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C cytosine  
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CBB (solution/staining) Coomassie Brilliant Blue (solution/staining) 

CC BY Creative Commons license with mandatory attribution (4.0) 
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Chl a chlorophyll a 

CL control light 

co-IP co-immunoprecipitation  
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Cyt c6 cytochrome c6 
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Fv-/Fm- (parameter) quenched quantum efficiency of PSII 

FXXX fluorescence emission at λ = XXX nm 

g gram(s) 

G guanine 

G° Gibbs free energy under standard state conditions 

GA Gibson assembly 

h hour(s) 

h Planck's constant, 6.6×10−34 J×s 

HL high light 

HOX Ni‐Fe hydrogenase 

hPa hectopascals = 0.00101972 kg cm-2 

HQNO  2-N-heptyl-4-hydroxyquinoline N-oxide 

Hz  hertz (cycles per second) 

hν light energy 

i.e. id est (Latin), "that means/is" 

IDP intrinsically disordered protein(s) 

IgG immunoglobulin G 

in vivo (Latin), "within a living organism" 

InDel insertion/deletion 
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MMS methyl methane sulfonate 

MV  methyl viologen (viologen paraquat) 

n sample size 

n_ nano- 
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PAM pulse amplitude modulation 
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Abstract 

Fluctuations in irradiance are common in aquatic environments due to shading (e.g., cloud formation) and 
focusing of light (e.g., wave lensing effect), often exceeding those in terrestrial environments. These 
phenomena pose a challenge to photosynthetic organisms such as cyanobacteria, on the one hand by 
disrupting light-dependent regulatory processes, and on the other hand by photooxidative damage due to 
the absorption of excess light energy, both of which can not only negatively affect biomass productivity in 
a biotechnological context, but can also be lethal for the cell. Cyanobacteria such as Synechocystis sp. PCC 
6803 (Synechocystis) have evolved mechanisms to cope with this, including alternative electron transport 
mediated by flavodiiron proteins and respiratory terminal oxidases (RTOs). Recent research exploring the 
mechanisms of fluctuating light (FL) tolerance has focused on classical genetic approaches, where growth 
defects in Synechocystis KO mutants under FL regimes were evident. On the other hand, the potential of 
these mechanisms to enhance FL tolerance in Synechocystis remains unexplored. For instance, high-light 
(HL) tolerant point mutants characterized in previous studies (HL1, HL2, HL1/2, HL3, HL4, and HL5) are 
unable to survive under harsh FL conditions, suggesting that mechanisms of HL tolerance do not necessarily 
translate into FL tolerance. 

In this study, adaptive laboratory evolution (ALE) was employed to enhance FL stress tolerance in a glucose-
tolerant, non-motile laboratory strain of the model cyanobacterium Synechocystis sp. PCC 6803 
(Synechocystis LT). Cultures of Synechocystis LT were subjected to incremental FL stress that increased both 
pulse amplitude and relative pulse duration (i.e., to a full cycle) to promote the selection of beneficial alleles 
according to natural selection. Analysis of whole genome sequencing data from adapted monoclonal 
mutants allowed the selection of three candidate non-synonymous single nucleotide polymorphisms 
(SNPs): Sll0518A133V (FL1), PAM68S113G (FL2), and RpaBT183P (FL3), which were reconstructed in the 
Synechocystis LT background for functional validation. FL1 and FL2 outperformed the parental strain at high 
pulse amplitudes (1200 → 12 µmol photons m-2 s-1) at low relative pulse duration (1 min → 5 min), 
demonstrating the importance of these genes in FL tolerance. FL3 was able to survive lethal FL stress at high 
amplitudes (1200 → 12 µmol photons m-2 s-1) at high relative pulse duration (1 min → 1 min), presumably 
due to the downregulation of light harvesting. In addition, growth under HL conditions was improved in all 
strains, suggesting that HL tolerance does not necessarily translate to FL tolerance. 

Furthermore, the mutations identified in FL-ALE were compared with those found in a previous study that 
improved high-light tolerance (HL-ALE) in Synechocystis LT. The resulting intersection revealed that the 
uncharacterized slr0503 gene, found exclusively in photosynthetic organisms as part of the Ycf66 protein 
family, accumulated multiple low-frequency non-synonymous SNPs between residues #166 and #190 in HL- 
and FL-ALE. The allele Ycf66-likeS178A 

was selected for further study and reconstructed in the LT background, 
yielding the HFL1 mutants. Functional validation showed that HFL1 mutants harboring a second-site 
mutation in another uncharacterized gene (Slr0654M75fs) were able to outperform LT under control- and 
high-light conditions and survive under lethal FL stress. This implies epistasis between slr0503 and slr0654 
and highlights their importance for trade-off-free light-induced stress tolerance in Synechocystis. 
Moreover, analysis of a comprehensive set of in vitro and physiological measurements suggests an oxidized 
PQ pool, presumably due to increased RTO activity, protected PSII from excessive photodamage, granting 
HFL1 tolerance to both HL and FL stress.  
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Zusammenfassung 

Fluktuierende Lichtintensitäten (FL) sind in aquatischen Umgebungen häufig aufgrund von Abschattungen 
(e.g., Wolkenbildung), und Fokussierung des Lichts (e.g., Wellenlinseneffekt). Diese Fluktuationen 
überschreiten oft die Werte in terrestrischen Umgebungen und stellen für photosynthetische Organismen 
wie Cyanobakterien eine Herausforderung dar. Einerseits behindern sie lichtabhängige 
Regulationsprozesse und andererseits verursachen sie photooxidative Schäden aufgrund der Absorption 
überschüssiger Lichtenergie. Diese Schäden können sich nicht nur negativ auf die Produktivität der 
Biomasse in einem biotechnologischen Kontext auswirken, sondern auch tödlich für die Zelle sein. 
Cyanobakterien wie Synechocystis sp. PCC 6803 (Synechocystis) haben Mechanismen entwickelt, um mit FL 
umzugehen. Dazu gehört der alternative Elektronentransport, der durch Flavodiiron-Proteine und 
respiratorische terminale Oxidasen (RTOs) vermittelt wird. Forschung der Mechanismen der Toleranz 
gegenüber FL konzentrierten sich bisher auf klassische genetische Ansätze. Dabei waren Wachstumsdefekte 
in Synechocystis KO-Mutanten unter FL-Regimen offensichtlich. Das Potenzial dieser Mechanismen zur 
Verbesserung der FL-Toleranz in Synechocystis ist jedoch noch unerforscht. Die Starklicht- (HL) toleranten 
Punktmutanten HL1, HL2, HL1/2, HL3, HL4 und HL5 sind unter letalen FL-Bedingungen nicht 
überlebensfähig. Dies deutet darauf hin, dass Mechanismen der HL-Toleranz nicht zwangsläufig FL-Toleranz 
vermitteln. 

In dieser Studie wurde adaptive Laborevolution (ALE) eingesetzt, um die FL-Stresstoleranz (FL-ALE) in einem 
glukosetoleranten, unbeweglichen Laborstamm des Modell-Cyanobakteriums Synechocystis sp. PCC 6803 
(Synechocystis LT) zu verbessern. Synechocystis LT-Kulturen wurden einer inkrementellen FL-Belastung 
unterzogen, die sowohl die Amplitude als auch den Arbeitszyklus erhöhte, um die Selektion vorteilhafter 
Allele durch Selektion zu fördern. Die Analyse von Ganzgenomsequenzierungsdaten von adaptierten 
monoklonalen Mutanten ermöglichte die Auswahl von drei nicht-synonymen Einzelnukleotid-
Polymorphismen (SNPs): Sll0518A133V (FL1), PAM68S113G (FL2), und RpaBT183P (FL3), die in dem Synechocystis 
LT-Hintergrund für funktionelle Validierung rekonstruiert wurden. FL1 und FL2 übertrafen den LT bei hohen 
Amplituden (12 → 1200 µmol Photonen m-2 s-1) und niedrigen Arbeitszyklen (1 min → 5 min), was die 
Bedeutung dieser Gene für die FL-Toleranz belegt. FL3 überlebte letalen FL-Stress bei hohen Amplituden 
(12 → 1200 µmol Photonen m-2 s-1) und hohen Arbeitszyklen (1 min → 1 min), vermutlich aufgrund der 
Herunterregulierung der Lichtausbeute. Außerdem verbesserte sich das Wachstum unter HL-Bedingungen 
bei allen Stämmen, was zeigt, dass HL-Toleranz nicht unbedingt auf FL-Toleranz übertragbar ist. 

Darüber hinaus wurden die in FL-ALE identifizierten Mutationen mit denen verglichen, die in einer früheren 
Studie zur Verbesserung der HL-toleranz (HL-ALE) in Synechocystis LT gefunden wurden. Die Schnittmenge 
ergab, dass das bisher nicht charakterisierte Gen slr0503, das ausschließlich in photosynthetischen 
Organismen als Teil der Ycf66-Proteinfamilie vorkommt, in beiden Experimenten mehrere nichtsynonyme 
SNPs mit niedriger Frequenz zwischen den Aminosäuren #166 und #190 aufweist. Das Allel Ycf66-likeS178A 
wurde für weitere Untersuchungen ausgewählt und im LT-Hintergrund rekonstruiert (HFL1). Die 
funktionelle Validierung zeigt, dass HFL1-Mutanten, welche eine Mutation an einer zweiten Stelle in einem 
anderen nicht charakterisierten Gen (Slr0654M75fs) aufweisen, unter Kontroll- und HL-bedingungen in der 
Lage waren, den Elternstamm zu übertreffen und unter letalen FL-Bedingungen zu überleben. Dies deutet 
auf eine epistatische Wechselwirkung zwischen slr0503 und slr0654 hin und unterstreicht deren Bedeutung 
für eine lichtinduzierte Stresstoleranz ohne Nachteile in Synechocystis. Darüber hinaus deutet die Analyse 
einer umfassenden Reihe von in vitro und physiologischen Messungen darauf hin, dass ein oxidierter PQ-
Pool, der vermutlich auf eine erhöhte RTO-Aktivität zurückzuführen ist, PSII vor übermäßiger Lichtschäden 
schützt und HFL1 Toleranz sowohl gegenüber HL- als auch FL-Stress verleiht. 



Introduction 

 

 

14 

 

1. Introduction 

 The process of oxygenic photosynthesis 

Oxygenic photosynthesis (from now on photosynthesis) is a process by which plants, algae, and some 
bacteria, like cyanobacteria, convert and store light into chemical energy. The cells of these organisms 
contain special membrane systems, called thylakoids, that harbor the main functional components of 
photosynthesis. As most biological processes, photosynthesis relies on proteins to serve as structural 
and functional machinery. It is also a light-driven reaction and therefore requires some of these 
proteins to be coupled with pigment ligands, i.e., chlorophylls, carotenoids, and often other molecules 
that serve as peripheral antennae such as phycobilins. These pigments absorb solar radiation so that 
electrons in the so-called reaction centers (RCs) acquire enough energy to be transfer to an electron 
acceptor, forming an electron-deficient and an electron-abundant molecule, a phenomenon referred 
to as charge separation (Nelson and Ben-Shem, 2004; Johnson, 2016). RCs are contained and stabilized 
within two pigment-binding protein complexes: photosystems I (PSI) and II (PSII), harboring P680 and 
P700, respectively, which are named after their absorbance maxima. Photosystems harvest photons 
(i.e., quanta of light energy) of certain wavelengths (~400–700 nm) that drive a series of redox 
reactions resulting in the oxidation of water (H2O), the release of molecular oxygen (O2), and the 
storage of chemical energy and reductive potential in the molecules ATP and NADPH, respectively 
(Figure 1.1). Photosynthetic organisms, i.e., photoautotrophs, then use these as ‘molecular currency’ 
to assimilate -among other compounds- inorganic carbon into biomass via the enzyme RuBisCo 
(ribulose-1,5-bisphosphat-carboxylase/-oxygenase) in the Calvin–Benson–Bassham (CBB) cycle 
(Blankenship, 2021). 

 

Figure 1.1. Photosynthetic light reactions in Synechocystis sp. PCC 6803. Fundamental photosynthetic components are 

depicted at the level of the thylakoid membranes (TMs) of the model cyanobacterium Synechocystis sp. PCC 6803. The 

enzymatic activity of the electron transport chain generates a pH gradient (∆pH) across the TM (dotted arrows represent 

proton, H+, translocation) that is coupled to the (photo)phosphorylation of ATP via ATP synthase. CBB: Calvin–Benson–

Bassham cycle; Cyt b6f: cytochrome b6f; Fd: Ferredoxin; FNR: Fd-NAD(P)H-oxidoreductase; NDH-1: NADH dehydrogenase-like 

complex 1; PBS: phycobilisome; Pgr5-like: Proton Gradient Regulation 5 - like; PQ/PQH2: plastoquinone/plastoquinol pool 

(also PQ pool); PSI/PSII: photosystem I/II. 
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1.1.1 Light as substrate and inhibitor 

Light is one of the key substrates of photosynthesis, as the excitation energy derived from its 
absorption fuels highly endergonic (energy-requiring) reactions like the oxidation of H2O (ΔG° = ~317 
kJ mol-1). Although the solar radiation that reaches Earth is quite variable in energy, two red photons 
of 680 nm wavelength (λ = 680 nm) carry enough energy (~175.9 kJ mol-1) to concatenate two charge 
separation events and split H2O into protons (H+), electrons, and O2 in a two-step process (Johnson, 
2016; see Figure 1.1). 

The energy that is efficiently absorbed by the RCs in both photosystems is limited by their relatively 
small spatial and spectral cross-section. To improve this, in eukaryotic algae and plants hundreds of 
pigments with diverse absorption spectra are organized in large protein systems known as light 
harvesting complexes (LHCs), or peripheral antennae, so that excitation energy may be collected and 
funneled towards the special pair of redox-active chlorophylls in the RCs (Johnson, 2016). 
Cyanobacterial peripheral antennae meanwhile are known as phycobilisomes (PBS), massive pigment-
protein complexes bound to the stromal surface of the thylakoid membranes. PBS are composed of 
soluble phycobiliproteins (which bind blue, red, or violet pigments known as phycobilins) and linker 
peptides organized in a semicircular structure. These structures consist of rods (containing 
phycocyanin, PC, also phycoerythrin and/or phycoerythrocyanin) that ‘radiate’ from a core (containing 
allophycocyanin, APC) (Calzadilla and Kirilovsky, 2020). In the model cyanobacterium Synechocystis 
sp. PCC 6803 (from now on, Synechocystis), PBS absorption spectra complement chlorophyll-binding 
proteins by capturing up to 85% of ‘orange’ photons (λmean = 624 nm, Fuente et al., 2021). 

On the other hand, when the absorption of light energy exceeds the rate of consumption (determined 
by cellular metabolism and photoprotective mechanisms), the excitation can be dispersed by 
deleterious side-reactions that damage several cellular components, particularly the sensitive protein 
complexes of the photosynthetic electron transport chain. This photodamage occurs when the 
acceptor side of these enzymes cannot alleviate their energy input and triggers the formation of 
reactive oxygen species (ROS, including hydrogen peroxide, H2O2, superoxide, O2

–, hydroxyl radicals, 
OH•, and singlet oxygen, 1O2). These undesired compounds are swiftly neutralized as they react with 
exposed residues in the surface of proteins and other biomolecules, modifying their biochemistry and 
deteriorating their functionality (Khorobrykh et al., 2020A). In addition to the damp in function, the 
photosynthetic cell must invest energy and resources to degrade, re-purpose, and replace these 
damaged components, incrementing the expenses of excess light energy (Raven, 2011). 

Particularly in cyanobacteria, ROS have a strong inhibitory effect on translation because the cysteine 
residues in their elongation factors (key enzymes for protein turnover) are prone to oxidation, leading 
to the inactivation of these enzymes due to the formation of intramolecular disulfide bonds (see 
Khorobrykh et al., 2020A and references therein). This has a severe impact on a crucial component of 
the reaction center in PSII, the D1 protein, as the de novo synthesis of this subunit is inhibited under 
“relatively weak” radiation (i.e., 300 µmol photons m-2 s-1, Allakhverdiev and Murata, 2004), leading to 
an imminent shortage of ‘fresh’ D1 at higher light intensities. Together with D2 (another essential PSII 
subunit), the D1 protein harbors the P680 special pair of chlorophylls and binds components of the 
primary electron transfer chain (including the plastoquinones QA and QB) and the catalytic oxygen-
evolving complex (OEC). The D1 protein is also fundamental for the assembly of PSII complexes and is 
recruited in the earliest stages of PSII biogenesis (see reviews by Nickelsen and Rengstl, 2013; and 
Johnson and Pakrasi, 2022). Consequentially, limitations in D1 turnover play a major role in the light-
induced reduction of photosynthetic capacity, a phenomenon known as photoinhibition (reviewed by 
Takahashi and Murata, 2008). 
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Moreover, ROS-related photodamage also affects PSI, initially destroying the iron-sulfur clusters FA and 
FB in the small PsaC subunit and -eventually- P700 itself, the latter being relatively more stable than 
up-stream acceptors (Sonoike et al., 1995). Unlike the D1 turnover in PSII, PSI repair in plants is known 
to be a very slow process (Kudoh and Sonoike, 2002), so much so that in wheat (Triticum aestivum) the 
complete recovery of damaged PSI takes more than 12 days (Zivcak et al., 2015). In fact, PSI 
photodamage in vivo is considered mostly an irreversible process, as RCs and their bound chlorophylls 
are often degraded by the plant cell to avoid further harm (Kudoh and Sonoike, 2002). In Synechocystis, 
however, PSI seems less prone to photodamage as it is strongly protected by alternative electron 
transport that alleviates PSI acceptor side limitations (i.e., flavodiiron proteins, see Section 1.2 for 
details), although over-reduction of the electron-transport chain under high light can lead to 
irreversible photooxidative PSI damage (reviewed by Allahverdiyeva et al., 2015). ROS formation, PSI 
photoinhibition and repair remain poorly understood (Lima-Melo et al., 2021). 

1.1.2 Fluctuations in irradiance and their effect on the photosynthetic cell 

Light conditions are dynamically heterogeneous in both terrestrial and aquatic environments, where 
the fluctuations can range from 10-5 to 10 Hz (Graham et al., 2017). In aquatic environments, solar 
irradiance is most intense at the surface and fluctuations thereof are caused in most part by 
movements of waves, clouds, and the vertical migration of phytoplankton like cyanobacteria. The 
effect of waves, for instance, simultaneously focuses and diffuses light at low depths, generating high 
frequency fluctuations (> 1 Hz) that may peak as high as 9000 µmol photons m-2 s-1 (Schubert et al., 
2001; reviewed by Iluz et al., 2012). Moreover, the mixing and migration of cells across the vertical axis 
constantly transfers them from low light areas towards the photic zone (where light allows growth) 
and into high-light (HL) areas, resulting in a wide range of fluctuations, e.g., in estuaries, between 2×10-

2 and 2×10-4 Hz (Graham et al., 2017). It is worth notice that such phenomena are also common even 
in strictly controlled photobioreactors, where individual cells may be subjected to fluctuations as high 
as 0.17 Hz, as predicted by the computational approach of Andersson et al. (2019). 

The effects of fluctuating light (FL) on photosynthetic growth strongly depend on the nature of the 
illumination regime (Graham et al., 2017). A simple example would be when employing light flashes 
(i.e., continuous pulses) in a light/dark cycle defined by its amplitude (difference in light intensity 
between light and dark), duty cycle (fraction of each cycle -in time- where the pulse takes place), and 
frequency (cycles per unit time) (Graham et al., 2017; depicted in Figure 1.2). 

Although the interplay between these three variables requires non-trivial analysis (e.g., Terry, 1986), 
there are two extreme scenarios that need to be noted. The first scenario, known as full light-
integration, takes place at such high frequencies, that the cell is unable to respond to the fluctuations 
in irradiance and growth is thus proportional to the average light intensity per unit time (Terry, 1986). 
The second scenario, known as no light-integration, occurs at such low frequencies, that the time in 
which the cell responds is negligible compared to the duration of each cycle, resulting in an 
instantaneous biological response (Terry, 1986). In this case, growth rate is additive over each light 
condition, i.e., growth ratelight + growth ratedark (Terry, 1986). In terms of productivity, no light-
integration is deemed undesirable as it does not suppose any profit for growth. In contrast, full light-
integration is considered beneficial, as the frequent light pulses yield more biomass than continuous 
light at that intensity. It is assumed that this occurs because certain pulse frequencies foster the 
synchronization between photon absorption and photosynthetic chain response, keeping the electron 
transport machinery receptive (oxidized), so that captured light quanta can be effectively used for 
growth (Takache et al., 2015). The term partial light-integration is used for cycle frequencies in 
between these two scenarios, where a non-linear correlation is observed between FL regime and 
biomass productivity (see Figure 1.2). In other words, experimental photosynthetic rates under FL tend 
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to fall somewhere midway between a theoretical maximal (full light-integration) and minimal (no light-
integration) performance depending on pulse frequency: the higher the frequency, the greater the 
light integration (e.g., Barceló-Villalobos et al., 2019). 

 

Figure 1.2. Relevant definitions in fluctuating-light regimes. , example of a flashing-light regime where photosynthetic 

photon flux density (PPFD) is displayed as a square-wave function of time. Light intensity is intermittent between a relaxation 

phase (dark or low light) and a high-light pulse, defining amplitude as the difference between them. In the time scale, pulse 

duration, also pulse width, relative to a whole cycle, or period, defines duty cycle as the proportion between high-light and 

relaxation phase. Frequency is often used to describe wave function as the mathematical inversion of a period, i.e., cycles 

per unit time (1 Herz = 1 cycle s-1). , representation of the two extreme photosynthetic responses to fluctuating light: full 

light-integration, where no biological response is observed due to elevated frequencies; and no light-integration, where the 

biological response is virtually instantaneous because of exceptionally low frequencies (Terry, 1986). An intermediate 

response with partial-light integration is also provided. Adapted and modified from Takache et al. (2015). 

Growth inhibition under FL was explored in a comprehensive study (Graham et al., 2017), where algae 
and cyanobacteria were exposed to several illumination protocols consisting of low intensity flashes 
(215 µmol photons m-2 s-1) of white light. The authors claim that the slower, light-dependent regulation 
of the CBB cycle is the biological process behind the growth impediment, and that the delay in its 
activation is most impactful at frequencies between 0.1 and 0.01 Hz. This effect is time sensitive 
because the regulation of enzymatic acquisition of biomass via the CBB cycle is slower than the 
photochemical generation of ATP and NADPH. The mechanism behind this phenomenon is proposed 
to be the irradiance-dependent activation of the CBB cycle: elevated photophosphorylation of ATP 
indirectly activates RuBisCO activase while redox sensing of the photosynthetic electron transport 
chain promotes ribulose 1, 5-bisphosphate (RuBP) regeneration, which together increases RuBisCO-
mediated carboxylation (Kaiser et al., 2015). This regulation causes photosynthesis to respond non-
instantaneously to changing irradiance levels, as the lag in the indirect light-activation of the CBB cycle 
fails to keep up with the rapid light-driven generation of ATP and NADPH by the photosynthetic 
electron transport chain (Graham et al., 2017). 

Rapid metabolic flux determined by 13C labeling in dark acclimated Synechocystis cells upon low (30 
µmol photons m-2 s-1) and elevated (200 µmol photons m-2 s-1) light exposure indicates CO2 fixation via 
RuBisCO remains inactive during the initial stage of photosynthetic metabolism (Tanaka et al., 2023). 
This data supports the claim of Graham et al. (2017) regarding the contribution of slow CBB regulation 
to growth impediments under FL. In fact, 13C incorporation is delayed until 12 and 20 s in low and 
elevated light samples, respectively (Tanaka et al., 2023). Furthermore, these results show that even 
though the consumption of glycolytic intermediates was activated -indirectly by photochemistry- 
within few seconds, stable RuBP levels were reached upon 60 s of light exposure, independent of light 
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intensity (Tanaka et al., 2023). Interestingly, metabolic fluxes in pathways other than CBB cycle and 
glycolysis, e.g., amino acid biosynthesis and photorespiration, resulted in minute contributions within 
the first 60 s post-illumination (Tanaka et al., 2023). 

On the other hand, highly frequent light pulses (>1Hz) of appropriate intensity can be beneficial for 
photosynthetic growth, a phenomenon observed in several studies across the decades and frequently 
referred in the literature as the “flashing-light effect” (see Abu-Ghosh et al., 2016 and references 
therein). Nowadays it is accepted that certain fluctuating-light protocols lead to efficient use of 
photons, thus improving cellular yield (e.g., see Takache et al., 2015 and references therein). This 
observation can be explained when revisiting the above-mentioned rationale: sufficiently rapid pulses 
can exploit the lag in the ‘slow’ regulation of the CBB cycle to maintain it active, so that growth occurs 
during both light and dark phases, translating -in a biotechnological context- into lower energy costs 
and higher productivity (Abu-Ghosh et al., 2016). This is possible because of the mismatch between 
rapid light harvesting reactions and slower enzymatic reactions that lead to the light-driven 
accumulation of intermediates, that are consumed even during the dark phase (Graham et al., 2017). 
Furthermore, reduced PSII photodamage (for details see Section 1.1.1) could also contribute to the 
“flashing-light effect”. Under adequate fluctuations, ‘non-photodamaging’ light exposure and/or 
extended PSII repair during the dark phase could also explain this phenomenon (Iluz et al., 2012). Both 
these mechanisms are thought to be important factors contributing to the “flashing-light effect” (Abu-
Ghosh et al., 2016). 

Altogether, the interplay of variables, such as duty cycle and frequency, suppose complexities when 
predicting the effect of FL on photosynthetic growth. This contrasts the unidimensional analysis of 
continuous HL stress, where amplitude is the key determinant. In the context of light-induced 
stressors, these practical observations, and the biological processes behind them, distinguish 
photosynthesis under FL and HL. In consequence, the response mechanisms to these two stressors 
also differ within the photosynthetic cell. In the following section, current understanding of the 
mechanisms controlling FL and HL tolerance in cyanobacteria will be summarized. 

 Mechanisms of light-induced stress tolerance in Synechocystis 

Exposure to both HL and FL share amplitude (light intensity) as a determinant stress factor. 
Consequentially, an overlap in the response mechanisms against both stressors could be assumed. 
However, several studies indicate that there is specificity in the coupling strategies for each case, as 
well as in the molecular components that execute them. 

1.2.1 High-light (HL) tolerance  

Cyanobacteria have developed several protective mechanisms to cope with HL intensities both in the 
short- and the long-term. Light absorption is mediated by stable protein-bound pigments such as 
carotenoids and chlorophylls. Because the abundance of these pigments and their binding proteins is 
controlled by relatively slow processes (e.g., gene expression, protein/pigment 
degradation/biosynthesis), shifts in absorption are only possible in the long-term (Muramatsu and 
Hihara, 2012). In consequence, rapid responses in the short-term are often deployed immediately after 
unavoidable absorption of excessive light quanta (Muramatsu and Hihara, 2012). These mechanisms 
can be grouped depending on their control over energy allocation or dissipation. 

Energy allocation mechanisms such as alternative electron transport allows the photosynthetic cell to 
swiftly react to changes in irradiance. Photorespiration, for instance, is regarded under normal 
conditions as an energetically expensive side effect of the affinity of RuBisCO for O2, as it consumes 
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ATP and NADPH to convert toxic 2-phosphoglycolate into 3-phosphoglycolate, CO2 and NH4
+. However, 

the photorespiratory pathway seems essential for cyanobacteria when grown under atmospheric air 
supply (Eisenhut et al., 2008). Moreover, in some plants, photorespiration can consume up to 55% of 
the total electron flow through PSII when treated with HL, hence playing an important role in 
photoprotection (Huang et al., 2019). 

Several other pathways depend on ferredoxin (Fd) as a crucial electron-distributor. For instance, cyclic 
electron flow around PSI (CEF) is a mechanism associated with HL tolerance in algae (Johnson et al., 
2014) and plants (reviewed by Szymańska et al., 2017) by which electrons can be recycled to the 
cytochrome b6f complex (Cyt b6f), bypassing the formation of reducing power (NADPH) to drive solely 
ATP production, and increasing therefore the ATP:NADPH ratio. Experimental evidence in 
Synechocystis shows that the loss of key components of CEF, like the NDH-1 complex (Gao et al., 2016) 
and the pgr5 orthologue (Yeremenko et al., 2005) decreases cyanobacterial HL tolerance. In addition, 
other alternative electron transport pathways may play a role in HL tolerance under specific conditions. 
Electron valves like the bidirectional hydrogenase (HOX) remove excess electrons in anaerobic-, dark-
acclimated cells upon exposure to HL, producing hydrogen gas (H2) and preventing the slowdown of 
electron transport (Appel et al., 2000, 2022). 

Energy dissipation mechanisms are also triggered when absorption of excessive light is unavoidable. 
Non-photochemical quenching (NPQ) of chlorophyll fluorescence is a term covering several processes 
that dissipate excess light energy as heat. For instance, upon HL exposure, the orange carotenoid 
protein (OCP), a soluble pigment-protein complex, is converted from its inactive orange form to its 
active red form (Kirilovsky and Kerfeld, 2016). Red OCP then binds to the PBS core, triggering NPQ-
mediated photoprotection that is reverted with the assistance of a small fluorescence recovery 
protein. In this way, OCP acts as a light sensor and an NPQ-trigger (see Sluchanko et al., 2018, and 
references therein). 

In addition, the exploration of PBS photophysics (i.e., the study of time-resolved absorption/emission 
processes) by Gwizdala et al. (2016) proposed an intrinsic, light-activated, and sensitive response in 
cyanobacterial antennae. This reversible and ultrafast mechanism, known as “fluorescence blinking”, 
would act virtually instantaneously, in contrast to the several seconds needed for OCP-mediated NPQ 
to reach full quenching capacity. Upon light exposure, PBS fluorescence would essentially “blink”, as a 
“dark state” would be formed spontaneously, enabling essentially any subunit of these biological 
emitters to dissipate absorbed energy in a non-radiative process (reviewed by Calzadilla and Kirilovsky, 
2020).  

On the other hand, under extended periods of HL stress, the cyanobacterial cell needs to adjust the 
expression/abundance of relevant genes/proteins to maintain the balance between energy supply 
and consumption. The consensus between several gene expression studies (reviewed by Muramatsu 
and Hihara, 2012) indicates that, upon HL treatment, chlorophyll biosynthesis, light harvesting 
complexes (in cyanobacteria: PBS), and photosystems are downregulated to avoid absorption of excess 
light energy. Simultaneously, energy sinks like the carbon assimilation via the CBB cycle are 
upregulated to increase energy consumption (Muramatsu and Hihara, 2012). 

Furthermore, genes encoding two D1 isoforms (psbA2 and psbA3) and two families of proteases (ftsH 
and deg/htr) are upregulated upon HL treatment (Muramatsu and Hihara, 2012), increasing D1 
turnover, which is a fundamental mechanism to cope with the inevitable PSII photodamage upon 
absorption of excess light energy (see Li et al., 2018 and references therein). In addition, the induction 
of genes encoding specific components related to HL tolerance, i.e., flavodiiron proteins 
(Allahverdiyeva et al., 2013), HL inducible polypeptides (HLIPs, Komenda and Sobotka 2016), and OCP 
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(Wilson et al., 2006), suggests the onset of protective mechanisms against excessive light energy 
(Muramatsu and Hihara, 2012). 

1.2.2 Fluctuating-light (FL) tolerance  

Fundamental mechanisms to cope with FL have been studied in cyanobacteria and found to revolve 
around specific flavodiiron proteins on the one hand, and respiratory terminal oxidases on the other 
(see Allahverdiyeva et al., 2015 and references therein). 

Absence of flavodiiron proteins was demonstrated to be lethal for cyanobacteria (i.e., Synechocystis 
sp. PCC 6803 and Anabaena sp. PCC 7120) under FL conditions (Allahverdiyeva et al., 2013). In 
Synechocystis, the Flv1 and Flv3 proteins orchestrate the ROS-free reduction of O2 to H2O to (safely) 
deplete electrons from the PSI acceptor side (Figure 1.1; Allahverdiyeva et al., 2013), whereas the 
Flv2/Flv4 heterodimers protect PSII by redirecting excess electrons from its acceptor side to an 
unknown component (Figure 1.1Allahverdiyeva et al., 2015). 

On the other hand, the respiratory terminal oxidases (RTOs), cytochrome bd-type quinol oxidase (Cyd) 
and aa3-type cytochrome c oxidase (COX), are crucial for survival of Synechocystis during diurnal HL 
cycles (Lea-Smith et al., 2013). Both of these oxidases locate in the thylakoid membranes (Figure 1.1), 
where COX functions downstream of the Cyt b6f complex (Figure 1.1) and Cyd competes with the latter 
to oxidize the plastoquinone (PQ) pool (Figure 1.1). Protection of PSII under FL is based on the activity 
of this RTOs (Lea-Smith et al., 2013). 

In addition, the upregulation of nitrogen assimilation in Synechocystis has been proposed recently by 
transcriptomic (Mustila et al., 2016) and proteomic (Mustila et al., 2021) analyses as a potential 
electron sink under fluctuating-light conditions. In these studies, the 30 s HL (500 µmol photons m-2 s-

1) pulse did not trigger significant upregulation of OCP-mediated NPQ, suggesting mechanisms for HL 
tolerance might not be a universal response to light-induced stress (Mustila et al., 2016, 2021).   

 

Figure 1.3. Alternative electron transport in Synechocystis sp. PCC 6803. Relevant photosynthetic, protective and respiratory 

components are depicted at the level of the thylakoid membranes (TMs) of the model cyanobacterium Synechocystis sp. PCC 

6803.  When the electron-sink capacity of the Calvin–Benson–Bassham (CBB) cycle is exceeded, alternative electron transport 

pathways reallocate the energy overflow into other processes (dashed arrows denote unclear mechanisms), protecting the 

cell from harm. Note that the plastoquinone/plastoquinol pool (PQ/PQH2, also PQ pool) and Ferredoxin (Fd) act as a central 

electron distributor. COX: aa3-type cytochrome c oxidase; Cyd: cytochrome bd-type quinol oxidase; Cyt b6f: cytochrome b6f; 

Flv(1–4): flavodiiron proteins (1–4); FNR: Fd-NAD(P)H-oxidoreductase; HOX: Ni‐Fe hydrogenase; NDH-1(2): NADH 

dehydrogenase-like complex 1(2); PBS: phycobilisome; Pgr5-like: Proton Gradient Regulation 5 - like; SDH: succinate 

dehydrogenase. Dotted arrows represent proton (H+) translocation. For details see review by Nikkanen et al. (2021). 

https://doi.org/10.1111/ppl.13404
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 Experimental evolution 

Adaptive Laboratory Evolution (ALE) is a powerful approach that comprises straightforward yet 
effective techniques that harness the potential of natural selection to expand and/or improve the 
phenotypic performance of a population by enriching it with random, more fit mutants. Due to the 
development of low-cost genome-wide sequencing technologies (for details see Shendure et al., 2017), 
the popularity of ALE in basic and applied science has increased (reviewed by Lewis and Morran, 2022) 
since its earliest practice in controlled studies (Novick and Szilard 1950; Atwood et al., 1951). In their 
most basic form, ‘shotgun’ ALE experiments consist of a population of the organism of choice subjected 
to propagation-selection cycles, usually under a well-defined and controlled environment, until the 
desired phenotype is acquired (LaPanse et al., 2021; illustrated in Figure 1.4). 

Although theoretically applicable to any organism, the constrains of time, space, and maintenance 
capacities in scientific research limit the efficiency of these experiments to biological systems that 
mutate and reproduce relatively fast, i.e., ‘microbial’ ALE. Because microorganisms are easier to 
manipulate and can rapidly generate large populations of selectable individuals, (micro)algae and 
cyanobacteria are two obvious candidates for the study of photosynthesis via ALE. For instance, 
cyanobacterial mutation rates were estimated between 2–6×10-7 substitutions/site/year (Segawa et 
al., 2018) and between 5×10-7 and 2×10-9 for Synechocystis strains (Grigorieva and Shestakov, 1982), 
whereas 7×10-9 substitutions/site/generation were reported for the flowering plant Arabidopsis 
thaliana (Ossowski et al., 2010). Consequentially, the advantage of short generation times and higher 
mutation rates when employing microbes is such that, in theory, one could recapitulate an equivalent 
of the natural genetic variability that has arisen in flowering plants (i.e., angiosperms, e.g., Arabidopsis 
thaliana) since their domestication (~10000 years ago) after about two weeks of continuous 
propagation of the cyanobacterium Synechocystis (Dann and Leister, 2017). Interestingly, only 2×10-10 
substitutions/site/generation were approximated in the green (micro)alga Chlamydomonas 
reinhardtii, one of the lowest ever recorded mutation rates among eukaryotes (Ness et al., 2012). 
Meanwhile, the significant mutation rates together with the extensive and straight-forward genetic 
engineering tools available for prokaryotes render cyanobacteria a much more convenient choice as 
chassis for ALE approaches (Jensen and Leister, 2014; Sproles et al., 2021). 

Evolutionary engineering techniques other than ALE (Sauer, 2001) are crucial for the exploration of 
biomolecular mechanisms. For instance, depending on the availability of bioinformatic and genetic 
engineering tools, directed evolution of selected candidates may follow up the analysis of ALE data as 
a more focused approach to test more specific hypotheses. This methodology includes -but is certainly 
not limited to (more methods see Packer and Liu, 2015)- “allelic replacement” techniques, i.e., the 
reconstruction of point mutations via site directed mutagenesis and the screening of the emergent 
variants (e.g., Dann et al., 2021; see reviews by Clerico et al., 2007; and Conrad et al., 2011). 

Because all living organisms are subject to natural selection, every (microbial) cell in an ALE experiment 
acts as a ‘microscopic laboratory’ in which ‘genetic hypotheses’, in the form of mutant alleles, are 
constantly being tested against the selective pressure posed by the growth environment. This connotes 
one of the strongest advantages of evolutionary approaches in general, for profound a priori 
knowledge of the mechanisms underlying fitness is not mandatory to execute the experimental layout. 
As perfect genotype-to-phenotype models are rarely available, the directed genetic engineering of 
desired traits become incredible challenging due to the vast complexity of biological systems. 
Therefore, ALE is a powerful broad-range approach, particularly for early stages of research in which 
little is known about the underlying molecular biology of a given trait (Dragosits and Mattanovich 2013; 
Sandberg et al., 2019). 
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Figure 1.4. ALE workflow. , ALE batch cultures originate from a starting stock-culture (usually the wild-type, WT, in green) 

of photosynthetic microbes, such as algae and cyanobacteria, that is propagated under gradually increasing selective 

pressure across the experimental timeline defined by ti (initial time) and tf (final time). The population will spontaneously 

mutate and adapt, illustrated by the change in colors. Intermediate batch cultures at a given time (e.g., t1 and t2) can be cryo-

preserved or adapted independently for future isolation. , the adapted populations in batch cultures can be dissected into 

monoclonal isolates by conventional serial dilution. Subpopulations can be identified in green gold, red, and purple. Note 

that the abundance of each subpopulation, illustrated as total of eight clones, fluctuates with the selective pressure and 

collectively represent the colors from their corresponding batch cultures in . , whole-genome sequencing (WGS) reveals 

polymorphisms (mutations) have emerged. Bioinformatic analysis unveils candidate alleles affecting different genes and 

separates them from background variants. Note that allele #1 seems adaptive independently of the level of selective

pressure. Allele #2 requires allele #1 to emerge spontaneously while also being dominant over it (probable synergistic 

epistasis). Allele #3, on the other hand, is only adaptive under extreme levels of selective pressure. , genetic engineering 

enables the reconstruction of mutant alleles in the non-adapted WT-background, generating the pure mutant lines mut1, 

mut2, and mut3. This facilitates the evaluation of the adaptive value of mutant alleles by a subsequent functional validation. 

