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ABSTRACT 

Microalgae are potential hosts for the sustainable production of valuable chemicals 
using CO2 as feedstock and light as an energy source. In whole-cell applications, 
biosynthetic reactions of interest are supplied with cellular reductants (e.g., 
ferredoxin or NADPH) which are recycled by the native photosynthetic apparatus. 
Using gene-editing techniques, photosynthesis can be engineered to increase the 
supply of reductants to the reactions of interest. However, such efforts require 
specialized knowledge about the photosynthetic machinery. Here, regulatory 
mechanisms of photosynthesis were investigated using the cyanobacterium 
Synechocystis sp. PCC 6803, a model organism of prokaryotic microalgae. In a 
primary regulatory process, excess photosynthetic electrons are transferred from 
ferredoxin to O2 via flavodiiron proteins. However, under controlled cultivation 
conditions, this process is dispensable and wastes reducing power. Here, it is shown 
that the heterodimeric flavodiiron proteins Flv1/Flv3 and Flv2/Flv4 have distinct 
electron sink capacities. Flv1/Flv3 disposes of electrons at a higher capacity and 
faster rate than Flv2/Flv4. The applicability of such knowledge is demonstrated by 
disrupting Flv1/Flv3 that consequently, enhanced the supply of reductants to a 
targeted chemical modification catalysed by a heterologous ene reductase. FLVB, a 
homolog of Flv3 in green algae has previously been shown to reduce not only O2 but 
nitric oxide (NO). This implies that flavodiiron proteins in cyanobacteria may be 
able to sink photosynthetic electrons into NO. However, it is shown here that NO 
inhibits photosynthesis in Synechocystis thus is unlikely to act as an efficient 
terminal electron acceptor in photosynthesis. Lastly, the promising cultivation 
conditions, photomixotrophy, were found to gradually decrease the photosynthetic 
capacity in Synechocystis. This decrease was reversed by deleting the cytochrome 
cM protein which appears to regulate the bioenergetic processes under 
photomixotrophic conditions. For developing an economically feasible and robust 
chassis to produce targeted compounds, scientific dilemmas are still to be solved at 
the laboratory scale. It is demonstrated that specialized knowledge created by 
fundamental research in photosynthesis provides a strong basis for innovative 
activity in the space of algae (cyanobacteria)-related biotechnologies. 

KEYWORDS: photosynthesis, microalgae, cyanobacteria, photomixotrophy, CytM, 
flavodiiron protein, nitric oxide, bioproduction, biotransformation  
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TIIVISTELMÄ 

Mikrolevien avulla voidaan mahdollisesti tuottaa arvokkaita kemikaaleja kestävästi 
käyttäen raaka-aineena hiilidioksidia ja energianlähteenä valoa. Koko solun 
sovelluksissa fotosynteesikoneiston kierrättämät solunsisäiset pelkistäjät (esim. 
ferredoksiini tai NADPH) mahdollistavat kyseiset biosynteettiset reaktiot. 
Geenieditointitekniikoilla voidaan muokata fotosynteesiä tuottamaan enemmän 
pelkistäjiä kyseisissä reaktioissa. Tämä vaatii kuitenkin fotosynteesikoneiston 
erityistä tuntemusta. Tässä työssä tutkittiin fotosynteesin säätelymekanismeja 
prokaryoottisen mikrolevä malliorganismin, Synechocystis sp. PCC 6803 -
syanobakteerin, avulla. Primaarisessa säätelyprosessissa ylimääräiset foto-
synteettiset elektronit kuljetetaan ferredoksiinilta O2:lle flavoproteiinien 
välityksellä. Kontrolloiduissa kasvatusolosuhteissa prosessi on kuitenkin tarpeeton 
ja tuhlaa pelkistysvoimaa. Tässä työssä osoitetaan, että flavoproteiinien Flv1/Flv3 ja 
Flv2/Flv4 heterodimeerien elektroninvastaanottajan ominaisuudet ovat erilaiset. 
Flv1/Flv3 poistaa elektroneja tehokkaammin ja nopeammin kuin Flv2/Flv4. Näiden 
tietojen sovellettavuus voidaan osoittaa estämällä Flv1/Flv3 heterodimeeri, minkä 
seurauksena fotosynteettisiä pelkistäjiä saadaan lisää kemialliseen reaktioon, jota 
katalysoi heterologinen ene-reduktaasi. Aiempi tutkimus on osoittanut, että FLVB, 
Flv3:n homologi viherlevissä, pelkistää O2:n lisäksi myös typpioksidia (NO). 
Syanobakteerien flavoproteiinit pystyvätkin mahdollisesti poistamaan foto-
synteettisiä elektroneja typpimonoksidiin. Tässä työssä kuitenkin osoitetaan, että NO 
estää fotosynteesin Synechocystis-lajissa, joten on epätodennäköistä, että NO toimisi 
tehokkaana fotosynteesin viimeisenä elektronin vastaanottajana. Fotomiksotrofian, 
joka on lupaava kasvatusolosuhde, huomattiin asteittain vähentävän Synechocystis-
lajin fotosynteettistä kapasiteettiä. Fotosynteettisen kapasiteetin väheneminen 
kumoutui poistamalla arvoituksellinen sytokromi cM -proteiini, joka ilmeisesti 
sääntelee bioenergeettisiä prosesseja fotomiksotrofisissa olosuhteissa. Tieteellisiä 
dilemmoja on vielä ratkaistavana laboratoriotasolla, jotta voidaan kehittää 
taloudellisesti järkevä ja vankka alusta haluttujen yhdisteiden tuottamiseksi. Tässä 
työssä osoitetaan, että fotosynteesin perustutkimuksen luoma erityistietous tarjoaa 
vahvan pohjan innovaatioille leviin (ja syanobakteereihin) liittyvissä bio-
teknologioissa. 

ASIASANAT: fotosynteesi, mikrolevät, syanobakteerit, fotomiksotrofia, CytM, 
flavodiiron proteiini, typpioksidi, biotuotanto, biotransformaatio  
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ANOVA analysis of variance 
acetyl CoA acetyl coenzyme A  
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ATP adenosine triphosphate 
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CET cyclic electron transport 
Ci inorganic carbon 
chl chlorophyll 
Co organic carbon  
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Cyd quinol oxidase 
Cys cysteine 
Cyt cytochrome 
DBMIB 2,5-dibromo-3-methyl-6-isopropylbenzoquinone   
DCMU 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
DCBQ 2,6-dichloro-p-benzoquinone 
DDA data-dependent analysis 
DHAP dihydroxyacetone phosphate 
DW dry weight 
ED Entner-Doudoroff pathway 
EMP Embden-Meyerhof-Parnas pathway 
E4P erythrose 4-phosphate 
F6P fructose 6-phosphate 
FBP fructose 1,6-bisphosphate 
Fd ferredoxin 
Fda fructose-1,6-bisphosphate aldolase 
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FDP flavodiiron protein 
FQR ferredoxin quinone oxidoreductase 
FMN flavin mononucleotide 
G1P glucose-1-phosphate 
G6P glucose-6-phosphate  
GA3P glyceraldehyde 3-phosphate 
glu glutamate 
Glk glucokinase 
Gnd 6-phosphogluconate dehydrogenase 
GSNO S-Nitrosoglutathione 
GWP global warming potential 
HQNO 2-heptyl-4-hydroxyquinoline-N-oxide 
KDPG 2-keto-3-deoxygluconate-6-phosphate 
LET linear electron transfer 
LIP loop insertion peptide 
MIMS membrane inlet mass spectrometry 
N2O nitrous oxide 
NAD(PH) nicotinamide adenine dinucleotide (phosphate) 
NDH-1 NADH dehydrogenase-like complex 1 
NPQ nonphotochemical quenching 
NROR Rubredoxin-NADH reductase 
NO nitric oxide 
NOFNiR nitric oxide-forming nitrite reductase 
NorB nitric oxide reductase 
NR nitrate reductase 
OCP orange carotenoid protein 
OPP oxidative pentose phosphate pathway 
PBS phycobilisome 
PC plastocyanin 
PEP phosphoenolpyruvate 
PET photosynthetic electron transfer 
PGR5 proton gradient regulation 5 
PGRL1 PGR5-like protein 1 
PHB polyhydroxybutyrate 
Pi inorganic phosphate 
PM plasma membrane 
Pps phosphoenolpyruvate synthase 
PS photosystem 
PQ plastoquinone 
PQH2 plastoquinol 



10 

Pyr pyruvate 
R5P ribose 5-phosphate 
Rd rubredoxin 
ROS reactive oxygen species 
Ru5P ribulose 5-phosphate 
RuBP ribulose 1,5-bisphosphate 
Rubisco ribulose 1,5-bisphosphate carboxylase/oxygenase 
RTO respiratory terminal oxidase 
S7P sedoheptulose 7-phosphate 
SBP sedoheptulose 1,7-bisphosphate 
sucD succinate-semialdehyde dehydrogenase 
TCA tricarboxylic acid cycle 
TM thylakoid membrane 
Trx thioredoxin 
WOC water oxidizing complex 
Xu5P xylulose 5-phopsphate  
Y(I) quantum yield of photosystem I 
Y(II) quantum yield of photosystem II 
Y(ND) nonphotochemical quantum yield of PS I equivalent to donor side 
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Y(NA) nonphotochemical quantum yield of PS I equivalent to acceptor side 
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1 Introduction 

Cyanobacteria are a group of immensely diverse prokaryotes predominantly carrying 
out oxygenic photosynthesis. That is, splitting water into O2, protons, and electrons 
at the expense of harvested light energy to provide reductants and energy for fixing 
atmospheric CO2 into carbohydrates. By producing O2, ancestors of cyanobacteria 
facilitated the oxygenation of the atmosphere ~3-2.4 billion years ago, enabling the 
emergence of complex life forms (Schirrmeister et al., 2015). According to 
endosymbiotic theory, chloroplasts of algae and plants originate from cyanobacteria 
which gave rise to the evolution of the green lineage: cyanobacteria, green algae, 
mosses, gymnosperms, and flowering plants (Keeling, 2010). A widely applied 
model organism of modern cyanobacteria is the unicellular Synechocystis sp. PCC 
6803 (hereafter Synechocystis), ubiquitous in freshwater (Rippka et al., 1979). The 
genome of Synechocystis has been resolved (Kaneko et al., 1996) and can be 
modified with relative ease (Berla et al., 2013). Our current understanding of the 
biology of cyanobacteria is largely based on studies in Synechocystis. In the space of 
biotechnology, cyanobacteria are often grouped with microscopic eukaryotic algae 
(such as green algae and diatoms) and referred to as microalgae. Strictly speaking, 
the prokaryotic cyanobacteria are not microalgae but occupy a similar niche to that 
of microalgae in natural and bioindustrial environments. Hence, cyanobacteria are 
included in the term microalgae in this work. 

1.1 Principles of oxygenic photosynthesis in 
cyanobacteria  

1.1.1 Photosynthetic and auxiliary electron transport 
Photosynthetic light reactions in cyanobacteria take place in intracellular lipid 
bilayer membrane envelopes, the thylakoids. Photons are captured by the reaction 
centres of photosystem (PS) II and PSI—P680 and P700—consisting of chlorophylls 
(chl) and absorbing light energy in narrow spectral ranges peaking at 680 nm and 
700 nm, respectively (Stanier and Cohen-Bazire, 1977). To expand the spectral range 
of photosynthetically active radiation, cyanobacteria employ light-harvesting 
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antenna complexes—phycobilisomes (PBS)—that are composed of 
phycobiliproteins absorbing light energy in the 490 nm–650 nm range and 
channelling excitation energy to PSII or PSI (Watanabe and Ikeuchi, 2013).  

Absorbed light energy triggers a series of downhill redox reactions in the 
thylakoids, called the linear electron transfer (LET). Electrons originating from 
water-splitting at the lumenal side of PSII (Eq. 1) are transferred via the 
plastoquinone (PQ) pool, cytochrome (Cyt) b6f, Cyt c6 or plastocyanin (PC), and PSI 
to the cytoplasmic ferredoxin (Fd) proteins (Fig.1).  

2 H2O = O2 + 4 e– + 4 H+ (Equation 1) 

In ideal conditions, Fd is primarily oxidized by NADP+ reductase (FNR) to 
convert NADP+ into the major cellular reductant NADPH, which is utilized for 
assimilating CO2 in the Calvin-Benson-Bassham (CBB) cycle (Mullineaux, 2014; 
Rexroth et al., 2017). The activity of some enzymes in the CBB cycle is tightly linked 
to the redox state of the Fd pool. Redox signals are conveyed via cytoplasmic 
thioredoxin (Trx) proteins, which when reduced by e.g., Fd-Trx reductase, activate 
target enzymes via thiol/disulfide exchange (Meyer et al., 2012). This regulatory 
pathway is essential; depletion of the ubiquitous m-type Trx in Synechocystis leads 
to severe redox imbalance (Mallén-Ponce et al., 2021). 

In natural conditions however light capture may outpace CO2 fixation due to 
sudden increases in light intensity or limited carbon availability. The Fd pool may 
saturate and place PSI under electron pressure (Kramer et al., 2004), potentially 
triggering the generation of reactive oxygen species (ROS), which are highly 
cytotoxic  (Khorobrykh et al., 2020). To prevent oxidative damage, cyanobacteria 
employ various photoprotective mechanisms. Excess absorbed energy may be (i) 
dissipated as heat by the orange carotenoid protein (OCP) at PBS (Kerfeld et al., 
2017; Muzzopappa and Kirilovsky, 2020); (ii) reallocated via state transitions 
(Calzadilla and Kirilovsky, 2020); or (iii) transferred as electrons to electron 
“outlets” via auxiliary electron transfer pathways (Alboresi et al., 2019; 
Allahverdiyeva et al., 2015b). In cyanobacteria, the major auxiliary electron sinks 
are flavodiiron proteins (FDP) and NADH dehydrogenase-like complex 1 (NDH-1), 
which transfer excess electrons from Fd to O2 and the PQ pool, respectively 
(Allahverdiyeva et al., 2013; Nikkanen et al., 2020). The pathway via NDH-1 is 
called cyclic electron transport (CET) pathway around PSI since electrons which 
have traversed through the PQ pool, Cyt b6f, and PSI, are again transferred to the PQ 
pool. 

