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Chapter 7 
 
Far-red allophycocyanin increases both the absorption cross-
section and photochemical efficiency of chlorophyll f-containing 
Photosystem II 
 

Cyanobacteria carry out photosynthetic light reactions via the chlorophyll-rich membrane-
embedded photosystems I and II (PSI and PSII) and their water-soluble antennae, the 
phycobilisomes (PBSs). While most cyanobacteria contain only chlorophyll a and absorb 
visible photons, few species can acclimate to harvest far-red light (FRL, λ>700 nm). This 
acclimation involves the expression of photosystem paralogues (FRL-photosystems) that 
incorporate a small number of newly synthesized chlorophylls d and f. Paralogue 
allophycocyanin subunits that assemble into FRL-absorbing bicylindrical cores (FRL-
BCs) are also produced. Chlorophyll f insertion enables the photosystems to use FRL but 
also slows down charge separation, reducing particularly the FRL-PSII performance. 
While the photosystems only bind few red-shifted pigments, FRL-BCs are responsible for 
most of the FRL absorption. It is therefore crucial to assess how efficiently their 
excitations are processed by the photosystems. Here, by performing time-resolved 
fluorescence experiments on two cyanobacterial strains acclimated to either white light or 
FRL, we show that far-red allophycocyanin excitations power charge separation in FRL-
PSII faster and more efficiently than most chlorophyll excitations. This suggests that 
FRL-PSII is designed to work better in combination with FRL-BCs. These findings can be 
very enlightening in the quest for inserting red-shifted pigments into other organisms, 
such as plants. 
6 

  

                                                
This chapter is based on the following submitted manuscript: 
Mascoli, V., Bhatti, A.F., Bersanini, L., van Amerongen, H., and Croce, R.. Far-red allophycocyanin increases 
both absorption cross-section and photochemical efficiency of chlorophyll f-containing Photosystem II. 
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Introduction 
Cyanobacteria are oxygenic photoautotrophs that convert light energy into chemical 
energy and play an essential role as primary producers in various ecosystems. In 
cyanobacteria, the light-dependent reactions are carried out by the membrane-embedded 
chlorophyll-binding photosystems I and II (PSI and PSII) and by the water-soluble 
phycobilisomes (PBSs). The latter are relatively large complexes (typically several MDa) 
of brilliantly-colored phycobiliproteins (PBPs) and associated linker proteins12,164–166. 
PBPs usually contain covalently-attached pigments named phycobilins. The PBSs, which 
can bind several hundred pigments, are formidable antennae that harvest photons and 
deliver their energy to the reaction centers (RCs) of the photosystems167–169, where charge 
separation occurs. They therefore increase the absorption cross-section of the 
photosystems and expand the photosynthetic active spectrum to regions (commonly 
between 500 and 650 nm) where the absorption by the chlorophylls (Chls) is weak. 
Cyanobacterial PBSs have different architectures, the most common being 
hemidiscoidal177,178. Hemidiscoidal PBSs consist of a core composed of two, three, or five 
cylinders, each containing four discs of trimeric allophycocyanin (APC) subunits166,180,182. 
Two of these cylinders, referred to as basal cylinders, are in contact with the membrane 
and contain the lowest energy bilins, which transfer energy to the Chls of PSI or 
PSII168,169,178,184,185. The APC core is connected to several rods of phycocyanin (PC) and, 
sometimes, phycoerythrin (PE). The downhill energy gradient between the peripheral rods 
and the APC core enhances the directionality of energy transfer towards the Chl-reach 
units179.  

Oxygenic photosynthesis relies specifically on Chl a and is powered by visible light (400-
700 nm)35. However, some cyanobacteria growing in deep-shaded environments that are 
highly enriched in far-red light (FRL, 700-800 nm) can harvest less energetic photons 
using the red-shifted Chls f and d2,251,339. While under visible light (such as white light, 
WL) these strains only produce Chl a like “conventional” cyanobacteria, under FRL they 
remodel their photosynthetic apparatus and synthesize Chl d and Chl f through an 
acclimation process called FRL-induced photoacclimation (FaRLiP)2,4. FaRLiP relies on 
the expression of a highly conserved 21-gene cluster encoding protein subunits of PSI, 
PSII, and PBPs, together with the enzyme Chl f synthase248. The photosystems assembled 
in FRL (hereafter referred as FRL-photosystems), which are paralogues of those 
expressed in WL (WL-photosystems), incorporate the red-shifted Chls in relatively low 
amounts, while Chl a remains the most abundant pigment (about 90% of total Chls)251–

253,263. FRL-PSII binds up to 4 Chls f and 1 Chl d per monomer (out of 35 total Chls) and 
absorbs up to 750 nm253,258,263, while FRL-PSI binds 7-8 Chls f per monomer (out of 90 
Chls) and absorbs even up to 800 nm. FaRLiP253–255,263 also involves the expression of 
new PBPs that are paralogues of the APC subunits expressed in WL260. These FRL-APC 
subunits, together with some of the WL-APC subunits, organize into bicylindrical cores 
(FRL-BCs)259,260. While the lowest energy pigments in the core of the WL-PBS emit at 
680 nm, the FRL-BCs contain more red-shifted phycobilins: their absorption peak is 
located around 710 nm and their terminal emitters at about 730 nm258–260. The 
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organization of PBPs in FaRLiP organisms is species-dependent. Some strains possess 
only FRL-BCs in FRL259, while others can assemble the FRL-BCs to peripheral rods of 
PC and PE262. Finally, besides producing FRL-photosystems and FRL-BCs, some strains 
were shown to maintain variable amounts of WL-photosystems and/or WL-PBS after 
weeks of acclimation to FRL258,260,263.  
The use of red-shifted pigments represents a promising strategy for extending the 
photosynthetic active spectrum of other organisms, such as plants and algae. In order to 
achieve high biomass yields, however, the newly engineered photosynthetic units need to 
preserve high photochemical yields. In this respect, we have recently shown that the 
insertion of Chl f slows down charge separation in both photosystems and significantly 
decreases the efficiency of FRL-PSII in comparison to WL-PSII263. These reduced 
performances, especially in the case of FRL-PSII, can be ascribed to (i) a slower charge 
separation by the RCs due to a red-shifted primary electron donor and (ii) a less effective 
connectivity between the few Chls f/d surrounded by a majority of Chls a. Little is known, 
however, about how efficiently the RCs process the photons harvested by the FRL-BCs, 
especially at physiological temperatures. This knowledge is particularly relevant because 
FRL-BCs absorb a substantial amount of FRL in the cells, implying that the fate of their 
excitations has a considerable impact on the overall performances. To shed more light on 
these aspects, we measured time-resolved fluorescence (TRF) of intact cells of two 
FaRLiP organisms acclimated to either WL of FRL. We performed experiments at two 
different excitation wavelengths to selectively excite the Chls or the bilins, thereby 
investigating the fate of the energy absorbed by either the photosystems or the PBPs. We 
use these data to quantify the efficiency of light conversion after exciting different units 
and, finally, we propose a structural model for the connectivity between the FRL-BCs and 
FRL-PSII that qualitatively accounts for the experimental findings. Here we will only 
show the results from one of the two strains, Chroococcidiopsis thermalis (CT). The data 
of Chlorogloeopsis fritschii (CF), which are presented in the Supplementary Information 
and are fundamentally consistent with those from CT, will only be mentioned here to 
highlight some relevant differences in the chromatic responses of the two strains.  
 
