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ABSTRACT 

The heterocyst-forming cyanobacterium Anabaena sp. PCC 7120 can perform 
oxygenic photosynthesis in vegetative cells and simultaneously O2-sensitive N2 
fixation in heterocysts. In Paper I, deletion mutants of the photoprotective 
flavodiiron proteins flv1A and flv3A were characterized. The deletion of the 
vegetative cell-specific flv3A leads to downregulation of the heterocyst-specific Hup 
uptake hydrogenase gene. This leads to enhanced H2 production, suggesting a 
connection between photosynthetic e- sinks and N2 fixation. Moreover, Paper I 
demonstrates that both Flv1A and Flv3A are required under fluctuating light similar 
to Synechocystis. However, in contrast to Synechocystis, where Flv1 and Flv3 are 
mutually dependent, Flv3A can moderately catalyse the Mehler-like reaction 
independent from Flv1A. Still, this function of Flv3A requires the presence of Flv2 
and Flv4, suggesting some level of cooperation under air-level CO2. The formation 
of heterocysts is a transcriptional response to cellular C/N imbalance which is mainly 
signalled by the central metabolite 2-OG. Paper II demonstrates that deletion of the 
global transcription factor PacR, an important regulator of C-metabolism, FDPs, and 
photosynthesis, leads to enhanced heterocyst formation after shifting the N source 
from NH4

+ to NO3
-, most likely due to internal N shortage. This was primarily 

attributed to the downregulation of NO3
- uptake, which is directly regulated by PacR. 

Moreover, impaired regulation of photosynthetic components in the absence of PacR 
may have led to the slight decrease in the size of the photo-reducible Fed-pool, 
thereby decreasing the availability of reducing equivalents required for NO3

- 
reduction. Additionally, NH4

+ assimilation was disrupted due to GS/GOGAT-cycle 
impairment. Thus, these findings indicate that PacR functions as a regulator of N 
metabolism and C/N balancing and confirm the regulation of flavodiiron proteins. 

KEYWORDS: Anabaena sp. PCC 7120, heterocysts, photosynthesis, flavodiiron 
proteins, PacR, carbon–nitrogen balance 
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TIIVISTELMÄ 

Syanobakteeri Anabaena sp. PCC 7120 muodostaa erikoistuneita soluja, hetero-
kystejä, vasteena solunsisäiseen hiili–typpiepätasapainoon. Tämän ansiosta se 
pystyy yhdistämään happea vapauttavan fotosynteesin vegetatiivisissa soluissa ja 
hapelle herkän typen sidonnan heterokysteissä. Näiden kahden solutyypin aineen-
vaihdunta ja säätelyverkostot ovat tiiviissä vuorovaikutuksessa. Väitöskirjassani 
karakterisoin flv1A- ja flv3A-deleetiomutantteja. Nämä geenit koodaavat flavo-
diironiproteiineja, jotka toimivat fotosynteesin valosuojaavina elektroninieluina. 
Tulokseni osoittavat, että vegetatiivisissa soluissa ilmentyvän flv3A-geenin poisto 
heikentää heterokysteissä toimivan Hup-hydrogenaasin ilmentymistä. Tämä lisäsi 
vedyn tuotantoa jopa normaalissa ilman kaasukoostumuksessa ja osoittaa yhteyden 
fotosynteesin elektroninielujen ja suuren elektronimäärän vaativan typen sidonnan 
välillä. Lisäksi transkriptiotekijä FurA saattaa säädellä raudan jakautumista näiden 
prosessien välillä. Tulokseni osoittavat myös, että Flv1A- ja Flv3A-proteiinit ovat 
välttämättömiä vaihtelevissa valo-olosuhteissa. Toisin kuin syanobakteeri 
Synechocystiksessä, jossa Flv1 ja Flv3 toimivat yhdessä, Anabaenassa Flv3A voi 
katalysoida Mehler-tyyppisen reaktion ilman Flv1A:ta, mutta tämä riippuu Flv2- ja 
Flv4-proteiinien toiminnasta. Lisäksi osoitin, että globaalin transkriptiotekijän 
PacR:n poisto lisää heterokystien muodostumista siirryttäessä ammoniumista 
nitraattiin, todennäköisesti solunsisäisen typenpuutteen seurauksena. Tämä johtuu 
nitraatinoton voimakkaasta vähenemisestä sekä häiriöistä fotosynteesin ja 
GS/GOGAT-syklin säätelyssä. Yhteenvetona tulokseni osoittavat PacR:n 
keskeiseksi säätelijäksi typen aineenvaihdunnassa, solunsisäisen hiili–typpitasa-
painon ylläpidossa sekä flavodiironiproteiinien ilmentymisessä. 

AVAINSANAT: Anabaena sp. PCC 7120, heterokystit, fotosynteesi, flavodiironi-
proteiinit, PacR, hiili–typpitasapaino 
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1 Introduction 

1.1 The cyanobacterium Anabaena: Evolution, 
diversity and ecological role of multicellularity 
and atmospheric nitrogen (N2) fixation 

1.1.1 Evolution 

The emergence of cyanobacteria is placed during the Archean Eon between 3.5-2.0 

billion years ago (Ga) (Flores & Herrero, 2010; Och & Shields-Zhou, 2012; Sánchez-

Baracaldo et al., 2022; Schirrmeister et al., 2013, 2016). They spread and diversified 

at the end of the Archean (Sánchez-Baracaldo et al., 2022; Schirrmeister et al., 2016), 

probably causing rising oxygen (O2) levels, leading to the great oxygenation event 

(GOE) (Sánchez-Baracaldo et al., 2022; Schirrmeister et al., 2013, 2016). The 

emergence of multicellularity in cyanobacteria substantially increased diversification 

rates. Most extant cyanobacterial lineages (both multi- and unicellular) appear to have 

evolved from an ancient multicellular lineage (Schirrmeister et al., 2016). 

Multicellularity provided several adaptive advantages, including improved biofilm 

formation by improving motility and allowing optimal positioning and surface 

attachment (Sánchez-Baracaldo et al., 2022; Schirrmeister et al., 2016). Moreover, 

adopting a cooperative strategy could have increased fitness due to economies of scale 

and metabolic advantages (Schirrmeister et al., 2013). Biofilms containing filamentous 

cyanobacteria were widespread during the Proterozoic and likely played a major role 

in global primary production (Sánchez-Baracaldo et al., 2022). 

Possibly simultaneously with the emergence of multicellularity (2.45-2.1 Ga), 

the capability to fix N2 and form heterocysts - specialized microoxic cells that fix N2 

(described in detail in chapter 1.6.), emerged in cyanobacteria (Flores, Arévalo, et 

al., 2019; Gallego et al., 2025). The ability of some vegetative cells to differentiate 

into heterocysts, interspersed among to vegetative cells, emerged only once during 

evolution, giving rise to the monophyletic group of heterocystous cyanobacteria 

(Flores, Arévalo, et al., 2019; Gallego et al., 2025), which includes the orders 

Nostocales (including Anabaena sp. PCC7120) and Stigonematales (Sánchez-

Baracaldo et al., 2022; Zeng & Zhang, 2022). Nitrogenase, the O2 sensitive enzyme 

responsible for N2 fixation in heterocysts, was acquired early in cyanobacterial 
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evolution and occurs in both unicellular and filamentous taxa (Sánchez-Baracaldo et 

al., 2022). Since nitrogenase is inactivated by O2, the evolutionary pressure to limit O2 

diffusion to nitrogenase was likely driven by rising O2 levels during the GOE (Flores, 

Arévalo, et al., 2019; Gallego et al., 2025). This led to the evolution of various 

strategies to protect nitrogenase, including: 1) temporal separation (alternating N2 

fixation and oxygenic photosynthesis in time), 2) spatial separation 

(compartmentalizing the two processes, e.g., in heterocysts, whose outer layers limit 

O2 diffusion, and vegetative cells), or 3) symbiotic specialization (genome reduction 

and loss of oxygenic photosynthesis in a symbiotic relationship (Cumino et al., 2007; 

Gallego et al., 2025; Sánchez-Baracaldo et al., 2022; Stal, 2015). In the 

Neoproterozoic, cyanobacteria, including N2 fixing cyanobacteria, also started 

colonizing the open ocean as part of the phytoplanktonic expansion that followed 

extreme changes of biogeochemical cycles (Sánchez-Baracaldo et al., 2022; 

Schirrmeister et al., 2016). This transition may have significantly increased the 

biogeochemical impact of oxygenic photosynthesis and led to cyanobacteria becoming 

the major primary producers in the oceans during the Proterozoic. The phytoplankton 

mediated carbon (C) and N cycling in the open ocean led to increased C sedimentation, 

which in turn increased O2 availability. This established a positive feedback loop 

between nutrient cycling and O2 generation, leading to the development of the O2 rich 

Phanerozoic biosphere (Hohmann-Marriott & Blankenship, 2011; Sánchez-Baracaldo 

et al., 2022). This Neoproterozoic oxygenation event (NOE) occurred during the 

Neoproterozoic – Phanerozoic transition between 0.85-0.54 Ga and likely raised O2 

levels near present levels (Och & Shields-Zhou, 2012). 

1.1.2 Diversity 

Classification. Cyanobacteria are gram negative bacteria (Hoiczyk & Hansel, 2000), 

that are, despite being monophyletic, one of the morphologically most diverse groups 

of procaryotic organisms (Stal, 2015) with an estimated number of up to 8,000 

species (Allaf & Peerhossaini, 2022). They vary in size from < 0.5 to 30 µm, may be 

unicellular or multicellular (Stal, 2015), can reversibly or terminally differentiate 

cells into e.g. akinetes, heterocysts or aerotopes and form (endo-)symbiotic 

relationships. Due to diversified growth strategies, cyanobacteria can grow in the 

majority of terrestrial and aquatic habitats, including also those with extreme 

conditions (Kaštovský, 2024; Schirrmeister et al., 2013), like hot springs and 

Antarctic rocks (Malatinszky et al., 2017). 

To classify cyanobacteria, three different systems can be applied: a 

botanical/procaryotic code (Pinevich & Averina, 2024) a bacteriological system and 

a phylogenetic system. In the bacteriological system, Rippka et al., 1979, classified 

cyanobacteria into subsections based on structural and developmental 
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characteristics. Subsections I (binary fission) and II (multiple fission) include 

unicellular species, whereas subsections III (no cellular differentiation), IV 

(presence of heterocysts), and V (presence of heterocysts and true branching) 

comprise multicellular forms. Notably, species in subsections IV and V can form 

terminally differentiated cells. However, none of these morphological subsections 

are monophyletic and multiple evolutionary transitions between uni- and 

multicellularity have taken place (Schirrmeister et al., 2013; Stal, 2015). The 

phylogenetic system is based on evolutionary relationships determined by molecular 

markers e.g. 16S ribonucleic acid (RNA) (Pinevich & Averina, 2024). 

Currently, the taxonomy of cyanobacteria is based on a polyphasic approach, 

integrating e.g., morphology and ultrastructure, metabolism, chemical composition 

(e.g., photosynthetic pigment composition) and genetic data (e.g., ribosomal RNA 

(rRNA)) (Badger & Price, 2003; Pinevich & Averina, 2024). The most common 

approach is based on the phylogenetically distinct protein components of different 

carboxysome types and different Ribulose bisphosphate carboxylase/oxygenase 

(RuBisCO) types (Badger & Price, 2003; Rae, 2013). α-cyanobacteria possess α-

carboxysomes and the 1A form of RuBisCO and are predominantly found in the 

oceans (e.g. the marine picocyanobacteria Synechococcus and Prochlorococcus) 

(Badger & Price, 2003; Rae, 2013). Recent global freshwater metagenomics show 

that, contrary to previous findings, α-picocyanobacteria are also widespread in these 

habitats and can dominate the picocyanobacterial community in freshwater (Cabello-

Yeves et al., 2022). In contrast, β-cyanobacteria, which represent the majority of 

species, have β-carboxysomes and the 1B form of RuBisCO, and are found mainly 

in freshwater and estuarine environments (Badger & Price, 2003; Rae, 2013). 

 

Anabaena sp. PCC 7120. The genus Anabaena belongs to the order Nostocales and 

family Nostocaceae, following the procaryotic code. Anabaena is classified as 

subsection IV in the bacteriological system (Flores, Picossi, et al., 2019; Rajaniemi et 

al., 2005) and as a β-cyanobacterium (Herrero & Flores, 2008; Price et al., 2008) in the 

polyphasic approach (Prasanna et al., 2006). Members of the order of Nostocales are 

characterized by their ability to form the specialized heterocyst cell type under N 

deprivation (Flores, Picossi, et al., 2019). They form filaments, consisting of many 

cells, sometimes extending to hundreds (Flores, Picossi, et al., 2019). Species classified 

as Anabaena are dominant in the planktonic composition of freshwater lakes, ponds 

and reservoirs as well as in brackish water bodies globally and in some lineages also 

occur in terrestrial habitats (Halinen et al., 2008). In addition to free-living forms, 

Anabaena are found as symbionts of the water fern Azolla (Prasanna et al., 2006). 

The cells within Anabaena filaments can differentiate into at least four different 

cell types: vegetative cells that perform photosynthesis and carbon dioxide (CO2) 

fixation, heterocysts responsible for N2 fixation forming in response to diazotrophic 
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conditions, akinetes with a spore-like function which form in response to energy 

limitation, and hormogonia which are short motile filaments involved in reproduction 

and dispersal, formed in response to environmental cues such as combined nitrogen 

(N) deprivation or a plant hormogonium-inducing factor (Flores & Herrero, 2010). 

While the genus Anabaena is environmentally important, it is also widely used for 

genetic manipulation (Prasanna et al., 2006). due to a highly efficient conjugation 

system available for gene transfer (Kaneko et al., 2001). Thus, Anabaena is frequently 

used to study cellular differentiation, pattern formation and N2 fixation (Kaneko et al., 

2001). The freshwater Anabaena sp. PCC7120 (hereafter Anabaena) (Kaneko et al., 

2001; Kaštovský, 2024; Pereira et al., 2005) is a widely used model organism for the 

order of Nostocales and to study heterocyst differentiation (Flores, Picossi, et al., 2019; 

Nicolaisen, Hahn, et al., 2009; Nieves-Morión et al., 2021).  

Anabaena is a truly pluricellular and pluripotent bacterium with multiple 

functionally distinct cell types performing specialized roles with the entire filament 

operating as an organism unit. This integration is reflected in coordinated behaviours 

such as circadian rhythm in the exchange of nutrients and regulatory molecules (e.g., 

morphogens) between different cell types (Flores & Herrero, 2010; Valladares & 

Herrero, 2025). While individual vegetative cells of a filament have a cytoplasmic 

membrane and peptidoglycan layer(s), the filament shares a continuous outer 

membrane and a common periplasmic space. This shared periplasm is proposed to 

facilitate intercellular communication and metabolic exchange (Flores, Picossi, et 

al., 2019) although evidence remains inconclusive (Zeng & Zhang, 2022; L. C. 

Zhang et al., 2008). At the cell poles, Anabaena forms specialized multiprotein 

complexes, the septal junctions. These connect adjacent cells by traversing through 

nanopores formed in the septal peptidoglycan (Kieninger & Maldener, 2021). There 

is sufficient evidence that an exchange of molecules with the cytoplasm of adjacent 

cells takes place via these septal junctions (Nicolaisen, Mariscal, et al., 2009; 

Valladares & Herrero, 2025; K. Wang et al., 2024; Zeng & Zhang, 2022). 

Under nitrogen (N)- deprived conditions, where combined N sources such as 

nitrate (NO3
-) or ammonium (NH4

+)) are absent in the medium (diazotrophic 

conditions), Anabaena differentiates specialized heterocysts (Flores & Herrero, 

2010). These heterocysts are intercalated along the filament, usually spaced at 

intervals of ~10-15 cells, although occasionally terminal heterocyst positions can 

also occur depending on the species (Flores, Picossi, et al., 2019; Nieves-Morión et 

al., 2021). The process of heterocyst differentiation involves tightly regulated 

structural, biochemical and genetic modifications, which result in some marked 

physiological features: Heterocysts possess a specialized cell envelope, which is 

composed of an inner heterocyst-specific glycolipid (Hgl) layer to reduce O2 

diffusion, and an outer heterocyst envelope polysaccharide (Hep) layer to provide 

mechanical protection for the fragile Hgl layer (Flores, Picossi, et al., 2019; 
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Nicolaisen, Hahn, et al., 2009). The interface between heterocysts and neighbouring 

vegetative cells is narrowed into a “neck” (Flores, Picossi, et al., 2019) where septal 

junctions enable exchange of metabolites with vegetative cells (Flores et al., 2016). 

Here, O2 and N2 may enter the heterocyst across the periplasm in a regulated manner 

– however there is also limited diffusion of gases through the cell envelope (Stal, 

2017; Walsby, 2007). It is also here where cyanophycine granules, a storage polymer 

for N, are found (Flores, Arévalo, et al., 2019). Heterocyst thylakoid membranes are 

organized into “honeycomb membranes”, which are only found at heterocyst poles 

and are only dedicated to respiration (Flores, Picossi, et al., 2019) to maintain 

microoxic conditions by consuming residual O2 together with other processes e.g. 

the Mehler-like reaction (Flores, Picossi, et al., 2019; Harish & Seth, 2020). 

Heterocyst differentiation is primarily regulated via the intracellular C/N ratio, 

which in cyanobacteria, including Anabaena, is indicated by 2-oxoglutarate (2-OG) 

levels (see chapter 1.5.2. for more details). However, the presence of heterocysts 

does not guarantee active N2 fixation, which may be downregulated even when 

heterocysts are formed. Moreover, in some cases, heterocysts persist in the presence 

of N. Likely, heterocystous cyanobacteria can only outperform other species under 

N limiting conditions, indicated by the observation that in natural environments 

heterocysts are almost always present (Stal, 2015). 

 

Figure 1.  Longitudal section through the heterocyst-vegetative cell junction in filamentous 
cyanobacteria. Heterocysts contact the cell membrane of vegetative cells via the pore 

structure, which consists of the following components: A narrow channel of cytoplasm, 

which often contains cyanophycine; it is surrounded by the heterocyst plasma 
membrane which is in contact with the vegetative cell plasmamembrane; the contact 

area forms a microplasmodesma (or septal junction: B, B’), this is where O2 and N2 may 
enter the heterocyst across the periplasm in a regulated manner (next to diffusion 

through the cell envelope); the periplasmic space including the peptidoglycan layer, 
which is shared with the vegetative cell; as well as the outer membrane which is shared 

by all cells of the filament. The pore is constricted by the thick layers of the heterocyst 
envelope, consisting of the Hep and Hgl layers, which is in contact with the vegetative 

cell from A to A’ (Stal, 2017; Walsby, 2007; K. Wang et al., 2024). Image adapted from 

Walsby et al., 2007 (Elsevier license: 6202090348159, doi:10.1016/j.tim.2007.06.007)  
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1.1.3 Ecological Significance 

Cyanobacteria and Microalgae are the main primary producers in aquatic 

ecosystems, where they are known as phytoplankton, which makes up less than 1 % 

of the photosynthetic biomass on earth. Still, phytoplankton activity amounts to 

about 50 % of global primary production (Falkowski, 2012; Thoré et al., 2023). 

Cyanobacteria (principally the genera Prochlorococcus and Synechococcus) account 

for approximately 25 % of global marine primary production, due to their widespread 

distribution across the world’s marine ecosystems (Lucius & Hagemann, 2024; 

Renström‐Keliner et al., 1990). In addition to producing O2, cyanobacteria play a key 

role in shaping global cycles of C, N/N2, iron (Fe), reduction/oxidation (redox) 

sensitive trace metals and sulphur (Sánchez-Baracaldo et al., 2022; Schirrmeister et 

al., 2016). Because bioavailability of N is a key limiting factor, its supply influences 

global primary productivity (Sánchez-Baracaldo et al., 2022). It is estimated that 60 

% of the fixed N input into the global N cycle and 80-90 % of N available to 

terrestrial plants originates from biological N2 fixation. This process is restricted to 

diazotrophic microorganisms, including cyanobacteria, and some archea (Alleman 

& Peters, 2023; Cumino et al., 2007). These diazotrophs are found in most ecological 

niches and in symbiotic relationships e.g. with crops (Alleman & Peters, 2023). 

Cyanobacteria alone fix 200 million tons of N2 per year (Perin et al., 2021; Picossi 

et al., 2015; Schirrmeister et al., 2016). For example, the free-floating Anabaena sp. 

significantly contributes to C and N economy of multiple ecosystems (Perin et al., 

2021) as one of the dominant species in freshwater and brackish water ecosystems 

(Halinen et al., 2008). 

Another key factor contributing to the ecological and evolutionary significance 

of cyanobacteria is their ability to form endosymbiotic relationships (Schirrmeister 

et al., 2016). Due to an endosymbiotic event between a basal cyanobacterium 

(closely related to Gloeomargarita) and a protist, the clade of photosynthetic 

eukaryotes (including glaucophytes, red algae, green algae, and land plants) was 

formed around 1.9-1.25 Ga (Hohmann-Marriott & Blankenship, 2011; Sánchez-

Baracaldo et al., 2022). Moreover, cyanobacteria form a wide range of symbiotic 

relationships with taxonomically diverse hosts. Symbiotic cyanobacteria include 

unicellular, filamentous, diazotrophic (N2 fixing) and non-diazotrophic species. The 

capability to fix N2 is a particularly common trait among cyanobacterial (endo-) 

symbionts, since it enables hosts to grow in areas deficient in bioavailable N (Mishra 

et al., 2021; Ran et al., 2010; Sánchez-Baracaldo et al., 2022) and may also enable 

the maintenance of microoxic conditions in the symbionts needed for N2 fixation by 

nitrogenase (A. Mishra et al., 2021). 
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1.2 Photosynthesis in cyanobacteria 

1.2.1 Photosynthesis – an overview 

Oxygenic photosynthesis is the process by which CO2 is converted into 

carbohydrates using photosynthetically active radiation (400-700 nm) as the energy 

source to drive water (H2O) splitting and electron (e-) transfer. The overall reaction 

of photosynthesis can be summarized as: 6 H2O + 6 CO2 → C6H12O6 + 6 O2. In the 

light-reactions of photosynthesis, solar energy is captured and harnessed to drive the 

production of nicotinamide adenine dinucleotide (NADPH) and adenosine 

triphosphate (ATP), which are subsequently used to power the downstream 

metabolism e.g. CO2 fixation (see chapter 1.3.). H2O serves as the e- donor, resulting 

in the evolution of O2 as a byproduct. The light reactions take place in the thylakoid 

membrane through a series of coupled redox-reactions which make up the 

photosynthetic e- transport chain (PETC) (Schmidt-Rohr, 2021; Vermaas & Fj, 

2001). 

