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Abstract

We have used the technique of thermoluminescence (TL) to investigate high-light-induced chlorophyll fluorescence
quenching phenomena in barley leaves, and have shown it to be a powerful tool in such investigations. TL
measurements were taken from wild-type and chlorina f2 barley leaves which had been dark-adapted or exposed to
20 min illumination of varying irradiance or given varying periods of recovery following strong irradiance. We have
found strong evidence that there is a sustained trans-thylakoid ∆pH in leaves following illumination, and that this
∆pH gives rise to quenching of chlorophyll fluorescence which has previously been identified as a slowly-relaxing
component of antenna-related protective energy dissipation; we have identified a state of the PS II reaction centre
resulting from high light treatments which is apparently able to perform normal charge separation and electron
transport but which is ‘non-photochemically’ quenched, in that the application of a light pulse of high irradiance
cannot cause the formation of a high fluorescent state; and we have provided evidence that a transient state of the
PS II reaction centre is formed during recovery from such high light treatments, in which electron transport from
QA to QB is apparently impaired.

Abbreviations: QA – primary quinone electron acceptor of PS II; QB – secondary quinone electron acceptor of
PS II; qE – ∆pH-dependent protective energy dissipation; qN – coefficient of non-photochemical quenching of
chlorophyll a fluorescence; qNf, qNm, qNs – fast, medium and slow-relaxing components of qN; qO – coefficient
of quenching of dark-level chlorophyll a fluorescence; PS II – Photosystem II; TL – thermoluminescence; TTLmax

– temperature at which a given TL signal is a maximum

Introduction

The effects of extreme light on the photosynthetic
apparatus of higher plants are well documented. Inci-
dent light in excess of that which can be used in pho-
tosynthesis leads to damage to Photosystem II (PS II),
resulting in the subsequent degradation and resynthe-
sis of the D1 polypeptide (for a review see Aro et al.
1993; Barber 1995). Plants have evolved mechanisms

to prevent such damage, and several possible protec-
tive processes have been identified as a result of analy-
sis of chlorophyll a fluorescence quenching (Demmig-
Adams and Adams 1992; Krieger and Weis 1992; Hor-
ton et al. 1996). At room temperature, chlorophyll flu-
orescence is emitted almost exclusively by PS II and so
changes in the yield of that fluorescence provide infor-
mation on the function of PS II. In vitro evidence indi-
cates that several different biochemical mechanisms
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may be involved in fluorescence quenching (Horton
and Hague 1988) but it remains unclear which process-
es occur in vivo and how particular processes correlate
with non-photochemical quenching of chlorophyll flu-
orescence (Walters and Horton 1991, 1993).

Previous studies attempting to investigate the rel-
ative contributions of different quenching processes
to photoprotection in vivo have exploited differences
in the rates at which these processes relax after illu-
mination ceases (Quick and Stitt 1989; Walters and
Horton 1991, 1993). Analysis of the relaxation of
non-photochemical quenching of chlorophyll fluores-
cence (qN) in barley leaves has shown that, for a large
irradiance range, the majority of quenching falls into
one of three categories: Slowly-relaxing quenching
(qNs, with a relaxation half-time of � 60 min), which
is believed to correspond to processes identified as
‘photoinhibitory’ but which may include certain sus-
tained protective forms of quenching; rapidly-relaxing
quenching (qNf, t 1

2
< 1 min), which is ascribed almost

exclusively to a protective process dependent on the
trans-thylakoid ∆pH; and a third component of quench-
ing with an intermediate relaxation time (qNm, t 1

2
� 5

min), which has also tentatively been assigned to pro-
tective processes, possibly involving the existence of
a sustained ∆pH following illumination (Walters and
Horton 1991, 1993).

Biochemical and/or spectroscopic techniques have
identified three different changes in PS II function
which occur as a consequence of exposure to light
intensities saturating for oxygen evolution and which
may contribute to qN in vivo: In vitro and in vivo
studies have identified a ∆pH-dependent, protective
process, which is believed to result from changes in
the organisation of the light-harvesting apparatus and
which dissipates excess absorbed energy harmlessly
as heat (Horton et al. 1996); a pH-dependent effect
on the donor-side of PS II has also been described,
which involves the release of Ca2+ and subsequent
inhibition of oxygen evolution, and which is believed
to favour charge recombination in the reaction centre,
thereby also dissipating excess energy (Krieger and
Weis 1992); and at higher irradiances PS II under-
goes prolonged deactivation, much of which appears
not to be directly associated with D1 degradation,
instead resulting from covalent modification or ‘pre-
degradation’ stages of damage (for example see Brad-
bury and Baker 1986; Aro et al. 1992). The relative
contributions of these processes to energy dissipation
in intact leaves remains unclear; it has also yet to be
determined whether deactivation of PS II is a reversible

protective process, or whether it is the first sign of PS II
damage.

Of the above processes, the two which are pH-
dependent have both been suggested to be responsi-
ble for the major, rapidly-relaxing quenching process,
known as ‘qE’ due to its dependence on the energisa-
tion of the thylakoid membrane. Although the relative
significance of these two processes in vivo has yet to
be conclusively demonstrated, various lines of evi-
dence point to the major quenching component being
an antenna process: strong quenching of dark-level
fluorescence (qO) is observed in vivo, something pre-
dicted for antenna quenching but not for reaction centre
quenching (Walters and Horton 1991); plants deficient
in light-harvesting complexes as a result of mutations
or intermittent growth light regimes are deficient in
rapidly-relaxing quenching (Briantais 1994); and ther-
moluminescence studies show that, whilst donor-side
inhibition may occur under some special circumstances
(Krieger et al. 1993), it is not detectable under most
normal conditions (Johnson and Krieger 1994).