Materials and Methods 
Cell cultures. The strains Chlorogloepsis fritschi PCC 6912 (CF) and Chroococcidiopsis 
thermalis PCC 7203 (CT) were obtained from the Pasteur Culture Collection (Institut 
Pasteur, Paris, France) and grown at 30 ºC in BG11348 medium with addition of 20 mM 
HEPES-NaOH (pH = 8.0). Both strains were grown under white light (WL) of 30 µmol 
photons m-2 s-1 starting from OD750 = 0.1 and collecting cells for experiments at OD750 = 
0.8-1.0. The strains were also grown under far-red light (FRL, 738 nm; Jazz) of 45 µmol 
photons m-2 s-1 for 2.5 to 3 weeks prior to experiments, starting from OD750 = 0.3-0.4, with 
the medium being refreshed every week keeping an OD750 = 1.0-1.5. The cultures were 
grown in Erlenmeyer flasks shaking at 100 rpm.  
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Steady-State Spectroscopy. Room-temperature (RT) absorption spectra on cells were 
acquired on a Varian Cary 4000 UV–Vis-spectrophotometer (Agilent technologies) 
equipped with an integrating diffuse reflectance sphere (DRA-CA-50, Labsphere) to 
correct for light scattering. RT fluorescence spectra were acquired at an OD < 0.05 cm-1 at 
Qy maximum on a HORIBA Jobin-Yvon FluoroLog-3 spectrofluorometer. Absorption 
and fluorescence spectra were measured on at least three biological replicates for both 
FRL- and WL- acclimated cells, yielding similar results. 
Time-resolved fluorescence. Time-resolved fluorescence (TRF) measurements with 400-
nm excitation were performed as in Mascoli et al.263. TRF measurements with 577-nm 
excitation were recorded with a synchro scan streak camera setup383,384. In brief, the laser 
repetition rate was 3.8 MHz and the time window 2.0 ns. Measurements with nearly all 
PSII RCs open were performed with an excitation power of 0.2 µW (with a sample 
volume of 2 mL), while those with closed PSII RCs were performed at 2 µW, after 
addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and pre-illumination with 
white light for one minute (with a sample volume of 1 mL). The experiments were 
performed at RT in a magnetically stirred 1 cm × 1 cm cuvette with a sample OD of about 
0.5 cm-1 (excitation and detection from the sample at the edge of the cuvette, thereby 
avoiding self-absorption) and a measuring time between 15 minutes and 1 hour of CCD 
exposure (no sample degradation was observed during the measuring time). The averaged 
images were corrected for background and shading, and then sliced into traces of ∼1.5-nm 
width prior to analysis. 400-nm excitation experiments consisted of three (two) biological 
replicas for FRL- (WL-) adapted cells, while 577-nm experiments consisted of two (one) 
biological replicas for FRL- (WL-) adapted cells. The biological replicas yielded very 
similar results, the only relevant difference between them being the amount of 
unconnected PBS, especially for cells of CF. 

Data analysis. Fluorescence time traces were globally analyzed with Glotaran and the 
TIMP package for R [40] using a number of parallel kinetic components. The total dataset 
can be described by the fitting function 𝑓(𝑡, 𝜆): 

𝑓(𝑡, 𝜆) = {𝐷𝐴𝑆�(𝜆) ⋅ exp N−
𝑡
𝜏�
P⊗ 𝐼𝑅𝐹(𝑡, 𝜆)

�

��q

 

where each decay-associated spectrum (𝐷𝐴𝑆�) is the amplitude factor associated with a 
decay component k having a decay lifetime 𝜏�. The instrument response function 
𝐼𝑅𝐹(𝑡, 𝜆) was estimated from the fitting (FWHM ∼ 20 ps) using a Gaussian profile. The 
fitting also accounts for time-zero dispersion. In some cases, a double Gaussian was 
required, consisting of a ∼20 ps FWHM (90% of IRF area) on top of a Gaussian of ∼100 
ps FWHM (10% of IRF area). For each experiment, the time-zero spectrum was obtained 
by summing all DAS. The steady-state fluorescence spectra were reconstructed by 
integrating the TRF data as: 
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𝐹(𝜆) = {𝐷𝐴𝑆�(𝜆) ⋅ 𝜏�

�

��q

 

In order to compare results from different measurements, the DAS and reconstructed 
steady-state fluorescence spectra were normalized to the area of the time-zero spectrum 
(corresponding to the same amount of initial excitation) in each dataset. In the following, 
we will mostly show the DAS resulting from the global analysis of TRF data. Overlays of 
the raw and fitted kinetic traces can be found in Figure S8.  

 
Results  
Steady-state spectroscopy. In comparison with cells acclimated to WL (WL-cells), CT 
cells acclimated to FRL (FRL-cells) display an additional absorption band above 700 nm 
(Figure 1A). This is caused by the integration of Chl f in the FRL-photosystems and by 
the synthesis of red-shifted allophycocyanin (APC) forming bi-cylindrical cores (FRL-
BCs)2. The extra absorption in the blue-green region (λ < 530 nm) has been observed in 
other FaRLiP strains acclimated to FRL and ascribed to an increased carotenoid 
content254,339,345. Furthermore, the relative decrease in the 560-630 nm region upon 
acclimation to FRL reflects a partial loss of the blue-most PBPs.  
 

 
Figure 1. Steady-state spectroscopy of intact cells of CT acclimated to WL or FRL. A) Absorption 
spectra of WL- and FRL-cells (normalized to the area in the region above 580 nm). B) Fluorescence spectra 
of WL-cells excited at 400 and 580 nm. C) Fluorescence spectra of FRL-cells excited at 400 and 580 nm. 

 

Steady-state fluorescence of CT WL-cells excited at 400 nm (where Chls are prevalently 
excited) is dominated by WL-PSII emission peaking at ~680 nm (Figure 1B, black line). 
Two shoulders are also observed, one at longer wavelengths due to WL-PSI and one at 
shorter wavelengths due to PBPs, which are excited to a minor extent at 400 nm. Upon 
preferential PBS excitation (580 nm, red line), the emission spectrum has two partially 
overlapping bands peaking at ~660 nm (due to APC) and ~680 nm (due to WL-PSII), 
whereas the relative contribution of WL-PSI at longer wavelengths decreases as compared 
to the 400-nm excitation.  
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CT FRL-cells excited at 400 nm show two distinct fluorescence bands (Figure 1C, black 
line). The less intense band peaking at 680 nm can be ascribed to WL-PSII maintained in 
FRL, while the dominant band has a broad maximum near 740 nm and originates from the 
Chls f in the FRL-photosystems. The short-wavelength side of this band, which is 
sensitized by 580-nm excitation, is mainly contributed to by the FRL-BCs263. The 
shoulder extending up to 800 nm stems from the extremely red-shifted Chls f typical for 
FRL-PSI253,255,263. The 580-nm excitation is selective for the PBPs with a preference for 
PC, although APC is also excited. Two distinct fluorescence bands are observed also in 
this case (Figure 1C, red line). The short-wavelength band peaks at 680 nm (WL-PSII) 
with a shoulder at 660 nm due to APC and is reminiscent of the one observed in WL-cells 
upon 580-nm excitation (though the relative amplitudes at 660 and 680 nm are different). 
This means that a substantial amount of WL-PBS is still present in the FRL-cells as 
observed before in another FaRLiP strain258. On the other hand, FRL-BCs harvest light for 
the FRL-photosystems, giving rise to the far-red fluorescence band. The latter, however, is 
blue-shifted and sharper than upon 400-nm excitation due to a higher contribution from 
FRL-APC upon 580-nm excitation. The strong dependency of far-red fluorescence on the 
excitation wavelength demonstrates that FRL-BCs and FRL-photosystems do not fully 
equilibrate before their excitations decay. The 800-nm fluorescence is also substantially 
reduced when exciting at 580 nm, suggesting that the excited PBPs are less well 
connected to FRL-PSI than to other photosynthetic units. Interestingly, the relative 
intensities of the visible and far-red emission bands upon 580-nm excitation are inverted 
in comparison to the 400-nm excitation case. Evidently, 580-nm excitation is more 
selective for the WL-PBSs that are preferentially connected to the WL-photosystems, 
while only a smaller fraction of the initial excitations is emitted by FRL-BCs and FRL-
photosystems. This is consistent with the absorption by the PC contained in WL-PBS 
being markedly higher than the absorption by FRL-BCs at 580 nm259,260. 

