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ABSTRACT

During the approximately twenty years since the discovery of tiny photosynthetic cells of the genus Synechococcus in marine oceanic systems, a tremendous expansion of interest has been seen in the literature pertaining to these organisms. The fact that they are ubiquitous and abundant in major oceanic regimes underlies their ecological importance as significant contributors to marine C fixation. Recent advances in the physiology and biochemistry of these organisms are presented here, focusing on strains of the MC-A and MC-B clusters, and it is stressed that the data contained herein should be put into the context of the ecological niche occupied by particular genotypes in situ. This system is ripe for joining the often separate disciplines of molecular ecology and microbial physiology and provides a great opportunity in which to tease out the underlying processes that both mediate organism evolution but also the environmental factors that dictate this.
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1. INTRODUCTION

Single-celled picoplankton assigned to the genus Synechococcus (Johnson and Sieburth 1979; Waterbury et al., 1979) are the dominant phycobilisome-containing cyanobacteria in the world’s oceans. They have a ubiquitous distribution, though generally being more abundant in nutrient-rich than oligotrophic areas, and are important contributors to global marine C fixation, e.g. contributing up to 20% of fixed C in some areas (Li, 1994). They also play a key role in pelagic food-web structure via energy transfer within the microbial loop, and particularly in oligotrophic regions through heterotrophic flagellate and ciliate grazing. Indeed it has been estimated that 35-100% of the Synechococcus standing stock can be grazed per day (Campbell and Carpenter 1986a). 

Since the oceanic ecosystem encompasses a range of water bodies from eutrophic through mesotrophic to oligotrophic, and delineates a complicated light environment, the physiology of these organisms has largely focused on their ability to acquire nutrients at sub-micromolar concentrations, and to harvest light over a range of different intensities (down a water column) and qualities (e.g. coastal versus open-ocean waters). As well as diel periodicity and seasonal patterns in the solar light environment, there may be concomitant changes in water column structure e.g. stratified versus well-mixed waters, which also magnify or alter the in situ light and nutrient gradients. Such large-scale changes to an organism’s environment typified by summer versus winter water column conditions in temperate waters may well have selected for ‘plastic’ genotypes present throughout the year and capable of responding to a wide spectrum of environmental change. Conversely, such conditions may have provided strong selective pressure for specialisation to a specific niche, and given rise to genotypes which appear and disappear in tandem with the presence/absence of that niche. Such a niche partitioning of genotypes is exemplified by the ‘surface’ (high light-adapted) versus ‘deep’ (low light-adapted) ecotypes well documented for the Prochlorococcus genus (Moore et al., 1998; West and Scanlan 1999), with the underlying physiological basis to this adaptation beginning to be uncovered thanks to recent genomic information (see Hess et al., 2001; Ting et al., 2002; Scanlan and West 2002). There is also evidence of freshwater Synechococcus strains with different light tolerance properties and which likely correspond to high and low light-adapted ecotypes (Postius et al., 1998). This partitioning of genotypes in situ is not restricted to cyanobacteria however. Surface- and deep-water clades of marine bacteria capable of a novel type of proteorhodopsin-based phototrophy have also been recently recognised, with the idea that subsets of proteorhodopsin genetic variants in mixed populations have a selective advantage at different positions in the depth-dependent light gradient (Béjà et al., 2000, 2001). Furthermore, the SAR 11 ( proteobacteria and SAR 202 green non-sulphur bacteria clusters have been shown to partition in the water column, though as yet to undefined environmental variables (Giovannoni et al., 1996; Field et al., 1997). Further examples of both niche-adapted strains and species can also be found in the eukaryote kingdom and including temporal variation of genetically different clones (Gallagher 1980, 1982; Venrick 1990, 1998). This genetic and physiological variation among eukaryotic algal species has already led some authors to re-address the species concept in phytoplankton ecology (Wood 1988, Wood and Leatham 1992).