The mechanisms underlying longer-lived quench-
ing are even less clear. Whilst such quenching is appar-
ently associated with the damage and repair of PS II, a
number of questions remain unanswered: whether all
such quenching is associated with damage to PS II, or
whether it is in part a reflection of sustained protec-
tive processes; whether there is a role for phosphory-
lation of the PS II polypeptides early in photoinhibi-
tion/sustained photoprotection; the nature of the prima-
ry signal(s) leading to degradation of the D1 polypep-
tide in vivo; and the basis for quenching of chlorophyll
fluorescence during degradation and resynthesis of D1.

Chlorophyll fluorescence is a technique that is of
only limited use in terms of distinguishing between
different mechanistic models. Hence, it is necessary
to use alternative, complementary, methods to help
unravel the complex array of processes involved in
PS II regulation and damage. One potentially powerful
method in studying PS II is thermoluminescence (TL).
TL can be used as a specific probe of the behaviour
of PS II, in both whole leaves and in vitro systems
(reviewed by Inoue 1996). Unlike fluorescence, infor-
mation obtained relates specifically to the functioning
of the reaction centre, excluding (or largely exclud-
ing) contributions from the antenna chlorophyll. Illu-
minating samples and rapidly freezing them (or vice
versa) ‘traps’ charge-separated states within the reac-
tion centre; subsequent controlled warming leads to the
emission of light (luminescence) at defined tempera-
tures which are characteristic of the particular trapped
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state(s). The nature and relative intensity of these TL
signals provide information about the state of PS II in
the sample. In this study we use TL to investigate the
mechanistic basis for the processes involved in chloro-
phyll fluorescence quenching in vivo; we also seek
to account for components of quenching identified by
analysis of dark relaxation.

Materials and methods

Plant growth

Barley seeds (Hordeum vulgare cv. Donaria, wild-
type or chlorina f2-2800) were sown on vermiculite,
soaked in water, and grown under greenhouse con-
ditions. Seven-day-old seedlings were dark-adapted
overnight (� 16 h) prior to use. All experiments were
conducted on leaf segments 2 cm in length, taken 2 cm
from the tip of the first fully expanded leaf of each
plant.

Light treatments and chlorophyll fluorescence
measurements

Leaf segments were illuminated (20 min) in the Hansat-
ech leaf-disc oxygen electrode in saturating CO2, using
a Schott KL1500 light source with skylight filter No.
511, with simultaneous measurement of chlorophyll
fluorescence using a PAM101 fluorometer, as pre-
viously described (Walters and Horton 1991); dark
relaxation was carried out in air in a light-tight con-
tainer. Analysis of chlorophyll fluorescence quenching
data and quenching relaxation kinetics showed that
greenhouse-grown wild-type barley responded to light
treatment in a manner comparable with previous data
for plants grown in controlled environments (see Wal-
ters and Horton 1991).

Thermoluminescence measurements

TL was measured using equipment described pre-
viously (Ducruet and Miranda 1992). After placing
dark-adapted or light-treated leaf segments in the TL
cuvette, the cuvette was filled with 50% (v/v) glycerol,
to ensure good thermal contact between the heating
plate and the leaf and to minimise thawing artefacts;
the heating rate was 0.5 �C s�1. Pre-illuminations and
TL measurements were performed as described in the
text. For a given treatment, signal sizes were general-
ly found to vary between leaf segments by less than

10%. Data shown are averaged from 2–5 indepen-
dent data sets. The temperature corresponding to the
peak TL signal, TTLmax, was determined from the first-
order differential of the data surrounding the TL peak,
using linear regression to identify the point at which
d(TL)=dT = 0.

Results

Probing water-splitting and QB redox state using
preflashes

The TL emission arising from untreated, intact leaves
is normally dominated by a single band which peaks
at around 20–35 �C (the ‘B-band’). Under some cir-
cumstances (e.g. following addition of the herbicide
DCMU), a second band is observed at around 0 �C,
often referred to as the ‘Q-band’. The absolute and rel-
ative magnitudes of these bands vary according to the
light pre-treatment: particularly marked is the peri-
od 4 oscillation in the B-band TL signal resulting
from exposure of intact or in vitro systems to ‘single-
turnover’ flashes immediately prior to freezing; this is
related to the S-states of the oxygen-evolving appara-
tus. For untreated leaves or thylakoids, charge recom-
bination only normally takes place (thereby giving rise
to TL) when the water-splitting manganese cluster of
PS II is in the S2 or S3 state and when there is a singly-
reduced quinone on the PS II acceptor side: QB in the
case of the B-band; QA for the Q-band (Rutherford et
al. 1982). Another factor affecting the TL signal is the
observation that the S3/Q�

B state has a TL yield sig-
nificantly larger than that of S2/Q�

B (Rutherford et al.
1982, 1984b). Modelling of TL data has shown that
these factors can account for the dependence of the TL
yield on flash number (Rutherford et al. 1982, 1984b).

Since the magnitude of the B-band depends on the
number of preflashes and on the initial state of the PS II
population, specifically the redox states of QB and the
Mn cluster, analysis of flash series before and after light
treatment offers a means of investigating the function-
ing of the PS II donor and acceptor sides after expo-
sure to high light. Further information can be gained
by illuminating flashed leaves at low temperature, a
treatment that ‘inverts’ the QB population: oxidised
QB becomes singly-reduced, while singly-reduced QB

becomes doubly-reduced and is then exchanged for the
oxidised form (Rutherford et al. 1982, 1984a, b).