Respiratory terminal oxidases (RTO) located in the thylakoid provide 
additional—albeit lower—capacity to sink excess electrons (Ermakova et al., 2016). 
The PQ pool can be oxidized by Cyt c oxidase (Cox) via Cyt b6f and Cyt c6/PC 
(Molina-Heredia et al., 2002; Pils et al., 1997), or directly by quinol oxidase (Cyd) 
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proteins (Berry et al., 2002). Both RTOs dispose of electrons by reducing O2 into 
water. Shared components between photosynthetic and respiratory electron transfer 
such as the PQ pool, Cyt b6f, and Cyt c6/PC complicate regulation but provide 
flexibility in allocating excess electrons between alternative sink. Indeed, the ability 
of Cox and Cyd to limit electron flow to PSI has recently been demonstrated in vivo 
(Viola et al., 2021).  

Electron transfer in the thylakoid is tightly coupled to the formation of proton 
motive force (pmf), an electrochemical gradient consisting of differences in H+ 
concentration (ΔpH) and electric field (ΔΨ) between the lumenal and cytoplasmic 
side of the thylakoid membrane (Kramer et al., 2003). The ΔpH is generated by 
processes that accumulate protons in the lumen such as water-splitting at PSII, 
PQ/PQH2 oxidoreduction at Cyt b6f (Q-cycle), and proton-pumping from the 
cytoplasm to the lumen by NDH-1 and Cox. Moreover, FDP, Cox, and Cyd alkalify 
the cytosol via their oxidase activity. In parallel, ΔΨ builds up due to the ΔpH and 
transmembrane fluxes of ions such as K+ (Checchetto et al., 2012). Pmf is released 
among others by ATP synthase which translocates protons from the lumen to the 
cytoplasm to obtain rotational energy for the conversion of ADP and pyrophosphate 
into the primary energy carrier ATP (Boyer, 1997). LET is responsible for the bulk 
of light-induced pmf generation although NDH-1 can maintain 40% when PSII is 
blocked (Miller et al., 2021). To avoid excess production of ATP and maintain ion 
homeostasis in the thylakoid, lumen acidification triggers PSII to dissipate excess 
absorbed energy via non-photochemical quenching (NPQ), and imposes 
photosynthetic control on LET by limiting the activity of Cyt b6f (Bassi and 
Dall’Osto, 2021; Foyer et al., 2012). Both are vital regulatory mechanisms in higher 
oxygenic photosynthetic organisms such as green algae, mosses, gymnosperms, and 
flowering plants but play a less significant role in cyanobacteria that have a higher 
PSI/PSII ratio and employ OCP, a protein operating independently of lumen 
acidification (Kerfeld et al., 2017; Muzzopappa and Kirilovsky, 2020). 

In short, the highly branched electron transport network (Fig. 1) provides 
flexibility for cyanobacteria to safely allocate electrons while meeting metabolic 
demands in the ever-changing natural environment. 
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Figure 1. The route of linear electron transport branches into auxiliary electron transport pathways in the thylakoids of Synechocystis. 
ATP and NADPH generated by photosynthesis is utilized in various cellular processes, primarily in CO2 fixation. The figure 
is adopted with some modifications from Paper V (Nikkanen et al., 2021). 
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1.1.2 State transitions  
In order to balance unequal excitation pressure on photosystems, the energy 
absorbed by chl or phycobilin pigments is thought to be dynamically reallocated 
between PSI and PSII. This reallocation was proposed to account for changes in 
emission of fluorescence: a decrease in fluorescence by selective excitation of PSII 
(state II) was interpreted as exporting energy of PSII; and an increase in fluorescence 
by preferential excitation of PSI (state I) was suggested to reflect the import of 
energy to PSII (Bruce et al., 1985; Kirilovsky et al., 2014; McConnell et al., 2002; 
Mullineaux and Allen, 1990). Two mechanisms were hypothesized as means of re-
allocating excitation energy; (i) dissociation/association and reversible migration of 
PBS as means of re-distributing phycobilin-absorbed excitation energy (Joshua and 
Mullineaux, 2004; Mullineaux et al., 1997) and (ii) spill-over—exciton transfer 
between PSII and PSI—to balance chl-absorbed energy (Olive et al., 1997). 
However, it has been shown recently that low fluorescence emission in state II is not 
the result of excitation energy reallocation via PBS or spill-over but an energy 
dissipative mechanism in the core of PSII (Bhatti et al., 2020; Ranjbar Choubeh et 
al., 2018). Dissipation is induced by excessive reduction of the LET chain (Calzadilla 
et al., 2019) and appears to depend on PSII-PBS interactions (Bhatti et al., 2021). 
Recently, structural changes in the core of PSII upon illumination was shown to 
account for some of the changes in fluorescence emission (Sipka et al., 2021), 
corroborating the idea that dissipation may indeed be associated with the core of 
PSII. Thus, the classical interpretation of state transitions in cyanobacteria is 
challenged and a conclusive model remains to be seen.  

1.1.3 Bioenergetics of PSII  
PSII is a transmembrane pigment-protein complex functioning as a light-driven 
water-PQ oxidoreductase with chemistry highly conserved among oxygenic 
photosynthetic organisms (Cardona et al., 2012; Fischer et al., 2016). The core of the 
PSII monomer consists of (i) the D1/D2 dimer ligating redox cofactors essential for 
the initial photochemical processes; (ii) CP43 and CP46 inner antenna proteins; (iii) 
and several small subunits (Loll et al., 2005; Umena et al., 2011; Zouni et al., 2001).  

The initial photochemical processes, charge separation and water oxidation, are 
catalysed at the donor side of PSII in the thylakoid lumen. When P680 is triggered 
by the energy of an absorbed photon, charge separation occurs that is the formation 
of a pair of positively charged P680+ and negatively charged PheoD1

–. P680+PheoD1
– 

ejects an electron that is captured by the primary quinone QA at the acceptor side of 
PSII close to the cytoplasm. As a one-electron recipient, the singly reduced QA

– 
rapidly transfers the electron to the secondary quinone QB generating the singly 
reduced QB

–. P680+ fills its electron-hole via TyrZ by an electron derived from the 
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water-oxidizing complex (WOC) containing a Mn4CaO5 cluster. When excited 
again, P680 transforms to a charge separated state, passes the newly obtained 
electron to QB

– and further oxidizes the Mn4O5Ca cluster. In total, 4 charge 
separations are required to complete the oxidation cycle (Kok-cycle) of WOC, split 
two water molecules, and release an O2 molecule. However, QB carries only 2 
electrons, thus when doubly reduced (and protonated to QBH2 by cytosolic protons), 
is then replaced to a PQ of the thylakoid membrane (Fig. 2; Rexroth et al., 2017). 

QA and QB are chemically identical PQ molecules but feature distinguishable 
redox potentials (Em) essential for electron transfer. The redox potential of QA/QA

– 
has long been controversial. Published values have varied but the reasons for 
differences remained unclear (Krieger et al., 1995). This hindered determining the 
redox potential of QB/QB

– (or QB/QBH2) resulting in ambiguity at the heart of PSII 
bioenergetics. Recently, it has been clarified that the presence or absence of a 
bicarbonate ligand accounts for the differences in published redox potential values 
of QA/QA

– (Brinkert et al., 2016). The bicarbonate is ligated to a non-heme iron 
flanked by QA and QB (Hienerwadel and Berthomieu, 1995; Zouni et al., 2001). Upon 
light flashes, the bicarbonate may be released and converted to CO2 (Shevela et al., 
2020) shifting the redox potential of QA/QA

– from −145 mV to −70 mV (Brinkert et 
al., 2016). These findings revealed the role of bicarbonate in regulating QA-to-QB 
transfer by increasing the energy gap between QA and QB thus limiting forward 
electron transfer. By determining the redox potential of QB/QB

– (90 mV) and 
QB/QBH2 (40 mV) the driving force of QA-to-QB electron transfer was finally 
calculated: to be 235 meV (De Causmaecker et al., 2019). 

Figure 2. The route of light-induced electron transfer within PSII and the redox potentials of the 
corresponding redox cofactors. References to Em values can be found elsewhere (De 
Causmaecker et al., 2019).  
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1.1.4 Q cycle and cyclic electron transfer 
The most detailed model of the photosynthetic Q cycle is based on the biochemistry 
and structure of Cyt b6f in Chlamydomonas reinhardtii (hereafter Chlamydomonas) 
which is a common model organism of green algae (Cape et al., 2006; Cramer and 
Hasan, 2016; Malone et al., 2021). The function and structure of Cyt b6f are well 
conserved in oxygenic photosynthetic organisms (Malone et al., 2021) therefore the 
model of Q cycle established in Chlamydomonas is projected onto that in 
cyanobacteria. 

Via the Q cycle, PQH2 molecules dissociated from PSII are oxidized and 
deprotonated at the quinol oxidase (Qo) site of Cyt b6f. The two electrons of a PQH2 
are split between two transfer routes: (i) the high potential chain consisting of Rieske 
iron-sulfur protein and Cyt f ultimately leading via Cyt c6/PC to PSI; and (ii) the low 
potential chain composed of heme bL, bH, and ci dedicated to the regeneration of a 
fresh PQ to PQH2 at the quinone reductase (Qi) site of Cyt b6f (Fig. 3). To conserve 
redox power, pmf is generated: the two protons of a PQH2 at the Qo site are released 
to the lumen, and an additional proton is picked up from the cytosol at the Qi site to 
protonate PQ. In the canonical model of the Q cycle, regeneration of PQ to PQH2 
proceeds via a singly reduced PQH• radical intermediate and is only finalized when 
a second PQH2 is oxidized at the Qo site. However, PQH• is highly reactive and may 
produce the toxic ROS in O2

•– (Cape et al., 2006).  
An alternative model has been proposed where heme ci coupled with heme bH is 

preloaded with an electron originating from Fd, therefore, enabling quasi two-
electron reduction of PQ and circumventing the production of PQH• intermediate 
(Cramer and Hasan, 2016; Mulkidjanian, 2007). Such modus operandi requires the 
Cyt b6f to function as a Fd-PQ reductase (FQR), in other words, redirecting 
photosynthetic electrons back to the PQ pool via CET. Recent spectroscopic studies 
suggest that Cyt b6f indeed operates as FQR in Chlamydomonas when exposed to 
anoxic conditions (Buchert et al., 2020). These conditions are known to induce CET 
likely by triggering the formation of PSI-LHCI-Cyt b6f supercomplexes (Finazzi et 
al., 1999; Steinbeck et al., 2018). It was proposed that the proton gradient regulation 
5 (PGR5) and PGR5-like protein 1 (PGRL1) assist in tethering FNR and Fd to Cyt 
b6f (Mosebach et al., 2017). Indeed, Cyt b6f-assisted CET was hindered in PGR5-
deficient Chlamydomonas when exposed to anoxic conditions (Buchert et al., 2020). 
In Synechocystis, NDH-1 rather than Cyt b6f appears to be the major FQR (Miller et 
al., 2021). Accordingly, deleting the homolog of PGR5 has minor effects on the 
physiology of Synechocystis (Margulis et al., 2020; Yeremenko et al., 2005). Genes 
encoding PGRL1 are absent in cyanobacterial genomes (Peltier et al., 2010), 
although a putative uracil-DNA glycosylase of Synechocystis was recently suggested 
to function in a manner analogous to PGRL1 of plants (Dann and Leister, 2019). 
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Regardless of which complex acts as FQR, CET always generates pmf since the 
rerouted electrons originating from Fd participate in additional Q-cycles, thus 
promoting lumen acidification and ATP production (Fig. 3). Importantly, CET 
decreases NADPH output since FQR oxidizes Fd proteins which would have 
otherwise been allocated to FNR. Thus, CET is widely regarded as a mechanism to 
adjust the ATP/NADPH ratio. Recently, it was estimated that ~35% of electrons 
passing through PSI are circulating via CET in Synechocystis exposed to constant 
illumination, demonstrating the vital importance of CET in cyanobacteria (Theune 
et al., 2020).  

Figure 3.  Model of the Q-cycle assisted by Cyt b6f-dependent cyclic electron flow in 
Chlamydomonas. 
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based on amino acid sequence similarities (Zhang et al., 2009). Co-transcription of 
flv2 with flv4 is ensured by organizing these genes into flv4-open reading frame-flv2 
operons in β-cyanobacteria where Synechocystis belongs. The arrangement of flv1 
and flv3 genes is not conserved (Allahverdiyeva et al., 2015a). Nonetheless, Flv1 and 
Flv3 proteins were shown to accumulate co-dependently in Synechocystis (Mustila 
et al., 2016). Flv1 and Flv3 thus likely form functional pairs, and indeed, 
photoreduction of O2 in vivo was only observed when both proteins were expressed 
(Allahverdiyeva et al., 2011; Helman et al., 2003). Interestingly, Flv3 proteins are 
substantially more abundant than Flv1 in Synechocystis (Allahverdiyeva et al., 2013) 
suggesting that alternative oligomerization may occur in vivo. In line with this, 
Flv3/Flv3 homodimers have been detected in Synechocystis (Mustila et al., 2016). 
Although such homodimers are capable of reducing O2 in vitro (Brown et al., 2019), 
in vivo studies suggest yet an alternative function of Flv3/Flv3 homodimers (Mustila 
et al., 2016). Arrangements other than monomeric arrangements cannot be excluded, 
tetramerization of Flv1 and Flv3 in 1:3 ratio or combination with Flv2 and Flv4 may 
occur (Santana-Sanchez et al., 2019). However, direct evidence is yet to be seen. 

1.2.2 Intra- and interprotein redox chain 
The core of an FDP monomer consists of two domains; the N-terminal metallo-β-
lactamase-like domain containing the catalytic diiron centre and the C-terminal 
flavodoxin-like domain harbouring a flavin mononucleotide (FMN) cofactor 
(Romão et al., 2016). The minimal functional unit of the majority of FDPs is a 
homodimer or homotetramer arranged into a head-to-tail orientation, bringing the 
catalytic diiron “head” near to the FMN “tail”, enabling interprotein electron transfer 
from FMN to the diiron centre (Hayashi et al., 2010; Helman et al., 2003; Vicente et 
al., 2002).  