The four major protein complexes that drive the light reactions are the 

photosynthetic pigment protein complexes photosystem II (PSII) and photosystem I 

(PSI), the cytochrome b6f (Cyt b6f) complex and ATP synthase. After splitting of 

H2O at PSII, electrons are passed via plastoquinones (PQ) to Cyt b6f and then via e.g. 

plastocyanine (Pc) or cytochrome c6 (Cyt c6) in cyanobacteria to PSI. During linear 

e- transport (LET), PSI reduces ferredoxin (Fed), which subsequently donates 

electrons to ferredoxin-NAD(P)H oxidoreductase (FNR), which then reduces 

NADPH, the carrier of reducing power for downstream metabolic processes. During 

the flow of electrons through the thylakoid membrane, a proton motive force (pmf) 

is generated, which is harnessed by ATP synthase to produce ATP, the energy carrier 

for downstream metabolic processes. The PETC is described in more detail below. 

1.2.2 The LET 

In cyanobacteria, light harvesting is initiated/mediated by antennae complexes called 

phycobilisomes (PBS) (Stadnichuk et al., 2015). PBS are attached to the surface of 

the thylakoid membrane at the cytoplasmatic side (Saenger et al., 2002), where they 

function as the primary antennae of PSII (Calzadilla & Kirilovsky, 2020). However, 

PBS can transfer energy to both PSII and PSI (Mullineaux, 2014). PBS mainly 

consist of phycobiliproteins, which covalently bind different kinds of linear 

tetrapyrroles chromophores called phycobilins (Stadnichuk et al., 2015; Sui, 2021). 

There are four primary types of phycobiliproteins, containing distinct phycobilins 

with absorption capacities between 500-670 nm: allophycocyanin (APC), 

phycocyanin (PC), phycoerythrin (PE) and phycoerythrocyanin (PEC). APC and PC 
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are universally present in PBS, while PEC is utilized only by a subset of 

cyanobacteria (Calzadilla & Kirilovsky, 2020). In Anabaena, APC, PC and PEC are 

found (Ducret et al., 1996). The PBS occurs in a variety of configurations, which 

were described previously (Calzadilla & Kirilovsky, 2020; GLAUSER et al., 1992; 

Grettenberger et al., 2024; Sui, 2021). In cyanobacteria, PBSs are typically of the 

hemidiscoidal type, with a central triangular core from which six peripheral rods 

radiate (Ducret et al., 1996). In Anabaena a variant of the hemidiscoidal PBS is found 

(described in Ducret et al., 1996 and Glauser et al., 1992). 

Excitation energy in the PBS is transmitted via Förster-Resonance-Energy-

Transfer (FRET). Transfer starts from the phycobiliprotein absorbing at shorter 

wavelengths, thus PE and PEC (if present), and then continues via PC and then APC 

in the PBS core. Finally, the energy is funnelled to the terminal emitters 

(ApcD/ApcE), which channel the excitation energy to the reaction center (RC) 

chlorophyll (Chl) a special pair (P680) of PSII, initiating the PETC (Adir et al., 

2020). 

PSII is prevalently found as a homodimer in vivo. Each monomer consists of 20 

protein subunits and 77 cofactors. It contains a Q type/type II RC where the terminal 

e- acceptor is a quinone. A recent cryo e- microscopy (EM) structure of 

cyanobacterial PSII is available (Gisriel et al., 2022). The most important protein 

subunits of the PSII monomer are the heterodimeric RC core proteins D1 and D2, 

Chl binding inner antenna subunits CP43 and CP47. Moreover, the Oxygen Evolving 

Complex (OEC) is integrated into the RC (Hohmann-Marriott & Blankenship, 

2011), and sits at the membrane-lumen interface, to provide PSII with e- from H2O 

(Raymond & Blankenship, 2008). The PSII core complex also contains a large 

number of low-molecular-weight intrinsic proteins, which play roles e.g., in 

assembly, stabilization, and photoprotection. However, all redox-active cofactors are 

bound to the RC proteins D1 and D2 (Hankamer et al., 2001).  

Upon excitation energy transfer from the inner antenna complexes, the primary 

e- donor P680 is excited, generating the P680* state (Schmidt-Rohr, 2021). This 

enables charge separation, where pheophytin (Pheo) accepts the excited e- from 

P680*, forming Pheo−• and leaving behind the highly oxidizing energy P680+•. This 

is an energetically downhill process, which reduces the probability of direct charge 

recombination of P680+• and Pheo−• into the ground state of P680 (Schmidt-Rohr, 

2021). However, the precise mechanism of primary charge separation is still under 

debate (Nguyen et al., 2023). The high-energy e- deficient P680+• can now take up 

one e- from the redox-active TyrZ, regenerating P680 and producing high-energy e- 

deficient TyrZ•/ proton (H+), which is subsequently reduced by an e- deriving from 

H2O splitting (Loll et al., 2005; Schmidt-Rohr, 2021). In one Kok-cycle, the 

Mn4CaO5 cluster of the OEC accumulates four oxidizing equivalents (corresponding 

to the different s states) driven by charge separation at P680. These oxidizing 
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equivalents are then used for H2O oxidation resulting in two molecules of H2O being 

split and four protons and one O2 being generated (Guo et al., 2024; Schmidt-Rohr, 

2021). Following primary charge separation in PSII, Pheo-• is oxidized back to Pheo 

by the first PQ e- acceptor QA in a spontaneous redox-reaction. QA-• is then oxidized 

back to QA via a redox-reaction with the second PQ QB. After two sequential 

reductions (electrons from two turnovers of PSII) and protonations via H+ from the 

cytoplasmatic side, plastoquinol QBH2 is released from the QB site as PQH2 and is 

replaced by a new PQ (Loll et al., 2005; Schmidt-Rohr, 2021). Thus, PSII formally 

pumps four protons from the cytosol to the lumen via splitting of H2O molecules in 

the lumen and generating two QBH2 at the cytosolic side of the thylakoid membrane 

(Schmidt-Rohr, 2021). PQH2 next delivers e- to the Cyt b6f complex.  

The Cyt b6f complex is a dimeric integral membrane-protein complex. It has four 

major subunits: Cyt f, Cyt b6, the Rieske protein and subunit IV and four minor 

subunits (Baniulis et al., 2008). It performs the Q cycle, where it oxidizes PQH2 and 

reduces PQ. In the first Q half-cycle, PQH2 binds at the Qp site of Cyt b6f and 

transfers one e- onto the high and one e- onto the low potential branches of Cyt b6f, 

while the protons enter the lumenal space. In the high-potential branch an e- is 

transferred to Fe3+ in the [Fe2S2] (or 2Fe-2S) cluster of the Rieske protein. The 

reduced Fe-S-cluster of the Rieske-protein is oxidized by Fe3+ in Cyt f. On the low-

potential branch e- are transferred through heme bp to heme bn (and possibly heme 

cn) and then to the Qn PQ binding site proximal to the cytoplasm, where PQ takes up 

one H+ from the stroma, forming PQH•. The energetically uphill proton-pumping 

redox reaction is possible since it is coupled with the energetically downhill 

reduction of the Rieske protein. In the second half-cycle, another PQH2 molecule is 

oxidized at the Qp site, which adds two more protons to the lumen. This reduces 

another Fe3+ in a [Fe2S2]-cluster and PQH• at the stroma side gets fully reduced to 

PQH2, which removes another H+ from the stroma contributing further to the proton 

concentration gradient (Malone et al., 2021). 

Then, e- are transported from the Cyt f subunit of Cyt b6f via a soluble e- carrier 

(Fedorov et al., 2019). Cyt c6 and Pc both fulfil a similar function as the soluble e- 

donor from Cyt b6f to PSI (in photosynthesis) and to Cyt c oxidase (in respiration) in 

all known cyanobacteria. Cyt c6 is highly expressed under copper deficiency, and Pc 

is expressed under copper sufficient conditions. While Cyt c6 is downregulated in 

the presence of copper in vegetative cells of Anabaena, it remains expressed in 

heterocysts where it fulfils an essential role independent of Pc (Torrado et al., 2019). 

The soluble e-carriers then donate electrons to PSI.  

PSI is a multi-subunit Chl-protein complex with an FeS type (Type I) reaction 

centre, where the terminal e- acceptor is an FeS cluster (Saenger et al., 2002). PSI 

may however also utilize the PBS for light harvesting (Santabarbara et al., 2024). 

PSI is mostly trimeric in cyanobacteria (Santabarbara et al., 2024). However, 
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tetrameric PSI is widespread among heterocyst-forming cyanobacteria such as 

Anabaena (Santabarbara et al., 2024; Watanabe et al., 2011) where it consists of a 

dimer of a dimers (Kato et al., 2019). The PSI monomer of Anabaena is similar to 

the monomeric unit in the Synechocystis trimer (Nagao et al., 2020). The functional 

unit of PSI is comprised of a core complex and its peripheral light harvesting 

antennae (Santabarbara et al., 2024) containing about 90 Chl molecules (Saenger et 

al., 2002). A crystal structure of PSI is available (Malavath et al., 2018). PSI has a 

highly conserved heterodimeric core, PsaA/PsaB, which coordinates the components 

of the PETC (Saenger et al., 2002). The primary charge separation takes place upon 

excitation at special RC Chl1A/Chl1B pair (P700) (Cherepanov et al., 2022). Then, 

P700* donates one electron to the PETC forming P700⁺•, and thus initiates e- flow 

through the PETC (Santabarbara et al., 2024). P700⁺• then received an e- from Cyt 

c6 or Pc. The transfer of electrons towards the cytoplasmatic side occurs via Chl A0 

(primary e- acceptor), a phylloquinone pair A1 and the three Fe4S4 clusters from 

which electrons are transferred onto the soluble e- carrier Fed and from there onto 

FNR, which reduces NADP+ to NADPH (Hohmann-Marriott & Blankenship, 2011). 

The pmf, which is build up by the e- flow through the respiratory e- transport 

chain (RETC) and the PETC, is mainly utilized by ATP synthetase to drive ATP 

production. ATP synthase catalyses ATP generation through proton-driven rotation 

of rotor subunits. Depending on the size of the c-ring in the Fo subunit, about 4.33-5 

protons are needed to synthesize one ATP. Cyanobacterial ATP synthase is classified 

as a F-type ATP-synthase. F-type ATP synthases have two subcomplexes, F1 and Fo. 

Fo is hydrophobic and membrane-embedded and the hydrophilic F1 protrudes into 

the cytoplasm. The Fo complex converts the potential energy of the pmf into a rotary 

force. The F1 complex uses the rotary force to catalyse the synthesis of ATP from 

adenosine diphosphate (ADP) + inorganic phosphate (Pi), thus converting 

electrochemical energy into biologically useable chemical energy (Yi et al., 2024). 

1.2.3 Alternative e- transport (AET) pathways 

In addition to the main PETC, cyanobacteria possess multiple AET pathways. These 

include cyclic e- transport (CET) to adjust ATP/NADPH ratios to match the 

metabolic demand (Moore & Vermaas, 2024), as well as pathways that protect the 

cells from an excess of electrons (Lea-Smith et al., 2016), which can lead to ROS 

production, decrease the photosynthetic efficiency and/or alter the redox state of the 

cell (Lea-Smith et al., 2016; Moore & Vermaas, 2024; Mullineaux, 2014). 

Under fluctuating light or nutrient levels, e.g. if the e- sink capacity of the Calvin 

Benson Bassham (CBB) cycle becomes saturated, the PETC may become over-

reduced, potentially leading to the generation of reactive oxygen species (ROS), 

which can severely damage the photosynthetic machinery (Nikkanen et al., 2021). 
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AETs for photoprotection include e.g. flavodiiron proteins (FDPs), hydrogenases 

and respiratory terminal oxidases (RTOs) (Lea-Smith et al., 2016). Adaption may 

also take place via state transitions and non-photochemical quenching via the Orange 

Carotenoid Protein (OCP) (Kerfeld et al., 2017; Kirilovsky, 2015). 

 

CET. Balancing the ATP/NADPH ratio is extremely important to maintain 

metabolic homeostasis, as this ratio determines the energy budget of the cells, their 

energy utilization and their efficiency in CO2 fixation (Erdrich et al., 2014; Theune 

et al., 2021). LET in cyanobacteria generates an ATP/NADPH ratio of about 1.28. 

However, fixation of one CO2 molecule in the CBB consumes three ATP and two 

NADPH, thus requiring a ratio of 1.5 (Erdrich et al., 2014). Moreover, different 

metabolic pathways under different physiological circumstances may have deviating 

optimal ATP/NADPH ratios (Lucius & Hagemann, 2024). 

This imbalance is addressed by CET, which recycles e- around PSI, generating a 

pmf and driving ATP production without NADPH generation (Erdrich et al., 2014). 

CET is estimated to make up 35 % of total e- flow in cyanobacteria, which is twice 

as much as in plants. This is probably due to cyanobacteria needing additional energy 

to drive their CCM (Carbon Concentration Mechanism) (Theune et al., 2021). The 

NAD(P)H:quinone oxidoreductase (NDH-1) is the main CET route in cyanobacteria 

(Miller et al., 2021). There are four distinct NDH-1 complexes with different 

physiological roles (also see chapter 1.3.4.). All four NDH-1 types shuttle e- from 

reduced Fed to the PQ pool (Z. He et al., 2015; Laughlin et al., 2019; Saura & Kaila, 

2019; Schuller et al., 2019). 

This increases the pmf by pumping three (NDH-13–4)- four (NDH-11–2) protons 

per two electrons from the cytosol (Schuller et al., 2019, 2020). Taking into account 

H+ pumping by the Cyt b6f complex in the Q cycle (S. Zhang et al., 2023) , the CET 

thus results in the transport of four protons/e-. At the same time, the LET and the 

H2O-H2O cycle (mediated by FDP activity, see below) move only three H+/e- across 

the membrane (Theune et al., 2021). 

 

FDPs. A crucial mechanism to protect the PETC from overreduction involves FDPs 

formerly known as A-type flavoproteins (Flvs). This large protein family is widely 

found in strict or facultative anaerobic bacteria and archaea as well as some 

anaerobic pathogenic protozoa (Allahverdiyeva, Isojärvi, et al., 2015). It is also 

found in all oxygenic photosynthesizers except red and brown algae and angiosperms 

(Alboresi et al., 2019). The function of FDPs is detoxification of O2 and/or nitric 

oxide (NO) during oxidative and/or nitrosative stress (Allahverdiyeva et al., 2013). 

FDPs transfer excess e- in the PETC onto O2, forming H2O. This is known as the 

Mehler-like reaction, which avoids ROS production (Vicente et al., 2002). 
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Under specific conditions, RTOs (see below) can also contribute to O2 

photoreduction, however under standard growth conditions this task falls almost 

entirely to FDPs (Allahverdiyeva, Isojärvi, et al., 2015). The contribution of FDPs 

to the pmf is that they enable a higher rate of linear e- transfer via the cytosolic 

consumption of protons in O2 photoreduction (Nikkanen et al., 2021). It is likely, 

that FDP activity is tightly regulated to avoid competing for reducing power with the 

CBB cycle (Nikkanen et al., 2021). For example, FDP heterooligomers reversibly 

associate with the thylakoid membrane, which determines their activity. This 

depends on changes in their net surface charges, releasing FDPs from the membrane 

with a time-delay after gradual alkalization under light. This enables FDP activity 

only directly after high-light illumination (with Flv2/4 staying associated longer than 

Flv1/3 in Synechocystis sp. PCC 6803) (Nikkanen et al., 2025). Although not 

confirmed yet in cyanobacteria, another possible mode of regulation is the redox-

dependent formation of heterotetramers as found recently in Physcomitrium patens 

(Beraldo et al., 2024).  

Two structural domains are conserved in all FDPs: 1) N-terminal metallo-β-

lactamase-like domain that contains a non-heme diiron centre, which performs O2 

and/or NO reduction (Fe-Fe domain) and 2) C terminal flavodoxin-like domain that 

contains a flavin-mononucleotide (FMN) moiety (FMN-domain) (Allahverdiyeva et 

al., 2015; Vicente et al., 2008). FDPs are grouped into four classes (A-D) depending 

on their subunit composition (Allahverdiyeva, Isojärvi, et al., 2015). Class C FDPs, 

which are found in oxygenic phototrophs including cyanobacteria, have a C terminal 

NAD(P)H:flavin oxidoreductase –like domain in addition to the core Fe-Fe- and 

FMN-domains. This makes it possible for NAD(P)H to be used as an e- donor 

(Allahverdiyeva, Isojärvi, et al., 2015). However, it has been demonstrated, that 

reduced Fed-1 is the direct e- donor to the Flv1, Flv2 and Flv3 heterooligomers in 

Synechocystis sp. PCC 6803 (Nikkanen et al., 2025; Sétif et al., 2020). FDPs 

typically function as hetero-oligomer arranged in a “head-to-tail" configuration. This 

is essential for e- transfer to take place since the diiron-center of each monomer is 

now in close contact (about six Angström) with the FMN moiety of the partner-

monomer, forming two independent catalytic sites per dimer (Vicente et al., 2008). 

β-cyanobacteria have four-six isoforms of FDPs (Flv1-4, Flv1B, Flv3B) grouped 

into cluster A (Flv1 and Flv2) and cluster B (Flv3 and Flv4) (Allahverdiyeva et al., 

2015; P. Zhang et al., 2009). Flv1A, Flv3A, Flv1B and Flv3B belong to subclusters 

and are only found in heterocystous filamentous β-cyanobacteria, with Flv1B and 

Flv3B being heterocyst-specific (Allahverdiyeva, Isojärvi, et al., 2015; Ermakova et 

al., 2013). In cyanobacteria, Flv1 and Flv3 likely operate as a hetero-oligomer 

(Eckardt et al., 2024; Mustila et al., 2016). 

Anabaena possesses Flv1A, Flv3A, Flv2, and Flv4, which are homologous to 

FDPs in Synechocystis sp. PCC 6803 (Allahverdiyeva, Isojärvi, et al., 2015) as well 
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as Flv1B and Flv3B (Ermakova et al., 2013). In Anabaena, Flv1A and Flv3A are 

indispensable under severe fluctuating light in both LC (atmospheric CO2 

concentration) and HC (high CO2 concentration) as well as diazotrophic and non-

diazotrophic conditions (Allahverdiyeva et al., 2013; Santana-Sánchez et al., 2023). 

In Anabaena, Flv1B and Flv3B are only transcribed in N2 fixing conditions and only 

in heterocysts. Flv3B functions as a homo-oligomer and is crucial in maintaining 

anoxia for nitrogenase function, while the role of Flv1B remains unknown 

(Ermakova, 2014). 

The unicellular non-N2 fixing cyanobacterium Synechocystis sp. PCC 6803 

possesses four different FDPs (Flv1-4) (Allahverdiyeva, Isojärvi, et al., 2015). In 

Synechocystis sp. PCC 6803 Flv1 and Flv3 are indispensable as a strong e- sink, 

protecting PSI under fluctuating light (Allahverdiyeva et al., 2013). They are rapidly 

but transiently activated at the onset of illumination Flv2/4 hetero oligomers 

contribute to a slower and weaker, but steady-state O2 photoreduction under LC in 

Synechocystis sp. PCC 6803 (Santana-Sanchez et al., 2019). Expression of flv2 and 

flv4 transcripts is strongly inhibited in high inorganic carbon (Ci) - HC - and alkaline 

pH in Synechocystis (Santana-Sanchez et al., 2019). Under HC conditions, Flv1/3 

activity is sufficient to provide strong steady-state O2 photoreduction in 

Synechocystis sp. PCC 6803 (Santana-Sanchez et al., 2019). 

Homologues of both Flv1 and Flv3 have also been found to play important roles 

in other species such as in the moss p. patens (Gerotto et al., 2016), where they are 

also indispensable under fluctuating light, and in the microalgae Chlamydomonas 

reinhardtii (Jokel et al., 2015). 
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Figure 2.  FDPs, structure and phylogeny. A) Overall fold of the Flv2/Flv4 heterodimer of 
Synechocystis in its head-to-tail arrangement. The Fe binding site of the Flv2 monomer 

faces the FMN binding site of the Flv4 monomer and vice versa. FMN is shown in 

magenta and Fe as orange spheres, adapted from Zhang et al., 2012 (Oxford University 
press licence: 6202091056284) (P. Zhang et al., 2012) B) Modular arrangement of 

Class C FDPs found in oxygenic photosynthetic organisms (cyanobacteria and 
photosynthetic eukaryotes). Fe-Fe: beta-lactamase like domain; FMN: flavodoxin 

domain; FMN/Flavin adenine dinucleotide (FAD): Flavin reductase domain, adapted 
from Allahverdiyeva et al., 2015 (Allahverdiyeva, Isojärvi, et al., 2015) C) Phylogenetic 

analysis of FDPs in photosynthetic organisms, adapted from Zhang et al., 2009 (P. 
Zhang et al., 2009) D) Values of nucleotide sequence identity in % between flv1 (sll1521) 

and flv3 (sll0217) from Synechocystis and flv1A (all3891), flv1B (all0177), flv3A (all3895) 

and flv3B (all0178) from Anabaena (Ermakova et al., 2013). Adapted from Ermakova et 

al., 2013 (John Wiley and Sons license: 6202130371288)  

Hydrogenases. Hydrogen (H2) photoproduction in cyanobacteria mainly relies on 

two O2 sensitive enzymes: the bidirectional hydrogenase (Hox) (Eckert et al., 2012) 

and nitrogenase (see chapter 1.6.1.) (A. K. Mishra et al., 2019). Hox is a NiFe 

hydrogenase (Ludwig et al., 2006), that takes e- from the acceptor side of PSI and 

reversibly transfers them onto two protons, producing H2 (Appel et al., 2000; 

Tamagnini et al., 2007). Its activity depends on the redox state of the cell (Tamagnini 

et al., 2007). Hox is found in N2 fixing and non N2 fixing strains (Sjöholm et al., 

2007; Tamagnini et al., 2007). It has previously only been found to be active under 

the following conditions: dark anaerobic growth (Carrieri et al., 2011), for a short 

time during dark-light-transitions (Appel et al., 2000) or after a sudden increase in 
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light-intensity (Burgstaller et al., 2022). Thus, Hox has been classified as an e- valve 

that protects the PETC from overreduction during transition states (Ludwig et al., 

2006). Hox may transfer electrons between Fd, flavodoxin and NADPH pools (Artz 

et al., 2020) and may be important as an anaerobic alternative to FDPs (Mullineaux, 

2014). Moreover, Hox takes part in fermentation metabolism (Ludwig et al., 2006). 

Thus, three main functions for Hox have been defined: removal of excess reductants 

during anaerobic fermentation or photosynthetic activity and to deliver e- to the 

RETC via oxidation of H2 (Marques et al., 2011). The role of Hox in heterocysts is 

still under debate, however it is thought to function as an e- valve downstream of the 

PETC and the RETC and other energy metabolic routes (Pernil & Schleiff, 2019). 

Another cyanobacterial NiFe hydrogenase is the uptake hydrogenase (Hup), 

which is found exclusively in N2 fixing strains and mainly fulfils the function of H2 

recycling to regain reduction equivalents (described in chapter 1.6.1.) (Tamagnini et 

al., 2007). 

