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Abstract 
 
The review deals with thermal dissipation of absorbed excitation energy within pigment-protein complexes of thylakoid 
membranes in higher plants. We focus on the de-excitation regulatory processes within photosystem 2 (PS2) that can be 
monitored as non-photochemical quenching of chlorophyll (Chl) a fluorescence consisting of three components known 
as energy-dependent quenching (qE), state-transition quenching (qT), and photoinhibitory quenching (qI). We summarize 
the role of thylakoid lumen pH, xanthophylls, and PS2 proteins in qE mechanism. Further, both the similarity between qE 
and qI and specific features of qI are described. The other routes of thermal energy dissipation are also mentioned, that is 
dissipation within photosystem 1 and dissipation through the triplet Chl pathway. The significance of the individual de-
excitation processes in protection against photo-oxidative damage to the photosynthetic apparatus under excess photon 
supply is stretched. 
 
Additional key words: carotenoids; non-photochemical fluorescence quenching; non-radiative dissipation; photoinhibition; photo-pro-
tection; photosynthesis; xanthophyll cycle. 
 
Introduction 
 
Higher plants in the natural environment are subject to 
fluctuations in irradiance on a time-scale ranging from 
seconds to seasons and must cope with the quantity of the 
photons varying over several orders of magnitude. These 
fluctuations together with various environmental stresses 
such as chilling, high temperature, drought, or nutrient 
deficiency result in absorption of photon energy that 
often exceeds the capacity for utilization of excitation 
energy through photosynthetic electron transport. Ab-
sorption of excess photon energy can lead to photo-oxida-
tive damage to the thylakoid membranes due to the for-
mation of reactive oxygen species which may interact 
with pigments, proteins, and lipids (Aro et al. 1993, 
Sonoike 1996). Under these circumstances, the ability to 

regulate the efficiency of absorption, transfer, and utiliza-
tion of excitation energy in photochemical reactions is 
necessary to balance the absorption and utilization of 
photon energy, thereby minimizing the photo-oxidative 
damage. 

Some plants are able to adjust their capacity for 
photon harvesting through movement of leaves, cells, or 
chloroplasts or through changes in leaf reflectance 
(Björkman and Demmig-Adams 1994, Barnes and 
Cardoso-Vilhena 1996, Wada et al. 2003). Under long-
term exposure to excessive irradiation plants adjust the 
composition and function of the photosynthetic apparatus 
in order to decrease photon absorption and increase their 
utilization. The typical responses are reduction of the 

 
——— 
Received 29 March 2004, accepted 15 July 2004. 
***Corresponding author; fax: +420 59 612 04 78, e-mail: Vladimir.Spunda@osu.cz 
Abbreviations: A – antheraxanthin; Chl – chlorophyll; 1Chl*, 3Chl* – singlet and triplet excited state of chlorophyll, respectively; 
CP26, CP29 – minor chlorophyll-binding proteins of light-harvesting complexes of photosystem 2; D1, D2 – reaction-centre core pro-
teins of photosystem 2; HI – high irradiance; L – lutein; LHC2 – light-harvesting chlorophyll a/b-binding protein complex of photo-
system 2; NPQ – non-photochemical quenching of chlorophyll a fluorescence; 1O2

* – singlet excited state of oxygen; P680 – primary 
electron donor of photosystem 2; Pheo – pheophytin; PS1, PS2 – photosystem 1 and 2, respectively; PsbS – photosystem 2 subunit en-
coded by the nuclear gene PsbS; QA – primary quinone electron acceptor of photosystem 2; QB – secondary quinone electron acceptor 
of photosystem 2; qE – energy-dependent quenching; qI – photoinhibitory quenching; RCs – reaction centres; V – violaxanthin;  
Z – zeaxanthin; ∆pH – trans-thylakoid pH gradient. 
Acknowledgement: This work was supported by the project “Mechanism, Ecophysiology and Biotechnology of Photosynthesis” 
(LN00A141) of the Ministry of Education of the Czech Republic. 



M. ŠTROCH et al. 

324 

light-harvesting antenna size and increase in photosyn-
thetic capacity (Melis 1998, Bailey et al. 2001, Kurasová 
et al. 2002). Alternative electron transport pathways can 
help to remove excess absorbed energy from the photo-
synthetic apparatus. Photorespiration (Wingler et al. 
2000), photoreduction of oxygen by electrons on the ac-
ceptor side of photosystem (PS) 1 in the water-water 
cycle (Asada 2000, Ort and Baker 2002), cyclic electron 
transports around PS2 (Miyake and Okamura 2003) and 
PS1 (Munekage et al. 2002), and chlororespiration 
(Niyogi 2000, Peltier and Cournac 2002) represent such 
pathways. Further, numerous antioxidant molecules and 
scavenging enzymes are present to deal with the in-
evitable generation of reactive molecules (Noctor and 
Foyer 1998, Asada 1999, Niyogi 1999, Munné-Bosch and 
Alegre 2002). Repair processes for lipid peroxidation 
(Baier and Dietz 1999) and damaged PS2 reaction centres 
(RCs) (Andersson and Aro 2001) represent the last line of 
defence preventing progressive photo-damage of the pho-
tosynthetic apparatus. 

This review deals with other mechanisms that are im-
portant for the protection of the photosynthetic apparatus 
against photo-oxidative damage, namely non-radiative 
dissipation of absorbed excitation energy. Excess excita-
tion energy has the potential to decay via pathways lead-
ing to dangerous singlet oxygen formed from interaction 

between ground-state triplet oxygen and triplet chloro-
phyll (Chl). Safe dissipation of excitation energy in the 
form of heat is accomplished by carotenoids which are 
able to quench both triplet Chl and singlet oxygen 
(Demmig-Adams et al. 1996b, Baroli and Niyogi 2000, 
Choudhury and Behera 2001). The major thermal dissipa-
tion process is, however, direct de-excitation of singlet 
excited Chl, which prevents de-excitation via the unde-
sirable triplet Chl pathway. Thermal energy dissipation 
within PS2 can be readily monitored as non-photoche-
mical quenching of Chl a fluorescence (Roháček and 
Barták 1999, Maxwell and Johnson 2000). In addition to 
non-photochemical fluorescence quenching reflecting pri-
marily dissipative processes within PS2, thermal energy 
dissipation within PS1 will be also discussed. In contrast 
to PS2, closure of PS1 RCs does not induce variable Chl 
fluorescence and therefore the estimation of thermal ener-
gy dissipation within PS1 requires some other methods 
such as photoacoustic spectroscopy (Bukhov and 
Carpentier 2003) or 77 K excitation spectra of Chl fluo-
rescence (Špunda et al. 1998a). This review is focused on 
the recent progress in understanding the mechanisms and 
photo-protective role of non-radiative dissipation of ab-
sorbed excitation energy and complements the former 
review concerning this topic that was published in Photo-
synthetica (Pospíšil 1997). 

