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Abstract 

Cyanobacteria play a key role in primary production in both oceans and fresh waters 

and hold great potential for sustainable production of a large number of commodities. 

During their life, cyanobacteria cells need to acclimate to a multitude of challenges, 

including shifts in intensity and quality of incident light. Despite our increasing 

understanding of metabolic regulation under various light regimes, detailed insight into 

fitness advantages and limitations under shifting light quality has been missing. Here, 

we study photo-physiological acclimation in the cyanobacterium Synechocystis sp. 

PCC 6803 through the whole range of photosynthetically active radiation (PAR). Using 

LEDs with qualitatively different narrow spectra, we describe wavelength dependence 

of light capture, electron transport and energy transduction to main cellular pools. In 

addition, we describe processes fine-tuning light capture such as state transitions and 

efficiency of energy transfer from phycobilisomes to photosystems. We show that 

growth was the most limited under blue light due to inefficient light harvesting, and that 

many cellular processes are tightly linked to the redox state of the PQ pool, which was 

the most reduced under red light. The PSI-to-PSII ratio was low under blue photons, 

however, it was not the main growth-limiting factor, since it was even more reduced 

under violet and near far-red lights, where Synechocystis grew faster compared to 

blue light. Our results provide insight into the spectral dependence of phototrophic 

growth and can provide the foundation for future studies of molecular mechanisms 

underlying light acclimation in cyanobacteria, leading to light optimization in controlled 

cultivations.  

 

Keywords 

Cyanobacteria, Light harvesting, Light quality, Photomorphogenesis, Photosynthesis, 

State transitions 
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Introduction  

Primary production both in natural aquatic systems and in laboratory- or industrial-

scale cultivations largely depends on the ability of cells to acclimate to the surrounding 

environment. The factors affecting the fitness of phototrophic microorganisms include 

temperature, nutrient levels, pH, as well as both intensity and quality of the incident 

light. Among these, the impact of light quality, i.e. a specific characteristics of the 

underwater spectra, has been for long the least studied phenomenon. However, as 

evident from  recent studies, the underwater spectrum is one of the most crucial factors 

that drive worldwide phytoplankton distribution (Grébert et al., 2018; Holtrop et al., 

2021). Moreover, light quality has been shown to affect phototrophic production of 

commodities such as isoprene (Rodrigues et al., 2023).  

Microalgae and cyanobacteria have developed numerous mechanisms to optimize 

light harvesting and energy transduction in conditions of either excessive or limited 

light availability. The short-term light acclimation includes state transitions (ST) 

(Calzadilla and Kirilovsky, 2020), decoupling of light-harvesting antenna (Tamary et 

al., 2012), non-photochemical quenching (NPQ) (Kirilovsky and Kerfeld, 2016), heat 

dissipation (Demmig‐Adams and Adams, 2006), activation of futile cycles such as 

cycling of inorganic carbon between cells and the environment (Müller et al., 2019; 

Tchernov et al., 2003), scavenging of reactive oxygen species (Pospíšil, 2012), or 

shifts in transcriptome (Luimstra et al., 2020). The long-term acclimation involves 

complex changes in proteome (Jahn et al., 2018; Zavřel et al., 2019) including ratio of 

photosystem I (PSI) to photosystem II (PSII) (Luimstra et al., 2020), regulation of 

synthesis of energy-storing molecules such as glycogen (Cano et al., 2018) or lipids 

(Zavřel et al., 2018c) and modifications of photosynthetic antenna during chromatic 

acclimation (CA).  

The latter process provides a great advantage in the spectrally-limited underwater 

environments; while many strains are restricted to certain spectral niches, the 

chromatic acclimators can efficiently harvest a broader spectrum of available light and, 

therefore, significantly increase the area and depth of suitable habitats (Sanfilippo et 

al., 2019). Up to date, eight types of CA have been recognized (CA0-7). CA1, present 

in Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis), is described 

below. During CA2, phycoerythrin (PE) is upregulated under green light. CA3 

combines complementary upregulation of PE and phycocyanin (PC) under green and 

red lights, respectively. During CA4, the amounts of phycourobilin and 
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phycoerythrobilin chromophores within phycobilisomes (PBS) are shifted under blue 

and green lights, without affecting PBS proteins. CA5 and CA6 are related to red/far-

red light acclimation. During CA5 the light harvesting is secured by chlorophyll d 

incorporated in the thylakoid membrane instead of PC-containing PBS that are absent. 

During CA6 far-red light results in complex changes such as the induction of far-red 

shifted allophycocyanin and alternative photosystem proteins with a shift from 

chlorophyll a to d/f (Sanfilippo et al., 2019). CA0 and CA7 optimize yellow-green light 

absorption regulating rod-shaped PBS (CA0) and phycoerythrocyanin (CA7) (Hirose 

et al., 2019).  

While the mechanisms underlying various types of CA are known to great detail, less 

attention has been paid to the implications of light quality shift on phytoplankton 

energetics and metabolism. The summary of metabolic changes in response to light 

signals is called photomorphogenesis (Bernát et al., 2021; Montgomery, 2016), or 

photoacclimation. Even though in cyanobacteria the response to individual 

wavelengths has been studied to some extent, only a few studies provided a complex 

understanding to cellular energetics under a light quality shift (Bernát et al., 2021). 

This is surprising, since the ability of phytoplankton to effectively harvest available light 

over a range of spectral niches ultimately determines its abundance in the environment 

(Holtrop et al., 2021). 