With the idea of niche adaptation in mind, recent advances in the physiology and molecular biology of the marine Synechococcus genus are specifically reviewed here [see Glover 1985; Stockner and Antia, 1986, Waterbury et al., 1986; Fogg 1987; Carr and Mann 1994, Partensky et al., 1999a for earlier reviews on the genus]. Where available, particular focus is put on the comparative physiology of strains of different phylogenetic origin, with the aim of presenting this genus as a group of niche-adapted ‘clades’. Ultimately, then, these physiological data would need to be put into the context of the specific niche occupied by individual ecotypes. At present, we are just beginning to obtain the molecular tools necessary to initiate such work through the development of molecular oligonucleotide probes for assessing the in situ distribution of individual genotypes (Fuller et al., submitted). Reference to this in the next section will lay the foundation to Sections 2 to 4 describing specific physiological adaptations of this genus to the light and nutrient gradients of the oceans. The recent completion of the entire genome sequence of Synechococcus sp. WH 8102 [see http://bahama.jgi-psf.org/prod/bin/microbes/syn/home.syn.cgi] will allow a more detailed characterisation of the physiology of these organisms, and in particular provide a basis for elucidating genomic differences amongst genotypes and identify niche-specific genes, as well as allowing complete transcriptomic and proteomic studies of the response of this specific genotype to environmental change.

1.1. The phylogeny of marine Synechococcus

Within the cyanobacteria, the genus Synechococcus is attributed to unicellular rod-shaped to coccoid organisms less than 3 (m in diameter and dividing by binary fission into equal halves in one plane. They contain photosynthetic thylakoid membranes located peripherally and lack structured sheaths (Waterbury & Rippka 1989; Herdman et al., 2001). The genus includes both marine and freshwater isolates and is clearly polyphyletic (Robertson et al., 2001; Honda et al., 1999). Hence, organisms currently classified as Synechococcus await re-classification into several different genera. 

The marine Synechococcus isolates have themselves been classified into three groups, designated marine cluster -A, -B and -C (MC-A, MC-B, MC-C), based on the composition of the major light harvesting pigments, an ability to perform a novel swimming motility (see Section 5), whether they have an elevated salt requirement for growth, and G+C content (Waterbury & Rippka 1989). The nomenclature of these groups has, however, been recently re-defined (Herdman et al., 2001) (see Table 1). For the purposes of this review (and see Scanlan & West 2002) we consider only the physiology of strains within the MC-A and MC-B clusters since together with Prochlorococcus (see Chisholm et al., 1988; Partensky et al., 1999b), the sister taxon to Synechococcus, they constitute a single picophytoplankton clade. We also retain the MC-A and MC-B designations. Considerable genetic diversity is found amongst cultured isolates of these clusters as defined by sequencing of rpoC1 encoding a sub-unit of the DNA-dependent RNA polymerase (Toledo & Palenik 1997; Toledo et al., 1999), the 16S rDNA (Fuller et al., submitted; Urbach et al., 1998) and the intergenic spacer (Rocap et al., 2002) as well as RFLP studies of other gene loci (Douglas & Carr, 1988; Wood & Townsend 1990) [reviewed in Scanlan & West 2002]. This work demonstrates a good phylogenetic congruence amongst the different gene loci and has identified at least ten distinct clades within MC-A (see Fig. 1), though one of these, (clade VIII), includes isolates, e.g. WH 8101, recognised as members of MC-B. 

This considerable genetic diversity observed within the MC-A Synechococcus group is manifest though in only small-scale variation in 16S rRNA gene sequence (Fuller et al., submitted). Such microdiversity, as it has become known (see Moore et al., 1998, Casamayor et al., 2002), can give rise to physiologically quite distinct ecotypes, typified by the high and low light-adapted Prochlorococcus clades (Moore et al., 1998) already mentioned. Since the extent of this microdiversity seems greater within the Synechococcus genus compared to Prochlorococcus we might anticipate then a relatively large physiological diversity in these organisms. This might be expected given the ubiquitous distribution of Synechococcus in marine waters likely reflecting the greater diversity of ‘niches’ occupied by strains of this genus.

The type and shape of niche occupied by these phylogenetically defined clades largely remain to be identified however. Even so, some insights with regard to the distribution of specific clades can be made based on molecular and immunofluorescence work. Thus, strains within clade I show a dominance, in rpoC1 clone libraries, in waters off the Californian coast following recent mixing events or during coastal water intrusion, and appear to be absent in clone libraries during highly stratified oligotrophic conditions (Ferris & Palenik 1998). Similarly, antisera raised against Synechococcus sp. WH 8016, phylogenetically also within clade I, showed this serogroup to be abundant in coastal and estuarine stations off Long Island, and whose appearance was correlated with water temperatures >15 ºC (Campbell & Carpenter 1987). Further, polyclonal antibodies raised against strain Synechococcus sp. CC9605, a representative of clade II, hint at an oligotrophic surface distribution (Toledo and Palenik submitted), whilst other immunofluorescence assays have shown a differential distribution of WH 7803 (MC-A clade V) and WH 5701 (MC-B) serogroups (Pomar et al., 1998). A distribution of members of clade II biased towards oligotrophic waters has also been demonstrated using 16S rDNA clade-specific oligonucleotides, which showed this clade to dominate an oligotrophic water column in the Gulf of Aqaba, Red Sea (Fuller et al., submitted). Such oligonucleotides will be useful in defining the in situ distributions of other members of the genus.