 
Non-photochemical quenching of Chl a fluorescence 
 
Upon constant irradiation of a photosynthetic material in 
dark-adapted state, a typical time course of the yield of 
Chl fluorescence is observed. Such characteristic fluores-
cence time course has been termed the Kautsky effect 
(Kautsky and Hirsch 1931). Initially the fluorescence 
yield increases and reaches the maximum within tenths of 
second to seconds. Subsequently the fluorescence level 
starts to fall over a time-scale of a few minutes. This de-
crease is termed Chl fluorescence quenching. In this 
period the light-induced activation of enzymes involved 
in carbon metabolism occurs and consequently the photo-
synthetic electron transport activity is increased. Excita-
tion energy is utilized in photochemical reactions, i.e. the 
charge separation in PS2 RCs followed by an electron 
transport via a set of carriers. Thus, a corresponding de-
crease of the fluorescence yield is referred to as photo-
chemical quenching. All other processes that also cause a 
decrease of Chl fluorescence are collectively called non-
photochemical quenching (NPQ). Photochemical and 
non-photochemical quenching can be differentiated by 
means of saturation pulse method (Schreiber et al. 1986). 
For quantification of the quenching processes various 
fluorescence parameters can be used (for reviews, see 
Maxwell and Johnson 2000, Roháček 2002). 

Different processes that contribute to NPQ relax at 
different rates in darkness following a period of irradia-
tion. The kinetics of relaxation of these different proces-
ses can be therefore used to distinguish them (Demmig 

and Winter 1988, Horton and Hague 1988, Quick and 
Stitt 1989, Walters and Horton 1991). The relaxation of 
NPQ was monitored using periodic saturating pulses of 
photons in barley leaves (Quick and Stitt 1989, Walters 
and Horton 1991). Three components of NPQ were found 
with half times of about 1 min, 5 min, and hours (Quick 
and Stitt 1989) and 1 min, 5–10 min, and more than 30 
min (Walters and Horton 1991). Using the same techni-
que, similar results were obtained with isolated barley 
protoplasts (Horton and Hague 1988). Three components 
with half times of 30 s, 8 min, and about 30 min were 
observed. 

The fast component is called energy-dependent quen-
ching (qE) due to its dependence on the energization of 
thylakoid membrane (Horton et al. 1996, Müller et al. 
2001). qE is a process of heat dissipation (or non-radiative 
dissipation) which is important in the protection of the 
photosynthetic apparatus against photo-oxidative damage 
under excess irradiation. For induction of maximal qE, 
both low thylakoid lumen pH and the presence of xantho-
phylls are necessary. 

The middle component, qT, is associated with the phe-
nomenon of state transitions (Allen and Forsberg 2001, 
Haldrup et al. 2001, Wollman 2001) and is therefore 
called state-transition quenching. State transitions are 
short-term processes that change the antenna sizes of PS2 
and PS1. qT induction and reversal caused by these altera-
tions occur over time-scales ranging from minutes to tens 
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of minutes (McCormac et al. 1994). The basis of state 
transitions lies in the reversible phosphorylation of light-
harvesting complex of PS2 (LHC2) and the movement of 
phosphorylated LHC2 from PS2 to PS1. The decrease of 
the PS2 antenna size is accompanied by a reduction of the 
amount of excitation energy in PS2 with a corresponding 
decrease in the PS2 fluorescence intensity. Unlike qE, an 
involvement of qT in photo-protection is unclear. It was 
suggested that LHC2 phosphorylation protects the photo-
synthetic apparatus against photoinhibition (Horton and 
Lee 1985). However, some studies show that LHC2 phos-
phorylation is inhibited upon short-term exposure to high 
irradiance (HI). This effect was observed in higher plants 
both in vivo (Demmig et al. 1987, Rintamäki et al. 1997, 
Pursiheimo et al. 2001) and in intact chloroplasts (Ebbert 
and Godde 1994). A contribution of qT to the overall 
NPQ is rather negligible under HI stress in most plants 

(Müller et al. 2001). qT seems to be important only in low 
irradiances, when it regulates the distribution of excita-
tion energy between PS1 and PS2 and thereby optimizes 
the photosynthetic reactions. As qT does not represent 
dissipation of excitation energy via heat, we will not deal 
with this component of Chl fluorescence quenching in 
more detail. 

Whereas the fast component of NPQ saturates at HI, 
the slow component increases as the irradiance is increa-
sed (Walters and Horton 1991). The slow component is 
caused by photoinhibition and is therefore called photoin-
hibitory quenching denoted as qI (Krause 1988, Ruban 
and Horton 1995). This quenching shows the relaxation 
in the range of hours to days and reflects both slowly re-
laxing photo-protective processes and damage to PS2 
RCs under stress conditions. 

 
Energy-dependent quenching (qE) 
 
Role of thylakoid lumen pH and xanthophylls in qE: 
When the absorption of photon energy exceeds the 
capacity of the dark reactions to utilize ATP and NADPH 
produced by a photosynthetic electron transport, 
syntheses of ATP and NADPH are limited. This 
subsequently leads to a decrease in pH within the 
thylakoid lumen and the feedback regulation of light-
harvesting by triggering the dissipation of excess 
absorbed energy as heat. The control by lumen pH allows 
induction and reversal of the energy dissipation within 
seconds to minutes. Low lumen pH does not have to be 
generated by light-dependent reactions. Using isolated 
thylakoids it is possible to induce qE in darkness by 
simply lowering the pH of the buffer or by generating a 
pH gradient across the thylakoid membrane (∆pH) by 
ATP hydrolysis-dependent proton pumping (Gilmore and 
Yamamoto 1992). Thus, qE depends directly on lumen pH 
and the role of photon energy in qE induction is indirect. 

