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either state transition or fluorescence quenching by orange 
carotenoid protein (OCP), respectively. Our results suggest 
a multiple origin of the M–T decline and reveal a complex 
interplay of various known regulatory processes in maintain-
ing the redox homeostasis of a cyanobacterial cell. In addi-
tion, they lead us to suggest that a new type of regulatory 
process, operating on the timescale of minutes to hours, is 
involved in dissipating excess light energy in cyanobacteria.
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Abbreviations
Chl  Chlorophyll
Chl F  Chl a fluorescence
DCMU  3-(3′,4′-Dichlorophenyl)-1,1-dimethylurea
Flv  Flavodiiron (protein)
NPQ  Non-photochemical quenching of Chl F
OCP  Orange carotenoid protein
PBS  Phycobilisome
PQ/PQH2  Plastoquinone/plastoquinol
PS  Photosystem
QA and  QB  The primary and secondary quinone electron 

acceptors of PS II
qE  Energy dependent quenching of Chl F
qI  Quenching of Chl F due to photoinhibition
qT  Quenching of Chl F due to state 1 to state 2 

transition
SRFI  Spectrally resolved fluorescence induction
TL  Thermoluminescence

Abstract The slow kinetic phases of the chlorophyll a flu-
orescence transient (induction) are valuable tools in studying 
dynamic regulation of light harvesting, light energy distribu-
tion between photosystems, and heat dissipation in photo-
synthetic organisms. However, the origin of these phases are 
not yet fully understood. This is especially true in the case of 
prokaryotic oxygenic photoautotrophs, the cyanobacteria. To 
understand the origin of the slowest (tens of minutes) kinetic 
phase, the M–T fluorescence decline, in the context of light 
acclimation of these globally important microorganisms, 
we have compared spectrally resolved fluorescence induc-
tion data from the wild type Synechocystis sp. PCC 6803 
cells, using orange (λ = 593 nm) actinic light, with those 
of mutants, ΔapcD and ΔOCP, that are unable to perform 
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Introduction

Upon illumination of dark-adapted plant leaves, algae, and 
cyanobacteria, chlorophyll a fluorescence (Chl F) changes, 
in a characteristic manner, with time (the so-called Kautsky 
transient, known after Hans Kautsky) with several kinetic 
phases, which provide valuable information on photosyn-
thesis and related processes including photo-adaptation and 
stress responses (for reviews, see e.g., Govindjee et al. 1986; 
Strasser et al. 2004; Papageorgiou et al. 2007; Papageorgiou 
and Govindjee 2011). Chl F measurement has been used as 
a highly sensitive, and a non-invasive tool in photosynthesis 
research for more than 60 years. In spite of this, there are 
still many open questions. Not only the origin of the slow 
(min) fluorescence transients (this paper), but even the most 
characterized fast (ms–s) transients are not yet fully under-
stood (see below).

Usually six kinetic phases of the variable Chl F transient, 
labeled as O–J–I–P–S–M–T, are distinguished, which fol-
low stepwise changes from the fast O–J rise (~ 1 ms) to the 
final very slow M–T decay (tens of minutes; for an exam-
ple, see Fig. 1). During the first three steps (the so-called 
O–J–I–P rise) Chl F increases from the initial (minimal) O 
level through two inflection points (i.e. intermediate states) 
to a peak (P) level (see Fig. 1), where, the O–J step (the 
so-called photochemical phase) related to the reduction of 
 QA, the primary quinone electron acceptor of photosys-
tem II (PS II). The origin of the subsequent J–I–P rise (the 
so-called thermal phase) is still controversial, although it 
includes the reduction of the plastoquinone (PQ) pool, the 
effects of the formation of a membrane potential (ΔΨ) and/
or an undefined conformational change within PS II, as well 
as reactions leading to the filling-up of the electron accep-
tor side of PS I (see Samson et al. 1999; Schreiber 2002; 
Stirbet and Govindjee 2011, 2012; Vredenberg and Prašil 
2013; Schansker et al. 2014; Hamdani et al. 2015; Kaňa and 
Govindjee 2016, and references therein; also see Laisk and 
Oja 2017). This rise is usually followed by the P–S phase, 
with S being a “local” minimum or a shoulder, also referred 
to as a “semi-steady” state (Fig. 1). This phase has a com-
plex origin in which the formation of a trans-thylakoid pH 
gradient and reoxidation of Q−

A
 (via PS I) are thought to play 

a major role (Briantais et al. 1986; Papageorgiou et al. 2007; 
Stamatakis and Papageorgiou 2014; for subphases between 
P and S, see Fratamico et al. 2016). The shape of the sub-
sequent slow (S–M–T) phase is highly variable, depend-
ing on the organism and the light intensity used. While in 
higher plants, green algae and phycobilisome (PBS)-less 
cyanobacteria, such as Prochlorococcus sp., P is the major 
peak in the fluorescence transient and is often followed by a 
monotonous decrease of the signal to the T level; in cyano-
bacteria containing PBS antenna, P is only a “local” maxi-
mum followed (after the P–S phase) by a subsequent slow 

(tens of seconds) S–M rise to a much higher maximum, the 
M level (Papageorgiou and Govindjee 1968; Papageorgiou 
et al. 2007; Stamatakis et al. 2007; Kaňa et al. 2009, 2012; 
Fig. 1). This rise was shown to reflect state 2 to state 1 transi-
tion in several photosynthetic organisms (Papageorgiou et al. 
2007); this interpretation has been conclusively confirmed 
in the cyanobacterium Synechocystis sp. PCC 6803 (Kaňa 
et al. 2012), in several red algae including Porphyridium 
cruentum (Kaňa et al. 2014) as well as in the green alga 
Chlamydomonas reinhardtii (Kodru et al. 2015).

