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 Annotation 
 

Regulation of photosynthesis and primary production in globally 

important cyanobacterium Prochlorococcus marinus under nitrogen and 

light stress were examined. The study investigated the model describing 

relationship between photosynthetic activity and primary production. The 

photosynthetic energy budget and the efficiency of converting the 

photosynthetic energy into biomass were described. Molecular and 

physiological approaches were applied to analyse the utilization of 

photosynthetic energy and regulation of metabolism to investigate the 

influence of streamlined oxygen-evolving cluster on the photosynthetic 

activities. 
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1. General introduction

1.1 Background 

The origin of the first oxygenic photosynthetic cyanobacteria, which have 

evolved from anoxygenic bacteria 2.5-3 billion years ago, was a key step 

for the creation of oxygenic atmosphere on the Earth. Then later the 

evolution of photosynthetic eukaryotic algae, simple plants and their 

inhabiting of land enabled the development of life, as we know it. 

Oxygenic photosynthesis is one of the most important biological 

processes of the world changing the solar energy into reductants and 

chemically bound energy. The reductants are used for CO2 fixation 

primarily and thus enable conversion of inorganic carbon form to its 

organic form, which is stored as a biomass. The photosynthetically 

assimilated carbon is also called as primary production and its 

quantification is much debated and intensively studied field. 

The global net primary production of Earth’s biosphere is estimated to be 

approx. 105 petagrams of carbon per year (Field et al. 1998). On the base 

of these integrated estimates obtained from global models based on 

satellite measurements it was found, that aquatic environments contribute 

almost 50% to the net primary production. Despite the fact that the 

aquatic primary producers represent only 0.2% of the photosynthetically 

active carbon biomass (Field et al. 1998), quantitative estimates of their 

primary production range from 45 to 57 Pg C y
-1

 (Falkowski et al. 2003).

Interestingly, small picocyanobacteria living in oligotrophic regions of 

oceans (Fig. 1), which were considered ocean deserts for a long time, 

contribute to the net primary production approx. 25% (Price et al. 2011). 

One of the most important cyanobacteria living in these regions is 

Prochlorococcus marinus. Although with the size 0.6 µm in diameter it is 

the smallest known unicellular phototroph, with cell density reaching up 

to 10
5
 cells ml

-1
 (Partensky et al. 1999), Prochlorococcus is considered

the most abundant oxygen-evolving photosynthetic organism. It was 

shown that it accounts for 50% of the total chlorophyll in the oligotrophic 

areas (Partensky and Garczarek 2010). Such a high cell density makes it 
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the major contributor to the primary production and essential key element 

of the global carbon cycle. It is estimated that Prochlorococcus 

contributes an estimated 30-50% of the total aquatic primary productivity 

in the oligotrophic regions (Goericke and Welschmeyer 1993, Zubkov et 

al. 2003) which means that it produces approx. 4 gigatons of fixed carbon 

per year. Interestingly, this is comparable to the primary productivity of 

global croplands (Biller et al. 2015). 

Fig. 1: Model showing the most dominant types of phytoplankton in the world’s 

oceans (Pennisi 2017). Cyanobacterium Prochlorococcus is dominant in the 

nutrient poor tropical and subtropical regions (marked green). 

Thus, for its significance, Prochlorococcus marinus is intensively studied 

phototroph. Many studies focused on its cultivation and photo-physiology 

(Moore and Chisholm 1999, Rippka et al. 2000, Moore et al. 2007), 

genome content (Rocap et al. 2003, Dufresne et al. 2005, Ting et al. 2009, 

Malstrom et al. 2013) and also geographic distribution (Moore et al. 1998, 

Johnson et al. 2006, Flombaum et al. 2013). 

During the last decades, the quantitative determination of the gross and 

net primary production (GPP and NPP, respectively) of oceanic 

ecosystems became essential. Current estimates of oceanic NPP are based 
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on data obtained from satellites. However, to calculate the global NPP, 

mathematical models depend on input variables such as nutrients, light 

intensity and temperature in order to obtain correct results (Laws et al. 

2002). To improve these estimations, and to find how nutrient availability 

and irradiance influence energetic metabolism of phytoplankton, many 

laboratory and field studies focused on production measurements using 
14

C incorporation measurements, oxygen measurements and fluorescence-

based measurements (Falkowski et al. 2003, Bruyant and Babin et al. 

2005, Jakob et al. 2007, Pei and Laws 2013, Halsey and Jones 2015, 

Fisher and Halsey 2016). 

However, most of these studies were performed on model eukaryotic 

algae. Therefore, this work tried to elucidate efficiency of energetic 

metabolism and carbon cycling in the most abundant cyanobacterium 

Prochlorococcus marinus in order to better understand its ecological role. 

1.2 Prochlorococcus marinus discovery 

Due to its small size (0.6 µm in average), P. marinus was for a long time 

invisible by classic light microscope, thus remained hidden for marine 

scientist using traditional microscopic techniques. The first observations 

of small “chroococoid” cyanobacteria were during the 1970’s using the 

electron microscopy. The first published record of Prochlorococcus 

called as “Type II” cells obtained from marine samples was reported in a 

paper by Johnson and Sieburth in 1979. However, it was mistakenly 

identified as another marine cyanobacterium Synechococcus, which was 

discovered around that time (Guillard et al. 1985). The second published 

record came indirectly in early 1980’s from the discovery of unknown 

red-shifted chlorophyll a derivative (Gieskes and Kraay 1983). 

Prochlorococcus was identified and visualized only when flow cytometry 

and HPLC techniques were developed several years later (Chisholm et al. 

1988, Chisholm et al. 1992). The first Prochlorococcus strain was 

3



isolated by Brian Palenik from a depth of 120 m in the Sargasso Sea in 

May 1988 (Chisholm et al 1992). The findings that these photosynthetic 

cells lacked phycobilisomes and possessed an unusual divinyl derivative 

of Chl a and b and their distinctive prokaryotic structure suggested that 

they belong to the free-living relative of Prochloron. The announcement 

of the discovery of new photosynthetic picoplankton Prochlorococcus 

was made by Chisholm et al. 1988. The first axenic strain was derived 

from the SARG strain in 1995 and designated as PCC 9511 (Rippka et al. 

2000). 

Since this time, many strains have been found, isolated and described 

worldwide in the euphotic zone in subtropical and tropical oligotrophic 

waters (Veldhuis and Kraay 1990, Goericke and Welschmeyer 1993, 

Vaulot et al. 1995, Partensky et al. 1999) and have been the object for 

many studies. Last decade, many studies focused on Prochlorococcus 

genome, its sequencing, comparative genomics, and meta- and 

pangenomics (Dufresne et al. 2003, Rocap et al. 2003, Coleman et al. 

2006, Malstrom et al. 2013, Delmont and Eren 2018). 

1.3 Cyanobacterium Prochlorococcus marinus 

As Prochlorococcus is prokaryote containing divinyl chlorophyll a and b 

pigments (DV-Chl a/b) and lacking phycobilisomes, it was assigned to 

the Prochlorophyta suggesting that it is closely related to the freshwater 

Prochlorotrix and symbiotic Prochloron (Chisholm et al. 1988). 

However, according to the 16S rRNA and RNA polymerase gene 

sequencing, Prochlorococcus belongs to the cyanobacterial radiation and 

create branch, which is different from Prochlorophyta. Moreover, closer 

relation between Prochlorococcus and Synechococcus was revealed 

(Palenik and Haselkorn 1992, Urbach et al. 1992). Although P. marinus 

belongs to the cyanobacteria and forms a sister clade with Synechococcus 

(Ting et al. 2002), its antenna complex is different from that found in 
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most cyanobacteria including Synechococcus (Fig. 2). First, in the light-

harvesting antennae, the DV-Chl a is bound to the membrane-intrinsic- 

light-harvesting proteins (Pcb) instead of the well-known chlorophyll a 

(Chl a), which is unique trait among photosynthetic organisms. The DV-

Chl a absorbs maximally in the blue part of the visible spectrum. 

Interestingly, the absorption spectrum of DV-Chl a is red-shifted and 

therefore the red peak of DV-Chl a is shifted approx. 7 nm towards the 

blue region (i.e. to longer wavelengths) in comparison to classic Chl a 

giving to the P. marinus the advantage when living in deep waters 

enriched with blue light (Partensky et al. 1999, Ting et al. 2002). Second, 

P. marinus lacks phycobilisomes, extrinsic antennas associated with 

Photosystem II (PSII) in cyanobacteria and red algae, which are in P. 

marinus replaced by transmembrane Pcb proteins (Wiethaus et al. 2010). 

Third, the oxygen-evolving complex (OEC) associated with PSII at the 

luminal side of thylakoid membrane is modified among P. marinus 

strains. Standard cyanobacterial OEC consists of five extrinsic proteins 

(PsbO, PsbU, PsbV, PsbP and PsbQ) which constitute Mn4Ca-cluster that 

catalyzes the production of oxygen by water-splitting (Ting et al. 2009). 

However, all P. marinus strains lack PsbQ protein and moreover, most of 

strains also lack PsbU and PsbV proteins which were shown to play a role 

in the shielding of the Mn4Ca-cluster from reductants (Kamiya and Shen 

2003, Ferreira et al. 2004, Partensky et al. 2018). 
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Fig. 2: The differences in the structure of the light-harvesting antenna and 

pigment composition of closely related marine cyanobacteria Synechococcus and 

Prochlorococcus (Biller et al. 2015). 

 

 

1.4 Ecotypic differentiation 

 

Members of the Prochlorococcus genus belong to the most diverse group 

of phytoplankton on the Earth. They live throughout the illuminated 

(euphotic) water column from the surface of ocean to the bottom of the 

euphotic zone mostly in stratified oligotrophic regions (Partensky and 

Garczarek 2010). In this environment, strains have to cope with changing 

conditions such as irradiance, temperature optima or nutrient availability. 

These factors have driven the diversification of Prochlorococcus genus 

and led to the niche partitioning by genetic adaptation (West and Scanlan 

1999, Johnson et al. 2006, Zinser et al. 2007). Originally, the 

Prochlorococcus genus was simply divided into two physiologically and 

genetically distinct groups termed as low- and high-light adapted 

(hereafter LL and HL, respectively) ecotypes according to their light 

acclimation responses (Moore et al. 1998, Moore and Chisholm 1999). It 

was assumed that LL strains are restricted to the deep euphotic zone, with 

relatively high nutrient conditions but with irradiances reaching only 

0.1% of irradiance at the surface of the ocean. This group is characterized 
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by high DV-Chl b/ a ratio and relatively larger cell size and genome. By 

contrast, HL strains were supposed to predominate in more irradiated 

surface waters with lower nutrient concentrations and possess low DV-

Chl b/ a ratio, smaller size of their cells and of genomes (Rocap et al. 

2003, Ting et al. 2009, Partensky and Garczarek 2010). Nevertheless, this 

division is an oversimplification. According to the new studies, based on 

the sequences of 16S-23S rRNA internal transcribed spacer (ITS), HL 

strains evolved into 6 clades (HLI-HLVI) and LL strains are separated 

into seven clades (LLI-LLVII) (Fig. 3) (Johnson et al. 2006, Huang et al. 

2012, Malstrom et al. 2013, Biller et al. 2015). Within these clades, there 

are physiologically and ecologically distinct ecotypes, which show 

seasonal, depth and geographical patterns (Moore et al. 1998, Johnson et 

al. 2006, Zinser et al. 2007). However, each clade hides a huge amount of 

further genotypic and phenotypic diversity. This diversity is not randomly 

distributed, but is connected to the abiotic and biotic factors. 

Prochlorococcus lives at various sites, e.g. in the Pacific Ocean, Atlantic 

Ocean, Sargasso Sea, and Mediterranean Sea which have different 

biogeochemical regimes. By genome sequencing, it was found that these 

populations display fundamental genomic differences (Kettler et al. 2007, 

Kent et al. 2016, Biller et al. 2014, Kashtan et al. 2014, 2017). 
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Fig. 3: Organization of Prochlorococccus genomes based on pangenomics 

(shared gene clusters) in comparison to phylogenomics with colour affiliations 

to the clades commonly used in the literature (Delmont and Eren 2018). 

 

 

To study Prochlorococcus global ocean distribution and its genome 

diversity, the metagenomics and pangenomics are recently widely used. 

These approaches allow identifying core and accessory genes and their 

function, and can characterize gene gain and loss, which is probable 

driving force of evolution (Coleman and Chisholm 2010, Berube et al. 

2015, Kent et al. 2016). Investigation of gene clusters of individual strains 

is crucial for understanding of their potential role in the fitness, ecology 

and selection pressure, which resulted in niche partitioning (Kashtan et al. 

2017). The metapangenomic study by Delmont and Eren 2018 revealed 

differences within the members of specific clades and also revealed 

closely related isolates with different levels of fitness (Fig. 4). 
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Fig. 4: The metapangenome of Prochlorococcus. An overview of the 

distribution of core and accessory genes obtained from 31 isolates (Delmont and 

Eren 2018). 

 

 

1.5 Light-harvesting complex and associated pigments 

 

Prochlorococcus strains possess a unique Pcb light-harvesting antenna, 

which binds the major light-harvesting pigments DV-Chl a and also DV-

Chl b, if this is present. Prochlorococcus is one of few oxygenic 

phototrophs that do not possess Chl a as the major light-harvesting 

pigment. Interestingly, when mutants of cyanobacterium Synechocystis 

accumulated DV-Chl a instead of Chl a they were not able to survive 
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under medium and high-light as a consequence of photodamage. It is 

suggested that the chlorophyll-binding proteins Pcb evolved during the 

Prochlorococcus evolution to fit to DV-Chl a (Goericke and Repeta 1992, 

Ito et al. 2011). Pcb are integral membrane proteins with six 

transmembrane helices. These proteins are members of family that 

includes the Chl a binding proteins CP43 and CP47, which form the PSII 

core antenna in all oxygenic photosynthetic organisms, and IsiA, a Chl a 

binding protein induced by iron starvation in freshwater cyanobacteria 

(La Roche et al. 1996). It is suggested that pcb genes evolved from an 

ancestral gene similar to psbC encoding CP43 (Ting et al. 2009). 

According to the comparative genomic analyses, at least eight pcb genes 

(pcbA - pcbH) exist in Prochlorococcus genus, however different strains 

exhibit different number of these genes (Ting et al. 2009). Interestingly, it 

was shown that most of pcb genes encoding PSII antenna proteins are 

constitutively expressed, however in LL strains some pcb genes encoding 

PSI antenna are iron-stress-induced only (Bibby et al. 2003). Generally, 

LL strains possess from two to eight pcb genes, by contrast with HL 

strains which have only one pcb gene - pcbA (Bibby et al. 2003, Ting et 

al. 2009). The higher amount of pcb genes in LL strains is caused by 

multiplication of genes probably (Garczarek et al. 2000). Together with 

the red shifted absorption maximum, and higher DV-Chl b/a ratio, the 

presence of multiple pcb genes in LL strains could be another crucial 

feature in acclimation to low-light levels. 

Structural studies of Photosystem II revealed that Pcb subunits associate 

with PSII. The amount of associated Pcb per PSII is variable among 

strains ranging from four to seven subunits. This association to the PSII 

reaction center (RCII) dimer forms Pcb-PSII supercomplex to increase the 

light-harvesting capacity of PSII (Bibby et al. 2003, Ting et al. 2009). By 

contrast, studies of Photosystem I indicate that PSI complexes have 

trimeric organization and Pcb proteins and associated pigments can form 

a ring around the PSI reaction center (RCI) (Garczarek et al. 1998, Ting et 

al. 2002). It was found that in LL strain SS120 the PSI forms a large 

supercomplex, where the RCI is surrounded by light-harvesting antenna 
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ring composed of 18 Pcb units. Interestingly, this supercomplex is similar 

to that which is described in freshwater cyanobacteria deprived of iron. 

On the other hand, studies on LL strain MIT9313 did not reveal the 

presence of this supercomplex, but only trimeric organization of PSI 

complexes (Ting et al. 2002, Bibby et al. 2003).  

Additional pigments of Prochlorococcus include Chl b, zeaxanthin, α-

carotene, small amount of Chl c-like pigment (Mg 3,8 divinyl 

phaeoporphyrin a5), unknown carotenoid and small amounts of 

phycoerythrin (Goericke and Repeta 1992, Morel et al 1993). 

The presence of phycoerythrin (PE) in Prochlorococcus strains is much 

debated. In other cyanobacteria, PE is situated at the periphery of 

phycobilisomes, which are located at thylakoid membrane, and serves for 

harvesting light energy and its transmission to other types of 

phycobiliproteins and eventually to reaction centers. PE also serves as 

nitrogen storage. Although Prochlorococcus lacks phycobilisomes, some 

strains possess genes cpeA and cpeB for encoding PE α and β subunits 

similar to PE from cyanobacterium Synechococcus. PE in 

Prochlorococcus has several structural differences, which led to 

designation of new PE type called as Type-III (Hess et al. 1996). The PE-

III was found first in LL ecotypes of Prochlorococcus (i.e. SS120, 

MIT9313), which live at the bottom of the euphotic zone, where low 

levels of blue light were detected (Hess et al. 1996, Ting et al. 2001). 

Using electron microscopy and immuno-labeling with gold particles, Hess 

et al. 1999 proved that PE-III is predominantly localized within the 

thylakoid membranes. This result concurrently with the result of study by 

Lokstein et al. 1999 support its light-harvesting function, although 

contribution to the total light-harvesting capacity is very low (Steglich et 

al. 2003). PE was also detected in HL adapted strain MED4, though this 

strain lost PE α subunit during the evolution probably and the β subunit 

occurs in degenerated form only (Ting et al. 2001). Because it was found 

that strain MED4 has 100 times less of PE than strain SS120, it is 

hypothesized that functional coupling of PE to the DV-chl antenna is very 

unlikely and perhaps it serves as a photoreceptor (Steglich et al. 2005). 
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1.6 Physiology and photosynthesis - what is known 

 

1.6.1 Nitrogen assimilation 

 

It is well known that the areas, where Prochlorococcus marinus can 

thrive are restricted to the subtropical and tropical oceans known for their 

oligotrophic conditions. Due to the physical constrains the water near the 

surface is stratified. As a result, nitrogen (N) forms are reduced and N 

concentration can be extremely low in comparison to the deeper layer, 

where mostly nitrates are present (Partensky et al. 1999). 

Prochlorococcus strains are able to use N in various forms e.g. 

ammonium, nitrate, nitrite, urea, cyanate and amino acids but they are not 

able to fix dinitrogen. Mainly reduced N sources are preferred for 

assimilation even if several different N sources are available. 

Cyanobacteria possess a regulatory system for detection of reduced forms 

of nitrogen. This system involved the global nitrogen regulator NtcA, the 

signal transduction PII and PipX that are involved in carbon and nitrogen 

metabolism and in the control of nitrogen gene expression (Domínguez-

Martín et al. 2017). Moreover, NtcA is involved in the response of the 

cell to changing N conditions. This protein regulates the expression of its 

own gene and other genes required for the utilization of nitrite and nitrate 

(Lindell et al. 2002). Nevertheless, the role of these proteins in 

Prochlorococcus is not clear so far and seems to work differently in 

comparison to other cyanobacteria (Domínguez-Martín et al. 2017). 

All Prochlorococcus strains can use and prefer ammonium (NH4
+
) as N 

source. Ammonium is obtained due to the high-affinity amonium 

transporter, which is encoded by amt1 gene (Lindell et al. 2002). Nitrogen 

in this form provides to a cell a big energetic advantage because it is 

directly incorporated by glutamine synthetase into glutamine and further 

by glutamate synthase to glutamic acid. This metabolic pathway is 

common for all Prochlorococcus strains (Fig. 5). For the reduction of 

NH4
+
 to glutamate, only one ATP and two electrons are necessary 

(García-Fernández et al. 2004). Thus, the reducing power is very low in 
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comparison to reduction process of nitrate to glutamate (10 electrons 

needed) or nitrite to glutamate (8 electrons needed) giving the cell the 

ability to use the saved energy in other metabolic requirements. In the 

presence of ammonium, genes encoding nitrate reductase, nitrite 

reductase, glutamine synthase and the transporters of nitrate, nitrite and 

ammonium as well as of ntcA itself are downregulated. Only if 

ammonium is depleted, pathways for utilization of different N sources 

become activated (García-Fernández et al. 2004). 

 

 

 
 

Fig. 5: Nitrogen assimilation routes observed in Prochlorococcus. The central 

pathway for ammonium transport and assimilation is common to all 

Prochlorococcus strains. The utilization of alternative nitrogen sources is strain-

specific (García-Fernández et al. 2004). 
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Assimilation of amino acids such as arginine, glutamine or methionine 

was also reported (Flores and Herrero 1994, Zubkov et al. 2003). 

Although, amino acids were not used as a sole N source for 

Prochlorococcus growth, Zubkov et al. 2003 proved that amino acids can 

fulfil up to 10% of the Prochlorococcus requirements for nitrogen. 

However, not all strains are capable of usage of amino acids although it 

provides to the cell an important energetic advantage. Two studies 

revealed that PCC 9511 strain is not able to utilize any of amino acids 

(Rippka et al. 2000, García-Fernández et al. 2004). Interestingly, study by 

Yelton et al. 2016 showed that assimilation of organic nutrients is not 

such an exceptional phenomenon as was suggested. By analysing of 

genomic and metagenomics data it was revealed that different 

Prochlorococcus isolates possess various amounts and types of 

transporters to take up amino acids and polypeptides. 

Another studies revealed presence of genes responsible for nitrite and 

cyanate uptake in the Prochlorococcus genome and moreover, these 

compounds such as nitrite, urea or cyanate were positively tested as a sole 

N source for growth of different Prochlorococcus strains (Rippka et al. 

2000, Moore et al. 2002, García-Fernández et al. 2004, Martiny et al. 

2009, Kamennaya et al. 2011). 

It was supposed for a long time, that Prochlorococcus is not able to use 

nitrate as N source, because nearly all known isolates lack the genes 

needed for its utilization. Moreover, this N form requires high energetic 

expense for its reduction to molecules that can be assimilated. However, 

recent study of Berube et al. (2015) proved the existence of genes for 

nitrate assimilation in strains belonging to both HL and LL ecotypes. 

Three Prochlorococcus strains (HL – SB, MIT0604; LL – PAC1) possess 

nitrate reductase gene essential for NO3
-
 utilization that enables them to 

growth on NO3
-
 as a sole source of nitrogen. Interestingly, the growth of 

two HL strains on nitrate was approx. 17% slower in comparison to their 

growth in the presence of ammonium. 

Nitrogen metabolism of Prochlorococcus is different from that known in 

classic cyanobacteria. It was found that genes involved in C/N regulation 
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(namely ntcA, gln B and pipX) and encoding NtcA, PII proteins and PipX 

do not operate in Prochlorococus in the same way as was described in 

cyanobacteria (Lindell et al. 2002, Palinska et al. 2002). Moreover, the 

activity and expression of gluthamine synthetase did not change 

significantly under N starvation or in darkness (El Alaoui et al. 2001, 

2003).  It was revealed that nitrogen assimilatory pathways vary among 

strains. The central ammonium assimilation route was retained, however 

N-related pathways were modified and optimized according to available 

N sources at the depth where specific strain lives (Moore et al. 2002, 

Rocap et al 2003, García-Fernández et al. 2004). In addition, recent 

studies focused on regulation of key enzymes and metabolites involved in 

N assimilation in different Prochlorococcus strains revealed the variety in 

C/N balance regulation. According to these results, the control of the C/N 

balance seems to be streamlined probably due to the evolution (Gómez-

Baena et al. 2015, Domínguez-Martín et al. 2017, 2018). 

 

1.6.2 Glucose uptake 

 

Prochlorococcus was considered for a long time to be the only 

photoautotrophic cyanobacterium incapable to use glucose. Initial studies 

on Prochlorococcus strain PCC 9511 revealed no evidence for beneficial 

effect of glucose on its growth (Rippka et al. 2000). First speculations 

about possibility of partial heterotrophy came with sequencing of 

Prochlorococcus genome. Genes for sugar transporters were found in 

strain MIT9313 (Rocap et al. 2003) and gene pro1404 encoding 

Na
+
/galactoside symporter MelB was discovered in strain SS120 

(Dufresne et al. 2003). The first results proving glucose uptake by 

Prochlorococcus were reported in Gómez-Baena et al. 2008 by 

radioactively labelled 
14

C-glucose. In addition, it was found that glucose 

addition in medium leads to the enhanced expression of several glucose-

related genes. By further studying the gene pro1404 encoding the sugar 

transporter, the multiphasic (biphasic) kinetic behaviour reflecting low- 

and high-affinity capacity mode in dependence on sugar concentration 
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was revealed (Munoz-Marín et al. 2013). The biphasic kinetic of the 

glucose transporter was confirmed by recent study of Munoz-Marín et al. 

(2017) where five Prochlorococcus strains from different clades were 

tested. Interestingly, only one strain TAK9803-2 lacks this kinetic. The 

maximum glucose uptake rate was the highest in strain SS120. It is worth 

noting that both mentioned studies reported about evidence of glucose 

uptake in natural Prochlorococcus populations in the central Atlantic 

Ocean. 

It is suggested that glucose uptake mechanism is a primary transporter. 

Once glucose is assimilated, it could be fully oxidized providing either 

twelve molecules of NADPH or two molecules of ATP. Thus, the 

energetic cost of glucose transport is lower than glucose biosynthesis. 

Therefore, this might provide an advantage to strains which thrive under 

low metabolic rates in depths around 200 m, where the energy input from 

sunlight is very low (Gómez-Baena et al. 2008).  

By analysing genomic and metagenomic data it was shown that gene for 

glucose transporter melB (recently known as glcH having high affinity for 

glucose than for other sugars) is highly conserved among 

Prochlorococcus strains. Moreover, these data indicate that mixotrophy is 

globally distributed in picocyanobacteria, as reported in Yelton et al. 

(2016). By analysing Prochlorococcus and Synechococcus genome 

isolates, various numbers and types of transporters for uptake of organic 

compounds were revealed. Interestingly, the number of these transporters 

among Prochlorococcus isolates exhibited decreasing pattern from deeply 

branched LL strains to recently evolved HL strains (Fig. 6). 
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Fig. 6: The number of genes for transporters of organic compounds in genomes 

of Prochlorococcus and Synechococcus isolates (Yelton et al. 2016). 

 

 

Although mixotrophy was confirmed in Prochlorococcus strains, they 

still perform photosynthesis continuously, using glucose as an additional 

source of carbon and energy when available (Munoz-Marín et al. 2017). 

 

1.6.3 Carbon concentrating mechanism 

 

The carbon concentrating mechanism (CCM) is a system evolved in 

cyanobacteria to effectively concentrate CO2 near ribulose-1,5 bis-fosfate 
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carboxylase oxygenase (Rubisco) for enhancing photosynthetic CO2 

fixation reactions. The CCM ensures active uptake, accumulation, and 

conversion of inorganic carbon (Ci) into CO2. This conversion takes place 

in carboxyzomes - a microcompartment where the Rubisco and carbonic 

anhydrase (CA) are located. The key element of this mechanism is 

specific CA, an enzyme that co-localizes with Rubisco and catalyzes the 

conversion of bicarbonate to CO2. Most of CAs are fast enzymes 

catalysing about one million conversions per second. It was revealed that 

CAs can be divided into five classes (α, β, γ, δ, ζ), which evolved 

independently (Kupriyanova et al 2013). 

To achieve suitable rate of CO2 fixation, cyanobacteria have to 

accumulate Ci actively. Five distinct transport systems for active Ci were 

identified including three HCO3
-
 transporters (high-affinity bicarbonate 

BCT1, high-affinity sodium/ bicarbonate symporter SbtA, low-affinity 

sodium/ bicarbonate symporter BicA) and two CO2 uptake systems based 

on modified NADPH dehydrogenase complexes (NDH-I4, NDH-I3). 

These transport systems differ in maximum flux rates and affinity for 

substrate (Price 2011, Kupriyanova et al. 2013).  

Carboxyzome is polyhedral particle with proteinaceous shell with 

thickness 3-6 nm around the enzymatic core. This shell is selectively 

permeable; HCO3
-
 can diffuse into the carboxyzome and concurrently the 

shell works as a barrier, which restricts CO2 to escape and allows for its 

significant accumulation inside (Espie and Kimber 2011, Ting et al. 

2014). Through the evolution, cyanobacteria have developed two types of 

carboxyzomes, which differ in their protein composition; α-carboxyzome 

is typical for oceanic cyanobacteria and β-carboxyzome is found in those 

living in freshwater (Badger et al. 2006, Price 2008). According to the 

types of carboxyzome, the cyanobacteria were divided to two groups 

termed as α- and β-cyanobacteria (Badger et al. 2002). It was found that 

these two cyanobacteria groups possess different types of Rubisco and 

vary in possessing of HCO3
-
 transport systems in the plasma membrane 

(Giordano et al. 2005). However, the ecological significance of the 
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differences in CCMs between α- and β-cyanobacteria still remains 

enigmatic (Badger et al. 2002). 

Rubisco have competitive carboxylase and oxygenase functions. Thus, it 

is hypothesized that CCMs have evolved due to the sharp increase of 

oxygen in the atmosphere to avoid oxygenase reaction of Rubisco and to 

ensure effective CO2 fixation (Kupriyanova et al. 2013). Although, 

cyanobacterial Rubisco has lower CO2 affinity in comparison to other 

algae, this system allows it to work near its enzymatic maximum (Price 

2008). The cyanobacterial CCM is probably the most efficient of any 

photosynthetic organisms, concentrating CO2 up to 1000-fold in the close 

vicinity of Rubisco (Badger and Price 2003). There are four known types 

of Rubisco among microorganisms: forms IA-D, II, III and IV that are 

structurally unique and vary in kinetic parameters (Tabita et al. 1999, 

Scott et al. 2007, Tabita et al. 2008). Cyanobacteria possess either 

Rubisco form IA in α-carboxyzome (α-cyanobacteria) or form IB in β-

carboxyzome (β-cyanobacteria) (Ting et al. 2014). 

Prochlorococcus genus belongs to the α-cyanobacteria having the α-

carboxyzome and Rubisco type Form IA. The mechanism of inorganic 

carbon (Ci) transportation through the plasma membrane is still not clear 

in this genus. According to the studies (Price 2011, Kupriyanova et al. 

2013), Ci can enter to the cell either in the form of CO2 by diffusion or in 

the form of bicarbonate by two Na
+
/HCO3

- 
symporters that are energized 

by inwardly directed Na
+
 gradient which is formed by Na

+
/H

+
 antiporter. 

The constitutive low-affinity symporter BicA and the inducible high-

affinity symporter SbtA, respectively. According to comparative genomic 

analyses, it was revealed that Prochlorococcus lacks genes encoding 

BCT1 and both CO2 uptake systems (Giordano et al. 2005, Ting et al. 