Time-resolved fluorescence experiments. Absorption and fluorescence measurements 
show that CT FRL-cells have a very heterogeneous photosynthetic apparatus. This 
includes both WL- and FRL-photosystems, together with WL-PBSs and FRL-BCs, which 
can give rise to a variety of associations. In order to investigate the connectivity between 
photosynthetic units and its effect on the photosynthetic performances, the excited-state 
dynamics of intact cells were probed via TRF (Figures 2-3, and S1). Cells were excited 
both at low power, when most PSII RCs are open, and at high power in the presence of 
DCMU, when PSII RCs are closed, to disentangle the spectroscopic signatures of PSII 
from those of PSI and estimate its photochemical yield. Experiments were performed at 
two different excitation wavelengths, 400 nm (more selective for the photosystems) and 
577 nm (more selective for the PBPs). In this work we focus on the results from the 577-
nm excitation experiments, while those from the 400-nm excitation experiments, which 
are the subject of our previous work263, are only used here to make relevant comparisons. 
A more detailed analysis of these data can be found in the supplementary information 
(Figure S1). 
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WL-Cells. TRF data of WL-cells excited at 577 nm were fitted with four kinetic 
components (excluding the background signal, see Figure 2). The first three DAS (black, 
red and blue lines), whose lifetime and shape are very similar in open and closed state, 
stem mostly from PBPs. The first two DAS describe the funneling of excitations from the 
peripheral rods to the inner core of WL-PBS, occurring in less than 100 ps. The second 
DAS, with a negative amplitude above 680 nm, might also include energy transfer from 
the PBS core to the Chls in WL-PSII and WL-PSI. The third DAS (blue lines), with a 
lifetime of about 150 ps, is entirely positive and represents, therefore, an excited-state 
decay. It is also very similar to the ~150 ps DAS observed upon 400-nm excitation 
(Figure S1A-B), suggesting a common origin for these components. These DAS can be 
largely ascribed to WL-PBS decay, although contributions from the two photosystems are 
probably present above 680 nm. This decay is substantially shorter than in isolated PBS 
(typically ns) due to the connectivity of the PBS to PSI and PSII (photochemical 
quenching)303,384 in vivo. The lifetime of ~150 ps, which is comparable to the typical 
migration time from the PBS to the photosystem cores165,179,385, and the prevalent PBS 
contribution to these DAS, support the hypothesis that trapping of the PBS excitations by 
the RCs is to a large extent migration limited. This is particularly true for the WL-PBS 
connected to WL-PSI, as the latter can perform charge separation on a faster timescale 
than that of energy migration (~30 ps, see Figure S1A-B). Furthermore, the weak 
dependency on the state of PSII RCs implies that the ~150 ps DAS largely stems from 
WL-PBSs that transfer excitations to WL-PSI. At the same time, some contribution from 
WL-PBS quenched by WL-PSII RCs might also be present, since the fluorescence decay 
of PSII in cyanobacteria is inherently multi-exponential and displays relatively short-lived 
components also in the closed state352.  

 
Figure 2. TRF measurements of WL-acclimated cells of CT. DAS from TRF measurements on WL-
cells excited at 577 nm with mostly open (A) and closed (B) PSII RCs. The small long-lived (inf) 
component shown in (A) reflects some background signal. The time-zero spectrum (orange dashed lines) is 
calculated as the sum of all other DAS. The DAS are normalized to the area of the time-zero spectrum for 
better comparison.  
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The slowest DAS (Figure 2, green lines), whose lifetime increases when PSII RCs close, 
can be attributed to WL-PSII connected to WL-PBS. The lifetime of this DAS in open 
state (~500 ps) is about 100 ps longer than the lifetime of open WL-PSII measured after 
400-nm excitation (below 400 ps, see Figure S1A-B). This confirms that the diffusion of 
excitations from the periphery of the PBS to PSII delays the trapping at the PSII RCs by 
100 ps or more. On the other hand, the lifetime and spectra of the long-lived DAS for the 
closed state for both excitation wavelengths (Figure 4A) are very similar, indicating 
energy equilibration between WL-PBS and WL-PSII before excited-state decay (i.e. 
within 1 ns). The results presented so far for CT WL-cells (and those for CF WL-cells in 
Figure S4) are also consistent with those obtained previously for Synechocystis sp. 
PCC6803354,355 and Synechococcus elongatus384.   
FRL-Cells. According to the steady-state fluorescence spectra, FRL-cells contain WL-
PBSs and FRL-BCs, which are both excited at 577 nm (with a preference for PC and, 
therefore, for the WL-PBSs). Note that it is extremely difficult to excite FRL-BCs with a 
higher selectivity, as their absorption maxima (around 650 nm and 710 nm)259,260 overlap 
with the absorption bands of the Chls (and with the detection window) to a much larger 
extent. After 577-nm excitation, four components were needed to globally fit the TRF 
data of FRL-cells with nearly all PSII RCs open (excluding the background signal, see 
Figure 3A), and five for the measurements on cells in closed state (Figure 3B). Similar to 
what was observed for WL-cells (Figure 2), the first two DAS (black and red lines) are 
dominated by downhill energy transfer in the WL-PBS and from them, possibly, to WL-
PSII. Some energy transfer to far-red emitting units (FRL-BCs and FRL-photosystems) 
might also contribute to these components. The third DAS (blue lines), with a lifetime of 
~150 ps, is weakly sensitive to the state of the PSII RCs and reminiscent of the ~150 ps 
DAS observed in WL-cells (Figure 2, blue lines). This component largely represents 
photochemical quenching of WL-PBS excitations by the RCs of WL-photosystems 
(trapping by FRL-photosystems can be excluded, as it is substantially slower)263. Its 
amplitude relative to the time-zero spectrum, however, is reduced in FRL-cells (as the 
577-nm laser also excites FRL-BCs, which decay more slowly and contribute to the 
longer-lived DAS, see below). The ~150 ps DAS in FRL-cells also have a lower relative 
amplitude above 700 nm and show a dip at about 725 nm (more evident in closed state, 
Figure 3B), indicating that some energy transfer to the FRL-units also takes place on a 
similar time scale. Some contribution from WL-PSII is probably present at 680 nm, as the 
DAS amplitude at this wavelength decreases in favor of the longer-lived components 
when PSII RCs close (cfr blue and green/magenta lines in Figures 3A and 3B).  