Note that genetic engineering was able to reconstruct allele #2 without allele #1, bypassing the presumed epistatic barrier. 

Adapted from Leister (2017). 
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ALE in microbes can be conducted using either continuous or batch cultivation. In continuous 
cultivation, effluent is removed and fresh medium is added so that a certain variable is kept constant, 
e.g., flow rate in chemostats, cellular density in turbidostats, or a chemical parameter in auxostats. In 
such bioreactors, a certain physiology is kept among the population (usually the one responsible for 
exponential growth, due to the excess nutrients) and fitness is therefore equivalent to growth rate 
(Sandberg et al., 2014). In batch cultivation however, each propagation cycle transits through growth 
phases (i.e., lag, exponential, stationary, and death) so that other factors play a role in fitness, such as 
decreased lag phase or survival in stationary phase (reviewed by Wiser and Lenski, 2015). Therefore, 
the variability and complexity of ALE data in batch cultivation is likely to be higher than in continuous 
culture (Gresham and Dunham, 2014). 

Excessive mutations or extensive monotonous cultivation may give rise to “specialist” strains with 
certain growth “trade-off”, as they lose their competitive advantage in alternative conditions (e.g., 
Reboud and Bell, 1997; Sun et al., 2016; Kato et al., 2017; Dann et al., 2021). A degree of heterogeneity 
in the selective regime can minimize such “cost of adaptation”, particularly if the environment varies 
in time (i.e., fluctuations in level/type of stress across time), which favors phenotypic plasticity and the 
thrive of “generalist” strains (early studies in algae see Reboud and Bell, 1997; Kassen and Bell, 1998). 
In other words, the environment guides the width of the niche: homogeneous growth conditions breed 
highly adapted strains (i.e., specialist), whereas heterogenic ones produce widely adapted strains (i.e., 
generalist) (reviewed by Kassen, 2002). This relates to ALE regarding the choise of the cultivation mode, 
which is dependent of the experimental aim: if the objective of an ALE experiment is the generation of 
robust generalist mutants (able to adapt to a variety of conditions), batch cultivation ought to be 
employed. 

The number of chromosome-sets per cell, or ploidy, is also an impactful aspect of microbial ALE. 
Synechocystis is highly polyploid, containing at least 10 copies of its single chromosome per cell during 
exponential phase (Watanabe, 2020). Ploidy in cyanobacteria is known to be strongly influenced by 
cellular density, growth phase, and light and phosphate availability (e.g., >50 copies per cell under low 
light, as reported by Zerulla et al., 2016). The additional chromosomes diminish the impact of -
otherwise detrimental- variants and enables Synechocystis to tolerate higher mutation loads 
compared for instance to crop plants, which tend to degenerate into male or female sterility upon 
artificial mutagenesis (revised by Dann and Leister, 2017). In this way, the non-lethal acquisition of 
abundant and/or (spatially) clumped alterations greatly increases the probability to ‘bridge fitness 
valleys’ in polyploid organisms. By the same rationale, (selectable) beneficial alleles are likely to be 
gain-of-function mutations (Dann and Leister, 2017), i.e., where the activity of the gene product is 
positively affected either by increased activity, new molecular function, or higher expression. 

The layout of an ALE experiment typically includes independent replicate cultures that are parallelly 
subjected to a selective regime to aid in the identification of adaptive mutations, e.g., convergent 
alleles (Bailey et al., 2015). Intermediate strains (i.e., those taken between experiment begin and end), 
which are less fit than endpoint strains (i.e., those collected at experiment end), may be preserved to 
reconstruct evolutionary trajectories and expand screenings beyond dominant mutations, or to exploit 
the phenotypic plasticity of less-adapted mutants to alternative conditions (e.g., Lee and Palsson, 
2010). Evolution experiments have been carried out in ample timeframes, from <50 to >60000 
generations with an average of 100–500 generations depending mostly on the appreciable fitness 
gains (Sandberg et al., 2019). Even though the termination date of an ALE experiment is usually 
arbitrary, it is clear that, for a given growth condition, improvement rate in fitness decreases over time 
with apparently no asymptotic limit, as reported in the >30 years record-breaking ALE by Lenski et al. 
(2015). Size is a crucial factor for the manipulation of biological systems, and it is determinant of the 
scale of the experiment. For instance, a 38 L culture (i.e., a cubic fish tank of 33.6 cm wide) of 
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Synechocystis (1.67 – 2.46 µm, Zavřel et al., 2017) grown until low optical densities (OD730nm = 1) would 
contain more individuals than the total number of maize plants grown in the United States of America 
in a year (as pointed out by Dann and Leister, 2017). This greatly benefits ALE as larger populations 
more thoroughly cover genetic landscapes (i.e., more mutations and combinations thereof), increasing 
screen efficiency within reasonable space requirements (Dragosits and Mattanovich 2013; Sandberg 
et al., 2019). 

Regarding the application of ALE studies, Sandberg et al. (2019) noted a predominant tendency among 
decades of microbial ALE experiments (conducted mostly on yeast and bacteria) to aim at the increase 
of stress tolerance, accounting for more than a third of a pool of 159 publications, with others being 
dedicated to increase/optimize growth rate, product yield, and/or substrate utilization. Similar interest 
in stress tolerance was also reported by LaPanse et al. (2021) regarding ALE research on photosynthetic 
microbes. Stress responses usually depend on multiple and intertwined mechanisms that reallocate 
resources in expense of cellular growth to trigger physiological cascades that are rarely elucidated. 
Among other applications, increasing stress tolerance via ALE is particularly effective due to its 
potential to reveal mutations involved in the fine tuning of expression levels of multiple genes, a task 
hardly accessible by the current metabolic engineering (e.g., Sandberg et al., 2014). In fact, 
Synechocystis has been subjected to several ALE studies with the effort of increasing tolerance against 
elevated presence of stressors such as acidity (i.e., low pH, Uchiyama et al., 2015), heavy metals (Xu et 
al., 2018), light intensities (Dann et al., 2021; Yoshikawa et al., 2021), osmotic pressure (Wu et al., 
2020), temperatures (heat; Tillich et al., 2012), and salinity (Hu et al., 2020). 

In summary, short generation times, massive population sizes, high mutation rates, and accessible and 
versatile genetic engineering techniques render Synechocystis an ideal platform for experimental 
evolution. 

 Aims of this doctoral study 

This study aims to enhance FL stress tolerance in the cyanobacterium Synechocystis sp. PCC 6803 by 
directing its adaptive potential in the laboratory. This entails identifying, reconstructing, and 
functionally validating adaptive alleles that promote photoautotrophic growth under said conditions. 
Among the ambitions of this investigation falls the identification of adaptive allele(s) granting survival 
under lethal-doses of FL, e.g., regimes with high duty cycles, where the high-light pulse represents a 
substantial portion of each period. Furthermore, it falls within the interest of this work to lay the 
foundation for unraveling the molecular mechanisms underlying the adaptive mutation(s).  
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2. Materials & Methods 

 Databases, data analysis and software tools 

Synechocystis sp PCC 6803 (Synechocystis) gene sequences were obtained from KEGG: Kyoto 
Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/); protein sequences were 
obtained from NCBI https://www.ncbi.nlm.nih.gov/) and UniProt (https://www.uniprot.org/). Protein 
structure predictions were generated with ColabFold (v1.5.2, Mirdita et al., 2022) or obtained from 
the AlphaFold Protein Structure Data Base (version 2022-11-01, Varadi et al., 2022). 

Unless stated otherwise, experimental data was analyzed either manually with Microsoft Office Excel 
or with the software provided by the respective manufacturer. DNA sequences and Sanger sequencing 
data were analyzed with CLC Main Workbench 20 (QIAGEN, Venlo, Netherlands), while whole-genome 
sequencing demanded several tools, detailed in Section 2.6.2. Protein sequences were aligned with 
the “ClustalW multiple alignment” tool in BioEdit (Hall, 1999) and protein 3D structures were edited 
with UCSF ChimeraX (Pettersen et al., 2021). Images and photographs were analyzed with ImageJ 
(Schneider et al., 2012). Statistical analyses were performed with Microsoft Office Excel or via Astatsa 
(https://astatsa.com/). 

Plasmid and related DNA sequences were annotated manually in Microsoft Office Word using 
NEBuilder® Assembly Tool v2 and NEBaseChanger v2 (https://tmcalculator.neb.com/#!/main, NEB; 
Ipswich, Massachusetts, United States of America) for construct design and primer optimization. 
Melting and annealing temperatures (Tm and Ta, respectively) for oligonucleotides were estimated with 
Tm calculators from New England Biolabs (NEB; Ipswich, Massachusetts, United States of America) and 
Thermo Fisher Scientific (https://www.thermofisher.com/de/de/home/brands/thermo-
scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-
library/thermo-scientific-web-tools/tm-calculator.html;  Waltham, Massachusetts, United States of 
America) depending on the recommendations of the Polymerase Chain Reaction (PCR) Kit 
manufacturer. Charts were plotted with Microsoft Office Excel, except for the area-proportional Venn 
diagram that was generated by BioVenn (Hulsen et al., 2008). Figures were prepared with Microsoft 
Office PowerPoint or CorelDRAW 2020 (Alludo, Ottawa, Canada). 

Large language models (also “artificial intelligence”) such as ChatGPT, DeepL Write, and Scite were 
employed occasionally as editing tools to improve language. 

 Chemical materials 

Chemicals were purchased from Sigma-Aldrich (Steinheim, Germany), Roth (Karlsruhe, Germany), 
Applichem (Darmstadt, Germany), Serva (Heidelberg, Germany), and Invitrogen (Darmstadt, 
Germany). 

 Enzyme kits, primers, size markers, and antibodies 

The Q5® High-Fidelity Polymerase (New England Biolabs, NEB; Ipswich, Massachusetts, United States 
of America) and the VeriFi™ Polymerase (PCR Biosystems Ltd., United Kingdom) were used exclusively 
for molecular cloning. The Phire Plant Direct PCR Kit and the DNA molecular weight marker 
GeneRulerTM 1 kb Plus DNA ladder were purchased from Thermo Fisher Scientific (Waltham, 
Massachusetts, United States of America). DNA-editing technology (including Gibson Assembly, Q5® 
Site-Directed Mutagenesis, restriction enzymes, T4 DNA ligase and T4 PNK) were obtained as kits from 
NEB (Ipswich, Massachusetts, United States of America). Genomic and plasmid DNA purification kits 

https://www.uniprot.org/
https://astatsa.com/
https://tmcalculator.neb.com/#!/main
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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(EasyPure® Plant Genomic DNA Kit and EasyPure® Plasmid MiniPrep Kit, respectively) were purchased 
from TransGen Biotech Co., Ltd. (Beijing, China). FastGene Gel/PCR Extraction Kit (NIPPON Genetics 
EUROPE GmbH, Düren, Germany) was used to purify DNA from agarose gels and/or to clean PCR 
amplicons. All primers/oligos were purchased from Metabion GmbH (Martinsried, Germany). 

The BlueStar Prestained Protein Marker (10–170 kDa; NIPPON Genetics EUROPE GmbH, Düren, 
Germany) served as protein ladder. Enhanced chemiluminescence (ECL) from horseradish peroxidase 
(HRP) was detected employing the substrates SuperSignal West Pico PLUS Chemiluminescent 
Substrate (Thermo Fisher Scientific, Waltham, Massachusetts, United States of America) or ECL 
SuperBright (Agrisera, Vännäs, Sweden). 

Antibodies, unless stated otherwise, were purchased from Agrisera (Vännäs, Sweden) or PhytoAB (San 
Jose, California, United States of America). For the detection of PAM68, anti-serum was provided by 
Prof. Dr. Jörg Nickelsen (LMU Munich, Germany) and employed as described elsewhere (Armbruster 
et al., 2010). For the detection of the Ycf66-like protein, a polyclonal antibody was raised against a 
synthetic peptide (CRSVRPEVSRDY-amide) and the specific IgG was subsequently purified from 60 mL 
antiserum by affinity chromatography (outsourced to BioGenes GmbH, Berlin, Germany), resulting in 
11 mL with 0.259 mg protein mL-1. 

 Molecular cloning 

2.4.1 Genomic DNA extraction from Synechocystis 

Genomic DNA (gDNA) was isolated either for whole-genome sequencing (WGS), or to be used as PCR 
template. Cell pellets with about 10–30 mg fresh weight were collected by centrifugation (5 min at 
2800–3200 rcf) in 2 mL microtubes. After supernatant was removed, commercial lysis buffer 
(EasyPure® Plant Genomic DNA Kit) was added according to the manufacturer’s instructions. A 1:1 
mixture of small glass beads (425–600 µm + 212–300 µm, Sigma Aldrich, St. Louis, MO, United States) 
was added until cell pellet was generously covered, vessels were sealed with Parafilm to prevent 
leakage, and then physically ruptured in a TissueLyser II (QIAGEN, Hilden, Germany). Hereafter, 
samples were processed following the manufacturer’s protocol (EasyPure® Plant Genomic DNA Kit, 
TransGen Biotech Co., Ltd., Beijing, China). DNA isolates were later subjected to agarose gel 
electrophoresis to assess structural integrity. 

2.4.2 DNA agarose gel electrophoresis 

DNA was separated by size via conventional electrophoresis at 80–120 V on agarose gels 0.5–2% (w/v) 
using TAE (Tris 40 mM, Acetic acid 20 mM, EDTA 1 mM) as running buffer. Midori Green staining 
(NIPPON Genetics EUROPE GmbH, Düren, Germany; 1:20000 v/v in gel) was employed to visualize DNA 
fragments after subsequent blue-green fluorescent detection with FastGene® FAS-V Imaging System 
(NIPPON Genetics EUROPE GmbH, Düren, Germany). 

2.4.3 Plasmid design and Gibson assembly cloning 

Plasmid design and cloning strategy were adapted from Dann et al. (2021). Plasmid sequences were 
designed to achieve genomic integration of exogenous DNA inserts by homologous recombination and 
to be assembled by Gibson assembly (GA; Gibson et al., 2009). 

All sequences were annotated manually in Microsoft Office Word, while most primers were generated 
via NEBuilder® Assembly Tool v2, as recommended by the manufacturer. For a detailed list of primers 
employed in this study refer to Table 2.1. A non-replicative vector derived from pICH69822 (E. Weber, 
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Icon Genetics GmbH, Halle, Germany) and another derived from IMBB2.4-pUC57-mini (RRID: 
Addgene_88845, kindly donated by Professor Neil Hunter FRS, University of Sheffield) were used as 
backbones (BBK and BBA, respectively). 

Candidate SNPs were reconstructed in Synechocystis laboratory type (LT) background via homologous 
recombination by adapting a marker-less gene-replacement system developed in our lab (Viola et al., 
2014). Non-synonymous SNPs (i.e., amino-acid-exchanging mutations) were introduced either by Q5® 
site-directed mutagenesis kit (SDM, NEB) or by adapting the design of the overhangs in Gibson 
Assembly primers. DNA fragments containing Synechocystis endogenous sequences were amplified 
from Synechocystis LT gDNA, while the double selection cassette (DSC) and vector backbone were 
amplified from pDSlux (Viola et al., 2014) using either Q5® High-Fidelity Polymerase (NEB) or VeriFi™ 
Polymerase (PCR Biosystems Ltd., United Kingdom). Colonies were picked and selected for further 
analysis based on colony PCR using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, United 
States of America). Correct assembly of vectors was tested after plasmid (mini)preparation 
(EasyPure® Plasmid MiniPrep Kit; TransGen Biotech, China) by analysis of the restriction pattern 
obtained after enzymatic digestion. Correctly assembled plasmid DNA was used as template for Q5® 
SDM PCR, followed by plasmid re-circularization according to manufacturer’s instructions, and 
transformed into competent E. coli DH5α. Successful point mutagenesis and lesion-free ligation were 
confirmed by Sanger sequencing (outsourced exclusively to the in-house service of the Genomics 
Service Unit, Genetics, LMU Munich), yielding the plasmids listed in Table 2.2. 

Table 2.1. Primers. A list of oligonucleotides employed in this study is provided. The column ‘Function’ specifies the purpose 

of each primer, where ‘GA cloning’ denote oligonucleotides utilized for PCR amplification of Gibson assembly (GA) fragments. 

The column ‘Target’ denotes the element towards each primer was design to bind. The column ‘3’ Tm [°C]’ provides 3’-end 

melting temperatures for each oligonucleotide, calculated based on the binding sequence of each primer to the respective 

target. 

Name Sequence Function Target 3’ Tm [°C]  

BBK_fw  ACCTGGGCCCACTGCATCC  GA cloning pICH69822  73.8  

BBK_rv  GCTTACCTGTTTAAACTATCAGTG  GA cloning pICH69822  60.7  
BBA_fw  CCAATGATATCGGAAAGAACATGTG  GA cloning pUC57-mini 63.5  

BBA_rv  GACGTCAGGTGGCACTTTTC  GA cloning pUC57-mini 66.4  

BB_pDSm_fw GGAATTCGATTGATCCGTC  GA cloning nptI→←sacB 61.2 
267_fw  TCCCCGAAAAGTGCCACCTGACGTCGTCAGGGAAATCTACGACCAATATATC  GA cloning sll0267 64.1  

267_rv  TCAATCGAATTCCTTAACTGGCGGTTAATTTTTGATG  GA cloning sll0267 61.3  

DSC_267_fw  ACCGCCAGTTAAGGAATTCGATTGATCCGTCG  GA cloning nptI→←sacB 63.2  

DSC_267_rv  TGGGGTTGCAAAAAATCCTTTTATGATTTTCTATCAAACAAAAG  GA cloning nptI→←sacB 60.3  
267_3‘_fw  CATAAAAGGATTTTTTGCAACCCCAGGTGGATAG  GA cloning sll0267 67.4  

267_3‘_rv  CACATGTTCTTTCCGATATCATTGGTTAACTGGCGGTTAATTTTTGATGAAATTC  GA cloning sll0267 64.0  

pDS-267-L1189P_fw  TGTTTTGATAGACCCCGATGGCTTTAAAACCCTC  mutagenesis sll0267 66.1  

pDS-267-L1189P_rv  AAAGCCATCGGGGTCTATCAAAACAATGGCACC  mutagenesis sll0267 61.3  
sll0267_seg_fw CATCCACCCCCAGGATCAACAAAGG segregation sll0267 72.0 

sll0267_seg_rv TCTGGGTTAATCCGTTCGGCCAACT segregation sll0267 73.0 

HLAE_sll0355_5'_fw ACACTGATAGTTTAAACAGGTAAGCTTAAGCTTTGCAAAACCAG  GA cloning sll0355 58.0 

HLAE_sll0355_5'_rv  TCAATCGAATTCCACGGTACTCTTTTTCAAG  GA cloning sll0355 55.7 
HLAE_DSC_355_fw AAAAGAGTACCGTGGAATTCGATTGATCCGTC  GA cloning nptI→←sacB 60.2 

HLAE_DSC_355_rv CAGTGCCATTGCCAAATCCTTTTATGATTTTCTATCAAAC  GA cloning nptI→←sacB 57.1 

HLAE_sll0355_3'_fw CATAAAAGGATTTGGCAATGGCACTGCCAAAC  GA cloning sll0355 68.2 

HLAE_sll0355_3'_rv  TGGGGTGGATGCAGTGGGCCCAGGTGCCCCAAACGGAGATTGG  GA cloning sll0355 66.7 
HLAE_sll0355_F254S_fw CTACCTTGCATCTAAGGGCAATTTG mutagenesis sll0355 66 .0 

HLAE_sll0355_F254S_rv GAAAAAATGCCGTAGGCAATGG mutagenesis sll0355 65 .0 

sll0355m_rv  CGACGGATCAATCGAATTCCGCCCCAAACGGAGATTGG  GA cloning sll0355 66.7  

HLEAE_sll0355_seg_f CAAGGGGAATGACTCGACAATGG segregation sll0355 68.0 
HLEAE_sll0355_seg_r GCCGATCGCTTGTTATGGGCAG segregation sll0355 71.0 

pDS-slr0503_fw  TCCCCGAAAAGTGCCACCTGACGTCATGGTAAATTTCGGGCTTAATTC  GA cloning slr0503 60.6  

pDS-slr0503_rv  TCAATCGAATTCCCTAATAATCAAACCGTTCTTG  GA cloning slr0503 55.7  

pDS-DSC_503_fw  TTTGATTATTAGGGAATTCGATTGATCCGTCG  GA cloning nptI→←sacB 63.2  
pDS-DSC_503_rv  GCCAAAGGAATCAAATCCTTTTATGATTTTCTATCAAACAAAAG  GA cloning nptI→←sacB 60.3  

pDS-slr0503_DR_fw  CATAAAAGGATTTGATTCCTTTGGCGATCGCCC  GA cloning slr0503 69.2  

pDS-slr0503_DR_rv  CACATGTTCTTTCCGATATCATTGGCCGTTTAGCGGTTTCAAAAACG  GA cloning slr0503 65.0  
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pDS-slr0503L_fw  GCCGCTGGCCGCAGTGCC mutagenesis slr0503 83.7  

pDS-slr0503L_rv2 GGGACGGGAACGGGTTGGTCTG mutagenesis slr0503 75.0 
slr0503_mutsec_fw GTTATGACGATGATGCCCGC sequencing slr0503 59.0 

slr0503_seg_fw CAGAGAAACACAAGCTTTCAAGGTA mutagenesis slr0503 65.0 

slr0503_seg_rv CAAGGATTTCAATGTCCCATTGTCC mutagenesis slr0503 66.0 

HLAE_slr1855_5'_fw ACACTGATAGTTTAAACAGGTAAGCATGAGTCCCAAAATTAACTTTC  GA cloning slr1855 57.7 
HLAE_slr1855_5'_rv  TCAATCGAATTCCTATTCATCCGCATCAAATTC  GA cloning slr1855 57.2 

HLAE_DSC_1855_fw ATGCGGATGAATAGGAATTCGATTGATCCGTC  GA cloning nptI→←sacB 60.2 

HLAE_DSC_1855_rv  ATCGCCAAATTCGAAATCCTTTTATGATTTTCTATCAAAC  GA cloning nptI→←sacB 57.1 

HLAE_slr1855_3'_fw CATAAAAGGATTTCGAATTTGGCGATGATTACG  GA cloning slr1855 61.5 
HLAE_slr1855_3'_rv  TGGGGTGGATGCAGTGGGCCCAGGTTTAGGCAGTGGGGACTAAAC  GA cloning slr1855 63.9 

HLAE_slr1855_D200G_fw GAAGGCATTATTTACTGGTACCACGC mutagenesis slr1855 68.0 

HLAE_slr1855_D200G_rv GTCCTTATCGACAAAGCGCATATGC mutagenesis slr1855 68.0 

slr1855m_rev  CGACGGATCAATCGAATTCCTTAGGCAGTGGGGACTAAACGAACTTTG  GA cloning slr1855 70.3  
HLEAE_slr1855_seg_f GTCCTTCCCGTGGCATCAACAT segregation slr1855 70.0 

HLEAE_slr1855_seg_r TCCTGTTGATTAATTTGAATATCCATGGGGC segregation slr1855 68.0 

sll0518_UR750_fw TCCCCGAAAAGTGCCACCTGACGTCAGGTAAAGGTTGGTATAAGC GA cloning sll0518 58.5 

sll0518_UR750_rv TCAATCGAATTCCCAGAAAAACTAAAGGGTTCC GA cloning sll0518 57.9 
DSK_sll0518_fw TTAGTTTTTCTGGGAATTCGATTGATCCGTCG GA cloning nptI→←sacB 63.2 

DSK_sll0518_rv ATAGCTTTTACGAAATCCTTTTATGATTTTCTATCAAACAAAAG GA cloning nptI→←sacB 60.3 

sll0518_5‘_fw CATAAAAGGATTTCGTAAAAGCTATGGTGGTAG GA cloning sll0518 59.8 

sll0518_5‘_rv CAAATATAAGACAAAATTGGCATCCCGAATCTG GA cloning sll0518 63.2 
sll0518m_fw GGATGCCAATTTTGTCTTATATTTGCCTAGGCGAGCCATTG mutagenesis sll0518 69.2 

sll0518m_rv CACATGTTCTTTCCGATATCATTGGCTAGGCCTCCGGTGGAGGTG mutagenesis sll0518 72.6 

sll0518_seq_fw CGAAGCCGCCCAAAAAGACC segregation sll0518 67.2 

sll0933_5‘_fw TCCCCGAAAAGTGCCACCTGACGTCATGGCTGACCCCACCAATCG GA cloning sll0933 70.5 
sll0933_5‘_rv AAATGCCATAGCCTAAGCCCACCACCCCTAGAC GA cloning sll0933 68.8 

sll0933m_fw GTGGTGGGCTTAGGCTATGGCATTTTTTCCAC mutagenesis sll0933 61.9 

sll0933m_rv TCAATCGAATTCCGACAAACTTCCTCTATTCGATAG mutagenesis sll0933 59.6 
DSK_sll0933_fw AGGAAGTTTGTCGGAATTCGATTGATCCGTCG GA cloning nptI→←sacB 63.2 

DSK_sll0933_rv AGGCTCATCTTCAAATCCTTTTATGATTTTCTATCAAACAAAAG GA cloning nptI→←sacB 60.3 

sll0933_DR500_fw CATAAAAGGATTTGAAGATGAGCCTGGCAGTGTC GA cloning sll0933 68.2 

sll0933_DR500_rv CACATGTTCTTTCCGATATCATTGGACCGGATGGTTTTTGCCGATC GA cloning sll0933 68.3 
slr0947_fw TCCCCGAAAAGTGCCACCTGACGTCGTGGTCGATGACGAGGCC GA cloning slr0947 68.7 

slr0947m_5‘_rv GCGTTCGGGGGGGTAGCCCCACACTTCCTG mutagenesis slr0947 65.4 

slr0947m_3‘_fw AGTGTGGGGCTACCCCCCCGAACGCCATGTG mutagenesis slr0947 72.7 

slr0947_3‘_rv TCAATCGAATTCCGGACTTGGGCTGAATCCGTTG GA cloning slr0947 68.7 
DSK_slr0947_fw CAGCCCAAGTCCGGAATTCGATTGATCCGTC GA cloning nptI→←sacB 60.2 

DSK_slr0947_rv AATCCCTAGGAAAAATCCTTTTATGATTTTCTATCAAAC GA cloning nptI→←sacB 57.1 

slr0947_DR700_fw CATAAAAGGATTTTTCCTAGGGATTTACCGAG GA cloning slr0947 60.0 

slr0947_DR700_rv CACATGTTCTTTCCGATATCATTGGTTAAGCATTGATGGGCATG GA cloning slr0947 60.1 
slr0947n_5‘_rv AAATATGCACGCCCACCACCCTGGTATCCAC mutagenesis slr0947 65.1 

slr0947n_3‘_fw ACCAGGGTGGTGGGCGTGCATATTTCCCGC mutagenesis slr0947 67.5 

 

Table 2.2. Allele swapping plasmids. A list of plasmids employed in this study for the reconstruction of candidate ALE alleles 

is provided. All vectors relied on a nptI→←sacB double selection cassette for positive and subsequent negative selection in 

Synechocystis (Viola et al., 2014; Dann et al., 2021). Conventional nomenclature for amino acids is employed in the column 

‘Mutant allele’. 

Plasmid name Vector backbone Target gene ID Mutant allele Plasmid length [bp] 

pDS-267m pUC57-mini sll0267 L1189P 7715 

pDS-355m pICH69822 sll0355 F254S 11049 

pDS-503L pUC57-mini slr0503 S178A 7279 
pDS-1855m pICH69822 slr1855 D200G 11535 

pDSK-518m pUC57-mini sll0518 A133V 7623 

pDSK-0933m pUC57-mini sll0933 S113G 6801 

pDSK-0947m pUC57-mini slr0947 T183P 7170 
pDSK-0947n pUC57-mini slr0947 D194G 7170 
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Figure 2.1. Adapted allele-swapping in Synechocystis via homologous recombination. Candidate alleles were reconstructed 

in Synechocystis LT employing genetic engineering techniques based on homologous recombination. The strategy was 

adapted from Dann et al. (2021) and optimized to increase SNP integration efficiency without interrupting the gene’s coding 

sequence (CDS) nor its regulatory elements (promotor/ terminator regions, P/ T). The designs in plasmid A and B were 

employed depending on if the mutation sat in the 1st (SNPA) or the 2nd half (SNPB) of the CDS, respectively. SNPs were 

introduced via PCR amplification either by Q5 site-directed mutagenesis or by customized overhangs in Gibson-assembly 

primers (Table 2.1). Upstream/downstream regions (UR/DR) and partial 5'/3' CDS were used as homologous boxes for the 

first recombination event, allowing genomic integration of the insert containing a double selection cassette (DSC, positive 

selection of KanR, nptI, in presence of kanamycin). A 200–300 bp internal overlap was added on either side of the DSC to 

allow its removal via a second recombination event (counter-selection of Sucs, sacB, in presence of sucrose) and 

reconstituting the LT genomic configuration for a scarless single-nucleotide modification. 

2.4.4 Cultivation and transformation of Escherichia coli (E. coli) strains 

Plasmid DNA was cloned and biologically amplified in E. coli DH5α cells (NEB; Ipswich, Massachusetts, 
United States of America). Plasmids assembled by conventional cloning (restriction/ligation), Gibson 
Assembly, or Q5® site-directed mutagenesis were added to 12.5 μL aliquots of chemically competent 
E. coli cells, incubated on ice for 30 min, heat shocked for 35 s (at 42 °C), incubated on ice for another 
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5 min, and regenerated in 500 μl of SOC medium (NEB; Ipswich, Massachusetts, United States of 
America) for 60 min at 37 °C and 200 revolutions per minute (rpm). Cell suspensions were plated on 
LB (Luria-Bertani: yeast extract 5 g L-1, NaCl 5 g L-1, Peptone 10 g L-1, NaOH to pH = 7.5; Bertani 1951) 
solid media supplemented with 1% (w/v) bacteriological agar and the corresponding antibiotics 
(Ampicillin 100–200 μg mL-1, Chloramphenicol 17–34 μg mL-1, Kanamycin 100–200 μg mL-1, 
Spectinomycin 50–100 μg mL-1). After overnight incubation at 37 °C, clones were preselected by colony 
PCR and transferred into liquid cultures (of 5 mL media in 15 mL Falcon tubes, grown overnight at 37 
°C and 200 rpm). Plasmid DNA was extracted (EasyPure® Plasmid MiniPrep Kit), and enzymatically 
digested with appropriate combination of endonucleases. Correct assembly was confirmed by 
subsequent restriction pattern analysis post gel electrophoresis and Sanger sequencing (Genomics 
Service Unit, Genetics, LMU Munich). 

 Propagation of Synechocystis sp. PCC 6803 

Experiments were conducted on the glucose-tolerant, non-motile Synechocystis sp. PCC 6803 
(designated as laboratory type, LT), provided by Prof. Dr. Himadri Pakrasi (Washington University, St. 
Louis, United States of America) and grown in BG11 (defined, photoautotrophic medium; Table 2.3; 
Rippka et al. 1979). Media was supplemented with sterile (0.2 µm-filtered) 5 mM glucose (BG11+; 
Table 2.3) and/or appropriate antibiotics on demand. Antibiotics were added to the media once melted 
agar was properly cooled to minimize decay. 

For maintenance purposes, all strains were routinely propagated on solid media (BG11-agar; Table 2.3) 
under ‘upkeep’ conditions, i.e., continuous illumination with 10–30 μmol photons m-2 s-1 of warm-
white fluorescent light (Osram T5 FH 28W/830 HE High Efficiency LUMILUX Warm White G5, Figure 
2.2) at 23 °C. 

Table 2.3. Composition of Blue Green 11 media.  

Component Concentration Component Concentration 

Blue Green 11 (BG11)-liquid  BG11-agar  

FeNH4 citrate 0.023 mM TES pH 8.2 (KOH) 10 mM 

Na2CO3 0.198 mM Na2S2O3 · 5 H2O 29 mM 

K2HPO4 0.175 mM Bacteriological agar 0.75% (w/v) 

NaNO3 17.60 mM BG11+  

MgSO4 · 7 H2O 0.304 mM BG11 (-liquid/-agar)  

CaCl2 · 2 H2O 0.245 mM Glucose 5 mM 

Citric acid · 1 H2O 0.031 mM Supplements  

Na-EDTA · 1 H2O 2.790 μM Glucose 5 mM 

H3BO3 46.30 μM Sucrose 5% (w/v) 

MnCl2 · 2 H2O 9.15 μM Kanamycin 10–500 μg ml-1 

ZnSO4 · 7 H2O 0.77 μM   

Na2MoO4 · 2 H2O 1.61 μM   

CuSO4 0.32 μM   

Co(NO3)2 · 6 H2O 0.17 μM   

(HCl) pH = 7.4   

Adapted cultures (also ‘evolved’) and point mutant strains were generated in our facilities starting 
from Synechocystis LT. To accelerate point mutant generation, transformant cultures were grown 
under ‘control’ conditions, i.e., continuous illumination with 30–50 μmol photons m-2 s-1 white 
fluorescent light (Figure 2.2) at 30 °C and atmospheric air. Liquid cultures were agitated at 100–160 
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rpm on a rotary orbital shaker. Unless stated otherwise, ‘gentle centrifugation’, defined as 5 minutes 
at 2800–3200 rcf, was used to harvest cells with minimum disruption. 

  

Figure 2.2 Experimental photon flux density (PFD) 

spectra. Light spectra delivered by different devices 

employed in this study were measured and 

normalized (by maxima) for a comparative 

representation. Cold/warm white LED: 8-slot 

photobioreactors (Multi-Cultivators). Fluorescent: 

climate chamber (for strain generation and 

maintenance). Solar spectra, taken on a clear-sky 

day (05.04.2023 at 14:00) in Munich, is provided as a 

reference. 

 

2.5.1 Cryo-preservation 

For long-term preservation of Synechocystis strains, about 2–20 mL of mature cultures grown under 
control conditions were gently centrifuged, resuspended in fresh media supplemented with 8% (v/v) 
DMSO as cryo-protectant into 2 mL cryo-vials, and immediately snap-frozen in liquid nitrogen. Cryo-
vials were stored in -80 °C freezers. 

 Fluctuating-light adaptive laboratory evolution (FL-ALE) of 
Synechocystis 

Two fluctuating-light evolution experiments were designed adapting the methodology described by 
Dann et al. (2021) and Tillich et al. (2012). A stock culture of Synechocystis LT grown under ‘upkeep’ 
conditions served as inoculum for six start-point batch cultures. Each batch culture was cultivated 
independently in 100 mL glass tubes submerged in the temperature-controlled water bath of a Multi-
Cultivator MC 1000-OD (hereafter MC; Photon Systems Instruments, Drásov, Czech Republic). 
Propagation cycles consisted of 70 mL media inoculated at OD730nm = 0.05 and incubated under 
constant aeration (100–150 mL atmospheric air min-1), temperature (23 °C) and continuous fluctuating 
illumination over 7–14 days. 

Selective regimes consisted of continuous cold-white LED illumination (i.e., no dark phase; for emission 
spectra see Figure 2.2) at constant 23 °C and aerated with 100 mL air min-1 (provided by MCs, Photon 
Systems Instruments, Drásov, Czech Republic). Cold-white illumination was employed in FL-ALE as 
warm-white Multi-Cultivators were not at disposal in the early stages of the experiment. Initially, all 
cultures were propagated under fluctuating illumination consisting of low duty cycles (D, fraction of 
each cycle -in time- where the HL pulse takes place) and short amplitudes (A, difference in light 
intensity between HL pulse and relaxation phase). 

The variable D was explored first and incremented from 17% (i.e., 1 min pulse → 5 min relaxation) to 
50% (i.e., 1 min pulse → 1 min relaxation), resulting in two selective regimes: fluctuating light long 
relaxation (FLLR, low duty cycle) and fluctuating light short relaxation (FLSR, high duty cycle). This 
subdivided FL-ALE in two parallel experiments: FLLR-ALE (cultures FLLR_A, B, and C), and FLSR-ALE 
(cultures FLSR_α, β, and γ). 
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The variable A was explored next and incremented in all batch cultures from 650 (i.e., 700 μmol 
photons m-2 s-1 pulse → 50 μmol photons m-2 s-1 relaxation) to 1188 μmol photons m-2 s-1 (i.e., 1200 
μmol photons m-2 s-1 pulse → 12 μmol photons m-2 s-1 relaxation). For the culmination of FL-ALE, A was 
maintained at 1188 μmol photons m-2 s-1 to maximize selective pressure on both regimes and foster 
allele segregation. After 20 months of constant propagation, end-point batch cultures were pre-
characterized and diluted for clone isolation. 

Table 2.4 FL-ALE selective regimes. A list of fluctuating-light conditions employed in FL-ALE, where F = frequency, Wp = pulse 

width, Wr = relaxation width, D = duty cycle, Ip = pulse intensity, Ir = relaxation intensity, A = amplitude, and cycles = propa-

gation rounds (see Section 1.1.2 for conceptual background). Photosynthetic photon flux density [PPFD] signifies μmol pho‐

tons m-2 s-1 provided by cold-white LEDs (for emission spectra see Figure 2.2). All protocols shared constant aeration at 100–

150 mL air min-1 and temperature control at 23 °C. 

ALE Condition F [Hz] Wp [min] Wr [min] D [%] Ip [PPFD] Ir [PPFD] A [PPFD] cycles [#] 

FLLR 

initial 2.8×10-3 1 5 17 700 50 650 5 

intermediate 2.8×10-3 1 5 17 1000 50 950 1 

intermediate 2.8×10-3 1 5 17 1200 50 1150 1 

intermediate 2.8×10-3 1 5 17 1200 20 1180 1 

final 2.8×10-3 1 5 17 1200 12 1188 12 

FLSR 

initial 2.8×10-3 1 5 17 700 50 650 1 

intermediate 3.3×10-3 1 4 20 700 50 650 1 

intermediate 4.2×10-3 1 3 25 700 50 650 1 

intermediate 5.5×10-3 1 2 33 700 50 650 1 

intermediate 8.3×10-3 1 1 50 700 50 650 1 

intermediate 8.3×10-3 1 1 50 1000 50 950 1 

intermediate 8.3×10-3 1 1 50 1200 50 1150 1 

intermediate 8.3×10-3 1 1 50 1200 20 1180 1 

final 8.3×10-3 1 1 50 1200 12 1188 12 

2.6.1 Isolation and selection of adapted clones 

Single clones were isolated by plating serial dilutions (1:106-107) of each batch culture in solid media. 
Isolation plates were incubated under ‘upkeep’ conditions for seven days. Subpopulations were 
representatively sampled by picking each clone based on color and colony size. 

