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Abstract
Sundblad, L.-G. 1988. Secondary chlorophyll a luminescence decay 
kinetics from green algae and higher plants; mechanisms and application. 
Doctoral dissertation, Dept, of Plant Physiol., Univ. of Umeå, S-901 87 
(LJmeå, Sweden.
ISBN 91-7174-383-9

Barley protoplasts were shown to be a suitable experimental system for 
studies on the relative maximum during the decay of luminescence 
observed in most photosynthetic systems after excitation with far red 
light and in the presence of O2 . The far red induced relative luminescence
maximum was shown to be a result of three coinciding events:

‘ Randomization of the S-states of the water splitting system during 
illumination with far red light.

‘ Extreme oxidation of the PSII acceptor side after excitation with far 
red light and in the presence of O2 .

‘ Reverse coupling, causing partial re-reduction of the PSII acceptor 
side in the dark after far red illumination.

When the CO2  concentration in the air above an intact barley leaf was
lowered in the dark, the primary PSII acceptor was partially reduced.
The effect was obtained by changes in CO2  over a wide concentration
range including that of saturated photosynthesis. It was thus concluded 
that the effect was not related to the role of CO2  as the terminal electron
acceptor in photosynthesis.

White light induced relative maxima during the decay of luminescence 
frqm low CO2  adapted green algae were shown to be the result of either 
one or two interacting mechanisms:

‘ Relaxation of qg quenching.
‘ Dark reduction of occuring as a result of lowered internal Cj  

concentration in the dark.

Far red induced luminescence decay kinetics and fluorescence induction 
kinetics, when analyzed with multivariat data analysis, were shown to 
contain information allowing prediction of the state of frost hardiness in 
artificially hardened seedlings of Scots pine.

Key words : luminescence, fluorescence, photosynthesis, far red, CO2  

accumulation, S-states, Q^, reverse coupling, q^, frost hardiness
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1. Abstract

Sundblad, L.-G. 1988. Secondary chlorophyll a luminescence decay 
kinetics from green algae and higher plants; mechanisms and application. 
Doctoral dissertation, Dept, of Plant Physiol., Univ. of Umeå, S-901 87 
Umeå, Sweden.
ISBN 91-7174-383-9

Barley protoplasts were shown to be a suitable experimental system for 
studies on the relative maximum during the decay of luminescence 
observed in most photosynthetic systems after excitation with far red 
light and in the presence of O2 . The far red induced relative luminescence
maximum was shown to be a result of three coinciding events:

‘ Randomization of the S-states of the water splitting system during 
illumination with far red light.

‘ Extreme oxidation of the PSII acceptor side after excitation with far 
red light and in the presence of 0 2.

‘ Reverse coupling, causing partial re-reduction of the PSII acceptor 
side in the dark after far red illumination.

When the C02 concentration in the air above an intact barley leaf was
lowered in the dark, the primary PSII acceptor was partially reduced.
The effect was obtained by changes in C02 over a wide concentration
range including that of saturated photosynthesis. It was thus concluded 
that the effect was not related to the role of C02 as the terminal electron
acceptor in photosynthesis.

White light induced relative maxima during the decay of luminescence 
from low C02 adapted green algae were shown to be the result of either
one or two interacting mechanisms:

‘ Relaxation of q^ quenching.
‘ Dark reduction of occuring as a result of lowered internal Cj 
concentration in the dark.
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Far red induced luminescence decay kinetics and fluorescence induction 
kinetics, when analyzed with multivariat data analysis, were shown to 
contain information allowing prediction of the state of frost hardiness in 
artificially hardened seedlings of Scots pine.

Key words : luminescence, fluorescence, photosynthesis, far red, COg 
accumulation, S-states, QA> reverse coupling, qg, frost hardiness
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3. Abbrevations

ADP : adenosin diphosphate 
ATP: adenosin triphosphate 
Ci : inorganic carbon 
cyt : cytochrome 
Chi : chlorophyll
DCMU : 3,(3,4-dichlorophenyl)-1,1-dimethylurea 
DHAP : dihydroxyacetone phosphate
NAD+/NADH : nicotin adenine dinucleotide in its oxidized/reduçed form 
NADP+/NADPH : nicotin adenine dinucleotide phosphate in its 

oxidized/reduced form 
P 680 : The reaction center of photosystem II 
PGA : 3-phosphoglycerate 
PGald : 3-phosphoglycerate aldehyde 
PMS : N-methyl phenazonium metosulphate 
Pheo : Pheophytin 
PSI : Photosystem I 
PSII : Photosystem II 
PQ : plastoquinone
Qa : the first quinone electron acceptor of photosystem II 
QB : the second quinone electron acceptor of photosystem II 
q^ : nonphotochemical quenching 
qQ : photochemical quenching

RPP : reductive pentose phosphate pathway
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4. Introduction

4.1 Photosynthesis

Photosynthesis is the light driven incorporation of C02 into organic
compounds. The process is separated into two reaction sequences; the so 
called light- and dark reactions.

The light reactions takes place in highly 
specialized membranes, thylakoids, where light is absorbed by the 
photosynthetic antennae pigments, causing excitation of the pigment 
molecules. The excitation energy is efficiently transfered to the PSII 
reaction centers by dipolar coupling. In the reaction centers, the 
excitation energy induces a charge separated state in which a primary 
electron acceptor (pheophytin) is reduced. After this primary 
photochemical reaction the oxidized reaction center is re-reduced by 
electrons originating from water and the electron on pheophytin 
transfered to a series of electron transport components. In this way, the 
charge separation is stabilized and water is split to H+ and 0 2- After an
energetically downhill sequence of electron transport events, the 
electrons from water reache a second reaction center, the PSI reaction 
center, where a second charge separation occurs. After reduction of the 
primary PSI acceptor and a second sequence of energetically downhill 
electron transport reactions, ferrodoxin NADP+ reductase utilizes the 
electrons for the reduction of NADP+ to NADPH.

Coupled to electron transport between the two 
photosystems is the pumping of protons into the closed lumen of the 
thylakoids. Proton pumping occurs when PQ is reduced (H+ taken up) on the 
outside, and oxidized (H+ liberated) on the inside of the thylakoid 
membrane. The electrochemical, H+ gradient thus formed is utilized by the 
reversible chloroplast ATPase to synthesize ATP. Protons from water 
splitting also contribute to the formation of this gradient since the water 
splitting enzyme is localised on the inside of the thylakoid membrane.