Ancient FDPs (class A) found in many prokaryotes and archaea comprised only 
the two N- and C-terminal core modules (Folgosa et al., 2018). Class A FDPs thus 
require additional redox partners which provide electrons for the FMN cofactor 
(Gonçalves et al., 2011). In the primitive Proteobacteria Desulfovibrio gigas and 
Firmicutes Clostridium acetobutylicum, FDP has two redox partners, Rubredoxin 
(Rd) serving as the electron donor for FMN, and Rubredoxin-NADH reductase, 
(NROR) keeping the Rd pool reduced at the expense of NADH (Hayashi et al., 2010; 
Hillmann et al., 2009; Silaghi-Dumitrescu et al., 2003). During the course of 
evolution, different redox partners were fused to the core domains of FDP resulting 
in more complete electron transfer condensed into a single polypeptide chain which 
simplified the operation of these enzymes. In modern Proteobacteria such as 
Escherichia coli, Rd is fused to the C-termini of FDP (class B) thus only one redox 
partner, NROR, is required to transfer electrons from NADH to FDP (Folgosa et al., 
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2018). In oxygenic photosynthetic organisms and some protozoa, an NAD(P)H-
flavin oxidoreductase-like domain is fused to the C-termini (class C) instead of Rd, 
enabling a complete interprotein electron transport chain from NAD(P)H to O2 or 
NO (Vicente et al., 2002). Accordingly, the class C FDP Flv1 and Flv3 purified from 
Synechocystis was shown to reduce O2 to water at the expense of NAD(P)H in vitro 
in the absence of additional redox partners (Vicente et al., 2002; Brown et al., 2019). 
Curiously, however, Flv1 and Flv3 in Synechocystis appear to favour Fd over 
NAD(P)H as the electron donor in vivo (Nikkanen et al., 2020; Sétif et al., 2020). In 
line with this, a class A FDP purified from the protozoan Entamoeba histolytica was 
shown to oxidize Fd in vitro (Cabeza et al., 2015). Both Fd and Rd contain an iron-
sulfur cluster, utilizing iron-sulfur proteins as electron donors of FDP thus appears 
to be evolutionarily conserved. 

1.2.3 Physiological role  
The physiological role of FDPs varies among host organisms. Anaerobic prokaryotes 
such as the acetogenic Moorella thermoacetica utilizes FDPs to maintain 
intracellular anoxic conditions (Silaghi-Dumitrescu et al., 2003), and denitrifying 
prokaryotes e.g. Paracoccus denitrificans may scavenge excess endogenous NO by 
FDPs (Gomes et al., 2002). In oxygenic photosynthetic organisms possessing FDPs 
(the majority except for flowering plants and red algae), the primary physiological 
function of these proteins is safeguarding the photosynthetic apparatus. Flv1 (or 
FLVA) and Flv3, or their homologs in higher organisms the FLVA and FLVB, 
respectively, keep PSI oxidized by transferring surplus electrons from Fd to O2, thus 
preventing the generation of ROS (Alboresi et al., 2019; Allahverdiyeva et al., 
2015a). Since Flv1 and Flv3 reduce O2 to water by electrons originating from water-
splitting at PSII, the reaction can be considered as a water-to-water cycle. A similar 
reaction —the so-called Mehler-reaction— occurs when excessively reduced 
components of the LET (e.g. Fd) reduce O2 to O2

– which is neutralized to water by a 
superoxide dismutase and peroxidase via the H2O2 intermediate (Asada, 1999; 
Kozuleva et al., 2020). Due to similarities between Mehler-reactions and that 
catalysed by Flv1 and Flv3, the latter is denoted as the Mehler-like reaction 
(Allahverdiyeva et al., 2011). Importantly, FDPs appear to have higher catalytic 
efficiency (105 M–1 s–1, purified Flv3 in vitro) than the Mehler-reaction (103 M–1 s–1, 
purified Fd in vitro) thus outcompeting the latter (Brown et al., 2019; Kozuleva and 
Ivanov, 2010).  

High catalytic efficiency is combined with high capacity. Flv1 and Flv3 in 
Synechocystis was shown to transfer ~40-60% of photosynthetic electrons to O2 at 
dark-to-light transitions (Allahverdiyeva et al., 2011; Helman et al., 2005). 
Accordingly, loss of Flv1 (or FLVA) and Flv3 (or FLVB) is lethal when 
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Synechocystis, Chlamydomonas, or the moss Physcomitrella patens are exposed to 
abrupt and intense light strokes, demonstrating that the Mehler-like reaction is 
indispensable in these organisms which habitually experience intensely fluctuating 
light (Allahverdiyeva et al., 2013; Gerotto et al., 2016; Jokel et al., 2018).  

Apart from relieving PSI of electron pressure, Flv1, Flv3, and the FLVA, and 
FLVB homologs in green algae accelerate LET. This was evidenced by lower rates 
of gross O2 production in FLVB-deficient Chlamydomonas when compared to the 
wild type (Chaux et al., 2017). Accelerated LET in turn generates pmf and initializes 
the CBB cycle. Indeed, a loss of FDPs was required for building up ΔpH under dark-
to-light transitions in Synechocystis, Chlamydomonas, and the mosses 
Physcomitrella patens, and Marchantia polymorpha (Chaux et al., 2017; Gerotto et 
al., 2016; Nikkanen et al., 2020; Shimakawa et al., 2017) and for kick-starting the 
CBB cycle in Chlamydomonas shifted from dark anaerobic to light oxic conditions 
(Burlacot et al., 2018). Recently, it was shown that FDPs in Chlamydomonas 
catalyse the light-induced reduction of NO to N2O in vivo demonstrating that via 
dual substrate specificity, the role of FDP in green algae extends to NO 
detoxification (Burlacot et al., 2020). Dual substrate specificity was earlier 
demonstrated in FDP isolated from the prokaryote Moorella thermoacetica (Silaghi-
Dumitrescu et al., 2003). The structural features determining substrate specificity of 
FDPs and whether cyanobacterial FDPs can reduce NO remain to be elucidated. 

The role of Flv2 and Flv4, the paralogs of Flv1 and Flv3 in β-cyanobacteria is 
less understood. Earlier it has been proposed to protect PSII in Synechocystis via 
transferring excess electrons from QB

– or the PQ pool to an unknown electron 
acceptor (Bersanini et al., 2014; Chukhutsina et al., 2015; Zhang et al., 2012, 2009). 
However, a recent study revealed the protection attributed to Flv2 and Flv4 was in 
fact facilitated by the sll0218 protein that is co-expressed with Flv2 and Flv4 proteins 
due to the arrangement of the encoding genes into the flv4-sll0218-flv2 operon 
(Bersanini et al., 2017). The sll0218 protein was shown to contribute to the repair 
and structural stability of PSII (Bersanini et al., 2017), the function of Flv2 and Flv4 
however remains to be seen. 

1.3 Nitric oxide 

1.3.1 Role in photophysiology 
NO has been shown in vivo to act as an electron acceptor for FLVB in green algae 
(Burlacot et al., 2020). Similarly, Flv3, the homolog of FLVB in Synechocystis, may 
transfer electrons to NO. In other words, NO may function as a sink of 
photosynthetic electrons in cyanobacteria. However, NO is a gaseous radical highly 
reactive towards O2, transition metals (e.g., Fe, Mn, Co), and redox-active moieties 
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of biological macromolecules such as cysteine (Cys) residues within proteins (Astier 
et al., 2011; Ford and Lorkovic, 2002). Hence, understanding the effects of NO on 
the photosynthetic apparatus is imperative to uncover whether NO can act as an 
electron acceptor. 

NO functions as a signalling molecule in numerous cellular processes such as 
growth, nutrient uptake, and biotic or abiotic stresses in flowering plants and green 
algae (Astier et al., 2021; Kolbert et al., 2019). The primary NO signalling 
mechanism in these organisms is S-nitrosation, a post-translational modification  of 
proteins that is the conversion of thiolate of Cys residues into S-nitrosothiol 
predominantly by NO-derived molecules such as N2O3 (Astier et al., 2011; Lamotte 
et al., 2015). When the flowering plant Arabidopsis and green algae Chlamydomonas 
were exposed to the NO donor S-nitrosoglutathione (GSNO) peptide, several 
photosynthetic proteins were found to be S-nitrosated such as PSII, Cyt b6f, PSI, or 
the ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) enzyme 
(Lindermayr et al., 2005; Morisse et al., 2014). S-nitrosation was shown to facilitate 
the degradation of Cyt b6f and Rubisco thus regulating the composition of thylakoids 
and the capacity of CO2 fixation, respectively (De Mia et al., 2019; Wei et al., 2014). 
Little is known about the physiological role of NO in cyanobacteria. 

Apart from S-nitrosation, NO affects photosynthesis by binding to metal 
cofactors of the photosynthetic apparatus. It has been demonstrated that NO binds 
and chemically reduces the water-oxidizing Mn4O5Ca cluster in vitro in thylakoids 
and PSII complexes isolated from spinach and the cyanobacterium 
Thermosynechococcus elongatus, respectively (Goussias et al., 1997; Sarrou et al., 
2003; Schansker et al., 2002). Ferrous iron (Fe2+), abundant in the photosynthetic 
apparatus, is especially susceptible to NO (Ford and Lorkovic, 2002). The ferrous 
non-heme iron positioned between QA and QB was found to ligate NO in isolated 
spinach thylakoids leading to substantially slower QA-to-QB electron transfer and 
decreased PSII photochemical efficiency in vitro (Diner and Petrouleas, 1990; 
Petrouleas and Diner, 1990). These modifications substantially decreased PSII 
efficiency in vivo, as evidenced by studies on leaf discs of pea (Pisum sativum) and 
epidermal strips of bean (Vicia faba) exposed to GNSO under atmospheric 
conditions, respectively (Ördög et al., 2013; Wodala et al., 2008). Moreover, NO 
was shown to bind the heme ci of Cyt b6f under anoxic conditions in vitro (Twigg et 
al., 2009). These studies elucidated that NO limits the photochemical activity in 
higher photosynthetic organisms (Fig. 4). Nonetheless, the impacts of NO on 
photosynthesis in cyanobacteria in vivo remains to be elucidated.  
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Figure 4. The main target sites of NO in PSII based on in vitro studies.  

1.3.2 Biosynthesis 
To avoid extensive damage to the photosynthetic apparatus, oxygenic photosynthetic 
organisms must tightly regulate the generation and turnover of NO. Production of 
NO in green algae and flowering plants appears to depend on nitrate reductase (NR), 
a key enzyme in N-assimilation (Planchet et al., 2005; Sakihama et al., 2002). 
However, rather than directly catalysing the biosynthesis of NO, NR seems to 
provide electrons originating from NADPH to a molybdoenzyme dubbed the NO-
forming nitrite reductase (NOFNiR) enzyme (Chamizo-Ampudia et al., 2016). It was 
proposed that in Chlamydomonas, the NR-NOFNiR dual system is assisted by the 
truncated hemoglobin 1 (THB1) protein that recycles excessively produced NO into 
nitrate (Sanz-Luque et al., 2015b, 2015a). 

The origin of NO in cyanobacteria is unclear. Production of NO has been 
observed previously (Mallick et al., 1999). However, the existence of the NR-
NOFNiR system however has not been investigated. Alternative endogenous sources 
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activity (Scott et al., 2002; Scott and Lecomte, 2008; Thorsteinsson et al., 1999). 
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Cyanoglobins may be recycled by cognate Hb reductases thus providing an efficient 
NO scavenging mechanism to host cells (Uppal et al., 2020). Another layer of 
defence is nitric oxide reductase (NorB) that has been shown to convert NO into N2O 
in Synechocystis (Büsch et al., 2002). In short, the production and turnover of NO in 
cyanobacteria is yet to be clarified.  

1.4 Respiration in cyanobacteria 

1.4.1 The site of respiration 
Respiration is a membrane-associated transport of electrons from metabolized 
organic substrates to a terminal electron acceptor, which is predominantly molecular 
O2 in cyanobacteria. Cyanobacteria possess three different RTO complexes, the aa3-
type heme-copper oxidase Cox (encoded by coxBAC), the alternative respiratory 
terminal oxidase ARTO (encoded by CtaCDEII), and the bd-type quinol oxidase 
Cyd (Hart et al., 2005). The cellular site of respiration has been long debated. ARTO 
was unambiguously located to the plasma membrane (Agarwal et al., 2010; Huang 
et al., 2002; Kranzler et al., 2014) Cox and Cyd, however, seemed to reside in both 
the thylakoid and plasma membrane (Lea-Smith et al., 2016a). Since Cyt b6f can be 
found only in the thylakoid, the respiratory electron transport chain toward Cox 
would be incomplete in the plasma membrane (Schultze et al., 2009). Recent studies 
applying more sophisticated separation and tagging techniques located both Cox and 
Cyd exclusively to the thylakoid membranes of Synechocystis, thus disproving the  
existence of the incomplete respiratory electron transport in the plasma membrane 
(Baers et al., 2019; Cohen et al., 2020). 

1.4.2 Bioenergetics of Cox 
The major terminal oxidase in cyanobacteria appears to be Cox. The majority of 
cyanobacteria contain the encoding coxBAC genes (Lea-Smith et al., 2013), and 
deletion of the complex arrests cell growth in the dark (Pils et al., 1997; Stebegg et 
al., 2012). The chemistry of Cox in cyanobacteria is based on structural and 
biochemical studies of Cox complexes from prokaryotes Paracoccus denitrificans 
(Iwata et al., 1995; Koepke et al., 2009), Rhodobacter sphaeroides (Svensson-Ek et 
al., 2002), and Thermus thermophilus (Lyons et al., 2012). In a single-turnover event, 
2 electrons originating of 2 reduced Cyt c6/PC proteins are transferred to the 
binuclear catalytic centre (copper CuB-heme a3). Coupled with the electron transfer, 
six protons from the cytoplasm diffuse through a proton-conducting water chain, 
four to the lumen and two to the catalytic centre. Since reducing O2 to water requires 
4 electrons and protons, a second turnover rapidly follows. Proton-pumping at 2 
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H+/e–/ratio assists in generating pmf in the dark thus powers cellular processes when 
the photosynthetic apparatus is idle. Interestingly, Cox purified from the prokaryote 
Pseudomonas stutzeri was shown in vitro to reduce NO (Forte et al., 2001) and H2O2 
(Xie et al., 2014). Whether Cox in cyanobacteria possesses such capabilities remains 
to be elucidated. 