Individual clones were sorted out (pre-selected) from the gross pool of mutants based on fluorescence 
at room temperature. Cell streaks seven days post inoculation (i.e., 7 dpi) were measured in a 
FluorCam 800MF (Photon Systems Instruments) at 23 °C and 30 μmol photons m-2 s-1 and discriminated 
based on average Fv-/Fm- values (quenched quantum efficiency of PSII, n = 66 and 72 for FLLR and 
FLSR, respectively). 

Pre-selected clones were subsequently cultured in liquid media under ‘control’ conditions and 
normalized at OD730nm = 10 before symmetrically distributing 10 µL droplets onto 11.5 cm2 BG11-agar 
square plates. The Fv-/Fm- quartiles (two extreme and two intermediate values) were selected to 
represent the variability of each batch culture (n = 12 for FLLR and FLSR). 

Finally, selected mutants were grown under their respective FL-ALE regimes, i.e., FLLR/FLSR, to assess 
survivability and corroborate thus effective adaptation. Aliquots were taken from these selected 
cultures to proceed with genomic DNA isolation (Section 2.4.1) for whole-genome sequencing. 

2.6.2 Whole-genome sequencing 

The genomes of 24 monoclonal mutants (four per adapted batch culture) were re-sequenced 
employing the Illumina HiSeq platform (2 × 150-bp paired-end reads, outsourced to NovoGene Ltd., 
Cambridge, United Kingdom). The Synechocystis LT assembly ‘S29’ published by Dann et al. (2021) as 
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LTt=0 served as the control for the exclusion of background mutations, i.e., all mutations identified in 
FL-ALE were tracked with respect to the LTt=0 assembly. 

Dr. Eslam Abdelsalam conducted data quality checkup and filtering, variant calling, and phylogenetic 
analysis adapting the strategy described in Dann et al. (2021). The quality of the WGS raw data was 
assessed using FastQC v0.11.9 (Andrews, 2010). The data pre-processing pipeline commenced with the 
application of Cutadapt version 4.1 (Martin, 2011), which served to filter-out low-quality reads and to 
eliminate sequences encompassing adapters or featuring an excess of 10% of undetermined bases (‘N’ 
bases). Subsequently, the RNA-Seq error Corrector, also known as Rcorrector (Song and Florea, 2015), 
was employed to execute k-mer correction on the filtered datasets, utilizing the default k-mer length 
setting. The resultant dataset, comprised of reads that had undergone filtration and correction 
procedures (hereafter ‘clean reads’), served as the basis for subsequent detection of mutations. The 
Breseq pipeline (Deatherage and Barrick, 2014) were applied for the identification of potential 
mutations. The clean reads were aligned to the Synechocystis sp. PCC 6803 reference genome 
(ASM972v1) obtained from the NCBI database using bowtie2 v2.5.1 (Langmead and Salzberg, 2012). 
The generated SAM alignment files were then used for variant calling. Breseq analysis was conducted 
in two distinct modes. The ‘consensus’ mode defined a mutation as ‘fixed’ when its frequency was 
≥0.80, while considering a site as ‘polymorphic’ when the variant frequency ranged between 0.20 and 
0.80. On the other hand, in the ‘polymorphism’ mode, a mutation was designated as ‘fixed’ at 
frequencies ≥0.95 and as ‘polymorphic’ if its occurrence spanned frequencies between 0.05 and 0.95. 
It is noteworthy that the polymorphism mode, being more sensitive to rare mutations, inherently 
escalated the potential for false positives. Consequently, Breseq was initially executed in the consensus 
mode, thereby generating a comprehensive inventory of fixed mutations across all samples. 
Subsequently, only these fixed mutations were monitored in the polymorphism mode, ensuring their 
detectability even if their frequencies fell below the detection thresholds of the consensus mode. 

In light of the analysis from this data, the slr0503 locus was re-examined in FL-ALE. The alignments of 
clean reads from this locus were analyzed to identify all polymorphisms in every sample with a 
frequency threshold of ≥0.05. 

The phylogenetic analysis was carried out considering 101 polymorphic sites representing all 
deviations from the reference genome (ASM972v1) with a 100% frequency (i.e., identified as fully 
segregated in at least one sample, full list see Table 6.1). These sites were combined for each sample 
and aligned employing the ClustalW algorithm (Thompson et al., 1994) with the default parameters 
via the MEGA software v11.0.13 (Tamura et al., 2021). The maximum likelihood method was used to 
determine the phylogenetic relationships among the samples. This was done under the nucleotide 
substitution model Tamura 3-parameter (T92) and included 100 bootstrapping replicates. The resulting 
phylogenetic tree was generated using CLC Main Workbench (QIAGEN, Venlo, Netherlands). 

 Generation of point-mutants 

2.7.1 Transformation of Synechocystis LT 

Mutant generation and genome editing of Synechocystis LT was achieved via homologous 
recombination, employing non-replicative vectors derived either from pICH69822 (E. Weber, Icon 
Genetics GmbH, Halle, Germany) or IMBB2.4-pUC57-mini (RRID: Addgene_88845, donated by 
Professor Neil Hunter FRS, University of Sheffield). 

Synechocystis LT cells were grown to exponential phase (OD730nm = 0.4–0.8) in glass Erlenmeyer flasks 
with 25 mL BG11+ liquid media. Cells were gently centrifuged in 50 mL sterile plastic tubes, washed 
with 50 mL fresh BG11 twice, and re-suspended in 250–500 μL BG11. About 10 µL of plasmid 
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preparation (> 1 µg pDNA) was added to the dense cell suspension before dim light incubation (< 5 
μmol photons m-2 s-1) at 23 °C for 2–4 hours without shaking. This was followed by a 3 hours incubation 
at control conditions with orbital shaking (120 rpm). Cell suspensions were refreshed with up to 5 mL 
BG11, tubes were wrapped in aluminum foil and dark-incubated overnight (120 rpm, 23 °C). 

On the following morning, cells were harvested by centrifugation (3000 rcf, 25 °C) and plated on 
selective BG11+ solid medium containing low, yet selective antibiotic concentration. Mutants were 
henceforth kept under control conditions (see Section 2.5). Individual colonies (clones) were picked 
and propagated under doubling antibiotic concentrations (up to 1 mg mL-1) to foster segregation of 
the selective marker through the host’s genome, which was ultimately confirmed by colony PCR (see 
Section 2.7.2). For the generation of marker-less mutants, a negative selection strategy (Viola et al., 
2014) was employed for the double-selection cassette (nptI-SacB) using supplementary sucrose (see 
Figure 2.1). 

2.7.2 Mutant genotyping 

Genotyping PCRs were performed using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, 
Waltham, Massachusetts, United States of America) following the recommendations of the 
manufacturer. To prepare PCR templates, cell material from single clones in BG11-agar was carefully 
resuspended in 10–20 µL Dilution Buffer (Phire Plant Direct PCR Kit) in PCR reaction tubes and heated 
in a thermocycler at 95 °C for 15 minutes. Cell debris was subsequently spun-down for 2 min at 
maximum speed. Template DNA was stored at 4 °C for daily use or at -20 °C for long-term storage. 

2.7.2.1 First recombination event, SNP screening and construct segregation 

About 24 colonies per genotype were picked, transferred onto adequate BG11-agar plates, and 
screened for the correct point-mutation via Sanger sequencing (in-house service, Genomics Service 
Unit, Genetics, LMU Munich). Primers were combined to amplify a DNA fragment covering the mutated 
nucleotide (> 100 bp up- and downstream) and thermic cycles were set to foster insert amplification 
rather than the endogenous locus. Gibson assembly overhangs in cloning primers would bind to the 
DSC, increasing the melting temperature (3’ Tm) so that amplification of the DSC-containing insert was 
favored when cycling the PCR reactions at higher annealing temperatures (Ta; for details see Figure 2.1 
and Figure 3.7). Product size was checked by agarose gel electrophoresis and 1 µL of dye-free PCR 
amplicon was directly used as template for Sanger sequencing. Data was analyzed using CLC Main 
Workbench (QIAGEN, Venlo, Netherlands). 

To confirm segregation, mutants were re-sampled for a second PCR after adequate propagation cycles 
(3–6). Segregation primers were designed to bind only in the genomic context of the target region, and 
thermic cycles were set to favor insert amplification (i.e., longer elongation times). Products were 
checked by electrophoresis, where two distinct amplicons could be recognized: a larger one, 
containing the insert, and a shorter one, derived from the spontaneous ‘kick-out’ (curing) of the 
selection cassette by a secondary recombination event (for details see Figure 2.1 and Figure 3.7). The 
shorter fragment was excised, purified, and used as template for Sanger sequencing. Only when the 
sequencing data showed no polymorphism in the correct point-mutation, was the mutant considered 
segregated. 
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2.7.2.2 Second recombination event and intra-chromosomal curing of the double 
selection cassette 

The genomic reconstitution of the segregated mutants was achieved by negative selection on BG11+ 
supplemented with 5% (w/v) sucrose. Intra-chromosomal homologous recombination events allowed 
the spontaneous deletion of the selective cassette containing sacB (sucrose sensitivity gene). Mutants 
and a LT control were grown in 25 mL BG11+ under control conditions until late stationary phase 
(OD730~2.0), plated (250–500 µL) on sucrose selective plates and incubated under control conditions 
until colonies emerged (7–10 days). To confirm complete curing (removal) of the DSC, about 24 
colonies per mutant (plus controls) were streaked in parallel on sucrose and on antibiotic selective 
BG11+ plates. Clones showing sucrose tolerance and antibiotic sensitivity were considered 
reconstituted and were further confirmed devoid of the DSC by genotyping PCR. 

 Phenotyping and physiological characterization in 
photobioreactors 

Following experiments were conducted under strictly controlled conditions employing 8-slot 
photobioreactors (Multi-Cultivators MC 1000-OD, Photon Systems Instruments, Drásov, Czech 
Republic, from now on ‘MC’) adapting the methodology described by Dann et al. (2021). Pre-cultures 
were grown in 100 mL glass tubes at 23 °C with 50 μmol photons m-2 s-1 of warm-white light (for 
emission spectra see Figure 2.2) and aerated with 90-100 mL atmospheric air min-1 (meticulously 
measured with an ADM Flow Meter, Agilent Technologies, Santa Clara, CA, US). Aliquots from these 
pre-cultures were used as inoculum for the functional assessment of adaptive potential of point-
mutants under variable illumination (i.e., test conditions). Test conditions were identical as pre-
culturing conditions, except for light intensity, which defined four distinct conditions: 

• control light (CL) at constant 50 µmol photons m-2 s-1, 

• high light (HL) at constant 700 µmol photons m-2 s-1,  

• fluctuating light long relaxation (FLLR) alternating between 12 and 1200 µmol photons m-2 s-1 
in 5 min – 1 min cycles, and 

• fluctuating light short relaxation (FLSR) alternating between 12 and 1200 µmol photons m-2 s-

1 in 1 min – 1 min cycles. 

Variable illumination treatments culminated after 7 days post inoculation (dpi) and photographs were 
taken. Samples were prepared from these cultures to conduct the following measurements. 

2.8.1 Growth characterization 

Growth curves were reconstructed from OD720nm measurements performed periodically by the MCs 
every hour (n = 8, except FLSR samples with n = 4 due to data loss). Growth parameters were calculated 
from this data according to Widdel (2007) as: 

µ = ln ODf – ln ODi / (tf – ti)            (1) 

tg = 1/µ                 (2) 

Where µ is the culture growth rate and tg is the generation time. Subscripts ‘f’ and ‘i’ signify final and 
initial, respectively. The lag phase (Lag) was estimated as the time at which initial OD720nm was doubled. 
Final cellular density was measured with a spectrophotometer (Ultrospec 2100 pro UV/Visible, 
Biochrom Ltd., Cambridge, United Kingdom) at λabs = 730 nm (OD730nm). 
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2.8.2 Dry mass determination 

Precisely 50 mL of mature culture were harvested by gentle centrifugation. Cells were carefully 
resuspended into 2 mL microtubes and centrifuged again, this time at maximum speed for 2 minutes. 
Supernatant was removed, and cell pellets were desiccated overnight at RT° using a rotary vacuum 
desiccator (Concentrator plus, Eppendorf, Hamburg, Germany). Pellets were carefully transferred out 
of the tube onto a small square of paper before being weighed on an analytical scale. 

2.8.3 Whole-cell absorption spectra 

Cultures were diluted to OD730nm = 0.10 and measured with a spectrophotometer (Ultrospec 2100 pro 
UV/Visible, Biochrom Ltd., Cambridge, United Kingdom) at λabs = 400–750 nm with a 0.2 nm interval.  

2.8.4 Hydrophobic pigments extraction and quantification 

Hydrophobic pigments, i.e., chlorophyll a (Chl a) and total carotenoids (Cars), were extracted and 
quantified based on the method proposed by Zavřel et al. (2015). Cells corresponding to a 1-mL 
suspension at OD730nm = 0.75 were harvested into 1.5 mL microtubes by centrifugation (maximum 
speed for 2 min at 25 °C) and supernatant was thoroughly removed. While working under dim light, 1 
mL pure methanol (MeOH) was added to the cell pellets, tubes were immediately wrapped in 
aluminum foil to avoid light exposure and incubated overnight at 4 °C with gentle shaking (50–100 
rpm). Cellular debris was pelleted down by centrifugation (maximum speed, 20 min, 4 °C), and the 
clarified extracts were transferred into plastic half-cuvettes for spectrophotometric analysis. 
Hydrophobic pigment contents were calculated as follows: 

Chl a [μg mL-1] = 12.9447 × (Abs665 - Abs720)        (3) (Ritchie, 2006) 

Cars [μg mL-1] = [1000 × (Abs470 - Abs720) - 2.86 × (Chl a)] / 221   (4) (Wellburn, 1994) 

where Absxxx stands for the absorbance value at a given wavelength in nm. For the physiological 
characterization of HFL1 under variable illumination, total sample size was n = 12, except for HL-
acclimated LT with n = 5 due to insufficient cell material. 

2.8.5 Hydrophilic pigments extraction and quantification 

Hydrophilic pigments, i.e., the phycobiliproteins phycocyanin (PC) and allophycocyanin (APC), were 
extracted and quantified adapting the method proposed by Zavřel et al. (2018). Cells corresponding to 
a 1-mL suspension at OD730nm = 3 were harvested into 1.5 mL microtubes by gentle centrifugation and 
the supernatant was thoroughly removed. Cell pellets were snap-frozen in liquid N2 and stored at -80 
°C until processing. Once all samples were collected, the cell pellets were freeze-dried overnight at -70 
°C and 1×10-4 hPa (Alpha 2-4 LDplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am 
Harz, Germany). To avoid cross-contamination, tissue paper was placed in each tube prior treatment. 
Cell material was homogenized with a mixture of glass beads (see Section 2.4.1) by vigorous vortexing 
for 3 minutes at 4 °C. Subsequently, 1 mL of cold phosphate buffer saline (NaCl 140.3 mM; KCl 26.8 
mM; Na2HPO4 8.03 mM; KH2PO4 1.84 mM; HCl to pH = 7.4) was added to each tube and the shaking 
was repeated before incubating the samples on ice for 1 h. Cellular debris and glass beads were 
centrifuged down (max speed, 20 min, 4 °C), and the clarified extracts were transferred into plastic 
half-cuvettes for spectrophotometric analysis. PC and APC contents were calculated as follows: 

PC [mg mL-1] = [(Abs615 – Abs 720) – 0.474 × (Abs652 – Abs 720)] / 5.34  (5) (Zavřel et al., 2018) 

APC [mg mL-1] = [(Abs 652 – Abs 720) – 0.208 × (Abs 615 – Abs 720)] / 5.09  (6) (Zavřel et al., 2018) 
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where Absxxx stands for the absorbance value at a given wavelength in nm. For the physiological 
characterization of HFL1 under variable illumination, total sample size was n = 16, except for HL-
acclimated LT with n =4 due to insufficient cell material. 

2.8.6 Fluorescence at room temperature 

Fast fluorescence kinetics were measured with a FluorCam 800MF (Photon Systems Instruments, 
Drásov, Czech Republic). Synechocystis suspensions collected from CL conditions in photobioreactors 
(see Section 2.8) were normalized at OD730nm = 10 and 10 µL droplets were symmetrically distributed 
in 150 × 20 mm BG11-agar round plates. After overnight acclimation under upkeep conditions (see 
Section 2.5), plates were dark-incubated for one hour and subsequently measured. The instrument 
sensitivity was adjusted manually (20%–30%) before executing two measuring protocols: the standard 
“light curve” routine (available from the manufacturer), and an adaptation of the “quenching analysis” 
routine detailed in Table 2.5. 

Table 2.5. Measuring routines for fluorescence at room temperature with FluorCam 800MF. Protocols were provided by the 

manufacturer (Photon Systems Instruments, Drásov, Czech Republic). The “quenching analysis” routine was slightly modified 

from the original to approximate the FLSR regime. Fo and Fm represent minimum and maximum fluorescence, respectively. 

Protocol Event Time 

lig
h
t 
c
u
rv

e
 

Fo duration 5 s 

Fm pulse 800 ms 

actinic light ON 10% 60 s 

actinic light ON 20% 60 s 

actinic light ON 40% 60 s 

actinic light ON 60% 60 s 

actinic light ON 80% 60 s 

actinic light ON 100% 60 s 

6 pulses (1 after every actinic light step)  

q
u
e
n
c
h
in

g
 a

n
a
ly

s
is

 Fo duration 5 s 

Fm pulse 800 ms 

dark pause after Fm 10 s 

actinic light ON 100% 60 s 

relaxation interval 60 s 

first pulse after actinic light 9 s 

8 pulses (4 during illumination + 4 during relaxation)  

Actinic light intensity at 100% approximated 215 µmols of red-orange photons m-2 s-1 with λmax = 625 
nm. Saturating pulses were employed to estimate quenching parameters and consisted of ~1200 µmol 
photons m-2 s-1 provided by cold-white 6500 K LEDs (for emission spectra see Figure 2.2). Quenching 
parameters were calculated via the manufacturer’s software FluorCam7 (Photon Systems Instruments, 
Drásov, Czech Republic). Final plots (Figure 3.17) resulted from the average of raw kinetic data 
(absolute fluorescence) with n = 20 for LT and HFL1. 

The parameter ‘apparent non-photochemical quenching’ (NPQ-) was calculated in the ‘quenching 
analysis’ protocol as 

NPQ- = (Fm- - Fm') / Fm',             (7) 

where Fm- is the quenched fluorescence of dark-acclimated cells and Fm' is the amplitude of the 
fluorescence peak observed after each saturating pulse. It is important to note that there is an inherent 
theoretical error when applying this formula. Fluorescence maxima in dark-acclimated Synechocystis 
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cells are heavily underestimated because NPQ is active even in the dark due to cellular respiration and 
the associated regulatory cascades around the redox state of the PQ pool. This feedback ultimately 
reduces theoretical maximum fluorescence (Fm) to an ‘apparent’ or ‘quenched’ maximum (Fm-), 
leading to reduced NPQ- values (reviewed by Ogawa et al., 2017). However, as both the control and 
the mutant were subjected to this error, differences in these measurements still apply, although 
interpretation should be as conservative as possible. 

Photochemical quenching was estimated as ‘photochemical quenching at steady state’ (qP), which is 
calculated at each saturation pulse as 

qP = Fq/Fv,                 (8) 

where 

Fq = Fm′ − Ft,                (9) 

and 

Fv = Fm′ − Fo′.               (10) 

In this case, Fm': amplitude of the peak after each pulse, Ft: steady-state signal before pulse, and Fo′: 
minimum signal immediately after termination of actinic illumination (Maxwell and Johnson, 2020; 
Ogawa and Sonoike, 2021). This parameter estimates the fraction of ‘open’ PSII reaction centers 
(Horton et al., 1996) as 

qP = PSIIopen / (PSIIopen+ PSIIclosed).          (11) 

Unlike NPQ-, this parameter does not include Fm and is therefore not subjected to the inherent error 
mentioned earlier. It is, however, dependent on Fo', which is measured by a light source too weak to 
drive photochemistry. In this case, minimum fluorescence is also underestimated because the 
peripheral antennae of Synechocystis, PBS, can absorb red light and contribute to the fluorescence 
yield (Ogawa et al., 2017). Nevertheless, without the inherent underestimation of Fm, qP seems to be 
a reliable parameter in Synechocystis (Campbell et al., 1998). 

2.8.7 PSI oxidation kinetics 

The oxidation kinetics of PSI reaction center (P700) were monitored in terms of the transmittance of 
oxidized P700 (P700ox), i.e., Δ(Abs830nm-Abs875nm), as described by Dann et al. (2021). Cultures 
acclimated at CL conditions in photobioreactors (see Section 2.8) were washed twice with fresh BG11, 
resuspended into 2 mL microtubes at an OD730nm = 5, and dark-incubated overnight (≥ 16 h) at room 
temperature without shaking. Measurements were performed in a darkened room employing two 
routines (based on the protocols by Dann et al., 2021) that consisted of 3 s dark, 60 s of either far-red 
or actinic light (FR and AL, respectively), a saturating pulse at the 33 s mark (i.e., mid illumination), and 
30 s dark. Settings were adjusted as follows: measuring light intensity 4, FR/AL light intensity 3/7 (38/89 
μmol photons m-2 s-1, respectively), acquisition rate 200 s−1, and high gain (5) and damping (1 ms).  

Final plots (Figure 3.18) resulted from the average of kinetic data normalized by baseline (as the mean 
of all data points in the first 3 seconds) and maximum (as the initial maximum value in the first 30 
seconds). Total sample size was n = 39; 15; 28; and 56 for FR_LT, FR_HFL1, AL_LT, and AL_HFL1, 
respectively. Sample size depended on the availability of cell material. 
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2.8.8 Oxygen evolution measurements 

Oxygen (O2) consumption in the dark and O2 evolution mid-illumination were measured from 
undisturbed cultures sampled from CL, HL, and FL conditions in photobioreactors (see Section 2.8) 
using an Oxytherm+ P Clark-type oxygen electrode (Hansatech Instruments, Norfolk, United Kingdom). 
Aliquots (1 mL) of Synechocystis cultures were immediately transferred from the MCs into the 
Oxytherm+ P measuring cuvette and subjected to two distinct standardized photon flux density 
protocols. 

The first protocol comprised 3 three-minute steps of illumination with approximately 0, 40, and 720 
μmol photons m-2 s-1 provided by a build-in cold-white LED panel (for emission spectra see Figure 2.2) 
under a controlled temperature of 23 °C and constant stirring at 100 rpm with a magnetic stirrer. This 
routine mimicked CL and HL conditions (see Section 2.8). Total sample size was n = 8, except for CL-
acclimated LT with n = 7. 

The second protocol consisted of an initial three-minute step at 0 μmol photons m-2 s-1 followed by 3 
cycles of one-to-one-minute steps at 40 and 1200 μmol photons m-2 s-1 at 23 °C and constant stirring 
at 100 rpm. This routine mimicked FLSR conditions (see Section 2.8). Total sample size was n = 7. 

Net O2 evolution rates were calculated as Δ[O2] (i.e., change in oxygen concentration over a defined 
timeframe) for the last minute of each step and normalized to OD730nm of the respective cultures 
(determined prior measurement). Photosynthetic rates were obtained by subtracting the O2 
consumption in the dark (i.e., the rate at 0 μmol photons m-2 s-1) from each illumination step (net O2 - 
dark O2). 

2.8.9 Low-temperature fluorescence spectrometry 

Low-temperature fluorescence spectra of Chl a / phycobiliproteins were obtained using a HORIBA 
Fluoromax Plus FL-1013 (HORIBA Jobin Yvon GmbH, Oberursel, Germany). Synechocystis cultures from 
CL, HL, and FL conditions in photobioreactors (see Section 2.8) were transferred into suitable glass 
capillaries (Hilgenberg GmbH, Malsfeld, Germany) straight out of the cultivation device 7 dpi and 
immediately snap-frozen in liquid N2. The samples were stored within a light-occluding casing at −80 
°C for 1–2 weeks before being measured as a single batch. The measurements were performed at 77 
K (-196.15 °C) in a Dewar filled with liquid N2, with a signal integration time of 0.2 s nm-1 and a detection 
bandwidth of 1 nm. Fluorescent signals were detected trough a 500 nm long-pass filter upon excitation 
with 435 (λexc = 435 nm) and 600 nm (λexc = 600 nm) to selectively induce energy absorption of Chl a 
and phycobiliproteins, respectively. Relevant fluorescence peaks (F645: phycocyanin, F662: 
allophycocyanin, F685: Chl a in PSII core antennae CP43, F695: Chl a in PSII core antennae CP47, F725: 
Chl a in PSI; summarized by Lamb et al., 2018, see also Spät et al., 2018) were analyzed as ratios 
calculated from baseline-subtracted spectra, where baseline is the mean value of all data points 
between F780 and F800. 

Total sample size was n = 25; 24; 22; 25; and 31 for CL_LT, CL_HFL1, HL_LT, HL_HFL1, and FL_HFL1, 
respectively. All ratios were calculated from the spectra recorded at λexc = 600 nm, with the exception 
of PSI:PSIIλ=438nm (F725:F695), which was obtained from data measured at λexc = 438 nm. Final curves 
(Figure 3.16a and b) resulted from the average of baseline-subtracted spectra normalized either by 
F662 or F725 for λexc = 435 nm and 600 nm, respectively. 
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2.8.10 Protein detection and relative quantification 

2.8.10.1 Synechocystis whole-cell protein extracts 

Cells corresponding to a 1-mL suspension at OD730nm = 10 were collected by gentle centrifugation and 
supernatant-free pellets were snap-frozen in liquid N2 and kept at -80 °C until single-batch processing. 
Cell pellets were homogenized and ruptured twice in 500 µL homogenization buffer (Sucrose 0.4 M, 
NaCl 10 mM, MgCl2 5 mM, Tricine 20 mM, HCl to pH = 7.9) supplemented with protein inhibitors 
(cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail tablets, F. Hoffmann-La Roche AG, Basel, 
Switzerland) and ca. 1 mL worth of a glass bead mixture (see Section 2.4.1). After five cold-lysis cycles 
of five minutes at 30 Hz in a mixer mill (MM 400, RETSCH, Haan, Germany), glass beads and unbroken 
cells were discarded by centrifugation (maximum speed, 15 min, 4 °C) and the supernatant was 
collected in sterile 1.5 mL reaction tubes. Protein concentration was approximated by Bradford protein 
assay (ROTI-Quant, Carl Roth, Karlsruhe, Germany) and BCA protein assay (Pierce™ BCA Protein Assay 
Kit, Thermo Fisher Scientific, Waltham, Massachusetts, United States of America) using 1–10 μL of 
protein extract and samples were stored at -20 °C until single-batch separation (see following section). 

2.8.10.2 Protein separation 

Protein extracts corresponding to 20 µg protein (determined via Bradford protein assay, see above) 
were mixed with 5× sodium dodecyl sulfate (SDS) loading dye (Table 2.6) supplemented with fresh 
dithiothreitol (DTT) to reduce disulfide bonds, and subsequently denatured at 65 °C for 10 min. 
Proteins were separated via polyacrylamide-gel electrophoresis (PAGE) according to Schägger (2006) 
employing 10% Tris-Tricine SDS polyacrylamide gels (Table 2.6) at a constant voltage (55-85 V). 
Stacking gels were prepared with 4% (v/v) polyacrylamide and 1.5-fold amount of ammonium 
persulfate (APS, radical initiator) and tetramethylethylenediamine (TEMED, radical 
stabilizer/propagator). 

Table 2.6. Composition of buffers for protein separation. 

Component Concentration 

5× SDS loading dye  
Tris/HCl pH 6.8 250 mM 
glycerol 24% (v/v) 
SDS 12.5% (w/v) 
bromophenol blue 0.02% (w/v) 
DTT (freshly added) 100 mM 

Tris-Tricine SDS polyacrylamide stacking/separation gels  
Acrylamide 40 (29:1) 4%/10% (v/v) 
Tris/HCl pH 8.45 1 M 
SDS 0.1% (w/v) 
APS 0.75‰/0.5‰ (w/v) 
TEMED 0.75‱/0.5‱ (v/v) 

Anode buffer  
Tris 0.1 M 
(HCl) pH = 8.9 

Cathode buffer  
Tris 0.1 M 
Tricine 0.1 M 
SDS 0.1% (v/v) 
(NaOH) pH = 8.25 

2.8.10.3 Protein transfer, loading control, fluoro- and immuno-detection 

Once PAGE was completed, peripheral antennae were collectively quantified as phycocyanin and 
allophycocyanin (PC+APC) by recording the fluorescence of the fluorophores (λemi ≥ 600 nm) directly 
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from polyacrylamide gels with λexc = 530 nm employing a Fusion FX imaging system (Vilber, Collégien, 
France) (Raps, 1990; Sakthivel et al., 2009). Image analysis and signal quantification (n = 18 and 24 for 
LT and HFL1, respectively) was performed with ImageJ (Schneider et al., 2012). 

Subsequently, proteins were blotted onto 0.2 μm pore size Immobilon-P polyvinylidene fluoride (PVDF) 
membranes (Immobilon-PSQ, Millipore, Burlington, Massachusetts, United States of America) via semi-
dry electro-blotting Trans-Blot Turbo system (Bio-Rad, Hercules, California, United States of America). 
PVDF membranes were activated in 100% MeOH for 10 min prior blot assembly. Whatman paper in 
the blot assembly was soaked with a triple-buffer system (Anode I, II and Cathode buffers). 

Upon completion of transfer, membranes were stained with a methanolic Coomassie Brilliant Blue 
(CBB) solution and gradually de-stained. CBB signal from gradually de-stained PVDF membranes was 
recorded (Fusion FX imaging system, Vilber, Collégien, France) and analyzed to serve as loading control. 
ImageJ was used to quantify CBB signal both per lane (vertically) and per area of interest (horizontally), 
subtracting background signal in each case. PVDF membranes were completely de-stained in 100% 
MeOH and equilibrated with Tris-buffered saline with 0.1% Tween® 20 detergent (TBST) prior 
immunodetection. 

For the detection of PsaC and PsbA, PVDF membranes were carefully cut below the green ~28 kDa 
band indicated by the BlueStar Prestained Protein Marker (10–170 kDa; NIPPON Genetics EUROPE 
GmbH, Düren, Germany), whereas whole PVDF membranes were used for the detection of PAM68, 
RpaB, and Ycf66-like. Membrane / membrane fragments were transferred to appropriate plastic tubes 
and blocked at room temperature with 1.5% (w/v) BSA in TBST for 2 h employing a roller mixer. 
Commercial primary antibodies (anti-AtpsaC, anti-AtpsbA2, Agrisera, Vännäs, Sweden; anti-RpaB, 
PhytoAB, San Jose, California, United States of America) were diluted in BSA-TBST accordingly to the 
manufacturer (1:1000 and 1:10000, respectively). Note that the detection of cyanobacterial PsaC and 
PsbA was performed successfully with plant antibodies (Arabidopsis thaliana) due to the high degree 
of conservation of these photosynthetic markers. 

For the detection of PAM68, polyclonal anti-serum was provided by Prof. Dr. Jörg Nickelsen (LMU 
Munich, Germany) and employed as described elsewhere (Armbruster et al., 2010). For the detection 
of the Ycf66-like protein, a polyclonal antibody was raised against a synthetic peptide (CRSVRPEVSRDY-
amide), and the specific IgG was subsequently purified by affinity chromatography (outsourced to 
BioGenes, Berlin, Germany) and diluted 1:500 for antibody decoration. Primary antibody decoration 
was performed overnight at 4 °C in 15/50 mL tubes employing a roller mixer. 

After primary antibodies were washed out with TBST (3×10 min wash cycles), a secondary antibody 
conjugated with horse-radish-peroxidase was added at a final dilution of 1:20000. Secondary antibody 
decoration was performed for 2 h before removal (3×10 min wash cycles) with fresh TBST. 
Chemiluminescent signal was induced using SuperSignal™ West Pico PLUS chemiluminescent substrate 
(Thermo Fisher Scientific, Waltham, Massachusetts, United States of America). Detection of the Ycf66-
like protein, however, required the use of an ultra-sensitive reagent (ECL SuperBright, Agrisera, 
Vännäs, Sweden) and recording in the ‘high-sensitivity’ mode of the Fusion FX imaging system (Vilber, 
Collégien, France). Image analysis and signal quantification (n = 9 and 12 for LT and HFL1, respectively) 
was performed with ImageJ (Schneider et al., 2012). 

Table 2.7. Composition of buffers and solutions for protein transfer and detection. 

Component Concentration Component Concentration 

Cathode running buffer  De-staining solution I  
Tris 25 mM Acetic acid 10% (v/v) 
Aminocaproic acid 40 mM MeOH 50% (v/v) 
 pH = 9.4   



Materials & Methods 

 

 

42 

 

Anode I running buffer  De-staining solution II  
Tris 300 mM Acetic acid 10% (v/v) 
 pH = 10.4 MeOH 90% (v/v) 

Anode II running buffer  TBST  
Tris 25 mM NaCl 150 mM 
 pH = 10.4 Tris 20 mM 

Coomassie staining solution  (HCl) pH = 7.5 
Coomassie Brilliant Blue R-250 3 g L-1 Tween® 20 0.1% (v/v) 
Acetic acid 10% (v/v)   
MeOH 50% (v/v)   

2.8.10.4 Two-dimensional separation of Synechocystis thylakoids 

Two-dimensional Blue Native / SDS-PAGE separation of Synechocystis thylakoids was provided by Mrs. 
Milena Zhivkovikj (LMU Munich, Germany) and was performed adapting the methodology described 
by Rengstl et al. (2013). 

Whole-cell protein extracts from Synechocystis (see Section 2.8.10.1) were centrifuged (max speed, 60 
min, 4 °C) and the pellets containing thylakoid membranes were carefully washed with B buffer (MES 
25 mM, CaCl2 10 mM, MgCl2 10 mM, glycerol 25%, NaOH to pH = 6.5) and centrifuged once more (max 
speed, 60 min, 4 °C) to minimize contamination with soluble protein. Washed thylakoid membranes 
were gently resuspended with 50–200 µL B buffer and chlorophyll content was determined 
spectrophotometrically from 10 µL aliquots supplemented with 1% β-DDM in pure MeOH (see Section 
2.8.4). 

Sample aliquots containing ~10 µg chlorophyll were supplemented with 1% β-DDM and unsolubilized 
material was spun down (max speed, 10 min, 4 °C) before Blue Native PAGE separation (1st dimension) 
in 1 mm gels (gel buffer: aminocaproic acid 0.5 M, Bis-Tris 50 mM, HCl to pH = 7.6) with 4–12% (v/v) 
acrylamide gradient (acrylamide 50%, Bis-acrylamide 0.83%) at constant 100 V (cathode buffer: Tricine 
50 mM, Bis-Tris 15 mM, CBB G-250 0.02% HCl to pH = 7.0; anode buffer: Bis-Tris 50 mM, HCl to pH = 
7.0). Gel strips (lanes) were cut and kept at -20 °C for further processing. Gel strips were incubated in 
fresh Tris-HCl buffer (Tris 25 mM, SDS 1%, DTT 1%, pH = 7.5) for 20 min and gentle shaking before SDS-
PAGE separation (2nd dimension) in 10% Tris-Tricine SDS polyacrylamide gels (Table 2.6) at constant 
voltage (55-85 V) as described in Section 2.8.10.2. The resulting gels were subjected to protein transfer 
via semi-dry electro-blotting and protein immunodetection as described in Section 2.8.10.3. 

 Statistics and data distribution plots  

Two-tailed Student’s T Tests were performed with Microsoft Office Excel. Post-hoc Bonferroni-Holm 
simultaneous comparison of independent measurements was implemented in https://astatsa.com/ 
(attribution: Navendu Vasavada, 2016) after significant among-group differences were detected by 
one-factorial ANOVA. Samples were statistically grouped as long as the p values between them was 
≥0.05. The sample sizes were n = 8 biological replicates unless stated otherwise. In the case of the HFL1 
mutant, n = 8 represents 4 biological replicates of 2 independently generated clones. 

The box plots were generated using Microsoft Office Excel and represent data distribution. The 
horizontal middle lines indicate the inclusive medians, the crosses indicate the mean values, the boxes 
denote the second and third quartiles, the whiskers indicate the first and fourth quartiles, and the 
points outside the whisker ranges represent outliers beyond 1.5 times the interquartile range. 
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3. Results 

 Directed evolution towards FL-tolerance 

The adaptability of the cyanobacterium Synechocystis LT (glucose-tolerant, non-motile Synechocystis 
sp. PCC 6803, provided by Prof. Dr. Himadri Pakrasi, Washington University, St. Louis, United States of 
America) was directed to enhance tolerance to fluctuating-light (FL) stress under photoautotrophic 
conditions. The design of this evolutionary experiment was based on Dann et al. (2021) and adapted 
to fit the aim of this work. Because high-light (HL) tolerant mutants were successfully evolved from 
Synechocystis LT in absence of mutagens before (LT' in Dann et al., 2021), artificial mutagenesis was 
avoided in this study to reduce the mutation load per sample, facilitating bioinformatical and 
subsequent functional analyses. In consequence, all variants were acquired exclusively through 
naturally occurring mutation within 20 months of constant propagation and selection of Synechocystis 
cultures. 

Light fluctuation as a stress condition was explored in the form of a pulse of HL intensity followed by a 
‘relaxation’ phase, which altogether can be described as a rectangular wave function (see Figure 1.2). 
The starting point for the low light relaxation and HL pulse values were 50 and 700 µmols photons m-2 
s-1 of warm-white LED radiation. Illumination with 50 µmols photons m-2 s-1 corresponds to control-
light (CL) conditions, while exposure to 700 µmols photons m-2 s-1 has been established as high-light 
(HL) conditions that still allow for considerable growth of LT (Dann et al., 2021). The intensity of the HL 
pulse was progressively increased throughout the experiment until the upper limit of 1200 µmols 
photons m-2 s-1 was reached (see overview in Figure 3.1 and Table 2.4 for details), as this was previously 
determined to be the minimum lethal dosage of continuous light for Synechocystis in this experimental 
setup (Dann et al., 2021). On the other hand, the intensity of the low-light relaxation was gradually 
brought down to 1% of this minimum lethal dosage (i.e., 12 µmols photons m-2 s-1, lower limit), which 
is sufficient to maintain photoautotrophic growth of Synechocystis. 

The starting point for the design of growth conditions in this study, particularly in regards of the timing 
of each period, was based on FL protocols used in higher plants in our group (e.g., Rühle et al., 2021; 
Penzler et al., 2022). This FL setup was adapted from Suorsa et al. (2012), and comprised of a cycle of 
six minutes, with a 1-minute pulse at HL followed by 5-minutes relaxation at control light (CL). 

The impact of FL in Synechocystis was explored in two aspects: duty cycle (D), understood as the 
duration of each pulse in relation to a whole cycle or period; and pulse amplitude (A), defined as the 
difference in light intensity between pulse and relaxation. 