ATP and NADPH formed in the light reactions 
is utilized in the dark reactions to reduce C02 to carbohydrates in a cycle
of enzymatic reactions refered to as the Calvin cycle or the reductive 
pentose phosphate pathway. The net gain from the Calvin cycle can either 
be stored in the chloroplast as starch or exported to the cytoplasm as 
DHAP. In exchange for exported DHAP, inorganic phosphate is taken up to 
allow continued photophosphorylation.
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4.2 Luminescence

Luminescence was discovered in 1951 by Strehler and Arnold during ATP 
measurements with the luciferin/luciferase method [1]. Luminescence, 
also termed delayed luminescence, delayed fluorescence, delayed light 
emission or afterglow can in general terms be described as a reversal of 
photosynthetic reactions manifested as a decaying light emission after a 
sudden light/dark transition. In its primary origin this emission is a 
result of the return of a chlorophyll a molecule, excited to its lowest 
excited singlet state, back to the ground state [2]. According to the most 
accepted hypothesis concerning the mechanism for luminescence the 
excited singlet state is preceded by a charge recombination between 
electrons on the reducing side of PSII with positive charges on the donor 
side [3].

The distinction between luminescence and prompt 
fluorescence is based on the yield, activation energy and lifetime of the 
emission [4].

"Real" prompt fluorescence, originating strictly 
from the antenna ( F q  fluorescence) has a lifetime of < 400 ps [4], whereas
fluorescence dependent on the function of the PSII reaction center 
(variable fluorescence Fv) has a life time of ~ 4 ns [5]. According to the
hypothesis of Klimov, the variable part of fluorescence is a result of the 
recombination of the primary radical pair P680+ Pheo' and the subsequent 
formation of P680* [6]. The emission of fluorescence thereafter occurs 
when the antenna is populated with excited pigments due to backtransfer 
of excitons from P 680 [3]. In the case of fluorescence, the radical pair is 
formed by charge separation induced by P680*. In the process of charge 
separation and recombination the radical pair never loses its true singlet 
character, resulting in high yield and short lifetime of the emission, both 
characteristic properties of fluorescence [7]. On the other hand, the 
radical pair is somewhat lower in energy than P 680* and consequently 
the charge recombination driven formation of P 680* has an activation 
energy (although very low; 0.04-0.08 eV), a property normally associated 
with luminescence [7].

Luminescence decays through several phases, that by 
Lavorel were classified into fast, medium and slow decay [8]. The most 
rapid phase is probably a result of the same recombination of the primary 
radical pair P680+ Pheo' as prompt variable fluorescence [4], In the case 
of luminescence, the radical pair is formed through reverse electron flow 
and once formed, oscillates between the singlet and triplet state [7]. Since
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the triplet route for recombination deactivation is not luminescent, the 
low yield and longer lifetime (longer than fluorescence) arises when the 
radical pair is formed through reverse electron flow [4]. The difference 
between prompt fluorescence and luminescence is therefore not related to 
the substrate for emission but instead to the mechanism for formation of 
this substrate.

The more long-lived phases of luminescence in the ps, 
ms, s,and minute range results from charge separated states in 
equilibrium with the primary radical pair [7]. Longer lifetimes of emission 
arise from recombining charges distant from the primary photochemical 
reactions; i.e., reduced PQ, NADPH and so forth on the acceptor side of PSII 
and oxidized S-states on the donor side.

The intensity of luminescence at a given time after 
excitation can be described in terms of four parameters:

*The concentration of positive charges on the donor side of PSII.
*The concentration of electrons on the acceptor side of PSII.
‘The activation energy for these charges to recombine.
*The competition for excitation energy from pathways other than light 
emission.

The first two of these parameters form the substrates for luminescence. 
They are independent of each other [8] and therefore to some extent 
exchangeable with each other, i.e. the same intensity of luminescence may 
arise as a result of a low concentration of electrons and a high 
concentration of positive charges or vice versa.

The different possible substrates are also more or less 
"luminescent" depending on the activation energy for recombination. The 
S-states of the water splitting system on the donor side of PSII for 
instance have a lower activation energy with increasing degree of 
oxidation [8].

The fourth parameter relates to dissipation of excitation 
energy as heat that competitively quenches luminescence in the same way 
as fluorescence is quenched through so called qE quenching.

The concentration of luminescence substrate might be 
artificially altered in several ways. Luminescence can be stimulated by 
chemical manipulation of both the donor and the acceptor side of PSII. On
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the donor side addition of H20 2 has been shown to create oxidizing
equivalents that can be utilized for recombination with electrons on the 
reducing side of PSII resulting in emission of luminescence [9]. Reduction 
of the acceptor side can be obtained in various ways. Addition of DCMU to 
Chlorella was shown to stimulate luminescence, possibly by altering the 
equilibrium in the redox couple Q^/Qg causing an increase in the

concentration of QA" [9], Addition of NADPH was shown to reduce QA
through reverse electron flow [10] indicating that the intensity of 
luminescence might be sensitive to the redox state of not only the 
electron transport chain, but to the redox state of the chloroplast and 
possibly the whole cell.

Of special relevance for interpretation of luminescence 
from C02 accumulating photosynthetic systems, is the finding that the
lowering of C02 concentration in darkness after illumination in the air
above an intact barley leaf, resulted in reduction of QA and a stimulation
of luminescence [VI].

Luminescence can also be stimulated artificially 
through lowering of the activation energy. The activation energy for 
recombination is not only dependent on which substrate is utilized for 
recombination, but also on the presence or absence of a ApH over the 
thylakoid membrane [11]. A ApH with an acidic inside will alter the 
equilibrium in PSII towards recombinations, since H+ associated with 
reduced PQ will equilibrate with the low concentration of H+ on the 
outside of the thylakoid, and H+ on the inside of the thylakoid is in 
equilibrium with the H+ from the water splitting system. In this way, PSII 
will be "pushed and pulled" towards recombination [12]. A sudden 
acid/base transition of preilluminated thylakoids consequently results in 
stimulation of luminescence [13]. The activation energy for recombination 
can also be manipulated in other ways, for instance by application of an 
external electrical field [14] and addition of salts [15].

