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ABSTRACT

Chlorophyll (chl) fluorescence emission by photosystem II (PSII) and light absorption by P700 reaction
center chl a of photosystem I (PSI) provide easy means to probe the function of the photosynthetic
machinery. The exact relationship between the measured optical variables and the molecular processes
have, however, remained elusive. Today, the availability of mutants with distinct molecular character-
ization of photosynthesis regulatory processes should make it possible to gain further insights into this
relationship, yet a systematic comparative analysis of such regulatory mutants has been missing. Here we
have systematically compared the behavior of Dual-PAM fluorescence and P700 variables from well-
characterized photosynthesis regulation mutants. The analysis revealed a very convincing relationship
between the given molecular deficiency in the photosynthetic apparatus and the original fluorescence
and P700 signals obtained by using varying intensities of actinic light and by applying a saturating pulse.
Importantly, the specific information on the underlying molecular mechanism, present in these authentic
signals of a given photosynthesis mutant, was largely nullified when using the commonly accepted
parameters that are based on further treatment of the original signals. Understanding the unique rela-
tionship between the investigated molecular process of photosynthesis and the measured variable is an
absolute prerequisite for comprehensive interpretation of fluorescence and P700 measurements. The
data presented here elucidates the relationships between the main regulatory mechanisms controlling
the photosynthetic light reactions and the variables obtained by fluorescence and P700 measurements. It
is discussed how the full potential of optical photosynthesis measurements can be utilized in investi-
gation of a given molecular mechanism.
© 2017 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. From measurement of optical signals to regulatory mechanisms

of photosynthetic light reactions

the quality of light. This sets specific demands on regulation of the
photosynthetic light reactions, which require five large protein
complexes to work in concert in order to safely convert light energy
into chemical energy in the form of NADPH and ATP. Photosynthetic
pigment—protein complexes, responsible for these reactions, not

In nature, light conditions constantly fluctuate in many different only convert light energy into chemical form but are also sources of
time scales, both in respect to the quantity and, to a smaller extent, optical signals reflecting the state of the energy conversion re-

actions. Our understanding on the photosynthetic light reactions is
largely based on measurements of these fluorescence emission and
light absorption variables. Pulse-amplitude modulation (PAM)

Abbreviations: CL, constant growth light; FL, fluctuating growth light; LL, low spectroscopy is the most used method to probe the function of

constant growth light; ML, moderate constant growth light; HL, high constant
growth light; GL, growth light; MB, measuring beam; AL, actinic light; SP, saturating

pulse.
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photosynthetic light reactions. A Dual-PAM (Walz, Germany)
measurement records a few PSII fluorescence and PSI absorption
variables from which a large number of different parameters are
calculated and used to describe the function of the photosynthetic
machinery. The actual molecular mechanisms affecting the
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measured variables are, however, poorly understood. Despite the
fact that the mechanisms affecting the PAM variables are elusive,
the PAM parameters calculated from these variables are commonly
used as given facts when interpreting the experimental data. Dur-
ing the last decade, targeted manipulation of genes encoding the
photosynthetic proteins has largely improved our understanding
on the structure and function of the photosynthetic machinery.
Regardless the progress and availability of genetic tools and a
number of new mutants, the factors affecting PAM variables and
the validity of PAM parameters have not been tested by utilizing
these novel resources. Here, we used comparative mutant analysis
to demonstrate the correlation between the molecular mechanisms
regulating the function of photosynthetic light reactions and the
Dual-PAM PSII fluorescence and PSI light absorption signals. We
also show that the information specific for given molecular
mechanisms and present in the measured PAM variables easily
becomes nullified when further treating of the authentic data.

1.2. Regulation mechanisms of photosynthetic light reactions and
the corresponding mutants

Plants can survive under fluctuating light conditions only by
strictly and dynamically regulating the energy utilization in the
thylakoid membrane and by maintaining the functional balance
between the different sub-reactions of the photosynthetic energy
conversion machinery. The relationship between these molecular
mechanisms and the Dual-PAM optical signals have, however,
remained elusive. During the last decade, the availability of mutant
plants with distinct deficiencies in the molecular mechanisms,
traditionally investigated by the optical methods, have opened new
possibilities to expand our understanding on the origin of the op-
tical signals. The best-characterized regulatory mechanism of
photosynthetic light reactions with clear optical indicators, is
dependent on the development of trans-thylakoid proton gradient
(ApH) and specific redox changes in the photosynthetic electron
transfer chain (ETC). When the light energy is in excess as
compared to the capacity of cellular metabolism, ApH increases via
the PGR5 protein-dependent mechanism (Munekage et al., 2002).
The strength of ApH, in turn, controls both the rate of electron
transfer via Cytochrome bgf (Cyt bgf) and the light-harvesting effi-
ciency of the thylakoid antenna system. The main mechanism to
dissipate excess excitation energy as heat is also dependent on ApH
via the function of the pH-sensitive PSBS protein (de Bianchi et al.,
2010; Niyogi and Truong, 2013; Lambrev et al., 2012; Tikkanen and
Aro, 2014; Tiwari et al., 2016). On the contrary, when the availability
of light energy limits metabolism and when the ApH-dependent
control of Cyt bgf and PSBS-dependent thermal dissipation is
relaxed, the light-harvesting is maximized optimally for both
photosystems. This is attained with redox-regulated and reversible
phosphorylation of the light-harvesting complex II (LHCII) phos-
phoproteins by the STN7 kinase and the TAP38/PPH1 phosphatase
(Pesaresi et al., 2010; Rochaix et al., 2012).

Knocking out the regulatory proteins described above (PGR5,
PSBS, STN7, TAP38/PPH1) can be utilized to create targeted func-
tional imbalances between the five large protein complexes func-
tioning in concert to convert light energy into chemical form, thus
making it possible to follow not only the environmental condition-
dependent but also the regulation-specific changes in the optical
signals. To be able to comprehensively interpret the optical data, it
is important to note that in constant growth light (CL), whether it is
low, moderate or high, plants can compensate any imbalance in
energy and electron distribution by changing the stoichiometry
between photosynthetic protein complexes (Lunde et al., 2003;
Tikkanen et al.,, 2006; Grieco et al., 2012). Such compensatory
mechanisms are, however, largely inhibited in fluctuating light (FL)

conditions (Grieco et al.,, 2012; Suorsa et al., 2012), and impose
secondary consequences crucial to be taken into consideration in
thorough interpretation of the optical data. Table 1 describes the
molecular consequences and phenotypes resulting from specific
depletions of the major regulatory proteins.