1.4.3 Cyd and ARTO in energy generation 
The molecular function of Cyd in cyanobacteria is predominantly based on 
biochemical studies of bioenergetics membranes isolated from Escherichia coli. Cyd 
lacks proton-pumping activity, as evidenced by the generated transmembrane 
potential in a H+/e– ratio during a single turnover event of oxidizing 1 PQH2 molecule 
to PQ (Borisov et al., 2020, 2011). Indeed, the recently resolved crystal structure of 
Cyd from E. coli and Geobacillus thermodenitrificans confirmed the absence of 
trans-membrane proton-conducting channels (Safarian et al., 2019, 2016). Cyd, 
therefore, contributes to energy conservation by extracting 4 protons from the 
cytoplasm for the 4-electron reduction of O2 to water, alkalifying the cytosol, and 
releasing 2 protons/PQH2 to the lumen. Less efficient in energy generation than Cox, 
Cyd may play a pivotal role under low-O2 conditions, given the higher affinity to O2 
(Km = 0.35 μM) when compared to that of Cox (Km = 7 μM) in Synechocystis (Pils 
and Schmetterer, 2001). Cox and Cyd moreover are vital when diurnal light/dark 
periods sharply alter (Lea-Smith et al., 2013), likely providing energy to repair the 
photosynthetic apparatus in the dark (Nikkanen et al., 2021). Besides this, Cyd can 
contribute to the oxidation of the PQ pool, however, only to a minor extent and under 
adverse conditions when the capacity of FDPs is limited and the PET chain is 
strongly reduced (Ermakova et al., 2016).  

The role of ARTO in energy generation is less obvious. Although homologous 
to Cox, ARTO seems to participate primarily in iron acquisition in Synechocystis by 
reducing periplasmic iron (Kranzler et al., 2014). Regardless of the chemical nature 
of the electron acceptor (and donor), ARTO may pump protons from the cytoplasm 
into the periplasm, energizing the plasma membrane. The crystal structure is yet to 
be resolved thus the bioenergetics of ARTO remains to be elucidated. 

1.5 C-type cytochromes 

1.5.1 Cyt c6 and Cyt c6-like proteins 
The class I c-type Cyt family consists of soluble, small molecular weight proteins, 
harbouring a c-type monoheme —a porphyrin compound, coordinating an iron 
atom— covalently attached to a conserved peptide motif. Cyanobacterial class I c-
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type Cyt proteins engage in various cellular processes. Cyt c555 (PsbV) is an extrinsic 
lumenal component of PSII and by maintaining the proper ion environment of the 
manganese complex, it stabilizes WOC (Shen et al., 1998; Shen and Inoue, 1993). 
Cyt c6 transfers electrons from Cyt b6f to PSI and Cox (see in section 1.1.1), 
substituting PC when Cu, the cofactor of PC, is depleted (Durán et al., 2004). 
Abundance of PC and Cyt c6 is regulated by the transcription factor PetR, which 
represses the expression of the petE gene (PC) and induces that of the petJ gene (Cyt 
c6). When Cu is replete, the protease PetP degrades PetR, enabling the expression of 
PC (García-Cañas et al., 2021).  

The class I c-type Cyt family underwent an expansion and diversification during 
the course of evolution (Howe et al., 2016). According to the most recent model of 
Cyt c6 phylogeny, the ancestral petJ gene encoding Cyt c6 duplicated in 
cyanobacteria, giving rise to the canonical Cyt c6 and Cyt c6B proteins (Slater et al., 
2021). By accumulating point mutations, ancestral Cyt c6B forked into groups of the 
low-redox-potential Cyt c6B and Cyt c6C proteins which are widespread in 
cyanobacteria (Bialek et al., 2008). In gymnosperms and flowering plants, Cyt c6B 
(and  Cyt c6C) were replaced by a new ortholog, Cyt c6A, which acquired a 12-amino-
acid-long loop insertion peptide (LIP) motif (Howe et al., 2006; Slater et al., 2021). 
However, Cyt c6 disappeared in the green lineage after the mosses, thus Cyt c6A 
appears to be the only Cyt c in higher oxygenic photosynthetic organisms. It has been 
suggested that iron became less available as early plants conquered dry lands thus 
favouring PC over Cyt c6 as the primary electron carrier (De La Rosa et al., 2002; 
Kerfeld and Krogmann, 1998). 

The physiological role of low-potential Cyt c6A, B, C proteins remains to be 
elucidated. The three-dimensional structures of those orthologs with resolved crystal 
structure closely resemble that of Cyt c6 (Marcaida et al., 2006; Zatwarnicki et al., 
2014), fulfilling a role as an electron carrier to PSI appears to be plausible. The 
binding of Cyt c6 and PC to PSI is governed by electrostatic interactions (Hervás et 
al., 1995; Hippler et al., 1997). Importantly, the surface charge distributions of Cyt 
c6A, B, C differ markedly from that of Cyt c6, likely weakening their eventual 
electrostatic interactions with PSI (Bialek et al., 2014; Marcaida et al., 2006; 
Zatwarnicki et al., 2014). Moreover, the low redox potential of Cyt c6A, B, C 
substantially increases the energetic barrier between Cyt f and Cyt c6A, B, C (Table 1). 
In line with this, it was demonstrated that an Arabidopsis thaliana mutant deficient 
in PC was unable to grow due to blocked PET, and over-expression of the atc6 gene 
encoding Cyt c6A did not rescue the lethal phenotype (Weigel et al., 2003). Similarly, 
Synechocystis fails to grow when Cyt c6 and PC are not expressed (Durán et al., 
2004). In conclusion, c6A, B, C is unlikely to participate in canonical LET. 
Interestingly, however, Cyt c6A was shown to reduce PC in vitro (Wastl et al., 2004). 
Since accepting electrons from Cyt f is unlikely, Cyt c6A might oxidize PQH2, thus 



Daniel Solymosi 

28 

bypassing Cyt b6f when the PQ pool is strongly reduced (Howe et al., 2016). In line 
with this, Cyt c6A of Arabidopsis was located in the thylakoid lumen of chloroplasts 
(Gupta et al., 2002). 

Little is known about Cyt c6B and c6C proteins. The crystal structure of Cyt c6B 
from Synechococcus WH 0182 was resolved at 1.4 Å resolution (Zatwarnicki et al., 
2014) providing, however, little insight into the molecular function of the protein. 
Recently, it was discovered that a Cyt c6C-like protein (dubbed Cyt c6-3) has redox 
potential comparable to Cyt c6 (Table 1). Transcriptomics and immunofluorescence 
analysis of the filamentous heterocyst-forming Nostoc sp. PCC 7119 revealed that 
Cyt c6-3, is specifically repressed in heterocysts when cultures were shifted to N2-
fixing conditions (Torrado et al., 2017). Homologs of this protein appear to be 
present predominantly in genomes of heterocyst-forming species, suggesting some 
role related to heterocysts (Bialek et al., 2008; Torrado et al., 2017). 

Table 1.  Midpoint redox potential of electron carriers and Cyt c6A, B, C in cyanobacteria. 

Protein Redox potential (Em) Reference 

PQ pool +80-110 mV (De Causmaecker et al., 2019; Okayama, 1976) 

PC +360 mV (Molina-Heredia et al., 2002) 

Cyt c6 +310-390 mV (Cho et al., 1999; Molina-Heredia et al., 1998) 

Cyt c6A +140 mV (Molina-Heredia et al., 2003; Worrall et al., 2007) 

Cyt c6B +110 mV (Bialek et al., 2008; Zatwarnicki et al., 2014)  

Cyt c6C +150-200 mV (Bialek et al., 2008; Reyes-Sosa et al., 2011) 

Cyt c6-3 +340 mV (Torrado et al., 2017) 

Cyt cM +150 mV (Cho et al., 2000) 

Cyt f +270-330 mV (Albarrán et al., 2005; Baymann et al., 2001) 
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1.5.2 Cyt cM protein 
Akin to Cyt c6A, B, C proteins, the molecular function of the Cyt cM orthologue 
(encoded by cytM) has been enigmatic. CytM is widespread in cyanobacteria, nearly 
every sequenced species carries the cytM gene (Bialek et al., 2016). Expression of 
cytM in Synechocystis is negligible under moderate photosynthetic conditions 
(Malakhov et al., 1999) and accordingly, deletion of cytM does not affect cell growth 
or net photosynthetic O2 production under these conditions (Malakhov et al., 1994). 
It has been shown that CytM is unable to reduce PSI in vitro, possibly due to the 
electrically positive surface area surrounding the heme cleft, and the loss of a 
positively charged arginine that is critical for interacting with PSI (De La Cerda et 
al., 1999; Molina-Heredia et al., 2002). Moreover, the redox potential of the protein 
is substantially lower than that of Cyt c6 or PC (Table 1). Therefore, it is unlikely 
that CytM could substitute Cyt c6 or PC in canonical PET. However, stress-induced 
transcriptional co-regulation between the genes of CytM, Cyt c6, and PC has been 
demonstrated, thus a role related to Cyt c6, or PC cannot be excluded (Malakhov et 
al., 1999). 

The physiological relevance of CytM becomes apparent when cells are exposed 
to glucose. A dark-adapted variant of the filamentous Leptolyngbya boryana was 
found to grow rapidly when exposed to glucose in the dark—heterotrophic 
conditions—and genome re-sequencing revealed that the fast-growing strain carried 
a disrupted cytM gene. Accordingly, a cytM deletion mutant of Synechocystis 
demonstrated a growth advantage over the wild type when cells were exposed to 
glucose in the dark or light (photomixotrophic conditions). Based on the elevated net 
photosynthetic O2 production and respiratory O2 consumption, CytM was suggested 
to be: (i) a transcriptional regulator; (ii) an electron transporter between Cyt b6f and 
Flv1/Flv3; or (iii) a repressor of Cox (Hiraide et al., 2015). Cox appears to be an 
electron acceptor of CytM. Subunit II of Cox, harbouring the CuA centre, is reduced 
by CytM in vitro at physiologically relevant rates (Bernroitner et al., 2009). CytM, 
moreover, shares sequence similarities with the C-termini of Cox subunit II of 
Thermus sp. and Bacillus sp., hinting that CytM might be structurally associated with 
Cox in cyanobacteria (Manna and Vermaas, 1997). Given the role of Cox in 
regulating electron flow to PSI (Viola et al., 2021), CytM may contribute to 
regulating auxiliary electron transfer. To interact with the CuA centre that faces the 
thylakoid lumen, however, CytM should be located in the thylakoid lumen.  

In an earlier report, the CytM protein was localized both to the thylakoid and the 
plasma membrane of Synechocystis (Bernroitner et al., 2009). However, the purity 
of the membrane extracts was not determined and cross-contamination is a known 
issue of the applied separation technique (Schultze et al., 2009; Sonoda et al., 1997). 
A recent proteomics study, using more efficient subcellular fractionation, did not 
detect or localize CytM (Baers et al., 2019). Nevertheless, the hydrophobic N-
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terminus resembles the signal peptide of Cyt c6 (Bernroitner et al., 2009), an alpha-
helical domain that anchors the protein into the thylakoid membrane. For penetrating 
the lumen, terminal processing must occur and indeed, CytM appears to carry a 
conserved cleavage site (Malakhov et al., 1994). Yet processing does not seem to 
occur in vivo. A processed mature form is predicted to be 8.3 kDa (Malakhov et al., 
1994), while the protein extracted from various cyanobacterial species, including 
Synechocystis, the marine, unicellular Synechococcus elongatus PCC 6301, and the 
filamentous Anabaena sp. PCC 7120, was found to be heavier than 8.3 kDa 
(Bernroitner et al., 2009; Cho et al., 2000). CytM thus might retain the putative signal 
peptide, which could serve as a membrane anchor. In summary, the exact role of 
CytM in bioenergetics processes remains to be elucidated. 

1.6 Central carbon metabolism 

1.6.1 A CO2 fixation interconnected with glycolysis  
The metabolism of cyanobacteria is optimized to assimilate inorganic carbon (CO2, 
HCO3

–) as the primary carbon source. The principal process to fix CO2 is the Calvin-
Benson-Bassham (CBB) cycle, which is divided into two phases. In the first phase, 
Rubisco converts ribulose 1,5-bisphosphate (RuBP) and CO2 into two 3-
phosphoglycerate (3PG) molecules. In the second phase, the precursor RuBP is 
regenerated by various enzymes at the expense of ATP and NADPH, both 
predominantly generated by the photosynthetic apparatus. Rubisco is notorious for 
catalytic inefficiency, the turnover rate is slow at a rate-limiting partial pressure of 
CO2 and the abundant O2 is readily confused with CO2 for a substrate, leading to 
oxidation of RuBP into a useful 3PG and wasteful 2-phosphoglycolate (2PG) 
molecule (Farquhar et al., 1980). 2PG inhibits the enzymes of the CBB cycle thus it 
is metabolized via photorespiratory salvage pathways which, however, require extra 
energy and waste fixed carbon by releasing CO2 (Eisenhut et al., 2019). To minimize 
photorespiration, Rubisco in cyanobacteria is encapsulated in proteinaceous 
compartments, called carboxysomes, where CO2 is enriched via carbon 
concentrating mechanisms (CCM) to a level approximately~ one thousand times 
higher than in the extracellular space (Badger and Price, 2003; Kaplan and Reinhold, 
1999; Kerfeld and Melnicki, 2016). 

Surplus fixed carbon is stored in the glucose polymer glycogen. In the dark, 
glycogen is hydrolysed and converted into various metabolites via catabolic 
pathways. The conventional glycolytic route in prokaryotes, the Embden-Meyer-
Parnas (EMP) pathway, concludes at pyruvate—an important anabolic precursor 
(Mills et al., 2020). An alternative pathway, that was only recently shown to exist in 
cyanobacteria, the Entner-Doudoroff (ED) pathway, provides a less energy-
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consuming source of pyruvate via alternative intermediates (Chen et al., 2016). A 
third glycolytic route, the oxidative pentose phosphate (OPP) pathway, concludes in 
glyceraldehyde 3-phosphate (GA3P) via intermediates shared with CBB cycle (Fig. 
5). The OPP pathway is the primary glycolytic process in the dark (Yang et al., 
2002). In the first two steps of the OPP pathway, a glucose-6-phosphate (G6P) 
molecule is converted into 6-phospho-gluconate (6PG) then ribulose-5-phosphate 
(Ru5P) by the G6P dehydrogenase (Zwf) and 6P-gluconate dehydrogenase (Gnd) 
enzymes, respectively. These two steps yield two NADPH molecules providing 
reducing power in the dark (Jansén et al., 2010; Yang et al., 2002). However, the 
second step involves a decarboxylation reaction during which a CO2 molecule is 
released therefore a fixed carbon molecule is lost. 