Related to the effect of ApH on the activation 
energy for recombination, is the so called reverse coupling reaction in 
which ATP hydrolysis by the reversible chloroplast ATPase results in 
reverse electron transport, QA reduction and a stimulation of 
luminescence and fluorescence [16],[17]. The reverse coupling reaction is 
biphasic with a first rapid and a second slower phase. The slow, but not 
the rapid phase, has a transthylakoid ApH as an obligatory intermediate 
between ATP hydrolysis and stimulation of fluorescence/luminescence 
[18],[19],

The chain of reverse dark reactions affecting
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luminescence was shown to extend outside the chloroplast, as addition of 
DHAP to highly intact chloroplasts resulted in reverse coupling reactions 
utilizing ATP from the oxidation of PGald by NADP-glyceraldehyde 
3-phosphate dehydrogenase and phospho-glycerate kinase [20]. Similar 
results were shown on Chlorella where it was concluded that 
mitochondrial ATP provided substrate for reverse coupling and hence 
stimulated luminescence [21].

In Fig. 1 photosynthetic reactions resulting 
in emission of luminescence, or potentially affecting luminescence is 
shown. Direction of arrows in the "forward" direction describe conditions 
during illumination and ongoing photosynthesis, whereas arrows in the 
"backward" direction describe conditions in the dark after illumination 
related to the emission of luminescence.
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4.2.1. Secondary decay kinetics of luminescence

The appearance of secondary luminescence decay kinetics (kinetics with 
peaks or shoulders) during the minute range of the decay was first 
observed by Bertsch and Azzi [22]. In their primary survey, luminescence 
decay kinetics from a large variety of photosynthetic organisms 
(including green algae, blue green algae, red algae and vascular plants) 
were recorded and the effect of wavelength of excitation light and 
temperature were investigated. It was shown that far red excitation 
induced a relative maximum during the decay of luminescence in all 
species investigated. Furthermore, excitation with light of shorter 
wavelengths had an inhibitory effect on the maximum. The temperature 
response of the kinetics lead the authors to conclude that enzymatic 
processes were involed in the mechanism behind secondary decay kinetics.

In the study of Rubin et. al. [23], two peaks were 
observed during the course of luminescence decay when young pea leaves 
were illuminated with far red light. Excitation of adult leaves with far red 
light resulted in a decay with only one peak. In the same work it was 
shown that excitation with white light to young cells of the green algae 
Scenedesmus obliquus also resulted in secondary luminescence decay 
kinetics with a prominent peak appearing about 40 s after excitation. The 
kinetics of this peak was reported to be sensitive to the intensity of the 
excitation light. Excitation with low intensities resulted in a decay with 
apparent asymptotic kinetics since the luminescence component expressed 
as a peak appeared early and thus merged into the earlier, monotonously 
decaying luminescence components. It was also observed that illumination 
with stronger white light (giving rise to a peak) resulted in lower inital 
luminescence intensities than excitation with lower intensities. A 
mathematical model was presented to ”illustrate” the observed secondary 
kinetics.

In 1971 a thorough investigation was made by 
Björn on far red induced secondary luminescence decay kinetics from cells 
of Chlorella [24], Several important findings were obtained. The 
involvement of the cyclic electron transport pathway around PSI in the 
formation of the ”far red induced relative maximum", was demonstrated by 
the effect of PSM. PSM accelerated the decay of the maximum but also 
transiently stimulated luminescence when added in the dark at the peak of 
the maximum. Addition of DCMU both lowered the amount of light emitted 
and decreased the rate constant for the decay. The uncoupler CCCP 
increased the rate constant for the decay but also decreased the amount of 
light emitted. Based on the results a model was proposed in order to 
explain the far red induced relative luminescence maximum. According to
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the model, excitation energy is entered through PSI and luminescence 
emitted by PSII with a common energy pool acting as a mediator between 
the two photosystems. It was speculated that the energy pool was 
identical to the transthylakoid ApH. The effects of CCCP and DCMU 
obtained on Chlorella were confirmed in a second study on leaves of Elodea 
[25],

In order to study the activation of water 
splitting, luminescence was measured from intermittently illuminated 
leaves of wheat [26]. In intermittently illuminated leaves PSI, but not 
PSII, is functional. A consequtive illumination with continous red (PSII) 
light results in a gradual activation of PSII (and overall electron 
transport). When the decay of luminescence after a 6 ms Xenon flash, was 
followed during activation of PSII it was observed that the decay kinetics 
changed from a monotonous decay for inactive leaves, to kinetics with a 
shoulder for partially activated leaves and finally back to a monotonous 
decay for fully activated leaves. The decay kinetics of luminescence after 
a 6 ms flash, exciting both PSII and PSI, to leaves with dominating PSI 
activity thus resembled the kinetics from fully active photosynthetic 
tissue excited with far red light.

Based on comparative studies between 
thermoluminescence and luminescence and on excitation and emission 
spectra for prompt fluorescence and far red induced luminescence it was 
concluded by Desai et.al. [27],[28],[29] that the far red induced relative 
maximum was a result of PSI luminescence.

Similar conclusions concerning involvment of PSI 
were drawn from the results of Schmidt and Senger [30] who in 
Scenedesmus obliquus observed that the emission of the far red induced 
luminescence maximum was shifted towards longer wavelengths compared 
to the earlier and monotonous decaying luminescence phases. Based on 
action and emission spectra it was concluded that long-lived 
luminescence and prompt fluorescence were of different molecular origin.
In a subsequent work [31] the authors stressed the importance of a high 
degree of integrity of the chloroplast for the appearence of the far red 
induced relative maximum and also confirmed the results of Björn 
concerning ApH dependence and DCMU sensitivity of the maximum.

In [32] the importance of the conductivity of 
the PQ pool for the kinetics of the far red induced maximum was pointed 
out. The concept for explaining the maximum was similar to that of Björn 
(ref) i.e. PSII emission, stimulated through PSI.

The most complex secondary luminescence 
decay kinetics so far reported was observed by Mellvig [33],[34]. During 
complex experimental conditions including high and low C02 conditions,
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phosphorous starvation, and excitation with different light qualities, up to 
three maxima were observed during the decay of luminescence from 
Scenedesmus obtusiusculus. It was shown that a large number of factors 
(excitation light quality/intensity, dark periods, CO2 , phosphorous
starvation, pH) affected the decay kinetics in a very complex manner. From 
the results it was speculated that both ATP and NADPH levels in the 
stroma as well as Calvin cycle reactions effected the decay kinetics of 
luminescence.