In higher plants, the slowest M–T (or P–T) kinetic phase, 
referred to, in the literature, as “decay”, “decrease”, or 
“decline”, has several overlapping components whose rela-
tive contributions depend on light intensity, the organism 
used, history, and physiological/stress conditions. In this 

Fig. 1  Chl F transients in wild type Synechocystis cells in the 
absence (grey) and in the presence (black) of 10  µM DCMU and 
1  mM KCN. Chl F was recorded after 10  min dark adaptation and 
plotted on a linear (top) and a logarithmic (bottom) time scale. Sam-
ples were excited by orange actinic light (λ = 593 nm; 750 µmol pho-
tons  m−2  s−1). Traces are normalized to the maximal fluorescence 
obtained upon a saturating pulse in darkness given 5 s before the fluo-
rescence transients were recorded
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paper, we have chosen to use, for the M-T phase, mostly 
M-T decline. At both low and high light intensities, non-
photochemical quenching (NPQ) of the excited state of Chl a 
is the dominant contributor to the P–T decline, though at low 
light intensities, photochemical quenching (qP) also plays a 
significant role (Bradbury and Baker 1984). Phenomenologi-
cally, the NPQ itself consists of three major components: 
(1) energy-dependent quenching (qE), (2) state 1 to state 
2 transition (qT), and (3) photoinhibition (qI) (Horton and 
Hague 1988; for reviews, see Horton 2014; Murchie and 
Harbinson 2014). These components are listed in the order 
of their relaxation kinetics (see Müller et al. 2001), where qE 
and qT have a fast and an intermediate relaxation kinetics, 
respectively, with approximate half-times of 0.5–2 min and 
5–10 min, while the relaxation of qI takes hours. Although at 
certain light intensity, one or the other process predominates 
(qT at very low, and qI at high irradiance) qE develops and 
increases above a certain light level (Murchie and Harbinson 
2014). In general, qT and qE are considered as manifesta-
tions of two distinct photoprotective/regulatory processes, 
while qI reflects the damage of PS II under strong light. We 
note that different from qE, qT may reflect changes mainly 
in Chl concentration, not in fluorescence lifetime (see e.g., 
Holub et al. 2007). In-depth investigations of these phenom-
ena have indeed provided information on the molecular basis 
of quenching processes in higher plants (for reviews, see e.g. 
Lemeille and Rochaix 2010; Minagawa 2011; Brooks et al. 
2014; Tyystjärvi 2013). Both photoprotective and regulatory 
quenching processes (i.e. qT and qE) have well-defined sig-
nal transduction pathways induced by plastoquinol  (PQH2) 
binding to the cytochrome b6f complex, and the formation 
of a pH-gradient leading to a partial antenna relocation 
from PS II to PS I and an enhanced heat dissipation of the 
absorbed light via the major light harvesting protein com-
plex of PS II (LHCII) (Lemeille and Rochaix 2010; Mina-
gawa 2011; Brooks et al. 2014; Horton 2014; Holzwarth 
and Jahns 2014). Crucial components of these processes 
include Stt7/STN7 kinase (in the case of state transitions), 
the PsbS subunit of PS II, and the violaxanthin–antheraxan-
thin–zeaxanthin (VAZ) cycle (for energy-dependent quench-
ing). Two other slowly relaxing components, qM and qZ, 
have also been observed. While qM was described as a con-
sequence of chloroplast relocation inside plant cells upon 
irradiation (Dall’Osto et al. 2014), qZ was considered to be 
a zeaxanthin-dependent (but PsbS-independent) part of qE 
(Dall’Osto et al. 2005; Nilkens et al. 2010; Garcia-Mendoza 
et al. 2011; also see Puthiyaveetil et al. 2012, and Holzwarth 
and Jahns 2014 for further discussion).

The etiology of the M–T decay in cyanobacteria is not 
yet fully understood. First, all but one (i.e. state transition) 
of the above mentioned photoprotective and regulatory pro-
cesses are associated with inherent features of green algae 
and higher plants, i.e., phosphorylation of LHCII, the major 

light harvesting antenna, and retention of a specific organelle 
(i.e. chloroplast). Second, different from higher plants and 
green algae that are usually in state 1 in darkness and are 
shifted to state 2 upon illumination, dark-adapted cyano-
bacteria are usually in state 2 due to high rate of electron 
flow from metabolic pathways to the PQ-pool and they go 
to state 1 upon illumination due to their high PS I to PS 
II ratio and, in response to, strong oxidation potential of 
PS I (Mullineaux and Allen 1986; Mao et al. 2002). Thus, 
we suggest that although phenomenologically all oxygenic 
photosynthetic systems are quite similar, the origin of the 
M–T phase in cyanobacteria may be different, i.e., different 
components may predominate here than in higher plants (see 
above). Nevertheless, by analogy, one can expect that this M 
to T phase might also be related to short (or intermediate)-
term light responses and/or photoinhibition.

In several cyanobacteria, orange carotenoid protein 
(OCP) is a key player in short-term light responses; in-depth 
investigation has revealed molecular details of this quench-
ing process (Wilson et al. 2006; for a review see Kirilovsky 
et al. 2014). This type of quenching can exclusively be trig-
gered by blue or blue–green light absorbed by the carotenoid 
in OCP, which converts it from an inactive orange form 
 (OCPo) to an active red form  (OCPr) (Wilson et al. 2008). 
Evidently, OCP quenching can account for a dominant frac-
tion of NPQ (and, thus, it could possibly be involved in the 
M–T fluorescence phase) in cyanobacteria upon illumination 
with blue/blue–green light (El Bissati et al. 2000). However, 
the M–T decline may also be induced by strong orange light 
(this work), which suggests a substantial contribution of an 
OCP-independent process to be responsible for the M–T 
phase in cyanobacteria. A new type of cyanobacterial short-
term regulatory processes has now been found in which the 
reaction centers are protected against excess light by ener-
getic decoupling and subsequent detachment of PBSs from 
the thylakoid membranes, induced by local heat transients 
within the antenna (Stoitchkova et al. 2007; Kaňa et al. 2009, 
2012; Tamary et al. 2012; Steinbach and Kaňa 2016; for a 
review, see Kirilovsky et al. 2014). Also, photoprotective 
reaction center type quenching has been established in an 
extremophile cyanobacterium (Ohad et al. 2010) and in a 
red alga (Krupnik et al. 2013). Our data suggest that besides 
photoinhibition and OCP quenching, other regulatory short-
term processes must also be considered to fully explain the 
M–T phase in Synechocystis sp. PCC 6803.

Materials and methods

Cyanobacteria and their culture conditions

Wild type and mutant cells of Synechocystis sp. PCC 6803 
(referred simply as Synechocystis hereafter) were grown 
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at 28 °C in standard BG11 medium (Stanier et al. 1971; 
cf. http://www-cyanosite.bio.purdue.edu/media/table/
BG11.html) in Erlenmeyer flasks under continuous illu-
mination (40 µmol photons m−2 s−1) of white fluorescence 
light. Mutants, unable to perform either state transitions 
(ΔapcD) or OCP quenching (ΔOCP), used in this study, 
were gifts of Diana Kirilovsky (Centre Energie Atom-
ique (CEA), Saclay, Gif sur Yvette, France); for details 
of these mutants, see Jallet et al. (2012) and Wilson et al. 
(2006). In addition to the above-mentioned mutants, we 
have also used a PBS-less PAL mutant, which was origi-
nally obtained by Ajlani and Vernotte (1998) by deletion 
of the apcAB operon. Solid stock cultures were kept on 
agar plates. Except for the experiments with the slowly 
growing PAL strain, where we used 8–10 day old cultures, 
4–5 day old cultures were used in all other experiments 
described in this paper.