2014). The bicarbonate is transported through cytoplasm to the 

carboxyzomes by diffusion. It was shown that carboxyzomes in 

Prochlororococcus tend to cluster probably for better utilization of CO2 

and reduction of its loss by leakage (Ting et al. 2002). Interestingly, study 

Ting et al. 2007 reported that carboxyzome size vary among 

Prochlorococcus strains. Moreover, deeply branched strains (e.g. 
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MIT9313) possess carboxyzome gene (csoS1E) encoding additional shell 

protein in comparison to those strains which have recently evolved (e.g. 

MED4). The bicarbonate can diffuse into the carboxyzomes where it is 

transformed to CO2 by CA belonging to the novel ε-class. As was 

recently shown by structural studies, this class is a subclass of β-CA (Ting 

et al. 2014). Remarkably, LL strain SS120 does not encode any known 

CA. Thus, it is suggested that its function might be taken over by an 

unidentified protein (Dufresne et al. 2003). Fundamental components of 

CCM within Prochlorococcus lineage are shared and highly conserved 

(Fig. 7). However, some specific elements have diversified between 

strains probably due to the optimizing of CCM functions. 

 

 

 

 

Fig. 7: A schema of CCM model in Prochlorococcus with Na
+
/HCO3

-
 

symporters and carboxyzome-associated reactions. PM plasma membrane, PG 

peptidoglycan, OM outer membrane, ICM intracytoplasmic lamellae, PGA 

phosphoglyceric acid, CA carbonic anhydrase (Ting et al. 2014). 
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1.6.4 Oxygen evolution 

 

Photosynthetic water oxidation is catalyzed by oxygen-evolving complex 

(OEC) associated with PSII at the luminal side of thylakoid membrane 

and leads to the production of protons and molecular oxygen. The 

catalytical center of this reaction is Mn4Ca-cluster containing four Mn 

atoms and one Ca atom, which exists in five oxidation states from S0 to S4 

(Veerman et al. 2005, Kawakami et al. 2011). The water-splitting 

undergoes a cyclic process when four electrons and four protons are 

extracted from two molecules of water, and one molecule of oxygen is 

evolved (Umena et al. 2011). According to the crystal structure of PSII of 

Thermosynechococcus elongatus and T. vulcanus, cyanobacterial OEC is 

composed of three extrinsic proteins PsbO, PsbU and PsbV that together 

form a large protein cap that shields Mn4Ca-cluster from the aqueous 

phase (Kamiya and Shen 2003, Ferreira et al. 2004, Guskov et al. 2009). 

Nevertheless, it was shown that some cyanobacteria also possess PsbQ 

and PsbP proteins, which are anchored to the thylakoid membrane (De 

Las Rivas et al. 2004, Thornton et al. 2004). 

PsbO, the larger subunit, is common to all photosynthetic organisms and 

plays an important role in maintaining stability and activity of the Mn4Ca-

cluster (Balint et al. 2006, Enami et al. 2008). PsbP unit is associated with 

the thylakoid membrane and it was suggested that it has a regulatory role 

in association of calcium and chloride to the domain, which is responsible 

for oxygen evolution. Together with PsbQ are required for optimal 

oxygen evolution activity, and they are involved in modulating the CaCl2 

requirement for PSII activity. Moreover, it was shown, that this protein 

has a key role in water-splitting when PsbU and PsbV are not present 

(Thornton et al. 2004). PsbU unit is important in stabilization and 

protection of OEC and protects it against heat. Together with PsbV it 

protect PSII against dark inactivation and photodamage (Nishiyama et al. 

1997, Dufresne et al. 2003, Kimura et al. 2002, Inoue-Kashino et al. 

2005). 

21



 

 

The oxygen-evolving complex in Prochlorococcus genus exhibited 

important differences not only in comparison to the OEC of classic 

cyanobacteria but also among Prochlorococcus strains (Fig. 8). OEC in 

most of Prochlorococcus strains is minimalist, composed of only two 

proteins, i.e. PsbO and PsbP that create a specific environment of the 

Mn4Ca-cluster where the water-splitting takes place (Ting et al. 2009). 

Thus, most of strains lack essential units PsbU and PsbV. Such a huge 

reduction of OEC was caused by gene loss through evolution to 

streamline the Prochlorococcus genome. Interestingly, it was shown that 

deletion of psbU and psbV genes in cyanobacterium Synechocystis sp. 

PCC 6803 severely limited its photo-physiology. Mutants exhibited 

decreased growth, significantly lower oxygen evolution and 

destabilization of PSII complex (Shen et al. 1995, 1997, Inoue-Kashino et 

al. 2005). Remarkably, comparative genomic analyses revealed, that in 

two LL strains (MIT9313 and MIT9303, according to the phylogeny both 

of them were found at the base of Prochlorococcus radiation), OEC is 

still made up of four proteins. These two strains possess extra genes 

encoding PsbU and PsbV units (Ting et al. 2009). 
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Fig. 8: A schema of Photosystem II with core proteins (PsbA and PsbD with 

number of their genes in parentheses) and associated extrinsic proteins creating 

oxygen-evolving complex in different Prochlorococcus strains (Ting et al. 

2009). 

 

 

Although the structure and function of OEC proteins are known, the 

process of oxygen evolution has been poorly studied in Prochlorococcus 

marinus. Only in one paper, published by Mimuro et al. (2011), the 

oxygen-evolving activity for three Prochlorococcus strains was reported 

so far. However, results describing gross and net oxygen primary 

production are not available probably due to the high sensitivity of this 

phototroph to sudden disturbances, such a concentrating and mechanical 

stirring which are usually the necessary steps used in the standard method 

of oxygen measurements. As our laboratory has many experiences with 

Prochlorococcus cultivation and with various methods of determining the 

rates of oxygen evolution, we performed a series of measurements, 

collected and analysed the data of comparative oxygen evolution in major 
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marine cyanobacteria and prepared them for publication (Partensky et al. 

2018). 

 

1.6.5 High-light stress 

 

The ocean is a dynamic environment in which phytoplankton must cope 

with rapid changes in resources, particularly irradiance which can exceed 

photosynthetic requirements of the phytoplankton. Changes in irradiance 

level can be rapid due to the mixing in the water column. Thus, 

phytoplankton can move vertically through a large depth/irradiance 

gradient. High irradiance can lead to photoinhibiton and loss of function 

of the photosynthetic apparatus. This can happen when PQ pool becomes 

over-reduced or during charge recombination between PSII acceptor and 

donor side. Over-reduction of the PQ pool leads to the generation of 

singlet oxygen species, which can damage core of PSII (Six et al. 2007, 

Berg et al. 2011). This leads to the decrease in PSII photochemical 

efficiency, in the oxygen evolution and in the rate of carbon fixation. To 

protect photosynthetic apparatus and to avoid photoinhibition, 

cyanobacteria possess several photoprotective mechanisms, which can be 

divided according to the level of regulation. The dissipation of excess 

photon energy is controlled either at the level of light-harvesting, i.e. by 

state transitions (quick disconnection of phycobilisomes from PSII and 

their movement on the thylakoid membrane towards PSI), by energy 

quencher known as the orange carotenoid protein (OCP) in some 

cyanobacteria, by high-light inducible proteins (HLIP), or by non-

photochemical quenching of chlorophyll a fluorescence (Bhaya et al. 

2002, Bailey et al. 2005, Six et al. 2007, Kaňa et al. 2012, Kulk et al. 

2013, Kirilovsky and Kerfeld 2016). The second level of defence against 

high-light damage is at the level of electron transport by alternative 

electron transport, i.e. by diverting electrons from the main linear electron 

transport chain to external acceptors, and/or by launching the cyclic 

electron flow around PSI (Mullineaux 2014a, Mullineaux 2014b). These 

general mechanisms decrease the probability of formation of oxygen 

24



 

 

reactive species and damaging of photosynthetic apparatus in 

cyanobacteria. 

As mentioned earlier, Prochlorococcus light-harvesting system 

significantly differ from other cyanobacteria, thus it has evolved different 

strategies how to cope with high levels of irradiance. Study Bailey et al. 

(2005) has shown that Prochlorococcus is capable of forming rapidly 

reversible non-photochemical quenching of chlorophyll a fluorescence. 

Two strains, HL adapted PCC 9511 and LL adapted SS120 were tested 

showing significantly higher values of NPQf for HL adapted strain. This 

is probably connected to the depth and light levels where these strain 

thrive. Strain PCC 9511 living in turbulent mixing water in the surface of 

ocean is exposed to fluctuating irradiance thus it regulates light-harvesting 

through NPQf. 

Prochlorococcus possess a photoprotective xanthophyll pigment 

zeaxanthin (Goericke and Repeta 1992) in large amounts. This pigment is 

able to dissipate excess energy as a heat. As was shown by Kulk et al. 

(2011), the concentration of zeaxanthin increased with irradiance 

suggesting its photoprotective role in strain MED4. However, it is not 

known to be part of the Pcb antenna, instead it is thought to be present in 

lipid globules and acts as an photoprotective “umbrella” or sunscreen 

lotion. 

Interestingly, genome analysis revealed that some Prochlorococcus 

strains possess LOV domain, part of OCP C-terminal domain and some 

other proteins interacting with OCP. OCP mediates energy and 

fluorescence quenching at the level of phycobilisomes. As 

Prochlorococcus do not possess phycobilisomes, the role of these genes 

remains unclear (Kirilovsky and Kerfeld 2013). 

Many studies focused on the role of the high-light inducible proteins 

(HLIP) in the acclimation of photosynthetic organisms to photo-oxidative 

stress. They are members of protein family that includes Chlorophyll a/b 

(CAB)-binding light-harvesting antenna proteins (Hess et al. 2001). HLIP 

were first identified in cyanobacteria, however they were found also in 

eukaryotic algae (Reith and Munholland 1995) and in higher plants 
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(Jansson et al. 2000). Recently, they were shown to have photoprotective 

function (Staleva et al., 2015, Komenda and Sobotka 2016). 

Prochlorococcus has the greatest number of hli genes among 

cyanobacteria and it was shown that they are upregulated under high-light 

stress and nitrogen starvation (Steglich et al. 2006, Tolonen et al. 2006). 

Generally, it was found that genome of HL adapted strains contains many 

more hli genes in comparison to LL adapted strains, e.g. MED4 contains 

22 hli genes, which is twofold higher than in MIT9313 with 9 or in SS120 

with 12 hli genes. Interestingly, in contrast, NATL1 and NATL2 strains 

both LL adapted strains possess 41 hli genes, which is significantly more 

than contain HL strains. However, it was shown that these strains have 

remarkably similar properties as HL strains (Bhaya et al. 2002, Kettler et 

al. 2007). In general, these proteins are needed for active protection of 

photosystems and especially the Pcb antennae that surround them (Bibby 

et al. 2003) against high-light and UV stress. HLIPs may contribute to the 

ability of HL strains to growth successfully at higher intensities, notably 

at high latitude (Rocap et al. 2003, Partensky and Garczarek 2010). 

The alternative electron flows are known for its function to remove the 

excess of electrons from photosynthetic linear electron pathway as a 

response to the high-light conditions. These alternative pathways are 

switched on either to prevent the damage of photosystems when linear 

electron transport is saturated or to regenerate proton-motive force for 

ATP synthesis. Cyanobacteria exhibit several modes of cyclic electron 

pathways around Photosystem I or they divert electrons through various 

valves to oxygen (Fig. 9). 
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Fig. 9: Linear and cyclic electron transport pathways taking place in and around 

thylakoid membrane in cyanobacteria (Mullineaux et al. 2014b). 

 

 

The presence of alternative electron pathways in Prochlorococcus 

marinus is much debated and their function is poorly known. Although 

several field and laboratory studies tried to investigate these electron 

flows, there is no direct evidence about their regulation so far. Mostly it is 

suggested that Prochlorococcus can use plastoquinol terminal oxidase 

(PTOX) pathway that redirects electrons from plastoquinone pool to 

oxygen. Metagenomics dataset revealed PTOX genes in HL strain MED4 

(McDonald and Vanlerberghe 2005). Mackey et al. (2008) reported the 

possible activity of PTOX in maintaining of high photochemical 

efficiency and PSII reaction centers in oxidized state under high-light. 

Moreover, after treatment with propyl-gallate inhibitor (PGal), PSII 

electron flow decreased. By comparison, Kulk et al. (2013) published that 

using of PGal for inhibition of terminal oxidase in cells of the same strain 
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at high irradiances has no influence on loss of viability. Thus, the changes 

in the photo-physiology were probably related to the PSII level. In 

another study, Zinser et al. (2009) found that MED4 strain possesses 

NDH-I complex, which is involved in cyclic electron transport around 

PSI. 

It is worth to note that existing studies observed possible involvement of 

alternative electron pathways only in one Prochlorococcus HL strain, 

which was exposed to high irradiances. However, these results provide 

only the indirect evidence about the participation of alternative electron 

pathways in metabolism of Prochlorococcus cells. 

 

 

1.7 Estimation of oceanic primary production 

 

Although the estimation of oceanic primary production is widely studied 

field, it remains challenging. Phytoplankton communities are a dynamic 

systems responding to continual changes in environment. Major 

ecological factors determining primary production are availability of 

nutrients, irradiance and grazing by zooplankton or viral infections. 

Phytoplankton drives the biogeochemical cycling of many elements and 

affects the functioning of aquatic ecosystems and climate on global 

scales. Therefore, it is important to understand the traits, which describe 

cell properties during resource-limited growth (Litchman and Klausmeier 

2008). 

For the estimation of phytoplankton photosynthetic production, labelling 

with inorganic 
14

C is commonly used. This method developed by Steeman 

Nielsen in 1952 is reliable, sensitive and for its simple usage, it was 

rapidly applied for measurements of photosynthetic rates in aquatic 

systems. However, besides problems and concerns regarding its 

radioactivity, this technique is accompanied by an essential 

methodological concern regarding the incubation duration (Marra 2009, 

Laws 2013). This influences whether the incorporation of inorganic 
14

C 
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provides an estimate of gross or net photosynthesis or the intermediate 

rate. To follow the fate of carbon in the cell, in study Halsey et al. (2010) 
14

C method combining two time-dependent approaches of incubation was 

used in nitrogen-limited cultures of green alga Dunaliella tertioclecta. 

Short-term incubations (20 minutes) revealed different lifetime of the 

newly fixed carbon in the cell which depending on the nutrient limitation, 

i.e. specific growth rate. When the incorporation of the newly fixed 

carbon was tracked for 24 hours, it was found, that amount of carbon 

fixed by Rubisco, i.e. chlorophyll-specific gross carbon primary 

production (GPC
b
) is similar among nitrogen-limited cultures. Moreover, 

it was found out that amount of newly fixed carbon retained in biomass, 

i.e. chlorophyll-specific net carbon primary production (NPC
b
) was 

approx. 35% of GPC
b
 in all cultures independently of nitrogen limitation. 

Nevertheless, the rest of carbon that does not contribute to the biomass 

was a transient carbon pool, which displayed decline in its kinetics over 

24 hours. Several studies confirmed the decline in kinetics of chlorophyll-

specific 
14

C-based production over 24 hours. Moreover, it was revealed 

that the decline is affected by growth rate, i.e. the lifetime of transient 

carbon pool varies as a consequence of environmental stresses (Halsey et 

al. 2011, 2013, Pei and Laws 2013). With increasing nutrient limitation, 

i.e. with decreasing specific growth rate, the newly fixed carbon in the 

form of transient carbon was rapidly respired (in tens of minutes reached 

the levels of NPC
b
) and was used for ATP synthesis fuelling energetic 

demands of cell. Hence, 
14

C method gives a good estimate of net 

photosynthesis at low growth rates. On the contrary, cells grown at high 

growth rates, i.e. nutrient non-limited catabolized the transient carbon 

pool very slowly (it takes approx. 8 hours until it reached the NPC
b
). This 

slow processing of newly fixed carbon is used for reductant regeneration. 

Thus, it was shown that transient carbon pool is catabolized according to 

cell requirements for ATP and NADPH. 

According to these results, only the long-term 
14

C method (24 hours 

incubations) can serve as a reliable index of net carbon primary 

production. On the other hand, data obtained from the short-term 
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incubation method (20 or 40 minutes) used in the laboratories are not 

suitable for modelling primary production because then this method 

provides information about photosynthate utilization pathways. However, 

by combining these two time-dependent 
14

C methods it is possible to put 

together model of carbon utilization, which reveals the discrepancy 

between GPC
b
 and NPC

b
 and growth-rate-dependent shifts in metabolic 

pathways. 

Phytoplankton photosynthetic efficiency can be also expressed as a rate of 

oxygen normalized to chlorophyll (Laws 2013). Model of carbon 

utilization taken together with oxygen measurements and estimates of 

electron flow through PSII (Silsbe et al. 2015) allows to assemble 

photosynthetic efficiencies normalized either to chlorophyll or to spectral 

absorption (Halsey et al. 2013, 2014). 

A recent study by Jones et al. 2017 introduced a novel approach to 

determine net primary production using rapid sorting flow cytometry 

combined with measurements of ATP and NADPH. The big advantage of 

this new method is in substitution of 
14

C technique for estimation of NPP, 

which is based on samples incubations, and primarily in assessment of 

biomass and growth rate in the field. Oceanic NPP can be simply 

calculated using growth rate and phytoplankton carbon (𝑁𝑃𝑃 = µ ∗ 𝑃𝐶). 

However, it turned out to be a methodological challenge to measure these 

two parameters in the field. For this reason, to determine phytoplankton 

abundance, chlorophyll concentration are routinely measured. Finally, to 

assess NPP, 
14

C uptake data are related on chlorophyll (Laws 2013, 

Halsey et al. 2010).  

Phytoplankton responds to varying environment, mainly to light and 

nutrient by adjusting of chlorophyll content. Decreasing growth irradiance 

causes increasing of amount of chlorophyll to ensure efficiently capture 

more light. Decreasing nitrogen concentration in environment causes 

reduction of N-rich pigment chlorophyll, which results in reduction of 

light-harvesting system (Halsey and Jones 2015, Graff et al. 2016). These 

changes are reflected by alterations of metabolic pathways and 

reallocation of photosynthetic energy to optimize growth. All these 
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factors together with described integrated models (Behrenfeld and 

Falkowski 1997) needs to be involved in calibrating satellite algorithms 

for quantifying global NPP (Behrenfeld et al. 2005, Halsey and Jones 

2015). 
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2. Aim and hypothesis 

 

Phytoplankton living in the ocean has to cope with dynamic changes of 

nutrient availability and irradiance intensity, which directly influence the 

process of photosynthesis. The overall aim of the thesis was to study 

mechanisms, which regulate allocation of photosynthetic primary 

production in cyanobacterium Prochlorococcus marinus under various 

environmental conditions, i.e. nitrogen limitation and light intensity, 

respectively. My research was based on the assumption of recent model 

describing the relationship between photosynthetic activity and primary 

production (Halsey et al. 2010). Thus, to study this relationship, it was 

necessary to assess basic physiological parameters of photosynthetic 

production and to quantify biochemical pools, i.e. where the fixed 

photosynthetic energy is allocated. 

 

The research was based on (1) physiological approach – to analyse the 

utilization of photosynthetic energy and regulation of metabolism 

(photosynthesis, i.e. oxygen evolution, respiration, and carbon allocation) 

and on (2) molecular approach – to investigate how the unique structure 

of the oxygen-evolving cluster influences the photosynthetic activities.  

 

Specific hypothesis and aims 

 

(h1) Effect of nitrogen limitation on the photosynthetic energy 

utilization. 

We tested the changes in cellular properties and in gross and net carbon 

primary production in dependence on growth rate that was manipulated 

by availability of nitrogen. Two distinct strains of Prochlococcus marinus 

(HL vs. LL adapted strain) were grown at three different specific growth 

rates in nitrogen-limited continuous cultures. We described the influence 

of N limitation on Photosystem II performance, on its functional 

absorption cross section and maximal photosynthetic efficiency, and on 

the amount of newly fixed carbon, i.e. the amount of assimilated carbon 
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by Rubisco and the amount of carbon stored in the biomass. We have 

revealed that the newly fixed carbon is utilized differently depending on 

the specific growth rate. Obtained data were compared with results known 

for eukaryotic algae (Papers I and III). 

 

(h2) The carbon allocation in acclimated cells changes in 

proportion to the degree of nutrient stress by nitrogen limitation. 

We determined the relative macromolecular biomass composition and its 

changes in HL and LL adapted strains of Prochlorococcus marinus grown 

in three different steady-state nitrogen-limited cultures. Changes in 

biomass composition depending on the N limitation were compared with 

data known for eukaryotic algae (Papers I and III). 

 

(h3) The functional adaptation of oxygen-evolving complex does 

not limit oxygen evolution in Prochlorococcus. 

We investigated oxygen evolution in different strains with varying 

composition of the oxygen-evolving complex. In four marine 

picocyanobacteria acclimated to low, medium and high light, we 

measured the rates of oxygen evolution and thermoluminescence. As 

these cyanobacteria vary in structure of OEC, i.e. some strains lack two 

subunits of OEC we wanted to know if this functional adaptation was 

efficient. We hypothesized that the reduced form of OEC is sufficient to 

ensure proper oxygen evolution (Paper II). 

 

(h4) LL and HL adapted strains of P. marinus exhibited distinct 

metabolisms. 

We evaluated and compared the photo-physiology and photosynthetic 

energy utilization in two distinct strains of P. marinus, i.e. HL and LL 

adapted strains growing similarly in N-limited continuous cultures. We 

hypothesized that LL adapted strain is more efficient in conversion of 

photosynthetic energy into biomass in comparison to HL adapted strain. 

Possible role of mixotrophy is discussed (Paper III). 
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3. Methods 

 

3.1 Model organisms 

 

Four marine picocyanobacteria were used in this work. HL adapted 

Prochlorococcus marinus strain PCC 9511 (Papers I, II, III), two LL 

adapted strains MIT9313 (Papers I, II, III) and SS120 (Paper II), and 

Synechococcus WH7803 (Paper II). These cyanobacteria, although 

closely related, were selected for their distinct genome and physiology. 

Phylogeny and evolutionary relationship among these strains are 

summarized in Fig. 10. The basic summary and comparison of their 

distinct characteristic are listed in the Table 1. 

 

 

 
Fig. 10: The position of marine picocyanobacteria used in this work in the 

phylogenetic tree. Branching order of the isolates is based on rpoB gene (β 

subunit of RNA polymerase) (Coleman and Chisholm 2007). 
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Table 1: An overview of the major genetic and photosynthetic characteristics of 

picocyanobacteria used in this work. 

 

 

 

 

Cyanobacteria were cultivated in continuous (Papers I and III) and semi-

continuous cultures (Paper II) under constant light with appropriate 

intensity. Cultures grew for at least 10-15 generations to ensure full 

acclimation. Depending on growth rate, i.e. N-limitation, cultures grew 3-

14 weeks. 

HL adapted strain PCC 9511 and LL adapted strain MIT9313 were grown 

in chemostat mode (Fig. 11). The culture set up was based on the 

maintenance of appropriate cell suspension volume with continuous flow 

of fresh media through the culture. 
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Fig. 11: A schema of the continuous culture used in this work. 

 

 

Cultures were cultivated in 1L Erlenmeyer flasks which were placed on 

orbital shaker under constant temperature and continuous constant 

suitable growth irradiance, and aerated. Both cultures were grown under 

three different specific growth rates, which corresponded to the 

concentration of ammonium in the medium (Paper I and III, respectively). 

To determine oxygen evolution rates in four distinct marine 

picocyanobacteria (see Table 1), cultures were grown to the acclimated 

state and diluted 2-3 days prior to measurements to bring them into mid-

exponential phase. Cultures were cultivated under constant temperature 

and under three different irradiance to test the influence of growth 

irradiances and high-light stress (Paper II). 
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3.2 Methods 

 
14

C labelling 
14

C labelling is a generally used method for estimation of primary 

production. It is based on inoculation of culture with labelled sodium 

bicarbonate. We used two approaches of 
14

C incorporations to follow the 

fate and utilization of carbon within the cell (details see in Papers I and 

III). 

Instrumentation: Tri-Carb 2810 TR liquid scintillation analyser, 

PerkinElmer, USA. 

 

Oxygen evolution measurements 

Membrane inlet mass spectrometry was used for measuring of production 

and consumption of oxygen. Conjunction with tracer 
18

O2 which was 

added to the cell suspension during the measurement, allows observing 

consumption of oxygen 
18

O2 and evolution of 
16

O2 due to the water-

splitting during the light exposure. This method enables to measure net 

and gross O2 production as well as light-dependent O2 consumption 

(Paper I). 

Oxygen evolution was also measured by optically based oxygen sensor - 

optode. The principle of this method consists in the effect of dynamic 

luminescence quenching by molecular oxygen. The key advantage is that 

during measurements, oxygen is not consumed and cultures do not have 

to be mechanically stirred. (Paper II) 

Instrumentation: Prisma QMS-200 quadrapole mass spectrometer, 

Pfeiffer Vacuum, USA; NeoFox system, Ocean optics Inc., USA. 

 

Electron transport rate 

Fast repetition rate chlorophyll variable fluorescence technique allows for 

rapid measuring of photochemical efficiency and light absorption, which 

enables to calculate the electron transfer rates through Photosystem II 

(details in Paper I). 

Instrumentation: Fluorometer FL3500, Photon System Instrument, CZ. 
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Fourier transform infrared spectroscopy 

We investigated the biochemical composition of cells using FTIR 

spectroscopy. This method enables semi-quantitative determination of the 

amount of cellular biochemical pools i.e. carbohydrates, proteins and 

lipids according to distinct vibrational frequencies of specific chemical 

bonds in these molecules (Papers I and III). 

Instrumentation: Nicolet IS10, Thermo Scientific, USA, with Si 384-well 

plate, Bruker, USA. 

 

Thermoluminescence 

We used thermoluminescence to record photons emitted during charge 

recombination in active PSII reaction centers which allows us to calculate 

the abundance of active PSII centers and the energetics of charge 

recombination in PSII (Paper II). 

Intrumentation: Thermoluminescence System TL 200/PMT, Photon 

Systems Instruments, CZ. 

 

Gene expression 

We checked the presence of genes encoding proteins creating OEC (see 

details in Paper II). 

Instrumentation: Biosystem GeneAmp 5700, Life Technologies Inc., 

Applied Biosystems, USA. 
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4. Overview of my research 

 

My thesis is based upon two published papers, and one manuscript in 

preparation. Paper I focuses on photo-physiology of cells and carbon 

allocation patterns in P. marinus strain PCC 9511 grown in nitrogen-

limited continuous cultures (h1, h2). Paper II evaluates photosynthetic 

performances of four marine picocyanobacteria possessing various 

structures of oxygen-evolving complex under three acclimation 

irradiances (h3). Paper III (manuscript in preparation) compares cellular 

properties and carbon metabolism (h1, h2) between high-light and low-

light adapted strains of P. marinus in nitrogen-limited continuous cultures 

(h4). 

 

 

Paper I 

Carbon use efficiencies and allocation strategies in Prochlorococcus 

marinus strain PCC 9511 during nitrogen-limited growth. 

 

We studied cell properties including carbon allocation dynamics in the 

globally abundant and important cyanobacterium Prochlorococcus 

marinus strain PCC 9511 grown at three different growth rates in 

nitrogen-limited continuous cultures. 

With increasing nitrogen limitation, cellular divinyl chlorophyll a and the 

functional absorption cross section of Photosystem II decreased, although 

maximal photosynthetic efficiency of PSII remained unaltered across all 

N-limited growth rates. Chl-specific gross and net carbon primary 

production were also invariant with nutrient-limited growth rate, but only 

20% of Chl-specific gross carbon primary production was retained in the 

biomass across all growth rates. In nitrogen-replete cells, 60% of the 

assimilated carbon was incorporated into the protein pool while only 30% 

was incorporated into carbohydrates. As N limitation increased new 

carbon became evenly distributed between these two pools. 
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While many of these physiological traits are similar to those measured in 

other algae, there are also distinct differences, particularly the lower 

overall efficiency of carbon utilization. The latter provides new 

information needed for understanding and estimating primary production, 

particularly in the nutrient-limited tropical oceans where P. marinus 

dominates the phytoplankton community composition. 

 

 

Paper II 

Comparison of photosynthetic performances of marine picocyanobacteria 

with different configurations of the oxygen-evolving cluster. 

 

The extrinsic PsbU and PsbV proteins are known to play a critical role in 

stabilizing the Mn4CaO5 cluster of the PSII oxygen-evolving complex 

(OEC). However, most isolates of the marine cyanobacterium 

Prochlorococcus naturally miss these proteins, even though they have 

kept the main OEC protein, PsbO. A structural homology model of the 

PSII of such a natural deletion mutant strain (P. marinus MED4) did not 

reveal any obvious compensation mechanism for this lack. 

To assess the physiological consequences of this unusual OEC, we 

compared oxygen evolution between Prochlorococcus strains missing 

psbU and psbV (PCC 9511 and SS120) and two marine strains possessing 

these genes (Prochlorococcus sp. MIT9313 and Synechococcus sp. 

WH7803). While the low light-adapted strain SS120 exhibited the lowest 

maximal O2 evolution rates (Pmax  per divinyl-chlorophyll a, per cell or per 

Photosystem II) of all four strains, the high light-adapted strain PCC 9511 

displayed even higher P
Chl

max and P
PSII

max at high irradiance than 

Synechococcus sp. WH7803. Furthermore, thermoluminescence glow 

curves did not show any alteration in the B-band shape or peak position 

that could be related to the lack of these extrinsic proteins. This suggests 

an efficient functional adaptation of the OEC in these natural deletion 

mutants, in which PsbO alone is seemingly sufficient to ensure proper 

oxygen evolution. 
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Our study also showed that Prochlorococcus strains exhibit negative net 

O2 evolution rates at the low irradiances encountered in minimum oxygen 

zones, possibly explaining the very low O2 concentrations measured in 

these environments, where Prochlorococcus is the dominant 

oxyphototroph. 

 

 

Paper III (manuscript in preparation) 

Carbon metabolism differs in low-light and high-light ecotypes of 

Prochlorococcus marinus. 

 

Prochlorococcus marinus is very important oceanic cyanobacterium 

living in the oligotrophic regions of oceans contributing up to 50% to the 

total primary productivity. We investigated photo-physiology and 

dynamics of newly fixed carbon in steady state cultures of low-light 

adapted strain P. marinus MIT9313 growing under three nitrogen-limited 

growth rates. We monitored Photosystem II characteristics, including the 

maximal and effective photochemical efficiency of PSII, the functional 

absorption cross section and changes in DV-Chl a concentrations. To 

assess gross and net carbon primary production and to follow the carbon 

utilization within the cell, the carbon assimilation was measured 

continuously over 24 h.  

Increasing nitrogen limitation caused decrease in amount of DV-Chl a, 

reduction of the proportional size of PSII and reduction of the protein 

pool. However, the maximal and effective photochemical efficiency of 

PSII as well as Chl-specific net and gross carbon primary production 

remained unaffected. Approximately, 28% of newly fixed carbon was 

retained in the biomass across all growth rates. 

