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Abstract 

The possibility that zeaxanthin mediates the dissipation of an excess of excitation energy in the antenna 
chlorophyll of the photochemical apparatus has been tested through the use of an inhibitor of 
violaxanthin de-epoxidation, dithiothreitol ( D T r ) ,  as well as through the comparison of two closely 
related organisms (green and blue-green algal lichens), one of which (blue-green algal lichen) naturally 
lacks the xanthophyll cycle. In spinach leaves, DTT inhibited a major component of the rapidly relaxing 
'high-energy-state quenching' of chlorophyll fluorescence, which was associated with a quenching of the 
level of initial fluorescence (F0) and exhibited a close correlation with the zeaxanthin content of leaves 
when fluorescence quenching was expressed as the rate constant for radiationless energy dissipation in 
the antenna chlorophyll. Green algal lichens, which possess the xanthophyll cycle, exhibited the same 
type of fluorescence quenching as that observed in leaves. Two groups of blue-green algal lichens were 
used for a comparison with these green algal lichens. A group of zeaxanthin-free blue-green algal 
lichens did not exhibit the type of chlorophyll fluorescence quenching indicative of energy dissipation in 
the pigment bed. In contrast, a group of blue-green algal lichens which had formed zeaxanthin slowly 
through reactions other than the xanthophyll cycle, did show a very similar response to that of leaves 
and green algal lichens. Fluorescence quenching indicative of radiationless energy dissipation in the 
antenna chlorophyll was the predominant component of 'high-energy-state quenching' in spinach leaves 
under conditions allowing for high rates of steady-state photosynthesis. A second, but distinctly 
different type of 'high-energy-state quenching' of chlorophyll fluorescence, which was not inhibited by 
DTT (i.e., it was zeaxanthin independent) and which is possibly associated with the photosystem II 
reaction center, occurred in addition to that associated with zeaxanthin in leaves under a range of 
conditions which were less favorable for linear photosynthetic electron flow. In intact chloroplasts 
isolated from (zeaxanthin-free) spinach leaves a combination of these two types of rapidly reversible 
fluorescence quenching occurred under all conditions examined. 

Abbreviations: DTT - dithiothreitol; F 0 (or F~) - yield of instantaneous fluorescence at open PS II 
reaction centers in the dark (or during actinic illumination); F M (or Fr~ ) - yield of maximum 
fluorescence induced by a saturation pulse of light in the dark (or during actinic illumination); F v (or 
Fv) - yield of variable fluorescence induced by a saturating pulse of light in the dark (or during actinic 
illumination); k D - rate constant for radiationless energy dissipation in the antenna chlorophyll; SV - 
Stern-Volmer equation; PFD - photon flux density; PSI  - photosystem I; PS II - photosystem II; QA - 
acceptor of photosystem II; qN -- coefficient of nonphotochemical chlorophyll fluorescence quenching; 
qp - coefficient of photochemical chlorophyll fluorescence quenching. 
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Introduction 

Under a variety of conditions we have previously 
observed a close correlation between the (non- 
photochemical) quenching of chlorophyll fluores- 
cence indicative of the radiationless dissipation 
of excess excitation energy in the photochemical 
apparatus and the zeaxanthin content of intact 
leaves (Demmig et al. 1987, 1988, Demmig- 
Adams et al. 1989b,c, 1990d). Zeaxanthin can be 
formed rapidly, upon exposure to an excess of 
light, from violaxanthin as part of the xantho- 
phyll cycle in most photosynthetic systems 
(Hager 1 9 8 0 ,  Siefermann-Harms 1977, 
Yamamoto 1979). The zeaxanthin-associated 
type of fluorescence quenching was usually ac- 
companied by a quenching of instantaneous fluo- 
rescence at open PS II centers (Demmig-Adams 
et al. 1989b, see also Demmig and Bj6rkman 
1987). However, the induction and relaxation 
kinetics of this kind of fluorescence quenching 
differed considerably depending on the plant 
species and conditions to which the organism was 
subjected. We have demonstrated that a correla- 
tion exists between the zeaxanthin content and a 
sustained kind of fluorescence quenching which 
was induced by prolonged exposure of Nerium 
oleander to a combination of high light and water 
stress (Demmig et al. 1988, see also Bj6rkman 
and Powles 1984), but have also recently shown 
a similar correlation between zeaxanthin and an 
extremely rapidly developing and relaxing kind 
of fluorescence quenching which could be in- 
duced in a few minutes upon exposure of leaves 
to an excess of light (Demmig-Adams et al. 
1989b,c). A type of nonphotochemical fluores- 
cence quenching with these properties, i.e., 
rapid induction and relaxation kinetics, had ini- 
tially been characterized in chloroplast prepara- 
tions (Briantais et al. 1979, Krause et al. 1982, 
1983) and termed 'energy-dependent', 'pH- 
dependent', or 'high-energy-state quenching' 
(see also Oxborough and Horton 1987, Horton 
and Hague 1988). It was tacitly assumed that a 
type of fluorescence quenching with very similar 
properties in leaves (Schreiber and Bilger 1987, 
Weis and Berry 1987) was the same kind of 
quenching. 