Recording of conventional and spectrally resolved 
fluorescence induction curves

Chl F induction curves were recorded using a FL-100 Fluo-
rometer [Photon Systems Instruments (PSI), Brno, Czech 
Republic]. Simultaneously, spectrally resolved fluorescence 
induction (SRFI) curves were measured using a SM-9000 
spectrophotometer (PSI; 5 Hz, 100 ms integration periods, 
followed by a 100 ms pause) triggered by FL-100. Kaňa 
et al. (2012) have described both the experimental protocol 
and the instrumentation, used here. Samples were kept in 
darkness for 10 min, and then fluorescence induction curves 
were recorded up to 30 min. The chosen duration was used 
as a compromise between the capability of our experimental 
setup and the kinetics of the explored phenomenon. Exci-
tation of the sample was by orange (λ = 593 nm) measur-
ing light (< 0.5 µmol photons m−2 s−1) as well as actinic 
light (750 µmol photons m−2 s−1); further, saturating pulses 
(λ = 593 nm; I = 1250 µmol photons m−2 s−1; Δt = 600 ms) 
were given on top of the actinic light. In order to avoid sedi-
mentation of cells, a magnetic bar was used to stir the sam-
ples during data acquisition. The two perpendicular cross 
sections of the SRFI datasets, i.e., room temperature fluo-
rescence emission spectra and induction curves, were evalu-
ated using a custom-written software. Since FL-100 detects 
modulated fluorescence emission between 700 and 750 nm 
(Nedbal and Trtílek 1995), it measures Chl F, whereas, SRFI 
dataset covers a much broader spectral range (see “Results”).

Samples for measuring low temperature (77 K) fluo-
rescence emission spectra, thermoluminescence (TL), and 
oxygen yields were used after 10 min of dark incubation, 
as well as after 100 and 1800 s of the onset of the actinic 
light, representing the O, M and T phases, respectively, of 
fluorescence induction (transient).

Low temperature fluorescence emission spectroscopy

150 µL of cell suspension was collected at three defined time 
points before and during the accumulation of SRFI datasets 
(see above) and loaded into the cavity of a copper finger 
of home-made apparatus, described by Prášil et al. (2009). 
Trapping of the samples, at O, M and T steps of fluorescence 
induction, was achieved by rapid freezing in a transparent 
Dewar flask filled with liquid nitrogen. 77 K fluorescence 
emission spectra were recorded using an SM-9000 spectro-
photometer (Prášil et al. 2009) upon excitation with 588 nm 
light (bandwidth = 20 nm). Three individual spectra of each 
sample were recorded and averaged.

Thermoluminescence (TL)

TL glow curves were recorded using a Thermoluminescence 
System TL 200/PMT (PSI), as described by Belgio et al. 
(2017). Immediately after sample collection (see “Record-
ing of conventional and spectrally resolved fluorescence 
induction curves” section), 1 mL of cell suspension was fil-
tered through a #5 nitrocellulose membrane filter (pore size: 
0.6 ± 0.1 µm; Pragopor, Czech Republic) and placed onto the 
sample holder. Samples were cooled down to 3 °C, where 
two subsequent saturating single turnover flashes (50 µs, 
200 ms apart) were given 1 s prior to the start of the heating 
and recording phase. TL curves were recorded from 3 to 
65 °C with a heating rate of 0.5 °C s−1.

Oxygen yield measurements

Rates of oxygen evolution and consumption were measured 
in 1 mL cell suspensions of Synechocystis, using a Clark-
type oxygen microelectrode (MI-730 Dip-type  O2 Micro-
electrode, Microelectrodes, Inc., USA). The signal was 
amplified and digitized using the Oxycorder 301 (PSI, Czech 
Republic). Activities of the whole linear electron transport 
chain from water to  CO2 were measured in the presence of 
10 mM  NaHCO3. Rates of photosynthesis were obtained 
from the difference of the net oxygen evolution in light and 
the oxygen consumption in the dark. A KL 1500 LCD fiber 
optic halogen lamp (Schott, Mainz, Germany) was used to 
provide saturating white light (500 µmol photons m−2 s−1) 
in these experiments.

Results

Chl F transient in Synechocystis with and without 
DCMU and KCN

Typical Chl F induction curves of untreated Synechocystis 
cells after exposure to 750 µmol photons m−2 s−1 orange 

http://www-cyanosite.bio.purdue.edu/media/table/BG11.html
http://www-cyanosite.bio.purdue.edu/media/table/BG11.html
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(593 nm) actinic light, for 30 min, are shown in Fig. 1 (grey 
curves); see “Introduction”. When fluorescence is plotted 
on a linear time scale (top panel), an unresolved rise to a 
maximum M (at around 80–100 s) is observed which is fol-
lowed by a slower monotonous decrease towards a terminal 
steady state level T. Note that reaching a steady state T level 
would need a very long time (hours); however, due to the 
quasi-exponential character of this terminal phase, we com-
promised the time of recording to ~ 1800 s (~ 30 min), which 
still provided sufficient information on the M–T phase (see 
below). Hence, the symbol “T” here and thereafter should 
be interpreted as “towards T”. The relaxation time of the 
M–T phase is long (>> 30 min) and requires light (data not 
shown). The fast components of the fluorescence transients 
are clearly observed by plotting the same data on a logarith-
mic time scale (Fig. 1, bottom panel; see “Introduction”). 
Besides the O (also referred to as  FO), the M, and T levels, 
we clearly observe the fast O–J–I–P–S fluorescence transient 
(for the origin and nomenclature of the individual steps, see 
“Introduction”). Although the shape of this induction curve 
is characteristic and quite similar to those previously pub-
lished (see e.g. Kaňa et al. 2012), yet we observed some 
variations in the intensity at the M level (data not shown). 
We speculate that these variations may have been due to pos-
sible variations in the PQ/PQH2 redox levels in the different 
samples. In order to decrease this variability and to maxi-
mize the S–M rise, both KCN and 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) were added, the former blocking 
respiration, and preventing  PQH2 re-oxidation by terminal 
oxidases in darkness, while the latter blocking electron 
flow beyond  QA because of its binding to the  QB site, and, 
thus, preventing the reduction of the PQ pool by PS II upon 
illumination (see Bernát et al. 2009, 2011, and the litera-
ture cited). Hence, in the presence of KCN and DCMU, 
the reduced PQ-pool in darkness is effectively re-oxidized, 
via PSI, upon illumination. While this treatment (see black 
curves) leads to a fast, single-step O–P rise without the obvi-
ous J and I steps (Fig. 1, bottom), it also generates a large 
S–M rise (Kaňa et al. 2012) and a subsequent reversible1 
M–T decline (Fig. 1, bottom). At the intensity used in our 
experiment, about 38 ± 4% of the variable Chl F is decreased 
over the 30 min illumination period (Fig. 1).