qE is associated with the inter-conversion of xantho-
phyll pigments in the so-called xanthophyll cycle (Fig. 1, 
for reviews, see Pfündel and Bilger 1994, Demmig-
Adams and Adams 1996a, Eskling et al. 1997, Gilmore 
1997, Morosinotto et al. 2003). Low lumen pH activates 
the enzyme violaxanthin (V) de-epoxidase which con-
verts V to zeaxanthin (Z) via the intermediate anthera-
xanthin (A) (Pfündel and Bilger 1994, Eskling et al. 
1997). V de-epoxidation can be blocked by an inhibitor 
of V de-epoxidase, dithiothreitol (Yamamoto and Kamite 
1972). Blocking this de-epoxidation reaction by dithio-
threitol results in inhibition of qE (for example, see Bilger 
and Björkman 1990, Demmig-Adams et al. 1990). In 
addition to the inhibitor studies, the requirement for the 
de-epoxidized xanthophylls in qE has been proved using 
xanthophyll cycle mutants. The npq1 mutants of the uni-
cellular green alga Chlamydomonas reinhardtii and the 
C3 vascular plant Arabidopsis thaliana that are unable to 
convert V to A and Z have lower levels of qE compared to 

the wild type (Niyogi et al. 1997a, 1998). The involve-
ment of Z and A formation via the xanthophyll cycle in 
qE was also confirmed in studies using V de-epoxidase 
antisense tobacco plants which exhibit suppressed ability 
to form Z and A (Chang et al. 2000, Sun et al. 2001, 
Verhoeven et al. 2001). As npq1 mutants, these trans-
genic plants have reduced qE compared to the wild-type 
plants. 

qE correlates better with the amount of Z and A than 
with the amount of Z alone (Gilmore and Yamamoto 
1993, Demmig-Adams and Adams 1996b, Demmig-
Adams et al. 1996a, Niyogi et al. 1997a). These findings 
support the idea that both A and Z are involved in qE. 
Furthermore, the marine prasinophycean alga Manto-
niella squamata has an incomplete xanthophyll cycle, 
when under HI in vivo V is converted to A without the 
formation of Z. However, this primitive green alga still 
exhibits uncoupler- and dithiothreitol-sensitive NPQ, i.e. 
the features of qE in higher plants (Goss et al. 1998, 
Gilmore and Yamamoto 2001). 

In addition to A and Z, also a third xanthophyll, lutein 
(L), has been implicated in qE. The Chlamydomonas lor1 
mutant, which lacks L and loroxanthin, shows lower qE 
than the wild type (Niyogi et al. 1997b). Similarly, the 
Arabidopsis lut2 mutant lacks L and exhibits lower qE 
(Pogson et al. 1998, Lokstein et al. 2002). Almost com-
plete inhibition of qE was observed for the Chlamydo-
monas npq1 lor1 and Arabidopsis npq1 lut2 double 
mutants that are unable to convert V to A and Z and are 
also defective in the synthesis of L (Niyogi et al. 1997b, 
2001). Furthermore, by modifying the biosynthesis of L, 
Pogson and Rissler (2000) found that increase in L con-
tent caused a slight, but significant increase in the rate of 
qE induction despite a reduction in the xanthophyll cycle 
pool size in comparison with the wild-type plants. The 
mechanism by which L contributes to NPQ is still a mat-
ter of discussion (Niyogi et al. 1997b, 2001, Pogson et al. 
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1998, Lokstein et al. 2002). L may have a direct role in 
the quenching of excited singlet Chl a. This is energe-
tically feasible, since L has the energy level of the lowest 
singlet excited state below that of Chl a (Josue and Frank 
2002, Polívka et al. 2002; see Table 1). Alternatively, the 
absence of L in lut2 and lor1 mutants could affect qE in-
directly through a perturbation of LHC2 structure. In-
deed, L-deficient mutants are characterized by reduced 
stability of trimeric LHC2 and smaller PS2 antenna size 
relative to the wild-type plants (Niyogi et al. 2001, 
Lokstein et al. 2002). 

The xanthophylls are necessary for the induction of 
maximal qE, but not sufficient. In npq2 mutants of Chla-
mydomonas and Arabidopsis that accumulate Z consti- 

tutively, qE must still be induced by low lumen pH 
(Niyogi 1999). This implies that the low lumen pH has an 
additional role in qE, besides the activation of V de-epo-
xidase leading to the formation of A and Z. A conforma-
tional change in the thylakoid membrane may be invol-
ved in qE (Horton et al. 1996). Lowering the lumen pH is 
necessary for this conformational change, together with V 
de-epoxidation. The acidification of the lumen results in 
the protonation of PS2 antenna pigment-protein com-
plexes. Binding of protons and de-epoxidized xantho-
phylls to the LHC2 proteins causes the conformational 
change that can be monitored by an absorbance change at 
535 nm (Ruban et al. 1993, Bilger and Björkman 1994). 
The origin of this absorbance change was 

 

 
 
Fig. 1. The pathway for carotenoid biosynthesis in green algae and plants. The xanthophyll cycle operates in the β-carotene branch of 
the pathway and involves the di-epoxide violaxanthin, the mono-epoxide antheraxanthin, and the epoxide-free zeaxanthin. De-epoxid-
ation is triggered under excess irradiance and is catalyzed by the enzyme violaxanthin de-epoxidase (VDE). The reverse reaction, 
epoxidation, occurring under non-excessive irradiation is catalyzed by zeaxanthin epoxidase (ZE). The reactions that are blocked in 
the npq1, npq2, lut2, and lor1 mutants are also indicated (according to Baroli and Niyogi 2000). 
 
Table 1. Electronic energies of the lowest singlet excited (S1) states of xanthophylls. S0→S1 (Qy) transition energy of Chl a: 14880 
cm-1 (Josue and Frank 2002). 
 

S1 state energies [cm-1]  Method Reference 
violaxanthin zeaxanthin lutein   

14470±90 14030±90  absorption spectroscopy, xanthophylls in solution Polívka et al. 1999 
14880±90 14550±90  fluorescence spectroscopy at room temp., xanthophylls in solution Frank et al. 2000 
15580±60 14610±40 14570±70 fluorescence spectroscopy at 77 K, xanthophylls in solution Josue and Frank 2002
13700±300 13850±200 14050±300 absorption spectroscopy, xanthophylls in recombinant monomeric Polívka et al. 2002 
   LHC2  
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elucidated by Ruban et al. (2002). Using resonance 
Raman spectroscopy, they revealed that this absorbance 
change is caused by a large red shift in the absorption 
spectrum of one to two molecules of Z. Conformational 
changes have also been inferred from measurements of 
Chl a fluorescence lifetime distributions, which depend 
on the molecular environment of the excited Chl a 
(Gilmore 1997). The non-protonated state is characterized 
by a fluorescence lifetime component of 2 ns. The pre-
sence of ∆pH alone causes a fluorescence lifetime shift 
from 2.0 to 1.6 ns. This shift likely reflects a protonation-
induced conformational change that is independent of 
xanthophyll cycle activity. Binding of Z and A to a pro-
tonated protein reduces the fluorescence lifetime to 
0.4 ns. Thus, the amplitude of the 0.4 ns component is 
proportional to the concentration of Z and A. 
 