We should like to briefly review the various 
forms in which the relationship between zea- 
xanthin and chlorophyll fluorescence quenching 

has been expressed to date. Fluorescence quen- 
ching yielded a good linear relationship with 
zeaxanthin for either Fv, qn, or kD, the rate 
constant for radiationless energy dissipation in 
the pigment bed as calculated from the bipartite 
model of Butler and coworkers (Butler 1978, 
Butler and Kitajima 1975, Kitajima and Butler 
1975), as long as the quenching was not too 
strong (up to a qN of 0.7, Demmig-Adams et al. 
1989c). A linear correlation between fluores- 
cence quenching and the zeaxanthin content over 
the entire range of quenching has, however, 
typically been obtained when fluorescence quen- 
ching was expressed as k D (Demmig et al. 1988, 
Demmig-Adams et al. 1989b,c, 1990c). This was 
the expected response, since the rate constant k D 
which is proportional to 1/F~ is also propor- 
tional to the concentration of e.g., an added 
quencher of fluorescence (Kitajima and Butler 
1975), whereas F v or qN approach a finite value 
(of 1 in the case of qN) and are not proportional 
to the quencher concentration at high concen- 
trations. In our initial studies which considered 
only one (small) portion of fluorescence quench- 
ing (the slowly relaxing one, Demmig et al. 
1987), F v was plotted against the zeaxanthin 
content and gave a linear relationship, but k D 
has been used in subsequent studies in which all 
of the strong fluorescence quenching during ac- 
tinic illumination was considered (e.g., Demmig- 
Adams et al. 1989b,c). 

The Stern-Volmer equation has recently been 
used by W. Bilger to quantitate the dissipation 
activity in the photochemical apparatus from 
chlorophyll fluorescence quenching (see Bilger 
and Bj6rkman 1990). The calculated dissipation 
activity after SV is proportional to k D as calcu- 
lated by us from the Butler model (see Demmig- 
Adams 1991 and Bilger and Bj6rkman 1990). 
The Stern-Volmer equation uses SV-- FM/ 
F~ - 1 and we are using k o = F M /  

(F~ .0 .074) -1 .  For further explanations see 
Demmig-Adams et al. (1990c) and Demmig- 
Adams (1991). Therefore the conclusion that a 
linear correlation exists between the zeaxanthin 
content and chlorophyll fluorescence quenching 
indicative of radiationless energy dissipation is 
independent of any assumptions in the Butler 
model. 

Whereas a close correlation existed between 
zeaxanthin and the rapidly reversible kind of 



chlorophyll fluorescence quenching present dur- 
ing illumination of leaves with actinic light under 
various conditions (Demmig-Adams et al. 
1989b,c), the kinetics of the relaxation of fluores- 
cence quenching and those of the removal of 
zeaxanthin upon darkening do not appear to 
match. Upon return to darkness the kinetics of 
the re-conversion of zeaxanthin to violaxanthin 
are slower than those of the relaxation of this 
kind of quenching. Futhermore, leaves may con- 
tain a background level of zeaxanthin without 
exhibiting any quenching of fluorescence in the 
dark or in low, nonexcessive light (Demmig- 
Adams et al. 1989c). However, under the ex- 
perimental conditions used, leaves which con- 
tained no zeaxanthin prior to the exposure to 
excessive light did show induction kinetics of 
nonphotochemical fluorescence quenching which 
matched those of the formation of zeaxanthin in 
the xanthophyll cycle, and only leaves which 
contained background levels of zeaxanthin ex- 
hibited an extremely rapid onset of nonphoto- 
chemical fluorescence quenching upon transfer 
to excessive light (Demmig-Adams et al. 1989c). 
We concluded that either there was no causal 
relationship between zeaxanthin and fluores- 
cence quenching, or that an additional mechan- 
ism was involved which led to an activation of 
zeaxanthin as a fluorescence quencher in exces- 
sive light and a deactivation in nonexcessive light 
or darkness. 