 

RTOs. In cyanobacteria, at least eight types of RTOs are found, which all facilitate 

the reduction of O2 to H2O and have been described previously. During respiration 

in cyanobacteria, O2 is the only known terminal e- acceptor, however different RTOs 

receive e- from different sources (Schmetterer, 2016), including Pc and Cyt c6 

(Navarro et al., 2005). 

Anabaena has five different RTOs: a genuine cytochrome c oxidase (Cox), two 

alternative respiratory terminal oxidases (ARTOs) also termed Cox, a quinol oxidase 

(Qox) and another quinol oxidase, the plastid terminal oxidase (Ptox) (Schmetterer, 

2016; Stebegg R, 2011). Except for the ARTOs (Cox2 and Cox3), which are found 

in heterocysts, all RTOs in Anabaena are located in the vegetative cells (Stebegg R, 

2011). Cox2 and Cox3 proteins are located in the honeycomb membranes, where 

they are required to maintain a microoxic environment (Harish & Seth, 2020; 

Schmetterer, 2016) and have been found essential for heterocyst formation and 

function (Valladares et al., 2007; Valladares, Herrero, Pils, Schmetterer, Flores, et 

al., 2003)(see chapter 1.6).  

Anabaena also contains a Cytochrome bd quinol oxidase (Qox), which takes up 

electrons from the PQ pool and probably functions to prevent its over-reduction 

(Stebegg R, 2011).  

1.2.4 Regulation of photosynthesis 

Photosynthetic control 

The pmf is the main factor determining photosynthetic control and is formed through 

the following processes:  
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During LET in cyanobacteria, the reduction of one NADP⁺ to NADPH requires 

the transfer of two electrons. For these two electrons, (i) two protons are released 

into the lumen by the OEC during water oxidation, and (ii) the Cyt b₆f 

complex operating the Q-cycle contributes an additional four protons to the lumen. 

At the same time, two protons are taken up from the cytosolic side during PQ 

reduction at PSII. Thus, per NADPH formed, LET results in a net translocation of 6 

protons to the lumen, thereby building pmf that drives ATP synthesis. Moreover, 

during CET, the NDH-1 complex pumps more protons across the membrane (Miller 

et al., 2021). By analogy with respiratory complex I, this may be the pumping of 4 

protons per two electrons (C. Zhang et al., 2020). 

Other processes contributing to the H+ gradient are e.g. oxidation of PQH2 by 

RTOs and the consumption of protons in the cytosol, mainly by the CBB (Nikkanen 

et al., 2021). This proton translocation leads to acidification of the lumen and 

generation of the pmf. It consists of two components: the H+ concentration gradient 

(ΔpH) and the electric potential (Δψ), which arises from charge separation at the 

photosystems (Lyu & Lazár, 2017) as well as H+ and other ion gradients across the 

thylakoid membrane (Armbruster et al., 2017; Nikkanen et al., 2021). Regulation of 

the pmf takes place via ATP synthase (Nikkanen et al., 2021) and thylakoid ion 

transporters (Checchetto et al., 2013; Tsujii et al., 2024). Photosynthetic control 

occurs through acidification of the lumen which limits PQH2 oxidation in the Q cycle 

and thus restricts e- transport from Cytb6f to protect PSI from overreduction (Degen 

& Johnson, 2024; Malone et al., 2021). Most likely this mechanism also functions in 

cyanobacteria (Checchetto et al., 2012; Nikkanen et al., 2021). However, 

photosynthetic control in cyanobacteria is likely less essential for photoprotection of 

PSI than in angiosperms, due to the high PSI/PSII ratio (2:1-4:1) (Moore & Vermaas, 

2024) and the presence of FDPs (Nikkanen et al., 2021). 

 

State Transitions. A central strategy of cyanobacteria to adapt to changing light 

conditions are state transitions (Calzadilla & Kirilovsky, 2020). In state II, light is 

preferentially absorbed by PSII, resulting in higher fluorescence from PSI, since PBS 

is preferentially associated with PSI. In state I, light is preferentially absorbed by 

PSI, resulting in higher PSII fluorescence since the PBS is preferentially associated 

with PSII. However, an alternative model has been proposed where PBS 

disassociates from the thylakoid membrane in state I and associates with PSII in state 

II. Thus, altered association of PBS with the photosystems adjusts the relative 

activities of the photosystems under e.g. fluctuating light (Calzadilla & Kirilovsky, 

2020; Mullineaux, 2014). Different states may also influence the LET/CET-ratio 

(Mullineaux, 2014). CET dominates in state 2, while LET is predominant in state I 

(Elanskaya et al., 2021; Mullineaux, 2014). 
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1.3 Carbon Metabolism 

1.3.1 The CBB cycle 

In all oxygenic phototrophs, the CBB cycle is the principal anabolic pathway for the 

reduction of CO2 to organic sugars and metabolic intermediates (Lucius & 

Hagemann, 2024). It utilizes the reducing power of NADPH and the chemical energy 

provided by ATP, both of which are synthesized via photosynthetic light reactions. 

In this cascade of chemical reactions 12 NADPH and 12 H+ reduce six molecules of 

CO₂ to form glucose (C₆H₁₂O₆). 

In all photosynthetic organisms, the CBB cycle is comprised of 11 enzymes and 

two regulatory proteins (RuBisCO activase and the CP12 scaffold). It can be divided 

into a carboxylation phase, reduction phase and regeneration phase with the initial 

carboxylation reaction via RuBisCO, the major C fixing enzyme, as the rate-limiting 

step and ribulose-1,5-bisphosphate (RuBP) regeneration as the co-limiting step. In 

the carboxylation phase, RuBisCO fixes one molecule of CO2 onto the C5 sugar 

RuBP. This reaction yields two molecules of 3-Phosphoglyceric acid (3-PGA). In 

the reduction phase, 3-PGA is reduced to Glyceraldehyde-3-Phosphate (GAP), 

which is used in gluconeogenesis (Lucius & Hagemann, 2024; Meloni et al., 2023). 

The canonical CBB cycle uses nine ATP and six NADPH per GAP (Hudson, 2024). 

In the regeneration phase, GAP is metabolized for the regeneration of the precursor 

molecule RuBP (Lucius & Hagemann, 2024; Meloni et al., 2023). The RuBP 

regeneration phase is catalysed by eight enzymes, some of which also participate in 

the oxidative pentose phosphate (OPP) pathway, which functions in the reverse 

direction (Meloni et al., 2023). 

It should be noted that the activation of the CBB cycle after a dark-to-light 

transition depends on the elevation of the cytoplasmic pH after photosynthesis 

commences (Elanskaya et al., 2021; Mangan et al., 2016). Also, in cyanobacteria 

including Anabaena, the thioredoxin (Trx) system is essential in activating the CBB 

cycle after light activation and depends on photosynthetic reduction equivalents 

(Mallén-Ponce et al., 2024). 

1.3.2 Photorespiration 

RuBisCO is an inefficient enzyme since it has a low catalytic turnover number and 

low selectivity between CO2 and O2 (Flamholz et al., 2019). When O2 is more 

abundant than CO2, the oxygenase activity of RuBisCO yields 1 x 3-PGA and 1x 2-

phosphoglycolate (2-PG) from one RuBP (Bauwe et al., 2010; Flamholz et al., 2019). 

2-PG is metabolically costly and inhibits photosynthesis in higher concentrations. It 

is recycled via photorespiration, which provides C-intermediates for the CBB cycle. 



Introduction 

 31 

Variations of the photorespiration pathway are found in cyanobacteria, including one 

which entails loss of CO2 and NH4
+ and is also found in Anabaena (Bauwe et al., 

2010; Montgomery et al., 2016) Here, 3-PGA is recovered from two molecules of 2-

PG, with one out of four 2-PG carbon atoms being lost. This photorespiration 

pathway also releases one NH4
+ from glutamate (Glu) per two 2-PG molecules 

(Bauwe et al., 2010). Due to the action of the CCM and FDPs (see chapters 1.3.4.; 

1.2.3.), the e- sink capacity of photorespiration under Ci limitation is probably not 

frequently used at full capacity in cyanobacteria (Allahverdiyeva, Isojärvi, et al., 

2015; Bolay et al., 2022). It is however a relevant e- valve under low Ci and high-

light conditions (Allahverdiyeva et al., 2011; Hackenberg et al., 2009). 

1.3.3 Downstream C metabolism and storage 

Most of the photosynthetically fixed C is directed towards biomass production. 

Under conditions of C surplus, such as macronutrient limitation, excess C is diverted 

into the synthesis of ADP-glucose, which serves as a precursor for glycogen 

biosynthesis. The resulting glycogen reserves can be catabolized during darkness or 

other starvation conditions, providing a critical energy and C source (Gründel et al., 

2012; Lucius & Hagemann, 2024; Makowka et al., 2020). However, glycogen is also 

being constantly synthesized and degraded even under constant light and 

photoautotrophic conditions (Hudson, 2024; Lucius & Hagemann, 2024), where it 

functions as a metabolic buffer to maintain homeostasis and prevent metabolic 

imbalance (Lucius & Hagemann, 2024; Ortega-Martínez et al., 2024). 

Autocatalytic open cycles, such as the CBB cycle, require stable fluxes sustained 

by anaplerotic and cataplerotic reactions. Glycolytic routes play a significant role in 

fine-tuning central C metabolism under photoautotrophic conditions, where they 

form anaplerotic shunts that replenish the CBB cycle, using carbohydrate reservoirs. 

This may be necessary during transition states and under fluctuating light conditions 

(Makowka et al., 2020).  

The CBB cycle is thus part of a broader network of anaplerotic and cataplerotic 

reactions of C compounds. It intersects with the three main catabolic routes for C in 

cyanobacteria, which have glucose-6-phosphate as their common entry point: The 

Embden-Meyerhof-Parnas (EMP) pathway (“classical glycolysis”), the OPP 

pathway, possibly the Entner-Doudoroff (ED) pathway (Chen et al., 2016; Lucius & 

Hagemann, 2024; Makowka et al., 2020) and additionally also a phosphoketolase-

mediated pathway (Makowka et al., 2020). In these pathways, glucose is oxidized, 

providing ATP, NAD(P)H and GAP, which can then enter lower glycolysis. 

Funneling of C into lower glycolysis is also possible directly from the CBB cycle, 

via 3-PGA, which happens especially under a low C/N ratio (Lucius & Hagemann, 

2024).  
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The pentose-phosphate pathway can run in the oxidative mode (OPP pathway), 

oxidizing carbohydrates and producing C5 sugars essential for nucleic acid 

biosynthesis, or in reductive mode (as a part of the CBB) to fix CO2 (Chen et al., 

2016; Lucius & Hagemann, 2024). The OPP pathway is regarded as the main route 

for glycogen and glucose catabolism during photoautotrophic growth in 

cyanobacteria (Lucius & Hagemann, 2024; Shinde et al., 2020) and it is the only 

metabolic source of NADPH in the dark (Lucius & Hagemann, 2024; Makowka et 

al., 2020). Like the CBB cycle, the OPP pathway is also Trx regulated (Mallén-Ponce 

et al., 2022). 

The end product of glycolysis, pyruvate (Pyr), is directly funnelled into the 

tricarboxylic acid (TCA) cycle, with 2-OG as an intermediate product (Lucius & 

Hagemann, 2024). The TCA cycle is a series of catabolic reactions that generate 

reducing equivalents for ATP formation as well as important precursor-molecules 

for the biosynthesis of cellular compounds (Steinhauser et al., 2012; You et al., 

2024). In cyanobacteria, the TCA has two main roles: (a) oxidation of acetyl 

coenzyme A (acetly-CoA) to generate NADH/FADH which supply e- to oxidative 

phosphorylation and (b) the formation of metabolic intermediates such as 

oxaloacetate, 2-OG and succinate (Katayama et al., 2022; You et al., 2024). The 

cyanobacterial TCA differs from the conventional TCA cycle due to the absence of 

2-OG dehydrogenase (Lucius & Hagemann, 2024; You et al., 2024). Instead 2-OG 

decarboxylase and succinate semialdehyde dehydrogenase transform 2-OG into 

succinate (You et al., 2024; S. Zhang, 2011). Moreover, several bypass pathways 

exist (You et al., 2024) that vary in their release of NAD(P)H and CO2 and do not 

produce ATP (Knoop et al., 2013; S. Zhang, 2011). Since the CBB plays the main 

role in delivering Ci to the cell and the photosystems are responsible for energy 

production, the TCA is less critical for maintaining cellular energy balance in 

cyanobacteria as opposed to heterotrophs. In cyanobacteria, the rate of metabolic 

flux through the TCA cycle is thus low (Wan et al., 2017; You et al., 2024). 

1.3.4 CCM 

To sustain high rates of oxygenic photosynthesis, it is crucial to maintain high levels 

of Ci in the vicinity of RuBisCO (Badger & Price, 2003; Daley et al., 2012). 

Cyanobacteria have evolved a sophisticated CCM to acquire C i for photosynthesis 

and avoid photorespiration. It encompasses bicarbonate (HCO3
-) accumulation in the 

cytosol via several light-energy dependent HCO3
- transporters as well as NDH 

complexes, which convert CO2 (entering through diffusion) into HCO3
-, to which the 

cell is impermeable (Badger et al., 2006; Badger & Price, 2003; De Araujo et al., 

2014). 
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Cyanobacteria can actively take up HCO3
- or convert atmospheric CO2 into 

HCO3
- (Badger & Price, 2003). There are several Ci uptake systems which can be 

broadly classified into two functional categories: low-affinity/high-flux systems, 

typically expressed under C replete conditions, and high-affinity/low-flux systems, 

which are induced in response to C limitation (Daley et al., 2012). The low 

affinity/high flux transporters BicA (Na+ dependent, for HCO3
-) and NDH-14 (redox-

driven, converting CO2 to HCO3
-) are constitutively expressed. High-affinity Ci 

transporters induced under limited C availability are the HCO3
- transporters BCT1 

(ATP dependent) and SbtA/B (Na+-dependent) as well as the high-affinity/low flux 

NDH-13, a redox-driven enzyme using Fed to convert CO₂ into HCO₃⁻ (Badger et 

al., 2006; Kurkela & Tyystjärvi, 2024). 

RuBisCO is compartmentalized within the carboxysome. The carboxysome is a 

specialized protein microcompartement localized in the cytoplasm, which has a 

protein shell that is selectively permeable to HCO3
- (Badger et al., 2006; Daley et al., 

2012). Next to RuBisCO, carboxysomes possess carbonic anhydrase, responsible for 

the conversion of accumulated HCO₃⁻ into CO₂ (Badger et al., 2006; De Araujo et 

al., 2014). RuBisCO from cyanobacteria exhibit a reduced affinity for both CO2 and 

O2 than its algae or plant counterpart, however it achieves much higher turnover rates 

per unit protein (Badger et al., 2006), since the CCM allows RuBisCO to operate 

under a near-saturating substrate concentration (Badger et al., 2006; Cameron, 

2014). 

1.4 Nitrogen metabolism in cyanobacteria 

1.4.1 Types of N sources 

Cyanobacteria can utilize several N sources in a hierarchical manner: NH4
+, NO3

-, 

nitrite (NO2-), urea, several amino acids and, for some species, N2 (E. Flores; A. 

Herrero, 2005; Perin et al., 2021). Independent of the initial N source, all are 

converted to NH4
+ and then assimilated through the glutamine synthetase/glutamate 

synthetase (GS/GOGAT) cycle. When environmental N sources are scarce, 

cyanobacteria can consume internal N storages, mainly cyanophycin (in diazotrophic 

cyanobacteria) and PBS to sustain N metabolism (H. Zhang et al., 2018; H. Zhang 

& Yang, 2019). 

1.4.2 N import 

NH4
+ can be assimilated at the lowest metabolic cost as uncharged ammonia (NH3) 

readily diffuses across cell membranes. Also, NH4
+ is the most reduced N source and 

thus does not require reducing equivalents and additional conversion steps 
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(Forchhammer & Selim, 2020; Perin et al., 2021; C. C. Zhang et al., 2018). However, 

as NH4
+ availability is low in most habitats, high-affinity NH4

+ transporters of the 

Amt family function as scavengers which can take up NH4
+ at submicromolar levels. 

In Anabaena, Amt1 functions as the primary NH4
+ permease involved in this high-

affinity uptake (Herrero & Flores, 2019; Paz-Yepes et al., 2008; Perin et al., 2021). 

NH4
+ transport needs to be, however, tightly controlled, as elevated intracellular 

NH4
+ concentrations are toxic (Watzer et al., 2019). In Anabaena and other 

freshwater cyanobacteria, NO3
- is imported via the high-affinity ATP binding 

cassette (ABC) type NO3
-/ NO2

- transporter NRT. Once inside the cell, NO3
- is 

reduced to NO2
- by nitrate reductase (NR, encoded by narB) and then NO2

- is reduced 

to NH4
+ via nitrite reductase (NiR, encoded by nirA). In Anabaena, these genes 

constitute the nirA operon (nirA-nrtABCD-narB) (Flores et al., 2005; Frías et al., 

1997; Herrero et al., 2001). In Anabaena, both NR and NiR use PSI-reduced Fed 

(encoded by the vegetative cell specific petF) as an e- donor (Floß et al., 1997; 

Mondal & Bruce, 2018; Schmitz & Böhme, 1995; Watzer et al., 2019), thus coupling 

NO3
-/ NO2

- fixation directly to photosynthesis/the PETC (Shimakawa, 2023). 

Expression of the nirA operon is repressed in the presence of NH₄⁺ and is induced by 

NO₃⁻ or NO₂⁻ (see chapter 1.5.2) (Herrero et al., 2001). 

1.4.3 GS/GOGAT cycle  

GS (glnA) and GOGAT constitute the GS/GOGAT cycle, which is the main route of 

incorporation of NH4
+ into the metabolism and connects C and N metabolism 

(Yutthanasirikul et al., 2024). GS catalyzes the ATP and NH4
+ dependent amidation 

of Glu, synthesizing glutamine (Gln) (Galmozzi et al., 2010; Yutthanasirikul et al., 

2024). Two molecules of Glu are in turn synthesized from Gln and 2-OG by GOGAT 

(Galmozzi et al., 2010; M. I. Muro-Pastor et al., 2001; Yutthanasirikul et al., 2024). 

Glu/Gln are then the primary N donors for anabolic reactions, including amino acid 

and nucleotide biosynthesis (Forchhammer & Selim, 2020; C. C. Zhang et al., 2018). 

Most cyanobacterial GOGAT enzymes, including the only GOGAT enzyme from 

Anabaena, use reduced Fed as an e- donor, thereby linking the GS/GOGAT cycle to 

photosynthesis (Galmozzi et al., 2010; Herrero & Flores, 2019; Schmitz et al., 1996; 

Yutthanasirikul et al., 2024).  

1.4.4 Arginine (Arg) synthesis  

The anabolic pathway of Arg takes place in vegetative cells and heterocysts of 

Anabaena and consists of two parts: First the production of ornithine from Glu and 

secondly the transformation of ornithine into Arg via the OAC (Flores, Arévalo, et 

al., 2019). Thus, the OAC is coupled to the GS/GOGAT cycle via Arg synthesis from 
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Glu and enables a high rate of N assimilation, mobilization and storage (in form of 

cyanophycin) and thus adaptation to fluctuating N conditions (H. Zhang et al., 2018; 

H. Zhang & Yang, 2019). Thus, when N becomes available, the OAC is activated, 

simultaneously synthesizing and degrading Arg as a first reaction to N availability 

(H. Zhang & Yang, 2019). 

1.4.5 N storage 

Cyanophycin is produced by many β-cyanobacteria as a dynamic N reservoir (Flores, 

Arévalo, et al., 2019). It accumulates when there is excessive N relative to other 

nutrients, or in response to light limitation or low temperature (Flores, Arévalo, et 

al., 2019; H. Zhang et al., 2018), and is degraded when balanced growth resumes. 

Cyanophycin is especially relevant in N2 fixing cyanobacteria, where newly fixed N2 

can be transiently stored in this polymer. In heterocysts, cyanophycin provides a 

source of β-aspartyl-arginine, which can be transferred to vegetative cells as N 

source. While not essential in all cyanobacteria, Anabaena shows a clear dependence 

for cyanophycin biogenesis to maintain N metabolism (Flores, Arévalo, et al., 2019). 

In addition to cyanophycin, PBS can serve as a N reservoir, mobilized through their 

controlled degradation (H. Zhang et al., 2018). 
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◄ Figure 3. Central metabolic pathways of the Anabaena vegetative cell. In cyanobacteria, 
photosynthesis and C and N metabolism are tightly coupled. The PETC captures light 

energy via the PBS (Ducret et al., 1996) and provides ATP and reduction equivalents to 

the metabolism (C. C. Zhang et al., 2018). FDPs serves as an e- valve in case of PETC 
overreduction (Allahverdiyeva, Isojärvi, et al., 2015). N is taken up in form of e.g. NH4

+, 

NO3
- or urea and enters the central metabolism via the GS/GOGAT cycle. Intermediates 

of the cycle, Gln and Glu, serve as precursors for e.g. amino acids, nucleotides and 

photosynthetic pigments (Yutthanasirikul et al., 2024) The GS/GOGAT cycle is 
connected to the OAC, which directly assimilates N in form of Gln and Aspartate (Asp) 

to synthesize Arg, which can be used to generate cyanophycin (H. Zhang et al., 2018). 
In Synechocystis, flow of N from Glu to ornithine is regulated via regulation of feedback 

inhibition of NAGK by Arg with a dependency on 2-OG and ADP levels mediated by PII 

(Forchhammer & Selim, 2020). C is taken up in form of CO2 and HCO3
- via the CCM, 

which includes transporters, NDH-13/4 and the carboxysome. The CBB cycle assimilates 

CO2 into 3-PGA, which enters gluconeogenesis via GAP or the TCA cycle via lower 
glycolysis. Photorespiration in cyanobacteria is comprised of overlapping pathways, 

which regenerate the sideproduct of RuBisCO activity, 2-PG, and one of which 
consumes Glu and releases 2-OG, NH3 and CO2 (Bauwe et al., 2010; Montgomery et 

al., 2016). There are three main catabolic routes for C in cyanobacteria, which have 
glucose-6-phosphate as their common entry-point and all feed into GAP: The EMP 

pathway, OPP pathway, which intersects with the CBB and possibly the ED pathway 
(Chen et al., 2016; Lucius & Hagemann, 2024; Makowka et al., 2020). The TCA cycle 

in cyanobacteria has several variations which are described in Steinhauser et al. (2012) 

and You et al. (2024). 

1.5 C/N balance in cyanobacteria 

1.5.1 Coupling of C and N metabolic pathways 

C and N metabolism are tightly interconnected, as they constitute the two most 

abundant cellular elements, forming e.g. carbohydrates, proteins and nucleic acids. 

Moreover, N assimilation requires a C skeleton. Thus, limitation or excess of either 

nutrient strongly affects the metabolism of the other (B. Li et al., 2024; C. C. Zhang 

et al., 2018).  

The C/N ratio of different organisms varies in a relatively narrow range (C. C. 