Chl F transients of three Synechocystis mutants: ΔOCP, 
ΔapcD, and PAL

In order to obtain an understanding of the potential con-
tribution of several possible processes (e.g., qT, qI, OCP 
quenching, increased electron flow, and  CO2 assimilation, 
among others) to the M–T fluorescence phase, we meas-
ured the complete fluorescence transients of selected Syn-
echocystis mutants: (1) ΔapcD, which is incapable of state 
transitions (Jallet et al. 2012); (2) ΔOCP, which is incapable 
of quenching of fluorescence by OCP (Wilson et al. 2006); 
and (3) PAL, which is a PBS-less mutant (Ajlani and Ver-
notte 1998). As shown already in Fig. 1, we recorded these 
curves in the presence of DCMU and KCN. The pattern 
of the fluorescence induction curve of ΔOCP cells (Fig. 2, 
top panel, blue line) is very similar to that of the wild type 
(black), which shows that ΔOCP cells are able to perform 
state transitions on the one hand, and, on the other hand, it 
suggests that the M–T phase is not due to quenching of fluo-
rescence by OCP when orange actinic light is used, which 

Fig. 2  Chl F transients in the wild type (black) and three different 
mutants of Synechocystis: ΔOCP (incapable of quenching of fluores-
cence by OCP; blue), ΔapcD (incapable of state transitions; red), and 
PAL (PBS-less; orange), in the presence of 10 µM DCMU and 1 mM 
KCN. The curve for ΔOCP was smoothened for clarity. For further 
details see the legend of Fig. 1

1 We checked the reversibility of the phenomenon by keeping the 
cells for 2 h in low light, and then measuring the fluorescence tran-
sient. We found that it was completely restored; further, the M–T 
phase could be induced again even in the presence of DCMU and 
KCN.
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does not trigger OCP activation. Interestingly, both the 
S–M rise and the M–T decline are more pronounced in the 
ΔOCP mutant than in the wild type (for M–T decay: 45 ± 4 
vs. 38 ± 4% decrease of Chl F). On the contrary, ΔapcD 
shows a monotonous decrease towards the T level after the 
S level had been reached (red); this is in good agreement 
with the current view that the S–M rise is due to state 2 to 
state 1 transition (Papageorgiou et al. 2007; Kaňa et al. 2012; 
Kodru et al. 2015; Stirbet and Govindjee 2016). Here again, 
the quenching of Chl F is much higher (50 ± 3%) than in the 
wild type. Nevertheless, the occurrence of the M–T fluores-
cence decay in these strains clearly suggests that although 
both state 1 to state 2 transition and OCP quenching might 
contribute to the M–T decline in the wild type Synechocystis 
under certain circumstances, at least one additional process 
must also be involved in the underlying mechanism. Dif-
ferent from these strains, the fluorescence transient of the 
PBS-less PAL mutant shows no significant change in the 
fluorescence yield after reaching the P level (Fig. 2, bottom 
panel, orange curve). Since the PAL mutant has rather low 
light absorption at 593 nm (Bernát et al. 2009), the P level 
is delayed here, appearing at 170 ms instead of 10 ms, as in 
other strains. Thus, we asked if the lack of the M level in 
the PAL strain might be a consequence of low antenna cross 
section and/or an insufficiently short recording time. How-
ever, since no fluorescence decrease in this strain has been 
observed even with intense (1700 µmol photons m−2 s−1) 
blue–green light (Wilson et al. 2006), we conclude that the 
PAL mutant is indeed unable to show the S–(M)–T phase. 
This suggests that PBS antenna must be involved in the 
underlying molecular processes that control fluorescence 
transient in cyanobacteria.

Spectrally resolved fluorescence induction (SRFI)

As already mentioned in “Recording of conventional and 
spectrally resolved fluorescence induction curves” section, 
fluorescence transients, shown in Figs. 1 and 2, correspond 
to integrated fluorescence emission over the spectral region 
from 700 to 750 nm (Nedbal and Trtílek 1995). For further 
insight into processes behind the phenomenon, 3D (time vs. 
wavelength vs. intensity) SRFI datasets were constructed 
by repeated recording of about 9000 consecutive room tem-
perature fluorescence emission spectra during the fluores-
cence transient, as obtained by illuminating the samples with 
orange actinic light. The perpendicular cross section of these 
datasets “visualizes” fluorescence induction curves at par-
ticular wavelengths (for a detailed description of the method, 
see Kaňa et al. 2009, 2012). Figure 3 shows fluorescence 
transients of wild type, ΔOCP, and ΔapcD cells obtained 
by this method at three selected wavelengths: 658 nm (for 
phycobilin fluorescence), 682 nm (for Chl F, mainly from 
PS II) and 745 nm (mainly the vibrational satellite band 

of Chl F from both PS II and PS I) (see e.g., chapters in 
Govindjee et al. 1986; and Papageorgiou and Govindjee 
2004; also see Fig. 4). Importantly, these measurements 
were performed with non-modulated fluorescence detec-
tion (i.e. without any measuring light), where fluorescence 
emission was directly generated by excitation with actinic 
light (750 µmol photons m−2 s−1) and saturating light pulses 
(1250 µmol photons m−2 s−1). Therefore,  FO (O),  FT and F′

M
 

levels, obtained by this method, are not comparable without 
correction (with other data), as, besides inherent changes 
in fluorescence emission, they also reflect differences in 
intensities of fluorescence excitation. However, as shown in 
Figs. 1 and 2, applying saturation flashes in the presence of 
DCMU and KCN does not induce any real increase in the 
fluorescence yield, and the shapes of the S–(M)–T fluores-
cence curves are quite similar, irrespective of whether the 
cells are excited with 750 µmol photons m−2 s−1 or on-top 
with 1250 µmol photons m−2 s−1 light pulses.