Our results were compared to those known for physiologically and 

genetically distinct HL adapted strain PCC 9511. Taken these models 

together, we observed similar patterns in the adaptation of PSII and in 

biomass composition with increasing nitrogen limitation. Although the 

Chl-specific net and gross carbon primary production were not affected 
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by N limitation, the amount of newly fixed carbon by Rubisco as well as 

amount of carbon retained in biomass were significantly higher in LL 

adapted strain. Moreover, we found that time-dependent catabolism of 

newly fixed carbon significantly differ suggesting that cell needs to cover 

ATP demands. 

Generally, from changes in the light-harvesting systems together with 

well-adapted genome and with possible role of mixotrophy we concluded 

that LL strain MIT9313 might be more efficient in converting of light 

energy into biomass. 
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5. Conclusions and future prospects 

 

Oxygenic photosynthetic microorganisms, cyanobacteria and algae 

convert the light energy to the energy of chemical bonds and constitute 

the base of biological carbon cycle in aquatic environment. Phytoplankton 

produce approx. a half of global photosynthetic production annually. 

Thus, from the global aspect, the correct quantification of primary 

production of phytoplankton is necessary. 

Regulation of photosynthesis and primary production of globally 

abundant and important cyanobacterium Prochlorococcus marinus under 

nitrogen and light stress was investigated in this thesis. Concentration of 

nitrogen and light availability in the ocean are the key conditions driving 

changes at the cellular level affecting all metabolic pathways which at the 

end determine also the species composition of phytoplankton in the 

oceans. Thus, in our laboratory experiments we simulated the reduced 

concentrations of nitrogen in medium and various irradiance levels to 

reveal the response and acclimation of cells to these conditions, and to 

obtain spectrum of parameters describing photosynthetic energy 

utilization. By estimating aquatic primary production from time-

dependent 
14

C measurements, it was found that substantial fraction of 

newly fixed carbon is in the cell in the form of transient carbon pool. This 

pool consists of the long-lived form of carbon, slowly catabolized and 

utilized for regeneration of reductants, which are used for protein and 

lipid synthesis. On the other hand, the transient carbon pool can also be 

short-lived. In this case, it is rapidly respired and used for ATP creation. 

As was previously shown, the processing of transient carbon pool is 

influenced by growth rate, which is related to the nutrient status of the 

cell (Halsey et al. 2010, 2011). Thus, to assess primary production in 

oceans, we need to understand first how phytoplankton metabolism 

responds to the changing conditions in the ocean. The gathering of such 

information and collecting data are useful for their application in the 

further development and improvement of algorithms used in the global 

models of primary production. 
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Most studies focused on the assessment of photosynthetic energy 

utilization in phytoplankton dealt with eukaryotic algae (Halsey et al. 

2013, 2014, 2015, 2016). Only one study focused on cyanobacterial 

energy metabolism (Kunath et al. 2012). My work aimed at increasing our 

understanding of regulation of efficiency of conversion of photosynthetic 

energy into the biomass in ecologically relevant cyanobacteria. In order to 

achieve this goal, I have combined methods of physiology and molecular 

biology. Physiological approaches (cell density, Photosystem II Chl a 

characteristics, the electron transport rate through PSII, gas exchange 

measurements) were followed by molecular insights (analyses of 
14

C 

content in the cell, quantification of D2 protein, 3D modelling of PSII) 

and assessment of gene expression (psbO, psbP, psbU, psbV). 

In the studies dealing with carbon use efficiencies we described model of 

carbon utilization in HL and LL adapted strains of P. marinus in three 

nitrogen-limited continuous cultures (I, III). Our results confirmed 

changes in light-harvesting system and in pigmentation in dependence on 

N limitation. Interestingly, as photosynthetic efficiency was unaltered 

across specific growth rates, it enables to cells to assimilate (GPC
b
) and to 

retain similar amount of newly fixed carbon in biomass (NPC
b
) 

independently of N limitation. In line with previous studies dealing with 

eukaryotic algae (Halsey et al. 2010, 2011), we also revealed the source 

and extent of discrepancy between net and gross carbon primary 

production in both P. marinus strains. We found that most of newly fixed 

carbon in the cell was in the form of transient carbon pool which 

utilization was growth rate specific in the case of HL adapted strain PCC 

9511. These results confirmed hypothesis that transient carbon pool can 

be long-lived supporting reductant formation or short-lived and thus 

quickly respired to fuel ATP. On the other hand, in the case of LL 

adapted strain MIT9313 it did not seem that the catabolism of transient 

carbon pool was affected by growth rate as markedly as in PCC 9511. In 

all three N-limited growth rates, this pool was very rapidly respired. 

However, this might be caused by very low specific growth rates. Our 

observations did not prove existence of any alternative electron transport. 
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We also showed that carbohydrate pool became enlarged with increasing 

limitation at the expense of protein pool in both P. marinus strains. These 

experiments provided crucial insights into the metabolism of key 

microorganism of oligotrophic oceans. 

Our second study focused on the process of photosynthetic oxygen 

evolution in P. marinus. To our knowledge, this is the first study, which 

evaluates oxygen evolution rates among physiologically and genetically 

distinct strains of P. marinus. To this part of experiments, also 

cyanobacterium Synechococcus sp. WH7803 was included as it is the 

most related cyanobacterium to the P. marinus. We tested oxygen 

evolution rates of four marine picocyanobacteria possessing various 

composition of oxygen-evolving complex at various light levels. We 

revealed that despite of reduction of OEC complex through genome 

streamlining, the HL adapted strain PCC 9511 displayed usual and even 

higher oxygen evolution rates in comparison to other cyanobacteria 

having standard OEC. The possible compensatory mechanisms for lack of 

important extrinsic proteins in strains with reduced OEC structure were 

discussed. 

A study comparing HL and LL adapted strains in terms of carbon 

metabolism was performed (III). We found that LL adapted strain 

growing in continuous cultures responded to the N limitation very 

similarly as HL adapted strain, i.e. changes at the level of light-harvesting 

system and in the redistribution of carbon allocation between protein and 

carbohydrate pool. As already mentioned, we revealed that transient 

carbon pool is catabolised very quickly for ATP creation in all three 

specific growth rates. Moreover, we observed significantly higher gross 

and net carbon primary production. The fraction of newly fixed carbon, 

which was retained in the biomass, reached 28% of GPC
b
. Interestingly, 

by comparing with HL adapted strain the NPC
b
 was about 8% higher 

suggesting higher efficiency in photosynthetic energy utilization. This 

might be related to the specific physiological characteristics, i.e. 

multiplication of pcb genes, larger functional absorption cross sections of 

PSII, and also to the environmental conditions, i.e. higher concentration 
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of nutrients in the natural environment, ability to take up more N sources 

and glucose uptake.  

 

To summarize, the most important conclusions of my research related to 

the initial hypotheses h1-h4 include: 

 

(h1) Effect of nitrogen limitation on the photosynthetic energy 

utilization. 

 We have confirmed that increasing nitrogen limitation influence 

not only light-harvesting system at the PSII level and biochemical 

composition of cells, but also the utilization of newly fixed carbon. The 

usage of this carbon either to supply ATP or NADPH was shown to be 

strongly growth rate dependent in HL adapted strain PCC 9511 but not in 

LL adapted strain MIT9313. 

 

(h2) The carbon allocation in acclimated cells changes in proportion to 

the degree of nutrient stress by nitrogen limitation. 

 We revealed the clear pattern in carbon allocation into the biomass 

during N-limited growth in both HL and LL adapted strains. N replete 

cells stored carbon mainly to the protein pool. However, with increasing 

N limitation, protein pool was reduced and carbon was redistributed to the 

carbohydrates. 

 

(h3) The functional adaptation of oxygen-evolving complex does not 

limit oxygen evolution in Prochlorococcus. 

We assessed oxygen evolution rates in four marine 

picocyanobacteria grown under three different light conditions and 

proved that streamlined oxygen-evolving complex in two of them has no 

effect on proper function of this complex. 

 

 

 

46



 

 

(h4) HL and LL adapted strains of P. marinus exhibited distinct carbon 

metabolisms. 

We revealed differences in time-dependent catabolism of newly 

fixed carbon between HL and LL adapted strains. LL adapted strain 

respired carbon very quickly to supply ATP demands probably. We also 

demonstrated possible higher efficiency of photosynthetic energy 

utilization. 

 

Due to the burning of fossil fuels, anthropogenic emission constitute up 

approx. 10% of the global primary productivity. The increased 

concentration of CO2 in the atmosphere is causing global change with 

several possible consequences for aquatic primary production: besides 

acidification of seawater, it is suggested that due to increased temperature 

and stratification, ocean regions poor in nutrients will expand. In these 

oligotrophic areas, cyanobacterium Prochlorococcus dominates, thus our 

results may contribute to the broader knowledge about regulation of 

photosynthesis and primary production in important cyanobacteria under 

ecologically relevant conditions. Therefore, these results may help with 

quantification of primary production and potentially they might contribute 

to the modelling of global primary production using remote sensing. 
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estimating primary production, particularly in the nutrient-
limited tropical oceans where P. marinus dominates phyto-
plankton community composition.

Keywords Prochlorococcus marinus · Cyanobacteria · 
Primary production · Nitrogen limitation · Carbon 
allocation

Introduction

Phytoplankton biomass in the oceans represents approxi-
mately 0.2% of the global photosynthetically active carbon 
biomass (Field et al. 1998). Despite this fact, oceans con-
tribute 45–50% of global net primary production (NPP), 
equating to roughly 50 petagrams of carbon per year 
(Falkowski et al. 1998; Field et al. 1998). Accurate meas-
urements of phytoplankton primary production are criti-
cal to understand and predict how marine ecosystems will 
respond to climate change. Furthermore, advancing ocean 
biogeochemistry and ecosystem models require quantitative 
descriptions of phytoplankton properties during resource-
limited growth (Litchman and Klausmeier 2008; Follows 
and Dutkiewicz 2011).

Prochlorococcus marinus is a globally important and 
extensively studied cyanobacterium (Hess et al. 2001; Ting 
et al. 2002; Partensky and Garczarek 2010). With an aver-
age cell diameter of 0.6 µm, it is the smallest known unicel-
lular phototroph (Chisholm et al. 1988), and is ubiquitously 
distributed in the euphotic zone in tropical and subtropical 
oligotrophic waters between 40°N and 40°S with cell den-
sities ranging from  104 to  105  cells ml−1 (Partensky et al. 
1999). Thus, P. marinus is the most abundant photosyn-
thetic organism in the world playing a crucial role in global 

Abstract We studied cell properties including carbon 
allocation dynamics in the globally abundant and important 
cyanobacterium Prochlorococcus marinus strain PCC 9511 
grown at three different growth rates in nitrogen-limited 
continuous cultures. With increasing nitrogen limitation, 
cellular divinyl chlorophyll a and the functional absorp-
tion cross section of Photosystem II decreased, although 
maximal photosynthetic efficiency of PSII remained unal-
tered across all N-limited growth rates. Chl-specific gross 
and net carbon primary production were also invariant with 
nutrient-limited growth rate, but only 20% of Chl-specific 
gross carbon primary production was retained in the bio-
mass across all growth rates. In nitrogen-replete cells, 
60% of the assimilated carbon was incorporated into the 
protein pool while only 30% was incorporated into carbo-
hydrates. As N limitation increased, new carbon became 
evenly distributed between these two pools. While many of 
these physiological traits are similar to those measured in 
other algae, there are also distinct differences, particularly 
the lower overall efficiency of carbon utilization. The lat-
ter provides new information needed for understanding and 
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primary production and carbon cycling (Chisholm et  al. 
1988; Partensky et al. 1999).

Prochlorococcus contributes an estimated 13–48% of 
NPP in the equatorial Pacific Ocean (Vaulot et al. 1995) and 
an estimated 8.5% of ocean NPP (Flombaum et al. 2013). 
NPP is defined as the rate of photosynthetically fixed C 
available for other trophic levels, and it can be calculated 
as the product of phytoplankton growth rate and cell car-
bon when those values are available. However, while phy-
toplankton carbon is now measureable (Graff et al. 2012), 
methods to reliably determine growth rate remain out of 
reach. In contrast, cell chlorophyll (Chl) and light absorp-
tion are relatively simple to measure in the field and by 
remote sensing. Therefore, estimates of marine primary 
production are commonly derived using photosynthetic 
efficiencies [rates of carbon fixation or oxygen production 
per unit Chl or normalized to absorbed light (Silsbe et al. 
2015)]. However, phytoplankton adjust their Chl content 
depending on nutrient availability. This cellular plasticity 
can cause the Chl:C ratio to vary by an order of magnitude 
and causes major uncertainties in global estimates of pri-
mary production (Siegel et al. 2013).

Rates of carbon production are commonly measured 
using 13C or 14C-radiolabeled sodium bicarbonate. Chl-
specific 14C-uptake rates have been used extensively to 
estimate net carbon primary production (NPC) and are 
also used to calibrate algorithms of NPC based on satel-
lite retrievals (Behrenfeld and Falkowski 1997). However, 
Chl-specific 14C-uptake rates vary depending on incubation 
duration and growth rate and can range between gross and 
net carbon production (Laws et al. 2002; Marra 2009). This 
variability is caused by the relative distribution of photo-
synthetically assimilated carbon among different metabolic 
pathways, such as various catabolic and biosynthesis path-
ways. Ultimately, the lifetime of newly assimilated carbon 
(the time it takes for assimilated carbon to be converted 
back to  CO2) depends on the metabolic pathway that domi-
nates under certain environmental conditions (Halsey et al. 
2011).

In this study, we investigated the effects of nitrogen 
limitation on metabolic processes underlying gross and 
net carbon primary production and other cell properties in 
P. marinus. In recent studies on eukaryotic algae, Halsey 
et  al. (2010, 2013, 2014) discovered that chlorophyll-spe-
cific gross and net carbon primary production  (GPCb and 
 NPCb) were independent of nutrient-limited growth rates. 
We tested whether these behaviors are also expressed in 
the cyanobacterium P. marinus. We used 14C-uptake meas-
urements of varying duration to assess  GPCb and  NPCb, 
fluorometry to examine Photosystem II activity (maximal 
photosynthetic efficiency of PSII FV/FM, and functional 
absorption cross section of Photosystem II σPSII), and Fou-
rier transform infrared (FTIR) spectroscopy to determine 
the biochemical composition of P. marinus grown at dif-
ferent steady-state nutrient-limited growth rates under con-
stant saturating light (see Table  1 for detailed definitions 
of the production measurements made in this study). We 
found that P. marinus uses the same general carbon allo-
cation strategies as many eukaryotic algae. However, a key 
difference is that the efficiency of carbon conversion into 
biomass is significantly lower in this globally important 
cyanobacterium compared to the eukaryotes (Halsey et al. 
2013, 2014). Our results provide important cell properties 
of Prochlorococcus under steady-state nutrient limitation 
and information about the photo-physiology and photo-
synthetic energy use efficiency of P. marinus that can be 
directly applied to global estimates of net primary produc-
tion that take into account community composition.

Materials and methods

Culture conditions

Prochlorococcus marinus strain PCC 9511 (Pasteur Cul-
ture Collection of Cyanobacteria; Pasteur Institute, Paris, 
France) was grown at 20 °C in chemostat mode in artifi-
cial sea water PCR-S11 medium (Rippka et al. 2000) made 

Table 1  Abbreviations and 
definitions of production 
measurements

Abbreviation Definition Units

FV/FM Maximum photochemical efficiency of open RCIIs Unitless

ΦPSII Effective photochemical efficiency of RCIIs in actinic light Unitless

Pb
max Maximum Chl-specific carbon fixation rate µmol C (mg DV-Chl a h)−1

αb Light-limited slope of the PE curve µmol C (mg DV-Chl a)−1 h− 1 
(µmol quanta m−2 s−1)−1

Ek Light saturation point µmol quanta m−2 s−1

Pb
Eg Chl-specific carbon fixation rate at the growth irradiance µmol C (mg DV-Chl a h)−1

GPCb Chl-specific gross carbon primary production µmol C (mg DV-Chl a h)−1

NPCb Chl-specific net carbon primary production µmol C (mg DV-Chl a h)−1
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of Red Sea salt (Red Sea Fish Pharm, Israel) and supple-
mented with  (NH4)2SO4 concentrations of 400, 200, and 
100 µM to achieve specific growth rates (µ) of 0.3, 0.2, and 
0.1  day−1, respectively. The maximum specific growth rate 
(0.3  day−1) corresponded to the N-replete culture. Cultures 
attained steady-state growth by continuous flow of medium 
into and out of the culture using peristaltic pumps at pre-set 
rates; accordingly, µ was set by the dilution rate determined 
as

Cultures were maintained at each growth condition for 
at least 10–15 generations (i.e., 3–14 weeks, depending 
on growth rate) to ensure full acclimation prior to sam-
pling (LaRoche et  al. 2010). Cells were considered to be 
at steady-state once measurements of intrinsic fluorescence 
(F0) or divinyl chlorophyll a (DV-Chl a) (see below) were 
constant for 3–4 consecutive days. For each nitrogen-lim-
ited growth rate, triplicate 700 ml cultures were grown in 
1  l Erlenmeyer flasks, aerated, and continuously illumi-
nated by fluorescent light bulbs (PILA LF 36W/33–640, 
Poland) with a photon flux density ~50  µmol quanta 
 m−2 s−1 measured using a spherical quantum sensor (Walz 
ULM 500, Germany). Growth under continuous irradi-
ance limited the range of growth rates achieved compared 
to those previously reported for P. marinus cells growing 
under light–dark cycles. We used constant light conditions 
to ensure that cell division was asynchronous and there was 
no diel rhythm in photosynthesis, thus providing us the 
advantage of reproducible sampling. P. marinus was una-
ble to maintain growth at continuous irradiances >50 µmol 
quanta  m−2 s−1 (data not shown), which resulted in bleach-
ing of cultures probably due to accumulated photo-damage. 
Nevertheless, the light conditions used in this study for P. 

marinus were similar to the study by Lindell et al. (2002) 
that investigated nitrogen metabolism in Prochlorochoccus 
strain PCC 9511.

Culture monitoring

Daily measurements of F0 or DV-Chl a concentration were 
used to monitor each culture. F0 was measured in fluorom-
eter FL3000 (Photon System Instrument, Czech Republic) 
after acclimating cells for 10 min to darkness. To determine 
DV-Chl a, cells of triplicate culture samples were filtered 
onto 25-mm glass fiber filters with a particle retention of 
0.4  µm (MN GF 5, Macherey–Nagel, Germany). Filters 
were extracted in 100% methanol and stored at −20 °C for 
24  h. The absorption spectra of the extracts were meas-
ured spectrophotometrically (spectrophotometer UV 500, 
ChromSpec, CZ), and DV-Chl a was quantified using the 
equation for Chl a assessment in Porra (2006).

(1)� =

Flow rate

Culture volume
.

Cell density

Number of cells was measured using a flow cytometer A50 
(Apogee Flow systems, UK) equipped with a blue laser 
(488  nm) and analyzed using FlowJo software (Flowjo 
LLC, USA) using standard procedures for data analysis 
according to Shapiro (2005).

Elemental composition

For cellular carbon and nitrogen analysis (C:N), 1, 2, and 
3 ml samples were filtered in triplicate onto pre-combusted 
(5  h at 550 °C) MN GF 5 filters, wrapped in tin capsules 
and stored at −70 °C until analysis with a CN Elemental 
Analyzer vario MICRO cube (Elementar Analysensysteme 
GmbH, Germany) as described in Nelson and Sommers 
(1996). A filter blank was subtracted from raw values.

Photosystem II Chl a fluorescence characteristics

Chl a fluorescence was measured using a fluorometer 
FL3000 (Photon System Instruments, Czech Republic). 
Cells were dark acclimated for 10  min prior to measure-
ments to oxidize all PSII reaction centers. F0 was measured 
using low-intensity blue measuring light (455 nm). A mul-
tiple turnover saturating flash (duration 850  ms, intensity 
2100 µmol quanta  m−2 s−1, 635 nm) was applied to reduce 
all reaction centers and raise fluorescence to its maximum 
(FM). The maximum photochemical efficiency of open 
RCIIs was calculated as the ratio of FV/FM, where FV 
(variable fluorescence) corresponds to FM − F0. Cells were 
then exposed to an actinic light (205 µmol quanta m−2 s−1, 
635 nm) for 145 s. The effective photochemical efficiency 
of PSII in actinic light (ΦPSII) was determined as Fq /FM , 
where FM  is the maximum fluorescence in light-adapted 
state and Fq  = FM  − F , where F  is the steady-state fluores-
cence in the light (Kromkamp and Forster 2003).

Measurements of electron transport rate

The electron transport rate (ETR) through Photosystem II 
was determined by fast repetition rate fluorescence using 
a custom-designed FL3500 fluorometer (Photon Sys-
tems Instruments, Czech Republic). After a 10  min dark 
acclimation period, a series of 100 blue (463  nm) flash-
lets of 1  μs duration was applied to induce single turno-
ver of all RCII. Changes in fluorescence were then meas-
ured during sequential exposure to 11 different intensities 
(0–1023 µmol photons m−2  s−1) of blue actinic light. The 
resulting fluorescence light curves were fitted to the model 
of Kolber et al. (1998) to derive the maximum and minimal 
fluorescence, the effective PSII cross section (σPSII), and the 
connectivity between photosystems (p). These parameters 
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were then used to calculate the ETR according to Suggett 
et al. (2010):

where nPSII represents the ratio of functional reaction cent-
ers of PSII to total chlorophyll a. The value 1/nPSII = 500 
(mol chl a/mol RCII) was used (see Suggett et  al. 2010 
for details). ΦRCII is the quantum yield of photochemis-
try within RCII [taking constant values of 1 mol  e− (mol 
 photons−1)], and E is the intensity of the actinic light. We 
used a custom-designed fluorometer, so an instrument-spe-
cific Kr coefficient for nPSII assessment has not been deter-
mined. Therefore, relative numbers of active RCII, instead 
of absolute numbers, were derived from F0 and σPSII 
(Oxborough et al. 2012; Silsbe et al. 2015).

Short-term 14C-uptake rates

To assess photosynthesis versus irradiance (PE) relation-
ships, uptake of 14C-bicarbonate at light intensities ranging 
from 0.5 to 500  µmol  quanta  m−2  s−1 was measured in a 
temperature-controlled photosynthetron-type incubator. 
For each PE curve, a 45 ml culture aliquot was inoculated 
with 5  µCi inorganic 14C  (NaH14CO3, MP Biomedicals, 
CA, USA), aliquoted into scintillation vials (1  ml each), 
and incubated for 20 min. After incubation, samples were 
acidified with 50 µl 1 N HCl and degassed for 24 h. Three 
1  ml samples inoculated with 14C were kept in the dark 
for 20  min, acidified, and degassed. After 24  h of degas-
sing, EcoLite scintillation cocktail (MP Biomedicals, CA, 
USA) was added to each sample to determine their radio-
active decay using a Tri-Carb 2810 TR liquid scintillation 
analyzer (PerkinElmer, MA, USA). To obtain the total 
activity of  NaH14CO3 added, three 50  µl samples were 
added to vials containing 50-µl ethanolamine, 900 µl cul-
ture media, and 5 ml of EcoLite scintillation cocktail and 
capped immediately and counted. PE curves were modeled 
according to nonlinear least-squares regression described 
by (Jassby and Platt 1976)

where Pb is the Chl-specific rate of carbon fixation [µmol 
C (mg DV-Chl a h)−1], Pb

max is the maximum Chl-spe-
cific C fixation rate [µmol C (mg DV-Chl a h)−1], αb is the 
light-limited slope of the PE curve [µmol C (mg DV-Chl 
a)−1 h−1 (µmol quanta m−2 s−1)−1], and E is the irradiance 

(2)ETR = �PSII × nPSII ×

F
′

q

/

F
′

m

Fv
/

Fm

× ΦRCII × E,

(3)P
b
= P

b

max

[

1 − exp

(

�
b
× E

Pb

max

)]

,

(µmol  quanta  m−2  s−1). The light saturation point Ek 
(µmol quanta m−2 s−1) was defined as

Samples for measuring dissolved organic carbon (DOC) 
were prepared with 14C as described above and incubated 
for 20 min at 0 and 500 µmol quanta m−2 s−1. Samples were 
then filtered through an MN GF 5 filter to separate dis-
solved from particulate matter, acidified, and degassed as 
described above.

Time dependence of 14C-uptake

To determine the kinetics of 14C-uptake over time, a 100 ml 
aliquot of culture was transferred to a small sterile tem-
perature-controlled chemostat with the same light condi-
tions and a flow rate adjusted to maintain the same specific 
growth rate as the stock chemostat by accounting for the 
reduced volume in Eq.  (1). Freshly prepared bovine car-
bonic anhydrase (Sigma-Aldrich, St. Louis, MO, USA) was 
added to the culture (5  U  ml−1) to ensure immediate iso-
topic equilibrium between  HCO3

− and  CO2. After 2  min, 
the culture was inoculated with  NaH14CO3 (1  µCi  ml−1). 
Sampling for 14C-uptake rate started 2  min after inocula-
tion with 14C and continued regularly over 24 h by taking 
1.1 ml samples at each time point using a syringe and trans-
ferring the sample to a 2-ml Eppendorf tube. Two 0.5 ml 
subsamples were transferred to scintillation vials, acidified 
and degassed for 24 h. At each time point, two additional 
50  µl samples were taken to determine the total remain-
ing activity, and treated as total activity samples described 
above. Five milliliter of scintillation cocktail was added to 
each sample after 24 h and then measured by liquid scintil-
lation counting.

Generalized model of carbon utilization

Carbon allocation in cells growing at all three growth rates 
was modeled by calculating the fraction of newly fixed car-
bon that is partitioned into either a short-half-life or long-
half-life pool as described in detail in Halsey et al. (2013).

Gas exchange measurements

Photosynthesis and light-dependent respiration rates at 
20 °C were measured using a MIMS (Membrane Inlet Mass 
Spectrometer). The instrument, experimental procedures, 
and data analysis were identical to Milligan et  al. 2007 
with the following exceptions: because Prochlorococcus 
photosynthetic activity is inhibited by stirring or shaking, 
we have added the isotope label by mixing 1  ml of 18O2 

(4)E
k
=

P
b

max

�
b

.
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saturated medium with 5 ml of cell suspension. The actinic 
illumination was provided by a laboratory white LED light 
source adjusted to 50 µmol quanta m−2 s−1 inside the meas-
uring chamber.

Fourier transform infrared spectroscopy

To determine the macromolecular composition of cells 
growing at each nitrogen-limited growth rate, 30 ml of the 
cell suspension was harvested by centrifugation at 8000×g 
for 10 min at 20 °C. Cells were washed twice with ammo-
nium formate (28 g  l−1), re-suspended in 50 μl of ammo-
nium formate, and spread on a Si 384-well plate (Bruker, 
Billerica, MA, USA). Samples were measured on a Nicolet 
IS10 (Thermo Scientific, Waltham, MA, USA) spectrom-
eter equipped with a microarray reader and a deuterated tri-
glycine sulfate (DTGS) detector. Absorbance spectra were 
collected in the spectral range from 400 to 4000 cm−1 at a 
spectral resolution of 4 cm−1 and 64 scans were co-added 
and averaged. A Blackman–Harris three-term apodization 
function was used, with a zero-filling factor of two. Omnic 
software (Nicolet) was used for measurement and data 
processing. Spectra were normalized to the maximum of 
an amide I absorption band at 1645  cm−1 and absorption 
maxima of lipids (1735 cm−1) to protein (amide I) and lipid 
to carbohydrate (1152  cm−1) were used for comparison 
(Giordano et al. 2001).

Statistics

Data were statistically analyzed by linear regression using 
MS EXCEL 2010. One-way ANOVA analysis [Dunn’s 
Method to detect significant differences (p < 0.05)] and 
nonlinear least-squares regressions were performed by Sig-
maPlot 11 (Systat Software, CA, USA).

Results

Growth and cell properties

Continuous cultures of P. marinus were established with 
three steady-state N-limited specific growth rates (0.1, 
0.2, and 0.3  day−1). The maximum achieved growth 
rate of N-replete culture (0.3  day−1) in our experiments 
was less than the maximal growth rate reported under 
light–dark regimes of illumination [0.69  day−1 in syn-
chronized cyclostats with diel light (Bruyant et al. 2005) 
and 0.63  day−1 under a 12:12 light:dark cycle (Kulk 
et  al. 2012)]. The slower growth under continuous irra-
diance has been observed in several species (Brand and 
Guillard 1981). Recently, we reported slower growth in 
alga Chromera velia grown under light–dark cycles than 

under continuous irradiance with the same light dose 
(Quigg et  al. 2012). This has several possible reasons. 
Under continuous irradiance, cell cycles are not synchro-
nized. While under light–dark cycles DNA replication 
and cell division occur in the dark phase, in continuous 
light replicated DNA is damaged and growth is inhib-
ited. Also, in our study of Prochlorococcus, we used an 
artificial seawater-based medium with defined nitrogen 
concentrations instead of the natural seawater-based 
medium with undefined nitrogen concentrations used 
in the studies achieving faster growth rates. Neverthe-
less, the growth rates we established are comparable to 
those reported in other research on P. marinus, where 
µ = 0.38 day−1 under a 12:12 L:D regime (Fu et al. 2007) 
and µ = 0.19–0.38  day−1 under a dynamic irradiance 
(Kulk et  al. 2011; Zorz et  al. 2015) were observed. The 
range of growth rates used in our experiments allowed us 
to investigate the effects of steady-state nutrient limita-
tion on cell properties and photosynthetic energy use in 
P. marinus.

Cellular DV-Chl a decreased with increasing nitrogen 
limitation (p < 0.05). Thus, DV-Chla:C and DV-Chla:N 
also decrease significantly (p < 0.05, Table  2). On the 
other hand, ratios of C:N increased slightly but not sig-
nificantly with increasing N limitation (Table 2).