Both in the open and closed states, the long-lived components are mostly associated with 
fluorescence from WL-PSII (peaking at 680 nm) connected to WL-PBS and, at longer 
wavelengths, FRL-BCs and FRL-PSII. In open state, fluorescence from WL-PSII and 
FRL-BCs/FRL-PSII decays in about 500 ps (Figure 3A, green line), similar to what 
observed for WL-PSII in WL-cells. This lifetime is substantially shorter than the ~900 ps 
lifetime exhibited by FRL-PSII upon preferential Chl excitation (400 nm, Figure S1C). 
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Furthermore, the ~500 ps DAS obtained after 577-nm excitation peaks at 720 nm and is 
blue-shifted by 18 nm with respect to the ~900 ps DAS excited at 400 nm (Figure 4B) and 
by more than 25 nm with respect to the spectrum of isolated FRL-PSII of CT263. This 
indicates that FRL-BCs are the main contributors to the ~500 ps DAS excited at 577 nm, 
while Chl f fluorescence dominates the ~900 ps DAS excited at 400 nm. It is also evident 
that a large amount of FRL-BCs is functionally connected to FRL-PSII, since the average 
fluorescence lifetime at 720 nm upon 577-nm excitation clearly increases when PSII RCs 
close (Figure 4C). Note that, in principle, FRL-BCs might also be connected to WL-PSII. 
However, though this possibility cannot be completely excluded, it seems less likely for 
two main reasons. First of all, the presence of a large uphill energy barrier between FRL-
APC and Chl a is expected to slow down trapping in the RCs of WL-PSII substantially. 
However, the decay of FRL-APC in FRL-cells of CT in open state is not much longer 
than for PSII of WL-cells (compare Figures 2A and 3A). Furthermore, a significant 
amount of variable fluorescence by FRL-APC is also observed in FRL-cells of CF (Figure 
S6C), which contain much lower amounts of WL-PSII (see Mascoli et al.263 and Figures 
S3 and S5).  

 
Figure 3. TRF measurements of FRL-acclimated cells of CT. DAS from TRF measurements on FRL-
cells excited at 577 nm with mostly open (A) and closed (B) PSII RCs. The small long-lived (inf) 
component shown in (A) reflects some background signal. The time-zero spectrum (orange dashed lines) is 
calculated as the sum of all other DAS. The DAS are normalized to the area of the time-zero spectrum for 
better comparison.  
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resolved after 577-nm excitation: one has a lifetime of about 600 ps (Figure 3B, green) 
and is enriched in WL-PSII and FRL-BCs, the other (magenta), with a lifetime above 2 ns, 
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connected to FRL-PSI is likely to be small since all 577-nm excited DAS have a very low 
amplitude above 750 nm. Overall, the observation that WL-PBSs remain preferentially 
connected to WL-photosystems, whereas FRL-BCs are coupled to FRL-photosystems 
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(prevalently FRL-PSII) is in agreement with the spatial segregation between FRL- and 
WL-units observed in another FaRLiP strain after acclimation to FRL386. Notably, both 
long-lived DAS for the closed state (577-nm excitation) are significantly blue-shifted with 
respect to the long-lived DAS observed after 400-nm excitation (also in closed state, see 
Figure 4D). The same effect is observed for the open state (Figure 4B). This confirms that, 
even if FRL-BCs are functionally connected to FRL-PSII (as they display variable 
fluorescence), the two units do not fully equilibrate even when the PSII RCs are closed 
and the excited-state lifetime is much longer (up to 2 ns).  

 
Figure 4. TRF measurements of WL- and FRL-acclimated cells of CT. A) Normalized long-lived DAS 
from TRF measurements of WL-cells with closed PSII RCs after 400-nm and 577-nm excitation 
(corresponding to the green DAS in Figures S1B and 2B). B) Normalized long-lived DAS from TRF 
measurements of FRL-cells with nearly all PSII RCs open after 400-nm and 577-nm excitation 
(corresponding to the green DAS in Figures S1C and 3A). C) Normalized fluorescence traces detected at 
720 nm after 577-nm excitation of FRL-cells with open and closed PSII RCs. D) Long-lived DAS 
(normalized to the peak in the far-red region) from TRF measurements of FRL-cells with closed PSII RCs 
after 400-nm and 577-nm excitation (corresponding to the green DAS in Figure S1D and to the green and 
magenta DAS in Figure 3B). 

 

Efficiency of PSII photochemistry under different conditions. The TRF data measured 
under different PSII RC conditions can be integrated to obtain steady-state fluorescence 
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spectra in open (Fo) and closed (Fm) state and calculate the variable fluorescence (Fv = Fm 
− Fo) at various emission wavelengths (Figure 5). The variable fluorescence spectrum is 
highly informative of the connectivity between photosynthetic units because it only stems 
from the pigments that transfer energy to the PSII RCs. Furthermore, assuming that the 
contribution of PSI fluorescence can be neglected in the spectral regions where PSII 
emission is maximal, the ratio Fv/Fm in these regions can be used to estimate the efficiency 
of PSII photochemistry, ΦPSII.  
When PSII RCs close, WL-cells show a relative increase in the emission at 680 nm, where 
the contribution of WL-PSII is maximal. This effect is observed at both excitation 
wavelengths (Figures 5A-B). The variable fluorescence spectrum of WL-cells essentially 
reproduces that of WL-PSII but is enriched at shorter wavelengths due to the WL-PBS. 
Consequently, Fv/Fm has a maximum of about 0.6 around 680 nm and decreases at longer 
wavelengths, where WL-PSI emission is stronger, and at shorter wavelengths, due to the 
to the slower trapping of the excitation formed in the WL-PBSs by the PSII RCs and, 
possibly, some WL-PBSs that are not connected to WL-PSII (Figure 5C). Similar Fv 
spectra are obtained upon 400 nm and 577 nm excitation, but the extent of variable 
fluorescence is clearly lower after PBP excitation. As a result, the maximal Fv/Fm drops 
from 0.58 upon preferential Chl excitation to 0.41 upon PBP excitation (Figure 5C). This 
difference is the result of two simultaneous effects: (i) only a fraction of WL-PBS transfer 
energy to WL-PSII and (ii) trapping by WL-PSII after PBS excitation is slower than 
trapping after direct WL-PSII excitation due to the finite time required for energy 
migration from the WL-PBS to WL-PSII. This means that, in WL-cells, WL-PBSs 
increase the absorption cross-section of WL-PSII at the expense of some photochemical 
efficiency.  