1.3. Description of Dual-PAM variables

The function of photosynthesis regulation mechanisms is
traditionally investigated by recording the PSII-specific chl a fluo-
rescence signals and the PSI-specific light absorption signals
(P700). Simple chl a fluorescence and P700 measurement can be
used to measure both the redox state of the ETC and the efficiency
of excess energy dissipation (Fig. 1A). Importantly, the chl a fluo-
rescence is critically dependent on both the growth history and the
pre-acclimation of the leaves: (i) the leaves acclimated to darkness
prior to measurement or leaves taken directly from light show
completely different behavior of PAM variables and (ii) the behavior
of PAM variables always depends on the relative difference be-
tween the previous growth light intensity and the actinic light (AL)
applied in the experiment. Taking these facts into consideration
and conducting concomitantly both the PSII (chl a fluorescence)
and PSI (P700) measurements, a plethora of new information is
expected to be gained about the functionality of the two photo-
systems, their interactions and thus eventually about the entire
ETC.

A typical chl a fluorescence curve from the wild type (WT)
Arabidopsis thaliana (from now on Arabidopsis) leaf is depicted in
Fig. 1A. As fluorescence can be measured only after excitation of chl
with light, the dark-acclimated leaves are first exposed to low
measuring beam (MB) of the fluorimeter in order to detect the
emitted fluorescence, assigned as FO, i.e. the initial fluorescence
from dark-acclimated leaves. Subsequent application of a satu-
rating light pulse (SP) closes all PSII reaction centers and the value
for maximal fluorescence, Fm, is obtained. Exposing the dark-
acclimated leaves to AL results in excess transfer of light energy
to PSII in relation to the capacity of the entire ETC and leads to a
strong increase in the initial fluorescence emission, which then
relaxes and stabilizes in a few seconds due to the activation of the
photosynthetic machinery. This fluorescence induced by the AL is
called F and when it reaches a steady state after the induction
phase, it is often called F's. After the induction phase, F' remains
very stable in WT plants independently of the intensity of AL. In
sharp contrasts to WT, the mutant plants impaired in proper dis-
tribution of excitation energy to PSII and PSI or having problems in
regulation of electron transfer between the two photosystems,
show distinct, very dynamic and light intensity-dependent
behavior of F’ (Grieco et al.,, 2012; Tikkanen et al., 2011). Likewise,
in such mutants, the maximal fluorescence in light-acclimated
leaves is lower than Fm obtained from dark-acclimated leaves,
and is called Fm'. Decrease in Fm’ reflects the induction of thermal
dissipation of excitation energy by processes dependent on the pH
of the thylakoid lumen and by other still poorly understood yet
minor mechanisms.

The lower curve in Fig. 1A, also recorded with the Dual-PAM
fluorimeter, monitors the redox state of PSI. This P700 signal is
determined as a difference in absorbance at 875 nm and 820 nm
(Klughammer and Schreiber, 2008). Concomitant measurement of
the P700 signal and fluorescence provide further information about
the regulatory mechanisms of photosynthesis and has potential to
disclose the so far unknown mechanisms. The Dual-PAM protocol is
based on the determination of Pm (P700 maximally oxidized) and
on the comparison of this value to the P700 signals induced by the
AL (P’) and by SPs applied upon the measurement. As described in
Fig. 1, Pm is obtained by first oxidizing the ETC by PSI-favoring far-
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Table 1

Mutants selected for detailed chl a fluorescence and P700 analyses. Inactivated gene (protein), the consequences of the mutation on photosynthetic ETC and the growth

phenotype of the mutants are described.

Mutant and the
deleted protein(s)

Consequence of deletion

Growth phenotype

No growth phenotype in any CL. Growth-retarded

No growth phenotype in any CL or FL.

No growth phenotype in any CL. Growth-retarded
phenotype in FL.

stn7 Lacks LHCII phosphorylation and therefore suffers from poor energy transfer from LHCII to
STN7 PSI. Can compensate the loss in constant growth light (CL) by increasing the amount of PSI, phenotype in FL.
whereas in fluctuating light (FL), this is prevented and PSI/PSII ratio decreases. (Grieco et al.,
2012; Bellafiore et al., 2005; Bonardi et al., 2005)
npq4 Fails to induce ApH-dependent thermal dissipation of excess excitation energy (qE). Can
PSBS compensate the defect via still uncharacterized molecular mechanisms. (Li et al., 2000)
npqd4stn7 Shows a combination of stn7 and npgq4 characteristics.
PSBS and STN7
pgrs Is unable to maintain ApH upon increase in light intensity. Consequently, exhibits low qE and No growth phenotype in any CL. Young seedlings lethal
PGR5 lacks the control of Q-cycle leading to uncontrolled electron transfer from PSII to PSI and thus in FL. Growth-retarded phenotype in low CO,.
to severe redox imbalance in the ETC. Can acclimate to CL by decreasing the amount of PSI and
increasing the amount of alternative electron acceptors. Shows an extreme sensitivity of PSI
to increase in light intensity. (Munekage et al., 2002; Suorsa et al., 2012; Tikkanen et al., 2015)
tap38/pph1 Fails to de-phosphorylate LHCII in “state 1”, in darkness and upon increase in light intensity. No consensus
TAP38/PPH1 (Shapiguzov et al., 2010; Pribil et al., 2010; Mekala et al., 2015)

red light and applying a SP on the top. Y(ND) describes the fraction
of P700 oxidized by the AL. In high light, electron transfer via Cyt bgf
is limited by photosynthetic control dependent on ApH (Rumberg
and Siggel, 1969; Tikhonov et al., 1981; Joliot and Johnson, 2011;
Tikhonov, 2014), and a high excitation of PSI in relation to the
number of electrons arriving from ETC leads to increase in Y(ND). It
is, however, important to note that although the oxidized state of
P700 dominates in high light, the actual electron transfer rate
(photosynthesis) is faster in high light than in low light. When a SP
is applied on top of AL, the measured Pm’ signal may not reach the
level of Pm. In this case, the difference between Pm and Pm’ cor-
responds to the fraction of the overall P700 that in this state cannot
be oxidized by a SP and is called Y(NA). Although Y(NA) refers to the
acceptor side limitation of PSI, it is dependent on the redox state of
the intersystem ETC.