In wild type Synechocystis cells, both the S–M rise and 
the subsequent M–T decrease are observed at all the three 
wavelengths used here (Fig. 3, left column); the relative 
S–M increase and the M–T decrease of the fluorescence 
intensity are much larger at 682 nm (27 ± 4% increase 
and 25 ± 4% decrease), than at 745 nm (22 ± 2% increase 
and 21 ± 2% decrease) and at 658 nm (11 ± 1% increase 
and 12 ± 1% decrease). (Note that these numbers refer to 
changes in F′

M
; therefore, they cannot be directly com-

pared with the changes in fluorescence, shown in Figs. 1 
and 2). A similar but much more pronounced effect was 
observed in ΔOCP cells: 35 ± 5% increase of the fluo-
rescence yield during the S–M rise and 29 ± 3% decrease 
during the M–T phase at 682 nm; 26 ± 3% increase and 
23 ± 3% decrease at 745 nm; and 13 ± 1% increase and 
11 ± 1% decrease at 658 nm (Fig. 3, middle column). In 
contrast, the M peak is missing from the corresponding 
fluorescence induction curve of the ΔapcD strain (Fig. 3, 
right column). These findings are in agreement with those 
obtained from conventional measurements of fluores-
cence (Fig. 2, see also Kaňa et al. 2012). Nevertheless, 
the decreasing part of fluorescence transient in the ΔapcD 
strain is similar to those observed in other strains. Here, 
again, the relative decrease of the fluorescence intensity 
during the decay to the T level was much higher when 
measured at 682 nm (32 ± 3%), than at 745 nm (25 ± 3%) 
and 658 nm (13 ± 1%). These observations show that the 
fluorescence decrease to T level occurs in all the investi-
gated strains and that it is highest around 682 nm, which 
originates from Chl a in PS II. Also, the effect is remark-
ably higher in the mutants unable to perform state transi-
tions or OCP-dependent quenching (see below; “Analy-
sis of non-photochemical quenching (NPQ) of Chl F” 
section), which suggests that these short-term processes 
have either a photoprotective role (e.g. if the decline to T 
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reflects photodamage), or they are in a complex relation-
ship with other protective responses (if the decrease to the 
T level reflects a protective mechanism). This assumed 
complex relationship is also supported by the more pro-
nounced S–M rise of the ΔOCP strain (i.e. its inability 
for OCP-quenching, one major protective mechanism in 
Synechocystis, which seems to be compensated by a more 
prominent state 2 to state 1 transition), in agreement with 
data on cyanobacterial strains incapable of fluorescence 
quenching by OCP (Kaňa et al. 2012). As the M–T phase 
is completely missing in the PAL mutant (Fig. 2), we 
propose that this decrease in fluorescence might be con-
nected with an OCP-independent PBS-related process.

SRFI: room temperature fluorescence emission spectra

Room temperature fluorescence emission spectra at selected 
time points of the same datasets, as discussed above, are 
shown in Fig. 4; these spectra were collected at 20, 80, and 
1800 s after the start of the experiment, representing the 
S, M and T levels. The spectra (left columns) show emis-
sion peaks at 682 nm (from Chl a in PS II with a possi-
ble small contribution from the PBS terminal emitter), at 
658 nm (from PBS), and a broad vibrational shoulder at 
745 nm (mainly from Chl a in both PS II and PS I). In agree-
ment with the data in Figs. 1, 2 and 3 (see above), the fluo-
rescence yield of wild type cells (top left panel) increased 

Fig. 3  Orange light induced fluorescence transients of wild type Syn-
echocystis (left column), ΔOCP (middle column), and ΔapcD strain 
(right column) at three selected wavelengths (658 nm for phycobilin 
fluorescence; 682 nm for Chl F; and 745 nm for the vibrational satel-
lite shoulder of Chl a band) in the presence of 10 µM DCMU (added 
to inhibit electron flow beyond  QA) and 1 mM KCN (added to inhibit 
respiration). A series of 9000 consecutive room temperature fluores-

cence emission spectra (for examples, see Fig.  4.) were recorded in 
parallel with the fluorescence induction curves, shown in Figs. 1 and 
2, at a frequency of 5 Hz. Fluorescence induction curves, at selected 
wavelengths, were constructed by 3D SRFI datasets. Note that appar-
ent changes in fluorescence yields upon turning on the actinic light 
and at saturating pulses reflect mainly differences in the intensities of 
fluorescence excitation. For further details see text
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considerably from the S level (black line) to the M level 
(red line), followed by a decrease to the T level (blue line). 
As already mentioned above, a more pronounced, but simi-
lar pattern was obtained in the ΔOCP strain with a maxi-
mal effect at 682 nm (middle left panel, cf. Fig. 2). On the 
contrary, and in agreement with data shown in Figs. 2 and 
3, no fluorescence increase from 20 s (S level) to 80 s (M 
level) was observed in the ΔapcD cells (Fig. 4, bottom left 
panel) due to lack of state transitions (cf. Kaňa et al. 2012). 
However, the fluorescence decrease to the T level in this 
strain was similar to those obtained in the wild type and 
in ΔOCP strains (Fig. 4, left panels). The relative decrease 
of the fluorescence in the ΔapcD strain, again, is more 

pronounced than that in the wild type cells, which suggests 
that state transition may have a photoprotective role (see 
“Discussion”).

Differences of the fluorescence emission spectra, shown 
in the left panels of Fig. 4, are presented in the right panels 
of the same figure. These difference spectra show negligible 
changes at 658 nm (phycobilin fluorescence) both during 
the S–M rise (Fig. 4, right column, red lines) and the M–T 
decline (blue lines). However, changes in the fluorescence 
intensities at the 682 nm peak and the shoulder at 745 nm 
(Fig. 4, right column) are clearly high. Relative changes in 
fluorescence intensities are slightly higher at 682 nm than 
at 745 nm; this is in good agreement with the fact that the 

Fig. 4  Left panels: room temperature fluorescence emission spectra 
of the wild type and two mutants (ΔOCP and ΔapcD) of Synecho-
cystis in the presence of 10 µM DCMU and 1 mM KCN, recorded at 
three selected time points, 20 s (for S; black), 80 s (for M; red), and 

1800 s (for T; blue) after the orange actinic light was switched on (cf. 
Figs. 1 and  2). Right panels: difference emission spectra of those are 
shown in the left panels
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682 nm emission originates mostly from Chl a in PS II, 
whereas the vibrational satellite is due to Chl F from both 
PS II and PS I (see above). Hence, similar to the S–M rise, 
the M–T decline is also closely related to PS II. Again, the 
relative changes in fluorescence emission during both the 
S–M and the M–T phases in the ΔOCP strain and during 
the S–T phase in the ΔapcD strain was relatively higher than 
was observed in the wild type.

