein analysis, the amount of 
Chl a/b binding proteins other than CP26 is reduced 
in IML peas to less than 10% of that in mature plants 
(Jahns and Krause 1993). The amount of violaxanthin 
and the activity of the xanthophyll cycle, related to the 
number of reaction centres, are higher than in mature 
plants (Jahns and Krause 1993). Studies of chlorophyll 
fluorescence in IML plants have shown that, whilst 
the yield of variable fluorescence is diminished, non- 
photochemical quenching can still be observed (Jahns 
and Krause 1993; Briantais 1994). Jahns and Krause 
concluded that, in IML plants at least, not all reversible 
non-photochemical quenching can be attributed to pro- 
cesses in the Chl a/b binding proteins. Upon transfer 
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+A -A 
Fig. 1. Fluorescence changes during and following illumination 
of an IML pea leaf. Actinic light intensity: 800/zE m -2  s -1 .  +A: 
actinic fight on; - A :  actinic fight off. Note: the scale is changed 
after the end of illumination. 

to continuous light, plants green rapidly, attaining all 
the characteristics of a mature plant. 

In the present study, we have measured fluores- 
cence and TL emission from IML grown peas and 
followed changes during greening. Previous studies 
on TL from IML grown plants have shown that it is 
possible to generate a number of different TL bands in 
such material, including bands in the range 40-55 °C 
(Inoue et al. 1976; Ichikawa et al. 1975). By measur- 
ing TL emission and fluorescence yield, we are able to 
present evidence that quenching in IML peas is likely 
to originate from pH-induced release of Ca 2+ from PS 
II. We have investigated whether this process makes 
an important contribution to quenching in the mature 
leaf. 

Materials and methods 

Intermittent light (IML) peas (Pisum sativum var. 
Kelvedon Wonder) were grown for 7-9 days, in ver- 
miculite, under a regime of 2 minutes light; 118 min- 
utes dark. Light of 150 #E m -2 s -1 was provid- 
ed by a tungsten-halogen lamp. For measurements 
during greening plants grown under IML conditions 
were transferred to a greenhouse. Plants described as 
'Mature' were grown in the same greenhouse during 
the period July-September. 

Thermoluminescence was measured using equip- 
ment described by Ducruet and Miranda (1992). Where 
samples were illuminated, light was provided by a 
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Fig. 2. Thermoluminescence signals from leaves of IML peas. A- 
dark adapted leaf; B- immediately after 5 minutes illumination at 
800 #E m - 2  s - l ;  C- after 5 minutes illumination followed by 10 
minutes dark adaptation. In all cases leaves were infiltrated with 
DCMU prior to measurement. 

quartz-halogen lamp directed on the sample through a 
five ann fibre-optic. Fluorescence was measured, via 
the same fibre, using a PAM fluorimeter (Walz, Effel- 
trich). Saturating flashes were provided by a Schott 
lamp, controlled by a PAM 103. During illumination 
(and where appropriate dark relaxation) plants were 
maintained at 20 °C in the TL cuvette. During the last 
30 s ofpre-treatment they were cooled to 5 ° C, in order 
to slow relaxation of fluorescence quenching. Prior to 
measurement of TL, leaves were infiltrated with 200 
#1 of 10 mM DCMU. 50% ethylene glycol/water was 
then added to the cuvette. The sample was rapidly 
frozen to - 7 0  °C and TL charged by giving a series of 
flashes using a Stroboslave flash lamp. Luminescence 
was then recorded during warming to 80 °C at a rate of 
0.5 °C/s. 
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Fig. 3. A- Intensity of  50 °C TL band, normalised to that at 10 °C, following different periods of illumination at 800/~E m - 2  s - l .  B- Intensity 
of  the 50 °C TL band, normalised to that at 10 °C, following 5 minutes illumination at different light intensities. TL was measured as in Fig. 2B 

Thylakoids from IML and mature peas were iso- 
lated using the method described by Polle and Junge 
(1986). Fluorescence measurements were performed 
in a Hansatech oxygen electrode chamber (Hansatech, 
King's Lynn) using the PAM fluorimeter, pH-induced 
quenching was measured, as described by Krieger and 
Weis (1992). 