In Tab. 1 different studies on secondary 
luminescence decay kinetics are summarized. Plant material, quality of 
excitation light and proposed mechanism for the observed kinetics are 
listed.
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Ref Plaoimatscial

Tab. 1

Excitation Proposed mech.

[22] green, blue green, 
red algae, higher 
plants

far red unspecified
enzymatic
backreaction

[23] bean, Scenedesmus white/far red

[24] Chlorella far red PSII emission, 
transthylakoid 
ApH

[26] intermittently 
illuminated wheat

white (Xenon)

[28],[29 Photos aurea far red PSI emission

[30],[31] Scenedesmus far red PSI "involvment"

[33],[34] Scenedesmus white/far red ATP.NADPH, 
reverse RPP

[32] Chlorella fusca far red PSII emmission 
and bottle neck 
effect by PQ pool
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4.3. The present study, background/aim.

In some of the different studies performed on secondary luminescence 
decay kinetics the sensitivity of the kinetics to physiological state, 
environmental stresses and integrity of chloroplasts have been pointed out 
[28], [31], [33] ,[34].

Preliminary work concerning the effects of 
environmental factors on luminescence showed that far red induced 
luminescence decay kinetics from unhardened, hardened and dehardened 
Scots pine were different (N.-O. Hellgren, Swedish University of 
Agricultural Sciences, pers. comm.). Similary, it was in a preliminary 
study shown that far red induced luminescence decay kinetics from 
seedlings of Scots pine were affected during the course of frost hardening 
under field conditions (Sundbom and Sundblad unpublished results).

The possibility to use far red induced 
luminescence decay kinetics as a probe in different applications (for 
instance determination of frost hardiness) has, however, been highly 
limited due to the fact that the mechanistic background to the kinetics 
has been largely unknown. A first step towards application of secondary 
luminescence decay kinetics as a tool in both applied and basic research, 
as well as in true applications, should therefore be to obtain a better 
mechanistic understanding of the kinetics.

Furthermore, since no model have been proposed 
that conclusively can explain the appearance and characteristics of 
secondary luminescence decay kinetics it could also be expected that the 
kinetics includes unknown or poorly understood photosynthetic reactions 
and responses. Hence, an understanding of the kinetics should also 
contribute to a better understanding of photosynthesis and related 
processes.

The aims of the present work therefore are ;

*to unravel the mechanistic background to secondary luminescence 
decay kinetics.

*in view of a mechanistic understanding of the kinetics, critically 
test the potential of the kinetics as a physiological tool.

Since the response of secondary luminescence decay kinetics to excitation 
wavelength and C02  concentration exhibits differences between green
algae and higher plants [23],[33],[34],[III],[IV],[V],[VII], different 
mechanistic background for the kinetics between green algae and higher 
plants could be suspected. This aspect was considered by using higher
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plants for studies on far red induced secondary kinetics [I],[II] and green 
algae for studies of white light induced secondary luminescence decay 
kinetics [III],[IV],[V],[VII].

For the more applied approach concerning the 
potential of secondary luminescence decay kinetics as a physiological 
tool, the problem of predicting frost hardiness in seedlings of Scots pine 
was used as an example. In the test, fluorescence induction and far red 
induced luminescence decay kinetics were measured in sequence and used 
together in a multivariat data analysis [VIII].
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5. Results and discussion

5.1. Far red induced secondary luminescence decay 
kinetics.

For experiments designated to unravel the mechanistic background behind 
the "far red induced relative maximum" during the decay of luminescence, 
different experimental systems and plant materials were considered 
during the initial stage of investigation. As shown in the first study by
[22] the phenomenon is manifested throughout the plant kingdom. A 
tempting choice would therefore be an algal species that would provide a 
homogenous material suitable for manipulation by addition of inhibitors, 
artificial electron donors and acceptors. However, when adapted to low 
C02  conditions, the green alga Scenedesmus obliquus exhibits secondary
luminescence decay kinetics also after excitation with white light
[23],[33],[34],[III],[IV],[V]I[VII]> indicating differences in luminescence 
mechanisms between green algae and higher plants. To avoid confusion due 
to different coinciding mechanisms for secondary luminescence decay 
kinetics, algal species were not used in the study of far red induced 
luminescence decay kinetics.

The use of intact leaves of higher plants provides 
obstacles in two ways. In parallel to the kinetics of the slower transients 
of fluorescence induction, the far red induced decay kinetics of 
luminescence shows a marked variation between individual plants, leaves 
and even parts of leaves. It is thus difficult to achieve reproducible 
results and to differentiate between effects of experimental manipulation 
and natural variation. Furthermore, addition of chemicals to intact leaves 
is either impossible or the effect slow and unevenly distributed 
throughout the leaf.

Mechanically isolated intact chloroplasts would 
therefore be a logical choice of experimental system. However, good, 
intact chloroplasts, capable of rates of C02  dependent 0 2  evolution of

more than 1 0 0  pmol 0 2  mg chH h'̂  does not exhibit secondary
luminescence decay kinetics as also mentioned in [II]. The reason for this 
is at the moment not known.

In view of the above arguments, protoplasts of 
barley were chosen as experimental system for a first study on the far red 
induced relative luminescence maximum [I]. In the work it was established 
that the luminescence expressed as a maximum was emitted from PSII 
although stimulated through PSI. It was also confirmed that, as far as
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investigated, the characteristic properties of the maximum earlier shown 
by Björn [24],[25] were also valid in the barley protoplast experimental 
system. From the results it was not possible however to give a 
mechanistic explanation for the luminescence maximum.