This study provides a detailed report on light quality acclimation of Synechocystis, a 

type 1 chromatic acclimator. CA1 possess a specific i) green light-dependent 

redistribution of light energy between photosystems through the linker CpcL that binds 

PBS preferentially to PSI, and ii) a red light-dependent binding of the PC rods to the 

allophycocyanin (APC) core through a CpcG1 linker that helps to form canonical PBS 

(for more details see review (Sanfilippo et al., 2019)). The red/green cyanobacterial 

chromatic acclimation sensor (CcaS) that regulates also CpcL is common for type 

CA1-3 (Wang and Chen, 2022), whereas the CpcL linker is present in many strains 

that are even not classified as CA (Hirose et al., 2019). The light acclimation in 

Synechocystis thus partially reveals photoacclimation strategies of other 

phytoplankton species that do not possess CA. One example is a close Synechocystis 

relative Cyanobium gracile that adopted both common and unique photoacclimation 

traits (Bernát et al., 2021).  

In general, the most favorable wavelengths for Synechocystis and many other 

cyanobacteria are those around the absorption maxima of the PBS (orange/red 
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photons), whereas the least favorable are blue photons. The poor growth under blue 

light is a result of excitonic imbalance between PSII and PSI. The majority of blue 

photons is absorbed by PSI which is typically several times more abundant than PSII 

(Bernát et al., 2021; Luimstra et al., 2018; Murakami et al., 1997) and which binds 

more chlorophyll molecules in its structure (Netzer-El et al., 2019; Umena et al., 2011). 

The under-excitation of PSII limits oxygen evolution and linear electron transport rate 

(Luimstra et al., 2018) which further limits NADPH production, carbon fixation and 

ultimately cell division (Pfennig et al., 2023). On the other hand, orange-red light is 

harvested by PBS that transfer the excitation energy efficiently to PSII (Li et al., 2021) 

but less efficiently to PSI. 

Despite the detailed understanding of blue- and red-light driven shifts in transcriptome 

or photosynthesis efficiency (Luimstra et al., 2020, 2018; Singh et al., 2010) far less is 

known about acclimation to other wavelengths. Recent works reported shifts in 

photosynthetic efficiency and pigmentation under near UV, green, and near far-red 

wavelengths (Bernát et al., 2021; Rodrigues et al., 2023). However, reports 

systematically comparing light acclimation across the whole visible light spectrum 

(Pfennig et al., 2023) are still scarce. 

This study provides insight into spectral acclimation in a CA1 performing 

cyanobacterium, by addressing the regulation of light capture and energy transduction 

across the visible light spectrum (435-687 nm). The results show complex trends in 

the wavelength dependency of cell composition, energy transfer from PBS to PSII and 

PSI, state transitions, and non-photochemical quenching as well as in the redox state 

of the PQ pool. The results extend our understanding of phytoplankton limitation in 

natural environments and can shape the design of new strains as well as cultivation 

strategies in the controlled cultivation systems.  
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Results 

Growth rate is tightly linked with the rate of electron flow 

For the experiments, light intensity of nine narrow-band LEDs with peak wavelengths 

at 435-687 nm was set to 25 µmol photons m−2 s−1 (Fig. 1a). The photosynthetically 

usable radiation (PUR) as calculated from photosynthetically active radiation (PAR) 

and absorption spectra (Fig. 1b), was the highest under violet (435 nm) and blue light 

(465 nm, Fig. 1c). However, Synechocystis grew with the highest specific growth rate 

under orange/red LEDs (633-663 nm, Fig. 1g). These high growth rates were 

accompanied by high linear electron flow from PSII to PSI (LEF, Fig. 1d), cyclic 

electron flow around PSI (PSI-CEF, Fig. 1e), and respiratory electron flow (REF, 

Fig. 1f). Electron flow through PSI was limited at the donor side under blue, green, 

yellow and orange light (Y(ND) ~ 0.6, Fig. 1h), while some minor acceptor side 

limitation (Y(NA) ~ 0.07) occurred at 687 nm LEDs (Fig. 1i). No lag-phase was 

observed under any tested light (Supplementary Figure S1). 
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Fig. 1 Growth rate and electron flows in Synechocystis cells grown under narrow-band 
cultivation lights. Emission spectra of narrow-band cultivation LEDs at photosynthetically 
active radiation (PAR) of 25 µmol photons m−2 s−1 (a), baseline corrected absorption spectra 
of Synechocystis cultures (b), photosynthetically usable radiation (PUR, c, see Eq. (6) for 
details), electron transport rate through PSII (ETR, d), cyclic electron flows around PSI (PSI-
CEF, e), respiratory electron flow (f), specific growth rate (g), and donor side (Y(ND), h) and 
acceptor side (Y(NA), i) limitation of PSI in Synechocystis cells as cultivated under narrow-
band LEDs. The values in panels b and d-i represent mean±SD (n = 3-6). Values in panel b 
(n=3) are shown without error bars for clarity. The letters above the symbols in panels d-i 

indicate statistically significant differences within each parameter (p<0.05). 