The effect of D was evaluated first, dividing the experiment in two main protocols: one with a long 
relaxation, or low D (low stress), and another with a short relaxation, or high D (high stress). Initially, a 
large stock culture of Synechocystis LT was split into six aliquots that were propagated independently 
throughout the whole experiment. The first half was always propagated under low D, i.e., 5 min 
relaxation → 1 min pulse (frequency, F = 2.8×10-3 Hz), whereas for the second half the D was increased 
by shortening the relaxation phase until a perfect square wave function was achieved, i.e., 1 min 
relaxation → 1 min pulse (F = 8.3×10-3 Hz). These illumination protocols are detailed in Table 2.4. 

Subsequently, the effect of A was investigated, producing obvious phenotypic effects (changes in 
density and coloration of the cultures), which under this experimental setup were noticeably more 
severe than those observed when altering D. For this reason, A was chosen as the main variable -in 
terms of selective pressure- to obtain a clear readout of Synechocystis tolerance to FL. The HL pulses 
were systematically incremented towards the upper limit (i.e., 700 µmols photons m-2 s-1 → 1200 
µmols photons m-2 s-1) while decreasing the low-light relaxation phase down to the lower limit (i.e., 50 
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µmols photons m-2 s-1 → 12 µmols photons m-2 s-1). These illumination protocols are detailed in Table 
2.4. 

The desired amount of selective pressure was therefore achieved by combining low/high D with wide 
A into the two final growth regimes: fluctuating light long relaxation (FLLR, 5 min at 12 µmols photons 
m-2 s-1 → 1 min at 1200 µmols photons m-2 s-1) and fluctuating light short relaxation (FLSR, 1 min at 12 
µmols photons m-2 s-1 → 1 min at 1200 µmols photons m-2 s-1, for details refer to Table 2.4, row “final” 
in the column “Condition”). 

 

Figure 3.1. FL-ALE scheme. Simplified experimental layout of FL-ALE in Synechocystis. Batch cultures are shown as circles, 

propagation events as dots, and monoclonal cultures as ovals. A stock culture of Synechocystis sp. PCC 6803 (glucose-tolerant, 

non-motile laboratory type, LT depicted in blue) served as progenitor for six start-point batch cultures (circles on top denoted 

with the subscript “ti”, initial time) that independently underwent two selective regimes: fluctuating light long relaxation 

(FLLR, left, darker grey ovals with white text) with low duty cycle (i.e., ratio of pulse duration relative to a full period), and 

fluctuating light short relaxation (FLSR, right, lighter grey ovals with black text) with high duty cycle. Both regimes consisted 

of continuous warm-white LED illumination (i.e., no dark phase) at constant 23 °C and aerated with 100 mL air min-1 provided 

by Multi-Cultivators (Photon Systems Instruments, Drásov, Czech Republic). Duty cycle in FLSR cultures was increased in early 

stages of ALE from 17% to 50%, i.e., the low-light phase was reduced from 5 minutes to 1 minute, while keeping the high-

light pulse constant at 1 minute. Pulse amplitude (i.e., displacement in photosynthetic photon flux density, PPFD, between 

low- and high-light phases) was gradually increased for all six cultures, i.e., the lower limit was reduced from 50 to 12 μmol 

photons m-2 s-1, whereas the high limit was increased from 700 to 1200 μmol photons m-2 s-1. To maximize selective pressure 

and allele segregation, FLLR and FLSR cultures underwent 12 selective cycles before isolation under the ‘ultimate’ illumination 

regimes “FLLR” and “FLSR”. Illumination protocols are detailed in Table 2.4. After 20 months of constant propagation, end-

point batch cultures, denoted with the subscript “tf” (final time), were pre-characterized and diluted for clone isolation. Four 
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monoclonal cultures of each batch culture, FLLR_1 to FLLR_12 and FLSR_13 to FLSR_24 shown as ovals in grey scale to depict 

variability, were isolated and selected to proceed with genomic DNA extraction for whole-genome sequencing. 

3.1.1 Isolation and selection of FL-tolerant clones 

End point batch cultures displayed phenotypic variability after 20 months of evolution as shown in 
Figure 3.2A. Differences in growth parameters, and accumulated biomass and pigments imply 
evolutionary divergence. These batch cultures were diluted, plated on solid media, and incubated 
under control conditions (see Section 2.5) for clone isolation. Figure 3.2E depicts the heterogeneity of 
each batch culture, where subpopulations could be identified based on colony size, color, and relative 
abundance. 

Chlorophyll fluorescence has been extensively used to study photosynthesis and its regulatory 
mechanisms as it shows a negative correlation with the amount of (absorbed) light energy used to 
drive photochemistry (reviewed by Ogawa and Sonoike, 2021). Instruments that quantify chlorophyll 
fluorescence provide rapid non-destructive and non-invasive measurements, and depending on the 
device, can collect data from several samples in parallel, e.g., FluorCam 800MF (Photon Systems 
Instruments, Drásov, Czech Republic). 

For instance, the ratio of variable fluorescence (Fv) to maximum fluorescence (Fm) defines the 
parameter Fv/Fm and represents the maximum quantum yield of PSII photochemistry in plants (Genty 
et al., 1989). However, the measurement and analysis of Fv/Fm in cyanobacteria is non-trivial due to 
the contribution of PBS to basal fluorescence and to the interference of respiratory components with 
fluorescence quenching mechanisms (Ogawa and Sonoike, 2016; Kalaji et al., 2017; Ogawa et al., 2017; 
moreover, see Section 4.3.2.3). In fact, both chlorophyll a and peripheral antennae fluoresce at similar 
wavelengths at room temperature, therefore chlorophyll fluorescence measurements in 
cyanobacteria should be plainly referred to as fluorescence. Assuming these underestimations 
beforehand, the parameter Fv/Fm needs to be referred to as ‘apparent’ or ‘quenched’ quantum yield 
of PSII, Fv-/Fm- (Ogawa et al., 2017). 

Even though in cyanobacteria fluorescence parameters do not necessarily translate to the 
conventional definitions employed when studying plants (explained below in Section 3.5.3.1), the 
characteristics mentioned above make chlorophyll fluorescence techniques a suitable screening tool 
for the identification of mutants with altered photosynthetic traits (Ogawa et al., 2017; Ogawa and 
Sonoike, 2021), which were expected to be found in this study. 

Initially, clones were pre-selected to be representative of observed subpopulations and later screened 
in solid media by means of fluorescence measurements. FLLR clones displayed rather homogeneous 
fluorescence, whereas heterogeneity was much more pronounced for FLSR clones (Figure 3.2F). Next, 
four clones of each batch were selected to represent the quantiles of quenched quantum yield of PSII 
(Fv-/Fm-, Ogawa et al., 2017), i.e., two representing the extremes, and two representing the 
intermediate values, and therefore sampling as much phenotypic (and thus, presumably, genetic) 
diversity as possible. Liquid cultures of selected clones were normalized to OD730nm = 10, applied to 
solid media, and fluorescence data was collected again, confirming the stability of the sampled 
(phenotypic) variability. Droplets of FLLR isolates presented a generalized phenotypic homogeneity: 
they were dark green in color and displayed Fv-/Fm- of 0.39 ± 0.02 (Figure 3.2G and H). FLSR clones, on 
the other hand, presented obvious heterogeneity: cyan-, green-, lime-, and ochre- pigmentated 
droplets showed fluorescence fingerprints ranging from Fv-/Fm- = 0.19 to 0.53 (0.40 ± 0.10) (Figure 
3.2G and H). When analyzing phenotypic variability among same-batch droplets, isolates derived from 
the batch culture FLSR_γ displayed the most diversity. 
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All monoclonal cultures were later grown under the ‘ultimate’ regimes they were generated in (i.e., 
FLLR for the first half, and FLSR for the second half) to maximize selective pressure, confirming the 
stability of mutant fitness. All FLLR isolates grew denser than the LT control under FLLR conditions 
except clones #1 and 2, while every FLSR mutant was able to survive and accumulate high cellular 
densities (up to OD730nm = 13.4 for clone #24) after two-weeks cultivation under the lethal FLSR protocol 
(Figure 3.2). 

Samples were taken from the selected clones and genomic DNA (gDNA) was isolated and sent to 
whole-genome sequencing (outsourced to Novogene, United Kingdom; see Section 2.6.2). This data 
set was used for bioinformatic analysis with the main objective of obtaining a mutation matrix for the 
identification of candidate FL-tolerant alleles. 

 

Figure 3.2. FL-ALE clone isolation and selection. The FL-ALE experiment culminated with , six independently adapted end-

point batch cultures grown under FLLR (cultures a, b, and c) and FLSR (cultures α, β, and γ) regimes, pre-characterized in 

terms of , growth parameters; , cellular density; and , hydrophobic pigment composition (circles represent data points). 

Samples were taken from cultures grown in MCs. , clone isolation was performed by diluting six adapted end-point batch 

cultures ( ) to 1:106-107 and subsequent plating onto BG11-agar plates. , pre-selection of individual clones streaked from 

isolation plates ( ) and incubated for seven days under control conditions (see Section 2.5) was based on respective 

fluorescence measurements, colored here to represent average Fv-/Fm- (quenched quantum efficiency of PSII). , selection 

continued with clones representing the Fv-/Fm- quartiles (two extreme and two intermediate values), which were cultured 

under control conditions, disposed onto BG11-agar plates as OD730nm-normalized cell droplets, and assessed again via 

fluorescence to confirm phenotypic variability. , said variability is represented in data distribution charts (box-plots) of Fv-

/Fm- recorded from preselected ( , n = 66 and 72 for FLLR and FLSR, respectively) and selected ( , n = 12 for FLLR and FLSR) 
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clones (dotted line denotes Fv-/Fm- for LT control in both cases). , selection culminated after selected clones ( ) were grown 

under their respective regimes, i.e., FLLR (#1 to #12) and FLSR (#13 to #24) in MCs for 14 days to corroborate adaptation. 

 Whole-genome sequencing of FL-ALE clones and selection of 
candidate alleles 

Whole-genome sequencing (WGS) of gDNA samples was outsourced to Novogene Co., Ltd. (United 
Kingdom). Handling of raw data, genomic analysis, and phylogenetic reconstruction were conducted 
and provided by Dr. Eslam Abdelsalam adapting the strategy proposed in Dann et al. (2021). Variants 
(i.e., mutations) were identified as deviations from the published Synechocystis sp. PCC 6803 WT 
genome sequence (Kaneko et al., 1996) and filtered against the appropriate controls, i.e., Synechocystis 
LT and WT grown in inhouse-facilities under control and fluctuating-light conditions, resulting in the 
final matrix. Figures were prepared by Theo Figueroa Gonzalez. 

The quality of the genomic data was high for FLLR- and FLSR-ALE samples, as 98.7% ± 1.3% and 99.6% 
± 0.3% of the reads, respectively, mapped to the published Synechocystis (WT) genome. Average 
genome coverage was 344 ± 32 for FLLR and 373 ± 44 for FLSR, which proved adequate for variant 
calling and phylogenetic analysis with statistical robustness. This resulted in a mutation matrix, 
represented as a sunburst chart and bar plots in Figure 3.3, as well as a phylogram, depicted as a ‘tree’ 
in Figure 3.4. 

The sunburst chart in Figure 3.3A illustrate the proportion of filtered variants (absent in Synechocystis 
LT and WT) across 4 hierarchies. Only 15% (63 of 412) of these mutations affected non-coding DNA, 
including intragenic regions and RNA genes, whereas the remaining 85% (349/412) was identified in 
coding DNA, including protein sequences (Figure 3.3A). Most variants were identified as non-
synonymous SNPs (i.e., amino-acid-exchanging mutations), constituting ca. 67% of total filtered 
mutations (277 of 412). Among these, similarly about 68% (188 of 277), were found to affect genes of 
unknown function. The bar charts in Figure 3.3B show a wide distribution of point mutations in FL-ALE 
isolates and reveal a clear and consistent predominance of non-synonymous SNPs. 

The distribution of allele frequency in HL- (Dann et al., 2021) and FL-ALE is represented in Figure 3.3C. 
The bar chart is extremely polarized for FL-ALE: most variants (64%) were identified as ‘low-frequency’ 
mutations, occurring in ≤ 10% of the reads. The subsequent majority (26%) was classified as ‘fully 
segregated’ with a frequency of 100%, indicating their presence in every read of the respective sample. 
Only 8% of all mutations were detected at frequencies between 10% and 15%, while the rest of the FL-
ALE chart remained virtually empty. 

The phylogenetic tree in Figure 3.4 (left) illustrates the genetic relations between FL-tolerant clones. 
The length of each branch is scaled to represent genetic distance when considering 101 ‘fully 
segregated’ (frequency = 100%) mutations found in FL-ALE, which are provided in Table 6.1. The 
phylogenetic clusters shared similar pigmentation and fluorescence of PSII (displayed as quenched 
quantum yield, Fv-/Fm-), especially among FLLR isolates (#1–12). Phenotypic variability among 
genetically close isolates was evident in some clades of the phylogram: clones #13 and #21, and #22–
24 displayed similar pigmentation but markedly diverse fluorescence, while the opposite was true for 
clones #18–20 (Figure 3.4). 
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Figure 3.3. Mutations in FL-ALE, overview. , sunburst chart of FL-ALE displaying the proportion of the filtered mutation pool 

(i.e., novel alleles not found in Synechocystis LT nor in WT) in four hierarchies. , relative abundance of mutations identified 

in isolated clones across five categories. , distribution of allele frequency in HL- (considering samples free of artificial 

mutagenesis only; Dann et al., 2021) and FL-ALE relative to total mutations found. 

It is worth noting that, despite the fact that the selection procedure aimed for maximum phenotypic 
diversity, all FL-ALE clones shared three ‘fully segregated’ protein-affecting mutations detailed in Table 
3.1. Together with said ubiquitous mutations and upon close examination, one highly abundant allele 
(i.e., present in two thirds of the sequenced clones) was assigned to a presumably FL-tolerant 
haplotype, highlighted in orange in Figure 3.4 and disclosed in Table 3.1.  

The phylogenetic analysis also predicts a common ancestor for all FL-ALE isolates, with clones #4, #8, 
and #9 being the least evolutionarily derived (shortest distance to node, Figure 3.4). The phylogenetic 
analysis of FL-isolates was crucial for the selection of comprehensive candidate alleles. Based on the 
conservation of these variants among the clades, both early-and-ubiquitous (orange) and late-and-
specific (black) mutations were selected (see “FL1”, “FL2”, and “FL3” in Figure 3.4). Considering the 
experimental layout (see Figure 3.1), mutations evolved during earlier phases of FL-ALE (orange, e.g., 
FL1, FL2) should grant FLLR-tolerance, and alleles acquired later (black, e.g., FL3) are predicted to be 
FLSR-tolerant. 
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Figure 3.4. Phylogeny of FL-ALE isolates. The genetic relation among the FLLR- (dark grey boxes) and FLSR-ALE clones (light

grey boxes) is shown as a maximum likelihood phylogram, where clone number (#) is consistent with the isolation/selection 

procedure presented in Figure 3.2I. Synechocystis sp. PCC 6803 original isolate (“WT”, motile, glucose sensitive) and 

laboratory type (“LT”, non-motile, glucose tolerant) are also provided. Horizontal lines represent the genetic distance relative 

to a reference (here WT) when considering 101 “fully segregated” alleles (frequency = 100%, see Table 6.1), showing branches 

with ≥80% bootstrap support only. The central panel illustrates the distribution of 28 novel alleles (absent in WT and LT), 

including 24 protein-altering mutations (20 non-synonymous SNPs and 4 indels) and 4 mutations affecting rRNA/tRNA 

sequence. Fully segregated mutations common to most isolates (i.e., at least 50% of the samples) are highlighted in orange 

and the candidate alleles Sll0518A133V, PAM68S113G, and RpaBT183P are indicated in bold as FL1, FL2, and FL3 (respectively) with 

arrows. Affected loci are sorted left-to-right based on mutation frequency (except for mutations affecting the same locus, 

which are grouped together) and genes hit by non-synonymous SNPs are indicated in blue. Gene identifiers separated by “–

” depict a deletion affecting coding regions, where “[]” indicates partial deletion. Dash lines divide the map according to the 

clades (i.e., “branches”) of the phylogram. Representative cell droplets paired with fluorescence measurements (as quenched 

quantum yield of PSII, Fv-/Fm-) depict the phenotypic fingerprint of each monoclonal culture (right). 
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3.2.1 Selection of FL-tolerant candidate alleles 

Protein-affecting mutations that were segregated (i.e., at a 100% frequency, ‘fully segregated’) and 
novel (LT-absent) were identified in FL-ALE samples and summarized in Table 3.1. The most abundant 
alleles in FL-ALE were grouped in a haplotype comprised of four fully segregated non-synonymous 
SNPs that affected both known and unknown genes. Variants in the FL-ALE haplotype were considered 
robust candidates with elevated potential for adaptation under FL conditions. Amino acid exchanges 
alter protein sequence and may produce changes in protein function and/or abundance, representing 
a good starting point for functional studies. Two non-synonymous SNPs from the FL-ALE haplotype 
were therefore obvious candidates: Sll0518A133V, identified in sll0518, a completely unknown gene, and 
PAM68S113G in sll0933, a gene presumed to be involved in photosynthesis due to its homology towards 
PAM68 (PHOTOSYNTHESIS AFFECTED MUTANT 68) in plants (Armbruster et al., 2010). While the 
Sll0518 protein remains uncharacterized, PAM68 (also the Sll0933 protein) seems to be involved in 
early PSII assembly in Synechocystis without playing a crucial role on growth or photosynthesis 
(Armbruster et al., 2010). 

Note that genes affected by multiple fully segregated alleles were scarce and found exclusively in FLSR 
clones, indicating these genes might play a role in mechanisms of tolerance towards elevated FL stress. 
From this sub-set of mutations, non-syn SNPs in rpaB (regulator of phycobilisome association B, also 
slr0947) were interesting candidates, as the absence of this gene reduces the efficiency of energy 
transfer from phycobilisomes to photosystem II (Ashby and Mullineaux, 1999). Because the 
downregulation of light harvesting is a natural response of the cell to avoid photodamage (see Section 
1.2), the allele RpaBT183P was selected for further studies. 

The second mutation in rpaB, RpaBD194G, was genetically unstable in Synechocystis LT and was therefore 
excluded from further analysis. 

Table 3.1. Segregated protein-affecting mutations identified in FL-ALE. Novel alleles (LT-absent) affecting protein/RNA 

sequence found at a 100% frequency among at least one of 24 adapted isolates are provided below. The column “#” refers 

to the order given in Figure 3.4. The column "Mutation" describes the nature and position of each variant employing 

conventional nomenclature for amino acids and nucleotides and the notation "x/y nt", where x is the affected position in a 

sequence of total length y. The column “No.” provides the number of monoclonal strains harboring the specific allele and 

“ALE” specifies the FL-ALE regime(s) in which the allele was found (“LR” for FLLR, “SR”, for FLSR). The column “Function” 

provides information about gene function based on Gene Ontology (GO) terms: “M” (metabolic processes), “P” 

(photosynthesis), “Tc” (transcription), “Tl” (translation), and “?” (unknown function). Alleles associated with the FL-tolerant 

haplotype (present in ≥65% of monoclonal strains) are highlighted in orange and loci affected by multiple mutations are 

denoted with vertical lines. 

#  Locus   Annotation   Mutation   No.  ALE  Function  

1  sll0518   unknown protein   A133V (FL1) (GCC→GTC)   24   both  ?  

2  pam68 (sll0933)   PAM68 protein   S113G (FL2) (AGC→GGC)   24   both  P  

3  rpoDI (slr0653)   RNA polymerase s factor   R96L (CGT→CTT)   24   both  Tc  

4  nadC (slr0936)   
Nicotinatenucleotide 
pyrophosphorylase   

Q183H (CAA→CAT)   16   both  M  

5  ssr7018–[ssl7019]   hypothetical proteins   Δ935 bp   6   both  ?  

6  rpoB (sll1787)   RNA polymerase beta subunit   T791N (ACC→AAC)   3   SR  Tc  

7  
rpaB (slr0947)   OmpR subfamily   

T183P (FL3) ACC→CCC)   3   SR  Tc  

8  D194G (GAC→GGC)   3   SR  Tc  

9  cpcB (sll1577)   phycocyanin b subunit   S40P (TCT→CCT)   2   SR  P  
10  

topA (slr2058) DNA topoisomerase I    
T504A (ACC→GCC)   3   SR  Tc  

11  E149D (GAA→GAT)   2   SR  Tc  

12  slr0315   hypothetical protein   V62L (GTT→CTT)   2   SR  ?  

13  sll1647   hypothetical protein   W97R (TGG→AGG)   2   SR  ?  
14  

dfr (sll0698)   drug sensory protein A   
T393A (ACC→GCC)   2   SR  M  

15  F605L (TTC→TTG)   1   SR  M  

16  
rrn16Sa  16S ribosomal RNA  

noncoding (254/1489 nt)  1   LR  Ts  

17  noncoding (247/1489 nt)  1   LR  Tl  
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18  noncoding (243/1489 nt)  1   LR  Tl  

19  

ycf45 (slr0692)   hypothetical protein   

Δ13 bp, coding (331-
343/1770 nt)   

1   SR  ?  

20  E533G (GAA→GGA)   1   SR  ?  

21  +T, coding (59/1770 nt)   1   SR  ?  

22  rpoC1 (slr1265)   RNA polymerase g subunit   R221L (CGG→CTG)   1   SR  Tc  

23  slr1557   unknown protein   
Δ8 bp, coding (573-
580/1110 nt)   

1   SR  ?  

24  rnb (sll1290)   ribonuclease II   V500M (GTG→ATG)   1   SR  Tc  
25  sll0209   hypothetical protein   Q290E (CAA→GAA)   1   SR  ?  

26  deaD (slr0083)    
ATP dependent RNA helicase; 
DeaD   

R399L (CGG→CTG)   1   SR  Tc  

27  trnD-GUC   tRNA for aspartate   A→G, noncoding (8/74 nt)   1   SR  Tl  
28  slr0937   unknown protein   G292S (GGT→AGT)   1   SR  ?  

3.2.2 A candidate from the FL-/HL-ALE intersection: Ycf66-likeS178A 

A recent ALE study conducted in our laboratory enhanced HL-tolerance in Synechocystis by combining 
repeated mutagenesis and exposure to incremental light intensities (HL-ALE, Dann et al., 2021). 
Mutations identified in HL-ALE, i.e., non-synonymous SNPs in the genes fus, ndhF, sll0267, sll0355, and 
slr1855, were selected and reconstructed in the parental background for functional studies. The 
adaptive value of these mutations was evaluated under elevated irradiance, resulting in the validation 
of five HL-tolerant alleles reconstructed in the point mutants HL1-5 (Dann et al., 2021; Abdel-Salam et 
al., 2023). 

The variants found in HL- and FL-ALE were compared to identify candidate alleles with robust tolerance 
to light-induced stress, i.e., mutations potentially beneficial under both HL and FL conditions. 
Surprisingly, LT-absent mutations found in FL- and HL-ALE were exclusive within their respective 
studies. In other words, FL- and HL-adapted cultures did not evolve novel alleles in common. In 
consequence, the HL/FLLR/FLSR intersection remained void of LT-absent mutations, regardless of the 
frequency threshold. Consequentially, the identification of variants with potential for both HL- and FL-
tolerance demanded a different analysis. 

In the search for a commonality between FL- and HL-ALE data, the genes affected by mutations were 
analyzed and all variants (i.e., genetic deviations from the Synechocystis reference genome) with a 
frequency ≥5% in at least one sample were considered. The intersection between the two studies was 
surprisingly narrow, as shown in Figure 3.5. This overlap consisted of a limited pool of 35 genes affected 
across all three ALE experiments (i.e., HL, FLLR, and FLSR) and included variants found at high 
frequencies, e.g., in sll0355, and at low frequencies, e.g., in slr0503. The Venn diagram in Figure 3.5 
does not predict any ‘cross-adaptability’ between known HL-tolerant mutants affecting the genes fus, 
ndhF, sll0355, and slr1855 and FL candidates with alterations in pam68 (sll0933), rpaB (slr0947), 
sll0518, and slr0503. The elements in the triple intersection are listed in Table 3.2. Both the limited 
pool of 35 affected genes in the triple intersection and the absence of commonly evolved mutant 
alleles suggest specificity in the mechanisms of FL/HL tolerance. Nevertheless, elements in the 
HL/FLLR/FLSR intersection were presumed advantageous under both FL- and HL-conditions. 
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An uncharacterized gene associated with photosynthetic organisms, slr0503, was the 3rd most 
commonly affected gene in the triple intersection (Table 3.2). The ORF slr0503 (also ycf66-like) in 
Synechocystis comprises a gene of unknown function belonging to the ycf66 family 
(hypothetical chloroplast open reading frame 66, 
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR010004/) and can be found in chloroplasts and 
cyanobacteria. The gene product, the Ycf66-like protein, is a 337 amino acid protein with a predicted 
molecular weight of 37.6 kDa, three transmembrane domains, and an Ycf66-like N-terminal domain 
between residues #11 and #85. Intrinsic disorder is predominant outside this domain (Piovesan et al., 
2023), i.e., the Ycf66-like domain is followed by a low-complexity and unstructured C-terminus (see 
Figure 3.6A). It is absent in higher (i.e., vascular) plants, like Arabidopsis thaliana, but the N-terminus 
is fairly conserved among cyanobacteria (e.g., Anabaena sp., Prochlorococcus marinus), mosses (non-
vascular plants, e.g., Physcomitrium patens), brown (e.g., Ectocarpus siliculosus) and green algae (e.g., 
Chlamydomonas reinhardtii), diatoms (e.g., Thalassiosira pseudonana), and photosynthetic 
amoeboids (e.g., Paulinella micropora) (see Figure 3.6D). Genes belonging to the ycf family have been 
associated with chlorophyll biosynthesis (Wilde et al., 2004; Peter et al., 2011), excess light energy 
dissipation (Jung and Krishna, 2010), light harvesting architecture (Ruf et al., 2000), and PSI/PSII 
assembly (Plöchinger et al., 2016; Dai et al., 2023), making slr0503 an interesting candidate with 
potential for light-induced stress tolerance. 

Figure 3.5. Genes hit in ALE. Area-proportional Venn diagram showing the 

intersection between HL- (Dann et al., 2021), FLLR- and FLSR-ALE regarding gene 

coding sequences affected by unfiltered variants (including those detected in LT with 

a frequency ≥5% in at least one sample). Genes relevant for this study (fus, ndhF, 

pam68, rpaB, sll0267, sll0355, sll0518, slr0503, and slr1855) are also indicated. 

Generated by BioVenn (Hulsen et al., 2008). 

https://en.wikipedia.org/wiki/Chloroplast
https://en.wikipedia.org/wiki/Open_reading_frame
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Table 3.2. Genes affected in the HL/FL-ALE intersection. The 35 genes hit by 135 and 144 mutations in HL- and FL-ALE 

(respectively, see Figure 3.5) are summarized below and ordered according to the sum of all hits (variants per experiment) 

provided in “total”. Note the distinction between non-synonymous (“NON”) SNPs (all other classifications are collapsed as 

“other”, including insertion/deletion affecting coding regions, non-coding, premature stop codon, and synonymous). 

Mutations with frequency ≥5% in at least one sample were considered. The amount of sequenced gDNA preparations in HL-

ALE was 41, while in FLLR- and FLSR-ALE was 12. 

Gene/locus Annotation HL FL HL+FL 
  NON other NON other NON other total 

glcP glucose transport protein 6 12 5 0 11 12 23 

slr0848 hypothetical protein 3 10 3 5 6 15 21 

slr0503 Ycf66-like protein 4 1 4 8 8 9 17 

slr1403 
integrin alpha- and beta4- subunit domain 

homologue 
1 1 7 7 8 8 16 

slr5005 hypothetical protein 2 0 1 13 3 13 16 

sll0602 unknown protein 10 2 1 0 11 2 13 

sll1338 unknown protein 7 1 2 3 9 4 13 

sll0066 unknown protein 7 1 3 0 10 1 11 

xylR xylose repressor 8 0 2 0 10 0 10 

nlpD lipoprotein; NlpD 7 0 2 0 9 0 9 

sll6059/sll6060 
putative integrase-recombinase / probable 

acetyltransferase 
0 4 0 5 0 9 9 

slr1603 hypothetical protein 3 4 1 1 4 5 9 

ssr5009/slr5010 unknown protein / integrase-recombinase 0 4 0 5 0 9 9 

slr1506 unknown protein 3 2 1 2 4 4 8 

epsB exopolysaccharide export protein 2 0 3 2 5 2 7 

sll1942 unknown protein 0 2 2 3 2 5 7 

topA DNA topoisomerase I 1 0 4 2 5 2 7 

rpoDI RNA polymerase sigma factor 5 0 1 0 6 0 6 

sll1559 soluble hydrogenase 42 kD subunit 1 0 5 0 6 0 6 

slr1298 hypothetical protein 1 0 5 0 6 0 6 

hisF cyclase 1 0 3 1 4 1 5 

sll1025 unknown protein 1 0 4 0 5 0 5 

slr1799 unknown protein 0 1 2 2 2 3 5 

slr5016 unknown protein 3 0 2 0 5 0 5 

spoT (p)ppGpp 3'-pyrophosphohydrolase 3 0 2 0 5 0 5 

sll0094 sensory transduction histidine kinase 0 1 1 2 1 3 4 

sll1053 hypothetical protein 0 1 2 1 2 2 4 

slr1243 unknown protein 1 0 3 0 4 0 4 

ftsZ cell division FtsZ protein 1 0 1 1 2 1 3 

ntpJ Na+ -ATPase subunit J 0 1 2 0 2 1 3 

psbB photosystem II CP47 protein 2 0 1 0 3 0 3 

sll0142/sll0141 
cation or drug efflux system protein / 

hypothetical protein 
0 1 0 2 0 3 3 

sll1377 hypothetical protein 1 0 2 0 3 0 3 

crtX zeaxanthin glucosyl transferase 0 1 0 1 0 2 2 

ssl5114 unknown protein 0 1 1 0 1 1 2 
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Figure 3.6. The Ycf66-like protein. , prediction of the Ycf66-like protein structure available in the AlphaFold Protein Structure 

Data Base (version 2022-11-01, created with AlphaFold Monomer v2.0 pipeline; Varadi et al., 2022), adapted using ChimeraX 

(Pettersen et al., 2020), and colored according to the predicted aligned error. The inlet shows the Ycf66 domain in green. , 

a closeup from  indicating the position of amino-acid residues hit by low-frequency non-synonymous SNPs (amino-acid-

exchanging mutations) in HL-/FL-ALE (see Table 3.3). Note that the candidate serine (S) at position #178 (S178), which was 

exchanged in the HFL1 mutants with adenine, is placed exactly in the center of the affected region. , residue-residue 

alignment confidence plot colored accordingly to the expected error (in Ångströms) at residue x when aligned on residue y 

(the lower the error, the closer is x predicted to be to y). The same color code was employed in . , multiple sequence 

alignment (see Section 2.1) of the Ycf66-like protein and examples of the Ycf66 protein family found in cyanobacteria 

(Prochlorococcus marinus, Anabaena sp.), green algae (Chlamydomonas reinhardtii), mosses (Physcomitrium patens), brown 

algae (Ectocarpus siliculosus), diatoms (Thalassiosira pseudonana), and photosynthetic amoeboids (Paulinella micropora), 

respectively. Total length of each protein is provided. The Ycf66 domain in the Ycf66-like protein of Synechocystis is 

highlighted in green and residues conserved in at least six out of the eight examples (≥75%) are depicted in black. 

Interestingly, an in-depth examination of the alignments of WGS data from FL-ALE revealed a multitude 
of low-frequency alleles in the slr0503 locus. These mutations were not detected in the primary 
analysis (outlined in Section 3.2) due to highly stringent statistical thresholds. To minimize false 
negatives, and because the slr0503 locus is highly polymorphic, variants present in at least 5% of 
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slr0503 reads were reconsidered in a secondary analysis. A total of 14 low-frequency (5–20%) non-
synonymous SNPs were found to affect a restricted segment of the Ycf66-like protein’s midsection (see 
full list in Table 3.3), precisely between the amino acids #166 and #190 (see Figure 3.6B). This was 
indicative of potential adaptive value in the 24-amino-acid-long region. Note that the serine in position 
#178 (S178) presented multiple hits, i.e., three distinct non-synonymous alleles (Table 3.3), and lies 
perfectly central to said region. One of said SNPs, Ycf66-likeS178A, was identified in HL-ALE and in the in-
depth examination of FL-ALE, suggesting this mutation might be beneficial under both HL- and FL-
conditions. and comprises therefore candidates. Therefore, due to its potential for robust light-
induced stress tolerance, the allele Ycf66-likeS178A was included among the selected candidates for 
allele replacement and functional validation. 

Table 3.3. Non-synonymous SNPs in slr0503. The slr0503 gene accumulated a multitude of low-frequency (5–20%) non-

synonymous alleles between residues #166 and #190, which are summarized below. Upon further analysis of FL-ALE WGS 

data, 14 alleles were identified among 11 amino acids. Relative (as %) and absolute (between brackets) occurrences are 

included in the columns “Count” of the respective ALE experiments, while maximum frequencies are disclosed in “Max F”. 

Mutations common in both FL- and HL-ALE are emphasized with a hairline. The candidate mutation Ycf66-likeS178A was 

identified in the exact center of the affected region and is highlighted in green. Conventional nomenclature for amino acids 

and nucleotides is employed in “Mutation”. 

  HL-ALE FL-ALE 

Mutation Present in LT Count Max F Count Max F 

T166P (ACT→CCT) yes 0% (0) 0.0% 96% (23) 13.9% 

N169H (AAC→CAC) yes 88% (36) 14.5% 88% (21) 12.5% 

R171T (AGA→ACA) no 0% (0) 0.0% 21% (5) 7.1% 

R174P (CGT→CCT) yes 0% (0) 0.0% 88% (21) 14.5% 

R176P (CGT→CCT) no 0% (0) 0.0% 54% (13) 9.6% 

S178T (TCC→ACC) no 0% (0) 0.0% 13% (3) 13.8% 

S178A (TCC→GCC) yes 61% (25) 12.3% 33% (8) 12.6% 

S178P (TCC→CCC) no 17% (7) 19.0% 0% (0) 0.0% 

A179P (GCT→CCT) no 0% (0) 0.0% 38% (9) 9.9% 

S182R (AGT→CGT) yes 0% (0) 0.0% 83% (20) 11.7% 

S182R (AGT→AGG) yes 0% (0) 0.0% 4% (1) 5.1% 

Q185P (CAA→CCA) yes 100% (41) 19.4% 100% (24) 18.8% 

G188R (GGC→CGC) no 0% (0) 0.0% 79% (19) 9.4% 

A190P (GCC→CCC) yes 0% (0) 0.0% 88% (21) 11.8% 

Collectively, four potentially adaptive candidates were selected for further study: three high-frequency 
alleles from FL-ALE (Sll0518A133V, PAM68S113G, and RpaBT183P) and one low-frequency mutation from the 
FL-/HL-ALE intersection (Ycf66-likeS178A). These were genetically engineered and reconstructed in the 
parental strain, Synechocystis LT, as detailed in the following section. 

 Reconstruction of candidate alleles 

Plasmids for allelic replacement were designed to reconstruct four alleles in Synechocystis LT (Table 
3.4). The study of the individual effect of each candidate was made possible via the “allele swapping” 
strategy used in Dann et al. (2021). This method is based on a plasmid design (Figure 2.1) that provokes 
two homologous recombination events: a first event that integrates the plasmid-borne insert into the 
Synechocystis genome, and a second intra-chromosomal recombination event, which reconstitutes 
the natural genomic configuration by the scarless curing (removal) of the nptI-sacB double selection 
cassette, leaving only the desired mutation behind (based on Viola et al., 2014). In consequence, allele 
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swapping allows the defined and directed reconstruction of mutations in Synechocystis LT, so that no 
additional variables like altered gene expression levels -due to genomic insertions (e.g., antibiotic-
resistance cassettes)- and gene load -due to artificial copies (i.e., genomic or plasmidic)- are introduced 
that could interfere with the subsequent functional analyses. Furthermore, segregation limits were 
reduced by avoiding the disruption of the gene coding sequence (CDS) and its regulatory elements, so 
that mutant generation required as few propagation cycles as possible, preventing the accumulation 
of undesired second-site mutations. 

Slight modifications of the allele swapping strategy were included in the design of the constructs to 
prioritize SNP integration while optimizing vector assembly. In previous and unrelated experiments, it 
was empirically determined that the Synechocystis genome is able to integrate inserts flanked by 240 
base pairs (bp) homologous to the region of interest with sufficient yet low efficiency when subjected 
to natural transformation protocols (see Section 2.7.1). It was also noticed that transformation 
efficiency increased proportionally with the length of the flanking regions. This means insert 
integration depends on the length of homologous boxes. Therefore, the closer the mutation is to the 
selective cassette, the higher the probability to be integrated. The design of the plasmid was therefore 
based on the location of the SNP within the gene so that, when assembled, it would be as close from 
the DSC as possible, without interrupting the CDS nor the regulatory elements. This resulted in two 
options: the mutation sat in the first half (Figure 2.1, “plasmid A”), or in the second half of the gene 
CDS (Figure 2.1, “plasmid B”). This maximized the efficiency when screening for proper SNP integration 
via Sanger sequencing. Furthermore, curing of the DSC via the secondary recombination event was 
efficient with a 200–300 bp overlap between both primary homologous recombination boxes, with 
≥500 bp being counterproductive for both cloning and correct insert integration. Partial 
promotor/terminator regions were used for this purpose to avoid gene disruption (Figure 2.1). 
Evidence of a representative example of successful allele swapping is shown in Figure 3.7. 

It is important to note that the secondary recombination event occurs spontaneously in Synechocystis, 
regardless of the selective pressure. This means the curing of the DSC is a constant and hardly 
avoidable process. Because this event reconstitutes the LT genomic configuration perfectly, PCR 
amplification of the region of interest may result in 

1. a large DNA fragment containing the whole insert pre-DSC curing, i.e., 5' region, DSC/overlap 
region, 3' region (Figure 3.7D); 

2. a smaller DNA fragment containing the mutant CDS post-DSC curing (Figure 3.7D); and 
3. an identically smaller DNA fragment containing the unaltered LT CDS, remnant of the parental 

strain. 