In [II] the results obtained in [I] were used as a 
basis for an investigation concerning the redox state of both the donor and 
acceptor side of PSII in relation to the far red induced relative 
luminescence maximum. The influence on the kinetics by action of the 
reversible chloroplast ATPase was also considered. From the results it 
was concluded that the maximum arises as a result of three coinciding 
"states" or events induced by far red light in the presence of O2  [II]. The
key factor for the understanding of the maximum was shown to lie in the 
fact that far red illumination, although mainly exciting PSI, also to some 
extent excites PSII giving rise to complete S-state randomization. PSII 
excitation by far red illumination has been suggested already by Björn [24] 
as a prerequisite for the proposed mechanism with the luminescence 
maximum emitted by PSII. Far red illumination thus results in a situation 
with an oxidized PSII donor side with randomized S-states, but 
simultaneously also an oxidized acceptor side. The degree of oxidation of 
the acceptor side was shown to be dependent on the presence or absence of
0 2. The most oxidized state (on the acceptor side) was obtained
immediately after far red excitation in the presence of 0 2. It was
concluded that this extremely oxidized state was caused by an immediate 
ceasing "trickle" of electrons from water (caused by PSII excitation with 
far red light), together with a transiently continuing pull for electrons 
from the oxidized electron transport components between the two 
photosystems ( caused by the dominating PSI excitation). In this way the 
higher S-states become preserved in the dark after far red excitation and 
in the presence of 0 2  due to limited access to electrons for recombination.
When the redox state of the PSII acceptor side after some time in 
darkness is reduced from "extremly oxidized" to "normally oxidized" by 
reverse coupling reactions, the small increase in redox state of the 
acceptor side is manifested as an increase in luminescence (the "far red 
induced relative maximum") since highly active substrate still is present 
on the donor side (mainly state-S3).

In view of this model the characteristic and puzzling properties of the far 
red induced relative maximum can be explained :
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* The 02 dependence and PSII light inhibition.

As indicated in [II] the transients in redox state of after far red
excitation under anaerobic conditions show the same general pattern as 
under aerobic conditions but on a more reduced level. Therefore it can be 
concluded that the reported inhibition of the relative maximum by PSII 
light and anaerobiosis [24] occurs through the same mechanism, i.e. by 
preventing the extremely oxidized state on the PSII acceptor side to be 
formed.

** The far red shift in action and emission spectra.

In [28],[29] and [30] action and emission spectra for the far red induced 
relative luminescence maximum were demonstrated to be shifted towards 
far red as compared to promt fluorescence and earlier phases of 
luminescence decay. These findings have been taken as support for the 
hypothesis that the luminescence maximum is a manifestation of a 
separate luminescence component emitted from PSI.

However, as shown in [I], addition of both DCMU and 
Antimycin A to far red illuminated barley protoplasts at the peak of the 
luminescence maximum resulted in quenching of luminescence. These 
effects clearly demonstrated the dependence of the relative maximum to 
reverse electron flow beyond the sites for DCMU and Antimycin A action. 
Consequently, PSII was concluded to be the site for the recombinations 
leading to emission of the luminescence component expressed as a 
maximum.

The far red shift in the action spectra of the maximum is 
therefore better explained by the need of dominating PSI activity to obtain 
an extremely oxidized PSII acceptor side (and the consecutive S-state 
presarvation) as described above.

An alternative (alternative to PSI emission) 
explanation for the "far red shift" of the emmission spectra of the 
luminescence maximum is evident when PSII heterogeneity [35] is 
considered. Based on the biphasic character of the initial fluorescence 
rise upon illumination of DCMU poised chloroplasts, PSII is considered to 
exist in two subpopulations refered to as PSIla and PSIIß [36],[37]. PSIIß 
is probably located to the stroma exposed parts of the thylakoids and 
PSIla to the appressed regions [38]. Furthermore, according to the model 
for PSII heterogeneity proposed in [35] PSIIß exists in two subpopulations; 
PSIIß B-type and PSIIß non B-type.
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In terms of the model it was concluded that 
the two phases of reverse coupling and ATP induced fluorescence rise, 
observed by Schreiber [19] reflected PSII B-type and PSII non-B-type .
From the results it was also concluded in agreement with Schreiber [39] 
that PSIIß participated in a localized type of coupling in stroma exposed 
thylakoid membranes in close contact with the ATPases.

In [40] it was shown that PSIIß room 
temperature fluorescence was shifted towards far red as compared to 
PSIla fluorescence.

In [II] it was shown that the far red induced 
relative luminescence maximum was dependent on reverse coupling and 
that the luminscence emission expressed as a maximum could be enhanced 
by increasing the concentration of substrate for reverse coupling.

If these findings (i.e. dendence of the 
maximum on reverse coupling, stroma-thylakoid located localized reverse 
coupling with PSII ß-centers, difference-spectra of PSIIa/PSIIß) are 
combined a likely explanation for the "far red shift" of the maximum 
emerges :

In the stroma exposed parts of the thylakoids where PSI, 
ATPases and PSIIß are present, reverse coupling reactions (possibly 
driven by ATP and trioses formed by PSI,cyclic photophosphorylation 
during far red illumination) in the dark, after far red illumination, reduce 
the PSII acceptor side to a "normally" oxidized level and thus stimulate 
luminescence. This long-lived emission, dependent on reverse coupling, 
causes the build up of the far red induced maximum and its spectrum will 
be shifted towards far red, since to a high extent, it is a "stroma thylakoid 
event", with a high fraction of the emitting centers being of the PSIIß 
type.

It can therefore be concluded that the "PSI 
carachteristics" of the action spectra of the luminescence maximum are 
"true" and reflect the fact that dominating PSI activity is essential for 
obtaining an extremly oxidized PSII acceptor side (but possibly also by 
providing substrate for reverse coupling through cyclic 
photophosphorylation). On the other hand the PSI characteristics of the 
emission spectra of the luminescence maximum is "false" and reflects 
PSII heterogeneity (and localized coupling) instead of PSI emission.
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*** Kinetics, similar to far red induced kinetics, from intermittently 
pre-illuminated leaves, excited with white light.

The shoulder during the decay of luminescence after excitation with a 
Xenon flash (both PSII and PSI excitation) to intermittently illuminated 
wheat leaves during activation of water splitting [26] can consequently be 
explained by the same mechanism as the far red induced relative 
maximum. In intermittently illuminated leaves, PSI but not PSII is 
functional. Illumination with continuous red light results in activation of 
PSII. The luminescence shoulder observed in these leaves is only observed 
during activation and not in fully activated or inactive leaves. In the 
partially activated leaves excitation of both photosystems will result in a 
situation similar to that obtained with far red excitation to fully active 
photosynthetic tissue; a small trickle of electrons from PSII together 
with oxidized electron carriers between the two photosystems due to the 
high PSI/PSII activity ratio.