The behavior of fluorescence and P700 variables, as described
above, is characteristic of WT plants with intact regulatory ma-
chinery of the photosynthetic light reactions, whereas for regula-
tory mutants the general rules do not apply. Indeed, such mutants
often show drastic and light intensity-dependent variations in the
fluorescence and P700 signals. The positive aspect is that the
behavior is highly specific for the mutated process and that the
detailed mapping of such deviated signals (i.e. the strongly
responding individual variables) has turned out to give highly
specific information of the molecular process affected by the mu-
tation (Grieco et al., 2012; Tikkanen et al., 2010).

Learning from the in-depth analysis of the fluorescence emis-
sion curves recorded from biochemically and biophysically well-
characterized mutants of several ETC regulatory processes, it is
now possible to predict the molecular process/mechanism most
likely affected by a new, previously uncharacterized mutation. Such
process/mechanism-specific information is always available in the
original fluorescence curves and preserved in the “less treated”
fluorescence parameters Fm’/Fm and F'/Fm, which only include a
normalization step. However, this information often gets lost if the
most common fluorescence parameters calculated from the relative
difference between Fm’ and F' are used to describe the problems in
the function of the photosynthetic ETC. This is because the gener-
ally used fluorescence parameters eventually nullify the authentic
values of the F and Fm’ variables, which carry the extremely
important information on the function of the photosynthetic ma-
chinery in the thylakoid membrane.

Here, we have compared five different photosynthesis regula-
tion mutants to dissect between the light intensity-dependent and
regulatory process-specific behavior of the fluorescence and P700

signals. Such an analysis provides (i) crucial information to validate
the established Dual-PAM parameters, (ii) important reference in-
formation to identify the processes affected by previously unchar-
acterized mutations and (iii) suggestions to optimize the protocols
used in plant phenotyping.

2. Materials and methods

Arabidopsis WT (ecotype Columbia) and mutant lines stn7
(Bellafiore et al., 2005), npg4 (Li et al., 2000), npg4stn7 (Frenkel
et al, 2007), pgr5 (Munekage et al, 2002) and tap38/pphl
(Shapiguzov et al.,, 2010; Pribil et al.,, 2010) were grown for
5 weeks at 23 °C and in 60% relative humidity under an 8-hour
photoperiod of constant light (LL: 50, ML: 120, HL: 500 umol
photons m~2 s~1) and under fluctuating light (FL: 5 min of LL and
1 min of HL) with OSRAM PowerStar HQIT 400/D Metal Halide
lamps as a light source. For each lineage, leaves from 3 to 4 different
plants were used for the experiments.

Chlorophyll a fluorescence and signal from oxidized P700
(Klughammer and Schreiber, 2008; Klughammer, 1994) were
detected with Dual-PAM-100 (Walz, Germany). SP (6000 pmol
photons m~—2 s~ for 300 m) was applied every 5 min with AL in-
tensity increasing stepwise (23, 54, 127, 532, 1595 pmol photons
m~2 s~1) in the end of each light intensity. The JTS-10 (Bio-Logic
SAS, France) spectrofluorometer in fluorescence mode with green
AL was used to compare the effects of green AL with the red AL of
Dual-PAM. PAM-103 (Walz, Germany), in combination with an
external AL source (KL150, Walz, Germany), was used to demon-
strate the effects of white AL. Fluorescence and P700 measure-
ments as well as the calculation of the various parameters were
performed according to the standard Dual-PAM method
(Klughammer and Schreiber, 2008; Klughammer, 1994).

3. Results

3.1. Mutants with unexpected PSI photoinhibition cause problems
with the Fv/Fm parameter

To demonstrate the influence of individual fluorescence vari-
ables on the maximal efficiency of PSII, generally expressed as Fv/
Fm, Arabidopsis WT and pgr5 were compared with respect to
several fluorescence and P700 variables and parameters before and
after a 3-day fluctuating light (FL) treatment (Grieco et al., 2012;
Suorsa et al., 2012; Tikkanen et al., 2010) (Fig. 2). The FL treat-
ment caused no effect on the Fv/Fm in WT, whereas in pgr5, the
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Fig. 1. Examples of fluorescence and P700 curves monitored from dark-acclimated Arabidopsis and schematic representation of regulatory processes possible to investigate
using fluorescence and P700 measurements. A. Fluorescence curve (red). When the low measuring beam (MB) is switched on (at time 0), the fluorescence reaches a value denoted
as FO. Successively, the application of a saturating pulse (SP) closes the open PSII reaction centers and fluorescence yield steeply increases to the maximal value, called Fm. After
turning on the actinic light (AL), the maximal fluorescence values upon the application of subsequent SPs are denoted as Fm'. F’ refers to the fluorescence yield under AL without any
SP. The difference between Fm'’ and the previous F is called AF, corresponding to the increase of fluorescence induced by a SP. B. P700 curve (blue). Determination of P700 variables
follows the same logic. The first SP oxidizes P700 but the actual maximal P700, Pm, is obtained only upon SP given under far red (FR) light thereby oxidizing all PSI centers. After the
FR is switched off, the difference between Pm and the Pm’ obtained after the subsequent SP, is determined and denoted as Y(NA). Y(ND), instead, is determined under AL. P’ refers to
the P700 signal under AL. Both the fluorescence and the P700 signals are expressed in voltage (V). C. Schematic representation of the key regulatory processes of photosynthetic
light reactions. The key mutants of different regulatory mechanisms are used to demonstrate how the impaired thermal dissipation (1), excitation energy distribution (2) and
control of ApH (3) affect the fluorescence and P700 signals measured under different AL intensities.

parameter drastically decreased after three days in FL (Fig. 2A). In
order to dissect the composition of Fv/Fm (Fm—FO/Fm), the indi-
vidual variables Fm, Pm, FO and Fv were determined from the same
plants (Fig. 2B). The maximum fluorescence Fm remained stable
and unchanged in both WT and pgr5 after the 3-day FL treatment
and thus minimally affected the Fv/Fm ratio. In contrast, the Pm
values decreased (indicating PSI photoinhibition) in both WT and
pgr5 upon FL illumination, and as expected, more drastically in pgr5
than in WT (Suorsa et al., 2012). As a consequence of increased PSI
photoinhibition, the “dark” fluorescence FO of pgr5 rose and for this
reason the FO-dependent parameter Fv (Fm—F0) and consequently

also Fv/Fm decreased in response to FL. Thus, the Fv/Fm parameter
obtained with pgr5 after the FL treatment did not reflect the state of
PSII, but instead, the observed decrease in Fv/Fm under FL in pgr5
was due to photoinhibition of PSL