The time-integrated spectra of FRL-cells are highly congested due to the heterogeneity of 
their photosynthetic apparatus, particularly in the far-red region, where the contributions 
of WL-PSI, FRL-BCs, FRL-PSII, and FRL-PSI overlap substantially. In the following 
analysis, we will neglect the contributions from both types of PSI and use the steady-state 
Fo and Fm spectra to estimate ΦFRL-PSII. The validity of this approximation is supported by 
the fact that very similar results are obtained when the short-lived components from the 
TRF data (where the contribution from PSI is dominant) are excluded from the calculation 
(Figure S2). 
The variable fluorescence of FRL-cells shows two distinct peaks (Figure 5D-E): one 
around 680 nm, which we ascribe to WL-PSII and its WL-PBS antenna, and one in the 
far-red due to FRL-PSII and its FRL-BC antenna. Upon 400-nm excitation (Figure 5D), 
the Fv spectrum in the far-red region is clearly blue-shifted with respect to both Fo and Fm 
and also relative to the spectrum of isolated FRL-PSII263. This indicates that trapping by 
FRL-PSII is more efficient at shorter wavelengths, where the contribution of FRL-BCs is 
larger. Upon 400-nm excitation, Fv/Fm is therefore 0.50 at 720 nm (Figure 5F), it drops to 
about 0.44 at 740-750 nm, where fluorescence from the Chls f of FRL-PSII is maximal, 
and decreases even more at longer wavelengths, where FRL-PSI fluorescence dominates. 
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Upon 577-nm excitation, as a consequence of the larger contribution from FRL-BCs, Fo, 
Fm and Fv all peak around 720 nm in the far-red region (Figure 5E). In addition, Fv/Fm at λ 
> 700 nm is substantially higher than after 400-nm excitation, rising to 0.68 (Figure 5F). 
This implies that FRL-PSII photochemistry after FRL-BCs excitation is more efficient 
than after direct Chl excitation. The opposite is normally observed for WL-PSII of 
cyanobacteria387. The main cause of this somehow counter-intuitive finding is that 
trapping by FRL-PSII after excitation of FRL-BCs (requiring about 500 ps) is remarkably 
faster than after Chl excitation (requiring about 900 ps).  
 

 
Figure 5. Variable fluorescence and PSII photochemical efficiency of WL- and FRL-cells of CT 
excited at different wavelengths. A,B) Steady-state fluorescence spectra of WL-cells in open (Fo) and 
closed (Fm) state excited at 400 nm (A) and 577 nm (B) obtained from the DAS in Figures S1A-B and 2, 
respectively. Variable fluorescence spectra (Fv) are calculated as the difference between Fm and Fo. C) 
Fv/Fm of WL-cells at different wavelengths calculated from the spectra in (A) and (B). D,E) Steady-state 
fluorescence spectra of FRL-cells in open (Fo) and closed (Fm) state excited at 400 nm (D) and 577 nm (E) 
obtained from the DAS in Figures S1C-D and 3, respectively. F) Fv/Fm of FRL-cells at different 
wavelengths calculated from the spectra in (D) and (E). 

 

The spectroscopic data from WL- and FRL-cells of CF are shown in Figures S3-7 and are 
consistent with those presented above for CT. The major difference between these two 
strains is that CF contains a higher amount of PBPs/PBSs that are not functionally 
connected to the photosystems. The reason for retaining a conspicuous amount of 
functionally unconnected PBS in this strain is not known yet, but they might constitute a 
nitrogen reserve388. This feature is common to both WL- and FRL-acclimated cells of CF 
and is responsible for a reduced Fv/Fm when the PBPs are selectively excited (in 
comparison to CT). As pointed out in our previous work, FRL-cells of CF also retain a 
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substantially lower amount of WL-PSII as compared to FRL-cells of CT263. Overall, these 
results show that, although the photosynthetic complexes of CF and CT display different 
degrees of heterogeneity upon FaRLiP, the association between FRL-BCs and FRL-PSII 
gives rise to a similar energy landscape and excited-state kinetics.  

 
Discussion 
Excitations formed in FRL bicylindrical cores use a shortcut to reach the RCs of 
FRL-PSII. Our experimental results can be summarized as follows: 

- After several weeks of acclimation to FRL, the cells have a very heterogeneous 
photosynthetic apparatus comprising FRL- and WL-photosystems, FRL-BCs and 
WL-PBSs. 

- In WL-cells, the PSII RCs trap excitations formed in the adjacent PBSs more 
slowly (and, therefore, less efficiently) than the excitations formed directly on the 
Chls. Furthermore, excitations in the WL-PBSs and WL-PSII equilibrate to a large 
extent before decaying. 

- Conversely, FRL-BCs can deliver excitations to the RC of FRL-PSII and power 
charge separation with a higher rate and efficiency than at least a fraction of the 
Chls f found in the FRL-PSII antenna (CP43 and CP47 paralogs). Furthermore, the 
excitations formed in the FRL-BCs do not equilibrate entirely with the Chls f of 
FRL-PSII, even after 2 ns.  

The lack of energy equilibration is usually ascribed to disrupted energetic connectivity 
between pigments. However, FRL-BCs display variable fluorescence Fv and their 
excitations are trapped within 500 ps, implying that they are energetically well connected 
to the RCs of FRL-PSII. The only way to account for these seemingly contrasting results 
is to assume that, for structural reasons, the energy transfer route from FRL-BCs to the 
RC of FRL-PSII is somehow faster than that connecting some of the Chls f in the antenna 
and the RC itself. This would also explain why excitations in the FRL-BCs can reach the 
RC but not all Chls f in the FRL-PSII antenna, resulting in the lack of energy equilibration 
between the two units. The shortcut connecting the FRL-BCs to the FRL-PSII RCs is 
likely to involve an intermediate Chl in the antenna (CP43/47 paralogs) acting as a bridge. 
Indeed, structural data on canonical PBSs have shown that the pigments in the APC core 
are too far from those of the PSII RC to allow direct energy transfer between 
them169,178,389. Since the trapping in the RCs of FRL-PSII after PBP excitation is faster (on 
average) than after Chl excitation, it is clear that the bridging Chl in the antenna must be 
better connected to the RC than some of the Chls f. In order to avoid energetic barriers, it 
is reasonable that this pivotal Chl accepting excitations from far-red emitting APC is also 
red-shifted (i.e. it is either a Chl d or f).  
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Figure 6. Hopping times between potential binding sites for red-shifted Chls in the antenna and the 
primary donor ChlD1. The Chl binding sites are taken from the PSII structure of T. vulcanus by Umena et 
al.75. The hopping times (inverse of energy transfer rates) are taken from Mascoli et al.263 and are calculated 
in the case where the energy donor in the antenna is a Chl f emitting at 740 nm (based on the average 
emission wavelength of FRL-PSII) and the acceptor (ChlD1) is a Chl f absorbing at 727 nm (based on 
Nurnberg et al.)253. The RC pigments are shown in transparent black, and those in the antenna (CP43/47) in 
transparent green. ChlD1 is shown in solid black, while the antenna Chls with a hopping time below 500 ps 
are in solid green. Chl505, which exhibits the fastest energy transfer towards ChlD1, is colored in red. For 
clarity, only chlorin rings of the Chl pigments are shown. 

 

All these findings further support our previous hypothesis263 that the Chls f/d of FRL-PSII 
are generally not well connected to each other and to the RC. Indeed, trapping by FRL-
PSII is drastically slower than in WL-PSII due to two concurring effects: (i) the slower 
charge separation by the FRL-PSII RCs and (ii) the slower energy migration towards the 
RCs caused by a less effective connectivity between pigments. The latter is mainly a 
consequence of the small number of red-shifted pigments surrounded by a majority of 
Chls a. In this view, the few Chls f/d in the antenna can promptly trap the excitations from 
the surrounding Chls a but, for charge separation to occur, they need to transfer them to 
the single red-shifted pigment found in the RC (either a Chl f or d absorbing at 727 nm), 
most likely at the position of the primary donor, ChlD1

