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Photosynthesis is the process through which plants, cyanobacteria and 

anoxygenic photosynthetic bacteria convert photon energy from the Sun into 

chemical energy. Oxygenic photosynthetic organisms contain a number of 

pigment-protein complexes that carry out water splitting into molecular oxygen 

and protons. The resulting proton gradient can then be used to produce 

adenosine triphosphate (ATP) which is an essential source of free energy living 

organisms rely on. An additional key reaction is that in which released electrons 

get stored in the form of adenine dinucleotide phosphate (NADPH). Both ATP and 

NADPH drive the Calvin-Benson-Bassham cycle during which carbon dioxide is 

assimilated. Fixed carbon is subsequently converted into biomass and other 

products. To a large extent, both the production of oxygen and the assimilation 

of carbon dioxide into organic matter determine the composition of our planet’s 

atmosphere and it is no overblown statement to say that, except for a few 

exceptions (Kelly 1971; Matin 1978), the vast majority of the current life forms on 

Earth are, at the fundamental level, sustained by oxygen evolving photosynthesis. 

 

1.1 Cyanobacteria in History 
 

Planet Earth’s History is typically divided into three eons depicted in Figure 1.1: 

the Archean (from the Greek αρχή: ‘origin’, ‘beginning’), the Proterozoic (from 

the Greek πρότερος: ‘anterior’, ‘preceding’ and ζωή: ‘life’) and the Phanerozoic 

(from the Greek φανερός: ‘visible’, ‘evident’ and ζωή: ‘life’). Earth likely formed 

some 4.6 billion years ago (Gya) by accretion of dispersed dust and gas in the 

solar nebula as well as accumulation of a mixture of a large number of small (ca. 

102 km in diameter) planetesimals and a few larger Moon- to Mars-sized 

planetary embryos (Chambers 2004; Thommes et al. 2003). During the Archean 

(the first ca. 2,1 Ga) the Earth’s atmosphere was deprived from oxygen and its 
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surface was a much hotter place due to a highly radioactive mantle and 

accretion-related heat, that would decrease only slowly and through fierce 

volcanic activity as evidenced by the high MgO content in komatites (Herzberg et 

al. 2010; Mole et al. 2014). Regardless whether one is a scientist or not, one of 

the most exciting questions around our planet has always been (is and, perhaps, 

will always be) how and when life originated. During the Archean eon the only 

possible form of life manifests in anoxygenic phototrophs of which there is barely 

any interpretable trace left in sedimentary rocks. Based upon the assumption 

that organic carbon provides a proxy for oxygen produced by photosynthesis 

(Broecker 1970), a period of rapid rise of atmospheric oxygen, the Great 

Oxidation Event (GOE), has been postulated marking the beginning of the 

Proterozoic eon, ca. 2.5 Ga. This dramatic increase of free net oxygen in the 

Earth’s atmosphere and oceans is attributed to the only biological source of 

oxygen during the late Archean: cyanobacteria (Kazmierczak and Altermann 

2002; Summons et al. 1999).  

 

 
Figure 1.1 Evolution of oxygen concentration in the Earth’s atmosphere. Questions marks indicate 
lack of compelling evidence (adapted from Shih (2015)). 

 

Cyanobacteria are prokaryotic organisms typically unicellular. It has been 

suggested that a transition to multicellularity translated into cyanobacterial 

fitness and abundance, making the GOE possible at all (Schirrmeister et al. 2015). 

After some 1500 million years, a cyanobacterium may have been taken up by a 

host cell and transformed into a photosynthetic organelle or plastid. This process 

is known as plastid endosymbiosis and it gives rise to the eukaryotic cell (Marin et 

al. 2005; Nelson and Ben-Shem 2004); its position in time is relevant because, not 

long afterwards, a second oxidation event took place which itself predates the so-

called Cambrian explosion, the appearance of primitive animals. Diverging 

schools of thought, however, still engage in debates over the significance of this 
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second threshold rise in atmospheric oxygen levels and there is, as yet, no 

convincing evidence for a cause-effect relation. In any case, the consensus view 

does point at cyanobacteria as the organism that not only evolved in what must 

have been a very hostile planet but, astounding as it appears, actually re-shaped 

the environment and set the basis for complex life on Earth which would then 

evolve, except for a few exceptions, framed in oxygenic photosynthesis. 

1.2 Oxygenic photosynthesis in cyanobacteria 

1.2.1 From water splitting to the production of ATP and NADPH 

 

Photosynthesis begins with solar energy being ‘captured’ by pigment-protein 

complexes. Solar energy that matches the absorption spectra of antenna 

pigments is used by those pigments to transit to a higher energy level, an excited 

state. This so-called excitation energy can then be transferred to other co-factors 

down the energy chain. This is known as excitation energy transfer (EET) and it 

happens on the time scale of tenths of fs (10-15 s) to a few hundreds of ps (10-12 s). 

A second essential aspect in photosynthesis is the formation of a charge transfer 

(CT) state. This is performed in the reaction center (RC). There are two different 

pigment-protein complexes that contain such an RC called photosystem (PS) I and 

II. PSII in monomeric form counts up to 37 Chls and it is known to build a dimeric 

structure. In contrast a PSI monomer has 96 Chls and builds trimers although 

functional tetramers have been reported (Watanabe et al. 2014). After charge 

separation occurs, an electron is transferred out of PSII via the two 

plastoquinones (PQ) QA and QB, the primary and secondary electron acceptors of 

PSII, respectively. While the former resides within PSII, the second is mobile and 

can fully detach from it. Once QB has accepted two electrons, forming the 

plastoquinol molecule PQH2, it serves as a vehicle to physically shuttle the 

electrons through the membrane to the cytochrome b6f complex, a process that 

unlike the first steps can last several ms. There electrons get passed to an iron-

sulfur protein (the Rieske protein) and to cytochrome f. Successively, the electron 

is shuttled by a small copper binding protein, plastocyanin (PC) or by the 

cytochrome c, to PSI. After oxidation of PC by PSI and electron transfer via several 

intermediate co-factors, that include Ferredoxin (Fd) and Ferredoxin-NADP+ 

reductase (FNR), NADP+ is reduced to NADPH. This series of steps leading from 

water to photo reduction of NADP+ is known as the linear electron flow (LEF) and 
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it is indicated in blue in Figure 1.2. Electrons from Fd, however, can also be re-

injected into the PQ pool which shuttles them back to the cyt b6f where they get 

re-cycled using protons from the stromal side (see below). Besides, Fd is also able 

to provide respiratory complexes as e.g. the type-I NADH dehydrogenase, with 

electrons coming from PSI. Effectively, this creates circular electron routes 

around PSI, generically termed Cyclic Electron Flow (CEF) and indicated in red in 

Figure 1.2. Additionally to LEF and CEF, a PQH2 molecule can also carry protons 

from the stromal side into the lumen in a process known as the Q-cycle and 

which also lasts several ms. Electrons shuttled this way can be transferred to the 

Rieske protein but not the protons, which are released in the lumen increasing 

the luminal pH. This is what ultimately builds an electrochemical proton gradient 

H
  which is used to produce ATP. 

 

While all of the described above applies to the vast majority of photosynthetic 

organisms, there are some striking differences between, for example, plants and 

cyanobacteria as well as species-specific features that distinguish one 

cyanobacterium from another one. A major difference between plants and 

cyanobacteria concerns their light harvesting apparatus. In plants, the antenna 

complexes are to be found embedded within the thylakoid membrane whereas, 

as shown in Figure 1.2, cyanobacteria evolved an external pigment-protein 

complex with the ability to bind to the regions of the photosystems that are 

exposed to the stromal side of the membrane. Furthermore, cyanobacteria 

harbor both photosynthetic and respiratory units. The PQ pool, the PC pool, the 

cyt b6f and the cytochrome oxidase are shared units. The respiratory subunits 

providing the electron input to the PQ pool (see gray arrows in Figure 1.2) are the 

type-I and –II NADPH dehydrogenase, NDH-I and NDH II, and the succinate 

dehydrogenase (SDH). Furthermore, wide-spread among cyanobacteria are the 

flavodiironproteins (FDPs). Recently, they have been reported to be involved in 

photoprotection, although it is still debated how they exactly operate. So far, it is 

established that they form a heterodimer of two similar, though not identical 

moieties. Flv1/3 reportedly serve as an electron sink to PSI, ultimately reducing 

O2 to water, a process often called the water-water cycle (Mehler 1951). In 

contrast, Flv2/4 has been suggested as an electron acceptor of PSII (Zhang et al. 

2009; Allahverdiyeva et al. 2015) although it is yet to be determined what the 

electron sink for Flv2/4 is.  



 

 

 
Figure 1.2 The cyanobacterial thylakoid membrane. After excitation, energy is funneled through the PB rods to the PB core. Yellow arrows indicate 
EET. A question mark indicates that EET to HliD are postulated but not proven. While Flv2/4 is also a PSII electron acceptor, the Flv2/4 electron 
acceptors are not known. The blue line represents Linear Electron Flow (LEF) via the PQ pool, cyt b6f PC/cyt c, PSI, Fd and FNR. FNR reduces NADP

+
 to 

NADPH which is one essential input to run the Calvin-Benson-Bassham (CBB) cycle. NADPH may be re-oxidized by Flv1/3 resulting in the water-water 
cycle. Cyclic Electron Flow (CEF), indicated by the red line, starts at Fd via the PQ pool back to the cyt b6f where electrons will be re-distributed via 
PC/cyt c. The compartments PQ, PC, cyt c and Cyd are drawn below the scheme for visibility; in reality these are located within the thylakoid 
membrane. Fd can also deliver its electron to NDH-I (dotted red arrow) contributing to CEF around PSI. CEF ensures that a greater amount of protons 
are pumped into the lumen than the number of LEF electrons via the Q-cycle carried out by cyt b6f. Gray arrows show further inputs to the PQ pool 
coming from the respiratory units NDH-I and SDH. The PQ and the PC pools respectively deliver electrons to the bd-quinol oxidase Cyd and to the 
terminal oxidase COX. The ATP synthase pumps protons back to the stromal side of the membrane and, in so doing, ADP is phosphorylated yielding 
ATP, the second essential input of the CBB for carbohydrate production. The energy source for this process is the electrochemical proton gradient 

H
  that result from the Q-cycle and CEF around PSI. 

 

- 1
2 - 
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Additionally, high-light inducible proteins, or Hlips, are small carotenoid-

containing proteins that may compete for EET heading towards the RCs, thus 

playing a photoprotective role (Havaux et al. 2003; Sinha et al. 2012). One 

particular member of the Hlip family, HliD, is presumed to perform as non-

photochemical quencher of fluorescence in PSI-deficient mutants of 

Synechocystis, a mutant that synthesizes the HliD abundantly (Chidgey et al. 

2014). From excitation energy transfer and charge transport within the thylakoid 

membrane to light-adaptive responses, photosynthesis involves processes that 

span the time scale from fs to days; which is partly why understanding 

photosynthesis is such a colossal challenge. 

1.2.2 Light harvesting in cyanobacteria 

 

Ambient light provides the energy input to the photosynthesis machinery. Light 

energy has to be captured, and then transferred to the RCs. This is performed by 

so-called light-harvesting complexes (LHC). The cyanobacterial LHCs or antennas 

are 3-7 MDa(!) pigment-protein complexes that, unlike plants, are not embedded 

in the thylakoid membrane. One of the main light harvesting pigment-proteins 

contained in these structures, the phycobiliprotein (PBP), gives the 

cyanobacterial antenna its name: the phycobilisome (PB). Figure 1.3 displays the 

principle of assembly of this huge complex. It starts off with two polypeptidic 

structures which are very similar, though not identical and are labeled α and β 

subunits respectively, building a PBP monomer. Each monomer can 

accommodate a number of cofactors. In Figure 1.3 a zoom view into the 

monomer shows the exact position of the bilins present in the phycocyanin (PC, 

absorbing at λmax=620 nm) and allophycocyanin (APC, λmax=652 nm) units, which 

in both cases is the phycocyanobilin (PCB). Three of such monomer units 

assemble to a trimer and four such trimers can assemble to cylinders. The PB 

core is built by assembling 2-5 of these cylinders, depending on the species. 

Furthermore, the trimeric units can also be linked to form hexamers. Such 

hexamers pile up to rods mainly through β subunit interaction. While the rods 

depicted in Figure 1.3 are constituted by PC units only, the exact pigment content 

varies from species to species. In addition to PC, Synechococcus WH7803, for 

instance, also contains phycoerythrin (PE), a pigment that maximally absorbs at 

λmax=550 nm.  
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Figure 1.3 A model for the assembly of the phycobilisome (adapted from Marx et al. 
(2014)). See main text for detailed explanation. 
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The whole-cell absorption spectrum and a streak camera measurement of this 

organism are shown as an example in Figure 1.4 and Figure 1.10c, respectively. 

Moreover, some organisms dynamically adjust the pigment content of their PBs. 

In a magnificent demonstration of its light-adaptive capacities, the organism 

Fremyella diplosiphon UTEX 481, for example, adjusts the PE/PC ratio of its PBs 

depending on whether they are exposed to more green or to more red light 

(Kehoe and Gutu 2006). This process is known as complementary chromatic 

adaptation (Grossman 1990) and has got to be one of the most unequivocal 

manifestations of the broad arsenal of abilities cyanobacteria possess to 

acclimate to their environment. 

 

In Synechocystis, the phycobilisomes are composed of six PC rods (see Figure 1.2) 

consisting of three PC hexamers. Each hexamer contains 18 pigments, six PC640 

on the outside and twelve PC650 in the center. The rods are linked to the three 

APC core cylinders, in each of which there are four trimer discs (six PCB per 

trimer). Within the basal cylinders there are: i) one trimer in which in one of the 

three monomers  one APC–unit is replaced by an ApcD–unit, ii) a second trimer 

where the APC unit is replaced by an ApcF and the APC by an ApcE (the core–

membrane linker). Such a fully assembled phycobilisome contains 108 PC640, 216 

PC650, 66 APC660 and 6 APC680 which add up to a total of 396 PCB (Arteni et al. 

2009). 

1.2.3 Pigments relevant for light-harvesting in cyanobacteria 

 

The light-harvesting pigments in Synechocystis are PC, APC and Chl a. While the 

absorption in the 420 nm and in the 680 nm regions are due to the Soret and Qy 

band of Chl a, Synechocystis also absorbs in the 600-650 nm window due to the 

presence of PC and APC. The PE-containing organism Synechococcus WH7803 

expands its absorption window even further. Normalized whole cell absorption 

spectra measured in these two organisms are shown in Figure 1.4. For 

comparison, the normalized absorption spectra of isolated PE-II and PE-I 

complexes (Six et al. 2007), and of R-phycocyanin in 0.05 M sodium phosphate 

buffer at pH=7 (Ong and Glazer 1987) are shown as well.. 
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Figure 1.4 Normalized RT absorption spectra of whole cells of cyanobacteria Synechococcus 
WH7803 and Synechocystis PCC6803 measured with the Cary 4000 set-up in Amsterdam in 
comparison with the spectra of PE-II and PE I complexes isolated from Synechococcus WH7803 (Six 
et al. 2007) and R-phycocyanin in 0.05M sodium phosphate buffer (Ong and Glazer 1987).  

 

 
Figure 1.5 Emission spectra of Chl a and PB in vivo. The spectral 
overlap within the detection region of typical PAM setups is shown in 
red. 

 

If excitation energy is not utilized for photochemistry nor can it either be 

converted to heat via internal conversion nor does it populate triplet states via 

intersystem crossing, pigments decaying to the ground state emit a fluorescence 
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signal which in turn serves us, observers, as a source of information to determine 

what processes are taking place in the thylakoid membrane (Papageorgiou and 

Govindjee 2011; Stirbet and Govindjee 2011; Demmig-Adams et al. 2014). While 

Chl a fluorescence analysis has long been a common and powerful method to 

gain insight into the molecular processes of photosynthesis, in cyanobacteria, the 

recorded fluorescence originates from different sources: not only Chl a in PSI and 

PSII but also phycobiliproteins, embedded in the phycobilisomes contribute to 

the signal. This is illustrated in Figure 1.5 where a typical Chl a spectrum in 

ethanol is compared to the spectrum of isolated PBs (kindly obtained from Michal 

Gwizdala). On top of the fluorescent traces, the spectral region over which the 

signal is integrated in pulse-amplitude modulated (PAM) fluorometry (Schreiber 

2004) is shown in red. This fluorescence superposition principle is exploited in 

chapter 2 to disentangle the PB-contribution and the Chl a contribution – an 

operation that has to be taken into account to accurately estimate the 

photosynthetic efficiency of the organism, which is solely determined by the 

dynamics of the chlorophyll signal. 

1.3 Excitation energy transfer 
 

Excitation energy transfer and electron transfer are key processes in 

photosynthesis. Here we briefly discuss them. Two separate pigment molecules 

that are sufficiently far from each other behave like what they are: two individual 

pigments with certain electronic and photophysical properties each. However, 

when the distance separating one from the other decreases sufficiently, their 

Coulombic interaction modifies the pigments’ properties resulting in a physical 

system, a dimer, whose behavior is no longer the simple sum of two independent 

monomers. Energy transfer from one molecule, the donor D, to the other, the 

acceptor A, occurs as a result of the resonant interaction between the molecules’ 

transition dipole moments. Formally, one can write the Coulombic interaction as 

a multipole series whose first term describes the dipole-dipole-interaction, VDA, 

as a function of the transition dipole moment of the donor, D , that of the 

acceptor, A , the center-to-center distance between D and A, RDA: 
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Figure 1.6a depicts a donor D, an acceptor A, the planes respectively defined by 

their transition dipole moments D  and A  and the corresponding angles. The 

numerator in Eq (1) is called the orientation factor κ, and its dependence on the 

relative orientation between donor and acceptor molecules is given by: 

  
22 sin sin cos cos cosD A D A        

 
(2) 

 
Photosynthetic chromophores are held in certain fixed positions by the proteins 

they are embedded into and κ2 ranges from 0 to 4 (Mirkovic et al. 2017; van der 

Meer 2002).  

 

 
Figure 1.6 (a) Representation of a donor molecule D and an acceptor molecule A in their respective 
planes building an angle ϕ to each other. The transition dipole moment μD (μA) builds an angle ϑD 
(ϑA) to the vector R, defined by the planes’ intersection. (b) Energy levels and absorption bands of 
the monomer versus the dimer conformation. Adapted from Mirkovic et al. (2017). 

 

Figure 1.6b on the other hand helps visualizing the energy levels of a dimer vis-à-

vis the monomer and the new resulting transitions. A truly fascinating 

consequence thereof is that the excitation is no longer localized on one or the 

other pigment; rather it is delocalized stretching over the entire dimer, which 

now has two absorption bands, each one of which has shifted to a lower (red 

shift) or higher (blue shift) energy relative to the monomer level. Furthermore, 

their oscillator strength depends on the relative orientations of D  and A . This 

is also known as excitonic coupling and energy transfer under these conditions is 

called coherent. In 1946, the German physicist Theodor Förster wrote down a 

crucial expression that relates, in the case of weakly interacting pigments, the 
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rate of energy transfer from D to A, kD→A, to the emission spectrum of D and the 

absorption spectrum of A: 
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(3) 

 
 

where ϕD is the fluorescence quantum yield of D, τD its fluorescence lifetime, n is 

the refractive index of the medium, NA is the Avogadro’s number, R is the 

distance between D and A, FD is the normalized spectrum of the donor emission, 

εA is the molar extinction coefficient of the acceptor and λ the light’s wavelength. 

In the weak interaction limit, the Förster energy transfer is referred to as hopping 

or incoherent energy transfer. In the case of even closer molecules, higher terms 

of the multipole expansion play a role and kD→A is no longer proportional to the 

inverse of the sixth power of R. Strong pigment-pigment interactions are better 

described by the modified Redfield theory (Novoderezhkin et al. 2004). 

Canadian-born chemist Rudolph A. Marcus developed a kinetic theory for 

electron transfer based on thermodynamics. The expression he found for the 

electron transfer rate kD→A from a donor molecule D to an acceptor molecule A is: 
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(4) 

 

 

whereby VDA is the electronic coupling, λ is the reorganization energy, R the 

distance between D and A, ΔG is the Gibbs free energy difference between states 

before and after charge transfer. 

1.4 Experimental methods: time-resolved spectroscopy 

1.4.1 Mutants of Synechocystis 

 

In Chapters 3, 4, 5 and 6 of this thesis, we discuss fluorescence studies that 

resulted from collaborative work with the Swammerdam Institute for Life 

Sciences at the University of Amsterdam. Cells of wild-type Synechocystis PCC 

6803 as well as of a mutant lacking the NDH-1 unit (M55) and of a PSI-less mutant 
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(ΔPSI) were grown under well-defined physiological conditions either in a shaking 

incubator (Figure 1.7a) (Versatile Environmental Test Chamber MLR-350H, Sanyo) 

that enabled us to have tight control over the atmosphere's humidity, 

concentration of CO2, temperature and illumination conditions, or in 

photobioreactors, where cells were grown either in chemostat or turbidostat 

mode. Crucially, the multi-LED set-up (see Figure 1.7c, schematically described in 

Figure 1.9) was located next to place where the cells were grown ensuring that 

the experiments were carried out on perfectly healthy cells. 

Since the ΔPSI is a very sensitive organism, the flask was additionally covered so 

as to grow them at an illumination rate of 5 µmol photons m-2 s-1. Due to the high 

ratio PSI/PSII ratio in WT Synechocystis, the difference in pigmentation between 

this mutant and the WT can easily be appreciated with the naked eye 

(Figure 1.8). 

1.4.2 Multi-LED set-up 

 

The multiple LED set-up was originally developed in the Holzwarth Laboratory at 

the Max Planck Institute for Chemical Energy Conversion, in Mühlheim an der 

Ruhr. A detailed description of it can be found in Lambrev et al. (2010). It allows 

full fluorescence spectra of whole cells in solution to be acquired with 100 ms 

time-resolution. A key feature is that the sample can get excited with two 

different light sources with different illumination characteristics and whose 

power supplies can be turned on and off via an interface communicating with the 

user. Thus, custom protocols oriented to the specific research question can be 

pre-defined. Moreover, LEDs of any spectral characteristics can easily be 

interchanged (see Figure 1.9a) as needed for a given light protocol: while for 

specific phycobilisome excitation, 590 nm light was used, also quenching 

experiments were carried out, in which high-intensity white light was used. 

Fluorescence is collected via a lens that focuses the emitted light into a fiber 

connected to a CCD spectrometer (USB2000+, OceanOptics). The measurement 

protocol was defined via a home-made National Instruments LabView interface 

and the acquired data were analyzed with home-written Mathematica software. 

A representative acquired data matrix is shown in Figure 1.9b. 
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Figure 1.7 (a) Shaking incubator Versatile Environmental Test Chamber MLR-
350H, Sanyo, (b) photobioreactor and (c) multi-LED set-up (see scheme 
Figure 1.9a) 

 

 

 
Figure 1.8 Sample cuvettes containing whole cells of 
WT Synechocystis (left) and its derivative mutant 
lacking PSI (right) 
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Figure 1.9 (a) Schematic representation of the multiple-LED set-up used for time-resolved 
spectroscopy with 100 ms time-resolution. After a user-defined light protocol has been input, the 
sample undergoes illumination by LED 1 and 2, which could have any of the spectral characteristics 
shown on the inset. A cut-off filter is used to cut excitation light. The detected signal is guided to a 
spectrophotometer and saved in the PC. The time series of such spectra can be visualized in (b) a 
height map of an illustrative data matrix acquired during a quenching experiment. Red indicated 
maximal and blue minimal values. Isolated phycobilisomes from Synechocystis PCC 6803 were put 
in a cuvette to which pre-activated OCP was added during the measurement (ca. t=140 s) so as to 
record the quenching dynamics. The inset shows a logarithmic plot of the singular values (see 
chapter 3). 

 

1.4.3 The streak camera 

 

Time-resolved fluorescence measurements that capture the processes on the ps 

time-scale can be achieved with a synchroscan streak camera (Figure 1.10a). The 

advantage of such an instrument, compared to other time-resolved techniques, 

such as e.g. transient absorption, lies in the low laser power used. Thus, chances 

of damaging the organism are kept low and, particularly in whole-cell 

measurements, scattered light hampers the analysis considerably less. Given the 

pigment composition in the cyanobacterial photosynthetic units, two different 

excitation wavelengths were chosen: one that predominantly excites the 

antenna’s PCB and another one that predominantly excites Chl a in the 

photosystems I and II. 

The LaserLab set-up in Amsterdam has been described in detail by Van Stokkum 

et al. (2008). In a nutshell: a frequency-doubled Nd:YVO4 laser pumps a Ti:S 

oscillator whose output, after being split, both synchronizes the deflection field 

of the streak camera and enters a Nd:YVO4-pumped regenerative amplifier 
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(RegA) (see Figure 1.10b). After amplification at a rate of 250kHz, the pulse 

energy is ca. 4 μJ (0.2 ps, 800 nm) and it can then be fed into an optical 

parametric amplifier (OPA) where, after frequency doubling, it is used to 

generate white light. Thus, selective excitation with different wavelengths of the 

visible range becomes possible. After excitation of a fluorescent sample, emitted 

photons are first collected and focused on the slit of a spectrograph (spectral 

resolution of 2 nm), then converted to electrons via a photocathode. The 

electron gain is proportional to the incident light intensity. The electrons are then 

expelled into an oscillating electrical field, whose magnitude is swept in time, 

causing a time-dependent deflection of their trajectory. The synchronizing 

controller unit makes sure that the time at which the excitation pulse was 

emitted is known. This is how the time component is resolved: an early arriving 

photon generates an electron that will undergo a greater deflection throughout 

the accelerating mesh. A microchannel plate (MCP) amplifies then the electron 

signal. Finally, the amplified signal hits a phosphor screen where electrons are re-

converted to photons that are recorded by a highly sensitive CCD camera. 

Photons are collected for successive laser pulses over the user-defined 

integration time, resulting in a streak image (Figure 1.10c): fluorescence intensity 

resolved in time and wavelength. 

 

  
Figure 1.10 (a) Illustrated working principle of a streak camera, (b) Schematic representation of the 
set-up used for time-resolved experiments and (c) Output of an experiment performed on 
cyanobacterium Synechococcus WH7803 exciting at 551 nm (Chapter 7). Adapted from (Van 
Stokkum et al. 2008). 
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1.5 This thesis 
 

In chapter 2 we present a kinetic model for pulse-amplitude modulated 

fluorescence data measured in whole cells of Synechocystis PCC 6803 and 

mutants thereof lacking either the core unit ApcD or ApcF or both (Jallet et al. 

2012).  

 

In chapter 3, we present a SVD-based method for data analysis of time-resolved 

fluorescence spectra of whole cells. The method is based on Singular Value 

Decomposition (SVD) of the data matrix. Experiments were carried out on whole 

cells of wild-type Synechocystis PCC 6803 and two mutants thereof which lack PS 

I (ΔPSI) or II (ΔPSII).  

 

In chapter 4, we apply the SVD-based method to data on whole cells of the ΔPSI 

mutant mentioned above under several conditions that affect respiratory activity 

(dark-adaptation, KCN treatment, microoxic environment). We also develop a 

minimal mathematical model to describe the different conditions.  

 

In chapter 5, further SVD-based analyses of spectrally and time-resolved 

fluorescence data are presented. In this case, the Synechocystis mutants included 

the ΔPSI mutant and the M55 mutant, where the type-I NDH does not fully 

assemble. Measurements of the wild-type grown under strictly controlled 

conditions in a photobioreactor were also analyzed.  

 

Chapter 6 offers an insight into the very fast dynamics of EET within and from the 

phycobilisome in the Synechocystis ΔPSI mutant. Target analysis of streak camera 

measurements with different excitation wavelengths are presented.  

 

Finally, in chapter 7 we present the target analysis of streak camera 

measurements performed on whole cells of the PE-containing cyanobacterium 

Synechococcus WH7803. 

 

Chapter 8 is the summary of this thesis. 
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2.1 Abstract 
 

Pulse–Amplitude Modulated (PAM) fluorometry is extensively used to 

characterize photosynthetic organisms on the slow time–scale (1–1000 s). The 

saturation pulse method allows determination of the quantum yields of maximal 

(FM) and minimal fluorescence (F0), parameters related to the activity of the 

photosynthetic apparatus. Also, when the sample undergoes a certain light 

treatment during the measurement, the fluorescence quantum yields of the 

unquenched and the quenched states can be determined. In the case of 

cyanobacteria, however, the recorded fluorescence does not exclusively stem 

from the chlorophyll a in photosystem II (PSII). The phycobilins, the pigments of 

the cyanobacterial light harvesting complexes, the phycobilisomes (PB), also 

contribute to the PAM–signal, and therefore F0 and FM are no longer related to 

PSII only. We present a functional model that takes into account the presence of 

several fluorescent species whose concentrations can be resolved provided their 

fluorescence quantum yields are known. Data analysis of PAM measurements on 

in vivo cells of our model organism Synechocystis PCC6803 is discussed. Three 

different components are found necessary to fit the data: uncoupled 

phycobilisomes (PBfree), PB–PSII complexes and free PSI. The free PSII contribution 

was negligible. The PBfree contribution substantially increased in the mutants that 

lack the core terminal emitter subunits allophycocyanin D or allophycocyanin F. A 

positive correlation was found between the amount of PBfree and the rate 

constants describing the binding of the activated orange carotenoid protein to 

PB, responsible for non–photochemical quenching. 

2.2 Introduction 
 

Chlorophyll a (Chl a) fluorescence carries important information about the 

primary photophysical processes taking place in the thylakoid membrane, 

including non–photochemical quenching (NPQ) (van Grondelle et al. 1994; 

Papageorgiou and Govindjee 2004; Baker 2008; van Grondelle 1985; Krause and 

Weis 1991). This is why Chl a fluorescence quenching analysis by the saturation–

pulse method has been extensively used in the study of photosynthetic 

organisms (Schreiber et al. 1995). Pulse–amplitude modulated (PAM) fluorometry 

is a sensitive tool which measures the fluorescence quantum yield Fl in different 
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sample states, e.g. quenched/unquenched. This has enabled in vivo 

characterization of the photosynthetic apparatus of Synechocystis PCC6803 

(hereafter Synechocystis) in different light–acclimated states (Kirilovsky 2007, 

2014; Wilson et al. 2007; Campbell et al. 1998). In the particular case of 

cyanobacteria, the recorded fluorescence originates from different sources: not 

only Chl a of photosystems (PSI and PSII) but also phycobilins, embedded in the 

antenna complexes, the phycobilisomes (PBs), contribute to the PAM–signal (see 

Figure 2.1 and reviews  (Kirilovsky 2014; Campbell et al. 1998)).  

 

 
Figure 2.1 Emissive spectra of Chl a and PB in vivo. The spectral 
overlap within the detection region of typical PAM setups is shown in 
red. 

 

Therefore, a mathematical model is needed in order to interpret the data 

correctly. Holzwarth, et al. have already emphasized that PAM fluorescence data 

often get converted to the (Stern–Volmer) NPQ space via a simple, but by no 

means “innocent”, mathematical transformation x(t)x-1(t) leading to distorted 

kinetics (Holzwarth et al. 2013). Instead, a careful description of the hypothesized 

NPQ processes is essential. An example of such PAM modelling efforts is the 

kinetic model developed by Ebenhöh and co–workers for zeaxanthin–related 

NPQ in plants and from which PAM curves could be simulated (Ebenhöh et al. 

2011). However, systematic discrepancies between their simulations and 

experimental PAM data, in particular in the light to dark transition, have shown 

just how challenging it is to consistently reproduce the NPQ kinetics while 

validating strongly simplifying assumptions. In another attempt, the rapidly 
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reversible component of NPQ and its dynamically controlled 

appearance/disappearance under low and strong actinic light conditions have 

been modelled by (Zaks et al. 2012). Finally, models have been developed that 

combine detailed PSII and inter–photosystem electron transport with Calvin-cycle 

reactions (Laisk et al. 1997). In this manuscript we focus on cyanobacterial PAM 

studies in which the PB–related contribution to the PAM signal must first be 

resolved for, as long as it remains neglected, no solid statements on the PSII–

specific activity can be formulated. 

2.2.1 Phycobilisomes: the difference between cyanobacterial and 

plant signals. 

 

The phycobilisome is the cyanobacterial light harvesting complex. In 

Synechocystis, the phycobilisomes are composed of: six C–phycocyanin (C–PC) 

rods (see Figure 2.2) each of which is composed on average of three disc–shaped 

hexamers (12 bilins per hexamer) (Arteni et al. 2009) that absorb at ca. 620 nm 

and whose fluorescence maxima lie within the range 640–650 nm (Glazer et al. 

1983). These C–PC rods are linked to the three allophycocyanin (APC) core 

cylinders arranged such that their respective centers draw a triangle with one of 

its sides facing the thylakoid membrane (Bryant et al. 1979). In each of the core 

cylinders there are four trimer discs (six bilins per trimer). Each monomer of the 

trimer is made of two polypeptidic units called APC and APC; their absorption 

peak lies at 650 nm and they emit at 660 nm, hence why they are referred to as 

APC660. However, within the basal cylinders, and in the proximity of the 

membrane, there are: i) one trimer in which one of the three monomers is not 

formed by one APC and one APC–unit but one APC and one ApcD–unit instead 

(previously called APC-B), ii) a second trimer that also differs from the ()3 

conformation, where the APC is replaced by an ApcF(APC-18) and the APC by an 

ApcE (the core–membrane linker, Lcm ) (see reviews by (MacColl 1998; Adir 

2005)). Even though the linker proteins do not contain pigments themselves, they 

have been shown to play a role in fine tuning rod energy absorption and energy 

transfer capabilities (David et al. 2011). 
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Figure 2.2 The different emissive species giving rise to a cyanobacterial PAM-signal (see Eq. (3)) are 
characterized by their respective quantum yields in different light-acclimated states. 
Phycobilisomes are represented as six blue rods attached to three gray cylinders as the core. Two 
rectangular units represent an open (dark green) or closed (red) PSII-dimer. PBs can be bound to a 
PS or not. The index j indicates whether the emissive species is an uncoupled PB (A: j=PB) a single 
PB-PSII complex (PPc2) (B: j=PPc2). j=PB can still result in two different states if, for instance, a 
minimal amount of light (black bar) or high-light (blue-green bar) is shone onto the sample: 
unquenched (C: l=u) or quenched (D: l=q). The index k indicates whether the PSII is open (E: k=o) or, 
in case a saturation pulse fully reduces the PQ-pool, closed (F: k=c) 

 

2.2.2 NPQ in Synechocystis. 

 

PB–containing cyanobacteria (such as Synechocystis) have developed different 

non-photochemical- quenching photoprotective mechanisms. The two principal 

ones are state transitions and OCP–related NPQ. The former denotes the 

organism's ability to distribute excitation energy between PSI and PSII as a 

function of the redox status of the linear electron transport chain (Fork and Satoh 

1986; Mullineaux and Allen 1990; Vernotte et al. 1990; Kirilovsky et al. 2014). 

When cyanobacteria cells are illuminated with orange light, principally absorbed 

by PBs, the PQ pool becomes more reduced and a transition to state 2 is induced 

accompanied by a decrease of fluorescence. In contrast, blue light, principally 

absorbed by chlorophyll induces a transition to state 1 and increase of 

fluorescence. In darkness, Synechocystis are known to be in state 2, since the PQ 

pool is reduced via the respiration. Thus, illumination of dark-adapted cells with 
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low intensities of blue light provokes a transition to state 1. Modelling state 

transitions, however, goes beyond the scope of this study. Instead, we will focus 

on the second mechanism, the OCP-related NPQ. In higher plants, the energy–

related component of NPQ is induced by a pH–gradient (Wraight and Crofts 

1970) and involves the xanthophyll cycle (Demmig et al. 1987) and/or the PsbS 

protein protonation (Li et al. 2000; Funk et al. 1995). In contrast, in 

cyanobacteria, an equivalent mechanism which reduces the energy arriving to 

the reaction centers, is triggered when the Orange Carotenoid Protein (OCP) is 

photoactivated and binds to the phycobilisomes (Wilson et al. 2006; Wilson et al. 

2008; Gwizdala et al. 2011). Binding only occurs if the non–active orange form 

OCPo is photo–converted to the red form OCPr ( OCPo→OCPr conversion) (Wilson 

et al. 2008; Gwizdala et al. 2011). Thus, when strong blue–green light is absorbed 

by the carotenoid, OCPr is first formed, then it attaches to the PB core leading to 

most of the excitation energy being dissipated and not reaching the RCs. Since 

energy dissipation occurs at the PB level, we do not model NPQ at the dark and at 

the maximum fluorescence level differently, as it has been proposed for plants 

(Härtel and Lokstein 1995). Detaching of OCP is assisted by yet another protein: 

the Fluorescence Recovery Protein (FRP) (Boulay et al. 2010; Sutter et al. 2013). 