 

Increased electron flow under red light allows to accumulate more cellular 

reserves 

The level of all pigments, including phycobilisomes (Fig. 2a), Chl a (Fig. 2b) and 

carotenoids (Fig. 2c) were relatively low under blue light (465 nm). In contrast, 

relatively high cellular content of PBS and carotenoids was observed under violet 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 11, 2024. ; https://doi.org/10.1101/2023.06.08.544187doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.08.544187
http://creativecommons.org/licenses/by/4.0/


8 
 

(435 nm), near far-red (687 nm) and also under yellow light (555 nm), where Chl a 

performed the highest level (Fig. 2a-c). The increased amount of carotenoids included 

echinenone, myxoxanthophyll, zeaxanthin, and synechoxanthin, whereas β-carotene 

was found to be less dependent of the cultivation wavelength (Supplementary 

Figure S2). The calculated carotenoids / Chl a ratio was the highest under violet and 

near far-red lights (Supplementary Figure S3). Despite dramatic changes in the 

content of light harvesting pigments, the functional absorption cross-section of PSII 

(σII) was independent of the cultivation wavelength (Supplementary Figure S4).  

Efficient light harvesting and, in turn, high electron flow under red light allowed 

Synechocystis to accumulate cellular reserves. The cellular pools of carbohydrates 

and lipids were upregulated under orange to red light (633-663 nm, Fig. 2d-f; 

Supplementary Figure S5). As a consequence, Synechocystis cells had the largest 

cell volume under these wavelengths. However, we note that high cellular volume was 

found also under 687 nm light, where the content of carbohydrates was reduced 

compared to 663 nm light (Fig. 2g).  
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Fig. 2 Macromolecular composition and morphology of Synechocystis cells grown 
under narrow-band cultivation lights. Content of phycobilisomes (a), chlorophyll a (b) and 
carotenoids (c) in Synechocystis cells, carbohydrate (d) and lipid (e) relative to protein, and 
cellular content of glycogen (f). Cell volume (g). Parameters derived from confocal microscopy 
imaging: autofluorescence profiles of chlorophyll a (FChl a, h) and phycobilisomes (FPBS) i) 
across Synechocystis cells, difference between FPBS and FChl a (j) and thickness of the 
thylakoid membrane, determined from FChl a as half maximum of fluorescence peaks (k). All 
values represent mean±SD (n = 3–5 (-g) / 58-113 (h-k)). Error bars in panels h-k are omitted 
for clarity. Confocal microscopy images of representative Synechocystis cells as cultivated 
under narrow-spectrum lights are shown in panel I (scale bar: 2 µm). The letters above the 
symbols in panels a-g and k indicate statistically significant differences within each parameter. 
(p<0.05). 

 

Synechocystis has limited options to fine-tune light harvesting under blue light 

To further understand the fine-tuning of light harvesting, 3D fluorescence excitation-

emission maps were recorded at 77K (Fig 3). Analysis of the fluorescence spectra 
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allowed to determine the excitation energy transfer from PBS to PSII (PBS-PSII) and 

to PSI (PBS-PSI), and the PBS population that was functionally uncoupled from both 

PSII and PSI (PBS-free). In addition, the energy emitted by the Chl a antenna of PSII 

(Chl-PSII) and PSI (Chl-PSII) was determined; for details see Fig. 3 and eq. (7-12)). 

PBS-PSII was the highest under violet and near-far red light and was relatively low 

under blue, green and orange light (Fig. 3a). This pattern was the opposite to that of 

the donor-side limitation of PSI (Fig. 1h) and consistent with the wavelength 

dependence of Chl-PSII (Supplementary Figure S6). PBS-PSI was also low under 

blue to orange light and was the highest under 663 nm light, similarly to Chl-PSI 

(Fig. 3b, Supplementary Figure S6). PBS-free showed significant differences only at 

shorter wavelengths, i.e. between blue (495 nm, lowest) and violet lights (435 nm, 

highest, Fig. 3c).  Analysis of the data revealed relatively low PSI / PSII ratios under 

both violet (435 nm) and near far-red lights (687 nm, Fig. 3d), as a consequence of 

both high Chl-PSII and low Chl-PSI under these wavelengths (Supplementary 

Figure S6).  

Increased PSII abundance under violet and near far-red lights was further confirmed 

by the analysis of confocal micrographs that revealed higher autofluorescence of Chl a 

over PBS under these two particular cultivation wavelengths (Fig. 2h-j). Confocal 

microscopy also revealed the independence of the thickness of thylakoid membranes 

on the cultivation wavelength (Fig. 2k) and further confirmed PBS localization within 

the thylakoid membranes under all cultivation lights (Fig. 2i,l). This is in contrast to 

previous results in the cyanobacterium Cyanobium gracile where the PBSs were 

shown to detach from the thylakoid membrane layer under near far-red light (Bernát 

et al., 2021).  

Plotting specific 2D fluorescence emission spectra upon 440 nm excitation 

(Supplementary Figures S7) revealed additional details, such as intensities of the 685 

nm (F685) and 695 nm (F695) fluorescence emission bands, originating from CP43 

and CP47 subunits of PSII, respectively (Remelli and Santabarbara, 2018), whose 

ratio can provide insight into PSII lifecycle and assembly state (Bečková et al., 2022). 

Although a slight increase in the F685/F695 ratio was found under blue and near far-

red cultivation lights (Supplementary Figure S8), it was statistically not significant, 

suggesting similar PSII turnover rates under all tested wavelengths. 
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Besides studying the functional coupling of PBS to photosystems, the rates of state 

transitions (ST) were also determined, based on chlorophyll fluorescence transients. 