In order to test whether or not there is a 
causal relationship between zeaxanthin and ener- 
gy dissipation in the antenna chlorophyll, two 
approaches have recently been taken. The first 
involves the use of dithiothreitol (DT-F) which 
inhibits the formation of zeaxanthin from viola- 
xanthin (Bilger and Bj6rkman 1990, Bilger et al. 
1989, Demmig-Adams et al. 1990c), and the 
second has relied on the existence of two closely 
related organisms, one of which possesses and 
one of which naturally lacks the xanthophyli 
cycle (Demmig-Adams et al. 1990a,b,e). 

Comparison of chlorophyll fluorescence 
characteristics in zeaxanthin-containing and 
zeaxanthin-free leaves and lichen thalli 

Figure 1A shows a typical time course of the 
induction and relaxation of the strong nonphoto- 
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chemical fluorescence quenching which develops 
within a few minutes upon exposure of leaves to 
excess light and which is rapidly reversible upon 
return to darkness, i.e., the so-called 'high- 
energy-state quenching'. It was associated with a 
quenching of F~ (see also Adams et al. 1989, 
Demmig-Adams et al. 1989b, Weis and Berry 
1987). Nonphotochemical fluroescence quench- 
ing with the same characteristics as those ob- 
served in leaves also occurred in green algal 
lichens (Fig. 1C, Demmig-Adams et al. 1990a). 
We have compared the characteristics of 
chorophyll fluorescence in these zeaxanthin- 
forming organisms with those in two groups of 
zeaxanthin-free organisms. Those were, firstly, 
leaves and green algal lichens treated with DTT 
(Figs. 1B and 1D) which completely inhibited 
the formation of zeaxanthin (Bilger et al. 1989, 
Demmig-Adams et al. 1990c) by inhibiting the 
violaxanthin de-epoxidase (Yamamoto and Ka- 
mite 1972), and secondly, blue-green algal lich- 
ens (Figs. 1E and IF) which do not possess the 
xanthophyll cycle, i.e., do not possess the 
xanthophyll cycle precursors of zeaxanthin, 
violaxanthin (di-epoxide) and antheraxanthin 
(mono-epoxide) (Stransky and Hager 1970). All 
of these, the DTT-treated leaves and thalli as 
well as blue-green algal lichens, did not contain 
any zeaxanthin prior to the treatment nor did 
they form zeaxanthin during the treatment. They 
also did not show any quenching of F~ or any of 
the strong and rapidly reversible nonphoto- 
chemical quenching which is associated with F~ 
quenching (Figs. 1B, D-F) .  Furthermore these 
zeaxanthin-free organisms all showed a very high 
level of steady-state fluorescence upon exposure 
to light, which indicates that they experienced a 
considerable overexcitation of the PS II reaction 
centers. In contrast to leaves and green algal 
lichens, the DTT-treatment did not alter the 
relationship between the levels of steady-state 
fluorescence and nonphotochemical quenching in 
blue-green algal lichens (Fig. 1F). 

The rate of (light-saturated) photosynthetic 0 2 
evolution was around 300/~mol mg -x Chl h -~ in 
both untreated and DTT-treated leaves, and 
around 63/xmol mg -1 Chl h -1 in both the green 
and the blue-green algal lichens. This indicates 
that a similar amount of excitation energy was 
consumed through photosynthesis in each set of 
leaves or thalli. This also means that the pH- 
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Fig. 1. Original traces of  chlorophyll fluorescence from 
spinach leaves (A, B), thalli of the green algal lichen Pseudo- 
cyphellaria rufovirescens (C, D),  and thaUi of the blue-green 
algal lichen Pseudocypheltaria dissimilis (E,  F). Chlorophyll a 
fluorescence was determined with a modulation fluorometer 
(Waltz, Effeltrich, FRG) .  Leaves and thalli were either 
untreated controls ( A , C , E )  or pretreated with DTT 
(B, D, F). Leaves were kept in darkness for 10 min, after 
which F 0 and FM were ascertained, then exposed to a PFD of  
875 ~mol  m -~- s ~ (red light) in 5% CO 2 at 25°C for 10 min. 
After  10 min of  illumination the actinic light was switched off 
and fluorescence was recorded continuously in the presence 
of far-red light to obtain the F 0 level. For the pretreatment  
with DTT, leaves were harvested, their petioles rapidly 
placed in distilled water (control) or in a solution of 3 mM 
DTT, and the leaves maintained under 40/zmol  photons 
m 2 s -1 at 25°C for 90 rain prior to obtaining the above traces. 
Leaf data from Demmig-Adams et al. (1990c). Pretreatment  
of lichen thalli was with 3 mM D q T  under 2/~mol  photons 
m-Zs  1 for a minimum of 1 h. Thalli were subsequently 