3.2. The effect of growth light intensity on the fluorescence and
P700 signals in WT recorded with varying intensity of actinic light

It is very important to understand that the fluorescence and
P700 signals are affected by both the average light intensity that the
plant has faced during its growth (GL) and the intensity of light
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Fig. 2. Relationship between the Fv/Fm fluorescence parameter and photoinhibition of PSI and PSII in Arabidopsis pgr5 mutant. Fluorescence and P700 signals were recorded
from Arabidopsis WT and pgr5 grown under continuous growth light (GL, 120 pmol photons m~2 s~%, 8 h per day) and from the same plants after 3 days in fluctuating light (FL,

50 pmol photons m—2s~!

for 5 min and 500 pmol photons m~2 s~ for 1 min, 8 h per day). A. Fv/Fm and B. Fm, Pm, FO and Fv. Increase in FO and consequently a decrease in the Fv/

Fm ratio of pgr5 in FL does not indicate PSII photoinhibition but, instead, reflects PSI photoinhibition. Averages and standard deviations from 3—4 replicates are shown.

used in the measurement (AL). It is meaningful to compare
different plants with each other only if they have grown in similar
environmental conditions. To demonstrate the effect of GL intensity
on the performance of photosynthetic light reactions, the fluores-
cence and P700 curves of WT plants grown in different light in-
tensities were analyzed by investigating the most minimally
treated fluorescence and P700 parameters still containing all the
information possible to extract from the measured variables. GL
intensity modifies the amount and stoichiometry of photosynthetic
protein complexes, and for this reason, the parameters were
measured from Arabidopsis WT plants grown under constant daily
light of three very different intensities: low GL (LL, 50 pmol photons
m~2 s~ 1), moderate GL (ML, 120 pmol photons m~2s~!) and high GL
(HL, 500 pmol photons m~2 s~1) (Fig. 3). The parameter F'/Fm,
describing the relative reduction of QA, the first quinone electron
acceptor in PSII, was generally very stable, yet small GL-dependent
differences were evident (Fig. 3A). The plants grown in LL and ML
showed a slight increase in F'/Fm in response to an increase in AL
intensity, whereas in the plants from HL, the parameter had rela-
tively low value and remained stable throughout the experiment.
The LL values were altogether higher than those recorded from ML-
and HL-grown plants.

More information was gained when the AL intensity was
changed during the fluorescence recording from WT plants grown
in different light intensities. When the AL intensity was gradually
increased, the maximal SP-induced fluorescence under AL (Fm‘)
normalized with the maximal fluorescence of dark-acclimated
leaves (Fm), i.e. the Fm’'/[Fm parameter, drastically decreased
(Fig. 3B). The LL plants reached the final plateau phase in Fm’/Fm
already at the AL intensity 127 pmol photons m—2 s~ ! while the ML-
and HL-grown plants stabilized the parameter only at clearly higher
light intensities. In other words, the LL plants induced the thermal
dissipation of excess excitation energy (NPQ = 1—Fm’/Fm) at lower
light intensities than the ML and HL plants, which, in turn, were
able to dissipate excitation energy more efficiently at higher light
intensities (Fig. 3C). The value of parameter AF/Fm (Fm’'—F/Fm)
(Fig. 3D) resembled the behavior of Fm’/Fm (Fig. 3B) at lower AL
intensities, whereas at higher AL intensities, all the plants grown in
three different light intensities reached a near-zero value (Fig. 3D).

As to the PSI signals, the parameter describing the acceptor side
limitation of PSI, Y(NA), showed substantial GL-intensity-
dependent differences at the AL intensity 127 pmol photons m~2
s~1 the LL-grown plants demonstrating the lowest and the HL-

grown plants the highest values (Fig. 3E). At the same time, Y(NA)
of the ML-grown plants stayed relatively stable despite of changing
AL intensity. Contrary to the relatively moderate variations in
Y(NA), the parameter Y(ND), describing the donor side limitation
on PSI, drastically rose in response to an increase in AL intensity,
particularly when AL exceeded the light intensity of the plant
growth conditions (Fig. 3F).

3.3. Behavior of the fluorescence and P700 parameters in
Arabidopsis mutants defective in various photosynthesis regulation
mechanisms

Next, the same fluorescence and P700 parameters described for
Arabidopsis WT in Fig. 3 were recorded from mutant lines stnz,
npg4, npg4stn7, pgr5 and tap38/pph1 lacking the key photosynthesis
regulation mechanisms as introduced in Table 1 (Fig. 4). To exclude
the variation caused by GL, all the plant lines were grown under the
same light intensity (120 pmol photons m~2 s~!). Below it is
demonstrated how the fluorescence and P700 phenotypes of
different photosynthesis regulation mutants are dependent on the
intensity of AL during the measurements.

The parameter F'/Fm rose in response to increase in AL intensity
only slightly in WT and tap38/pph1 (Fig. 4A). The corresponding
values of stn7 were higher than in WT at AL intensities that
exceeded the light intensity experienced by plants during the
growth whilst at higher AL intensities the F'/Fm values were close
to those recorded for the WT. Response of F//Fm to increasing AT
intensity was completely different in mutants npg4, npg4stn7 and
pgr5, demonstrating conspicuous increase particularly at high AL
intensities (i.e. intensities higher than experienced by plants during
the growth) (Fig. 4A). In the case of parameter Fm’/Fm (Fig. 4B) WT,
stn7 and tap38/pph1 formed a separate group with distinct drop in
the values at AL intensities corresponding or exceeding the growth
light intensity. Such a drop in Fm’/Fm values with increase in the
intensity of AL was far more moderate in case of npq4, npq4stn7 and
pgr5. In other words, as demonstrated in Fig. 4C, WT, stn7 and
tap38/pph1 demonstrated an increase in 1—Fm’/Fm (NPQ) at AL
intensities higher than the GL intensity, whereas pgr5 and espe-
cially npg4 and npg4stn7 were clearly defective in the induction of
proper thermal dissipation (Fig. 4C).