To induce State 1 and State 2, Synechocystis cultures were illuminated by weak blue 

and red light, respectively (Fig. 4c, f). In general, State 2 → State 1 transitions were 

always faster compared to State 1 → State 2 transitions (Fig. 4a-b). Regarding the 

effect of cultivation wavelength, blue light (435-465 nm) was found to induce the 

slowest ST rates and, therefore, the least efficient capability to fine-tune light 

harvesting (Fig. 4a-b). In line with these results, NPQ as induced by strong blue actinic 

light (AL, Fig. 4c, f, eq. (1)) was also the weakest under blue cultivation light (Fig. 4d-

e). Chlorophyll fluorescence kinetics under all cultivation wavelengths are shown in 

Supplementary Figure S9-S10. 

 

 

Fig. 3 77K fluorescence excitation-emission maps and derived parameters under 
narrow-band cultivation lights. Fluorescence of phycobilisomes functionally attached to 
PSII (PBS-PSII, a), to PSI (PBS-PSI, b), and of phycobilisomes functionally uncoupled from 
both photosystems (PBS-free, c). PSI/PSII ratio (d); excitation-emission maps of 
Synechocystis cultures cultivated under narrow-band cultivation LEDs (e-m). The maps 
represent standardized averages (n = 3); error intervals are not shown for clarity. 
Representative fluorescence map with wavelengths used for analysis (n). For further details 
on the 77K spectra processing see Methods and Supplementary methods. The values in 
panels a-d represent mean±SD (n = 5-6). The letters above the symbols in panels a-d indicate 
statistically significant differences within each parameter. 
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Fig. 4 State transitions and NPQ in Synechocystis under narrow-band cultivation lights. 
Rates of State 1 → State 2 (a) and State 2 → State 1 (b) transitions induced by weak blue 
(480 nm, 80 µmol photons m−2 s−1) and red (625 nm, 50 µmol photons m−2 s−1) actinic light 
(AL), respectively. Non-photochemical quenching (NPQ) induced by strong blue AL 
(1 800 µmol photons m−2 s−1) in State 1 (d) and State 2 (e). Example PAM protocol used for 
the estimation of State 2 → State 1 rate and NPQ in State 1 is shown in panel c, example 
protocol for the estimation of State 1 → State 2 rate and NPQ in State 2 is shown in panel f. 
Prior to each measurement, Synechocystis cells were dark-acclimated for 15 min. 
Fluorescence recordings from all cultivation lights are summarized in Supplementary 
Figure S9-S10. The values in panels a-b and d-e represent mean±SD (n = 3), the letters 
above the symbols indicate statistically significant differences within each parameter (p<0.05). 

 

Red light leads to reduction of the PQ pool  

Fast chlorophyll fluorescence transients (the so-called OJIP curves) can provide semi-

quantitative information about the redox state of the PQ pool. In particular, an increase 

in the fluorescence yield at the J-level (FJ, 2 ms), has been proven to be correlated 

with a more reduced PQ pool (Tóth et al., 2007). For quantitative analysis, the relative 

fluorescence yield at the J-level (VJ, Eq. 2) has been used as a suitable parameter 

reflecting the redox state of the PQ pool (Tsimilli-Michael et al., 2009).  

The calculated VJ values, as derived from OJIP curves recorded in both light- and 

dark-acclimated states (Fig. 5a, c) suggest a more reduced PQ pool under red light, 

and, on the contrary, more oxidized PQ pool under blue light (Fig. 5b, d), in accordance 

with previous works (Foyer et al., 2012). This result was further supported by reduction 

of parameter ψE0 and upregulation of parameter δR0 under red cultivation light 
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(Supplementary Figure S11). These parameters reflect the efficiency of electron 

transport between QA
- and PQ, and between plastoquinol (PQH2) and PSI, 

respectively (Stirbet et al., 2018).  

A closer analysis of the efficiency of linear electron transport revealed a temporal 

pattern in the PQ redox state. In cells cultivated under violet and near far-red light, the 

yield of the chlorophyll fluorescence dropped transiently below the steady-state level 

at the onset of red AL right after a saturation pulse (Fig. 5e-l). This drop was gradually 

decreased, and after 5 min of AL illumination it was negligible in all cultures (Fig. 5m-

t). This suggests a temporal limitation of linear electron flow on the acceptor site 

(Tsuyama et al., 2004) under violet and near far-red lights. This was likely related to 

an increased relative PSII abundance under both abovementioned lights as well as to 

a reduced PSI abundance under violet light (Supplementary Figure S6). 

A summary of all changes in Synechocystis, as a response to individual 

monochromatic cultivation lights, is shown in Fig. 6.  

 

Fig. 5 Redox state of the PQ pool and transient fluorescence drops after saturation 
pulses. Redox state of the PQ-pool was determined based on the relative fluorescence level 
at J point, VJ (b, d) derived from fast fluorescence kinetics (OJIP curves) in light-acclimated 
(a) and dark-acclimated Synechocystis cultures (c). Fluorescence traces during saturation 
pulses at the onset of 625 nm AL and after 5 min of 625 nm AL are summarized in panels e-l 
and m-t; respectively; an example pattern of a slow fluorescence kinetic is shown in panel u. 
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All values represent means (n = 3), error bars in a-d represent standard deviations. Error bars 
in panels e-t are not shown for clarity. Fluorescence recordings from all cultivation lights are 
summarized in Supplementary Figures S9-S10. The letters above the symbols in panels b 
and d indicate statistically significant differences within each parameter (p<0.05). 