Photosystem II Chl a fluorescence characteristics

FV/FM and ΦPSII remained almost invariant across all 
steady-state N-limited growth rates, suggesting that cells 
maintained fully functional active photosystems and pho-
tosynthetic electron transport regardless of the degree of 
nutrient limitation. The functional absorption cross sec-
tion of PSII (σPSII) was significantly larger in N-replete 
cells growing at 0.3  day−1 than in N-limited cells growing 
at 0.2 and 0.1  day−1 (Table 3), (p < 0.05). Thus, Prochlo-

rococcus cells decreased the size of their light-harvest-
ing antennae with increasing N limitation. However, the 

Table 2  Cellular DV-Chl a content and elemental composition of 
steady-state nitrogen-limited cultures of P. marinus (n = 4, ± standard 
deviations)

Statistically significant changes are indicated with asterisks and dag-
gers (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

DV-Chl a (fg/cell) 0.3 ± 0.2* 0.9 ± 0.1* 1.5 ± 0.2*

DV-Chla:C (×10−2) 
(µg/µg)

0.7 ± 0.1* 1.8 ± 0.5 3.1 ± 0.7*

DV-Chla:N (µg/µg) 0.07 ± 0.01* 0.13 ± 0.04† 0.22 ± 0.05*,†

C:N (µg/µg) 8.3 ± 1.2 8.1 ± 0.9 7.2 ± 0.5
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decrease in effective PSII antenna size was not linearly 
proportional to the nutrient-dependent decline in growth 
rate and in chlorophyll concentration. We hypothesize 
that this nonlinearity in σPSII dependence on the growth 
rate and pigmentation reflects the removal of the pack-
aging effect (i.e., pigment self-shading) in the N-limited 
cells growing at 0.2 and 0.1  day−1. Relative nPSII normal-
ized to DV-Chl a increased with increasing nutrient limi-
tation, but, conversely, when normalized to cell density, 
relative nPSII decreased (Table 3). Photosynthetic electron 
transfer rates through PSII at the growth irradiance did 
not change across steady-state N-limited growth rates and 
averaged 344 ± 39 µmol  e− (mg DV-Chl a h)−1 (Fig. 1).

Short-term 14C-uptake incubations

Chl-specific 20  min 14C-uptake measurements were used 
to estimate photosynthesis as a function of irradiance (PE 

curves) and to gain information about how nutrient limi-
tation influences carbon metabolism. From the fits of the 
measured data, we determined the initial light-limited 
slope (αb) and the light-saturated rate of carbon fixation 
(Pb

max). Both Pb
max and αb increased linearly (r2 = 0.96) 

with µ (Table 4; Fig. 2). The consequence of the observed 
covariance in Pb

max and αb is that the light saturation 
index (Ek) was almost identical for µ = 0.3 and 0.2  day−1 
(Behrenfeld et  al. 2004), and Ek was only slightly higher 
in the severely nitrogen-limited cells with µ = 0.1  day−1 
(Table  4). From the PE curves generated from 20  min 
incubations, we also determined Pb

Eg, which is the Chl-
specific carbon fixation rate at the growth irradiance 
(50  µmol  quanta  m−2  s−1). Pb

Eg increased linearly with µ 
(r2 = 0.99) and differed significantly among N-limited cul-
tures (p < 0.05), (Table  4; Fig.  1). At first approximation, 
since Pb

Eg was measured at the growth irradiance, it should 
provide quantitative information about the amount of fixed 
C available for cell metabolism and growth. However, due 
to the duration of the incubation (20 min), Pb

Eg represents 
the balance between (a) new C fixed by photosynthesis 
and retained by the cell and (b) new C fixed and oxidized 
back to  CO2 during the incubation. In severely N-limited 
cells, Pb

Eg matched the  NPCb value, but Pb
Eg was similar 

to  GPCb in N-replete cells (Fig.  1). Short-term (20  min) 

Table 3  Photophysiological 
fluorescence characteristics of 
steady-state nitrogen-limited 
P. marinus (n = 4, ±standard 
deviations)

Statistically significant changes are indicated with asterisks and daggers (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

FV/FM 0.63 ± 0.03 0.66 ± 0.02 0.62 ± 0.01

ΦPSII 0.49 ± 0.05 0.54 ± 0.05 0.5 ± 0.04

σPSII  (A
2  PSII−1) 174 ± 19.9* 162 ± 14.5† 250 ± 5.4*,†

nPSII (PSII DV-Chl a−1) relative units 2.78 ± 1.77 1.15 ± 0.54 0.87 ± 0.18

nPSII (PSII  cell−1) relative units 3.1 ± 2.5 4.6 ± 3.6 5.0 ± 1.3
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Fig. 1  Relationships between the photosynthetic electron transfer 
rate (open diamond and dashed line), DV-Chl a specific gross car-
bon primary production  (GPCb, filled square and solid line), carbon 
fixation rate at the growth irradiance (Pb

Eg, filled inverted triangle 
and dash-dotted line), and net carbon primary production  (NPCb, 
open circle and dotted line), in P. marinus as a function of N-limited 
growth rate. Each data point is the average from at least three meas-
urements (where none are visible, the error bars are smaller than the 
size of the symbol)

Table 4  Variables describing PE curves measured in steady-state 
nitrogen-limited P. marinus (n = 3, ±standard deviations)

Statistically significant changes are indicated with asterisks (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

Pb
max [µmol C (mg DV-Chl 

a h)−1]
214 ± 4* 316 ± 4* 558 ± 6*

αb [µmol C (mg DV-Chl 
a)−1 h−1 (µmol quanta 
 m−2 s−1)−1]

3 ± 0.1* 6 ± 0.2* 11 ± 0.3*

Ek (µmol quanta  m−2 s−1) 71 ± 0.8* 53 ± 1.5 51 ± 1.8

Pb
Eg [µmol C (mg DV-Chl 

a h)−1]
86 ± 16* 198 ± 41* 315 ± 52*

Pb
C  (day−1) 0.17 ± 0.03* 1.02 ± 0.21* 2.18 ± 0.46*

DOC% of Pb
max 19 ± 3.2* 7 ± 1.1 6 ± 2.5
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carbon fixation provided a fairly good estimate of growth 
rate (=Pb

Eg × DV-Chl a/C) in the slowest growing cells 
(0.17 day−1 in cells growing at 0.1 day−1), but increasingly 
overestimated growth rate by five- and sevenfold in cells 
growing at 0.2 and 0.3  day−1, respectively (Table 4). The 
amount of DOC excreted into the medium was <10% of 
Pb

max in N-replete cells (µ = 0.3 day−1) and in less N-lim-
ited cells (µ = 0.2 day−1), but was 20% of Pb

max in severely 
N-limited cells (µ = 0.1 day−1) (Table 4).

Time-dependent 14C-uptake

Because previous work showed that metabolic processing 
of newly fixed carbon can be influenced by nutrient limita-
tion and therefore can impact the kinetics of carbon turn-
over, we also determined the time dependency of the net 
rate of C assimilation in P. marinus. Chl-specific 14C-based 
production was measured following incubations that ranged 
from 2 min to 24 h using the method introduced by Hal-
sey et  al. (2011) (Fig.  3). Measurements of C-production 
obtained 2 min after isotope addition were similar for cul-
tures grown at the three N-limited growth rates and aver-
aged 374 ± 21  µmol C (mg DV-Chl a h)−1, providing a 
good estimate of  GPCb. Chl-specific 14C-uptake rates 
decreased with time. The kinetics describing the decline 
of the Chl-specific 14C-uptake rates changed depend-
ing on N limitation. In the most severely N-limited cells, 
Chl-specific 14C-uptake declined by 50% of the initial rate 
after only 4 min. In contrast, it took 10 min in less N-lim-
ited cells and 120  min in N-replete cells for Chl-specific 

14C-uptake to decline to 50% of the initial rate. Following 
24 h, approximately 80% of newly fixed carbon had been 
catabolized to  CO2 regardless of growth rate. After 24  h, 
Chl-specific 14C-uptake matched  NPCb in cells growing at 
all growth rates.  NPCb was invariant with growth rate and 
averaged 71 ± 10 µmol C (mg DV-Chl a h)−1.

We applied a generalized model of algal carbon allo-
cation and mobilization (Halsey et  al. 2013) to our data 
describing the kinetics of 14C-production (Fig.  3). This 
model is based on the idea that newly fixed carbon is allo-
cated to two different carbon pools that vary in their rate of 
carbon oxidation back to  CO2 in proportion to growth rate. 
The model gave a strong fit to the data for cells growing at 
the slower two growth rates (r2 = 0.97), but was a poorer 
fit for the fastest growing cells (r2 = 0.86). Optimized half-
lives for the two carbon pools were 18 s and 2.8 h.

Fourier transform infrared spectroscopy

We used FTIR to determine the relative contributions of 
different macromolecular carbon pools in P. marinus grow-
ing at different nutrient-limited growth rates (Pistorius 
et  al. 2009). The biomass of faster growing cells (µ = 0.3 
 day−1) was more biochemically reduced (i.e., containing 
higher amounts of proteins than slower growing cells). 
More severe N limitation caused carbohydrates to increase 
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horizontal line is net carbon primary production determined from cel-
lular carbon and DV-chlorophyll a and matches the 24 h 14C-uptake 
values for cells at all growth rates. Each data point is the average of 
three measurements, error bars are standard deviations with n = 3 
(where not visible, the error bars are smaller than the size of the sym-

bol)
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from 32 to 43% of the total carbon content while protein 
content decreased from 61 to 46%, (p < 0.05) and lipid con-
tent remained nearly constant (Fig. 4).

Discussion

This study examined the physiological responses of P. 

marinus strain PCC 9511 to nutrient limitation. We focused 
on understanding how the degree of nutrient limitation 
affected resource allocation in this globally important 
cyanobacterium and whether these allocation strategies 
are distinct from those determined in other eubacterial and 
eukaryotic phototrophs.

Parameters describing the pigmentation (Table 2) show 
that cells decrease cellular DV-Chl a with increasing 
nitrogen limitation. Light-harvesting pigments are rich in 
nitrogen and are therefore downregulated with decreas-
ing ammonium availability. This adjustment also caused 
the DV-Chl a:C and DV-Chl a:N ratios to decrease lin-
early with decreasing growth rate. Such linearity has been 
observed before, and the slope of the DV-Chl a:C vs. nutri-
ent-limited growth rate relationship in P. marinus is com-
parable to the corresponding relationships in eukaryotic 
algae (Laws and Bannister 1980; Halsey and Jones 2015). 
This new information for numerically abundant P. marinus 
increases the robustness of the Chl:C parameter to con-
strain production models. Interestingly, FV/FM and ΦPSII 
in acclimated P. marinus cells were not affected by nitro-
gen limitation (Table 3) supporting the results of Parkhill 
et  al. (2001). Thus, P. marinus alters its light-harvesting 

photosynthetic apparatus to maintain maximal photosyn-
thetic efficiency at the level of PSII in response to nutri-
ent availability. Such alterations of the light-harvesting 
system include adjusting the effective absorption cross sec-
tion (σPSII). In the nitrogen-limited cells (i.e., cells growing 
at µ = 0.1 and 0.2  day−1), the very low cellular DV-Chl a 
content was reflected by a reduced σPSII and higher rela-
tive nPSII compared to cells growing at 0.3  day−1. However, 
changes in relative nPSII related to DV-Chl a (Table 3) were 
driven by the decreasing concentration of DV-Chl a within 
the cell. Interestingly, the cellular density of PSII reaction 
centers decreased markedly with decreasing growth rate 
(Table 3). This result, taken together with the smaller pro-
tein pool (Fig. 4) in nitrogen-limited cells, suggested cru-
cial changes in the PSII light-harvesting antennae (Herzig 
and Falkowski 1989). These changes allow cells to main-
tain maximal photosynthetic efficiency and photosynthetic 
electron transport across all growth rates (Table 3; Fig. 1).

Basic parameters describing PE relationships in N-lim-
ited P. marinus (Pb

max, α
b, and Pb

Eg see Table 4) decreased 
linearly with increasing N limitation.  Ek thus remained 
constant in cells growing at 0.3 and 0.2  day−1, a phenom-
enon known as Ek-independent variability. This behavior 
is caused by differences in how newly fixed carbon is allo-
cated to carbon metabolic pathways depending on growth 
rate. In very slowly growing cells, severely limited by 
nitrogen, the lifetime of newly fixed carbon is much shorter 
compared to faster growing cells (Halsey et al. 2010, 2011). 
Interestingly, Pb

max measured in N-replete cells (Table  4) 
nearly matched dawn values in P. marinus PCC 9511 grown 
under cyclostat conditions (Bruyant et al. 2005). Similarly, 
Pb

max in severely N-limited cells was similar to the mid-
night values in the Bruyant et  al. (2005) study. Thus, the 
dawn- and night-time physiology of P. marinus growing 
under a diel cycle appear to express the metabolic behav-
iors of fast and slow-growing cells, respectively. These 
observations comparing photo-physiology of laboratory-
based culture studies are particularly useful when interpret-
ing measurements on natural communities to understand 
their nutrient or growth status.

The particular stage of the cell cycle through which a 
cell is progressing also influences how newly fixed carbon 
is allocated to different carbon metabolic pathways. Dur-
ing the division phase (S-G2-M), cells direct the majority 
of new carbon to long-term storage compounds (long-lived 
carbon forms) (Halsey et al. 2013). Thus, Pb

max peaked in 
the afternoon in synchronized Prochlorococcus MED4, 
coinciding with the division phase of the cell cycle (Zin-
ser et  al. 2009). Slightly less than half of the cells in our 
P. marinus culture growing at 0.3  day−1 divided each day, 
whereas only about a tenth of the cells growing at 0.1  day−1 
divide each day. Thus, the growth rate-dependent increases 
in Pb

max and αb (Table 4) reflect the increasing proportion 

Fig. 4  Relative macromolecular biomass composition of steady-state 
nitrogen-limited P. marinus determined by FTIR semi-quantitative 
analysis (n = 4, ±standard deviations). Changes in protein (**) and 
carbohydrates (***) content in cells grown at 0.1 and 0.3  day−1 were 
statistically significant from one another (p < 0.05)
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of cells that are entering the division phase and diverting 
new carbon to longer-lived storage forms.

The rate of photosynthetic electron transport through 
PSII  (ETRPSII) was not significantly different from  GPCb 
across all three N-limited growth rates (Fig. 1). This result 
indicates that under the growth conditions employed in this 
study, essentially all photosynthetically derived electrons 
passing through thylakoid membrane from PSII towards 
PSI are used for carbon fixation via the Calvin cycle. This 
result was surprising because previous work on P. marinus 
PCC 9511 postulated that a significant portion of photo-
synthetically derived electrons are diverted away from the 
Calvin cycle and instead directed to oxygen-consuming 
pathways, such as the Mehler reaction and terminal oxi-
dase activity, to generate sufficient ATP to fuel metabolism 
(Behrenfeld et al. 2008). To verify our findings that these 
pathways were not operating in our cultures, we used 18O2 
as a tracer of respiration and monitored its loss rates in the 
light and dark using MIMS. If these alternative, oxygen-
consuming pathways were operating in our P. marinus cul-
tures, 18O2 would have been consumed more rapidly in the 
light than in the dark (Halsey et al. 2010); however, no dif-
ferences in the 18O2 loss rates were observed in cells grown 
at any of the three nitrogen-limited growth rates (Fig. S1).

One possibility for the contrasting results of these stud-
ies is that in all of our cultures, regardless of growth rate, 
sufficient newly fixed carbon flows through cellular cata-
bolic pathways (glycolysis and respiration) to satisfy the 
ATP demands of the cells. This scenario is especially plau-
sible because the growth rates were slow [0.1–0.3  day−1, 
compared to 0.69  day−1 in the Behrenfeld et  al. (2008) 
report]. Thus, the proportion of new carbon allocated to 
short-lived pathways (respiration) was likely sufficient 
for all ATP requirements in our cultures, but it was insuf-
ficient to cover the energetic costs in cells growing faster 
than 0.3  day−1. Therefore, in fast growing cells, alterna-
tive pathways (Mehler and terminal oxidase activity) 
may be required but not in the slow-growing cells in our 
experiments. It is worth noting that phytoplankton isolated 
from the oligotrophic open ocean, including P. marinus 
MED4, exhibited alternative oxidase activity. This activ-
ity is highest under high-light conditions (Mackey et  al. 
2008). Moreover, plastoquinol terminal oxidase proteins 
(McDonald and Vanlerberghe 2005) and NAD(P)H dehy-
drogenase complexes which function in PSI cyclic electron 
transport were found in MED4 (Zinser et al. 2009). These 
findings obtained from field (McDonald and Vanlerberghe 
2005; Mackey et al. 2008) and laboratory research (Behren-
feld et  al. 2008; Zinser et  al. 2009) suggest that P. mari-

nus may activate and use alternative electron pathways in 
response to high light to avoid photo-damage. However, to 
our knowledge, oxygen-consuming alternative pathways 
have not yet been directly measured in Prochlorococcus, 

and those alternative pathways were only a small fraction 
of gross photosynthesis in the cyanobacterium, Microcystis 

aeruginosa (Kunath et al. 2012).
It should be noted here that despite many trials, we have 

not yet been able to quantitatively measure the rates of oxy-
gen evolution in Prochlorococcus that match the measured 
rates of ETR or C assimilation. For some unknown reason, 
the maximal gross rates of  O2 evolution [110–145 µmol  O2 
(mg DV-chl a h)−1] measured either using a Clark electrode 
or MIMS were several times lower than the rates of ETR 
or  GPCb. Further experiments are under way to elucidate 
whether this is due to the mechanical stress caused by una-
voidable concentrating and stirring of Prochlorococcus cell 
suspensions, or whether it is inherently caused by some 
structural or functional modification of Photosystem II in 
this organism with highly streamlined genome (e.g., Rocap 
et al. 2003).

The rate of carbon fixation through the Calvin cycle is 
GPC and the rate of carbon accumulation into biomass is 
NPC. Consistent with previous observations in eukaryotic 
algae (Halsey et al. 2010, 2013, 2014), our results showed 
that neither  GPCb nor  NPCb were affected by nitrogen 
limitation in P. marinus. We found that  NPCb constituted 
approximately 20% of  GPCb. The remaining 80% of  GPCb 
is known as a transient carbon pool. The primary product of 
the Calvin cycle is glyceraldehyde 3-phosphate and alloca-
tion of this product to different metabolic pathways is spe-
cies specific (Palmucci et al. 2011; Giordano et al. 2015), 
and as discussed above, can also vary depending on nitro-
gen availability (Kaffes et  al. 2010; Palmucci et  al. 2011; 
Giordano et al. 2015; Halsey et al. 2010, 2011, 2013).

The parameter Pb
Eg, together with time-dependent 14C 

measurements, can reveal information about how cells alter 
carbon allocation in response to different environmental 
conditions. Pb

Eg matched  NPCb values in cells growing at 
µ = 0.1  day−1 (Fig. 1). Thus, in these very slowly growing 
cells, 80% of the carbon fixed during the 20-min incubation 
(the difference between  GPCb and  NPCb) was “short-lived” 
transient carbon that was catabolized back to  CO2. On the 
other hand, Pb

Eg matched  GPCb in cells growing at µ = 0.3 
 day−1 because carbon fixed during the incubation is long-
lived. The growth rate-dependent lifetimes of the transient 
carbon pool are clearly resolved in Fig. 3 and are remark-
ably similar to the behaviors in other nutrient-limited algae. 
Nevertheless, the generalized model of carbon utilization 
did not fully capture the kinetics of carbon production in 
P. marinus growing at 0.3  day−1. The data show that newly 
fixed carbon in cells growing at 0.3  day−1 is longer lived 
than the model predicts and suggests that other processes 
are functioning to regulate carbon use in this bacterium.

To better understand how carbon use in P. marinus dif-
fers from other algae, we also compared biomass compo-
sition of P. marinus across nutrient-limited growth rates. 

76



80 Photosynth Res (2017) 134:71–82

1 3

The fate of new carbon differs depending on the environ-
ment because cellular requirements for the major macro-
molecules, lipids, proteins, and carbohydrates, can vary 
with nutrient availability (Jakob et  al. 2007). In general, 
eukaryotic cells cultivated in continuous culture respond 
to decreased growth rate due to increased N limitation by 
reducing carbon flow to lipids and accumulating carbo-
hydrates (Halsey and Jones 2015). In P. marinus, we also 
found a significant increase in carbon allocated into car-
bohydrates in cells growing at 0.1 compared to 0.3  day−1 
(Fig. 4). However, lipid content did not change significantly 
and was only 8–10% of the total carbon pool compared to 
45–70% in green algae (Halsey and Jones 2015; Fig.  3), 
likely reflecting the lack of internal membrane bound orga-
nelles in the cyanobacterium. The protein pool, which is 
typically maintained even at very slow growth rates (Mor-
ris 1980) became smaller with N limitation. Overall, the 
carbon allocation patterns in P. marinus grown under nitro-
gen limitation were equivalent to those observed in the 
model diatom P. tricornutum (Jakob et al. 2007).

One of the open questions in the field of aquatic pri-
mary productivity is whether relatively simple and rapid 
measurements of ETR, derived from chlorophyll variable 
fluorescence can substitute traditional methods employ-
ing incorporation of C isotopes in quantitative determina-
tion of primary productivity (for review, see Suggett et al. 
2010). For several decades, researchers have tried to para-
metrize and understand the underlying mechanisms caus-
ing the observed variability between ETR and C fixation. 
Such variability can be quantified as the electron require-
ment for carbon fixation (Φe,C = ETR/C fixation, Lawrenz 
et al. 2013). Our results indicate, that when C assimilation 
is determined by short-term incubations (20–120  min), a 
major source of the variability in Φe,C seems to be environ-
mentally driven changes in utilization of C products. Our 
and recent work (reviewed in Halsey and Jones 2015) show 
that rates of C fixation determined in such a way can attain 
almost any value between  GPCb (for nutrient-replete) and 
 NPCb (for nutrient-stressed cultures). On the other hand, in 
all cases reported here, ETR provided accurate estimates 
of  GPCb and more importantly, a vehicle for determining 
 NPCb. Therefore, at least for Prochlorococcus, aquatic net 
primary production can be derived directly from meas-
urements of ETR. Further research is, however, needed to 
prove validity of this hypothesis for other organisms and 
other environmental stresses.

This work quantitatively describes the photosynthetic 
energy budget in the globally abundant cyanobacterium 
P. marinus strain PCC 9511. To our knowledge, this is 
only the second cyanobacterium for which an accounting 
of photosynthetic energy from gross to net photosynthe-
sis has been done.  GPCb in P. marinus [374 ± 21 µmol C 
(DV-Chl a h)−1] was similar to the value for D. tertiolecta 

[319 ± 17 µmol C (Chl a h)−1] (Halsey et al. 2010). How-
ever, only 20% of  GPCb was retained as  NPCb in P. mari-

nus, compared to ~35% in the green alga and in a diatom 
(Halsey et al. 2013). Interestingly,  NPCb was only 18% of 
 GPCb in M. aeruginosa, to our knowledge the only other 
cyanobacterium for which these data have been collected 
during nitrogen-limited growth (Kunath et  al. 2012). On 
the other hand, under light-limited growth,  CO2 conversion 
into biomass was at least as efficient in Synechocystis sp. as 
in the green alga, Chlorella sorokiniana (Schuurmans et al. 
2015). These data suggest the possibility that under nitro-
gen limitation, cyanobacteria are generally less efficient 
in converting photosynthetic energy into biomass. This 
decreased energetic efficiency could be related to the fact 
that in cyanobacteria, photosynthetic and respiratory elec-
tron transport operate simultaneously in the plasma mem-
brane, and moreover, these two processes share some of the 
same electron transfer components. Other photosynthetic 
electron transport pathways, such as those that contribute 
to light-dependent oxygen consumption (e.g., Mehler and/
or midstream oxidase activities) and cyclic electron trans-
port, can serve to supplement ATP generation, thereby 
decreasing reliance on carbon catabolism. Eukaryotes 
reliably direct ~20% of gross photosynthetic flow to light-
dependent respiratory pathways during steady-state growth 
(Halsey and Jones 2015). However, reports so far show that 
cyanobacteria use these pathways only at super-saturating 
irradiances (Kunath et  al. 2012; Schuurmans et  al. 2015) 
or under iron limitation (Bailey et al. 2008), although elec-
tron cycling around PSII may be an important mechanism 
to support additional ATP generation in cyanobacteria 
(Ananyev et al. 2016). Finally, our results may also imply 
that primary and secondary endosymbiotic events leading 
to the evolution of eukaryotic algae afforded a greater effi-
ciency of photosynthetic energy use.
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 Fig. S1. Example of light-dependent changes of oxygen concentration 

obtained by MIMS in N-limited Prochlorococcus cell suspensions grown 

at different rates: 0.3 d
-1

 (top panel), 0.2 d
-1

 (middle panel) and 0.1 d
-1

 

(lower panel). In each panel, changes in the concentration of 
16

O2 (full 

lines) and 
18

O2 (dotted lines) are shown. The vertical dash lines indicate 

periods when cell suspensions were illuminated by actinic light (L) or 

kept in the dark (D). Both oxygen isotope kinetic traces are uncalibrated 

and shown as relative values. 
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Abstract
The extrinsic PsbU and PsbV proteins are known to play a critical role in stabilizing the  Mn4CaO5 cluster of the PSII oxygen-
evolving complex (OEC). However, most isolates of the marine cyanobacterium Prochlorococcus naturally miss these pro-
teins, even though they have kept the main OEC protein, PsbO. A structural homology model of the PSII of such a natural 
deletion mutant strain (P. marinus MED4) did not reveal any obvious compensation mechanism for this lack. To assess the 
physiological consequences of this unusual OEC, we compared oxygen evolution between Prochlorococcus strains missing 
psbU and psbV (PCC 9511 and SS120) and two marine strains possessing these genes (Prochlorococcus sp. MIT9313 and 
Synechococcus sp. WH7803). While the low light-adapted strain SS120 exhibited the lowest maximal  O2 evolution rates 
 (Pmax per divinyl-chlorophyll a, per cell or per photosystem II) of all four strains, the high light-adapted strain PCC 9511 
displayed even higher  PChl

max and  PPSII
max at high irradiance than Synechococcus sp. WH7803. Furthermore, thermolumines-

cence glow curves did not show any alteration in the B-band shape or peak position that could be related to the lack of these 
extrinsic proteins. This suggests an efficient functional adaptation of the OEC in these natural deletion mutants, in which 
PsbO alone is seemingly sufficient to ensure proper oxygen evolution. Our study also showed that Prochlorococcus strains 
exhibit negative net  O2 evolution rates at the low irradiances encountered in minimum oxygen zones, possibly explaining 
the very low  O2 concentrations measured in these environments, where Prochlorococcus is the dominant oxyphototroph.

Keywords Marine cyanobacteria · Prochlorococcus · Synechococcus · Photoacclimation · Photosystem II · Oxygen-
evolving complex · Oxygen minimum zones

Introduction

The chlorophyll biomass of warm, open ocean ecosystems is 
largely dominated by tiny photosynthetic cells (< 2–3 μm), 
collectively called the ‘picophytoplankton’ (Stockner 1988). 
In vast oceanic areas, up to 99% of the oxyphototrophic cells 
constituting this size fraction are cyanobacteria, a group 

largely dominated by the Prochlorococcus and Synechoc-
occus genera (Campbell and Vaulot 1993; Campbell et al. 
1994). Together these two photosynthetic prokaryotes are 
thought to contribute for 32 to 80% of primary production in 
oligotrophic areas (Li et al. 1992; Li 1994; Liu et al. 1997) 
and up to 25% of the global marine primary productivity 
(Flombaum et al. 2013).

Because of their ecological importance and tiny sizes 
(about 1 and 0.6 μm equivalent cell diameters, respectively), 
Prochlorococcus and Synechococcus have been privileged 
targets for genome sequencing and numerous complete 
genomes are now available for each genus, representing a 
large spectrum of genetic diversity, physiological types and 
ecological niches (Kettler et al. 2007; Dufresne et al. 2008; 
Scanlan et al. 2009; Biller et al. 2014). The comparison 
of Prochlorococcus genomes has revealed that a dramatic 
reduction of genome size and G + C content has affected 
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many lineages in this genus, including most low light-
adapted (LL) and all high light-adapted (HL) clades (Rocap 
et al. 2003; Dufresne et al. 2005; Partensky and Garczarek 
2010; Batut et al. 2014). For instance, the HLI strain MED4 
has one of the smallest genomes known so far for an oxypho-
totroph (1.66 Mbp) and a very low G + C content (30.8%) 
and comparable genome characteristics were found in the 
LLII strain SS120 (1.75 Mbp; G + C% = 36.4%). In con-
trast, strain MIT9313, a member of the LLIV clade located 
at the base of the Prochlorococcus radiation, has a genome 
size (2.41 Mbp) and G + C content (50.7%) more similar 
to marine Synechococcus spp. (genome size ranging from 
2.2 to 3.0 Mbp and G + C% between 52.5–66.0%; Dufresne 
et al. 2008; Scanlan et al. 2009). Thus, genome streamlining 
seemingly occurred after the differentiation of the Prochlo-
rococcus genus from its common ancestor with marine Syn-
echococcus spp. (Dufresne et al. 2005). This process was 
accompanied by a reduction of cell size and individual cell 
components, such as carboxysomes, photosynthetic mem-
branes or even the cell wall (Ting et al. 2007) and likely 
plays a critical role in the fitness of Prochlorococcus to oli-
gotrophic environments (Dufresne et al. 2008; Partensky and 
Garczarek 2010).

When compared to marine Synechococcus, all Prochloro-
coccus strains with a streamlined genome lack a number of 
genes, such as those encoding glycolate oxidase or an ABC 
transporter involved in the uptake of the compatible solute 
glucosylglycerol (Scanlan et al. 2009; Partensky and Garc-
zarek 2010). Most genes encoding phycobilisomes, a type 
of light-harvesting complexes found in most cyanobacteria 
including all marine Synechococcus spp., have been also lost 
in Prochlorococcus spp.—apart from some phycoerythrin 
remnants (Hess et al. 1996)—and the major photosynthetic 
antenna in the latter genus is therefore constituted of mem-
brane-intrinsic Chl-binding proteins, termed Pcb (Partensky 
and Garczarek 2003) or CBP (Chen et al. 2008). Although 
most other photosynthetic genes have been retained and are 
generally well conserved in Prochlorococcus, all strains 
with streamlined genomes lack psb32, coding for a protein 
thought to protect photosystem II (PSII) from photodamage 
and to accelerate its repair (Wegener et al. 2011), as well as 
psbU and psbV, encoding two small extrinsic proteins of the 
oxygen-evolving complex (OEC; De Las Rivas et al. 2004).

The OEC is the part of the PSII where the water-splitting 
reaction takes place at the level of the  Mn4CaO5 cluster 
(hereafter Mn cluster; Kawakami et al. 2011). According 
to the structure of Thermosynechococcus elongatus PSII, 
PsbU (a.k.a. PSII 12 kDa extrinsic protein) and PsbV (a.k.a. 
cytochrome c550) together with the main OEC protein PsbO 
form a large protein cap in the lumenal side of PSII that 
shields the Mn cluster from the bulk aqueous phase (Zouni 
et al. 2001; Ferreira et al. 2004; Guskov et al. 2009). This 
structural organization is consistent with a role of these 

extrinsic proteins in stabilizing PSII. Indeed, it has been 
reported that deletion of PsbU and PsbV proteins may affect 
PSII stability in several ways. In Synechocystis sp. PCC 
6803, psbV-less mutants were unable to grow in the absence 
of  Ca2+ and  Cl−, while cyanobacterial and red algal psbU-
less mutants showed a decreased growth in the same condi-
tion, suggesting that these genes help in maintaining the 
proper ion environment for oxygen evolution, presumably 
by acting in the affinity of PSII for  Ca2+ and  Cl− (Shen et al. 
1997; Enami et al. 2000; Okumura et al. 2001, 2007; Inoue-
Kashino et al. 2005). Additionally, these deletion mutants 
exhibited a drop of oxygen evolution (a 40% and 81% 
decrease in Synechocystis sp. PCC 6803 psbV- and psbU-
less mutants, respectively; Shen et al. 1995, 1997) concomi-
tant with a destabilization of PSII complex, as manifested by 
the decreased proportion of assembled PSII centres in psbV-
less mutants (Shen et al. 1995, 1997; Kimura et al. 2002) and 
the impairment of the donor side of PSII in mutants lacking 
psbU (Inoue-Kashino et al. 2005). It has also been reported 
that the presence of PsbU and PsbV protects PSII against 
dark inactivation (Shen et al. 1998; Veerman et al. 2005) 
and contributes to the thermal stability of the OEC function 
(Nishiyama et al. 1997, 1999). Moreover, PsbU was shown 
to protect PSII against photodamage (Inoue-Kashino et al. 
2005) and oxidative stress (Balint et al. 2006).