Because both mutant (2) and LT (3) bands were identical in size after agarose gel electrophoresis, full 
segregation check-ups were only possible when purifying the lower running fragment for subsequent 
Sanger sequencing. The detection of the candidate allele in this band would indicate the insert was 
able to replace the LT copies with the point mutated version of the gene. Subsequently, the DSCs were 
no longer required, and the strains were therefore released from antibiotic treatment to foster the 
secondary recombination event. Forcing the cassette out of the genome required several propagation 
cycles, usually more than those needed for insert segregation. Typically, three propagation cycles were 
necessary to obtain segregated strains in which the point mutation had a 100% frequency. The 
genomic reconstitution, however, required up to five liquid cultivation cycles, often with low, non-
toxic doses of supplementary sucrose (i.e., 0.05–1% w/v) to yield scarless mutants after effective 
counter-selection in 5% sucrose plates. 
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Figure 3.7. Genotyping of the HFL1 mutant. Sequential genotype checkpoints along the generation of the HFL1 mutant are 

shown as a representative example of the “allele swapping” strategy. , SNP integration checkup. Selective amplification of 

slr0503 coding sequence (CDS, here 1052 bp) from positively selected (antibiotic resistant) transformants (clones 1–7). These 

amplicons were subjected to Sanger sequencing to identify genomic integration of the mutant allele in “effective” 

transformants. , SNP segregation checkup. Insert amplification from “effective” transformants (clones 2, 3, 4, 5, and 7) 

employing flanking primers resulted in two amplicons: a large one containing the whole insert (here 5494 bp), and a small 

one containing the endogenous and/or reconstituted (LT-configured) slr0503 locus (here 1550 bp). Sanger sequencing of the 

smaller amplicon determined the segregation status of the mutant allele. , double selection cassette (DSC) checkup. 

Amplification of slr0503 CDS from segregated mutants (clones 3, 4, 5 and 7) post negative selection of sacB (SucS) in sucrose 

plates (two clones per independent line). Elongation time in the PCR protocol was extended to allow amplification of eventual 

DSC-containing fragments. DSC was recombined out of the genome and therefore absent from all samples. , proportional 

representation of the two mutant configurations of the slr503 locus including start/stop codons, CDS, 3' homologous box for 

secondary recombination (3') needed for curing the DSC, and downstream region (DR). Binding sites for forward (f) and 

reverse (r) primers utilized in , , and  are also indicated. , alignment of Sanger sequencing corresponding to amplicons 

in , , and  ( , , and , respectively). Dashed grey lines denoting clone progeny depict the origin of each mutant line. 
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This strategy resulted in the generation of the point mutant lines Fluctuating Light 1, 2, and 3 (FL1, FL2, 
and FL3) and High and Fluctuating Light 1 (HFL1), which are detailed in Table 3.4. To explore if 
mechanisms of HL-tolerance are readily compatible with FL-tolerance, known HL-tolerant point 
mutants (Dann et al., 2021; Abdel-Salam et al., 2023) were included in Table 3.4 for experimental 
assessment. 

Table 3.4. Synechocystis point-mutants. Mutant lines harboring candidate non-synonymous alleles employed in this study 

are summarized below. Point-mutants were generated adapting the “allele swapping” technique (Dann et al., 2021) described 

in Section 2.7. Conventional nomenclature for amino acids and nucleotides is employed in “Mutation”. Known HL-tolerant 

point mutants (Dann et al., 2021; Abdel-Salam et al., 2023) were included to test the compatibility between HL- and FL-

tolerance. 

Name Gene ID Mutation Protein Origin 

HL1 slr0844 F124L (TTC→CTC) NdhF1: NDH complex subunit 5 

Dann et al. 
(2021) 

HL2 sll1098 R461C (CGC→TGC) EF-G2: (elongation factor G2) 

HL1/2 
slr0844 F124L (TTC→CTC) NdhF1: NDH complex subunit 5 

sll1098 R461C (CGC→TGC) EF-G2: (elongation factor G2) 

HL3 sll0267 L1189P (CTC→CCC) Sll0267: GGDEF and EAL domain-containing protein 
Abdel-Salam 
et al. (2023) 

HL4 sll0355 F254S (TTC→TCC) Sll0355: DMT (Drug/Metabolite Transporter) family protein 
HL5 slr1855 D200G (GAC→GGC) Slr1855: N-acetylglucosamine 2-epimerase family protein 
FL1 sll0518 A133V (GCC→GTC) Sll0518: unknown protein 

this study 
FL2 sll0933 S113G (AGC→GGC) Sll0933: PAM68 protein 

FL3 slr0947 T183P (ACC→CCC) RpaB: OmpR-family response regulator 

HFL1 slr0503 S178A (TCC→GCC) Ycf66-like protein: uncharacterized protein 

 Functional validation of candidate alleles under light-induced 
stress 

The adaptive value of FL-ALE candidate alleles was assessed in terms of growth. Cultures were grown 
in MCs with constant aeration at 100 mL air min-1, temperature control at 23 °C, and exposed to three 
distinct illumination protocols: 

• high light (HL) at constant 700 µmol photons m-2 s-1 (as employed by Dann et al., 2021),  

• fluctuating light long relaxation (FLLR) alternating between 12 and 1200 µmol photons m-2 s-1 
in 1 min – 5 min cycles (low duty cycle), and 

• fluctuating light short relaxation (FLSR) alternating between 12 and 1200 µmol photons m-2 s-

1 in 1 min – 1 min cycles (high duty cycle). 

HL- and FL-conditions were employed to explore the compatibility between mechanisms of light-
induced stress tolerance from a functional perspective. Interestingly, HL-tolerance was improved in all 
three strains, while FL-tolerance was less prominently enhanced (Figure 3.8). The FL-ALE haplotype 
alleles Sll0518A133V and PAM68S113G reconstructed in FL1 and FL2, respectively, resulted in both HL- and 
FLLR-tolerance (Figure 3.8), implying compatibility between the underlying mechanisms. However, the 
advantage of FL1 and FL2 under FLLR in terms of growth rates (p = 4.83×10-3 and p = 6.01×10-3, 
respectively, according to Student’s t Test) and cellular densities (p = 4.81×10-11 and p = 1.19×10-9, 
respectively, according to Student’s t Test) did not translate to FLSR-tolerance, as this regime proved 
lethal for both mutants (Figure 3.8C). 

On the other hand, FL3 and HFL1 survived under elevated FL stress (FLSR). Interestingly, FL3 displayed 
LT-like performance under FLLR (Figure 3.8B), explaining the specificity of the RpaBT183P allele among 
FLSR-ALE isolates. Meanwhile, the allele Ycf66-likeS178A seemed to be deleterious under the FLLR 
regime, at least regarding final OD730nm (p = 1.27×10-4, according to Student’s t Test). These results 
imply that the mechanisms by which FL3 and HFL1 thrive under HL and FLSR are not necessarily 
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applicable under low D. Robust tolerance to light-induced stress (i.e., to a variety of harsh illumination 
protocols) is uncommon and requires very specific mutations. 

When exposed to continuous 700 µmol photons m-2 s-1 (i.e., HL), FL3 cultures grew more than twice as 
fast as the parental strain (p = 1.28×10-3, according to Student’s t Test), accumulated cellular densities 
of about 15-fold those of the LT control (p = 2.55×10-6, according to Student’s t Test), and acquired a 
distinct ochre tone by the end of cultivation (Figure 3.8). Furthermore, the HFL1 mutants grew about 
4-fold faster than the control strain under said conditions (p = 1.87×10-9, according to Student’s t Test). 
The impressive performance of FL3 and HFL1 under HL contrasted their poor growth under FLLR, 
suggesting the mechanism by which FLLR impairs growth differs from that of elevated irradiance alone. 
However, the underlying mechanism behind the exceptional HL-tolerance observed in FL3 and HFL1 
seems to cope well with the extreme FL-stress under FLSR, suggesting elevated HL-tolerance may be a 
requirement for elevated FL-tolerance. 

 

Figure 3.8. Synechocystis point mutants under light-induced stress conditions. Data was collected from cultures (four 

biological replicates) grown in MCs under three illumination regimes: , HL (continuous 700 µmol photons m-2 s-1); , FLLR 

(low duty cycle); , and FLSR (high duty cycle). Bar charts represent the performance of the point mutants FL1, FL2, FL3, and 

HFL1 relative to the parental strain (Synechocystis LT) in terms of growth rates (i.e., generation per unit time, in white) and 

final cellular density (measured as OD730nm at seven days post-inoculation, in grey). Asterisks *, **, and *** indicate statistical 

significance with p ≤ 0.05; p ≤ 0.01; and p ≤ 0.001; respectively, according to Student’s t Test vs. LT). Photographs of undiluted 

cultures are provided. 

3.4.1 Functional characterization of FL2 and FL3 

In the FL2 mutants, the reconstruction of a candidate non-synonymous SNP exchanged the serine in 
the residue #113 for a glycine (i.e., S113G) in the PAM68 homologue sll0933, a non-essential PSII-
assembly factor in Synechocystis (Armbruster et al., 2010) that interacts with YCF48, CP43 and CP47 
and seems to participate in the synthesis of PSII core antennae (Rengstl et al., 2013; see review by 
Heinz et al., 2016). It was therefore anticipated that increased PSII turnover was behind the tolerance 
of FL2 cultures to light-induced stress. To ensure the collection of sufficient cell material and a proper 
comparison with the control strain, LT cultures and two independent FL2 mutants (#4 and #8) were 
grown under continuous 50 µmol photons m-2 s-1, 23 °C and 100 mL air min-1 in MCs. Note that under 
said conditions, FL2 cultures presented an 73% increase in end-point OD730nm when compared to the 
parental strain (1.21×10-14, according to Student’s t Test; Figure 3.9). 

First, the accumulation of PAM68 and photosynthetic marker proteins was investigated. The levels of 
the protein of interest, PAM68, was found to be increased (+41%) in FL2 under 50 µmol photons m-2 s-

1 (p = 1.45×10-2, according to Student’s t Test; Figure 3.9). Seemingly, the levels of PsbA, PsaC, and 
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APC+PC, photosynthetic marker proteins for PSII, PSI, and PBS (respectively), were upregulated in the 
FL2 mutants (p = 8.30×10-6; 1.46×10-5; and 1.28×10-18; respectively, according to Student’s t Test; Figure 
3.9), implying a generalized upregulation of photosynthetic complexes under 50 µmol photons m-2 s-1. 

 

Figure 3.9. Protein detection and relative quantification: FL2. Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to resolve whole-cell protein extracts taken from , LT and FL2 cultures grown under continuous 50 µmol photons m-2 

s-1 in MCs. Loading was normalized to total protein content (~10 µg) according to Bradford assay. , protein immunodetection 

(and fluorescent detection) via enhanced chemiluminescence. Coomassie Brilliant Blue (CBB) stain of electro-transferred 

proteins onto PVDF membrane is provided as loading control. Commercial antibodies (see Section 2.3) were employed for 

the detection of PsbA (D1 subunit, a marker for PSII core) and PsaC (a marker for PSI core). PAM68 was detected with anti-

serum as described elsewhere (Armbruster et al., 2010). Chromophore fluorescence from phycobilisome marker proteins 

(allophycocyanin + phycocyanin, APC+PC) was detected from polyacrylamide gels immediately after SDS-PAGE (Raps, 1990; 

Sakthivel et al., 2009). Signal quantification per lane is provided as relative to the first lane of each blot. Predicted molecular 

weights are provided. , data distribution of signal intensities detected from PAM68, PsbA, PsaC, and APC+PC (n = 12, except 

for APC+PC, where n = 24). Asterisks *, **, and *** indicate statistical significance with p ≤ 0.05; p ≤ 0.01; and p ≤ 0.001; 

respectively, according to Student’s t Test. , two-dimensional PAGE (BN/SDS-PAGE) was employed to compare the 

abundance of PSII intermediates in thylakoid preparations corresponding to ~10 µg chlorophyll (Rengstl et al., 2013). After 

solubilization and separation, samples were electro-transferred onto PVDF membranes for protein immunodetection. The 

migration of relevant complexes is indicated (1/2/3: monomer / dimer / trimer; RC47: PSII core complex lacking CP43; RCa: 

reaction center complex lacking the PSII core antennae modules CP43 and CP47; CP43a/b: CP43 module a/b; Rengstl et al., 

2013). Signal from RCa complexes are provided as relative to PSII monomer. Provided by Mrs. Milena Zhivkovikj (LMU Munich, 

Germany). 

Later, the assembly of PSII complexes in the FL2 mutants was investigated by means of two-
dimensional (2D) PAGE analysis (Figure 3.9D). Protein complexes in LT and FL2 thylakoids (normalized 
by chlorophyll content) were separated maintaining their native state by means of Coomassie Brilliant 
Blue Native (BN) PAGE and subsequently subjected to denaturing SDS-PAGE. This allowed to compare 
the abundance of different subunits within PSII intermediates at distinct stages of complex assembly. 

The FL2 mutants accumulated more D1 subunit in every PSII intermediate, with the exception of RCa 
(reaction center complex lacking core antennae, i.e., CP43 and CP47), which was reduced compared 
with the LT control (Figure 3.9D). Interestingly, FL2 samples presented higher CP43 signal in PSII 
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monomers and other higher MW PSII complexes at the expense of diminished CP43 modules (CP43a/b; 
Figure 3.9D). The latter exhibited negative correlation with PAM68 levels in the mutant, as the 
accumulation of this assembly factor was evident at low MW, i.e., comigrating with CP43 (Figure 3.9D). 
These observations imply core antennae modules (CP43, CP47) were swiftly incorporated to 
intermediate reaction centers, depleting the RCa pool to assemble additional PSII complexes in FL2 
(Figure 3.9D). 

 

Figure 3.10. Protein detection and relative quantification: FL3. Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) 

was used to resolve whole-cell protein extracts taken from , LT and FL3 cultures grown under continuous 50 and 700 µmol 

photons m-2 s-1 in MCs. Loading was normalized to total protein content (~10 µg) according to Bradford assay. , protein 

immunodetection (and fluorescent detection) via enhanced chemiluminescence. Coomassie Brilliant Blue (CBB) stain of 

electro-transferred proteins onto PVDF membrane is provided as loading control. Commercial antibodies (see Section 2.3) 

were employed for the detection of RpaB, PsbA (D1 subunit, a marker for PSII core) and PsaC (a marker for PSI core). 

Chromophore fluorescence from phycobilisome marker proteins (allophycocyanin + phycocyanin, APC+PC) was detected 

from polyacrylamide gels immediately after SDS-PAGE (Raps, 1990; Sakthivel et al., 2009). Signal quantification per lane is 

provided as relative to the first lane of each blot. Predicted molecular weights are provided. , data distribution of signal 

intensities detected from PAM68, PsbA, PsaC, and APC+PC (n = 12, except for APC+PC, where n = 24). Asterisks *, **, and *** 

indicate statistical significance with p ≤ 0.05; p ≤ 0.01; and p ≤ 0.001; respectively, according to Student’s t Test. 
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In the FL3 mutants, the reconstruction of a candidate non-synonymous SNP exchanged the tyrosine in 
the residue #183 for a proline (i.e., T183P) in rpaB (slr0947), an essential response regulator in 
Synechocystis (Ashby and Mullineaux, 1999; Kappell et al., 2007; Seino et al., 2009) associated with 
the regulation of energy transfer from peripheral antennae (i.e., PBS) to the photosystems (Ashby and 
Mullineaux, 1999). It was therefore suspected that reduced light harvesting was responsible for the 
tolerance of FL3 cultures to light-induced stress. As the FLSR regime was lethal for the parental strain, 
LT cultures and two independent FL3 mutants (#2 and #7) were grown under continuous 50 and 700 
µmol photons m-2 s-1, 23 °C and 100 mL air min-1 in MCs to ensure the collection of sufficient cell 
material and a proper comparison between the two genotypes. 

First, the accumulation of RpaB and photosynthetic marker proteins (PSII, PSI, PBS) was investigated. 
Under both 50 and 700 µmol photons m-2 s-1, the levels of RpaB were found to be increased in FL3 (p 
= 1.16×10-2 and 1.13×10-2, respectively, according to Student’s t Test; Figure 3.10). Under 50 µmol 
photons m-2 s-1, the D1 subunit (PsbA, an essential component of PSII) was upregulated (p = 3.86×10-9, 
according to Student’s t Test; Figure 3.10), the PsaC subunit (an essential component of PSI) remained 
unchanged, and the chromophores allophycocyanin and phycocyanin (APC+PC) in peripheral antennae 
(PBS) were downregulated (p = 6.62×10-3, according to Student’s t Test; Figure 3.10). In contrast, under 
700 µmol photons m-2 s-1, D1, PsaC, and APC+PC levels were simultaneously reduced down to 63%, 
42%, and 46% that of the LT (p = 2.62×10-4; 1.75×10-5; and 2.53×10-34, respectively, according to 
Student’s t Test; Figure 3.10), implying that light harvesting in FL3 was severely downregulated when 
exposed to high irradiance. 

Later, the capacity of FL3 cultures to collect light energy was investigated in vivo as absorption spectra 
of intact cells at room temperature (Figure 3.11A), whereas the allocation of said energy was studied 
in vitro as fluorescence emission spectra of whole cells at low temperature, i.e., 77 K (Figure 3.11B). 

Absorption spectra were analyzed and compared as a simple ratio between the specific absorption 
maxima of PC (at 630 nm) and Chl a (at 684 nm). The curves in Figure 3.11A show that PC-specific 
absorption was reduced in the FL3 mutants, while the Chl a absorption peak remained unchanged. 
This translated in a slight yet statistically significant reduction in PC:Chl a ratios of 5% compared with 
the LT control (p = 6.93×10-4, according to Student’s t Test), implying a minor downregulation of light 
harvesting in the FL3 mutants. 

Emission spectra were recorded by exciting snap-frozen samples with PBS-specific wavelengths (λmax = 
600 nm) at low temperature. Total signal was calculated as the sum of fluorescence intensities ranging 
from 626 to 780 nm. FL3 samples showed a 18% reduction in total signal as compared to the LT strain 
(p = 4.23×10-2, according to Student’s t Test), suggesting PBS-mediated energy allocation was reduced 
in FL3 cultures. Furthermore, Figure 3.11B shows the intensity of fluorescence peaks corresponding to 
peripheral antennae (PBS) and both photosystems (PSII, PSI) were reduced in the FL3 mutant. 
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Figure 3.11. Light harvesting in FL3. Spectroscopic characterization of FL3 samples taken from cultures grown under control 

light (50 µmol photons m-2 s-1) in MCs. , absorption spectra from cultures diluted to OD730nm = 0.1 (recorded with 0.2 nm 

intervals). Absorption shoulders for phycocyanin (PC) and chlorophyll a (Chl a) are indicated. The inset box plot shows data 

distribution of PC-to-Chl a ratios calculated from the corresponding absorption maxima as Abs630nm:Abs684nm. , fluorescence 

emission spectra obtained when exciting undiluted samples with orange light (λexc = 600 nm, selective for peripheral 

antennae) at 77 K. Data was recorded with 0.25 nm intervals and is presented as counts per second (CPS) after subtraction 

of baseline signal (i.e., the average from the range F780-F800). The inset box plot shows data distribution of total signal, 

calculated as the sum of all intensities ranging from F626 to F780. Asterisks * and *** indicate statistical significance with p 

≤ 0.05 and p ≤ 0.001; respectively, according to Student’s t Test: PC:Chl a_ t(6) = 6.39, p = 6.93×10-4; total signal_ t(34) = 2.11, 

p = 4.23×10-2. 

3.4.2 Growth of ALE-derived candidates under lethal FL-stress  

Survival under FLSR corresponded with a substantial degree of HL-tolerance, as observed in FL3 and 
HFL1 (Figure 3.8). To explore the correlation between HL- and FLSR-tolerance, known HL-tolerant point 
mutants were subjected to lethal FL stress (FLSR regime). Validated HL-tolerant alleles in the point 
mutants HL1–5 (Dann et al., 2021; Abdel-Salam et al., 2023) were insufficient to grant FLSR-tolerance 
(Figure 3.12B), supporting the low compatibility predicted by the Venn diagram in Figure 3.5 and 
explaining the reduced number of commonly affected genes in the triple intersection (Table 3.2). 

The phenotype of FL1, FL2, and FL3 under the FLSR regime was consistent among eight independently 
generated clones per genotype: while all FL1 and FL2 clones perished, the FLSR-ALE-specific mutation 
RpaBT183P achieved FLSR-tolerance consistently among all independently generated FL3 clones (Figure 
3.12A). Interestingly, this was not the case for the HFL1 mutants, of which only two out of eight clones 
were able to survive lethal doses of FL: HFL1_1 and HFL1_2 (Figure 3.12C). 
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Figure 3.12. Synechocystis point mutants under FLSR. Growth curves (measured automatically by the MCs as OD720nm) under 

intense FL-stress (i.e., FLSR regime: 1-1 min cycles illuminating with 12 → 1200 µmol photons m-2 s-1 at 23 °C and 100 mL air 

min-1) are provided as proof for lethality/survival of , three FL-ALE candidates (including eight independently generated 

clones per genotype); , six HL-tolerant mutants (five single point mutants HL1-5 and the double point mutant HL1/2, Dann 

et al., 2021; Abdel-Salam et al., 2023); and , one candidate identified in the FL-/HL-ALE intersection (including eight 

independently generated clones). Note that only clones #1 and #2 were able to survive. Second-site mutation is proposed to 

be causative of the discrepancy. Candidate second-site mutations are indicated. 

All HFL1 clones were found via Sanger sequencing to harbor Ycf66-likeS178A at a 100% frequency, 
suggesting this mutation alone was not causing the survival of HFL1_1 and HFL1_2 under FLSR. 
Therefore, second-site mutations were suspected to have emerged along the consecutive antibiotic 
or/and sucrose selection cycles. Consequently, gDNA samples were prepared and sent for WGS as 
described in Section 2.4.1 and 2.6.2, respectively. 

On the one hand, a 1183 bp deletion in pSYSM (one of four endogenous larger plasmids of 
Synechocystis) was found at a 100% frequency in HFL1 clones 3 through 8, yet it was undetectable in 
LT and in the FLSR survivors HFL1_1 and HFL1_2. This mutation affects the last 16 bp of sll5130 (HNH 
endonuclease), sll5131 entirely (IS4-like element IS4Sa family transposase), and the first 121 bp of 
sll5132 (DUF262 domain of unknown function). The annotation of sll5131 suggests this deletion as a 
consequence of a transposable element (i.e., a DNA sequence able to change its location), which is 
unlikely to be directly involved in light-induced stress tolerance. 

On the other hand, an insertion of a single nucleotide (+G) in yet another completely unknown gene, 
slr0654, was found exclusively in the survivors HFL1_1 and HFL1_2. This mutation (223_224insG) was 
fully segregated and produced a frameshift from amino acid #75 of the predicted protein (M75fs), 
leading to a premature stop codon at the 106th position. It is worth noting that neither these variants 
were found among the LT controls nor in HL- or FL-ALE samples. This observation suggests the light-
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induced stress tolerance in HFL1 cannot be achieved by Slr0654M75fs nor Ycf66-likeS178A in isolation, but 
only when present at high frequencies together. Consequently, the analysis of WGS data from eight 
HFL1 mutants proposes synergistic epistasis towards Slr0654M75fs, a second-site mutation, as an 
explanation for the inconsistent FLSR-tolerance. 

Nonetheless, the unique plasticity of HFL1_1 and HFL1_2 to excel under different illumination 
protocols could not be ignored and was considered worth of further study. The following experiments 
describe the HFL1 phenotype as an average of observations drawn from HFL1_1 and HFL1_2 under 
distinct light conditions. 

 Characterization of HFL1 under variable illumination 

For an adequate assessment of the adaptive value conferred by Ycf66-likeS178A, the FLSR-survivors 
HFL1_1 and HFL1_2 were grown in parallel with the parental LT strain as a control in MCs. All applied 
conditions shared aeration (at 100 mL air min-1) and temperature control (at 23°C) to define 
illumination as the experimental variable, resulting in three distinct light conditions: 

• control light (CL) at constant 50 µmol photons m-2 s-1, 

• high light (HL) at constant 700 µmol photons m-2 s-1, and 

• fluctuating light (FL / FLSR) alternating between 12 and 1200 µmol photons m-2 s-1 in 1 min – 1 
min cycles. 

The last two conditions represented the selection regimes employed in HL-ALE (Dann et al., 2021) and 
FLSR-ALE, respectively. 

Because the candidate epistatic mutation Slr0654M75fs was identified in both HFL1_1 and HFL1_2, the 
designations HFL1_1 and HFL1_2 will hereafter refer to the Ycf66-likeS178A/Slr0654M75fs double mutants. 
Besides growth, the phenotype of these mutants was explored employing a comprehensive array of in 
vitro and physiological measurements, including biochemical and fluorometric techniques. 
Measurements presented next are an average of the observations drawn from HFL1_1 and HFL1_2 
samples. As a simplification, both samples will be considered biological replicates and will be referred 
to as HFL1. 

3.5.1 Growth 

The HFL1 mutant displayed significantly higher growth rates than its Synechocystis LT progenitor strain 
under every tested light condition (Figure 3.13). The mutations Ycf66-likeS178A/Slr0654M75fs proved 
increasingly advantageous with increasing stress levels: at low stress (CL), the HFL1 mutant grew 16% 
faster (i.e., regarding generation time) than the control (p = 7.42×10-4, according to Student’s t Test), 
at medium stress (HL) it grew 76% faster (p = 2.25×10-6, according to Student’s t Test), and at high 
stress (FL) it completely outcompeted the LT control, as this condition proved lethal for the latter 
(Figure 3.13C). Furthermore, OD measurements showed that the HFL1 mutant grew about 1.5- and 6-
fold denser (both with p = 0.00, according to Bonferroni-Holm simultaneous comparison) than the 
control at CL and HL, respectively (Figure 3.13B). 
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Figure 3.13. Growth of Synechocystis HFL1 under variable illumination. Data was collected from cultures grown in MCs. , 

photographs of LT and the point mutant HFL1 under control, high and fluctuating light at 23 °C, 100 mL air min-1, and seven 

days post-inoculation. , data distribution of cellular density (measured as OD730nm) from each strain at seven days post-

inoculation. Average values (from left to right) were: 1.96, 3.00, 0.33, 2.01, 0.13, and 0.79. Superscripts (letters) denote 

statistically significant differences with p ≤ 0.05 according to post-hoc Bonferroni-Holm simultaneous comparison of all 

measurements (n = 16, except FLSR samples with n = 8) after significant among-group differences were detected by one-

factorial ANOVA. , growth curves of both strains under respective conditions, measured automatically by the MCs as 

OD720nm. Inset box plots compare generation time of each culture (asterisks *** indicates statistical significance with p ≤ 0.001 

according to Student’s t Test for n = 8, except FLSR samples with n = 4: CL_t(14) = -4.29, p = 7.42×10-4; HL_t(14) = -7.66, p = 

2.25×10-6). 

3.5.2 In vitro measurements 

3.5.2.1 Pigmentation 

Hydrophobic pigments (chlorophyll a, Chl a; total carotenoids, Cars) were extracted in MeOH from OD-
normalized cell pellets (OD730nm = 0.75 cell equivalents) and quantified spectrophotometrically (Zavřel 
et al., 2015). Both Chl a and Cars were slightly reduced in the CL-acclimated HFL1 mutant (-9%, p = 
1.29×10-3; and -26%, p = 5.84×10-12, respectively, according to Bonferroni-Holm simultaneous 
comparison, Figure 3.14A and B). Accordingly, HFL1 presented lower Cars-to-Chl a ratios at CL and HL 
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(-20%, p = 2.81×10-3; and -12%, p = 2.56×10-6, respectively, according to Bonferroni-Holm simultaneous 
comparison, Figure 3.14C). 

 

Figure 3.14. Pigment quantification: 

HFL1. Box plots show the data 

distribution of hydrophobic (left, 

and ) and hydrophilic (right, and 

) pigments in LT and HFL1 grown 

under variable illumination (control 

light CL, high light HL, and fluctuating 

light FL, as show in Figure 3.13) in 

MCs. Ratios in and were 

calculated within each sample. 

Superscripts (letters) denote 

statistically significant differences 

with p ≤ 0.05 according to post-hoc 

Bonferroni-Holm simultaneous 

comparison of all measurements 

after significant among-group 

differences were detected by one-

factorial ANOVA. 

Hydrophilic pigment-conjugated phycobiliproteins (allophycocyanin, APC; phycocyanin, PC) were 
extracted in phosphate-buffered saline from freeze-dried cell pellets (normalized to OD730nm = 3 cell 
equivalents) and quantified spectrophotometrically (Zavřel et al., 2018). HFL1 mutants grown under 
CL exhibited a slight increase in PC levels compared to the control strain (+18% p = 1.02×10-2, according 
to Bonferroni-Holm simultaneous comparison, Figure 3.14D). On the other hand, APC levels presented 
no significant difference in CL and HL samples (Figure 3.14D and E, respectively). This was reflected in 
phycocyanin-to-allophycocyanin ratios (which can be interpreted as phycobilisome ‘rod-to-core’-
ratios), as they were statistically similar between LT control and mutant under all conditions (Figure 
3.14F). 

3.5.2.2 Protein detection and relative quantification 

Coomassie Brilliant Blue (CBB) staining was utilized to visualize denatured proteins blotted onto PVDF 
membranes after SDS-PAGE. This dye signal was recorded and analyzed (see Section 2.8.10.3) to assess 
loading and transfer consistency per well, which was sufficiently homogeneous as demonstrated in 
Figure 3.15A. 
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Protein immunodetection of LT and HFL1 whole-cell samples revealed significant differences in 
photosynthetic marker proteins. In the HFL1 point mutant, D1 protein levels (psbA, PSII core, Figure 
3.15B) showed an average increase of 24% (p = 1.32×10-2, according to Student’s t Test), whereas the 
abundance of the psaC subunit (PSI core, Figure 3.15B) displayed an average decrease of 19% (p = 
2.25×10-3, according to Student’s t Test). 

Peripheral antennae (i.e., phycobilisomes) levels were estimated in SDS-PAGE gels by quantifying the 
fluorescence signal of the phycobilisome’s chromophores, i.e., phycobilins (Raps, 1990; Sakthivel et al., 
2009). The combined signal of allophycocyanin and phycocyanin (APC + PC) was found to be on average 
42% more intense in HFL1 samples (p = 9.76×10-10, according to Student’s t Test) compared to the LT 
control (Figure 3.15B). 

For the detection of the Ycf66-like protein, a polyclonal antibody was raised against a synthetic peptide 
designed to represent the first loop in the conserved Ycf66-like domain (CRSVRPEVSRDY-amide), and 
the specific IgG was subsequently purified by affinity chromatography (outsourced to BioGenes, Berlin, 
Germany). Detection of the Ycf66-like protein in LT samples required the use of an ultra-sensitive ECL 
developer (ECL SuperBright, Agrisera, Vännäs, Sweden) and recording in the ‘high-sensitivity’ mode of 
the ECL-reader, significantly decreasing signal-to-noise ratios. Interestingly, the Ycf66-like protein was 
undetectable in the HFL1 point mutant (Figure 3.15A), indicating drastically reduced gene expression 
or protein accumulation in this mutant background. However, a secondary band was detected in HFL1 
samples at low molecular weight (~10 kDa), implying the presence of a truncated Ycf66-like protein in 
the mutant. 
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Figure 3.15. Protein detection and relative quantification: HFL1. Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) 

was used to resolve whole-cell protein extracts taken from LT and HFL1 cultures grown under variable illumination (control 

light CL, high light HL, and fluctuating light short relaxation FLSR, as shown in Figure 3.13) in MCs. Loading was normalized to 

total protein content (~25 µg, except HL-samples with ~7.5 µg) according to Bradford assay. , protein immunodetection (and 

fluorescent detection) via enhanced chemiluminescence. Coomassie Brilliant Blue (CBB) stain of electro-transferred proteins 

onto PVDF membrane is provided as loading control. A purified antibody targeting a synthetic peptide was used to detect the 

low abundant Ycf66-like protein. A putative degradation product was identified at low molecular weight (~10 kDa). Specific 

commercial antibodies (anti-AtPsbA2, and anti-AtPsaC, Agrisera, Vännäs, Sweden), were employed for the detection of PsbA 

(D1 subunit, a marker for PSII core) and PsaC (a marker for PSI core). Chromophore fluorescence from phycobilisome marker 

proteins (allophycocyanin + phycocyanin, APC+PC) was detected from polyacrylamide gels immediately after SDS-PAGE (Raps, 

1990; Sakthivel et al., 2009). Signal quantification per lane (after background subtraction) is provided as relative to the first 

quantifiable lane (low signal-to-noise is denoted as “na”, not applicable). Predicted molecular weights are provided. , data 

distribution of signal intensities detected from PsbA (n = 9 and 12 for LT and HFL1, respectively), PsaC (n = 9 and 12 for LT and 

HFL1, respectively), and APC+PC (n = 18 and 24 for LT and HFL1, respectively). Asterisks *, **, and *** indicate statistical 

significance with p ≤ 0.05; p ≤ 0.01; and p ≤ 0.001; respectively, according to Student’s t Test: PsbA_ t(19) = -2.74 p = 1.32×10-

2; PsaC_ t(19) = 3.53 p = 2.25×10-3; and APC+PC_t(40) = -7.93 p = 9.76×10-10. 

3.5.2.3 Low-temperature (77 K) spectroscopy 

Low-temperature spectroscopy arrests photochemistry and minimizes heat, so that dissipation of the 
energy input results almost exclusively in fluorescence signal. This methodology has been extensively 
used to study energy transfer mechanics in photosynthesis (see review by Lamb et al., 2018, and 
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references therein). Selective excitation of chlorophylls (λexc = 438 nm, ‘blue’ light) and 
phycobiliproteins (λexc = 600 nm, ‘orange’ light) at 77 K (-196 °C) follows energy transfer mechanics 
from photosystems (PSI and PSII) and phycobilisomes (PBS), respectively, through the immediate 
pigment vicinity until excitation energy is ‘trapped’. Exciton trapping occurs when thermal energy is 
insufficient to overcome (slight) uphill energy transfers, forcing decay via fluorescence. 

An example of this phenomenon is the F685 peak observed when exciting PSII with blue light at 77 K, 
wherein excitation of one of the PSII core antennae proteins, CP43, gets irreversibly trapped by red-
absorbing chlorophylls (Andrizhiyevskaya et al. 2005). A second example is found when employing 
orange light, which tends to be highly informative due to the inherent capacity of peripheral antennae 
to absorb and distribute energy, resulting in higher signal-to-noise ratios. Energy transfer in PBS follows 
a known sequence: PC → APC → chlorophyll, and extensive research has been dedicated to 
understanding the role of the allophycocyanin core as the bottleneck of energy transfer from 
peripheral antennae to both photosystems (Calzadilla and Kirilovsky, 2020; Akhtar et al., 2022; 
Stadnichuk and Krasilnikov, 2023; and references therein). The signal amplitudes at λemi = 645 and 662 
nm, with λexc = 600 nm, correspond to energy absorbed by PC and APC, respectively, that is not 
transferred to photosystems, but rather trapped and dissipated as fluorescence. Hence, F645 and F662 
not only inform about phycobiliprotein relative quantities, but also reflect the proportion of ‘free’ 
antennae that are energetically uncoupled with either photosystem (Chukhutsina et al., 2015; 
Calzadilla and Kirilovsky, 2020). 

Therefore, the scarce thermal energy available in low-temperature spectroscopy makes this 
methodology informative for analyzing the quantities of key components and identifying impediments 
in energy transfer. 

Low-temperature fluorescence spectra were analyzed separately according to the excitation 
wavelength. Ratios were calculated from baseline-subtracted data. After significant among-group 
differences were detected by one-factorial ANOVA, samples were grouped whenever p > 0.05 
according to post-hoc Bonferroni-Holm simultaneous comparison of all measurements (denoted by 
superscripts letters). Data from LT at HL in Figure 3.16F was excluded from the statistical analysis to 
conserve statistical power among the remaining samples. 

Excitation of Chl a with blue light (λexc = 438 nm) revealed slightly lower PSI-to-PSII (PSI:PSIIλ=438nm) ratios 
in CL-acclimated HFL1 (-10%, p = 7.28×10-3, Figure 3.16C). On the contrary, the HFL1 mutant presented 
higher ratios relative to LT when grown under HL (+75%, p = 3.59×10-5, Figure 3.16C). Moreover, signal 
yield of LT under HL was recorded the lowest, approaching the baseline fluorescence. This observation 
can be appreciated as a reduced signal:noise ratio and can be attributed to reduced and damaged 
photosynthetic components in HL-treated LT cultures (Allakhverdiev et al., 2005; Kopecná et al., 2012). 
Interestingly, under FL conditions, PSI:PSIIλ=438nm of HFL1 remained intermediate compared to CL- and 
HL-acclimated mutant samples (p = 3.82×10-9, and p = 9.44×10-10, respectively, Figure 3.16C), despite 
the extreme stress posed by the lethal FL treatment (see Figure 3.13). 

Excitation of phycobilisomes (PBS) with orange light (λexc = 600 nm) revealed similar phycocyanin-to-
allophycocyanin, or ‘rod to core’ (PC:APC) ratios in CL samples (Figure 3.16D). This aligns with the 
hydrophilic pigments quantification (Figure 3.14) and, considering the increased levels of antennae 
chromophores (phycobilins) in HFL1 (Figure 3.15), implies that CL-acclimated mutant accumulated 
more PBS with a LT-like antennae architecture. On the other hand, the control strain presented a 
reduced PC shoulder, which is indicative of shorter rods per core in antennae complexes (Akhtar et al., 
2022) and aligns with the lower PC:APC ratios and the reduced quantification of hydrophilic pigments 
(Figure 3.16D and Figure 3.14D and E, respectively). 
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Emission of PBS core, allophycocyanin (APC), relative to PSII (APC:PSII) was reduced in HFL1 at all 
conditions (p = 5.14×10-4, and p = 0.00 for CL and HL samples, respectively, Figure 3.16E). The same 
holds true for APC signal in relation to PSI (APC:PSI, p = 5.14×10-4, and p = 0.00 for CL and HL samples, 
respectively, Figure 3.16F). The increased signal at F725 (~PSI) and F695 (~PSII) relative to F662 (~APC) 
suggests that less excitation energy was trapped in the terminal emitter of APC before being 
transferred to PSI or PSII, implying upregulation of light harvesting. This is however expected in 
standard cyanobacterial growth, as light harvesting increases along cultivation and in correlation with 
culture density (Schuurmans et al., 2017). 

The PSI:PSIIλ=600nm ratio is determined by calculating the fluorescence amplitude of PSI relative to PSII 
when selectively exciting peripheral antennae at λexc = 600 nm. This ratio provides valuable information 
about state transition in each sample, as it is representative of the proportion of PBS transferring 
excitation towards PSI and PSII (Calzadilla and Kirilovsky, 2020). Similar PSI:PSIIλ=600nm were observed in 
CL-acclimated samples, whereas light-induced stress favored lower ratios (Figure 3.16G). The former 
implies that, under CL, mutant energy distribution from antennae towards PSI and PSII kept 
proportionality with the LT configuration. Mutant cells under HL and FL meanwhile presented 
increased ratios compared to HL-acclimated LT (p = 6.99×10-4, and p = 1.90×10-10, respectively, Figure 
3.16G). 

PSII fluorescence signal is found between λemi = 675 and 700 nm as a shoulder that may be 
deconvoluted into several peaks, F685 and F695 being the two main contributors at 77 K (Murakami, 
1997; Komura et al., 2006). Excitation with orange light led to a slight red shift of HFL1 samples at CL, 
peaking at λemi = 690 nm. The PSII shoulder of both LT and mutant cells under light-induced stress was 
noticeably shifted to the blue, peaking at λemi =683 nm. Moreover, samples under light-induced stress 
exhibited reduced F695 and increased F685 compared to their CL-acclimated counterparts. However, 
these effects were more severe in LT cells grown under HL. 