 

Discussion 

In this work, the light quality acclimation in the model cyanobacterium Synechocystis 

was studied. The experimental setup covering the whole spectrum of visible light 

(Fig. 1) represents a significant improvement over many previous studies, where 

typically only two or three wavelengths were compared. Indeed, in case of PC-

containing cyanobacteria such as Synechocystis, cultivation under blue and red light 

induces two fundamentally distinct light acclimation states which was also confirmed 

here (for details, see (Luimstra et al., 2020, 2018; Singh et al., 2009)). However, the 

current study shows that although some parameters shifted between blue and red 

cultivation lights almost linearly, the wavelength dependency of many other 

parameters was highly non-linear. In addition, the range of previously studied growth 

wavelengths was widened by addressing acclimations to violet and near far-red 

illumination. Both these cultivation lights were utilized better than blue light in 

Synechocystis, and both led to specific responses distinct from other wavelengths 

(such as reduced PSI/PSII ratio).  

The relatively fast growth under near far-red light was presumably a result of the fact 

that even narrow-band LEDs emit light over a relatively broad range, in this particular 

case from about 625 nm (Fig. 1). Absorption of true far-red light (> 700 nm) is quite 

inefficient in Synechocystis, and growth under this light is as slow as under blue light 

(Wilde et al., 1997). Moreover, far-red light induces complex transcription shift that 

generally resembles stress response (Hübschmann et al., 2005) which is also 

common in blue light acclimation (Luimstra et al., 2020; Singh et al., 2009).  

On the other hand, the increased growth rate under violet (435 nm) light compared to 

blue (465 nm) light was likely a result of higher PUR (Fig. 1a-c). Under violet light the 

higher growth rate was accompanied by slightly increased PSI-CEF (likely substituting 

a reduced PSI/PSII ratio, Fig. 3d) but not LEF, showing the importance of ATP 

generation for growth optimization. Both violet and near far-red light resulted in 

increased abundance of Chl-PSII and PBS-PSII (Fig. 3, Supplementary Figure S6) 
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that, however, did not lead to higher LEF (Fig. 1). This can be related to reduced 

capabilities to fine-tune light harvesting (Fig. 4), again likely as a result of reduced 

PSI/PSII ratio. In addition, synthesis of xanthophylls but not β–carotene was 

upregulated under both violet and near far-red lights (Supplementary Figure S2) 

suggesting alterations in thylakoid membrane structure under both conditions 

(Rodrigues et al., 2023; Zakar et al., 2017).  

Blue light is known to induce a system-wide acclimation response in Synechocystis 

(Luimstra et al., 2020, 2018; Singh et al., 2009). The growth limitation under blue light 

is a result of the inability to efficiently capture and transfer blue light to PSII, which 

leads to low LEF and insufficient production of reducing equivalents such as NADPH 

and/or Fdred (Singh et al., 2009) as well as of ATP (Luimstra et al., 2020). The low LEF 

under blue photons was also found here (Fig. 1) and it was likely a key limiting factor 

for growth as well as for the accumulation of lipids and carbohydrates, which limitation 

eventually led to a decrease in cell volume (Fig. 2). Furthermore, under blue light we 

found strongly downregulated APC levels (Supplementary Figure S12), which further 

reduced efficiency of transfer of the captured light to both PSII and PSI (Fig. 3). 

Transcript levels of APC genes were found upregulated under blue light in previous 

works, together with transcription of PBS degradation genes (Luimstra et al., 2020; 

Singh et al., 2009). It is therefore likely that the APC downregulation under blue light 

as reported here was related to post-transcriptional or (post-)translational regulation. 

The APC shortage can also explain the low kinetic rates of ST under blue and green 

cultivation light (Fig. 4). ST become relevant for light energy distribution only when 

PBS are assembled in its canonical form (i.e. CpcG1 form (Kondo et al., 2009)) which 

unlikely occurred under blue cultivation light that induced APC shortage 

(Supplementary Figure S12). Analogously, this APC downregulation can also explain 

reduced NPQ under blue light (Fig. 4).  

The fact that the emission spectra of the 495 nm and 520 nm LEDs overlapped to a 

big extent, was a likely reason of similar values of many photosynthetic parameters 

recorded under these bluish lights, including growth rate. Many parameters changed 

dynamically above these growth wavelengths. Compared to the “495 nm” and 

“520 nm” light, we found a pronounced shift under green (555 nm) light in Chl a and 

carotenoid levels (Fig. 2), in particular in that of zeaxanthin, echinenone and 

synechoxanthin (Supplementary Figure S2). Since neither PSI nor PSII was 
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upregulated under this green light (Supplementary Figure S6), the most likely 

explanation for the increased content of Chl a was its higher turnover rate, possibly 

compensating for the low absorbance of wavelengths around 550 nm (Fig. 1). Since 

free chlorophyll produces oxygen radicals (Krieger-Liszkay, 2004), such increased 

turnover rate expectedly triggers an overexpression of xanthophyll but not β–carotene, 

in line with our results (Supplementary Figure S2). We note that the increase 

xanthophyll levels under 687 nm cultivation light probably had a different origin, since 

Chl a level did not increase under that light (Fig. 2). 

The increase in growth rate under 555 nm light, compared to the 495 nm and 520 nm 

light, can have multiple causes. First, due to its bandwidth, the emission spectrum of 

the 555 nm LEDs contained also some orange photons that are absorbed by PBS 

effectively and thus favor growth (Fig. 1). Second, the APC shortage present under 

blue light was not present under green light (Supplementary Figure S13). Third, the 

green light induces a formation of specific PBS form named CpcL-PBS which is able 

to bind to PSI through CpcL linker (Kondo et al., 2009). Shifting from blue to green 

light, the PBS were thus able to 1) absorb more light and 2) transfer the absorbed 

energy to both PSII and also to PSI via CpcL-PBS, resulting in higher LEF and PSI-

CEF, as shown in Fig. 1.  