Involvement of individual PS2 proteins in qE: Formerly 
the minor LHC2 proteins CP26 (Lhcb5) and CP29 
(Lhcb4) were suggested to be involved in qE based on the 
following facts. First, Bassi et al. (1993) reported that the 
majority of the xanthophyll cycle pigments (approxi-
mately 80 %) are concentrated in these minor proteins. 
Second, CP26 and CP29 proteins bind N,N´-dicyclo-
hexylcarbodiimide (DCCD) (Walters et al. 1994), an in-
hibitor of qE which binds to carboxy groups that are in-
volved in proton binding. DCCD-binding sites were iden-
tified in both CP26 (Walters et al. 1996) and CP29 
(Pesaresi et al. 1997). Depletion of CP26 and, to some 
extent, CP29 was suggested to explain the qE defect of 
tobacco mutants that are deficient in the PS2 core protein 
PsbZ, which is necessary for maintaining the stability of 
PS2-LHC2 super-complexes (Swiatek et al. 2001). The 
PsbZ-deficient plants show a greatly reduced capacity for 
NPQ under adverse growth conditions such as increased 
irradiance and/or decreased temperature. Under these 
growth conditions the extent of NPQ decreased in the 
PsbZ-deficient plants, in contrast to the wild type, when 
the acclimation to conditions increasing PS2 excitation 
pressure induces a typical response, namely increase in 
the extent of NPQ. However, Andersson et al. (2001) 
demonstrated that neither CP26 nor CP29 are the crucial 
sites for qE using antisense A. thaliana plants lacking 
CP26 or CP29 proteins. Both CP26 and CP29 antisense 
plants revealed just slightly reduced capacity of qE and 
moderately slowed-down formation and relaxation of 
NPQ in comparison with the wild-type plant. Moreover, 
V de-epoxidation was not affected in these antisense 
plants. 

To identify proteins involved in qE, Li et al. (2000) 
isolated mutants of A. thaliana that were defective in qE, 
but had normal xanthophyll contents. Such Arabidopsis 
npq4 mutants were characterized by the same extent and 
kinetics of Z accumulation upon HI treatment compared 
to the wild type (Li et al. 2000, 2002a, Graßes et al. 
2002). The kinetics and extent of NPQ in the npq4 
mutant is similar to those of the npq1 lut2 double mutant 

lacking both Z and L (Niyogi et al. 2001). Li et al. (2000) 
revealed that the npq4 mutant is defective in the nuclear 
gene encoding PsbS, a 22 kDa PS2 subunit (also called 
CP22). In addition to the absence of qE, the npq4 mutant 
also lacks the ∆pH- and xanthophyll cycle-dependent 
conformational change in the thylakoid membrane, moni-
tored by an absorbance change at 535 nm that is neces-
sary for qE (Li et al. 2000). This indicates that binding of 
protons and/or Z to the PsbS protein may be a necessary 
feature of the qE mechanism. The candidate proton-bin-
ding sites on the lumen side of PsbS involved in qE have 
been identified (Li et al. 2002c). In addition, binding of 
Z to PsbS is responsible for the qE-related 535 nm absorp-
tion change (Aspinall-O΄Dea et al. 2002). The depletion 
of PsbS has no effect on photosynthetic performance and 
the contents of the other LHC2 proteins (Li et al. 2000, 
Graßes et al. 2002). The maximal PS2 photochemical ef-
ficiency (FV/FM) as well as 77 K emission spectra of Chl 
fluorescence in the npq4 mutant are identical to those of 
the wild-type plant (Li et al. 2000). This implies that 
PsbS functions specifically in qE and has not a structural 
role in the organization of the PS2 antenna. 

The amount of the PsbS protein is a determinant of qE 
capacity. Li et al. (2002a) compared homozygous wild-
type Arabidopsis plants containing two psbS gene copies, 
heterozygous plants containing one psbS gene copy and 
homozygous npq4 mutant plants containing no psbS gene 
copies. They found that heterozygous plants have 56 % of 
the wild-type psbS mRNA level and 58 % of the wild-
type PsbS protein level. Importantly, this lower PsbS 
protein level results in a corresponding decrease in qE to 
60 % of the wild-type level. Thus, the extent of qE is 
related to the amount of the PsbS protein, in addition to 
the concentration of de-epoxidized xanthophylls. Consis-
tent with these findings, Ottander et al. (1995) observed 
increased amounts of the PsbS protein in thylakoids 
isolated from needles of Scots pine during winter. 
Similarly, the amount of PsbS increases during cold 
acclimation of Lodgepole pine grown under controlled 
conditions, and this increase was also associated with 
increased qE (Savitch et al. 2002). It seems that increase 
in PsbS synthesis might be involved in photo-protection, 
when plants are growing at excess HI. The role of PsbS in 
formation of a quenching complex is, however, still 
unresolved. Taking into consideration the fact that PsbS 
appears to be unable to bind Chl (Dominici et al. 2002), a 
putative function of PsbS is the transduction of low 
lumen pH signal into a conformational change of 
neighbour LHC proteins where the quenching process 
could occur (Bassi and Caffarri 2000, Dominici et al. 
2002). 

Elrad et al. (2002) characterized a mutant of the green 
alga Ch. reinhardtii, designated npq5, which has a pheno-
type similar to that of the Arabidopsis npq4 mutant. The 
Chlamydomonas npq5 mutant is defective in its ability to 
establish qE and shows the same kinetics and extent of 
V de-epoxidation during exposure to HI as the wild-type 
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cells. The npq5 mutant lacks a major light-harvesting 
polypeptide of PS2 (Lhcbm1) suggesting that the major 
peripheral antenna, LHC2b, is required for the cells to eli-
cit qE. Thus, there may be differences between organisms 
in the specific antenna components that are involved in 
qE. It is still unclear whether Chlamydomonas contains 
the PsbS protein necessary for qE development in higher 
plants. None of the known genes encodes a polypeptide 
with high sequence similarity to PsbS (Elrad et al. 2002). 

The major light-harvesting complex of PS2 (LHC2b) 
was also proposed to be involved in qE mechanism in 
higher plants. Chow et al. (2000) observed in inter-
mittent-irradiance-grown plants transferred to continuous 
irradiation a correlation between increasing contents of 
Chl b and LHC2b and NPQ, suggesting a role for LHC2b 
in thermal dissipation of absorbed photon energy. Ano-
ther support comes from the observations that the anti-
sense Arabidopsis plants lacking the Lhcb1 and Lhcb2 
proteins possess reduced capacity for qE compared to the 
wild type, in spite of the unchanged xanthophyll cycle ac-
tivity (Andersson et al. 2003). However, it remains to be 
determined whether this reduction is due to a decrease in 
the number of quenching sites or a decrease in connec-
tivity between LHC2b and the dissipation site. Alter-
natively, as these antisense plants have a reduced level of 
PsbS, the decreased qE capacity may be solely a result of 
the lower PsbS amount. 