As described above, both the F' and Fm’ variables demonstrated
a very distinct behavior in different Arabidopsis mutants
(Fig. 4A—C). Notably however, when the difference between Fm’
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increase of actinic light (AL) intensity (23, 54, 127, 532, 1595 pmol photons m~2 s~!) from Arabidopsis WT grown in three different light intensities: low light (LL, 50 pmol photons

-2 1

m~2 s, grey line), moderate light (ML, 120 umol photons m~2 s~!, purple line) and high light (HL, 500 umol photons m~2 s~!, orange line). Leaves were illuminated 5 min with each
AL intensity before applying the SP in PAM measurements. Averages and standard deviations from 3—4 replicates are shown.
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and F (Fm'—Fm) was introduced to produce the AF value that is the
most commonly-used fluorescence parameter, the distinct mutant-
specific behavior of fluorescence got largely lost, as demonstrated
by the remarkable similarity of their AF/Fm values at all different AL
intensities (Fig. 4D).

Considering the PSI parameters, Y(NA) was clearly higher in the
stn7 and npg4stn7 mutants and lower in the tap38/pph1 mutant as
compared to WT, when the intensity of AL was below the intensity
of the GL of the plants (120 pmol photons m2 s~ !) (Fig. 4E).
Importantly, the most profound behavior was found in pgr5, in
which the Y(NA) drastically increased when the intensity of AL
exceeded the intensity of GL. On the contrary, no donor side limi-
tation Y(ND) (Fig. 4F) was evident in pgr5, whereas in other lines
the Y(ND) increased gradually upon the increase in AL intensity.
However, tap38/pph1 demonstrated an elevated Y(ND) under low
AL (23 and 54 pmol photons m~2 s~!) as compared to the other
lines, but this difference disappeared when the intensity of AL
exceeded the intensity of GL.

3.4. Quality of actinic light has a profound effect on fluorescence
and P700 variables

PSII and PSI have different light absorption maxima, yet the
excitation of LHCII trimers serves both photosystems. In addition,
mutant plants may express a PSII to PSI ratio that is different from
WT or show an altered excitation energy distribution from LHCII to
PSII and PSI, depending on the mutation in question. All these
changes modify the relative action spectra of PSII and PSI and are
further reflected on the redox state of ETC. To demonstrate how the
PSII to PSI ratio as well as the capacity of LHCII to excite PSI alter the
redox state of PSII acceptor side (F’/Fm), we recorded fluorescence
emission from WT and stn7 grown under ML and FL (Fig. 5). The
stn7 mutant lacks LHCII phosphorylation but is capable of
compensating the over-excited PSII upon growth in ML by
increasing the relative amount of PSI centers (Tikkanen et al., 2006),
whereas in FL, this mechanism is blocked and instead subtle PSI
photodamage is introduced during growth, leading to a decrease in
the amount of functional PSI (Grieco et al., 2012). This can be clearly
elucidated by recording the fluorescence signals from plants with
different quality of AL i.e. with red AL (58 umol photons m~2 s~ 1),
green AL (67 pmol photons m~2 s~ !) and white AL (100 pmol
photons m~2 s~1) provided by Dual-PAM 100 (Walz, Germany), JTS-
10 (Bio-Logic SAS, France) and PAM 103 (Walz, Germany), respec-
tively. As demonstrated in Fig. 5A, under red AL, the absence of
STN7 kinase resulted in an imbalance in PSII acceptor side and thus
in an increase in the F'/Fm value (stable condition reached in 2 min)
regardless of growth conditions, whereas in WT, a slight increase in
F'/Fm was observed only in response to FL. Change in the quality of
AL, however, produced different results. Both under green AL
absorbed also by PSI-LHCI (Fig. 5B) and under white AL with a
spectrum close to the GL of the plants (Fig. 5C), only the stn7
mutant grown in FL conditions showed a distinct increase in F'/Fm.
On the contrary, stn7 grown in ML and WT regardless of growth
condition behaved very similarly with respect to the F/Fm
parameter.

4. Discussion

Chlorophyll fluorescence measurement is the easiest and most
commonly used method to investigate the in vivo function of the
photosynthetic machinery. Measurements are generally based on
PAM, recording the four fluorescence variables, FO, Fm, F' and Fm’,
which are used to calculate fluorescence parameters that describe
the energetic status of the photosynthetic machinery. Respective
variables Pm, P and Pm’ have been developed to measure the

energetic state of PSI (Klughammer and Schreiber, 2008;
Klughammer, 1994) and can be recorded concomitantly with the
fluorescence measurement by using the Dual-PAM (Walz, Ger-
many). Nevertheless, no thorough information has been available
concerning the mutual changes in the basic fluorescence variables
(used to describe PSII function) and P700 variables (used to
describe PSI function) when one of the processes is malfunctioning.
Here, we have systematically investigated how the light intensity-
dependent behavior of the fluorescence and P700 variables are
mutually affected in distinct well-characterized photosynthesis
regulation mutants and discuss how this information should be
incorporated to comprehensive interpretation of the fluorescence
and P700 data.

4.1. FO is a sensitive variable and may distort the use of the Fv/Fm
parameter as an indicator of PSII efficiency

A typical PAM fluorescence experiment starts with measuring
the maximal (Fm) and minimal (FO) fluorescence from dark-
acclimated leaf. Determination of these variables, especially Fm, is
essential for calculation of the fluorescence parameters. Dark
acclimation relaxes the thermal dissipation mechanisms allowing
the subsequent SP to close all the PSII reaction centers resulting in
true Fm. FO, in turn, describes fluorescence emission induced by a
very low MB. Variable fluorescence (Fv) is calculated as Fm—FO0 and
is thus affected by both the FO and Fm variables. Fm decreases upon
inhibition of PSII and the Fv/Fm parameter, measured from dark-
acclimated leaves, is generally used to indicate PSII photoinhibition.

Here, we want to emphasize that Fv/Fm is not only dependent
on the photoinhibitory quenching of Fm, but also on the changes in
FO. In reality, FO is not just a basal fluorescence induced by the MB
and emitted by the photosynthetic machinery with open PSII
centers. Instead, it is affected by the electron backpressure towards
PSII and it has been reported that, for example, high cyclic electron
transfer mutants, with high PSIl-independent reduction of the PQ
pool, show elevated FO (Livingston et al., 2010) and thus lower Fv/
Fm ratio. Indeed, it should be taken into consideration that the
mutant demonstrating a decrease in Fv/Fm is not always more
susceptible to PSII photoinhibition than the WT but the reason
might be looming in an increased dark reduction of the PQ pool.