Zhang et al., 2018) to prevent metabolic imbalance (Gollan et al., 2020). In 

cyanobacteria the C/N ratio is close to 5:1 (Forchhammer & Selim, 2020; Wolk, 1973). 

N metabolic pathways intersect in the GS/GOGAT cycle (see chapter 1.4.3.), where 

2-OG provides the C skeleton for N assimilation. To control uptake and assimilation 

of various N and C sources under changing environmental conditions, cyanobacteria 

employ different levels of regulation, acting at both the metabolic and transcriptional 

levels (Forchhammer & Selim, 2020; B. Li et al., 2024; C. C. Zhang et al., 2018). 

1.5.2 The N starvation signal 2-OG and its signalling cascade 

Although cyanobacteria possess at least three bypasses in the TCA cycle, which allow 

for 2-OG conversion to succinate despite 2-OG dehydrogenase missing in 
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cyanobacteria, fluctuations in 2-OG levels are determined by its formation via isocitrate 

dehydrogenase (IDH) in the TCA cycle and its consumption through the GS/GOGAT 

cycle (Forchhammer & Selim, 2020; S. Zhang, 2011). Since C and N metabolism are 

directly linked via 2-OG in the GS/GOGAT cycle (see chapter 1.4.3.) (Lucius & 

Hagemann, 2024), 2-OG levels increase under N deprivation (Yutthanasirikul et al., 

2024) making it the signal transducer for N-control in cyanobacteria (Flores, Arévalo, 

et al., 2019; Herrero & Flores, 2019; Robles-Rengel et al., 2019). Also in Anabaena, 2-

OG accumulates rapidly upon N limitation (C. C. Zhang et al., 2018). Moreover, via a 

non-metabolizable 2-OG analogue, Laurent et al. (2005) were able to trigger heterocyst 

formation in Anabaena under repressive conditions, providing in vivo evidence for the 

signalling role of 2-OG. A similar conclusion was also reached by Li et al., 2003, 

utilizing 2-OG directly to trigger heterocyst development. Additionally, in A.variabilis 

Gln is an adequate N source for cyanobacterial growth but cannot repress heterocyst 

development, underlining the intrinsic role of 2-OG in triggering heterocyst formation 

(Laurent et al., 2005). Currently, four 2-OG sensors have been identified in 

cyanobacteria: Ntca, FurA, PII and NdhR (CcmR) (Guío et al., 2020; Jiang et al., 2018; 

Tanigawa et al., 2002; Y. Zhang & Zhao, 2008). 

Ntca. NtcA is a global transcriptional regulator of C and N metabolism in 

cyanobacteria, including Anabaena. It regulates a wide range of processes e.g. cellular 

regulation, transport, translation, biosynthesis and central metabolism, Fe acquisition, 

photosynthesis and respiration. NtcA was originally discovered as a N regulator and 

indeed, the widest range of regulated genes fall under that category such as NO3
- and 

NH4
+ assimilation systems and the urea uptake system, as well as heterocyst 

differentiation and N2 fixation by nitrogenase (see chapter 1.6.) (Picossi et al., 2014). 

NtcA binds 2-OG directly, leading to an increase in the binding affinity of NtcA to 

some of its target promoters, including its own promoter, triggering or suppressing 

transcription (Flores, Picossi, et al., 2019; Herrero & Flores, 2019; M. I. Muro-Pastor 

et al., 2001). Under low 2-OG conditions, basal NtcA binding to desoxyribonucleic 

acid (DNA) may be important for its repressive role (Flores, Picossi, et al., 2019). 

N control describes a common mechanism in microorganisms, where the 

assimilation of an inferior N source is repressed when another, more easily 

assimilated source of N is available (Herrero et al., 2001). For example, uptake of 

NO3
-, the second most preferred N source in Anabaena, only takes place when NH4

+ 

is no longer available in the medium (Watzer et al., 2019; Xing & Zhang, 2019; C. 

C. Zhang et al., 2018). N control is achieved primarily on the transcriptional but also 

on the post transcriptional level. On the transcriptional level, NtcA is the primary 

regulator (Flores, Picossi, et al., 2019; Galmozzi et al., 2010; Herrero & Flores, 

2019). The different affinities of NtcA to different promoters could play an important 

role in the order of promoter activation after a change in N source and for N control 

(Flores, Picossi, et al., 2019; Galmozzi et al., 2010; Herrero & Flores, 2019; Perin et 
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al., 2021). The expression of NH4
+ repressible genes commonly requires NtcA 

(Flores et al., 1999; Herrero et al., 2001; Vega‐Palas et al., 1992). The role of NtcA 

in NH4
+ acclimation remains to be investigated (S. Lin et al., 2025). For example, 

when NH4
+ becomes depleted in the environment, cellular 2-OG levels are 

transiently increased due to reduced consumption (B. Li et al., 2024). 2-OG binds to 

NtcA, activating the transcription of the previously repressed nirA operon together 

with NtcB (Aichi et al., 2001; Ohashi et al., 2011; C. C. Zhang et al., 2018). NtcB is 

a LysR type transcriptional regulator (LTTR), which is specifically involved in 

activation of the NO3
- assimilation genes (Ohashi et al., 2011). In Anabaena, NtcB 

appears to be essential for the expression of the nirA operon, independent of NO3
- 

availability (Aichi et al., 2001). 

Regulation of the GS/GOGAT cycle is essential for the C/N balance in 

cyanobacteria and regulated by enzymatic activity (Yutthanasirikul et al., 2024) and 

at the transcriptional level (Galmozzi et al., 2010; Reyes et al., 1997). GS is a key 

regulator of the GS/GOGAT cycle (Yutthanasirikul et al., 2024) and its regulation is 

described in the following.  

Posttranslational regulation of GS in cyanobacteria was first described in 

Synechocystis sp. PCC 6803, where GS interacts reversibly with two small proteins, 

inactivation factor 7 (IF7, gifA) and IF17 (gifB). Most cyanobacteria have IF7-like 

proteins. In Anabaena there is only one gif gene which is homologous to gifA in 

Synechocystis sp. PCC 6803 and codes for IF7A (Galmozzi et al., 2010). Transcription 

of gifA in Anabaena is partially repressed by NtcA under all N regimes, however more 

strongly when NH4
+ is not the N source. When NH4

+ is the N source, gifA expression 

is basal in Anabaena. In contrast to Synechocystis sp. PCC 6803, NH4
+ mediated 

upregulation of gifA is not transitory and gifA expression remains high during NH4
+ 

treatment. The reason for this may be slower GS inactivation in Anabaena. In 

Synechocystis sp. PCC 6803, gifA and gifB are downregulated under N limitation, 

which leads to IF7 and IF17 proteins being degraded, activating GS (Galmozzi et al., 

2007, 2010; García-Domínguez et al., 2000). This results in higher GS activity under 

N limitation/when N2 is the N source (Flores & Herrero, 1994; Forchhammer & Selim, 

2020; Galmozzi et al., 2010). After NH4
+ addition, similar to Synechocystis sp. PCC 

6803, Anabaena gifA expression is partially derepressed, leading to IF7A synthesis 

and thus GS inactivation (Galmozzi et al., 2010). In a second level of regulation in 

Anabaena and other cyanobacteria, GS is controlled at the transcriptional level via 

NtcA. GlnA translation is low when N levels are high and when NH4
+ is available in 

the environment. In turn, in the absence of N, glnA is expressed at higher levels (Frías 

et al., 1994; Herrero et al., 2001; Tumer et al., 1983). 

 

PII. The small signal-transducing protein PII regulates multiple C and N metabolic 

processes by sensing the intracellular C/N ratio via 2-OG and the energy status via 
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the ATP/ADP ratio (Forchhammer et al., 2022; Watzer et al., 2019; C. C. Zhang et 

al., 2018). In unicellular cyanobacteria, PII regulates NtcA through the binding of 

the NtcA co-activator PipX (Espinosa et al., 2007) , as well as NH4
+, NO3

- and urea 

uptake directly (Espinosa et al., 2007; Watzer et al., 2019), including e.g. the short-

term NH4
+ mediated inhibition of NO3

- import (H. M. Lee et al., 2000) and NO3
- 

uptake in response to light availability (Kloft & Forchhammer, 2005). Moreover, PII 

participates in the regulation of N storage formation/Arg biosynthesis (via N-acetyl 

glutamate kinase, NAGK, argB) (Flores, Arévalo, et al., 2019; Forchhammer & 

Lüddecke, 2016; Maheswaran et al., 2006), fatty acid synthesis (via acetyl-CoA 

carboxylase) (Hauf et al., 2016) and Ci uptake (Hisbergues et al., 1999). 

PII is integrating and relaying this information via changing interactions with 

various target proteins of the central metabolic pathways depending on covalent 

modifications (phosphorylation/nitrisylation) and the combination of metabolites 

(e.g. ATP/ADP and 2-OG) it has bound. Importantly, binding of partner proteins 

may change the affinity of effectors (Forchhammer et al., 2022; Forchhammer & 

Selim, 2020; B. Li et al., 2024; Watzer et al., 2019; Y. Zhang & Zhao, 2008). PII 

functions in the NtcA-PipX-PII regulatory axis. When NtcA is activated, it enhances 

transcription of the PII-encoding gene (H.-M. Lee et al., 1999). In turn PII modulates 

NtcA gene expressions by sequestering the NtcA co-activator PipX (Espinosa et al., 

2006, 2007). E.g. PII switches off PipX-activated NtcA gene expression at high ADP 

and intermediate 2-OG levels (Zeth et al., 2014). 

The PII protein is also a central regulator of N control on the posttranscriptional 

level. In unicellular strains the activity of the NH4
+, NO3

- and urea transporter system 

is regulated by PII on the protein level, depending on its phosphorylation levels 

which are determined by the C/N balance (Forchhammer & Selim, 2020; B. Li et al., 

2024; Watzer et al., 2019). In unicellular cyanobacteria, PII also controls N storage 

metabolism through regulation of NAGK, a rate limiting-enzyme of Arg- and thus 

also cyanophycin-synthesis, leading to enhanced N storage under N sufficiency (high 

intracellular ATP and low 2-OG levels) (Forchhammer, 2008; Forchhammer & 

Selim, 2020; Watzer et al., 2019; C. C. Zhang et al., 2018).  

In heterocystous cyanobacteria, the role of PII is less well understood. Here, PII 

may have distinct functions since e.g. glnB, coding for PII, is essential in Nostoc 

punctiforme ATCC 29133 (Hanson et al., 1998). In Anabaena, PII is known to 

change its modification state depending on the N regime and cell type and play a role 

in regulating N metabolism. While PII is not needed for heterocyst differentiation 

(Laurent et al., 2004; Y. Zhang et al., 2007), the PipX gene is mainly expressed 

during heterocyst differentiation as described in chapter 1.6.2. (Valladares et al., 

2011). At least in Anabaena variabilis NAGK inhibition at increased Arg levels has 

been demonstrated (Hoare & Hoare, 1966), thus, NAGK may also be feedback-

inhibited by Arg possibly via PII in Anabaena sp. PCC7120. 
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1.5.3 2-PG as a signal for C starvation 

2-PG is derived from the oxygenase activity of RuBisCO and thus serves as a 

metabolic signal of C starvation (see chapter 1.3.2.) (C. C. Zhang et al., 2018). 2-PG 

relays this signal via various transcription factors (TFs), as described below.  

The LysR-type TF subfamily CbbR (proteobacterial Calvin Cycle regulator) 

regulates CO2-responsive genes, including genes encoding enzymes of the CBB 

cycle. It is regulating CO2 fixation and the adaptation to Ci limitation and is found in 

many autotrophic microorganisms including β-cyanobacteria (Dangel & Tabita, 

2015; Price et al., 2008).  

Anabaena possesses three CbbR-like LTTRs, CmpR, NdhR (also known as 

CcmR), and PacR (also known as RbcR, all3953) (Kaneko et al., 2001). CmpR 

activates the cmp operon (alr2877-alr2880) and also autoregulates its own 

expression in response to Ci limitation. CmpR activates the cmp operon and 

positively autoregulates its own expression in response to Ci limitation (López-Igual 

et al., 2012; C. C. Zhang et al., 2018). CmpR may have 2-PG as a positive effector 

(Nishimura et al., 2008). 

NdhR is a sensor of 2-OG and 2-PG (Jiang et al., 2018) and acts as a repressor of 

Ci uptake under HC conditions and negatively regulates its own transcription (Figge et 

al., 2001; López-Igual et al., 2012; H. L. Wang et al., 2004; C. C. Zhang et al., 2018). 

 

PacR. The LysR-type, RbcR-like transcription factor PacR globally regulates Ci 

assimilation and photosynthesis-related genes in Anabaena. It has been found to adjust 

the formation of reductive power depending on Ci availability while providing protection 

form oxidative damage to photosynthetic components. Remarkably, PacR was the first 

CbbR-like TF described in cyanobacteria to activate RuBisCo encoding genes and the 

first TF that was found to be able to fine-tune photosynthetic gene expression (e.g. the 

core PSI RC psaA gene) to the availability of Ci. Under Ci limiting conditions, PacR 

predominantly upregulates its target genes. Interestingly, PacR appears not to 

autoregulate its own transcription, which is also not regulated by NtcA, and its 

expression appears independent of the intracellular C/N balance (Picossi et al., 2015). 

It has been demonstrated that PacR is a truly global TF, which positively or 

negatively regulates genes in various parts of the metabolism (e.g. biosynthesis of 

aminoacids, cofactors, prosthetic groups, carriers and the cell envelope as well as 

central- and energy-metabolism, DNA replication, recombination and repair, 

translation, transport and binding proteins, photosynthesis and respiration and other 

regulatory proteins). A particularly high number of PacR-regulated genes are 

involved in photosynthesis and Ci assimilation (e.g. the CCM) or encode regulatory 

proteins. Photosynthetic genes targeted by PacR are in general regulated depending 

on Ci availability. For example, their products function in ROS protection or are 

structural components of both PSI and PSII (Picossi et al., 2015). 
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PacR shares an 82 % sequence identity with RbcR (sll0998) from Synechocystis 

sp. PCC 6803 (Bolay et al., 2022). In contrast to Anabaena, RbcR is essential in 

Synechocystis sp. PCC 6803 (Figge et al., 2001) probably due to its role as positive 

regulator of Ci acquisition genes, e.g. rbcLS, coding for RuBisCO (Bolay et al., 2022; 

Figge et al., 2001). Moreover, expression of rbcR is induced under low Ci conditions 

in Synechocystis (H. L. Wang et al., 2004), whereas in Anabaena, pacR expression 

appears constitutive and independent of Ci availability (Picossi et al., 2015). Despite 

these regulatory differences, PacR and RbcR seem to both play roles in regulating 

genes involved in Ci acquisition and concentration and appear to share a certain target 

set (e.g. rbcLXS, sbtAB, carboxysome-component coding genes (e.g. ccmK) and stress-

response genes such as sigB and flv4 (flv2 only in Synechocystis sp. PCC 6803) as well 

as ndhF3) (Bolay et al., 2022; Picossi et al., 2015). However, in contrast to other 

autotrophic microorganisms, RbcR of Synechocystis sp. PCC 6803, does not function 

as a global master-regulator of all CBB cycle genes (Bolay et al., 2022). 

1.5.4 The integration of 2-OG and 2-PG signals enables 
C/N balancing 

The intracellular 2-PG and 2-OG levels are inversely correlated, and their ratio 

reflects the C/N balance. The mechanisms by which cells sense and readjust their 

C/N status involve a complex network of interdependent signalling proteins and TFs. 

These regulatory pathways respond not only to 2-OG and 2-PG but also to other key 

metabolites such as ATP, NADP(H), and RuBP (C. C. Zhang et al., 2018). Some 

central signalling networks are highlighted below. Under N limitation, the NtcA/2-

OG complex activates transcription of N uptake and assimilation related genes, while 

the NdhR/2-OG complex represses CCM related genes. In contrast, the apo form of 

NtcA has a low DNA-binding affinity under Ci limitation, leading to downregulation 

of N uptake and assimilation genes. Simultaneously, the NdhR/2-PG complex is 

unable to bind DNA and act as a repressor, thereby allowing the expression of CCM 

genes. Thus, the joint action of NtcA and NdhR helps regulating C and N uptake and 

assimilation genes to regain C/N balance (C. C. Zhang et al., 2018). 

Additional TF are also involved in integrating C/N signalling. As an example, in 

Synechocystis, it has been proposed that under Ci limitation the PacR homologue 

RbcR, together with the TF CyAbrB2, may activate Ci assimilation genes after 

alleviation of NdhR mediated repression (Bolay et al., 2022).  

Another example of C/N involves the regulation of CO₂ import via the CmpR 

TF. CmpR may activate the cmp operon in response to 2-PG binding, promoting CO2 

import under Ci limitation (Nishimura et al., 2008). While CmpR in Anabaena is 

expressed under low Ci, its expression under these conditions is boosted when N is 
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absent via coregulation of its expression by NtcA (López-Igual et al., 2012), allowing 

coordination between Ci uptake and N availability, as reflected by 2-OG levels. 

1.6 Heterocyst metabolism and differentiation  

1.6.1 Characteristics of heterocysts 

The distinguishing characteristic of a heterocyst is its microoxic environment, which 

protects nitrogenase from O2 and provides it with ATP and reducing equivalents in 

form of Fed (e.g. the heterocyst-specific fdxH, the main nitrogenase e- donor 

(Masepohl et al., 1997) and fdxB (Kourpa 2019). Low O2 levels in heterocysts are 

maintained through a combination of mechanisms: 1) A specialized cell envelope 

restricts O2 diffusion (Chapter 1.1.) 2) O2 production is minimized by the presence 

of non-O2 producing PSII (Magnuson, 2019; Nagao et al., 2022). 3) Active 

respiration is mediated by NtcA-dependent expression of the heterocyst specific 

RTOs Cox2 and Cox3 which are located in the honeycomb membranes (Jones & 

Haselkorn, 2002; Valladares et al., 2003, 2007). 4) The cytoplasmic heterocyst-

specific Flv3B homo-oligomer enables microoxic conditions by performing light-

induced O2 reduction (Ermakova, 2014). 

Heterocyst lack CCM, glycogen granules, and functional PSII and are therefore 

limited to photoheterotrophic metabolism. Thus, vegetative cells provide them 

reduced C in form of e.g. sucrose, alanine (Ala) and Glu (Cumino et al., 2007; Flores, 

Picossi, et al., 2019; Harish & Seth, 2020; Nieves-Morión et al., 2021). Sucrose then 

enters the OPP pathway or glycolysis, producing NADPH (Cumino et al., 2007; 

Curatti et al., 2002). There have been conflicting reports of this NADPH directly 

reducing Fed and then nitrogenase, or rather electrons being transported to 

nitrogenase via PSI (Magnuson, 2019; Schrautemeier et al., 1984). More recently, 

an e- transport network has been proposed, where NADPH originating from the OPP 

pathway reduces Fed via FNR and subsequently Fed may directly reduce nitrogenase 

or contribute to LET via NDH-1. In this model, Fed also donates e- to RTO or FDP 

activity (Alleman & Peters, 2023). Moreover, the CET is active in heterocysts to 

enhance ATP production, which is mainly produced through photosynthetic light 

reactions. This ATP is vital for nitrogenase activity (Alleman & Peters, 2023; 

Bandyopadhyay et al., 2021; Thomas, 1970). Compared to vegetative cells, 

heterocysts contain higher levels of NDH-1, ATP synthase, PSI, and the Cyt b₆f 

complex (Ow et al., 2008). 

N2 fixation in heterocysts is carried out by the heterocyst specific nitrogenase 

enzyme, a multiprotein enzyme complex that catalyses N2 fixation, with 

unidirectional H2 production as an inevitable side-product (Bothe et al., 2010; 

Khetkorn et al., 2012; Tsygankov, 2007; W.D. Steward, 1996). Nitrogenase 
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functions as a heterodimer, with each dimer composed of three subunits: one NifH 

and two NifDK (Alleman & Peters, 2023; A. K. Mishra et al., 2019). NifDK forms 

the MoFe dinitrogenase component (nifD codes for the α- and nifK for the β-subunit), 

which reduces N2 in an ATP dependent reaction. NifH is the Fe dinitrogenase 

reductase that accepts e- from Fed. In this energy and e- intensive reaction, N2 and 

protons are simultaneously reduced to NH4
+ and H2, respectively, as shown in the 

equations below (Burgess & Lowe, 1996; Christiansen et al., 2001; A. K. Mishra et 

al., 2019; Ross D. Milton, 2016): 

 

Under N2 atmosphere:  

N2 + 8 H+ + 8 e- + 16 ATP -> 2 NH3 + H2 + 16 ADP + 16 Pi 

When N2 is not available, all e- are directed towards protons, which reduces the ATP 

requirement (Mohan & Pandey, 2013; Wilson et al., 2021): 

2 H+ + 2 e- + 4 ATP -> H2 + 4 ADP + 4 Pi 

To recycle H2 produced by nitrogenase (Khanna & Lindblad, 2015; Tamagnini 

et al., 2007), Anabaena possesses Hup which is expressed exclusively in the 

heterocysts (Houchins & Burris, 1981).  

The heterocyst-specific Hup consists of at least two subunits: the large subunit, 

HupL, which contains the active site NiFe cluster and a small subunit, HupS, which 

contains the FeS clusters that transport e- between the active center and the e- 

acceptor/donor (Albracht, 1994; Tamagnini et al., 2002, 2007). 

Hup is likely membrane-bound, however the existence of a soluble form cannot 

be ruled out (Houchins & Burris, 1981). H2 recycling has been suggested to have at 

least four different beneficial functions: 1) It provides ATP via the oxyhydrogen 

reaction, minimizing the loss of energy 2) It removes O2 from nitrogenase, protecting 

it from inactivation 3) It supplies reducing equivalents to N fixation, photosynthesis 

and other reductive processes and 4) It prevents feedback inhibition of nitrogenase 

by H2 buildup (Khanna & Lindblad, 2015; Tamagnini et al., 2007). In Anabaena, the 

contiguous hupL and hupS genes undergo rearrangement during heterocyst 

differentiation (see chapter 1.6.2.). The promoter of the hup operon contains a 

putative NtcA binding site, for which NtcA binding could be demonstrated, at least 

in N. punctiforme (Pia Lindberg, 2003; Tamagnini et al., 2007). 