The F685:F695 ratio in HFL1 remained lower than the control under all applied conditions (Figure 
3.16H). When compared to the LT strain, CL-acclimated HFL1 cells showed lower F685 and higher F695, 
leading to decreased F685:F695 ratios (p = 3.15×10-7) and a slight shift of the PSII emission shoulder to 
longer wavelengths, i.e., towards the red end of the spectrum (Figure 3.16B, left). Moreover, HL-
acclimated HFL1 exhibited a more leveled PSII core antennae shoulder (Figure 3.16B, right) evident by 
a lower F685:F695 ratio (p = 0.00, Figure 3.16H). 
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Figure 3.16. Low-temperature fluorescence: HFL1. Spectroscopic characterization of emission spectra of LT and HFL1 samples 

taken from cultures grown under variable illumination (control light CL, high light HL, and fluctuating light FL, as shown in 

Figure 3.13) in MCs when excited with , blue (λexc = 438 nm, selective for chlorophyll, normalized by F720), and , orange 
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light (λexc = 600 nm, selective for antennae, normalized by F645) at 77 K. The inset in are magnifications of the PSII emission 

shoulder (F675-F700). Relevant fluorescence peaks are labelled. Distribution of internal ratios calculated from baseline-

subtracted raw data are displayed in - . These were calculated as follows: , F725:F695; , F645:F662; , F662:F695; , 

F662:F725; , F725:F695; and , F685:F695. Except for , all values were extracted from data presented in . Superscripts 

(letters) denote statistically significant differences with p ≤ 0.05 according to post-hoc Bonferroni-Holm simultaneous 

comparison of all measurements (n = 25; 24; 22; 25; and 31, from left to right) after significant among-group differences were 

detected by one-factorial ANOVA. Data from LT at HL in  was excluded from the statistical analysis to conserve statistical 

power among the remaining samples. , graphical summary of relevant LT-divergent observations in HFL1 drawn from CL-

conditions: arrows represent excitation energy transfer, round-headed waves depict photons (light energy), thicker outlines 

represent upregulation, whereas transparency denote downregulation. After absorption of amber light (here λ = 600 nm) by 

phycobilins in peripheral antennae (phycobilisomes, PBS), excitation is transferred from phycocyanins in the rods (blue) to 

allophycocyanins in the core (cyan). Chlorophyll a (Chl a) molecules (green) in photosystem I (PSI) and II (PSII) are excited 

either by the energy transferred from PBS core, or by the absorption of blue light (here λ = 438 nm). Excitation energy is then 

allocated to the reaction centers P680 (for PSII) and P700 (for PSI). In the HFL1 mutants, photosystem stoichiometries were 

altered, i.e., PSII and PSI particles were more and less abundant (respectively), judging from the characteristic PSI-to-PSII 

emission peaks after Chl a absorption. Additional excitation energy deriving from PBS absorption was allocated to both 

photosystems. Energy transfer from PSII core to P680 seemed slightly improved. Encircled numbers (①, ②, ③, and ④) 

signify evidence supporting these observations, as described in Section 3.5.2.3. For details and analyses, see Section 4.3.2.1. 

3.5.3 Physiological measurements 

3.5.3.1 Fluorescence at room temperature 

Under physiological conditions, most of the energy from the pigment-mediated absorption of 
photosynthetically active radiation (PAR) is used to drive photochemistry (also photochemical 
quenching, qP), whereas excess energy must be dissipated as heat (also non-photochemical 
quenching, NPQ) or reemitted as fluorescence (reviewed by Ogawa and Sonoike, 2021). At room 
temperature, the fluorescence yield of chlorophylls in PSII is much higher than that in PSI (Krause and 
Weis, 1984), thus reflecting the status of the former. Moreover, PSII fluorescence yield increases upon 
reduction of the quinone QA, the primary acceptor of PSII, due to the inability of the so-called ‘closed’ 
PSII to perform charge separation (Duysens and Sweers, 1963). The opposite case follows the same 
logic: an oxidized QA is able to accept electrons from PSII, effectively funneling energy towards 
photochemistry and therefore avoiding the emission of fluorescence. Such suppression -or quenching- 
of fluorescence yield observed in an ‘open’ PSII is referred to as photochemical quenching (reviewed 
by Ogawa and Sonoike, 2021). 

Quenching of chlorophyll fluorescence can also be induced by processes other than photosynthesis. 
The collective of these processes are englobed in the term ‘non-photochemical quenching’, which can 
be dissected in energy-dependent heat dissipation (qE), state transition (qT), and photoinhibition of 
PSII (qI). In cyanobacteria, the orange carotenoid protein (OCP) plays an important role in qE, as it 
downregulates the energy transfer from light-harvesting antennae (phycobilisomes) to PSII upon 
illumination with intense blue light (see Kirilovsky and Kerfeld 2016). However, unlike in land plants, 
the main component of cyanobacterial NPQ is qT (Campbell and Oquist, 1996; Bailey and Grossman, 
2008). State transition refers to the mechanism(s) by which the energy absorbed in antennae 
complexes is distributed between the two photosystems: when directed to PSII, the excess energy will 
increase fluorescence yield, and vice versa. State 1 (S1) occurs when peripheral antennae favor 
excitation transfer towards PSII and is therefore associated with high fluorescence yield, whereas in 
State 2 (S2) this process is quenched. Transition from S1 to S2 (S1 → S2) is known to alleviate the 
energy input in PSII (Mullineaux et al., 1997 and references therein) and its cause has been proposed 
to lie either in the decrease of PSII effective absorption, the dissipation of the absorbed energy, or in 
its relocation towards PSI (reviewed by Calzadilla and Kirilovsky, 2020), which has a much lower 
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fluorescence yield than PSII (Krause and Weis, 1984). Several studies suggest that in cyanobacteria this 
process transpires rapidly in the millisecond-range (reviewed by Ogawa et al., 2017), yet the underlying 
mechanics are still subject of debate. Over the years cyanobacterial state transition has been proposed 
to be consequence of 1, phycobilisome (PBS) mobility throughout the membrane; 2, PBS detachment 
from PSII; 3, exciton “spillover” from PSII to PSI; and/or 4, quenching of PSII excitation energy 
(reviewed by Calzadilla and Kirilovsky 2020). 

In consequence of this, several parameters have been derived from fluorescence measurements and 
stablished to describe, among others, the status of the electron transport chain (for details see Ogawa 
et al., 2017, and references therein). Relevant to this study are the parameters referred to as ‘apparent 
non-photochemical quenching’ (NPQ-) and ‘photochemical quenching at steady state’ (qP). 

To investigate possible differences in PSII fluorescence, LT and HFL1 droplets normalized to cell density 
(at OD730nm) were acclimated in solid media under control conditions overnight. Acclimated plates were 
dark incubated for one hour and exposed to two illumination protocols. 

The ‘light curve’ protocol exposed LT and HFL1 droplets to incremental red-orange light intensities (up 
to ~215 µmols photons m-2 s-1) in six one-minute intervals, each terminated by a saturating pulse 
(~1200 µmol photons m-2 s-1). On the other hand, the ‘quenching analysis’ protocol mimicked the 
fluctuating-light regime FLSR by using a similar square wave function: D = 50%, and F = 8.3×10-3 Hz. 
After the determination of the quenched quantum efficiency of PSII (Fv-/Fm-) by a saturating pulse, 
cells were kept in the dark for one minute before exposure to a maximum intensity of red-orange 
actinic light (λmax = 625 nm) for another minute. Four saturating pulses were used during illumination 
to induce quenching mechanisms and extract related parameters. This was followed by yet another 
minute of darkness during which four more pulses were iterated before the culmination of the 
‘quenching analysis’ protocol. The response of the photosynthetic electron transport chain in LT and 
HFL1 was compared based on the resulting parameters. 

Overall, both illumination protocols induced lower fluorescence in HFL1 droplets (Figure 3.17A and B). 
The ‘light curve’ protocol (Figure 3.17A) illustrates the fluorescence yield of Synechocystis LT and HFL1 
under incrementally increasing illumination. As determined after the saturating pulse of each 
illumination step, photochemical quenching at steady state (qP) decreases in negative correlation with 
the intensities of the ‘light curve’ protocol (Figure 3.17A) in both LT and HFL1 droplets. Interestingly, 
light-acclimated HFL1 samples presented an increase in this parameter (Student’s t Test p values: 
2.11×10-5; 1.86×10-15; 2.82×10-12; 1.97×10-9; 1.45×10-8; 7.53×10-7; Figure 3.17C), suggesting improved 
photosynthetic capacity (Campbell et al., 1998). The upregulation of light harvesting (see Section 3.5.2) 
could have provided additional energy to the enhanced mutant photochemistry, leading to improved 
growth in HFL1 cultures under relatively low illumination. 

The ‘quenching analysis’ routine was employed to compare NPQ- dynamics between HFL1 and LT, 
which were comparable when measured over a minute of illumination with ~215 µmols photons m-2 
s-1 of actinic red-orange light (λmax = 625 nm) at RT° (Figure 3.17D). This observation aligned with the 
similar PSI:PSIIλ=600nm ratios obtained from 77 K emission data (Figure 3.16G), suggesting the proportion 
between antennae in S2 (PBS → PSI) and S1 (PBS → PSII) was comparable between CL-acclimated LT 
and HFL1. 

Interestingly, dark recovery of illuminated cells in the ‘quenching analysis’ protocol resulted in a rapid 
relaxation of the ‘apparent’ non-photochemical quenching mid- and post-illumination (NPQ-) in HFL1, 
in contrast to the dark-induced increase in NPQ- in the control LT (Student’s t Test p values: 0.018; 
1.00×10-9; 1.38×10-15; 3.64×10-18; and 5.99×10-22; respectively from left to right, Figure 3.17D). 
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Figure 3.17. Fluorescence at room temperature: HFL1. Dark-acclimated, OD730nm-normalized LT and HFL1 droplets measured 

under two protocols: , ‘light curve’, and , ‘quenching analysis’. Dark periods are indicated in black, actinic red-orange light 

(100% ~ 215 µmols photons m-2 s-1; λmax = 625 nm) in red, and saturating pulses (cold-white 6500 K LEDs providing ~1200 

µmol photons m-2 s-1) as downward triangles in white. , photochemical quenching at steady state (qP; Student’s t Test p 

values: 2.11×10-5; 1.86×10-15; 2.82×10-12; 1.97×10-9; 1.45×10-8; 7.53×10-7; respectively from left to right) extracted from each 

illumination period in . , “apparent” non-photochemical quenching of fluorescence mid- and post-illumination, calculated 

from data in (NPQ-; Student’s t Test p values: 0.018; 1.00×10-9; 1.38×10-15; 3.64×10-18; and 5.99×10-22; respectively from 

left to right). Asterisks * and *** indicate statistical significance (n = 20) according to Student’s t Test with p ≤ 0.05 and p ≤ 

0.001, respectively. 

3.5.3.2 PSI oxidation kinetics 

As mentioned above, PSI fluorescence yield at room temperature is significantly lower than that of 
PSII, rendering this methodology impractical for its study. Instead, current techniques rely on the 
redox-dependent shift in the absorption maximum of the PSI reaction center, P700. When P700 
transfers an electron to its acceptor side, the resulting cation, P700+, shifts its absorption peak to λ = 
820 nm (Klughammer and Schreiber, 1998). This property can be exploited to extract information 
about the redox state of PSI reaction center by measuring differential absorbance (Abs830nm - Abs870nm) 
directly from cyanobacterial liquid cultures via PAM photometry (Dann et al., 2019; Dann et al., 2021). 
The excitation wavelength may also be adjusted, e.g., to be PSI-specific (‘far-red light’ FR, λ = 720 nm) 
or to target both photosystems (‘actinic red-orange light’ AL, λ = 635 nm). 

PSI oxidation kinetics were significantly different in the HFL1 mutant. In samples taken from CL 
conditions, P700 was oxidized ca. 18% slower (p = 2.44×10-10, according to Student’s t Test) than in the 
LT control when excited solely with FR (PSI-specific, Figure 3.18A) as measured by observing P700 
oxidation half-times (t0.5 P700ox). In contrast, immediately after illumination with AL (simultaneous 
excitation of PSI and PSII), the maximum level of P700ox was reached about 22% faster in the HFL1 
mutant (p = 4.07×10-9, according to Student’s t Test, Figure 3.18B). 
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Figure 3.18. P700 oxidation kinetics: HFL1. Evolution of oxidized PSI reaction center under , far-red light (PSI-specific); and 

, actinic-red light excitation (PSI+PSII) of dark-acclimated LT and HFL1 samples taken from cultures grown under control-

light conditions in MCs. Curves were normalized by baseline and initial maxima. Vertical lines represent standard deviation 

at each data point. The inset box plots show data distribution of ( ) P700 oxidation half time and ( ) P700 maximum initial 

oxidation time. Asterisks *** indicates statistical significance with p < 0.001 according to Student’s T Test: far_red_t(52) = -

7.82, p = 2.44×10-10; actinic_light_t(82) = 6.583, p = 4.07×10-9. 

3.5.3.3 Oxygen evolution 

In oxygenic photosynthesis, after absorption of suitable light energy (hν), oxygen (O2) is produced by 
the oxygen-evolving complex (OEC), a metal-oxygen complex containing Mn4CaO5 that is embedded 
on the luminal side of PSII, through the oxidation of H2O (see review by Yano and Yachandra, 2014): 

2 𝐻2𝑂 
4 ℎ𝜈
→   𝑂2  +  4 𝐻

+  +  4 𝑒−             (12) 

Where 4 hν signifies the energy obtained from the absorption of four photons. Electrons (e-) and 
protons (H+) produced in this endergonic reaction are transferred across photosynthetic protein 
complexes in the thylakoid membranes to store the energy in the form of ATP and NADPH. Ultimately, 
these high-energy molecules are employed by the cell to assimilate CO2 into biomass via the CBB cycle. 
Therefore, O2 production (also: O2 evolution) as a byproduct of photosynthesis can be analyzed to 
study this process and estimate photosynthetic capacity. 

In the absence of light, photosynthetic O2 production plummets, and negative changes in O2 
concentration (∆[O2]) are obtained. This ‘negative O2 production’ is representative of cellular 
respiration, among other O2-consuming processes, and is therefore referred to here as O2 
consumption. CL-acclimated LT and HFL1 cultures measured immediately after sampling displayed 
clear and statistically significant differences in dark O2-consumption (p = 4.26×10-6, according to 
Bonferroni-Holm simultaneous comparison). LT exhibited an average O2 consumption of 0.998 µM min-

1 OD730nm
-1, about five times that of HFL1, which consumed an average of 0.213 µM O2 min-1 OD730nm

-1 
(Figure 3.19A). 

In the presence of light, including control-, high-, and fluctuating-light conditions, molecular oxygen 
was produced at slightly reduced rates in CL-acclimated HFL1 mutant cells. This difference was 
statistically significant (p = 7.76×10-4, according to Bonferroni-Holm simultaneous comparison) in 
samples exposed to constant illumination with 40 µmols photons m-2 s-1 (CL, Figure 3.19B), however a 
non-significant reduction in photosynthetic O2 production was found between LT and HFL1 samples 
illuminated with 700 µmols photons m-2 s-1 (HL, Figure 3.19B). Similarly, a non-significant reduction in 
O2 production was observed when employing a FL-like protocol consisting of six cycles alternating 
between 40 and 1200 µmols photons m-2 s-1 with identical D as in FLSR (Figure 3.19C).  
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Measurements of HL-acclimated LT were inconsistent, likely due to low cell density (cultures were 
measured directly from MC-conditions, without dilution) that produced ∆[O2] below device sensitivity. 
This data set was regarded as non-informative and was therefore excluded in the statistical analysis to 
conserve statistical power among the remaining samples. 

 

Figure 3.19. Oxygen evolution: HFL1. , data distribution obtained from cultures grown under variable illumination (control 

light CL, high light HL, and fluctuating light FL, as show in Figure 3.13) of the change in oxygen (O2) concentration measured 

over a period of three minutes in the dark (n = 14; 15; 16; 16; and 14 from left to right). , photosynthetic rates from samples 

in  as net [O2] - dark [O2] when exposing samples to 40 (light yellow) and 720 (gold) µmols photons m-2 s-1 for three minutes. 

Statistics of measurements at 40 and 720 µmols photons m-2 s-1 were performed separately. Superscripts (Greek and Roman 

characters) denote statistically significant differences with p ≤ 0.05 according to post-hoc Bonferroni-Holm simultaneous 

comparison of all measurements (n = 8, except for CL-acclimated LT with n = 7) after significant among-group differences 

were detected by one-factorial ANOVA. Non-informative HL-acclimated LT data was excluded from statistical analysis. , 

photosynthetic rates of CL-acclimated LT (black) and HFL1 (grey) when exposing samples to fluctuating light. The protocol 

consisted of 1 min at 40 µmols photons m-2 s-1 / 1 min at 1200 µmols photons m-2 s-1 cycles, depicted with light yellow and 

white rectangles, respectively. Data from 40 µmols photons m-2 s-1 is presented in circles, data from 1200 µmols photons m-

2 s-1 is shown as squares. Capped vertical bars indicate standard deviation. Asterisks *, **, and *** indicate statistical 

significance according to Student’s T Test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively (Student’s t Test p values for n = 

7: 3.49×10-6; 5.14×10-4; 0.203; 0.064; 0.749; 0.301; 0.097; 0.045; 0.156; 0.083; 0.081; and 9.83×10-3, respectively from left to 

right). Data in , , and was normalized by culture density (OD730nm). Samples were taken from cultures grown in MCs. 
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4. Discussion  

 Experimental evolution of Synechocystis under fluctuating light 

The genetic variability of Synechocystis was directed through 20 months of adaptive laboratory 
evolution to enhance fluctuating-light tolerance. The increase in selective pressure, together with the 
inherent genetic flexibility provided by the numerous chromosome copies (polyploidy) of 
Synechocystis (Zerulla et al., 2016), allowed the batch cultures to develop novel alleles that enabled 
survival under lethal doses of constantly alternating illumination. Polyploidy, the heritable condition 
of possessing more than two complete sets of chromosomes (Comai, 2005; Woodhouse et al., 2009), 
is a rather common state in archaea and bacteria (Van de Peer et al., 2017, and references therein). 
Polyploidy in prokaryotes results in gene redundancy and mutational robustness, that enable gene 
copies to mutate while maintaining WT information. This genetic variation grants the cell the potential 
to grow in unfavorable conditions that are growth-impairing to the homozygous WT (reviewed by Van 
de Peer et al., 2017). 

The stress imposed upon Synechocystis by fluctuating light was increased by high duty cycles (D) and 
high amplitudes (A). Interestingly, under the conditions detailed in Table 2.4 (provided by the MC 
devices) D was the stressor towards Synechocystis was most sensitive. Adapted batch cultures and 
isolated clones from FLSR were able to thrive in LT-lethal conditions with high D (50%: 1 min → 1 min) 
and high A (1188 µmol photons m-2 s-1: 12 → 1200 µmol photons m-2 s-1) at 23 °C and 100 mL air min-1 
without the use of artificial mutagenesis, which is evidence of the potential of Synechocystis genetics 
to overcome unfavorable growth conditions. Several other studies have explored the evolvability (i.e., 
the capacity to generate adaptive genetic diversity) of Synechocystis and found this cyanobacterium 
to be highly adaptable to distinct stressors including acidity (i.e., low pH, Uchiyama et al., 2015), heavy 
metals (Xu et al., 2018), light intensities (Dann et al., 2021; Yoshikawa et al., 2021), osmotic pressure 
(Wu et al., 2020), temperatures (heat; Tillich et al., 2012), and salinity (Hu et al., 2020). This study 
marks -to date- the first report of Synechocystis mutants with the capacity to withstand lethal doses 
of FL stress. 

4.1.1 Variability among FLLR and FLSR clones 

Resultant mutant cultures showed differences in the phenotypic variability induced by FLLR and FLSR. 
FLLR clones displayed rather homogeneous growth, fluorescence, and pigmentation, whereas FLSR 
isolates exhibited obvious heterogeneity (Figure 3.2). In fact, the fluorescence fingerprints from FLSR 
clones varied from Fv-/Fm- = 0.19 to 0.53 (0.40 ± 0.10) (Figure 3.2G and H). Overall, this parameter was 
found to be higher in most adapted isolates, except for three clones (#21–23, derived from the batch 
culture FLSR_γ) that presented reduced Fv-/Fm- relative to the LT control. 

When measuring liquid cultures of Synechocystis LT, Schuurmans et al. (2017) reported Fv-/Fm- values 
between 0.48 and 0.54, which are comparable to the peak values of the FLSR clones. The authors also 
showed that quenched PSII yield tends to increase with culture density, i.e., OD730nm (Schuurmans et 
al., 2017). Similarly, when sampling continuous cultures of Synechocystis LT, Touloupakis et al. (2015) 
reported Fv-/Fm- starting values of 0.572 ± 0.006 that decreased down to 0.450 ± 0.001 as the dilution 
rate increased (reason between volumetric flow rate of medium and the bioreactor working volume). 
The authors ascribed the inverse proportionality between quenched PSII yield and dilution rate to 
increased light exposure per cell, which led to the downregulation of PSII (Touloupakis et al., 2015). 

Besides enhanced PSII photochemistry (Genty et al., 1989) and based on the current literature, the 
elevated Fv-/Fm- fingerprints in FLSR isolates could be ascribed to either a more oxidized PQ pool in 
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the dark (increasing both Fv- and Fm-, reviewed by Ogawa et al., 2017), reduced PBS basal fluorescence 
(reducing solely Fm-; see Ogawa and Sonoike, 2016), or a combination thereof. 

A recent study by Dann et al. (2021) found broad phenotypic variability in a HL-ALE experiment, after 
propagating Synechocystis cultures over 28 months under extreme HL intensities. Experimentally 
induced mutagenesis with MMS (methyl methanesulfonate) and UV (ultraviolet) radiation was 
sequentially employed to systematically generate single replicates of evolved batch cultures, each of 
them with a unique mutagenesis stamp. The pigmentation in isolated clones from HL-ALE presented 
marked divergence from the original material (i.e., Synechocystis LT, same as in this study), in extreme 
cases even more exotic than those observed for FL-ALE isolates, e.g., the pale yellow UMMM2 and the 
golden UMU*M4 (see “Figure 4a” in Dann et al., 2021). It seems reasonable that the exotic phenotypic 
traits and the variability among different-batch clones in HL-ALE are due to the presumed 10-fold 
increased mutation rate (induced by the mutagenesis strategy, according to Tillich et al., 2012), and to 
the divergent evolutionary trajectories caused by the unique mutagen sequence of each batch, 
respectively. In contrast, no mutagen was used in FL-ALE, which can explain the more discrete 
variability in the pigmentation of isolated clones when comparing with the observations reported by 
Dann et al. (2021). 

Differences in variability between FL- and HL-ALE could also be attributed to the rather abrupt increase 
in selective pressure in the former, as it was not applied as gradually and paced as in the latter. The 
principles of evolution imply a “cost of natural selection” (Haldane, 1957), as abrupt changes in growth 
conditions can lead to the loss of genetic variability, an effect that would be particularly swift when 
said variability causes a decrease in fitness (reviewed by Barton and Partridge, 2000). In early stages 
of FL-ALE, inefficiencies in alternative adaptive strategies might have allowed the precipitate thrive of 
a highly competitive FL-tolerant haplotype, outcompeting other subpopulations along 20 months of 
laboratory evolution. The most obvious candidates for FL-tolerant alleles are those belonging to such 
haplotype, which in the current study consisted of three ubiquitous and one highly conserved protein-
affecting mutations, detailed in Table 3.1. 

The phenotypic homogeneity among FLLR clones, on the other hand, was somewhat expected when 
considering that the FLLR growth regime is not lethal for the LT strain (Figure 3.2I). From this 
observation it is safe to assume that the lower D (0.17) in the FLLR protocol evoked less selective 
pressure relative to FLSR-ALE, where the high D (0.5) increased the time-averaged energy input and, 
therefore, the physiological stress. Nevertheless, the fluctuating illumination in FLLR-ALE led to slower 
growth in Synechocystis LT cells (Figure 3.2I). In fact, when growing cyanobacteria (Synechococcus 
elongatus) under comparably low duty cycle and low frequencies (i.e., D = 0.25, and F = 0.002 – 0.003 
Hz), a comprehensive study by Graham et al. (2017) reported a photosynthetic penalty that sank 
growth rates even below than what a worse-case scenario (i.e., no-light integration) had predicted, 
presumably due to the (slow) light-dependent regulation of the CBB cycle (Graham et al., 2017). Such 
an effect of fluctuating irradiance likely allowed fitness to be improved in FLLR batch cultures, driving 
evolution towards faster growing subpopulations so that the emergent mutants outcompeted the 
parental LT strain. 

Phylogenetic analyses considering 101 “fully segregated” alleles (Figure 3.4, Table 6.1) revealed shorter 
genetic distance between most FLLR clones and the parental LT when comparing with the divergent 
FLSR isolates. This observation aligns with the homogeneity observed among FLLR clones in terms of 
pigmentation and fluorescence (Figure 3.2). Because novel alleles emerged in FLLR clones without 
drastic changes in pigmentation, it is conceivable that they were advantageous to ‘pigment-
independent’ FL-tolerant processes, e.g., the optimization of light-induced regulatory mechanisms, 
such as the CBB cycle (Graham et al., 2017). The complementary scenario held true for FLSR clones, as 
larger genetic differences (illustrated in Figure 3.4) were related to the broader phenotypic spectrum 
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observed in selection rounds (Figure 3.2F and g). In this case, changes in FLSR fluorescence and 
pigmentation suggest the photobiology of these mutants was affected in the evolution experiment, 
likely towards the reduction of light-harvesting pigments (e.g., allophycocyanin, chlorophyll, 
phycocyanin) and the increase in protective ones (e.g., carotenoids), as indicated by transcriptomics 
of HL-treated Synechocystis (reviewed by Muramatsu and Hihara, 2012). Interestingly, the 
characterization of monoclonal droplets revealed that pigmentation did not necessarily coincide with 
(PSII) fluorescence yield, e.g., clones #22–24 vs. #19 and #20 (Figure 3.4). It is therefore possible that 
the alleles causing ochre-green coloration and low/high fluorescence are not mutually exclusive or 
functionally linked, which speaks of the different evolutionary trajectories behind such traits. In any 
case, the genetic divergence among FLSR clones (Figure 3.4) could explain their phenotypic 
heterogeneity (Figure 3.2), suggesting that different FL-tolerant mechanisms evolved independently in 
Synechocystis to survive and thrive in FLSR conditions. Phenotypic heterogeneity was also ascribed to 
genetic divergence found in the HL-adapted mutants reported by Dann et al. (2021). 

4.1.2 Genetic landscape in FL-ALE 

The complexity of the bioinformatic analysis of genome re-sequencing data was successfully reduced 
in this experiment, as independent batch cultures were evolved in parallel under both FLLR and FLSR 
regimes, i.e., cultures a, b, c, and α, β, γ, respectively (Figure 3.2A). The endogenous mutation rate of 
Synechocystis and the experimental design in FL-ALE were sufficient to generate novel variants (LT-
absent mutations) that in all likelihood led to FL-tolerance. This variability was sufficient for adapted 
mutants to survive the lethal FLSR regime within a relatively short experimental time frame, i.e., 20 
months, which corresponds to ~70% of the 28 months of HL-adaptation executed by Dann et al. (2021). 

The absence of artificial mutagenesis, the common progenitor stock culture used as starting material, 
and the extensive selective regime surely contributed to the emergence of a single FL-tolerant 
haplotype (see Table 3.1), which constitutes robust genetic evidence for candidate mutant alleles, 
likely involved in light-induced stress response. Interestingly, the clear SNP consensus in this study 
contrasts the diverse haplotypes found in Dann et al. (2021), which are thought to be consequence of 
distinct adaptive strategies evolved in HL-ALE. Such disparity between both studies could be attributed 
to the additional variability imparted by repeated artificial mutagenesis (Tillich et al., 2012), which was 
avoided in FL-ALE. Furthermore, increased homogeneity and reproducibility were expected from FL-
ALE, as independent batch cultures adapted in parallel, approximating the purpose of biological 
replicates. Additional independent iterations of FL-ALE should clarify whether the identified 
mutational consensus (outlined in Table 3.1) represents a singular epistatic pathway towards FL 
adaptation in Synechocystis.  Epistasis among mutant alleles appears to be a common observation in 
ALE-derived allelic replacement. Several other studies in which individual alleles were reconstructed 
(mostly in bacteria) reported variants to be seemingly neutral/deleterious unless in the presence of 
companion mutations (summarized and reviewed by Conrad et al., 2011). 

Because both HL- and FL-ALE applied elevated light intensities, a considerable overlap was expected in 
terms of variant calling and candidate genes/alleles. Interestingly, the intersection between both 
studies was narrow and consisted of mostly unknown, and seemingly unrelated genes. This is evidence 
for the specificity of the selective pressure applied in FL-ALE, despite the fact the most obvious stressor 
i.e., elevated light intensities, was common to both studies. This suggests that, even when irradiance 
per unit time is as high as in FLSR, there are specific and evolvable mechanisms for FL-tolerance that 
diverge from those involved in HL-tolerance. The narrow HL-/FL-ALE intersection is not enough, 
however, to discard the assumption of a defined stress-coupling mechanism in Synechocystis 
underlying the exposure to high levels of both continuous and fluctuating light intensities, e.g., 
photooxidative damage control by thylakoid-located RTOs (Lea-Smith et al., 2013). 
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Mutations affecting coding regions were predominant in FL-ALE. Non-synonymous SNPs, i.e., amino 
acid exchanges, clearly constituted the majority of the mutation pool, accounting approximately for 
67% of total filtered (LT-absent) variants. The abundance of amino-acid-exchanging alleles is to be 
expected given the nature of the genetic code ([nucleotides][nucleotides per codon] = 43 = 64 possible 
combinations with uneven redundancy for 20 essential amino acids), as 72% of all possible SNPs are 
to be non-synonymous (Abdullah et al., 2016). Non-coding regions, where promoters, ribosome 
binding sites, terminators and other regulatory elements are usually located, were mutated in reduced 
proportions, only 15% of filtered variants found in FL-ALE. This observation is coherent with the early 
analysis presented by Kaneko et al. (1996) that revealed about 13% of intergenic DNA in the 
Synechocystis genome. It is difficult to determine if regulatory mechanisms were less affected, but the 
allocation of mutated alleles between coding and non-coding regions seems to be somewhat 
proportional to their abundance across the genome of Synechocystis, despite the generalized 
predominance of non-synonymous SNPs. The elevated population of non-synonymous SNPs can be 
associated with variability in protein function, however changes in protein abundance, e.g., due to 
misfolding and/or altered sensitivity to proteases, are other possible consequences of such point 
mutations. In any case, the fundamentals of ALE, i.e., the use of growth regimes to select for increased 
fitness, foster the emergence of gain-of-function mutations (those causative of a novel, non-WT 
function/trait, e.g., Kryazhimskiy et al., 2014). Therefore, the likelihood of these variants should be 
high in FL-ALE as well. Assuming the dynamics of protein function/abundance in adaptive processes 
would be a challenging endeavor, as it depends strongly on the organism, genetic background, and 
selective pressure involved. The consequence of the adaptations in FL-ALE to protein levels and its 
relevance compared to protein function is yet to be explored, e.g., in terms of transcriptomic and 
proteomic analysis (e.g., see Muramatsu and Hihara, 2012, and references therein). 

Almost half of Synechocystis open reading frames (ORFs) are categorized as hypothetical genes or as 
genes of unknown function (Sato et al., 2007), meaning the chances of these to be hit by random SNPs 
should correspond to around 50%, depending on the total length of these entities relative to the whole 
chromosome. However, more than two thirds (ca. 68%) of all non-synonymous SNPs in FL-ALE were 
identified in genes of unknown function. Stochasticity is yet to be ruled out, but this observation might 
reflect the adaptive potential in the uncharacterized portion of Synechocystis genome and calls for 
further exploration. For instance, Muramatsu and Hihara (2012) reviewed four expression studies 
where Synechocystis cultures were exposed to elevated light intensities (ranging from 200 to 500 µmol 
photons m-2 s-1) and reported a consice consensus of 206 affected genes. Analysis of the supplementary 
material revelaed that almost 30% of this consensus (i.e., 59 ORFs) were uncharacterized (i.e., 
annotated as “hypothetical” or “unknown” protein, see supplementary material by Muramatsu and 
Hihara, 2012). 

It is worth noting the polarized distribution that results from plotting allele count per allele frequency 
when analyzing both HL- and FL-ALE data. The bar chart in Figure 3.3C shows that, by the termination 
of the experiment, ALE-derived variants were either completely dominant (allele frequency = 100%) or 
kept at minimum abundance (allele frequency = 5–10%). In the case of FL-ALE, this polarization in allele 
frequency was remarkably steep, as only 8% of the novel mutations were found at frequencies 
between 10% and 15%, while the rest of the frequency bins were virtually empty (Figure 3.3C). Such a 
distribution of allele frequencies could be considered evidence of an effective selection regime in FL-
ALE. A fitness advantage, driven by natural selection, is expected to explain high frequency alleles and, 
therefore, fully segregated mutations constitute the most obvious starting point for functional studies, 
as implied by the HL-tolerance observed after the reconstruction of two high-frequency SNPs by Dann 
et al. (2021). 
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4.1.2.1 Phylogenetic analysis predicted specific FL-tolerant alleles 

The phylogenetic analyses summarized in Figure 3.4 infers a common ancestor to all evolved FL-
tolerant strains, likely generated early in the experimental set up. This hypothetical ancestor must have 
had origin in the large stock LT culture used as inoculum prior to the application of FL selective regimes. 
The closest genetic relative to the FL-ALE common ancestor is inferred to resemble clones #4, #8, and 
#9 (theory and interpretation see Woese, 2000; Gupta and Griffiths 2002; Baldauf, 2003; and Coleman 
et al., 2021). This early mutant was presumably able to proliferate faster under a growth-disruptive 
light regime such as FLLR with a minimum set of variants, likely including -at least some of- the 
mutations in the consensus disclosed in Table 3.1. In fact, two elements from this consensus, the non-
synonymous SNPs Sll0518A133V and PAM68S113G, were individually reconstructed in the point mutants 
FL1 and FL2 and functionally validated based on improved growth (Figure 3.8B). These results imply 
the haplotype mutations Sll0518A133V and PAM68S113G are FLLR-adaptive and suggest acquisition 
thereof occurred early in FL-ALE, as proposed by the phylogenetic analysis. It is safe to assume that 
other mutations from said haplotype would have a similar adaptive value under low D regimes such as 
FLLR (i.e., D = 17%). 

As for the evolutionary origin of FLSR mutants, the phylogram in Figure 3.4 supports cannot confidently 
infer a common origin in another hypothetical ancestor, in this case genetically akin to clone #5. The 
FL-ALE common ancestor (#4-like), likely originated in the progenitor stock culture and grown under 
early iterations of the FLLR regime, was inferred to diversify into a slightly different mutant (#5-like) 
that was probably paternal to (most) FLSR-selected subpopulations. Exceptions of FLSR clones outside 
this clade are #14–16, although the genetic distance from the common ancestor (represented as the 
length of the branch) is comparable to the rest of FLSR isolates. 

The fact that the phenotypically diverse FLSR isolates share a common ancestor with FLLR isolates with 
a high degree of confidence (≥80% bootstrap support, Figure 3.4) is unsurprising. These inferences 
align well with the experimental layout simplified in Figure 3.1, considering that the second half of the 
‘young’ FLSR batch cultures (i.e., FLSR_αti, FLSR_βti, and FLSR_ γti) were initially grown under FLLR-like 
regimes, i.e., D = 17% and F = 2.8×10-3 Hz, with a moderate A of 650 µmols photons m-2 s-1. 
Unfortunately, these hypotheses about the origin of FL-ALE mutants cannot be properly tested, as the 
progenitor stock culture used as starting material for all six FL-ALE lines, as well as ‘young’ batch 
cultures in the earlier stages of adaptation, were discarded and no gDNA sample was extracted from 
them. 

In latter stages of FL-ALE, as the FL-stress was further increased, additional mutations were probably 
required to survive the elevated energy input posed by the ultimate FLSR protocol (Table 2.4). 
Particularly intriguing candidates for FLSR-tolerant mutations are the two non-synonymous SNPs 
identified in rpaB (slr0947): RpaBT183P and RpaBD194G. These variants were found among two closely-
related subclades of FLSR isolates (collectively adding to six samples): #18–20 and #22–24. While 
RpaBD194G could not be reproducibly reconstructed in LT and was excluded from the functional analysis, 
RpaBT183P caused a consistent and outstanding improvement under light-induced stress in the point 
mutant FL3 (Figure 3.8, Figure 3.12). Interestingly, the adaptive value of RpaBT183P seems to be specific 
for high energy imput (i.e., under HL- and FLSR-conditions), as growth under a regime comprised of 
only 1 minute of HL every 5 minutes of low light (FLLR-conditions) was comparable to the parental 
strain. In addition, the positive effect of this mutation was linked to a fundamental mechanism of HL-
tolerance, the downregulation of light harvesting (Figure 3.11, see Muramatsu and Hihara, 2012). 
These results fall in line with an early study of the role of rpaB in Synechocystis, where its 
downregulation decreased energy transfer from phycobilisomes to PSII, relative to PSI (Ashby and 
Mullineaux, 1999). These observations suggest specific alleles, such as RpaBT183P, evolved in late stages 
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of FL-ALE to cope with the increased energy imput posed by high D in FLSR, as predicted by the 
phylogenetic analysis. 

This study proposes that an adaptive advantage under low D (FLLR-like conditions) was initially 
conferred by elements among the ubiquitous FL-ALE mutations (such as Sll0518A133V and PAM68S113G), 
and that survival under high D (FLSR-like conditions) and the phenotypic palette observed in Figure 3.2 
was progressively developed via the acquisition of specific mutations such as the non-synonymous 
SNP(s) identified in rpaB. 

 Adaptive value of candidate point-mutants under light-induced 
stress 

4.2.1 FL1 and FL2 are tolerant to high irradiance alternating at low duty cycles 

Under HL-conditions (700 µmol photons m-2 s-1) growth of FL1 was slightly improved while 
performance of FL2 was intermediate (Figure 3.8A). FL1 mutants presented a non-synonymous SNP in 
an uncharacterized gene, sll0518. The gene product, the Sll0518 protein, is predicted to fold into a 
highly disordered structure (according to the database by Piovesan et al., 2023) and its sequence has 
no obvious known homologue. Any statement regarding this candidate would be purely speculative, 
however unstructured folding is thought to be advantageous for cellular signaling and is a common 
trait in multi-functional and regulatory proteins (Gontero and Maberly, 2012; Wright and Dyson, 2015; 
Deiana et al., 2019). 

The continuous 700 µmol photons m-2 s-1 provided by the HL protocol ought to induce photodamage 
to PSII complexes (see Section 1.1.1), severely reducing growth in LT cultures. FL2 was affected in 
PAM68, a gene involved in early PSII assembly in Synechocystis (Armbruster et al., 2010), pointing out 
the possibility of PAM68S113G to increase PSII turnover after unavoidable photodamage. This can be 
explored via two-dimensional protein separation techniques to compare the abundance of PSII 
assembly intermediates (see reviews by Nickelsen and Rengstl, 2013; and Johnson and Pakrasi, 2022). 