gradient across the photosynthetic membranes, 
which is one prerequisite for 'high-energy-state 
quenching' (Briantais et al. 1979), must have 
developed in the DTT-treated samples as well. 
Figure 2 shows that the relative magnitude be- 
tween nonphotochemical (qN) and photochemi- 
cal (qp, expressed as 1-qp) quenching were re- 
versed in DT-F-treated versus untreated spinach 
leaves and in blue-green versus green algal lich- 
ens. Nonphotochemical fluorescence quenching, 
part of which is indicative of radiationless energy 
dissipation, was much greater in the zeaxanthin- 
containing than in the zeaxanthin-free organisms 
at all PFDs (Fig. 2). The expression 1-qp is an 
approximate measure of the reduction state of 
PS II centers. A high reduction state indicates 
(potentially harmful) overexcitation of these cen- 
ters. The fact that the reduction state of the PS II 
centers was higher in the zeaxanthin-free leaves 
and thalli than in the zeaxanthin-forming ones 
(Fig. 2), in spite of similar rates of O~ evolution, 
also indicates that the radiationless dissipation of 
energy was not as great in the photochemical 
systems which did not contain zeaxanthin. The 
portion of nonphotochemical fluorescence quen- 
ching which occurred even in zeaxanthin-free 
leaves and thalli was not rapidly reversible and is 
therefore not considered to be 'high-energy-state 
quenching'. When all of the quenching of max- 
imum fluorescence at closed PS II centers is ex- 
pressed as an increase in the rate constant for 
radiationless energy dissipation in the antenna 

transferred to darkness and F 0 and F M were ascertained after 
10 min in darkness (first signal shown), The thalli were then 
exposed for 10 min each to 5.7 and 38 (in case of the green 
algal lichens) or 5.7 and 56 (in the case of the blue-green 
algal lichens) /~mol photons m -2 s -1, followed by a 5 min 
dark period after each period of illumination (not shown). 
This was followed by a 10min period at 103 (blue-green 
lichens) or 210 (green algal lichens) /zmol photons m -2 s -I 
and a 5 min period in darkness. Lichen data from Demmig- 
Adams et al. (1990a). Open arrows indicate the points at 
which the actinic light was switched on (numbers indicate the 
PFD, in /zmol  m 2 s-~),  and closed arrows indicate return to 
darkness. Saturating pulses of light were given at 1 min 
intervals in leaves and mostly after 3, 5 and 10min of 
illumination, as well as after 5 min of darkness subsequent to 
each period of  exposure to light in lichen thalli. With the 
lichen thalli, the measuring beam was switched off during 
part  of  the dark period to determine the baseline. 
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Fig. 2. Nonphotochemical fluorescence quenching, qN, and the approximate reduction state of PS II centers, 1-qp, in untreated 
(A) and DTT-treated (B) spinach leaves as well as in the phycosymbiodeme partners Pseudocyphellaria rufovirescens (with a 
green phycobiont; C) and P. murrayi (with a blue-green phycobiont; D) at various PFDs. Each point in A and B was obtained 
from a different leaf after 10 min of illumination. The expression 1-qp (qp being the coefficient of photochemical quenching; see 
Schreiber and Bilger 1987) was used an approximate measure of the reduction state of the acceptor Q^ of PS II. In P. 
rufovirescens nonphotochemical fluorescence quenching relaxed rapidly upon darkening, whereas in P. murrayi it did not. The 
variable fluorescence in control thalli (in darkness prior to exposure) was similarly high in both partners (coresponding to values 
of Fv/F M of 0.70 to 0.72 in the partner with the green phycobiont and 0.67 to 0.69 in the partner with the blue-green phycobiont). 
Data for leaves from Demmig-Adams et al. (1990c) and for lichens from Demmig-Adams et al. (1990a). 