The OCP/FRP ratio in the cell can be considered as the regulator of the induction 

of heat dissipation (Gwizdala et al. 2013). 

 

2.2.3 Pulse-amplitude modulated (PAM) fluorometry. 

 

Both photochemistry yields and NPQ induction can be followed by pulse–

amplitude modulated (PAM) fluorometry. A PAM instrument is able to trace 

changes of the yield of fluorescence under different light conditions. Typically, 

three levels of fluorescence, called F0, FM and FS, are observed in a PAM trace. The 

minimal fluorescence level (F0) is recorded while the photosynthetic organism is 

dark–adapted and all the PSII centers are open (the primary quinone QA is 

oxidized). The intensity of the modulated measuring light (in PAM 101–103: 

m=650 nm; Dual–PAM: m=630 nm and 440–460 nm) used to determine F0 is 

very low (non–actinic) in order to avoid photochemistry, which could yield a 

biased minimum.  The FM level is induced by a saturation pulse typically of >2000 

mol of photons m-2 s-1. Its duration (200–1000 ms) ensures multiple turnovers 

and a transient closure of the reaction centers (QA reduced). Therefore, FM 
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corresponds to the state of fully closed PSII reaction centers (QA reduced). During 

this state the yield of photochemistry is minimal i.e. the recorded fluorescence 

level is maximal (Papageorgiou et al. 2007). The steady state fluorescence level 

(FS) is measured under continuous illumination and depends on the fraction of 

reduced QA. Other parameters, such as the variable fluorescence, FV, are derived 

from the measured values. FV is defined as the difference between the maximal 

fluorescence level, FM, and the darkness fluorescence level (Butler 1978), F0:  

FV=FM–F0 (see Figure S 2.1). 

 

The phycobilins of the PBs, not present in higher plants, lead to a major 

difference in the PAM signal: since the Chl a (PSII) and the phycobilin (PB) 

fluorescence spectra overlap (see Figure 2.1) precisely within the spectral region 

where fluorescence is typically collected (det>700 nm), F0,cyano lies higher than the 

F0–level recorded in plants: 

 

 0, 0,PS 0,cyano II PBF F F   (1) 

 

where 
0,PSII 0,, PBF F  are, respectively, the fluorescence from PSII Chl a and from 

PBs. 
0,PBF  also adds to the maximal fluorescence: 

 

 , , 0,M cyano M PSII PBF F F   (2) 

 

The ratio Chl a/phycobilin fluorescence depends on the wavelength m of the 

measuring light. The amount of Chl a related fluorescence when induced by blue 

light (exciting more the Chl a than the bilins) is greater than it is when orange 

light (specific to phycocyanin) is used instead. All measurements shown in this 

article were carried out using a PAM 101–103 instrument with red measuring 

light (m=650 nm) which yields an intermediate situation (Kirilovsky 2014; 

Campbell et al. 1998). 

2.3 A model to resolve several contributions to a 

cyanobacterial PAM-signal. 
 

We propose a model that determines the F0,PB related contribution to the PAM 

signal. In this way one could resolve the PAM–dynamics strictly related to PSII. 
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Our model is based on the fundamental assumption that the fluorescent species’ 

spectral properties are independent from its concentration in the sample. Any 

given PAM–signal JPAM can then be written as the product of an emissive species j, 

(spectrally) characterized by its fluorescence quantum yield j, multiplied by its 

concentration cj (which may or may not be time–dependent). Additionally, 

fluorescent species may be unquenched (dim blue light regime) or quenched 

(strong blue light regime). 

 

A cyanobacterial sample will expectedly contain more than only one fluorescent 

species, so the PAM–signal then becomes a linear superposition of the 

fluorescence originating from each one of the species. Furthermore, JPAM depends 

on the light–intensity of the measuring light, I(t), and a set of model parameters 

P=(P1,P2,P3...) which we will define further below (see section ‘Time evolution’). 

Thus, the general expression is: 

 

 ( ; )PAM jkl jkl

jkl

J I(t) c (t) P  (3) 

 

where the additional indices k and l represent different light–acclimated states; k 

takes into account whether PSII is open or closed and l stands for either a 

quenched or an unquenched species (see Figure 2.2). 

 

As a first example, consider two different species: let the first one be a 

Phycobilisome–Photosystem II complex, abbreviated PPc2, while the second one, 

denoted PBfree, represents either completely free PB or PB non–functionally 

bound to membranes and finally PB that do not transfer energy efficiently to the 

PS and therefore have a long fluorescence lifetime. Note that the PPc2 

contribution contains both emission from Chl a and from the PB attached to PSII. 

Defining the time–independent, relative concentrations as c2 (PPc2) and  (PBfree) 

and using Eq. (3), it follows for F0,cyano and FM,cyano:  

 

 0, 2 2, , ,cyano PPc o u PB uF c        (4) 

 

 , 2 2,c, ,M cyano PPc u PB uF c        (5) 
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 Unquenched Quenched 

free PB 1 0.105 

free PSII 
(closed) 

0.519 – 

free PSII 
(open) 

0.036 – 

free PSI 0.023 – 

PPc2 (closed) 0.502 0.189 

PPc2 (open) 0.161 0.100 

PPc1 0.106 0.060 

 
Table 2.1 Normalized estimates of each of the emissive 
species’ fluorescence quantum yields as determined from 
time-resolved spectroscopy and global and target analysis. 

 

Therefore, a model that aims to estimate the two unknown concentrations c2 and 

 needs a priori knowledge with respect to the quantum yields PB,u, PPc2,o,u and 

PPc2,c,u. Provided the latter are known, Eqs. (4)–(5) simply build a system of two 

equations with two unknowns.  

 

This observation brings us to one of the fundamental assumptions in this article: 

the constant values for the fluorescence quantum yields of each species 

displayed in Table 2.1. These are derived from fluorescence lifetimes and 

emission spectra obtained from target analysis of time–resolved experiments. 

From streak camera studies performed on whole cells of Synechocystis combined 

with global and target analysis, the fluorescence lifetimes and emission spectra of 

the species present in the cell have been estimated (Tian et al. 2011; Tian et al. 

2013; Tian et al. 2012). Table 2.1 thus provides the set of constant values needed 

to solve the system, and estimate the unknown concentrations. The numbers in 

this table should be considered an educated guess based upon the literature. The 

sensitivity of the results to these numbers has been investigated as well. 

  



- 38 - 
 

2.4 Results and discussion 

2.4.1 Parameter estimation from simulated data 

 

Using the model described above, we first simulate data assuming a certain 

amount of noise and a given saturation pulse frequency (spf). Since the range of 

values for both quantum yields and relative concentrations is [0,1], we introduce 

a scaling factor that matches the absolute scale of the fluorescence recorder used 

during the experiment. Figure S 2.2 shows simulated data with a noise level of 

0.01 and a pulse every 50 or 20 s. The parameters were set to =0.10 and 

scale=2000. This places the F0 level at (0.10∙1+0.90∙0.161)∙2000=488 arbitrary 

units (bold numbers from Table 2.1). 

Fitting the simulated data yielded the following parameters: a) spf (50 s)-1: 

=(0.1003 +/- 0.004); scale=(1998.2 +/- 2.5) and b) spf (20 s)-1: =(0.1002 +/- 

0.003); scale=(1999.0 +/- 1.9). The relative errors of the estimated parameters 

improved after increasing the spf (due to better sampling of the closed state). 

Hence, in an experiment where FM should be determined precisely, one could 

increase the frequency at which the sample gets saturated. However, an FM–level 

decrease has been reported due to non–photochemical quenching induced by 

the saturation pulses; this has been indeed observed in Chlamydomonas and 

Synechocystis (Schreiber et al. 1995), so extra attention should be paid to this 

effect when increasing the spf in quenching experiments and analysis on both 

plants and cyanobacteria.  

 

2.4.2 Adding a PSIIfree component  

 

So far we have considered only two different contributions. We now consider a 

third species: PSIIfree, i.e. PSII which is not coupled to any PB. Let f2 be its relative 

concentration. Expanding Eq. (3) the PAM–signal of such a sample reads: 

 

, 2 2, , 2 ,

, 2 2,c, 2 ,

(I(t);PPc2,PB ,PS2 )
PB u PPc o u PSII o

PAM free free

PB u PPc u PSII c

c f
J

c f

   

   

    
 

    
  

sat

sat

t t

t t




 (6) 

 

Two major differences should be noticed: first, the new species, PSIIfree, is 

spectrally characterized by the quantum yield PSII which is not the same if the 



- 39 - 
 

photosystem is attached to a PB antenna: PPc2≠PSII. Second, the difference 

between the first and the second line in Eq. (6) lies in whether or not at a given 

time point t a saturation pulse was applied (denoted by tsat). If applied, such a 

pulse causes a shift in the PSII population which affects the quantum yield: for 

t=tsat all PSII adopts a closed state (note the index c instead of o). 

Just as in Eqs. (4) & (5), the contribution to the F0,cyano and FM,cyano in the case of 

these three components can be written as follows (see Table 2.1 for quantum 

yield values): 

 

 0, , 2 2, , 2 ,cyano PB u PPc o u PSII oF c f          (7) 

 

 , , 2 2,c, 2 ,cM cyano PB u PPc u PSIIF c f          (8) 

 

This time, Eqs.(7)–(8) build a system of two equations and three unknowns. This 

leads to degeneracy of the solutions, i.e. given this amount of information, more 

than only one set of parameters 2 2, ,c f   are possible solutions of the system. A 

unique solution cannot be found unless additional conditions are introduced. 

2.4.3 Non-Photochemical Quenching  

 

In the last section, we introduced a PAM–model that is useful with two 

unquenched components only. However, during a PAM experiment a second 

state, the quenched state, can be induced. A model of cyanobacterial NPQ is then 

needed if PAM measurements carried out under NPQ–inducing light conditions 

should be parameterized. A kinetic model of OCP–related NPQ has been 

developed by (Gorbunov et al. 2011) in which a light–dependent reaction is 

responsible for the conversion of OCPo to OCPr which then can bind to the PB 

core and subsequently induce NPQ. A model reproducing the OCPo→OCPr 

conversion, the binding of OCPr to PB and the FRP–related detaching of OCP is 

explained in detail in the SI (see ‘Derivation of the quenching and recovery 

dynamics’). A parameter I describes how efficient the OCPo→OCPr conversion is 

(see also ‘Model Applications’ in the SI). The initial concentration of [OCPo], 

hereafter expressed as a fraction of [PB], is estimated to be ca. 0.3–0.6 ([PB]=1) in 

WT Synechocystis. The initial concentration [OCPo]0 and I yield the time–

dependent concentration of photoactivated OCPr. Decisive for NPQ induction is 
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the encounter probability between PB and OCPr (see Eq. S 2.11). The rate at 

which the binding occurs is k1 whereas k2 is the rate at which the FRP detaches 

OCPr from the PB core (Gwizdala et al. 2013). 

 

Under light conditions, the minimal, maximal and variable fluorescence are 

termed F0’, FM’ and FV’ respectively (see e.g. the review of (Baker 2008)). Our a 

priori knowledge of the fluorescence quantum yields of quenched states can help 

solving the problem of degeneracy: a set of analogous equations to Eqs. (7) & (8) 

(also shown below for clarity) can be postulated for the quenched state. Let 

Fq
0,cyano and Fq

M,cyano be the fluorescence levels of the fully quenched states; 

minimal and maximal fluorescence levels then read: 

 

 0, , 2 2, , 2 ,cyano PB u PPc o u PSII oF c f          (7) 

 

 , , 2 2,c, 2 ,cM cyano PB u PPc u PSIIF c f          (8) 

 

    0, , 0 2 2, , 2 , 0 2 2, , 2 ,(1 )q

cyano PB q PPc o q PSII o PPc c q PSII cF c c f c c f                   (9) 

 

 , , 2 2,c, 2 ,c

q

M cyano PB q PPc q PSIIF c f          (10) 

 

where we have introduced c0 the fraction of PSII (free or bound) that is closed 

due to the high intensity of the NPQ–inducing light. Note that, in our model, only 

the species containing PB can be quenched, therefore the PSIIfree is not subject to 

NPQ during strong blue–green light exposure.  

 

The additional condition introduced through the fully–quenched state, yields Eq. 

(10), which in combination with Eqs. (7) & (8) now builds a linear system of three 

equations with three unknowns. Alternatively, we can formulate the problem in a 

ns x m matrix form F=A·c where F and c are vectors and the matrix A has ns  rows 

corresponding to the s light–induced states of the sample and m columns 

associated with the number of fluorescent species: 
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0, , 2, , ,

, , 2, , , 2

'

, , 2, , , 2

cyano PB u PPc o u PSII o

M cyano PB u PPc c u PSII c

q

M cyano PB q PPc c q PSII c

F

F c

F f

   

  

  

     
     

      
    
    

 (11) 

 

This system has a solution provided there is enough contrast in the fluorescence 

quantum yields between open and closed states (see Eqs. S 2.27 & S 2.28). In that 

case, A is invertible and we obtain an estimate for the concentration vector: 

 

 1ĉ A F   (9) 

 

Once the concentration vector has been estimated, Eq. (9) yields the estimated 

fraction of closed PPc2 and PSIIfree when the high actinic light is turned on: 

 

 
   

     
0, 2 2, , , 2, , ,

0

2 2, , , , 2, , 2, , 2, ,

ˆ ˆ ˆ1
ˆ

ˆ ˆ 1

q

cyano PPc o q PSII o PPc o q PB q

PPc o q PSII c PSII o PPc c q PPc c q PPc o q

F f
c

f

     

      

       


      
 (13) 

 

Finally, Figure S 2.10 shows the simulated data and the fit with the respective 

contributions resolved. The estimated parameters are given in Table S 2.2 (trial 

Q1).  

 

2.4.4 Time–evolution 

 

In the example discussed above, we have made use exclusively of the data points 

for which a static contribution could be given: Eqs. (7) & (8) correspond to the 

fully unquenched state whereas Eqs. (9) & (10) describe the fully quenched state. 

In both cases, the respective concentrations do not vary in time. In a PAM 

experiment, however, one monitors a progressive time evolution from the 

unquenched to the quenched state following the introduced change in light 

conditions. Figure 2.3 shows an example: The first 100 seconds (gray bar on top 

indicates dim blue light regime) correspond to the static contributions. At t=100 s 

the actinic light is turned on (turquoise bar on top) and saturates partly the PSII 

reaction centers, shifting a fraction c0 of the PSII population from the open to the 

closed state (F0 becomes FS), regardless of the fact whether they are bound to a 

PB antenna or not. Concomitantly, the high actinic light triggers the 
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photoconversion OCPo→OCPr and thus the formation of quenching complexes 

PB–OCPr, called Cq hereafter. Cq formation reflects in the overall decrease of 

fluorescence and the gradual shift within ca. 100 s towards another state 

characterized by the fluorescence quantum yields of the fully–quenched species 

(t > 200 s) which can be satisfactorily described by either Eq. (9) or (10). Suppose 

we would like to know how the maximal fluorescence from the complex PPc2 

evolves from the ‘unquenched’–static level described by c2·PPc2,c,u to the 

‘quenched’–static level described by c2·PPc2,c,q. What we are looking for is thus an 

adequate expression for c2(t).  

 
Figure 2.3 Simulated data with a pulse every 20 s and noise level of 0.01. At time t=100 s strong 
blue-green light is turned on (indicated by the color bars on the top). Its power is such that a 

fraction c0 of the RCs are closed and the OCP
o
→OCP

r
 conversion takes place with I=0.09s

-1
. The 

amount of OCP
r
 formed is [OCP

r
]=0.5 and it binds to PB with k1=0.30 s

-1
. The FRP detaches the OCP 

bound to the PB with k2=0.003 s
-1

. A fluorescence recovery region has been added: at time t=300 s 

the NPQ-inducing light is turned off. All RCs re-open and the OCP
o
→OCP

r
 conversion stops (I=0). 

The action of FRP can be resolved better and k2 can be estimated (k2=0.00306 +/- 0.00007 s
-1

). For 
all estimated parameters see Table S 2.2. Key: Black dots: simulated data points; Red: PPc2-
contribution; Blue: PBfree-contribution; Magenta: PSIIfree-contribution; Gray: sum of the three 
contributions. Residuals are shown on top with an offset of 1300.  
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Let Fs’ (t) and FM’ (t) be the respective levels of steady–state and maximal 

fluorescence at any given time t under strong blue–green illumination. The data 

points within the interval 100 < t < 200 s in Figure 2.3 show a time–evolving 

mixture of quenched and unquenched species, i.e. the expression we are 

interested in necessarily has the mixed form (consider, for simplicity, only the 

maximum fluorescence): 

 

 , 2 2, 2,c, 2, 2,c,'M PPc u PPc u q PPc qF (t) c (t) c (t)      (14) 

 

where, of course, the sum of quenched and unquenched species yields the total 

amount of complexes: c2,u(t)+c2,q(t)=c2. The equation system we need to solve to 

determine the time–dependence is (see SI: ‘Derivation of the quenching and 

recovery dynamics’): 

 

  2

1 1 0 0 0 2 2 ,0 0PB'(t) PB (t) PB OCP OCP OCP (t) PB(t) ( PB )r o o

qk k k k C              

 (15) 

 

  3 0 0 0OCP '(t) OCP (t) PB(t) PB OCP OCP OCP (t)o o r o o

I k          (16) 

 

We call the set of numerical solutions to this system Qi(P,t) where the index i 

indicates which of the four concentration profiles the quenching function 

describes. We use: u, for unquenched PB, q for Cq, o for the orange form of OCP 

and r for its red form. The time–dependence can be easily expressed as the 

product of an initial concentration value cj and the corresponding profile given by 

Qi(P,t). Furthermore, recall that the kinetic rates are defined as: I light–intensity 

related activation of OCPo, k1 OCP–binding rate, k2 FRP–related detaching rate, 

and k3 deactivation of OCPr. Thus, the set of parameters reads: P = 

([PB],[OCPo],[OCPr],[Cq],k1,k2,k3,I). We include in the SI several graphical solutions 

of Qi(P,t) evaluated with different arguments (Figure S 2.5 & Figure S 2.6).  

 

Let the vector P0 = ([PB]0,[OCPo]0,[OCPr]0,[Cq]0,k0
1,k

0
2,k

0
3,

0
I) be a vector containing 

a defined set of parameters for which we obtain the function Qi(P
0,t). The time–

dependent expression (given in Eq. (14)) for the maximal fluorescence FM’(t) 

resulting from the PPc2 species at any given time t within the dynamic region 100 

< t < 200 s would then read: 
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 , 2 2 2,c, 2 2,c,' ,0 0

M PPc u PPc u q PPc qF (t) c Q (P t) c Q (P ,t)        (17) 

 

Therefore, the whole expression for FM’ (t) in this three–component example is 

given by: 

 

 , ,' 0 0

M u PB u q PB qF (t) Q (P ,t) Q (P ,t)        

 2 2,c, 2,c, 2 2,c,0 0

u PPc u q PPc q PSc Q (P t) Q (P ,t) f          (18) 

 

An analogous equation can be written for the time–dependent Eq. (9).  

 

Modelling the time evolution also helps clarifying the following: a fully quenched 

state (see Eq.(10)) does not mean that all the PBs present in the sample are 

quenched; rather: the fraction of OCP that gets activated dynamically equilibrates 

the system in this fully quenched state. Notice Figure S 2.8 in the SI, in which it is 

illustrated that an increasing OCP/PB ratio affects the equilibrium level at t→∞. 

 

2.4.5 Estimating OCP-related parameters 

 

In addition to resolving the different species–related contributions, we also gain 

insight into NPQ kinetics. Since there is a gradual equilibration between the 

unquenched and the quenched state, the data points in the region t > 100 s of 

Figure 2.3 deliver information over the rates k1, k2 and the amount of OCPo 

present in the cells. Table S 2.2 contains estimated parameters in different trials. 

Trials Q1–Q4 (Q indicating that next to the F0 region only quenching region data 

are used, but not the recovery region) were performed on the simulated data 

shown in Figure S 2.10. In trial Q1, no kinetic parameters were freed; in trial Q2, 

we free the OCPr–PB binding rate k1. Note that the t–values slightly change for all 

the estimated parameters, but in principle, all of them have been estimated 

reliably. This does not hold true for trials Q3 (free parameters: k1 and k2) and Q4 

(free parameters: k1, k2 and OCPo
0) where we stepwise increase the number of 

parameters we want to estimate. In particular, the reliability with which the FRP–

related detaching rate k2 is estimated, drastically drops in these two last trials. 

The conclusion is, therefore, that there is not enough information to estimate all 
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of the seven parameters accurately, the detaching rate k2 being the most 

challenging to estimate correctly. 

 

In order to add valuable information that allows all parameters, including k2, to 

be estimated we simulate a new region for t > 300 s where the sample is exposed 

to dim blue light (gray bar on top) and I becomes negligible (see Figure 2.3). In 

this light regime, the amount of formed OCPr is negligible and the quenching 

complexes are no longer formed. Hence, a region of fluorescence recovery 

delivers additional information (trial Q+R) so that also k2 can be estimated 

reliably (see Table S 2.2 for t-values). 

2.4.6 Adding PSIfree as a third component. 

 

Above we have chosen the PSIIfree contribution to illustrate the problem of 

degeneracy. Instead, we could have chosen any other realistic contribution, for 

instance, a PSI–related contribution. Due to the greater number of PSI than PSII in 

Synechocystis (Moal and Lagoutte 2012), the PSI contribution, despite the short 

PSI fluorescence lifetime, is not negligible. Let the concentration of free PSI 

trimers, f1, be  times greater than the PSII–dimer concentration c2. Furthermore, 

we will simplify the problem by considering PB to be a PSII–specific antenna, i.e. 

no PSI complex has any PB attached to it (PSIfree). Analogous equations to (7)–(10) 

can then be written (see ‘The PSI contribution’ in the SI). Notice that, in Eq. S 2.30 

PSI is assumed not to adopt any closed or open states nor to undergo quenching 

(for, in this example, PB does not attach to PSI). Figure S 2.11 shows the 

simulated data and the fit with the PBfree, PPc2 and PSIfree contributions 

respectively resolved. The constant PSIfree contribution, present in all conditions, 

correlates strongly with the scale and NPQ parameters and cannot be accurately 

estimated due to numerical unidentifiability. Hence, it is necessary to make 

further assumptions based on independent measurements in order to obtain 

interpretable results. 

2.4.7 A case study 

 

Figure 2.4A shows experimental data from a PAM experiment carried out on 

whole cells of wild–type Synechocystis (Jallet et al. 2012) that has been fitted 

using our model with the following components: PPc2, PBfree and PSIfree. After 

analysis, the PSIIfree contribution of these samples turned out to be negligible.   
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Figure 2.4 Fit of experimental 
PAM measurements 
performed on whole cells of 
WT Synechocystis (A) and 
mutants thereof: ΔApcD (B), 
ΔApcF (C) ΔApcDF (D). Color 
bars on the top of each panel 
indicate the light regime: dark 
(black), 30 µE (grey) and 1400 
µE (turquoise). All estimated 
parameters are collated in 
Table 2.2. Key: Black dots: 
experimental data points; Red: 
PPc2-contribution; Blue: 
PBfree-contribution; Cyan: 
PSIfree-contribution; Gray: 
sum of all contributions. 
Residuals (grey) are shown in 
each panel with an offset. 
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 WT ApcD ApcF ApcDF 

 0.034 0.059 0.072 0.131 

c0 0.606 0.564 0.571 0.577 

scale 13899.6 14314.8 14838.5 13942.9 

k1 0.121 0.243 0.302 0.451 

k2 0.0096 0.0068 0.019 0.018 

OCP
o

0 0.61 0.64 0.53 0.46 

 
Table 2.2 Estimated parameters from experimental PAM measurements performed on whole cells 
of WT Synechocystis and mutants thereof Jallet et al. 2012. The amount of PSIfree has been fixed 
(see Table S 2.3). Bold parameters indicate the most important results.  

 

The PSI/PSII proportionality factor  has been set to =3.6 based on 

Synechocystis stoichiometry published by (Moal and Lagoutte 2012). The gray 

curve fits the data points (shown in black). This gray curve is the sum of all other 

contributions: the PPc2 in red, the PSIfree in cyan and PBfree in blue. Residuals are 

shown in the upper part of the figure. The estimated parameters are shown in 

Table 2.2 and in more detail in Table S 2.3. Notice that, during the experiment, 

the light intensity is manually adjusted: turning the strong blue light on and off is 

modelled as being instantaneous and therefore it cannot possibly describe the 

data accurately in the transition regions. For this reason, the contributions to the 

error analysis of the data points lying in the respective transition regions have 

been arbitrarily weighted down to one tenth. 

In addition to WT, mutants that lack the core terminal emitter subunits 

allophycocyanin D (ApcD) or allophycocyanin F (ApcF), or both (ApcDF) have 

been measured. The difference in free energy between PB and PSII is smaller in 

WT than in the mutants that lack APC680 pigments. However, we assume the 

same set of quantum yields (Table 2.1). This implies that PB either transfers to PS 

with a certain rate or not (PBfree). Target analysis of streak camera measurements 

is needed to test this assumption.  

The results for the mutants ApcD, ApcF and ApcDF are shown in Figure 2.4 

(B–D panels). The relative amount of PBfree in each sample increased in the order 

WT→ApcD→ApcF→ApcDF. This rationalizes two observations: first, the F0–

level also increases in the same order even though the amount of Chl a remained 

the same. This means that the mutations all affected the energy transfer to the 



- 48 - 
 

RCs just as observed by (Dong et al. 2009; Bryant 1991). And second: after 200 s 

of intense blue–green illumination, the steady state fluorescence F's(t) in the 

mutants is quenched below F0,cyano in dim blue light. Indeed, this can only be 

explained by means of a large amount of quenched uncoupled PB. 

The parameter related to fluorescence recovery, k2, seems not to be affected by 

an increasing amount of PBfree but by the presence (or absence) of ApcF. Both WT 

and the ApcD mutant, have indeed similarly slower fluorescence recovery rates 

than the two mutants that lack ApcF. In contrast, k1 does increase in the order: 

WT→ApcD→ApcF→ApcDF suggesting that OCP gets quicker attached to the 

PB core. Thus, the lack of the ApcD or ApcF could affect the ability of the PB to 

strongly bind to the membrane and to efficiently functionally couple to the 

photosystems resulting therefore in a more important amount of PBfree (see 

definition in 'A model to resolve several contributions to a cyanobacterial PAM–

signal') in single–mutated systems than in WT; the greatest amount of PBfree 

being that of the double mutant ApcDF. Figure 2.5 depicts the correlation 

between PBfree and k1. It would be indeed consistent with the idea that the less 

tightly bound the PB is to the membrane, the easier it gets for external proteins 

just like OCP and FRP to reach the binding site. 

 
Figure 2.5 Correlation between the estimated parameters  and k1 in 
the different samples.  

 

An alternative interpretation is that the mutations affect the rate of energy 

transfer from PB to PSII. In that case a different set of quantum yields (cf. 

Table 2.1) for each of the mutants will be needed, based upon target analysis of 

streak camera measurements. Such measurements can also demonstrate the 
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presence of increased amounts of uncoupled PB with a 1.6 ns lifetime. These 

measurements and analyses are in progress. Further information can be gained 

from spectrally resolved fluorescence induction (Kaňa et al. 2012; Kirilovsky et al. 

2014). 

Note that the residuals of all samples are acceptable except for one systematic 

pattern: during the very first seconds of the measurement, the fluorescence is 

collected in darkness (black bar on top of each panel). Synechocystis cells are 

known to be in state 2, where PSI gets more excitation energy. The transition 

from darkness to dim blue light draws a characteristic feature in the PAM trace: 

the relative distribution of excitation energy from the PB to both of the 

photosystems changes and more of the energy will be transferred to PSII (state 1) 

hence why a subtle increase in FM and also in F0 is observed (F0 also varies due to 

a small fraction of photosystems being closed by the dim blue–light). Since our 

model does not include this relative change that affects the concentration c2, it 

systematically fails to match both FM and the F0–level. In average, the best fit 

seems to be the one of the mutant ApcD – a mutant for which state transitions 

have been reported to be severely impaired (Dong et al. 2009) and can therefore 

be modelled somewhat better by a model that implicitly assumes the cells to be 

locked in one state.  

2.5 Concluding remarks 
 

We have presented a model for cyanobacterial PAM–traces taking into account 

the phycobilin–related contribution. The main feature of our model is that 

several fluorescent species can be resolved and their concentrations be 

estimated. This is remarkable because the traditional use of a PAM experiment 

has been to determine the dynamic changes of fluorescence quantum yields of 

species whose concentrations were previously known. Besides, this new 

approach opens up the possibility to the analysis of quenching curves in 

cyanobacteria making use of the knowledge already developed for PAM–signals 

in plants.  

The energy–dependent component of NPQ in cyanobacteria has also been 

modelled. This allowed typical quenching curves of experiments tracking 

fluorescence carried out in vitro and in vivo to be parameterized and analyzed. 

The full dynamics could be reproduced: the fast opening and closing dynamics of 

RCs due to short saturation pulses, OCP–driven NPQ and FRP–assisted 



- 50 - 
 

fluorescence recovery kinetics. Our model was used to quantify OCP–related 

parameters while resolving the different components and determining their 

time–dependent concentrations in the sample. Subsequently, the following 

conclusions have been drawn: ApcD and ApcF play a role in tightly binding the PB 

to the thylakoid membrane. Mutants where these pigments were missing 

contained ca. 3% more functionally uncoupled phycobilisomes. Besides, the 

estimated OCP–attaching (and detaching) rates consistently vary from mutant to 

mutant providing these experimental results with a model–based interpretation. 

However, the interpretation suggested by these results does not exclude the 

scenario where PBs lacking ApcD and ApcF transfer energy less efficiently to the 

PS. 

This model can be used for systematically assessing the emissive species’ content 

in samples that lack e.g. any of the (or both) photosystems, have been grown 

under different light conditions or even those which have undergone targeted 

stress, i.e. iron or copper deprivation. In a broader context, our model is a 

potential tool for all cyanobacterial photosynthesis studies: from basic research 

in photosynthesis to environmental studies in which cyanobacterial populations 

in seas or lakes are monitored using a PAM instrument. 
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Supporting Information 
 

 

 
Figure S 2.1 Simulated PAM–signal of i) dark–adapted PSII as it is expected in plants (green) and ii) 
PSII and with an extra phycobilin contribution as it is expected in cyanobacteria (gray). A saturation 
pulse has been applied every 50 s (dephased for visibility). 

 

 

  
Figure S 2.2 Simulated data with noise level 0.01 and a pulse every 50 s (left panel) and 20 s (right 
panel). These datasets have been fitted with the model containing two components: PPc2 and 
PBfree. Key: Black dots: simulated data points; Red: PPc2-contribution; Blue: PBfree-contribution; 
Gray: sum of the two contributions. Residuals are shown on top with an offset for better visibility.  
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On the relationship between Chl a fluorescence and 

photochemistry. 
 

Three essential assumptions are made in order to use fluorescence as a proxy for 

photosynthetic activity. First, harvested light has three possible pathways: either 

it reaches the reaction centers of PSII where it is used for photochemistry (ph) or 

it gives rise to fluorescence (fl) or it gets dissipated as heat (h): 

 

 1ph fl h       (S1) 

 

Second, a saturation–pulse induces a state where QA is reduced, i.e. transient 

saturation of PSII (closed centers), while the fluorescence and heat dissipation 

yields are maximal: 

 

 ( ) ( ) 1fl M h M       (S2) 

 

And last, the ratio of the fluorescence and heat dissipation yields is assumed not 

to vary during the saturating pulse: 

 

 ( )

( )

h h M

fl fl M

 


 
   (S3) 

 

Therefore, combining Eq. (S2) and (S3) we obtain an expression for (h)M that can 

be replaced in Eq. (S1) so that the yield of photochemistry is strictly related to the 

one of fluorescence: 

 

 ( )
1

( ) ( )

fl fl M fl

ph fl fl

fl M fl M

   
         

   (S4) 

 

This relationship has propelled numerous studies aiming to track fluorescence 

under controlled light conditions and relate those measurements to the PSII 

photochemical yield. The parameter: 
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F F



     (S5) 

 

directly derived from Eq.(S4), has been commonly equaled to the index of 

maximal photochemical efficiency of PSII in plant studies. We therefore obtain 

(see Eqs. (1) & (2)): 

 

 
, 0,cyano , 2 0, 2

, , 2 0,PB

M cyano M PS PS

cyano

M cyano M PS

F F F F

F F F


 
 


   (S6) 

 

Hence, for a fixed level of Chl a (PSII) fluorescence, the cyanobacterial cyano 

decreases with increasing phycobilisome/Chl ratio or disconnected PBs/PSII (for 

an example under Fe starvation see Wilson et al. 2007). Figure S 2.3 illustrates Eq. 

(S6). Note that this decrease is not related to a change in photochemistry. Thus, 

without knowing how much the PB contributes to the signal, the parameter FV/FM 

cannot be used to measure the maximal photochemical efficiency of PSII. In 

addition, when performed in plants, these measurements are done in darkness, 

conditions in which there is no NPQ. In contrast, cyanobacterial cells tend to state 

2 in darkness Campbell et al. 1998; as a consequence FM is quenched.  

 
Figure S 2.3 Normalized expression for cyanobacterial cyano (with respect 
to plants) as a function of the phycobilin-related contribution F0,PB. 

 

Using Eq. (3) we can re-write Eq.(S6): 
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   (S7) 

 

with: 

 

 
2 1c      (S8) 

 

 

 

 

 

 

 
Figure S 2.4 cyano as a function of the relative concentration of PBfree and the difference 
of PPc2 quantum yields in open and closed states. Two curves have been plotted for two 

distinct values of  PPc2,o,u while PPc2,c,u has been kept constant. The graph illustrates how 
the variable fluorescence decreases with decreasing contrast between open and closed 

states:PSII=PPc2,c,u – PPc2,o,u. Key: Black: PSII=0.34; Blue:PSII=0.18. 
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Derivation of the quenching and recovery dynamics. 
 

Formation of a quenching complex Cq. The homogeneous system.  

 

The system of second order differential equations describing the formation of a 

quenching complex Cq from an activated OCPr that binds to a PB is: 

 

 
1 2PB'(t) k PB(t) OCP (t) k (t)r

qC         (S9) 

 

 
1 2OCP '(t) k PB(t) OCP (t) k (t)r r

qC         (S10) 

 

 
1 2C '(t) k PB(t) OCP (t) k (t)r

q qC        (S11) 

 

where the product PB(t)·OCPr(t) accounts for the encounter probability between 

a photoactivated OCP and a PB. 

 

Note that PB’(t) = OCPr’(t) = – Cq’(t). This property allows the system to be 

simplified and expressed in terms of the single variable PB(t). 

After subtraction of Eq. (S9) from Eq. (S10) we obtain the homogeneous 

equation: 

 

  OCP '(t) PB'(t) dt 0r      (S12) 

 

from which it follows that the general solution is:  

 

 
1OCP (t) PB(t)r a     (S13) 

 

where a1 is an arbitrary constant. We obtain the value of a1 by simply evaluating 

both functions at time t=0. Thus: 

 

 
1 0 0

ra OCP PB     (S14) 

 



- 60 - 
 

Replacing Eq. (S14) in Eq. (S13) yields an expression of OCPr(t) as a function of 

PB(t) given some starting values for the PB and photoactivated form of OCP at 

time t=0: 

 

 
0 0OCP (t) PB(t) PB OCPr r      (S15) 

 

Furthermore, adding Eq. (S9) to Eq. (S10) leads to a row of equations similar to 

Eqs.(S11)–(S15) in the case of the quenching complex Cq(t). We obtain the final 

expression: 

 

 
0 ,0C (t) PB(t) PBq qC      (S16) 

 

By inserting Eqs. (S15) & (S16) in Eq. (S11) we finally obtain a single equation of 

second order for the single variable PB(t). Its graphical solution is shown in Figure 

S 2.5A: 

 

 2

1 1 0 0 2 2 0 ,0PB'(t) (t) (PB OCP ) (t) (PB C )r

qk PB k k PB k             

  (S17) 
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A: Parameters:  

k1=0.025; k2=0.001; OCPr
0=0.5; 

OCPo
0=0 

 

B: Parameters:  

k1=0.025; k2=0.001; OCPr
0=0; 

OCPo
0=0.5 

 

C: Parameters:  

k1=0.025; k2=0.01; OCPr
0=0; OCPo

0=0.5 

 

 

D: Parameters:  

k1=0.025; k2=0.001; OCPr
0=0; 

OCPo
0=0.33 

 
Figure S 2.5 Graphical solutions shown for a homogeneous (A) and an inhomogeneous (B–D) system 
of differential equations reproducing the NPQ-dynamics over time. In all panels: [PB0]=1, [Cq]=0. In 
panels B–D: κI=0.1, k3=0.05. Key: blue: Qu; red: Qr; green: Qq; orange: Qo (see text for explanation). 
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The light-intensity dependent generation of OCPr. The 

inhomogeneous system.  