Non-photochemical quenching of Chl fluorescence

In order to quantify results presented in Figs. 3 and 4, we 
have calculated NPQ as: 

where F′
M (max)

 is the maximum F′
M

 value during actinic illu-
mination (Serôdio et al. 2006). (Usually,  FM, i.e., maximum 
fluorescence, after a dark period is used instead of F′

M (max)
 

(Demmig-Adams et al. 2014).) This approach is especially 
applicable for cyanobacteria, which, different from higher 
plants, have usually higher F′

M (max)
 than  FM (Note, however, 

that due to the use of DCMU in our experiments, contri-
bution of qP to the M–T phase is disregarded). The NPQ 
values deduced from fluorescence curves (see Fig. 3) are 
presented in the inset of Fig. 5. This reveals an increase in 
NPQ after it had reached a minimum value at the M level, 

(1)NPQ =

(

F�
M(max)

− F�
M

)/

F�
M
,

both in the wild type (black dots) and in ΔOCP mutant (blue 
filled squares). However, in the case of ΔapcD, there was a 
monotonous increase in NPQ during the S–T decline (red 
filled diamonds). Only the ascending parts of these curves 
are shown in the main panel of Fig. 5. Fitting these curves 
by exponential functions reveals higher rate constants of 
NPQ formation (and S/M–T decline) for the mutants than 
for the wild type: wild type, 2.85 ± 0.46 × 10−4 s−1; ΔOCP, 
3.44 ± 0.39 × 10−4 s−1; ΔapcD, 3.86 ± 0.36 × 10−4 s−1. Also, 
in agreement with the data shown in Figs. 3 and 4, both the 
inset and main panel show higher NPQ in the mutants that 
are unable to engage in OCP quenching or state transitions. 
This, again, clearly suggests the possible contribution of an 
unknown NPQ process and/or photoinhibition for the M–T 
phase when cells are exposed to orange actinic light. Even in 
the presence of DCMU, which prevents PQ reduction via PS 
II, state 1 to state 2 transition cannot be excluded, a priori, in 
the strains capable of state transitions since electron trans-
port from metabolic reactions may reduce PQ. However, this 
possibility can be excluded as no state 1 to state 2 transition 
was observed through measurements of low temperature 
fluorescence emission spectra (see “Low temperature (77 
K) fluorescence emission spectra” section).

Thermoluminescence (TL)

TL provides information on the back reactions of PS II 
components, especially between the S-states of the water 
oxidizing complex (WOC), and the reduced electron car-
riers  QA and  QB (see, e.g. DeVault and Govindjee 1990; 
Vass and Inoue 1992, and Vass and Govindjee 1996). While 
peak positions characterize the redox potential difference 
between the interacting components in the corresponding 
charge recombination, the peak intensities are affected by 
various processes; they provide information on PS II reac-
tions, including radiative and non-radiative charge recom-
bination steps, and even the antenna size. In order to obtain 
information on TL changes during the S–M rise and the 
M–T (or S–T) decrease, we used wild type and ΔapcD 
cells kept in darkness (representing the O level) as well 
as in light, representing the M (if any) and T levels. TL 
was then measured following flash illumination at 3 °C 
(Fig. 6). In all cases B-band(s)  (B1 and  B2), originating from 
 S2QB

−/S3QB
− charge recombination, were observed with a 

peak at about 20 °C. In agreement with a possible change 
due to state 2 to state 1 transition, the S–M transition led 
to a ~ 20% increase in the TL yield in the wild type, which 
was followed by ~ 30% decrease during the subsequent M–T 
phase (Fig. 6, top panel). The observed increase in the TL 
intensity is suggested to be due to an apparent increase in the 
antenna size of PS II (for a quantitative analysis of antenna 
cross section in state 2 and state 1, see Bernát et al. 2012). 
In agreement with this concept, we did not observe a similar 

Fig. 5  NPQ in wild type Synechocystis (black dots) and in its mutant 
strains, ΔOCP (blue filled squares) and ΔapcD (red filled diamonds), 
as calculated from fluorescence induction curves, at 682 nm (shown 
in Figs. 3 and 4). The inset shows data on complete induction curves, 
whereas the main figure shows only the M–T or the S–T phase. See 
“Spectrally resolved fluorescence induction (SRFI)” and “Analysis 
of non-photochemical quenching (NPQ) of Chl F” section for further 
details
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increase in the TL-intensity in the ΔapcD mutant that lacked 
state transitions (Fig. 6, bottom panel). (For a theoretical 
discussion, see Rappaport and Lavergne 2009.) Further, the 
M–T (or S–T) decline may either reflect a decrease in the 
antenna cross-section or, less likely, a damage of the photo-
synthetic apparatus (see below). Alternatively, the observed 
decrease in TL intensity may represent the activation of a 
non-radiative pathway of charge recombination, which 
increases the phototolerance of cells under high light (Cser 
and Vass 2007).

Low temperature (77 K) fluorescence emission spectra

As mentioned above, one possible explanation for the for-
mation of NPQ (Fig. 5) and accompanying decrease in 
TL-intensity during the M–T fluorescence decline (Fig. 6) 
is a quenching of the excited state of Chl a, the nature of 
which was investigated through 77 K spectra. Since we 
used orange (λ = 593 nm) actinic light, which is absorbed 

by phycobilins, the underlying quenching process is 
expected to be different from that when blue light, which is 
absorbed by OCP, is used. Stoitchkova et al. (2007), Küp-
per et al. (2009), Kaňa et al. (2009, 2012), Tamary et al. 
(2012) and Steinbach and Kaňa (2016) have suggested 
a regulated decoupling of PBS from the PS II reaction 
centers upon strong illumination. Potential decoupling of 
PBS during the M–T decline was examined by measuring 
77 K fluorescence emission spectra at the O, M and T lev-
els. After dark adaptation, emission spectrum (excitation 
wavelength: 588 nm) of the O level was obtained (Fig. 7, 
black line); it shows emission bands for phycocyanin (at 
650 nm), for allophycocyanin (at 663 nm), for Chl a of PS 
II from 2 different components (685 and 693 nm) with a 
possible contribution from the PBS terminal emitter (at 
685 nm), and from PSI (725 nm); Chl emission bands must 
arise by excitation energy transfer from phycobilins since 
excitation was at 588 nm. The emission spectra at the M 
level (Fig. 7, red line), as compared to that at the O level, 
show an increase in the Chl a emission from PS II, without 
any change in the phycocyanin and allophycocyanin fluo-
rescence. The increase in the emission at 685 and 693 nm, 
as compared to that at 725 nm, is consistent with it being 
due to state 2 to state 1 transition (see, e.g. Bernát et al. 
2009, 2012; Tsunoyama et al. 2009; Kaňa et al. 2012). 
Subsequent 30 min illumination with orange light did not 
cause any major change in the PBS to PS II excitation 
energy transfer (Fig. 7, blue line), indicating that the cells 
remained in state 1 even after prolonged illumination. 
However, substantial increase in fluorescence emission 
was observed in the PBS spectral region at 650–663 nm, 
suggesting a possible light induced partial decoupling of 