chlorophyll (kD) or an increase in SV=FM/  
F ~ -  1 (Bilger and B j r rkman  1990), the differ- 
ence between the untreated and DTT-t rea ted  
leaves becomes even greater (Fig. 3A). The 
calculated difference between k D in the un- 
treated and the DTF- t rea ted  leaves exhibits a 
very close correlation with the zeaxanthin con- 
tent of the untreated leaves as well as with the 
difference in F 0 quenching between untreated 
and zeaxanthin-treated leaves (Fig. 3B, 
Demmig-Adams et al. 1990c). We therefore  con- 
clude that the zeaxanthin-correlated dissipation 
process in the antenna chlorophyll is absent in 
DTT-t rea ted ,  and thus zeaxanthin-free,  leaves. 
These findings argue for a causal relationship 
between zeaxanthin and this dissipation process 
in the antenna chlorophyll.  One possible reserva- 
tion against such a conclusion concerns the na- 
ture of D T T  as a reductant,  which might be able 
to reduce components  associated with PS II and 
thereby interfere with a quenching process in or 

around the PS II center. However ,  D T T  did not 
inhibit a second type of rapidly reversible fluo- 
rescence quenching which was also induced by 
an excess of light and had different characteris- 
tics from the Dq-T-sensitive quenching (see next 
section). The DTT-insensitive type of fluores- 
cence quenching is likely to be the one related to 
processes which are associated with the PS II 
center. Fur thermore ,  another  reductant,  ascor- 
bate, was found to increase the magnitude of the 
DTr-sensi t ive portion of nonphotochemical  fluo- 
rescence quenching in isolated chloroplasts at 
low PFD (Demmig-Adams et al. 1990c). Ascor- 
bate stimulated zeaxanthin formation at low 
PFD (Demmig-Adams et al. 1990c), presumably 
by promoting the (reductive) formation of zea- 
xanthin from the di-epoxide violaxanthin at these 
PFDs (Siefermann and Yamamoto 1975). 

The differences in the quenching of fluores- 
cence between the green and blue-green algal 
lichens are not subject to any of the concerns 
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Fig. 3. The rate constant  for radiationless energy dissipation 
in the  an tenna  chlorophyll,  kD, in unt rea ted  control and 
DTY-treated leaves (A), and the zeaxanthin content  of  un-  
treated control leaves as well as the  DTT-sensi t ive  port ion of 
k D and of F 0 quenching (B) at various PFDs.  These  D q T -  
sensitive portions,  k o ( c o n t r o l ) -  k o (DTT) ,  and AF 0 (con- 
t r o l ) -  AF 0 (DTT) ,  were obtained by subtracting the values 
of  k D (from Fig. 3A),  and the % changes in F o (F o relative to 
the pre-i l lumination value F0) after a 10 min exposure to 
various PFDs in DTT- t rea ted  leaves f rom the values obtained 
from the unt rea ted  controls. The  k D values were calculated 
from the m a x i m u m  yield of fluorescence, induced by a pulse 
of  saturat ing light given during the i l lumination with actinic 
light after 10 min at each PFD. Data  f rom D e m m i g - A d a m s  et 
al. (1990c). 

associated with studies involving inhibitors, al- 
though it might be argued that additional differ- 
ences between the photochemical systems of the 
two algal phycobionts, other than that of the 
presence or absence of zeaxanthin (such as the 
possession of phycobilisomes in blue-green 
algae), might complicate a direct comparison. 
However, both green and blue-green algal lich- 
ens were found to have very similar fluorescence 
characteristics (Demmig-Adams et al. 1990a,b,e) 
except for the difference in the ability for 'high- 
energy-state quenching'. This may be related to 
the fact that these blue-green algal lichens pos- 

sessed an extremely low ratio of phycobilins to 
chlorophyll a relative to that normally found in 
algal suspensions, (unpublished data). Further- 
more, in another blue-green algal lichen, Pelti- 
gera polydactyla, slow accumulation of zea- 
xanthin, presumably from r-carotene, took 
place in the field during long-term exposure to 
high PFD (Demmig-Adams et al. 1990a). This 
means that the blue-green algal lichens are un- 
able to form zeaxanthin rapidly, due to the 
absence of the epoxides of the xanthophyll cycle, 
but are able to form zeaxanthin slowly in the 
normal biosynthetic pathway which does not per 
se involve the epoxides (see Demmig-Adams 
1991). These blue-green algal lichen thalli con- 
tained approximately half the amount of zea- 
xanthin per unit of chlorophyll of that which the 
green algal lichens were capable of accumulating 
rapidly upon exposure to high light, and also 
exhibited an intermediate response to light be- 
tween that of green algal lichens and zeaxanthin- 
free algal lichens with respect to nonphoto- 
chemical fluorescence quenching and the reduc- 
tion state of the PS II centers (Demmig-Adams 
et al. 1990a). The zeaxanthin-containing blue- 
green algal lichens exhibited a high fluorescence 
yield in limiting light and a rapidly developing 
quenching of fluorescence upon exposure to an 
excess of light. This suggests that a similar acti- 
vation in excess light/deactivation in limiting 
light to that proposed for higher plants 
(Demmig-Adams et al. 1989b) is also present in 
blue-green algal lichens. The different responses 
of zeaxanthin-containing versus zeaxanthin-free 
blue-green algal lichens suggest that it is indeed 
the presence or absence of zeaxanthin which 
determines whether or not the organism is ca- 
pable of radiationless energy dissipation in the 
antenna chlorophyll. 