Considering the critical roles that PsbU and PsbV are 
thought to play in cyanobacterial OEC, one may wonder 
whether the loss of these genes in all Prochlorococcus line-
ages except members of the LLIV clade has consequences 
on the ability of these natural mutants to evolve oxygen. 
Here, oxygen evolution was compared at several growth 
irradiances between two Prochlorococcus strains lacking 
psbU and psbV (P. marinus SS120 and PCC 9511) and two 
marine picocyanobacterial strains that have retained these 
genes (Prochlorococcus sp. MIT9313 and Synechococcus 
spp. WH7803). Structural homology modelling of the PSII 
of MED4 (a strain very closely related to PCC 9511; Rippka 
et al. 2000) was also used to look for possible compensation 
mechanism such as extension of other PSII subunits.

Materials and methods

Strains and culture condition

The four clonal picocyanobacterial strains used in this 
study were retrieved either from the Roscoff Culture Col-
lection (http://rosco ff-cultu re-colle ction .org/) or the Pas-
teur Culture Collection (cyanobacteria.web.pasteur.fr/). 
Prochlorococcus sp. MIT9313 (RCC407), P. marinus PCC 
9511, P. marinus SS120 (RCC156) and Synechococcus sp. 
WH7803 (RCC752) were grown at 22 °C in 0.2 μm filtered 
PCR-S11 medium (Rippka et al. 2000) supplemented with 
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1 mM  NaNO3 (nitrates are used only by WH7803) under 
continuous light provided by Sylvania Daylight 58W/154 
fluorescent neon tubes. Cultures were acclimated for > 30 
generations at several irradiances (see results) and diluted 
2–3 days prior to measurements of Photosynthesis vs. Irra-
diance (P–E) curves, to ensure that cultures were in early 
to mid-exponential phase and exhibited a balanced growth 
(Brand et al. 1981) and optimal photosynthetic performances 
(Glibert et al. 1986). The physiological status of cultures 
was monitored just prior to experiments by measuring the 
PSII fluorescence quantum yield  (FV/FM) using a Pulse 
Amplitude Modulated (PAM) fluorometer (PhytoPAM, 
Walz, Effeltrich, Germany), as previously described (Six 
et al. 2007; Garczarek et al. 2008) and no samples with  FV/
FM lower than 0.43 were retained for the experiment (mean 
 FV/FM = 0.58 ± 0.07; n = 22). For oxygen evolution analysis, 
exponentially growing cultures were concentrated between 
10- and 20-fold by gentle centrifugation at 3900×g for Syn-
echococcus cells and 5450×g for Prochlorococcus for 7 min 
at 22 °C, using an Eppendorf 5804R centrifuge (Hamburg, 
Germany) and aliquots were taken from the concentrate for 
flow cytometry, chlorophyll assays and immunoblotting. 
Each experiment was replicated four to six times.

Gene expression

In order to check for the expression of psbO and, when pre-
sent, psbU and psbV genes in the different strains, an inde-
pendent set of cultures was performed under the standard 
LL culture conditions (18 μmol photons  m−2  s−1). A 150 mL 
volume was sampled from each culture strain, immediately 
cooled down to about 2–4 °C by swirling the sample in liq-
uid nitrogen and harvested by centrifugation (7 min at 4 °C, 
17,700×g, Eppendorf 5804R) in the presence of 0.03% (v/v) 
of pluronic acid (Sigma-Aldrich). Cell pellets were then 
resuspended in 300 μL Trizol (Invitrogen, Carlsbad, CA), 
frozen in liquid nitrogen and stored at − 80 °C until extrac-
tion. Frozen cells in Trizol were then thawed for 15 min in a 
water bath set at 65 °C with regular vortexing. This step was 
followed by two chloroform extractions (0.2 mL of chloro-
form per mL of Trizol) before purification using the miRNe-
asy kit (Qiagen, Valencia, CA). A DNase treatment (DNAse 
I FPLC purified, GE Healthcare Bio-Sciences, Uppsala, 
Sweden) was performed for 30 min at room temperature. 
Purified RNAs were eluted in 35 μL of RNase-free water and 
stored at − 80 °C. Primers for reverse transcription and real-
time PCR (RT-PCR) were designed using Primer Express 
(Applied Biosystem, v2.0; Online Resource_Table_S1). The 
cDNA was obtained by reverse transcription of 100 ng of 
RNA and 8 pmol of the reverse primer. RNA was denatured 
for 10 min at 70 °C in the presence of 20 U of RNase inhibi-
tor (RNasine, Ambion, Austin, TX) before addition of a mix 
of SuperScriptII (Life Technologies Inc. Gibco-BRL, Grand 

Island, NY), 5X reaction buffer, 2 μM DTT and 0.25 mM 
of each dNTP. The reaction mix was incubated at 42 °C for 
50 min followed by 15 min of cDNA denaturation at 72 °C. 
RT-PCR was done on a Biosystem GeneAmp 5700 (Life 
Technologies Inc., Applied Biosystems, Foster City, CA) 
using the SYBR Green PCR master mix (Applied Biosys-
tem). Real-time PCRs were performed with the GeneAmp 
5700 detection system (Perkin Elmer, Waltham, MA) using 
the SYBR Green PCR master mix (Applied Biosystems) 
on a 1:50th diluted cDNA in the presence of 300 nM prim-
ers. The PCR reaction program consisted of a sequence of 
10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 
1 min at 60 °C.

Oxygen evolution

Photosynthetic oxygen evolution was measured using a Neo-
Fox system equipped with an oxygen optode connected to 
an optical fiber (Ocean Optics Inc., Dunedin, FL). Measure-
ments were carried out on 2 mL aliquots of concentrated 
cultures placed into a cuvette, homogenized with a magnetic 
stirrer and maintained at 22 °C by circulation of thermo-
stated water from a MultiTempIII temperature-controlled 
bath (GE Healthcare, Amersham Biosciences, Uppsala, 
Sweden). The temperature probe coupled with the Neofox 
system was also maintained at 22 °C in the same bath. Pilot 
measurements allowed us to check that oxygen rates were 
not modified by addition of 2 mM  NaHCO3, so they were 
not limited by availability of inorganic carbon. P–E curves 
were derived from measured rates of  O2 evolution obtained 
by exposing cells to a range of increasing actinic light levels, 
obtained using a KL 1500 LCD halogen light source (Schott, 
Mainz, Germany). Each illumination period (5–10 min) was 
followed by a comparable dark period used to measure respi-
ration (see a representative experiment in Online Resource_
Fig_S1). Oxygen-evolving rates (μmol  O2 mg  Chl−1  h−1) 
were determined by fitting P–E curves using the dynamic fit 
function of Sigmaplot (Systat Softwares, San Jose, CA) with 
the following equation (Platt and Jassby 1976):

 where Px is the net rate of oxygen evolution at an irradiance 
E (μmol photon  m−2  s−1), PX

m is the maximal, light-saturated 
oxygen evolution rate, αx is the initial light-limited slope 
of the P–E curve and Rx is the dark respiration rate. The 
x stands for the parameter used to normalize the data, i.e. 
(DV−) Chl a, cell or mole D2 (see below). The saturating 
irradiance  Ek (μmol photon  m−2  s−1) was calculated using 
the equation:

 and the compensation irradiance was determined as follows 
(Geider and Osborne 1992):

(1)P
x = P

x

m ⋅ tanh
(
𝛼

x
⋅ E∕P

x

m

)
− R

x,

(2)E
k
= P

Chl
m

/
𝛼

Chl
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Chlorophyll assays

Chlorophyll (Chl) concentrations were determined after 
extracting pigments in 100% cold methanol using a spec-
trophotometer UV − mc² (SAFAS, Monaco). For Synecho-
coccus, Chl a concentrations were assessed using Chl a 
extinction coefficient (Roy et al. 2011). For Prochlorococ-
cus strains, which contain unique divinyl derivatives of both 
Chl a and b (hereafter DV-Chl a and b; Goericke and Repeta 
1992), concentrations were assessed using the equations of 
Porra (2002) for methanol, which we modified using the 
absorption values at the red peak of DV-Chl a (instead of 
A665 for Chl a) and 13 nm before the red peak for DV-Chl b 
(instead of A652 for Chl b in Porra’s equation).

Flow cytometry

A 10 μL aliquot from each concentrated culture was diluted 
in 990 μL of fresh PCR-S11 medium in the presence of 
0.25% glutaraldehyde grade II (Sigma- Aldrich, St Louis, 
MO, USA) for 20 min in the dark at room temperature, 
then flash frozen in liquid nitrogen and stored at -80 °C 
until analysis. Cyanobacterial concentration in cultures 
was determined using a BD FACS Canto flow cytometer 
(Becton Dickinson, San Jose, CA, USA), as previously 
described (Marie et  al. 1999). Heterotrophic bacteria 
were also counted after DNA staining using SYBR Green 
(Marie et al. 1999) in order to check that contamination was 
minimal (always < 20% total cell counts) during oxygen 
measurements.

Quantitation of core photosystem proteins

In order to normalize the oxygen production per photosys-
tem, we quantified the relative amounts of the D2 subunit 
of photosystem II, essentially as described by Pittera et al. 
(2014), except that they quantified D1. Briefly, cell pel-
lets were resuspended in an extraction buffer and lysed, 
the total protein concentration was determined, then sam-
ples were denatured for 2 min at 80 °C in the presence of 
50 mM dithiothreitol and loaded on a 4–12% acrylamide 
precast NuPAGE mini-gel (Invitrogen) along with D2 
protein standards (Agrisera, Sweden), used to draw the 
calibration standard curve. After gel electrophoresis, pro-
teins were transferred onto a methanol prehydrated polyvi-
nylidene di-fluoride (PVDF) membrane (Sigma-Aldrich) for 
70 min at 30 mA for two membranes, and then immediately 
immersed in Tween 20-tris-buffered saline (Tween-TBS; 
Sigma-Aldrich) buffer pH 7.6 (0.1% Tween 20, 350 mM 
sodium chloride, 20  mM Trizma base) containing 2% 
(w:vol) blocking agent (Amersham Biosciences) overnight 

(3)E0 = R
Chl

/
𝛼

Chl. at 4 °C. The primary antibody PsbD (photosystem II D2 
core subunit; Agrisera, Sweden) was diluted at 1:50,000 in 
Tween-TBS in the presence of 2% blocking agent and the 
membrane was soaked in this solution for 1 h with slow 
agitation at room temperature. After discarding the primary 
antibody solution and extensive washing in Tween-TBS, 
the anti-rabbit secondary antibody coupled to horserad-
ish peroxidase (Biorad) diluted at 1:50,000 in Tween-TBS 
buffer containing 2% blocking agent was added for 1 h. The 
membrane was washed three times for 5 min in Tween-TBS 
buffer prior to revelation using an enhanced chemilumines-
cence reagent (ECL, Amersham Biosciences). Signals were 
measured using the ImageQuant software (GE Healthcare, 
Bio-Sciences, Uppsala, Sweden; for example western blots, 
see Online Resource_Fig_S2). Protein concentrations were 
determined by fitting the sample signal values on the recom-
binant D2 protein standard curve. Pilot experiments were 
performed to ensure that sample signals fell within the range 
spanned by the standard curve.

Thermoluminescence

Thermoluminescence (TL) glow curves were recorded using 
a TL 200/PMT instrument (Photon Systems Instruments, 
Drasov, Czech Republic), as described by Belgio et  al. 
(2018). For each cyanobacterial strain studied, we first deter-
mined the volume of sample that provided linear response 
in terms of thermoluminescence (TL) intensity (usually 
2–6 mL of culture). After sample collection, the deter-
mined volume of cell suspension was filtered through a Pra-
gopor #6 nitrocellulose membrane filter (pore size: 0.4 μm; 
Pragochema, Czech Republic) and placed onto the sample 
holder. Samples were cooled down to 3 °C, where series of 
1–5 saturating single turnover flashes (50 μs, 200 ms apart) 
were given 1 s prior to the start of the heating and recording 
phase. TL curves were then recorded from 3 to 65 °C with a 
heating rate of 0.5 °C  s−1. For all TL measurements reported 
here, the sensitivity of the TL detection system was kept the 
same in order to allow quantitative comparisons among stud-
ied strains. For the measurements in the presence of 10 μM 
DCMU, the inhibitor was added to suspension before filter-
ing and the sample was cooled down to − 10 °C. TL was 
then measured from − 10 to 65 °C.

3D modelling of P. marinus MED4 PSII

The 3D structure of the whole PSII of P. marinus MED4 
was performed using the MODELLER software (Eswar et al. 
2007), based on sequence homologies with PSII proteins 
from Thermosynechococcus elongatus BP-1, for which the 
crystallographic structure was resolved at 2.9 Å (PDB access 
code: 3BZ1 and 3BZ2; Guskov et al. 2009). First, sequences 
of each PSII subunit of T. elongatus and P. marinus were 
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aligned using clustalW (Thompson et al. 1994). Alignments 
combined with the atomic coordinates of each subunit of 
T. elongatus in the 3D structure were used as entries for 
MODELLER (Webb and Sali 2014). Ten models were cal-
culated for each subunit from P. marinus and the best model 
was assessed using the ‘objective function’ parameter of the 
MODELLER software. The best model for each subunit was 
then superimposed to the crystallographic structure of the 
corresponding subunit from T. elongatus using TURBO-
FRODO (Roussel and Cambillau 1991) in order to reconsti-
tute the whole 3D model of P. marinus PSII. The figure was 
then realized using PYMOL (DeLano 2002).

Results

Transcription of OEC genes

Since psbU and psbV genes are missing in the genome 
of Prochlorococcus strains MED4 and SS120 (Online 
Resource_Table_S2), we checked by RT-PCR whether 
these genes were effectively expressed in Prochlorococcus 
sp. MIT9313, using Synechococcus sp. WH7803 as posi-
tive control (Table 1). Expression of the core psbO gene, 
encoding the main protein of the OEC, was also measured 
in all strains. The number of PCR cycles needed to reach the 
threshold level (i.e. the number of cycles needed to detect a 
real signal from the samples) was much lower in the experi-
mental sample with reverse transcription (+RT) than in 
the control (−RT), where it was sometimes too high (> 40) 
to be detectable (Table 1). These results clearly show that 
the psbO gene was highly expressed in all tested strains in 
standard culture conditions. Similarly, the large differences 
between +RT and −RT conditions for both psbU and psbV 
genes showed that these genes were strongly expressed in 
both Synechococcus sp. WH7803 and Prochlorococcus sp. 
MIT9313, allowing us to reject the hypothesis that these are 
pseudogenes in the latter strain, with the caveat that differ-
ences in the levels of expression at the mRNA and protein 

levels are often observed in cyanobacteria (see e.g. Welkie 
et al. 2014).

Maximal oxygen evolution rates

In order to determine whether the absence of the PsbU and 
PsbV proteins in the RCII of Prochlorococcus strains SS120 
and MED4 could affect their oxygen-evolving characteristics 
compared to strains possessing these proteins, light response 
curves were determined at three acclimation irradiances 
(LL = 18 μmol photons  m−2 s−1; ML = 75 μmol photons 
 m−2 s−1 and HL = 163 μmol photons  m−2 s−1) for P. marinus 
PCC 9511 and Synechococcus sp. WH7803 strains and only 
the former two irradiances for the LL-adapted Prochlorococ-
cus strains SS120 and MIT9313, which could not grow at 
the highest irradiance. Given the significant differences in 
cell size, number of PSII per unit biomass as well as in the 
nature and composition of the light-harvesting complexes 
between these four strains (Kana and Glibert 1987a; Moore 
and Chisholm 1999; Partensky et al. 1993; Six et al. 2007; 
Ting et al. 2007), P–E curves (Online Resource_Fig_S3–S5) 
and the corresponding maximal net  O2 evolution rates  (Pm) 
were normalized per (DV-)Chl a, per cell and per PSII, in 
order to ease comparisons (Fig. 1a–c).

Maximal  O2 evolution rates per (DV−)Chl a  (PChl
m) 

globally increased with increasing growth irradiance for all 
cyanobacterial strains except for MIT9313, which exhibited 
the highest rate among all three Prochlorococcus strains 
at LL  (PChl

m = 342 mol  O2.[mol DV-Chl a]−1  h−1) but a 
lower rate at ML (Fig. 1a and Online Resource_Fig_S3). 
The record  PChl

m value was observed at HL for PCC 9511 
(959 mol  O2.[mol DV-Chl a]−1.h− 1), showing that despite 
lacking PsbU/V, this strain is a very efficient oxyphototroph 
and is truly HL-adapted. It is worth noting that at the lowest 
irradiance tested (18 μmol photons  m−2  s−1), all picocyano-
bacterial strains globally consumed more oxygen than they 
emitted (Fig. 2a).

When rates were normalized per cell (Fig. 1b and Online 
Resource_Fig_S4), the highest  PCell

m values were, as 

Table 1  Expression of genes 
coding for the oxygen-
evolving complex in the four 
picocyanobacterial strains used 
in this study

Values correspond to the number of cycles needed to reach a fixed fluorescence threshold

Difference in the number of cycles without reverse transcription (-RT), i.e. DNA, and after reverse tran-
scription (+ RT), i.e. mRNA, is proportional to the expression level

n.a. not applicable, n.d. not detected

Gene P. marinus
PCC 9511

P. marinus
SS120

Prochlorococcus sp.
MIT9313

Synechococcus 
sp.
WH7803

−RT +RT −RT +RT −RT +RT −RT +RT

psbO 36 25.6 36.2 22.7 n.d. 28.9 n.d. 26.6
psbU n.a. n.a. n.a. n.a. 37.7 21.6 n.d. 23.2

psbV n.a. n.a. n.a. n.a. 37.3 23.1 37.5 26.4
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expected, observed for the two strains exhibiting the largest 
cell sizes, i.e. WH7803 and MIT9313 (Kana and Glibert 
1987a; Ting et al. 2007). PCC 9511 was the sole strain for 
which  PCell

m significantly increased with irradiance, while it 
dropped twofold between LL and ML for MIT9313.

When rates were normalized per PSII complex (Fig. 1c 
and Online Resource_Fig_S5), PCC 9511 exhibited the 
highest  PPSII

m value at both ML and HL with a regular 
increase between LL and HL, while for MIT9313  PPSII

m 
was threefold lower at ML than LL. It is worth noting that 
the proportion of PSII per total protein tended to decrease 
with increasing growth irradiance  (Ig) in the two HL-adapted 
strains (WH7803 and PCC 9511), while it was virtually 
unchanged between LL and ML in the two LL-adapted 
strains (Fig. 3). With the caveat that cultures exhibited a 
limited contamination by heterotrophic bacteria that could 
somewhat bias the measured amount of total proteins, the 
much lower maximal evolution rates per PSII measured for 
P. marinus SS120 compared to the two other Prochlorococ-
cus strains (Fig. 1c) might be explained in part by the fact 
that the latter strain seemingly contains a particularly high 
number of PSII per total protein (Fig. 3), although the rea-
son why its rates were also very low when normalized per 
cell (Fig. 1b) remains unclear. Altogether, our data suggest 
that (i) HL-adapted strains mainly acclimate to increasing 
 Ig by reducing their total PSII number, whereas LL-adapted 
strains rather reduce the size of their PSII antennae and (ii) 
the PSII efficiency is much less affected by increases in  Ig in 
HL- than in LL-adapted strains.

Other photosynthetic parameters

The low light capture efficiency per cell, as assessed by the 
initial light-limited slope of the P–E curve (αCell; Fig. 2b), 
was expectedly higher for the larger cell-sized strains, Syn-
echococcus sp. W7803 and Prochlorococcus sp. MIT 9313. 
αCell tended to decrease between LL and ML in all strains, 
as a likely result from a decrease of the antenna size, but 
this trend was statistically significant only in the LL-adapted 
strain MIT9313.

The HL-adapted strains Synechococcus sp. WH7803 
and P. marinus PCC 9511 displayed slightly higher satura-
tion irradiances at LL  (Ek > 150 μmol photons  m− 2  s− 1; 
Fig. 2c) than the LL-adapted strains MIT9313 and SS120 
(< 150 μmol photons  m−2 s−1), but while  Ek increased with 
irradiance in the former strains, it slightly decreased in the 
latter strains. The compensation irradiance  (E0) occurred at 
about one-fourth (26.4 ± 4.5%) of the  Ek values in all strains 
(Fig. 2d).

Thermoluminescence

TL glow curves in the temperature range 10–50 °C result 
from thermally induced radiative back reactions within PSII, 
namely from the  S2/3QB

− charge recombination (Rutherford 
et al. 1984). We measured the shapes and intensities of the 
TL glow curves of strains grown at LL in order to compare 
the energetics of the donor and acceptor sides of PSII and the 
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Fig. 1  Comparison of maximal rates of oxygen evolving  (Pm) for the 
four tested marine picocyanobacterial strains grown at low, medium 
and/or high continuous growth irradiance (LL, 18 ± 3 μmol photons 
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normalized per PSII (D2 protein). All measurements are average ± SD 
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function of OEC in the studied strains. In the control strain 
Synechococcus sp. WH7803, the glow curve after 2 flashes 
(the so-called B-band) peaked at 30 °C (Fig. 4a). Accord-
ing to previous results on Synechocystis deletion mutants 
(Burnap et al. 1992; Shen et al. 1997, 1998), one could have 
expected that the absence of the PsbU or PsbV proteins in 
the P. marinus PCC 9511 and SS120 would result in the shift 
of the peak temperature of the glow curve to higher tempera-
tures. However, the maxima of all three Prochlorococcus 
strains were either comparable to the control strain or even 
peaked at lower temperatures (Fig. 4a). Like for WH7803, 
the  S2/3QB

− charge recombination in Prochlorococcus sp. 
MIT 9313 resulted in a B-band peaking in the 30–34 °C 
region, indicating that the recombination of charges stored 
on  S2QB

− and  S3QB
− occurs from identical energetic lev-

els. The glow curves of P. marinus PCC 9511 were always 
composed of two bands, peaking around 15 and 32 °C, sug-
gesting a heterogenous energetics of the  S2/3QB

− charge 
recombination. Heterogeneity in recombination energetics 
was also observed in P. marinus SS120 (Fig. 4a) and in 
Synechocystis sp. PCC 6803 (data not shown). By adding 
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DCMU, we checked that the band at lower temperature was 
not the Q-band  (S2QA

− recombination). The TL glow curve 
in the presence of DCMU peaked at lower temperatures (-5 
to + 5 °C; data not shown). Such heterogeneity likely reflects 
different energetics of the  S2QB

− (B2 band) and  S3QB
− (B1 

band) charge recombinations in studied organisms. The 
split in the B-band is typically observed when lumen pH < 7 
(Ducruet and Vass 2009). However, in our experiments, the 
addition of an uncoupler (up to 10 mM  NH4Cl) did not 
change the shape of the composed B-band (data not shown). 
We also studied the oscillations of the B-band. Since the TL 
B-bands result from the  S2/3QB

− charge recombination only, 
the overall intensity of the glow curve following excitation 
by series of single turnover flashes oscillates with period of 
4 (Rutherford et al. 1984). Similarly to the oscillations of 

the oxygen flash yields, these flash-induced oscillations of 
the TL B-band intensity stem from the initial distribution of 
the S-states and occupancy of the  QB pocket in the dark and 
from the efficiency of transitions between different S-states. 
Usually, the intensity of the B-band is maximal after two 
flashes (Rutherford et al. 1984). As expected, in all studied 
strains, the TL was maximal after two excitation flashes and 
minimal after 4 flashes (Fig. 4b). One can also note that the 
B-band was significantly more intense after 1 and 5 excita-
tion flashes in P. marinus PCC 9511 and MIT9313, respec-
tively, than in the control Synechococcus sp. WH7803 strain 
(Fig. 4b) or the freshwater Synechocystis sp. PCC 6803 (data 
not shown), where the TL B-band intensity after 1 flash was 
always less than 45% of the maximum. This increased inten-
sity of the TL glow curve after 1 flash can be interpreted as 
an increased proportion of PSII centres remaining in the S1 
state in the dark in Prochlorococcus strains.

We also compared the integral intensity of the TL B-band 
after 2 pre-flashes normalized to the (DV-)Chl content 
(Online resource Fig. S6), the TL B-band intensity being 
a quantitative proxy for the actively recombining PSII 
reaction centres (Burnap et al. 1992). Similar to the (DV-)
Chl-normalized maximal oxygen evolution rates  (PChl

m) 
at LL (Fig. 1a), the highest Chl-normalized TL emission 
was detected in Synechococcus sp. WH7803, followed by 
P. marinus PCC 9511 and P. marinus SS120. However, for 
unclear reasons, the PSII recombination efficiency was unex-
pectedly low in P. marinus MIT9313, almost an order of 
magnitude lower than the control WH7803 (0.41 ± 0.12 a.u. 
and 3.56 ± 0.31 a.u., respectively).

Structural homology model of P. marinus MED4 PSII

The published 3D X-ray structure of Thermosynechoc-
occus elongatus PSII (Guskov et al. 2009) was used to 
build a homology model for the PSII of P. marinus MED4, 
a close relative to P. marinus PCC 9511 (Rippka et al. 
2000). Online Resource_Table_S2 compares the PSII 
gene content of the four picocyanobacterial strains used 
in this study and lists all genes included in the model. 
Comparison of a side view of this MED4 PSII structure 
(Fig. 5a, c) with the same model where PsbU and PsbV 
from T. elongatus are superimposed (Fig. 5b, d) shows 
that the Mn cluster of MED4 is directly exposed to the 
surrounding environment and no structural modifications 
of PSII proteins surrounding the Mn cluster seemingly 
compensate for the lack of PsbU and PsbV proteins. This 
is confirmed by sequence alignments of T. elongatus PSII 
subunits and their orthologs from Prochlorococcus and 
marine Synechococcus that show that, despite some inter-
genus variability in sequences of several minor subu-
nits, most PSII proteins of Prochlorococcus strains with 
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streamlined genomes are of similar length than their coun-
terparts in marine picocyanobacterial strains possessing 
PsbU/V (i.e. all Synechococcus spp. and/or Prochlorococ-
cus sp. clade LLIV; data not shown). Notable exceptions 
are PsbM and PsbX, two minor PSII proteins that possess 
a specific extension (C- or N-terminal, respectively) in all 
streamlined strains (Online Resource_Figs._S7-S8). Yet, 
the localization of these two proteins on the cytoplasmic 
side of the PSII structure (Guskov et al. 2009) is way too 
far from the Mn cluster for these additional domains to 
compensate for the lack of PsbU and PsbV.

Discussion

Lack of two extrinsic OEC proteins does not affect P. 
marinus oxygen evolution rates

P–E curves and derived parameters showed that P. marinus 
strains PCC 9511 and SS120 can evolve oxygen at signifi-
cant rates despite lacking psbU and psbV (Figs. 1, 2 and 
Online Resource_Fig_S3–S5), even though these two genes 
appear to be functional in the clade LLIV strain Prochloro-
coccus sp. MIT9313 (Table 1). This contrasts with previous 
studies on knockout mutants of these genes in freshwater 
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Fig. 5  a Luminal side view of the 3D structure of a PSII monomer 
from Prochlorococcus marinus MED4, modelled after Thermosyn-
echococcus elongatus (Guskov et al. 2009). b Same but showing the 
location of the PsbU and PsbV proteins from T. elongatus that shield 
the Mn cluster. c Zoom on the oxygen-evolving complex (OEC) 
region with superimposition of the 3D structures of P. marinus 

MED4 (in colour) and T. elongatus (in grey). d Same as C but includ-
ing the PsbV protein from T. elongatus (PsbU cannot be seen on this 
view). Only the major PSII proteins are annotated; all other intrinsic 
proteins are shown in yellow (see complete list in Online Resource_
Table_S2). The Mn cluster is represented by orange (Mn ions) and 
red  (Ca2+ ion) spheres and its position indicated by a red arrow
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cyanobacteria, notably regarding the drop of oxygen evolu-
tion rates observed in Synechocystis sp. PCC 6803 psbV-
less mutants (Shen et al. 1995, 1998). Yet, examination of 
a structural homology model of the 3D structure of PSII 
in P. marinus MED4 did not reveal any obvious extension 
of other PSII subunits located in the close vicinity of the 
Mn cluster that may compensate for the absence of these 
extrinsic proteins (Fig. 5a, c). In the PSII structure of Ther-
mosynechococcus vulcanus, the PsbV C-terminus, and 
more specifically Tyr 137, is thought to be involved in an 
exit channel for protons arising from the deprotonation of 
D1-Tyr161 (a.k.a.  YZ) to the lumen (Umena et al. 2011), 
suggesting that absence of PsbV in MED4 could affect the 
proton extrusion process. It is worth noting that PsbU and 
PsbV are also absent from green algae and higher plants, 
but they are replaced by PsbP and PsbQ (De Las Rivas 
et al. 2007). Surprisingly, most cyanobacteria possess dis-
tant PsbP and PsbQ homologs, usually called ‘CyanoP’ and 
‘CyanoQ’, respectively (Kashino et al. 2002; Thornton et al. 
2004; Roose et al. 2007; Enami et al. 2008), but their role 
and localization remain unclear, since they are not detected 
in PSII crystal structures (Guskov et al. 2009; Umena et al. 
2011). While the cyanoQ gene is absent from all Prochlo-
rococcus genomes, including members of the LLIV clade, 
cyanoP is a core gene in marine picocyanobacteria (Online 
Resource_Table_S2). CyanoP is thought to be a constitutive 
PSII protein that stabilizes charge separation (Sato 2010; 
Aoi et al. 2014). As previously noticed by Fagerlund and 
Eaton-Rye (2011), its closest homolog in Arabidopsis is 
not PsbP itself, but the PsbP-like protein encoded by PPL1 
(At3g55330), which is involved in the repair of photodam-
aged PSII (Ishihara et al. 2007). In silico protein docking 
experiments have suggested that, when CyanoQ is present, 
CyanoP is located on the lumenal face of the PSII com-
plex, below the D2 protein and away from the other extrinsic 
proteins. However, in absence of CyanoQ, CyanoP might 
take its place in the immediate vicinity of PsbV (Fager-
lund and Eaton-Rye 2011). So, we cannot exclude that in 
P. marinus MED4, which lacks PsbU, PsbV and CyanoQ 
altogether, CyanoP might have a role in shielding the Mn 
cluster. Another noticeable PSII protein present in all marine 
picocyanobacteria (Online Resource_Table_S2), but not in 
PSII crystals, is Psb27 (Nowaczyk et al. 2006). Like CyanoP 
(and CyanoQ), it possesses an N-terminal signal peptidase 
II motif, indicating that it is a lipoprotein. In Synechocystis 
PCC 6803, Psb27 is thought to facilitate the assembly of the 
Mn cluster by preventing the premature association of other 
extrinsic proteins (PsbO, PsbU, PsbV and CyanoQ). Psb27 
is then replaced by these proteins upon assembly of the Mn 
cluster (Roose and Pakrasi 2008). Psb27 has been reported 
to occur in sub-stoichiometric amounts compared to other 
PSII subunits in T. elongatus (Michoux et al. 2014). If this 
is also the case in Prochlorococcus strains lacking PsbU and 

PsbV, this would plead against a role of Psb27 in shield-
ing of the Mn cluster. However, one cannot exclude that the 
absence of psbU and psbV in many Prochlorococcus strains 
might trigger an increased expression level for psb27, so that 
its product would be synthesized in stoichiometric amounts 
compared to other PSII components and could act as a con-
stitutive OEC extrinsic protein. Examination of the whole 
transcriptome of P. marinus MED4 cells synchronized by 
a 14-h:10-h light–dark cycle (Zinser et al. 2009) indeed 
shows that psb27 is strongly expressed and exhibits a diel 
cycle globally similar to psbO, with a maximum at the dark-
to-light transition and a minimum in the afternoon, while 
cyanoP and psb27 both reach their minimal diel expression 
level 2 h before psbO (4 pm vs. 6 pm, respectively; see http://
propo rtal.mit.edu/).