Since Fv/Fm is the most commonly used parameter in the
literature to demonstrate PSII photoinhibition, we give another
example here showing that Fv/Fm is affected not only by PSII
photoinhibition but also by PSI photoinhibition. As shown in Fig. 2,
PSI photoinhibition increases FO and thus decreases Fv, resulting in
lowered Fv/Fm value without any detrimental effect on PSIl. When
using Fv/Fm, to evaluate the performance and intactness of PSII, it
should be taken into account that this parameter is also affected by
PSI photoinhibition and the state of dark oxido-reduction of the PQ
pool (regulated by the function of the NDH-1 complex and PTOX).

4.2. The yield of Fm’ most dynamically reflects the action of PSBS
protein but is additionally affected by other processes

We next focus on Fm’ variable. Fm’ is transiently quenched in
fluorescence measurements (Fig. 1) upon shift of leaves from
darkness to low AL. Subsequently, upon activation of the ATP syn-
thase, the Fm’ quenching relaxes. In the light-acclimated state,
however, the quenching of Fm’ depends on the difference between
the intensity of GL and AL used in fluorescence measurements. As
shown in Fig. 3, in WT plants, the amplitude of the Fm’ variable
(Fm’/Fm) dynamically reflects the difference in light intensity be-
tween GL and AL (Fig. 3). The bigger the difference, the more
fluorescence is quenched (Fig. 3). Indeed, when comparing the
fluorescence variables between different plants, the results are



M. Tikkanen et al. / Plant Physiology and Biochemistry 112 (2017) 290—301 297

1 1
A
0,9 WT 0,9
—e—stn7
0,8 npq4 0,8
—e— npq4stn7
0,7 pgr5 0,7
06 tap38/pph1 0.6
g
S
& 05 05
L £
0,4 0,4
0,3 0,3
0,2 B 0,2
0,1 0,1
0 0
23 54 127 532 1595 23 54 127 532 1595
AL PAR (pmol photons m‘23—1) AL PAR (pmol photons m‘23—1)
1 1
Cc D
0,9 0,9
0,8 0,8
0,7 0,7
0,6 0,6
£ £
€ 05 = 05
E =
<~ 04 0,4
0,3 0,3
0.2 0.2
0,1 0,1
0 0
23 54 127 532 1595 23 54 127 532 1595
AL PAR (pmol photons m‘25—1) AL PAR (pmol photons m‘23—1)
1 — 1
E F
0,9 0,9
0,8 0,8
0,7 0,7
0,6 0,6
izi 0,5 2 0,5
> =
0,4 0,4
0,3 0,3
0,2 0,2
0,1 :E 0,1
0 = - — 0
23 54 127 532 1595 23 54 127 532 1595
AL PAR (pmol photons m‘23—1) AL PAR (pmol photons m‘25—1)

Fig. 4. Effect of a missing photosynthesis regulation mechanism on the fluorescence and P700 data obtained from distinct Arabidopsis mutants using five different actinic
light intensities. Fluorescence parameters A. F'/Fm, B. Fm’/Fm, C. AF/Fm, D. 1-Fm’/Fm and P700 parameters E. Y(NA) and F. Y(ND) were recorded under step-wise increase of actinic
light (AL) intensity (23, 54, 127, 532, 1595 pmol photons m~2 s~') from Arabidopsis WT (black), stn7 (magenta), npq4 (turquoise), npg4stn7 (purple), pgr5 (grey) and tap38/pph1
(orange) grown in constant light (120 umol photons m~2 s~1). Leaves were illuminated for 5 min with each AL intensity before applying the SP in PAM measurements. Averages and
standard deviations from 3—4 replicates are shown.
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Fig. 5. Effect of the quality of actinic light on fluorescence emission from WT and
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(grown in fluctuating light). F’/Fm was recorded from Arabidopsis WT and stn7 grown
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s~1) and C. white (120 pmol photons m~2 s~ ).

meaningful only if the plants have exactly similar history of the
growth-conditions.

To get further insight into the origin of the Fm’ quenching, the
specific photosynthesis regulation mutants, as described in Table 1,
were taken into closer investigation. As demonstrated in Fig. 4B, the
extent of Fm’ quenching, related to the function of the PSBS protein,
is mostly (in Fig. 4B about 70%) dependent on the pH of the
thylakoid lumen. The lumen pH, in turn, depends both on the
production of protons by PSII water oxidation and the Q-cycle and
on the consumption of protons by ATP synthase to drive the

metabolism. In addition, various mechanisms control the transport
of protons and other ions from lumen to stroma and vice versa. The
pgr5 mutant, upon increase in the light intensity, becomes severely
deficient in lowering the luminal pH and generation of ApH across
the thylakoid membrane (Munekage et al., 2002), seen in Fig. 4B as
less quenching of Fm’ in comparison to WT. The pgr5 mutant can
maintain the ApH required for sufficient ATP production in GL but
completely loses the proton gradient upon increase in light in-
tensity (Suorsa et al., 2012). Despite the loss of the proton gradient,
pgr5 retains about 50% of Fm’ quenching in HL (Fig. 4B). This pro-
vides evidence that ApH is affected more than the pH of the lumen
and suggests the possibility that the loss of ApH is rather induced
by acidification of the stroma than alkalization of the lumen.
Indeed, it is conceivable that the quenching of Fm’ is, only to some
extent, an indicative of ApH.

As demonstrated in Fig. 4E, the pgr5 mutant has completely lost
the capability to control the electron transfer to PSI (no oxidation of
P700), despite the fact that it has 50% of the thermal dissipation
capacity left. On the contrary, the npg4 mutant that is strongly
deficient in the quenching of Fm’ has normal or even enhanced
oxidation capacity of P700 in HL (Fig. 4E). This indicates that npg4
has a normal control of electron flow via Cyt bgf but possesses
enhanced excitation of PSI by the light-harvesting system common
for both PSII and PSI, as suggested also earlier (Tikkanen et al.,
2015). Excitation energy distribution from this joint antenna be-
tween PSII and PSI is regulated by the extent of the LHCII and PSII
core protein phosphorylation (Mekala et al., 2015). Interestingly,
despite the fact that there is no difference between npg4 and
npg4stn7 double mutant in the behavior of Fm’ in HL, the double
mutant has a decreased capacity to oxidize P700 (Fig. 4E). This
provides evidence that the strong excitation of PSII by unquenched
and dephosphorylated LHCII system exceeds the capacity of Cyt bgf
to control the electron transfer from PSII to PSL