Since 'high-energy-state quenching' can de- 
velop and relax more rapidly than the biochemi- 
cal interconversions between violaxanthin and 
zeaxanthin in leaves, we suggest that there is an 
additional mechanism exerting (biophysical) con- 
trol over the action of zeaxanthin as a quencher, 
probably through some factor associated with the 
'high-energy state' of the thylakoid membrane 
which may facilitate the interaction between zea- 
xanthin and chlorophyll leading to radiationless 
energy dissipation. 



Two kinds of 'high-energy-state quenching' 
with different properties 

The use of DTT to inhibit chlorophyll fluores- 
cence quenching also revealed the existence of 
two distinct types of rapidly reversible fluores- 
cence quenching under an excess of light, i.e., at 
a 'high-energy state' of the thylakoid membrane. 
In the studies described in the previous section, 
leaves were kept under conditions favorable for 
high rates of photosynthesis (i.e., high rates of 
linear electron transport), and the majority of 
the rapidly reversible (Figs. 4A and 4B) 'high- 
energy-state quenching' under such conditions 
was DTT-sensitive, correlated with zeaxanthin, 
and associated with a quenching of F~ (Fig. 3B). 
When leaves were exposed to conditions which 
were less than optimal for photosynthesis, or 
where linear electron flow was greatly sup- 
pressed, such as in the absence of CO 2 at greatly 
reduced partial pressures of 0 2 (Figs. 4C and 
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4D), a considerable degree of the nonphoto- 
chemical fluorescence quenching which de- 
veloped even in the leaves which had been 
treated with DTT was also rapidly reversible 
upon darkening (Adams et al. 1990). A rapidly 
reversible component of fluorescence quenching 
was furthermore observed in DTT-treated leaves 
at elevated temperatures as well as during the 
induction of photosynthesis, i.e., during the first 
few minutes following illumination (Adams et al. 
1990). Intact chloroplasts isolated from (un- 
treated) spinach leaves showed a very large com- 
ponent of rapidly reversible fluorescence quench- 
ing when treated with DTT under all circum- 
stances (Demmig-Adams et al. 1990c, e.g., Figs. 
4E and 4F). This rapidly reversible kind of fluo- 
rescence quenching which developed in the ab- 
sence of zeaxanthin, i.e., in the presence of 
DTF, was not associated with F~ quenching in 
either leaves or isolated chloroplasts. The zea- 
xanthin-correlated, DTF-sensitive component of 
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Fig. 4. The rate constant tor radiationless energy dissipation in the antenna chlorophyll, kD, during actinic illumination and 5 min 
after return to darkness (or rather far-red light) in untreated (A, C) and DTT-treated (B, D) spinach leaves and in untreated (E) 
and DTT-treated (F) spinach chloroplasts at various PFDs. The tips of the arrows depict the k D values after 5 min in darkness (or 
rather far-red light). Leaves were illuminated for 10 min at 25°C in the presence of either 5% CO 2, 21% O: (A, B) or 0% CO2, 
2% 0 2 (C, D). Chloroplasts were illuminated for 10 min at 20°C in the presence of 2 mM NaHCO 3. Intact chloroplasts were 
isolated from (untreated) leaves prior to the onset of artificial illumination, and did not receive the standard illumination 
preceding chloroplast isolation (Demmig-Adams et al, 1990c). DTT (final concentration of 1 mM) was added to chloroplast 
suspensions prior to measurements. Data from Adams et al. (1990) and Demmig-Adams et al. (1990c). 
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nonphotochemical fluorescence quenching in iso- 
lated chloroplasts, however, did exhibit the same 
correlation with F 0 quenching (Demmig-Adams 
et al. 1990c) as that observed in leaves (cf. Fig. 
3B). At the same level of quenching of variable 
fluorescence (Fv) by 60-70%, the level of F~ was 
quenched by 20-30% for the DTT-sensitive, zea- 
xanthin-correlated component of fluorescence 
quenching, and F~ was not quenched at all for 
the DTT-insensitive component which occurred 
in the absence of zeaxanthin (see Adams et al. 
1990; Demmig-Adams et al. 1990c). 