253. These conditions drastically 
reduce the connectivity between the antenna and the RC, as most antenna Chls are only 
weakly coupled to ChlD1. In the above discussion, however, we inferred that at least one 
red-shifted Chl in the antenna, acting as an energy conduit between FRL-PSII and FRL-
BCs, should be effectively connected to the RC. This agrees with our previous 
measurements on purified FRL-PSII, whose fluorescence decay in open state is multi-
exponential: this can be interpreted in terms of the RCs trapping excitations from different 
red-shifted Chls in the antenna on different timescales, from 100-200 ps to about 1 ns. 
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ChlD1 is spatially closer to CP4375 and should therefore trap excitations from its Chls f/d 
more rapidly than from CP47 (if any). Based on the calculated couplings, only one 
binding site of CP43 (Chl505; nomenclature based on the structure with PDB code 
3WU275) should be able to transfer excitations to ChlD1 in less than 100 ps (if occupied by 
a red-shifted Chl), whereas five more Chls of CP43 and two of CP47 could transfer in 
200-400 ps (if Chls f/d). By contrast, the migration time in canonical PSII is in the order 
of 50 ps or less390, with no large differences between CP43 and CP4787. The total 
fluorescence lifetime is then obtained by summing the migration time and the trapping 
time, which is also significantly longer than in WL-PSII. In this view, the lifetime 
heterogeneity of FRL-PSII can be explained by a faster trapping of the excitations from 
the Chls f of CP43 and a slower trapping from the Chls f of CP47. Furthermore, Chl505 of 
CP43 is located at the stromal side of the complex, where the PBS basal core cylinder 
attaches to PSII. Being also the most strongly coupled pigment to ChlD1, it is therefore the 
ideal candidate for bridging the FRL-BCs to the RCs of FRL-PSII, resulting in the 
relatively fast trapping observed after PBP excitation. This hypothesis is also consistent 
with structural data/models of supercomplexes of PBS and (canonical) PSII, indicating 
that the terminal emitters of the PBS, located in the ApcE subunit, are spatially closer to 
the Chls of CP43 than those of CP47178,187. Finally, the weak connectivity between the 
Chls of CP43 and those of CP47 might account for the lack of equilibration observed in 
the TRF measurements. The evidence that, after 577-nm excitation, the emission in open 
state is dominated by APC might result from a kinetics where the bridging red-shifted Chl 
receives excitations from APC only for a short transient before transferring them to the 
RC. When PSII RCs are closed, the excitations formed in the PBPs would probably 
remain localized on the FRL-BCs and CP43 (with a preference for APC due to the larger 
amount of pigments), without reaching the Chls f of CP47. 

 
Conclusions 
The FaRLiP strains investigated in this work possess a highly heterogeneous 
photosynthetic machinery when acclimating to FRL. Together with FRL-photosystems, 
incorporating red-shifted Chls, and FRL-BCs, containing red-shifted APC, they also 
maintain considerable amounts of WL-photosystems and WL-PBSs. TRF measurements 
demonstrate that WL-PBS remain to a large extent coupled to WL-photosystems, whereas 
FRL-BCs transfer energy to FRL-PSII mostly. In comparison to the association between 
WL-PBSs and WL-PSII, the one between FRL-BCs and FRL-PSII shows two unique 
spectroscopic features: first, trapping of the excitations formed in the FRL-BC antenna is, 
on average, faster than trapping of Chl excitations formed in the photosystem cores; 
second, the excitations on the phycobilins do not fully equilibrate with the Chls even after 
2 ns. These two remarkable results imply that the excitations formed in the FRL-BCs can 
use a shortcut to reach the RCs faster than from some of the red-shifted Chls in the FRL-
PSII antenna. Furthermore, different pools of Chls f coexist in FRL-PSII, which cannot 
transfer excitations between each other. An appealing hypothesis that rationalizes these 
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findings and is supported by structural data is that FRL-BCs are energetically connected 
to the FRL-PSII RC via a specific red-shifted Chl of CP43 that shows the largest coupling 
to ChlD1.  

The result of this peculiar energetics and pigment connectivity is that trapping by FRL-
PSII RCs has higher photochemical yields when exciting the PBPs than when exciting the 
Chls directly. Evidently, the positioning of the red-shifted pigments has been optimized 
for FRL-PSII to be more efficient when associated with FRL-BCs rather than being on its 
own. This would also be advantageous in terms of absorption cross-sections in FRL, as 
the FRL-BCs carry the largest number of far-red absorbing pigments. This observation 
might partially explain why in the absence of FRL-BCs, FRL-PSII does not accumulate in 
FaRLiP organisms250.  
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Figure S1. TRF measurements of WL- and FRL-acclimated cells of CT excited at 400 nm.  

A,B) DAS from TRF measurements on WL-cells excited at 400 nm with mostly open (A) and closed (B) 
PSII RCs (reproduced from Mascoli et al)263. The small long-lived (inf) component shown in (A) reflects 
some background signal. The time-zero spectrum (orange dashed lines) is calculated as the sum of all other 
DAS. The DAS are normalized to the area of the time-zero spectrum for better comparison. The two fastest 
DAS (black and red lines), with a lifetime of about 10 and 30 ps, respectively, are nearly independent of the 
state of the PSII RCs, and can be largely ascribed to downhill energy transfer and trapping by WL-PSI. At 
shorter wavelengths, smaller band shift features due to downhill energy transfer in the WL-PBS are also 
observed (as PBPs are excited to a minor extent at this wavelength). The   ̴ 150 ps DAS (blue lines) is 
entirely positive and stems prevalently from the decay of the excitations in the WL-PBS, though its 
amplitude at 680 nm slightly decreases in favor of the longer-lived component when PSII RCs close, 
indicating some contribution from WL-PSII. The long-lived component (green lines), whose lifetime and 
amplitude increase in closed state, can be attributed to WL-PSII, with some WL-PBS contribution at 
shorter wavelengths. The ratio between the area of the long-lived PSII DAS and that of the time-zero 
spectrum in closed state represents a low estimate for the amount of initial excitations that are emitted by 
WL-PSII (as the shorter-lived DASs also contain minor contributions from WL-PSII). The amplitude of 
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this DAS is much smaller than that of the 30 ps DAS (representing WL-PSI decay) and accounts for only 
15% of the total initial excitations (based on the area of the time-zero spectrum, orange dashed lines). This 
is consistent with the evidence that PSI commonly binds the majority of total Chls in cyanobacterial 
cells391,392. Conversely, after 577-nm excitation this ratio increases to 29%. When accounting for the fact 
that the oscillator strength of the Chls in WL-PSII is only about 60% of that of the initially excited 
bilins22,393, it follows that at least 50% of the initial WL-PBS excitations (577 nm) are transferred to WL-
PSII, which is similar to what found in Synechocystis303. This finding confirms that PBS increase the 
antenna size of PSII relative to PSI12,165 