Dark-adapted or light-treated (1300 �mol quanta
m�2 s�1, 20 min) barley leaf segments were placed in
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Figure 1. Thermoluminescence after single-turnover flashes and/or illumination at �80 �C. Segments of barley leaf which had been (a)
dark-adapted or (b) high light-treated (1300 �mol quanta m�2 s�1, 20 min, then 10 min dark) were subjected to the indicated number of
single-turnover flashes at 5 �C and rapidly frozen to �80 �C. TL was measured after 2 min in the dark (solid lines), or illumination with
multiple flashes (broken lines).

the dark (10 min, RT), chilled to 5 �C, given between
0 and 8 single turnover flashes and immediately frozen
to �80 �C; they were held at that temperature, either
in the dark or with illumination (20 saturating flashes),
and then warmed to �40 �C for 2 min prior to mea-
surement of the TL signal. Figure 1 shows TL curves
for dark-adapted and light-treated leaves treated in this
way: there are clear differences in the magnitude of
the B-band depending on the number of preflashes;
in contrast, no appreciable Q-band was observed in
TL measurements from either dark-adapted or light-
treated leaves – at most, some treatments gave rise to
a slight shoulder at around 0 �C. Previous experiments
using this rationale (Rutherford et al. 1984a, b), car-
ried out the low temperature illumination at �196 �C
rather than �80 �C; at the lower temperature, S-state
cycling is largely inhibited, whereas it has been shown
that at �80 �C the S1S2 transition can still take place
(Brudvig et al. 1983; Styring and Rutherford 1988).
The 80�C illumination used in this study (for technical
reasons) is therefore non-ideal, since reaction centres
in the S1 state (no TL) will be converted into centres in
the S2 state (which give rise to TL). This effect is most
clearly observed in high light-treated leaves given 1, 4
or 5 preflashes, in which a high population of centres in
the S1 state are expected. This minor consideration can
be readily accounted for when interpreting TL data or
when modelling the effects of the illumination regime
on the TL signal.

Figure 2 summarises the data for the magnitude
of the B-band (measured as the TL signal at 30 �C);
in dark-adapted leaves the B-band exhibits a period
4 oscillation, with maxima after 2 and 6 flashes, as
previously reported for a variety of systems (see Inoue

1996). These data were fitted to a simple model for TL
yield based on that of Rutherford et al.1982, 1984b, but
taking account of the effects of illumination at�80 �C
instead of the�196 �C treatment in the previous stud-
ies. Illumination at �80 �C has only a minor effect
on the TL signal from dark-adapted leaves, indicating
that approximately 50% of QB is in the singly-reduced
form – fitting the data to the model gave a best fit of
31:69 S0:S1 and 49:51 QB:Q�

B for the PS II population
immediately prior to measurement of TL, with 15%
misses and 0% double hits per single-turnover flash.
This is consistent with the conclusions drawn from
data using spinach leaves (Rutherford et al. 1984a).
The finding that a high proportion of centres are ini-
tially in the S1 state accounts for the observation that
�80 �C illumination has only a minor effect on these
leaves: After a single flash only a small proportion
will remain at S1; and after 4 or more flashes (when
centres would have cycled back to S1) the effects of
misses and double hits would significantly dilute the
proportion of centres which would be affected by the
�80 �C illumination. Hence, there will be no occasion
when a high proportion of centres are in a state where
illumination at �80 �C has a significant effect on TL
yield.

The most significant effect of light-treatment of
leaves on the TL resulting from a flash series (Fig-
ure 2b) appears to be in the influence of illumination at
�80 �C: In its absence, there is still a maximum after 2
(and probably 6) flashes (as for dark-adapted leaves);
the total TL yield is somewhat reduced; and illumina-
tion at �80 �C leads to an increase in the observed TL
after 1 and 5 flashes. The simplest interpretation of this
latter effect is that light treatment followed by a period
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Figure 2. Oscillation of the thermoluminescence B-band in response
to flash number. Segments of barley leaf which had been (a) dark-
adapted or (b) high light-treated (1300 �mol quanta m�2 s�1, 20
min, then 10 min dark) were subjected to single-turnover flashes at
5 �C, rapidly frozen to �80 �C, and given either 2 min darkness
(closed symbols) or illumination with multiple flashes (open sym-
bols). The magnitude of the B-band was measured as the resulting
TL signal at 30 �C (circles); the results of computer modelling of
the effects of a flash series are also shown (squares).

in the dark has the effect of increasing the proportion
of PS II centres in the S0 state – after 1 or 5 flashes such
centres will be at S1 (no TL) but subsequent illumina-
tion at�80 �C will generate the S2 state, increasing the
observed TL. It appears that approximately 50% of QB

is once again in the singly-reduced form, since illumi-
nation at�80 �C has little effect on the TL signal from
leaves given 2 or 3 (or 6) flashes, where the S2 and
S3 states predominate, and little S1 is expected. These

interpretations are supported by fitting of the data to
our model for TL yield, which gave a best fit of 44:56
S0:S1 and 44:56 QB:Q�

B , with 9% misses and 3% dou-
ble hits; however, it should be noted that this fit was
somewhat poorer than that for dark-adapted leaves.

The effect of light treatments of varying irradiance

We have further investigated the effects of high light
on PS II function by measuring TL signals from leaves
exposed to light of varying irradiance. As noted above,
however, the TL signal is sensitive to the initial state
of the population of PS II centres, particularly their
S-states and QB redox states, so that the measured TL
curve will vary depending on the precise pre-treatment
given to leaves. In investigating these signals in light-
treated leaves, it was therefore necessary to employ
careful experimental protocols to give repeatable states
for the PS II reaction centres.

The method used to achieve this was to randomise
PS II S-states and QB redox states by providing multi-
ple flashes: leaves were chilled to 5 �C, exposed to 20
flashes and immediately frozen; further illumination
(20 flashes) was provided at�80 �C, and the TL curve
was then determined as above. The data from dark-
adapted or light-treated leaves treated in this way were
indistinguishable from the mean of data from leaves
given 1, 2, 3 and 4 flashes and illuminated at �80 �C
(not shown), indicating that randomisation of PS II
was indeed achieved. The TL signal resulting from
this treatment was measured for leaves which had been
exposed to a range of light intensities and allowed to
recover for 10 min in the dark (Figure 3a): surprisingly,
no marked changes in the B band signal or in the rel-
ative magnitudes of the B and Q bands were observed
as a result of these treatments, even after exposure to
very high irradiance (up to 1800 �mol quanta m2 s�1);
the only clear change as a result of illumination was in
the temperature at which the maximum TL signal was
observed (see below).