Flow cytometry data have also shown general trends in the distribution of Synechococcus populations (see Partensky et al., 1999a for review) a function of the different orange fluorescences of these populations. This in turn is a reflection of the differences in the two chromophores phycourobilin (PUB) [(AbsMax( 495—500 nm] and phycoerythrobilin (PEB) [(AbsMax( 540—570 nm] (Glazer 1985) which attach to the light-harvesting pigment phycoerythrin (see section 2). Thus, there is a general trend of PEB-rich populations dominating in mesotrophic or coastal waters and PUB-rich populations detectable only in oligotrophic waters, and with PUB:PEB ratios also increasing with depth down a water column (Lantoine and Neveux 1997). Since high and low PUB containing isolates can cluster phylogenetically (Toledo et al., 1999), and more importantly, since some strains are capable of chromatic adaptation (Palenik 2001), correlation of this flow cytometric data with the distribution of phylogenetically coherent clades is not straightforward. Nonetheless, the fact that flow cytometry can retrieve light scattering and fluorescence information on single cells whilst gathering data on many cells from many different samples, has contributed enormously to ecological studies of these organisms (Collier 2000; Olson et al., 1988, 1990; Shalapyonok et al., 2001; Tarran et al., 1999; Wood et al., 1998, 1999). 

2. Light harvesting apparatus

The light environment is clearly a key parameter dictating the distribution and physiology of all photosynthetic organisms. Changes in light quality and intensity occur over spatial and temporal scales, and in aquatic systems light intensity attenuates rapidly down the water column. Changes in light quality occur via absorption by water, dissolved yellow pigments, phytoplankton, and inorganic particulate matter, and this differs between coastal and open ocean systems (Joint 1990). Hence in coastal waters, blue and red light are significantly attenuated and green light shows the greatest transmission. Conversely short wavelength blue light tends to penetrate deepest in oceanic waters. These narrow windows of light quality obviously overlie the specific ecological niches occupied by coastal and open ocean isolates, but have also dictated complementarity between these incident light wavelengths and the photosynthetic antenna pigments which absorb them. Thus, in the marine Synechococcus genus, and like all other cyanobacteria except Prochlorococcus, the light harvesting accessory pigments that capture these wavelengths are contained within the phycobilisome, a large multi-protein complex comprising an allophycocyanin core ((max 650 nm) and rods with phycocyanin ((max 620 nm) and phycoerythrin (PE) ((max 565 nm) as the major components (see Sidler 1994; Grossman et al., 1993). Marine Synechococcus strains are unusual among cyanobacteria however, in that two different phycoerythrins are present in the phycobilisomes. In comparison, less than half of the known freshwater cyanobacterial strains produce phycoerythrin and these only produce one type. The two phycoerythrin types of marine strains, which have been designated PE(II) and PE(I) respectively (Ong and Glazer 1988, 1991), are encoded by separate genes (Wilbanks et al., 1991; Wilbanks and Glazer 1993a,b; de Lorimier et al., 1992; Newman et al., 1994) and encode proteins present in the phycobilisome at a relative molar ratio of approx. 3:1. PE(I) is typical of all known C- B- and R-phycoerythrins containing five bilin groups, two attached to the (-subunit and three attached to the (-subunit. The main phycoerythrin of marine Synechococcus strains though is the PE(II) form, containing six bilin molecules, three each on the ( and ( subunits, and more PUB than the corresponding PE(I) form. However, the actual proportion of PEB and PUB within PE(II) differs between strains. Thus, Synechococcus sp. WH 8020 contains PE(II) with four PEBs and two PUBs whilst strain WH 8103 contains two PEBs and four PUBs. These differences are a function of the bilin content of the ( subunit of PEII – strain WH 8020 contains (-75 (PUB), (-83 (PEB) and (-140 (PEB), numbers referring to the sequence position of the cysteine residue(s) to which each bilin is attached, whilst that of strain WH 8103 contains PUB at all three of these sites (de Lorimier et al., 1992). It is the narrow absorbance band of PUB, centred around 490 nm, which complements excellently the light wavelengths of maximum transmittance through seawater, specifically the prevalent blue-green wavelengths (see Glazer 1999). Thus, at this wavelength a PUB-rich phycoerythrin, typical of marine Synechococcus strains, would absorb around 4.5 times as much light as would a C-phycoerythrin typical of freshwater cyanobacteria (Ong and Glazer 1988).