The fastest growth of Synechocystis was observed under orange/red lights (peak 

wavelengths 633 nm and 663 nm), where LEF, PSI-CEF, and REF allowed to 

generate sufficient amount of ATP and reducing equivalents (Fig. 1). Our results show 

that this fast growth was achieved not only by high number of photosystems and light-

harvesting antenna, or PBS coupling to PSII or PSI, but rather by a delicate interplay 

of many processes. These include, besides the abovementioned factors, also 

regulation of state transitions (Fig. 4) and synthesis of carbohydrates or lipids (Fig. 2). 

Indeed, the efficient electron flow through thylakoid membranes under red light led to 

increased accumulation of PQH2 over PQ, relative to other tested wavelengths 

(Fig. 5). The more reduced state of the PQ pool was likely related to increased ST 

(Calzadilla and Kirilovsky, 2020) as well as to the upregulation of genes of 

photosynthetic electron transport rate and other compartments (Foyer et al., 2012) as 

described in great detail previously (Luimstra et al., 2020; Singh et al., 2009; Wiltbank 

and Kehoe, 2019).  
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We note that our results are partly reliant on growth conditions, and the wavelength 

dependency of growth could change with shifts in temperature, salinity, and irradiance 

(Zavřel et al., 2017), or with the use of ammonia instead of nitrate as N source (Singh 

et al., 2009).  

By addressing spectral dependency of light harvesting, electron transport and cellular 

energy storage, this work provides insight into spectral limitations of PC-rich 

cyanobacteria of CA1-type under controlled conditions. The results can navigate the 

design of new strains towards improved light utilization for the synthesis of targeted 

products. A call for such optimization has been announced (Klaus et al., 2022), and a 

proof-of-concept study addressing the effect of light quality on the synthesis of bulk 

chemicals has been provided recently (Rodrigues et al., 2023).  

 

Fig. 6 Summary of wavelength-dependent shifts in Synechocystis as found in this 
study. Individual processes and components are color-coded according to the narrow-band 
irradiance under which the corresponding processes/components were upregulated. Grey 
regions represent cellular components that were not determined (terminal oxidases, ATPase) 
or are depicted only for illustrative purpose (insert showing state transition). Components / 
processes dependent of cultivation wavelength are marked without transparency; glycogen is 
marked partially transparent as it was identified as independent of the wavelength of the 
cultivation light. Colored arrows represent the measured electron flows, black arrows 
represent pathways of which only the final sinks were determined. 

 

Materials and Methods 
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Inoculum cultures and experimental setup 

All cultivations of Synechocystis sp. PCC 6803 GT-L (Zavřel et al., 2015a) were 

performed in a batch regime in 250 mL Erlenmeyer flasks on air at 24 °C in BG-11 

medium (Rippka et al., 1979) under light-dark regime set to 14:10 h. All cultures were 

placed on a cultivation bench and were shaken daily to prevent excessive 

sedimentation of the cells. The inoculum cultures were cultivated under cool-white 

fluorescent lamps (25 µmol photons m−2 s−1). Prior to the cultivations under narrow-

band LEDs, cultures were diluted with fresh BG-11 medium such that the optical 

density at 750 nm (Specord 210 plus, Analytik Jena, Germany) at the time of 

measurement was OD750 = 0.2 for all cultures.  

During the growth experiments, illumination was secured by a home-built cultivation 

bench apparatus with 9 different types of narrow-band LEDs (for spectra, see Fig. 1a): 

FD-34UV-Y1 (peak wavelength: 435 nm), FD-3B-Y1 (465 nm), FD-32G-Y1 (495 nm), 

FD-3GY1 (520 nm), B08QCMC3K1 (555 nm), FD-3Y-Y1 (596 nm), FD-3R-Y1 (633 

nm), FD-333R-Y1 (663 nm) and FD-34R-Y1 (687 nm). All LEDs but the 555 nm LED 

were manufactured by Shenzhen Fedy Technology Co. (Shenzhen, China). The 

555 nm LED was manufactured by Nagulagu Co., Ltd. (Shenzhen, China). The PAR 

intensity of each illumination was set to 25 µmol photons m−2 s−1.  

Growth rate, cell size and cell composition  

The specific growth rate was determined based on the OD750 values of exponentially 

growing cultures, using an exponential regression model. The cultures were cultivated 

until the late exponential growth phase (Supplementary Figure S1). Cell size was 

determined by an ImageStream MkII imaging flow cytometer (Amnis Corp., Seattle, 

WA, USA) using a previously described method (Zavřel et al., 2019). Briefly, samples 

were treated with 2% formaldehyde, incubated for 10 min at room temperature, and 

stored at –80°C. Prior to the analysis, samples were thawed at room temperature (∼ 

30 min) and processed by flow cytometry to discriminate (i) focused objects and (ii) 

round objects (width/length ratio 0.9-1.0). During the cytometric analysis, pigment 

autofluorescence (excitation: 642 nm, detection: 642–745 nm) was also recorded to 

validate the selection of cells within all measured objects. Bright-field images were 

used for cell size analysis; cellular shape was assumed spherical. 
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The abundance of lipids and carbohydrates (relative to proteins) was estimated by 

Fourier-transformed infrared spectroscopy (FTIR), following a previously described 

protocol (Felcmanová et al., 2017). Briefly, 5 mL of the culture suspension was 

centrifuged (4 000 x g, 5 min), the supernatant was discarded, the pellet was freeze-

dried, and dry pellet was analyzed by a Nicolet IS10 spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA). 