In heterocysts, at least parts of the NO3
- uptake system and GOGAT are not 

expressed (A. K. Mishra et al., 2019). NH4
+ generated by nitrogenase is incorporated 

into vegetative cell-provided Glu by GS, producing Gln. Gln is transferred to the 

adjacent vegetative cells (Martín-Figueroa et al., 2000; Thomas et al., 1977; Wolk et 

al., 1976). Accordingly, in heterocystous Anabaena, 2-OG metabolism mainly takes 

place in vegetative cells (Galmozzi et al., 2010). However, 2-OG levels remain high 
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in the heterocysts due to the activity of the NADH-IDH, which generates NADPH 

for Fed reduction (Galmozzi et al., 2010; Martín-Figueroa et al., 2000). This 2-OG 

is then exported to the vegetative cell (Böhme, 1998; Malatinszky et al., 2017; 

Martín-Figueroa et al., 2000). In Anabaena, only one Fed-dependent GOGAT 

(encoded by glsF) is found, and transcription levels remain constant regardless of 

the N source. Expression is restricted to vegetative cells (Martín-Figueroa et al., 

2000). In heterocysts, accumulation of 2-OG represses gifA transcription via NtcA, 

thus leading to GS activation (see chapters 1.4.3.; 1.5.2.). Moreover, the gifA 

promoter is not de-repressed in heterocysts, possibly due to higher 2-OG levels 

influencing NtcA activity. Thus, the GS inactivation system is repressed in 

heterocysts but not in vegetative cells in Anabaena (Galmozzi et al., 2010), allowing 

for a splitting of the GS/GOGAT cycle between cell types. 

If Gln is not exported from the heterocyst, it is converted to Arg and perhaps also 

exported in this form (Böhme, 1998; Martín-Figueroa et al., 2000). Arg is the most 

N rich amino acid and has a role both as a protein building block, and in a wide range 

of N metabolism, including N storage (Forchhammer & Selim, 2020). Arg together 

with Asp, can be used to synthesize cyanophycin (Flores, Arévalo, et al., 2019). In 

the heterocyst, and to a lesser degree also in the vegetative cell, cyanophycin is stored 

as a dynamic N reservoir (Flores, Arévalo, et al., 2019; Gupta & Carr, 1981; Picossi 

et al., 2004; H. Zhang & Yang, 2019). In heterocysts, cyanophycin accumulates at 

the heterocyst poles adjacent to vegetative cells as cyanophycin granules (Flores, 

Picossi, et al., 2019; Lang et al., 1972; Sherman et al., 2000) which appear to function 

as a transient N storage before transfer to the vegetative cell in form of β-aspartyl-

arginine (Burnat et al., 2014; Flores, Arévalo, et al., 2019; N. G. Carr, 1989; Sherman 

et al., 2000). 
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Figure 4.  Difference in metabolic pathways and exchange in metabolites between the 
vegetative cell and heterocyst. In contrast to the vegetative cell, the heterocyst 

doesn’t have an active PSII and it utilizes RTOs like Cox and Cyd as well as Flv3B to 

maintain a microoxic environment. Fd-I and FNR(long) possibly perform classic e- 
transfer, while FxdH is specific for CET and nitrogenase and FNR (short) is specific for 

shuttling of e- from the OPP to FdxH. Hox may function as an e- valve. Photosynthetic 
reducing equivalents are donated to nitrogenase for N2 fixation. Nitrogenase produces 

H2 as a sideproduct from which reducing equivalents are recycled via Hup. The 
GS/GOGAT cycle is split between the cell types, allowing for transport of N fixed in the 

heterocyst via Gln. 2-OG is produced in the heterocyst to generate reducing equivalents 
and is also transported to the vegetative cell (Ermakova, 2014; Khetkorn et al., 2012; 

Malatinszky et al., 2017; Perin et al., 2021; Pernil & Schleiff, 2019). 

1.6.2 Heterocyst differentiation 

Anabaena filaments require approximately 48 h to fully switch to atmospheric N2 

fixation (Perin et al., 2021). It has been suggested that more than one round of 

heterocyst differentiation may occur within this period (Nieves-Morión et al., 2021). 

Other sources however state that heterocyst differentiation is typically completed 

within 18-24 h after N deprivation (Flores, Picossi, et al., 2019; Santamaría-Gómez 

et al., 2018; Valladares et al., 2011), with protoheterocysts already detectable after 

six-eight hours (Harish & Seth, 2020; A. M. Muro-Pastor & Hess, 2012). During 

heterocyst differentiation, the photoautotrophic metabolism of the vegetative cell is 

switched to heterotrophic mode (Harish & Seth, 2020), the O2 impenetrable outer 

layer is synthesized, and key enzymes such as RTOs, FDPs and nitrogenase are 

expressed. Central to the regulation of heterocyst differentiation in cyanobacteria are 

the global regulatory transcription factor NtcA and PipX, which mediate responses 
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to C/N balance, as well as HetR, which is only found in filamentous cyanobacteria 

and functions in cell differentiation (Flores, Picossi, et al., 2019).  

 

Figure 5.  Timeline of gene activation during heterocyst formation. A subset of genes are 
shown as examples. Heterocyst differentiation takes 18-24 h to complete after N 

stepdown. No precise timings are intended to be shown in the figure. However, genes 

represented further left are expressed at earlier stages of differentiation than genes 
represented to the right. NtcA-NrrA-HetR interactions initiate heterocyst differentiation, 

however NtcA as well as HetR also influence gene expression at later stages as 
indicated by arrows. Grey boxes group genes implicated in the indicated activities. 

Genes are shown as blue arrows. Proteins are represented by the other shapes (ovals, 
squares, triangles etc...). Solid arrows = direct regulation (i.e. the direct binding of the 

regulator to the promoter has been demonstrated), grey arrows = direct regulation is 
hypothetical and dashed arrows = indirect regulation/reglation not known. 

Abbreviations: HK=Histidine Kinase; RR= Response regulator; STK=Serine/Threonine 

Kinase; HTH=Helix-Turn-Helix-Motive; -P= Phosphorylation possible or demonstrated. 
Image adapted after Flores, Picossi et al. 2019 (Flores, Picossi, et al., 2019; Harish & 

Seth, 2020; Kurio et al., 2020; A. M. Muro-Pastor & Hess, 2012; Zeng & Zhang, 2022) 

Heterocyst differentiation is terminal process and encompasses four major 

processes (does not reflect the sequence of events): (a) sensing the differentiation 

signal and initiating differentiation (b) spatial pattern determination along the 

filament (c) formation of heterocyst envelope and (d) assembly of the N2 fixing 

machinery. After triggering of heterocyst formation via NtcA, NrrA and HetR, the 

spatial distribution pattern of heterocysts is first established, and then the final 

commitment to terminal heterocyst differentiation is initiated. First, protoheterocysts 

are formed by degrading PBS, reorganizing thylakoid membranes into honeycomb 

membranes and synthesizing Hep and Hgl layers. However, protoheterocysts do not 
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yet have a microoxic environment and lack rearrangement of nifHD. Thus, in the 

second/maturation stage, Pipx is activated and first O2 consuming processes are 

established (e.g. expression of FDP and Cox encoding genes). Nitrogenase encoding 

genes can then be expressed and N2 assimilation can commence. Remodelling of C 

and N metabolism accompanies this process, including the suppression of Ci fixation 

by e.g. binding of NtcA at the translation start site of the rbcLXS operon, thereby 

downregulating production of RuBisCO. (Flores, Picossi, et al., 2019; Harish & Seth, 

2020; A. M. Muro-Pastor & Hess, 2012; Zeng & Zhang, 2022). The developmental 

steps of heterocyst formation are shown in Figure 4 and described in more detail in 

the following. 

Heterocyst formation in Anabaena is triggered by C/N imbalance and relies on a 

precise sensing of the internal C/N ratio. While N deprivation is the primary cue, 

elevated CO2 levels can also trigger heterocyst formation, demonstrating the central 

regulatory role of the C/N balance (C. C. Zhang et al., 2018).  

Here, N starvation as the main driver of heterocyst formation is discussed. 

Following the principle of N control, heterocyst differentiation only takes place 

when no combined N source is available, as N2 fixation is the most energy-

demanding form of N (E. Flores; A. Herrero, 2005; Herrero et al., 2001). N starvation 

is signalled by rising intracellular levels of 2-OG, which links C and N metabolism 

through the GS/GOGAT cycle (see chapter 1.4.3.). 2-OG is considered the primary 

metabolic trigger for heterocyst formation (see chapter 1.5.2.) (Harish & Seth, 2020; 

Zeng & Zhang, 2022; C. C. Zhang et al., 2018). Increased intracellular levels of 2-

OG have been shown to increase heterocyst frequency and accelerate commitment 

to heterocyst differentiation in Anabaena (J. H. Li et al., 2003). In Anabaena, 2-OG 

levels peak one hour after removal of N, triggering the heterocyst differentiation 

process, and then gradually return to basal levels within 16 h (Laurent et al., 2005; 

Videau et al., 2015). This may be due to 2-OG being consumed as a C skeleton 

during the breakdown of N reserves (Laurent et al., 2005; Meeks & Elhai, 2002). In 

accordance with this, heterocyst frequency usually peaks shortly after N deprivation 

and then decreases gradually (J. H. Li et al., 2003; Zulkefli & Hwang, 2020).  

Fluctuations in basal hetR/HetR and patS/PatS levels even in the presence of 

NH4
+ within individual cells lead to a latent pattern, which results in heterocyst 

pattering after N stepdown (Corrales-Guerrero et al., 2015; Flores, Picossi, et al., 

2019; Yoon & Golden, 2001). PatS is a 17-amino acid peptide that, when expressed 

after activation by HetR, diffuses to neighbouring cells and establishes a 

concentration gradient, acting as a morphogen and inducing the posttranslational 

degradation of HetR, inhibiting heterocyst formation in neighbouring cells, thus 

determining heterocyst pattering (Flores, Picossi, et al., 2019; Harish & Seth, 2020; 

J. H. Li et al., 2003). 
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In heterocystous cyanobacteria, 2-OG binds to and activates NtcA. This N 

starvation signal is amplified by positive autoregulation of NtcA until ntcA 

transcription reaches a maximal level, enabling the activation of alternative N 

metabolism and heterocyst formation genes (Herrero et al., 2001; J. H. Li et al., 

2003). hetR codes for the master regulator of heterocyst formation and its expression 

is activated indirectly by NtcA through the response regulator-like factor NrrA 

(Ehira & Ohmori, 2006; María Muro-Pastor et al., 2006; Zeng & Zhang, 2022). After 

NtcA induces hetR expression, both TFs positively regulate their own expression by 

binding to their own and each other’s promoters (A. M. Muro-Pastor et al., 2002). In 

protoheterocysts, NtcA also upregulates furA expression. FurA may negatively 

regulate NtcA expression depending on 2-OG levels as well as HetR expression. 

This partially suppresses heterocyst differentiation since morphogenesis is impaired 

early in the process as an additional safeguard against premature differentiation 

(González et al., 2013; Guío et al., 2020). HetR is an NtcA co-activator (Camargo et 

al., 2012) and regulates hetP, which is involved in the irreversible commitment to 

heterocyst formation, directly (Higa & Callahan, 2010; Videau et al., 2016). After 

commitment to heterocyst differentiation, FurA induces other heterocyst formation 

genes, such as hetC and patA and modulates patS expression (González et al., 2014). 

Expression of the HepA gene, which enables synthesis of the Hep layer (Harish & 

Seth, 2020; Zhu et al., 1998) requires HetR binding (Flores, Picossi, et al., 2019). 

Likewise, genes involved in Hgl layer formation are activated by NtcA/HetR directly 

(Camargo et al., 2012; Picossi et al., 2014) or indirectly via the TF DevH (Hebbar & 

Curtis, 2000; Kurio et al., 2020). 

During the late phase of heterocyst differentiation, HetN regulates pattern 

maintenance (Callahan & Buikema, 2001; Casanova-Ferrer et al., 2022). PipX is a 

late NtcA coactivator, directly activated by NtcA and required to achieve the 

activation of late heterocyst differentiation genes (e.g. FDPs and Cox encoding genes 

to establish microoxic conditions) as well as mature heterocyst genes (Flores, 

Picossi, et al., 2019; Valladares et al., 2011). DevH also regulates late heterocyst-

specific genes including the cox2 and cox3 operons and the nif gene cluster (Zeng & 

Zhang, 2022). 

In Anabaena (as well as other diazotrophic bacteria), cnfR (previously patB) is 

expressed only in heterocysts via NtcA regulation and probably activates nif gene 

expression due to low O2 tension. The kinase PknE, whoes transcription is activated 

by HetR and NtcA, inhibits HetR in a later stage of differentiation via 

phosphorylation (Flores, Picossi, et al., 2019; Harish & Seth, 2020). During mid-to-

late heterocyst differentiation, FurA also contributes to shutting down NtcA activity 

together with PknE or HetR (González et al., 2013).  
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2 Aims of the study 

Flavodiiron proteins are of major importance as auxiliary e- sinks in photosynthetic 

organisms. By harmlessly dissipating excess reducing power, FDPs protect the 

photosynthetic apparatus under fluctuating light intensities. Interest in FDPs has 

grown substantially due to their major role in cellular bioenergetics, as well as their 

biotechnological potential: Redirecting e- flux away from FDPs towards reductive 

bio-transformations could enhance the efficiency of photosynthetic production 

systems. To this end, it is imperative to gain a deeper understanding of the role of 

FDPs within regulatory mechanisms and endogenous networks. Here, the impact of 

FDP deletion on the photosynthetic performance and N2 fixation capacity is 

investigated in the N2-fixing cyanobacterium Anabaena. 

To place FDP function within a broader regulatory context, the role of PacR, a 

global transcription factor that also affects FDP expression, was explored. PacR 

plays a major role in regulating photosynthesis and the C metabolism, thereby most 

likely adjusting Ci assimilation to the photosynthetic capacity.  

Thus, by deepening the understanding of the global regulator PacR and of FDPs 

as part of the PacR regulon as well as a vital redox buffering system, I aim at 

understanding better how Anabaena balances C/N and photosynthesis. These 

insights will inform bioengineering strategies aiming at utilizing reductive power 

and/or the N2 fixation and H2 producing capabilities of Anabaena. 

 

Therefore, my thesis has two main objectives: 

- Elucidate the role of vegetative-cell specific Flv1A and Flv3A proteins in 

Anabaena, and determine how they are linked to photosynthetic 

performance and heterocyst metabolism. 

- Elucidate how PacR regulates the crosstalk between photosynthesis and C/N 

balancing and coordinates metabolism between heterocyst and vegetative 

cells in Anabaena with particular emphasis on its role in regulating the 

expression of flavodiiron proteins at a transcriptional level. 
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3 Materials and Methods 

3.1 Cyanobacterial strains and growth conditions 

First paper. Strains used in the first paper were the Anabaena sp. PCC 7120 wild 

type (WT) as well as the Δflv1A, Δflv3A (Allahverdiyeva et al., 2013) and ΔhupL 

(Masukawa et al., 2002) mutants which were described previously. A second Δflv3A 

clone was constructed as previously described by inserting a neomycin (Nm) cassette 

into the all3895 gene (Allahverdiyeva et al., 2013). The double-mutant 

Δflv1A/Δflv3A was constructed as follows: The Nm resistance cassette of the Δflv1A 

construct was replaced with a Spectinomycin (Spec)/Streptomycin (Strep) resistance 

cassette. This construct was then used to mutate a Δflv3A strain. Selection for new 

clones was done by adding sucrose, the respective antibiotic(s) (Cai & Wolk, 1990) 

and segregation was checked via polymerase chain reaction (PCR). Δflv1A and 

Δflv3A were maintained in BG11 medium supplemented with 40 µg ml-1 Nm and 

Δflv1A/Δflv3A double mutants were supplemented with 40 µg ml-1 Nm and 15 µg 

ml-1 Spec. ΔhupL was maintained in BG11 medium with 20 µg ml-1 Spec. Precultures 

were grown without antibiotics in Z8x medium (Z8 medium without N sources, pH 

7.0-7.3, (Kotai, 1972)) and at 30 °C. Cells were illuminated under constant white 

light (50 µmol photons m⁻² s⁻¹) and the starting optical density at 750 nm (OD750) 

was 0.1. Cells were grown in a total volume of 200 ml with continuous bubbling 

with air with LC or air supplemented with 1 % CO2 (HC) unless mentioned 

otherwise. The precultures were harvested at the logarithmic growth phase and 

inoculated in fresh Z8x medium at an OD750 of 0.1. The experimental cultures were 

grown in the same way as the pre-cultures and harvesting was conducted after four 

days.  

 

Second paper. The ∆pacR knockout mutant of Anabaena sp. PCC 7120 (strain 

CSS74) and the control strain (CS), CSS77, were previously characterized by Picossi 

et al., 2015. Initial cultures were cultivated in BG11 medium containing 20 mM 

HEPES-NaOH buffer (pH 7.5) and 25 µg ml-1 Spec. These cultures were maintained 

at 30 °C with continuous shaking at 80 rpm, under HC and illuminated at 50 µmol 

photons m⁻² s⁻¹. 
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To prepare precultures, cells were collected from four-day old initial cultures and 

diluted to an OD750 of 0.1 in BG11-0 medium, which was also buffered with 20 mM 

HEPES-NaOH (pH 7.5). After setup, 6 mM NH4Cl were added to the medium, 

followed by an additional 3 mM NH4Cl after two and three days. Experimental 

cultures were set up in the same way as the precultures but were grown in BG11-0 

medium at pH 7.5, supplemented either with 3 mM NH4
+ (added on days 1, 2, and 3 

for growth assays) or with 17.6 mM NO3
- as the N source. 

3.2 Chl a and total sugar determination  

Chl extraction. For extraction of Chl a from cyanobacteria cells, they were treated 

with 90 % methanol and heated at 65 °C for 10 min. Cells were spun down and the 

supernatant used for analysis. After spectroscopic measurement, the Chl a 

concentration was determined using the extinction coefficient factor of 12.7 (Meeks 

& Castenholz, 1971).  

 

Determination of total sugar content. Total sugar, including simple sugars, 

oligosaccharides and polysaccharides) was determined via a colorimetric method 

described previously (Dubois et al., 1956). 

3.2.1 Gas exchange measurements 

Membrane Inlet Mass Spectrometry (MIMS). For Paper I, cells were harvested 

after four days and resuspended in fresh Z8x medium. For paper II, cells were grown 

for 48 h, harvested and resuspended in fresh BG11 medium. A total Chl a 

concentration of 10 µg mL-1 was adjusted. Prior to measurements, cells were 

acclimated for one hour under growth conditions. In case of LC samples, the 

dissolved inorganic C was saturated with 1.5 mM NaHCO3 prior to measurements. 

In vivo measurements were then conducted using MIMS as described previously 

(Mustila et al., 2016), monitoring 16O2 (m/z = 32), 18O2 (m/z = 36), CO2 (m/z = 44) 

and H2 (m/z = 2) fluxes. Gas exchange was measured for four minutes in darkness, 

then five minutes under HL (500 µmol photons m-2 s-1) and then two minutes in the 

dark. The CCM coefficients were determined as described previously (Douchi et al., 

2019). For measurement of deuterium (D2) uptake, the medium was flushed with 

argon (Ar) for 15 min, then, pure D2 was injected (2 % D2 in total in headspace). 

Two hours and 24 h after injection, changes in H2 (m/z = 2), D2 (m/z = 4) and HD 

(m/z = 3) content in the gas phase were measured via injection of 250 µl gaseous 

samples into the gastight MIMS chamber. The maximal response after background 

subtraction, served as an estimate for H2, D2 and HD content. 
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The activities of Hup and Hox (total hydrogenase activity) determine the 

consumption of D2 from the headspace. HD was formed in very low amounts 

compared to H2 and D2 signals, which indicates that the N2 dependent hydrogenase 

activity of the nitrogenase, which is needed for the H/D exchange reaction (Vignais, 

2005), is negligible and thus also doesn’t significantly contribute to D2 uptake. Thus, 

it was possible to simply analyse D2 as a proxy for total H2 recycling capacity. 

Calibration was conducted by measuring the signal for known D2 concentrations into 

the chamber. 

3.2.2 Spectroscopy 

Chl fluorescence and absorbance. Chl a fluorescence and P700 absorbance were 

measured simultaneously using a pulse amplitude modulated (PAM) fluorometer 

(Dual-PAM-100, Walz). For the first paper, cells were grown under diazotrophic 

conditions in LC for four days and were then harvested and resuspended in fresh Z8x 

medium. For the second paper, after harvesting, cells were resuspended in fresh 

BG11 medium. A Chl a concentration of 15 µg mL-1 was adjusted, and cells were 

acclimated under growth conditions for one hour. Before the measurement, samples 

were dark adapted for 10 min. The effective quantum yield of PSII [Y(II)] and PSI 

[Y(I)], as well as the acceptor side limitation of PSI [Y(NA)] and donor side 

limitation of PSI [Y(ND)] were measured and calculated as described previously 

(Huokko et al., 2017). For Paper I, a saturating pulse (SP, 5 000 μmol photons m-2 s-

1, 400 ms) was applied in darkness, determining maximal fluorescence under dark 

adaptation (Fm
D). This was followed by 380 s long illumination with red actinic light 

at 50 µmol photons m−2 s−1 while SPs were given every minute (SP1-SP9). For Paper 

II, a SP (300 ms, 5 000 μmol photons m-2 s-1) was given in darkness, followed by 

application of strong far red light (720 nm, 75 W m−2), during which a SP was given, 

followed by actinic light (630 nm, 50 µmol photons m−2 s−1) for 250 sec, during 

which time four more SPs were given. 

 

Determination of model spectra for the determination of P700 and Fed redox 

changes from near infrared absorbance. To determine changes in the redox state 

of Fed via absorbance differences at 780–820, 820–870, 840–965 and 870–965 nm, 

a Dual-KLAS-NIR spectrophotometer (Walz) was used. Cultures were grown in 50 

µmol photons m−2 s−1 under LC conditions in Z8x medium for four days. After 

harvesting, cells were resuspended in fresh Z8x medium. After adjusting a Chl a 

concentration of 20 µg mL-1 and acclimation of one hour under growth conditions, 

cells were dark adapted for 10 minutes.  

The redox change kinetics of P700 and Fed are deconvoluted from the four 

absorbance differences using differential model plots. Model plots were measured 
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from Anabaena as described for Synechocystis by Theune et al., 2021, with the 

exception that to measure Fed model spectra the Δflv1A/Δflv3A mutant was used 

instead of anaerobic conditions to impair the Mehler-like reaction and sufficiently 

slow down the reoxidation of Fed. To measure P700 and Pc model spectra, WT 

Anabaena was used. Probably, P700 and Pc signals are closely related in Anabaena, 

which makes it difficult to extract a Pc signal of large magnitude.  

 

Determination of P700 and Fed redox changes. To determine changes in the redox 

state of Fed via absorbance differences at 780–820, 820–870, 840–965 and 870–965 

nm, a Dual-KLAS-NIR spectrophotometer (Walz) was used. For the first paper, 

cultures were grown in 50 µmol photons m−2 s−1 under LC conditions in Z8x medium 

for four days. After harvesting, cells were resuspended in fresh Z8x medium. For the 

second paper, after harvesting cells were resuspended in fresh BG11 medium. After 

adjusting a Chl a concentration of 20 µg mL-1 and acclimation of one hour under 

growth conditions, cells were dark adapted for 10 min. For most of the strains used 

in the first paper, absorbance differences of the wavelength pairs were measured 

during application of five seconds of actinic illumination at 500 µmol photons m−2 

s−1, followed by a dark period. The maximal levels of P700 oxidation and Fed 

reduction were determined using the NIRMAX script as described below.  