Plants deficient in LHC II, such as chlorophyll b-
less chlorina f2 mutants, are significantly more sensi-
tive to photoinhibition than are wild-type plants; this
can be ascribed to the loss of LHC II-located pho-
toprotection (Falk et al. 1994). In contrast to wild-
type plants, when the above experiments were repeated
using a chlorina f2 mutant there were marked changes
in TL as a result of the light treatment (Figure 3b):
even at relatively low irradiance, marked increases in
the relative magnitude of the Q-band were observed;
furthermore, after high irradiance treatment the mag-
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Figure 3. Thermoluminescence following light treatments of varying irradiance. Segments of leaf from (a) wild-type or (b) chlorina f2 barley
plants were illuminated for 20 min at the indicated irradiance. After a further 10 min in the dark, the leaves were subjected to 20 single-turnover
flashes at 5 �C, rapidly frozen to�80 �C, and illuminated with a further 20 flashes, following which TL was measured. All data for the chlorina
f2 plants are scaled by a factor of 2.

nitude of TL emission was greatly diminished, sug-
gesting that many PS II centres in these leaves were
damaged in such a way that they were no longer able to
generate stable charge-separated states (and therefore
were incapable of giving rise to TL). The sensitivity of
f2 mutants to photoinhibition and their reduced levels
of photoprotection suggest that these changes in TL
result from damage to PS II, rather than photoprotec-
tion.

Destabilisation of the S3 state following illumination

The temperature corresponding to the B-band TL max-
imum (TTLmax) is not constant, a particularly marked
shift to a higher temperature being observed after one
preflash. It has been observed that shifts in TTLmax

are influenced by pH – there are strong oscillations
in TTLmax when TL is measured from thylakoids in a
pH 5.5 buffer; no such oscillations are present at pH
7.5 (Rutherford et al. 1984b). These observations have
been related to the pattern of proton release during
S-state cycling, in particular the release of a proton
during the S2 to S3 transition, and also to the bind-
ing of a proton during (single) reduction of QB; it
was concluded that low lumenal pH destabilises the
S3 state, promoting charge recombination (Rutherford
et al. 1984b). Recent work investigating the effects

of a trans-thylakoid ∆pH driven by ATP hydrolysis
supports this conclusion (Miranda and Ducruet 1995).

Figure 4a shows, for dark- and light-treated leaves
(1300 �mol quanta m�2 s�1, 20 min), the response
of TTLmax to the number of preflashes (without illumi-
nation at �80 �C); since the apparent position of the
TL maximum was found to be very sensitive to minor
fluctuations in the TL signal (i.e. noise), the values of
TTLmax were determined by linear regression through
the first-order differential of the TL data, identifying
the point at which the differential was zero (i.e. the TL
signal was at a maximum). It is clear that both dark-
adapted and light-treated leaves show oscillations in
the position of the TL maximum, with maxima after
1 and 5 flashes; however, in illuminated leaves these
oscillations are more marked, with particularly strong
reductions in TTLmax after 3 or 4 preflashes. Since the
TL signal resulting from centres given this treatment
derives almost exclusively from centres in the S3 state,
these data strongly suggest that destabilisation of the
S3 state has been increased by the light-treatment. A
lowering of TTLmax is also observed when measuring
TL after the S-state randomisation protocol described
above: TTLmax data acquired in this way for leaves
illuminated at various irradiances (Figure 4b) show a
progressive reduction in TTLmax with increasing irra-
diance over the range 0–400 �mol quanta m�2 s�1,
above which a plateau is reached; an appreciable fur-
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Figure 4. Effect of light treatment on TTLmax, the position of the thermoluminescence signal maximum. (a) TL was measured from segments of
dark-adapted ( ) or high light-treated (# , 1300 �mol quanta m�2 s�1, 20 min, then 10 min dark) barley leaves which had been given between
1 and 20 single-turnover flashes; TTLmax was determined by derivative analysis as the temperature at which the TL signal was at a maximum.
(b) TTLmax (�) was determined for the TL signal from leaves illuminated at a range of irradiances, darkened for 10 min, and subjected to 20
single-turnover flashes at 5 �C followed by further illumination at�80 �C. Also shown are data for qNm, the component of non-photochemical
quenching with a relaxation half-time of 5 min, replotted from Walters and Horton (1991).

ther reduction in TTLmax is observed under extreme
illumination; the reduction in TTLmax is less marked in
this case, presumably because S-state randomisation
results in only a proportion (�25%) of TL-competent
centres being at S3.

Various workers have suggested the possibility
of persistent lumen acidification to explain sustained
forms of chlorophyll fluorescence quenching (Walters
and Horton 1991; Gilmore and Bjørkman 1994). The
qNm component of non-photochemical chlorophyll flu-
orescence quenching, which relaxes with a half-life
of approximately 5 min, has been suggested to be a
sustained form of qE resulting from a residual trans-
thylakoid ∆pH (Walters and Horton 1991); Figure 4b
shows that there is a strong correlation between qNm

and TTLmax over a wide irradiance range. In view of the
known effect of pH on the stability of the S3 state, and
thereby on TTLmax, these data provide strong indepen-
dent evidence for the notion that that there is a signif-
icant residual acidification of the lumen even 10 min
after removal of the leaf from illumination.

TL during dark relaxation

Although it has previously been found that high light
treatments similar to those used here give rise to several
chlorophyll fluorescence quenching processes, notably
a slowly-relaxing form suggested to be associated with
changes in reaction centre processes (Walters and Hor-
ton 1991, 1993), we have not observed significant
changes in TL following such treatments, other than
the change in TTLmax described above. PS II function
following exposure to high light was further investi-
gated by measuring TL from high light-treated leaves
following varying periods of post-illumination dark-
ness (Figure 5).