The content of glycogen, Chl a, total carotenoids and PBS was determined by 

previously described protocols (Zavřel et al., 2018b, 2018a, 2015b). To distinguish the 

contribution of individual carotenoids to the total carotenoid pool, additional analysis 

was performed using high-performance liquid chromatography (HPLC) following a 

previously developed method (Bernát et al., 2021). Briefly, 10 mL cultures aliquots 

were harvested (Whatman glass microfiber filters GF/B; ⌀ 25 mm) and stored at –

80°C. Soluble pigments were extracted in 500 µL acetone and analyzed using a 

Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan). Pigments separation 

was carried out using a Phenomenex Synergi 4 µm Hydro-RP 80 Å, LC Column 150 

x 4.6 mm at 25°C. 20 µL aliquots were injected and the pigments were eluted by a 

linear gradient from solvent A (acetonitrile, water, trimethylamine; in a ratio of 9:1:0.01) 

to solvent B (ethyl acetate) at a flow rate of 1 mL min-1 (total time: 25 min). Pigments 

were identified according to the respective retention times and absorption spectra, and 

quantified by integrated chromatographic peak areas. 

Photosynthetic Activity Measurements 

PSII activity was probed by MULTI-COLOR-PAM (MC-PAM; Walz, Effeltrich, 

Germany) using both slow (SP-Analysis) and fast fluorescence induction kinetics (Fast 

Acquisition), 625 nm measuring light (ML) and 15 min of dark acclimation.  

During slow kinetics, actinic light (AL) of 480 nm (inducing State 1) or 625 nm 

(inducing State 2 (Calzadilla and Kirilovsky, 2020)) was used, with intensities of 

80 µmol photons m−2 s−1 and 50 µmol photons m−2 s−1, respectively (both were 

sufficiently high to induce fluorescence transients). To induce NPQ, 480 nm light with 

an intensity 1 800 µmol photons m−2 s−1 was additionally used. NPQ was calculated 

from maximal fluorescence value in dark (Fmax) and at the end of the high light period 

(Fmax’): 

 

NPQ = (Fmax –Fmax’) / Fmax’       (1) 
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To calculate ETR, the functional absorption cross-section of PSII (σII) was determined, 

using the default MC-PAM script Sigma1000cyano and a fitting protocol. In MC-PAM, 

the wavelength of AL defines also wavelength of saturation pulses (SP). It has to be 

noted that even the highest SP intensity (SP-int=20) at 480 nm was not strong enough 

to provide full PSII saturation, in contrast to SP of 625 nm (Supplementary Figure 

S13). 

Fast fluorescence transients (OJIP curves) were recorded in both dark-acclimated and 

light-acclimated states, using MC-PAM and AquaPen (Photon System Instruments, 

Czechia) fluorometers and 625 nm / 620 nm saturation pulses, respectively. The redox 

state of PQ pool was estimated qualitatively based on the relative fluorescence yield 

at J point, VJ (Tóth et al., 2007; Tsimilli-Michael et al., 2009): 

 

VJ = (FJ – Fin) / (Fmax – Fin),       (2) 

 

where FJ is fluorescence at the J-point of the OJIP curve (2 ms), and Fin and Fmax are 

the initial (determined at time zero) and maximal fluorescence yield, respectively. The 

efficiency of e- transport from QA
- to PQ (ψE0) and from PQH2

 to final acceptors (δR0) 

was calculated from VJ and VI (relative fluorescence at I-level of the OJIP curve at 

30 ms) according to (Stirbet et al., 2018): 

 

VI = (FI – Fin) / (Fmax – Fin)       (3) 

ψE0 = 1 – VJ         (4) 

δR0 = (1 – VI) / ψE0        (5) 

 

PSI kinetics was probed by the Dual-PAM-100 fluorometer (Walz, Effeltrich, 

Germany). Culture aliquots were filtered through glass fiber filters (GF/B, Whatman). 

Wet filters were placed between two microscope glass slides embedded in a DUAL-B 

leaf holder (Supplementary Figure S14) and dark-acclimated for 10 min. PSI limitation 

on both donor and acceptor sides was probed by SP-analysis mode (using Fluo+P700 

Measuring mode). The rate of electrons transport through PSI was measured by 

FastAcquisition mode in the absence of inhibitors to estimate total electron flow 

through PSI, in the presence of 10 µM DCMU to estimate PSI-CEF (by inhibiting 

electron flow through PSII) and in the presence of 10 µM DCMU + 100 µM methyl-

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 11, 2024. ; https://doi.org/10.1101/2023.06.08.544187doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.08.544187
http://creativecommons.org/licenses/by/4.0/


21 
 

viologen (MV, a high affinity acceptor of PSI electrons) to quantify respiratory electron 

flow, by inhibiting PSII by DCMU and effectively preventing PSI-CEF by MV.  