Results 

Figure 1 shows a typical fluorescence curve from a 
pea leaf grown under intermittent light. Illumination 
was given for 5 minutes at an intensity of 800/~E 
m -2 s - l  followed by 10 minutes recovery in the dark. 
During illumination, Fm is seen to decline, indicat- 
ing the induction of non-photochemical quenching. 
After the end of the actinic illumination, there is a 
small recovery of Fro, corresponding to the relaxation 
of reversible quenching. The apparent extent of this 
reversible quenching is lower than in a mature pea 
leaf (see Fig. 4) as reported elsewhere for IML leaves 
(Jahns and Krause 1993; Briantais 1994). However, 
calculated values for non-photochemical quenching 
may be misleading due to large differences in the dark 
Fv/Fm ratio between IML and mature leaves (see dis- 
cussion). 

Figure 2 shows thermoluminescence signals 
recorded from leaves of dark-adapted IML peas, IML 
peas immediately after 5 min illumination at 800 #E 
m -2 s -l  and 10 minutes after illumination (Figs. 2A, 
B and C respectively). In dark-adapted leaves, a TL 
band is seen in the region of 10-20 °C (Fig. 2A). 

This arises from recombination of the charge pair 
S2/QA ~- (Rutherford et al. 1982). The precise tem- 
perature of maximal light emission is somewhat vari- 
able in these measurements, being sensitive to the rate 
of heating and to variability in the sample, Immedi- 
ately after illumination, a second TL band appears at 
around 40-50 °C (Fig. 2B). A band in this temper- 
ature range is characteristic of PS II reaction centres 
that have been inhibited by pH dependent release of 
Ca 2+ (Ono and Inoue 1989; Krieger et al. 1993; John- 
son et al. 1993). The relative amplitude of the high 
temperature band decreases after 10 minutes dark- 
adaptation (Fig. 2C). The band is therefore light- 
inducible in a reversible way. The amplitude of the 
50 °C TL band from a number of different leaves, 
normalised to the amplitude of the band at 10-20 °C, 
is shown in Fig. 3. Data are shown for different light 
intensities and during different periods of illumination. 
The amplitude of the 50 °C band is maximal within 5 
minutes of illumination and at a light intensity of 800 
#E m -2 s -l .  

The changes in the pattern of TL emission from 
IML leaves (Figs. 2 and 3) are consistent with the 
occurrence of reversible release of Ca 2+ resulting from 
a light-induced low pH in the thylakoid lumen (Krieger 
et al. 1993). Thus, the reversible non-photochemical 
quenching seen in leaves of IML plants may also be 
related to Ca2+-release. As mentioned above, mature 
plants show levels of reversible non-photochemical 
quenching that apparently exceed those seen in IML 
plants (see Fig. 4). It is probable that, at least in mature 
plants, additional quenching is related to processes 
occurring in the chl a/b binding proteins (Horton and 



375 

IML 

2 hours 
light 

4 hours 
light 

8 hours 
light 

Control 
Plants 

Fluorescence 

Time 

Thermoluminescence 
; . • , • = ' , ' " 

. . °  • ° o . , ,  . ' ;  ";::" . 

: " ' :  
t . *  , " . ' :  
, . .#  ,,-,." 

..;o 

• , , ~  ° ° # , ' °  

I I I I . I 

m I *" 

I o . , 3  i -, . . ;  
t J '~"  "-. 

• °~ 

I , I i , I , I , 

i# 
I • 0.86 o 

• :. 

.. ¢, 

F'I , i l , i , i , 

l l .OO  $ '~  

/ '  
, , ,  ,, 

-20 20 60 Temperature ('C) 
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panel) in IML leaves, leaves greened for 2, 4 or 8 hours and mature 
pea leaves. In each case fluorescence was measured as in Fig. 1 and 
TL as in Fig. 2B. The relative amplitude of the thermoluminescence 
signals is indicated by an arrow in each panel. N o t e :  in fluorescence 
traces the scale is changed after the end of illumination. 

Ruban 1992). The question remains, does this quench- 
ing occur in addition to the quenching seen in IML 
leaves or does it replace it? To test this, IML plants 
were allowed to mature by exposing them to contin- 
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by 5 minutes illumination, nonnalised to that at 10 °C, following 
different periods of exposure of IML pea leaves to continuous light. 
TL was measured as in Fig. 213. 

uous light• At various times during greening, fluores- 
cence and TL were recorded. 