Significant variations in the TL signal were
observed during dark recovery from two different high
light treatments: Immediately following illumination,
the observed TL signal size was significantly reduced;
during the first minutes of recovery, the magnitude
of the B-band was markedly increased, after 10 min
reaching a level close to that in dark-adapted leaves
(cf. Figure 1); over the next 40 min there was a dra-
matic change in the pattern of TL emission, a marked
decrease in the intensity of the B-band being accom-
panied by a rise in TL emission around �5 �C, which
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Figure 5. Measurement of thermoluminescence during recovery
from a high light treatment. Segments of barley leaf illuminated
for 20 min at (a) 1300 �mol quanta m�2 s�1 and (b) 1800 �mol
quanta m�2 s�1 were allowed to recover for varying periods in the
dark. TL was then measured following the application of 20 single-
turnover flashes at 5 �C followed by further illumination at�80 �C.
Recovery times were as follows: (1) 75 s; (2) 10 min; (3) 20 min;
(4) 35 min; (5) 50 min; (6) 60 min; (7) 75 s; (8) 10 min; (9) 45 min;
(10) 75 min; (D) dark-adapted leaves.

we will here refer to as the Q-band); these changes
were reversed during further dark relaxation, the B-
band increasing and the Q-band decreasing, but there
was an appreciably increased Q-band compared to that
observed in dark-adapted leaves, even after 1 hour in
the dark; in parallel, there were shifts in TTLmax to
lower temperatures during recovery.

Data for recovery from high light (1300�mol quan-
ta m-�2 s�1) are summarised in Figure 6, from which
it is clear that the changes in the Q- and B-band TL sig-
nals and in TTLmax occur on similar timescales. There is
little change in TTLmax over the first 10 min (consistent
with the continued presence of a substantial part of the
∆pH and therefore of its effects on the stability of the
S3 state), followed by a progressive reduction over the
next 30 min; after further dark recovery this reduction
in TTLmax is reversed, at the same time as the TL signal
begins to recover. The correlation between the mag-
nitude of the B-band and TTLmax strongly suggest that
the same change in PS II function is responsible for
each effect; similarly, the rise in the Q-band ceases at
the same time as the B-band begins to recover, again
suggesting they reflect the same process.

Figure 6. Changes in thermoluminescence during recovery from
a high light treatment. The TL data taken during dark recovery of
leaves given 20 min illumination (1300 �mol quanta m�2 s�1, see
Figure 5) were used to give data for (a) the magnitudes of the B-band
(#) and the Q-band (E ), measured as the TL signals at 30 �C and
0 �C, respectively; and (b) TTLmax ( ).

The role of the donor-side in photoprotection

A large number of studies have examined the emis-
sion of TL in the region of 50 �C (often termed the
‘C-band’); many of these have found the C-band to
be associated with in vitro or in vivo damage to the
PS II reaction centre. The band is believed to derive
from charge recombination between Q�

A and the tyro-
sine radical YD

+ (Johnson et al. 1994). In vitro it
is observed in PS II preparations in which oxygen
evolution has been inhibited either by removal of
Ca2+ (Ono and Inoue 1989) or by total removal of
the oxygen-evolving manganese complex (Inoue et al.
1977). Inhibition of the donor side can be brought
about by illuminating PS II membranes or thylakoids
at low pH (below�4.5), so removing the Ca2+ cofac-
tor from the water splitting complex. Such low pH
conditions might potentially occur in vivo, when the
thylakoid lumen becomes acidified. Hence, in addition
to showing TL emission at around 50 �C, such inhib-
ited centres may be responsible, at least in part, for
∆pH-dependent quenching (Krieger and Weis 1992).
Johnson and Krieger (1994) demonstrated that such a
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Figure 7. Effect of high light treatment on the thermoluminescence C-band. (a) Strips of barley leaf were dark-adapted (#) or high light-treated
( , 1300 �mol quanta m�2 s�1, 20 min), and were briefly immersed in 10 �m DCMU in methanol; TL was measured following illumination
at �80 �C. (b) TL was also measured from illuminated leaves treated with 10 �m nigericin, 10 �m DCMU (E); TL from light-treated leaves
without nigericin ( ) are re-plotted for comparison.

process may occur in some circumstances in vivo, but
found no evidence for it in healthy normal leaf tissue of
pea and spinach during illumination under physiolog-
ical conditions. These findings did not, however, pre-
clude the involvement of Ca2+ release (and/or related
donor-side effects) in quenching processes occurring
under other conditions – for example, more persis-
tent forms of quenching observed following prolonged
illumination. To investigate whether such a process
is involved in photoprotection in barley, TL has been
measured from leaves exposed to high light and sub-
sequently infiltrated with DCMU.

Figure 7a shows TL signals from segments of dark-
adapted or light-treated barley leaf immersed briefly in
methanol containing 10�M DCMU, held in the dark at
room temperature for 5 min prior to freezing, and then
illuminated at �80 �C. Both sets of leaves exhibited
peaks at approximately 10 �C, consistent with previ-
ous reports for the Q-band originating from recom-
bination between Q�

A and the S2 or S3 states of the
water-splitting Mn cluster (Rutherford et al. 1982); the
shift in the position of the Q-band is sensitive to the
treatment used to inhibit QB, ranging from �10 �C in
the presence of phenolic herbicides to around 10 �C
in the presence of DCMU (Vass and Demeter 1982).
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Secondary peaks are also observed at 50–55 �C, cor-
responding to the C-band. Relative to the size of the
Q-band, the C-band observed from high-light-treated
leaves was no larger (and perhaps somewhat small-
er) than that observed from leaves from dark-adapted
plants – i.e. high light treatments did not apprecia-
bly affect the magnitude of the C-band. TL was also
measured from leaves treated with methanol contain-
ing 10 �m nigericin in addition to 10 �m DCMU
(Figure 7b): there was a small increase in the mag-
nitude of both TL signals, but this was not sufficient
to restore the signal to the level observed from dark-
adapted leaves. These data strongly imply that there is
no ∆pH-dependent inhibition of the PS II donor side
under these experimental conditions.