 

The observed kinetics up to now imply a non–zero concentration of OCPr at time 

t=0 (note OCPr
0=0.5 in Figure 2.5A). This is, however, far from the experimental 

observation: OCP has to be photo–converted by light absorption from its orange 

to its red form first. This process depends on the wavelength and intensity of the 

light. 

 

The time–dependent generation of OCPr from the orange form of a fixed amount 

of OCPo will therefore be introduced as an inhomogeneity in Eq. (S12) with I 

being the light-intensity dependent formation rate of OCPr: 

 

   0OCP '(t) PB'(t) dt OCP dtI tr o

I e           (S18) 

 

which once integrated and evaluated at time t=0 (for the left side of the equation 

we know the answer already from Eq. (S13)): 

 

 
1 0 20

OCP I to

t
a e a

 


      (S19) 

 

yields the constant a2 = a1 + OCPo
0 and we obtain thus the solution for all times t: 

 

  0 0 0OCP (t) PB(t) PB OCP OCP 1 I tr r o e           (S20) 

 

An analogous equation to Eq. (S17) can now therefore be derived by inserting Eq. 

(S20) instead of Eq. (S15) in Eq. (S9) (see Eq. (S21)). 

 

Finally, we introduce a last kinetic parameter, namely a deactivation rate of OCPr 

k3 that accounts for the fact that the population OCPo grows as OCPr deactivates. 

The system of differential equations we need to solve reads: 

 

  2

1 1 0 0 0 2 2 ,0 0PB'(t) PB (t) PB OCP OCP OCP (t) PB(t) ( PB )r o o

qk k k k C                

 (S21) 
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 3 0 0 0OCP '(t) OCP (t) PB(t) PB OCP OCP OCP (t)o o r o o

I k           

  (S22) 

 

A solution to this system can only be given numerically. The graphical solution of 

this quenching function which we call Qi(P,t) is shown in Figure S 2.5 for a chosen 

set P of parameters. Qi(P,t) has four components: Qu (blue) describes de 

unquenched PB, Qq (green) the quenching complex Cq, Qo (orange) the orange 

form of OCP and Qr its photo–converted red form. Notice that this time OCPr
0=0 

while OCPo
0=0.5. The deactivation rate of OCPr k3 has been chosen to be smaller 

(k3=0.05) than the activation rate (I=0.1). 

The recovery phase.  

 

Turning off the actinic light simply translates in setting the parameter I to zero. 

Furthermore, we assume that during the quenching phase only a fraction of the 

orange OCP is converted to its red form. The graphical solution of the recovery 

phase with two different sets of parameters (k2 is varied) is shown in Figure S 2.6.  

 

A: Parameters:  

I=0; k2=0.001 

 

B: Parameters:  

I=0; k2=0.005 

 
Figure S 2.6 Graphical solution for the recovery dynamics (κI=0) with k2=0.001 (A) and k2=0.005 (B). 
Parameters: PB0=0.55; Cq,0=0.45; OCP

r
0=0.1; OCP

o
0=0.001; k1=0.025; k3=0.05. Key: blue: Qu; red: Qr; 

green: Qq; orange: Qo 
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NPQ Model applications 

Light-dependent OCPo→OCPr conversion. 

 

The NPQ dynamics in the cyanobacterium Synechocystis has been studied by 

Gorbunov et al. 2011. In Fig. 3B of their publication they show how NPQ is 

differently induced when varying the ambient light intensity. We have digitized 

their data using Plot Digitizer, an open source tool to create readable files from 

graphs. The digitized data has then been fitted with our model (see left panel of 

Figure S 2.7). The light–intensity dependent rate is I, i.e. the rate with which the 

OCP intermediate state is formed in the Gorbunov’s model. Their result shows 

that the rate of NPQ induction accelerates with an increase in photon flux density 

of actinic blue light Gorbunov et al. 2011. We have modelled the same effect by 

choosing a set of realistic starting values. Two parameters have been estimated: 

the OCPo→ OCPr conversion rate I and the initial concentration of OCP in its 

orange form, [OCPo].  

Table S 2.1Table S 2.1 shows the results. The initial concentration [OCPo] is in the 

vicinity of 60% ([PB]=100%) for all the samples. The behaviour of I as a function 

of the light intensity is the one expected: the more intense the ambient actinic 

light, the quicker the photoactivation of OCP, and therefore, the quenching 

process. A scatter plot relates the estimated I to the light intensity value (right 

panel in Figure S 2.7). In principle, the model can be used to find adequate I 

values given an unknown ambient actinic light intensity via a simple linear 

regression. 

 

 
 

Figure S 2.7 Left: Light intensity dependence of NPQ induction as studied by Gorbunov, et al. Key: 
200 (blue closed squares), 400 (magenta closed squares), 1600 (yellow closed squares), 6500 (green 

open diamonds) and 11000 (blue open circles) mol·m
-2

·s
-1

. Fit curves are shown in black. Right: 
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Scatter plot displaying the conversion rates I as estimated from the fits against ambient actinic 
light’s intensity as given by Gorbunov, et al. A linear regression is also shown in gray. 

 

 

I (E) 200 400 1600 6500 11000 

[OCP
o
] 0.54 0.58 0.64 0.64 0.68 

I 0.01 0.02 0.22 0.81 1.23 

 
Table S 2.1 Estimated parameters applying our model to the digitized data of Gorbunov, et al. 

 
 

Estimating the OCP/PB ratio of in vitro experiments 

 

Our model was also able to reproduce fluorescence decrease as first observed in 

vitro by Gwizdala et al. 2011 and published in Jallet et al. 2012. NPQ was induced 

by blue–green light of 900 mol·m-2·s-1 (left panel in Figure S 2.8) in samples 

containing a phosphate concentration of 0.5 M, where the ratio OCP/PB was 

varied (4, 8, 20 and 40). Since these experiments were carried out in vitro some 

of the kinetic parameters differ slightly from the Gorbunov example discussed 

above. The data was satisfactorily fitted and the different ratios OCP/PB (shown 

next to the curves in Figure S 2.8) were estimated. They agree surprisingly well 

with the experimental conditions chosen by Jallet, et al., the greatest error being 

of ca. 10% in the data point OCP/PB(exp) = 40 (OCP/PB(est) = 51). 

Jallet, et al. carried out an additional experiment with the phosphate 

concentration being 0.8 M. Even though the model does not include any buffer 

parameter and it is far from predicting any conformational changes, we assumed 

that these effects would ultimately translate in affected OCP binding/detaching 

rates. Thus, we were still able to fit the data (Figure S 2.9) and extract again the 

ratios OCP/PB(est). The results agreed fairly well with the experimental results. 
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Figure S 2.8 Left: Fluorescence decrease induced with blue-green light (900 mol·m
-2

·s
-1

) with 
different OCP to PBs ratios (4, 8, 20 and 40) in samples containing 0.5 M Phosphate as published by 
Jallet, et al. (2012). Right: Digitized wild type data (black dashed curves on the left panel) fitted 
using our NPQ model. The only parameter varying from curve to curve is the initial concentration 
[OCP

o
] which results in different OCP to PBs ratios. The estimated ratios are shown next to the 

corresponding fit. 

 

 

 

 
 

 

 

Figure S 2.9 Left: Fluorescence decrease induced with blue-green light (900 mol·m
-2

·s
-1

) with 
different OCP to PBs ratios (4, 20 and 40) in samples containing 0.8 M Phosphate as published by 
Jallet, et al. (2012). Right: Digitized data fitted using our NPQ model. The only parameter varying 
from curve to curve is the initial concentration [OCP

o
] which results in different OCP to PBs ratios. 

The estimated ratios are shown next to the corresponding fit. 
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The PSIIfree contribution. 

 

Alternatively, we can write Eq. (6) as: 

 

 
,u 2 2,o,u 2 2,o (t)PAM PB PPc PSJ c f          (S23) 

 

with: 

 

 
 2 2,c,u 2,o,u 2 2,c 2,o(t) c ( ) ( ) (t t )

pulsen

PPc PPc PS PS i

i

f             (S24) 

 

Eq. (S24) helps realizing one important feature: the FM–level (and therefore the 

variable fluorescence) is determined by the sum of the differences in quantum 

yields between the species in closed and open states. Eq. (S6) with an additional 

PSIIfree component (f2): 

 

 
2 2,c, 2,o, 2 2,c 2,o

2 2,c, 2 2,c ,

( ) ( )PPc u PPc u PS PS

cyano

PPc u PS PB u

c f

c f

   


   

    


    
   (S25) 

 

 

 
2 2 1c f       (S26) 
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Figure S 2.10 Simulated data with a pulse every 30 s and noise levels of 0.01. At time t=100 s 
strong blue-green light is turned on. Its intensity is such that a fraction c0 of the RCs gets closed 

and the OCP
o
→OCP

r
 conversion takes place with I=0.09s

-1
. The amount of OCP

r
 formed is 

[OCP
r
]=0.5 and it binds to PB with k1=0.30 s

-1
. Parameters have been estimated from this data in 

trial Q1. Key: Black dots: simulated data points; Red: PPc2-contribution; Blue: PBfree-contribution; 
Magenta: PSIIfree-contribution; Gray: sum of the three contributions. Residuals are shown on top 
with an offset of 1300.  
 
 

Solving the linear system for three parameters 

 

The linear system formulated in Eq. (11): 

 

0, , 2, , 2,

, , 2, , 2, 2

'

, , 2, , 2, 2

cyano PB u PPc o u PS o

M cyano PB u PPc c u PS c

q

M cyano PB q PPc c q PS c

F

F c

F f

   

  

  

     
     

      
    
    

  

 

has a unique solution if the A matrix can be brought to triangular form. We study 

the A matrix by means of a simple Gaussian elimination calculation to determine 

under which conditions the system has a solution. Elimination of the off-diagonal 

elements of the first column yields: 
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0

PB u PPc o u PS o

PPc c u PPc o u PS c PS o

PB u PPc c q PB q PPc o u PB u PS c PB q PS o

  

   

       

 

     

 

 

In as second step, we would need to eliminate the third–row element of the 

second column to get a triangular matrix. Alternatively, we could first exchange 

columns 2 and 3 and go on with the elimination step by multiplying a factor that 

cancels out the diagonal element of the second column. The first choice yields: 

 

, 2, , 2,

, 2, , , 2, ,2, , 2, , 2, 2,

2, , 2, ,, 2, , , 2, , , 2, , 2,

0

0

PB u PPc o u PS o

PB u PPc c q PB q PPc o uPPc c u PPc o u PS c PS o

PPc c u PPc o uPB u PPc c q PB q PPc o u PB u PS c PB q PS o

  

      

        

   


     

 

 

Notice, however, that either way we choose to proceed, a multiplying factor is 

needed in which the denominator is the difference in fluorescence quantum 

yields of the closed and open states of either PPc2 or PSIIfree. Hence, this simple 

calculation shows that, unless there is neat contrast between open and closed 

states: 

 

 
2, , 2, , 0PPc c u PPc o u      (S27) 

 

 
2, 2, 0PS c PS o      (S28) 

 

the A matrix cannot be brought to a triangular form and the system cannot be 

solved. This result was already qualitatively contained in Eq.(S24). 
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The PSI contribution 

 

 
0, , 2 2, , 2 1cyano PB u PPc o u PSF c c              (S29) 

 

 
, , 2 2,c, 2 1M cyano PB u PPc u PSF c c              (S30) 

 

    '

0, , 0 2 2, , 0 2 2, , 2 1(1 )q

cyano PB q PPc o q PPc c q PSF c c c c c                    (S31) 

 

 '

, , 2 2, , 2 1

q

M cyano PB q PPc c q PSF c c              (S32) 

 
Figure S 2.11 Same caption as in Figure S 2.10. A PSIfree-contribution has been added instead of 

PSIIfree. The relative contributions used for simulation were: =0.05, =3, scale=5000. Estimated 

parameters: (=0.0498 +/- 0.0003), (=3.01 +/- 0.02), (scale=5008.5 +/- 18.6). Key: Black dots: 
simulated data points; Red: PPc2-contribution; Blue: PBfree-contribution; Cyan: PSIfree-contribution; 
Gray: sum of the three contributions. Residuals are shown on top with an offset of 1300.  

 

Note that in the simulation of Figure S 2.11 all NPQ parameters had to be kept 

fixed. When freeing those parameters, it was found that β correlates strongly 

with the scale and NPQ parameters and cannot be accurately estimated due to 

numerical unidentifiability.  
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List of parameters 
 

γ – concentration of functionally uncoupled PB 

c2 – concentration of PB–PSII–complexes 

f1 – concentration of free PSI 

f2 – concentration of free PSII 

β – proportionality factor between the number of PSI–trimers and PSII–dimers 

c0 – fraction of closed photosystems when turning the strong blue–green light on 

k1 – OCP to PB binding rate 

k2 – FRP detaching rate of OCP 

k3 – OCPr deactivation rate 

κI – OCPo to OCPr activation rate 

OCPo
0 – initial concentration of OCPo 

scale – scaling factor matching the actual fluorescence scale of the fluorometer 

 



 

 

 

 

trial Q1 trial Q2 trial Q3 trial Q4 trial Q+R 

param. estimate 
st. 

error 
t-val estimate 

st. 
error 

t-val estimate 
st. 

error 
t-val estimate 

st. 
error 

t-val estimate 
st.  

error 
t-val 

 0.0509 0.0011 92.5 0.0496 0.0006 88.9 0.0505 0.0010 48.6 0.0505 0.0010 48.6 0.0504 0.0004 119.9 

f2 0.1042 0.0041 49.5 0.0987 0.0021 47.8 0.1032 0.0049 21.2 0.1028 0.0049 21.2 0.1024 0.0015 68.8 

c0 0.4998 0.0008 1370.3 0.4997 0.0004 1351.9 0.5003 0.0007 687.5 0.5002 0.0007 682.8 0.4999 0.0005 1059.7 

scale 1997.67 4.39 948.6 2001.79 2.21 904.6 1999.83 2.94 680.7 1999.64 2.94 680.4 1999.53 1.81 1102.4 

k1 0.3 - - 0.3002 0.0029 103.2 0.3043 0.0051 60.0 0.287 0.014 20.5 0.2990 0.0033 90.1 

k2 0.003 - - 0.003 - - 0.0025 0.0005 4.8 0.0067 0.0034 2.0 0.00306 0.00004 83.2 

OCP
o

0 0.5 - - 0.5 - - 0.5 - - 0.514 0.012 43.5 0.5012 0.0007 664.7 

 

Table S 2.2 Parameter estimation of NPQ parameters in several trials: from trial Q1-4 the kinetic parameters have been freed stepwise. The t-
values, in particular that of k2, gradually drop. Adding a region of fluorescence recovery (trial Q+R) allows all parameters to be estimated with 
acceptable t-statistics. The Q+R trials were performed for the case of PSIIfree being added and the amount of parameters being increased gradually. 
t-val: ratio of estimate and its standard error. 
 
  



 

 

 


WT 

rmse = 30.9 
ApcD 

rmse = 31.3 
ApcF 

rmse = 27.2 
ApcDF 

rmse = 27.2 

param. estimate 
st. 

error 
t-val estimate st. error t-val estimate st. error t-val estimate st. error t-val 

 0.034 0.001 28.0 0.059 0.002 36.0 0.072 0.002 46.1 0.131 0.002 56.8 

(fixed) 3.6   3.6   3.6   3.6   

c0 0.606 0.011 54.8 0.564 0.011 53.1 0.571 0.011 50.7 0.577 0.013 46.0 

scale 13899.6 181.2 76.7 14314.8 193.4 74.0 14838.5 177.1 83.8 13942.9 169.0 82.5 

k1 0.121 0.010 11.7 0.243 0.018 13.7 0.302 0.031 9.7 0.451 0.049 9.3 

k2 0.0096 0.0004 21.7 0.0068 0.0002 29.7 0.019 0.001 18.7 0.018 0.001 24.2 

OCP
o

0 0.61 0.01 48.9 0.64 0.007 88.9 0.53 0.01 61.2 0.46 0.01 91.8 

 

Table S 2.3 Parameter estimation of experimental data. PAM was performed on whole cells of WT Synechocystis and mutants thereof. Estimates 
with their standard error and associated t-values. Rmse: root mean square error of the fit, t-val: ratio of estimate and its standard error. 
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3.1 Abstract 
 

Cyanobacteria have developed responses to maintain the balance between the 

energy absorbed and the energy used in different pigment-protein complexes. 

One of the relatively rapid (a few minutes) responses is activated when the cells 

are exposed to high light intensities. This mechanism thermally dissipates 

excitation energy at the level of the phycobilisome (PB) antenna before it reaches 

the reaction center. When exposed to low intensities of light that modify the 

redox state of the plastoquinone pool, the so-called state transitions redistribute 

energy between photosystem (PS) I and II. Experimental techniques to investigate 

the underlying mechanisms of these responses such as pulse-amplitude 

modulated (PAM) fluorometry, are based on spectrally integrated signals. 

Previously, a spectrally-resolved fluorometry (SRF) method has been introduced 

to preserve spectral information. The analysis method introduced in this work 

allows to interpret SRF data in terms of Species Associated Spectra of 

open/closed reaction centers (RCs), (un)quenched PB and state 1 vs. state 2. 

Thus, spectral differences in the time-dependent fluorescence signature of 

photosynthetic organisms under varying light-conditions can be traced and 

assigned to functional emitting species leading to a number of interpretations of 

their molecular origins. In particular, we present evidence that state 1 and state 2 

correspond to different states of the PB-PSII-PSI megacomplex.   

3.2 Introduction 
 

Excess light is a hazard all photosynthetic organisms have to deal with (Demmig-

Adams et al. 2014). Long lived excited chlorophyll species lead to the formation 

of reactive oxygen species (ROS) that damage the photosystems and impair 

growth or even lead to death (Nishiyama et al. 2001). High-energy-dependent as 

well as light-adaptive mechanisms have evolved to cope with varying excitation 

energy fluxes (Papageorgiou 1996; Papageorgiou et al. 2007; Joshua and 

Mullineaux 2004; Mullineaux and Allen 1990; Mullineaux and Allen 1986). 

Cyanobacterium Synechocystis PCC 6803 (hereafter, Synechocystis) possesses a 

phycobilisome (PB) antenna that harvests mainly orange light which is hardly 

absorbed by photosystem (PS) I or PSII (Shevela et al. 2013). Also, a megacomplex 

of PB, PSII and PSI has been described (Liu et al. 2013; Steinbach et al. 2015) in 



- 77 - 
 

which the energy absorbed by PB can be transferred to PSII or PSI. In vivo, the 

abundance and the dynamics of excitation energy transfer in this megacomplex 

are still debated (Chukhutsina et al. 2015).  

 

Non-photochemical fluorescence quenching (NPQ) at the level of the PB antenna 

has been observed when high photon fluxes photoconvert the Orange 

Carotenoid Protein (OCP) to its red form (OCPr) (Wilson et al. 2008) which then 

binds to the phycobilisome thereby inducing fluorescence quenching (Gwizdala et 

al. 2011). Cyanobacteria also regulate the supply of electronic excitations to PSI 

and PSII by means of state transitions (Kirilovsky et al. 2014; Mullineaux and 

Emlyn-Jones 2005; Vernotte et al. 1990; Kaňa et al. 2012). In state 1, the PB 

antenna transfers energy to PSII predominantly. As the electron transport chain 

from PSII to PSI gets reduced, a rearrangement of the building blocks in and 

around the thylakoid membrane allows the antenna to supply PSI with more and 

PSII with less energy. This is the state 1 to state 2 transition. In darkness, 

Synechocystis cells have been reported to be in state 2 due to the respiratory 

activity (Campbell et al. 1998; Liu 2015; Mullineaux 2014). Changes in 

fluorescence allow us to follow the activation (as well as deactivation or 

persistence) of the mechanisms described above. 

 

The spectral properties of the different subunits of the cyanobacterial 

photosynthetic apparatus have been studied in the past (see e.g., Komura and 

Itoh (2009) and references therein). The presence of phycocyanin (PC) and 

allophycocyanin (APC) in the PB antenna leads to emission in the 655 and 670 nm 

regions (Glazer and Bryant 1975; Cho and Govindjee 1970; Gwizdala et al. 2011). 

After excitation of the PB with 590 nm light, energy transfer to the photosystems 

I and II results in Chl a emission around 680-690 nm (Tian et al. 2011). The 

spectral evolution of the fluorescence on the ps and ns time scales thus results in 

a steady state spectrum characteristic for e.g. the PB-PSII complex.  

 

For a systematic study, given the multiplicity and variety of mechanisms 

cyanobacteria possess to control the photosynthetic electron transport 

(Kirilovsky et al. 2014; Liu 2015; Govindjee and Shevela 2011), we have used 

model systems: i) an in vitro experiment, where the OCP-induced energy 

dissipating mechanism was reconstituted; and ii) two mutants of Synechocystis, 

lacking either PSI (ΔPSI) or PSII (ΔPSII). Such model systems are expected to 
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generate simplified signals in comparison to the complete in vivo system and 

allow us to validate the new method of analysis. They thereby provide important 

contributions to understanding the bigger picture, i.e., that of the wild-type 

organism.  

 

These processes can be investigated using spectrally-resolved fluorometry (SRF) 

using a setup with multiple independently controllable excitation sources, e.g. 

LEDs with various spectral profiles (Lambrev et al. 2010). In this configuration one 

LED can be used to acquire full fluorescence spectra using a specific light intensity 

and spectral profile, whereas a second LED can be used to induce changes to the 

photosynthetic apparatus using a different intensity or different spectral 

characteristics. The result is a data matrix that displays levels of fluorescence 

emission as a function of wavelength and time (Kaňa et al. 2012; Kaňa et al. 2009; 

Lambrev et al. 2010). In this work, the data matrices are then analyzed with a 

model-based approach, assuming that at any timepoint the spectra can be 

described as a linear combination of species associated spectra (SAS). The SAS are 

the same for all time points, but their relative contributions vary with time. In 

contrast to PAM signals, where all fluorescence above 700 nm is integrated, the 

time-resolved spectrum can be analyzed to resolve the SAS and the time-

dependent contributions of the different species, leading to a number of 

interpretations of their molecular origins.  

3.3 Materials and methods 

3.3.1 Isolated PB and OCP to form quenching complexes 

 

Isolation of PB and OCP is described in detail in Gwizdala et al. (2011). PBs were 

stored and examined in a 0.8 M potassium phosphate buffer. In this experiment 

the molecular ratio between the PBs and OCP was 1:37 (±1). 

3.3.2 Cell cultures 

 

For experiments with closing of PSII RCs in vivo  (as described in section 3.5.2), we 

used wild type Synechocystis PCC 6803 (a glucose-tolerant derivative) kindly 

provided by Devaki Bhaya (Department of Plant Biology, Carnegie Institution for 

Science, Stanford, California, USA); it was cultivated in a modified BG-11 medium 

(Stanier et al. 1971) in a photobioreactor (model FMT 150.2/400, Photon Systems 
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Instruments; for details, see Nedbal et al. (2008)) as previously described by van 

Alphen and Hellingwerf (2015). BG-11 was supplemented with 10 mM NaHCO3. A 

mixture of CO2 in N2 (150 mL min-1) was used to provide a constant supply of CO2; 

the pH was set to 8.0 by automatically adjusting the pCO2 using a gas mixing 

system (GMS150, Photon Systems Instruments). The photobioreactor was run as 

a turbidostat, which allowed continuous growth at a set optical density (OD) at 

730 nm of 0.4 ±2% (OD730 = 1 ≈ 108 cells mL-1), as measured by a benchtop 

photospectrometer (Lightwave II, Biochrom). Seventy-five µmol of photonsˑm-2ˑs-

1 of orange-red light (λmax 636 nm, 20 nm full width at half maximum) was 

provided to the cells, using an integrated LED panel, which yielded a doubling 

time of approximately 9 h. The temperature was set to 30°C and maintained to 

within 0.2°C. For other experiments, described in section 3.5.3, we used 

freshwater cyanobacteria Synechocystis PCC 6803 (wild type and its mutants); 

they were cultivated in BG 11 medium, in an orbital shaking incubator, at 28°C 

and at a constant irradiance of 40 μmol of photons m−2 s−1 of PAR 

(Photosynthetically Active Radiation, 400–700 nm). The specific mutants without 

PSI (ΔPSI, without PsaA and PsaB proteins; for details, see Shen et al. (1993)) or 

without PSII (ΔPSII without CP47 and CP43 proteins and with at most 10% of PSII-

RC; for details, see Komenda et al. (2004)) were used for our measurements. 

3.3.3 Time resolved fluorescence spectra at room temperature 

 

Two set ups were employed, one in Amsterdam and the other in Třeboň. The 

setup in Třeboň has been described by Kaňa et al. (2009) and it was used for 

experiments presented in section 3.5.3. The set-up that was used in Amsterdam 

to track PB fluorescence quenching in vitro (section 3.5.1) and closing of RCs in 

vivo (section 3.5.2), is described here. This set-up has been originally developed 

for measurements on leaves. A detailed description can be found in Lambrev et 

al. (2010). A modified geometry allowed full fluorescence spectra to be acquired 

from samples in solution (Figure S 3.1A). LEDs of several spectral characteristics 

can be easily interchanged as needed for a specific light protocol (Figure S 3.1B). 

During the quenching experiments on isolated PB (section 3.5.1), orange light 

(590 nm; 300 µmol of photonsˑm-2ˑs-1) was used as measuring light (ML) while, for 

OCP pre-conversion (placed in a bath at 4°C) to OCPr, high-intensity white light 

(5000 µmol of photonsˑm-2ˑs-1) was used (Gwizdala et al. 2011). The 

measurement protocol consists of, first, continuous exposition of the isolated PB 
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to ML, then addition, in one step, of OCPr to the PB. In the case of the in vivo 

measurement (section 3.5.2), cells were exposed to 1500 µmol of photonsˑm-2ˑs-1 

of orange light during one second. In both the cases, the signals were collected 

(integration time) every 100 ms. In addition, a very low intensity experiment was 

carried out with 1 µmol of photonsˑm-2ˑs-1 of orange light during one minute and 

integration time of 10 s. Fluorescence is collected via a lens that focuses them 

into a fiber connected to a CCD spectrometer (USB2000+, OceanOptics). Home-

made protocols written in National Instruments LabView and Wolfram 

Mathematica were used to carry out the data acquisition and the data analysis, 

respectively.  

3.3.4 Protocol for spectrally resolved fluorescence induction 

measurements on intact living cells 

 

Fluorescence experiments to monitor state transitions were performed by means 

of a spectrally resolved fluorescence induction (SRFI) method (Kaňa et al. 2009). 

In section 3.5.3, fluorescence emitted by whole Synechocystis cells was sampled 

every 90 ms under continuous illumination for a period of 12 min. Experiments 

were made with control cells without inhibitors (non-treated, hereafter) and 

those treated with 3-(3’,4’-dichlorophenyl)-1,1-dimethylurea (DCMU), as 

described previously in Kaňa et al. (2012). Cells were dark adapted for 20 min 

before SRFI measurements to induce state 2. The maximal fluorescence (Fm or, if 

light-adapted, F’m; for details of nomenclature, see Krause and Weis (1991)) 

reflecting full closure of the PSII reaction centers was induced by a saturation 

light pulse (590 nm; Δt 200 ms; 1200 µmol of photonsˑm-2ˑs-1). The first and last 

pulse were applied during a period of darkness. The evolution of the spectrally 

resolved fluorescence signal, induced by orange actinic irradiation, was then 

measured during 10 min. 

3.4 Analysis of the data matrix 
 

Acquired fluorescence spectra (n wavelengths) at m time points can be 

represented by an (m×n) data matrix Ψ. Below, we describe the procedure to 

extract species associated spectra (SAS) and their time evolution. 

The Singular Value Decomposition (SVD) procedure (Golub and Van Loan 1996) 

decomposes Ψ according to:  
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 TU S V     

 
(1) 

 
into an (m×m) matrix U, where the m columns are called the left singular vectors 

(lsv); the (m×n) diagonal matrix S whose diagonal elements (s1, s2, s3…) are called 

the singular values and the transpose of the (n×n) matrix V, VT, where the n rows 

are called the right singular vectors (rsv). In this study, the data matrix is 

constituted by spectra arrayed in time. Hence, the rsv which are significantly 

different from the noise are a linear combination of the SAS and the 

accompanying lsv are a linear combination of their time-dependent 

concentrations. We seek a mathematical transformation to resolve these SAS and 

their concentrations.  

 

 

 
 

Figure 3.1 Visualization of the acquired dataset (a and b) and SVD (c, d and e) after a quenching 
experiment on isolated PB and pre-converted OCP

r
 (added at t=18 s). The data matrix was obtained 

after continuous illumination of isolated PB in 0.8M phosphate buffer with 590 nm light 
(300 µmol photons m

-2
 
s-1

). Fluorescence spectra were acquired every 100 ms. For selected 
timepoints, acquired spectra in the range 640-800 nm (b) and time courses (a) are shown. Key to (a) 
black, 640 nm; grey, 653 nm; maroon 666 nm; brown, 678 nm; red 691 nm; orange, 703 nm. Key to 
(b) black, 0.3 s; grey, 7.2 s; maroon 14.1 s; brown, 21.0 s; red 27.9 s; orange, 34.8 s. To this data 
matrix we apply the SVD described byEq. (1). The scree plot of the first 10 diagonal elements of S is 
shown in panel e. Panels c and d display the first three lsv and rsv in black, red and gray, 
respectively. 
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The original matrix Ψ can be satisfactorily reconstructed by means of the most 

significant singular vectors. A matrix is of rank n if n singular values differ 

significantly from the singular values that represent the noise. The rank of the 

data matrix is determined after visual inspection of the logarithmic plot of the 

diagonal elements of S (also called scree plot, e.g. Figure 3.1e) and of the singular 

vectors (e.g. Figure 3.1c,d). When the scree plot indicates that the data matrix is 

of rank 2, a matrix A:  

 

 
12

21 21 22

1 a
A

a a a

 
  

 
 

 
(2) 

 
 

is introduced in Eq. (1) to write the decomposition of the data matrix as:  

 1( ) TU S A A V       

 
(3) 

 
The aim is to find a biophysically meaningful solution by tuning the coefficients 

a12, a21 and a22. We note in Eq. (3) that A operates on the rsv, whereas A-1 

operates on U S , i.e. the lsv scaled by S. The SAS are obtained after this 

transformation of the rsv. Explicitly, they fulfill: 

 

 
1 112

2 221 21 22

1
T

SAS va
AV
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(4) 

 
 

where the second index λ indicates that v1λ and v2λ are row vectors of length n 

(wavelengths). Expansion of Eq. (4) leads to two equations that can be written as: 

 

 
1 1 12 2SAS v a v      

2 21 1 22 2( )SAS a v a v      

 
(5) 

 
 

where the respective coefficients acquire the following meaning: a12 is the 

spectral shape factor of SAS1λ, a22 is the spectral shape factor of SAS2λ and a21 is a 

scaling factor that tunes the relative amplitudes of SAS1λ and SAS2λ . Using the 

inverse of A: 
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(6) 

 
 

we compute the matrix 1C U S A   , that contains two column vectors for the 

concentrations ct1 and ct2 of length m (time points). Their explicit expression, 

according to Eq. (6), is: 
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(7) 

 

 

Hence, the final decomposition of a rank 2 data matrix Ψ can be expressed as the 

linear combination of these two concentrations and SAS: 

1 1 2 2t tc SAS c SAS     

 
(8) 

 
To judge whether the transformation yields a biophysically meaningful solution 

the following four criteria are used: i) non-negativity of the SAS, ii) non-negativity 

of their difference (SAS1λ – SAS2λ), iii) non-negativity of the concentrations and iv) 

constancy of their sum ( 1 2t tc c ) during constant excitation. For a rank two 

matrix, criterion iv is equivalent to the assumption that an excitation can only be 

emitted either as SAS1λ or SAS2λ. When the number of excitations created is 

constant, this means that the sum of concentrations is constant. 

For richer data featuring a matrix of rank 3 (or higher), additional criteria would 

be needed to determine eight (or more) coefficients aij. 

3.5 Results and Discussion 
 

Our spectra-decomposing method and analysis protocol were applied to two 

well-defined systems under different conditions. The first system studied (section 

3.5.1) is in vitro quenching of PB fluorescence by pre-converted OCPr, where only 

two states were expected (quenched and unquenched PB). The second system is 

the spectral transition during a single saturation pulse of white light with intact 



- 84 - 
 

WT Synechocystis cells in vivo (section 3.5.2). These two systems are discussed in 

the following two sections. Each section consists of i) description of the light 

protocol, ii) description of the results and iii) conclusions. Based on this, the 

method is applied to more complex datasets of intact living cells acquired during 

orange light irradiation (section 3.5.3).    

3.5.1 OCP-related PB fluorescence quenching in vitro 

 

The OCP–PB interaction has been reconstituted and characterized in vitro 

(Gwizdala et al. 2011; Jallet et al. 2012; Wilson et al. 2012). In particular, the 

effects on the kinetics of fluorescence quenching as a function of OCP/PB ratio 

have been investigated using a PAM fluorometer and we present here one of the 

protocols with the aim of validating our method (see section 3.4). What we 

expect to see is: evidence for PB in either an unquenched (before OCPr is added) 

or a quenched state (once OCPr binds to the PB core) (Gwizdala et al. 2011).  

First, a selected visualization of the acquired data matrix is depicted in Figure 3.1. 

Time-dependent fluorescence levels at specific wavelengths (Figure 3.1a) and 

selected spectra at specific time instants (Figure 3.1b) are shown. From these 

data, we can qualitatively conclude that the PB fluorescence is reduced upon 

binding of OCPr.  

 

Figure 3.1c-e show the results of SVD (see Eq. (1)) of the data matrix. Panel e is 

the scree plot from which we conclude that the data matrix is of rank 2. In other 

words: only the first two lsv and rsv contribute with information distinguishable 

from the noise. Panel c and d illustrate this clearly: the first three lsv, ut1, ut2 and 

ut3 and the first three rsv, v1λ, v2λ and v3λ are displayed in black, red and gray, 

respectively. Clearly, the third components (ut3 and v3λ, in gray) are not 

distinguishable from the noise. 

 

As a next step, a set of transformation coefficients (see Eq. (4)) is determined to 

find the two characteristic SAS1λ and SAS2λ  (SAS1 and SAS2 hereafter) and their 

concentrations ct1 and ct2 (c1 and c2 hereafter). The result is shown in Figure 3.2. 

The concentration profiles are shown in Figure 3.2a with an orange bar indicating 

continuous illumination with orange light. The inset shows the percent deviation 

of the sum of concentrations from the average. Figure 3.2b shows the SAS, that 

we call SAS1,PBis and SAS2,PBis hereafter (is=isolated). The difference between 
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SAS1,PBis (black) and SAS2,PBis (red) is shown in the inset in green. The criteria to 

accept this result have been a) the non-negativity of both concentration profiles 

c1 and c2; b) a near-zero c2 before addition of OCPr; c) a sum of concentrations 

that deviates only 2% from the average (inset) and d) non-negative SAS. OCPr has 

been added at t≈18 s. Before this time point, only SAS1,PBis contributes to the 

signal. Upon addition of OCPr and formation of the quenching complex PB-OCPr, 

an increase of c2 (corresponding to SAS2,PBis) at the expense of a decrease in c1 is 

observed and confirms reported kinetics (Gwizdala et al. 2011). We therefore 

conclude that SAS1,PBis is the unquenched while SAS2,PBis is the quenched form of 

the isolated PB. Both are in a good agreement with emission spectra of 

(un)quenched PB reported in the past (Tian et al. 2012; Jallet et al. 2012; 

Gwizdala et al. 2011) 

 

  
 
Figure 3.2 Decomposition of the time resolved fluorescence spectrum of isolated PB during an OCP-
induced quenching experiment. a) Concentration profiles of the two components c1 (black) and c2 

(red) according to Eqs. (7). The colored bar on top illustrates the light regime: 300 µmol photons m
-

2
 s

-1
 of 590 nm light; Inset: The sum of concentrations remains fairly constant with 2% of maximal 

variation from the average. b) Species associated spectra SAS1,PBis (black) and SAS2,PBis(red). 
Transformation coefficients were set to a12= –0.40; a21=6.35; a22= –0.01. Inset: Difference spectrum 
SAS1,PBis – SAS2,PBis normalized to its maximum (665 nm). 