The stn7 mutant, as compared to WT, shows slightly elevated
Fm'’ in low light intensities, before the activation of ApH-dependent
regulation mechanisms (Fig. 4B). Indeed, a small fraction of Fm’ in
WT is quenched by LHCII phosphorylation-dependent enhanced
excitation of PSI. It is, however, important to note that AL used here,
and in most of the fluorimeters available in the market, favors PSII
excitation over PSI excitation. Such excitation imbalance induces
the so called transition to state 2, which cannot be formed in stn7
(Bellafiore et al., 2005). In natural light conditions, sunlight excites
PSII and PSI more equally and such a state transition-induced
quenching is likely to be much more minor or completely
missing. Nevertheless, elevated Fm’ in low light (Fig. 4B) indicates
the lowering of the relative excitation of PSI

The comparative fluorescence and P700 data from a represen-
tative set of photosynthesis regulation mutants, as described above,
provide compelling evidence that Fm’ (and the parameters directly
derived from Fm’, e.g. the normalized parameter Fm’/Fm) is a good
indicator of thermal processes dissipating excess excitation energy.
Nevertheless, the fluorescence parameters alone are not capable of
dissecting between the mechanisms resulting in the quenching of
Fm', either directly or indirectly.

4.3. F stays constant in WT but is the most dynamic and
information-rich variable in mutant plants

In WT plants, only Fm’ shows a dynamic response to changes in
AL intensity, whereas F' remains very constant (Fig. 3). This is
because the WT plants with intact regulatory mechanisms of
photosynthesis can, on the one hand, dissipate the excess excitation
energy as heat and, on the other hand, have the capability to keep
the electron transfer reactions fluent. Therefore, in a healthy WT
plant only the very extreme stress conditions or exposure of plants



M. Tikkanen et al. / Plant Physiology and Biochemistry 112 (2017) 290—301 299

to artificial light conditions (e.g. dark to light switch or so called
state lights) are capable to increase or decrease the resistance in the
ETC that eventually results in changes in F' or F'//Fm (F normalized
to Fm) (Fig. 1). In sharp contrast to WT, the F'/Fm parameter turned
out to be perhaps the most dynamic variable in fluorescence
measurements (Fig. 4) in mutant plants defected in the regulation
of electron and/or excitation energy transfer. The F'/Fm parameter
responds in a distinct way in relation to specific mutations and to
the changes in the AL intensity (Fig. 4A). Indeed, the F' variable, or
the normalized F'/Fm parameter, is an excellent tool to study the
physiological importance in the photosynthesis process of a gene
interrupted or inactivated by genetic means.

Experiments with the set of Arabidopsis photosynthesis regu-
lation mutants (Table 1) give an explanation how and why the F
variable (or the simple F/Fm parameter) reflects the behavior of
mutants in different light intensities. As compared to WT, F/Fm is
elevated in the stn7 mutant and slightly reduced in tap38/pph1 at
low intensities of AL — not sufficient enough to induce thermal
dissipation mechanisms of the light-harvesting system (Fig. 4A).
When the AL intensity exceeds the intensity of GL, the difference
between these two mutants and WT disappears. Mutants with
deficiency in excitation energy dissipation (npg4 and pgr5), on the
contrary, do not differ from WT when monitored at AL intensities
lower than the growth light (GL), but the F'/Fm parameter gradually
increases when the intensity of AL exceeds the intensity of GL. In
line with these observations, the npg4stn7 double mutant, deficient
both in excitation energy dissipation and distribution to the two
photosystems, behaves like stn7 below the GL intensity, and like
npg4 above the GL intensity.

There is a very logical explanation behind these experimental
results in the behavior of F’ (Fig. 4A). The energy distribution be-
tween PSII and PSI is regulated by the STN7 kinase- and TAP38/
PPH1 phosphatase-dependent reversible phosphorylation of LHCII
(in co-operation with reversible PSII core protein phosphorylation)
(Mekala et al., 2015). The light-harvesting system at relaxed state
generally over-excites PSII as compared to PSI and this leads to an
accumulation of electrons in the ETC between the two photosys-
tems. Such redox imbalance is, however, sensed by the STN7 kinase
(Bellafiore et al., 2005; Bonardi et al., 2005; Depege et al., 2003) and
the uneven excitation of the photosystems is adjusted by phos-
phorylation of LHCII proteins, thus enhancing the excitation energy
transfer to PSI from the light-harvesting system (Tikkanen et al.,
2006; Grieco et al., 2012). This STN7-dependent mechanism is
especially important under low light conditions when the dissi-
pation of excitation energy as heat is low and energy transfer from
LHCII to PSII and PSI needs to run with maximal efficiency
(Bellafiore et al., 2005; Tikkanen et al., 2010). The stn7 mutant is
unable to phosphorylate LHCII and thus cannot enhance excitation
energy transfer to PSI, which is clearly seen as a higher F//Fm in low
light in comparison to WT. The tap38/pph1 mutant has an abnor-
mally high LHCII phosphorylation and consequently demonstrates
a slightly lower F’/Fm as compared to WT and to other investigated
mutants.

It is important to note that there is an evident correlation be-
tween the P700 signal and the F'/Fm parameter. High F/Fm,
reflecting highly reduced intersystem ETC, directly correlates with
increase in Y(NA) (Fig. 4A and E). This demonstrates that in con-
ditions over-exciting PSII in relation to PSI, electrons accumulate in
the ETC and the SP is not enough to fully oxidize P700, due to the
excess electrons already in the chain. Normally, P700 becomes
limited on the donor side at high light intensity i.e. in the condition
with PSI exposed to high light but the photosynthetic control
concomitantly limiting the electron transfer from PSII to PSI. Since
the relative excitation of PSI is enhanced in the tap38/pph1 mutant
characterized by constitutive LHCII phosphorylation, the electron

transfer to PSI in low light is limited by the turnover of PSII,
demonstrated as low F'/Fm (Fig. 4A) and additionally as a slightly
but consistently elevated Y(ND) (Fig. 4F) and reduced Y(NA)
(Fig. 4E). LHCII phosphorylation-dependent enhancement of PSI
excitation is physiologically important only in low light intensities.
When the light intensity increases and the control of electron flow
via the Cyt bgf complex has been developed, the difference between
WT and the phosphorylation mutants disappears.