Discussion

In investigating the natures of the mechanisms which
could potentially protect PS II from the effects of
high light by dissipating part of the excess energy as
heat (see e.g. Krieger and Weis 1992; Horton et al.
1996), we have measured TL from leaves exposed to
strong illumination. Antenna-located quenching pro-
cesses are expected to quench luminescence in the
same way as they quench fluorescence, since both
are emitted chiefly from the antenna (Sonoike et al.
1991). A feature of such processes is that quenching
of dark-level fluorescence relaxes more rapidly than
that of variable or maximum fluorescence, and qO
is generally reversed within 1–2 min of re-darkening
even after exposure to high light (Walters and Horton
1991). Since PS II centres giving rise to TL carry a sin-
gle charge-separated state and are essentially ‘open’,
only quenching corresponding to qO will be observed
during detection of TL. In consequence, despite the
persistence of slowly-relaxing forms of qE for 10–15
min there was no significant effect of antenna-located
quenching processes on the magnitude of the TL signal
other than immediately after illumination.

Measurements of TL from light-treated leaves
immediately after darkening, compared to the TL sig-
nal after 10 min in the dark, show that the yield of the
B-band increases appreciably during the first minutes
of recovery (Figure 6), presumably reflecting the relax-
ation of the trans-thylakoid ∆pH and of ∆pH-dependent
chlorophyll fluorescence quenching processes, partic-
ularly qE. However, we concluded that there may be a
significant residual ∆pH even 10 min after high light
treatment, since analysis of TTLmax during flash series

provides strong evidence for destabilisation of the (pH-
sensitive) S3 state. It might be argued that the absence
of an appreciable change in TTLmax during the first 10
min relaxation weakens this interpretation; however,
it may be that destabilisation of S3 occurs in the pres-
ence of even a relatively small ∆pH so that the effect
is saturated by the residual ∆pH which is still present
after 10 min in the dark. Evidence that this is the case
comes from the observations that S3 destabilisation
occurs at a similar pH to that necessary for stabilisa-
tion of the PS II acceptor side through protonation of
the semiquinone, and that the latter occurs in the range
pH 6.0–7.0 (Rutherford et al. 1984b; Vass and Inoue
1986); this pH range is significantly more alkaline that
that required to induce rapidly-relaxing qE, which has
an estimated pK of 4.5–5.5 (Horton et al. 1991). The
marked correlation between TTLmax and previous data
for qNm (Walters and Horton 1991) for all irradiances
up to 1300�mol quanta m�2 s�1 suggests that the qNm

component of quenching may well be associated with
the putative residual ∆pH; since there are no apprecia-
ble changes in TTLmax over a broad irradiance range
(500–1300 �mol quanta m�2 s�1) during which qNs

increases (Walters and Horton 1993), the shift in the
TL signal cannot be due to processes related to qNs.
This provides strong supporting evidence for the sug-
gestion that qNm is not mechanistically-distinct from
qE, but is simply a more slowly-relaxing form of it.

That no significant changes in TL were identified
as a result of light treatment of leaves was surpris-
ing, since it has long been assumed that exposure to
high light of leaves results in photoinhibitory dam-
age to PS II, which would in turn affect TL. Leaves
given the routine 10 min dark recovery after a high
light treatment showed only minor changes in TL com-
pared to dark-adapted leaves; as discussed above, such
differences as were observed are readily explained as
being due to the presence of a residual ∆pH. A strong
period-4 oscillation in the B-band was still observed;
an inferred change in the ratio of centres initially in
the S0 and S1 states may be because a residual ∆pH
alters the equilibrium between these states (the S0–
S1 transition involves the release of a proton); there
was no increase in the magnitude of the 50 �C C-band
in leaves infiltrated with DCMU; and there was no
change in the magnitudes of the Q-band or B-band
(changes in these were only observed after extended
periods of dark recovery). Two possible explanations
present themselves: Either the high light treatment in
these experiments does not give rise to photoinhibitory
damage to the PS II reaction centre; or the nature of the
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changes in PS II function which arise from high light
and which are responsible for qNs quenching are such
that TL is not immediately affected.

Despite extensive investigation, the molecular
basis for the quenching of fluorescence associated with
photoinhibitory phenomena remains obscure. At least
two different mechanisms have been identified which
may give rise to photoinhibition; these follow lim-
itation of electron transport on either the donor or
acceptor side of PS II (see Aro et al. 1993; Barber
1995). In the case of donor side limitation, damage
appears to be caused by oxidative reactions resulting
from slowed electron donation to the oxidised prima-
ry electron donor P680

+ (Barber 1995); it might be
thought that some oxidised radical species is responsi-
ble for fluorescence quenching in such centres, but this
putative radical has not been observed using any avail-
able spectroscopic method. Acceptor-side limitation,
resulting either from double reduction and perhaps loss
of the quinone QA or from damage to the QB site, has
been suggested to promote the formation of a long lived
triplet chlorophyll species (formed by recombination
of the primary charge pair) with consequent secondary
radical-mediated damage to the reaction centre (van
Miegham et al. 1989; Vass et al. 1992); however, there
is no readily apparent reason why this should lead to
the formation of a quencher. It has also been suggested
that a related mechanism of photoinhibitory damage
occurs under low light conditions; this involves charge
recombination of the state S2=3Q�

B , which would again
lead to a high frequency of triplet chlorophyll forma-
tion (Keren et al. 1995).