3.5.2 Closing of reaction centers during fluorescence induction by 

saturating light in vivo 

 

It is well known that a photosynthetic organism, when illuminated, displays a 

polyphasic increase in fluorescence (Kautsky and Hirsch 1931). After numerous 

reviews on the Kautsky effect, it has become common to speak about the so-

called O-J-I-P steps of fluorescence induction (Lazár and Jablonský 2009; Stirbet 

et al. 2014; Govindjee 1995; Schansker et al. 2006; Stirbet and Govindjee 2011, 

2012). Furthermore, slower transient characteristics (S-M-T) have also been 
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observed and monitored (Kodru et al. 2015; Kaňa et al. 2012; Papageorgiou et al. 

2007; Kaňa et al. 2009; Papageorgiou and Govindjee 2011). Our goal is to show 

how our analysis resolves, if any, contributions of different species during the 

OJIP regime, i.e. within the first second of illumination. 

 

The action of a single saturation pulse on dark-adapted Synechocystis cells has 

been investigated: a high-intensity orange pulse is applied during 1 s, while the 

fluorescence response is integrated every 100 ms (see section 3.3.3). We expect 

to observe PSII activity only given that PSI not only does not display any closure 

dynamics, as PSII does, but it also contributes very little to the signal. The SVD is 

shown in Figure S 3.2. The scree plot (Figure S 3.2c) shows two singular values 

distinct from the noise. After multiplication with the A matrix, SAS1,sat (black) and 

SAS2,sat (red) as well as their time evolution are obtained (Figure 3.3b). We note 

that, during the first 300 ms, c2 steadily decreases until it reaches a zero 

concentration (Figure 3.3a). Concomitantly, c1 increases reaching a plateau for t > 

0.3 s. The typical inflection points of the OJIP-curve cannot be assessed due to 

the integration time of 100 ms. Note, however, that full closure of the RCs is only 

achieved after ≈300 ms which lies within the expected time scale (Papageorgiou 

et al. 2007; Krause and Weis 1991; Neubauer and Schreiber 1987; Schreiber and 

Neubauer 1987). The difference spectrum clearly points at Chl a fluorescence, 

which could be explained by closure of PSII RCs. Therefore, we conclude that 

SAS2,sat is a PB-PSII complex with open PSII RCs (PB-PSIIopen) while SAS1,sat is a PB-

PSII complex with closed PSII RCs (PB-PSIIclosed). We support this interpretation 

with an independent measurement carried out with very low intensity and very 

long integration time (1 µmol of photonsˑm-2ˑs-1; 10 s). The data matrix obtained 

under these illumination conditions was of rank 1 and the signal is expected to 

originate predominantly from PB-PSII complexes with open PSII RCs. Note that 

the black curve in Figure 3.3c agrees well with SAS2,sat .  

Summarizing: with the help of isolated systems, the SAS of the (un)quenched 

isolated phycobilisome antenna could be estimated, and, by applying a single 

saturation pulse on intact WT Synechocystis cells, a PB-PSII complex in the open 

state could be distinguished from one in the closed state.  
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Figure 3.3 Decomposition of 
the time resolved 
fluorescence spectrum from 
whole cells of wild-type 
Synechocystis during a 
saturation flash of white light 
(1300 µmol photons m

-2
 s

-1
 ) 

illustrated by the yellow bar.  
a) Concentration profiles of 
the two components  
c1 (black) and c2 (red). Inset: 
The sum of concentrations 
remains fairly constant 
within ≈1% of maximal 
variation from the average.  
b) Species associated spectra 
SAS1,sat (black) and SAS2,sat 
(red) after transformation 
coefficients were set to a12= 
– 0.014; a21=0.64; a22=0.38. 
Inset: Difference spectrum 
SAS1,sat –  SAS2,sat normalized 
to its maximum (682 nm)  
c) For comparison: 
normalized SAS2,sat from 
panel b (red) and SAS from 
an independent, very low-
intensity experiment on 
whole cells of Synechocystis 
(black). 
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3.5.3 In vivo fluorescence induction with orange light in wild-type and 

PSI-, and PSII-deficient mutants of Synechocystis 

 

After having analyzed data obtained with simple protocols, the method was 

applied to analyze more complex experiments performed on whole cells of 

Synechocystis: these are continuously exposed to orange light of 

300 µmol of photonsˑm-2ˑs-1 throughout the measurement and to 

1500 µmol of photonsˑm-2ˑs-1 of the same light during the saturation flashes 

(clearly distinguishable peaks in the figures described below). 

 

 
Figure 3.4 Analysis of the time resolved fluorescence spectra of non-treated ΔPSII mutant cells . A: 
Estimated SAS1,ΔPSII (black) and SAS2,ΔPSII (red). B: the concentration profiles c1 (black) and c2 (red), 
the spikes are due to the saturation flashes; the illumination protocol is represented by the colored 
bars on top C: zoom into a region of B; D: the normalized difference spectrum between black and 
red SAS; E: sum of the concentrations ctotal; F: zoom into a region of E. Transformation coefficients: 
a12= 0.026, a21= 0.3 and a22= – 0.16 (see the detailed explanation in the main text). The SVD and full 
analysis of this dataset are shown in Figure S 3.3 and Figure S 3.6 respectively. 

 

The data matrices are of rank 2 (see Figure S 3.3-5). The analysis of the 

Synechocystis ΔPSII-mutant yields the results shown in Figure 3.4. We associate 

SAS1,ΔPSII with PB emission and SAS2,ΔPSII with a quenched form of the PB. To 

resolve its origin, more datasets are necessary, however, given i) the lack of fully 

assembled PSII RCs in this particular mutant and supported by ii) the high amount 

of PSI complexes typically present in cyanobacterial thylakoids (Melis 1989; Moal 

and Lagoutte 2012; Shevela et al. 2013), a direct transfer from PB to PSI could be 

the origin of the quenching. Moreover, there is no DCMU-related effect on the 

dynamics (panel c of Figure S 3.6). This is a sensible observation: DCMU is 

expected to block transfer from QA
– (the primary quinone electron acceptor of 
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PSII) to the plastoquinone pool (PQ) by binding to the QB site of the D1 protein 

(Krause and Weis 1991). Indeed, in a system where fully assembled PSII is absent, 

the use of DCMU should trigger no response from the PSII complex. It should be 

noted that the PSII mutant contains small amounts of PSII-core complexes (less 

than 10% in comparison to WT; see Komenda et al. (2004)). The influence of such 

remainders, however, is negligible. 

 

The results obtained for the ΔPSI-mutant are summarized in Figure 3.5, 

Figure S 3.4 and Figure S 3.7. The SAS1,ΔPSI (black) spectrum strongly differs from 

SAS1,ΔPSII due to the presence of PSII RCs. In analogy to our interpretation of 

SAS1,sat, we interpret SAS1,ΔPSI as PB-PSIIclosed. The SAS2,ΔPSI spectrum has a relative 

amplitude that strongly suggests a quenched PB. The highest c2 values were 

reached via the saturation flashes during darkness (see first and last pulses in 

Figure 3.5b). This contrasts with its rather small amplitude during the initial phase 

of orange light; it increased only slowly on light, reaching a steady level within 

≈100 s (see zoom panel in Figure 3.5c). This would have to involve an unknown, 

and rather untypical, quencher X that competes with energy transfer to PSII RCs 

in darkness (e.g. non-activated centers) and that is slowly activated by light on 

prolonged periods of irradiation.  

 

 
Figure 3.5 Analysis of the time resolved fluorescence spectrum of non-treated ΔPSI mutant cells. A: 
Estimated SAS1,ΔPSI (black) and SAS2,ΔPSI (red); B: the concentration profiles c1 (black) and c2 (red); C: 
zoom into a region of B; D: the normalized difference spectrum between black and red; E: sum of 
the concentrations ctotal; F: zoom into a region of E. Transformation coefficients: a12= 0.055, 
a21= 0.32 and a22= – 0.45 (see detailed explanation in the main text). The SVD and full analysis of 
this dataset are shown in Figure S 3.4 and Figure S 3.7 respectively.  
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Interestingly, the concentration of SAS2,ΔPSI remained maximal even during the 

light period in the presence of DCMU to close PSII (cf. Figure S 3.7c). One 

possibility for this rather untypical quencher may be a high light-inducible 

polypeptide (HliP), since i) they presumably act as photoprotective players (He et 

al. 2001; Daddy et al. 2015; Komenda and Sobotka 2016) and ii) they are 

overexpressed under various stressed conditions, including PSI deletion (see 

review by Komenda and Sobotka (2016) and references therein). Recently, 

quenching of Chl a Qy by means of direct energy transfer to the S1 state of β-

carotene in an HliP has been shown by Staleva et al. (2015). It suggests, indeed, 

involvement of an HliP protein in the quenching in the ΔPSI mutant. 

 

 
Figure 3.6 Analysis of the time resolved fluorescence spectrum of non-treated WT cells. A: 
Estimated SAS1,WT (black) and SAS2,WT (red);  B: the concentration profiles c1 (black) and c2 (red); C: 
zoom into a region of B; D: the normalized difference spectrum between black and red; E: sum of 
the concentrations ctotal; F: zoom into a region of E. Transformation coefficients: a12= 0.16, a21= 0.51 
and a22= – 0.15 (see detailed explanation in the main text). The SVD and full analysis of this dataset 
are shown in Figure S 3.5 and Figure S 3.8 respectively.   

 

The results obtained for the WT cells are summarized in Figure 3.6, Figure S 3.5 

and Figure S 3.8. In this case, c1 exhibits the slow S to M (to T) transition 

(Figure 3.6c) related to the state 2 to 1 transition (Kaňa et al. 2012). As for the 

nature of the SAS, we associate SAS1,WT with PB-PSIIclosed. The SAS2,WT features a 

quenched, hybrid form: it appears quenched relative to SAS1,WT  and its shape 

does not entirely match those of SAS2,ΔPSII or SAS2,ΔPSI. Also, we note that the ratio 

F650/F680 in SAS1,WT remarkably differs from that of SAS1,ΔPSI. This is 

demonstrated in Figure 3.7, where SAS1,WT has been scaled such that the 

respective regions below 650 nm (associated with PC emission from the PB 

antenna) overlap. In both cases, SAS1,ΔPSI and SAS1,WT, have been assigned to PB-
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PSIIclosed. How to explain the striking difference uncovered by Figure 3.7 then? We 

put forward the following hypothesis: SAS1,ΔPSI would be interpreted as a pure 

species PB-PSIIclosed since the system consists of PB and PSII only. When PSI is 

added to the complex, as it is in WT, excitation energy can be transferred to PSI, 

where it is efficiently quenched. As a result, the 680 nm emission of the PSII with 

closed RCs is reduced, yielding SAS1,WT. We call this mildly quenched by PSI. 

Before the state 2 to state 1 transition takes place, c2 reaches a maximum 

(minimum of c1 indicated by “S” in Figure 3.6c) due to an increased excitation 

energy transfer rate to PSI. Therefore, in our interpretation, SAS2,WT, where there 

is little 680 nm emission left, is the signature of a strongly quenched complex. 

This interpretation is in agreement with the previously reported PB-PSII-PSI-

megacomplex (Liu et al. 2013). Our current method is not able to discard 

alternative models for state transitions that involve, for instance, spill-over, i.e. 

the direct energy transfer from PSII to PSI (McConnell et al. 2002; Kirilovsky et al. 

2014). We argue, however, that small nano-scale “switching”-like re-

arrangements of these super-complexes between a complex with a 

mildly/strongly coupled quencher could provide a fundamental clue on the 

mechanism of the state transition. These interpretations are also in line with the 

much faster increase/decrease in the SAS1,WT/SAS2,WT component with DCMU (see 

panel C in Figure S 3.8). State 2 to 1 transition acceleration with this inhibitor has 

been, indeed, reported by Kaňa et al. (2012).  

 

 
Figure 3.7 Overlay plot of the SAS1,WT and SAS1,ΔPSI . The scaling is such 
that the respective blue edges (associated with PC emission) overlap. 
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Figure 3.8 Proposed interpretation of the SAS obtained in the analysis of all samples. The 
inferred species shown are represented next to each pair of SAS. Top: The ΔPSII mutant data 
feature unquenched PB and quenched PB via PSI. Center: The ΔPSI mutant data feature a PB-
PSII complex in closed state in an unquenched or a quenched state (probably by a high-light 
inducible protein, cf. Komenda and Sobotka (2016)). Bottom: In the WT, the presence of PSI and 
PSII leads to formation of a PB-PSII-PSI-megacomplex (Liu et al. 2013) that can be either mildly 
or strongly quenched. Arrows indicate the flow of energy from the PB rods to the PB core 
cylinders, and from there to PS II or to PS I. The width of an arrow indicates the rate of energy 
transfer (estimated after Tian et al. (2011)). 
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Our interpretations are summarized in Figure 3.8. Phycobilisomes, PSII dimers 

and PSI trimers are represented in a cartoon-like manner and not to scale. Energy 

transfer from the PB rods to the PB core, and from the PB core to the PSI and PSII 

units is illustrated by black arrows, whose size is an indication of its efficiency. For 

instance, based on quantitative analysis performed by Tian et al. (2011), we 

represent energy transfer times (e.g. from the PB rods to the PB core) on the 

order of 100 ps with a slim arrow whereas faster energy transfer times (from the 

terminal emitters in the PB core to PSII) are represented by a thick arrow. Note 

that back transfer rates (from the PB core to the PB rods and from PSII to the 

terminal emitters in the PB core) are an order of magnitude smaller, and have 

been omitted in the cartoons. Thus in the bottom row the difference between 

SAS1,WT and SAS2,WT is visualized as an increase in the transfer rate from the PB 

core to PS I. This hypothesis remains to be tested. 

3.6 Conclusions 
 

We have presented in this paper a method to analyze time dependent spectrally-

resolved fluorometry data, acquired using a multi-source fluorometer set-up. We 

have shown that in all cases presented here the data can be decomposed into 

two SAS and their time evolution. By first applying the method to datasets 

acquired by means of simple protocols (isolated PB during OCP-induced 

quenching, WT cells during a saturation flash), the SAS of isolated un/quenched 

PB and PB-PSII complexes in either open or closed state have been determined. 

This method was then applied to WT and selected mutants of Synechocystis 

during different light conditions. In these cases, too, data matrices were well 

approximated by rank two matrices and for each pair of derived SAS, hypotheses 

about their molecular origin based upon existing literature and sensible 

assumptions have been put forward. These interpretations are summarized in 

Figure 3.8. The most striking finding concerns the difference between the 

respective SAS1 of WT and the ΔPSI mutant (see Figure 3.7 and Figure 3.8) which 

we interpret as evidence for mild quenching by PSI in the WT PB-PSII-PSI 

megacomplex. While in state 2, the energy transfer to the PSI moiety of the 

megacomplex accelerates resulting in the quenched second SAS of WT (see 

Figure 3.6 and Figure 3.8). The wealth of information hidden in the SAS and the 
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time traces of their concentrations presented here calls for the development of 

models at the molecular level to solidify their interpretation. 
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Supporting Information 
 

This section contains (i) a graphical description of the multiple-LED set-up in 

Amsterdam, (ii) the SVD results of all experiments presented in the main text and 

(iii) the results obtained after analysis based upon our method for WT 

Synechocystis and the ΔPSI and ΔPSII mutants thereof both non-treated and in 

the presence of DCMU. 

 

 

A

 

B

 

 
Figure S 3.1 A) Schematic representation of the multiple-LED set-up in the LaserLab, in Amsterdam, 
The Netherlands. B) Spectra of the LEDs available. Key: Gray: White LED; Blue: 460 nm; Orange: 
590 nm; Red: 640 nm; Dark red solid: White LED with a 695 nm filter; Dark red thick: White LED with 
a 715 nm filter; Dark red dashed: White LED with a 725 nm filter 
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Figure S 3.2 SVD of the time resolved spectrum of the WT Synechocystis cells during a saturation 
flash. a) first two left singular vectors u1(black) and u2 (red). b) first two right singular vectors 
v1(black) and v2 (red). c) scree plot 

 
Figure S 3.3 SVD of the time resolved spectrum of the ΔPSII mutant cells. a) first two left singular 
vectors u1(black) and u2 (red). b) first two right singular vectors v1(black) and v2 (red). c) scree plot. 

 
Figure S 3.4 SVD of the time resolved spectrum of the ΔPSI mutant cells. a) first two left singular 
vectors u1(black) and u2 (red). b) first two right singular vectors v1(black) and v2 (red). c) scree plot. 

 
Figure S 3.5 SVD of the time resolved spectrum of the WT cells. a) first two left singular vectors 
u1(black) and u2 (red). b) first two right singular vectors v1(black) and v2 (red). c) scree plot. 
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Figure S 3.6 Full analysis of the time resolved fluorescence spectrum of ΔPSII mutant cells: non-
treated (above), DCMU-treated (below); A: Estimated SAS1,ΔPSII (black) and SAS2,ΔPSII (red). B: the 
concentration profiles c1 (black) and c2 (red), the spikes are due to the saturation flashes; C: zoom 
into a region of B; D: the normalized difference spectrum between black and red SAS; E: sum of the 
concentrations ctotal; F: zoom into a region of E. See the main text for a detailed explanation of the 
non-treated panels. Transformation coefficients: non-treated: a12= 0.026, a21= 0.3 and a22= – 0.16 ; 
DCMU: a12= 0.026, a21= 0.3 and a22= – 0.16 
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Figure S 3.7 Full analysis of the time resolved fluorescence spectrum of ΔPSI mutant cells: non-
treated (above), DCMU-treated (below); A: Estimated SAS1,ΔPSI (black) and SAS2,ΔPSI (red); B: the 
concentration profiles c1 (black) and c2 (red); C: zoom into a region of B; D: the normalized 
difference spectrum between black and red; E: sum of the concentrations ctotal; F: zoom into a 
region of E. See the main text for a detailed explanation of the non-treated panels. Transformation 
coefficients: non-treated: a12= 0.055, a21= 0.32 and a22= – 0.45;  DCMU: a12= 0.05, a21= 0.32 and 
a22= – 0.42 
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Figure S 3.8 Full analysis of the time resolved fluorescence spectrum of WT cells: non-treated 
(above), DCMU-treated (below); A: Estimated SAS1,WT (black) and SAS2,WT (red);  B: the 
concentration profiles c1 (black) and c2 (red), where, c1 has been pulled to the front for better 
visibility of the first/last pulses; C: zoom into a region of B; D: the normalized difference spectrum 
between black and red; E: sum of the concentrations ctotal; F: zoom into a region of E. See the main 
text for a detailed explanation of the non-treated panels. Transformation coefficients: non-treated: 
a12=  0.16, a21= 0.51 and a22= –0.15; DCMU: a12= – 0.02, a21= 0.51 and a22= 0.33 
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4.1 Abstract 
 

Cyanobacterial thylakoid membranes are known to host photosynthetic and 

respiratory complexes. This hampers a straight forward interpretation of the 

highly dynamic fluorescence originating from photosynthetic units. The present 

study focuses on dark-to-light transitions in whole cells of a PSI-deficient mutant 

of the cyanobacterium Synechocystis sp. PCC 6803. The time-dependent cellular 

fluorescence spectrum has been measured, while having previously exposed the 

cells to different conditions that affect respiratory activity. The analysis method 

used allows the detected signal to be decomposed in a few components that are 

then assigned to functional emitting species. Additionally, we have worked out a 

minimal mathematical model consisting of sensible postulated species to 

interpret the recorded data. We conclude that the following two functional 

complexes play a major role: a phycobilisome antenna complex coupled to a PSII 

dimer with either two or no closed reaction centers. Crucially, we present 

evidence for an additional species capable of strongly quenching fluorescence, 

whose formation requires the presence of oxygen. 

4.2 Introduction 
 

The cyanobacterial thylakoid membrane harbors both photosynthetic and 

respiratory units, making electron transport a highly dynamic and complex 

process (Liu 2015; Scherer et al. 1988; Mullineaux 2014). In the cyanobacterium 

Synechocystis sp. PCC 6803 (hereafter Synechocystis), three interwoven electron 

transport routes are typically regarded as dominant: i) linear photosynthetic 

electron transport involving the photosystems (PS) I and II, the cytochrome b6f 

complex (hereafter cyt b6f), the plastoquinone (PQ) and plastocyanin (PC) pools, 

ii) respiratory transport mainly involving the electron donors succinate 

dehydrogenase (SDH) and the type-I NAD(P)H dehydrogenase (NDH-1), 

cytochrome c, the cytochrome bd-type quinol oxidase (Cyd) and the aa3-type 

cytochrome c oxidase (COX) and iii) cyclic electron transport around PSI (Ogawa 

and Sonoike 2015; Cooley and Vermaas 2001; Schuurmans et al. 2014; Govindjee 

and Shevela 2011). Additional possibilities include alternate respiratory terminal 

oxidases (ARTO) and electron transfer from PSI to flavodiiron proteins Flv1 and 

Flv3 as well as NDH-1 (Lea-Smith et al. 2016; Liu et al. 2012; Chukhutsina et al. 
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2015; Mi et al. 1992; Helman et al. 2003; Vicente et al. 2002). A balanced 

interplay of all these units is necessary in order to, for example, generate a 

favorable ATP:NADPH flux-ratio, typically of 3:2 (Behrenfeld et al. 2008), or alter 

this ratio to accommodate photoprotective and/or repair responses under stress 

conditions. Photoprotective mechanisms in Synechocystis reportedly include non-

photochemical fluorescence quenching (NPQ) via the orange carotenoid protein 

(OCP) and state transitions (ST) (Kirilovsky et al. 2014; Mullineaux 2014). While 

the former is a response to (high) blue light intensity that leads to 

photoactivation of OCP, which in turn, binds to the phycobilisome (PB) thereby 

quenching it (Wilson et al. 2008; Gwizdala et al. 2011; Tian et al. 2011), the latter 

refers to a change in the rate of excitation energy transfer (EET) to PSII vis-à-vis 

PSI (Mullineaux and Allen 1990; Kirilovsky 2015; Mullineaux and Emlyn-Jones 

2005). In other words, while OCP activity enables an additional EET channel to 

avoid excitation energy reaching the reaction centers (RCs) in the first place, STs 

are a subtly regulated response to re-balance the EET ratio between the two 

photosystems during, for instance, a sudden change in the intensity of the 

incident radiation. Thus, PSI both plays a pivotal role in EET regulation and is a 

crucial vehicle for electron transport across the thylakoid membrane. 

 

Cells of a PSI-deficient mutant of Synechocystis were subject to investigation in a 

recent study focusing on changes in chlorophyll (Chl) a fluorescence as a result of 

dark-to-light transitions (Acuña et al. 2016). Therein, the authors reported a 

quenched species, appearing under illumination conditions that ensured that 

OCP could not have been activated. This result unavoidably revives the 

fundamental question asked many years ago already by Vermaas et al. (1994): 

what happens to the excitations in the absence of PSI when the PSIIRC is closed? 

Since both OCP-related fluorescence quenching and ST must be ruled out, Acuña 

et al. (2016) postulated a third quenching mechanism in order to explain the 

overall fluorescence decrease: a high-light protein (Hlip) would be at its origin. 

Hlips have indeed been suggested to act as non-photochemical quenchers in 

Synechocystis (Havaux et al. 2003) and there is conclusive evidence that HliD, one 

of the members of the Hlip-family, binds Chlorophyll a (Chl a) and β-carotene (β-

car), thus enabling a dissipative channel with energy being directly transferred 

from a Chl a Qy state to a β-car S1 state (Staleva et al. 2015; Komenda and 

Sobotka 2016). Besides, in the specific case of the PSI-deficient mutant of 

Synechocystis: i) Hlip-containing cells have been shown to evolve much less 
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singlet oxygen than the corresponding control strain (Sinha et al. 2012), 

confirming the photoprotective role of HliD, and ii) the carotenoid content of 

HliD-containing fractions has been found to be relatively high (Chidgey et al. 

2014), which makes the assumption of an HliD-related quenching channel all the 

more plausible. 

The central aim of this study is to elucidate how cells of a PSI-deficient mutant of 

Synechocystis are able to cope with light stress during a dark-to-light transition. 

We do this by tracking the emitted cellular fluorescence spectrum over time 

(Kaňa et al. 2009; Kaňa et al. 2012; Acuña et al. 2016). The only photosynthetic 

fluorescent units present in the sample of this strain are the phycocyanin-

containing PB antenna and the Chl a-containing PSII dimers.  

 

 
Figure 4.1. Visualization of possible fluorescent species in the Synechocystis ΔPSI mutant and their 
expected fluorescence quantum yield ϕf. Black arrows represent intra-PB EET; yellow arrows 
represent EET from the PB core to PSII; purple arrows represent electron transfer to the PQ pool. 
An “X” stands for a closed RC. Low ϕf values are expected from PB-PSII complexes quenched either 
photochemically (A) with both RCs transferring electrons to the PQ pool (open) or non-
photochemically by an Hlip-type quencher (D) bound to PSII with its RCs closed. High ϕf values are 
expected from PB-PSII complexes with both RCs closed and unquenched (C) or functionally 
uncoupled PB (F). In case one of the RCs of the PSII dimer is closed and unquenched while the other 
is open (B) or quenched (E), we expect an intermediate ϕf value. (Adapted from Liu (2015)) 
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Any fluorescence dynamics should therefore be explained in terms of these 

species only. In the following Gedankenexperiment we make an attempt to 

anticipate which species will be manifested and how: i) a PB unable to transfer 

excitation energy to PSII should be visible as a pure PB-spectrum with a very high 

fluorescence quantum yield; ii) if the PB is coupled to a PSII-dimer while both RCs 

are closed, we also expect a high quantum yield, though with an additional 

chlorophyll-derived 680 nm signature; iii) in case of a functional PB-PSII complex 

with two photochemically (open) quenched RCs, we would expect a less strong 

680 nm signature and a low fluorescence quantum yield; iv) should only one of 

the RCs in the PSII dimer be closed while the other would remain open, we would 

expect a fluorescence quantum yield that lies somewhere between ii) and iii); v) a 

PB-PSII complex being non-photochemically quenched would result in a low 

fluorescence quantum yield. Figure 4.1 schematically depicts these species. We 

set out to measure time-resolved fluorescence spectra of whole cells of the PSI-

deficient mutant of Synechocystis after preparing the cells with different dark-

adaptation (DA) times, so as to systematically affect its respiratory activity. This 

resulted in the identification of a novel quencher that is insensitive to the 

respiratory inhibitor potassium cyanide (KCN), yet requires oxygen to function. 

4.3 Materials and methods 

4.3.1 Cell cultures 

 

The PSI-deficient mutant of Synechocystis (Shen et al. 1993) was a gift from prof. 

C. Funk (Umeå University, Sweden) and was stored at -80 °C in 15% glycerol. Prior 

to preparing a liquid culture, cells were streaked on agar plates containing BG-11 

(Sigma) supplemented with 0.3% sodium thiosulfate, 35 µg/mL chloramphenicol 

and 10 mM glucose. The strain appeared incompatible with our usual agar, 

requiring the plates to be solidified using Difco Granulated agar (BD). The plates 

were incubated in an incubator (Versatile Environmental Test Chamber MLR-

350H, Sanyo) with a humidified atmosphere of elevated CO2 (2 %) kept at 30 °C. 

Incident light intensity was reduced to below 5 µmol photons m-2 s-1 by covering 

the plates with layers of paper. 

Liquid cultures were prepared by inoculating 25 mL modified BG-11 (BG-11-PC, 

van Alphen et al. manuscript in preparation) supplemented with 10 mM glucose, 

25 mM 1,4-Piperazinedipropanesulfonic acid (PIPPS)-KOH buffered at pH 8.0, 5 
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µg/mL chloramphenicol in a 100-mL flask (FB33131, Fisherbrand). The nitrogen 

source was NaNO3 except for the batch of cells discussed in section 4.5.2 where 

NH4Cl was used instead. The flasks were covered in multiple layers of paper to 

reduce the incident light intensity to below 5 µmol photons m-2 s-1 and were 

placed in a shaking incubator (Innova 43, New Brunswick Scientific), equipped 

with a custom LED panel containing LEDs of 632 nm (orange-red) and 451 nm 

(blue, both 8 nm full width at half maximum) at 120 rpm and 30 °C. 

 

4.3.2 Spectrally resolved fluorescence induction 

 

The multiple LED set-up described in (Acuña et al. 2016; Lambrev et al. 2010) was 

placed right near the facilities where the Synechocystis cells were grown, 

ensuring thereby that the cells were in proper physiological conditions during the 

experiments. The illumination protocols (Figure S 4.1) have been applied to ΔPSI 

cells of Synechocystis, taken from the same batch, diluted to an optical density at 

730 nm (OD730) of 0.4 in fresh medium (the only exception being Figure 4.13). 

Two background (590 nm) light intensities were used: 50 µmol photons m-2 s-1 

(referred to as low light; see Figure S 4.1A) and 450 µmol photons m-2 s-1 

(referred to as high light; see Figure S 4.1B). The light intensity during the 

saturating pulses was 1300 µmol photons m-2 s-1. Each pulse (1 s) consists of ten 

data points since the time resolution is 100 ms. Cells have undergone varying DA 

times prior to application of the illumination protocol. Also, we have measured 

under conditions preventing respiratory electron transfer to oxygen, realized in 

two different ways: chemically, using KCN (1 mM final concentration) which is 

known to inhibit respiratory activity (Orman and Brynildsen 2015; Pils and 

Schmetterer 2001); and physically, by bubbling an N2/CO2 mixture into the 

cuvette containing the sample to generate an O2-deprived environment in which 

the terminal oxidases cannot function. 

4.3.3 Additional elements of data analysis 

 

Here we describe an extension of the spectral decomposition methods that 

have been described in (Acuña et al. 2016). Acquired fluorescence spectra 

(p wavelengths) at m time points can be represented by an (m×p) data 
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matrix Ψ. The Singular Value Decomposition (SVD) procedure (Golub and 

Van Loan 1996) decomposes Ψ according to: 

 TU S V     

 
(1) 

 
into an (m×m) matrix U, where the m columns are called the left singular vectors 

(lsv); the (m×p) diagonal matrix S whose diagonal elements (s1, s2, s3…) are called 

the singular values and the transpose of the (p×p) matrix V, VT, where the p rows 

are called the right singular vectors (rsv). Time-dependent characteristics are 

contained in the lsv, while the rsv are a linear combination of the species 

associated spectra (SAS). The original matrix Ψ can be satisfactorily reconstructed 

by means of the n most significant singular vectors yielding a (nt×nλ) matrix Ψn. 

In Acuña et al. (2016) data matrices of rank n=2 were analyzed. While the core of 

the method remains the same, we also present data matrices that are of rank 

n=3, meaning that the transformation matrix applied to the singular vectors had 

to be correspondingly expanded. 

We seek a mathematical transformation 
1( ) T

n U S A A V       to resolve the 

SAS and their time-dependent concentrations. For a rank n=3 matrix, A has the 

form: 

 

12 13

21 22 23

31 32 33

1 a a

A a a a

a a a

 
 

  
 
 

 
(2) 

 

 

and the final decomposition of Ψ (n=3) is expressed as a linear combination of 

three nt×1 vectors corresponding to the concentrations and the 1×nλ vectors 

corresponding to the SASnλ: 

 

( 3) 1 1 2 2 3 3n t t tc SAS c SAS c SAS       (3) 

 

Hereafter, we will refer to these vectors using the simplified notation: c1, c2, c3, 

SAS1, SAS2 and SAS3. Furthermore, a number of criteria are followed to judge 

whether these transformed vectors are biophysically meaningful. With the 

expansion to a rank n=3 matrix, the number of parameters to be estimated 
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increases; this is why, additionally to the criteria presented in our previous work 

(Acuña et al. 2016), we have added, for each SAS, SAS smoothness–penalties: 

 

2

2
( )smoothness j j

j

penalty w SAS 



 


   (4) 

 

This is one among other contributions to the objective function that we seek to 

minimize. See the SI for the explicit objective function used in this work. For a 

rank n=2 matrix, which is applicable for most of the data sets presented here, the 

description is simpler, and A has the form: 

 

 
12

21 21 22

1 a
A

a a a

 
  

 
 (5)  

 

and the final decomposition of Ψ(n=2) is expressed as: 

 

( 2) 1 1 2 2n t tc SAS c SAS     (6) 

 

Finally, each concentration value ntc  output at the position t that corresponds to 

a saturation pulse is multiplied by a parameter pf that accounts for the difference 

in light intensity between the background illumination and the saturation pulse. 

Thus, relative concentrations that are independent of the light intensity are 

estimated. 

4.4 Results and Discussion 

4.4.1 Results from SVD analysis 

 

In this section, we discuss results obtained following different protocols. First, we 

show results of ΔPSI cells exposed to ambient oxygen and 50 µmol photons m-2 s-1 

of 590 nm that we refer to as low-light experiments. Then, we show results from 

samples exposed to 450 µmol photons m-2 s-1 (high light). The cells were either 

treated with KCN to inhibit the terminal oxidases or exposed to a mixture of 

N2/CO2 to generate an O2-deprived environment in which the terminal oxidases 
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cannot function. Finally, we discuss results obtained from samples illuminated 

with 590 nm light of 450 µmol photons m-2 s-1
, exposed to ambient oxygen. 

4.4.2 Exposure to low light background illumination 

 

After transformation of the singular vectors (Figure S 4.2), we obtain the SAS 

shown in Figure 4.2A (SAS1 and SAS2 in black and green, respectively).  

 

 
Figure 4.2. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells 
exposed to low light background illumination and ambient O2. (A) The SAS obtained after 
transformation of the singular vectors (shown in Figure S 4.2). Panels B and C show a zoom view of 
the first 9 s and of the last pulse, respectively. (D) Time profiles. Key: orange: 50 µmol photons m

-

2
 s

-1
; black: darkness. The colored bar on top illustrates the light regime with arrows indicating the 

beginning of a saturation pulse. Inset: The average deviation in the sum of concentrations from 
unity. 
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 First pulse Final FS Last pulse 

DA (min) 
[Figure] 

c1 c2 c1 c2 c1 c2 

50 µmol photons m
-2

 s
-1

 

34 
[4.2] 

0.02 0.86 0.84 0.16 0.03 0.81 

5 
[S 4.4] 

0.03 0.97 0.84 0.16 0.07 0.93 

1 
[S 4.4] 

0.07 0.93 0.84 0.16 0.04 0.89 

 450 µmol photons m
-2

 s
-1

 

34(+KCN) 
[4.3] 

0.02 0.98 0.28 0.72 0.28 0.72 

34(+N2/CO2) 
[4.5] 

0.03 0.97 0.29 0.71 0.03 0.93 

1(+N2/CO2) 
[S 4.8] 

0.01 0.99 0.34 0.55 0 0.84 

34 
[4.6D] 

0.02 0.98 0.60 0.40 0.32 0.68 

5 
[4.6D] 

0.02 0.98 0.56 0.44 0.31 0.69 

1 
[4.6D] 

0.02 0.98 0.40 0.60 0.18 0.82 

 
Table 4.1. Average (of seven points) levels of c1 and c2 at three different spots of the light protocol: 
first and last saturation pulses as well as average Fs level just before the background is turned off.  

 

Panel D shows the corresponding concentration profiles of c1 (black) and c2 

(green) during the entire experiment, while panel B (panel C) zooms into the first 

(last) saturation pulse. As a reminder: one saturation pulse stretches over 1 s with 

100 ms time resolution (i.e. ten data points); as light is turned off the signal 

returns to zero within one data point, meaning that we are unable to resolve 

relaxation dynamics and the changes in light intensity behave almost like step 

functions. When the light pulse is turned on at 3t s , however, c2 gradually 

builds up. This is due to the closure of RCs (consistent with the strong 680 nm 

signature of SAS2) which, though very fast, takes one data point (100 ms) to reach 
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a maximum level (Fm). In other words: though not entirely resolved, the so-called 

OJIP induction phase (Stirbet and Govindjee 2011) is, at least, visible. Conversely, 

we interpret c1 as the population of complexes with open RCs since saturating 

light results in its sharp decrease (Figure 4.2B,C and D). Thus, the interpretation 

of the two SAS in Figure 4.2 can be given in terms of two species depicted in 

Figure 4.1: SAS2, with the higher amplitude (high fluorescence quantum yield) as 

PB-PSII complexes with closed RCs (Figure 4.1C) and SAS1, with low quantum yield 

and little 680 nm signature as PB-PSII complexes with open RCs (Figure 4.1A). 