4.4. Fluorescence parameters based on the ratio between F and Fm’
nullifies the mechanistic information possible to gain from
fluorescence measurements of the photosynthesis regulation
mutants

Although F' and Fm’, as single fluorescence variables, can behave
very differently in mutants as compared to WT, the AF parameter
does not usually greatly differ between WT and the mutant plants
(Fig. 4D). The AF parameter reflects an increase in fluorescence
yield upon application of a SP and basically indicates the portion of
functional PSII RCs that are not closed or quenched. Mutants in the
regulation of photosynthetic energy transduction generally grow
under constant GL conditions at similar rate as the WT, i.e. using the
same amount of photosynthesis as WT, which correlates well with
the stability of the AF parameter.

Nonetheless, the stability of AF raises questions that must be
taken into account when planning fluorescence-based character-
ization of photosynthetic mutants. Most of the widely used fluo-
rescence parameters describing the function of PSII or the
photosynthetic ETC are strongly dependent on AF (for example: ®II,
1—qP, see Table 1in (Baker, 2008)). Therefore, these parameters are
useless to reveal distinct molecular changes occurring in the
photosynthetic energy conversion mechanism, affecting either the
photochemical (F') or the non-photochemical (Fm’) quenching
component of fluorescence (Fig. 4).

4.5. Quality of actinic light is decisive in evaluation of functional
PSII to PSI stoichiometry

Most of the fluorimeters use red AL (usually 620—630 nm) that
favors the excitation of PSII over that of PSI (PSII light). It often
occurs that a mutation in the photosynthetic energy transduction
system causes an imbalance somewhere in the ETC, taking place
either directly or indirectly depending whether the mutation
concerns the assembly or turnover of the photosynthetic com-
plexes. Biogenesis and long-term acclimation of the photosynthetic
machinery is based on the genetic code innately determining the
stoichiometry between different complexes of the photosynthetic
machinery. Thylakoid membrane is, however, an extremely dy-
namic and complicated structure and consequently the genetically
predetermined stoichiometry is under continuous tuning according
to the energetic state of the photosynthetic machinery. A mutation
disturbing the energetic status always leads to energetic imbalance
in the thylakoid membrane. Plants, however, easily sense this
imbalance and are extremely capable to restore the functional
balance of the photosynthetic machinery by changing the stoichi-
ometry between PSII, PSI and the LHCII complex, which has been
frequently demonstrated particularly under constant laboratory
growth conditions (Lunde et al., 2003; Tikkanen et al., 2006; Grieco
et al,, 2012).

A good example of disturbed energy transfer from LHCII to PSI
can be found in the stn7 mutant (Bellafiore et al., 2005; Bonardi
et al., 2005), which under low light conditions suffers from
under-excitation of PSI in comparison to that of PSIL. The stn7
mutant senses this imbalance and increases the amount of PSI
complexes in the thylakoid membrane thus restoring the functional
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balance of the ETC when grown under constant laboratory growth
conditions (Tikkanen et al., 2006; Grieco et al., 2012). However,
when studying the function of the photosynthetic machinery of the
stn7 mutant with the most commonly used fluorescence methods
and devices, the final output can be confusing, even misleading. As
mentioned above, the most common fluorimeters are equipped
with red AL (620 nm) that strongly excites PSII-LHCII and only
weakly PSI. Fig. 5 demonstrates how the fluorescence emission of
the stn7 mutant is dependent, on the one hand on the device used
in the measurement (color of AL) and, on the other hand, on the
growth conditions modulating the PSII-LHCII and PSI-LHCI stoi-
chiometry. Under constant GL (of moderate intensity, ML) the stn7
mutant increases the amount of PSI. However, when the GL is
interrupted with 1 min high light peaks, yet keeping the total
photon content per unit of time unchanged (FL), this compensation
mechanism is prevented leading to a decrease in the PSI to PSII ratio
(Grieco et al., 2012). Fluorescence measurements, using red AL
(absorbed by PSII-LHCII but only weakly by PSI-LHCI), make one to
conclude that the stn7 mutant, independently of the GL condition
(ML or FL), keeps much higher proportion of PSII centers closed
(high F/Fm) as compared to WT (Fig. 5A). This, in turn, can be
interpreted as a severe functional imbalance between PSII and PSI
in the stn7 mutant. However, when the measurements are repeated
using green or white AL, both exciting PSII-LHCII and PSI-LHCI to a
nearly similar extent, the fluorescence emitted by ML-grown stn7
does not considerably differ from that of WT (Fig. 5B and C), sug-
gesting no difference in the redox balance of ETC between WT and
the stn7 mutant. Contrary to the ML plants, the FL-grown plants still
show a clear difference between WT and stn7 in the distribution of
excitation energy between PSII and PSI. Indeed, the fluorescence
devices using AL that preferentially excites the PSII-LHCII com-
plexes are incapable of recording the differences in the amount of
PSI centers in mutants or even in WT plants grown under different
light conditions.

5. Concluding remarks

Recording the optical fluorescence emission and P700 oxidation
curves under different intensities of AL is a powerful tool for
characterization of mutants with impaired regulation of the
photosynthetic energy and electron transfer processes. The most
well-known mutants in regulation of the photosynthetic machin-
ery demonstrate a distinct and characteristic behavior of chloro-
phyll fluorescence (F' and Fm’) and P700 signals (Y(NA) and Y(ND))
under changing intensity of AL. Such data clearly demonstrates
how the different regulatory mechanisms of photosynthetic energy
transduction maintain, in concert, the fluency of the electron
transfer reactions despite changing intensity of light in plant nat-
ural environments. Nevertheless, optical methods have certain
limitations that should be kept in mind when analyzing various
mutant plants: (i) The use of traditional fluorescence parameters
developed for WT plants, and calculated from different ratios be-
tween FO, Fm, Fm’ and F’, easily leads to a loss of crucial information
essential for characterization of the given mutant plant. (ii) It
should also be taken into account that the mutant plants may easily
change the stoichiometry between the different photosynthetic
pigment—protein complexes to improve their acclimation to a
given growth condition and this sometimes makes it difficult to
deduce the primary effect of the mutation by using simply the
fluorescence data. (iii) Moreover, it should be taken into account
that the fluorescence results are dependent on the ratio between
the GL and AL and thus, only plants with similar growth history
should be compared with each other. Combination of different in-
tensities of the GL and the AL can, however, be a very rich source of
information when phenotyping and characterizing mutants in

photosynthetic energy transduction.
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