Figure 4 shows fluorescence and TL emission in 
IML leaves, in leaves greened for 2, 4 or 8 hours and 
in mature pea leaves. During greening, progressive 
changes can be seen in the quenching and recovery of 
fluorescence induced by actinic illumination. In IML 
leaves lower levels of both photochemical and non- 
photochemical quenching are seen and the kinetics of 
quenching are slower and qualitatively very different 
from those seen in mature leaves. At the same time, 
there is an increase in the dark-adapted Fv/Fm that fol- 
lows a decrease in the chlorophyll a/b ratio (data not 
shown). Chlorophyll a/b ratios often exceeding 50 in 
IML plants decreased to values typically around 3.2 in 
mature material. Changes in both Fv/Fm and chloro- 
phyll a/b were in line with previous observations (e.g. 
Armond et al. 1976; Jahns and Krause 1993). Dur- 
ing greening, changes occur in the amplitude of both 
the reversible and irreversible components of non- 
photochemical quenching. Whilst the former tends to 
increase as plants develop, changes in the latter are 
more complex. The reasons for this are not entirely 
clear. Irreversible (or slowly reversible) quenching will 
include contributions from several processes, includ- 
ing photoprotective processes and photoinhibition (see 
Krause and Weis 1991). As plants green, there is an 
increase in the light-harvesting antenna per reaction 
centre, so increasing the susceptibility to light-induced 
damage. This is accompanied by increases in photo- 
protective processes that will tend to limit damage. It 
is the interaction of these different factors that pre- 
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sumably gives rise to the changes seen in irreversible 
quenching. 

Changes in fluorescence quenching during green- 
ing are accompanied by changes in the pattern of TL 
emission (Fig. 4, right panel). As well as there being 
an increase in the typical size of the signal from each 
leaf, the relative amplitude of 50 °C TL band decreas- 
es. The low signal from IML leaves probably relates 
to the low chlorophyll content and to the low overall 
yield of fluorescence emission as well as to a lower 
density of PS II reaction centres within the leaf. Esti- 
mates of reaction centre concentration in Euglena cells 
reveal that IML grown cells have approximately one 
third the number of reaction centres per cell seen in ful- 
ly greened samples (Dubertet and Lefort-Tran 1981). 
Differences in the density of reaction centres alone 
are, therefore, unlikely to explain fully the difference 
in TL intensity between plants at different develop- 
mental stages and cannot explain differences in the 
relat ive sizes of the two major TL bands. Data on the 
relative intensity of the 50 °C band from a number of 
leaves are shown in Fig. 5. After 4 hours of contin- 
uous light, the relative amplitude of the 50 °C band 
was decreased to that found in mature leaves. Similar 
kinetics of development (represented as Chl a/b ratio) 
have been observed in barley by Day et al. (1984). Our 
results suggest that, during greening, the occurrence of 
processes leading to the formation of the 50 °C band, 
probably Ca2+-release from PS II, decreases. Under 
most circumstances no significant 50 °C TL band was 
seen in mature leaves (but see Discussion). 

The relationship between the level of the 50 °C 
band and the developmental stage of pea leaves is 
emphasised in Fig. 6, where the normalised intensity 
of this band is plotted versus the dark-adapted Fv/Fm 
for a number of leaves. As mentioned above and as 
seen previously by Jahns and Krause (1993), Fv/Fm 
reflects the maturity of the leaf. There is a clear inverse 
relationship between Fv/F m and the formation of the 
50 °C band. 

One explanation for the disappearance of the 50 °C 
band during greening might be a change in the sensi- 
tivity of PS II to pH as plants mature. In order to test 
this hypothesis, we have measured the pH dependency 
of fluorescence quenching (indicative of Ca 2+-release) 
in mature and IML thylakoids (Fig. 7). The yield of 
thylakoids from IML plants was not sufficient to allow 
measurements of TL. Previous studies have shown a 
correlation between the appearance of the 50 °C TL 
band and pH-induced quenching of chlorophyll fluo- 
rescence (Krieger et al. 1993), which can be measured 
using considerably more dilute samples, pH-induced 
quenching is expressed as the ratio of variable to zero 
level fluorescence (Fv/Fo) and are normalised to the 
maximal value (Fig. 7). This maximum was consid- 
erably smaller in IML thylakoids, reflecting the lower 
variable fluorescence in leaves and the presence of 
significant concentrations of free chlorophyll in the 
thylakoid preparations (as reflected in TL signals, not 
shown). Similar results were obtained by Armond et 
al. (1976) using fluorescence. The apparent pK for 
quenching in different preparations of thylakoids from 
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mature plants ranged from 4.5 to 4.8. In IML thylakoids 
this range was 5.1 to 5.6. 

Discussion 

Data presented in this paper, showing TL emission 
from IML pea leaves, are consistent with the propos- 
al that reversible non-photochemical quenching arises 
from Ca2+-release from PS II in such plants. Induc- 
tion of non-photochemical quenching is accompanied 
by the appearance of a DCMU-induced TL band at 
around 50 °C, as expected if Ca 2+-release is occurring 
(Fig. 2). 