During saturation pulses, the decrease of c1 is concomitant with a sharp increase 

of c2, whereas during background illumination (Fs), the signal is a combination of 

both, and consists of fairly constant contributions from complexes with open and 

closed RCs, with, interestingly, the population of c1 being the predominant one. 

The interpretation then is that the background light is able to close only a fraction 

(ca. 15%, Table 4.1) of the complexes in the sample as opposed to saturating 

light. With this background light intensity, the fluorescence dynamics are mainly 

explained by closing and re-opening of RCs (Figure 4.2D) and there is no clear 

indication of the action of an Hlip-type quencher (vide infra). This pattern 

systematically reproduces across different experiments with low intensity 

background light, with cells first dark-adapted for 34, 5 and 1 min (Figure S 4.4). 

4.4.3 KCN-treated cells exposed to high light background illumination 

 

Figure 4.3 shows the results obtained with a sample that was exposed to 

450 µmol photons m-2 s-1 but previously treated with KCN, in order to inhibit 

terminal oxidase activity. Clearly, the first light pulse (Figure 4.3B) induces a rise 

in c2, which is by far the predominant species. Correspondingly, SAS2 (Figure 4.3A) 

has also the higher fluorescence quantum yield and peaks at 681 nm. Therefore, 

we interpret it as a PB-PSII complex with both RCs closed (Figure 4.1C). The 

interpretation of SAS1 is less straight forward than in the previous section, 

because: i) the population of c2 instantly reaches a constant level with no sign of 

an induction phase nor are there correlated increasing/decreasing populations 

within the first 100 ms; and ii) only very small signs of open/closing RCs during 

saturation pulses are present throughout the experiment (Figure 4.3D).  
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Figure 4.3. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells 
exposed to high light background illumination, ambient O2 and treated with KCN. (A) The SAS 
(Black: SAS1; green: SAS2) obtained after transformation of the singular vectors (shown in 
Figure S 4.3). Panels B and C show a zoom view of the first and last pulse. (D) Time profiles. Key: 
orange: 450 µmol photons m

-2
 s

-1
; black: darkness. The colored bar on top illustrates the light 

regime with arrows indicating the beginning of a saturation pulse. Inset: The average deviation in 
the sum of concentrations from unity. 

 

Thus, SAS1 most probably consists of contributions from complexes with 

quenched species and little complexes with open RCs. As the sample goes 

through the illumination protocol, c1 (c2) gradually increases (decreases) while 

saturation pulses barely make any difference. Thus, this data matrix is 

interpretable in terms of the following two species: SAS2 would correspond to PB-

PSII complexes with closed RCs (Figure 4.1C) while SAS1 would correspond to a 

dynamic mixture of PB-PSII complexes non-photochemically quenched PB-PSII 
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complexes (Figure 4.1D) as well as some complexes with open RCs (Figure 4.1A). 

Over time the quenched species become predominant, evidenced by the 

diminishing signs of open/closing RCs during the saturation pulses (Figure 4.3D). 

Figure 4.4.4 shows an overlay of the four normalized SASs obtained up to this 

point: Indeed, the two SAS2, interpreted in the two experiments as being the 

same species, are virtually identical. The two SAS1 are very similar; in the case of 

the cells not treated with KCN, however, a less pronounced 680 nm signature 

indicates that energy transfer from the PB terminal emitters to PSII followed by 

photochemical quenching affects the SAS differently than the quenching of 

closed complexes by the unknown quencher, QX. 

 

 

   

Figure 4.4. Normalized SAS of the experiments shown in Figure 4.2 
and Figure 4.3. While SAS2 (solid green and dashed black) are 
virtually identical, SAS1 from the KCN experiment (solid gray) has 
slightly weaker fluorescence around 680 nm than SAS1 from cells 
without KCN which were exposed to 50 µmol photons m

-2
 s

-1
 (solid 

blue). 

   

 

4.4.4 Exposure to high-light background illumination in a microoxic 

environment 

 

In a further attempt to affect respiratory activity without risking an effect on 

photosynthesis, an experiment was conducted where cells were exposed to 

450 µmol photons m-2 s-1 while a mixture of N2/CO2 was bubbled into the cuvette 

in order to deprive the cells of ambient oxygen. The results are shown in 

Figure 4.5.  
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Figure 4.5. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells 
exposed to high light background illumination under microoxic conditions. (A) The SAS (Black: 
SAS1; green: SAS2) obtained after transformation of the singular vectors (shown in Figure S 4.5). 
Panels B and C show a zoom view of the first and last pulse. (D) Time profiles. Key: orange: 
450 µmol photons m

-2
 s

-1
; black: darkness. The colored bar on top illustrates the light regime with 

arrows indicating the beginning of a saturation pulse. Inset: The average deviation in the sum of 
concentrations from unity. 

 

The obtained SAS and the behavior during the saturation pulses are very similar 

to the results shown in Figure 4.2. As in Figure 4.2B and C, the first and last pulses 

in Figure 4.5 clearly show opening/closing behavior and this seems to be a 

suitable interpretation for the SAS in this case as well. Due to the high 

background light intensity, however, the Fs levels are now inverted: c2 is as high 

as 65% (Table 4.1) indicating a higher relative concentration of complexes with 

closed PSII RCs. Otherwise, though there is a modest decrease in c2 during the 
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first 20 s of background illumination, once the concentration profiles even out, 

there is no sign of additional fluorescence quenching and most of the signal can 

be read as constant levels of fluorescence that toggle between distinct levels as a 

function of the light intensity. This is a remarkable observation, since, under the 

same background illumination, the KCN experiment reveals the system’s ability to 

quench fluorescence (Figure 4.3) and it indicates that oxygen is required for QX to 

function. 

4.4.5 Exposure to high light background illumination in an O2-rich 

environment 

 

Three experiments with different DA times are shown in Figure 4.6. In all cases, 

cells were exposed to ambient oxygen without addition of KCN. The matrices 

were analyzed independently, yielding three pairs of concentration profiles 

shown in Figure 4.6D and three pairs of SAS shown as insets therein. Figure 4.6A-

C and Figure 4.6E-G show a zoom in into, respectively, the first and last saturation 

pulses. These SASs match well those of Figure 4.4. Judging from the 

opening/closing dynamics and the gradual increase of the c1 base level 

(concomitant with a decrease in the c2 base level), the contribution of quenched 

PB-PSII complexes (Figure 4.1D) again gradually increases over time. As previously 

observed under O2-deprived conditions (Figure 4.5), during the first 20 s of 

background illumination, c2 decreases by 15-20% before Fs levels off. However, 

contrary to those latter conditions, a new phase of fluorescence quenching sets 

in that lasts until the end of the light protocol. Remarkably, the second quenching 

phase seems to kick-off at earlier times for samples that underwent a longer DA 

period. While for the sample with the longest dark adaptation this phase sets in 

as early as ca. t = 50 s, for DA = 5 min it starts around 75 s and for DA = 1 min it 

only comes at times t > 140 s. Also, the relative concentration of c1 during 

saturation pulses tends to reach higher and higher values throughout the 

experiment. Even after the system has gone through a short relaxation period of 

a few seconds in darkness, the last saturation pulse does not push the c1 level 

down to zero (see Figure 4.6E, F and G). Instead, values of around 30% (Table 

4.1), similar to the KCN experiment, are observed in Figure 4.6F and G. This again 

points at a quenched species being formed over time. 
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Figure 4.6. Three independent analyses of ΔPSI cells with varying dark adaptation. O2-
exposed cells were dark adapted during 1, 5 or 34 min. For each condition, a zoom view of 
the first (last) pulse is depicted in panels A, B and C (E, F and G). The full light protocol and 
corresponding SAS (shown as right insets) are depicted on panel D. The colored bar on top 
illustrates the light regime: 450 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness 

(black). Left insets depict the average deviation in the sum of concentrations from unity. 
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4.5 Modeling dark-to-light transitions  

4.5.1 Rank 2 systems 

 

To test whether the postulated species described in the sections above could 

indeed explain the observed dynamics, we constructed a minimal mathematical 

model (inspired by the model of (Ebenhöh et al. 2014)) that takes into account 

only species A, C and D from Figure 4.1.  

 

We consider PB-PSII-dimer complexes that are fully closed by the action of light 

or open via an electron acceptor of the PQ pool. Additionally, fluorescence 

quenching can occur if QX attaches to the closed complex. Figure 4.7 displays the 

photosynthetic and respiratory components we consider essential: we postulate 

three fluorescent components with two distinguishable spectral contributions.  

 

Following the interpretation of Figure 4.2, there would be two species: a PB-PSII 

dimer complex with both RCs open as depicted in Figure 4.7a, and another one 

with its RCs closed, as depicted in Figure 4.7b. They would emit fluorescence as 

SAS1 and SAS2, respectively. The KCN experiment (Figure 4.3D) supports the 

interpretation of SAS2 as originating from double-closed RCs, but the quenched 

component must be attributed to the action of a quencher QX. This would result 

in very similar SAS1 contributions but two fundamentally different molecular 

origins. This quenched species is depicted in Figure 4.7c and the assumed 

mechanism for its formation is shown in the red box below: we postulate a light-

induced excited state of the quencher Q*X that is populated during illumination 

(kL) and decays back to its non-activated counterpart, QX0, with the specific 

deactivation rate kx,dec. Q*X is then able to bind to, presumably, PSII. The 

formation of this Qx,bound is described by an attachment rate kA and assumed to be 

proportional to the fraction of reduced PQ, PQH2, and to the concentration of O2. 

In a third step, the quencher detachment rate kD describes uncoupling of the 

quencher and a re-population of QX0. As for the linear electron flow dynamics, the 

PQ pool is the main electron acceptor of PSII and works at the rate kPQ. A 

potential back transfer from the PQ pool to the photosystem is considered in the 

equilibrium constant Keq. Furthermore, the electrons are carried to the cyt b6f 

whose turnover rate is kb6f and which is in equilibrium with the PQ pool with 

Keq,b6f. 
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Figure 4.7. Scheme summarizing the different species of the mathematical model postulated 
to describe the time-resolved fluorescence spectra of Synechocystis ΔPSI cells. PB-PSII-
dimers complexes are closed by the action of light or opened via an electron acceptor of the 
PQ pool (horizontal transition). Additionally, fluorescence quenching can occur if quencher 
QX attaches to a closed RC (vertical transition, detailed in the inset). A PB-PSII complex with 
two closed RCs (b) emits fluorescence as SAS2; PB-PSII complexes with either two open RCs 
(a) or two closed and quenched RCs (c) emit as SAS1. Key: kL, light-induced transition; kPQ, 
electron transfer rate to PQ pool; Keq, PQ equilibrium constant, kA, quencher attachment 
rate, kD, quencher detachment rate; kx,dec, quencher specific deactivation rate, kb6f, cyt b6f 
electron transfer rate; Keq,b6f, cyt b6f equilibrium constant; kCOX, terminal oxidase electron 
transfer rate. Further explanation in the main text and in the SI. 

 

Finally, the action of the terminal oxidases as acceptors of the PC pool is summed 

up in the parameter kCOX that stands for the last step in the linear electron 

transport chain. The corresponding system of ordinary differential equations is 

described in the SI. 
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Using this model, we set out to simulate results from the analysis presented 

above. The simulation of the result of the experiment with low background 

illumination (Figure 4.2) is shown in Figure 4.8A. A first set of parameters inspired 

by the model of Matuszyńska et al. (2016) was used to simulate the 

concentration profiles of Figure 4.8B. The parameters are collated in Table 4.2. 

The general toggle behavior between complexes with open and closed RCs is 

reproduced fairly well using these values for kL and kPQ. Moreover, the choice of 

the equilibrium constants Keq and Keq,b6f and the rates for cyt b6f and the terminal 

oxidases kb6f and kCOX lead to similar Fm and Fs levels. Note that the simulated 

concentrations predict the behavior of the species during periods of darkness 

between the first (last) pulse and the onset (ending) of background illumination, 

whereas the original data matrix shows a gap because during such dark periods, 

effectively, no measurement was carried out.  

 

Conditions 
[Figure] 

kCOX  

(s
-1

) 

rel. conc. 

O2 

 50 µmol photons m
-2

 s
-1 

O2+DA=34m 

[4.8B] 
0.01 4∙10

-3
 

 450 µmol photons m
-2

 s
-1

 

O2+KCN 

[4.9B] 
0.001 4∙10

-3
 

ΔO2 

[4.10B] 
0.01 4∙10

-4
 

O2+DA=34m 

[4.11B] 
0.01 4∙10

-3
 

 
Table 4.2 Key parameters of the model used to simulate the concentrations 
of the species depicted in Figure 4.7 under different conditions. Common 

parameters for all conditions are the rates (in s
-1

) 510Lk  , 39 10PQk   , 

0.6actk  , , 0.02x deck  , 43.5 10Ak   , 65 10Dk   , 6 0.104b fk   and the 

equilibration constants 35 10eqK    and 4
, 6 5 10eq b fK   . 
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The challenge for the model is to now reproduce the behavior found in the other 

datasets while tweaking only the parameters that reflect the conditions under 

which the experiment was carried out. Between the experiments depicted in 

Figure 4.2 and Figure 4.3, there are two main differences: the background light 

intensity increases by a factor of 9 and KCN-sensitive electron sinks are 

chemically blocked. The first parameter is adjusted by inputting a different light 

profile (Figure S 4.1), with the right background level. As for the action of KCN on 

the sample, we decrease the kCOX parameter by an order of magnitude: this 

should reflect, on the one hand, the fact that there is an overall decrease in the 

turnover rate of terminal oxidases; but on the other hand, kCOX not being zero, 

accounts for the assumption that the thylakoid membrane may harbor additional, 

non-KCN-sensitive electron sinks (Allahverdiyeva et al. 2013). Such apparently 

minor changes already lead to Figure 4.9B (changed parameters are written in 

bold in Table 4.2). A higher background light intensity leads to an overall increase 

of the c2 level. Additionally, a considerable drop in kCOX translates in the inability 

to drain electrons from the PC pool which, then again, leads to complete 

reduction of the PQ pool and a further increase in the Fs level, almost to the point 

that saturation pulses barely stand out (almost no variable fluorescence 

detectable). If the signal decreases over time, it is because of the action of a 

quencher QX that forms quenched complexes over time (solid gray curve) and is 

observed as the black SAS1. The deactivation of QX happens slowly enough that 

after turning the background light off, the gray level lingers on. The remaining QX 

explains why the black level in the last pulse of the KCN-treated sample 

(Figure 4.3C) decreases to 30% instead of zero. 

 

As a next step, we now restore the kCOX parameter to its original value and 

decrease, instead, the concentration of O2 by one order of magnitude. The result 

is shown in Figure 4.10: restoring kCOX is a sensible choice given the magnitude of 

the observed variable fluorescence. Concomitantly, the absence of O2 directly 

impacts the quencher kinetics (cf. the SI). Since nearly no quencher is formed, the 

overall levels of both c1 and c2 remain fairly constant throughout the experiment, 

as indeed observed. This would reinforce the hypothesis that QX is operative in 

the presence of oxygen in order to hamper the formation of singlet oxygen or any 

other ROS. 

 



 

  
Figure 4.8. Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to low background light after 34 min dark 
adaptation shown in Figure 4.2D (A) and simulated concentrations (B) of PB-PSII-dimer complexes with open RCs (blue), with closed 
RCs and unquenched (green) or quenched (gray). Black represents the sum of blue and grey, and is observed as SAS1. 



 

  
Figure 4.9 Spectral decomposition of fluorescence spectra of KCN-treated ΔPSI cells exposed to high background light after 34 min 
dark adaptation shown in Figure 4.3D (A) and simulated concentrations (B) of PB-PSII-dimer complexes with open RCs (blue), with 
closed RCs and unquenched (green) or quenched (gray). Black represents the sum of blue and grey, and is observed as SAS1. 
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In principle, restoring the oxygen value to its original value should then describe 

the experiment series shown in Figure 4.6. This is illustrated in Figure 4.11. The 

first striking observation is that, although variable fluorescence and an overall 

decrease of the Fs level in c2 are reproduced to some extent, the data shows 

particular moments in time where fluorescence quenching sets in. The first 

decrease in c2 happens within the first 20-40 s of background illumination and it 

is visible in all samples. Depending on the length of the DA, a second phase sets 

in with c2 steadily decreasing until the end of the light protocol. There are two 

clear exceptions: i) in the case of low background light and ii) in the microoxic 

environment, the second phase does not set in.  

The current model, however, does not yet explain how dark-adaptation relates to 

the specific evolution of the fluorescence spectrum over time. Nevertheless, the 

model does offer a prediction concerning the behavior of the redox potential 

throughout the experiment: the redox state of the PQ pool (generally considered 

as a key regulator in cyanobacteria; see e.g. (Liu et al. 2012)) follows the trend of 

the SAS2 concentration and is predicted to be much higher (Figure 4.12) than 

reported for the wild type under high light (Schuurmans et al. 2017). This is in line 

with the high degree of reduction of the PQ pool observed in this mutant by 

indirect measurements in similar light conditions (Cooley and Vermaas 2001). It is 

not known whether the biochemical mechanism(s) of state transitions are still 

operative in the PSI-deletion strain. The ease of modulation of the redox state of 

the PQ pool might suggest they are; the actual regulatory parameter, however, 

may be the redox state of the cyt b6f complex (Schuurmans et al. 2017).  
 

 
Figure 4.12 The redox state of the PQ pool predicted by the model for ΔPSI cells exposed to high 
background light after 1 min of dark adaptation. The full concentration profile is shown in 
Figure S 4.9. 
 



 

  
Figure 4.10 Spectral decomposition of fluorescence spectra of ΔPSI cells under microoxic conditions exposed to high background 
light after 34 min dark adaptation shown in Figure 4.5D (A) and simulated concentrations (B) of PB-PSII-dimer complexes with open 
RCs (blue), with closed RCs and unquenched (green) or quenched (gray). Black represents the sum of blue and grey, and is observed 
as SAS1. 



 

  
Figure 4.11 Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to high background light after 1 min of dark 
adaptation shown in Figure 4.6D, top (A) and simulated concentrations (B) of PB-PSII-dimer complexes with open RCs (blue), with 
closed RCs and unquenched (green) or quenched (gray). Black represents the sum of blue and grey, and is observed as SAS1. 
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4.5.2 Beyond the rank 2 analysis 

 

Further limitations to the model arise with data matrices of higher rank. 

Figure 4.13 shows a dataset where the fluorescence signal was acquired with 

another light protocol where the sampling frequency of the saturation pulses was 

increased (Figure S 4.1C) and with another batch of ΔPSI cells. The response is 

highly dynamic and visual inspection of the singular value scree plot (Figure S 4.7) 

already points out that, at least, a third component is clearly distinguishable from 

the noise.  

  

 
Figure 4.13. Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to high 
background light and ambient O2 after 1 min of dark-adaptation. (A) The SAS (black: SAS1; green: 
SAS2 red: SAS3) obtained after transformation of the singular vectors (shown in Figure S 4.7). Panels 
B and C show a zoom view of the first and last pulse. (D) Time profiles. Key: orange: 
450 µmol photons m

-2
 s

-1
; black: darkness. The colored bar on top illustrates the light regime (Figure 

S 4.1C) with arrows indicating the beginning of a saturation pulse. Inset: Average deviation in the 
sum of concentrations from unity. 
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Here too, the black and green are interpreted as a PB-PSII dimer complex with 

closed and open RCs, respectively (compare with SASs in Figure 4.6), and are 

almost entirely responsible for the wiggling behavior of the signal during the first 

50 s. The third (red) component could be an intermediate state such as the one 

depicted in Figure 4.1B where one RC in the PSII dimer is closed but not the 

other. An alternative may include a PB-PSII complex with closed RCs but able to 

alleviate the excitation pressure by transferring energy to e.g. Flv2/4 (Zhang et al. 

2009), resulting in less back-transfer to PB which manifests as a less pronounced 

660 nm emission than that of SAS2. None of these two interpretations would 

contradict the behavior of the (red) time profile c3, which during the pulses 

decreases contributing thus to the population of c2 (which systematically has 

maximal values during saturation periods). However, both interpretations as well 

as the speculation that the contribution of the fourth singular value (Figure S 4.7) 

may be non-negligible present a scenario that goes beyond the scope of the 

minimal model presented in this work. 

4.6 Closing remarks 
 

In the series of experiments that were all analyzed as independent rank 2 

systems, the two SASs are interpreted as follows: SAS2: PB-PSII complexes with 

closed RCs and SAS1 as the same complex being quenched either photochemically 

or non-photochemically by an Hlip-type quencher as illustrated in Figure 4.7. 

Addition of KCN leads to almost vanishing variable fluorescence and this decrease 

is attributed to the formation of a quenched complex that, as Figure 4.10 

suggests, requires the presence of O2. The time behavior of the quenched 

component in samples without DCMU is correlated with DA time. The longer the 

cell performs respiratory activity in darkness the earlier does the quencher 

respond to background illumination. This work comes to show that Synechocystis 

posseses an impressive degree of plasticity when it comes to generating 

functional sinks for excitations in the absence of PSI. The mechanisms revealed in 

this work could inspire future efforts attempting to model more complex systems 

such as the wild-type organism. 
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Supporting Information 
 

 
Figure S 4.1. Applied light (590 nm) protocol during experiments. The first and last saturation pulses 
(1300 µmol photons m

-2
 s

-1
) are applied in darkness. The background light is either 

50 µmol photons m
-2

 s
-1

 (A) or 450 µmol photons m
-2

 s
-1

 (B and C). 
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Figure S 4.2. ΔPSI cells without KCN (background light: 50 µmol photons m

-2
 s

-1
): singular value 

decomposition of the dataset resulting in two singular values distinguishable from the noise (see 
the scree plot). From left to right: left singular vectors, logarithmic plot of the singular values and 
right singular vectors. 

 

 

 

 
Figure S 4.3. ΔPSI cells previously treated with KCN: singular value decomposition of the dataset 
resulting in two singular values distinguishable from the noise (see the scree plot). From left to 
right: left singular vectors, logarithmic plot of the singular values and right singular vectors. 
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Figure S 4.4. Concentration profiles of the two components c1 (black) and c2 (green) 
corresponding to the SAS shown above (left: DA=34; center: DA=5; right: DA=1min) of ΔPSI cells 
exposed to low light background illumination and O2. Key to concentration panels: top: DA time= 
34 min, middle: DA time=5 min; bottom: DA time=1 min. The colored bar on top illustrates the 
light regime: 50 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness (black) with arrows 

indicating the beginning of a saturation pulse. Insets: the average deviation in the sum of 
concentrations from unity. 
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Figure S 4.5. Dark-adapted (34 min) ΔPSI cells without KCN exposed to a mixture of N2/CO2: singular 
value decomposition of the dataset resulting in two singular values distinguishable from the noise 
(see the scree plot). From left to right: left singular vectors, logarithmic plot of the singular values 
and right singular vectors. 

 

 

 
Figure S 4.6. Dark-adapted (1 min) ΔPSI cells without KCN exposed to a mixture of N2/CO2: singular 
value decomposition of the dataset resulting in two singular values distinguishable from the noise 
(see the scree plot). From left to right: left singular vectors, logarithmic plot of the singular values 
and right singular vectors. 

 

 

 
Figure S 4.7. ΔPSI cells without KCN (background light: 450 µmol photons m

-2
 s

-1
, see exact light 

protocol in Figure S 4.1C): singular value decomposition of the dataset resulting in at least three 
singular values distinguishable from the noise (see the scree plot). From left to right: left singular 
vectors, logarithmic plot of the singular values and right singular vectors. 
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Figure S 4.8. Spectral decomposition of fluorescence spectra of ΔPSI cells under microoxic 
conditions after 1 min dark adaptation. (A) The SAS (Black: SAS1; green: SAS2) obtained after 
transformation of the singular vectors (shown in Figure S 4.6). Panels B and C show a zoom view of 
the first and last pulse. (D) Time profiles. Key: orange: 450 µmol photons m

-2
 s

-1
; black: darkness. 

The colored bar on top illustrates the light regime with arrows indicating the beginning of a 
saturation pulse. Inset: the average percentual deviation in the sum of concentrations from unity is 
less than 2%. 
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Figure S 4.9. Simulated concentrations of PB-PSII-dimer complexes (reproduced from Figure 4.11B) 
with open RCs (blue), closed RCs, unquenched (green) or quenched (gray). Black represents the sum 
of blue and grey, and is observed as SAS1. In addition, the time profiles of the PQ (purple) and PC 
(cyan) pools throughout the experiment are shown. The redox state of the PQ pool is separately 
shown in Figure 4.12. 
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Objective Function 
 

Definition of residuals to be minimized by the objective function: 

 

m s c Smoothresiduals R R R R     
 

 
 

whereby Rm stands for the deviation from a constant sum of concentrations, Rs 

increases with negativity of the SAS, Rc increases with negativity of the 

concentration profiles and RSmooth increases as the second derivative of the SAS 

increases. 
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The penalties are applied using a specific weight to each of the residuals’ criteria: 
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Mathematical model 
 

The mathematical model behind Figure 4.7 is a system of ordinary differential 

equations that considers the turnover rates of PS II, cyt b6f and terminal oxidases 

as well as the action of light that is captured in the function ( )t  yielding 

different levels of illumination as a function of time, as illustrated in Figure S 4.1. 

Part of it is similar to the model of (Ebenhöh et al. 2014). 

The rate of closing of open RCs (c0) by light (kL), which leads to a population 

increase in closed RCs (c1), is: 

,0 0( )l Lv k t c    
 

 
The PQ pool (kPQ) is the main electron sink. An oxidized PQ pool, PQ(t), accepts 

PSII-generated electrons, thereby lowering the population of closed RCs (c1), but 

at the same time, an equilibrium constant (Keq) is included; it considers an 

eventual back transfer to the PSII due to a reduced PQ pool, PQH2(t), resulting in 

a decrease in the population of open RCs (c0): 

1 2 0( ) ( )
Q

PSII PQ

eq

k
v k PQ t c PQH t c

K
        

 

 

 

Additionally, the population c1 can decrease by the action of a quencher xQ . The 

assumption is that xQ  first has to be activated by light to *

xQ :  

( )L
Qx x

act

k
v t Q

k
    

 

 

This excited state would also have an intrinsic decay rate kx,dec :  

*

, ,x dec x dec xv k Q   
 

 
and as long as it lives, and provided reactive oxygen species are being formed, it 

attaches (kA) to the PB-PSII complex (forming the species Qx,bound) thereby 

quenching its fluorescence: 

*

, 2 2 1x A A xv k O PQH Q c      
 

 
where the probability for quenching is considered proportional to the 

concentration of oxygen O2, the degree of PQ reduction (PQH2) and the 

population c1. The population of quenched complexes c2 decreases as the 

quencher detaches: 
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, 2x D Dv k c   
 

 
As for the electron acceptors for the PQ pool, the turnover rate of the cyt b6f 

complex is assumed to increase as the PQ pool is reduced while the PC pool is 

strongly oxidized; conversely, a strongly reduced PC pool, as well as low incoming 

electron flux from the PQ pool slow down the rate of cytochrome b6f. This 

relationship is reflected in the following expression (Ebenhöh et al. 2014):  

2
2

6 6 2

, 6

red
b f b f

eq b f

PQ PC
v k PQH PC
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where PC is the fraction of oxidized plastocyanin and PCred the fraction of reduced 

plastocyanin and Keq,b6f is an equilibrium constant specific to the cyt b6f. Finally, 

the linear electron transport chain leads to terminal oxidases, summed up in the 

term kCOX, that capture electrons from the reduced PC pool: 

COX COX redv k PC   
 

 
Hence, the system of differential equations that we set out to solve is the 

following: 
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5.1 Abstract 
 

Photosynthetic activity and respiration share the thylakoid membrane in 

cyanobacteria. We present a series of spectrally resolved fluorescence 

experiments where whole cells of the cyanobacterium Synechocystis sp. PCC 

6803 and mutants thereof underwent a dark-to-light transition after different 

dark-adaptation (DA) periods. The following mutants were used: i) a PSI-lacking 

mutant (ΔPSI) and ii) M55, a mutant without NAD(P)H dehydrogenase type-1 

(NDH-1). For comparison, measurements of the wild-type were also carried out. 

The study consists of spectrally resolved fluorescence traces that were recorded 

over several minutes with 100 ms time resolution. The excitation light was 

590 nm so as to specifically excite the phycobilisomes. In ΔPSI, DA time has no 

influence. In ΔPSI and dichlorophenyl-dimethylurea (DCMU)-treated samples we 

identify three main fluorescent components: PB-PSII complexes with closed 

(saturated) RCs, a quenched or open PB-PSII complex and a PB-PSII ‘not fully 

closed’. For the PSI-containing organisms without DCMU, we conclude that 

mainly three species contribute to the signal: a PB-PSII-PSI megacomplex with 

closed PSII RCs and i) slow PB→PSI energy transfer, or ii) fast PB→PSI energy 

transfer and iii) complexes with open (photochemically quenched) PSII RCs. 

Furthermore, their time profiles demonstrate a light-adaptive response that we 

identify as a state transition. Our results suggest that deceleration of the PB→PSI 

energy transfer rate is the molecular mechanism underlying a state 2 to state 1 

transition. 

5.2 Introduction 
 

Cyanobacteria possess a remarkable thylakoid membrane that contains both 

photosynthetic and respiratory subunits. Photosynthetic activity is best described 

by the so-called Z scheme (Govindjee and Shevela 2011; Björn and Nickelsen 

2013; Stirbet and Govindjee 2011). Input light interacts with pigment–protein 

complexes, the phycobilisomes (PB), that absorb and transfer excitation energy 

downhill to a series of cofactors until it reaches a particular pair of chlorophylls 

(Chls), the special pair, located in the core pigment-protein complexes of 

photosynthesis: the photosystems (PS) I and II. The special pair is excited to a 

charge transfer state (van Grondelle et al. 1994) from which an electron is 
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released and, after being itself transferred through a series of cofactors, including 

primary electron acceptor QA, it is expelled from PSII in the form of the twice 

reduced secondary electron acceptor QB (PQH2) that physically wanders to the 

cytochrome b6f (cyt b6f). From there, electrons are shuttled to a small copper 

containing protein, the plastocyanin (PC) that can deliver the electron to PSI. This, 

so-called, linear electron flow (LEF) finalizes with the electron transfer from PSI to 

ferredoxin (Fd) and to the ferredoxin–NADP+ reductase (FNR) which in turn 

catalyzes the reduction of NADP+ to NADPH (van Thor et al. 1999). 

Remarkably, in cyanobacteria respiratory processes share some of the same 

components, as the plastoquinone (PQ) pool, the PC pool, the cyt b6f and the 

cytochrome oxidase participate both in photosynthetic and respiratory activities 

(Liu et al. 2012; Liu 2015; Lea-Smith et al. 2016; Schmetterer 1994; Jeanjean et al. 

1993). The respiratory subunits providing the electron input to the PQ pool are 

the type-1 and –2 NADPH dehydrogenase, respectively NDH-1 and NDH-2, and 

the succinate dehydrogenase (SDH). NDH-1 and SDH have been reported to be 

the main sites where electrons are donated (Liu et al. 2012; Cooley and Vermaas 

2001). As for LEF, PQH2 delivers the electrons to cyt b6f from where they either 

continue their way to the cytochrome oxidase via the PC pool and accomplish 

respiration or, alternatively, get shuttled to PSI and participate in cyclic electron 

flow (CEF) around PSI, a mechanism by means of which the cell adjusts the 

NADPH/ATP production ratio. Thus, as light input drops and photosynthetic 

electron flow stops, the PQ pool still serves as a vehicle for electron transfer 

related to ongoing respiratory activity.  

Furthermore, it has been reported that the flavodiiron proteins (FDPs) provide 

alternative electron transfer pathways (Shimakawa et al. 2015; Ermakova et al. 

2016; Zhang et al. 2009; Allahverdiyeva et al. 2013) and are involved in 

photoprotection (Allahverdiyeva et al. 2015; Zhang et al. 2009; Bersanini et al. 

2017) although the specific function of these heterodimers remains a 

controversial topic. The cyanobacterium Synechocystis sp. PCC 6803 

(Synechocystis hereafter) has four FDPs: Flv1–4. While the pair Flv1/3 is involved 

in photoreduction of O2 (Allahverdiyeva et al. 2013) after accepting electrons 

from PSI, Zhang et al. (2009) reported plummeting levels of evolved oxygen in a 

mutant of Synechocystis lacking Flv2/4 and exposed to high-light, making them 

more susceptible to photoinhibition, and therefore, suggesting that Flv2/4 can 

supply PSII with an additional channel for electron transfer to alleviate excitation 

pressure. Crucially, Bersanini et al. (2014) found that overexpression of the flv4-2 
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operon in Synechocystis led to improved PSII photochemistry and kept the PQ 

pool in a predominantly oxidized redox state, providing unequivocal evidence 

that Flv2/4 acts as an important electron sink at the PSII acceptor side. The 

authors also report that a fully-assembled phycobilisome is required for the 

stable expression of the electron sink mechanism. 

Extended periods (several minutes) of darkness are known to drive the 

cyanobacterial cell towards a low fluorescence state denominated state 2 

(Mullineaux and Allen 1990; Mullineaux and Allen 1986; Papageorgiou 1996; 

Campbell et al. 1998). This state is characterized by an increase of the effective 

antenna size of PSI. Exposing dark-adapted cells to light drives a state 2 to state 1 

transition, typically within 10-30 s (Jallet et al. 2012; Kirilovsky 2007; Kaňa et al. 

2009; Kaňa et al. 2012). State 1 is characterized by an increase in the effective 

antenna size of PSII, hence state 1 has a higher fluorescence yield (Kirilovsky et al. 

2014). The cell is able to reversibly transition between state 1 and state 2 (state 

transitions) depending on the light conditions, in an effort to re-distribute 

excitation energy between PSI and PSII. See (Mullineaux and Emlyn-Jones 2005) 

for an in-depth review on state transitions. 

This fluorescence study is an effort in disentangling these heavily intertwined 

energy and electron transfer pathways. After exciting PB with 590 nm light, 

spectrally resolved fluorescence traces were recorded over several minutes with 

100 ms time resolution. The following mutants of Synechocystis were used in 

comparison to the wild type (WT): i) a PSI-lacking mutant (ΔPSI hereafter); and ii) 

a mutant without NDH-1 (M55 hereafter). In the absence of PSI, the cell lacks 

linear electron flow and, consequently, cannot produce NADPH, thus requiring 

glucose to enable growth (Vermaas et al. 1994). It also presumably possesses 

additional photoprotective mechanisms related to overexpression of the high-

light inducible protein (Hlip) HliD (Sinha et al. 2012; Chidgey et al. 2014). By 

definition, state transitions do not take place in ΔPSI. The M55 mutant, lacking 

the ndhB gene, does not assemble the NDH-1 complexes (Ogawa 1991). This is a 

highly disruptive mutation because these complexes have been reported to be 

involved in both respiratory and photosynthetic activities (Mi et al. 1995; 

Schmetterer 1994). Since NDH-1 serves as an electron acceptor for ferredoxin 

(Fd), it is involved in CEF, which helps increase the PMF, leading to increased 

synthesis of ATP. The M55 mutant retains the capacity to undergo state 

transitions (Schuurmans et al. 2015). Furthermore, this mutant reportedly has 

impaired CO2 uptake (Ohkawa et al. 2000). In addition to the genetic disruptions, 
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some samples have been treated with dichlorophenyl-dimethylurea (DCMU), a 

common inhibitor known for closing the PSII RCs as it blocks electron transfer 

from QA to QB.  

In an effort to anticipate from which pigment-protein complexes the fluorescence 

signal will originate we present in Figure 5.1 a cartoon overview of putative 

fluorescent species that may play a role in the experiments reported in 

section 5.4. Therein, we consider alternative species to the most evident one, i.e. 

the PB-PSII complex: a functional PB-PSII-PSI megacomplex (see Figure 5.1A/E/G) 

has been isolated by Liu et al. (2013); Kondo et al. (2009) and Gao et al. (2016) 

have reported on the CpcG2 type of PB (see Figure 5.1B) and Chukhutsina et al. 

(2015) claim to observe such antenna in ultra-fast time-resolved fluorescence 

experiments; additionally, we explore the possibility of a PB-PSII dimer complex 

with a single closed RC while the other remains open (see Figure 5.1D and F).  