An important aspect common to all models for pho-
toinhibition is the rapid turnover of the D1 subunit of
PS II; it is presumed that this protein is the primary
target for the oxidative species generated as a result of
extreme illumination (Aro et al. 1993; Barber 1995).
However, studies investigating mechanisms of damage
to PS II have generally used extreme conditions, often
involving extended exposure of isolated PS II reaction
centres to high irradiance in the presence of artificial
electron donors/acceptors, or prolonged illumination
of leaves at extreme irradiance and low temperature;
indeed, it has been reported that there are changes in
TL after the latter treatment, reflecting damage to PS II
which affects its capacity to undergo stable charge sep-
aration and therefore lowering the TL yield (Briantais
et al. 1992). It might therefore appear that this form of
photoinhibitory damage does not immediately result
from the somewhat milder light treatments used in this
study, since no appreciable changes in TL were appar-

ent after 10 min dark relaxation. However, analysis of
TL during dark recovery from two different high light
treatments indicates that in fact significant changes in
PS II function arise from exposure to extreme irradi-
ance, but that these only become apparent after a period
of post-illumination darkness.

The most notable change in the TL signal dur-
ing recovery from high light was the appearance of
a strong band at around�5 �C during recovery, which
we refer to as the Q-band. However, the identification
of this band is problematic: bands previously iden-
tified in this temperature range in untreated samples
have been referred to as the ‘A-band’, and have been
shown to arise from S3/Q�

A recombination (Koike et
al. 1986); however, such bands could alternatively be
shifted Q-bands (i.e. S2/Q�

A ), the differences in temper-
ature between this band and that observed in the pres-
ence of DCMU arising from differences in the local
environment of the quinone in the two different condi-
tions – for instance, it is well known that different QB

inhibitors (e.g. phenolic herbicides) can give very dif-
ferent emission profiles for this charge pair (Vass and
Demeter 1982). Irrespective of the correct identity of
the S-state involved in the charge recombinationgiving
rise to this TL signal, the important conclusion is the
involvement of Q�

A (and not Q�

B ); it is also important
to note that the appearance of this band coincides with
the disappearance of the B-band.

These data suggest that the PS II centres giving rise
to this signal are still capable of stable charge separa-
tion, but that electron transport away from QA (towards
QB) has been inhibited so that there is an increase in
the proportion of PS II centres in the Q�

A state. Such
inhibition of electron transport on the acceptor side
of PS II might arise simply because plastoquinone
remained in a highly-reduced state for up to 60 min
after re-darkening; however, the TL data from flash
series indicate that QB redox state could be readily
‘inverted’, indicating that fully oxidised plastoquinone
was readily available. It therefore seems more like-
ly that the restriction on electron flow away from QA

results from modification of or damage to the QB site.
If the appearance of a Q-band and the loss of the B-

band during dark recovery does indeed indicate dam-
age to the QB site, the observed increase in the B-
band signal in the latter stages of recovery presumably
reflects the repair of photoinhibited PS II by resyn-
thesis of the D1 protein – i.e. all changes in the TL
signal during recovery can be interpreted in terms of
D1 damage and repair. However, the changes in TL
are only observed after 20–40 min dark recovery, indi-
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cating that degradation and resynthesis of D1 does not
occur immediately after illumination. This delay in the
appearance of the Q-band suggests that modification of
the QB site is an intermediate stage in the repair pro-
cess, rather than itself being a photoinhibitory lesion.

The observed repair appears to be occurring in the
dark, seemingly in conflict with the finding that the
initial stages of PS II repair require low levels of illu-
mination (Aro et al. 1992). However, there are still
major TL differences after 60–75 min relaxation, indi-
cating that repair is both incomplete and very slow;
this is consistent with previous observations that there
are low levels of D1 resynthesis immediately follow-
ing photoinhibitory treatments (Sundby et al. 1993),
perhaps reflecting a low level of repair in the dark, or
repair which had been initiated prior to darkening.

In contrast to wild-type plants, chlorina f2 mutants
exhibit significant Q-bands within 10 min of illumina-
tion, supporting the conclusion that the Q-band arises
as a result of damage to PS II – these plants show
increased susceptibility to photoinhibition (Falk et al.
1994). One inference that may be drawn from the ear-
lier appearance of the Q-band is that compared to the
wild type there is an increase in the rate at which mod-
ified PS II centres are converted into centres with an
altered QB site. Since Chl b-deficient plants (e.g. chlo-
rina f2) have greatly reduced levels of thylakoid stack-
ing as a consequence of their deficiency in LHC II
complexes, a greater proportion of PS II centres are
found in non-appressed stromal membranes rather than
granal stacks. It is generally agreed that D1 degrada-
tion and resynthesis takes place in the stromal lamel-
lae; correlations between D1 turnover half-times and
both the level of thylakoid granal stacking and the Chl
a/b ratio suggest that light-induced turnover of the D1
protein is inhibited by increased levels of thylakoid
stacking, probably by placing a structural constraint
on the rate at which damaged PS II is able to migrate
to the stroma (Anderson and Aro 1994). This would
account for the earlier formation of the Q-band in f2
plants. We suggest that processing of PS II centres
‘damaged’ by high light to give an altered QB site
takes place only after migration to the stroma, and that
in chlorina f2 plants, this process is faster as a result of
the low level of thylakoid stacking; indeed, no Q-band
was observed in these plants 30 min after darkening
(data not shown), suggesting that PS II repair is more
rapid than in the wild-type. However, the possibility
should not be excluded that there are other processes
(e.g. PS II phosphorylation) which also act to inhibit
D1 turnover, and that these are absent in f2 mutants.

D1 turnover is not limited to high light, but in fact
occurs at all light intensities: Under low light condi-
tions, the rate of resynthesis of D1 seems sufficient to
maintain the overwhelming majority of PS II reaction
centres in a functional state; in contrast, it has been
suggested that under high light conditions a significant
proportion of affected PS II is maintained in an ‘inac-
tive’ quenched state, and that D1 in these centres is only
degraded and resynthesised after the high light treat-
ment ceases (Anderson and Aro 1994). The absence
of any indication from TL that D1 is modified in wild-
type plants immediately after illumination is consistent
with the suggestion that D1 is turning over at a signif-
icantly reduced rate in the light, perhaps because the
formation of inactive quenching centres during expo-
sure to high light protects the rest of the photosynthetic
apparatus. Since light-treated wild-type leaves exhibit
significant qNs without appreciable effects on TL sig-
nal within 10 min of illumination, we suggest that these
leaves contain PS II which is in the postulated inactive
quenching state, and that slowly-relaxing quenching
(qNs) reflects the formation of this state.