Figure 5 is derived from the same set of data 
as that shown in Fig. 4; the levels of variable 
fluorescence at closed PS II centers correspond 
to the F~ values which were used to calculate the 
kD values depicted in Fig. 4. The portion of F v 
quenching (in the leaves in 5% CO2, 21% 02) 
which was not reversible upon darkening and 
therefore did not represent 'high-energy-state 
quenching', represented as much as 50% of the 
reduction in F v at the highest PFD. Whereas the 
patterns are similar, the difference between un- 

treated and DTT-treated leaves, or particularly 
between untreated and DTT-treated chloro- 
plasts, appears much smaller when fluorescence 
quenching is expressed as F v compared to k D 
(compare Figs. 4 and 5). This is the expected 
response since F v is insensitive to changes at 
high degrees of quenching, whereas ko, which is 
proportional to the reciprocal of Fr~, is very 
sensitive to these changes. In order to estimate 
the dissipation activity of the zeaxanthin-associ- 
ated dissipation process in the antenna chloro- 
phyll, fluorescence quenching should preferably 
be expressed as an increase in k D (Fig. 3, see 
also Demmig-Adams et al. 1989b, 1990c) or in 
SV (Bilger and Bj6rkman 1990, Demmig-Adams 
1991). Further differences between F~, and F~ 
(and thus kD) can arise due to the fact that a 
reduction in F,~ can result not only from a de- 
crease in F~ (i.e., from an increase in the activity 
of the dissipation process) but also from an 
increase in F~. It should be emphasized, how- 
ever, that these reservations against the use of 
F v or qN apply mainly to estimates of the dissipa- 
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Fig. 5. Decrease in the yield of variable fluorescence at closed PS II centers during and subsequent to actinic illumination in 
untreated (A, C) and DTT-treated (B, D) spinach leaves and in untreated (E)  and DTT-treated (F) spinach chloroplasts at 
various PFDs. The open and filled circles represent  the variable fluorescence during actinic illumination, as calculated from 
maximum fluorescence (F~) induced by a saturating pulse of light during actinic illumination minus F 0 obtained upon darkening 
of the leaves. The F~ values are those which were used to calculate k D in Fig. 4. The tips of  the arrows depict the values of 
variable fluorescence after 5 min in far-red light. See legend of Fig. 4 for further details. 



tion activity. The percentage of dissipated excita- 
tion energy appears to be described very closely 
by these parameters (compare e.g., Sch~ifer and 
Bj6rkman 1989). On the other hand, it is prob- 
ably just as inappropriate to express the second 
rapidly reversible and zeaxanthin-independent 
(i.e., that which is Dq-T-insensitive) quenching 
process as k D. 

In spite of these expected differences between 
the use of variable fluorescence and k D to esti- 
mate the degree of radiationless energy dissipa- 
tion in the photochemical apparatus, the main 
results are the same independent of which pa- 
rameter is used: A large fraction of what has 
been considered 'high-energy-state quenching' is 
inhibited by DTT in photosynthetically active 
spinach leaves. In contrast, a large fraction of 
what has been considered 'high-energy-state 
quenching' in isolated spinach chloroplasts is in- 
sensitive to DTT and occurs in the absence of 
zeaxanthin. This, together with the fact that the 
Dq-T-sensitive fluorescence quenching is associ- 
ated with F~ quenching whereas the D'l-T-insen- 
sitive type is not, suggests that there are two 
different processes which can cause rapidly re- 
versible fluorescence quenching under an excess 
of light, i.e., that 'high-energy-state quenching' 
as it has been defined and observed previously is 
likely to be composed of variable degrees of two 
components with a different nature. 