 
Photophysical mechanism of qE: Identification of a 
quencher of excitation energy is still a matter of debate. 
Nowadays there is a general agreement that conformatio-
nal change within LHC2 is involved in qE mechanism. 
One proposal is that this conformational change allows 
for a direct downhill energy transfer from the singlet ex-
cited state of Chl (1Chl*) to Z, followed by a rapid harm-
less dissipation of this excitation energy in the form of 
heat, when the excited singlet Z returns to the ground 
state by internal conversion (Polívka et al. 2002, 
Morosinotto et al. 2003). This proposal was previously 
based on the fact that conversion of V to Z is accompa-
nied by the lowering of excited state energy level (Frank 
et al. 1994), thereby forming an energetically favourable 
pathway for the 1Chl* de-excitation. 

The energy levels of the lowest singlet excited (S1) 
state of V and Z were determined directly using femto-
second absorption spectroscopy of the S1→S2 transitions 
(Polívka et al. 1999, 2002) and fluorescence spectroscopy 
of the S1→S0 transitions (Frank et al. 2000, Josue and 
Frank 2002) (Table 1). According to these studies (except 
Josue and Frank 2002), both V and Z could potentially 
accept energy from 1Chl* and, moreover, the energy dif-
ference between the S1 states of V and Z may be too 
small to account for their different quenching capabilities. 
The best estimates of S1 state energies of xanthophylls in 
vivo were performed by Polívka et al. (2002), since they 
determined S1 energies in recombinant LHC2, in contrast 
to the other studies, in which S1 energies were determined 

for pigments in organic solvents. The S1 energies of 
V and Z determined in their LHC2 protein environment 
are essentially the same (Polívka et al. 2002). Other fac-
tors such as distance and orientation of the xanthophylls 
relative to Chl are therefore more important in deter-
mining if direct singlet-singlet energy transfer occurs than 
energetic differences between these xanthophylls. Thus, 
xanthophyll cycle does not operate to lower the S1 state 
energy level of xanthophylls but rather to bring about the 
conformational change of LHC2 proteins evoked by the 
binding of Z. Direct quenching of 1Chl* by Z has been re-
cently supported by Ma et al. (2003), who additionally 
suggested other possible mechanism for Z involvement in 
1Chl* quenching that lies in the formation of a hete-
rodimer between Chl and Z. 

A second hypothesis attributes to the xanthophylls an 
indirect role in qE. Z mediates a structural change of 
LHC2 proteins, which may facilitate the 1Chl* de-
excitation by internal conversion of Chl itself to the 
ground state, releasing excitation energy as heat (Horton 
et al. 1996). This process could involve formation of Chl-
Chl dimers allowing thermal de-excitation (Crofts and 
Yerkes 1994) and require the formation of LHC2 aggre-
gates (Horton et al. 1991). The aggregation of LHC2 in-
creases interactions between Chl molecules belonging to 
neighbouring proteins and enhances the amplitude of qE 
(Bassi and Caffarri 2000). The amplifying effect of LHC2 
aggregation on qE amplitude has been supported by Moya 
et al. (2001) who reported that LHC2 proteins incor-
porated into liposomes showed a greater quenching of 
Chl fluorescence than the same proteins in detergent 
solutions. Moreover, they demonstrated that increase of 
the protein density in the liposomes yielded a further 
fluorescence quenching to the extent typical for leaves. 

 
Photo-protective function of qE: qE is important for 
photo-protection by 1Chl* quenching, which results in 
harmless dissipation of excess excitation energy as heat. 
Up to 80 % of the Chl excited states can be dissipated 
into heat, thereby protecting PS2 RCs from over-
excitation (Bassi and Caffarri 2000). Intersystem crossing 
is one of possible pathways of 1Chl* de-excitation, by 
which the excited triplet Chl (3Chl*) is formed. 3Chl* can 
interact with ground-state triplet oxygen to produce 
singlet excited oxygen (1O2

*), an extremely damaging 
reactive oxygen species (Fig. 2; Baroli and Niyogi 2000, 
Demmig-Adams and Adams 2000, Niyogi 2000). Thus, 
qE decreases the lifetime of 1Chl* and consequently the 
probability of 1O2

* generation in LHC2. Further, by de-
creasing the efficiency of energy transfer to PS2 RCs, qE 
may also prevent the over-reduction of the electron trans-
port chain resulting in the recombination of the primary 
radical pair, P680+Pheo–, which can generate the excited 
triplet states of both the accessory Chl molecule located 
in the D1 protein and P680, the latter as a minor popu-
lation (Aro et al. 1993, Noguchi 2002). As in LHC2, 
interaction between 3Chl* and O2 within PS2 RCs results 
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in formation of 1O2
*. At last, qE may also prevent the 

over-acidification of the thylakoid lumen that can inhibit 
the electron transport at PS2 donor side resulting in the 
generation of long-lived P680+ and/or YZ

+ (oxidized 
secondary electron donor of PS2) (Niyogi 1999). P680+ 
and YZ

+ are themselves capable of oxidizing nearby pig-
ments and proteins, causing the damage to PS2 RCs (Aro 
et al. 1993). 

 

 
 
Fig. 2. Possible pathways of de-excitation of excited singlet 
chlorophyll (Chl) a molecules in photosystem 2 (PS2). Photon 
absorption results in conversion of Chl a from its ground state 
(Chl) to its excited singlet state (1Chl*). Excitation energy can 
be re-emitted as Chl a fluorescence (F), it can be transferred to 
reaction centres to drive photosynthetic electron transport (P), it 
can be de-excited by thermal dissipation process (D), or it can 
decay via the triplet pathway (3T). 1Chl* can be converted to ex-
cited triplet Chl (3Chl*) through intersystem crossing. 3Chl* can 
transfer energy to ground-state triplet oxygen (3O2) to produce 
singlet oxygen (1O2

*) causing photo-oxidative damage of PS2 
(according to Demmig-Adams and Adams 2000). 

 
qE is rapidly inducible and hence important under 

variable irradiances where it quickly adjusts photon har-
vesting. In particular, it is critical upon sudden exposure 
to excess photons which is characteristic for plants grow-
ing in the forest understory, where they are exposed to 
short intense flashes called “sunflecks” (Adams et al. 
1999). Li et al. (2002b) showed that in a short-term HI 
treatment (time-scale of hours), qE capacity rather than 
xanthophyll composition is critical for photo-protection. 
They observed the same extent of photoinhibition in three 
qE-deficient Arabidopsis mutants that differ in xantho-
phyll composition, i.e. npq4 mutant with normal xantho-
phyll levels, npq4 npq1 double mutant lacking Z, and 
npq4 npq1 lut2 triple mutant that additionally lacks L. On 
the contrary, transgenic Arabidopsis plants with higher qE 
capacity generated by over-expression of PsbS were more 
resistant to photoinhibition than the wild-type plants 
despite the same xanthophyll cycle pool size (Li et al. 
2002b). 