5.2. White light induced secondary luminescence decay 
kinetics from low C02 adapted green algae.

Relation to ApH relaxation.

In the study of Rubin et. al. [23], it was noticed that the same kind of 
luminescence decay kinetics (with a relative maximum) that was observed 
after far red excitaion of leaves of higher plants also was observed after 
excitation of cells of Scenedesmus obliquus to white light.

In [III] it was shown that the appearance of 
white light induced secondary luminescence decay kinetics was dependent 
on the Cj status of the medium to which the cells were adapted. When high
CO2  adapted cells of Scenedesmus where allowed to photosynthesize in a
closed system, the Cj concentration of the medium was gradually lowered
and the rate of Cj uptake of the cells gradually decreased. However, after
about 2  h the rate of Cj uptake increased although the concentration of Cj
in the medium decreased, indicating the onset of active Cj uptake by the
cells. The onset of active Cj uptake was preceded by the appearance of a
relative maximum during the decay of luminescence from the cells [III].
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When high Cj adapted cells were transfered to a low
CC>2 medium the luminescence maximum started to appear almost
immediately after transfer but was first only weakly expressed and was 
not fully developed until after 30 min when the cells also started to 
exhibit active Cj uptake [III]. The results therefore indicated that both low
Cj stress per se and adaptation of the cells to overcome the stress,
stimulated the appearance of secondary kinetics. In [III] it was suggested 
that the reason for the correlation between active Cj uptake and the
luminescence maximum was related to an increased demand for energy in 
active Cj uptake.

This hypothesis was further investigated in 
[IV] and [V]. Both the ability for active Cj uptake and the presence of
secondary luminescence decay kinetics were shown to depend on the 
energetic state of the algae [IV]. However, the effect of a high energetic 
state on luminescence was difficult to interpret since two contradictory 
possibilities could be considered. A ApH (with an acidic inside) over the 
thylakoid membrane might stimulate emission of luminescence by 
lowering the activation energy for PSII recombinations [11]. On the other 
hand a ApH might also quench luminescence by the same mechanism as it 
quenches fluorescence, through so called q^ quenching. The confusion
caused by these contradictory possibilities for interpretation of ApH 
effects on luminescence is evident when the discussion sections of paper 
[IV] and [V] are compared.

The situation was further complicated 
by indications that the action of the reversible chloroplast ATPase 
affected the relaxation kinetics of the transthylakoid ApH (as indicated by 
relaxation of nonphotochemical quenching), giving rise to more or less 
pronounced discontinous decay. This phenomenon was for reasons not 
known at the present hard to reproduce in an exact manner [V]. The idea 
that ATP hydrolysis affects the decay kinetics of luminescence in green 
algae was also suggested by Melivig [33], who speculated that extremely 
complicated secondary luminescence decay kinetics from cells of 
Scenedesmus obsticulus reflected oscillations in the ATP pool of the cells 
after a light/dark transition.

However, since the relation between ApH (i.e. q^
quenching) and luminescence appeared to be antiparalell [V] it was 
concluded that the dominating effect by ApH on luminescence was the q^
quenching effect. Based on this conclusion it was suggested that the white 
light induced luminescence maximum observed from low CO2  adapted cells
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of Scenedesmus was a result of relaxation of ApH related 
nonphotochemical quenching [V]. Decay kinetics with two maxima recorded 
from high CO2  algae after transfer to low CO2  medium and measured at a

temperature lowered from 20 to 16°C was tentatively explained by two 
separate phases of ApH (and q^) relaxation with an interjacent period of
maintained or increased ApH [V],

The finding that a rapid decrease in C02

concentrations in the air above an intact barley leaf in the dark after 
illumination, resulted in reduction of QA and stimulation of luminescence
and dark fluorescence [VI], raised the question whether the luminescence 
maximum observed in low CO2  adapted Scenedesmus was a result of a
decrease in internal Cj (and reduction of QA) and not as suggested in [V] a
result of relaxing q^.

In order to investigate this hypothesis dark 
fluorescence was measured during the same dark period as luminescence 
[VII] from high and low C02  adapted cells of Scenedesmus obliquus and
Chlamydomonas reinhardtii. The initial level of dark fluorescence recorded 
from low C02  adapted Scenedesmus immediately after preillumination
was substantially lower than the level recorded from dark adapted 
”relaxed" cells. Since the ”relaxed level" was likely to represent dark 
fluorescence with minimal ApH related nonphotochemical quenching and 
maximal photochemical quenching, the initially (after preillumination) 
low dark fluorescence level observed in these cells was concluded to be 
due to nonphotochemical quenching. Dark fluorescence increased back to 
the relaxed level after about 20 s in the dark. The increase was 
interpreted to reflect relaxation of ApH related nonphotochemical 
quenching. The increase (in dark fluorescence) was correlated to the 
increase in luminescence that resulted in a maximum. The result was 
therefore concluded to support the hypothesis presented in [V], that 
relaxation of q^ quenching was the cause for the white light induced
luminescence maximum observed in low CO2  adapted cells of
Scenedesmus. Tendencies to maintained qE quenching (possibly indicating 
influence by ATP hydrolysis on the relaxation kinetics) was in this 
experimental system observed during the first 10 s of darkness. The 
difference in time interval for indications of maintained obtained in [V]
and [VII] further illustrated the difficulties to obtain reproducible,
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consistent results regarding interruptions in relaxation kinetics from
low CC>2 adapted Scenedesmus. In consequence, the possible effects of ATP
hydrolysis on the decay kinetics of luminescence must be considered as a 
somewhat speculative possibility that will require further research to be 
properly evaluated.

The concept of explaining the luminescence 
peak from low CO2  adapted Scenedesmus as a reflection of an increased
demand for energy for active Cj uptake (i.e. rapid qE relaxation from a high
quenching level, caused by high turnover of ApH and ATP) was supported 
from ATP/ADP ratio measurements from high and low C02  adapted cells
after a dark/light transition. The ATP/ADP ratio from low CO2  adapted
cells showed initially upon illumination very high values but were 
stabalized at a lower steady state level (similar to that of high C0 2

adapted cells) after ~30s. The high initial ATP/ADP ratio obtained from 
low CO2  adapted cells showed that consumption of ATP transiently laged
behind production in a way that was not observed in high CO2  adapted
cells. Considering the indications in the literature that active uptake of Cj

is powered by "photosynthetic energy" [41 ] it must be considered likely 
that the delay in ATP consumption reflected the onset of energy consuming 
active Cj uptake. The low, (i.e. normal) steady state level obtained after
30 s of illumination, should in this context be interpreted as the 
equilibrium between production of ATP by photophosphorylation and 
consumption of ATP by Cj pumping and the resulting Calvin cycle ATP sink.