It is noteworthy that the DTF-sensitive quen- 
ching relaxes less rapidly in 2% 0 2 than in air 
(with 5% CO2), whereas the reverse seems to be 
true for the DTT-insensitive quenching (this is 
most apparent from Fig. 5). We have indeed 
reported widely different relaxation kinetics for 
zeaxanthin-associated fluorescence quenching 
(Demmig et al. 1988, Demmig-Adams et al. 
1989c). As far as the DTT-insensitive portion of 
fluorescence quenching is concerned, there is a 
rather slowly reversible zeaxanthin-independent 
quenching present in all systems (untreated and 
DTT-treated; least of all in DTT-treated leaves 
in 2% 02). The rapidly reversible zeaxanthin- 
independent quenching occurs to a small extent 
at the two highest PFDs in air and to a consider- 
able extent in 2% 0 2 (Fig. 5). It remains to be 
seen whether a single type of zeaxanthin- 
independent (DTF-insensitive) quenching may 
also exhibit different relaxation kinetics. 
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We conclude that there are probably two dissi- 
pation processes within the photochemical sys- 
tem which are both induced by the 'high-energy 
state' of the thylakoid membrane, and therewith 
by an excess of light. One of these (presumably) 
occurs in the antenna chlorophyll, is associated 
with zeaxanthin and F 0 quenching, and is most 
appropriately described by an increase in k D 
(Kitajima and Butler 1975) or in SV (Bilger and 
Bj6rkman 1990). This is the major component of 
'high-energy-state quenching' in leaves ex- 
periencing an excess of light under otherwise 
favorable conditions for photosynthesis or linear 
electron flow. Secondly, under conditions which 
are less favorable for photosynthesis, i.e., when 
there is presumably a considerable degree of 
cyclic electron flow, a second type of rapidly 
reversible 'high-energy-state quenching' develops 
which is not associated with zeaxanthin, is not 
inhibited by Dq-T, is not accompanied by F~ 
quenching, and may reflect the dissipation pro- 
cess within or around the reaction center of PS II 
that has been suggested by several authors (Bu- 
tler and Kitajima 1975, Horton and Lee 1983, 
Schreiber and Neubauer 1987, Weis and Berry 
1987). This latter type was the predominant one 
present under all conditions examined by us in 
chloroplasts isolated from zeaxanthin-free leaves 
(Demmig-Adams et al. 1990c). 

Under field conditions we have found the 
quenching of chlorophyll fluorescence during 
periods of high light to be largely associated with 
zeaxanthin in a crop plant which exhibited high 
rates of net CO 2 uptake (Demmig-Adams et al. 
1990d). In Arbutus unedo in the Portuguese 
macchia, under conditions under which the 
plants experienced a combination of excessive 
light, high temperatures, and water stress, a 
combination of a massive increase in radiation- 
less energy dissipation in the antenna complexes, 
associated with a massive increase in the zea- 
xanthin content was accompanied by one or two 
other quenching processes (Demmig-Adams et 
al. 1989a). Firstly, a quenching process which 
affected ambient temperature and not low tem- 
perature (77 K) chlorophyll fluorescence also de- 
veloped during peak irradiation, which has been 
speculated to be associated e.g., with a PS II 
cycle and/or a decrease in water splitting activity 
(Demmig-Adams et al. 1989a, see also Schreiber 
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and Neubauer 1987). In addition, changes in the 
absorptive cross section of PS II and PS I (as 
judged from 77 K fluorescence) occurred which 
were detectable during the low light periods and 
appeared to persist (and possibly became 
stronger) during exposure to high light (see also 
Adams et al. 1989). 

The suggested sites of energy dissipation with- 
in the photochemical system can be summarized 
as follows: when photosynthesis, and linear elec- 
tron transport rates, are high and light is exces- 
sive, the zeaxanthin-associated dissipation pro- 
cess seems to be the predominant one (left panel 
of Fig. 6), at least in spinach leaves (Figs. 3-5). 
From the changes in fluorescence characteristics 
determined from leaf discs frozen to 77 K we 
concluded that there were increases in k D in the 
antenna chlorophyll of both PS II and PS I under 
such conditions (Demmig and Bj6rkman 1987). 
The right panel of Fig. 6 is a much more specula- 
tive attempt to summarize other reported phe- 
nomena; conditions leading to a presumed in- 
crease in cyclic electron flow also promote an 
additional dissipation process in spinach leaves 
which may occur in or around PS II. A decreased 
rate of electron donation from water (Schreiber 
and Neubauer 1987) would be compatible with 
cyclic electron flow and could help maintain such 
cyclic flow by preventing overreduction of the 
electron transport chain. We should like to stress 
that under both sets of conditions representing 
excessive light, the zeaxanthin-associated energy 

ps.n. P S I  PSTT PSI 

Fig. 6. Schematic diagram to illustrate potential sites for 
energy dissipation (radiationless energy dissipation and/or 
dissipative cyclic electron flow) within the photosynthetic 
apparatus under conditions of high rates of linear electron 
flow (left part) or low rates of linear electron flow, i.e., 
presumably largely cyclic electron flow (right part). 

dissipation process in the antenna chlorophyll 
was strongly expressed. 
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