Figure 5.  Simplified scheme of the central carbon metabolism in Synechocystis. The EMP (red), 
ED (orange), and PP (blue) pathways, and the CBB cycle (green) are interconnected 
via shared intermediates. 1,3PG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 
6PG, 6-phosphogluconate; DHAP, dihydroxyacetone phosphate; E4P, erythrose 4-
phosphate; F6P, fructose-6-phosphate; FBP, fructose 1,6-bisphosphate; G1P, glucose-
1-phosphate; G6P, glucose-6-phosphate; GA3P glyceraldehyde 3-phosphate; KDPG, 
2-keto-3-deoxygluconate-6-phosphate; PEP, phosphoenolpyruvate; Pyr, pyruvate; 
R5P, ribose 5-phosphate, Ru5P, ribulose 5-phosphate; RuBP, ribulose 1,5-
bisphosphate; S7P, sedoheptulose 7-phosphate; SBP; sedoheptulose 1,7-
bisphosphate; Xu5P, xylulose 5-phosphate. 
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The apparent activity of Zwf and Gnd enzymes in light was long considered as 
a wasteful result of incomplete suppression (Knoop et al., 2013; Young et al., 2011). 
Importantly, however, Ru5P is an intermediate of the CBB cycle and appears to be 
replenished by Zwf and Gnd in the light. In this way, glycogen reserves could be 
tapped when regeneration of the Ru5P pool is otherwise insufficient e.g., at dark-to-
light transitions (Makowka et al., 2020; Shinde et al., 2020). The glycolytic routes 
are thus interconnected with CO2 fixation and are crucial not only to metabolize 
organic but inorganic carbon sources. 

1.7 Photomixotrophy 

1.7.1 Metabolic modes of cyanobacteria 
Several cyanobacterial species invest in multiple nutritional acquisitions and 
bioenergetics systems to utilize a variety of energy and carbon sources (Table 2). 
Photomixotrophy, a metabolic mode, has multiple definitions: (i) a form of 
alternative carbon acquisition; (ii) the facultative utilization of external amino acids, 
alternative sources of phosphorous and sulfur; or (iii) a combination of different 
nutritional pathways in a single organism (Stoecker et al., 2017). In this work, 
photomixotrophy indicates photosynthetic CO2 assimilation simultaneously with the 
metabolization of exogenous organic carbon sources, primarily glucose. The 
successful coexistence of photomixotrophic and obligate photosynthetic 
cyanobacterial species in nature indicates that the profit must outweigh the cost of 
investing in multiple sensory, uptake, and metabolic systems (Muñoz-Marín et al., 
2020). 

Table 2.  Trophic modes of cyanobacteria based on the source of energy and origin of utilized 
carbon. Photoheterotrophy only occurs in the presence of artificial chemical inhibitors of 
photosynthesis. 

Metabolic mode Energy source Carbon source 

photoautotrophy light inorganic carbon  

photoheterotrophy light organic carbon 

photomixotrophy light, organic carbon  inorganic and organic carbon 

chemoheterotrophy organic carbon  organic carbon  
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1.7.2 Ecological and biotechnological significance 
A long-lasting dogma is that cyanobacteria are predominantly photoautotrophic 
organisms and only in special cases, facultatively heterotrophic (Rippka, 1972; 
Smith, 1983; Stal and Moezelaar, 1997). This dogma seems to change as the 
ecological importance of photomixotrophy becomes more evident. Recently, the 
most abundant phototrophs on Earth—Prochlorococcus and Synechococcus—were 
shown to utilize glucose in daylight (Duhamel et al., 2018; Zubkov and Tarran, 2008) 
indicating the significance of photomixotrophy in global biogeochemical cycles 
(Moore, 2013; Muñoz-Marín et al., 2020). Although the concentration of glucose in 
natural waters tends to be low, ranging from 10 to 400 nM in open oceans (Vaccaro 
et al., 1968), during phytoplankton blooms glucose is more abundant (Ittekkot et al., 
1981; Teeling et al., 2012).  

Supplementing the growth of cyanobacteria with carbohydrates enhances 
biomass production, providing advantages for bioindustrial applications (Matson 
and Atsumi, 2018). It has been reported that applying photomixotrophic conditions 
increased yields of potential biofuels such as 2,3-butanediol (Kanno et al., 2017; 
Kanno and Atsumi, 2017), isobutanol (Varman et al., 2013), or chemical 
commodities e.g., polyhydroxybutyrate (PHB) polymers (Khetkorn et al., 2016), and 
ethylene (Lee et al., 2015). Importantly, several cyanobacteria are capable of 
assimilating polysaccharides (like starch or maltodextrin) di- and monosaccharides 
(maltose, sucrose, glucose, fructose, mannose), organic acids (acetate), or glycerol 
(Francisco et al., 2014; Schneegurt et al., 1997). By introducing heterologous 
transporters and catabolic enzymes, transgenic Synechocystis was shown to 
metabolize molecules with low bioavailability such as the wood-derivate xylose 
(Ranade et al., 2015). Therefore, various industrial side streams can potentially serve 
as feedstocks for photomixotrophic cultivation. These studies demonstrate the 
potential of applying photomixotrophic conditions in production platforms. 

Carbohydrates, however, raise the possibility of microbial contamination of 
microalgal cultures, thus adding complexity to operating production platforms 
(Perez-Garcia et al., 2015). Also, the release of CO2 upon metabolizing 
carbohydrates generally increase the net CO2 emission of photomixotrophic 
platforms (Patel et al., 2021). However, this may be offset by CO2 uptake of separate 
photoautotrophic cultures. Indeed, it was shown that the growth of photoautotrophic 
green algae cultures can be supplied by CO2 released by a heterotrophic cultures. 
(Sim et al., 2019).  

1.7.3 An altered photosynthesis 
Shifting the carbon metabolism towards glucose assimilation involves alterations in 
thylakoid electron transfer. The most evident change is the increased respiratory 
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activity in the thylakoid that can be observed a few minutes after exposure to glucose, 
as evidenced by enhanced O2 and NADPH consumption in Synechocystis exposed 
to dark (Lee et al., 2007). The effects of glucose on photosynthesis are less evident 
and the scientific literature is rich in contradictory results. It seems clear that 
photosynthesis becomes partially inhibited and net photosynthetic O2 production 
decreases in the presence of glucose (Haury and Spiller, 1981; Lee et al., 2007; Nieva 
and Valiente, 1996; Reyes et al., 1993; Takahashi et al., 2008; Zilliges and Dau, 
2016). It is generally accepted that such a decrease in photosynthetic activity is 
triggered by cytosolic reductants (generated via glycolysis) that strongly reduce the 
thylakoid electron transfer chain. Contrary to this, however, the maximum 
photosynthetic capacity was shown to increase in various cyanobacterial species 
exposed to glucose or fructose in light (Haimovich-Dayan et al., 2011; Kang et al., 
2004; Sakuragi et al., 2006; Yu et al., 2009). 

Regulation of photosynthesis in photomixotrophically cultivated cyanobacteria 
thus remains obscure. Earlier it was found that disrupting the serine/threonine kinase 
homolog PmgA (photomixotrophic growth) retards the growth of Synechocystis 
under photomixotrophic conditions (Hihara and Ikeuchi, 1997). The slow growth of 
the ΔPmgA cells was attributed to the inability to regulate the PSI/PSII ratio leading 
to redox imbalance (Hihara et al., 1998). The PSI/PSII ratio thus appears to be an 
important regulatory factor, yet that has never been confirmed independently. The 
PS ratio was determined in Synechocystis exposed to glucose for 2 h which was 
likely too short for altering PS content and indeed, no change was observed. 
(Haimovich-Dayan et al., 2011). Another key regulatory factor appears to be the 
redox state of the NADP(H) and NAD(H) pools. The thylakoid-localized pyridine 
nucleotide transhydrogenase, PntAB, that controls NADPH/NAD+ and 
NADP+/NADH ratios in Synechocystis, was shown to be vital under low-light 
photomixotrophic conditions (Kämäräinen et al., 2016). Such ratios are crucial for 
enzymes regulated by redox cofactor feedback, linking PntAB to the wider 
metabolism.  

Via determining incorporation of radioactively labelled inorganic carbon in 
Synechocystis, earlier studies demonstrated that glucose induces a rapid loss in the 
capacity of inorganic carbon uptake (Beuf et al., 1994; Bloye et al., 1992), a process 
mediated, among others, by the thylakoid-localized NDH-13 isoform. However, a 
latter study of real-time gas fluxes employing membrane inlet mass spectrometry 
(MIMS) contradicted these findings (Benschop et al., 2003). Nonetheless, NDH-13 
seems to have a crucial role in the growth of photomixotrophic cells. Spontaneous 
point mutations of genes encoding subunits specific to NDH-13 e.g., NdhF3, or 
CupA, reverted the growth deficiency of ΔPmgA Synechocystis under 
photomixotrophic conditions (Nishijima et al., 2015). How the mutations altered the 
functionality of NDH-13 is yet to be determined. In summary, much ambiguity 
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remains about the status and the regulation of the photosynthetic machinery under 
photomixotrophic conditions. 

1.7.4 Carbon fluxes  
Metabolizing glucose under photomixotrophic conditions was long thought to 
proceed independently of photosynthesis (Marquez et al., 1993; Ogawa and Aiba, 
1981). However, through the application of metabolomics techniques and metabolic 
flux analysis, it has been demonstrated that the central carbon metabolism rearranges 
to assimilate CO2 simultaneously with glucose in Synechocystis cultivated under 
long-term photomixotrophic conditions (Fig. 6; Nakajima et al., 2014; Yang et al., 
2002; You et al., 2014). Compared to a purely photoautotrophic metabolism, carbon 
flux in photomixotrophic cells via the CBB cycle decreases (Nieva and Valiente, 
1996; Takahashi et al., 2008), presumably by CP12-mediated repression of key CBB 
enzymes Phosphoribulokinase (Prk) and Glyceraldehyde-3-phosphate (GA3P) 
dehydrogenase (Takahashi et al., 2008; Tamoi et al., 2005). In line with this, carbon 
fluxes via Zwf and Gnd have been shown to increase in cells cultured 
photomixotrophically (Nakajima et al., 2014; Takahashi et al., 2008; Yoshikawa et 
al., 2013; You et al., 2014), the rate however remained unclear due to the different 
culturing conditions applied in the studies. A recent report clarified that the 
importance of Zwf in photomixotrophic metabolism is light-dependent; loss of Zwf 
in Synechocystis severely limited growth under low-light but not under moderate-
light photomixotrophic conditions. This implies that the first steps of the OPP 
pathway are crucial for maintaining redox balance in photomixotrophic cells (Ueda 
et al., 2018), and perhaps assist in replenishing intermediates of the CBB cycle, as 
was suggested recently (Makowka et al., 2020). The activity of the CBB cycle affects 
the photosynthetic electron transport via feedback regulation. Therefore, 
understanding the regulation of carbon fluxes is vital for deciphering photosynthesis 
under photomixotrophic conditions.  
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Figure 6. The most pronounced carbon fluxes (brown) in Synechocystis cultured 
photomixotrophically was reconstructed based on metabolomics studies and 13C 
metabolic flux analysis (Nakajima et al., 2014).  

1.8 Chemical production in cyanobacterial hosts 

1.8.1 Engineering PET for improved bioproduction 
Cyanobacteria have great potential as sustainable solar-driven microfactories 
producing targeted valuable chemicals. However, productivity is limited by several 
bottlenecks such as the costly cultivation and downstream processes or the 
inefficiencies in microalgal photochemistry. An increasingly attractive strategy to 
alleviate inefficiencies in photosynthesis is engineering electron transfer routes in 
thylakoids to enhance the flux of photosynthetic electrons, or redirect electrons 
towards the biosynthesis of targeted chemicals. The rapid development of gene-
editing tools for microalgae is largely contributing to these efforts (Santos-Merino 
et al., 2019; Vijay et al., 2019). 

An example of this is the expression of a heterologous electron sink, an Fd-
dependent Cyt P450 monooxygenase, in Synechococcus PCC 7002 which was 
shown to accelerate intersystem electron flux leading to higher ATP and NADPH 
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levels (Berepiki et al., 2018, 2016). The photosynthetic electron flux can be further 
accelerated by combining the expression of Cyt P450 protein with a metabolic sink 
such as sucrose export (Santos-Merino et al., 2021). Alternatively, eliminating CET 
proteins or native photoprotective electron sinks such as FDP may increase the 
supply of reductants (NADPH and reduced Fd) for desired reactions. Indeed, it was 
shown that L-lactate yields can be increased in Synechocystis by repressing the 
expression of genes encoding proteins involved in CET such as subunits of the NDH-
1 complex (Yao et al., 2020). In line with this, the deletion of Flv1, Flv3, or the 
PGR5 homolog in Synechococcus sp. 7002 expressing a heterologous NADPH-
dependent D-lactate dehydrogenase improved production of D-lactate when the 
mutants were exposed to constant illumination at mild temperature and atmospheric 
CO2. At higher temperature and/or CO2 levels, however, the production of D-lactate 
in the mutants was comparable to that in the reference strain (Selão et al., 2020). 
Similar results were reported in a study utilizing sucrose as a marker compound in 
an engineered salt-stressed Synechocystis strain. Under mild illumination (at 1% 
CO2), the ΔFlv3 mutant demonstrated higher sucrose yields than the reference strain, 
however, when light intensity was increased the production advantage of the mutant 
disappeared. In silico modelling of carbon fluxes suggested that fixed carbon was 
reallocated towards PHB production and the deletion of Flv3 likely exacerbated that 
shift (Thiel et al., 2019).  

Alternatively, NADPH or reduced Fd can be utilized by oxidoreductase enzymes 
that catalyse specific chemical alterations of targeted compounds in a process called 
biotransformation. The ene reductases belonging to the Old yellow enzyme protein 
family are promising alternatives for chemical catalysts due to their ability to convert 
various alkane substrates (e.g., aldehydes and maleimides) into valuable chemicals 
via high regio-, stereo- and enantioselectivity (Toogood and Scrutton, 2018). Such 
reactions can be directly coupled to photosynthesis, as was evidenced by a recent 
study showing that Synechocystis cells can supply photosynthetic reductants to a 
heterologously expressed Old yellow enzyme homolog, the NADPH-dependent 
YqjM protein (Köninger et al., 2016). Whether the availability of NADPH can be 
improved by removing electron sinks remains to be elucidated. 

These studies demonstrate that electron sink engineering is a promising strategy 
for improving chemical production in microalgae. However, developing robust 
strains requires a better understanding of the regulatory links between photosynthesis 
and central carbon metabolism. 
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2 Aims of the study 

Understanding the regulation of photosynthesis is crucial for developing 
economically feasible microalgal chassis producing valuable chemicals. Using the 
model cyanobacterium Synechocystis, the current study sheds light on regulatory 
components of the photosynthetic apparatus to bring microalgae a step closer to 
bioindustrial applicability.  
 