C,D) DAS from TRF measurements on FRL-cells excited at 400 nm with mostly open (C) and closed (D) 
PSII RCs. The time-zero spectrum (orange dashed lines) is calculated as the sum of all other DAS. The 
DAS are normalized to the area of the time-zero spectrum for better comparison. The first two components 
mostly describe downhill energy transfer from Chl a to Chl f (in both FRL-PSI and FRL-PSII, black DAS) 
and from the majority of Chls f to strongly red-shifted Chls f (in FRL-PSI only, red DAS), respectively. The 
400-nm laser also excites the PBPs to some extent, as witnessed by the downhill energy transfer features 
observed in both DASs at shorter wavelengths (similar features dominate the early kinetics when exciting 
the phycobilisomes prevalently, see Figure 3). A third component, with a lifetime < 200 ps (blue lines), can 
be largely assigned to FRL-PSI trapping (in the 750-800 nm region) and WL-PBS/WL-PSII decay (in the 
640-690 nm region). Some contribution from FRL-BCs and FRL-PSII is probably present at intermediate 
wavelengths (710-740 nm). The overall shape/amplitude of this component is not very sensitive to the state 
of PSII RCs, though the relative amplitude around 680 nm decreases in closed state in favor of the longer-
lived components (cfr blue and green lines in (C) and (D)), confirming the contribution from WL-PSII at 
these wavelengths. The long-lived DAS (green lines) increases in amplitude and lifetime (from less than 1 
ns in open state to almost 1.5 ns in closed state) when PSII RCs close and can be mostly ascribed to WL-
PSII (with a peak at 680 nm) and FRL-PSII (with a peak at 735-740 nm). As we showed in our previous 
work263, the spectrum of FRL-PSII in vivo is more intense at shorter wavelengths in comparison to isolated 
FRL-PSII in vitro due to the contribution of FRL-BCs, advocating for an association between these two 
units in the cells. This substantial emission by FRL-BCs after 400-nm excitation might result from their 
direct excitation and, possibly, from a partial equilibration of the excitations formed in FRL-PSII with the 
red-shifted APC of FRL-BCs. Energy transfer from FRL-PSII to FRL-BCs is probably more favored than 
that from WL-PSII to the WL-PBS core, for two reasons: (i) an entropic factor due to the small number of 
red-shifted Chls in FRL-PSII and (ii) a kinetic factor, as the excitations in FRL-PSII are trapped more 
slowly than in WL-PSII and have more time to equilibrate with the nearby APC. The ratio between the area 
of the long-lived PSII-related DAS in closed state (Figure 3B, green line) and that of the time zero 
spectrum (orange dashed line) is about 0.28 for FRL-cells, which is almost two times that observed in WL-
cells (0.15). This suggests that FRL-cells have more PSII relative to PSI in comparison to WL-cells. 
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Figure S2. PSII photochemical efficiency of CT cells. Fv/Fm of WL-cells of CT at different wavelengths 
calculated with different methods from the DAS of TRF measurements (Figures 2, 3, and S1). The aim of 
these calculations is to evaluate the impact of PSI fluorescence on the estimation of the PSII efficiency. For 
this purpose, we compared the Fv/Fm obtained from the whole TRF data (i.e. using all the DAS, as in Figure 
5) to that obtained based on the longest-lived components only, as they are mostly contributed by PSII 
(and, possibly, the PBPs). Note that both methods are approximations, as in the first case the contribution 
of PSI is also included in the estimation of the variable fluorescence (which is, in principle, a property of 
PSII only), whereas in the latter case, the contribution of PSII to the shortest-lived DAS (which is generally 
not zero) is neglected. In the following, the wavelength-dependent average lifetime is obtained from the 
DAS as: τÖ×)(λ) = (∑ DASÚ(λ) ⋅ τÚ)/Ú ∑ DASÚ(λ)Ú , where k designates the DAS that participate in the 
average.  

A,B) WL-CT upon different excitations: in (A), the black line shows Fv/Fm obtained as (1 − τo/τm), where τo 

and τm are the average lifetimes in open and closed state, respectively, calculated using only the DAS 3 and 
4 of Figure S1A-B (those with the longest lifetime), which do not contain contributions from PSI (both in 
the open and in the closed state). The red line displays 1 − τo/τm, where only the longest lifetime has been 
used, for both the open and the closed state (as the longest-lived DAS mostly contains contributions from 
PSII). The blue line is obtained by using all DAS from both measurements (identical to what shown in 
Figure 5C). The data in (B) are obtained in a similar way from the DAS in Figure 2, using only the longest-
lived DAS (red line), which are mostly contributed by PSII, and all DAS (blue lines), as also shown in 
Figure 5C. 

C,D) Fv/Fm of FRL-cells of CT at different wavelengths calculated with different methods from the DAS of 
TRF measurements (Figures S1C-D and 3). In (C), the red line is obtained as in the previous plots, using 
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only the lifetimes of the longest-lived DAS of Figure S1C-D in open and closed state (which are mostly 
contributed by FRL-PSII; note that FRL-PSII also contributes to the shortest-lived DAS to some extent), 
while the blue line is obtained using all DAS (as in Figure 5F). In (D), the red line is obtained from the 
average lifetimes in open and closed state calculated from the longest-lived DAS in open state (Figure 3A) 
and the two longest-lived DAS in closed state (Figure 3B). The blue line shows Fv/Fm calculated from all 
DAS as in Figure 5F.  

 

 

 

 
Figure S3. Steady-state spectra of intact cells of CF acclimated to WL or FRL. A) Absorption spectra 
of WL- and FRL-cells (normalized to the area in the region above 580 nm) and FRL-WL difference 
absorption spectrum. B) Florescence spectra of WL-cells excited at 400 and 580 nm. C) Fluorescence 
spectra of FRL-cells excited at 400 and 580 nm. In comparison to FRL-CT, FRL-CF retains a substantially 
smaller amount of WL-PSII (compare the emission at 680 nm in (C) and in Figure 1C). 
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Figure S4. TRF measurements of WL-acclimated cells of CF.  

A,B) DAS from TRF measurements on WL-cells excited at 400 nm with mostly open (A) and closed (B) 
PSII RCs. Note that for the measurement in closed state (B), the DAS were obtained with the lifetime of the 
first component fixed to a lower value (7 ps) than in our previous work263, where all lifetimes where free 
(with the dataset analyzed being the same). This fixed lower lifetime was needed to obtain a time zero 
spectrum similar to that obtained in the measurement in open state (A), which is required here for a proper 
comparison between the two experiments. This is particularly relevant for normalizing the DAS and 
directly compare the time-integrated steady-state spectra Fo and Fm. This change in the first lifetime did not 
affect the fitting quality substantially, as the RMS error only increased by 1%.  

C,D) DAS from TRF measurements on WL-cells excited at 577 nm with mostly open (C) and closed (D) 
PSII RCs. For each experiment, the time-zero spectrum (orange dashed lines) is calculated as the sum of all 
other DAS. The DAS are always normalized to the area of the time-zero spectrum for better comparison.  

These results are qualitatively similar to those presented in Figures S1A-B and 2 for WL-CT. The main 
difference is that in WL-CF there is a larger amount of unconnected PBPs/PBS. This is evident from the 
longest-lived DAS in open state after 577-nm excitation (C), which has a peak at 650 nm and a lifetime of 
about 1 ns, indicating that this component is mostly contributed by long-lived PBPs (possibly disconnected 
PC) rather than open PSII (whose spectrum and lifetime can be obtained from the green DAS in (A)). 
Based on the area of the green DAS in (C) and that of the time-zero spectrum, it can be estimated that about 
15% of the initially excited PBPs are functionally unconnected to the photosystems and emit at 650 nm. In 
comparison to the green DAS in (C), the longer-lived (green) DAS in closed state after 577-nm excitation 
(D) is enriched in the 680 nm region, indicating an increased contribution from closed PSII to this 
component. The presence of a substantial amount of unconnected PBPs is such that the Fv/Fm after 577-nm 
excitation is sizably lower in WL-CF than in WL-CT (cfr. Figure 5 and Figure S7). 
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Figure S5. TRF measurements of FRL-acclimated cells of CF.  