Another possibility is that the missing PsbU and PsbV 
have been replaced by some Prochlorococcus-specific PSII 
protein(s) that could have been acquired early during the 
evolution of these lineages. The comparison of currently 
available genomes of marine picocyanobacteria shows that 
Prochlorococcus strains with a streamlined genome pos-
sess 21 specific proteins (absent from both Prochlorococcus 
spp. LLIV and Synechococcus spp. strains; Online Resource 
Table S3). However, examination of these sequences using 
LipoP (http://www.cbs.dtu.dk/servi ces/LipoP /) shows that 
none contain a putative N-terminal signal peptidase II motif, 
indicative of lipoproteins (as found in CyanoP and CyanoQ), 
nor even a signal peptidase I motif (as found in PsbU and 
PsbV). A number of uncharacterized membrane proteins are, 
however, worth noting in this dataset, as they could poten-
tially intrinsic PSII proteins specific of Prochlorococcus 
with streamlined genomes (Online Resource Table S3).

Proteins able to replace PsbU and/or PsbV might 
also have been acquired later during the evolution of the 
Prochlorococcus radiation, i.e. by the common ancestor of 
the HL branch shortly after its differentiation from other 
(LL-adapted) Prochlorococcus lineages. The rationale for 
this hypothesis is that a psbU-less mutant of Synechocystis 
sp. PCC 6803 was found to grow well under moderate 
light, but was highly susceptible to photoinhibition at high 
light, likely due to an accelerated rate of D1 degradation 
in this condition (Inoue-Kashino et al. 2005). The absence 
of the Mn cluster shield provided by PsbU might therefore 
not be harmful for Prochlorococcus cells living in a low 
light habitat like that occupied by LL-adapted P. marinus 
(such as SS120), while it would be deleterious in the upper 
mixed layer that is exposed to high irradiances, where 
thrive HL-adapted strains P. marinus, such as MED4 or 
PCC 9511. Comparative genomics analyses showed that 
sequenced members of the HL clades possess at least 76 
specific genes (i.e. absent from all other marine picocy-
anobacteria), including one (PMM0736) for which LipoP 
detected a signal peptidase II motif (like in CyanoP and 
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CyanoQ) and nine others that exhibited (like for PsbU/V) a 
signal peptidase I motif (Online Resource Table S3). Pro-
teomic analyses of PSII preparations are needed to check 
whether some of the abovementioned proteins are indeed 
linked to PSII and/or localized near the OEC.

Alternatively, compensatory mechanisms for the lack 
of extrinsic proteins in Prochlorococcus cells may simply 
rely on the occurrence in Prochlorococcus cells of an ion 
environment in the thylakoid lumen that could be different 
from that in freshwater cyanobacteria, especially regarding 
 Ca2+ and  Cl−, a difference possibly linked to their dif-
ferent habitat. Indeed, both of these OEC cofactors were 
shown to be critical for the growth of a Synechocystis sp. 
PCC 6803 psbU- and psbV-less mutant, likely due to their 
protective role on the Mn cluster, by reducing its acces-
sibility to solvent attacks (Shen et al. 1998; Inoue-Kashino 
et al. 2005).

Insights from the thermoluminescence analysis

TL has been used as a tool to study the role of extrinsic OEC 
proteins in model cyanobacteria (Balint et al. 2006; Burnap 
et al. 1992; Shen et al. 1997, 1998). The deletion of PsbU 
and PsbV was found to cause a shift of the B-band to higher 
temperatures and a lower intensity of the B-band, suggesting 
a stabilization of the  S2 state of the OEC and a decrease in 
the number of active PSII centres. Although each Prochloro-
coccus strain that we studied had distinct and characteristic 
shape of the B-band (Online Resource_Fig_S6), we did not 
observe any clear trend in B-band shape or peak position that 
could be explained by the absence of the extrinsic proteins, 
indicating that the OEC is fully functional in strains with 
streamlined genomes. When studying the oscillation patterns 
of the TL B-band (Fig. 4b), we noticed that, in all Prochlo-
rococcus strains, the TL intensity after one flash was signifi-
cantly higher than in all other cyanobacteria or microalgae 
studied in recent years in the Třeboň laboratory (data not 
shown). Since we still observed maxima after 2 flashes, we 
interpret this modification of the TL oscillation pattern not 
as a change of the  QB/QB

− fraction but rather as an increase 
in the fraction of centres in  S1 state in the dark. TL intensity 
can be used also as a proxy for active PSII centres (Burnap 
et al. 1992). Such proxy is, however, only semi-quantitative 
because several pathways for the  S2/3QB

− charge recombi-
nation exist within PSII and TL monitors only one of them, 
namely the radiative recombination resulting in the singlet 
 P680*. Still, we observed reasonable correlation between the 
 PChl

m and the (DV-)Chl-normalized TL intensity for three 
of the studied strains grown at LL (Online Resource Fig 
S6, inset). Yet, the reason for the much lower TL intensity 
observed in the MIT9313 strain remains unclear and would 
require further experimental work.

Comparison of Prochlorococcus oxygen evolution 

and carbon assimilation rates

While several previous studies reported carbon fixation 
rates in various Prochlorococcus strains (Bruyant et al. 
2005; Partensky et al. 1993; Moore and Chisholm 1999; 
Zinser et al. 2009) and in Synechococcus sp. WH7803 
(Kana and Glibert 1987b), the present study is to our 
knowledge the first one reporting in detail oxygen pro-
duction in marine picocyanobacteria. A striking feature 
of P–E curves derived from incubations with 14CO2 of 
both LL- and HL-adapted Prochlorococcus strains (but 
not Synechococcus) is the strong photoinhibitory effect of 
high irradiances, as indicated by a drop in  PChl at irradi-
ances ca. fourfold higher than the light saturation index 
 Ek (Partensky et al. 1993; Moore and Chisholm 1999). In 
contrast, we observed little photoinhibition in the present 
study, even for the LL-adapted strains (Online Resource_
Fig_S3–S5), though it is worth noting that MIT9313 cul-
tures pre-acclimated to 75 ± 10 μmol quanta  m−2 s−1 did 
show an altered  O2 emission after 4–5 min exposure to the 
highest tested irradiance; see Online Resource_Fig_S1. 
This difference is possibly due to the fact that the method 
used to measure  O2 evolution, typically 5–10 min expo-
sure to light followed by a similar period in dark (Online 
Resource_Fig_S1), is much less stressing for Prochlo-
rococcus cells than are measurements of  CO2 assimila-
tion. For instance, for modelling P–E curves Moore and 
Chisholm (1999) exposed cells to a range of irradiances 
for 45 min.

The photosynthetic quotient, i.e. the number of moles 
 O2 produced per mole  CO2 assimilated, has not yet been 
determined for Prochlorococcus. However, since all 
Prochlorococcus strains studied here lack nitrate assimi-
lation genes and cells essentially rely on ammonium as 
a nitrogen source (Kettler et al. 2007; Rocap et al. 2003; 
Moore et  al. 2002), therefore avoiding the electron-
consuming step of nitrate reduction, the photosynthetic 
quotient should theoretically not deviate much from 1.0 
(Falkowski and Raven 2007). This makes possible direct 
comparisons between maximum photosynthetic rates for 
 O2 production and  CO2 consumption. Moore and Chisholm 
(1999) measured  PChl

m values of ca. 134, 156 and 179 mol 
C mol Chl a− 1  h− 1 at LL, as compared in the present 
study to 226, 173 and 342 mol  O2 mol Chl a− 1  h− 1 at 
LL for PCC 9511 (a close relative of MED4), SS120 and 
MIT9313, respectively. Although  PChl

m values obtained 
here for  O2 release were systematically higher than Moore 
and co-workers’ for  CO2 assimilation, these discrepancies 
might be due in part to the different light conditions used 
in the two studies.
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Ecological implications of Prochlorococcus oxygen 

evolution characteristics

The  O2 evolving measurements reported in the present study 
for different strains of marine picocyanobacteria at several 
growth irradiances should be very useful for assessing the 
contribution of these key phytoplankters to the global oxy-
gen production of the world ocean and more generally their 
role in the biogeochemical cycle of oxygen. Our study also 
provides new insights to explain the paradoxical occurrence 
of virtually monoalgal populations of Prochlorococcus in 
waters of the Arabian Sea and the Eastern Tropical Pacific 
Ocean displaying  O2 concentrations lower than 20 μM, so-
called ‘oxygen minimum zones’ (OMZ; Beman and Car-
olan 2013; Garcia-Robledo et al. 2017; Goericke et al. 2000; 
Lavin et al. 2010). OMZ generally occur along continental 
margins where high rates of phytoplankton productivity in 
the upper layer, coupled with poor ventilation and sluggish 
circulation, lead to an extensive, oxygen-deficient layer at 
depth, where the decomposition of sinking biological mate-
rial provokes high microbial respiration rates (Helly and 
Levin 2004). Although most of the OMZ occur below the 
euphotic layer, the top of the OMZ can be reached by light 
and when this is the case,  O2 production by Prochlorococ-
cus could be sufficient to feed aerobic processes (Ulloa et al. 
2012). The maintenance of anoxic conditions despite verti-
cal mixing and lateral advection was proposed to rely upon 
highly efficient  O2 scavenging by local microbial communi-
ties (Kalvelage et al. 2015). However, our data show that at 
the low irradiances reaching the top of the OMZ (typically 
0.1 to 2% of the surface irradiance; (Goericke et al. 2000; 
Garcia-Robledo et al. 2017), corresponding to ca. 2–40 μmol 
quanta  m−2 s−1 at solar noon), the net oxygen exchange rate 
of Prochlorococcus cells is expected to be less than or equal 
to zero (Online Resource_Fig_S3A). This could explain in 
part the very low oxygen levels measured in these layers. 
Phylogenetic analyses of Prochlorococcus populations thriv-
ing in OMZ showed that they predominantly belong to the 
LLIV clade and to two novel, uncultured low light-adapted 
clades called LLV and LLVI (Lavin et al. 2010). The latter 
clades are phylogenetically closely related to LLIV members 
and share a number of characteristics with them, such as a 
large G + C% compared to other Prochlorococcus lineages. 
It is therefore possible that, like MIT9313, their genome 
is not streamlined and that they possess a full set of OEC 
proteins, a hypothesis that will be confirmed by sequencing 
the genomes of LLV and LLVI representatives.
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Online resource Fig. S1. An example of oxygen evolution time course.

The example shown corresponds to measurements made on a

concentrated Prochlorococcus sp. MIT9313 culture acclimated to ML.

White arrows indicate times at which the light source was switched

on, with the corresponding irradiance values in µmol photons m-2 s-1,

whereas dark arrows correspond to switch off times.
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Figure S2: Some examples of quantitative immunoblots against the D2 core protein of PSII for

three of the studied marine picocyanobacterial strains, grown at different irradiances (LL, ML

and/or HL). The first lane corresponds to the molecular weight (MW) marker. A standard curve

of recombinant D2 protein was loaded along with each sample series. Each sample lane was

loaded with 2 or 3 µg total protein, as measured using a bovine serum albumin standard.

Black lines indicate different replicates of the same strain and light condition (for WH7803 and

PCC 9511 at ML, one representative LL sample was loaded as a control).

HL

HL

ML

ML

LLML

LL

LL

30

30

30

20

20

20

MW (KDa) 0.50 0.25 0.10 0.05

Synechococcus

sp.  WH7803

P. marinus

PCC 9511

P. marinus

SS120

0.50 0.25 0.10 0.05

0.50 0.25 0.10 0.05

Standard

(pmole D2 protein)

Standard

(pmole D2 protein)

0.50 0.25 0.10 0.05

0.50 0.25 0.10 0.05

0.50 0.25 0.10 0.05

Article title: Comparison of Photosynthetic Performances of Marine Picocyanobacteria with Different 

Configurations of the Oxygen Evolving Cluster

Authors: Frédéric Partensky1,2, Daniella Mella-Flores1,2,3,4, Christophe Six1,2, Laurence Garczarek1,2, Mirjam

Czjzek1,5, Dominique Marie1,2, Eva Kotabová6, Kristina Felcmanová6,7 and Ondřej Prášil6,7

Affiliations: 1Sorbonne Université, Station Biologique, CS 90074, 29688 Roscoff cedex, France; 2CNRS UMR 7144,
Marine Plankton Group, Station Biologique, CS 90074, 29680 Roscoff, France; 3Facultad de Ciencias Biológicas,
Pontificia Universidad Católica de Chile, Santiago, Chile; 4Center of Applied Ecology and Sustainability (CAPES-
UC), Pontificia Universidad Católica de Chile, Santiago, Chile; 5CNRS UMR 8227, Marine Glycobiology Group,
Station Biologique, CS 90074, 29680 Roscoff, France; 6Laboratory of Photosynthesis, Institute of Microbiology,
MBU AVČR, Opatovický mlýn, 37981 Třeboň, Czech Republic; 7Faculty of Sciences, University of South Bohemia,
Branišovská, 37005 České Budějovice, Czech Republic

100



Fig. S3. Light response curves of oxygen evolution for different 
picocyanobacteria strains normalized per Chl a only for Synechococcus sp. 
WH7803 and DV-Chl a for Prochlorococcus strains MED4, SS120 and MIT9313.
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Fig. S4. Same as Fig. S3 but normalized per cell.
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Fig. S5. Same as Fig. S3 but normalized per PSII, as assessed 
by immunochemical analyses of the D2 protein.
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Fig. S6. Intensity of the B-band normalized to (DV-)Chl. 

Error bars indicate standard deviation (n˃3). Insert graph plots the

pigment-normalized TL data against the Pchl
m data from Fig. 1A.

Scales of the insert axes are: PChl
m from 0 – 500 mol O2 / mol (DV-)

Chl a; TL from 0 – 5 arbitrary units (TL area / mol (DV-) Chl a).
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Genus_Strain_Clade

Pro_MED4_HLI M E T T N F G F V A S L L F V G I P T I F L I G L F I S T Q D G E K S S F Y S D S S K G K L G P K R # - -

Pro_MIT9515_HLI M E T T N F G F V A S L L F V G V P T I F L I G L F I S T Q D G E K S S F Y S D S G K G K L G P K R # - -

Pro_AS9601_HLII M E T T N F G F V A S L L F V G V P T I F L I G L F I S T Q D G E K S S F Y S D S S K G R L G P K R * - -

Pro_MIT9107_HLII M E T T N F G F L A S L L F V G V P T I F L I G L F I S T Q D G E K S S F Y S D S S K G K L G P K G # - -

Pro_MIT9123_HLII M E T T N F G F L A S L L F V G V P T I F L I G L F I S T Q D G E K S S F Y S D S S K G K L G P K G # - -

Pro_MIT9201_HLII M E T T N F G F V A S L L F V G V P T I F L I G L F L S T Q E G E K S S F Y S D S G K G K L D P K R # - -

Pro_MIT9215_HLII M E T T N F G F V A S L L F V G V P T I F L I G L F L S T Q E G E K S S F Y S D S G K G K L D P K R # - -

Pro_MIT9301_HLII M E T T N F G F V A S L L F V G V P T I F L I G L F I S T Q D G E K S S F Y S D S S K G R L G P K R # - -

Pro_MIT9311_HLII M E T T N F G F I A S L L F V G V P T I F L I G L F I S T Q D G E K S S F F S D S S K G K L G P K R # - -

Pro_MIT9312_HLII M E T T N F G F I A S L L F V G V P T I F L I G L F I S T Q D G E K S S F F S D S S K G K L G P K R # - -

Pro_MIT0801_LLI M E T T S F G F A A S L L F V G V P T I F L I G L F V S T S D G E K S S F Y S D T S K G R L S P E P K K #

Pro_NATL1A_LLI M E T T S F G F A A S L L F V G V P T I F L I G L F V S T S D G E K S S F Y S D T S K G R L S P E P K K *

Pro_NATL2A_LLI M E T T S F G F A A S L L F V G V P T I F L I G L F V S T S D G E K S S F Y S D T S K G R L S P E P K K *

Pro_SS120_LLII M E T T N F G F I I S L L F V G I P T I F L V G L Y I S T S D G E K S S F F S D S S K G K L G P K S # - -

Pro_MIT0602_LLII M E T T N F G F I I S L L F V G V P T I F L V G L Y I S T N D G E K S S F F S D S G K G K L G P K N # - -

Pro_MIT0603_LLII M E T T N F G F I I S L L F V G V P T I F L V G L Y I S T N D G E K S S F F S D S G K G K L G P K N # - -

Pro_MIT0601_LLIII M E T T N F G F I A S L L F V G V P T I F L I G L F I S T S D G E K S S F F S D S G K G K L G P K # - - -

Pro_MIT9211_LLIII M E T T N F G F I I S F L F V G I P T I F L I G L Y I S T S D G E K S S F F S D S G K G K L G P K # - - -

Pro_MIT0701_LLIV M P V N N F G F L A T L L F V A V P M L F L I G L Y I Q T N S N K S * - - - - - - - - - - - - - - - - - -

Pro_MIT9303_LLIV M P V N N F G F L A T L L F V A V P M L F L I G L Y I Q T N S N K S * - - - - - - - - - - - - - - - - - -

Pro_MIT9313_LLIV M P V N N F G F L A T L L F V A V P M L F L I G L Y I Q T N S N K S * - - - - - - - - - - - - - - - - - -

Syn_CC9311_Ia M E T N D L G F V A S L M F V L V P T V F L I V L F I Q T N S R E G S S * - - - - - - - - - - - - - - - -

Syn_WH8016_Ib M E T N D L G F V A S L M F V L V P T V F L I V L F I Q T N S R E G S S * - - - - - - - - - - - - - - - -

Syn_WH8109_IIa M E T N D L G F V A S L L F I L V P A I F L I V L Y I G T Q N N E A * - - - - - - - - - - - - - - - - - -

Syn_CC9605_IIc M E T N D L G F V A S L M F I L V P A I F L I V L Y I G T Q N N E A * - - - - - - - - - - - - - - - - - -

Syn_WH8102_IIIa M E T N D L G F V A S L L F I L V P A I F L I V L Y I G T N R S E S * - - - - - - - - - - - - - - - - - -

Syn_CC9902_IVa M E T N D L G F V A S L M F I L V P A I F L I V L Y I G T N R S E A * - - - - - - - - - - - - - - - - - -

Syn_BL107_IVa M E T N D L G F V A S L M F I L V P A I F L I V L Y I G T N R S E A * - - - - - - - - - - - - - - - - - -

Syn_WH7803_V M E T N D L G F V A S L L F V L V P T V F L I I L F I Q T N S K E G * - - - - - - - - - - - - - - - - - -

Syn_WH7805_VIa M E T N D L G F V A S L L F V L V P T V F L I I L F I Q T N S R E G * - - - - - - - - - - - - - - - - - -

Syn_RS9917_VIII M E T N D L G F V A S L L F V L V P T V F L I I L F I Q T N S R Q S * - - - - - - - - - - - - - - - - - -

Syn_RS9916_IX M E T N D L G F V A S L L F V L V P T I F L L I L Y I Q T N S R Q G * - - - - - - - - - - - - - - - - - -

Syn_CB0101_5.2A M E T N D L G F V A S L M F V L V P T V F L L V L Y I Q T S S R Q G * - - - - - - - - - - - - - - - - - -

Syn_CB0205_5.2A M E T N D L G F V A S L M F V L V P T V F L I V L Y I Q T S S R Q S * - - - - - - - - - - - - - - - - - -

Syn_WH5701_5.2B M E T N D L G F V A S L M F V L V P A V F L I V L Y I Q T S S R E Q G # - - - - - - - - - - - - - - - - -

Cya_PCC6307_5.2B M E T N D L G F V A S L L F V L V P A V F L I I L Y I Q T N S R Q G G * - - - - - - - - - - - - - - - - -

Cya_PCC7001_5.2B M E T N D L G F V A S L M F V L V P T V F L L V L Y I Q T S S R Q R G * - - - - - - - - - - - - - - - - -

Syn_RCC307_5.3 M E T N D L G F V A T L L F V L V P A I F L I I L Y I Q T N S R E G * - - - - - - - - - - - - - - - - - -

ThermoSyn_BP-1 E V N Q L G L I A T A L F V L V P S V F L I I L Y V Q T E S Q Q K S - - - - - - - - - - - - - - - - - -

Blue case: strain used in the present study

Red case: conserved residue in all marine picocyanobacterial sequences 

Orange case: residue with similar properties in all marine picocyanobacterial sequences (hydrophic, polar or small)

Black case: Residue present in only a subset of sequences or having a different property (hydrophic, polar or small) in different sequences.

Sequences

Fig. S7. Amino acid alignments of the PSII subunit PsbM for a selected set of 

cyanobacteria.
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Fig. S8. Same as Fig. S7 but for the PSII subunit PsbX
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O
nline resource Table S1: Prim

ers used for qPCR analyses.

Prim
er nam

e
Length (nt)

Tm
 (°C)

%
G
C
Prim

er sequence
Prim

er nam
e

Length (nt)
Tm

 (°C)
%
G
C
Prim

er sequence
Length (nt)

Tm
 (°C)

%
G
C

Ta (°C)
Penalty

psbO
_M

ED4_423F
26

59
35

TTCTG
CAAAAG

ATTTAACAG
CTG

ATC
psbO

M
ED4_500R

24
59

50
G
G
TG

TG
AATG

TAG
CACCACTG

ACT
78

78
46

58
150.0

psbO
_M

IT9313_55F
19

59
58

TCTG
CCCCAAG

CAG
TG

TG
T

psbO
_M

IT9313_119R
21

59
48

CCAACAACG
AAATCG

CTATCG
65

84
60

62
77.0

psbO
_SS120_19F

20
58

55
CTAG

CCCTG
G
TG

CTTG
CTTT

psbO
_SS120_95R

21
58

48
TTACCTCTTTCTCCG

G
ATG

CA
77

80
51

59
136.0

psbO
_W

H7803_99F
22

61
50

CACTTACG
ACG

ACATCCG
CAAT

psbO
_W

H7803_164R
18

60
61

CG
AG

CCG
AATCCG

AAAG
G

66
82

55
61

84.0
psbU

_M
IT9313_171F

17
58

59
CG

G
CATG

TTCCCAACCA
psbU

_M
IT9313_236F

20
59

55
G
CATCACTCACG

CTG
G
CATA

66
81

53
60

83.0
psbU

_W
H7803_127F

18
59

56
CG

CG
G
CG

ACAAAG
TTG

AT
psbU

_W
H7803_186R

18
60

56
CCCG

G
G
AAATTG

CTG
G
AA

60
83

57
61

54.0
psbV_M

IT9313_381F
20

59
55

CATCAG
CAG

CAG
CG

ATG
TCT

psbV_M
IT9313_445R

20
60

55
CG

ATTAG
G
CG

CAG
G
TCTTCA

65
82

55
60

75.0
psbV_W

H7803_144F
20
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60

AG
G
CAG

TCCCG
TCACCTTCT

psbV_W
H7803_213R

17
59

65
G
CCG

CAG
CTG

G
TG

TTG
A

70
85

61
62

103.0

Am
plicon

Forw
ard prim

er
Reverse prim

er
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O
nline resource Table S3: List of proteins from

 Prochlorococcus m
arinus

 M
ED4 that are either specific of Prochlorococcus strains w

ith stream
lined genom

es (i.e. m
em

bers of clades HLI‐II and LLI‐III) or specific of the sole HL‐adapted strains (i.e. m
em

bers of clades HLI and HLII).

Specificity
Locus_tag in 
M
ED4

G
ene 

nam
e

Product

Predicted TM
 

helices 
(Phobius and 
TM

HM
M
)

Predicted 
signal 
peptide 
(Phobius 
and/or 
SignalP*)

Cyanorak v2 cluster 
#

Protein sequence in P. m
arinus M

ED4
PM

M
0127

conserved hypothetical protein 
0

0
CK_00053642 
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KKVECM
SHKELKEFVLEIISHQ
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N
EN

LQ
N
FEEDSKEHRLELLEKN
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IEQ

N
KQ

DM
W
DD

PM
M
0335

uncharacterized conserved m
em

brane protein 
4

0
CK_00046930
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SIN

ISILIPLIPM
G
M
ALLILSLLVSFN

RTIN
RLTKPVSALAVFSLLSSALISAFLYFKKIEG

EIFLSDYLKLFG
STN

LILHLN
SLTEKIVIFFAVIIAIVIG

VLFYKLPRRKG
YVSLIIG

ISLISSSIM
FAVFFLDFSFLI

PM
M
0348

conserved hypothetical protein fam
ily PM

‐17
0

0
CK_00045004

M
YSM
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KELKKN

HHQ
EELDEITTQ

RKRLEDAFKSQ
LKHLEEREKEVKN

ELKLLSG
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M
0417

uncharacterized conserved m
em

brane protein
2

0
CK_00044766

M
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FLYFLG
N
TLRW

PALKPKEFFSLHAYFTIIYLITYTLSKN
EVN

Q
SN

LVFTLG
ILAPLLIAIG
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G
LPVN

CLDFKSSLTKELSQ
ES

PM
M
0465

uncharacterized conserved m
em

brane protein 
1

0
CK_00002632

M
LDFLLG

THEYLG
N
HSFPEFIVG

YLFG
AALIIG

APTVFLLLAFVSALM
KTN

G
KM

G
G
YREYETYG

ESSLN
DAPPFLLPDPTN

PKLSK
PM

M
0626

conserved hypothetical protein 
0

0
CK_00044315

M
LEN

IW
HPSYSAAEYLG

ITEIKLSHLREN
G
YFKPG

IHW
KSSPLG

Q
KKPW

N
PEVLYN

SILCRKIM
DEFYSEEKN

DQ
YAA

PM
M
0702

uncharacterized conserved m
em

brane protein
2

0
CK_00002638

M
N
RKSN

N
SN

PTG
N
LDYDKILEEEIIN

SYEN
KFEAN

SN
IN
N
KN

KRFYRLKRTPLEVIN
RLFFFFFVG

SFIFSFFLAYSEN
KVW

FIIYLISAFSCIFYTPN
RKALKELIAAW

PN
IEDLIKG

RSLW
RKDN

K
PM

M
0975

conserved hypothetical protein (DU
F2862) 

0
0

CK_00004040
M
TILDKVKIG

N
TVKVN

LELSKDRLTKETIEAIN
ISSECTISDFKITDG

M
G
IG
VFLN

LSN
G
KN

EW
FFEN

EIQ
ILDEQ

G
N
IIEN

EVN
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KILEN
N
FRLN

AIN
N
IN
YESKFKSSELLN

PIN
FITW

LIVSLKDIF
PM

M
1020

nif11‐like leader peptide dom
ain protein 

0
0

CK_00057180
M
AEKDLVN

FLKKIEQ
LN

KISELIKN
N
PVKKKELSDCKN

HEEVICLTSKW
G
FEIG

KRW
G
EY

PM
M
1130

uncharacterized conserved m
em

brane protein 
1

0
CK_00042537

M
RRKIFFEVFN

IKKLSILVLG
FTLG

VIAIW
PG

IISRN
SRKCFFN

IIKDG
SDG

N
IQ
IKTILLVN

PN
YLLRIKN

AKN
DYW

KVLLVG
DACFRKF

PM
M
1169

conserved hypothetical protein 
0

0
CK_00047022

M
G
SKREKYPEKCPW

DLG
PN

Q
DLAKEEN

W
TLRLG

EAN
VCFSKN

KLDAN
YFHVISN

EN
EEQ

ILAFRARLLYQ
KLLDKG

FRLVE
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hli
high light inducible protein 

1
0

CK_00002661
M
KEEKPPLKN
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SPTEN

LKEETN
N
TSSDN
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DEVKDVFG

FN
SSAELVN

G
RAAM

IG
FLM

LLLTELVFKG
RPVTSSIFG

IN
PM

M
1721

conserved hypothetical protein 
0

0
CK_00047257
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YKM
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LKVIESK
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conserved hypothetical protein 
0

0
CK_00056837
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uncharacterized conserved m
em

brane protein 
1

0
CK_00003913

M
DITFAAIIFASRTIPTDFG

LVAAAIAG
AG

SLLFIALRFVPDAG
N

PM
M
1925

uncharacterized conserved m
em

brane protein 
1

0
CK_00003993
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uncharacterized conserved m
em

brane protein 
1

0
CK_00047604
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conserved hypothetical protein 
0

0
CK_00043686
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S
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uncharacterized conserved m
em

brane protein
1

0
CK_00003940
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uncharacterized conserved m
em

brane protein 
1

0
CK_00004184
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uncharacterized conserved m
em

brane protein (DU
F2839)  

1
0

CK_00003998 
M
G
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Q
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KYPFAPYILG
ISLLTILIIDLVN

YYK
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M
0038

putative restriction endonuclease
0

0
CK_00003342

M
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IAVDN
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EFDYYRERQ
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IDAVPFKHKDIDIW