The study was based on the following framework: 

I. Characterizing the photosynthetic apparatus and the role of CytM in 
Synechocystis cultured under bioindustrially relevant photomixotrophic 
conditions. 

II. Distinguishing between the activity of Flv1/Flv3 and Flv2/Flv4 in 
Synechocystis in vivo. These proteins are engineering targets in 
microalgae. 

III. Investigating the in vivo effects of exogenous NO on photosynthesis to 
understand whether NO can act as a terminal electron acceptor in 
cyanobacteria. NO was shown to be an electron acceptor of FLVB, a 
homolog of Flv3 in green algae.  

IV. Improving a model biotransformation reaction in Synechocystis cells by 
inactivating the Flv1/Flv3 heterodimer. 

V. Reviewing the current understanding about regulation of photosynthetic 
electron transfer and the efforts of engineering photosynthesis in 
microalgae. 
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3 Materials and Methods 

3.1 Strains and cultivation 

Table 3.  Synechocystis strains used in this work. Construction of the transgenic strains are 
detailed in the original publications. Indexes OE, – and + indicate overexpression, deletion 
or introduction of the corresponding genes, respectively. 

Strain Genetic modification Published Paper 
Wild type  (Williams, 1988) I-IV 
ΔCox/Cyd ctaC1–, ctaD1–, ctaE1–, 

cydA–, cydB– 
(Lea-Smith et al., 2013) I 

ΔCytM cytM–  Paper I I 
ΔCox/Cyd/CytM ctaC1–, ctaD1–, ctaE1–, 

cydA–, cydB–, cytM– 
Paper I I 

M55 ndhB– (Ogawa, 1991) II 
ΔFlv1/Flv3 flv1–, flv3– (Allahverdiyeva et al., 2013) II 
ΔFlv2 flv2– (Zhang et al., 2012) II 
ΔFlv4 flv4– (Zhang et al., 2012) II 
ΔSll0218 sll0218– (Helman et al., 2003) II 
ΔSll0218/Flv2 sll021–, flv2– (Helman et al., 2003) II 
ΔFlv3/4 flv3–, flv4– (Helman et al., 2003) II 
Flv4-Flv2 OE flv4OE, sll0218 OE, 

flv2 OE 
(Bersanini et al., 2014) II 

Syn:PcpcYqjM YqjM+ Paper IV IV 
ΔFlv1:YqjM flv1–, YqjM+ Paper IV IV 
ΔFlv3:PcpcYqjM Flv3–, YqjM+ Paper IV IV 

3.1.1 Construction of transgenic strains 
All strains in this study are derived from the glucose-tolerant, non-motile 
Synechocystis sp. PCC 6803 (Williams, 1988). As a control strain, wild type 
Synechocystis was employed. In Paper I, wild type and previously published 
ΔCox/Cyd strains (Lea-Smith et al., 2013) were used as genetic backgrounds to 
construct unmarked ΔCytM and ΔCox/Cyd/CytM mutants lacking cytM via a two-
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step homologous recombination protocol (Lea-Smith et al., 2016b). The rest of the 
mutants were generated according to the references listed in Table 3.  

3.1.2 Cultivation conditions 
Synechocystis strains were kept in cryogenic storage and revived on BG-11 agar 
plates at 3% (V/V) CO2. In every case, pre-experimental cultures (pre-cultures) were 
inoculated at ~ OD750 0.1 by transferring a patch of cells to 30 ml liquid BG-11 media 
in 100 ml Erlenmeyer flasks. Cultures were shaken at 120 rpm under constant white 
illumination at 50 µmol photons m–2 s–1 photon flux density at 30°C. In every study, 
pre-experimental cells in logarithmic growth phase were pelleted and re-inoculated 
in fresh BG-11 as experimental cultures.  

In Paper I, pre-experimental culturing was performed in BG-11 buffered with 10 
mM TES-KOH (pH 8.2) in air enriched with 3% CO2. Experimental cultures were 
exposed to a downshift in CO2 levels by re-inoculating the pre-culture cells in BG-
11 (pH 8.2) at atmospheric CO2. Growth at a photon flux density of 50 µmol photons 
m–2 s–1 light was then tested in the presence of initial glucose concentrations of (i) 0 
mM glucose, (ii) 5 mM glucose and (iii) 10 mM glucose. Further light regimes of 
(iv) constant 10 µmol photons m–2 s–1 and (v) 15 min 50 µmol photons m-2 s–1 every 
24 h were applied at initial level of 10 mM glucose. For photophysiological studies, 
conditions iii were applied. In paper II, pre-cultures were grown in BG-11 buffered 
with 20 mM Na-HEPES (pH 7.5) or 10 mM TES-KOH (pH 8.2) or 10 mM N-
Cyclohexyl-2-aminoethanesulfonic acid (CHES, pH 9.0) in air enriched with 3% 
CO2. Experimental cells were then exposed to a down-shift in CO2 level by re-
culturing cells at atmospheric CO2 at the corresponding pH and various light regimes 
were applied to test growth, gas fluxes and changes in gene expression. In paper III, 
pre-experimental cultivation was done in BG-11 buffered by 20 mM Na-HEPES (pH 
7.5) at atmospheric CO2 and identical conditions were applied for experimental 
culturing. In paper IV, pre-cultures were kept at atmospheric CO2 then re-cultured 
and cultivated at 50 µmol photons m–2 s–1 or 150 µmol photons m–2 s–1 constant light 
under identical conditions.  

3.2 Determining cell properties 

3.2.1 Cell size and number 
The number and size of cells were evaluated by using the Nexcelcom Cellometer 
X2. Cell suspensions were diluted to OD750 1, transferred to a counting plate 
provided by the manufacturer and brightfield images were captured. The average cell 
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size and number were determined by analysing the images with the Nexcelcom 
software (Paper I). 

3.2.2 Concentration of intracellular chl  
Concentration of chl was determined by measuring the absorbance of 90% (V/V) 
methanolic cell extracts at 663 nm. When indicated, the amounts of chl in cell 
suspensions were adjusted by resuspending given amounts of cells in fresh BG-11 
prior to measurements (Paper I-IV).  

3.2.3 Glucose consumption  
Concentrations of glucose were determined in filtered (0.2 µM) spent media using 
the High Sensitivity Glucose Assay Kit (Sigma-Aldrich). The consumption of 
glucose was deduced from leftover glucose in the media and referenced against a 
given number of cells (Paper I). 

3.3 Photosynthetic activity measurements 

3.3.1 Fluorescence measurements and determining the 
redox kinetics of P700 and Cyt f  

Whole-cell, NAD(P)H fluorescence, and oxidoreduction of P700 in intact cells was 
monitored using a pulse amplitude-modulated fluorometer (Dual-PAM-100, Walz). 
Prior to the measurements, samples were adjusted to 10-15 µg chl ml–1 and adapted 
to the dark at 30°C. Samples were measured in the presence of 10 mM glucose in an 
open quartz cuvette under atmospheric conditions (Paper I) or in an airtight quartz 
cuvette (Hellma) under anoxic conditions established by adding 10 U Glucose 
oxidase ml–1, 20-40 U Catalase ml–1, 5 mM glucose and flushing the gas phase with 
N2 for 2 min (Paper III). When indicated, freshly prepared mQ water saturated with 
NO, or containing 10 mM methylmaleimide were added at a final concentration of 
20 µM NO (Paper III) or 100 mM methylmaleimide (Paper IV), respectively. In 
Paper I, III and IV, Pm was determined by exposing dark-adapted cells to a multiple 
saturating light pulse (500 ms, 5000 µmol photons m–2 s–1) under strong far-red 
illumination. Identical pulses were applied under periods of dark and actinic red light 
(50 µmol photons m–2 s–1) to measure photosynthetic yields, as described previously 
(Klughammer and Schreiber, 2008a, 2008b). The rate constant of NADPH decay in 
dark was determined by fitting via f = y0 + a − b * x (Paper IV). 

The decay of flash-induced yield of chl fluorescence in the dark was measured 
with a fluorometer (FL3500, PSI Instruments). The concentration of chl was set to 5 
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µg chl ml–1 then the cells were pre-adapted to the dark for 3 min. The following 
chemicals were added when indicated: 10 µM or 20 µM 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU); 25 µM 2,5-dibromo-3-methyl-6-isopropylbenzoquinone 
(DBMIB); or 1 µM or 20 µM NO (Paper I, III).  

Whole-cell redox kinetics of Cyt f were determined by JTS-10 pump probe 
spectrophotometer (BioLogic). Prior to the measurements, the samples were 
adjusted to chl concentrations of 5 µg ml–1, pre-adapted to the dark and exposed to 
green light at a photon flux density of 500 µmol photons m–2 s–1. When indicated, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was added to a final concentration 
of 20 µM (Paper I, III). 

3.4 Monitoring gas exchange  

3.4.1 Clark-type electrode measurements 
Net O2 production in whole cells were monitored with a Clark-type oxygen electrode 
in a temperature-regulated chamber equipped with stirrer (Hansatech). O2 was 
calibrated in mQ water using a two-point calibration method. Cell suspensions were 
adjusted to chl concentration of 7.5 µg chl ml–1, adapted to the dark, then 
supplemented with 0.5 mM 2,6-dichloro-p-benzoquinone (DCBQ). The production 
of O2 was then measured under white light at 1000 µmol photons m–2 s–1. Rates were 
calculated using the Hansatech software (Paper I).  

3.4.2 Membrane inlet mass spectrometry measurements 
Gas fluxes in intact cells were monitored by applying MIMS. During the 
measurements, samples were kept under physiological conditions in a home-built 
interface consisting of a temperature-regulated Hansatech chamber with a stirrer. 
The chamber was connected to the vacuum line of a mass spectrometer (Prima PRO 
model, Thermo Scientific) via a gas-permeable S4 polytetrafluoroethylene 
membrane (Hansatech). O2 was calibrated similarly in Clark-type electrode 
measurements. Total inorganic carbon and NO was calibrated by injecting known 
amounts of HCO3

– or NO into known volumes of growth media, respectively. Prior 
to the measurements, chl concentration of the samples were set to 10 µg chl ml–1 and 
freshly prepared aqueous NaHCO3 was added at final concentration of 500-1500 
µM. In paper III, anoxic conditions were established and NO µM was added as it 
was described for the chl fluorescence measurements. In paper I and II, samples were 
enriched with 98% (V/V) 18O2 heavy isotope (CK Isotopes) and when indicated, 
supplemented with quinone analogues DBMIB or 2-heptyl-4-hydroxyquinoline-N-
oxide (HQNO) at final concentrations of 25 µM and 50 µM, respectively. 



Materials and Methods 

 43 

Photosynthetic activity was followed under illumination at photon flux densities of 
200-1500 µmol photons m–2 s–1. Respiration was determined in pre- and post-
illumination dark periods. Rates of gas fluxes were calculated as described earlier 
(Beckmann et al., 2009). 

3.5 Transcriptomics 
Relative changes in gene expressions were determined by real-time quantitative PCR 
(RT-qPCR). As a template, complementary DNA was applied that was synthetized 
with iScript cDNA Synthesis Kit (BioRad, USA) using total RNA isolated from 
Synechocystis via the hot-phenol method (Paper II). 

3.6 Protein analysis 

3.6.1 Western blotting 
Cellular total protein fractions were prepared as described previously (Zhang et al., 
2009). Proteins were separated by electrophoresis in 12 % (w/v) SDS-PAGE 
supplemented with 6 M urea, transferred to polyvinylidene difluoride membrane 
(Immobilon-P, Millipore) via semidry blotting and exposed to protein-specific 
primary antibodies. Secondary antibodies fused with Horseradish peroxidase were 
applied to tag primary antibodies. The antibody conjugates were then visualized by 
Amersham ECL Western Blotting Detection Reagent (GE Healthcare, Paper I and 
II). 

3.6.2 Mass spectrometry and data-dependent analysis 
Global label-free proteomics analysis of ΔCytM and wild type cells were performed 
using nanoscale liquid chromatography electrospray ionization tandem MS (nLC-
MS/MS) using the data-dependent analysis (DDA) method (Paper I). Total proteins 
were isolated according to a method published earlier (Vuorijoki et al., 2016). 
Proteins were reduced, alkylated then precipitated in 1:1 acetone: ethanol solution 
and stored at –20° C until digestion. When resuspended, proteins were digested via 
in-solution digestion using 1 µg trypsin µl–1, 5 % (V/V) acetonitrile and 50 mM Tris-
HCl (pH 8). Peptides were separated in a nano-liquid chromatography system 
(EasyNanoLC 1000, Thermo Fisher Scientific), ionized by positive ionization then 
fragmented by high-energy collision dissociation. MS QExactive (Thermo Fisher 
Scientific) and Thermo Xcalibur (Thermo Fisher Scientific) software were used to 
register the mass-to-charge spectra in the range 300 to 2000 mass-to-charge ratio and 
the MS/MS scans for the 10 most intense peaks. Raw data was referenced against 
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the genome of Synechocystis (Kaneko et al., 1996) using an in-house Mascot search 
engine (Perkins et al., 1999). Search results were analysed with Proteome Discoverer 
software (Thermo Fisher Scientific) and further annotated with data downloaded 
from Uniprot. Quantification of MS data was performed using the Progenesis QI LC-
MS 4.0 (Nonlinear Dynamics) software using a threshold of at least 2 detected 
peptides per protein. The abundance levels of the proteins were calculated based on 
the volumes of the peptide peaks representing the given proteins. The practical 
significance of differentially regulated proteins was set to FC > 1.5 (Paper I). 

3.6.3 Kinetics parameters of the YqjM enzyme 
The reductive rate of YqjM was determined via stopped flow spectroscopy under 
anoxic conditions in an anaerobic glovebox. Prior to the measurements, solutions 
were sparged with N2. The reaction solution contained 25 μM purified YqjM protein, 
30−1000 μM NADPH or NADH and 50 mM Tris-HCl (pH 7.5). Cofactor reduction 
was followed at 452 nm and 25 °C then reductive rate kred and dissociation constant 
KD was determined. To measure the oxidative rate kox of YqjM, the protein was 
reduced by equimolar amounts of NADPH. 20 μM reduced YqjM was then mixed 
with 25−500 μM methylmaleimide, buffered at 50 mM Tris-HCl (pH 7.5) and 
absorbance was followed at 452 nm and 25 °C (Paper IV).  