The exact role of PAM68 in Synechocystis PSII assembly is still a matter of debate, although it seems 

to be involved in the stabilization of core antennae (CP43 and CP47) modules, likely binding CP47 

precomplex to the reaction centers by interaction with the PSII assembly factor Ycf48 (review by 

Heinz et al., 2016). In fact, research suggests that PAM68 can bind to the ribosomes and stabilize 

membrane segments of CP47, facilitating the incorporation of chlorophyll molecules into the trans-

lated polypeptide (Bučinská et al., 2018). PAM68 may also influence the synthesis of CP43 and PSI, as 

its absence leads to a reduction in said complexes, presumably due to a secondary effect triggered by 

weak CP47 biosynthesis (Bučinská et al., 2018). This indirect phenotype might also explain the accu-

mulation of PSI and PBS markers (PsaC and APC+PC) in FL2. 

Interestingly, deletion of pam68 (sll0933) led to the overaccumulation of RCa complexes in the 
Δpam68 mutant (Bučinská et al., 2018). Moreover, Δpam68 dies under fluctuating dark/light cycles 
(i.e., 5 min dark, 5 min 400 μmol photons m-2 s-1; Bučinská et al., 2018). In contrast, FL2 thrived under 
FLLR (i.e., 5 min 12 → 1 min 1200 μmol photons m-2 s-1) and presented reduced RCa levels (as judged 
from the weaker D1 signal comigrating with said complex), which correlates with a significant 
upregulation (+41%) of PAM68 (Figure 3.9). This observation argues against a loss-of-function 
mutation. It is plausible that the allele PAM68S113G in FL2 cascades in the accumulation of this protein, 
leading to an increased capacity for PSII turnover (Figure 3.9D) that allows the mutant to cope with the 
photooxidative damage induced by HL conditions and the FLLR regime. It seems, however, that the 
extent of this mechanism in terms of light-induced stress tolerance is limited to moderate light 
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intensities, as it is insufficient to cope with the high duty cycles in FLSR. Follow-up analysis of 
photosynthetic marker proteins and 2D-PAGE of the LT and FL2 samples grown under the FLLR regime 
will unveil further insight about the effect of this mutation in Synechocystis under FL stress. 

In any case, the mechanisms of HL-tolerance in FL1 and FL2 were compatible under high irradiance 
(1200 µmol photons m-2 s-1) alternating at low D (17%), i.e., FLLR-conditions. When grown under FLLR, 
coloration and relative performance of both these mutants presented clear similarities, with cellular 
densities reaching more than twice that of the control strain (Figure 3.8B). A high throughput study by 
Graham et al. (2017) analyzed the effect of a comprehensive array of FL protocols on both algal and 
cyanobacterial growth. According to the authors, the low frequencies (2.8×10-3 Hz) of FLLR should be 
subjected to a growth penalty, decreasing growth rates below the theoretical minimum, which is 
calculated as the sum of the growth rates obtained under each illumination phase (here, continuous 
1200 and 12 µmol photons m-2 s-1). The authors also proposed this growth penalty as a consequence 
of a mismatch between fast photochemistry and slow light-dependent regulation of the CBB cycle 
(Graham et al., 2017). Considering that the performance of FL1 was best under the presumed growth 
penalty of FLLR, the mechanism of tolerance behind Sll0518A133V could be associated to a more efficient 
regulation of the CBB cycle. 

4.2.2 FL3 survives under FLSR by downregulating light harvesting 

The growth of FL3 mutants presented an outstanding improvement under HL: compared to the control 
strain, cellular densities increased at rates more than 2-fold faster and reached final values more than 
15-fold higher (Figure 3.8A). In terms of final OD730nm, the performance of FL3 under 700 µmol photons 
m-2 s-1 (1543% relative to LT) was far superior to the Synechocystis HL-tolerant point mutants HL1, HL2, 
HL1/2 (Dann et al. 2021), HL3, HL4, and HL5 (Abdel-Salam et al., 2023), which ranged between 151% 
(HL1/2) and 460% (HL4) that of the control strain. 

The growth of FL3 mutants exhibited consistent tolerance to FLSR, i.e., to elevated illumination when 
alternated at high D (Figure 3.12A). However, relative performance was not as remarkable as when 
grown under HL (Figure 3.8). Under FLSR, average irradiation per minute was 606 µmol photons m-2 s-

1, about 100 µmol photons less than the continuous 700 µmol photons m-2 s-1 provided by the HL 
protocol. It is evident that growth of FL3 under FLSR is not a case of full light-integration (for details 
see Section 1.1.2), as it fell below what would be expected if grown under the time-averaged light 
intensity (Terry, 1986). This does not discard the possibility of FL3’s performance to fall below the 
worse-case scenario where growth reaches a theoretical minimum: no light-integration (for details see 
Section 1.1.2). Because this case assumes instantaneous biological response (Terry, 1986), growth 
under 1200 and 12 µmol photons m-2 s-1 should be accounted for in follow-up experiments. According 
to the comprehensive analysis of FL protocols by Graham et al. (2017), the low frequencies (8.3×10-3 
Hz) of FLSR should imply a growth penalty, decreasing growth rates below the mere sum of those 
obtained under continuous 1200 and 12 µmol photons m-2 s-1. 

Nevertheless, it is evident that FLSR-conditions had a negative effect on growth, which could be caused 
either by excessive energy input provided by the HL pulse (1200 µmol photons m-2 s-1), or impared 
growth during the low-light phase (12 µmol photons m-2 s-1). Interestingly, relative performance of FL3 
presented negative correlation with the length of the low-light phase of each condition, i.e., 
performance = FLLR < FLSR < HL, while low-light phase duration = FLLR > FLSR > HL. This suggests that 
the impairment might occur during the relaxation phase in the FL protocols. A study by Seino et al. 
(2009) reported that reduction of rpaB copies in a knock-down mutant had a negative effect on growth 
under low-light conditions (20 µmol photons m-2 s-1). Recently, a comprehensive gene-repression study 
by Miao et al. (2023) released genome-wide fitness data obtained from a library of Synechocystis 
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CRISPR interference mutants grown under eleven distinct conditions. Analysis of this data (see 
supplementary data in Miao et al., 2023) revealed that repression of rpaB was advantageous under 
HL-conditions (i.e., 1000 µmol photons m-2 s-1) and detrimental under LL-conditions (i.e., 60 µmol 
photons m-2 s-1; Miao et al., 2023). Considering the loss of this gene is beneficial under high irradiance, 
reduced RpaB levels would be expected in the FL3 mutants. However, analysis of SDS-PAGE (Figure 
3.10) concluded that this protein was increased in FL3 cultures. 

In fact, the adaptive value of RpaBT183P seems to be associated with a decrease in light harvesting, as 
shown in Figure 3.10 and Figure 3.11. Photosynthetic protein markers, i.e., D1 (PSII), PsaC (PSI), and 
APC+PC (PBS), were substantially reduced in the FL3 mutants when exposed to high irradiance (700 
µmol photons m-2 s-1, Figure 3.10). Absorption spectra of FL3 cultures presented reduced PC-specific 
absorption (quantified as PC:Chl a ratios, Figure 3.11A), which translated to reduced total emission at 
77 K (Figure 3.11B). The latter observation alines with an early study of the role of rpaB in Synechocystis 
by Ashby and Mullineaux (1999), where its downregulation was shown to decrease the efficiency of 
energy transfer from phycobilisomes to PSII, relative to PSI. Interestingly, the authors reported that 
the rpaB knock-down mutant presented no F695 emission (specific for PSII core) at 77 K when exciting 
peripheral antennae (Ashby and Mullineaux, 1999). This was clearly not the case for FL3 (see Figure 
3.11B), implying that the presumed repression must have been very mild in these mutants, if at all. 
Another plausible hypothesis, however, is that the RpaBT183P allele had a negative effect in the protein 
function, e.g., by disrupting the interaction with a specific regulatory target in the response 
mechanism. 

The response regulator RpaB has been shown to bind specific DNA sequences (high-light regulatory 1, 
HLR1) in photosynthetic genes such as PSI and PSII promoters, acting as both a transcriptional activator 
and a repressor under LL conditions (Kappell et al., 2007; Seino et al., 2009). A decrease in DNA binding 
affinity of RpaB occurs within 5 min after the shift from LL to HL conditions, leading to the swift 
decrease in PSI promoter activity (Kadowaki et al., 2016). Furthermore, deletion of the HLR1 sequence 
upstream the psbA2 gene in Synechocystis resulted in its overexpression under LL conditions (Eriksson 
et al., 2000). The mutation RpaBT183P could have affected DNA binding to these regions, producing 
changes in the expression level of the photosynthetic apparatus and leading to the observed 
phenotype. However, the regulation of RpaB activity is non-trivial, as the integration of both 
environmental (i.e., Hik33-mediated phosphorylation) and metabolic queues (i.e., redox-mediated 
dephosphorylation) are needed for this master regulator to exert flexible stress responses in 
Synechocystis (see Kato et al., 2022). 

In any case, it is likely that RpaBT183P -and presumably also the second allele RpaBD194G (see Table 3.1)- 
had a negative effect in the expression (or the function) of rpaB, downregulating light harvesting and 
thus relieving FL3 cultures from excessive excitation energy. 

4.2.3 HFL1 is a promising yet puzzling candidate for light-induced stress 
adaptation 

The identification of an HL-/FL-ALE intersection (Figure 3.5, Table 3.2) and an in-depth examination of 
the polymorphisms within the slr0503 locus (Table 3.3) supported the selection of the Ycf66-likeS178A 
allele. The reconstruction of this mutation resulted in the (double)point-mutants HFL1_1 and HFL1_2 
(Ycf66-likeS178A/Slr0654M75fs, hereafter HFL1), which presented a rare tolerance to the high-amplitude-
and-high-duty-cycle protocol FLSR (i.e., 1 min 12 → 1 min 1200 µmol photons m-2 s-1; see Section 3.4). 
In addition to FLSR-tolerance, HFL1 outperformed the control strain under the elevated irradiance of 
the HL protocol (continuous 700 µmols photons m-2 s-1) and the low intensities provided by the CL 
protocol (continuous 50 µmols photons m-2 s-1). Allthough HL-tolerant mutants have been described 
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before (Dann et al. 2021; Yoshikawa et al., 2021; Abdel-Salam et al., 2023), the adaptability of HFL1 to 
this range of conditions is unpresedented in cyanobacteria (Allahverdiyeva et al., 2013; Lea-Smith et 
al., 2013; Allahverdiyeva et al., 2015; Mustila et al., 2021) and evoked further exploration. This section 
will discuss four observations that distinguished HFL1 from FL1, FL2, and FL3, namely: 

• the multiple mutations in slr0503, 

• the disordered structure of Ycf66-like, 

• the fact that the adaptive allele Ycf66-likeS178A was found at low frequencies, 

• and the possibility of epistasis behind the HFL1 phenotype. 

4.2.3.1 A small section within the highly unstructured Ycf66-like protein harbors 
potential for adaptation 

A secondary examination of the alignment of hundreds of WGS reads from the slr0503 locus revealed 
additional alleles, implying the slr0503 gene is highly polymorphic. These low-frequency mutations 
were previously excluded to maintain statistical confidence, minimizing false positives. To further 
support this analysis, follow-up studies could consider increasing coverage depth. Nevertheless, the 
additional alleles in slr0503 (Table 3.3) were identified with frequencies as high as 18.8%, and the 
median value (7.1%) indicated their occurrence in approximately one out of every 14 reads. 

The 14 low-frequency, non-synonymous SNPs identified in slr0503 exhibited heterogeneity in terms of 
the amino acid substitutions encoded by their respective mutant codons (Table 3.3). These variants 
fell into a specific region of the protein spanning amino acids #166 to #190 (as shown in Figure 3.6A 
and B), rather than being confined to a single residue. It appears plausible that this particular segment 
contributes to the stability of the Ycf66-like protein, given that it was undetectable in the Ycf66-
likeS178A/Slr0654M75fs point mutants under control conditions (Figure 3.15A). 

The downregulation of Ycf66-like levels appears to be adaptive under light-induced stress conditions 
(Figure 3.13). The presence of the conserved Ycf66-like N-terminus (Figure 3.6A and D) of the Ycf66-
like protein across the green lineage (with the exception of vascular plants) is indicative of its relevance 
to both photosynthetic prokaryotes and eukaryotes (uni and multicellular). The Ycf66-like N-terminus 
may play an important role in photosynthesis, while the (presumed) destabilization of its C-terminus 
seems adaptive under light-induced stress. This might explain the loss of the intrinsically disordered C-
terminus in more complex members of the green linaegue such as mosses (e.g., Physcomitrium 
patens). Gene truncation is a significant phenomenon in the evolution of species (Carretero‐Paulet et 
al., 2010) and has been shown to influence gene expression in plants (Perlak et al., 1991). In fact, Hayes 
et al. (2012) studied the molecular evolution of RNA processing genes in the chloroplasts of A. thaliana 
and suggested that evolutionary selective pressure varies across their sequences. 

The #166–190 segment of the Ycf66-like protein is enriched in low-complexity residues and resides 
within a larger region of the protein that exhibits intrinsic disorder (according to the database by 
Piovesan et al., 2023). The inaccurate prediction of the Ycf66-like protein folding and 3D structures 
(shown in Figure 3.6) via bioinformatic resources like AlphaFold (Varadi et al., 2022) could result from 
the absence of weakly/transiently bound interaction partners. Disordered interaction motifs within 
intrinsically disordered proteins (IDPs) associate with their targets by a process named “coupled 
folding and binding”. In eukaryotic examples, folding of IDPs is induced by binding, and it is an 
extremely rapid and diffusion-limited process, which is advantageous for cellular signaling mechanisms 
(see review by Wright and Dyson, 2015, and references therein). On the other hand, analysis of IDP 
sequences in humans by Deiana et al. (2019) suggests that these proteins tend to be associated with 
just a handful of functions, i.e., regarding nucleic acid binding proteins, chromatin binding proteins, 
transcription factors, and developmental processes. Furthermore, CP12, a small IDP, is widely 



Discussion 

 

 

87 

 

distributed among oxygenic photosynthetizers (including cyanobacteria) and is known to associate in 
a complex that regulates the CBB cycle depending on its redox state (see review by Gontero and 
Maberly, 2012). CP12 is promiscuous, as it interacts with several other enzymes and is thus involved 
in several mechanisms, including stress responses. The structural flexibility inherent in IDPs like CP12 
seems to potentiate pleiotropy, i.e., the influence of the corresponding gene in more, seemingly 
unrelated, phenotypic traits (Gontero and Maberly, 2012). The slr0503 gene could be involved in 
multiple processes, accounting for the variety of effects observed in HFL1. 

In fact, the intrinsically disordered portion of the Ycf66-like protein has presented challenges in 
confidently predicting interaction with PSI/PSII subunits and related components of the photosynthetic 
electron transport chain (employing ColabFold, Mirdita et al., 2022). To identify potential interactors, 
co-immunoprecipitation (co-IP) of the Ycf66-like protein will be performed employing the specific 
antibody used in Figure 3.15, which was raised against the first loop in the conserved Ycf66-like 
domain. 

About 81% of the Ycf66-like protein sequence is predicted to be disordered (Piovesan et al., 2023), 
classifing it as a “highly unstructured” IDP (>30% unstructured residues, according to Gsponer et al., 
2008). Interestingly, analysis of mammalian unstructured proteins by Forcelloni and Giansanti (2020) 
revealed that IDPs seem to play an important role in early stages of speciation (i.e., when the 
accumulation of genetic diversity prevents sexual reproduction) as they tend to require less mutations 
than structured proteins to be recruited in this process. Given that the Ycf66-like protein can be 
classified as a “highly unstructured” IDP, these observations might be relevant to the above-mentioned 
loss of its C-terminus in most algae and non-vascular plants as well as to the absence of this gene in 
vascular plants (Forcelloni and Giansanti, 2020). 

The analysis of experimental data from native PAGE followed by mass spectroscopy (Takabayashi et 
al., 2013) indicates that the Ycf66-like protein co-migrates with a multitude of other proteins in nine 
out of 62 gel slices, presumably associating in complexes with a wide range of molecular weights. This 
suggests the Ycf66-like protein might be promiscuous, most likely due to its highly disordered 
structure, which as mentioned above accounts for 81% of its residues (Piovesan et al., 2023). The point 
mutations in the Ycf66-like protein, including Ycf66-likeS178A, might induce minor conformational 
changes in this protein region, potentially interfering with weak/transient interactors. This disruption 
could compromise the stability of the Ycf66-like protein, increasing its degradation and explaining both 
the undetectable levels and the presence of low molecular weight bands (~10 kDa) in the HFL1 mutants 
(Figure 3.15). Furthermore, IDPs availability seems to be limited by reduced translation and regulated 
by proteolytic cleavage (Gsponer et al., 2008). IDPs also tend to be less abundant and to have shorter 
half-life (i.e., time required for a substance to decay to half its initial quantity / reduce to half its effects) 
than structured proteins (Gsponer et al., 2008). These observations might explain the challenges 
encountered when detecting the Ycf66-like protein in Synechocystis LT samples (even with a specific 
IgG and sensitive reagents, see Section 2.3 and 2.8.10.3), while pointing to the possibility of Ycf66-
likeS178A to promote proteolytic degradation of the Ycf66-like protein in the HFL1 mutants (as shown in 
Figure 3.15). Furthermore, the size of this putative degradation product (~10 kDa) invites to consider 
the possibility of the intrinsically disordered domain of Ycf66-like being subject of proteolytic cleavage. 
The fact that the specific antibody was raised (and purified) against a synthetic peptide representing 
the first loop in the conserved Ycf66-like domain implies the N-terminus of the Ycf66-like protein was 
not affected by this cleavage. It is possible that the three transmembrane domains in the Ycf66-like 
protein (see Figure 3.6A) are left intact, presumably imbedded in the thylakoid membranes of 
Synechocystis. Protein localization studies with truncated protein sequences are needed to clarify this. 
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4.2.3.2 Epistasis in Ycf66-likeS178A 

Two observations were enigmatic about Ycf66-likeS178A: it was found exclusively at low frequencies in 
ALE, and solely two (out of eight) reconstituted HFL1 mutants displayed the FLSR-tolerant phenotype. 
Explanations for both are tightly linked to one another, as they are based in the principles of natural 
selection and adaptive microbial evolution. 

The fact that Ycf66-likeS178A was found in HL-ALE exclusively as a low-frequency mutation was surprising 
considering the superior performance of the fully segregated mutant under light-induced stress. One 
interesting explanation revolves around the possibility of several mutant slr0503 alleles coexisting 
among the multiple copies of the Synechocystis chromosome. These variants might produce a similar 
effect in the Ycf66-like protein, so that the impact of multiple low-frequency mutations is additive, 
which would not be evident in conventional WGS analysis. 

Mutant alleles can coexist independently in different copies of a gene, as shown by Näsvall et al. 
(2012). The authors performed a fast evolution experiment in the bacterium Salmonella enterica with 
a bifunctional gene coding for an enzyme with a weak secondary activity. In their model, “innovation-
amplification-divergence”, copy number of the bifunctional gene increases under selective pressure to 
compensate for the weaker yet-necessary function. The multiple copies of this gene acquired a variety 
of alleles and the selective pressure (demanding both functions for survival) maintained the 
bifunctional variant until specialization (i.e., emergence of at least one efficient allele per function) was 
achieved (Näsvall et al., 2012). This example could be extrapolated to the polymorphic slr0503 gene in 
Synechocystis. Assuming the mutations listed in Table 3.3 provoke a redundant function, multiple (or 
even all) gene copies could actually be present as ‘non-LT’ and prove beneficial under selective light-
induced stress. The low abundance of individual yet functionally-redundant alleles could then be easily 
misinterpreted as an ‘apparent’ scarce population of mutant slr0503. A closer analysis of the individual 
reads in the WGS data, in conjunction with functional analysis of other slr0503 variants could provide 
further insight in this regard. 

In another explanation, the natural acquisition of segregated Ycf66-likeS178A would demand a sequence 
of mutant alleles to develop in a precise order. In this hypothesis, a fully segregated Ycf66-likeS178A is 
hardly accessible for the cell, yet artificially achievable through genetic engineering, bypassing natural 
epistatic barriers and ensuring segregation via selective markers (i.e., antibiotic resistance genes). 
From this assumption, the low abundance of this allele could be explained if other gain-of-function 
mutations, developed in earlier stages of ALE, were antagonistic towards Ycf66-likeS178A, rendering it 
inconsequential or even deleterious and therefore forcing minimum frequencies. A second 
rationalization assumes that Ycf66-likeS178A needs at least one ‘companion mutation’ displaying 
synergistic epistasis. This work is slightly inclined to this second possibility, as it is supported by the 
analysis of WGS data leading to the identification of a candidate synergistic allele. 

This putative ‘companion mutation’, Slr0654M75fs, produced an insertional frameshift in slr0654, a gene 
of unknown function, and it was found exclusively in the FLSR survivors HFL1_1 and HFL1_2 at 100% 
frequency. The insertion of a single nucleotide was predicted to produce a frameshift in slr0654 after 
~30% of the CDS (223 out of 762 bp) and was absent in LT and in the (FLSR-sensitive) HFL1 clones #3–
8. Moreover, the product of this gene, the Slr0654 protein, co-migrates with the Ycf66-like protein in 
native PAGE, and the abundance of both proteins peak at very high molecular weights (Takabayashi et 
al., 2013), suggesting they might be involved in a supercomplex. 

Because slr0654 is completely uncharacterized, any assumption is mere speculation; however the fact 
that this variant was found at 100% frequency only in the FLSR survivors HFL1_1 and HFL1_2 points to 
the possibility of a synergistic background mutation. The requirement of an epistatic companion allele 
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is being tested at the moment, by re-introducing Ycf66-likeS178A into an early stock of Synechocystis LT 
and parallelly reconstituting the LT allele in HFL1_1 and HFL1_2 (Ycf66-likeA178S). The transformants will 
undergo selection under FLSR and gDNA samples will be prepared for WGS analysis. Clear and specific 
synergistic mutations rather than divergent epistatic haplotypes are anticipated to be identified in the 
new batch of HFL1 mutants, while the recovery of the LT-phenotype (i.e., FLSR-lethality) is expected 
from the ‘reverted’ HFL1_1 and HFL1_2. 

This rationale invites to consider the complementary scenario, i.e., antagonistic epistasis, as 
detrimental mutations might have been acquired along the generation of the mutant line, so that the 
effect of Ycf66-likeS178A may have been masked in a portion of the final HFL1 strains. Such mutation(s) 
might have been neutral or even beneficial under the lower light intensities employed during selection 
rounds (see Section 2.7.1), spreading through the mutant population according to natural selection. 
The 1183 bp deletion consistently found in the FLSR-sensitive clones HFL1_3 to 8 with 100% frequency 
is an obvious candidate to explain the masking of the Ycf66-likeS178A phenotype. The gene affected by 
this deletion, sll5131, is predicted to code for a transposase, i.e., a genetic element able to relocate 
itself to another genomic region. Such elements are thought to be the most abundant and ubiquitous 
genes in nature (Aziz et al., 2010) and, due to their inherently mutagenic nature, can exert remarkable 
influence in adaptive processes (Jangam et al., 2017; Schrader and Schmitz 2019; Arnold et al., 2022). 

Epistasis among mutant alleles appears to be a common observation in ALE studies. For instance, when 
both a non-synonymous SNP in fucO (L22M) and the intergenic insertion (genome position 2932181) 
of the transposable element IS5 (1195 bp; Kröger and Hobom, 1982) are introduced in the WT 
background, E. coli acquires the capacity to grow in the presence of L-1,2-propanediol as a sole (non-
native) carbon source (Lee and Palsson, 2010). However, neither of these mutations granted this 
phenotype in isolation. Epistasis in ALE-derived allelic replacement was reported in several other 
studies, where variants seemed neutral/deleterious unless in the presence of companion mutations 
(summarized and reviewed by Conrad et al., 2011). 

Both scenarios, i.e., synergistic/antagonistic epistasis, are not mutually exclusive. Moreover, both the 
deletion of sll5131 and the frameshift in slr0654 are undetectable in LT controls, as well as in HL- and 
FL-ALE, which supports the notion of Ycf66-likeS178A being dependent on epistasis to exert its 
phenotype. The exploration of these hypotheses demands deep genome sequencing of several 
independent point mutants and meticulous analysis to yield candidate enhancers/suppressors. Even 
then, the confirmation of potentially epistatic variants in double mutants may still be impaired by the 
genetic plasticity of Synechocystis. Along the generation of mutant lines, the high level of polyploidy 
(Watanabe, 2020) and endogenous mutation rate (Grigorieva and Shestakov, 1982) in this 
cyanobacterium foster the unavoidable emergence of alleles that might interfere with the functional 
analysis in such studies, rendering these efforts laborious and potentially futile. Despite the interesting 
conjectures, rather than the resolution of epistatic dynamics, the scope of this study remains focused 
in the identification of adaptive alleles for improved light-induced stress tolerance in Synechocystis. 

 Characterization of the HFL1 phenotype 

The phenotype of HFL1 was probed by a comprehensive array of biochemical, fluorometric, and 
photometric techniques. Some of these measurements, e.g., accumulation of PBS and enhanced 
energy transfer, reflect the physiology of a more mature culture due to the rapid acquisition of 
elevated cellular densities (according to the data shown by Schuurmans et al., 2017). However, HFL1 
cultures presented remarkable differences to the LT control that are not expected from the mere 
enrichment in biomass, e.g., altered PSI-PSII stoichiometries (Schuurmans et al., 2017).  
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Under HL conditions, growth of the LT strain in MCs was consistently impaired, while the HFL1 
accumulated cellular densities as high as LT cultures under low-light conditions (CL), i.e., 6-fold denser 
than the HL-treated LT (see Figure 3.13). Because of such leap in performance, data from the control 
strain was inadequate to yield an informative comparison with the physiology of HFL1 under HL. The 
same holds true for FL conditions, as the LT control was unable to survive. In consequence, the 
physiological description of the Ycf66-likeS178A/Slr0654M75fs phenotype will focus on the contrast 
between LT and HFL1 under CL conditions. Since cells were pre-cultured under CL, stress and 
acclimation were minimized during CL test-cultivation rounds (as conditions were identical), facilitating 
the characterization of the ‘constitutive’ (i.e., adaptive) effect of Ycf66-likeS178A/Slr0654M75fs. 

In addition, and because cells were pre-cultured under CL, measurements taken from cultures under 
such conditions should be informative of the physiological state of the control and mutant strains 
shortly before exposure to light-induced stress treatments (i.e., HL and FLSR). A comparison should 
therefore provide insight into how the point mutant survives the transition CL → HL/FL. This section 
will carefully explore the adaptive advantage of the HFL1 mutant as an average of the observations 
drawn from HFL1_1 and HFL1_2 samples focusing on CL-acclimated data. 

4.3.1 Ycf66-likeS178A/Slr0654M75fs enhanced growth under challenging 
illumination without compromising performance under low light intensities 

Growth of HFL1 was enhanced under all applied cultivation conditions. For instance, HL-acclimated 
HFL1 reached yields similar to HL2 and the double mutant HL1/2 (Dann et al., 2021) with an OD730nm≈2. 
Moreover, HFL1 cultures under continuous 700 µmol photons m-2 s-1 presented superior cellular 
densities than the HL-tolerant mutants HL3 and HL5, recently reported by Abdel-Salam et al. (2023). 
Notably, differences in performance between Dann et al. (2021) and the present study, particularly of 
LT under stress conditions, can be consequence of aeration, which was approximated by eye in the 
former while standardized at 100 mL air min-1 in the latter. Aeration in HL-ALE was estimated to be 
about twice as high as in FL-ALE. 

Fluctuating-light conditions with short relaxation phase (i.e., FLSR) proved lethal for the LT parental 
strain and the point mutants HL1, HL2, HL1/2 (Dann et al., 2021), HL3, HL4, and HL5 (Abdel-Salam et 
al., 2023), yet HFL1 was able to survive and reach cellular densities of OD730nm = 0.8 in average, which 
corresponds to ca. 16-fold the initial inoculum. Unexpectedly, the growth advantage of Ycf66-
likeS178A/Slr0654M75fs under HL and FLSR entailed no obvious trade-off at lower illuminations (CL). In 
fact, the HFL1 mutant grew approximately 50% denser than LT under CL conditions within the same 
timeframe, contrasting the growth impairment of the point mutants HL1, HL2 and HL1/2 in Dann et al. 
(2021). The polarized performance of these HL-tolerant mutants, i.e., low biomass under CL and high 
biomass under HL, was evidence of the specific effect of those alleles in fitness at elevated illumination. 
On the other hand, growth curves and yield quantification of CL-acclimated HFL1 cultures suggest the 
mechanism by which Ycf66-likeS178A/Slr0654M75fs improves growth is not exclusive to HL intensities. This 
also poses a question about the adaptive advantage of these alleles when challenged with stressors 
other than intense illumination. Further studies will comprise the characterization of slr0503 while 
testing the fitness of HFL1 against other stress factors, e.g., high temperature, elevated oxidative stress 
and/or limited CO2 supply. 

Allophycocyanin-to-photosystems ratios were reduced in mutant samples under control conditions 
(Figure 3.16E and F). The additional energy derived from upregulated light harvesting could be 
harnessed by the enhanced photochemistry in HFL1 (see Section 3.5.3.1), ultimately leading to 
increased cellular densities and explaining the capacity of HFL1 to outgrow the control under relatively 
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low illumination (i.e., at CL). The increased densities in HFL1 cultures certainly reduced the photons 
per mutant cell, which seems to have been compensated by increasing light harvesting. 

Increased energy transfer from PBS to both photosystems has been observed in mature Synechocystis 
LT cultures (i.e., advanced growth phases) under similar light intensities (~30 µmols photons m-2 s-1, 
λmax = 655 nm) as they progress through the cyanobacterial growth phases (Schuurmans et al., 2017). 
In fact, Schuurmans et al. (2017) showed that, as liquid cultures advance through the growth cycle, the 
increase in cellular densities correlates with the decrease in PBS fluorescence and the increase in 
photosystem (PSII and PSI) signal. In consequence, APC:PSII and APC:PSI maintain negative correlation 
with culture OD730nm. Because this is expected from cyanobacterial cultivation (Schuurmans et al., 
2017), it is likely that another mechanism is behind the low-light (CL) growth advantage of HFL1. 

This mechanism ought to be observed as a constitutive effect, which is a sign of adaptation rather than 
acclimation and might be related to the consistently higher photochemical quenching (qP) observed 
in HFL1 under incremental illumination (Figure 3.17C). In plants for instance, Han et al. (2022) 
employed a similar parameter, qL (Kramer et al., 2004), to represent the fraction of open PSII reaction 
centers and showed that carbon assimilation can be increased by accelerating qL response, particularly 
under FL conditions. Moreover, given that qL reflects the redox state of the PQ pool, Han et al. (2022) 
suggested this parameter as a target to improve crop yield by maintaining the balance between light 
and carbon reactions. In a similar way, the constitutively increased qP in HFL1 could accelerate CO2 
fixation into biomass more efficiently under both low- and fluctuating-light conditions.  

The apparent ‘trade-off-free’ effect of Ycf66-likeS178A/Slr0654M75fs in cyanobacterial growth flags the 
presumably companion mutations as an exceptional allele duo to enhance yield under challenging 
illumination. Ambitious follow-up studies should pursue the horizontal transfer of Ycf66-likeS178A to 
other photosynthetic organisms with Ycf66 orthologs, e.g., the green microalga Chlamydomonas 
reinhardtii or the moss Physcomitrium patens, with hopes to enhance growth. 

4.3.2 The HFL1 phenotype can be explained by altered respiration leading to an 
oxidized PQ pool 

Observations from both in vitro (Section 3.5.2) and physiological measurements (Section 3.5.3) point 
out to an oxidized PQ pool, which can be easily explained by altered cellular respiration. Direct and 
indirect evidence for this converge in four observations: 

• emission profile of HFL1 at low-temperature supports the decrease in PSI:PSII stoichiometries 
and suggests reduced PSII photodamage, 

• PSI oxidation kinetics in HFL1 suggest reduced electron flow from PSII towards PSI, 

• fluorescence of HFL1 at room temperature indicates enhanced photochemistry, and 

• HFL1 physiology in the absence of light implies altered cellular respiration. 

4.3.2.1 Emission profile of HFL1 at low-temperature supports the decrease in PSI:PSII 
stoichiometries and suggests reduced PSII photodamage 

Emission spectra after excitation with blue light indicated reduced PSI:PSIIλ=438nm ratios in CL acclimated 
mutant cells (Figure 3.16C). This observation corresponded well with lower PSI / higher PSII protein 
levels (Figure 3.15B) and reduced chlorophyll content (Figure 3.14B). PSI:PSIIλ=438nm emission ratios at 
77 K when λexc = “blue” have long been known to approximate photosystem stoichiometries 
(Murakami, 1997). This altered photosystem stoichiometries resulted in lower Chl a accumulation in 
HFL1 (Figure 3.14B), primarily contributed by PSI downregulation. Because PSI harbors about 90% of 
the Chl a content in Synechocystis (Fuente et al., 2021), differences in this component drastically alters 
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pigmentation, whereas dissimilarities due to PSII levels are less obvious (Rengstl et al., 2013). Overall, 
the harmony between hydrophobic pigment quantification (Figure 3.14B), photosynthetic marker-
protein immunodetection (Figure 3.15B), and 77 K measurements (Figure 3.16C) consents that PSII 
was more and PSI less abundant in the HFL1 mutant. 

In this study, F685:F695 is proposed to serve as an indicator of light-induced stress and photoinhibition, 
based on two patterns observed when comparing CL vs HL/FL acclimated cells (Figure 3.16H): 1, a light-
intensity dependent change in both peaks, and 2, the blue shift observed in PSII shoulder. LT and 
mutant samples grown under elevated light intensities (HL/FL conditions) displayed increased F685 
and reduced F695, suggesting that F685:F695 emission ratios at 77 K exhibit a positive correlation with 
photoinhibited PSII. 

The increase in F685 can be explained by abundant free-PBS fluorescence yield, presumably decoupled 
from photosystems as a protective mechanism against excess light energy. This is because F685 mainly 
relates to the PBS terminal emitter with contributions from CP43 emission when selectively exciting 
antennae at λexc = “orange” (reviewed by Calzadilla and Kirilovsky, 2020). The contributions of CP43 
emission to the increased F685 in HL-acclimated samples can be attributed to an impediment in energy 
transfer between CP43 → CP47 and/or CP43 → RC. This impairment leads to irreversible trapping in 
low-energy chlorophylls, resulting in an increment in fluorescence signal. This phenomenon is easily 
explained by photodamage in PSII core, particularly in the D1 protein and, to a lesser extent, in CP43 
itself (reviewed in Li et al., 2018). 

The reduction of F695, on the other hand, has been associated with photoinhibition and “bleaching” 
of red chlorophylls in CP47 (Stoitchkova et al., 2007; Sinha et al., 2012; D'Haene et al., 2015). In fact, 
in samples where protein synthesis was arrested and PSI-bound chlorophyll signal was absent, Sinha 
et al. (2012) reported a 75% decrease in this peak after a 20-minutes HL treatment with 2500 µmol 
photons m-2 s-1. 

In addition, the blue shift observed in HL/FL samples can be attributed to an increase in the higher-
energy peaks F683 and F680, which in intact PSII would transfer excitation to the energy sinks F685 
and F689, respectively (Andrizhiyevskaya et al. 2005; Komura et al., 2006). As opposed to the CL 
samples, HL- and FL-acclimated cells exhibited relatively higher F683 and F680, conceiving a higher 
population of excitons being trapped in the terminal emitter of peripheral antennae (located in APC, 
PBS core) before being transferred to PSII (Stoitchkova et al 2007). Interestingly, the HL-acclimated 
HFL1 mutant displayed red-shifted emission in the PSII shoulder (F675-F700), supporting the claim of 
decreased photoinhibition.  

In summary, the presence of red-shifted PSII emission shoulders, along with lower F685:F695 ratios, 
strongly suggests decreased photoinhibition in HFL1 cells under all applied conditions. This observation 
is further supported by the lower carotenoids-to-chlorophyll a (Cars:Chl a) ratios found in HFL1 relative 
to the LT control (Figure 3.14C). Elevated Cars:Chl a ratios are known to be associated with stress 
responses, particularly under elevated illumination (Schagerl and Müller 2006), as carotenoids 
alleviate oxidative damage and participate in the regulation of alternative electron flow (Kirilovsky and 
Kerfeld, 2016). The positive correlation between Cars:Chl a and light-induced stress implies that the 
reduced ratios observed in the HFL1 mutant might indicate a decreased demand for photoprotection 
and, consequently, reduced stress in HFL1 cultures relative to the background control, LT. This 
advantage was expressed and measured even under control conditions, which is a sign of a ‘hard-
wired’ or ‘constitutive’ adaptation, rather than stressor-triggered acclimation, although the 
phenotypic effect was accentuated under stressful light regimes (HL/FL conditions). Relevant 
observations discussed in the present section are summarized and illustrated in Figure 3.16I. Energy 
transfer mechanics in HFL1 shall be further explored by means of fluorescence decay associated 
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spectra via ultrafast time-resolved spectroscopy at low-temperature (see review by Cherepanov et al., 
2022). 

Taken together, the analysis of low-temperature spectroscopy suggests PSI:PSII stoichiometries and 
photoprotection were altered in HFL1. Both of these are influenced by the redox state of the electron 
transport chain, particularly via the PQ pool. On the one hand, photosystem stoichiometry has been 
shown to be regulated by the redox state of the PQ pool in long-term acclimation (Pfannschmidt et al., 
1999). On the other hand, the PQ/PQH2 balance is thought to be the limiting step of electron transport 
(see Han et al., 2022; and references therein), and its overreduction leads to photodamage due to PSII 
acceptor side limitations (Tóth et al., 2007). In Synechocystis, the activity of RTOs like Cyd consumes 
electrons directly from PQH2, protecting PSII from overreduction (Lea-Smith et al., 2013). The growth 
advantage of HFL1 might be related to an increased proportion of PQ relative to PQH2. 

4.3.2.2 PSI oxidation kinetics in HFL1 suggest reduced electron flow from PSII 
towards PSI 

Dark-acclimated mutant cells illuminated with far-red light (specific for PSI excitation) oxidized PSI 
reaction center (P700) almost one fifth slower than the LT control. Such kinetics in Synechocystis are 
associated with increased electron availability on the PSI donor side, most likely due to enhanced cyclic 
electron flow (CEF) activity, which raises the population of reduced P700 per unit of time (Dann and 
Leister, 2019). A similar pattern was observed by Dann et al. (2021) when comparing LT to the point 
mutant HL1. Results in said study indicated that NdhF1F124L in HL1 enhanced CEF activity relative to LT. 