Relation to reduction through lowered internal C j.

Although decreasing q^ and not reduction of
Qa (as an effect of lowered internal Cj)  as discussed above, appeared to be
the dominating cause for the appearance of the luminescence maximum in 
low C02  adapted Scenedesmus, the opposite was indicated for low C02

adapted Chlamydomonas [VII]. Also in low CO2  adapted Chlamydomonas a
relative maximum during the decay of luminescence was correlated to an 
increase in dark fluorescence. However, in Chlamydomonas the increase 
occured above the level of "relaxed" dark fluorescence. This was taken as
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an indication that the maximum in Chlamydomonas was more related to 
the redox state of than to q^ relaxation, as in Scenedesmus. The

conclusion was supported by the effect of dark addition of HCO3 '  on

luminescence from low C02  adapted Chlamydomonas. If HCO3 * was added
before the luminescence maximum, the maximum was replaced by a 
transient quenching/stimulation of luminescence, but if HCO3 '  was added
after the luminescence maximum only quenching was observed. The results 
were interpreted as alterations in the internal Cj concentration of the

cells, i.e. when HCO3 * was added before the luminescence maximum,
postillumination energy was still available for active Cj uptake giving
rise to an internal Cj concentration transiently above that of the medium.
In this way quenching of luminescence was concluded to occur when the 
internal Cj concentration was raised by active uptake of added HCO3 '  and
stimulated when the internal Cj decreased to the concentration of the
medium after some time in darkness. The fact that only quenching (and no 
subsequent stimulation) of luminescence occured when HCO3 * addition
was made after the "naturally occuring" luminescence maximum was 
interpreted as a manifestation of no postillumination energy being 
available after the maximum. The maximum itself was in accordance with 
the interpretations of effects of HCO3 '  addition interpreted as being a
result of reduction of due to lowered internal Cj concentration.

Interactions between reduction and relaxation.

Of the two, at present possible mechanisms for white 
light induced secondary luminescence decay kinetics from low C02

adapted green algae (q^ relaxation and reduction), reduction thus
seems to be more important in Chlamydomonas and q^ relaxation more
important in Scenedesmus. However, there are several indications that 
more than one mechanism is involved simultaneously in both Scenedesmus 
and Chlamydomonas:

* Scenedesmus can be experimentally manipulated to show several 
luminescence maxima during the decay [33],[V]. This might be interpreted



29

either as a result of several different luminescence stimulating processes 
affecting the decay, as one repetetive luminescence stimulating process, 
or as a combination of the two above possibilities. As speculated in [V] 
each peak observed during the decay of luminescence from cells of 
Scenedesmus might be attributed to one separate phase of ApH relaxation, 
separated from other phases by a period of increased or maintained ApH 
through proton pumping by the reversible chloroplast ATPase.
Alternatively the different maxima might reflect both relaxation and
Qa  reduction.

The latter alternative was supported by the 
kinetics of dark fluorescence from low CO2  adapted Scenedesmus [VII].
The rise in dark fluorescence after preillumination was at least biphasic 
with a slow increase observed after the rapid phase (that was correlated 
to the increase in luminescence). Provided that the rapid phase reflected 
the dark relaxation of the transthylakoid ApH as suggested in [VII] the 
slow phase (occuring above the "relaxed" dark fluorescence level) might be 
interpreted as QA reduction caused by decreasing internal Cj
concentration. This conclusion was supported by the fact that the two 
phases occured in sequence (i.e. the slow phase started when the fast 
phase stopped) as could be seen after several repetetive 
illumination/measurement sequencies by a "dip" in the fluorescence curve 
between the two phases (not shown). In accordance with the mechanism 
discussed for the luminescence response with addition of HCO3 '  to low
CO2  adapted Chlamydomonas, a decrease in internal Cj concentration (and
the concomitant stimulation of luminescence) will not occur until the 
postillumination energy has disappeared (ApH relaxed). Therefore, the 
appearance of two luminescence peaks (or asymétrie peaks with 
shoulders) is probably most easily explained by more or less overlapping 
luminescence stimulation by decreasing qj= quenching and QA reduction.
The extremely complicated luminescence decay kinetics reported by 
Mellvig [33] from phosphouros starved Scenedesmus, including up to three 
maxima during the decay, could tentatively in this way be explained by a 
combination of two phases of q^ relaxation interrupted by a period of
maintained ApH and a third phase of luminescence stimulation by the 
collapse of a Cj concentration gradient. This hypothesis, however, remains
to be experimentally tested.

** Also in Chlamydomonas indications pointed towards involvment of
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more than one luminescence stimulating process simultaneuosly affecting 
the decay kinetics. Dark addition of HCO3 '  resulted in responses implying
that reduction by lowered internal Cj concentration was the dominating
cause for the luminescence maximum in the cells, as discussed in [VII] and 
above. However, high C02  adapted Chlamydomonas exhibited a shoulder
during the decay of luminescence that could not be attributed to
reduction by lowered internal Cj concentration since high C02  adapted
cells are incapable of active Cj uptake. A likely mechanistic explanation
was therefore that the shoulder reflected relaxation of ApH related 
nonphotochemical quenching in the same way as in low C02  adapted
Scenedesmus although much less pronounced. The difference between high 
and low C02  adapted Chlamydomonas could in this way be interpreted as a
higher potential for low C02  adapted cells to have relaxation
expressed as a stimulation of luminescence when the redox state of in
the same time interval is increased due to a collapsing Cj concentration
gradient.