Fig. 6  TL curves of wild type (top) and ΔapcD (bottom) Synecho-
cystis cells. Samples were collected after a 10  min dark period (for 
the O level; black), as well as after 100 s (for the M level, red) and 
1800  s (for the T level; blue) of actinic light. The quotation marks 
on “M” inthe bottom panel was used to indicate that it could not be 
induced in the state transition mutant ΔapcD; however samples were 
taken when the M-peak appears in the wild type

Fig. 7  Low temperature (77  K) fluorescence emission spectra of 
untreated wild type Synechocystis cells. Samples were collected after 
a 10 min dark period (for the O level; black), as well as after 100 s 
(for the M level; red) and 1800  s (for the T level; blue). Excitation 
light: 588 nm. Spectra were normalized at 725 nm
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PBS from the PS II reaction centers, similar to the findings 
of Stoitchkova et al. (2007). Correspondingly, the M–T 
transition was accompanied by an 8 ± 1% increase in the 
F685/F695 ratio. The observed change in the PBS versus 
Chl F is consistent with the room temperature fluorescence 
emission data (see Fig. 4 and “SRFI: Room temperature 
fluorescence emission spectra” section). However, the rela-
tively small change (~ 10%) in PBS- as compared to Chl F 
suggests that this decoupling can account only for a minor 
fraction of the M–T phase under the (moderate) conditions 
used in this experiment.

Potential contribution of photoinhibition to the M–T 
phase

In order to explore the potential contribution of photoin-
hibition during the M–T phase, Chl F transients were 
recorded with and without a protein synthesis inhibitor, 
lincomycin (Fig. 8, top panel; the curve with lincomycin 
was arbitrarily shifted upwards for clarity). Lincomycin is 
known to prevent the PS II repair cycle, hence, enhancing 
photoinhibition (Allakhverdiev et al. 2002, 2005). As com-
pared to control cells (black line), lincomycin had no effect 
on the fast fluorescence transient (green vs. black line). On 
the other hand, the M–T decline became steeper, as also 
observed in the curves calculated for NPQ (Fig. 8, middle 
panel). This remarkable increase in the M–T decay in the 
presence of lincomycin is also noticeable by comparing 
the corresponding difference fluorescence emission spec-
tra recorded at room temperature (Fig. 8, bottom panel, 
1800–80 s). Here again, in the presence of lincomycin, 
the decrease at the T level from that at the M level was the 
highest at 682 nm. This suggests that photoinhibition cer-
tainly contributes to the decrease from the M level to the 
T level, especially when the PS II turnover is prevented. 
In contrast to the differences in the M–T phase, the differ-
ence spectra over the O–(J–I–P–S)–M transition (80–20 s) 
were hardly different in the presence and the absence of 
lincomycin.

In order to examine the role of photoinhibition in the 
M–T phase in the absence of lincomycin, oxygen evolution 
of the cells was measured. As shown in Fig. 9, 30 min illu-
mination of Synechocystis with strong orange light does 
not cause any change in the yield of oxygen evolution 
(striped vs. open white column), which is in good agree-
ment with the data of e.g. Allakhverdiev et al. (2002). 
However, in the presence of lincomycin, illumination with 
intense orange light causes an about 15 ± 4% decrease 
of the oxygen yield (Fig. 9, striped green column). This 
indicates that contribution of photoinhibition to the M–T 
phase must be more pronounced under high light condi-
tions, as expected.

Fig. 8  Effect of 1.5 mM lincomycin on Chl F induction (top panel), 
on NPQ (middle panel), and on the difference of room temperature 
fluorescence emission spectra (bottom panel) of wild type Synecho-
cystis cells in the presence of 10 µM DCMU and 1 mM KCN. The 
curves on the top panel were measured as described in the legend of 
Fig. 1, NPQ was calculated as described in the legend of Fig. 5, while 
the differences in the room temperature fluorescence emission spectra 
were calculated from raw spectra as described in the legend of Fig. 4. 
Note that the induction curve in the top panel was arbitrarily shifted 
upwards by 0.3 for clarity
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Discussion

As mentioned in the Introduction, the M–T fluorescence 
phase (P–T, when M is absent) is due to several processes; 
however, their relative contributions depend on the light 
intensity, the organism, the history, and the physiological, 
and stress conditions under which they are grown.

Following the early work of Papageorgiou et al. (2007), 
Kaňa et al. (2012) clearly established that state 2 to state 1 
transition is responsible for the S–M fluorescence rise in 
cyanobacteria (also see Figs. 2, 3, this paper). We know that 
whenever Synechocystis cells are already in state 1, orange 
or blue light can change these cells to state 2 (see, e.g. 
Schreiber et al. 1995, Kirilovsky et al. 2006, 2014). Thus, 
it is reasonable to expect that state 1 to state 2 transition 
can indeed lead to fluorescence decrease, contributing to 
the M–T phase. At M, the cells are in state 1; thus, to go to 
state 2, a shift in the PQ/PQH2 redox equilibrium to a more 
reduced state is required. However, in our experiments, re-
reduction of the PQ-pool via PS II can be excluded since 
electron transfer from water to the PQ pool was inhibited 
by the addition of DCMU. Likewise, contribution of state 
transitions is excluded in principle in the ΔapcD mutant that 
is incapable of state-transition (Figs. 2, 3, 4).