3.7 Statistical analysis 
Statistical significance was determined using the analysis of variance (ANOVA) 
method (Paper I-IV).  
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4 Main results 

4.1 Deletion of CytM prevents the gradual 
inhibition of photosynthesis under 
photomixotrophic conditions 

The effects of utilizing organic carbon on photosynthesis and the potential role of 
CytM in associated regulation were assessed in Paper I. Unmarked mutants of 
Synechocystis lacking the cytM gene (sll1245) were constructed according to a 
previously published method (Lea-Smith et al., 2016b). To evaluate whether deleting 
CytM affects growth, wild type and ΔCytM cells were cultivated at a photon flux 
density of 50 µmol photons m–2 s–1 in the absence or presence of glucose at an initial 
concentration of 10 mM. Based on optical density (OD750) measurements (Fig. 1A 
in Paper I), no difference in growth was observed between the wild type and ΔCytM 
under photoautotrophic conditions. When supplemented with glucose, both strains 
grew faster than those cultured photoautotrophically. On the third day ΔCytM had 
however 1.9 ± 0.4 higher OD750 than the wild type. The observed growth advantage 
of ΔCytM over the wild type under photomixotrophic conditions is in line with 
previous reports (Hiraide et al., 2015).  

Next, it was investigated how photomixotrophic culturing altered the 
photosynthetic apparatus and whether deleting CytM prevented this change. The 
functionality of PSII was tested by determining rates of net O2 production in intact 
cells via the Clarke-type electrode (Fig. 3E in Paper I). Strikingly, wild type cells 
exposed to 1000 µmol photons m–2 s–1 white light demonstrated only marginal net 
production of O2 when cultured photomixotrophically for 3 days. The O2 evolving 
capacity increased when the artificial electron acceptor DCBQ was added to the cells 
prior to the measurements, albeit not to the level observed in the DCBQ-treated 
photoautotrophic wild type. This suggests that the functionality of PSII is fairly 
retained under photomixotrophic conditions, but the electron transfer downstream of 
PSII may be blocked, likely by a strongly reduced PQ pool. In contrast, net 
production of O2 in photomixotrophic ΔCytM was similar to that in the 
photoautotrophic wild type, suggesting that the loss of CytM conserves net 
photosynthetic activity. We then assessed how the wild type lost and ΔCytM retained 
PSII activity during photomixotrophic cultivation. The redox kinetics of the PSII 
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primary electron acceptor QA
– was determined by daily measurements of flash-

induced fluorescence yield decay kinetics (Fig. 4 in Paper I). Typical relaxation 
curves were observed under photoautotrophic conditions, and on day 1 of 
photomixotrophic culturing both in wild type and ΔCytM cells. On the second day, 
QA

– reoxidation in the wild type was substantially slower than on day 1, and on the 
third day nearly blocked. Such a gradual slow-down in QA

– reoxidation was not 
observed in photomixotrophic ΔCytM.  

To evaluate whether different efficiencies in CO2 assimilation or Mehler-like 
activity accounted for such differences between the wild type and ΔCytM on day 3, 
we probed real-time cellular gas fluxes (Fig. 7 in Paper I). Samples were 
supplemented with 1.5 mM NaHCO3 and enriched with 18O2 isotopologue then 
changes in total inorganic carbon (Ci) and O2 levels were followed via MIMS under 
dark/200 µmol photons m–2 s–1 light/dark regime. This method enabled us to estimate 
the activity of Rubisco, and differentiate between gross 16O2 production by PSII and 
18O2 consumption by FDPs (and RTOs). By calculating the difference between 18O2 
consumption in light and dark, we determined light-induced O2 consumption that 
accounts for the Mehler-like activity. Importantly, residual gross 16O2 production 
was observed in the photomixotrophic wild type exposed to the light. We detected 
nearly equal 18O2 consumption in the light, therefore electrons originating from PSII 
may have been circulating via the water-water cycle, possibly driven by RTOs. In 
line with this, light-induced 18O2 consumption and total Ci uptake was negligible. 
Compared to the photomixotrophic wild type, ΔCytM displayed a substantially 
higher gross production of 16O2, light-induced 18O2 consumption, and total Ci uptake. 
In summary, activities of FDPs and Rubisco in the wild type was negligible likely 
due to arrested flow of photosynthetic electrons. It remains ambiguous whether this 
blockage was triggered by limitations at PSII directly or indirectly via feedback 
repression originating downstream of PSI. Nevertheless, deleting the CytM protein 
effectively alleviated the blockage on PET by an as yet unknown mechanism.  

4.2 Photomixotrophically cultured ΔCytM 
accumulates proteins of nutrient uptake 
systems and cofactor biosynthetic pathways  

To reveal differences in the metabolism of wild type and ΔCytM cultivated under 
photomixotrophic conditions, the total proteome was analysed by nLC MS/MS and 
the DDA method (Fig. 8 in Paper I). In total, we identified 2415 proteins, out of 
which 634 were quantified. 162 proteins differed in abundance between ΔCytM and 
the wild type at a fold change (FC) less than -1.5 or more than 1.5 (Supplemental 
dataset S1-3 in Paper I). Differentially regulated proteins were grouped by molecular 
function. The most pronounced differences were observed in transporter proteins. 
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The most abundant proteins in the mutants were the constitutive low-affinity ABC-
type phosphate transporters (pstA1, pstB1, pstB1’, pstC) when compared to the wild 
type. Importantly, higher levels of a thylakoid β-type carbonic anhydrase, EcaB, 
were observed in ΔCytM compared to the wild type. EcaB was recently proposed to 
regulate the activity of NDH-13 and NDH-14 isoforms that are known to drive 
inducible or constitutive uptake of CO2, respectively (Ogawa, 1991; Sun et al., 
2019). Only a handful of enzymes participating in the central carbon metabolic 
enzymes were found to be differentially regulated in the mutant. A notable 
exemption is the phosphofructokinase enzyme (Pfk) which was less abundant in 
ΔCytM than in the wild type. Pfk operates in the EMP pathway by transferring a 
phosphoryl group from ATP to fructose-6-phosphate (F6P) yielding fructose 1,6-
bisphosphate (FBP). Importantly, ΔCytM retained the Mg2+ transporter MgtE in 
higher amounts than the wild type. Mg2+ is a ligand of the tetrapyrrole ring in 
chlorophylls. Additionally, ChlL, a subunit of light-independent protochlorophyllide 
reductase (Wu and Vermaas, 1995) and ChlP, a geranylgeranyl reductase (Shpilyov 
et al., 2005) were found at higher levels in the mutant than in the wild type. The 
accumulation of transporter and biosynthetic proteins in ΔCytM plausibly reflects 
elevated nutrient requirements due to enhanced growth under photomixotrophic 
conditions. The key changes in protein abundances and bioenergetics processes in 
ΔCytM cells are summarized in Fig. 7.  
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Figure 7.  Schematics of the metabolism in ΔCytM cells cultivated under photomixotrophic 
conditions. BCT1, bicarbonate transporter 1; CB, Calvin-Benson-Bassham cycle; Ci 
uptake, inorganic carbon uptake; Co uptake, organic carbon uptake; eda, Entner-
Doudoroff aldolase; fda, fructose-1,6-bisphosphate aldolase; FutA2, iron uptake protein 
A2; gap1-2, glyceraldehyde-3-phosphate dehydrogenase 1-2; glc, glucose; glcP, 
glucose transporter; glk, glucokinase; gnd, 6-phosphogluconate dehydrogenase; mdh, 
malate dehydrogenase; Pi uptake, inorganic phosphate uptake; pgk, phosphoglycerate 
kinase; PM, plasma membrane; pps, phosphoenolpyruvate synthase; Pyr, pyruvate; 
PEP, phosphoenolpyruvate; rbcL, Rubisco large chain, sucD, succinate-semialdehyde 
dehydrogenase; TCA, tricarboxylic acid cycle; TM, thylakoid membrane; ZiaAB, zinc 
transporter; zwf, glucose-6-phosphate 1-dehydrogenase. The drawing is adopted from 
Paper I and slightly modified (Solymosi et al., 2020). 

4.3 Distinct in vivo activity of Flv1/Flv3 and 
Flv2/Flv4 in Synechocystis cultivated under 
atmospheric conditions 

To distinguish between activities of Flv1/Flv3 and Flv2/Flv4 heterodimers, we 
investigated cellular gas fluxes in various Synechocystis mutants deficient in FDPs 
(Paper II). In vivo activity of FDPs was determined via MIMS similar to that in Paper 
I. First, we tested the wild type and ΔFlv1/Flv3 mutant (Figure 2 in Paper II) 
previously shown to be lacking Flv1 and Flv3 but retaining Flv2 and Flv4 proteins 
(Allahverdiyeva et al., 2011; Mustila et al., 2016). Cells were cultivated at pH 7.5 
and atmospheric CO2, which is known to induce the expression of all FDPs (Zhang 
et al., 2009). At the transition from dark to 500 µmol photons m–2 s–1 light, wild type 
cells displayed a prompt but transient increase in rates of O2 consumption. Over time, 
this increase was followed by a rapid decay in rates then a quasi-stable state of O2 
consumption in light. In ΔFlv1/Flv3, rates of light-induced O2 uptake were 
substantially lower than those in the wild type, but were not zero. This observation 
demonstrated that in Synechocystis cultured under atmospheric conditions, Flv1 and 
Flv3 are the major, but not the only, components driving O2 photoreduction.  

Next, we assessed whether the detected photoreduction of O2 in the ΔFlv1/Flv3 
mutant was driven by Flv2 and Flv4 proteins. The ΔFlv3/Flv4 mutant lacking all 
FDPs (Mustila et al., 2016) was exposed to light and Mehler-like activity was 
determined (Figure 2 in Paper II). We observed negligible light-induced 
consumption of O2, demonstrating that the loss of FDPs completely abolish O2 

photoreduction activity in Synechocystis. This suggests that Flv2 and Flv4 
substantially contribute to the Mehler-like reaction.  

We then evaluated whether Flv2 and Flv4 transferred electrons to O2 from the 
acceptor side of PSII or the PQ pool (Figure 3—figure supplement 1 in Paper II) as 
it was proposed earlier (Bersanini et al., 2014; Zhang et al., 2012). Given that Cyd 
proteins are capable of O2 photoreduction by oxidizing the PQ pool (Ermakova et 
al., 2016), we applied the ΔCyd mutant. To block electron transfer downstream of 
PQ pool, ΔCyd cells were exposed to 25 µM DBMIB, which is known to inhibit  Cyt 
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b6f (Roberts and Kramer, 2001). Importantly, O2 consumption in light was 
negligible, implying that Flv2 and Flv4 (or any other cellular components in ΔCyd) 
are unable to oxidize the acceptor side of PSII via O2 photoreduction. All FDPs 
therefore reduce O2 by electrons originating downstream of PSI.  

The capacities of Flv1/Flv3 and Flv2/Flv4 were tested by determining rates of 
O2 uptake in wild type, ΔFlv1/Flv3, and ΔFlv4 cells exposed to different light 
intensities (Figure 5 in Paper II). While ΔFlv4 is deficient in both Flv2 and Flv4 it 
expresses Flv1 and Flv3 proteins (Paper II; Zhang et al., 2012). When illuminated, 
all strains displayed triphasic kinetics in consumption of O2. The most pronounced 
difference was observed in maximal rates of light-induced O2 consumption at dark-
to-light transitions. In the wild type, maximal rates at light intensities of 1000 and 
1500 µmol photons m–2 s–1 were 2 and 2.3 times higher than that under 500 µmol 
photons m–2 s–1 illumination. Such fold changes were slightly lower in ΔFlv4 and 
only minor in ΔFlv1/Flv3. These results demonstrated that the Flv1/Flv3 
heterodimer is a rapid and high-capacity electron sink, whereas the Flv2/4 
heterodimer assists in the slower steady-state photoreduction of O2. 

4.4 NO represses PSII and NDH-1 in vivo 
FLVB, the homolog of Flv3 in Chlamydomonas was shown to catalyse light-induced 
NO reduction in Chlamydomonas in vivo (Burlacot et al., 2020). Whether NO can 
function as a sink of photosynthetic electrons in cyanobacteria depends on the 
impacts of NO photosynthesis. In paper III, photochemical activity of PSII and PSI 
was evaluated in vivo by monitoring whole-cell fluorescence and P700 redox kinetics 
in wild type Synechocystis in the absence or presence of 20 µM NO (Fig. 1 in Paper 
III). Under actinic red illumination, untreated cells demonstrated photochemical 
yields of PSII [Y(I)] and PSI [Y(I)] comparable to previously published values 
(Solymosi et al., 2020). To avoid oxidation of NO into NOx species, anoxic 
conditions were established. In anoxic cells exposed to actinic light, effective Y(II) 
was initially 67.4% ± 12.2% lower than that in cells under atmospheric conditions. 
Over 2 min illumination however, effective Y(II) increased and was only 36.2% ± 
13.8% lower when compared to that in control cells. In line with this, donor side 
limitation at PSI [Y(ND)] was initially 18.0% ± 7.3% higher than that under 
atmospheric conditions but recovered to near control levels. Similar to effective 
Y(II), effective Y(I) was initially lower than in the control cells but improved over 
the 2 min of actinic illumination. Partial recovery of PSII and PSI activity may have 
been elicited by higher levels of O2 that alleviated substrate limitation of FDPs and 
RTOs, leading to a more oxidized PQ pool. 

Next, 20 µM NO was added to the cells 2 min prior to the measurement in the 
dark (Figure 1 in Paper III). When exposed to actinic light, anoxic cells treated with 
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NO demonstrated negligible effective Y(II). This is in line with previous in vivo 
studies reporting decreased Y(II) in pea leaves exposed to GSNO under atmospheric 
conditions (Wodala et al., 2008). The loss of Y(II) observed here was reflected in 
Y(ND), which was markedly higher than in the wild type under anoxic or 
atmospheric conditions. Consequently, only minor effective Y(I) was observed in 
cells treated with NO under anoxic conditions. These results demonstrate the 
detrimental effects of NO on PSII and PSI in cyanobacteria in vivo. 

We then investigated the effects of NO on the redox kinetics of QA (Fig. 2 in 
Paper III). Anoxic cells were untreated or treated with 1 µM or 20 µM NO and 
exposed to a short saturating flash. Changes in fluorescence yield were subsequently 
monitored in the dark. In the absence of NO, anoxic cells displayed waving kinetics 
previously observed in Synechocystis under microoxic conditions and 
Chlamydomonas under H2-producing conditions (Deák et al., 2014; Krishna et al., 
2019). The wave feature comprises an initial decrease in the fluorescence yield, 
reflecting transient re-oxidation of QA

− by QB, and a subsequent rise, corresponding 
to re-reduction of the PQ pool by NDH-1 in the dark (Deák et al., 2014). When 
anoxic cells were exposed to NO, the transient rise was nearly eliminated. This 
suggests that NDH-1 is repressed by NO. 