*** Another indication of "double stimulation" of luminescence in low 
C02  adapted Chlamydomonas was evident upon dark addition of HCO3 '  to
Chlamydomonas during adaptation from high to low C02  conditions [VII].
The highest rates of Cj uptake in Chlamydomonas was obtained three hours
after transfer from high to low C02  conditions [42] (and not as might be

expected during steady state low C02  conditions). As shown in [VII], HCO3 '
addition 2  h after transfer resulted in biphasic decay of luminescence 
after the quenching/stimulation phase. As the potential for active uptake 
of Cj at this stage of adaptation is very high, dark addition of HCO3 '
should result both in a rapid uptake of Cj to a high internal concentration
but also to a rapid consumption of postillumination energy and a rapid 
relaxation of ApH related nonphotochemical quenching. The biphasic nature 
of the luminescence decay after the quenching/stimulation phase could be 
thus interpreted as a result of both reduction (as a consequence of
lowered internal Cj concentration) and qE relaxation being highly
pronounced at a given stage of adaptation to low C02  conditions.
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Whatever the relative proportions between the two 
luminescence stimulating processes are in different algal species and in 
different experimental systems, it seems likely that alterations in both 
qE relaxation and QA reduction reflects photosynthetic adaptation of the
algal chloroplast to different Cj environments.
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5.3. Application of secondary luminescence decay 
kinetics.

Throughout the studies of long lived luminescence, different workers have 
emphasized the sensitivity of the longlived components of luminescence 
decay to stresses, physiological state of plants, integrity of chloroplasts 
and so forth. Therefore, considerable attention has been directed towards 
the potential use of long-lived luminescence as a physiological probe in 
different applications.

In an early and preliminary study it was observed 
that the kinetics of long-lived, far red induced luminescence decay were 
different for hardened unhardened and dehardened pine (L-0 Hellgren, 
Swedish University of Agricultural Sciences, pers. comm.). This was later 
confirmed in a field study by Sundbom and Sundblad where it was shown 
that the decay kinetics of far red induced luminescence gradually changed 
during the course of frost hardening in seedlings of Scots pine (Sundbom 
and Sundblad unpublished results). However, under uncontrolled field 
conditions it was not possible to strictly relate different stages of 
hardiness to different types of decay kinetics. Furthermore, without the 
application of methods for a statistical evaluation of a possible 
correlation between hardiness and luminescence decay, no significant data 
on the potential of luminescence decay as a hardiness probe could be 
obtained.

In order to avoid these obstacles, a study was 
performed on climate chamber grown and artificially frost hardened pine 
seedlings [VIII]. Four different stages of hardiness were defined and the 
decay of far red induced luminescence was measured together with 
fluorescence induction from seedlings of the four defined hardiness levels. 
Fluorescence induction was included in the study since it is known to also 
be effected by stage of hardiness [43]. The induction curve of fluorescence 
and the decay curve of luminescence were digitalized and values sampled 
througout the curves. The sampled values were thereafter used together 
with the defined hardiness values as variables in principal component 
analysis [44],[45] and partial least square analysis [46],[47] in order to 
investigate the potential of the kinetic curves to predict frost hardiness.
The results showed that both fluorescence induction and far red induced 
luminescence decay contained information that made prediction of stage 
of frost hardiness possible.

The decay kinetics of far red induced 
luminescence did not show the typical relative maximum in any of the four 
different stages of hardiness. The reason for this is not known but was 
possibly related to the artificial light conditions in the climate chamber.
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Although the maximum was not observed, the decay was as indicated by 
"breaks" in the curves, affected by a component in the same time interval 
where as a maximum normally appears. The kinetics of the decay was 
therefore concluded to be affected by the same factors as those that gives 
rise to the relative maximum although contribution of "the relative 
maximum component" was not high enough to give rise to a maximum.

Nevertheless, when contributions of the 
different parts of the decay curve were evaluated in terms of "frost 
hardiness predictive power", the phase of luminescence decay where the 
far red induced "component" contributed, were found to contain most of 
the predictive power in the luminescence decay curve.

The early and preliminary observations 
indicating a correlation between the kinetics of the far red induced 
relative luminescence maximum and frost hardiness can thus be 
considered to be confirmed. To what extent this finding might be exploited 
in "true" applications and/or in applied research remains to be 
investigated. The approach of multivariat principal component analysis, 
however, provides a powerful tool to evaluate complex kinetic data, to 
extract kinetic fingerprints related to specific physiological states and to 
select sections of curves with high correlative power. The latter aspect 
also provides a method for critical evaluation of the 
biological/physiological relavance of detected correlations, provided that 
a proper level of mechanistic understanding concerning the kinetics is at 
hand.

Furthermore white light induced secondary 
luminescence decay kinetics from photosynthetic systems capable of 
active uptake of Cj, provide a tool to study photosynthetic adaptation
under different Cj conditions and in consequence contribute to the
understanding of the mechanisms of active Cj uptake. Luminescence might
also possibly be used as a screening method in the search for Cj
accumulating systems in other organisms than green algae. In this context 
it should, however, be noted that the mechanistic background to white 
light induced secondary luminescence decay kinetics is complex and at 
present incompletely understood as discussed above. Basic research 
concerning mechanisms should therefore be performed in parallel with 
application of the "luminescence approach" in physiological studies 
dealing with CO2  accumulation.
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6. Conclusions/Perspectives

Secondary luminescence decay kinetics can be induced by far red 
excitation in the prescence of 0 2 in a large variety of photosynthesizing
organisms and by white light excitation to low C02 adapted green algae.
The current mechanistic concept for secondary luminescence decay 
kinetics is summarized in Tab. 2

Tab. 2

Bfif Plant material Excitation Proposed mech

(1], [II] barley; intact leaves, far red 
protoplasts, protoplast 
extracts

dark preservation 
of higher S-states 

+ extremely oxidized 
PSII donor side + 
rev. coupling

[III], [IV], low C02 adapted white relaxation,
[V], [VII] Chlamydomonas, Qa reduction as

Scenedesmus a consequence
of lowered
internal Cj

The understanding for the mechanisms behind far red induced secondary 
luminescence decay kinetics have reached a level where the kinetics can 
be used as a tool in different applications. Experiments considering PSII 
heterogeneity and localized coupling in relation to the kinetics is in 
progress.

In low C02 adapted green algae, experiments designed to
evaluate the relative importance of relaxation and reduction for
secondary luminescence decay kinetics is in progress. The experiments 
focus on the mechanism for active Cj uptake and possible differences in
the mechanism between species.
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