The genetically determined differences in the forms of PE synthesised underlie variation in the fluorescence yield and fluorescence signature among different marine Synechococcus strains (Alberte et al., 1984; Wood et al., 1985, 1999; Ong and Glazer 1988, 1991) and allow a fine-scale tuning of phycobilisome content to the natural light environment (Wood 1985, Wood et al., 1998), and hence to the specific environmental niche occupied. Thus, in natural environments, in vivo PE emission studies from the Atlantic Ocean and Black Sea (Shalapenok and Shalapenok 1997; Wood et al., 1998) and single-cell fluorescence excitation spectroscopy and flow cytometry (Campbell & Iturriaga 1988; Olson et al., 1988, 1990) support a general predominance of PUB-lacking PEs in turbid waters (classified optically as case 2 waters), whilst PUB-containing PEs are more dominant in highly transparent waters (case 1 waters). More recently, Wood and colleagues (1999) used fluorescence excitation spectra to specifically distinguish between different PUB-containing PEs in situ in the Arabian Sea. Differences in the ExPUB:ExPEB ratio showed a clear association of low PUB PEs and high PUB PEs with different water masses, the former occupying cooler water (24-27ºC) of lower salinity (35.7-36.25 psu) but higher nitrate levels (~ 10 (M), and the latter, warmer (27-29ºC) saltier (36.16-36.4 psu) oligotrophic waters. Such categorisation of water masses into those dominated by PUB-lacking PEs or dominated by PUB-containing PEs has now been performed on a much larger scale using aircraft-operated lidar, which effectively allows global mapping of oceanic phycoerythrin types (Hoge et al., 1998).

Relating this environmental pigment data back to the pigment content of the phylogenetically distinct clades described in Fig. 1 is complicated. Although one clade (clade VI) comprises members containing no PUB (Rocap et al., 2002), and hence might be expected to dominate in coastal waters, other clades contain strains of variable PUB:PEB ratio. More importantly, we now know that some isolates are capable of increasing their PUB:PEB ratio when grown under blue light compared to growth under white light conditions (Palenik 2001), a process traditionally called complementary chromatic adaptation (Grossman et al., 1994) - though usually comparing growth under green versus red light. This trait presents phylogenetic coherence in those non-motile strains studied so far, but members of clade III, which comprise only motile strains, contain both adapters and non adapters. Only a complete survey of this capacity amongst representatives of all MC-A clades will allow the extent of this trait across the Synechococcus genus to be determined. Such data would then be extremely useful for ultimate comparison to geographic genotype distribution data based on the use of clade-specific 16S rDNA oligonucleotides since fluorescence-based measurements cannot distinguish between chromatic adaptation of a single strain or the presence of distinct strains with different PUB:PEB ratios. This is relevant to our understanding of Synechococcus population structure, both horizontally (coastal versus open ocean systems, as we have already seen) and vertically (down a water column). The latter is indicated by fluorescence measurements of PUB:PEB ratios in the Arabian Sea and tropical north-eastern Atlantic which range from 0.53 in surface waters to 1.33 at 60 m (Lantoine and Neveux 1997; Wood et al., 1999), ratios similar to those found in strains capable of chromatic adaptation. 