Undoubtedly, another well characterized cyanobacterial 
photo-protective/regulatory mechanism, i.e., quenching by 
OCP, is known to be a significant contributor to the M–T 
phase upon illumination with intense blue, blue–green 
or white light (El Bissati et al. 2000; Wilson et al. 2006; 
Kirilovsky et  al. 2014). However, intense orange light, 
which does not trigger OCP conversion into its active form 

(Rakhimberdieva et al. 2004), also induces considerable 
M–T decrease in both wild type and in OCP-less Synecho-
cystis (Figs. 1, 2 and 3); thus, besides OCP-quenching and, 
in some cases, state 1 to state 2 transition, other mechanisms 
must also contribute to the observed phenomenon of the 
M–T decline.

Intense illumination is known to cause significant 
decrease of Chl F; thus, photoinhibition is expected to 
contribute to the M–T phase under high light (also see 
Kirilovsky et al. 1990; Wilson et al. 2006; Stamatakis and 
Papageorgiou 2014). Nevertheless, 30 min illumination with 
750 µmol photons m−2 s−1 of orange light did not cause any 
detectable impairment of the photosynthetic oxygen evolu-
tion in untreated Synechocystis cells (Fig. 9); this leads us 
to conclude that the contribution of photoinhibition to the 
M–T decline in our case is minor. However, in the presence 
of the protein synthesis inhibitor lincomycin, we observed, 
as compared to the untreated cells, a ~ 15% decrease in the 
rate of oxygen evolution, which is comparable to the ∼ 11% 
increase in fluorescence quenching (from 38 to 42%) during 
the M–T transition (Figs. 4, 8). (For a linear relationship 
between fluorescence quenching and  O2 evolution, see Sar-
vikas et al. 2010.) This, thus, confirms that under high light, 
photoinhibition indeed contributes to the M–T fluorescence 
decline.

Stoitchkova et al. (2007) and Tamary et al. (2012) have 
shown a third-type of photoprotective/regulatory mecha-
nism in cyanobacteria: local heat-transient-induced, pho-
ton-dose-dependent excitonic decoupling of PBS from PS 
II. Results of 77 K and room temperature fluorescence 
emission spectra (Tamary et al. 2012) suggest that this 
decoupling process has at least two, not yet elucidated, 
subsequent phases. During its first phase, the 678–682 nm 
shoulder/peak (depending on excitation light) in the room 
temperature fluorescence emission spectra disappears 
(Stoitchkova et al. 2007; Tamary et al. 2012), quite similar 
to our data shown in Fig. 4. This decrease is accompanied 
by a relative increase in the PBS emission at 77 K (Stoitch-
kova et al. 2007; Fig. 7). This initial phase is followed 
by a second phase with an increase of the PBS emission 
observed at both room temperature and at 77 K (Tamary 
et al. 2012), which is accompanied by an increase in PBS 
fluorescence in the central cytoplasmic region (Tamary 
et al. 2012; Steinbach and Kaňa 2016). Both room temper-
ature fluorescence emission spectra (Fig. 4) and confocal 
microscopy data (not shown) indicate that its significance 
in our case is negligible. Nonetheless, the initial phase of 
the proposed photo-protective/regulatory mechanism, i.e. 
energetic (and physical) decoupling of the PBS from PS 
II, which is on the timescale of the M–T decreasing phase, 
makes its contribution possible. The smaller antenna-size 
at the T level, as suggested by TL measurements (Fig. 6 
and “Thermoluminescence (TL)” section) supports this 

Fig. 9  Rate of oxygen evolution in wild type Synechocystis cells in 
the absence or in the presence of 1.5 mM lincomycin (lincom.). Cells 
were collected after 10 min of dark period [the O level (control); open 
column], as well as after 1800 s of the onset of the actinic light (the T 
level; striped columns; green for the sample with lincomycin). Aver-
age of three independent measurements with S.D. are shown
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proposed excitonic decoupling concept. Small effective 
antenna cross section, in general, is known to protect 
against photoinhibition in both green algae and cyano-
bacteria (Polle et al. 2002; Bernát et al. 2009, and Kwon 
et al. 2013); thus, a decrease of the effective antenna size 
by excitonic decoupling of the PBS from PS II seems to be 
a useful strategy when the cells are exposed to strong light. 
Importantly, although this decoupling can certainly con-
tribute to the M–T phase of Chl F, yet its contribution must 
be relatively small (see Fig. 7) under the conditions of our 
experiment. Thus, by taking into account that significant 
M–T decline was observed when other known quenching 
processes (i.e. state 1 to state 2 transition, OCP-quench-
ing, photoinhibition) could be neglected, we suggest that 
an additional, regulatory process may also contribute to 
the M–T decay in Synechocystis. Flavodiiron (Flv) pro-
teins, suggested to be involved in dissipating excess light 
energy, and, hence, in NPQ in some cyanobacteria (for a 
review, see Allahverdiyeva et al. 2015), could potentially 
be responsible for these processes. Indeed, Flv2/Flv4 has 
been proven to compete with OCP-mediated NPQ (Ber-
sanini et al. 2014); thus, Flv-mediated NPQ could poten-
tially contribute to the M–T fluorescence decay in Syn-
echocystis grown under ambient  CO2. Further experiments 
are needed to test this hypothesis. Furthermore, reaction 
center-dependent quenching could also be involved in 
the M–T phase. For instance, our TL data (Fig. 6) are 
also consistent with the hypothetical activation of a non-
radiative pathway of charge recombination, which could 
harmlessly dissipate excess light energy. Such a flexible 
regulation is known in Synechocystis; however, it is via 
upregulation of the gene expression of certain D1 isoforms 
(Cser and Vass 2007). Similar photoprotective strategy has 
been suggested to be active in the red alga Cyanidioschy-
zon merolae (Krupnik et al. 2013). Finally, we cannot yet 
exclude that the recently described NPQ mechanism by 
Hlip (Staleva et al. 2015) is involved in the M–T fluores-
cence phase (for further details, see Acuña et al. 2016).

Regardless of its origin, this hypothetical mechanism 
must be much more prominent when other short-term 
responses are absent. This concept is in good agreement with 
the observed complex interplay of short-term regulatory 
responses in Synechocystis as well as in other cyanobacteria: 
(1) more pronounced S–M rise in OCP-less cyanobacterial 
strains indicating a more effective state 2 to state 1 transi-
tion (Kaňa et al. 2012; this work), (2) a more pronounced 
OCP-quenching in state transition-incapable strains (Jallet 
et al. 2012) and (3) a more pronounced M–T phase when 
these short-term responses are prevented (this work). Taken 
together, our data suggest that short-term processes play a 
photoprotective role and are in a complex and synergistic 
interrelationship with each other in order to maintain redox 
homeostasis of the cell.
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