 

 
 
Figure 5.1 Visualization of putative fluorescent species in Synechocystis ordered along the scale of 
their expected fluorescence quantum yield ϕf. Yellow arrows represent EET from the PB core to PS I 
or II, their width indicates how efficient EET is from the PB to the respective PS. An “X” stands for a 
closed PSII RC. A: PB-PSII-PSI megacomplex efficiently quenched by both PSI I and PSII (open RC); B: 
CpcG2 type of PB transferring energy to PSII; C: PB-PSII complex with open RCs, D: PB-PSII-PSI 
megacomplex with a single RC closed and efficiently quenched by PSI and PSII; E: PB-PSII-PSI 
megacomplex with fast energy transfer to PSI and closed PSII RCs; F: PB-PSII complex with a single 
closed RC; G. PB-PSII-PSI megacomplex with slow energy transfer to PSI and closed PSII RCs; H: PB-
PSII complex with closed RCs; I: functionally uncoupled PB (figures adapted from Liu (2015)). 
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5.3 Materials and Methods 

5.3.1 Cell cultures 

 

Wild type Synechocystis was obtained from D. Bhaya (Stanford). Wild-type cells 

were grown in a photobioreactor in turbidostat mode (growth rate ca. 0.05 h-1) at 

an optical density at 730 nm (OD730) of 0.40±0.01, inoculated in modified BG-11 

supplemented with 10 mM NaHCO3 and a 636 nm light intensity of 

80 µmol photons m-2 s-1 as measured outside the reactor, opposite and centered 

relative to the light panel. 

The PSI-deficient mutant of Synechocystis (Shen et al. 1993) was a gift from C. 

Funk (Umeå University, Sweden) and was stored at -80 °C in 15% glycerol. Prior to 

preparing a liquid culture, cells were streaked on BG-11 agar plates as described 

before (Acuna et al. 2017, submitted). The plates were incubated in an incubator 

(Versatile Environmental Test Chamber MLR-350H, Sanyo) with a humidified 

atmosphere of elevated CO2 (2 % v/v) kept at 30 °C. Incident light intensity was 

reduced to below 5 µmol photons m-2 s-1 by covering the plates with layers of 

paper. Liquid cultures were prepared by inoculating 25 mL modified BG-11 (BG-

11-PC, van Alphen et al. manuscript in preparation) supplemented with 10 mM 

glucose, 25 mM 1,4-Piperazinedipropanesulfonic acid (PIPPS)-KOH buffered at pH 

8.0, 5 µg/mL chloramphenicol in a 100-mL flask (FB33131, Fisherbrand) and NH4Cl 

as nitrogen source (10 mM). The flasks were covered in multiple layers of paper 

to reduce the incident light intensity to below 5 µmol photons m-2 s-1 and were 

placed in a shaking incubator (Innova 43, New Brunswick Scientific), equipped 

with a custom LED panel containing LEDs of 632 nm (orange-red) and 451 nm 

(blue, both 8 nm full width at half maximum) at 120 rpm and 30 °C.  

The M55 mutant was a gift from T. Ogawa (Nagoya University, Japan) and was 

grown in a chemostat kept at 30°C, with a dilution rate of D=0.027 h-1, 635 nm 

light intensity of 40 µmol photons m-2 s-1 and bubbled with 1% (v/v) CO2 in N2.  

 

5.3.2 Spectrally resolved fluorescence induction 

 

The multiple LED set-up described in (Acuña et al. 2016; Lambrev et al. 2010) was 

placed in the vicinity of where the Synechocystis cells were grown, ensuring that 

the cells were in well-defined physiological conditions with minimal time 
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between sampling and measuring. For every strain, the illumination protocols 

(Figure S 5.1) have been applied to whole cells harvested from the same batch, 

diluted to an OD730 of 0.4 in fresh medium. In all cases, the background light 

(590 nm) intensity was 450 µmol photons m-2 s-1 except during the saturating 

pulses where it was 1300 µmol photons m-2 s-1. Each pulse (1 s duration) is 

analyzed with 10 fluorescence emission data points with a time resolution of 

100 ms. Cells have undergone varying DA times after harvesting prior to 

application of the illumination protocol (Figure S 5.1).  

In experiments where DCMU was used, DCMU (10 μM) was added to the sample 

before the experiment was conducted. It is well-established that this 

concentration completely blocks the QA→QB electron transfer (see e.g. (Kaňa et 

al. 2012; Kirilovsky et al. 1990)) 

 

5.3.3 Additional elements of data analysis 

 

Here we describe an extension of the spectral decomposition methods that 

have been described in (Acuña et al. 2016). Acquired fluorescence spectra 

(p wavelengths) at m time points can be represented by an (m×p) data 

matrix Ψ. The Singular Value Decomposition (SVD) procedure (Golub and 

Van Loan 1996) decomposes Ψ according to: 

  (1)  

into an (m×m) matrix U, where the m columns are called the left singular vectors 

(lsv); the (m×p) diagonal matrix S whose diagonal elements (s1, s2, s3…) are called 

the singular values and the transpose of the (p×p) matrix V, VT, where the p rows 

are called the right singular vectors (rsv). Time-dependent characteristics are 

contained in the lsv, while the rsv are a linear combination of the species 

associated spectra (SAS). The original matrix Ψ can be satisfactorily reconstructed 

by means of the n most significant singular vectors yielding a (nt×nλ) matrix Ψn. 

In Acuña et al. (2016) data matrices of rank n=2 were analyzed. While the core of 

the method remains the same, we also present data matrices that are of rank 

n=3, meaning that the transformation matrix applied to the singular vectors had 

to be correspondingly expanded. 

TU S V   
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We seek a mathematical transformation  to resolve the 

SAS and their time-dependent concentrations. For a rank n=3 matrix, A has the 

form: 

  (2) 

 

and the final decomposition of Ψ(n=3) is expressed as a linear combination of three 

nt×1 vectors corresponding to the concentrations and the 1×nλ vectors 

corresponding to the SASiλ: 

 

 (3) 

Hereafter, we will refer to these vectors using the simplified notation: c1, c2, c3, 

SAS1, SAS2 and SAS3. Furthermore, a number of criteria are followed to judge 

whether these transformed vectors are biophysically meaningful. With the 

expansion to a rank n=3 matrix, the number of parameters to be estimated 

increases; this is why, additionally to the criteria presented in our previous work 

(Acuña et al. 2016), we have added, for each SAS, SAS smoothness–penalties: 

 

 (4) 

 

This is one among other contributions to the objective function that we seek to 

minimize. See the SI for the explicit objective function used in this work. For a 

rank n=2 matrix, which is applicable for most of the data sets presented here, the 

description is simpler, and A has the form: 

 

  
(5) 

 

and the final decomposition of Ψ(n=2) is expressed as: 
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Finally, each concentration value tic  output at the position t that corresponds to 

a saturation pulse is multiplied by a parameter pf that accounts for the difference 

in light intensity between the background illumination and the saturation pulse. 

Thus, relative concentrations that are independent of the light intensity are 

estimated. 

5.4 Results  
 

In the first section, we discuss results obtained following different protocols. 

First, we show results of the photosynthetically “simpler” system, ΔPSI (which 

does not contain any of the species depicted in Figure 5.1A, D, E and G) after a 

series of DA periods. Then, we move on to the PSI–containing samples of the 

strains M55 and WT, first showing results of DCMU-treated samples with two 

different DA periods, then, a series of several DA periods with intact cells (no 

DCMU).  

 

5.4.1 ΔPSI cells 

 

We report analyses of fluorescence data acquired from ΔPSI cells that have 

undergone different dark-adaptation periods (Figure 5.2). The rank of the data 

matrices for all DA periods is at least three (one example is shown in Figure S 5.2). 

A decomposition analysis using the main three components has been performed. 

Based on visual inspection of the F660/F680 ratio and the relative amplitudes 

(fluorescence quantum yield) of the SASs, they are interpreted as follows: SAS3 

(green) as a PB-PSII complex with fully closed RCs (f-closed) (Figure 5.1H); SAS2 

(red) as a PB-PSII with partially closed PSII RCs (p-closed) (Figure 5.1F) and, SAS1 

(black) as a PB-PSII complex with PSII RCs open (Figure 5.1C) or quenched by HliP 

(Acuña et al. 2016).  

Most probably the SAS of a PB-PSII complex with PSII RCs open or quenched by 

HliP (Acuña et al. 2016) differ slightly, leading to a data matrix of rank 4 (see 

Figure S 5.2). Since the analysis is performed using the main three components, it 

is not possible to describe the data matrix fully.  
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Figure 5.2 Spectral decomposition of six independent experiments with varying dark-adaptation 
(DA) periods carried out on ΔPSI cells. For each condition, a zoom view of the first (last) pulse is 
depicted in panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding 
SASs (shown as right insets) are depicted on panel G. The colored bar on top illustrates the light 
regime: 450 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness (black). Left insets depict the 

deviation in the sum of concentrations from unity. 
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This manifests in the sum of concentrations shown in gray on the insets of 

Figure 5.2. For short DA periods, the sum of concentrations is close to flat. As DA 

increases, however, it becomes increasingly difficult to obtain a fully flat pattern, 

especially during initial phases. Also, while SAS2 and SAS3 give robust results, SAS1 

because of its low ϕf provides the highest uncertainty. Even though a quenched 

component is consistently required to minimize the residuals, determining the 

exact shape and the F660/F680 ratio becomes non-trivial due to only subtle 

changes in the sum of concentrations profile. Certainly, the optimization routine 

may be compensating for the lack of the fourth component, in which case SAS1 

would be a mixture of the two quenched components. Assuming so, this would 

explain that the c1 (black) decreases during pulses, as expected for open 

complexes (Figure 5.1C), while tending towards a baseline level of around 40% 

(cf. Figure 5.2, Table 5.2). These results suggest the existence of two quenched 

components of similar SAS, one of which is photochemically, the other non-

photochemically quenched. Judging from the deviations in the sum of 

concentrations, the photochemically quenched component plays a role 

predominantly during the first 30 s.  

The rationale behind the p-closure interpretation (SAS2) lies in the decreasing c2 

(red) during saturation pulses, as opposed to the rising c3 (green), which is 

formed as more light is shone onto the sample. Indeed, despite the strong Chl a 

signature of SAS2, the organism demonstrates the ability to close more RCs as c2 

decreases. Indeed, c2 behaves as a partially ‘open’ species. We will discuss some 

possible origins of the p-closed RCs in the section 5.5.  

As for the concentration profiles shown in Figure 5.2G, it is interesting to note 

that the onset of background illumination triggers a slow (several seconds) 

population exchange, predominantly between species SAS1 and SAS3 while SAS2 

remains fairly flat. Relatively constant fluorescence levels are observed for times 

t>40 s. Furthermore, contrary to previous observations in rank 2 analyses of in 

ΔPSI data (Acuna, et al., 2017, submitted), the concentration profiles show no 

systematic changes which may be unequivocally related to the DA periods. This is 

probably due to a crucial difference in the growth conditions of the different 

batches: while in (Acuna, et al., 2017, submitted) NaNO3 was used as the nitrogen 

source in the medium, here we have used NH4Cl. The former may result in a 

deficiency in nitrogen assimilation, as the reduction of NO3
- to NH3 requires the 

direct output of PSI, i.e. reduced ferredoxin. Thus, in the absence of PSI, this 

reaction is hampered. Additionally, NH4Cl has a lower ‘electron cost’ than NaNO3 
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since NH4
+ can be directly used for metabolic reactions unlike NO3

- which has to 

be reduced to NH3 first, requiring a total of 8 electrons. This may lead to less of an 

overload in the electron transfer pathways of this mutant and, as a result, the cell 

may need to rely on less regulatory mechanisms during darkness explaining why 

different DA periods do not result in the systematic patterns observed by Acuna, 

et al. (2017). Nevertheless, the response is highly dynamic with none of the three 

concentration profiles standing out for being the predominant one. The black 

component is interpreted as a mixture of open PB-PSII complexes and a 

quenched species, presumably by HliPs, and it shows surprisingly high levels of 

30-40%. The fact that the red component decreases during saturation pulses 

indicates that complexes are closing. As mentioned above, here we also observe 

partial closure of RC which will be discussed below.  

5.4.2 M55 and WT cells pre-treated with DCMU 

5.4.2.1 Reduced data matrix 

 

Measurements on WT and the M55 mutant were carried out in the presence of 

DCMU. We inspect the first 15 s of the data (rank 2) matrix. After transformation 

of the singular vectors (SVD shown in Figure S 5.3) we obtain the SASs shown in 

Figure 5.3A (for consistency with other figures, referred to as SAS2 and SAS3 in red 

and green, respectively). The corresponding concentrations are shown in 

Figure 5.3B. Therein, the fluorescence signal is dominated by SAS3 as evidenced 

by the high c3 (green in Figure 5.3B) levels. As the measurement was carried out 

using the inhibitor DCMU, we infer that this must be a species with closed PSII 

RCs. However, as argued by Acuña et al. (2016) before, the F660/F680 is larger in 

PSI–containing systems presumably due to EET supplied to PSI which is arranged 

in a PB-PSII-PSI megacomplex conformation (Liu et al. 2013). Thus, SAS3 (green) is 

interpreted as a PB-PSII-PSI megacomplex with closed PSII RCs. The second 

species (SAS2, in red) is also a highly-fluorescent one with a somewhat lower 

fluorescence yield and, compared to SAS3, lacking some 660 nm (PB) emission. 

The two concentrations show correlated increase/decrease during the saturation 

pulses, after which the FS level of c2 (red) is fully restored (ca. 15%). This 

opening/closing behavior may be counter-intuitive since DCMU inhibits QA→QB 

electron transfer leading to the assumption that all the RCs are closed and 

therefore, no open species should be observed (p-closed fraction should be zero).  
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Figure 5.3 Spectral decomposition of fluorescence spectra of M55 cells previously treated with 
DCMU and no dark-adaptation. (A) The SAS (Red: SAS2; green: SAS3) obtained after 
transformation of the singular vectors (shown in Figure S 5.2). (B) Time profiles. Key: orange: 
450 µmol photons m

-2
 s

-1
; black: darkness. The colored bar on top illustrates the light regime 

with arrows indicating the beginning of a saturation pulse. Inset: The deviation in the sum of 
concentrations from unity. 

 

Independently from the proposed mechanism for partial closure, this experiment 

reveals that even when cells have been pre-treated with DCMU, a certain number 

of PSII RCs can still be fully closed (f-closed) when the light intensity increases. 

The two SASs obtained in this section are used as a guide for the analyses of rank 

3 systems presented in the following sections. 

5.4.2.2 Full data matrices of DCMU-treated samples 

 

The full data matrices are of rank 3. The cells underwent two different DA periods 

as shown in Figure 5.4I and J. The three SASs are shown as the insets and two of 

them, SAS2 and SAS3, are in good agreement with the ones shown in Figure 5.3A. 

Additionally, a quenched species (black) is present in all samples. The 

interpretation of SAS3 (green) is a PB-PSII-PSI complex with f-closed RCs. Here 

again, SAS2 (red) has a quenched 660 nm emission relative to SAS3 and this is 

interpreted as a PB-PSII-PSI complex with p-closed RCs. SAS1 (black) is again a 

quenched species. Saturation pulses are still able to close a certain fraction of PSII 

RCs as manifested in the decrease of both c1 and c2. Interestingly, the fraction 

that can be closed in M55 is smaller than in WT (cf. FS values in Table 5.1), 

suggesting that a fully assembled NDH-1 unit (in the presence of DCMU) 

contributes to efficiently alleviating excitation pressure on PSII. As for the time 

profiles, we read the following: for 8 min dark-adapted samples, c1 shows a slight 

increase suggesting that formation of the quenched species (black) is favored in 

darkness. 



 

 

 
Figure 5.4 Spectral decomposition of two independent experiments with two distinct dark-adaptation (DA) periods carried out on M55 (left) and WT (right) 
cells in the presence of DCMU. Panels A and B depict a zoom view into the first and last pulse of M55 with DA=none. Panels C and D: M55, DA=8 min; E and F: 
WT, DA=none; G and H: WT, DA=8 min.The panels I and J show the full time profiles. The corresponding SASs and the deviation in the sum of concentrations 
from unity are shown as insets. The colored bar on top illustrates the light regime: 450 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness (black). 
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DA (min)→ none 8 
 FM1 FS FM16 FM1 FS FM16 
WT (+DCMU) 

c1 0.10 0.19 0.05 0.18 0.15 0.03 

c2 0.01 0.15 0.05 0.02 0.23 0.11 

c3 0.89 0.66 0.90 0.80 0.62 0.86 

M55 (+DCMU) 
c1 0.07 0.08 0.07 0.10 0.09 0.04 

c2 <10
-2

 0.09 <10
-2

 <10
-2

 0.10 0.02 

c3 0.93 0.83 0.93 0.90 0.81 0.94 
 
Table 5.1 Average (of five points) levels of the different concentrations profiles at three different 
spots of the light protocols shown in Figure 5.4. FM1: first pulse, FS: steady state level at the end of 
background illumination; FM16: last pulse 

 

This is valid for both M55 (cf. Figure 5.4A and Figure 5.4C) and WT (cf. Figure 5.4E 

and Figure 5.4G). Also visible on these panels is the fact that WT forms more of 

the quenched species as compared to M55. Note that  systematically for 

M55 as background light sets in. This ratio is reversed for the WT. Moreover, 

while M55 very quickly finds a steady-state level that varies little over time, WT 

shows an equilibration phase of ca. 10 s during which the quenched species 

decreases and then levels off.  

5.4.3 M55 cells without DCMU 

 

The full analyses of M55 cells that have undergone different dark-adaptation 

periods are shown in Figure 5.5. The SASs are interpreted as follows: SAS3 (green) 

as a PB-PSII-PSI complex with moderate EET from PB to PSI and f-closed PSII RCs 

(see Figure 5.1G and Figure 5.4I), SAS2 (red) as a PB-PSII-PSI megacomplex with 

fast energy transfer to PSI and with p-closed RCs (see Figure 5.1E), and, SAS1 

(black) as a PB-PSII(-PSI) complex with f-open PSII RCs (see Figure 5.1A). EET from 

PB to PSI most probably occurs via ApcD (Dong et al. 2009) and depending on 

whether it is slow or fast, more or less 680 nm light is able to escape. This would 

explain the strong decrease in the F660/F680 ratio, which serves as a proxy for 

how much excitation light was ultimately trapped by PSI.  

 

 

1 2c c



 

 

 

DA 
(min) 

1 3 5 8 21 34 

 FM1 FS FM16 FM1 FS FM16 FM1 FS FM16 FM1 FS FM16 FM1 FS FM16 FM1 FS FM16 

ΔPSI 

c1 0.28 0.42 0.32 0.19 0.42 0.23 0.28 0.42 0.25 0.21 0.41 0.23 0.08 0.27 0.06 0.30 0.36 0.20 

c2 0.02 0.22 0.08 0.02 0.34 0.16 0.01 0.35 0.20 <10-2 0.20 0.10 0.01 0.35 0.16 <10-2 0.29 0.15 

c3 0.70 0.36 0.60 0.79 0.24 0.61 0.71 0.23 0.55 0.80 0.39 0.67 0.91 0.38 0.78 0.85 0.35 0.65 

M55 

c1 0.05 0.45 0.11 0.06 0.49 0.11 0.04 0.46 0.09 0.12 0.48 0.14 0.02 0.38 0.09 0.02 0.42 .04 

c2 0.01 0.05 011 0.01 0.07 0.12 0.02 0.07 0.11 0.05 0.05 0.10 0.14 0.14 0.20 0.19 0.15 0.20 

c3 0.94 0.50 0.78 0.97 0.52 0.77 0.94 0.47 0.78 0.83 0.47 0.76 0.84 0.48 0.71 0.79 0.43 0.76 

WT 

c1 0.14 0.40 0.16 0.08 0.42 0.10 0.06 0.44 0.11 0.02 0.41 0.12 0.04 0.43 0.05 0.05 0.40 0.04 

c2 <10-2 0.15 0.17 0.02 0.15 0.15 0.09 0.15 0.19 0.10 0.12 0.12 0.31 0.15 0.22 0.40 0.20 0.30 

c3 0.86 0.45 0.67 0.90 0.43 0.75 0.83 0.41 0.70 0.88 0.47 0.76 0.65 0.42 0.73 0.55 0.40 0.66 

 
Table 5.2 Average (of five points) levels of the different concentrations profiles at three different spots of the light protocol. FM1: first pulse, FS: steady 
state level at the end of background illumination; FM16: last pulse 

 

 

 



 

 

 

 

 

DA (min)→ 1 3 5 8 21 34 
 FVi FVf FVi FVf FVi FVf FVi FVf FVi FVf FVi FVf 

ΔPSI             

c1 -0.03 -0.06 -0.02 -0.14 <10
-2

 -0.10 -0.10 -0.13 -0.09 -0.17 -0.08 -0.13 

c2 -0.19 -0.11 -0.32 -0.14 -0.29 -0.13 -0.17 -0.09 -0.25 -0.16 -0.21 -0.10 

c3 0.23 0.20 0.34 0.30 0.25 0.23 0.27 0.23 0.34 0.33 0.30 0.25 

M55  

c1 -0.32 -0.33 -0.34 -0.34 -0.34 -0.33 -0.32 -0.32 -0.30 -0.35 -0.34 -0.34 

c2 0.07 0.01 0.09 0.03 0.10 0.04 0.06 <10
-2

 0.12 0.03 0.11 <10
-2

 

c3 0.26 0.32 0.26 0.31 0.26 0.29 0.24 0.30 0.17 0.26 0.25 0.35 

WT  

c1 -0.30 -0.30 -0.34 -0.35 -0.33 -0.33 -0.35 -0.37 -0.34 -0.40 -0.30 -0.36 

c2 0.04 0.01 0.06 0.02 0.05 <10
-2

 0.08 <10
-2

 0.14 0.01 0.14 0.03 

c3 0.23 0.47 0.26 0.30 0.24 0.29 0.26 0.34 0.21 0.34 0.18 0.28 
 
Table 5.3 Initial (FVi) and final (FVf) variable fluorescence values respectively read at the first pulse after exposure to background light 
(second pulse) and the last pulse before darkness (fifteenth pulse). 
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The corresponding concentration profiles also show interesting dynamics: unlike 

the DCMU-treated samples, the shape of the pulses resembles much less that of 

a step function (cf. Figure 5.4C and Figure 5.5A); take for instance c3 which after 

reaching a maximum within the first 200-300 ms, decreases as much as 10% 

within the duration of the pulse. This suggests efficient electron transfer from 

PSII to the PQ pool and subsequent re-opening of PSII RCs. The behavior of c2 is of 

particular interest: while for short DA periods, during the first pulse, c2 tends 

towards zero. For DA=8 min, c2 averages to 5% and it increases to 14% and 19% 

for DA of 21 and 34 min, respectively (see Table 5.2). Hence, darkness favors the 

formation of the species SAS2. Seemingly, during the first 20 s of background light 

this occurs at the expense of the species SAS3 only. Thus, for longer DA periods, c2 

(c3) has a larger (smaller) initial concentration and, as background light sets in, it 

continues to gradually increase (decrease) during the first 10–20 s resulting, for 

long DA periods, in a momentarily larger concentration of SAS2 than SAS3. Then, 

c3 tends to a FS level of ca. 40% and it restores that level quite consistently 

regardless of the initial conditions. We attribute this behavior to a state 2 to state 

1 transition. Furthermore, the c1 FS value is also ca. 40% (see Table 5.2) in all 

experiments i.e. the background light is only able to close 60% of the PSII RCs. In 

both WT and M55, DA favors the formation of a megacomplex in which fast 

energy transfer from PB to PSI (see Figure 5.1E) is ensured (Liu et al. 2013), 

consequently increasing its antenna size and ultimately affecting the ratio 

CEF/LEF. 

5.4.4 WT cells without DCMU 

 

The full analyses of WT cells that have undergone different dark-adaptation 

periods are shown in Figure 5.6. The SASs are interpreted as in the previous 

section. Also in this series of experiments, the initial c2 increases with longer DA 

periods, and, as visible from the first pulse of every experiment (see Figure 5.6A–

F), it reaches up to 40% for DA=34 min. As background illumination sets in, the 

levels of open and closed complexes (black and green) are similar. For all 

experiments, the concentration c1 i.e. the open complexes, also shows a relatively 

steady level throughout the whole period of background illumination only 

decreasing during saturation pulses. Similarly to the M55 mutant, the initial c2 

and c3, depend on DA. 
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Figure 5.5 Spectral decomposition of six independent experiments with varying dark-adaptation 
(DA) periods carried out on M55 cells. For each condition, a zoom view of the first (last) pulse is 
depicted in panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding 
SASs (shown as right insets) are depicted on panel G. The colored bar on top illustrates the light 
regime: 450 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness (black). Left insets depict the 

deviation in the sum of concentrations from unity. 
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Figure 5.6 Spectral decomposition of six independent experiments with varying dark-adaptation 
(DA) periods carried out on WT cells. For each condition, a zoom view of the first (last) pulse is 
depicted in panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding 
SASs (shown as right insets) are depicted on panel G. The colored bar on top illustrates the light 
regime: 450 µmol photons m

-2
 s

-1
 of 590 nm light (orange) or darkness (black). Left insets depict the 

deviation in the sum of concentrations from unity. 
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5.5 Discussion 

5.5.1 Partial closure of PSII RCs 

 

The fluorescence is directly proportional to the fraction of QA
-, therefore, partial 

closure of PSII RCs means that the light pressure does not suffice to completely 

depopulate the QA pool. The question is what is/are the underlying mechanism(s) 

that allow the PQ pool to cope with the excitation pressure during the 

background illumination phase? 

One possibility is that a small fraction of PB-PSII-PSI complexes have one of the 

RC of the PSII dimer closed while the other remains open. In this case, the p-

closed contribution, in the ΔPSI experiments, would be attributed to the species 

depicted in Figure 5.1F; and to the species in Figure 5.1D, for the PSI-containing 

samples. 

A major conflict with this interpretation is provided by the DCMU experiments, 

where p-closure cannot be ascribed to PSII RCs that would have remained open. 

The capacity to keep PSII RCs open would have to stem from an additional pool 

electrons can escape to, for example, a pool of Flv2/4 proteins. Consequently, the 

very definition of ‘open’ would have to be extended; while hitherto ‘open’ 

exclusively referred to the PQ-pool ability to accept electrons from the PSII 

special pair, there would be two types of mechanisms that contribute to 

alleviating the excitation pressure on PSII RCs: pq-open when related to the 

capacity of the PQ-pool and flv-open when related to that of the Flv2/4 

heterodimer. Thus, we hypothesize that DCMU ensures that all RCs are pq-closed, 

but that the alternative electron transport via the Flv2/4 pathway would however 

remain accessible.  

Although the exact binding site and rate are still unknown for Flv2/4, the 

assumption in this case would have to be that QB is not involved in the electron 

transfer. Instead, we observe a quenched 660 nm emission which would align 

well with the observations by Bersanini et al. (2014) that point towards Flv2/4-

related activity with concomitant PB co-operation. Indeed, even the properties of 

a PB “super core” as recently proposed by Zlenko et al. (2017) might be required. 

Furthermore, as manifested in the lower FS levels of c3 in WT (Table 5.1), the 

amount of flv-closure is ca. 20% larger (for both DA periods) in the WT than it is in 

strain M55. This directly points at a role of NDH-1 in keeping the PQ-pool reduced 

(Chen 2017). Certainly, there must be additional acceptors to Flv2/4 that explain 
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why, despite NDH-1 dysfunction, the RCs are not fully flv-closed in M55. 

Spectrally resolving the fluorescence signal of DCMU pre-treated cells of a Δflv2/4 

mutant as well as measurements of expression levels of these proteins will have 

to support such an interpretation and help solidifying this hypothesis. 

5.5.2 Time dependence in M55 and WT cells without DCMU 

 

Without DCMU i.e. with unblocked quinone acceptors, the F660/F680 of SAS2 

greatly increases (Figure 5.5 and Figure 5.6) evidencing the efficient re-opening of 

RCs. Also, the time profiles, especially c2 and c3, are much more dynamic.  

 
Figure 5.7 Zoom-view into the first minute of the light protocol for WT and the M55 mutant. The 
profile c2, corresponding to megacomplexes with fast PB to PSI energy transfer is shown for all DA 
periods. Background illumination sets in at t=7 s. Immediately afterwards, three intervals are 
indicated: A: first 300 ms after onset of background illumination; B: 7.3 s<t<13 s and C: 13 s<t. A is 
characterized by a rapid population increase and decrease presumably due to closure of a single RC 
followed by a population of c3 (Figure 5.8), B is characterized by a steady increase reaching a 
maximum and during C the profiles decline steadily again. In the case of M55 cells, DA times of 21 
and 34 min display a longer period of steady increase, B2, reaching a maximum value at t=20 s.  

 

Figure 5.7 and Figure 5.8 show c2 and c3, respectively, during the first minute of 

the light protocol. In Figure 5.7, the zoom view of c2, which corresponds to the 

concentration of a PB-PSII-PSI complex with fast energy transfer to PSI, reveals 

grosso modo three different phases: as background illumination sets in, there is a 
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quick equilibration that happens within 300 ms and that we refer to as phase A. 

During this phase, the c2 profile quickly decreases until a minimum value is 

reached while c3 shows a correlated increase, just as observed during the first 

data points of the saturation pulse applied in darkness (cf. Figure S 5.4 and 

Figure S 5.5). We conclude that this is due to opening/closing of RCs, which 

means that SAS2 has a hybrid nature. A possible explanation could be that the PB-

PSII-PSI megacomplex with fast energy transfer to PSI and p-closed (Figure 5.1E) 

gets to f-closed within these first 300 ms of illumination. The phase B (7.5< t 

<13 s) is characterized by a progressive increase of c2 meaning that the cell first 

works on decreasing the excitation pressure on PSII by increasing the energy 

transfer to PSI. This may be interpreted as an effort to increase CEF around PSI. In 

the WT, this phase consistently lasts ca. 5 s for all DA periods. After reaching a 

maximum, c2 enters a phase C of steady decline attributed to a state 2 to state 1 

transition and which leads to an increase in PB-PSII-PSI complexes with slow 

energy transfer to PSI (see Figure 5.1G).  

 
Figure 5.8 Zoom-view into the first minute of the light protocol for WT and the M55 mutant. The 
profile c3, corresponding to megacomplexes with slow PB to PSI energy transfer is shown for all DA 
periods. The decrease in the initial concentration values correlates with increasing DA periods. This 
is interpreted as a state 1 to 2 transition. Background illumination trigger a state 2 to 1 transition 
which results in a relative increase of ca. 20%.  
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In M55, however, DA periods of 21 and 34 min result in a delayed state 2 to state 

1 transition (see Figure 5.7). For DA of 1, 3, 5 and 8 min the phase B1 is as long as 

the phase B observed in WT, but for DA periods of 21 and 34 min (orange and red 

in Figure 5.7), the phase B2 extends until t=20 s. Seemingly, once a certain 

amount of megacomplexes with fast PB→PSI energy transfer has been formed 

and with a lacking NDH-1 unit, which plays a role in CEF, the cell needs a longer 

time before triggering a state 2 to state 1 transition. 

In Figure 5.8, the concentration profiles of PB-PSII-PSI complexes with slow 

energy transfer to PSI (c3) are shown. The first peak illustrates their decreasing 

concentration (state 1 to state 2 transition) assumed to be due to the 

membrane’s re-arrangement during darkness related to respiratory activity. 

Based on the stoichiometry published by Moal and Lagoutte (2012) that suggests 

a highly dense packing of pigment-protein complexes in Synechocystis, we 

speculate that the membrane’s conformational change during darkness could be 

a ‘ruffling’ of the membrane which would yield an even denser packing favoring 

fast energy transferring PBs. Physical re-distribution of the complexes could 

result in slowing down the EET rate to PSI. 

A summary is given in Figure 5.9, which shows traces for DA periods of 34 min 

exclusively. The spectra shown have been normalized relative to the 640 nm 

phycocyanin emission, which is expected to be the same in all samples. For 

comparison, SAS3 from ΔPSI is also shown, where the small F660/F680 ratio 

comes to be through the intense Chl a emission that peaks at 680 nm.  

 

 
Figure 5.9 Left: Selection of SASs from experiments with DA=34 min. The spectra have been 
normalized relative to the PB emission at 640 nm. Key: green: SAS3 in WT; light green: SAS3 in M55; 
red: SAS2 in WT; orange: SAS2 in M55; light green dashed: SAS3 in ΔPSI. Right: Zoom-in of the first 
minute of the experiment. The inferred fluorescent species are shown as an inset and correspond 
to Figure 5.1E and Figure 5.1G. 
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This result confirms the analyses of independent measurements in the ΔPSI 

carried out in a set-up in Trebon, CZ (see Fig. 7 in (Acuña et al. 2016)). While the 

FS levels of c2 and c3 are similar in both WT and M55, clearly, c3 (c2) reaches higher 

(lower) FM values in the M55 mutant. This is consistent with the idea that a fully 

assembled NDH-1 enhances the ability of the cell to cope with a high number of 

excitations. 

5.6 Concluding remarks 
 

We have presented a series of experiments during which WT and mutants 

thereof undergo a dark-to-light transition after being prepared under different 

conditions. The data matrices have been analyzed as rank 3 systems. Two major 

findings are presented: first, from the DCMU experiments we conclude the 

existence of a pool of PSII electron acceptors additional to the PQ pool and 

postulate that the Flv2 and Flv4 proteins could build such a pool. Thus, a PSII RC 

would be fully open (closed) when it is both pq- and flv-open (closed). In the 

DCMU experiments, the FS levels suggest PSII RCs that are in the state ‘pq-

closed/flv-open’ (Figure 5.4). Moreover, the PSII→Flv2/4 electron transfer 

mechanism i) may require a high energy back transfer rate to the PB; and ii) 

increases its efficiency with a well-functioning NDH-1 complex; which points to a 

possible (so far unknown) electron acceptor to the Flv2/4 heterodimer. A 

fundamental assumption in this reasoning implies that electrons transferred to 

the Flv2/4 pool bypass the secondary quinone QB. Second, we postulate that SAS2 

in Figure 5.6 is a PB-PSII-PSI megacomplex with fast EET to PSI and pq-closed. A 

slow EET to PSI results in SAS3 in Figure 5.6. During darkness, the thylakoid 

membrane may ruffle leading to a more tightly packed ensemble of pigment-

protein complexes favoring fast EET of PB to PSI. This would be the state 1 to 

state 2 transition. With the onset of photosynthetic activity, the membrane 

‘stretches’ and the pigment-protein complexes re-distribute over the membrane 

leading to the loosening of the PB-PSI coupling and ultimately slowing down EET. 

This, in turn, would be the state 2 to state 1 transition. This interpretation aligns 

well with the generally accepted idea that state transitions are a mechanism by 

means of which the energy inputs to PSI and PSII are optimized resulting in a low 

(state 2) and in a high (state 1) fluorescent state. With the current spectral and 

time resolution of the set-up, we do not see any evidence for CpcG2-type of PB, 

nor uncoupled PB. Furthermore, it is also not possible to resolve PB-PSII-PSI 
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megacomplexes and PB-PSII complexes when PSII RCs are (either pq- or flv-)open. 

Though this study may provide important hints of the molecular mechanism of 

state transitions, further studies involving multiple excitation wavelengths could 

help establishing the precise relationship between the LEF/CEF ratio and the 

molecular triggers of state transitions. 
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Supporting Information 
 

 
Figure S 5.1 Applied light (590 nm) protocols during experiments. The first and last saturation pulses 
(1300 µmol photons m

-2
 s

-1
) are applied in darkness. The background light is 450 µmol photons m

-

2
 s

-1
. Key: orange: protocol for ΔPSI cells, gray: all other samples. 

 

 
Figure S 5.2. Intact (no DCMU) ΔPSI cells (DA=34 min): singular value decomposition of the dataset 
resulting in (at least) three singular values distinguishable from the noise (see the scree plot). From 
left to right: left singular vectors, logarithmic plot of the singular values and right singular vectors. 
Key: black: first; red: second; green: third; blue: fourth singular vector. 

 

 
Figure S 5.3. M55 cells previously treated with DCMU: singular value decomposition of the dataset 
resulting in two singular values distinguishable from the noise (see the scree plot). From left to 
right: left singular vectors, logarithmic plot of the singular values and right singular vectors. Key: 
black: first; red: second singular vector. 
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Figure S 5.4 Zoom-view of the first 35 s of Figure 5.5. 