RSN
FKG

IRYKSN
EHN

YDFG
G
AVDDVW

Q
KKN

G
ELIIVDVKATSRN

N
FDW

FETFN
KYDYAKAYKRQ

L
EM

YQ
W
LFRKN

G
FKVAN

EAYLLYFN
G
KKN

EKFFN
N
Q
LKFDVHFIKLDCSSAW

VEG
KVIETVKLLRSN

LFPSPSFKCEYCN
YLKKRW

Q
LSKN

PM
M
0162

possible uncharacterized conserved secreted protein

0
1

CK_00003354

M
N
IKYLTVITILFLCCIFG

FEETSYSLN
KG

N
Q
N
DISELKILKYLPKDN

KKFFISN
TKSSKITN

AIRTN
FETTN

Q
DELVLVKN

SILAYLG
LDLG

TYKLEDIYN
N
ELLITTHDN

KEKEIDDVLIIFKIKEN
KDIDDILN

LPN
KIDEPDKLIKIFREN

KLN
YLKYIYRTN

DN
YIITSSN

KTLILDALQ
SIN

IEN
KYISLKEVLN

N
FKN

EHN
IFLTN

N
FKTN

ELLN
TKN

YSLRKEDSLLTLFDFKDKEIILKSYLVN
N
N
KISDIILYKN

M
DTVN

ILDKKN
YQ

LSIYN
DLLDSN

KYLDN
IEIN

SFEKAIIKELN
N
KLKS

N
ILFLSSDN

N
W
LVIYDKN

YLPIEN
IKLLEDFN

KN
SLEN

N
N
N
IYTIYSKDVLLKEEN

IIKQ
LN

YKKIFLVETDN
LN

FISN
TLVN

ETDIDSISN
EFFSLRG

DSHAKYFLN
KKLN

LKN
PYSIQ

TKN
FSYLEN

IN
YFFKN

IIN
LSITEFKAVIKQ

SIPET
APFYYAETN

FKIFN
N

PM
M
0357

tenA
thiam

inase II
0

0
CK_00003375

M
LLSN

TLW
ESN

YELALLSLKSKFVQ
G
LKTG

N
LPKN

IFQ
EYVAQ

DYYFLESFSRAYG
LAVSKSKVKN

SIKVLSQ
LLVG

VSEELILHETYAKEW
EIDLSTN

YIRPATKN
YTDFLYDVSSKLSSVEIM

FAM
TPCM

RLYSW
IG
KN

LSDM
IIN

N
PYEW

ILTYSDESFDN
LAKSLEKIIDN

YQ
EP

YDIN
Q
AQ

N
LYKKAM

ELELDFFN
AYSN

F
PM

M
0510

uncharacterized conserved m
em

brane protein
1

0
CK_00003400

LRYTN
SKRFVKSN

LSEKSSLITISSELERDDDDPLSIRSLSISFLG
IIIASLTILLPSICILLG

RPLSQ
G
N
EITSFHLIKKDG

S
PM

M
0625

tryptophan‐rich conserved hypothetical protein (DU
F2389)

0
0

CK_00009021
VEIYW

TSN
KAIN

G
LRHFVLVN

KIN
EQ

N
Q
IN
FLM

VSVVDVEISLKISN
EELLN

SG
N
W
SEG

W
LN

LPKSKAITKDYSDYKLSN
N
SKEDIEKIFVKN

DSLFDIT
PM

M
0696

uncharacterized conserved m
em

brane protein
2

0
CK_00003424

VEIFSITSFTKEISRIDLIG
ILVG

HLVFAIALTQ
ILDW

TW
LKN

LM
SEEDKIKM

LN
SYTW

KDLLVDG
AIVAVVIG

IIFLIVSIF
PM

M
0697

possible uncharacterized conserved secreted protein
0

1
CK_00003425

M
Q
LLG

LILLAASSW
YLW

KLTSKFLDEPTKKELSN
SFN

G
LKN

KLKESKESFSKAKISEAW
DKYKKEG

G
ALSN

KN
KK

PM
M
0698

conserved hypothetical protein
0

0
CK_00009151

M
TIKELKVN

YKKLLN
KADKAN

G
RKETVSFLN

RAAKLN
SKIYSKTKTN

CIKCN
G
VG

YLRISLDEARTCLCCYG
KG

FLM
EEIQ

RF
PM

M
0726

uncharacterized
conserved

secreted protein
0

1
CK_00003438

M
KKLITILIFQ

VLLVPLG
LN

AN
EN

FSVEIEALTLVM
EQ

YEKDIN
LEPETEIELDN

KKPSYM
ALKQ

DECN
ATVKVTEKTG

LEIVG
TESFDVN

VCKKEVSKVIN
PM

M
0732

translation
initiation

factorIF‐2,N
‐term

inaldom
ain‐containing protein

0
0

CK_00003440
M
ASN

TPIYSIAKELN
IDSN

RILLACKSIG
IN
AKG

ATKRLN
EEELEKVKN

YFETG
KN

VSEEIVEIN
Q
KKTSIKSKTRKIKKETKISYFPN

RLISKS
PM

M
0734

conserved hypothetical protein
0

0
CK_00003441

M
EN

PVKRIG
YLPRKRVLEIIDQ

ISKSESISRSKVVG
ILVEEALDSRG

IAN
FG

YG
N
LSKTKSFN

SETYTN
N
Q
PIKN

ISDSEDEFVDDSG
YTISSQ

KTSDRSISTADIELAN
KIN

FLKESG
LI

PM
M
0736

uncharacterized conserved lipoprotein
0

1
CK_00003443

M
KN

SIKITQ
LFLLLIFLTSCKATAN

KQ
ELIIDSEEQ

ESQ
Q
TKLSKSKM

EVRYSCG
EDG

ISDFLN
DG

W
IISKQ

YTEEKICTW
KSFPATKDCDM

EKDKG
CKITTPDKIG

EEKVYLLEK

PM
M
0755

conserved hypothetical protein
0

0
CK_00043803

LTN
SIKG

RN
SKEVTIQ

LKRAETQ
KN

ILIKN
IYKEYETYFDIVRKSM

LISAKKG
IAG

IYSDFSISDKALHSKELN
IFLN

KN
ISLLIN

SKLPFITIEQ
LKLG

DISYPTKQ
LVN

ASVLKELVKRKEYQ
TVHIDHEN

EKTAN
ESIEFHCDN

N
LN

TYEYYE
SLSEDEISSVN

LDESCYLN
SFSKEISIEN

IEEG
KRLVN

AFLELIEETSDN
KLIDYEKIN

DQ
APDVFISSDN

LN
TFEFIDKSFSN

FLLN
LSYN

IN
LELFKIELIKKIITEETFKCLSN

N
N
SIIKHPYPFVIRYDLYPDN

LYPRKN
KSSDVYLFN

ITN
VEL

ELYN
LDLSICRN

N
IN
DLKN

RFKLLN
KKQ

RYW
KN

KELASN
SSK

PM
M
0805

uncharacterized iron stress‐induced protein
0

0
CK_00003448 

M
YKSESIIN

N
LLIEVDSLSYRITN

IHQ
AYFN

TSHVG
LRDRLFYEN

KN
ISQ

RLN
EIFSIAKVLKN

RN
N
EN

ISFSSLLVEKCKRTIDQ
KRIEKN

LFFL
PM

M
0812

conserved hypothetical protein
0

0
CK_00003452

LRSFPFPYPFTM
N
FYTQ

ELKLN
LLPPDKLYCDFN

HW
SSLFTQ

DM
SILW

EKG
HCVPLKN

LPSEVSDM
IFPYLLLALSDYKILN

KKN
LKG

IG
LDN

LLN
LW

FDKYSLN
KN

G
YFQ

LTSLTRKN
II

PM
M
0838

uncharacterized conserved m
em

brane protein
2

0
CK_00003457

M
ADLKIPN

LN
KN

SDKYFFKKKLSLRRKSKSKLIN
ESFIM

IFFSALIFYLIYLIPN
KISIFKN

LFIN
FSKLFAN

FLDSISYIYEICLSIFIIFSLIFSLILFIG
SFSRILKVVKRKTSRLN

LK

PM
M
0855

uncharacterized conserved m
em

brane protein
6 or 7

0
CK_00049552

LIIKFSLLRLSIIILLVILFPLAQ
KQ

W
LN

LYLFDIN
N
LSIYKLLYYLSG

LIVPILVIIN
SLN

KFTYYKFN
FHKKN

N
N
YSDISG

KSLFIITLVILSLLSILISN
YIFIN

LKIILN
LLM

IN
N
EYLVQ

YD
IDKQ

ILFIVITSIFLIFKKTKFLLKKIILTN
FFIFSIIN

W
Y

SQ
IN
N
SSLN

N
VIPFN

IFKFEN
IN
FVN

IN
FVN

IIFLLAIETM
FYLW

SYISYN
SYLSDW

N
VPRPYKKEVTPIFN

VIIFYLLVILYYSILFK
PM

M
0858

conserved
hypotheticalprotein

0
0

CK_00003462
M
PTQ

RRRIG
FLPRSEVQ

N
IIDKICIIN

KLSQ
SKVTG

ILVEEALRSRG
VLN

TSIKKLSYEFYSN
N
G
DALSIPN

KKYN
N
EIPM

VEDN
N
HLDDESIN

DEVQ
M
IN
DYIEFKFFKN

IM
N
RN

KSRIKE
PM

M
0934

conserved
hypotheticalprotein

0
0

CK_00003470
M
G
LSKKN

LG
KLN

TFIKN
N
N
LVSN

N
N
SIEKPQ

ESN
N
ASKVEDPSKIFYSIIDN

SDN
IN
ETSAAN

Q
LLKQ

SEDVFHN
IN
SRKTN

TSEN
LSTEEELYDEFN

YLLDE
PM

M
3457

uncharacterized
conserved

m
em

brane protein
1

0
CK_00003472

VSSAYYG
IM

KFEVKTQ
N
DDLRN

SSFSFLLIFALLSLIVILSN
VSIKLG

TISRYHEIN
YICRLLTIEKSSLN

FKKLSKLTN
LN

TKQ
KM

W
DLCREIVN

PM
M
0995

uncharacterized
conserved

m
em

brane
protein

3
0

CK_00003480
M
SSRSKKLLLLQ

RSLIW
FLYLFSG

YILYSKKG
YLFSIFITFAKVIYPLSIFW

LQ
IRIKRSEKFLPIDSAM

KTSQ
LW

FN
LLPVLASFITVVLSILN

TIFYLIDKVI
PM

M
0999

conserved
hypotheticalprotein

0
0

CK_00003482
M
IEN

FN
PFLSLG

G
KDQ

KIN
HM

AEAALEM
N
LTCN

DLKKDLDLTDG
DVIDM

LQ
LVM

DG
FKN

RN
PM

M
1003

conserved
hypotheticalprotein

0
0

CK_00003484
M
FAIALG

LG
PIETITIAISATVFISAFTW

VSIKG
DLRELAN

ELIDDN
N
Q
KEEN

PM
M
1011

uncharacterized
conserved

secreted protein
0

1
CK_00003489

M
KN

IILISFVFISYFCFSFSN
CLADEIG

G
ELSN

DISM
ESKSSDVKSDIKDKG

DIPITSN
EDIFG

DEQ
AFPFIAG

LG
KN

AAH
PM

M
1036

possible
uncharacterized

conserved
secreted

protein
0

1
CK_00003499

M
KSKIKQ

TFKLILFIFLTN
THFLQ

AHN
LFN

G
G
CKN

HCKESVKPLIM
N
KELN

N
SSYKN

Q
IEDDDSCLIKSLCRG

PM
M
1100

possible
uncharacterized

conserved
secreted

protein
0

1
CK_00043412

M
SSITKHFVLG

SFFLLFG
FLN

SEYLADTKN
N
SIIN

LFCIESFKLEM
LKAN

LN
YDEEIAKG

TCN
CYLEKFRKG

TSHQ
N
SIN

ECKLETKKN
FKL

PM
M
1129

uncharacterized
conserved

m
em

brane
protein

1
0

CK_00003511
M
AN

N
FYQ

W
W
KN

HRRVVTFG
G
FLILLG

LYVSPVIKEAKYKN
M
CIKLSEKG

ALN
KLN

G
DN

IG
ETLLKDTG

LSIEELAKIEG
YRN

CF
PM

M
1136

uncharacterized
conserved

m
em

brane
protein

fam
ily U

PF005
2

0
CK_00003513

M
KYLFLLSEKFYRLM

EW
EW

N
FIKQ

LRRKRRKN
IILRCSFALFSLLSILIILFLPPYIFG

ILLG
G
G
IKFSILFIW

LW
ILN

LKFF
PM

M
1319

uncharacterized
conserved

m
em

brane
protein

1
0

CK_00003560
M
VKG

FSESEVKN
DKPIKDLEKEKKG

LASFLKG
KKFTYTLPG

KKQ
IN
IFG

SVVLVLN
IILVLLVILYFN

N
KG

FHDFIFN
VG

R
PM

M
1320

possible
uncharacterized

conserved
secreted

protei n
0

1
CK_00038272

LTLFSYKKFICFSLPLLVLFLN
PIVAEQ

LLTKSEILRKAN
ECFKDLQ

YKVCSN
LLLEIEKIQ

LVESEQ
KKYKCQ

ASILG
LQ

TELIEAYYFRKLKKN
KN

G
M
M
LSYVN

KN
C

PM
M
1362

conserved hypothetical protein
0

0
CK_00003564

M
KEN

ITELW
FSW

FYKN
W
EKN

APG
N
LIDKG

LSPSQ
IAERFVN

EN
HKEFLEIAN

EFDEDN
YQ

ALN
EFM

KLSESELHILKYFLKLIKLKN
S

PM
M
1374

conserved
hypotheticalprotein

0
0

CK_00003569
M
KKIVKEEN

KN
TSELW

FN
W
LTRKLN

SYEAFKDFAKG
Q
N
PEDVAEN

FVAIN
SLG

ISDIFDKFDEEDKDTLDQ
FQ

KLSECEW
HVFRILKKQ

LEFKN
KVTFVDFKKN

KIIKK
PM

M
1441

conserved
hypotheticalprotein

0
0

CK_00003593
M
DKTSSYDSKLSQ

ARG
LASQ

LG
M
FAEEN

DIPKDLW
DSLEAKIYDFYEVSRER

PM
M
1516

conserved
hypotheticalprotein

0
0

CK_00003600
M
EKLADM

N
KKELEN

LIKEN
LKDTALRIHELDN

KDRN
SLIAEYKEW

ILN
DLDFDEVM

M
LPYEAYTN

KLDRDFLDDLN
PM

M
1521

uncharacterized conserved m
em

brane protein
1

0
CK_00047690

 
M
LN

FFSIVLIILIIFFIVIFKKKN
IFN

AFN
KKKLYPIKEM

CN
EN

N
IITSSEKIN

HN
Q
N
SAN

KYSEFYKRKLKEKM
N
SLFKGSAEDKLKALN

LAEELADKSTLPILKKGLKEM
N
LQ

IVERSAALIRKFK
PM

M
1612

uncharacterized
conserved

m
em

brane
protein

2
0

CK_00045323
M
KFKKVN

IFSLAAPLM
ILLSIIG

FLSRQ
ESKRIFYIPIG

LM
G
IFIISEKEFSRG

IKRKKILN
KIKSYKQ

PK

PM
M
1679

ligA
ATP‐dependent DN

A ligase

0
0

CK_00003613

VKHEELRKEEIIKKLELHPSRLDKEKVIFEAM
EN

G
LN

DFFEG
ITM

ALDPLVTFG
VKQ

VPEKKEETSG
Q
G
CKW

SIFKVLTN
Q
LIKRELTG

HAARN
AIN

LVM
KSATKEQ

W
N
G
FYRRVLIKDLRCG

VSEKTIN
KVAKKFPRYSIPIFSCPLAH

DSAN
HEKKM

IG
KKQ

IEIKLDG
VRVLTIIRKN

KVEM
FSRN

G
KQ

FN
N
FG

HIITEIEKVLEKHPAPYDLVLDG
EVM

SAN
FQ

DLM
KQ

VHRKDG
KQ

SKDAVLHLFDLCPIKDFKKG
LW

EKDQ
ATRSM

LVKDW
VAKN

ATLLKHVQ
TLEW

EN
VDLDTPEG

Q
SRFVELN

KSAVEG
G
YEG

VM
IKN

PHG
W
YECKRTHN

W
LKAKPFIEVTLRVVAIEEG

TG
RN

EG
RLG

AILVEG
KDDQ

YN
YRLN

CG
SG

FSDSQ
REEYW

SKKDKLIG
Q
LVEIRADARTQ

SQ
DAETFSLRFPRFKCFRG

FE
PG

EKI
PM

M
1719

hli
possible high light inducible protein

1
0

CK_00002103
M
N
KKG

YTTESG
G
RQ

N
G
FAIEPEIIPITQ

G
ESKKSFLLFLG

ILLPFLIG
G
IYYFKTL

PM
M
1801

conserved hypothetical protein
0

0
CK_00043685

M
STKN

N
IN
DLLIKYKPKVLRFTG

SN
FPTELW

SN
N
Q
IKN

LKKLSA
PM

M
1807

conserved hypothetical protein
0

0
CK_00046785

LDKQ
ELKLSKKLVSSYKKRLEKEILKRSVKLKM

PQ
N
KFEEIIN

N
N
N
ELIN

LKKALQ
ELETN

PQ
SSN

PM
M
1812

conserved hypothetical protein
0

0
CK_00037710

M
TSTERIAN

AKKRIN
ELERLIKYW

DN
SN

EQ
N
IKKIDFEVN

N
EKIAA

PM
M
1813

conserved hypothetical protein
0

0
CK_00054066

M
KILSSSPYATFN

PKEW
N
SLSRAN

CRFSSTPIKIKKKFFSN
FKN

VKSTKN
IQ
EN

N
KLPKQ

IQ
LAF

PM
M
1826

conserved hypothetical protein
0

0
CK_00035425

M
KN

Q
EKTTSKTVVN

VG
YCESTSEW

LN
RIM

TELADESKN
FVDLSVLCA

PM
M
1847

conserved hypothetical protein
0

0
CK_00041757

M
AYIEW

DYTVITSM
VEAQ

G
W
TLPEN

ESKEW
KQ

FN
DELG

EKM
RG

VG
IVFEKYCKFAPDIG

EG
VHLLDD

PM
M
1857

uncharacterized conserved m
em

brane protein
1

0
CK_00043729

M
TEEKPLFKTPYDIKDVSALFAIVAFVLIIAAIVG

N
N
LFG

IFQ
Q
N
VN

FG
PM

M
1859

uncharacterized conserved m
em

brane protein
1

0
CK_00054584

M
FM

FSRN
KKSPSKKASVVEEKPLYAQ

LLPFAN
VM

TEKVQ
VVN

ALAFTLIM
G
VSIFG

IALW
RLSALT

PM
M
1860

conserved hypothetical protein
0

0
 CK_00038443

M
TYLN

PIKKKLSKEN
RKVSAQ

DPSKLLAEFFSG
VVIN

LDEEYIYD
PM

M
1866

conserved hypothetical protein
0

0
CK_00049924

M
EN

KKG
M
KVEPLN

FFSN
DM

KVAKDQ
LAHN

HLKLTYQ
RDSVTDLEQ

KHKEW
AQ

EDTAS
PM

M
1869

uncharacterized conserved m
em

brane protein
1

0
CK_00048479

M
DKISLAN

AHLPQ
LIG

LVLM
SIG

YTLG
N
KFYLPQ

VN
KN

N
PM

M
1870

conserved hypothetical protein
0

0
CK_00047426

M
KQ

EQ
N
KKW

PN
KKIIRSAKFEAKEQ

FTKSALEN
LKTEN

ERIVN
SLKESG

EIDY
PM

M
1876

uncharacterized conserved m
em

brane protein
1

0
CK_00051643

M
N
AVG

LG
ITIELFLLIG

VM
FW

IKKLKSN
Q
N
RQ

PALSKKIIKN
LKF

PM
M
1877

possible uncharacterized conserved secreted protein
0

1
CK_00045181

M
VKIILVAIIVALVYSQ

PDLRLTVADW
LRSASDFLIESVKVKQ

PM
M
1888

possible uncharacterized conserved secreted protein
0

1
CK_00055848

M
KLFFN

TLFFFFILFLSEN
SAYSLSN

YQ
IKEICQ

KKTTRSTCIKKLKLRKLN
LLQ

G
N
KIEIPVIPFN

K
PM

M
1897

conserved hypothetical protein
0

0
  CK_00051639

M
KHM

YM
THKELVDQ

VSAIFFKQ
SG

KIESERSW
LAM

RN
YLEQ

LDSDQ
LKLILKEG

A
PM

M
1899

uncharacterized conserved m
em

brane protein
1

0
CK_00048124

M
G
EYIDVG

LQ
TSILPFTLLISSVAVG

IYALLG
FETEN

DDDDSDSG
SG

G
LM

N
PI

PM
M
1904

conserved hypothetical protein
0

0
CK_00047394

M
N
VN

DASVLEM
IN
RLIASDRLN

KN
Q
ILQ

LVN
LAAISN

N
IN
ELEEN

M
KW

ETLKSKY
PM

M
1907

conserved hypothetical protein
0

0
CK_00051596

M
Q
ILIIPIG

FILW
YFAYESKPIN

N
DEVTSLW

EKEN
YVKRTKLLN

ILKESF
PM

M
1921

conserved hypothetical protein
0

0
CK_00053681

M
N
N
DLETFN

YFIDDLLSSEVN
LLN

N
ELDLLLM

Q
YLFN

SIDLDSLKN
M
DSEEYISVA

PM
M
1922

uncharacterized conserved m
em

brane protein
1

0
CK_00055580

M
Q
EFLQ

KDLSSSLLSISVLLG
W
LG

ISFVFLRILAIIIKKILEAVFKSSN
K

PM
M
1923

uncharacterized conserved m
em

brane protein
1

0
CK_00042838

M
N
N
LSDKN

LIIILFG
TIIVVFALIFSVKSPERKVIESPIM

W
KEEFSTIFFFKN

DLVELKKSIFL
PM

M
1928

conserved hypothetical protein
0

0
CK_00041248

M
Q
N
ITFKG

N
VN

FDN
Q
KEELN

EN
ELFSLKITDSLYKKDIG

KFLEILSSHFIP
PM

M
1934

conserved hypothetical protein
0

0
CK_00039158

M
IEN

YKG
W
DITLTW

DDKHSFG
HN

SCN
N
DTFN

Q
KEKW

KG
VN

LN
G
N
RIYG

ASLKEIRHIIDYPRLHN
PM

M
1943

uncharacterized conserved m
em

brane protein
1

0
CK_00037811

LEESKQ
IPEEKN

SIESSSEIKKESN
KEEN

FKAFTEFLEN
ASN

Q
EIEDEKG

KSDLEVDKPVTN
DN

SLFKRVLN
DG

FDG
ISSN

PN
YKM

LALLIILLIN
LSLFFVIG

N
IG
KAFLRN

AG
IM

PM
M
1953

uncharacterized conserved m
em

brane protein
1

0
CK_00041039

M
N
N
LLN

KKRSYLVDSIM
IFFLLISFLVFESLKTLSG

IFTYG
IFKKEILTTKSN

LG
FDFKIKIR

PM
M
1957

uncharacterized conserved m
em

brane protein
2

0
CK_00054373

M
IN
SIN

TEHLPVKDLIISG
LIIFIVSTIIAN

IYN
PLW

G
FTYAFCN

VLTLVFLSW
LYQ

DTW
N
DN

Q
PM

M
1961

conserved hypothetical protein
0

0
CK_00051242

M
N
YREDLEFQ

LQ
KVTLAIQ

EVLEDVYITDKVRQ
ERIRKLLN

FKEAIIYKG
RELRIDLEAA

PM
M
1962

uncharacterized conserved m
em

brane protein
2

0
CK_00053611

M
PKIFKQ

N
KFALLG

AN
ILIIVIW

VSLSSAVVN
LFIG

DN
VPFYIYKIG

SLIKFLPPIW
ITW

FLW
IKRG

G
LKR

PM
M
1971

conserved hypothetical protein
0

0
CK_00043487

M
ILFKKSKKSRSKSALFN

PYKN
G
ISQ

YDM
AYLSSKKVLKN

KSFN
LQ

N
DFQ

KDN
LAA

PM
M
1975

uncharacterized conserved m
em

brane protein
1

0
CK_00052124

M
N
FSEIPEN

PLIFLSW
VTALG

LFLSLTEATLKIKFEKIN
SLQ

KKQ
EFIDSLYPKI

PM
M
1978

uncharacterized conserved m
em

brane protein
1

0
CK_00036246

M
VN

LFSYVKYSEASFPM
TG

Q
YTALLLLTSVIW

VLLW
IG
YRQ

N
KIN

DEIKKKEKEERIN
AKAERRRKLESLYPN

RKN
N
F

PM
M
1982

uncharacterized conserved m
em

brane protein
1

0
CK_00034724

VKFG
FKN

YYLSLFYSFLCSLFTFDHLAAIFG
IAG

LVG
FVFFVSAAKG

TSSIN
TSAKKDI

PM
M
1983

uncharacterized conserved m
em

brane protein
1

0
CK_00050253

M
TEIYSATSSISPFSAILW

CFYPIAILILVELFLG
G
G
FDDDN

DDQ
DG

G
M
M
IPAYSG

AKN
PM

M
1985

conserved hypothetical protein
0

0
CK_00048289

M
Q
IESSN

N
SKDDAFPQ

SLKIEKEN
IICKDG

FCTLPIQ
N
Q
N
Q
N
IIKN

N
VN

LFDPI
PM

M
1987

conserved hypothetical protein
0

0
CK_00046166

M
DKQ

HLIDLISN
SLICESQ

N
LKSRESSTEIIN

YLN
KLN

LDQ
LRTM

SKEFIL
PM

M
1992

conserved hypothetical protein
0

0
CK_00044630

M
N
Q
DKKW

M
LM

TYYCPTHG
DAG

KVEPIQ
VTRQ

EIYSKLYDKTKSKKEIK
PM

M
2080

uncharacterized conserved m
em

brane protein
1

0
CK_00050001

LN
N
KEPEN

PVFYLSSLIKKLDVKN
RN

G
IVALVIVN

LLVILLFKFYLKG
SG

LLS

*W
hen signal peptides are predicted by Phobius but not SignalP, the annotation is "possible

 uncharacterized conserved secreted protein". All proteins w
ith putative signal peptides w

ere also analyzed using LipoP but only PM
M
0736 had a higher probability of having SpII than SpI, so the others are likely not lipoproteins.

Only in Prochlorococcus  strains with streamlined genomesOnly in Prochlorococcus  HL strains
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ABSTRACT 

 

Prochlorococcus marinus is very important oceanic cyanobacterium 

living in the oligotrophic regions of oceans contributing up to 50% to the 

total primary productivity. We investigated photo-physiology and 

dynamics of newly fixed carbon in steady state cultures of low-light 

adapted strain P. marinus MIT9313 growing under three nitrogen-limited 

growth rates. We monitored Photosystem II characteristics, including the 

maximal and effective photochemical efficiency of PSII, the functional 

absorption cross section and changes in DV-Chl a concentrations. To 

assess gross and net carbon primary production and to follow the carbon 

utilization within the cell, the carbon assimilation was measured 

continuously over 24 h.  

Increasing nitrogen limitation caused decrease in amount of DV-Chl a, 

reduction of the proportional size of PSII and reduction of the protein 

pool. However, the maximal and effective photochemical efficiency of 

PSII as well as Chl-specific net and gross carbon primary production 

remained unaffected. Approximately, 28% of newly fixed carbon was 

retained in the biomass across all growth rates. 
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Our results were compared to those known for physiologically and 

genetically distinct HL adapted strain PCC 9511. Taken these models 

together, we observed similar patterns in the adaptation of PSII and in 

biomass composition with increasing nitrogen limitation. Although the 

Chl-specific net and gross carbon primary production were not affected 

by N limitation, the amount of newly fixed carbon by Rubisco as well as 

amount of carbon retained in biomass were significantly higher in LL 

adapted strain. Moreover, we found that time-dependent catabolism of 

newly fixed carbon significantly differ suggesting that cell needs to cover 

ATP demands. 

Generally, from changes in the light-harvesting systems together with 

well-adapted genome and with possible role of mixotrophy we concluded 

that LL strain MIT9313 might be more efficient in converting of light 

energy into biomass. 

 

 

INTRODUCTION 

 

The marine cyanobacterium Prochlorococcus marinus is the most 

abundant photosynthetic organism in oligotrophic waters in tropical and 

subtropical regions. The success of P. marinus includes its genomic 

plasticity that has evolved through expansion of its habitat from the 

surface to 200 m (Partensky and Garczarek 2010). In general, P. marinus 

strains can be divided into two physiologically and genetically distinct 

groups. Low light (LL) ecotypes are strains inhabiting the deep euphotic 

zone with relatively high nutrient conditions and where light levels are 

only 0.1 % of surface irradiance. High light (HL) ecotypes thrive in the 

higher irradiances of the upper euphotic layer that are also characterized 

by low nutrient concentrations (Moore et al. 1998, Moore and Chisholm 

1999). However, within these two major groups is a high degree of 

diversity, which has evolved as a consequence of selection pressures 

resulted in niche-partitioning of Prochlorococcus populations in the 

water-column. According to the phylogenetic studies based on the 
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sequences of 16S-23S rRNA internal transcribed spacer (ITS), new clades 

evolved within HL group (six clades HLI-HLVI) and LL group (seven 

clades LLI-LLVII) (Rocap et al. 2002, Johnson et al. 2006, Huang et al. 

2012, Malmstrom et al. 2013, Biller et al. 2015). Most recent studies 

focused on fundamental differences in diversity and genomic structure of 

Prochlorococcus populations using metagenome and pan-genome 

approaches (Kent et al. 2016, Kashtan et al. 2017, Delmont and Eren 

2018). Characteristics of the Prochlorococcus genome revealed distinct 

differences in chromosome size and number of genes which is a result of 

gene loss through the evolution. In general, LL strains represented by 

MIT9313 strain and placed on the base of Prochlorococcus radiation, 

exhibited larger genome and high GC content (50%) in comparison to 

more recently evolved HL strains represented by MED4 (=PCC 9511) 

(Rocap et al. 2003, Ting et al. 2009, Biller et al. 2015). 

Prochlorococcus marinus strain MIT9313 used in this study is the 

representative of the LLIV ecotype and it is one of the most early-

branching strains among the cultured members of the Prochlorococcus 

genus (Biller et al. 2015). Studies on the three-dimensional architecture 

revealed that the structure of the intracytoplasmic membranes, where PSII 

is located, differs significantly from MED4. The bands of internal 

membranes are tightly appressed to one another in regions along the cell 

sides (Ting et al. 2007). 

Comparative analysis of polypeptides that constitute light-harvesting 

systems and their genomic analysis revealed significant differences in 

photosynthetic apparatus (Ting et al. 2009). Integral membrane proteins 

Pcb that bind photosynthetic pigments, are encoded by two to eight genes 

in LL strains (two genes pcbA and pcbD in MIT9313) whereas HL strains 

(MED4) possess only single pcbA gene (highly conserved among strains). 