Absorption and excitation-emission spectroscopy 

Whole cell absorption spectra were recorded using a Specord 210 Plus 

spectrophotometer (Analytik Jena, Jena, Germany). To correct for light scattering by 

the cellular matter, four slices of tracing paper were placed in front of both sample and 

reference cuvettes. The recorded (offset-corrected) spectra were used to calculate 

photosynthetically usable radiation (PUR) for each narrow-band LED: 

  

 𝑃𝑈𝑅400
750  = ∫ (𝑃𝐴𝑅 ∗  𝑎𝑏𝑠)

750

400
,      (6) 

 

Where PAR and abs represent photosynthetically active radiation spectra of the 

cultivation LEDs and absorbance spectra of the corresponding Synechocystis 

cultures, respectively, in the range of 400-750 nm. 

Fluorescence excitation-emission maps were recorded using a Jasco FP-8550 

spectrofluorometer (Jasco, Tokyo, Japan) at 77K. 10 mL culture aliquots were filtered 

(GF/B filters, Whatman, Maidstone, UK), flash-frozen in liquid nitrogen and stored at -

80 °C. Right before the measurement, a slice from each filter (∼1 cm × 0.3 cm) was 

cut to fit the metal holder of the transparent finger of the Dewar flask. 3D spectra maps 

were recorded over the excitation and emission range 350 nm - 650 nm (step: 5 nm) 

and 620 nm - 800 nm (step: 0.5 nm, bandwidth 5 nm, scan speed 1 000 nm min-1, 

sensitivity low), respectively. To distinguish fluorescence originating in PBS-PSI, PBS-

PSI, PBS-free as well as chl a fluorescence originating either in PSII (Chl-PSII) or PSI 

(Chl-PSI), the following equations were used (Luimstra et al., 2020; Zavřel et al., 

2021): 

𝑃𝐵𝑆 − 𝑓𝑟𝑒𝑒 =  𝐸𝑥360
  𝐸𝑚661

        (7) 

𝑃𝐵𝑆 − 𝑃𝑆𝐼𝐼 =  0.937 ∗  𝐸𝑥360
  𝐸𝑚695

  −  0.695 ∗  𝐸𝑥440
  𝐸𝑚695

  (8) 

𝑃𝐵𝑆 − 𝑃𝑆𝐼 =  0.937 ∗  𝐸𝑥360
  𝐸𝑚726

  −  0.695 ∗  𝐸𝑥440
  𝐸𝑚726

   (9) 

𝐶ℎ𝑙 𝑎 − 𝑃𝑆𝐼𝐼 =  1.063 ∗  𝐸𝑥440
  𝐸𝑚695

  −  0.0696 ∗  𝐸𝑥360
  𝐸𝑚695

  (10) 

𝐶ℎ𝑙 𝑎 − 𝑃𝑆𝐼 =  0.937 ∗  𝐸𝑥440
  𝐸𝑚726

  −  0.695 ∗  𝐸𝑥360
  𝐸𝑚726

  (11) 
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𝑃𝑆𝐼/𝑃𝑆𝐼𝐼 =  
𝐶ℎ𝑙 𝑎−𝑃𝑆𝐼

𝐶ℎ𝑙 𝑎−𝑃𝑆𝐼𝐼
,       (12) 

where Ex360 and Ex440 represent excitation at 360 nm and 440 nm (preferentially 

exciting PBS and Chl a, respectively), and Em661, Em695 and Em726 represent 

fluorescence emission by PBS, PSII and PSI, respectively as considered for the 

analysis. The coefficients in Eq. (7-12) provide correction for fluorescence emission 

tails, leaking between 360 and 440 nm (PBS and Chl a fluorescence tail, respectively). 

The coefficients were determined based on a comparison of fluorescence maps of 

Synechocystis 6803 WT and PAL mutant lacking PBS (Ajlani and Vernotte, 1998) 

(Supplementary Figure S15). Further details of the selection of particular excitation-

emission wavelengths are provided in Fig. 3. 

Confocal microscopy 

Microscopy imaging was performed using a TCS SP8 DMI confocal laser scanning 

microscope (Leica Microsystems Inc. Wetzlar, Germany) equipped with a HC PL APO 

CS2 63×/1.4 oil immersion objective and a TD 488/552/638 main beam splitter. 10 mL 

culture aliquots were centrifuged (2500 x g, 5 min, 25 °C), the supernatant was 

partially discarded and 10 µL of the concentrated sample was immobilized on a thin 

(<1 mm) layer of solid BG-11 agar and placed upside down on a cover slide. Chl a and 

PBS autofluorescence were excited using 488 nm and 638 nm lasers, respectively, 

and detected over 690–790 nm and 650–680 nm spectral windows. The recorded 

images were processed by using a self-developed Matlab script that allowed for 

evaluation of both Chl a and PBS fluorescence profiles within each identified cell 

(using 5° step, each cell was divided into 72 circular sectors around its geometrical 

center). 

Statistical analysis 

To identify parameters that varied significantly among the applied light conditions, 

statistical methods using R Statistical Software (R Core Team, 2022) were applied as 

follows: ANOVA with Tukey HSD post-hoc test (Felipe de Mendiburu and Muhammad 

Yaseen, 2020) for cases when the homogeneity of variance (Fox and Weisberg, 2019) 

and normality of the data set was met; Kruskal-Wallis test followed by Multiple 

comparisons (Giraudoux et al., 2023) for cases when only the homogeneity of data´s 

variance was met; Welch one-way test followed by Pairwise t-tests with BH correction 
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for cases when only the normality of the data was met. The number of replicates was 

3-9 for all growth lights throughout all experiments. The p-value was set to 0.05.  

 

Data Availability  

The data underlying this article are available in the Figshare repository at 

10.6084/m9.figshare.23330363.v1.  
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