In addition to short-term response, qE responds also to 
the long-term requirements for PS2 down-regulation. In 
comparison with low-irradiance acclimated plants, plants 

acclimated to HI exhibit higher capacity of qE (Park et al. 
1996, Brugnoli et al. 1998, Demmig-Adams 1998, 
Špunda et al. 1998a). Increased capacity of qE is asso-
ciated with a larger pool of xanthophyll cycle pigments 
and enhanced capacity to de-epoxidize xanthophyll cycle 
pigments (Brugnoli et al. 1998, Demmig-Adams 1998). 
However, qE, V convertibility, and the xanthophyll cycle 
pool size must not necessarily correlate across various 
plant species. In a comparative study focused on different 
irradiance acclimation strategies for barley and Norway 
spruce plants, a greater extent of qE for Norway spruce 
was found despite a significantly lower VAZ pool as 
compared to barley (Kurasová et al. 2003). 

There are several indications that among the plants of 
North Temperate Zone the photosynthetic apparatus of 
evergreen conifers responds to the excess photons parti-
cularly by the elevated capacity of qE (Huner et al. 1993, 
Ottander et al. 1995, Špunda et al. 1998a, Savitch et al. 
2002, Kurasová et al. 2003). Other specific feature of 
Norway spruce plants is that HI acclimated plants exhibit 
significantly greater efficiency of V de-epoxidation (more 
than 90 %) than is usual for other plant species with 
corresponding VAZ pool size and LHC2 size (Kurasová 
et al. 2003). Thus, as indicated also by different shape of 
77 K emission spectrum of Chl a fluorescence (Kalina et 
al. 1997, Špunda et al. 1998b), it seems that different 
organization of PS2 antenna as compared to other plant 
species allows efficient irradiation-induced qE and faci-
litates V de-epoxidation in Norway spruce needles. On 
the contrary, it is reasonable that plants responding to HI 
mainly by increased photochemical de-excitation together 
with elevated photosynthetic activity develop PS2 organi-
zation that favours the excitation energy transfer to the 
PS2 core but reduces the capacity of qE. Thus although qE 
represents a photo-protective mechanism for all higher 
plants, its significance strongly depends on the eco-phy-
siological strategy of the individual plant species. 

In addition, qE maintains the optimal rates of photon 
energy utilization and consequently affects overall photo-
synthetic productivity. Graßes et al. (2002) report that the 
PsbS protein-less mutants of A. thaliana exhibit a reduc-
tion in the growth rate when compared to wild type. 
Further, Külheim et al. (2002) observed that qE affects 
net plant fitness. Arabidopsis npq1 and npq4 mutants 
grown under field conditions and fluctuating irradiation 
in a controlled environment produced less fruits and 
seeds per plant and also less seeds per fruit. 

qE is one member of a photo-protective system in 
higher plants and contributes to photo-protection to a 
various degree in different plant species. Although qE 
may be an important mechanism for the resistance of the 
photosynthetic apparatus against HI stress, the following 
examples illustrate that photo-protection is not strictly de-
pendent on qE. Sun et al. (2001) reported that V de-ep-
oxidase antisense tobacco plants did not exhibit greater 
susceptibility to photoinhibition than wild type under 
field conditions. Havaux et al. (2000) found that 
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developing leaves of Arabidopsis npq1 mutant were to-
lerant to HI stress and 1O2

* toxicity induced by the photo-
sensitizing dye eosin, a known generator of 1O2

*. Further, 
the rates of HI-induced degradation of the D1 protein 
were the same for both Arabidopsis npq4 mutant and 
wild-type plant (Graßes et al. 2002). Other photo-protec-
tive mechanisms therefore can efficiently compensate for 
the lack of qE, such as antioxidant molecules including 
carotenoids, ascorbate, glutathione, and α-tocopherol, and 
antioxidant enzymes including superoxide dismutase, 
ascorbate peroxidase, glutathione reductase, and monode-
hydroascorbate reductase (Niyogi 1999). An enhanced 
capacity to scavenge reactive oxygen species has been 
observed during acclimation to HI (Grace and Logan 
1996, Logan et al. 1996, 1998a,b, García-Plazaola and 
Becerril 2000, Hansen et al. 2002). In addition to enhan-
ced capacity of qE, increases in contents and activities of 
antioxidants represent another important long-term accli-
mation mechanism which helps to minimize damage to 
photosynthetic apparatus that could be caused by the ab-
sorption of excess photons. 

The conversion of V to A and Z is also involved in 
other photo-protective mechanisms. Havaux and Niyogi 
(1999) and Havaux et al. (2000) showed that the xantho-
phyll cycle specifically protects thylakoid membranes 

against lipid peroxidation. Upon photoinhibitory treat-
ment, the Arabidopsis npq1 mutant, that is unable to con-
vert V to A and Z, exhibited more pronounced lipid per-
oxidation than the wild-type plant. Conversely, the 
Arabidopsis npq4 mutant that is defective in qE but pos-
sesses a normal xanthophyll cycle activity was tolerant to 
lipid peroxidation. These results demonstrated that photo-
protection mediated by the xanthophyll cycle is not solely 
a result of the involvement of Z in qE. Consistent with 
these observations, Davison et al. (2002) found that 
Arabidopsis plants over-expressing β-carotene hydroxyla-
se, which catalyses the conversion of β-carotene to Z, 
showed reduced lipid peroxidation compared to the wild 
type under stress conditions. Thus, Z is important in the 
termination of lipid peroxidation chain reactions and de-
creases the thylakoid membrane fluidity (Tardy and 
Havaux 1997). The decrease in fluidity could be im-
portant by lowering the penetration of reactive oxygen 
species inside the thylakoid. In addition, Z may directly 
scavenge reactive oxygen species (Baroli et al. 2003). 
Antioxidant roles of Z become evident only during 
longer-term HI stress (time-scale of days) (Li et al. 
2002b). And Z participates in the protection of photo-da-
maged and disassembled PS2 core complexes during PS2 
repair cycle (Jin et al. 2001, 2003). 