A,B) DAS from TRF measurements on FRL-cells excited at 400 nm with mostly open (A) and closed (B) 
PSII RCs. Note that the lifetimes of the first two components in open state black and red DAS in (A) were 
fixed to the values fitted for the dataset with closed PSII RCs (B). This was required for obtaining similar 
time-zero spectra in (A) and (B) and make the two measurements more easily comparable. The fitting 
quality of the data in (A) did not change significantly when fixing the first two lifetimes, as the RMS of the 
error increased by less than 2% in comparison to the fitting where all lifetimes were free parameters.  

C,D) DAS from TRF measurements on FRL-cells excited at 577 nm with mostly open (C) and closed (D) 
PSII RCs. For each experiment, the time-zero spectrum (orange dashed lines) is calculated as the sum of all 
other DAS. The DAS are always normalized to the area of the time-zero spectrum for better comparison.  

These results are qualitatively similar to those presented in Figures S1C-D and 3 for FRL-CT. The main 
difference is that FRL-CF retains a much lower amount of WL-PSII (compare (C) and (D) here to Figures 
S1C and S1D in the 680 nm region). Furthermore, FRL-CF contains substantial amounts of long-lived 
unconnected PBPs/PBS, similar to those observed in WL-cells (manifested as the short-wavelength side of 
the green and magenta DAS in (C) and (D). 
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Figure S6. TRF measurements of WL- and FRL-acclimated cells of CF. A) Normalized long-lived 
DAS from TRF measurements of WL-cells with closed PSII RCs after 400-nm and 577-nm excitation 
(corresponding to the green DAS in Figures S4B and S4D). B) Long-lived DAS (normalized to the peak in 
the far-red region) from TRF measurements of FRL-cells with closed PSII RCs after 400-nm and 577-nm 
excitation (corresponding to the green and magenta DAS in Figures S5B and S5D). C) Normalized 
fluorescence traces detected at 720 nm after 577-nm excitation of FRL-cells with mostly open and closed 
PSII RCs. D) Normalized long-lived DAS from TRF measurements of FRL-cells with mostly open PSII 
RCs after 400-nm and 577-nm nm excitation (corresponding to the green DAS in Figures S5A and S5C).  

These results are qualitatively similar to those presented in Figure 4 for CT. One of the main differences, as 
already pointed out in the captions of the previous figures, is the larger amount of unconnected PBPs found 
in CF. This is evident, for instance, in the extra shoulder at short wavelengths observed in the 577-nm 
excited long-lived DAS in WL-CF, which is almost missing after 400-nm excitation (A). On the other 
hand, the 400-nm and 577-nm excited long-lived DAS are much more similar in WL-CT (Figure 4A). 
Similar to FRL-cells of CT, also in FRL-cells of CF the emission at 720 nm after 577-nm excitation (i.e. 
emission by FRL-BCs) becomes significantly longer-lived when PSII RCs close (C), i.e. a substantial 
amount of FRL-BCs are connected to FRL-PSII. The extent of variable fluorescence at 720 nm is, however, 
reduced in comparison to FRL-cells of CT (compare (C) to Figure 4C), suggesting that the connectivity 
between FRL-BCs and FRL-PSII might be less effective in FRL-CF. In addition, the long-lived far-red 
fluorescence excited at 577 nm is blue-shifted in comparison to that excited at 400 nm (B,D). This points to 
a larger contribution of FRL-BCs in the far-red fluorescence emitted after 577-nm excitation, consistent 
with what was found for CT. This is also consistent with the observation that FRL-BCs and FRL-PSII do 
not fully equilibrate before excited-state decay also in FRL-CF. Finally, excited-state decay by FRL-
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PSII/FRL-BCs in open state is sizably faster after 577-nm excitation than after 400-nm excitation (D), 
implying that trapping by FRL-PSII RCs is faster when PBPs (rather than Chls) are excited. This is also 
observed in FRL-CT (Figure 4B).  

 

 
Figure S7. Variable fluorescence and PSII photochemical efficiency of WL- and FRL-cells of CF 
excited at different wavelengths. A,B) Reconstructed steady-state fluorescence spectra of WL-cells 
excited at 400 nm (A) and 577 nm (B) in open (Fo) and closed (Fm) state obtained from the DAS in Figure 
S4. Variable fluorescence spectra (Fv) are calculated as the difference between Fm and Fo. C) Fv/Fm of WL-
cells at different wavelengths calculated from the spectra in (A) and (B). D,E) Reconstructed steady-state 
fluorescence spectra of FRL-cells excited at 400 nm (D) and 577 nm (E) in open (Fo) and closed (Fm) state 
obtained from the DAS in Figure S5. F) Fv/Fm of FRL-cells at different wavelengths calculated from the 
spectra in (D) and (E). 

These results are qualitatively similar to those presented in Figure 5 for CT. In the case of the WL-cells, the 
major difference is the larger amount of unconnected PBPs in CF resulting in a drop in variable 
fluorescence when the PBPs are excited (compare (B) here and Figure 5B) and, consequently, a much 
lower Fv/Fm after 577-nm excitation in WL-CF in comparison to WL-CT (compare (C) here and Figure 
5C). 

Panel (F) shows that, similar to FRL-CT, FRL-cells of CF also display higher variable fluorescence after 
577-nm excitation than after 400-nm excitation (i.e. charge separation by FRL-PSII is more efficient when 
exciting the PBPs rather than the Chls). This is consistent with trapping by FRL-PSII RCs being faster after 
PBP excitation than after Chl excitation (as discussed in the caption of Figure S6). In comparison to FRL-
CT, the extent of variable fluorescence (and Fv/Fm) in FRL-CF is lower in the far-red region, which might 
be the result of less effective connectivity between FRL-BCs and FRL-PSII in CF (indeed, after 577-nm 
excitation, Fv/Fm in the 720-740 nm region is slightly above 0.4 in FRL-CF and nearly 0.7 in FRL-CT).  
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Figure S8. TRF measurements of intact cells: raw data versus fittings.  

First line: overlay of raw and globally fitted fluorescence time traces for the WL-acclimated strains upon 
400-nm excitation at selected emission wavelengths (see Figures S1A-B and S4A-B for the DAS from 
global analysis). The selected emission wavelengths highlight contributions from APC (660 nm), WL-PSII 
(680 nm), and WL-PSI (720 nm).  

Second line: overlay of raw and globally fitted fluorescence time traces for the WL-acclimated strains upon 
577-nm excitation at selected emission wavelengths (see Figures 2 and S4C-D for the DAS from global 
analysis). The selected emission wavelengths highlight contributions from short-wavelength PC (620 nm), 
long-wavelength PC (641 nm), APC (660 nm), WL-PSII (681 nm), and WL-PSI (721 nm).  

Third line: overlay of raw and globally fitted fluorescence time traces for the FRL-acclimated strains upon 
400-nm excitation at selected emission wavelengths (see Figures S1C-D and S5A-B for the DAS from 
global analysis). The selected emission wavelengths highlight contributions from APC (660 nm), WL-PSII 
(681 nm), red-shifted APC (720 nm), FRL-PSII (740 nm), and FRL-PSI (790 nm).  

Fourth line: overlay of raw and globally fitted fluorescence time traces for the FRL-acclimated strains upon 
577-nm excitation at selected emission wavelengths (see Figures 3 and S5C-D for the DAS from global 
analysis). The selected emission wavelengths highlight contributions from PC (640 nm), APC (661 nm), 
WL-PSII (680 nm), red-shifted APC (719-720 nm), and FRL-PSII (740-741 nm).  
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