 

 
Figure S 5.5 Zoom-view of the first 35 s of Figure 5.6. 
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Objective Function 
 

Definition of residuals to be minimized by the objective function: 

 

m s c Smoothresiduals R R R R     
 

 
 

whereby Rm stands for the deviation from a constant sum of concentrations, Rs 

increases with negativity of the SAS, Rc increases with negativity of the 
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The penalties are applied using a specific weight to each of the residuals’ criteria: 
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6.1 Abstract 
 

Ultrafast time resolved emission spectra were measured in whole cells of a PSI-

deficient mutant of Synechocystis sp. PCC 6803 at room temperature and at 77K 

to study excitation energy transfer and trapping. By means of a target analysis it 

was estimated that the terminal emitter of the phycobilisome, termed 

Allophycocyanin 680, transfers its energy with a rate of (20 ps)–1 to photosystem 

II. This is faster than the intraphycobilisome energy transfer rates between a rod 

and a core cylinder, or between the core cylinders. 

6.2 Introduction 
 

Photosynthesis is key to the conversion of solar energy to biomass. Light 

harvesting antennae absorb sunlight and transfer the excitation energy ultimately 

to the reaction centers (RCs) (Mirkovic et al. 2017). The phycobilisome (PB) is the 

light harvesting antenna of many cyanobacteria, red algae and glaucophytes (Adir 

2005; Glazer 1984; Watanabe and Ikeuchi 2013). Light is absorbed by 

phycocyanobilin pigments that are covalently bound to phycobiliproteins (Glazer 

1984). The rods and core contain phycocyanin (PC) and allophycocyanin (APC), 

respectively. Together these pigments absorb light between 400 and 650 nm, and 

excitations of the antenna pigments are efficiently transferred to the chlorophyll-

containing photosystems (PS) I and II (Tian et al. 2011; Scott et al. 2006; Tian et 

al. 2013b; Tian et al. 2012; Gillbro et al. 1985; Sandstrom et al. 1988; Liu et al. 

2013). These photosystems convert the excitations to chemical energy via initial 

charge separation (van Grondelle et al. 1994), and the combined action of PBs 

and photosystems (the light reactions of photosynthesis) provides the energy 

input to the cell (Govindjee et al. 2017). Until now, the rate at which the 

phycobilisome transfers its energy to PS II is not known. Here we measure 

ultrafast time resolved emission spectra in whole cells of a PSI-deficient mutant 

of the cyanobacterium Synechocystis sp. PCC 6803 (Shen et al. 1993). With the 

help of target analysis (Holzwarth 1996; van Stokkum et al. 2004) we will 

estimate the unknown rate of energy transfer from PB to PSII.  

 

Figure 6.1 schematically depicts the fluorescent species that we expect to be 

present, and the Excitation Energy Transfer (EET) pathways from the PB rods via 
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the core cylinders to the PSII dimer. Next to the PB-PSII complex with both PSII 

RCs open (Figure 6.1A), part of the complexes may have both PSII RCs closed 

(Figure 6.1B). Additionally, over the time course of an experiment (typically 50-90 

min) the sample may change, and part of the PB may no longer be coupled to any 

PSII (Figure 6.1C). Finally, a small fraction of uncoupled PSII dimers with open 

(Figure 6.1D) or closed (Figure 6.1E) RCs may be present. 

 

 
Figure 6.1. Cartoon of possible fluorescent species in the Synechocystis 
ΔPSI mutant. Depicted are a PB-PSII complex with both PSII RCs open (A), 
both closed (B), a PB that is not coupled to any PSII (C) as well as an 
uncoupled PSII dimer with open (D) and closed (E) RCs. Key: blue, rods 
consisting of three hexamers; top and basal core cylinders respectively in 
magenta, red and orange; green, PS II dimer. Dark arrows represent 
intra-PB EET; yellow arrows represent EET from the PB core to PSII. An 
“X” stands for a closed PSII RC. 
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Figure 6.2 The structure of PB-PS II is shown schematically, and the most important pigments are 
indicated. Each rod contains three hexamers. PC rods in blue (total number of PC640 and PC650 
pigments indicated). APC that fluoresces at 660 nm (APC660) in magenta, red and orange (66 
pigments in total), and the low-energy part of APC indicated by black dots (six APC680 pigments in 
total). The letters D,E,F indicate the three different APC680 pigments. The approximate length for 
each subunit is based on (Arteni et al. 2009). 

 

Figure 6.2 depicts the different pigments present in a PB-PSII complex. Recently, 

a functional compartmental model of the PB has been developed (van Stokkum 

et al. 2017). A compartment contains pigments with the same light-harvesting 

function that are considered equivalent. The four colors that are used in 

Figure 6.2 for the core; magenta, red, orange and black, indicate the four groups 

of pigments that will be lumped into four compartments. Below, the rods will be 

described by two compartments (PC640 and PC650). The PSII RC contains 6 Chl a 

and 2 Pheo, the core antennae CP43 and CP47 contain 14 and 17 Chl a, 

respectively. At room temperature (RT), the 37 Chl a and the 2 Pheo will be 

lumped in one Chl a compartment. In Figure 6.2, a green barrel symbolizes the 

PSII core containing 39 chlorins. The biexponential decay of the PSII dimer 

emission (Tian et al. 2013a) will be described by an equilibrium of the Chl a 

compartment with a radical pair (RP) compartment. Thus we will arrive at a 

minimal model of twelve compartments (cf. Figure 6.4E). Microscopic rate 

constants describe the rates of EET/ET between the compartments. The spectral 

properties of the different compartments will be described by species associated 

spectra (SAS). The parameters of this target model will be estimated from the 

time resolved emission spectra. Below we will first globally analyze the RT 

emission data and based thereupon develop a functional compartmental model 
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for the PB-PSII complex. Then, we will verify whether this model also holds at 

77K. 

6.3 Materials and Methods 

6.3.1 Growth conditions and sample preparation 

 

The PSI-deficient mutant of Synechocystis (Shen et al. 1993) was a gift from prof. 

C. Funk (Umeå University, Sweden) and was stored at –80 °C in 15% glycerol. 

Prior to preparing a liquid culture, cells were streaked on agar plates containing 

BG-11 (Sigma) supplemented with 0.3% sodium thiosulfate, 35 µg/mL 

chloramphenicol and 10 mM glucose. The strain appeared incompatible with our 

usual agar, requiring the plates to be solidified using Difco Granulated agar (BD). 

The plates were incubated in an incubator (Versatile Environmental Test 

Chamber MLR-350H, Sanyo) with a humidified atmosphere of elevated CO2 (2 %) 

kept at 30°C. Incident light intensity was reduced to below 5 µmol photons m–2 s–

1 by covering the plates with layers of paper. 

Liquid cultures were prepared by inoculating 25 mL modified BG-11 (BG-11-PC, 

van Alphen et al. manuscript in preparation) supplemented with 10 mM glucose, 

25 mM 1,4-Piperazinedipropanesulfonic acid (PIPPS)-KOH buffered at pH 8.0 and 

5 µg/mL chloramphenicol in a 100-mL flask (FB33131, Fisherbrand). The flasks 

were covered in multiple layers of paper to reduce the incident light intensity to 

below 5 µmol photons m–2 s–1 and were placed in a shaking incubator (Innova 43, 

New Brunswick Scientific), equipped with a custom built LED panel containing 

LEDs of 632 nm (orange-red) and 451 nm (blue, both 8 nm full width at half 

maximum) at 120 rpm and 30°C.  

6.3.2  Steady state absorption 

 

Steady-state absorption of whole cells was measured using a Varian Cary 4000 

UV-Vis spectrophotometer additionally equipped with a Varian 900 external 

Diffuse Reflectance Accessory. 

6.3.3 Time-resolved fluorescence 

 

A series of streak camera measurements (Van Stokkum et al. 2008; Wlodarczyk et 

al. 2016), comprising several image sequences using different parameters, was 
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carried out less than one hour after taking the cells out of the reactor to ensure 

excellent sample quality. While there is no evidence for significant cell 

degradation during single sequences, the cells may have changed from one 

sequence to the next. The different conditions from one sequence to another 

include two different excitation wavelengths (400 nm for predominant Chl 

excitation; 590 nm for predominant PB excitation), or different time ranges (TR): 

from 0 to 400 ps (TR2) and from 0 to 1500 ps (TR4). For measurements 

performed using TR2 (TR4), the image sequence consists of 300 (150) images, 

each of which results from a scan of 8 s. In order to achieve a high SNR, each 

image sequence is used to produce an average image that is, in its turn, corrected 

for background and lamp shading before analysis. In order to judge whether the 

sample changed over time, we kept track of the chronological order in sequence 

acquisition. We indicate the conditions as ‘time range/λexc (in nm)’. 

Measurements were done at room temperature (RT) and at 77K. The acquisition 

order at RT was: TR2/590 → TR4/590 → TR4/400 → TR2/400. The acquisition 

order at 77K was: TR2/400 → TR4/400 → TR4/590 → TR2/590. 

 

The samples frozen to 77 K in a Pasteur pipette were placed in a cold finger. The 

diameter of the excitation beam and the optical path length within the sample 

were both ≈1 mm. The fluorescence at the angle of 90° to the direction of the 

excitation beam was collimated and focused onto the input slit of spectrograph 

Chromex 250IS (Chromex, Albuquerque, New Mexico). In one case (77K, 590 nm 

exc) a cut off filter OC14 was used to block the scattered excitation light. The 

spectrally resolved emission was detected using a Hamamatsu C5680 

synchroscan camera with a cooled Hamamatsu Digital Camera C10600-10B 

(ORCA-R2) (Hamamatsu Photonics, Hamamatsu, Japan). In all cases, the laser 

light was vertically polarized, the laser power was 15 μW, the spot size was of 

60 μm, the laser repetition rate was set to 250 kHz, the input slit of the 

spectrograph was 140 μm and that of the photo-cathode of the streak camera 

was 220 μm and the detection was parallel (VV) to the incident polarization. At 

RT, the full width at half maximum (FWHM) of the Instrument Response Function 

(IRF) was ≈7 ps with TR2 and ≈18 ps with TR4. At 77K, The FWHM of the IRF was 

≈13 ps with TR2 and ≈25 ps with TR4. 

 



- 185 - 
 

6.3.4 Global and target analysis of time resolved emission spectra 

 

In target analysis of time resolved emission spectra, the inverse problem is to 

determine the number of electronically excited states ( statesN ) present in the 

system, and to estimate their spectral properties ( )lSAS   and their populations 

( )S
lc t (superscript S stands for species). The time resolved emission spectra 

( , )TRES t  are described by a parameterized superposition model: 

1
( , ) ( , ) ( )

Nstates S

l ll
TRES t c t SAS  


  (1) 

where the populations are determined by an unknown compartmental model, 

that depends upon the unknown kinetic parameters  . In the target analysis 

constraints on the SAS are needed to estimate all parameters   and ( )lSAS   

(Snellenburg et al. 2013; van Stokkum et al. 2004).  

The population of the l-th compartment is ( )S
lc t . The concentrations of all 

compartments are collated in a vector: 1 2( ) ( ) ( ) ( )
comp

T
S S S S

nc t c t c t c t    
 which 

obeys the differential equation: 

( ) ( ) ( )S Sd
c t Kc t j t

dt
   (2) 

where the transfer matrix K contains off-diagonal elements pqk , representing 

the microscopic rate constant for energy transfer from compartment q to 

compartment p. The diagonal elements contain the total decay rates of each 

compartment. The input to the compartments is 1( ) ( )
comp

T

nj t IRF t x x    
, with 

lx  the absorption of the l-th compartment.  

The impulse response of the system, which is a sum of exponential decays, has to 

be convolved with the IRF. Typically, a Gaussian shaped IRF is adequate, with 

parameters  for the location of the IRF maximum and Δ for the FWHM of the 

IRF: 

21
( ) exp( log(2)(2( ) / ) )

2
IRF t t 


   


 (3) 
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where / (2 2log(2))   . The convolution (indicated by an *) of this IRF with an 

exponential decay (with decay rate k) yields an analytical expression which 

facilitates the estimation of the decay rate k and the IRF parameters  and Δ: 

 
2 21 ( ))

( , , , ) exp( ) ( ) exp( )exp( ( )){1 ( }
2 2 2

D k t k
c t k kt IRF t kt k erf


 

   
       


 

 (4) 

Typically, with streak camera measurements the IRF can be well approximated by 

a sum of up to three Gaussians. 

 

The solution of the general compartmental model described by the K matrix 

consists of exponential decays with decay rates equal to the eigenvalues of the K 

matrix. When the compartmental model consists of independently decaying 

species their spectra are termed ( )lDAS   (Decay Associated Spectra), and when 

it consists of a sequential scheme with increasing lifetimes the spectra are 

termed ( )lEAS   (Evolution Associated Spectra).  

The interrelation between the DAS and SAS is expressed in the following matrix 

equation: 

( , , ) ( , , )D T S TC DAS C SAS         (5) 

  

Here the matrix ( , , )DC     contains in its l-th column the decay ( , , , )D

l lc t k    and 

the matrix ( , , )SC     contains in its columns the populations ( )S
lc t  of the 

general compartmental model.  

6.3.5 Simultaneous target analysis 

 

To resolve the different species and to improve the precision of the estimated 

parameters, the set of expN  experiments that describe the same sample 

(measured with different excitation wavelengths or on different time ranges) can 

be analyzed simultaneously. For each additional data set eTRS  one scaling 

parameter e  and one time shift parameter e  must be added: 
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( ( , , )S T

e e e eTRS C SAS      (6) 

The different excitation wavelengths are taken into account via the absorptions 

of the species that result in ( , , )S

e eC    . Since the two different excitation 

wavelengths (400 nm for predominant Chl excitation; 590 nm for predominant PB 

excitation) result in different initial concentrations of the compartments, the 

different species can be better resolved through simultaneous target analysis. 

6.3.6 Residual analysis 

 

Following a successfully converged fit, the matrix of residuals is analyzed with the 

help of a Singular Value Decomposition (SVD). Formally the residual matrix can be 

decomposed as: 

1

( , ) ( ) ( )
l l

m
res res

l

l

res t u t s w 


  (7) 

where 
lu  and 

lw  are the left and right singular vectors, 
ls  the sorted singular 

values, and m is the minimum of the number of rows and columns of the matrix. 

The singular vectors are orthogonal, and provide an optimal least squares 

approximation of the matrix. The SVD of the matrix of residuals is useful to 

diagnose shortcomings of the model used, or systematic errors in the data.  

6.4 Results and discussion 

6.4.1 Measurements at room temperature 

 

The ΔPSI absorption spectrum (orange) depicted in Figure S 6.1A clearly displays a 

decreased Chl a Qy absorption band at ≈680 nm that is largely attributed to PSI in 

WT cells (green in Figure S 6.1A). Still a shoulder is visible in the ΔPSI absorption 

spectrum at ≈680 nm, attributable to PSII Chl a. Likewise the Soret bands have 

decreased in ΔPSI.  

Figure 6.3 depicts the estimated DAS. The black DAS represents equilibration 

between the rod phycocyanins PC640 and PC650 in 6-8 ps. The red DAS 

represents equilibration between the rods and the APC660 pigments of the core 

cylinders. The blue DAS differs for the 400 and 590 nm excitation. In the latter it 

is conservative and can be interpreted as equilibration between the PB and PSII.  
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Figure 6.3 Estimated DAS after 590 (A) or 400 (B) nm excitation at RT. The estimated lifetimes (in 
ps) are written in the legend at the right using the appropriate color. 

 

The green DAS is positive everywhere and can be interpreted as trapping by the 

open PSII RC (the 680 nm peak). The magenta DAS is also positive everywhere 

and can be interpreted as trapping in the closed PSII RC. These observations can 

further be tested with the help of a target analysis. Assuming that PB is the same 

in vivo and in vitro (Tian et al. 2011; Tian et al. 2012), we adopt the functional 

compartmental model for the PB from (van Stokkum et al. 2017). It is based upon 

the schematic structure depicted in Figure 6.2. The kinetic scheme contains six 

different types of functional compartments. Because the PB architecture 

possesses a C2 rotational symmetry axis, perpendicular to the membrane, the 

core can be described by three APC660 and one APC680 compartment (black). 

Three APC660 compartments are needed: the top cylinder (magenta), the 

APC660 pigments in the D and EF disks (orange) that are in closest contact to the 

APC680 pigments, and the remaining APC660 pigments of the basal cylinders 

(red). The red rectangle indicates the two basal cylinders. The intercylinder EET is 
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described by an effective rate of 4/ns between the magenta and red APC660 

compartments (van Stokkum et al. 2017). The microscopic rate constants 

connecting the compartments must obey detailed balance. In particular, the rate 

constants towards the orange APC660 compartment which contains 18 pigments, 

are 18/24 times as large as the analogous rate constants towards the red APC660 

compartment which contains 24 pigments. The simplest description of a rod 

contains two types of functional compartments: PC640 (cyan) and PC650 (blue). 

It is assumed that two rods are connected to the top cylinder, whereas four rods 

radiate from the two basal cylinders. Again, the EET rates to the APC660 

compartments from the rods obey detailed balance. Note that this is also an 

effective rate, which also takes into account the fast EET between the hexamers 

(van Stokkum et al. 2017). All PB rate constants were fixed to the values 

estimated in (van Stokkum et al. 2017) that successfully described the PB EET. 

Our target model consists of three different complexes: a PB-PSII complex with 

RCs open (estimated to be 86% with 590 nm excitation and TR2) or closed (8%) 

and non-transferring PB (6%) (Table 6.1). In the experiments with 400 nm 

excitation the fraction PB-PSII complexes with RCs open was about twice as large 

as the fraction PB-PSII complexes with RCs closed (Table 6.1). The differences in 

the fractions between the two excitation wavelengths explain the differences 

between their fourth and fifth DAS (cf. Figure 6.3).  

 

 590 exc 590 exc 400 exc 590 exc 
 TR2 TR4 TR4 TR2 
PB-PSII open 86% 84% 51% 49% 
PB-PSII closed 8% 7% 24% 29% 
non-transferring PB 6% 10% 25% 22% 
 
Table 6.1. Estimated fractions of the different complexes in the experiments at RT in the 
four experiments (in acquisition order). 

 

The amount of loose PSII is assumed to be negligible, and in the modelling it 

cannot easily be distinguished from PSII that is attached to PB. The kinetic 

schemes for the PB-PSII complex with RCs open or closed are depicted in 

Figure 6.4E and Figure S 6.2, respectively. In (van Stokkum et al. 2017) the 

estimated relative precision of each rate constant was 20%. Here we estimate 

that the rate of EET from the APC680 compartment to the PSII open 

compartment is (50 ± 10)/ns, whereas the backward rate was (2.5 ± 0.5)/ns. 
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Figure 6.4 Target analysis of the PB-PSII complex with RCs open at RT. Total concentrations and SAS 
estimated after 590 (A,B) or 400 (C,D) nm exc. Key: PC640 (cyan), PC650 (blue), APC660 (red), 
APC680 (black), and PSII Chl a (green). (E) Functional compartmental model, with a zoom out of a 
rod consisting of three lumped hexamers in the upper right. The magenta APC660 compartment 
represents the top cylinder. The red rectangle indicates the two basal cylinders. All microscopic rate 
constants are in 1/ns. The common kfl rate constant for excited PC and APC states of 0.78/ns has 
been omitted for clarity. 
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This ratio of the forward and backward rate constants is consistent with a small 

energy difference (677.5 vs 681.7 nm) on top of a large entropy difference. A PSII 

dimer contains 2 39 78   chlorins. The energy difference between the APC680 

and PSII maxima of 677.5 and 681.7 nm is 91/cm or 11 meV. The entropy 

difference between compartments with 78 and 6 pigments is 

1 2ln( / ) ln(78 / 6)B Bk T N N k T  which is 65 meV at room temperature. Thus the 

free energy of the green PSII compartment is assumed to be 76 meV lower than 

that of the grey APC680 compartment, which corresponds to a ratio of the 

backward to forward rate constants of 0.05. An effective EET rate to PSII of 

10.4/ns has been reported in (Maksimov et al. 2011). This rate can be interpreted 

as an overall effective EET rate from the PB to PSII. The estimates EET rates of 

Figure 6.4E are consistent with calculations of Förster energy transfer rates in 

rods (Xie et al. 2002).  

 

The estimated SAS depicted in Figure 6.4A,C are consistent with the properties of 

the five types of pigments. The maxima of the emission are at 644, 656, 663, 

677.5, and 681.7 nm for, respectively, PC640 (cyan), PC650 (blue), APC660 (red), 

APC680 (black), and PSII Chl a (green). The fit quality of the target analysis is 

good, cf. Figure S 6.3, Figure S 6.4 and Figure S 6.5. Next to the kinetic scheme 

and its parameters also the relative absorptions of the different pigments with 

the different excitation wavelengths have to be estimated. The time-zero 

spectrum is the weighted sum of the SAS of all the excited pigments. Thus the 

shape of the SAS of the fastest decaying species, PC640, is the most sensitive to 

the relative absorption parameters.  

 

The parameters of Table 6.2 that led to the acceptable SAS of Figure 6.4 were 

thus determined iteratively. Based upon this relative absorption the percentage 

excitation of each pigment type can be calculated. Both numbers are collated in 

Table 6.2 and are consistent with the properties of the five types of pigments. In 

panels B and D of Figure 6.4 the total concentration is plotted. For each species, 

the total concentration is the sum of all excited state populations in the 

compartments with the spectrum of that species. Thus the populations of the 

three APC660 compartments are summed, etc. Note that the initial population of 

PSII Chl a greatly increases with 400 nm excitation (Figure 6.4D), which is 

absorbed well due to the Soret band of Chl a. 
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Excitation  
     (nm) 

PC640 PC650 APC660 APC680 PSII Chl a 

590 37% (2) 37% (1) 11% (1) 1% (1) 14% (1.1) 
400 14.5% (1) 29% (1) 9% (1) 1% (1) 46.5% (4.7) 

Table 6.2. Percentage excitation of pigment type and between parentheses the relative absorption 
of a single pigment with the different excitation wavelengths at RT. 

 

The amplitude matrix of the PB-PS II complex with open RC with 590 nm 

excitation is shown in Table 6.3. The fastest equilibration is between the orange 

APC660 and APC680 species, 2.4 ps (purple shading). Then with a 13 ps time 

constant the PC640 and PC650 pigments equilibrate (yellow shading). The first 

rod to core equilibration time constant is 72 ps (blue shading). The subsequent 

rod to core equilibration time constants are 95 and 119 ps. Intercylinder 

equilibration is visible as the decay of the magenta APC660 with a time constant 

of 185 ps. The energy transfer from APC680 to PSII is visible with time constants 

of 12.8 and 32 ps (green shading). In the PSII with open RC several time constants 

contribute to the charge separation, the fastest is 32 ps. The fully equilibrated PB-

PSII complex with RCs open (which has 79% of the population residing in the RP 

state) ultimately decays with 779 ps. Note that the decay of the PSII Chl a 

emission is highly multiexponential due to the many EET time scales in the PB and 

to the equilibrium with the RP state. After this successful target analysis we can 

now reconstruct the steady-state emission spectra (SS) of the three different 

complexes, cf. Figure 6.5A. 

 

 
Table 6.3. Amplitude matrix of the PB-PSII complex with RCs open at RT with 590 nm excitation. 
Color code of the species and estimated microscopic rates are given in Figure 6.4E. Color code of 
the largest amplitudes indicates equilibration between compartments. Further explanation in the 
text. 

 

excitation species \ lifetime(ps) 2.4 10.6 12.8 12.8 12.8 32 58 72 95 119 185 779

0.041 APC660 0 0 0.02 0 0 0.01 0 -0.30 -0.01 -0.04 0.35 0

0.041 APC660 -0.003 0.03 0 -0.02 0.01 -0.05 0 -0.07 0.05 0.03 0.06 0

0.031 APC660 0.012 -0.01 0 0.01 0 -0.03 0 -0.04 0.02 0.02 0.03 0

0.010 APC680 -0.010 -0.04 0 0.07 -0.01 -0.06 0 -0.10 0.05 0.04 0.06 0.01

0.123 PC650 0 0 -0.10 0 0 0 0 0.15 -0.02 -0.02 0.09 0

0.123 PC650 0 0 0 -0.10 0.01 0 0 0.04 0.13 0.02 0.02 0

0.123 PC650 0 0 0 -0.01 -0.08 0 0 0.01 -0.02 0.19 0.01 0

0.123 PC640 0 0 0.08 0 0 0 0 0.02 0 0 0.01 0

0.123 PC640 0 0 0 0.09 -0.01 0 0 0.01 0.02 0 0 0

0.123 PC640 0 0 0 0.01 0.07 0 0 0 0 0.02 0 0

0.140 PSII 0 0.03 0 -0.06 0.01 0.24 0.07 -0.66 0.17 0.11 0.04 0.20

0.000 RP 0 0 0 0.01 0 -0.13 -0.08 1.01 -0.41 -0.41 -0.79 0.79
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In the PB-PSII complex with RCs open the SS (black) has of course a much smaller 

area than the complex with RCs closed (red). Both SS have their maximum at 682 

nm, whereas the maximum of the non-transferring PB SS is at 663 nm. In 

Figure 6.5B we have reproduced the steady state emission spectrum of the PB-

PSII complex with open (black) or closed (red) RC from a decomposition of 

spectrally resolved fluorescence traces that were recorded over several minutes 

with 100 ms time resolution and were reported in (Acuña et al. 2016a). We note 

that the relative areas of the complexes with RCs open or closed are consistent. 

The absence of a maximum at 682 nm in the black SS of Figure 6.5B suggests that 

the decomposition reported in (Acuña et al. 2016a) was suboptimal. 

 

 

 
Figure 6.5 (A) Reconstructed steady state emission spectrum of the PB-PSII 
complex with open (black) or closed (red) RC and of the PB (blue). (B) 
steady state emission spectrum of the PB-PSII complex with open (black) or 
closed (red) RC from a decomposition reported in (Acuña et al. 2016a). 
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Figure 6.6 Estimated DAS after 590 (A) or 400 (B) nm excitation. The estimated 
lifetimes (in ps) are written in the legend at the right using the appropriate color. 

 

6.4.2 Measurements at 77K 

 

Figure 6.6 depicts the estimated DAS at 77K. The black DAS represents 

equilibration between the rod phycocyanins PC640 and PC650 in 19 ps and also 

the beginning of the equilibration between the rods and the APC660 pigments of 

the core cylinders. The red DAS represents the final equilibration between the 

rods and the core, and most probably also a rise of PSII Chl a near ≈685 nm. The 

blue DAS is non conservative, representing a loss of emission with ≈140 ps, in 

combination with a small rise of PSII Chl a near ≈690 nm. The green DAS is 

positive everywhere and can be interpreted as quenching (that probably involves 

formation of a radical pair) in the closed PSII RC (the 680 nm peak) (Snellenburg 

et al. 2017), with an additional loss below 675 nm that can be attributed to non-

transferring PB. The magenta DAS is also positive everywhere and can be 

interpreted as decay of the red shifted emission of the equilibrated closed 

PSII RC. 
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Our target model consists of two different complexes: a PB-PSII complex with RCs 

closed (estimated to be 80% with 590 nm excitation and TR2) and non-

transferring PB (20%) (Table S 6.1). Since no functional model of the PB at 77K is 

available, we start out from the PB model of Figure 6.4E.  

 

Recently, a functional model of the PSII core at 77K has been established 

(Snellenburg et al. 2017). Three compartments were needed, one for the bulk Chl 

a, including the RC, from which excitations are quenched with a rate of ≈3/ns. 

Two more compartments describe the equilibration with red shifted Chl a in the 

core antennae CP43 and CP47. Since we have only limited data available, we 

assume equality of these two red shifted Chl a SAS. The functional model of the 

PB at 77K is depicted in Figure 6.7E. Note that all uphill rate constants (from 

PC650 to PC640, from APC660 to PC650, from APC680 to APC660, and from PSII 

to APC680) had to be free parameters, since at 77K the thermal energy is four 

times smaller than at RT. In addition, we released three more rate constants, 

from PC640 to PC650, from PC650 to APC660, and the slow intercylinder 

equilibration rate. These were estimated to be different from the values 

estimated at RT (cf. Figure 6.7E). The largest difference found was the rate from 

PC650 to APC660, which increased from 12 to 23/ns. This suggests that the 

structure at 77K more favors the rod to core energy transfer. Most importantly, 

also the 77K data are consistent with an energy transfer rate of 50/ns (= (20 ps)-1) 

from APC680 to PSII. The fit quality of the target analysis is good, cf. Figure S 6.6 

and Figure S 6.7. The estimated SAS depicted in Figure 6.7A,C are consistent with 

the properties of the six types of pigments. The maxima of the SAS are at 642, 

656, 663, 684, 688, and 690 nm for, respectively, PC640 (cyan), PC650 (blue), 

APC660 (red), APC680 (black), bulk and red PSII Chl a (green, purple). The SAS 

estimated with 590 nm exc Figure 6.7A) are attenuated on the blue side because 

a cut off filter had to be used to suppress the scattered excitation light. The 

PC650 and APC660 SAS (blue and red), estimated with 400 nm exc (Figure 6.7C) 

show small humps in the 680 nm region.  

 

Thus, more measurements at 77K are needed, in particular to resolve the 

differences between the APC680 pigments that were observed in mutants (Acuña 

et al. 2016b; Jallet et al. 2012).  

 

 



- 196 - 
 

 

 
Figure 6.7 Target analysis of the PB-PSII complex with RCs closed at 77K. Total concentrations and 
SAS estimated after 590 (A,B) or 400 (C,D) nm exc at 77K. Key: PC640 (cyan), PC650 (blue), APC660 
(red), APC680 (black), PSII Chl a (green), and PSII 690 (dark green and purple, same SAS). (E) 
Functional compartmental model, with a zoom out of a rod consisting of three lumped hexamers in 
the upper right. All microscopic rate constants are in 1/ns. The common kfl rate constant for excited 
PC and APC states of 1.4/ns has been omitted for clarity. Further explanation in text. 

 



- 197 - 
 

Analogous to Table 6.2, the percentage excitation of each pigment type can be 

calculated, as well as the relative absorption per pigment. Both numbers are 

collated in Table S 6.2 and are consistent with the properties of the five types of 

pigments. With 590 nm excitation light, two main differences between RT and 

77K are: first, light is more selectively absorbed by PC640, which is to be expected 

because the lineshapes are narrower at 77K, thus favoring the PC640 pigment 

that absorbs nearer to 590 nm. Second, less PSII Chl a absorption appears to be 

present at 77K. 

6.5 Outlook 
 

From this study we can conclude that the APC680 pigments of the PB transfer 

their energy with a rate of 50/ns (= (20 ps)-1) to PSII (Figure 6.4E). More research 

will be needed to figure out the roles of the different types of APC680 pigments 

(Figure 6.2). The next challenge will be to establish the rate of energy transfer to 

PSI in the PB-PSII-PSI megacomplex that is present in WT Synechocystis (Liu et al. 

2013; Acuña et al. 2016a).  
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Supporting Information 
 

 
 Figure S 6.1 (a) Whole-cell absorption measured in Synechocystis ΔPSI 

cells (orange) and WT cells (green). The spectra have been normalized 
relative to the 623 nm peak corresponding to phycocyanin absorption. (b) 
Cuvettes containing the samples. 
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Figure S 6.2 Functional compartmental model of the PB-PSII complex with RCs closed at RT, with a 
zoom out of a rod consisting of three lumped hexamers in the upper right. All microscopic rate 
constants are in 1/ns. The common kfl rate constant for excited PC and APC states of 0.78/ns has 
been omitted for clarity. 
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Figure S 6.3 Emission at 45 wavelengths (indicated in the ordinate label) after 590 nm excitation at 
RT. Key: TR4 (grey), TR2 (orange). Black and red lines indicate the simultaneous target analysis fit. 
Note that the time axis is linear until 150 ps and logarithmic thereafter. Note also that each panel is 
scaled to its maximum. Overall rms error of the fit was 10.52. 
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Figure S 6.4 Emission at 45 wavelengths (indicated in the ordinate label) after 400 nm excitation at 
RT. Key: TR4 (grey), TR2 (orange). Black and red lines indicate the simultaneous target analysis fit. 
Note that the time axis is linear until 150 ps and logarithmic thereafter. Note also that each panel is 
scaled to its maximum. Overall rms error of the fit was 4.32. 
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Figure S 6.5 First left and right singular vectors 1u  (left column) and 1w (right column) of the 

residual matrix after a target analysis of the 590 nm excitation data at RT. (A,B) TR2 data (orange in 
Figure S 6.3), and (C,D) TR4 data (grey in Figure S 6.3). Note that the time axis is linear until 150 ps 
and logarithmic thereafter. Most of the structure in the first left singular vectors (A,C) is straddling 
time zero, the location of the IRF maximum. This can be attributed to small inaccuracies in the 
description of the IRF. 
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Figure S 6.6 Emission at 45 wavelengths (indicated in the ordinate label) after 590 nm excitation at 
77K. Key: TR4 (grey), TR2 (orange). Black and red lines indicate the simultaneous target analysis fit. 
Note that the time axis is linear until 150 ps and logarithmic thereafter. Note also that each panel is 
scaled to its maximum. Overall rms error of the fit was 62. 
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Figure S 6.7 Emission at 45 wavelengths (indicated in the ordinate label) after 400 nm excitation at 
77K. Key: TR4 (grey), TR2 (orange). Black and red lines indicate the simultaneous target analysis fit. 
Note that the time axis is linear until 150 ps and logarithmic thereafter. Note also that each panel is 
scaled to its maximum. Overall rms error of the fit was 18.7. 
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  400 exc 400 exc 590 exc 590 exc 

  TR2 TR4 TR4 TR2 

PB-PSII closed 85% 89% 62% 80% 

non-transferring PB 15% 11% 38% 20% 
 
Table S 6.1. Estimated fractions of the different complexes in the experiments at 77K in the four 
experiments (in acquisition order). 

 

 

 

Excitation (nm) PC640 PC650 APC660 APC680 PSII Chl a 
590 59% (4) 30% (1) 9% (1) 0.8% (1) 1.3% (0.1) 
400 23% (2) 23% (1) 7% (1) 0.6% (1) 45.5% 

(5.7) 
 
Table S 6.2. Percentage excitation of pigment type and between parentheses the relative 
absorption of a single pigment with the different excitation wavelengths at 77K. 
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7.1 Abstract 
 

Excitation energy transfer (EET) and trapping in Synechococcus WH 7803 whole 

cells and isolated Photosystem I (PSI) complexes have been studied by time-

resolved emission spectroscopy at room temperature (RT) and at 77K. With the 

help of global and target analysis the pathways of EET and the charge separation 

dynamics have been identified. Energy absorbed in the phycobilisome (PB) rods 

by the abundant phycoerythrin (PE) is funneled to phycocyanin (PC645) and from 

there to the core that contains allophycocyanin (APC660 and APC680). Intra PB 

EET rates have been estimated to range from 11 to 68/ns. It was estimated that 

at RT the terminal emitter of the phycobilisome, APC680, transfers its energy 

with a rate of 90/ns to PSI and with a rate of 50/ns to PSII. At 77K, the red shifted 

Chl a states in the PSI core were heterogeneous, with maximum emission at 697 

and 707 nm. In 72% of the PSI complexes the bulk Chl a in equilibrium with F697 

decayed with a main trapping lifetime of 39 ps.  

7.2 Introduction 
 

Photosynthesis is key to the conversion of solar energy to biomass. Light 

harvesting antennae absorb sunlight and transfer the excitation energy ultimately 

to the reaction centers (RCs). The phycobilisome (PB) is the light harvesting 

antenna of many cyanobacteria, red algae and glaucophytes (Adir 2005; Glazer 

1984; Watanabe and Ikeuchi 2013). Light is absorbed by phycocyanobilin 

pigments that are covalently bound to phycobiliproteins (Glazer 1984). 

Synechococcus are marine cyanobacteria that are estimated to assimilate 8 Gt 

C/year, corresponding to ≈17% of the ocean net primary production (Flombaum 

et al. 2013).  In Synechococcus WH7803 (Waterbury et al. 1986) the rods consist 

of three types of hexamers, which are named after the phycocyanin (PC) and 

phycoerythrin (PE) pigments they contain. A model for the PB structure has been 

proposed by (Six et al. 2007). From tip to core, each rod consists of five 

hexamers: two PEII, two PEI and one R-PCII. In addition to PE, the PEII hexamer 

contains phycourobilin (PU) as well in a PE:PU ratio of 5:1 (Six et al. 2007). Six 

rods are radiating from a core consisting of three cylinders that contain 

allophycocyanin (APC) pigments. This pattern of three cylinders and six rods is 

analogous to that of PBs of Synechocystis sp. PCC 6803 (Arteni et al. 2009). The 
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spectral properties of the rod hexamers (Ong and Glazer 1987, 1991; Six et al. 

2007) are summarized in Table 7.1.  

Together these PE, PC and APC pigments absorb light between 400 and 650 nm. 