 
Photoinhibitory quenching (qI): mechanisms and photo-protection 
 
Under HI, when the protective capacity of qE is saturated, 
a slowly-relaxing component of NPQ, termed qI, becomes 
significant. In contrast to qE, qI is much less characte-
rized. This form of non-photochemical fluorescence 
quenching is associated with photoinhibition and it com-
prises both the processes that contribute to protection of 
the photosynthetic apparatus against the effects of excess 
photons and also contributions from PS2 photo-damage. 
As given below, qI is extremely heterogeneous. 

The photo-protective component of qI, like qE, re-
duces HI induced damage in PS2 by dissipating excess 
absorbed photon energy and it appears to possess some 
characteristics of qE. Some part of qI may be associated 
with ∆pH, which is necessary for qE induction. Gilmore 
and Yamamoto (1992) have suggested that ∆pH might be 
maintained in darkness by the reverse pumping of protons 
from the stroma to the lumen catalyzed by the ATP syn-
thase. However, this is probably only the case when qI is 
induced by low temperature stress (Ruban and Horton 
1995). At higher temperatures, Ruban and Horton (1995) 
observed that a part of qI is reversed by application of the 
uncoupler nigericin. But this effect was not related to a 
persistence of ∆pH, as was shown by the measurement of 
9-aminoacridine fluorescence. Instead, they have sugges-
ted that the nigericin-sensitive component of qI is due to 
stable protonation of LHC2. 

For efficient qE, the inter-conversion of xanthophylls 
in the xanthophyll cycle together with the formation of 
∆pH is necessary. The involvement of the xanthophyll

cycle activity in qI was also reported such that relaxation 
of qI has been correlated with the conversion of Z and A 
back to V (Jahns and Miehe 1996, Verhoeven et al. 1996, 
Demmig-Adams et al. 1998). Färber et al. (1997) studied 
the function of Z in qI by measuring the xanthophyll 
cycle activity in different antenna sub-complexes of PS2. 
They proposed that Z binding to CP29 protein is related 
to the generation of quenching centres that are involved 
in qI. 

Sustained forms of xanthophyll cycle-dependent en-
ergy dissipation were observed in over-wintering plants 
transferred from subfreezing temperatures in the field 
prior to sunrise to room temperature (Verhoeven et al. 
1998, 1999a). The form that relaxes rapidly upon 
warming (time-scale of hours) may result from a main-
tained ∆pH due to low temperature sustained activity of 
ATPase that catalyzes reverse proton transport into the 
thylakoid lumen (Gilmore 1997). Also low temperature-
induced decrease of thylakoid membrane permeability af-
fecting proton leakage from the lumen to the stroma may 
contribute to the maintenance of ∆pH (Verhoeven et al. 
1998). In addition to this rapidly relaxing qI, more slowly 
relaxing type of qI does not depend on the ∆pH and re-
quires days for complete relaxation. This type of qI seems 
to be associated with a reorganization of LHC2 proteins 
into aggregates allowing a stable engagement of Z+A in 
thermal energy dissipation at low temperatures (Ottander 
et al. 1995, Verhoeven et al. 1999a). The involvement of 
such considerable structural changes of pigment-protein 
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complexes in qI for cold-acclimated evergreens was sup-
ported by Gilmore and Ball (2000). They reported ∆pH 
independent mechanism for the sustained thermal energy 
dissipation during winter acclimation of snow gum seed-
lings consisting in formation of special energy-dissipating 
complexes. The plants were characterized by a new spe-
cific band in the 77 K Chl fluorescence emission spectra 
centred around 715 nm which disappeared during re-
laxation of qI associated with the epoxidation of Z+A to 
V. Retention of Z+A in darkness was also observed 
during acclimation of Norway spruce to HI in controlled 
environment (Kurasová et al. 2003). Persistent Z+A per-
mits a rapid and effective induction of thermal energy 
dissipation upon sudden exposure to excess photons. 

Furthermore, relaxation of qI is accompanied by de-
phosphorylation of thylakoid proteins. Whereas both 
D1/D2 and LHC2 proteins (presumably Lhcb1 protein) 
exhibit dark-sustained phosphorylation subsequent to HI 
stress, only dark-sustained D1/D2 phosphorylation clo-
sely correlates with qI (Ebbert et al. 2001). Similarly, 
dark-sustained D1/D2 phosphorylation was also observed 
in over-wintering plants that exhibit predawn retention of 
de-epoxidized xanthophylls (Z and A) and concomitant 
sustained lowering of PS2 efficiency (FV/FM) during the 
winter (Adams et al. 2001). The possibility that protein 
phosphorylation is involved in qI has been supported by 
Xu et al. (1999) and Ebbert et al. (2001), who showed 
that phosphatase inhibitors causing the blockage of pro-
tein de-phosphorylation inhibit Z epoxidation and relaxa-
tion of qI during recovery from photoinhibition. 

In addition to antenna-localized qI associated with 
xanthophyll cycle activity, a part of qI may be located at 
the PS2 RCs (Richter et al. 1999, Bukhov et al. 2001). 
Richter et al. (1999) proposed that this type of quenching 
involves non-radiative decay of the primary charge se-
parated state (P680+Pheo-QA

-) to its ground state (P680 
PheoQA

-) and/or triplet excited state [3(P680+Pheo-)QA
-] 

in the photo-damaged PS2 RCs. A specific mechanism 
for thermal dissipation of excess excitation energy within 
PS2 RCs has been recently introduced for cold-accli-
mated plants (Ivanov et al. 2002, 2003, Sane et al. 2003). 