Our data show some interesting parallels with some
thermoluminescence studies on the photoinhibition of
photosynthesis by extreme high light (Ohad et al.
1990). In this work, more extreme conditions were
used to induce damage to PS II reaction centres and it
was observed that immediately following illumination,
the TL maximum was shifted to a lower temperature,
interpreted as a destabilisation of Q�

B or loss of plasto-
quinone from the QB site. In contrast to our wild type
data (but not data from the f2 mutant) the tempera-
ture shift was maximal immediately after illumination
and recovered within approx. 30 min at low light. It
is possible that we have observed the same state of
the reaction centre except that recovery was delayed
because the light-treated leaves were held in the dark;
however, if this is the case then our data show clearly
that this state is not produced as an immediate result
of photoinhibition but is produced during repair of the
reaction centre.

It has previously been inferred that the process
responsible for qNs is located in the reaction centre,
since quenching observed at room temperature is not
evident at �196 �C (Walters and Horton 1991, 1993);
this conclusion is supported by the absence of quench-
ing of the TL signal following high light treatments – as
discussed above, significant antenna quenching is pre-
dicted to quench luminescence as well as fluorescence.
Since significant changes in TL are only observed dur-
ing the latter stages of recovery from high light treat-
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ment, the assignment of qNs to the reaction centre
implies that the ‘inactive’, quenching form of PS II
(presumed to be responsible for qNs) quenches chloro-
phyll fluorescence at room temperature, yet is compe-
tent in charge separation and has functional donor and
acceptor sides. Furthermore, the intrinsic efficiency of
PS II exhibiting qNs is unaffected (Walters and Hor-
ton 1993). What then is the nature of the quencher in
such centres? The absence of quenching at �196 �C
indicates that in the absence of photochemistry there
is no quencher, and therefore that formation of the
quencher requires that photochemistry take place – i.e.
the quencher is a transient species only present during
illumination. An attractive explanation for these obser-
vations is that qNs is due to some high-light-induced,
long-lived state of the reaction centre which is func-
tionally normal when electron flow is unrestricted (so
that there is no qO and no effect on photochemical effi-
ciency), but which possesses a ‘safety valve’ that leads
to quenching when electron transport is restricted (e.g.
during measurement of qN by application of a pulse
of saturating light); the quencher so formed need not
even be involved in normal reaction centre function.

Kinetic modelling has suggested two possible pro-
cesses which might give rise to the quenched state
corresponding to qNs (Walters and Horton 1993): the
formation of an oxidised radical as a result of a donor-
side limitation which is rapidly re-reduced under low
light/dark conditions – oxidised radicals are effective
quenchers of fluorescence; or a photochemical cycle
around or within PS II which efficiently re-reduces
P680+ but which does not compete with forward elec-
tron transport. Although flash series data show that
the PS II donor side is functional under the conditions
used to measure TL, a decrease in the rate at which
the donor-side operates (without it being blocked alto-
gether) remains a possibility.

A variety of different oxidised radical species may
result from donor-side inhibition. Studies using iso-
lated PS II have found evidence for oxidation of the
�-carotene and/or an accessory chlorophyll near to the
reaction centre; however, there is no spectroscopic
evidence that they are formed to a significant extent
in vivo, nor is there any indication that such oxidation
is readily reversible after illumination ceases. More
likely possibilities for transiently-formed quenching
species are P680+ or YZ

+; however, kinetic modelling
of fluorescence quenching (see Walters and Horton
1993) indicates that in order for qNs with a value of
0.5 to be observed (as in these experiments), a min-
imum of 6% of reaction centres would have to be in

the quenching state at any one moment. In view of
the highly-oxidising nature of each of these species,
the formation of either P680+ or YZ

+ at this level
cannot be a sustainable protective strategy – PS II con-
taining either species would rapidly undergo oxidative
damage. In other words, it is difficult to conceive of a
transiently-formed radical species which would be able
to quench chlorophyll fluorescence but which would
not result in damage to PS II.

There is as yet no direct evidence for the alter-
native process – an electron cycle around PS II –
although it has frequently been suggested as a pos-
sible energy-dissipating process; estimates of the rate
at which excess energy may be arriving at PS II in
photoinhibitory conditions (1500–2000 �mol quan-
ta m�2 s�1) suggest that a cycle would on average
only need to utilise one exciton per reaction centre
approximately every 500 �s in order to be effective
in photoprotection. Often mentioned in relation to any
poorly-understood reaction centre process is the enig-
matic cytochrome b559, an integral and essential com-
ponent of the PS II reaction centre that currently has
no known function. Buser et al. (1992) showed that,
under certain conditions, oxidised b559 can be reduced
following an actinic flash, the reaction being largely
complete within 500 �s (the limit of their time resolu-
tion); approximately 50% of reaction centres were in
the oxidised state in the dark at pH 8.0, the conditions
under which the measurements were made; it is unclear
what was the immediate electron donor, although the
inhibition of the reaction by DCMU suggests that Q�

B
was involved. Hence, b559 has the potential to remove
electrons from the acceptor side of PS II fast enough
to act as a ‘non-photochemical’ quencher. Buser et al.
(1992) reported a t 1

2
of around 0.5 s for re-oxidation

of b559, recorded in similar conditions to the above,
clearly too slow to provide a viable cycle; however,
most measurements of b559 electron transfer kinetics
have been conducted on samples in which PS II was
either fully active or was inactivated by extreme treat-
ments (e.g. by removal of the water-splitting complex).
It is possible that the transition to an inactive state
of PS II involves an increase in the rate of electron
transport from b559 to P680+; measurements on the
‘active-quenched’ state we have identified here will be
necessary in order to fully evaluate the possible role of
b559 in the quenching we observe.
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