For the second paper (and the Synechocystis Δflv1A mutant from the first paper), 

the absorbance differences between the aforementioned wavelength pairs were 

measured using the NIRMAX script (Klughammer & Schreiber, 2016; Schreiber, 

2017): First, three seconds of red actinic illumination (3000 µmol photons m-2 s-1 or 

200 µmol photons m-2 s-1 in case of the Synechocystis Δflv1A mutant), with a multiple 

turnover (MT) pulse after 200 ms to fully reduce the Fed pool was applied. Secondly, 

a four second dark period was applied. Thirdly, 10 s of far-red illumination (intensity 

setting 20), with a MT pulse administered at the end of the illumination period to 

fully oxidize P700, was applied. The P700 and Fed signals were deconvoluted using 

Anabaena model spectra. The signals were then normalized to the maximal redox 

changes and the data was smoothed and baseline corrected. The size of the photo 

reducible Fed pool was calculated during actinic light illumination from about 100 

datapoints during the maximal reduction phase. 

Measurement of the electrochromic shift (ECS). For measurement of the ECS, 

500-480 nm absorbance differences were measured (Viola et al., 2019) via a Joliot-

type spectrophotometer (JTS-10) (BioLogic, Seyssinet-Pariset, France). Cells were 

cultivated under LC conditions, harvested and resuspended in fresh Z8x medium to 

a Chl a concentration of 7.5 µg mL-1 followed by five minutes of dark-adaption. 

First, cells were subjected to illumination with 500 µmol photons m-2 s-1 for two 

minutes with 600 ms dark periods at specific timepoints. The dark interval relaxation 

kinetics (DIRKs) of the ECS were used to determine the magnitude of the pmf as the 
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light induced change in the ECS signal. The conductivity of the thylakoid membrane 

(gH+) was determined as the inverse of the time constant of a first order fit to DIRKs 

kinetics, and the thylakoid proton flux (vH+) as the product of pmf and gH+.  

 

Determination of fluorescence emission spectra at 77 K and the transient post-

illumination fluorescence (F0 rise). 77 K spectra were measured via a QE Pro-FL 

spectrofluorometer (Ocean Optics). Cells were grown under diazotrophic conditions 

in LC for four days and were then harvested and resuspended in fresh Z8x medium. 

Cells were adjusted to 5 µg mL-1 Chl a and rapidly frozen in liquid N2 after dark 

adaptation for 15 min. The excitation wavelength was 580 nm and normalization of 

the fluorescence spectra was done relative to the PSI peak at 730 nm. Measurements 

conducted for nine minutes under red actinic light at 50 µmol photons m-2 s-1 were 

used to access the F0 rise for nine seconds after termination of the actinic light. 

Normalization of traces was done in relation to the steady-state-level fluorescence 

(Fs), to make comparison of kinetics easier.  

3.3 Transcript analysis 

RNA-isolation. Cells were grown for four days with NH4
+ as the sole N source in 

the medium. Harvesting of cells was done via filtration using Millipore HATF 

nitrocellulose membranes (0.45 μm) and cells were resuspended in NO3
- containing 

growth medium and grown for one hour or 12 h. For each timepoint (before shifting 

the cells to the new medium and one hour and 12 h after the shift), cells were 

resuspended in RNA resuspension buffer (Walter et al., 2016), centrifuged for three 

minutes at 4 °C and then snap frozen in liquid N2. The hot-phenol method was 

employed to isolate total RNA (Walter et al., 2016). However, incubation in 

phenol:chloroform:iso-amyl alcohol was performed at 65 °C instead of 95 °C. The 

samples were then resuspended in 25 µL of Milli-Q H2O. To remove genomic DNA, 

the invitrogen kit was used. The RNA concentration was measured using a DS-11+ 

spectrophotometer (DeNovix). 

 

Reverse transcription quantitative PCR (RT-qPCR). All steps during total RNA 

isolation, reverse transcription and qPCR analysis were performed as descried 

previously (Ermakova et al., 2013). For normalization, the rnpB gene was used as 

reference. Primer pairs can be found in Paper I. 

 

RNA sequencing (RNA-seq). From RNA samples isolated previously, 3 µg were 

sent to BGI (China) for sequencing. The RNA quality check encompassed agarose 

gel electrophoresis, as well as checking of the RNA integrity number (RIN) values 

after rRNA depletion. RIN values were acceptable (7.2-8.2). RNA was sequenced 
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using DNBseq with a read length of PE 100 bp. For each time point and strain, three 

biological replicates were measured and reliability of data was confirmed via 

principal component analysis (PCA). Data analysis was conducted using the 

Chipster software via the following steps: 1. FastX for initial trimming 2. TopHat2 

for alignment with the genome of Anabaena (downloaded from EnsemblBacteria 

(bacteria.ensembl.org), nostoc_sp_pcc_7120_fachb_418_gca_000009705, version 

ASM970v1_, current ENSEMBL release, October 2023). 3. HTseq for counting 

aligned reads per gene 4. DeSeq2 for differential expression analysis (log2FC ≧ I1I, 

p < 0.05). Then, the R-package “clusterProfiler” was used for enrichment analysis.  

3.4 Metabolic Analysis 

Determination of N uptake and intracellular C and N content. Determination of 

NO3
- concentrations in the growth media was conducted spectrophotometrically as 

described previously (Rice et al., 2012). Samples were prepared by filtration. 

Intracellular C/N rations were determined as follows: Cells were harvested after 48 

h of growth in medium containing NO3
- as the only N source. 10 mg of biomass were 

lyophilized, and total C and N analysis was conducted via a FLASH 2000 Organic 

Elemental Analyzer (Thermo Scientific). 

 

Metabolite extraction and quantification. Cells were grown for four days with 

NH4
+ as the sole N source in the medium. Harvesting of cells was via filtration using 

Millipore HATF nitrocellulose membranes (0.45 μm) and cells were resuspended in 

NO3
- containing growth medium and grown for one or 12 more hours. For each 

timepoint (before shifting the cells to the new medium and one hour and 12 h after 

the shift), cells were again harvested via rapid filtration and filters were immediately 

frozen in liquid N2. Cells were then resuspended in PBS buffer, pelleted and stored 

at –80 °C. The following steps were performed by the Institute for Molecular 

Medicine Finland, Helsinki. Extraction was done with acetonitrile:methanol:H2O; 

40:40:20 cold extraction solvent. High pressure liquid chromatography (HPLC) 

analysis was done with a Thermo Vanquish UHPLC coupled with a Q-Exactive 

Orbitrap quadrupole mass spectrometer equipped with a heated electrospray 

ionization (H-ESI) source probe (Thermo Fischer Scientific). Chromatographic 

separation of metabolites via a SeQuant ZIC-pHILIC (2.1 × 100 mm, 5 μm particle) 

column (Merck), which was maintained at +40 °C. Scanning in mass range of 55 to 

825 m/z. Gradient elution was carried out with acetonitrile and 20 mM ammonium 

hydrogen carbonate in H2O, adjusted to pH 9.4, as mobile phases. TraceFinder 4.1 

software (Thermo Fischer Scientific) was used for data analysis.  
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3.5 Protein Analysis 

Protein extraction and immunoblotting. Total protein extraction was performed 

as described previously (P. Zhang et al., 2009). Gel electrophoresis, based on equal 

protein content, as well as subsequent immunoblotting was also performed as 

described previously (Mustila et al., 2016). Flv3A antibodies were ordered from 

Agrisera, Vännäs, Sweden, NdhK and NifH antibodies were ordered from Agrisera 

and HupL antibodies were kindly provided by P. Tamagnini.  

3.6 Nitrogenase activity 

Nitrogenase activity assay. To determine nitrogenase activity, an acetylene 

reduction assay was conducted as described previously (Leino et al., 2014). Cells 

were placed in air tight vials, flushed with Ar and supplemented with 10 % 

acetylene in the headspace. The cells were illuminated for 20 h at 30 °C with 50 

µmol photons m-2 s-1 while shaking at 120 rpm. Then, 20 µl of sample were taken 

to analyse ethylene content in the headspace via a gas chromatograph with a 

Carboxen®-1010 PLOT Capillary Column and flame ionization detector (FID). 

Enzymatic activity was calculated via the peak area and normalized to the total 

protein content.  

3.7 Determination of H2 production and D2 uptake 

Determination of H2 production and D2 uptake. Experimental cultures were 

harvested after four days and resuspended in fresh Z8x. Chl a concentrations of 3-4 

µg mL-1 were adjusted. The cultures were sparged with N2 or Ar for 30 min in the 

dark to generate anaerobic conditions. Then, cultures were incubated in an N2 or Ar 

atmosphere for two more hours in the dark at 25 °C. Then, the H2 concentration was 

measured for six minutes under actinic light (800 µmol photons m-2 s-1) using a Clark 

type Pt-silver/silver-chloride electrode chamber (DW1/AD; Hansatech, King’s 

Lynn, UK) connected to a homemade polarographic box. H2 production rates were 

calculated via linear regression. 

3.8 Microscopy 

Determination of heterocyst frequency. Heterocysts were stained using Alcian 

Blue, which selectively stains the polysaccharide layer of the heterocyst envelope as 

previously described (McKINNEY, 1953). Cell suspensions were mixed in a ratio 

of 1:8 with 0.5 % Alcian Blue stain prepared in 50 % ethanol-H2O.  Visualization 

was achieved via a Wetzlar light microscope (Leica, Germany). Micrographs with a 

magnification of x 400 were taken via a mounted camera from Leica. The Leica 
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Application Suite (Leica Microsystems) was used to process the images. Per sample, 

1000–2000 cells were counted. Heterocyst frequencies were calculated as a 

percentage of total cells counted. 
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4 Results 

4.1 The special role of vegetative cell-specific 
Flv3A in O2 photoreduction and H2 
photoproduction in Anabaena 

4.1.1 Deletion of flv1A and flv3A affect the PETC differently 
under LC, possibly due to flv2 and flv4 expression  

To characterize the Anabaena Δflv1A and Δflv3A mutants, as well as the Δflv1A/3A 

double mutant they were compared to the WT in regards to FDP gene transcription 

levels, growth and heterocyst formation. 

Intriguingly, the Δflv3A mutant exhibited an elevated level of flv1A transcripts 

under LC and growth light conditions (Paper I; Fig. 1 c). This is in contrast to 

Synechocystis, where Flv1 and Flv3 are co-expressed (Jackson et al., 2023; Mustila 

et al., 2016). 

While upregulation of flv1A can’t rescue the ∆flv3A phenotype, clearly the 

∆flv3A phenotype is not caused by the downregulation of other FDPs. 

Under similar growth conditions (diazotrophic conditions, LC, 4 d, 50 µmol 

photons m-2 s-1), neither single mutant showed a growth phenotype compared to the 

WT (Paper I; Table I). Chl a, total protein or sugar content were also comparable 

across all strains (Paper I; Table I). Moreover, no difference in heterocyst frequency 

(Paper I; Table I) or morphology (Paper I; Fig. S5) was found. 

Thus, deletion of flv1A or flv3A under continuous illumination alone had no 

effect on diazotrophic growth (Paper I; Table 1, Fig. S4 b).  

Next, photosynthetic performances of the FDP mutants were investigated using 

a range of spectroscopic analysis. In LC, Chl a fluorescence kinetics during dark-to-

light-transitions differed between the two mutants. In case of Δflv3A, fluorescence 

rapidly increased upon illumination, then gradually quenched but stabilized at a 

higher Fs than in the WT or Δflv1A (Paper I; Fig. 1 a). Fluorescence in the Δflv1A 

mutant increased only moderately and then decayed gradually, eventually reaching 

WT Fs levels. In contrast, under HC conditions, the fluorescence increase during the 

dark-to-light transition was similar between the mutants, eventually decaying to WT 

levels (Paper I; Fig. 1 b). The more pronounced Chl a fluorescence phenotype 
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observed in LC may be related to presence of flv2 and flv4 only under LC (Paper I; 

Fig. 1 c) as discussed later. 

A more pronounced state 2 was observed in the Δflv1A and Δflv3A mutants,  

compared to the WT, as indicated by reduced PSII and PBS emission peaks relative 

to the PSI peak in the 77 K fluorescence emission spectra after dark adaptation (Paper 

I; Fig. S6 d). This was further supported by a significantly lower maximum 

fluorescence in the dark (Fmᴰ) in the mutants under LC conditions, with a similar 

trend observed under HC (Paper I, Fig. 1 a, b). 

Additionally, both the Δflv1A and the Δflv3A mutant exhibited an enhanced post-

illumination F₀ rise under both LC and HC conditions (Paper I; Fig. S 6 a, b). 

However, the protein abundance of NdhK, a core subunit of the NDH-1 complex, 

was found to be comparable across all strains (Paper I; Fig. S6 c). 

An enhanced post-illumination F₀ rise is indicative of a reduction of the PQ pool 

in darkness, a process mediated by NDH-1 (Mi et al., 1995). However, in this case, 

the enhanced F₀ rise cannot be attributed to higher NDH-1 protein levels.  

In the WT, Y(II) slightly decreased and remained stable over the illumination 

period under both LC and HC. Under LC, Y(II) decreases to 70 % of the WT level 

in the Δflv1A mutant and to only 37 % of the WT level in the Δflv3A mutant (Paper 

I, Fig. 1a). In contrast, in HC, both mutant strains showed a similar decrease, with 

Y(II) declining to 42 % and 37% of WT levels in the Δflv1A and Δflv3A mutants, 

respectively. Despite this, the maximum quantum yield of PSII (variable 

fluorescence/maximal fluorescence Fv/Fm), did not differ significantly between the 

WT and the mutants.  

Both mutants have significantly lower rates of initial Fed reduction upon 

illumination as well as significantly delayed reoxidation of Fed. The Δflv3A mutant 

displayed a more pronounced delay in Fed reoxidation (Paper I, Fig. 2). To determine 

whether these effects were due to differences in the ratio of the sizes of the reducible 

Fed pool and the oxidizable P700 pool, maximal near infrared absorbance changes 

associated with Fed reduction and P700 oxidation were measured. These analyses 

confirmed that the pool sizes were comparable among the WT and mutant strains, 

ruling out pool size as a factor contributing to altered e- transport around PSI (Paper 

I; Fig. S 9 c).  

4.1.2 Flv3A performs moderate O2 photoreduction, 
independent from Flv1A, but only in the presence of 
Flv2 and Flv4 

To distinguish O2 reduction under light and photosynthetic O2 production, the WT, 

Δflv1A, Δflv3A and the Δflv1A/3A strains were investigated using MIMS and 18O2 

isotope. In the WT, under both LC and HC conditions, O2 uptake followed a triphasic 
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kinetic of O2 photoreduction (Burlacot et al., 2020; Santana-Sanchez et al., 2019; 

Saroussi et al., 2019). However, O2 photoreduction were significantly impaired in all 

mutants (both maximal and steady state) under both LC and HC. In particular, the 

Δflv3A mutant was strongly impaired in LC, reaching only 28 % of the WT maximal 

rate at the onset of light. The Δflv1A mutant in contrast displayed an intermediate 

phenotype, reaching a maximum of 52 % of the O2 photoreduction rate of the WT 

level in LC. In the Δflv1A/3A double mutant O2 photoreduction under LC was more 

strongly inhibited than in either of the single mutants. Under HC, O2 photoreduction 

in all mutants was completely abolished (Paper I, Fig. 3). 

A possible alternative source of residual light induced O2 photoreduction in the 

Δflv1A mutant under LC, aside from FDP activity, could be the activity of the 

Anabaena PTOX homologue (McDonald et al., 2003). Interestingly, transcript levels 

of ptox were significantly elevated in the Δflv3A mutant, under LC (Paper I, Fig S12 

d). To test this possibility, O2 levels were measured in the presence of n-propyl 

gallate (nPG), a PTOX inhibitor (Kuntz, 2004). O2 photoreduction remained largely 

unaffected by nPG, suggesting that the process is independent of PTOX activity 

(Paper I, Fig S12 a-c).  

4.1.3 Flv1A and flv3A deletion affects O2 evolution, CO2 
fixation and pmf generation 

To further characterize real-time gas-exchange properties of the mutants as well as 

the impact on pmf generation, MIMS and ECS analysis were employed.  

Under LC, O2 evolution upon illumination was significantly delayed only in the 

Δflv1A and the Δflv1A/3A double mutant compared to the WT (Paper I; Fig. 3a, Fig. 

S13 d). In contrast, under HC, O2 evolution upon illumination was delayed 

significantly in a similar manner in all mutant strains (Paper I; Fig S13 e). 

Under LC, the steady state CO2 fixation rates of single and double mutants were 

lower than in the WT (statistically significant for the Δflv3A mutant) (Paper I; Fig. 4 

a). The CCM coefficient was also lower in single and double mutants than in the WT 

(statistically significant for the Δflv1A/3A double mutant) (Paper I, Fig. 4 b). 

To determine how pmf generation is affected in the Δflv1A and Δflv3A mutants, the 

DIRKs of the ECS signal during transitions from dark to high irradiance in cells 

grown under LC were investigated. The Δflv1A and Δflv3A mutants are significantly 

impaired in generating pmf, when transitioning to higher irradiance. The reason for 

this was a diminished vH+ (calculated as pmf x gH+), which was only partially 

compensated by a lower gH+, largely dependent on ATP synthase activity (Paper I, 

Fig 5, Fig. S3).  
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4.1.4 The lack of Flv3A results in a strong downregulation of 
the heterocyst-specific hupL gene, leading to 
enhanced H2 photoreduction  

The results described above indicate that Flv1A and Flv3A in vegetative cells have 

different impacts on bioenergetics of LC grown filaments. Next, to investigate 

impacts on heterocyst metabolism, nitrogenase activity as well as H2 formation and 

turnover were investigated in Anabaena WT as well as the Δflv1A and Δflv3A 

mutants. 

Under both HC and LC, the Δflv3A and the Δflv1A/Δflv3A double mutants 

displayed increased H2 production in the dark as well as elevated light induced H2 

production, as detected by MIMS (Paper I; Fig. 3). 

H2 production was also measured in microoxic cultures (N2 or Ar atmosphere) 

with a Clark type electrode. The Δflv3A mutant had a significantly higher light-

induced net H2 yield and the H2 production rate compared to the WT was increased 

threefold under a N2 atmosphere. The specific H2 photoproduction rate of the WT 

under an Ar-atmosphere was seven times higher than under N2. For the Δflv3A 

mutant, this rate was 10 times higher (Paper I; Fig. 6 d). This may indicate that H₂ 

production is nitrogenase-dependent, since nitrogenase reduces protons to H2 if no 

N2 is available (Skizim et al., 2012). 

Moreover, to assess if Hox contributes to H2 production, the hoxH transcript 

levels were examined. Both the Δflv1A and the Δflv3A mutant showed a drastic 

reduction in hoxH transcript abundance relative to WT (Paper I; Fig. S7 b). This 

could mean, that Hox has a negligible contribution to H2 production in the Δflv3A 

mutant. In line with this, He et al. (2025) found, that long-term H2 photoproduction 

in the Δflv3A mutant is strongly dependent on nitrogenase activity and independent 

of Hox hydrogenase. 

Under LC conditions, only the Δflv3A mutant showed a significant decrease in 

nitrogenase activity in relation to the WT (Paper I; Fig. 6 a). This reduction was 

accompanied by lower nitrogenase content, as indicated by decreased amount of 

NifH protein (Paper I; Fig. 6 c), despite unchanged nifH transcript amount. In 

contrast, the Δflv1A/Δflv3A double mutant exhibited significantly higher nifH 

transcript levels (Paper I, Fig. 6 b). This aligns with low nitrogenase activity found 

previously in ΔhupL mutants which still had significantly increased rates of H2 

production (Happe et al., 2000; Leino et al., 2014).  

Thus, increased levels of nitrogenase or increased nitrogenase activity were likely 

not responsible for increased H2 production in the Δflv3A mutant and thus perhaps 

also not in the Δflv1A/Δflv3A double mutant (Fig. 6 a-c, S7 d).  

Despite lower nitrogenase activity in Δflv3A, increased transcript levels of the 

heterocyst specific Fed encoding gene (fdxH), which functions as e- donor to 
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nitrogenase (Magnuson, 2019) was detected in Δflv3A and Δflv1A/Δflv3A (Paper I, 

Fig. S7 c). 

Interestingly, the enhanced net H2 yield in the Δflv3A mutant (Paper I; Fig. 6d) 

is comparable to that of the ΔhupL mutant (Paper I, Fig. S14). Uptake of D2 was 

traced in the WT, the Δflv1A and the Δflv3A mutants. The Δflv3A mutant showed 

significantly lower D2 uptake than the other two strains (Paper I, Fig. 6 e). The mature 

form of the hupL transcript in the Δflv1A and the Δflv3A mutants as well as in the 

Δflv1A/ Δflv3A double mutant was significantly downregulated. The effect was 

stronger in the Δflv3A mutant compared to the Δflv1A mutant and in the Δflv1A/ 

Δflv3A double mutant compared to the single mutants (Paper I; Fig. 6 f). Moreover, 

HupL protein was undetectable by immunoblotting in both the Δflv3A and the 

Δflv1A/Δflv3A double mutant (Paper I; Fig. 6 c). Transcriptional and translational 

HupL downregulation is similar to the Anabaena ΔhupL mutant (Paper I, Figs. 6 c, 

S7 d, S14). 

Thus, increased nitrogenase mediated H2 production in the Δflv3A mutant (Paper 

I, Fig. 6d) is probably due to impaired Hup gene expression.  

4.2 Deletion of pacR affects photosynthesis and N 
metabolism 

4.2.1 The PacR phenotype becomes apparent under 
different N sources 

To characterize the ΔpacR mutant, we investigated growth and Chl-content as well 

as heterocyst formation, N-uptake and -content in different N-sources. The ΔpacR 

mutant exhibited significantly slower growth in medium containing either NO3
- or 

NH4
+ as the sole N source, reaching only around 80 or 70 %, respectively, of the CS 

growth measured by OD₇₅₀ after 48 h (Paper II, Fig. 1 A).  

The Chl/OD750 ratio was reduced by around 20 % in NO3
- containing medium 

after 48 h in the ΔpacR mutant compared to the CS (Paper II, Fig. 1 B). While almost 

no heterocyst were observed in the CS after 48 h in NO3
- containing medium, 

heterocyst frequency of about 7 % was found in the ΔpacR mutant (Paper II; Fig. 2 

B, Table S1), resembling Anabaena WT under diazotrophic conditions (Perin et al., 

2021). As this phenotype was not apparent in NH4
+ containing medium, the mutant 

was further investigated during the transition from NH4
+ to NO3

- containing medium. 

Impaired NO3
- uptake in the ΔpacR mutant became evident after 48 h, with 1.5 

± 0.2 times more residual NO3
-/OD750 left in the growth medium of the mutant (Paper 

II, Fig. 2 C). This impaired uptake was evident during a total cultivation time of 120 

h (Paper II, Fig. S3). In accordance with this, the C/N ratio in the ΔpacR mutant after 

48 h of growth in NO3
- containing medium was increased, with around 14 % 
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reduction in total N content (Paper II; Fig. 2 D, Table S2), suggesting N deprivation 

in the mutant. 