Thermoluminescence measurements showed that the 
redox potentials of QA and QB were altered during cold 
acclimation. The characteristic maxima of Q (S2QA

- re-
combination) and B (S2QB

- recombination) bands were 
shifted to higher and lower temperatures, respectively. 
The shift in S2QA

- recombination to higher temperatures 
indicates increase of the free energy gap between P680+ 
and QA

- corresponding to decrease of the probability for a 
charge recombination pathway involving the primary ra-
dical pair P680+Pheo-. Moreover, reduction of the diffe-
rence between maxima of Q and B bands reflects a nar-
rowing of the redox potential gap between QA and QB. 
This effect results in increased population of QA

- and 
thereby in increased probability of non-radiative charge 
recombination between QA

- and P680+. 
Aside from the clear photo-protective role of the xan-

thophyll-cycle dependent thermal energy dissipation 
within LHC2 complexes, thermal dissipation localized in 
PS2 RCs may have a photo-protective function and does 
not represent only photoinhibitory damage (Lee et al. 
2001, Chow et al. 2002). Photoinhibition is characterized 
by the conversion of a fraction of PS2 RCs to a photo-
chemically inactive state, in which they still act as effi-
cient traps of excitation energy and convert this trapped 
energy to heat (Weis and Berry 1987, Krause 1988, 
Krieger et al. 1992). Öquist et al. (1992a,b) hypothesized 
that photo-inactivated PS2 complexes acting as sinks for 
excitation energy may help to prevent neighbouring PS2 
complexes from photo-inactivation. This hypothesis was 
supported by Lee et al. (2001) who observed that about 
20 % of PS2 RCs retained the photochemical activity 
after prolonged HI treatment despite the inhibition of D1 
protein synthesis by lincomycin. This implied that this 
fraction was photo-protected by mechanisms other than 
PS2 repair cycle. They concluded that the residual po-
pulation of functional PS2 was photo-protected by an 
abundance of photo-inactivated neighbours. Thus, in this 
model photon energy absorbed by active PS2 complexes 
is efficiently transferred to the photo-inactivated neigh-
bours that act as strong sinks to dissipate the excitation 
energy as heat. 

 
The triplet Chl pathway 
 
In addition to non-radiative S1-S0 Chl a de-excitation 
pathway, there is another non-photochemical mechanism 
for quenching of excited Chls. As shown in Fig. 2, the ex-
cited singlet Chl (1Chl*) can be converted into the excited 
triplet Chl (3Chl*), a long-lived state that is incapable of 
initiating photosynthetic electron transport. 3Chl* is ef-
ficiently quenched by triplet-triplet energy transfer to ca-
rotenoids, which rapidly releases excitation energy in the 
form of heat (Siefermann-Harms 1987, Demmig-Adams 
et al. 1996b, Baroli and Niyogi 2000). Peterman et al. 
(1997) estimated the efficiency of the triplet transfer from 
Chl a to xanthophylls in LHC2 monomers at 77 K to be 
80±5 %. Significantly higher efficiency of the triplet 

transfer at 77 K (94±2 %) was reported in trimeric LHC2 
and, moreover, the transfer of triplet state energy from 
Chl to xanthophylls is essentially 100 % efficient at room 
temperature (Peterman et al. 1995). 

4–25 % of the photons absorbed by PS2 can be dis-
sipated via this triplet pathway (Foyer and Harbinson 
1999). The proportion of photons dissipated in this way is 
correlated to the average lifetime of 1Chl*. However, be-
cause the lifetime of 1Chl* is kept relatively low by qE, 
dissipation via the triplet pathway is usually limited to the 
lower end of the estimated 4–25 % range (Niyogi 2000). 
The main difference between qE and the triplet pathway is 
that qE is inducible and subject to regulation, whereas the 
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triplet pathway is supposed to be constitutive and 
unregulated. 

The involvement of the triplet Chl pathway in photo-
protection is evident from Fig. 2, because the interaction 
of 3Chl* with the ground-state triplet oxygen (3O2) results 
in the generation of singlet oxygen (1O2

*), a highly re-
active oxygen species. Thus, quenching of 3Chl* by caro-
tenoids prevents the generation of 1O2

*. Carotenoid tri-
plets cannot react with 3O2 to produce 1O2

*, and they 
decay harmlessly by thermal emission. Carotenoids 
possess another feature that is important with respect to 

photo-protection, namely they may also quench 1O2
* 

(Demmig-Adams et al. 1996b, Baroli and Niyogi 2000). 
Interaction with 1O2

* (as with 3Chl*) leads to the for-
mation of a carotenoid triplet, which decays to the ground 
state by thermal dissipation. Croce et al. (1999) showed 
that L, Z, and V (in decreasing order of effectiveness) are 
involved in protecting against Chl photo-bleaching by 
quenching both 3Chl* and 1O2

*, whereas neoxanthin func-
tions mainly in 1O2

* quenching. β-carotene scavenges 
1O2

* but it is unable to quench the triplet excited state of 
P680 (Telfer 2002). 

 
Thermal energy dissipation within PS1 
 
At HI, when photo-protective thermal dissipation of ex-
cess absorbed photon energy within PS2 (qE) is engaged, 
PS1 absorbs more photons compared to the electron flux 
from PS2. This excess photon energy absorbed by PS1 
can be dissipated via cyclic electron transport around 
PS1. Furthermore, cyclic electron flow may be involved 
in maintaining the ∆pH that is necessary for down-regu-
lation of PS2 activity by qE (Heber and Walker 1992). 

Thermal energy dissipation in PS1 is much less 
studied than that in PS2. Antenna-type quenching mecha-
nisms similar to those occurring in PS2 were not obser-
ved in PS1. However, it was recognized that PS1, like 
PS2, is a shallow trap and therefore PS1 and its antenna 
are essentially equilibrated (Croce et al. 1996). Fur-
thermore, conversion of V to A and Z upon HI treatment 
takes place also in PS1 (Thayer and Björkman 1992, Lee 
and Thornber 1995, Färber et al. 1997). These findings 
imply that thermal dissipation mechanism in the PS1 an-
tenna similar to qE could be an efficient regulatory me-
chanism for energy utilization in PS1 (Verhoeven et al. 
1999b). Regulation of the efficiency of excitation energy 
transfer within LHCs of PS1 was proved by means of 

excitation spectra of Chl a fluorescence at 77 K (Špunda 
et al. 1998a). 

Nevertheless, the main site for thermal dissipation in 
PS1 may be RCs rather than LHCs. The role of non-pho-
tochemical quencher of excited states in PS1 is attributed 
to the oxidized primary electron donor of PS1, P700+. 
Energy dissipation in PS1 is automatically regulated by 
the supply of electrons from PS2. In the absence of elec-
tron donors, P700+ is stable for hours or longer. P700+ is 
as effective quencher of excited states from the PS1 an-
tenna as P700 (Nuijs et al. 1986). However, in the P700+ 
state, PS1 photochemistry is not possible and the excited 
state energy is dissipated as heat. Thus, energy absorbed 
by PS1 which is in excess of the photochemical turnover 
of PS2 is automatically dissipated as heat (Owens 1996). 

Barth et al. (2001) suggested that increased rate of 
charge recombination reactions in the PS1 RCs represents 
a photo-protective mechanism of harmless energy dissi-
pation. Further, they observed that under HI stress a high 
proportion of P700 accumulates in the oxidized state. Pre-
sumably, conversion of excitation energy to heat by 
P700+ may efficiently contribute to photo-protection. 
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