Excitations of the PB pigments are efficiently transferred to the chlorophyll-

containing photosystems (PS) I and II (Tian et al. 2011; Scott et al. 2006; Tian et 

al. 2013b; Tian et al. 2012; Gillbro et al. 1985; Sandstrom et al. 1988; Liu et al. 

2013; Dong et al. 2009). A cartoon model for the structure of PB, assuming that 

PB can transfer to both PSI and PSII (Liu et al. 2013) is sketched in Figure 7.1. 

 

hexamer Amax (nm) Fmax (nm) 
PEII 544 (PEII), sh 498 (PU) 563 
PEI 550 (PEI) 572 
R-PCII 533,554 (PE), 615 (PC) 646 

 
Table 7.1. Absorption and emission maxima of the rod hexamers according to 
(Ong and Glazer 1987, 1991; Six et al. 2007), sh=shoulder. 

 

 

 
Figure 7.1. Cartoon model for the Synechococcus 
WH7803 PB structure proposed by (Six et al. 2007) 
combined with the megacomplex structure of (Liu et 
al. 2013). Key: PEII (brown), PEI (maroon), R-PCII 
(blue), APC660 (red), APC680 (black), PSII dimer 
(green), PSI trimer (dark green). 

 

These photosystems convert the excitations to chemical energy via initial charge 

separation (van Grondelle et al. 1994), and the combined action of PBs and 

photosystems (the light reactions of photosynthesis) provides the energy input to 

the cell. Excitation energy transfer (EET) and trapping have recently been 

described in detail in a PSI-deficient mutant of Synechocystis sp. PCC 6803 (Acuña 
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et al. 2017). By means of a target analysis (Holzwarth 1996; van Stokkum et al. 

2004) it was estimated that the terminal emitter of the phycobilisome, termed 

APC680, transfers its energy with a rate of (20 ps)-1 to PSII. This is faster than the 

intraphycobilisome EET rates between a rod and a core cylinder, or between the 

core cylinders (van Stokkum et al. 2017). Here we measure ultrafast time 

resolved emission spectra in whole cells of Synechococcus WH7803 at room 

temperature and at 77K to study EET and trapping. With the help of target 

analysis we will estimate the unknown rates of EET within the Synechococcus 

WH7803 PB and between the PB and the photosystems. 

7.3 Materials and Methods 

7.3.1 Growth conditions and sample preparation 

 

7.3.1.1 Cell culture and growth conditions  

Synechococcus sp. strain WH 7803 (from the Woods Holes Oceanographic 

Institution, USA) (Waterbury et al. 1986) was grown at the CEA (Saclay, FR) in an 

artificial seawater medium (Wyman et al. 1985) at 20°C with 10 µmol photons m-2 

s-1. Experimental cultures were continuously bubbled with sterile air.  

7.3.1.2 Sample handling 

Samples of the main batch were then taken to the LaserLab (Amsterdam, NL) 

cooled in dry ice and in darkness to perform time-resolved fluorescence 

measurements. Before the first measurement the cells were first acclimated for 

ca. 20 min to 40 µmol photons m-2 s-1 in an Erlenmeyer flask continuously shaken 

at 250 rpm. The flask was kept in those conditions. For each time range, a new 

sample was taken from the Erlenmeyer flask. Streak images were all acquired 

within the first 48 h after arrival of the sample to the LaserLab in Amsterdam. 

7.3.1.3 Thylakoid extraction and PS I isolation 

Thylakoid extraction was performed as described previously (Post et al. 1992). PSI 

was purified by sucrose density gradient centrifugation as described previously 

(Marquardt and Rhiel 1997). 

7.3.2 Steady state absorption 

Steady-state absorption of whole cells was measured using a Varian Cary 4000 

UV-Vis spectrophotometer additionally equipped with a Varian 900 external 

Diffuse Reflectance Accessory. 
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7.3.3 Time-resolved fluorescence 

 

A series of streak camera measurements (Van Stokkum et al. 2008; Wlodarczyk et 

al. 2016), comprising several image sequences using different parameters, was 

carried out less than one hour after taking the cells out of the flask to ensure 

excellent sample quality. While there is no evidence for significant cell 

degradation during single sequences, the cells may have changed from one 

sequence to the next. The different conditions from one sequence to another 

include two different excitation wavelengths (400 nm for predominant Chl 

excitation; 550 nm for predominant PE excitation), or different time ranges (TR): 

from 0 to 400 ps (TR2) and from 0 to 1500 ps (TR4). For measurements 

performed using TR2 (TR4), the image sequence consists of 300 (150) images, 

each of which results from a scan of 8 s. In order to achieve a high SNR, each 

image sequence is used to produce an average image that is, in its turn, corrected 

for background and lamp shading before analysis. In order to judge whether the 

sample changed over time, we kept track of the chronological order in sequence 

acquisition. We indicate the conditions as ‘time range/λexc (in nm)’. 

Measurements were done at room temperature (RT) and at 77K. At RT, 

measurements were carried out with two batches A and B. In batch A the laser 

power used was 45 μW and the acquisition order was: TR2/400 → TR4/400 → 

TR4/550 → TR2/550. In Batch B, the laser power was 60 μW and the acquisition 

order was: TR2/400 → TR4/400 → TR2/550 → TR4/550. At 77K, the laser power 

used was 15 μW and the acquisition order was: TR4/550 → TR2/550 → TR2/400 

→ TR4/400. In order to avoid annihilation, the laser power was at most 60 μW. 

The samples frozen to 77 K in a Pasteur pipette were placed in a cold finger. The 

optical path length within the sample was ≈1 mm. The fluorescence at the angle 

of 90° to the direction of the excitation beam was collimated and focused onto 

the input slit of spectrograph Chromex 250IS (Chromex, Albuquerque, New 

Mexico). With 550 nm excitation at RT and with both excitations at 77K a cut off 

filter OC13 was used to block the scattered excitation light. This filter attenuates 

light with wavelengths below 620 nm. The spectrally resolved emission was 

detected using a Hamamatsu C5680 synchroscan camera with a cooled 

Hamamatsu Digital Camera C10600-10B (ORCA-R2) (Hamamatsu Photonics, 

Hamamatsu, Japan). In all cases, the laser light was vertically polarized, the spot 

size was 60 μm, the laser repetition rate was set to 250 kHz, the input slit of the 

spectrograph was 140 μm and that of the photo-cathode of the streak camera 
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was 220 μm and the detection was parallel (VV) to the incident polarization. The 

full width at half maximum (FWHM) of the Instrument Response Function (IRF) 

was ≈10 ps with TR2 and ≈25 ps with TR4. At 77K, The FWHM of the IRF was ≈17 

ps with TR2 and ≈27 ps with TR4. 

7.3.4 Global and target analysis of time resolved emission spectra 

 

In target analysis of time resolved emission spectra, the inverse problem is to 

determine the number of electronically excited states ( statesN ) present in the 

system, and to estimate their spectral properties ( )lSAS   and their populations 

( )S
lc t (superscript S stands for species). The time resolved emission spectra 

( , )TRES t  are described by a parameterized superposition model: 

1
( , ) ( , ) ( )

Nstates S

l ll
TRES t c t SAS  


  (1) 

where the populations are determined by an unknown compartmental model, 

that depends upon the unknown kinetic parameters  . In the target analysis 

constraints on the SAS are needed to estimate all parameters   and ( )lSAS   

(Snellenburg et al. 2013; van Stokkum et al. 2004).  

The population of the l-th compartment is ( )S
lc t . The concentrations of all 

compartments are collated in a vector: 1 2( ) ( ) ( ) ( )
comp

T
S S S S

nc t c t c t c t    
 which 

obeys the differential equation: 

( ) ( ) ( )S Sd
c t Kc t j t

dt
   (2) 

where the transfer matrix K contains off-diagonal elements pqk , representing the 

microscopic rate constant for energy transfer from compartment q to 

compartment p. The diagonal elements contain the total decay rates of each 

compartment. The input to the compartments is 1( ) ( )
comp

T

nj t IRF t x x    
, with 

lx  the absorption of the l-th compartment.  

The impulse response of the system, which is a sum of exponential decays, has to 

be convolved with the IRF. Typically, a Gaussian shaped IRF is adequate, with 

parameters  for the location of the IRF maximum and Δ for the FWHM of the 

IRF: 
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21
( ) exp( log(2)(2( ) / ) )

2
IRF t t 


   


 (3) 

 

where / (2 2log(2))   . The convolution (indicated by an *) of this IRF with an 

exponential decay (with decay rate k) yields an analytical expression which 

facilitates the estimation of the decay rate k and the IRF parameters  and Δ: 

 
2 21 ( ))

( , , , ) exp( ) ( ) exp( )exp( ( )){1 ( }
2 2 2

D k t k
c t k kt IRF t kt k erf


 

   
       


 

 (4) 

Typically, with streak camera measurements the IRF can be well approximated by 

a sum of up to three Gaussians. 

 

The solution of the general compartmental model described by the K matrix 

consists of exponential decays with decay rates equal to the eigenvalues of the K 

matrix. When the compartmental model consists of independently decaying 

species their spectra are termed ( )lDAS   (Decay Associated Spectra), and when 

it consists of a sequential scheme with increasing lifetimes the spectra are 

termed ( )lEAS   (Evolution Associated Spectra).  

The interrelation between the DAS and SAS is expressed in the following matrix 

equation: 

( , , ) ( , , )D T S TC DAS C SAS         (5) 

  

Here the matrix ( , , )DC     contains in its l-th column the decay ( , , , )D

l lc t k    and 

the matrix ( , , )SC     contains in its columns the populations ( )S
lc t  of the 

general compartmental model.  

7.3.5 Simultaneous target analysis 

 

To resolve the different species and to improve the precision of the estimated 

parameters, the set of expN  experiments that describe the same sample 

(measured with different excitation wavelengths or on different time ranges) can 
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be analyzed simultaneously. For each additional data set eTRS  one scaling 

parameter e  and one time shift parameter e  must be added: 

( ( , , )S T

e e e eTRS C SAS      (6) 

The different excitation wavelengths are taken into account via the absorptions 

of the species that result in ( , , )S

e eC    . 

7.3.6 Residual analysis 

 

Following a successfully converged fit, the matrix of residuals is analyzed with the 

help of a Singular Value Decomposition (SVD). Formally the residual matrix can be 

decomposed as: 

1

( , ) ( ) ( )
l l

m
res res

l

l

res t u t s w 


  (7) 

where 
lu  and 

lw  are the left and right singular vectors, 
ls  the sorted singular 

values, and m is the minimum of the number of rows and columns of the matrix. 

The singular vectors are orthogonal, and provide an optimal least squares 

approximation of the matrix. The SVD of the matrix of residuals is useful to 

diagnose shortcomings of the model used, or systematic errors in the data.  
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7.4 Results and discussion 

7.4.1 Measurements at room temperature 

 

 
Figure 7.2. Normalized RT absorption spectra of whole cells of cyanobacterium Synechococcus 
WH7803 (black) and Synechocystis PCC6803 (green) in comparison with the spectra of PEII 
(maroon) and PEI (brown) complexes isolated from Synechococcus WH7803 (Six et al. 2007) and R-
PCII (blue) in 0.05M sodium phosphate buffer (Ong and Glazer 1987). 

 

The RT absorption spectrum of Synechococcus WH7803 (black in Figure 7.2) is 

dominated by the PE absorption around 550 nm. The absorption spectra of the 

three hexamers (taken from (Six et al. 2007) and (Ong and Glazer 1987)) are 

consistent with this dominant PE absorption. The absorption maximum is most 

close to that of PEII (brown).  

At RT, a global analysis requires 5 or 6 lifetimes with 550 or 400 nm excitation, cf. 

Figure 7.3 and Table 7.2. The EAS estimated with 550 nm excitation (Figure 7.3A) 

are attenuated on the blue side because a cut off filter had to be used to 

suppress the scattered excitation light. The emission below 600 nm can be 

attributed to PEI and PEII. The decay is multiexponential, with rise components 

present in the cyan and black DAS with 400 nm excitation (Figure 7.3D). The first 

two lifetimes with 550 nm excitation are both 30 ps, thus their DAS are 

compensating and cannot be plotted. A clear red shift of the PE emission is visible 

going from the black to the red EAS (Figure 7.3A,C).   
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Figure 7.3. Estimated EAS and DAS after 550 (A,B) or 400 (C,D) nm excitation of whole cells of 
Synechococcus WH7803 at RT. Estimated lifetimes are collated in Table 7.2. 

 

'exc  

(nm) 

τ1  
(cyan) 

τ2  
(black) 

τ3  
(red) 

τ4  
(blue) 

τ5  
(green) 

τ6  
(magenta) 

550 − 30 30 63 118 1374 
400 8.5 22 43 79 139 1351 

 
Table 7.2. Estimated lifetimes (in ps) after 550 or 400 nm excitation of whole cells of Synechococcus 
WH7803 at RT. 

 

After 400 nm excitation, in the Chl a emission region (670-700 nm) PSI 

equilibrates with 8.5 ps and then decays with 22 ps (cyan and black EAS in 

Figure 7.3C). The final DAS of ≈1360 ps (magenta) can be interpreted as a small 

fraction of non-transferring PB (peaking at ≈677 nm) and a small fraction of non-

transferring PE (peaking at ≈570 nm). The green DAS (≈130 ps) also shows two 

peaks (Figure 7.3B,D). The largest peak (at ≈677 nm) can be attributed to trapping 

in the photosystems. The blue DAS (≈70 ps ) is almost conservative in Figure 7.3B, 

and can be attributed to EET from PB to the photosystems. These complicated 

DAS can only be further interpreted with the help of a target analysis.  
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Figure 7.4. Functional compartmental model of the PB-PSII-PSI complex with RCs open 
at RT. All microscopic rate constants are in 1/ns. The common kfl rate constant for 
excited PE, PC, APC, PSII and Red states of 0.86/ns has been omitted for clarity. 

 

Our target model consists of three different complexes: a PB-PSII-PSI complex 

with PSII RCs open (estimated to be 79% with 550 nm excitation), non-

transferring PB (14%) and non-transferring PE (7%) (Table 7.3). In a simultaneous 

target analysis of the four data sets collected with 400 and 550 nm excitation and 

two different time ranges we linked all SAS, except for the PE SAS which were 

allowed to differ below 653 nm because of the attenuation on the blue side by 

the cut off filter used with 550 nm excitation. An important distinction between 

PSI and PSII is the rate of trapping. In Synechococcus WH 7803 PSI the major 

trapping lifetime in vitro was 18 ps, with some trapping and equilibration with a 

red-shifted Chl in 7.5 ps (van Stokkum et al. 2013). 
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  400 exc 550 exc 

PB-PSII-PSI 80% 79% 

non-transferring PB 9% 14% 

non-transferring PE 10% 7% 
Table 3. Estimated fractions of the different complexes in the 
experiments at RT with 400 and 550 nm excitation. 

 

Thus, the biexponential decay of the PSI emission can be described with two 

compartments for bulk and red-shifted Chl that equilibrate. Trapping is modelled 

with a decay rate of 80/ns from the bulk Chl. The biexponential decay of the PSII 

dimer emission (Tian et al. 2013a) has been described by an equilibrium of the 

Chl a compartment with a radical pair (RP) compartment. The rate from the PSII 

Chl a to RP was estimated to be 14/ns. This large difference in the trapping 

dynamics between PSI and PSII allows estimation of the rates of EET from PB to 

PSI or PSII. When after 550 nm excitation and EET the Chl emission ultimately 

decays with a rate much faster than 14/ns, it can be concluded that an 

appreciable amount of the PB excitations is quenched by trapping in PSI. The EET 

rate to PSII was estimated to be 50/ns, which is the same as the value estimated 

by (Acuña et al. 2017) in a target analysis of whole cells of a PSI-deficient mutant 

of Synechocystis sp. PCC 6803. The estimated relative precision of each estimated 

rate constant was 20%. The most striking finding of the estimated rates in 

Figure 7.4 is that the EET rate to PSI is larger than that to PSII. This is in 

agreement with the efficient EET (estimated quantum efficiency up to 0.89) from 

PB to PSI determined in Synechococcus sp. PCC 7002 (Dong et al. 2009). 

 

The EET rate between PE and PC645 is heterogeneous. The fast fraction (68/ns) is 

73% or 62% with 550 or 400 nm excitation. The remainder (27% or 38%) transfers 

with a slow rate of 11/ns or 9/ns with 550 or 400 nm excitation. The fast fraction 

can be attributed to the PE pigments that are most close to the PC645 pigments, 

which are located in the PC hexamer (Ong and Glazer 1987), and in the 

neighbouring PEI hexamer. The slow fraction can be attributed to the PE 

pigments more distal to the core. The fast rate is similar to the intrahexamer EET 

rate of 69/ns, whereas the slow rate is very close to the effective rod to core EET 

rate of 12/ns that were both estimated in Synechocystis (Acuña et al. 2017; van 
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Stokkum et al. 2017). The estimated EET rates are consistent with calculations of 

Förster EET rates in rods (Xie et al. 2002).  

 

  400 exc 550 exc 

PEI 3.5% 16.3% 

PEII 21.1% 79.7% 

PC645 1.5% 1.9% 

APC660 1.1% 2.0% 

PSI 61.7%   

PSII 11.0%   
 

Table 7.4. Percentage excitation of each 
pigment type with the different excitation 
wavelengths at RT. 

 

In panels A and C of Figure 7.5 the total concentration is plotted. For each 

species, the total concentration is the sum of all excited state populations in the 

compartments with the spectrum of that species. Note that the initial population 

of PSI and PSII Chl a greatly increases with 400 nm excitation (Figure 7.5C), which 

is absorbed well due to the Soret band of Chl a. The percentages excitation of 

each pigment type are collated in Table 7.4 and are consistent with the 

properties of the six types of pigments. Note that APC680 and PSI “Red Chl” are 

not in Table 7.4 since the amount of these excited pigments is very small 

compared to APC660 and bulk PSI Chl a. The time zero spectrum is the weighted 

sum of the SAS of all the excited pigments. Thus, the shape of the SAS of the 

fastest decaying species, PEI, is the most sensitive to the relative absorption 

parameters. The parameters of Table 7.4 that led to the acceptable SAS of 

Figure 7.5 were thus determined iteratively. The estimated SAS depicted in 

Figure 7.5D are consistent with the properties of the eight types of pigments. The 

maxima of the emission are at <570, 574, 646, 658, 663, 684, 682, 686, and 690 

nm for, respectively, PEII (brown), PEI (maroon), PC645 (blue), APC660 (red), 

APC680 (black), PSII Chl a (green), PSI Chl a (dark green) and PSI “Red Chl” 

(purple). The fit quality of the target analysis is good, cf. Figure S 7.1 and Figure S 

7.2. 
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Figure 7.5. Total concentrations and SAS estimated after 550 (A,B) or 400 (C,D) nm exc. Key: PEII 
(brown), PEI (maroon), PC645 (blue), APC660 (red), APC680 (black), PSII Chl a (green), PSI Chl a 
(dark green) and PSI “Red Chl” (purple). 

 

Taking into account the large overlap of the SAS, in particular from 640-700 nm, it 

is remarkable that the SAS have been so nicely resolved. Thus, the simple energy 

funnel type kinetic scheme of Figure 7.4 allows to resolve the complete EET 

dynamics. Note that all estimated rate constants represent effective rates, when 

more would be known about the structure, it would be possible to infer e.g. the 

EET rates between the APC660 pigments within and between the three core 

cylinders (van Stokkum et al. 2017). 

 

The estimates for the PSI equilibration are somewhat faster than the rates 

estimated in vitro (van Stokkum et al. 2013), whereas the estimated trapping 

rates are very similar in vivo and in vitro, i.e. 80 and 85/ns. The SAS of the “Red 

Chl” in PSI is shifted by only 4 nm relative to the bulk (690 vs 686 nm, purple vs 

dark green in Figure 7.5). In agreement with the in vitro results (van Stokkum et 

al. 2013), the equilibrium favours the bulk Chl a (Figure 7.4), which is in contrast 

to most other cyanobacteria where the “Red Chl” in PSI emits at 708-740 nm 

(Gobets et al. 2001). 

 



- 223 - 
 

7.4.2 Measurements at 77K 

 

At 77K, a global analysis of the whole cells requires five lifetimes with 550 or 400 

nm excitation, cf. Figure 7.6A-D and Table 7.5. All EAS (and DAS) are attenuated 

on the blue side because a cut off filter had to be used to suppress the scattered 

excitation light. The emission below 600 nm can be attributed to PEI and PEII. The 

PE decay is again strongly multiexponential. With 550 nm excitation, the DAS of 

the three longest lifetimes below 600 nm indicate slow EET with 98 and 470 ps 

(blue and green DAS in Figure 7.6B). In the final DAS of ≈3 ns (magenta in 

Figure 7.6B) the peak at ≈590 nm can be attributed to a small fraction of non-

transferring PE whereas the peak at ≈677 nm can be interpreted as a small 

fraction of non-transferring PB. The first two lifetimes with 550 nm excitation are 

both almost 23 ps, thus their DAS are compensating and cannot be plotted. A 

clear red shift of the emission is visible going from the black to the red EAS (in 

Figure 7.6A), indicating EET. With 400 nm excitation, in the Chl a emission region 

(670-700 nm) PSI equilibrates and partly decays with 11 ps (black EAS and DAS in 

Figure 7.6C,D). With both excitation wavelengths, the green DAS (≈400 ps) shows 

three peaks (in Figure 7.6B,D). The peak at ≈685 nm can be attributed to decay of 

low energy states in the photosystems. The peak at ≈685 nm of the blue DAS (98 

or 64 ps) can be attributed to trapping in the photosystems. The peak at ≈650 nm 

suggests the presence of slowly transferring rods. A target analysis of these 77K 

whole cell data (in Figure 7.6A -D) is a subject of further research. 

 

A global analysis of a “PSI” sample (with 400 nm excitation) requires four 

lifetimes, cf. in Figure 7.6E,F. The shortest lifetime of 10 ps can be attributed to 

equilibration (black DAS in Figure 7.6F). Next 31 ps is the main trapping lifetime in 

PSI (red DAS in Figure 7.6F). Both the blue and green DAS (in Figure 7.6F) show a 

peak at ≈685 nm that can be attributed to decay in a fraction of PSII that is 

present in this “PSI” sample. The peak at ≈702 nm in the blue DAS (in Figure 7.6F) 

can be attributed to the decay of low energy states in PSI. These complicated DAS 

can be further interpreted with the help of a target analysis. 
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Figure 7.6. Estimated EAS and DAS at 77K of whole cells after 550 (A,B) or 400 (C,D) nm excitation, 
and of “PSI” (E,F) after 400 nm excitation. Estimated lifetimes are collated in Table 7.5. 

 

 

 

sample 'exc  

(nm) 

τ1  
(black) 

τ2  
(red) 

τ3  
(blue) 

τ4  
(green) 

τ5  
(magenta) 

cell 550 22.6 22.9 98 470 2980 
cell 400 11 21 64 317 3420 
“PSI” 400 10 31 140 1935  
 

Table 7.5. Estimated lifetimes at 77K (in ps) of whole cells after 550 or 400 nm excitation and 
of “PSI”. 
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Several models exist for PSI and PSII at 77K (Snellenburg et al. 2013; Snellenburg 

et al. 2017; Tian et al. 2013a) which consist of compartments for bulk Chl a in 

equilibrium with low energy states present in the photosystems. In PSII at least 

one, and often two low energy states are needed. In PSI the number of low 

energy states is species dependent. The bulk Chl a decays by trapping (charge 

separation, photochemical quenching) in the PSI RC and by some quenching 

process that probably involves formation of a radical pair in the closed PSII RC. 

The kinetic scheme of Figure 7.7 can describe the data of the “PSI” sample, which 

contained a fraction of PSII. PSII bulk Chl a is in equilibrium with one F686 

compartment, that represents all the red shifted Chl a in the CP43 and CP47 core 

antenna complexes. This equilibrium decays very slowly (4 ns). At 77K, the 

heterogeneity of the Red Chl in PSI has to be taken into account (Gobets and van 

Grondelle 2001). This is modelled by two equilibria between bulk Chl a and a red 

shifted Chl a compartment. These red shifted Chl a compartments are denoted 

by their emission maximum F697, and F707. Crucial for resolving the five PS SAS 

in the target analysis are the spectral constraints. The shape of the vibrational 

band of the two PSII SAS has been assumed equal above 690 nm. The SAS of PSI 

F707 has been assumed zero below 695 nm. In addition, to resolve the equilibria 

an equal SAS area constraint was instrumental (Snellenburg et al. 2013). The fit 

quality of the target analysis is excellent (Figure S 7.3). 

 

 

 
Figure 7.7 Functional compartmental model of PSI and PSII at 77K. All microscopic rate constants 
are in 1/ns. Further explanation in text. 
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Figure 7.8. Total concentrations (A) and SAS (B) estimated after 400 nm exc of “PSI” sample. Key: 
PSII bulk Chl a (green), PSII F686 (orange), PSI bulk Chl a (dark green), PSI F697 (purple), and PSI 
F707 (magenta). 

 

The populations of the PS compartments are depicted in Figure 7.8A, and the 

amplitude matrix that summarizes their dynamics is given in Table 7.6. In 

(0.54/0.75=)72% of PSI the bulk Chl a (dark green) and PSI F697 (purple) 

equilibrate with a lifetime of 5 ps, and this equilibrium decays by trapping with a 

lifetime of 39 ps. In the remaining 28% of PSI the bulk Chl a (dark green) and PSI 

F707 (magenta) equilibrate with a lifetime of 10 ps, and this equilibrium decays 

by delayed trapping with a lifetime of 121 ps. Thus the dominant trapping 

lifetime in PSI is 39 ps (57%), minor trapping lifetimes are 5 (15%), 10 (17%), and 

121 ps (11%). PSII bulk Chl a (green) and PSII F686 (orange) equilibrate with a 

lifetime of 341 ps. The PSII emission decays with lifetimes of 341 ps (54%) and 

4.4 ns (46%). In PSI cores of other cyanobacteria (Gobets et al. 2001) maxima at 

708 and 719 nm were resolved (at RT) in Synechococcus elongatus and 

Synechocystis sp. PCC 6803, and additionally at 740 nm in the trimeric core of 

Spirulina platensis. At RT these states have a lower free energy than P700, in 

contrast to the “Red Chl” state in Synechococcus WH 7803 that peaked at 690 nm 

(Figure 7.5). 

 

 
Table 7.6. Amplitude matrix of the “PS1” sample at 77K with 400 nm excitation. Color code of the 
species and estimated microscopic rates are given in Figure 7.7. Further explanation in the text. 

 

excitation species \ lifetime(ps) 5 10 39 121 341 4422

0.54 PSI bulk Chl a 0.36 0 0.18 0 0 0

0 PSI F697 -0.25 0 0.25 0 0 0

0.21 PSI bulk Chl a 0 0.20 0 0.01 0 0

0 PSI F707 0 -0.07 0 0.07 0 0

0.25 PSII bulk Chl a 0 0 0 0 0.24 0.01

0 PSII F686 0 0 0 0 -0.10 0.10
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At 77K the inhomogeneity of this “Red Chl” can be modelled by two populations 

F697 (72%) and F707 (28%). F697 can be trapped faster than F707 because the 

latter has a lower free energy, and the EET to bulk Chl a is smaller. Thus among 

cyanobacteria, the PSI “Red Chl” in Synechococcus WH 7803, that peak at 697 and 

707 nm at 77K, are the least red shifted PSI “Red Chl”. 
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Supporting Information 

 
Figure S 7.1. Emission at 95 wavelengths (indicated in the ordinate label) after 400 or 550 nm 
excitation at RT. Key: TR4, 400 (grey), TR2, 400 (orange), TR4, 550 (cyan), TR2, 550 (green). Black, 
red, blue and dark green lines indicate the simultaneous target analysis fit. Note that the time axis 
is linear until 150 ps and logarithmic thereafter. Note also that each panel is scaled to its maximum. 
Overall rms error of the fit was 1.54. 
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Figure S 7.2. First left and right singular vectors 1u  (left column) and 1w (right column) of the 

residual matrix after a simultaneous target analysis of the 550 and 400 nm excitation data at RT. 
(A,B) TR2, 550 (green in Figure S 7.1), (C,D) TR4, 550 (cyan in Figure S 7.1), (E,F) TR2, 400 (orange in 
Figure S 7.1), and (G,H) TR4, 400 (grey in Figure S 7.1). Note that the time axis is linear until 150 ps 
and logarithmic thereafter. Most of the structure in the first left singular vectors (A,C,E,G) is 
straddling time zero, the location of the IRF maximum. This can be attributed to small inaccuracies 
in the description of the IRF. 
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Figure S 7.3. Emission at 58 wavelengths (indicated in the ordinate label) after 400 nm excitation of 
“PSI” at 77K. Key: TR4 (grey), TR2 (orange). Black and red lines indicate the simultaneous target 
analysis fit. Note that the time axis is linear until 150 ps and logarithmic thereafter. Note also that 
each panel is scaled to its maximum. Overall rms error of the fit was 19.6. 

 



  



 

 

 

 

 

 

 

Chapter 8  
 

 Summary 
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Numerous processes in photosynthesis are studied by means of Chl a 

fluorescence (Papageorgiou et al. 2007; Sonneveld et al. 1979; Strasser et al. 

2004) since it relates the observed signal to the photochemical activity of PSII. A 

most common tool in NPQ–research is pulse-ampitude modulated (PAM) 

fluorometry (Schreiber 2004), which, in cyanobacteria, delivers suboptimal 

results due to the contribution of phycobilisome light (Campbell et al. 1998).In 

chapter 2, we presented a kinetic model for PAM data of whole cells of 

Synechocystis PCC 6803 and mutants thereof lacking either the core unit ApcD or 

ApcF or both (Jallet et al. 2012). The periods of high-light illumination that led to 

OCP-related quenching (Gwizdala et al. 2011; Wilson et al. 2008) as well as those 

that led to saturation of PSII RCs were key to resolve the contribution of the 

phycobilisomes from that of PSII. The model provides the tools needed to 

interpret the fluorescence traces as a linear combination of a minimal amount of 

fluorescence species e.g. quenched vs. non-quenched or open vs. closed PSII RCs. 

The results led us to confirm the hypothesis that the ApcD and ApcF subunits of 

the phycobilisome core are involved in efficient energy transfer to PSII but, more 

importantly, they also allow the amount of functionally uncoupled 

phycobilisomes to be quantified. We found out that the percentage of uncoupled 

phycobilisomes was less than 3% in WT, 5% in ΔApcD, 7% in ΔApcF and 13% in 

ΔApcDF. One of the most valuable achievements is that while the processes 

captured by the PAM instruments happen on the time scale of several seconds to 

minutes, our model fits the data using as input parameters fluorescence quantum 

yields (un/quenched, open/closed RCs) that were determined with ultra-fast 

spectroscopic methods (Tian et al. 2013; Tian et al. 2012; Tian et al. 2011), that is 

looking at time windows where processes are several orders of magnitude faster 

that the processes we ultimately modeled. 

 

One of the lessons learnt while modelling PAM data is that crucial information is 

lost during the very measurement process because the detected fluorescence is 

integrated and registered as a single scalar value which makes it impossible to 

distinguish between spectral signatures of different sources of fluorescence. Our 

efforts to spectrally resolve functional fluorescent species ultimately led to 

chapter 3, where we present a method for data analysis of time-resolved 

fluorescence spectra of whole cells. The method is based on the Singular Value 

Decomposition (SVD) of the data matrix. Experiments were carried out on whole 

cells of wild-type Synechocystis PCC 6803 and two mutants thereof which lack 
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either PSI (ΔPSI, see (Shen et al. 1993)) or PSII (ΔPSII, see (Komenda et al. 2004)). 

We decompose the data into spectra and concentrations of the species we 

conclude to be present in each sample. Of particular relevance is the involvement 

of PSI in fluorescence quenching as a comparison of the species associated 

spectra from the WT and the ΔPSI mutant shows. We also propose an increasing 

(decreasing) EET rate from PB to PSI as an explanation for the state 1 to 2 (state 2 

to 1) transition. This is in line with the PB-PSII-PSI megacomplex found by (Liu et 

al. 2013). 

 

In chapter 4, we apply the SVD-based method to data on whole cells of the ΔPSI 

mutant mentioned above under several conditions that affect respiratory activity 

(dark-adaptation, KCN treatment, microoxic environment). Based on the analysis 

of all conditions and on a minimal mathematical model, we conclude that the 

ΔPSI mutant is equipped with (at least) one quencher that alleviates the 

illumination pressure upon PSII and strongly quenches its fluorescence, does not 

operate in a microoxic environment and is activated at earlier times the longer 

the dark-adaptation time has been. 

 

 

  

 
Figure 8.1 Normalized fluorescence spectra of the steady-state 
reconstruction from target analysis (black) and that of the estimated SAS 
via the SVD-based method (gray) of a PB-PSII complex with open PSII RCs 
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In chapter 5, further SVD-based analyses of spectrally and time-resolved 

fluorescence data are presented. In this case, the Synechocystis mutants included 

the ΔPSI mutant and the M55 mutant, where the type-I NDH does not fully 

assemble. Measurements of the wild-type grown under strictly controlled 

conditions in a photobioreactor were also analyzed. The resolved spectra of 

DCMU pre-treated cells led us to the conclusion that there must be an additional 

‘pool’ of electron acceptors to PSII other than the PQ pool. We postulate that the 

flavodiiron proteins Flv 2/4 build such a pool. We also relate state transitions to 

two of the three components and identified these with, respectively, slow and 

fast EET from PB to PSI in a megacomplex arrangement where PB can bind and 

supply excitation energy to both PSII and PSI.  

 

Chapter 6 offers an insight into the very fast dynamics of EET within and from the 

phycobilisome in a Synechocystis ΔPSI mutant. Target analysis of streak camera 

measurements performed at different temperatures and with different excitation 

wavelengths results in an EET rate from the that the terminal emitter of the 

phycobilisome of (20 ps)-1 to photosystem II. This is faster than the 

intraphycobilisome energy transfer rates between a rod and a core cylinder, or 

between the core cylinders. Based on the target model, reconstructed steady 

state spectra are presented. As illustrated in Figure 8.1, the reconstructed steady 

state spectrum of the PB-PSII complex with open PSII RCs is good agreement with 

the photochemically quenched component estimated in chapter 5 by means of 

the SVD method. 

 

Finally, in chapter 7, we present a global and target analysis of streak camera 

measurements performed in the phycoerythrin (PE) -containing cyanobacterium 

Synechococcus WH7803. The pathways of EET and the charge separation 

dynamics are identified. Energy absorbed in the PB rods by the abundant PE is 

funneled to phycocyanin (PC645) and from there to the core that contains 

allophycocyanin (APC660 and APC680). Intra PB EET rates have been estimated to 

range from 11 to 68/ns. It was estimated that at RT the terminal emitter of the 

phycobilisome, APC680, transfers its energy with a rate of 90/ns to PSI and with a 

rate of 50/ns to PSII. At 77K, the red shifted Chl a states in the PSI core were 

heterogeneous, with maximum emission at 697 and 707 nm. In 72% of the PSI 

complexes the bulk Chl a in equilibrium with F697 decayed with a main trapping 

lifetime of 39 ps.  
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List of abbreviations 
 

APC   Allophycocyanin  
ATP  Adenosine Triphosphate 

CEF   Cyclic Electron Flow 

COX  Cytochrome c oxidase 

DA  Dark Adaptation 

DAS   Decay-Associated Spectrum 
DCMU  Dichlorophenyl-dimethylurea  

∆PSI   PSI-deficient mutant of Synechocystis sp. PCC 6803 
EAS   Evolution-Associated Spectrum 
ET   Electron Transfer 
EET  Excitation Energy Transfer 

FNR  Ferredoxin–NADP+ Reductase 

Flv1/3 (2/4) Flavodiiron protein 1/3 (2/4) 

FWHM   Full Width at Half Maximum 
LEF  Linear Electron Flow 

HliP  High-light inducible protein 

IRF   Instrument Response Function 
NADPH  Nicotinamide Adenine Dinucleotide Phosphate 

NDH-I (-II) type-I (-II) NAD(P)H Dehydrogenase 

PB  Phycobilisome 

PC  Plastocyanin 

PE   Phycoerythrin 
PQ  Plastoquinone 

PU  Phycourobilin 
PS  Photosystem 

RP  Radical Pair 
rms   root mean square 
SAS  Species Associated Spectrum 

SDH  Succinate Dehydrogenase 

SNR   Signal to Noise Ratio 
SS  Steady-state Spectra 
SVD  Singular Value Decomposition 

TRES  Time Resolved Emission Spectrum 
WT  Wild Type 
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