4.2.2 The ∆pacR mutant displays impaired PSI activity and 
a smaller Fed pool as well as impaired O2 
photoreduction 

Next, the photosynthetic phenotype of the ΔpacR mutant was investigated including 

performance of the photosystems, redox properties and gas-exchange. 

After culturing for 48 h in NO3
- containing medium, the effective yield of PSI, 

Y(I), was smaller in the mutant than in the CS, while the acceptor side limitation of 

PSI, Y(NA), was larger (Paper II, Fig. 3 A, B). Concurrently measurements of the 

redox state of photosynthetic components revealed markedly reduced PSI 

reoxidation in the mutant. These measurements also revealed in the mutant a slight 

but significant decrease in the size of the pool of photo reducible Fed compared to 

the CS, with no observable changes in the redox kinetics of Fed (Paper II, Fig. S5). 

Using MIMS, light-induced O2 uptake, which is primarily attributed to FDPs 

(Ermakova et al, 2014), was measured under the same conditions as above. Upon 

illumination, the CS reached a maximum O2 uptake rate of around 40 μmol mg-1 Chl 

a h-1, with a plateau of around 23 μmol mg-1 Chl a h-1. In contrast, the ΔpacR mutant 

showed a significantly lower O2 photoreduction, with a maximum of only around 13 

mg-1 Chl a h-1 and a plateau level of around 7 μmol mg-1 Chl a h-1. Notably, the gross 

photosynthetic O2 evolution was comparable between the CS and the ΔpacR mutant 

(Paper II, Fig. 3 C, D, Table S3). These results indicate impaired O2 photoreduction 

in the ΔpacR mutant. 

4.2.3 The ∆pacR mutant has a distinct metabolic profile 

To understand possible metabolic triggers of heterocyst formation in the ΔpacR 

mutant after the shift from NH4
+ to NO3

- as the sole N source in the medium, we 

monitored several key metabolites of the TCA, GS/GOGAT and OAC cycles. 

Metabolite levels were measured directly before the shift to NO3
- containing 

medium, as well as one hour and 12 h after the shift. Deviations between strains and 

observed standard deviations should be interpreted in the context of potential 

metabolite turnover during sample harvesting – albeit this effect was likely 

minimized by rapid harvesting inside the growth chamber followed by immediate 

freezing in liquid N2. 

Differences in metabolite levels became more apparent with longer exposure to 

NO3
-, with metabolite levels generally decreasing in the mutant in relation to the CS, 

with the exception of Ala, which increased significantly in the mutant after 12 h. Glu 
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levels were consistently lower in the ΔpacR mutant at all timepoints (statistically 

significant only after the shift), with the same trend (albeit not significant) for Gln 

(Paper II; Fig. S6).  

The levels of 2-OG, the primary signalling metabolite for heterocyst-formation 

(Laurent et al., 2005; J. H. Li et al., 2003; M. I. Muro-Pastor et al., 2001; C. C. Zhang 

et al., 2018), increased in both strains after the shift, as expected during N step down 

conditions (C. C. Zhang et al., 2018). However, this increase was only significant in 

the CS and no significant differences were found between the strains in either 2-OG 

levels or 2-OG/Glu ratios (Paper II, Fig. S6, S7, S8). 

4.2.4 The ∆pacR mutant shows global deregulation of 
transcription 

To elucidate possible mechanisms responsible for triggering the PacR deletion-

mutant phenotype, a transcriptomic analysis was conducted.  

RNA-seq analysis was performed directly before, and at one and 12 h after the 

shift from NH4
+ to NO3

- as the sole N source in the medium. Before the shift, 705 

genes were upregulated and 774 genes downregulated, whereas 639 genes were 

upregulated and 707 genes downregulated one hour after the shift, and after 12 h 

1344 genes were upregulated and 1034 genes downregulated in the ΔpacR mutant 

relative to the CS. Altogether, at any of the measured timepoints, up to about 38 % 

of the transcriptome of Anabaena (RefSeq: GCF_000009705.1) were found to be 

differentially expressed in the ΔpacR mutant (GEO accession number: GSE280386).  

Differentially expressed genes were found in diverse categories, e.g. global 

transcriptional regulators, N uptake and heterocyst formation, the GS/GOGAT cycle, 

the OAC and cyanophycin synthesis, Ci uptake as well as the components of 

photosynthetic machinery (Paper II, Fig. 5). Enrichment analysis confirmed the 

elevation of N transporter genes one hour after the shift. After 12 h, photosynthetic 

antenna proteins were enriched (Paper II; Table S10). Thus, genes encoding 

components of N metabolism and photosynthesis were investigated in more detail. 

Additionally, since PacR is a known regulator of C metabolism (Picossi et al. 2015), 

genes of this category were also analysed. In the following, differential expression 

of genes is categorized as either slight (log2FC = 1–2), intermediate (log2FC = 2–4) 

or high (log2FC >4). 

Transcriptional regulators. As expected from previous reports (Picossi et al., 

2015) pacR transcription levels in the CS remained independent of the N source 

(Paper II, Tables S4-6). Strikingly, ntcA transcript levels were slightly, but 

significantly upregulated at t=12 h in the ΔpacR mutant (Paper II, Table S 6). 

Transcripts of furA were slightly higher than in the CS in the mutant one hour after 

the shift, likely due to the absence of a transient downregulation observed in the CS 
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(Paper II, Table S 5). Transcripts of cmpR however, were not differentially regulated 

between the CS and the ΔpacR mutant (Paper II, Tables S4-6).  

 

Nitrogen metabolism. The nirA operon (nirA-nrtABCD-narB), which codes for 

NO3
- uptake machinery components (Herrero et al., 2001; B. Li et al., 2024; Seth et 

al., 2022), was found to be highly upregulated in the CS at one hour following the 

shift to NO3
- (Paper II, Table S7). Strikingly, there was a delay in this upregulation 

in the ΔpacR mutant, where slightly, but significantly lower transcript levels were 

found at the same timepoint in relation to the CS (Paper II, Tables S5, 7, 8). A notable 

gene found to be constitutively upregulated in the ΔpacR mutant and involved in N 

metabolism was mobA (Paper II; Tables S4-6), who is a known direct target of PacR 

(Picossi et al., 2015) and whoes gene product is involved in molybdenum cofactor 

biosynthesis (Puerta-Fernández & Vioque, 2011). Moreover, genes associated with 

the GS/GOGAT cycle were also found to be deregulated in the mutant. The 

Glutaminase 1 encoding gene (glsA1) (Zhou et al., 2008) was slightly and 

constitutively upregulated in the ΔpacR mutant (Paper II, Tables S4-6). Similarly, 

glnA (the glutamine synthetase encoding gene) (Herrero & Flores, 2019) was slightly 

upregulated in the ΔpacR mutant at t=1 h compared to t= 0 h, with both strains 

exhibiting upregulation at 12 h (Paper II; Tables S7, 8). The gene for 

diaminobutyrate-pyruvate transaminase (dat, all0396) also possesses a PacR-

regulated promoter (Picossi et al., 2015), and this gene was indeed found to be 

constitutively downregulated in the ΔpacR mutant (Paper II; Tables S4-6). The 

transcription of the gene encoding leucine dehydrogenase (ldh) was downregulated 

in the CS after the shift, but this did not take place in the mutant (Paper II; Tables 

S7, 8). Moreover, alanine dehydrogenase (ADH) gene (ald) transcript levels were 

slightly higher in ΔpacR than in the CS at t=12 h (Paper II, Table S6). Urease 

accessory protein encoding gene (ureG) transcription was constitutively upregulated 

at an intermediate level in the ΔpacR mutant (Paper II, Tables S4-6). Moreover, the 

cyanophycinase encoding gene cphB1 was found to be slightly downregulated in the 

mutant before the shift (Paper II, Table S4). 

 

Heterocyst formation. 12 h after N stepdown, a large number of heterocyst 

formation genes were upregulated in the ΔpacR mutant compared to both the CS and 

the pre-shift condition. For example, the expression of genes related to the formation 

of the heterocyst envelope Hep and Hgl layers, nitrogenase, the heterocyst-specific 

Fed (fdxB) (Kourpa et al., 2019), Hup, as well as the heterocyst-specific FDPs (flv1B 

and flv3B), were upregulated (Paper II, Tables S6, 8). 

 

Carbon metabolism. Strikingly, two Ci transporters were downregulated in the 

ΔpacR mutant. Firstly, sbtA, encoding the putative SbtA Ci transporter orthologue, is 
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constitutively downregulated in the mutant and did not exhibit the transient 

upregulation one hour after the shift as found in the CS (Paper II, Tables S4-8). The 

HCO3
- transporter encoding gene, cmpB, also lacked the induction seen after one hour 

in the CS (Paper II, Tables S5, 7, 8). Also, the transcription of the sucrose synthase 

encoding gene (susB) was only intermediately downregulated in the mutant after the 

shift, whereas it was highly downregulated in the CS (Paper II, Tables S7, 8).  

 

Photosynthesis and respiration. Genes related to photosynthesis and respiration were 

frequently differentially expressed in the ΔpacR mutant over the course of the 

experiment. The PSII D1 protein coding gene (psbA1) was slightly upregulated in the 

mutant compared to the CS at t= 1 h (Paper II, Table S5). In contrast, psbA3, which 

codes for the high light inducible form of D1 and increases D1 availability (Sander et 

al., 2010; Summerfield et al., 2008), was less upregulated in the mutant than in the CS 

at t= 1 h (Paper II; Table S5). Intriguingly, the promoter of psbA3 is directly bound by 

PacR as demonstrated by Picossi et al., 2015. Additional genes coding for the CP43 

homologues IsiA2 and IsiA3, which are antennae complexes associating with PSI 

under Fe-deficiency and HL conditions (Havaux et al., 2005; Nagao et al., 2021), were 

only upregulated in the mutant after 12 h (Paper II, Fig. S6, 8).  

The pec operon of Anabaena consists of five genes (pecA, pecB, pecC, pecE, 

pecF). Before the shift, pecE and pecF were expressed at slightly lower levels in the 

ΔpacR mutant compared to the CS (Paper II, Tables S4). One hour after the shift all 

genes of the pec operon displayed equally reduced expression levels in both strains 

(Paper II, Tables S7, 8). After 12 h, a slightly to intermediately lower expression of 

the entire pec operon in the mutant compared to the CS became apparent (probably 

due to a missing upregulation as can be deducted from the transcripts per kilobase 

million (TPM)-values) (Paper II, Tables S6-8, Appendix S4). 

The genes all4940 and alr4783, which are associated with the OCP, were 

transcribed at slightly lower levels in the ΔpacR mutant compared to the CS at t = 0 

h (Paper II, Tables S4). In NO3
- containing medium, both of these genes were 

significantly downregulated irrespective of the genotype in relation to before the 

shift (except for all4940 12 h after the shift in the mutant) (Paper II; Tables S7, 8). 

Respiratory genes coxA2 and coxC2 as well as coxA3 (coding for the ARTOs Cox2 

and Cox3 (Stebegg R, 2011)) were intermediately to highly upregulated in the ΔpacR 

mutant compared to the CS at t = 12 h (Paper II; Table S6). Moreover, petF, encoding 

vegetative cell-specific Fed-1, was constitutively downregulated in the ΔpacR 

mutant (Paper II; Tables S4-6). This may be explained by the fact that the promoter 

of petF is directly bound by PacR (Picossi et al., 2015). One hour after the shift, flv2 

as well as flv4 transcripts were downregulated in the mutant relative to the CS (Paper 

II, Table S5), whereas transcripts of flv1A and flv3A were not differentially expressed 

between studied strains.  
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5 Discussion 

The crosstalk and regulatory networks between vegetative cells and heterocysts are 

not well elucidated in Anabaena. In this work, I investigate the role of FDPs in 

Anabaena, as photoprotective e- sinks and elements of the crosstalk between 

vegetative cells and heterocysts. On a more global scale, I also investigated the role 

of the TF PacR, which has been previously shown to regulate C metabolism, 

photosynthesis and FDPs directly (Picossi et al., 2015).  

5.1 Flavodiiron proteins have distinct roles in 
Anabaena and are part of the vegetative cell-
heterocyst crosstalk 

5.1.1 Deletion of flv1A and flv3A causes overreduction of 
the PETC and reduced photosynthetic efficiency with 
possible implications for Ci fixation  

Both Flv1A as well as Flv3A were found to be indispensable for survival under 

severe fluctuating light, under different N and Ci conditions in Anabaena (Paper I, 

Fig. S4), which is in line with previous results in Anabaena and Synechocystis sp. 

PCC 6803 (Allahverdiyeva et al., 2013). 

The functional redundancy and coordination between Flv1/3 and NDH-1 has 

been suggested to ensure efficient oxidation of PSI in Synechocystis sp. PCC 6803 

during changes in light or Ci availability (Nikkanen et al., 2020) and in the moss 

Physcomitrella patens (Storti, Puggioni, et al., 2020). Cooperation of FDPs and 

NDH-1 protects the PETC especially during shifts to LC/HL, contributing to PSI 

oxidation, pmf generation via the PETC mediated H+ pumping, and expression of 

low Ci inducible CCM genes (Nikkanen et al., 2020). A similar situation is implied 

in Anabaena ∆flv1A and ∆flv3A mutants. Here, enhanced NDH-1 activity in the dark 

(Paper I, Fig. S6 a, b) may be a consequence of FDP gene deletion, leading to a 

stronger reduction of the PQ pool in the dark (Paper I, Fig. 1 a, Table 1, Fig. S6 d). 

Also, after illumination, the PETC is over-reduced due to impaired Fed reoxidation, 

most likely caused by the deletion of FDPs, which are direct recipients of e- from 
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Fed (Nikkanen et al., 2020, 2025; Sétif et al., 2020). Interestingly, both in Anabaena 

(Paper I, Fig. 2 a-d) as well as Synechocystis sp. PCC 6803 (Nikkanen et al., 2020), 

it is the deletion of the Flv3(A) coding gene, which has the most marked impact on 

Fed reoxidation. 

Delay in P700 reoxidation upon illumination is a typical phenotype in FDP 

deletion mutants (Ilik et al. 2017, Elanskaya et al., 2021) and was also found in this 

work (Paper I, Fig. 2 a-c). Additionally, impairment of pmf generation was found in 

the mutants (Paper I, Fig. 5) which is also similar to the phenotype found in 

Synechocystis sp. PCC 6803 (Nikkanen et al., 2020), P. patens (Gerotto et al., 2016) 

and C. reinhardtii (Chaux et al., 2017). As determined by Nikkanen et al., 2020, 

NDH-1 activity, which facilitates CET, has only a minor effect on P700 redox 

kinetics and pmf generation. Instead, both are significantly affected by FDPs. 

Impairment of pmf is probably mostly an indirect consequence of FDP deletion via 

the diminished PSII yield (Paper I, Fig. 1 a, b) and thus diminished charge separation 

and H+ translocation via H2O oxidation at PSII and a less active Q cycle. Therefore, 

possibly also in Anabaena, P700 reduction and pmf generation are mainly dependent 

on a strong downstream e- sink, the FDPs with only minor contribution from NDH-

1. Interestingly, the ∆flv1A and ∆flv3A single and the ∆flv1A/∆flv3A double mutants 

have a diminished CO2 uptake capacity (Paper I, Fig. 4a, b, S13b, c).  

In algae, CCM induction is dependent on pmf generation by FDPs and the CET 

(Burlacot et al., 2022). In Synechocystis, the expression of CCM protein coding 

genes show, to some extent, coregulation with the expression of FDP coding genes 

(Burnap et al., 2015; Mustila et al., 2016; Nikkanen et al., 2020), possible due to the 

FDPs (and NDH-11,2) functioning as a safety valve in case the CBB doesn’t consume 

enough reductants, e.g. under LC (Nikkanen et al., 2020). Thus, it could also be 

speculated, that in this work FDP deletion leads to CCM gene downregulation 

accounting for CCM impairment (Paper I, Fig. 4) and that also in cyanobacteria, 

CCM induction is dependent on FDP activity.  

As discussed below (see chapter 5.2.3.), the global transcription factor PacR may 

be involved in coordinating e--sink capacity provided by FDPs and the CBB cycle 

operating downstream of PSI. Thus, PacR could be implicated in the CCM 

downregulation observed in the FDP deletion mutants. 

5.1.2 Flv3A has a special role in Anabaena and may be 
engaged in a crosstalk with Flv2 and Flv4 

Anabaena ∆flv1A and ∆flv3A mutants exhibited impairment of O2 photoreduction, 

with the ∆flv3A mutant having a more pronounced phenotype compared to the 

∆flv1A mutant (Paper I, Fig. 3 a). This implies that in Anabaena Flv3A is able to 

maintain O2 photoreduction without Flv1A. Moreover, since steady-state O2 
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photoreduction was nearly eliminated in the ∆flv1A/∆flv3A double mutant in LC 

(Paper I, Fig. 3 a) and in the ∆flv1A mutant only under HC conditions, when flv2 and 

flv4 were not expressed (Paper I, Fig. 1 c, 3 b), this may suggest functional 

Flv3A/Flv2-4 oligomerization, and/or Flv3A/Flv3A homo-oligomer and Flv2/Flv4 

homo- or hetero-oligomers cooperating in order to perform the Mehler-like reaction. 

Moreover, it may indicate Flv1A being less efficient or unable to operate as a homo-

oligomer and/or cooperate with Flv2 and/or Flv4. Potential cooperation or 

redundancy of the FDPs is also indicated by the fact that the deletion of flv1A or 

flv3A and particularly concomitant deletion of flv1A and flv3A in the double-mutant, 

caused higher expression of flv2 and flv4 in LC (Paper I; Fig. 1 c). The situation in 

Anabaena differs from Synechocystis, where only the Flv1/Flv3 homo-oligomer can 

perform the Mehler-like reaction (Paper I; Fig. S10) (Mustila 2016).  

Previously, Flv3 has been found to be more abundant that Flv1 on both transcript 

and protein levels in Synechocystis sp. PCC 6803 (Jackson et al., 2023; P. Zhang et 

al., 2009) and the same can be speculated for Anabaena (Ermakova et al., 2013).  

Flv3 homo-oligomers occur in Synechocystis sp. PCC 6803, but they are not 

involved in the Mehler-like reaction (Mustila et al., 2016). It has previously been 

speculated that the C-terminal domain of FDPs may be involved in unknown 

physiological functions of FDP homo-oligomers (Nikkanen et al., 2025). 

Nikkanen et al., 2025, observed an interaction of Flv3 in Synechocystis sp. PCC 

6803 with FNR, which was localized at the thylakoid membrane. However, FNR 

was not found to be an e- donor for the Flv1/3 Mehler-like reaction and FNR may 

thus interact with Flv3 homo-oligomers to perform an unknown function possibly 

related to thylakoids or the phycobilisomes (which bind FNR) (Liu et al., 2019). 

Moreover, in Synechocytsis, Flv3 also appears to play a more important role in 

stress acclimation (Mustila et al., 2016). A possible photoprotective role of the Flv3 

homo-oligomers has been suggested (Mustila et al., 2016). It is possible that Flv3A 

of Anabaena has similar additional functions as speculated in Synechocystis. 

Moreover, a role of Flv3A homo-oligomers in reducing NO may be proposed, e.g. 

similar to FDPs of C. reinhardtii (Burlacot et al., 2020). This may serve 

photoprotective (Solymosi et al., 2022) or regulatory functions (Astier et al., 2021; 

N. Gupta et al., 2025).  

5.1.3 HupL is downregulated in the flv3A deletion mutant 
causing increased H2 production 

The ∆flv3A mutant and the ∆flv1A/∆flv3A double mutant demonstrated increased 

nitrogenase-mediated H2 production (Paper I; Fig. 3 a, Fig. 6 d, S7 a) due to 

significant downregulation of hupL transcription and translation (Paper I, Fig. 6 c, 

f). Since Hup oxidizes H2, this downregulation hindered H2 recycling (Paper I; Fig. 
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6 e) (Tamagnini et al., 2007), resulting in the release of H2 in the Δflv3A mutant 

(Paper I, Fig. 6 d), similar to the ΔhupL mutant (Paper I, Fig. S 14). This is confirmed 

by previous results, which indicate that the most effective way to enhance H2 

photoproduction in various Anabaena sp. strains is inactivation of Hup on a genetic 

level (M. He et al., 2025). 

A possible explanation for hupL downregulation in the Δflv3A mutant is, that 

both the flv3A and heterocyst specific hupL genes have FurA binding sites (González 

et al., 2014). Deletion of a competing binding site may alter the expression pattern 

mediated by FurA, thereby also interfering with the regulatory network that 

coordinates the distribution of Fe between photoprotection and the N2 and H2 

metabolism. Importantly, this proposed mechanism is speculative, as direct evidence 

for changes in iron homeostasis or FurA activity is currently lacking. 

An alternative explanation may be that the deletion of the e- sink Flv3A is 

compensated for by decreasing e- recycling activity from Hup, using H2 as an 

alternative e- sink for the entire filament. A re-direction of excess electrons to H2 

may also explain increased transcript levels corresponding to the heterocyst specific 

Fed, which functions as e- donor to nitrogenase (Magnuson, 2019) in Δflv3A and 

Δflv1A/Δflv3A (Paper I, Fig. S7 c).  

5.2 The C metabolism and photosynthetic 
regulator PacR also plays a significant role in 
regulating N metabolism 

Heterocyst differentiation in the ∆pacR mutant resembles Anabaena WT under 

diazotrophic conditions (Kumar et al., 2010), when the primary N source was 

changed from NH4
+ to NO3

- under 1 % CO2 (Paper II, Fig. 2 A, B). This phenotype 

is closely parallel to that reported in a recent study by G. M. Lin et al., 2025, for an 

independent Anabaena ∆pacR mutant under similar conditions. Since heterocyst 

deregulation occurred only after the shift from NH4
+ to NO3

- (Paper II, Table S1) and 

the upregulation of heterocyst differentiation genes occurred in an expected 

timeframe for heterocyst formation being triggered due to the shift (Paper II, Fig. 5, 

Suppl. Tables S4-S8) (Flores, Picossi, et al., 2019), it can be concluded, that deletion 

of the PacR encoding gene did not directly trigger heterocyst formation. This could 

have been argued to be the case e.g. due to the possible deregulation of the direct 

targets of PacR, patS, and hetN (G. M. Lin et al., 2025; Picossi et al., 2015) which 

are likely repressed by PacR when NO3
- is available (G. M. Lin et al., 2025). 