Intriguingly, excitation of both photosystems with actinic red light (AL) countered the effect mentioned 
above, compensating the slow mutant P700 oxidation kinetics under FR light into accelerated ones. 
Faster P700ox relative to LT under AL was also reported for the point mutant HL2 and the double 
mutant HL1/2 in Dann et al. (2021). However, in that study the relative P700ox patterns observed 
under FR were reflected when employing AL for all strains. In other words, a compensation of slow 
into fast (or vice versa) PSI oxidation kinetics was not reported in the point mutants studied by Dann 
et al. (2021). Assuming random errors were minimized by the numerous technical replicates (see ‘n’ 
for each sample in Figure 3.18) and the results accurately represent the physiology of each strain, an 
explanation for the compensation of slower-into-faster P700 oxidation kinetics in HFL1 is worth 
discussion an is linked to the accumulation of the D1 protein, a crucial PSII subunit, and the reduced 
O2 evolution observed in HFL1 cultures, which is dependent on PSII activity. 

The D1 protein is fundamental for the assembly of PSII complexes and is recruited in the earliest stages 
of its biogenesis (see reviews by Nickelsen and Rengstl, 2013; Johnson and Pakrasi, 2022), thus, D1 
quantification can be used to approximate PSII levels. The D1 protein was significantly over-
accumulated in the CL-acclimated HFL1 mutant (Figure 3.15), which poses three discussion points. 

First, this observation appears counterintuitive as PSII upregulation in HFL1 would be expected to 
increase electron flow from this component towards PSI, having the opposite effect in P700ox kinetics. 
However, in a different cyanobacterium, Synechococcus sp. PCC 7942, the overexpression of psbA 
transcript and D1 protein had no effect on pigment composition nor photosynthetic rates (Soitamo et 
al., 1994). This implies that artificial upregulation of the cyanobacterial D1 subunit does not necessarily 
lead to enhanced PSII activity, at least in terms of O2 evolution. This could also apply to the increased 
D1 in HFL1, directing the explanation of P700ox kinetics elsewhere. 

Second, accumulation of D1 could on its own be linked to the adaptation mechanism of HFL1, as 
increased D1 turnover is a well-studied strategy to cope with elevated irradiance (mentioned in Section 
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1.2.1; Li et al., 2018 and references therein; Muramatsu and Hihara, 2012). However, the physiological 
state of HFL1 is unlikely to be solely explained by a mere upregulation of the D1 protein.  

The overaccumulation of D1 and the concomitant reduction of PsaC are likely a consequence of the 
underlying effect of Ycf66-likeS178A/Slr0654M75fs in HFL1. According to data reported by Schuurmans et 
al. (2017), such shift in photosystem stoichiometry (PSI:PSII) are not obvious in Synechocystis LT when 
batch-cultured under controlled conditions. Immunodetection of D1 and PsaC showed that PSII and 
PSI levels barely change as Synechocystis is cultivated from a starting OD730nm of 0.25 until a final 
OD730nm of 2.0 (Schuurmans et al., 2017). This observation suggests the regulation of photosynthetic 
complexes was affected in the HFL1 mutant beyond the physiological implications of elevated cellular 
densities. In fact, photosystem stoichiometry is known to be regulated by the redox state of the PQ 
pool in long-term acclimation (Pfannschmidt et al., 1999). In Synechocystis, the mRNA levels of PSII 
reaction center genes increase when the PQ pool is oxidized, and decrease when it is reduced. This is 
simultaneously balanced by adjusting the transcription of PSI reaction center genes in an opposite 
fashion (Li and Sherman, 2000; Ibrahim et al., 2016; Srivastava and Shukla, 2021). 

This leads to the third and most important point: the compensation of slower-into-faster P700 
oxidation kinetics in HFL1 could be attributed to an effect inbetween the two photosystems, assuming 
regulatory cascades caused by Ycf66-likeS178A/Slr0654M75fs. In linear electron flow (LEF), electrons are 
driven from PSII towards PSI as depicted in Figure 1.1. Therefore, the electron flow PSII → PSI driven 
by AL must have been diminished in the HFL1 mutant in order to compensate for the slow P700ox 
kinetics observed under PSI-specific illumination (FR). This does not necessarily mean that PSII electron 
supply was reduced, as there are several other components in the thylakoid membranes of 
Synechocystis that influence the electron flow between both photosystems LEF (see Figure 1.3). 
Relevant for this discussion point are the Cyt b6f complex and the RTOs COX and Cyd (Figure 1.3). 

Elevated PSII activity drives higher LEF, which is associated with elevated proton pumping into the 
thylakoid lumen, leading to a larger ∆pH that exerts what is known as ‘photosynthetic control’ 
(reviewed by Malone et al., 2021). The acidification in the lumen downregulates Cyt b6f activity and 
consequentially decreases electron flow towards PSI (see Figure 1.1). It is plausible that abundant PSII 
/ reduced PSI in HFL1 caused the feedback loop of photosynthetic control to inhibit Cyt b6f activity (via 
high ∆pH), consequentially decreasing electron flow towards PSI and accelerating P700ox kinetics 
under AL. However, and as mentioned earlier, the photosynthetic O2 production, which should 
correlate with increased PSII activity, was slightly reduced in HFL1 (Figure 3.19B and C). The possibility 
of an underestimation due to an artifact in the O2 measurements must be considered, provided the 
higher cellular densities in non-diluted mutant cultures reduced the incidence of light energy per cell, 
which would be relevant under low-light intensities (i.e., 40 µmol photons m-2 s-1). 

However, the slight reduction in photosynthetic O2 production in HFL1 could also be ascribed to 
enhanced activity of RTOs (respiratory terminal oxidases), particularly of Cyd, as it seems to be the 
main RTO contributing to PQH2 oxidation in the light (Ermakova et al., 2016). In Synechocystis, the 
overexpression of the plastid terminal oxidase PTOX (absent in this cyanobacterium) from Oryza sativa 
(rice) led to elevated PSI activity relative to PSII (“KF” mutant, Feilke et al., 2017). The authors claim 
the effect on electron transport capacities in the “KF” mutant might be due to altered PSI:PSII 
stoichiometry caused by an oxidized PQ pool (Feilke et al., 2017). Similarly, increased Cyd activity in 
HFL1 cultures would not only explain the reduced photosynthetic O2 production (Figure 3.19), but also 
the altered PSI:PSII stoichiometries (Figure 3.15) due to the intensified oxidation of PQH2 (Li and 
Sherman, 2000; Ibrahim et al., 2016; Srivastava and Shukla, 2021). 

Finally, because COX accepts electrons from plastocyanin and Cyt c6 (Figure 1.1), upregulation of this 
RTO might lead to PSI donor side limitation under HL, as shown in the Cyd-KO mutant (Δcyd) by 
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Ermakova et al. (2016). This implies that if the competitive COX activity was enhanced in HFL1, PSI 
might have experienced a shortage of electrons under low light intensities (such as the AL employed 
in Figure 3.18B), contributing to the faster P700 oxidation observed in Figure 3.18B. 

4.3.2.3 Fluorescence of HFL1 at room temperature indicates enhanced 
photochemistry 

In photosynthetic organisms, photochemical quenching (qP, photochemistry), non-photochemical 
quenching (NPQ, including the phenomenon of thermal dissipation), and fluorescence are the three 
mechanisms (in order of relevance) by which excitons can be de-activated at room temperature (RT°) 
after pigment-mediated absorption of suitable photons (Ogawa and Sonoike, 2021). The absorbed 
energy must be dissipated and the few means by which this transpires define the explanations for the 
reduced mutant fluorescence. In accordance with the data presented here, two of these explanations 
are worth discussion: 

1. Lower absorption led to reduced energy input. 
2. The other mechanisms were enhanced, i.e., 

a. NPQ, 
b. qP, or 
c. NPQ and qP.  

Despite the reduced Chl a content in HFL1, the low fluorescence signal observed in the mutant can 
hardly be explained by reduced energy absorption. In Synechocystis cells under low, color-specific LED 
radiation, 50% and 70% of blue and red light is absorbed by the Chl a in PSI, while up to 85% of orange 
photons are captured by the phycobiliproteins in PBS (Fuente et al., 2021). 

The contributions of PSI emission at room temperature are only relevant for minimum fluorescence 
(Fo), however they represent a negligible (< 1%) total of the variable fluorescence (Fv) between Fo and 
the maximum fluorescence (Fm) (Kalaji et al., 2017; Ogawa and Sonoike, 2021). Accordingly, the 
slightly reduced Chl a content in HFL1 (Figure 3.14B), likely due to a PSI downregulation (Figure 3.15F), 
should not have affected the absorption of chlorophylls with high fluorescence yield. 

The quantification of PBS fluorophores, i.e., the bilins in APC+PC, after whole-cell protein separation 
via SDS-PAGE (Figure 3.15B), provided evidence for increased antennae content in HFL1 cultures when 
grown under CL. Because light harvesting was upregulated, low absorption is not a suitable explanation 
for the reduced fluorescence of HFL1. In contrast, a reduced fluorescence signal is conceivable if the 
dissipation of energy input would be favored via one or both the other two mechanisms: NPQ and qP. 

Mutant NPQ- was comparable to the control strain when illuminated with ~215 µmols photons m-2 s-1 
at λmax = 625 nm. This implies the transition S1 → S2 of mutant antennae was similar to the control 
strain when exposed to light. Additionally, reduced fluorescence in HFL1 due to an energetic shift 
towards S2 would not be expected to coincide with the reduced antennae-core to PSII-core ratio 
(APC:PSII in Figure 3.16E) observed at 77 K. Considering these observations, and given that qT is the 
main component of NPQ in cyanobacteria (see Ogawa et al., 2017 and references therein), it is unlikely 
that the low fluorescence yield in HFL1 can be attributed to a transition from S1 to S2. 

On the other hand, increased photochemical quenching in the HFL1 mutant displayed in Figure 3.17C 
as the parameter qP suggests mutant fluorescence was probably reduced as excitation energy was 
dissipated via photochemistry. Accordingly, the data provided here favors explanation #2b (see 
above): overall fluorescence yield of HFL1 was reduced due to increased photochemical quenching. 

High chlorophyll fluorescence phenotypes have been explained in the hcf mutants of Arabidopsis 
thaliana as deficiencies in qP (Meurer et al. 1996), and particularly due to uncoupling of light harvesting 
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antennae (LHC in plants) in the case of the carbohydrate-metabolism defective mutants studied by 
Schmitz et al. (2012). Maximum quantum yield (Fv/Fm) and growth in these mutants were severely 
reduced. 

In contrast, low chlorophyll fluorescence has been associated with increased photosynthetic efficiency 
in the insertional knock-out (KO) mutants lcf1 (Low Chlorophyll Fluorescence 1, van Tol et al., 2017) 
and hpe1 (HIGH PHOTOSYNTHETIC EFFICIENCY 1, Jin et al., 2016) of Arabidopsis thaliana. The former 
was affected in the gene annotated as AtMORC2, which encodes an ATPase of the Microrchidia 
(MORC) family that in plants and animals exerts epigenetic transcriptional silencing of transposons via 
the condensation of heterochromatin. The latter mutant lost the gene HPE1, which encodes a 
chloroplast protein that interacts with plastid RNA-splicing factors and harbors an RNA-recognition 
motif involved in the regulation of RNA splicing of other plastid genes. 

Reduced chlorophyll fluorescence and elevated PSII efficiency were described in lcf1. In this mutant, 
the counterintuitive low yields in plant biomass were proposed to be consequence of feedback 
inhibition due to the overaccumulation of starch under normal light, while the fluorescence phenotype 
was attributed to a decrease in PSII:PSI ratios and the consequential increase in (linear) operational 
electron transport rate. These observations contrast the concomitance of low chlorophyll fluorescence 
and high quantum yield with increased cellular densities in HFL1, which underpins the advantage of 
employing evolutionary principles in the improvement of photosynthesis. 

On the other hand, qP and plant growth were enhanced in hpe1 (Jin et al., 2016), reflecting the 
observed phenotype of HFL1. In addition, loss of light energy in hpe1 was significantly reduced, in 
terms of overall chlorophyll fluorescence and NPQ. Interestingly, this mutant retained higher Fv/Fm 
values under brief exposure (up to 6 h) to HL intensities (1200 µmols photons m-2 s-1). The phenotype 
of this KO-line was attributed to a deficiency of plastid RNA splicing that probably altered the 
expression cascade of pigments (chlorophyll a and b), ultimately optimizing light harvesting (Jin et al., 
2016). 

The elevated quenching parameter qP in HFL1 implies an increased proportion of ‘open’ PSII, i.e., 
reduced PSII acceptor limitation. This indicates a more electron-receptive downstream component, 
i.e., a more oxidized PQ pool (see Figure 1.1). As previously mentioned, the altered redox state in 
PQ/PQH2 could be ascribed to increased RTO activity in the thylakoids of the HFL1 mutant. The most 
obvious candidate would be Cyd, as it competes with the Cyt b6f complex to oxidize PQH2 (see Figure 
1.1). As mentioned in Section 1.2.2, the activity of RTOs like Cyd is crucial for the protection of PSII 
under FL (Lea-Smith et al., 2013). 

Future fluorescence-related experiments shall evaluate the response of different components of the 
photosynthetic electron transport chain, particularly the PQ pool, when exposing HFL1 to other 
wavelengths under the influence of PSII/PSI inhibitors like DCMU and MV (methyl viologen). 
Quantitative techniques are also needed to determine the levels of PQ/PQH2 (see Schuurmans et al., 
2014; Khorobrykh et al., 2020B) and confirm the above-mentioned hypotheses. Experimental designs 
should consider the cases of the insertional KO mutant hpe1 of A. thaliana (Jin et al., 2016) and the 
transgenic overexpressor KF of Synechocystis (Feilke et al., 2017) as references because of similarities 
to the HFL1 phenotype. 

4.3.2.4 HFL1 physiology in the absence of light implies altered cellular respiration 

Two interesting observations drawn from physiological measurements performed in the absence of 
light suggest cellular respiration was altered, influencing the redox state of the PQ pool: 
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• the rapid relaxation of NPQ- in post-illuminated HFL1 cells, which diverged from the slightly 
increasing NPQ- pattern of the control strain (Figure 3.17D), 

• and the reduced O2 consumption of HFL1 cells in the dark (Figure 3.19A). 

In the HFL1 mutant, the amplitude of the fluorescence peak after each saturating pulse (Fm') 
approached the ‘apparent’ maximum fluorescence of dark-acclimated cells (Fm-) closer than the LT 
control. The parameter NPQ- (defined above in Section 3.5.3.1) is therefore abruptly reduced in HFL1 
samples over the course of a minute of darkness (Figure 3.17D). 

In cyanobacteria, respiration and photosynthesis co-occur in the thylakoid membranes and share key 
components, e.g., cytochrome b6f (Cyt b6f), cytochrome c6 (Cyt c6), plastocyanin, and the plastoquinone 
(PQ) pool. The lack of compartmentalization of these processes allows respiratory components, i.e., 
dehydrogenases and RTOs, to directly influence the redox state of the PQ pool (see Figure 1.1), which 
is a crucial regulator of state transition in Synechocystis. During the oxidation of carbohydrates, 
dehydrogenase activity (such as SDH activity) supplies electrons to the PQ pool, reducing PQ to PQH2 
and triggering transition to S2 (PBS→PSI) and the consequential quenching of fluorescence, even in 
dark-acclimated cells (reviewed by Ogawa et al., 2017). The opposite scenario occurs when RTOs (such 
as Cyd) are provided with the electrons from PQH2, oxidizing the PQ pool and favoring S1 transitions 
(PBS→PSII; see review by Lea-Smith et al., 2016). 

The reduced O2 consumption of HFL1 cells in the dark (Figure 3.19A) could be due to altered cellular 
respiration. For instance, reduced dehydrogenase activity would supply less electrons (derived from 
sugar catabolism) towards the PQ pool, slowing down its reduction. Alternatively, elevated RTO activity 
would increase the oxidation state of the PQ pool, as discussed previously. A less reduced / more 
oxidized PQ pool implies the transition S1→S2 should be less prominent in the HFL1 mutant, which 
ultimately translates to the rapid relaxation of NPQ- in post-illuminated cells. 

The “apparent” NPQ (i.e., NPQ-) was calculated automatically in relation to the fluorescence maxima 
Fm- (see Section 3.5.3.1), which in Synechocystis is already quenched due to respiration-induced 
S1→S2 transition (Ogawa et al., 2017). Further measurements are needed to extract “true” NPQ, i.e., 
PAM fluorometry of liquid cultures including treatments with weak blue light illumination and/or 
DCMU. Blue light favors PSI-excitation, which oxidates the PQ pool and forces PBS into S1, while DCMU 
inhibits PSII electron transport, maximizing its signal yield to obtain the “unquenched” fluorescence 
maxima, Fm (reviewed by Ogawa et al., 2017). Additionally, low-temperature spectroscopy of dark-
incubated samples could be employed to explore state transition in HFL1. 

Besides respiration, another relevant process in cyanobacteria consumes intracellular O2: the 
“pseudocyclic” electron flow. This mechanism exhausts O2 in Synechocystis as it gets reduced to H2O 
after accepting electrons from Ferredoxin via the flavodiiron proteins Flv1/3 (Allahverdiyeva et al., 
2013). This alternative electron transport, often referred also as “water-water” cycle, balances the 
ATP:NAD(P)H ratio while protecting PSI from oxidative damage and it is of substantial importance 
under stress conditions, particularly under FL (Allahverdiyeva et al., 2015). Consistent diminishing of 
O2 evolution in the CL-acclimated HFL1 samples when exposed to low-, high-, and fluctuating light 
(Figure 3.19B and C) could be related to a constitutively increased activity of this process. However, 
the contribution of cellular respiration to the O2 consumption in the dark cannot be discarded and 
might also play a role in HL acclimation, as suggested in Dann et al. (2021). 

As mentioned before, dehydrogenase and/or RTO activities might have been altered in HFL1, so that 
the PQ pool of the mutant remained relatively more oxidized. The oxidized PQ pool would 
simultaneously downregulate PSI and upregulate PSII (Li and Sherman, 2000; Ibrahim et al., 2016; 
Srivastava and Shukla, 2021), resulting in the altered stoichiometries observed in HFL1 (Figure 3.15). 
In this scenario, the presumed cleavage of the Ycf66-like protein in HFL1 would either lower 
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dehydrogenase activity or increase RTO activity, leading to the presumed oxidation of the PQ pool and 
the concomitant downstream cascade of balancing effects discussed above. The thylakoid-located 
RTOs have been proposed to reduce the extent of photoinhibition, limit oxidative damage, and to 
promote the utilization of metabolic reserves for repair (Lea-Smith et al., 2013). Further physiological 
measurements shall consider the use of specific inhibitors, e.g., HQNO (2-N-heptyl-4-hydroxyquinoline 
N-oxide) as an inhibitor of Cyd (Pils et al., 1997), to evaluate the role of RTOs in the HFL1 phenotype. 

 Conclusions 

The endogenous mutation rate of Synechocystis LT proved sufficient for the independent cultures to 
adapt to harsh fluctuating-light conditions. Adapted mutants displayed improved growth under both 
growth-impairing (i.e., FLLR) and even lethal (i.e., FLSR) dosages of fluctuating light (FL). 

A hypothetical pre-adapted common ancestor of FL-ALE cultures likely emerged in the LT inoculum 
used as starting material. Candidate non-synonymous SNPs were proposed (Sll0518A133V, PAM68S113G, 
RpaBT183P, and Ycf66-likeS178A), reconstructed in Synechocystis LT (point mutants FL1, FL2, FL3, and 
HFL1), and functionally validated under light-induced stress conditions (HL, FLLR, and FLSR). 
Sll0518A133V and PAM68S113G were adaptive under FLLR conditions with low duty cycles (D), i.e., mild FL-
stress. RpaBT183P and Ycf66-likeS178A conferred tolerance to FLSR conditions with high D, i.e., lethal FL-
stress. PAM68S113G in FL2 might have a positive impact in PSII turnover, while RpaBT183P in FL3 seems to 
downregulate light harvesting. The mutant alleles in FL1 and FL2 likely emerged as an early FLLR-
tolerant haplotype that diversified and eventually acquired gain-of-function mutations (such as 
RpaBT183P) to survive under the FLSR regime. 

The allele Ycf66-likeS178A was found in the narrow intersection between HL-ALE and FL-ALE sequencing 
data exclusively at low frequencies. Allele reconstruction in the HFL1 mutants increased growth rates 
and culture densities under variable illumination including control light, HL, FLLR, and granted FLSR-
survival when supported by a presumed epistatic companion mutation: Slr0654M75fs. The plasticity in 
the adaptive advantage of Ycf66-likeS178A/Slr0654M75fs invited to reconsider conventional strategies for 
the selection of candidate alleles and evoked further study. 

The analysis of low-temperature spectroscopy showed upregulation of light harvesting: increased 
peripheral antennae levels were energetically coupled with photosystems in a LT-like configuration, 
implying this was a natural consequence of elevated cellular densities. Evaluation of the PSII emission 
shoulder suggests energy transfer to the reaction center of PSII was enhanced in HFL1 samples, 
pointing to the possibility of reduced photoinhibition. 

The Ycf66-likeS178A mutation led to the degradation of the Ycf66-like protein to what seems to be the 
N-terminal Ycf66 domain. The HFL1 mutants accumulated more PBS and PSII and exhibited reduced 
PSI levels compared to the control strain. The altered PSI-PSII stoichiometries do not seem to be a 
fingerprint of dense/mature cultures but consequence of the redox state of PQ/PQH2 (Li and Sherman, 
2000; Ibrahim et al., 2016; Srivastava and Shukla, 2021). An oxidized PQ pool most likely contributed 
to altered P700 oxidation kinetics and to the enhanced photochemical quenching (qP) observed in 
fluorescence measurements at room temperature. High qP could have provided additional energy, 
driving HFL1 cultures to mature rapidly and to acquire elevated cellular densities. This might have led 
to the accumulation of additional metabolites that, together with low PSII acceptor side limitation, i.e., 
an oxidized PQ pool, allowed the HFL1 mutants to survive the transition between control (CL) and 
stress conditions (HL, FLSR). Conclusive remarks drawn from the phenotypic characterization of the 
HFL1 mutants are summarized and illustrated in Figure 4.1. 
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The intrinsically disordered structure of the Ycf66-like protein and its native co-migration profile 
suggests this might be a promiscuous protein involved in multiple mechanisms, perhaps playing a role 
in cell signaling and exerting indirect control over the redox state of the PQ pool via the regulation of 
the RTOs Cyd and/or COX. The stability of the Ycf66-like protein could be compromised in Ycf66-
likeS178A and similar SNPs found in HL- and FL-ALE. The mutations between amino acids #169 to #185 
could downregulate the levels of cellular Ycf66-like protein by enhancing the sensitivity to proteases, 
or by disrupting weak interactions that are essential for “coupled folding and binding”, increasing 
protein misfolding and the proteolytic cleavage of the disordered domain. 

 

Figure 4.1. Potential adaptive strategy in HFL1. , a simplified overview of photosynthetic and respiratory components at 

the level of the thylakoid membranes (TMs) of Synechocystis LT is provided as a reference. Filled arrow heads represent 

electron transfer. Dashed arrows denote unclear mechanisms, and dotted arrows represent proton (H+) translocation.  , 

relevant LT-divergent observations drawn from the physiological characterization of the Synechocystis HFL1 mutants. Thicker 

outlines and arrows represent upregulation, whereas transparency and thinner arrows denote downregulation. Blank arrow 

heads signify (regulatory) induction, while T-shaped arrows depict inhibition. In this model, the downregulation of the Ycf66-

like protein due to Ycf66-likeS178A rebalances the activity of the RTOs aa3-type cytochrome c oxidase (COX) and cytochrome 

bd-type quinol oxidase (Cyd) in opposite fashion. As the activity of COX is downregulated, O2 consumption in the dark is 

diminished. On the other hand, the activation of Cyd depletes O2 in the light, keeping the plastoquinone/plastoquinol 

(PQ/PQH2) pool oxidized. This alleviates photosystem II (PSII) acceptor side limitation, protecting the D1 subunit (essential 

component of PSII reaction center) from excessive photodamage. Moreover, the altered redox state of the PQ pool exerts a 

long-term acclimation effect on PSI:PSII stoichiometries, affecting both photosystems in an inverse relation. Peripheral 

antennae (phycobilisomes, PBS) levels are later increased to adjust light harvesting to the elevated cellular densities of HFL1 

cultures. Numbers surrounded by full/doted circles signify direct/indirect evidence found in this study. For details on each 

observation, please refer to the following sections: ①, Section 0, 4.3.2, 4.3.2.4, and 4.3.2.1; ②, Section 3.5.2.1, 0, 4.3.2.3, 

and 4.3.2.1; ③, Section 0, 4.3.2.2, and 4.3.2.3, and 4.3.2.4; ④, Section 0; 3.5.3.3, 4.3.2, 4.3.2.3, and 4.3.2.4; ⑤, Section 0, 

4.2.3, and 4.3.2.4. CBB: Calvin–Benson–Bassham cycle; FNR: Fd-NAD(P)H-oxidoreductase; NDH-1: NADH dehydrogenase-like 

complex 1. 
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6. Supplementary 

Table 6.1. Segregated mutations identified in FL-ALE. Novel alleles (LT-absent) found at a 100% frequency (highlighted in green) among at least one of the 24 adapted isolates are provided below. 

The columns are disposed as following: “position” specifies the affected nucleotide in the reference genome; “mutation” and “annotation” describe the nature and position of each variant employing 

conventional nomenclature for amino acids and nucleotides and the notation "x/y nt", where x is the affected position in a sequence of total length y; “locus” provides the affected gene(s) name/ID; 

“type”classifies each mutation in five categories (NC: non-coding, INDEL: insertion/deletion, SYN: synonymous, NON: non-synonymous, STOP: premature stop codon); “function” describes the 

annotated/predicted gene function; “WT” represents Synechocystis sp. PCC 6803 original isolate (motile, glucose sensitive); LTi and LTf represent Synechocystis LT at the initial and final timepoints 

of FL-ALE; and “#” denote the adapted monoclonal strains (1-12: FLLR, 13-24: FLSR). 

position mutation annotation locus type function WT LTi LTf #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 #23 #24 

82357 2 bp→TG 
coding (62-6
3/219 nt) 

ssr6089 INDEL ssr6089 
                           

82405 A→G 
N37S (AAC
→AGC)  

ssr6089 NON ssr6089 
                           

943495 G→A 
V604I (GTC
→ATC)  

psaA NON 
P700 apoprotein subunit 
Ia 

                           

1012958 G→T 
intergenic (-7
0/+87) 

repA/ftsZ NC 
rare lipoprotein A/cell 
division FtsZ protein 

                           

1364187 A→G 
L116L (TTG
→CTG)  

pyrF SYN 
orotidine 5' 
monophosphate 
decarboxylase 

                           

2092571 A→T 
L313* (TTA
→TAA)  

sll0422 STOP asparaginase 
                           

2198893 T→C 
L689L (TTA
→TTG)  

sll0142 SYN 
cation or drug efflux 
system protein 

                           

2204584 (G)9→8 
coding (428/
498 nt) 

gspF INDEL 
general secretion 
pathway protein F 

                           

2409244 Δ1 bp 
coding (301/
351 nt) 

sll0762 INDEL sll0762; unknown protein 
                           

2419399 Δ1 bp 
coding (496/
510 nt) 

ycf22 INDEL 
sll0751; hypothetical 
protein 

                           

2602717 C→A 
H82Q (CAC
→CAA)  

slr0468 NON slr0468; unknown protein 
                           

2602734 T→A 
I88N (ATT→
AAT)  

slr0468 NON slr0468; unknown protein 
                           

2748897 C→T 
intergenic (+
40/-49) 

slr0210/ssr
0332 

NC 
sensory transduction 
histidine kinase/ssr0332; 
unknown protein 

                           

3096187 T→C 
I47T (ATA→
ACA)  

ssr1175 NON transposase 
                           

3110189 G→A 
intergenic (-3
7/+27) 

sll0666/sll0
665 

NC transposase/transposase 
                           

3110343 G→T 
P73Q (CCA
→CAA)  

sll0665 NON transposase 
                           

3142651 A→G 
L75L (CTT→
CTC)  

sps SYN 
sucrose phosphate 
synthase 

                           

3260096 (C)7→6 
intergenic (-2
09/+41) 

sll0529/sll0
528 

NC 
sll0529; unknown 
protein/sll0528; 
hypothetical protein 

                           

2,350,28
5:1 

+A 
intergenic (-2
9/-87) 

psbI/slr036
3 

NC 
photosystem II PsbI 
protein/slr0363; unknown 
protein 

                           

2,360,24
6:1 

+C 
coding (8924
/9090 nt) 

slr0364 INDEL slr0364; unknown protein 
                           

2,544,04
4:1 

+C 
coding (280/
300 nt) 

ssl0787 INDEL 
ssl0787; unknown 
protein 

                           

152654 Δ1 bp 
coding (397/
897 nt) 

sll0224 INDEL 
sll0224; hypothetical 
protein 

                           

489030 G→A 
G582S (GG
C→AGC)  

slr1609 NON 
long-chain-fatty-acid CoA 
ligase 

                           

842060 C→T 
R185Q (CG
G→CAG)  

rpl3 NON 50S ribosomal protein L3 
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907462 G→A 
W164* (TGG
→TAG)  

slr2070 STOP slr2070; unknown protein 
                           

1426703 Δ1 bp 
coding (949/
5226 nt) 

sll1951 INDEL hemolysin 
                           

1536261 
ISY203 (+)
 +9 bp 

coding (1525
-1533/1677 n
t) 

sll0236 INDEL sll0236; unknown protein 
                           

2579902 Δ10 bp 
coding (225-
234/828 nt) 

sll0064 INDEL sll0064; unknown protein 
                           

2635009 C→A 
G70V (GGG
→GTG)  

sll0687 NON 
sll0687; hypothetical 
protein 

                           

2780446 G→T 
D313Y (GAT
→TAT)  

psbB NON 
photosystem II CP47 
protein 

                           

2852832 G→A 
A171A (GCC
→GCT)  

sll0827 SYN sll0827; unknown protein 
                           

3506907 C→A 
P890T (CCA
→ACA)  

slr0454 NON 
cation or drug efflux 
system protein 

                           

2399608 C→T 
G337S (GG
C→AGC)  

glcP NON glucose transport protein 
                           

72086 Δ150 bp 
intergenic (+
2318/+643) 

slr7076/sll
7077 

NC 
slr7076; hypothetical 
protein/sll7077; 
hypothetical protein 

                           

335959 T→C 
S113G (AGC
→GGC)  

sll0933 NON sll0933; unknown protein 
                           

3181140 G→A 
A133V (GCC
→GTC)  

sll0518 NON sll0518; unknown protein 
                           

3323561 G→T 
R96L (CGT
→CTT)  

rpoDI NON 
RNA polymerase sigma 
factor 

                           

68609 Δ77 bp 
intergenic (-6
33/-694) 

sll7075/slr
7076 

NC 
unknown protein/slr7076; 
hypothetical protein 

                           

70740 Δ77 bp 
intergenic (+
972/+2062) 

slr7076/sll
7077 

NC 
slr7076; hypothetical 
protein/sll7077; 
hypothetical protein 

                           

1999008 A→T 
Q183H (CAA
→CAT)  

nadC NON 
nicotinate-nucleotide 
pyrophosphorylase 

                           

17222 Δ935 bp Δ935 bp 
ssr7018–
[ssl7019] 

INDEL ssr7018, [ssl7019] 
                           

3400332 Δ1,183 bp Δ1,183 bp 
[sll1475]–
[sll1473] 

INDEL 
[sll1475], sll1474, [sll147
3] 

                           

589750 T→C 
A841A (GCT
→GCC)  

slr2046 SYN Fat protein 
                           

858495 G→T 
T791N (ACC
→AAC)  

rpoB NON 
RNA polymerase beta 
subunit 

                           

1415635 A→G 
T504A (ACC
→GCC)  

topA NON DNA topoisomerase I 
                           

2013327 A→C 
T183P (ACC
→CCC)  

slr0947 NON OmpR subfamily 
                           

2013361 A→G 
D194G (GA
C→GGC)  

slr0947 NON OmpR subfamily 
                           

2301721 A→G 
K403E (AAG
→GAG)  

slr0168 NON slr0168; unknown protein 
                           

117277 Δ1,183 bp Δ1,183 bp 
[sll5130]–
[sll5132] 

INDEL 
[sll5130], sll5131, [sll513
2] 

                           

125267 T→C 
T393A (ACC
→GCC)  

dfr NON drug sensory protein A 
                           

530947 A→T 
W97R (TGG
→AGG)  

sll1647 NON 
sll1647; hypothetical 
protein 

                           

727349 A→G 
S40P (TCT
→CCT)  

cpcB NON phycocyanin b subunit 
                           

1414572 A→T 
E149D (GAA
→GAT)  

topA NON DNA topoisomerase I 
                           

1972593 A→G 
intergenic (+
44/-16) 

slr1683/slr
1684 

NC transposase/transposase 
                           

3037493 G→C 
V62L (GTT
→CTT)  

slr0315 NON 
slr0315; hypothetical 
protein 

                           

3282 C→T 
intergenic (+
229/-223) 

slr6001/ssr
6002 

NC 
two-component hybrid 
sensor and 
regulator/ssr6002 
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6306 A→G 
intergenic (-2
2/-43) 

sll7009/slr
7010 

NC 
unknown 
protein/unknown protein 

                           

11123 C→T 
L865F (CTT
→TTT)  

slr7011 NON unknown protein 
                           

24257 3 bp→AAA 
intergenic (-1
47/-4) 

ssl6023/ss
r6024 

NC ssl6023/ssr6024 
                           

24261 2 bp→TT 
intergenic (-1
51/-1) 

ssl6023/ss
r6024 

NC ssl6023/ssr6024 
                           

24268 T→C 
T2T (ACT→
ACC)  

ssr6024 SYN ssr6024 
                           

24280 C→A 
A6A (GCC→
GCA)  

ssr6024 SYN ssr6024 
                           

24317 A→G 
K19E (AAA
→GAA)  

ssr6024 NON ssr6024 
                           

39206 G→C 
G71G (GGG
→GGC)  

slr5040 SYN transposase 
                           

68609 
191 bp→4
1 bp 

intergenic (-6
33/-580) 

sll7075/slr
7076 

NC 
unknown protein/slr7076; 
hypothetical protein 

                           

70438 Δ75 bp 
intergenic (+
670/+2366) 

slr7076/sll
7077 

NC 
slr7076; hypothetical 
protein/sll7077; 
hypothetical protein 

                           

124629 G→C 
F605L (TTC
→TTG)  

dfr NON drug sensory protein A 
                           

442494 Δ13 bp 
coding (331-
343/1770 nt) 

ycf45 INDEL 
slr0692; hypothetical 
protein 

                           

443761 A→G 
E533G (GAA
→GGA)  

ycf45 NON 
slr0692; hypothetical 
protein 

                           

489808 G→A 
E29E (GAG
→GAA)  

slr1041 SYN PatA subfamily 
                           

693714 C→T 
V500M (GT
G→ATG)  

rnb NON ribonuclease II 
                           

695220 C→A 
intergenic (-9
/+70) 

rnb/sll1289 NC 
ribonuclease II/sll1289; 
unknown protein 

                           

731368 Δ1 bp 
coding (307/
312 nt) 

sll1574 INDEL sll1574; unknown protein 
                           

831647 C→T 
intergenic (-8
9/+55) 

infA/adk NC 
initiation factor 
IF-1/adenylate kinase 

                           

832302 C→A 
intergenic (-3
7/+89) 

adk/secY NC 
adenylate 
kinase/preprotein 
translocase SecY subunit 

                           

937328 Δ3 bp 
coding (947-
949/1509 nt) 

ndhD3 INDEL 
NADH dehydrogenase 
subunit 4 

                           

1102843 G→T 
P406T (CCC
→ACC)  

pykF NON pyruvate kinase 
                           

1204616 G→A 
C114Y (TGT
→TAT)  

slr1865 NON slr1865; unknown protein 
                           

1329229 A→G 
noncoding (8
/74 nt) 

trnD-GUC NC trnD-GUC 
                           

1413986 
ISY100 (–
) +2 bp 

intergenic (+
320/-139) 

apqZ/topA NC 
water channel 
protein/DNA 
topoisomerase I 

                           

1432903 Δ4 bp 
intergenic (-5
/+70) 

prmA/serA NC 

ribosomal protein L11 
methyltransferase; 
PrmA/phosphoglycerate 
dehydrogenase 

                           

1812419 C→T 
A225V (GCG
→GTG)  

slr1983 NON 
regulatory components of 
sensory transduction 
system 

                           

1854763 G→T 
R221L (CGG
→CTG)  

rpoC1 NON 
RNA polymerase 
gamma-subunit 

                           

1919875 A→G 
intergenic (-5
9/+38) 

rps12/sll10
95 

NC 
30S ribosomal protein 
S12/sll1095; hypothetical 
protein 

                           

1949361 
ISY203 (–
) +9 bp 

intergenic (-5
37/-244) 

otsA/slr167
0 

NC 

alpha,alpha-trehalose-ph
osphate 
synthase/slr1670; 
unknown protein 

                           

2000350 G→A 
G292S (GGT
→AGT)  

slr0937 NON slr0937; unknown protein 
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2010042 
ISY523 (–
) +3 bp 

intergenic (-3
8/-174) 

sll0914/slr
0944 

NC 
sll0914; unknown 
protein/slr0944; 
hypothetical protein 

                           

2453422 T→G 
noncoding (2
54/1489 nt) 

rrn16Sa NC 16S ribosomal RNA 
                           

2453429 T→C 
noncoding (2
47/1489 nt) 

rrn16Sa NC 16S ribosomal RNA 
                           

2453433 A→T 
noncoding (2
43/1489 nt) 

rrn16Sa NC 16S ribosomal RNA 
                           

2510428 G→C 
Q290E (CAA
→GAA)  

sll0209 NON 
sll0209; hypothetical 
protein 

                           

2513931 G→A 
P42P (CCG
→CCA)  

glyS SYN 
glycyl-tRNA synthetase 
beta chain 

                           

2521013 T→C 
F898S (TTT
→TCT)  

slr0222 NON hybrid sensory kinase 
                           

2888839 G→T 
R399L (CGG
→CTG)  

deaD NON 
ATP-dependent RNA 
helicase; DeaD 

                           

3014665 T→C 
T92T (ACT
→ACC)  

slr0302 SYN 
slr0302; PleD gene 
product homologue 

                           

3098707 T→C 
C95R (TGT
→CGT)  

ssr1176 NON transposase 
                           

3362629 Δ8 bp 
coding (573-
580/1110 nt) 

slr1557 INDEL slr1557; unknown protein 
                           

3400025 C→A 
R109L (CGG
→CTG)  

sll1475 NON 
sensory transduction 
histidine kinase 

                           

1,423,34
0:1 

+A 
coding (4312
/5226 nt) 

sll1951 INDEL hemolysin 
                           

2,736,51
7:1 

+T 
coding (1275
/1986 nt) 

sll0182 INDEL ABC transporter 
                           

442,222:
1 

+T 
coding (59/1
770 nt) 

ycf45 INDEL 
slr0692; hypothetical 
protein 
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