The relative intensity of the 50 °C band induced 
by actinic illumination decreases rapidly with green- 
ing (Figs. 4 and 5). Little or no TL emission at 50 °C 
was seen in mature pea leaves under most conditions. 
It is concluded, therefore, that pH-induced release of 
Ca 2+ probably does not contribute significantly to the 
total reversible non-photochemical quenching in ful- 
ly greened peas. It should however be noted that, 
under some conditions, a significant 50 °C band can 
be induced by illumination of mature leaves (Krieger 
et al. 1993 and our unpublished data). The precise con- 
ditions needed for this are unclear and seem to involve 
other factors in addition to light intensity, length of 
illumination and temperature. 

The disappearance of the light-induced 50 °C band 
during greening may be explained, at least in part, by 
a shift in the pK for quenching from 4.7 to 5.4 (Fig. 7). 
This shift implies that in IML thylakoids the binding 
of Ca 2+ to the oxygen evolving complex is weakened 
relative to the control. It has been argued that the low 
pH needed to cause Ca2+-release in the mature thy- 
lakoid would be unsustainable in an intact system, as 
it would lead to inhibition of electron transport (Foyer 
et al. 1990). Such a low pH is apparently not necessary 
for Ca 2+-release in IML thylakoids. 

The observation of a shift in the pK for quench- 
ing in IML thylakoids is perhaps not surprising, since 
the presence of light-harvesting proteins influences 
the behaviour of the donor side of PS II. Jahns and 
Junge (1992b) demonstrated that flash dependent pro- 
ton release by PS II changed from a typical 1:0:1:2 pat- 
tern to 1:1:1:1 in IML thylakoids. Additionally, bind- 
ing of DCCD to Chl a/b proteins inhibits the release of 
protons into the thylakoid lumen and may be indica- 
tive of a Ca 2+ binding site on such proteins (Jahns and 
Junge 1992a). Jahns and Junge (1992a) observed stim- 
ulation of O2 evolution after Ca 2+ addition to IML, but 

not mature, thylakoids. The reasons for these effects 
are not entirely clear, although they may indicate a 
direct or indirect role for Chl a/b binding proteins in 
the stabilisation of the oxygen-evolving enzyme. 

In IML plants, the ratio of variable to maximal flu- 
orescence (Fv/Fm) is considerably lower than in mature 
leaves (Fig. 4; see also Jahns and Krause 1993). Fv/Fm 
is often taken as an indicator of the efficiency of pho- 
tochemistry, however it should be noted that it is liable 
to be sensitive to many different factors. For example, 
Jahns and Krause (1993) suggested that in IML leaves 
quenching of Fm (and so a depression of Fv/Fm) might 
arise due to increased spillover of excitation energy 
from PS II to PSI  (see also Akoyunoglou 1981). This 
is consistent with the observation that in IML thy- 
lakoids the usual segregation of PSI and PS II, due to 
membrane stacking, is absent (Akoyunoglou 1981). 

The low Fv/Fm in IML plants is likely to mis- 
lead when calculations are made of non-photochemical 
quenching. Quenching parameters used (for example 
'qN' (Van Kooten and Snel 1990) or the Stern-Volmer 
ratio (Bilger and BjOrkman 1991)) are all measured 
relative to a dark reference point (the initial Fro). If the 
starting level of Fm is lower, as seems to be the case in 
IML plants, then a given increase in thermal dissipa- 
tion of excitation energy will give a smaller calculated 
value of quenching. Although such effects do not ful- 
ly explain the differences between IML and mature 
leaves, it is clear that they will influence the results. 

From the data presented in this paper, it seems 
unlikely that quenching due to Ca2+-release from PS 
II contributes significantly to the total rapidly relaxing 
quenching in mature leaves. It cannot, however, be 
totally excluded that this process is of physiological 
importance. If only a small percentage of PS II centres 
were inhibited in this way it would not be possible to 
detect them using TL. Ca2+-release is characterised 
by inhibition of water-splitting and an increase in the 
lifetime of the P680 + radical (Boussac et al. 1992). The 
presence of a long-lived, highly oxidising P68o + radi- 
cal is likely to be damaging to the reaction centre and 
so it is possible that the release of Ca 2+ from PS II rep- 
resents the formation of a pre-state for photoinhibition. 
Light-induced damage, due to donor-side inhibition of 
PS II, is likely to be less detrimental than that caused 
by acceptor-side limitation, since in the latter case for- 
mation of singlet oxygen may lead to more widespread 
damage. Hence, Ca 2+-release need only occur at low 
frequency to be of physiological significance. 
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