Moreover, it has previously been found that deletion of patS, an inhibitor of 

heterocyst formation, leads to heterocyst formation despite the presence of NO3
- 

(Yoon & Golden, 1998, 2001), making a possible upregulation of patS due to PacR 

deletion even less likely the cause of the heterocyst deregulation phenotype.  
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Moreover, despite rising 2-OG levels being considered the main trigger for 

heterocyst formation in Anabaena (Laurent et al., 2005; J. H. Li et al., 2003), such a 

rise was not observed in this study (Paper II, Fig. S6 C, S7). Similarly, no changes 

were observed in the ratio of 2-OG to Glu (Paper II, Fig. S8), despite a typically 

inverse correlation between 2-OG and free Glu (Perin et al., 2021). However, we can 

not exclude the possibility of increased 2-OG levels in the mutant, as single-time-

point-sampling may fail to capture a transient rise. Nevertheless, as the most 

prominent triggers for heterocyst formation were not detected in the mutant, we 

focused on possible secondary effects after the shift to another N source, which is 

likely to perturb the C/N balance (C. C. Zhang et al., 2018). Indeed, the C/N ratio 

was significantly increased in the ∆pacR mutant 48 h after the shift (Paper II, Fig. 2 

D), indicating internal N shortage. A previous study has shown that Anabaena 

becomes prone to heterocyst differentiation in NO3
- containing medium when CO2 

levels rise, since this depresses both NO3
- uptake rate and NO3

- reduction enzyme 

activity. The CCM may compete with NO3
- assimilation for energy and electrons 

and the CCM appears to be favoured (Kang et al., 2005), making NO3
- only a weak 

inhibitor of heterocyst differentiation in contrast to NH4
+ (J. H. Li et al., 2003). This 

may lead to a high intracellular C/N ratio and relative N limitation thus triggering 

heterocyst formation. However, a high CO2 level did not suffice to trigger heterocyst 

differentiation in the CS strain (Paper II, Fig. 2 A, B). In contrast, in the ∆pacR 

mutant, this shift to conditions that are more prone to lead to intracellular N 

limitation was clearly sufficient to trigger heterocyst differentiation. 

5.2.1 Deregulation of central N assimilation pathways in the 
∆pacR mutant 

Prolonged impairment of NO3
- uptake appeared to be a central factor in the internal 

N shortage of the ∆pacR mutant (Paper II, Fig. S3) and may be partially explained 

by delayed upregulation of the nir operon (Paper II, Fig. 5, Suppl. Tables 4-8). G. 

M. Lin et al., 2025, also observed impairment of NO3
- uptake in the ∆pacR mutant 

after the shift from NH4
+ to NO3

- as the N source. Despite the concurrent 

upregulation of two positive regulators, ntcA and ntcB, they reported decreased 

expression of the nir operon. They were able to confirm direct binding of PacR to 

the promoters of both nirA and ntcB as well as ntcA. Thus, PacR may maintain NO3
- 

homeostasis by directly activating nir expression and at the same time inhibiting 

expression of nir activating genes, ntcA and ntcB (G. M. Lin et al., 2025). This 

strongly suggests that decreased NO3
- uptake described in Paper II was indeed due 

to deletion of the PacR encoding gene. Thus, PacR appears to directly regulate NO3
- 

import, possibly coordinating the expression of the nir operon with changing levels 
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of external NO3
-. Several studies have indeed concluded that their observation of 

heterocyst formation in NO3
- containing medium was due to impaired NO3

- uptake 

(Frias et al., 2000; Frías et al., 2003; Puerta-Fernández & Vioque, 2011; Y. Zhang et 

al., 2007). 

In addition to impaired NO3
- uptake, availability of N to the central metabolism 

was further reduced by depletion of the GS/GOGAT cycle in the ∆pacR mutant. 

After the shift to NO3
-, a large decrease in Gln levels was observed only in the ΔpacR 

mutant (Paper II, Figs. 4, S6, S7), which is typical for Anabaena WT after a shift to 

diazotrophic conditions (Perin et al., 2021). A possible cause may be the constitutive 

upregulation of glsA1 in the ΔpacR mutant (Paper II, Fig. 5, Suppl. Tables 4-6). 

GlsA1 is mainly responsible for Gln deamination, forming Glu and NH4
+, and glsA1 

is normally transiently downregulated under N limiting conditions (Zhou et al., 

2008). Elevated GlsA1 activity may interfere with the activity of GS, which is a key 

regulator enzyme of the GS/GOGAT cycle (see chapter 1.5.2.). The glnA gene is 

typically expressed at higher levels under diazotrophic conditions via NtcA mediated 

regulation (Flores, Picossi, et al., 2019; Frías et al., 1994; Tumer et al., 1983; Wei et 

al., 1994). Notably, inhibition of GS with the specific inhibitor MSX has been shown 

to counteract the suppressive effects of N on N-fixation and heterocyst formation in 

Anabaena sp. (A. K. Mishra, 2003; Ramos et al., 1985; Stewart & Rowell, 1975). 

Thus, the assimilation of NH4
+ via GS appears to be a requirement for N control to 

take effect (Flores & Herrero, 1994; A. K. Mishra, 2003). This is supported by GS 

impaired Anabaena variabilis strains, which also show impaired N control (Kerby 

et al., 1986; Spiller et al., 1986). Thus, GS mediated N control may be perturbed in 

the ∆pacR mutant. The upregulation of glnA in the ∆pacR mutant one hour after the 

shift (Paper II, Fig. 5, Suppl. Tables 7, 8), may thus serve as an adaptive mechanism 

presumably to increase GS abundance and counteract the putative leakage of NH4
+ 

out of the GOGAT cycle and restore N control. However, it should be noted, that GS 

activity is also regulated post-translationally, e.g. via the IF7A (see chapter 1.5.2.) 

which was not differentially expressed in the ΔpacR mutant compared to the CS 

(Paper II, Appx. S1). 

The observed impairment of NO3
- uptake and reduced GS/GOGAT activity in 

the ∆pacR mutant may also be linked to the general reduction in photosynthetic 

efficiency. This impairment is directly connected to deletion of the PacR encoding 

gene. Strikingly, PacR directly regulates flavodiiron proteins, which are essential for 

photoprotection under fluctuating light and were found to be downregulated and less 

active also in this work. Moreover, the photoprotective gene psbA3 (Sander et al., 

2010; Summerfield et al., 2008) was downregulated in the mutant and its promotor 

is directly bound by PacR (Paper II, Fig. 3 A, B, 5, Tables S5, S8, S7) (Picossi et al., 

2015). Moreover, petF, encoding the vegetative cell specific Fed-1 (Alam et al., 

1986; Pernil & Schleiff, 2019) was constitutively downregulated in the mutant 
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(Paper II, Fig. 5, Suppl. Tables 4-6), probably reflecting the direct transcriptional 

control of PacR over petF (Picossi et al., 2015). Correspondingly, the size of the 

photoreducible Fed pool was slightly, but statistically significantly, decreased in the 

∆pacR mutant (Paper II, Figs. S5 A, B), which suggests impaired e- flux from 

photosynthesis to N fixation. Since both NR and NiR use PSI-reduced Fed-1 as an 

e- donor (See chapter 1.4.2.) decrease in both photosynthetic efficiency and Fed-1 

levels are expected to impact NO3
- uptake and reduction.  

The observed impairment of GS/GOGAT activity may also be due to the 

shortage of photosynthetic reduced Fed, as it is the only e- donor of GOGAT in 

Anabaena (See chapter 1.4.3.). Since Gln is a central precursor for protein synthesis, 

including the phyobilisome, the GS/GOGAT cycle impairment may be connected to 

the observed defects in both growth (Paper II, Fig. 1 A) and photosynthetic 

performance (Paper II, Fig. 3 A, B), creating a negative feedback loop between N 

metabolism and photosynthesis. 

5.2.2 A network of global TFs regulates C and N 
metabolism and photosynthesis 

In Anabaena, PacR, NtcA and FurA all play a significant role in coordinating C/N 

balance, regulating heterocyst formation and modulating photosynthesis, and their 

regulons exhibit a significant overlap (González et al., 2013; Guío et al., 2020, 2025; 

Picossi et al., 2015). Possibly this is including the regulation of vegetative cell-

specific flavodiiron proteins by FurA (Flv3A) (González et al., 2014) as well as by 

PacR (Flv1A, Flv2 and Flv4) (Paper II, Fig. 5) (Picossi et al., 2015), with targets 

indicated in brackets. 

Importantly, PacR may directly inhibit ntcA expression (G. M. Lin et al., 2025). 

G. M. Lin et al., 2025, further found, that PacR and NtcA coregulate the expression 

of the nir operon and absence of PacR leads to a clear delay in NO3
- uptake. Thus, 

our results, as discussed above, are in line with G. M. Lin et al., 2025, and it may 

also be concluded, that PacR and NtcA together adapt the cellular metabolism to 

nutrient availability and the cells metabolic status. 

Misregulation of furA in the ∆pacR mutant (Paper II, Fig. 5, Suppl. Table 5) may 

also impact flavodiiron protein regulation and be related to heterocyst formation, 

which requires temporary upregulation of furA at the beginning of the differentiation 

process (González et al., 2013, 2014; Guío et al., 2020). However, due to the central 

role of FurA (González et al., 2014), broader consequences are possible: In 

Anabaena, FurA is the master sensor and regulator of Fe and redox metabolism as 

well as stress (González et al., 2012, 2014) and may connect Fe homeostasis and 

heterocyst differentiation by modulating NtcA activity (Guío et al., 2020). 

Furthermore, in Anabaena, NtcA can regulate furA as well as other Fe acquisition 
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related genes (López-Gomollón et al., 2007; Picossi et al., 2014). Also taking into 

account that promoters often contain bindings sites for multiple TFs, the absence of 

PacR may alter the activity of NtcA and FurA as well as the crosstalk between Fe 

and N metabolism mediated by them. 

Furthermore, both NtcA and FurA interact with 2-OG (Flores, Picossi, et al., 

2019; Guío et al., 2020). However, the type of the RbcR effector molecule in 

unicellular cyanobacteria remains unknown (Kurkela & Tyystjärvi, 2024), and to my 

best knowledge no effector molecule has been identified for PacR in Anabaena. Still, 

PacR is an LTTR TFs, which in general can function as sensors for metabolic states 

as they can alter gene expression by binding small effector molecules (Bolay et al., 

2022; Maddocks & Oyston, 2008). In LTTRs, the DNA-binding domain is connected 

to a sensor domain which binds these effector molecules. This alters gene expression 

patterns according to the metabolic state (Maddocks & Oyston, 2008; Schell, 1993). 

Thus, since PacR clearly acts in concert with NtcA and FurA, it is possible that PacR 

is also a 2-OG sensor (Illustrated in Fig. 6). 

The dat gene, whose expression is regulated by Fe availability (Stevanovic et al., 

2012), and also directly regulated by PacR (Picossi et al., 2015) was indeed found to 

be constitutively downregulated in the ∆pacR mutant (Paper II, Fig 5, Suppl. Tables 

4-6). The dat gene product, diaminobutyrate-transaminase, may influence N flux 

between 2-OG and Glu, thus potentially influencing the GS/GOGAT cycle as well 

as connecting the GS/GOGAT cycle with the OAC, as one of the intermediates of 

the reaction, L-aspartate-4-semialdehyde, is connected to Asp metabolism (Mantas 

et al., 2021; L. Su et al., 2024). Moreover, the ldh gene exhibited constitutively low 

expression in the ∆pacR mutant, while it was highly expressed in the CS before the 

N stepdown and downregulated thereafter (Paper II, Fig. 5, Suppl. Tables. 4-8). It 

could be speculated, that regulation of transaminases by PacR could help cells to 

buffer short term fluctuations in N availability, preventing premature induction of 

heterocyst formation in response to only short-term fluctuations in N availability. 
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Figure 6.  Signal transducing network of the C/N balance in Anabaena. The C/N balance is 

regulated by a number of global transcription factors, which also adapt the cellular 
metabolism to any shifts in this balance. NtcA is one of the most important translational 

regulators of N metabolism, including heterocyst formation related genes. Moreover, it 
regulates C metabolism, photosynthesis and Fe acquisition related genes (Picossi et 

al., 2014). NtcA is positively autoregulated (J. H. Li et al., 2003) and binds 2-OG directly 
(Flores, Picossi, et al., 2019). PacR is a global TF, which balances C metabolism and 

photosynthesis (including FDPs) (Picossi et al., 2015). PacR may also directly inhibit 
ntcA expression (G. M. Lin et al., 2025) and some N metabolism related genes (Paper 

II, Fig. 5). Under N limitation, the NtcA/2-OG complex activates transcription of genes 

involved in the uptake and assimilation of N, while the NdhR/2-OG complex represses 
CCM related genes. Under Ci limitation the apo form of NtcA has a low DNA-binding 

affinity, leading to a decrease in N uptake and assimilation, while NdhR/2-PG complex 
can’t act as a repressor, so that CCM genes are expressed (C. C. Zhang et al., 2018). 

FurA senses Fe availability and the redox state of the cell and furA is upregulated by 
NtcA upon N deprivation ilistn Anabaena (Guío et al., 2020). In turn, FurA negatively 

regulates ntcA depending on 2-OG binding, co-regulating heterocyst differentiation 
(Guío et al., 2020). FurA also regulates flv3A and hupL (González et al., 2014). CmpR 

may have 2-PG as a positive effector (C. C. Zhang et al., 2018) and activates the cmp 
operon and positively auto-regulates its own gene expression in response to Ci limitation 

(López-Igual et al., 2012; C. C. Zhang et al., 2018). Expression of cmpR under low Ci is 

boosted when N is absent via co-regulation of its expression by NtcA (López-Igual et 
al., 2012). Marked in orange are all processes for which a significant effect of PacR 

deletion was shown in this work.  

5.2.3 FDPs and PacR influence C/N balancing and 
heterocyst metabolism 

Having established PacR as a central TF in C and N metabolism as well as 

photosynthesis, it is intriguing to investigate the connection between PacRs and 

FDPs, which are not only central to photosynthetic performance, especially under 

fluctuating light, but may also influence C/N metabolism. 
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So far, PacR-mediated regulation has only been demonstrated for flv1A (Picossi 

et al., 2015), flv2 (Paper II, Fig. 5) and flv4 (Paper II, Fig. 5) (Picossi et al., 2015). 

Since flv3A and flv1A are not organized in an operon in Anabaena and transcribed 

independently (Ermakova et al., 2013), it is not clear if PacR also regulates flv3A 

transcription. However, FurA may regulate flv3A (González et al., 2014) and since 

furA is also being differentially expressed in the mutant, FDP expression could also 

be indirectly affected though FurA in the PacR deletion mutant.  

Notably, one hour after the shift to NO3
- containing medium, lower expression 

levels of flv2 and flv4 became evident in the mutant (Paper II, Fig. 5, Suppl. Tables 

4, 5, 7). This may reflect the initiation of heterocyst differentiation, as under 

diazotrophic conditions expression of flv1A and flv3A is typically downregulated by 

approximately 50 %, with flv2 and flv4 following a similar trend (Ermakova et al., 

2013). However, in the ∆pacR mutant, flv1A and flv3A downregulation was not 

observed (Paper II, Appendix 1), indicating that instead, FDP upregulation could 

also play a role in triggering heterocyst formation. PacR may normally induce FDP 

gene expression in response to shifting e- sink demand, such as after N stepdown, to 

prevent overreduction of the PETC. This resembles FDP responses to fluctuating 

light (Paper II) or Ci deprivation (Ermakova et al., 2013), where they help alleviate 

excess excitation pressure. As discussed above, CCM induction was speculated to 

dependent on FDP activity (see chapter 5.1.1.). Since both processes are deregulated 

in the PacR mutant, it is conceivable that PacR may also play a role in balancing the 

e- sinks provided by FDPs and the CBB cycle. 

If deletion of pacR causes flv downregulation, this could lead to the 2-PG 

pathway compensating as an e- sink, which may lead to higher 2-OG levels in 

relation to 2-PG, possibly triggering heterocyst formation as illustrated in the 

following: In cyanobacteria, there is evidence for cooperative interaction between 

FDP-mediated O₂ photoreduction and the photorespiratory 2-PG pathway 

(Allahverdiyeva et al., 2011; Hackenberg et al., 2009; Mustila et al., 2016). The 2-

PG pathway generates CO₂ and NH₃ as byproducts, and their reassimilation requires 

substantial amounts of NADPH (and thus Redox-equivalents) and ATP. Moreover, 

this pathway transforms Glu into 2-OG (Bauwe et al., 2010). In Synechocystis sp. 

PCC 6803, photorespiration has been shown to serve as an auxiliary sink for excess 

reductants, functioning alongside FDPs (Allahverdiyeva et al., 2011; Hackenberg et 

al., 2009). Next to flv genes, PacR may regulate 2-PG pathway genes (such as 

alr1004 and alr2873) (Picossi et al., 2015), which are possibly linked to 

photorespiration (Eisenhut et al., 2008). It is thus conceivable, that PacR coordinates 

both these pathways to maintain redox homeostasis and control intracellular NH4
+ 

levels as well as the 2-OG/2-PG ratio. PacR deletion and the subsequent 

downregulation of flv genes may increase activity of the 2-PG pathway to 

compensate lost e- sink capacity. Increased photorespiration may lead to further 
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depletion of the GOGAT-cycle and loss of NH4
+ from the central metabolism. 

Moreover, depletion of 2-PG could take place, which would suppress the CCM. 

Indeed, transient downregulation of sbtA in the ∆pacR mutant (Paper II, Fig. 5; 

Suppl. Tables 4–7) may reflect such a metabolic shift. Since 2-OG (the N starvation 

signal) and 2-PG (the C starvation signal) levels are inversely correlated (C. C. 

Zhang et al., 2018), a possible decrease in 2-PG levels in relation to 2-OG levels in 

the ∆pacR mutant may thus be the signal triggering heterocyst formation.  
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6 Outlook 

In the last decade, interest in the use of heterocystous cyanobacteria for 

biotechnological applications has increased (Allahverdiyeva et al., 2021; Deora et 

al., 2025; M. He et al., 2025; Magnuson, 2019; Wegelius et al., 2018). They provide 

the possibility of combining photosynthetic with anaerobic metabolism in one 

production platform. Important factors that need to be considered are the C source, 

which needs to be imported from vegetative cells, and how ATP and reductant usage 

can be optimized in heterocysts (Magnuson, 2019). 

Two main resources provided by the heterocyst are fixed N2 and H2. N2 fixation 

via heterocystous bacteria may provide a sustainable alterative to industrial 

production of NH3 via the Haber-Bosch process, which is energy and resource 

intensive (Volgusheva et al., 2019).  Considering that H2 gas is an important 

alternative energy carrier, research into photosynthetic H2 production has increased 

rapidly this century. Most hydrogenases are sensitive to O2, therefore H2 production 

in unicellular cyanobacteria can be achieved in the dark or by strict control of 

photosynthesis. Heterocystous cyanobacteria, however, can produce H2 under 

normal growth conditions. Therefore, several attempts have been made to increase 

nitrogenase-based H2 production, despite the inherently poor energy efficiency of 

nitrogenase (Magnuson, 2019; Roumezi et al., 2020). One possible alternative is the 

deletion of hupL, which encodes the uptake hydrogenase large subunit in heterocysts, 

which has been attempted before in Anabaena sp. (M. He et al., 2025; Kosourov et 

al., 2014; Lindberg et al., 2002; Masukawa et al., 2002). A major limitation when 

using heterocysts as cell factories is the limited availability of reductants and C 

sources. This may be addressed by increasing CO2 levels, increasing the rate of CO2 

fixation via the CBB or by increasing sugar breakdown in the heterocyst. Another 

strategy may be to limit e- flow to nitrogenase, which may favour other production 

pathways (Magnuson, 2019). It has e.g. been previously shown, that a modified 

uptake hydrogenase expressed in the heterocysts of N. punctiforme produced H2 after 

a decline in nitrogenase activity (Raleiras et al., 2016). Moreover, heterologous 

expression of [Fe-Fe] hydrogenases from anaerobic organisms, which have higher 

H2 production activities, in the heterocyst of Anabaena have shown potential (Avilan 

et al., 2018; Gärtner et al., 2012). 
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Recently, immobilization of isolated heterocysts in polymer matrices is starting 

to be used to prolong bioproduction times. Improved stability and H2 

photoproduction have been demonstrated in photosynthetic cyanobacteria and 

microalgae immobilized in thin films as opposed to suspension cultures. 

Production periods of several months were obtained (Kosourov et al., 2014; Leino 

et al., 2012; Murukesan et al., 2019; Volgusheva et al., 2019). Thin layer 

immobilization of cyanobacterial heterocysts could provide a long-lived 

biocatalyst producing NH3, an important bioindustrial compound used as a 

fertilizer or fuel, and H2, which is an environmentally friendly, clean energy 

source. A proof of concept for such a production platform was already provided 

and depending on addition of H2 or N2 as substate for nitrogenase, this production 

platform can switch between H2 and NH3 production (Volgusheva et al., 2019). 

Moreover, the immobilized Anabaena ∆hupL mutant was previously shown to be 

suitable for long term H2 production (Leino et al., 2012). Beyond N2 and H2 

production, the anaerobic heterocyst metabolism has been investigated. For 

example, ethanol production in the heterocysts of a modified Anabaena stain has 

been previously demonstrated, leading to increased ethanol production alongside 

N (Ehira et al., 2018). Moreover, parallel usage of oxygenic photosynthesis in 

vegetative cells may also be possible. 

In unicellular cyanobacteria, it is already being investigated how to redirect e - 

to reductive biotransformations by deleting FDPs as competitive e- sinks (Assil-

Companioni et al., 2020; Hubáček et al., 2024). While retained in cyanobacteria, 

algae, and gymnosperms, FDPs were lost during angiosperm evolution (Jokel et 

al., 2018), likely due to the emergence of compensatory photoprotective 

mechanisms (Allahverdiyeva, Suorsa, et al., 2015). Nevertheless, numerous 

studies have demonstrated that angiosperms remain susceptible to PSI 

photoinhibition under fluctuating light, which can substantially limit CO₂ 

assimilation and growth (Huang et al., 2019; Kono et al., 2014; Sun et al., 2023; 

Yamamoto & Shikanai, 2019; Yang et al., 2024). Heterologous expression of FDPs 

from cyanobacteria or Physcomitrium patens in angiosperms improves 

photosynthetic performance and biomass accumulation (Basso et al., 2022; Gómez 

et al., 2018; Rizzetto et al., 2025; Wada et al., 2018; Yamamoto et al., 2016; 

Yamamoto & Shikanai, 2019). To date, however, FDPs from heterocystous 

cyanobacteria such as Anabaena have not been tested in angiosperms, leaving open 

the question of whether their distinct regulatory or kinetic properties could confer 

additional benefits in crop species. 

This thesis further highlights the role of global transcriptional regulation in 

balancing electron sinks and metabolic demands. The identification of PacR as a 

regulator linking FDP expression, carbon metabolism, photosynthesis, and 

heterocyst development suggests that redox-dependent transcriptional control may 



Outlook 

 81 

be central to coordinating photosynthetic electron flow with cellular metabolic 

capacity. Understanding how PacR integrates photosynthetic signals with nitrogen 

and carbon metabolism remains an important objective for future research. 
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