4.5 Deleting Flv1 or Flv3 enhances light-driven 
whole-cell biotransformation 

To assess whether the loss of Flv1 or Flv3 proteins increase the availability of 
reducing equivalents for the ene reductase YqjM in Synechocystis, heterologous 
YqjM was expressed under the regulation of promoter Pcpc in wild type 
(Syn::PcpcYqjM), ΔFlv1 (ΔFlv1::PcpcYqjM) and ΔFlv3 (ΔFlv3::PcpcYqjM) genetic 
backgrounds (Paper IV). Conversion of 2-methylmaleimide to 2-methylsuccinimide 
by YqjM was used as a model reaction. However, maleimides are known to modify 
proteins via binding to Cys residues (Zaffagnini et al., 2019). Therefore, we first 
evaluated the effects of the substrate 2-methylmaleimide on the photosynthetic 
apparatus (Fig. 5A, B in Paper IV). The wild type, and mutants Syn::PcpcYqjM, 
ΔFlv1, and ΔFlv1::PcpcYqjM were exposed to 400 µmol photons m–2 s–1 illumination 
for 15 min in the presence or absence of 10 mM 2-methylmaleimide. To determine 
photochemical yields of PSII and PSI, we monitored changes in cellular fluorescence 
simultaneously with redox kinetics of P700 under periods of dark, far-red and actinic 
red light. When the substrate was absent, Y(II) and Y(I) was comparable between 
the wild type and the mutant Syn::PcpcYqjM, ΔFlv1 and ΔFlv1::PcpcYqjM. However, 
wild type and ΔFlv1 cells exposed to 10 mM substrate demonstrated substantially 
lower Y(II) when compared to untreated cells. Moreover, Y(I) was lower in treated 
cells of the wild type and ΔFlv1 exposed to dark and far-red light than those in 
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untreated cells. Such detrimental effects were not observed in Syn::PcpcYqjM and 
ΔFlv1::YqjM mutants expressing YqjM, demonstrating that YqjM effectively 
alleviates substrate toxicity by consuming 2-methylmaleimide.  

Next, it was evaluated whether the loss of Flv1 or Flv3 increased the conversion 
efficiency of 2-methylmaleimide into 2-methylsuccinimide in Synechocystis mutants 
expressing YqjM (Fig. 6 in Paper IV). Cells were cultivated under 150 µmol photons 
m–2 s–1 illumination, adjusted to OD750 2 and exposed to 10 mM 2-methylmaleimide 
in light. The product formation rate and the whole cell specific activity in light 
conditions was comparable between Syn::PcpcYqjM, ΔFlv1::YqjM and 
ΔFlv3::YqjM. When light-dependent production was tested at a more industrially 
relevant higher density (OD750 10) Flv1/3-deficient mutants ΔFlv1::YqjM and 
ΔFlv3::YqjM demonstrated higher productivity than the control strain 
Syn::PcpcYqjM. These results show that engineering innate electron sinks is a viable 
strategy for enhancing reactions of interest that utilize photosynthetic reductants. 
 



 52 

5 Discussion 

Microalgae are well placed to become frontrunners in green technologies. Driven by 
the inexhaustible solar energy, the photosynthetic apparatus converts naturally 
abundant materials such as water, CO2 and N2 into reducing cofactors that can be 
used for the biosynthesis of valuable compounds. However, microalgae evolved to 
survive in changing natural environments and not to operate as solar-driven living 
factories. Under controlled production conditions, photoprotective processes waste 
energy thus limiting productivity. Photoprotective processes can be removed. 
However, given the astounding complexity of photosynthesis, specialized 
knowledge and know-how are required. In this study, we sought to uncover 
regulatory processes of photosynthesis and demonstrate the applicability of such 
fundamental knowledge in realizing the potential of microalgae in bioindustrial 
applications.  

5.1 Scientific dilemmas when re-designing 
photosynthesis 

The inactivation of thylakoid electron sinks, such as FDP, is a promising strategy to 
provide proteins of interest a competitive advantage for photosynthetic electrons. 
Recent papers have demonstrated potential applicability in biotransformation, 
production of biofuels such as H2, and carbon-derived chemicals (Paper IV; Jokel et 
al., 2019; Selão et al., 2020; Thiel et al., 2019). However, a potentially larger pool 
of available reductants may not necessarily translate into higher yields of the targeted 
carbon-derived chemicals due to: (i) regulatory feedback repressions that may limit 
the apparent photosynthetic activity; or (ii) rearrangements in the metabolism to 
utilize the surplus reductants by “housekeeping” reactions. Therefore, the potential 
applicability of improving light reactions can be better assessed by evaluating 
targeted reactions that are directly coupled to the Fd pool such as the 
photoproduction of H2 by innate hydrogenases. These proteins directly compete for 
electrons with innate sinks such as FDP and FNR. Synechocystis possesses [NiFe]-
hydrogenases that are generally considered to be less efficient than e.g., the [Fe-Fe]-
hydrogenase of Chlamydomonas, due to slower catalysis and bidirectionality. The 
latter is, the capacity to both generate and consume H2 (Bothe et al., 2010; Peters et 
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al., 2015). As such, photoproduction of H2 in Chlamydomonas is the most insightful 
case to demonstrate the applicability and complexity of electron sink engineering.  

The loss of FLVB improves long-term photoproduction of H2 in 
Chlamydomonas when exposed to a train of strong but short light pulses 
superimposed over a dark background (Jokel et al., 2019). Plausibly, such 
improvements are—at least partly—the result of eliminating a competitor of the 
hydrogenase. However, given that loss of FDP is known to delay pmf generation 
(Section 1.2.3; Paper V), other factors must play a role in increasing H2 
photoproduction in the mutant (Paper V). Indeed, delay in generating pmf likely 
translates into a less strict photosynthetic control, thereby: (i) limiting CET, a 
competitor pathway of the hydrogenase, and (ii) enabling active water splitting at 
PSII (Steinbeck et al., 2015), which is the primary electron supplier of hydrogenase 
in long-term H2 photoproduction (Kosourov et al., 2020). In line with this, it was 
shown that long-term photoproduction of H2 increased when pmf was artificially 
compromised by applying uncouplers or deleting PGR5 or PGRL1 in S-deprived 
Chlamydomonas (Antal et al., 2009; Steinbeck et al., 2015; Tolleter et al., 2011). 
Moreover, compromised pmf may translate into altered ATP/NADPH ratios 
influencing the initiation of the CBB cycle that is currently considered to be a major 
limitation in the photoproduction of H2 (Kosourov et al., 2021; Tóth and Yacoby, 
2019). It is important to note that hydrogenases are extremely sensitive to O2 (Happe 
and Naber, 1993; Swanson et al., 2015) thus photoproduction of H2 is primarily 
facilitated under anoxic conditions. We have shown that in Synechocystis, exposure 
to anoxia substantially affects the photosynthetic electron flux (Paper III). Therefore, 
engineering electron sinks—at least in cyanobacteria—likely have different effects 
under atmospheric conditions. 

Introducing an exceptionally strong artificial electron sink in the thylakoid of 
cyanobacteria or green algae may eliminate feedback reactions and, when 
outcompeting innate sinks, simplify the electron transport. Biotransformation driven 
by photosynthesis is thus a promising approach to utilize photosynthetic reductants 
for targeted reactions and, simultaneously, enhance the effective photochemical 
work. The NADPH-dependent YqjM protein recently has recently been employed in 
a cyanobacterial whole-cell biotransformation platform (Paper IV). YqjM is a 
promising candidate for such an artificial electron sink, however, its substrate 
specificity could be narrower. A potential approach to improve substrate specificity 
is protein engineering via side-directed mutagenesis. This technique has been 
successfully applied to enhance enzymatic activity and substrate specificity of 
several oxidoreductases e.g., Cyt P450 proteins (Li et al., 2020).  
 In summary, understanding the interrelation between the photosynthetic 
apparatus and thylakoid electron sinks is key to successfully apply electron sink 
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engineering in a wider range of applications thus bringing microalgae closer to 
feasible applicability in bioindustry. 

 
Figure 8. Schematics of reductant pools (Fd and NADPH) in Synechocystis and Chlamydomonas. 

Proteins of interest which can utilize Fd or NADPH for production of targeted compounds 
are competing with innate electron sinks such as FDP or the CBB cycle. 

5.2 Inventive activity related to photosynthesis  
Engineering photosynthesis has the longest history in crop plant development. To 
feed the predicted 10 billion-strong human population in 2050 sustainably, gaps in 
food production, arable land, and emission mitigation have to be closed. By applying 
gene-editing techniques on plants, strenuous efforts are devoted to improve crop 
yields and, decrease land and water usage by eliminating inefficiencies in CO2 
fixation, and improving utilization of light energy (Evans, 2013; Foyer et al., 2017; 
Murchie and Niyogi, 2011; Ort et al., 2015). A promising engineering approach is to 
enhance the energy-efficiency of CO2 fixation. Introducing a highly efficient 
metabolic pathway alternative to the wasteful native photorespiratory pathway, plant 
productivity was boosted by 40% (South et al., 2019). However, the uptake of 
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technological achievements in European agriculture is limited due to restrictive 
legislation towards commercializing genetically modified crops [Regulation (EC) 
No 1829/2003]. Curiously, the attitude is more permissive towards patenting gene-
edited crops and related findings [Article 53(b) EPC]. The controversy between GM 
and patent law is seldom discussed and creates unique regulatory challenges in the 
European Union (Jiang, 2020).  

Contained use of genetically engineered microorganisms, such as microalgae, 
are permitted (Council Directive 90/219/EEC). A patent report in the space of algae-
related technologies revealed that the number of yearly patents grew at a rate of 11-
13% between 1995 and 2013, demonstrating the increasing interest in microalgae. 
The majority of these patents are related to growing and harvesting technologies, and 
proprietary strains. Applications were predominantly filed in Asia (75%), aiming for 
nutritional or medicinal uses, and the United States (13%), intending to produce 
biofuels (World Intellectual Property Organization, 2016). The global market of 
algal products (including those from seaweed) is forecast to grow at a compound 
annual growth rate of 5.4% reaching $5.17 billion by 2023 (Markets and Markets, 
2018). 

5.3 Is algae-tech economically feasible and 
environmentally sustainable? 

In the last decades, the production of biofuels (bioethanol, biodiesel) in the United 
States was one of the most capital-intensive activities related to the algae-tech space. 
However, producing biofuels are yet to become commercially viable (Chen et al., 
2018; Ruiz et al., 2016). A major bottleneck preventing economic feasibility is low 
biomass productivity due to e.g., the unrealized potential in photosynthetic photon-
to-product conversion efficiency: only 1-3% is met out of the theoretical maximum 
of 10-13% (Melis, 2009; Radakovits et al., 2010). By remodelling 34 microalgal 
biofuel production platforms via life cycle assessment and techno-economic 
analysis, it was found that costs of biofuel production decrease 30-40% when 
biomass productivity is doubled in the currently common range of12.5 to 30 g dry 
weight (DW) biomass m−2 day−1. However, further increasing biomass productivity 
to ~50 g DW biomass m−2 day−1 gains only 15-20% additional cost reduction, and 
still cannot lead to economically viable production. Importantly, the majority of the 
modelled platforms missed sustainability targets when a common sustainability 
metric, the global warming potential (GWP, expressed in emitted g CO2 equivalent 
to MJfuel

−1) was calculated. According to the models, increasing biomass productivity 
would lead to no or only minor improvements in GWP. Diminishing returns in 
production cost or sustainability were due to extra environmental, capital, and 
operating burdens (Cruce et al., 2021). Indeed, it was demonstrated by an actual 100-
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ha microalgal facility producing feed and biofuel that high energy requirements and 
fertilizer demand are major barriers preventing feasible and sustainable biofuel 
production (Beal et al., 2015). Thus, reducing material and energy input is key in 
maturing microalgae technology. 

The current consensus for offsetting the high production costs is developing 
multi-pathway biorefineries that co-produce a range of valuable compounds (e.g., 
proteins) with biofuels (Ruiz et al., 2016; Zhu, 2015). Based on a recent modelling 
study, production costs markedly decreased when biomass fractionation was applied 
to co-produce valuable proteins with biodiesel (Cruce and Quinn, 2019). The 
consumer demand for food-grade microalgal proteins will be tested in the coming 
years. Recently, a United Kingdom-based algae-tech company Algenuity reported to 
partner with Unilever, a €50 billion-worth food industry giant, to commercialize 
vegetarian food additives based on a proprietary Chlorella vulgaris strain (find the 
patent as WO2020105001 in the WIPO IP Portal). Apart from proteins, microalgae 
are potential sources of various highly valuable fine chemicals and pharmaceuticals 
(Laurens et al., 2017). However, a wider value chain in microalgae biorefineries 
cannot solve sustainability issues. Access to renewable energy and efficient nutrient 
recycling are crucial to the path towards sustainable microalgae biorefineries (Ruiz 
et al., 2016). 
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6 Conclusions and future 
perspectives 

The photosynthetic machinery is controlled by an intricate hierarchical regulatory 
network. By targeting master regulators with an engineering approach, the 
photosynthetic electron flow may be redirected towards the biosynthesis of targeted 
chemicals. Here, it has been uncovered that the CytM protein and the small molecule 
NO plays a role in controlling the photosynthetic capacity (Paper I, III). It has been 
revealed that the regulatory proteins Flv1/Flv3 and Flv2/Flv4 have distinct electron 
sink activities (Paper II). The potential applicability of such knowledge has been 
demonstrated by the enhanced efficiency of whole-cell biotransformation via 
Synechocystis lacking Flv1 or Flv3 (Paper IV). Finally, the regulation of microalgal 
photosynthesis and the efforts of its engineering has been reviewed in light of the 
recent developments (Paper V).  

The complexity of metabolism is both the opportunity and the threat in 
microalgal biotechnology. An emerging trend is to increase complexity by 
employing microbial consortia to produce chemicals of interest (Sgobba and 
Wendisch, 2020). A seldom explored strategy in microalgal research is decreasing 
complexity. By redesigning the genome of the bacterium Mycoplasma mycoides, it 
was demonstrated that 473 genes are sufficient for a primitive prokaryote to function 
and reproduce (Hutchison et al., 2016). In the future, a minimalistic microalgae 
chassis may assist in developing robust microalgal production platforms. 
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