Core and extrinsic proteins which form photosystem II reaction center 

also distinctly varies in number of encoded genes. Core proteins PsbA 

and PsbD possess two and one copy of gene, respectively. Genes 

encoding extrinsic proteins associated with oxygen-evolving complex, 

PsbO and PsbP, were identified in all Prochlorococcus strains. 
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Interestingly, in MIT9313 additional proteins PsbU and PsbV were found. 

It was shown that these proteins play an important role in PSII stability, in 

protecting of PSII against photo-damage, against dark inactivation and 

oxidative stress (Inoue-Kashino et al. 2005, Veerman et al. 2005, Balint et 

al. 2006, Enami et al. 2008). LL strains inhabit deep euphotic waters with 

low irradiance levels, thus it was suggested that multiplication of genes 

involved in light harvesting is a key factor enabling those strains to thrive 

in these conditions (Garczarek et al. 2000). 

According to the comparative analysis in study by Ting et al. 2014, 

genomic organization securing the mechanism of carbon uptake and the 

carbon concentration mechanism are relatively similar among 

Prochlorococcus strains. Strain MIT9313 possess RubisCO form IA, 

however it was found that it has the highest KCO2 value (gas transfer 

coefficient of CO2) reported for this RubisCO type so far (Scott et al. 

2007). Moreover, genome possess a gene encoding an additional 

carboxysome shell protein (CsoS1-2). These two important factors might 

lead to the optimization of carboxysome-associated processes (Ting et al. 

2007, 2014).  

Deep euphotic waters are rich to various N sources in comparison to 

upper layers where only ammonium is present and also are rich to higher 

concentration of nutrients. Thus, MIT9313 possess genes enabling 

assimilation not only ammonium but also nitrite, urea, amino acids and 

oligopeptides (Rocap et al. 2003, García-Fernandéz 2004). Moreover, it 

was previously shown that Prochlorococcus can take up the glucose due 

to the transporter Pro1404 (Gomez-Baena et al. 2008, Muñoz-Marín et al. 

2013). It was revealed that gene for this transporter newly known as glcH 

(high affinity glucose transporter) is present in the genome and highly 

conserved among Prochlorococcus strains (Muñoz-Marín et al. 2017). 

However, Yelton et al. 2016 proved that number and type of transporters 

for organic compounds differ among strains. Mixotrophy genes are more 

abundant in LL strains in comparison to HL strains where only one single 

glucose transporter gene was found. It was proven that cell take up the 

glucose every time when glucose is present in the environment but this 
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ability allow to Prochlorococcus to survive at very low metabolic rates 

(Gómez-Baena et al. 2008). It is suggested that glucose uptake 

mechanism is a primary active transport. Thus, the capability of 

mixotrophy might be an important feature because the energetic cost of 

glucose transport is lower than the glucose biosynthesis (Muñoz-Marín et 

al. 2017). 

With cell abundances up to 10
5
 cells per ml in oligotrophic areas 

(Partensky et al. 1999), P. marinus is a significant contributor to primary 

production (Goericke and Welschhmayer 1993, Liu et al. 1997). It is 

estimated that P. marinus can account up to 48 % of total net primary 

production in the equatorial Pacific Ocean making it crucial participant to 

the global carbon cycle (Vaulot et al. 1995). 

Quantifying aquatic net primary production (NPP) remains challenging. 

Commonly, chlorophyll-specific rates of oxygen evolution or carbon 

fixation are used to derive NPP from ocean colour satellite retrievals. 

These methods rely on fundamental understanding of the processes that 

influence intracellular chlorophyll, total pigment or light absorption. For 

example, phytoplankton differentially adjust their pigment concentration 

depending on whether nutrients or light is the limiting resource, and these 

behaviours can significantly impact NPP estimates (Siegel et al. 2013).  

Gross carbon production is the rate of CO2 fixed by photoautrophs. Some 

of this carbon is used to fuel biosynthesis, some is respired back to CO2, 

and the remainder is retained in biomass. This final quantity is NPP. In 

most studies to date, carbon metabolism varies dramatically depending on 

nutrient or light limited growth rate (Halsey and Jones, 2015; Fisher and 

Halsey, 2016, Felcmanová et al. 2017). Quantifying the relative 

partitioning of carbon into these different processes has improved 

interpretations of data collected in the laboratory and at sea.  

To quantify net and gross primary production, Chl-specific 
14

C-based 

production measurements are commonly used. However, these 

measurements vary depending on growth rate and incubation duration 

(Pei and Laws 2013). This variability is caused by the lifetime of newly 

fixed carbon which is affected by the organism’s growth rate that is 
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dependent on nutrient or light availability. Such conditions can activate 

different metabolic pathways for carbon utilization (Halsey et al. 2011). 

We have recently described the photosynthetic energy budget of HL 

adapted P. marinus strain PCC 9511 (Felcmanová et al. 2017). 

Continuous cultures grown in three steady-state N-limited specific growth 

rates exhibited similar gross and net carbon primary production. 

Moreover, this strain expressed patterns of photosynthetic energy 

allocation that were previously determined in eukaryotic algae (Halsey et 

al. 2013, 2014). However, it was suggested that cyanobacteria under 

nitrogen-limited growth might be less efficient in converting 

photosynthetic energy into biomass in comparison to eukaryotic algae 

(Felcmanová et al. 2017). 

To extend our knowledge about utilization of photosynthetic energy and 

carbon metabolism in two evolutionary distinct Prochlorococcus strains, 

we examined in this study the influence of N-limited growth of LL 

adapted P. marinus strain MIT9313. We tested whether Chl-specific gross 

and net carbon primary production (GPC
b
 and NPC

b
, respectively) were 

affected by nitrogen-limitation in cells with different steady-state growth 

rates. We used 
14

C-uptake measurements with varying incubation 

durations to assess GPC
b
, NPC

b
, and carbon turnover rates, fluorescence 

fluorometry to investigate Photosystem II characteristic (FV/FM, σPSII), 

and Fourier transform infrared spectroscopy to analyze the biochemical 

composition of P. marinus strain MIT9313 cultured in balanced growth at 

three different nitrogen conditions at saturating constant light. Similarly 

to P. marinus strain PCC 9511, Chl-specific GPC
b
 and NPC

b
 were 

independent of nitrogen-limited growth rate. However, the time-

dependent catabolism of newly fixed carbon was significantly different 

between these two strains reflecting its rapid respiration and probable use 

for ATP regeneration in LL strain. Such different carbon processing could 

be result of higher demands for energy in the form of ATP which these 

LL ecotypes might needed. Obtained results provide key insights into the 

cell characteristics and to the efficiency of carbon conversion to the 

biomass between LL and HL adapted Prochlorococcus ecotypes. 
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METHODS 

 

Experimental design 

Prochlorococcus marinus strain MIT9313 was cultured in chemostat 

mode in artificial sea water PCR-S11 medium (Rippka et al. 2000) 

supplemented with (NH4)2SO4 concentrations as described in Felcmanová 

et al. 2017 to achieve specific growth rates (µ) of 0.3, 0.2, and 0.15 d
-1

, 

respectively. Cultures were maintained in steady-state by continuous flow 

of media through cultures for 10 to 15 generations to ensure full 

acclimation of cells prior to sampling (LaRoche et al. 2010). A 700 ml of 

each culture with defined specific growth rate was incubated in triplicate 

in 1-liter Erlenmeyer flasks, aerated and continuously illuminated by 

fluorescent tube at 20 µmol quanta m
-2

 s
-1 

at 20°C. Culturing of MIT9313 

strain at this irradiance at µ lower than 0.15 d
-1

 was not sustainable. This 

light intensity was set up experimentally, when we tested the optimal 

growth of culture and possible photoinhibition under different light 

conditions similarly as described in (Soitamo et al. 2017). 

 

Growth measurements 

To monitor growth of culture, daily measurements of intrinsic 

fluorescence (F0) or DV-Chl a concentration were used. F0 was measured 

using a fluorometer FL3000 (Photon System Instrument, Czech Republic) 

after 10 min of exposure of cells to darkness. 

To assess amount of DV-Chl a, samples in triplicate were filtered onto 25 

mm glass fibre filters with particle retention of 0.4 µm (MN GF 5, 

Macherey-Nagel, Germany). Filters were extracted in methanol and 

stored at -20°C for 24 h. The absorption spectra of the extracts were 

measured spectrophotometrically (spectrophotometer UV 500, 

ChromSpec, CZ) and DV-Chl a was quantified according to the equation 

for Chl a assessment in Porra (2006). 
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Elemental composition 

To determine cellular carbon and nitrogen concentration, samples were 

filtered in triplicate onto pre-combusted (5 h at 550°C) MN GF 5 filters, 

wrapped in tin capsules and stored at -70°C until analysis with CN 

Elemental Analyzer vario MICRO cube (Elementar Analysensysteme 

GmbH, Germany) as described in Nelson and Sommers (1996). 

 

Photosystem II Chl a fluorescence characteristics 

Chl a fluorescence was measured using a custom-designed FL3500 

fluorimeter (Photon Systems Instruments, Czech Republic). Culture 

samples were dark adapted for 10 min at 20°C. Then a series of 100 blue 

(463 nm) flashes of 1 μs duration was applied to induce single turnover of 

all RCII. Changes in fluorescence were then measured during sequential 

exposure to 11 different intensities (0-1023 µmol photons m
-2

 s
-1

) of blue 

actinic light. The resulting fluorescence light curves were fitted to the 

model of Kolber et al. (1998) to derive the maximum and minimal 

fluorescence (FM and F0, respectively) and the effective PSII cross-section 

(σPSII). The maximum photochemical efficiency of PSII (FV/FM) was 

calculated as (FM-F0/FM). The effective photochemical efficiency of PSII 

in actinic light (ΦPSII) was determined as Fq´/FM’ where FM’ is the 

maximum fluorescence in light adapted state, and Fq´ = FM’-F’ where F´ 

is the steady-state fluorescence in the light (Kromkamp and Forster 2003). 

 

Short-term 
14

C uptake incubations 

Inorganic 
14

C (NaH
14

CO3, MP Biomedicals, CA, USA) with activity 5 

µCi was added to 45 ml of culture, which was then aliquoted into 

scintillation vials (1 ml each), and incubated for 20 min at light intensities 

from 0.5 to 500 µmol quanta m
-2

 s
-1

 in a temperature controlled 

photosynthetron-type incubator to determine PE curves. After incubation, 

samples were acidified with 50 µl 1N HCl to remove excess 
14

C-

bicarbonate and degassed for 24h. To assess time zero activity, 3 times 1 

ml of 
14

C culture was kept in the dark for 20 min, then acidified and 

treated equal to the other samples. After 24 h degassing, EcoLite 
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scintillation cocktail (MP Biomedicals, CA, USA) was added to each 

sample to determine their radioactive decay using a Tri-Carb 2810 TR 

liquid scintillation analyzer (PerkinElmer, MA, USA). For total activity, 

three 50 µl of inoculated samples were added to vials containing 50 µl 

ethanolamine, 900 µl culture media and 5 ml of EcoLite scintillation 

cocktail and capped immediately and counted. PE curves were modeled 

according to nonlinear least-square regression by Jassby and Platt 1976 as 

described in Felcmanová et al. 2017. The light saturation point Ek (µmol 

quanta m
-2

 s
-1

) was defined as 

Ek =  Pb
max αb⁄    (1) 

where P
b

max is the maximum Chl-specific C fixation rate [µmol C (mg 

DV-Chl a h)
-1

] and α
b
 is the light-limited slope of the PE curve [µmol C 

(mg DV-Chl a)
-1

 h
-1

 (µmol quanta m
-2

 s
-1

)
-1

]. 

 

Time-dependence of 
14

C uptake 

A 100 ml aliquot of culture was transferred to a small sterile temperature 

controlled chemostat with same conditions as the stock chemostat, to 

follow 
14

C uptake over 24 h. Bovine carbonic anhydrase (Sigma-Aldrich, 

St. Louis, MO, USA) with activity 5 U ml
-1

 and NaH
14

CO3 with activity 1 

µCi ml
-1

 were added to the culture in 2 min interval. For another 2 

minutes, sampling for 
14

C uptake rate started and has continued regularly 

over 24h by taking 1.1 ml samples at each time point and transferring the 

sample to a 2 ml Eppendorf tube. Two 0.5 ml subsamples were 

transferred to scintillation vials, acidified and degassed. Moreover, two 

additional 50 µl samples were taken to determine the total remaining 

activity. After 24 h, 5 ml scintillation cocktail was added to each sample 

and measured using liquid scintillation counting. 

 

Fourier transform infrared spectroscopy 

A 30 ml of the cell suspension was spinned at 8000 x g for 10 minutes at 

20°C to determine the cell macromolecular composition. Cells were 

washed twice with ammonium formate (28 g l
-1

), re-suspended in 50 μl of 
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ammonium formate and spread on a Si 384 well plate (Bruker, Billerica, 

MA, USA). Samples were measured on a spectrometer Nicolet IS10 

(Thermo Scientific, Waltham, MA, USA) equipped with a microarray 

reader and Deuterated Tri Glycine Sulphate detector. Absorbance spectra 

were collected in the spectral range from 400 cm
-1

 to 4000 cm
-1

 at a 

spectral resolution of 4 cm
-1

 and 64 scans were co-added and averaged. A 

Blackman-Harris three-term apodization function was used, with a zero-

filling factor of two. Omnic software (Nicolet) was used for measurement 

and data processing. Spectra were normalized to the maximum of an 

amide I absorption band at 1645 cm
-1 

and absorption maxima of lipids 

(1735 cm
-1

) to protein (amide I) and lipid to carbohydrate (1152 cm
-1

) 

were used for comparison (Giordano et al. 2001). 

 

Statistical analysis 

Data were statistically analysed by One-way ANOVA analysis [Dunn’s 

Method to detect significant differences (p<0.05)] and by nonlinear least-

squares regressions using SigmaPlot 11 (Systat Software GmbH, 

Germany). 

 

 

RESULTS 

 

Growth and cell properties 

Continuous cultures of P. marinus strain MIT9313 were grown under 

constant irradiance conditions (20 µmol quanta m
-2

 s
-1

) to obtain the 

balanced growth. Chemostat cultures were maintained at specific growth 

rates ranging from 0.15 d
-1

 to 0.3 d
-1

. Cultures with the maximal specific 

growth rate were considered to be nitrogen non-limited cultures. 

Interestingly, MIT9313 strain was not able to grow at µ which was lower 

than 0.15 d
-1

 under conditions described above. Specific growth rates we 

work with are comparable to growth rates reported in other previous 

experiments (Zorz et al. 2015, Kulk et al. 2011, Felcmanová et al. 2017) 

providing us the opportunity to study and to compare the effects of 
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nitrogen limitation on photosynthetic energy utilization between HL and 

LL strains of P. marinus. 

The amount of DV-Chl a was comparable between cells growing at µ = 

0.2 d
-1

 and 0.15 d
-1

 and was significantly lower in comparison to nitrogen 

replete cells (p < 0.05) (Table 1). DV-Chla:C and DV-Chla:N showed 

decreasing trends with µ (Table 1). Elemental C/N ratio was significantly 

lower at µ = 0.3 d
-1

 (p < 0.05). 

 

Photosystem II Chl a fluorescence characteristics 

Both the maximum and effective quantum yields of PSII photochemistry 

(FV/FM and ΦPSII = Fq’/FM’, respectively) slightly decreased in the 

nitrogen limited cultures in comparison to N-replete culture (Table 2). 

The functional absorption cross sections of PSII (σPSII) was significantly 

lower in cultures growing at 0.15 d
-1

 and 0.2 d
-1

 (p < 0.05) (Table 2). 

However, the decrease in both quantum yields as well as in PSII antenna 

size was not linearly proportional to the nutrient-dependent decline in 

growth rate. 

 

Short-term 
14

C uptake incubations 

From the fits of PE curves we determined the light-saturated rate of 

carbon fixation (P
b

max) and the light-limited slope (α). We also assess Chl-

specific carbon fixation rate at the growth irradiance (P
b

Eg at 20 µmol 

quanta m
-2

 s
-1

) to obtain information about how nutrient limitation 

influences carbon metabolism. Interestingly, all three parameters 

remained similar across all specific growth rates without any distinct 

trend line pointing out that the rate of photosynthesis in dependence on 

irradiance was not influenced by nitrogen limitation. Nevertheless, P
b

Eg 

decreased significantly, but not linearly in severely N limited cells (p < 

0.05) (Table 3).  

 

Time-dependence of 
14

C uptake 

To reveal the dependency of newly fixed carbon usage on nitrogen 

limitation, cultures inoculated with 
14

C bicarbonate were monitored 
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continuously over 24 h. Our results show that carbon production 

measurements after isotope addition reflecting gross carbon primary 

production (GPC
b
) were similar across all three specific growth rates with 

an average 523 ± 36 µmol C (mg DV-Chl a h)
-1

 (Fig. 1). Kinetics of Chl-

specific 
14

C-uptake rate decreased rapidly in time. In both slowly growing 

cultures, 50% of labeled carbon was catabolized in 4 min in comparison 

to cultures growing at 0.3 d
-1

, where it took 10 min. Moreover, Chl-

specific 
14

C-uptake matched Chl-specific net carbon primary production 

(NPC
b
) in 4 min in cells growing at 0.15 d

-1
, in 20 min in cells growing at 

0.2 d
-1

 and in 60 min in cells growing at 0.3 d
-1

 pointing out that carbon 

was catabolized more rapidly with increasing N limitation (Fig. 2). 

However, after 24 h, NPC
b
 did not vary with specific growth rate with an 

average 148 ± 17 µmol C (mg DV-Chl a h)
-1

 suggesting that 72% of 

newly fixed carbon was catabolized to CO2 (Fig. 1). 

 

Fourier transform infrared spectroscopy 

The semi-quantitative analysis of the macromolecular composition of 

cells revealed that in N replete cells, carbon was stored mainly in the 

protein pool (approx. 50% of NPC
b
). As the nitrogen limitation increased, 

protein pool in cells was significantly reduced (p < 0.05) and carbon 

storage was redirected to carbohydrates concurrently (Fig. 4). Thus, 

biomass in severely N limited cells contained mainly carbohydrates 

(approx. 65%). Interestingly, lipid pool changed very slightly ranging 

from 11% to 17%, but not linearly with N limitation as protein and 

carbohydrate pools. 

 

 

DISCUSSION 

 

This study investigated the effect of nitrogen limitation on cell physiology 

and photosynthetic energy use efficiency in LL adapted strain P. marinus 

MIT9313. Results demonstrated here provide us a novel knowledge about 

ongoing metabolic processes in cells of this most-early branching strain. 
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Together with results obtained for HL and recently evolved strain P. 

marinus PCC 9511 (Felcmanová et al. 2017), we can compare the carbon 

allocation strategy of these two genetically and physiologically distinct 

strains grown at steady-state and influenced by different nitrogen 

conditions. 

Cells responded to the decreased nitrogen concentration with reducing 

amount of cellular DV-Chl a, photosynthetic pigment rich in nitrogen 

associated with reaction centers. This reduction was also reflected by 

decreasing DV-Chl a:C and DV-Chl a:N ratio (Table 1) (Halsey and 

Jones 2015). However, only the latter showed linearity with increasing N 

limitation (r
2
 = 0.99). The non-linear relationship of DV-Chl a:C ratio 

was probably reflected by narrow range between N-limited specific 

growth rates (0.15 d
-1

 and 0.2 d
-1

). Although the amount of nitrogen in 

medium of cells grown at 0.15 d
-1

 was half in comparison to cells grown 

at 0.2 d
-1

, both cultures accumulated the same concentration of cellular 

DV-Chl a and similar amount of C (data not shown), which resulted in 

non-linear relationship with specific growth rate. Elemental C/N ratio 

increased markedly in cultures which were N-limited (Table 1) (Goldman 

et al. 1979). Besides smaller amount of DV-Chl a, nitrogen limitation 

strongly influenced also the size of protein pool (Fig. 4), which was 

accompanied by significantly reduced σPSII in N-limited slowly growing 

cells (Table 2). These key changes reflect adjustments of photosynthetic 

apparatus in response to nitrogen limitation in slowly growing acclimated 

cells as was observed in P. marinus strain PCC 9511 (Felcmanová et al. 

2017). Although FV/FM and ΦPSII, both slightly decreased across the N 

limitation (Table 2), the decline was very moderate pointing out that cells 

were in acclimated state (Parkhill et al.2001). Transient nitrogen 

deprivation usually leads to significant reduction of photochemical 

quantum yield as reported in Parkhill et al. 2001 and Lindell et al. 2002. 

Interestingly, basic parameters describing PE curves did not vary with 

increasing N-limitation (Table 3) which is in contrast to results known for 

HL strain PCC 9511 (Felcmanová et al. 2017). By comparing of these 

parameters with those obtained for PCC 9511, we can conclude that all 
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three cultures MIT9313 exhibited similar photo-physiology and carbon 

processing in 20 min as those cultures PCC 9511 growing at µ = 0.2 d
-1

. 

Newly fixed carbon through the Calvin cycle is considered to be gross 

carbon primary production. Metabolic pathways processing and 

influencing fate of carbon from the GPC
b
 in the cell differ according to 

the level of nutrient limitation (Jakob et al. 2007, Halsey et al. 2010, 

2013, 2014) and among species with different antenna organization 

(Kunath et al. 2012, Palmucci et al. 2011). Carbon which is not used for 

catabolism and is stored in the biomass and used for building of structural 

macromolecules corresponds to net carbon primary production. We found 

that neither GPC
b
 nor NPC

b
 was influenced by N limitation (Fig. 1) which 

is consistent with previous results obtained in cyanobacterium P. marinus 

strain PCC 9511 (Felcmanová et al. 2017) and in eukaryotic algae 

(Halsey et al. 2014). NPC
b
 constituted 28% of GPC

b
 in MIT9313 which 

suggested that 72% of newly fixed carbon is used for transient carbon 

pool. As was shown previously, transient carbon pool is processed 

depending on the requirement of the cell (Halsey et al. 2013). Either it is 

used for ATP or NADP synthesis. However, both pathways differ in time 

course of transient carbon product utilization. Therefore, to reveal the fate 

of this carbon pool, P
b

Eg was measured. Surprisingly, P
b

Eg matched NPC
b
 

values after 20 min of incubation in both slowly growing cultures 

reflecting that 72% of the newly fixed carbon was catabolized to CO2 

(Table 3, Fig. 1). Thus, newly fixed carbon was short-lived and used for 

ATP synthesis. On the other hand, in N replete culture, the consumption 

of the transient carbon pool took 60 min suggesting that newly fixed 

carbon was longer-lived (Fig. 1). However, the decline in kinetics 

describing the fate of the transient carbon pool was very sharp in N 

replete culture and was not linear among the N-limited cultures in 

comparison to results known for P. marinus strain PCC 9511 and for 

eukaryotic algae (Halsey et al. 2011, 2013). Taken the data for both 

Prochlorococcus strains together and related them to relative growth 

rates, faster respiration of CO2 in MIT9313 strain is clearly visible (Fig. 

2). In HL strain PCC 9511, P
b
Eg decreased linearly with N limitation 
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pointing out that in N replete culture, long-lived transient carbon was 

used for synthesis of more energetic demanding compounds (i.e. proteins) 

(Felcmanová et al. 2017). When P
b

Eg was related to the relative growth 

rate for both LL and HL strain, we found that with higher relative growth 

rates the transient carbon pool is catabolized slower suggesting that if 

MIT9313 strain could grow faster, the relationship between P
b

Eg and 

specific growth rate might be similar as was observed at HL strain PCC 

9511 (Fig. 3). 

Cells grown at balanced growth influenced by different nutrient levels 

alter the carbon flux among major structural macromolecules resulting in 

changes in biomass composition (Goldman et al. 1979, Giordano et al. 

2001). In P. marinus strain MIT9313, amount of carbon allocated in the 

carbohydrates considerably increased in both slower growing cells at the 

expense of protein pools, which was markedly reduced. Interestingly, 

lipid pool did not vary among treatments with approximately 15% of the 

NPC
b
 (Fig. 4). This pattern of carbon flux was similar to that observed in 

the strain PCC 9511 (Felcmanová et al. 2017). Generally, LL strain 

exhibited significantly larger carbohydrate pool in comparison to the HL 

strain which might be determined by the availability of energy in the form 

of ATP obtained by rapid utilization of transient carbon pool and also 

ATP obtained from glucose which was taken up by primary active 

transport (Gómez-Baena et al. 2008). Possible mixotrophy and reducing 

power obtained from glucose might also explain significantly higher 

content of lipids in LL strain in comparison to HL strain. When the 

protein: carbohydrates ratio was related to the relative growth rates, fairly 

linear pattern was revealed in the reallocation of carbon from protein to 

the carbohydrate pool from the lowest relative growth rate to the highest 

(Fig. 5). 

This study reveals the changes in the photo-physiology of cells and basic 

processing of newly fixed carbon in cells of P. marinus strain MIT9313 

under N limitation.  We found that LL strain MIT9313 responded to N 

decrease similarly as physiologically and ecologically distinct HL strain 

PCC 9511; (i) in both strains changes in pigmentation and alteration of 
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light-harvesting system ensured maximal photosynthetic efficiency (ii) 

GPC
b
 and NPC

b
 did not vary across N limitation. However, GPC

b
 was 

distinctly higher in LL strain MIT9313 [523 ± 36 µmol C (DV-Chl a h)
-1

] 

in comparison to the value for HL strain PCC 9511 [374 ± 21 µmol C 

(DV-Chl a h)
-1

] (Felcmanová et al. 2017). Moreover, 28% of GPC
b
 was 

stored in the biomass compared to 20% in PCC 9511 and only 18% in M. 

aeruginosa (Kunath et al. 2012). Our data support our hypothesis about 

lower conversion of photosynthetic energy into biomass in cyanobacteria 

caused probably by sharing some of membrane components in 

photosynthetic and respiratory electron transport. Nevertheless, higher 

GPC
b
 and NPC

b
, respectively, in MIT9313 could be related to the 

ecological niche, which this LL strain inhabits. Although, it thrives in the 

deep euphotic zone with low irradiance, the environment is relatively rich 

to nutrients and to different N sources that can be used for cell growth. 

Together with the multiplication of genes and number of unique genes 

which encoded more amount of proteins involved in light-harvesting 

systems together with special carboxyzome shell, give the LL ecotypes 

the ability utilize the low irradiance and available carbon very efficiently. 

Moreover, the capability of glucose uptake might be advantageous 

feature. It was shown that glucose taken up from environment could be 

used to obtain two molecules of ATP or twelve molecules of NADPH per 

glucose metabolized in LL ecotypes (Gómez-Baena et al. 2008). 

Interestingly, photosynthetic activity remained unchanged during glucose 

uptake, so it is hypothesized that this capacity for mixotrophy help to save 

metabolic energy (Muñoz-Marín et al. 2017). Thus, this ability together 

with changes on the level of light-harvesting and genome could be a key 

factors which might facilitate to store more carbon in the biomass in LL 

ecotypes in comparison to HL ecotype. 
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Table 1. Cell characteristics of steady-state nitrogen-limited cultures of P. 

marinus (n=4, ± standard deviations). 

 Growth rate (d
-1

) 

Variables 0.15 0.2 0.3 

DV-Chla (µg/ml) 0.5 (0.1)
+
 0.5 (0.1)

*
 0.8 (0.1)

*+
 

DV-Chla:C (x 10
-2

) 

(µg/µg) 
1.1 (0.4)

+
 1.2 (0.3)

*
 2.9 (0.6)

*+
 

DV-Chla:N (µg/µg) 0.09 (0.03)
*+

 0.11 (0.02)
+
 0.16 (0.02)

*
 

C:N (µg/µg) 8.1 (0.3) 9.2 (0.4)
*
 6.7 (1.0)

*
 

Statistically significant changes are indicated with asterisks and daggers 

(p < 0.05) 

 

 

 

Table 2. Photophysiological fluorescence characteristics of steady-state 

nitrogen-limited P. marinus (n=4, ± standard deviations). 

 Growth rate (d
-1

) 

Variables 0.15 0.2 0.3 

FV/FM 0.63 (0.04) 0.65 (0.02) 0.71 (0.01) 

ΦPSII (Fq’/FM’) 0.36 (0.02) 0.39 (0.02) 0.44 (0.04) 

σPSII (A
2
 PSII

-1
) 254 (24)

+
 254 (22)

*
 315 (27)

*+
 

Statistically significant changes are indicated with asterisks and daggers 

(p < 0.05) 
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Table 3. Variables describing PE curves measured in steady-state 

nitrogen-limited P.marinus (n=3, ± standard deviations). 

 Growth rate (d
-1

) 

Variables 0.15 0.2 0.3 

P
b

max [µmol C (mg DV-Chl a h)
-1

] 349 (35) 379 (14) 314 (12) 

P
b

Eg [µmol C (mg DV-Chl a h)
-1

] 126 (25) 181 (34) 216 (6) 

α
b
 [µmol C (mg DV-Chl a)

-1
 h

-1
 

(µmol quanta m
-2

 s
-1

)
-1

] 
7 (1.4) 11 (0.4) 8 (1.4) 

Ek (µmol quanta m
-2

 s
-1

) 
48 

(0.01) 

33 

(0.01) 

42 

(0.01) 
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Fig. 1: Kinetics of carbon production based on 
14

C-uptake measurements 

for cells growing at 0.3 day
-1

 (filled circle and solid line), 0.2 day
-1

 (filled 

inverted triangle and dashed-dotted line), and 0.1 day
-1

 (open square and 

dashed line). The decline in kinetics of 
14

C-based production show 

growth-rate dependent utilization of newly fixed carbon. The solid 

horizontal line represents gross carbon primary production and the dotted 

horizontal line represents net carbon primary production. Each data point 

is the average of three measurements, error bars are standard deviations 

with n = 3 (where not visible, the error bars are smaller than the size of 

the symbol). 
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Fig. 2: The comparison of kinetics of 
14

C-based production showing 

growth-rate dependent utilization of newly fixed carbon in HL strain PCC 

9511 (grey symbols and grey dotted lines) and LL strain MIT9313 (filled 

symbols and solid lines) grown at three N-limited growth rates. Each data 

point is the average of three measurements, error bars were omitted for 

more visible data.  
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 Fig. 3: Relative amount of newly fixed carbon in the form transient 

carbon pool during 20 min of incubation at the growth irradiance in HL 

strain PCC 9511 (black circles) and LL strain MIT9313 (grey triangles) 

depending on the relative growth rate.  
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Fig. 4: Relative macromolecular biomass composition of steady-state P. 

marinus cultures determined by FTIR semi-quantitative analysis (n=3, ± 

standard deviations). Changes in protein (**) and carbohydrates (***) 

content were statistically significant in all three N-limited cultures  

(p < 0.05). 
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Fig. 5: The comparison of changes in protein: carbohydrates ratio in 

dependence on relative growth rate of HL strain PCC 9511 and LL strain 

MIT9313. 
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