Although most work on the acclimation of the light harvesting accessory pigments of marine Synechococcus to the endogenous light environment has focused on the phycoerythrin component it must be remembered that the phycocyanins of these organisms have the maximum content of green light absorbing bilin that is still compatible with retention of energy transfer function (Ong and Glazer 1987). This is due to the presence of a novel type of phycocyanin, designated R-phycocyanin II. In marine Synechococcus strains WH 8103 (clade III), WH 8020 (clade I) and WH7803 (clade V), this protein has absorbance maxima at 533, 554 and 615 nm and carries PEB at (-84 and (-155 and phycocyanobilin (PCB) at (-84. In freshwater strains, which possess C-phycocyanin, PCB is present in all three of these positions. Whether the presence of a phycocyanin containing two PEB and one PCB per (( monomer is typical of all marine Synechococcus MC-A, and indeed MC-B, isolates awaits further investigation. In fact it is already known that the phycocyanin of Synechococcus WH 7805 (clade VI) possesses an unusual absorbance spectrum with a maximum at 555 nm and a shoulder at 590 nm, suggesting further subtle differences in phycocyanin chromophore content are possible. Indeed, the marine Synechocystis sp. WH 8501 phycocyanin contains a PUB chromophore on its ( subunit, the only cyanobacterium known to possess this combination (Swanson et al., 1991). Certainly thorough characterisation of the phycocyanin of MC-A and MC-B isolates and its significance to the ecological niche of MC-B strains, which lack phycoerythrin, will be illuminating!

3. C metabolism : 

3.1 Photosynthetic physiology

Unlike in the Prochlorococcus genus, where photosynthetic physiology in strains of specific clades is clearly a function of an evolutionary move towards occupation of surface (high light) or deep (low light) water column niches (Moore et al., 1995, 1998; Hess et al., 2001), a simple division of the marine Synechococcus genus into high light- and low light-adapted ecotypes is not likely, though this would not preclude the presence of one or more surface or deep-adapted clades (see below). Indeed, the relative phylogenetic complexity of the Synechococcus genus compared to Prochlorococcus (Fig. 1) and the subtle variations of phycobiliprotein bilin composition that are possible at least in chromatically adapting strains, makes the picture even more complex. Certainly, the early prevailing hypothesis that marine Synechococcus strains required low light regimes for growth (Barlow and Alberte 1985, 1987; Glover 1985; Fogg 1986) is no longer consistent with physiological information from pre-acclimated cultures (Kana and Glibert 1987a,b; Moore et al., 1995) or ecological distribution data (see Partensky et al., 1999a), the latter pointing towards a general distribution restricted to the upper well-lit layer where fast growth rates have been reported (see Furnas and Crosbie 1999). Thus, Synechococcus strain WH 7803 (clade V) is capable of growth over a wide range of irradiance (30-2000 (mol photons m-2 s-1) in nutrient-replete, continuous light, pre-acclimated batch cultures. Growth rate was observed to become light saturated around 200 (mol photons m-2 s-1, but remained maximal at irradiances 10x this (Kana and Glibert 1987a, b). This acclimation process involved changes in phycobiliprotein composition with high light acclimated cells appearing yellow due to a very reduced PE content. Interestingly, photo-inhibition of photosynthesis was only observed in light-limited cells exposed to light intensities which were approx. 10x the growth irradiance. These authors point out though that since the time required for photo-acclimation was longer than the organism’s generation time, success of the genotype within a given natural light regime would be dependent on the stability of the water column. For another strain, Synechococcus WH 8103 (clade III), growth was again observed over a range of white light irradiance (10-450 (mol photons m-2 s-1) though in this case under a 14h light:10h dark regime (Moore et al., 1995). Interestingly, the light intensity at which growth reached a maximum (142 ( 21 (mol photons m-2 s-1) is similar to that reported in the same study for Prochlorococcus sp. MED4, a high light-adapted strain, and much higher than that found for Prochlorococcus strain SS120 (37 ( 8 (mol photons m-2 s-1), a low light-adapted strain (see Fig 2). Moreover, photo-inhibition of growth occurred only at the highest growth irradiance tested (450 (mol photons m-2 s-1) in both WH 8103 and MED4, and considerably higher than that observed for the low light-adapted Prochlorococcus strain (37 (mol photons m-2 s-1). Thus, WH 8103 might be considered a high light-adapted strain. Recent molecular ecological studies have clearly shown that although several genetically defined Synechococcus clades can co-exist at the same site (Toledo and Palenik 1997), one or more of these clades may contain surface-adapted organisms (Ferris and Palenik 1998, and see Section 1.1) since i) rpoC1 sequences representing two distinct clades were only detected in clone libraries from surface waters and not deep waters from the same stratified water column, whilst ii) an isolate clustering with one of these clades shows good growth in high white light (100 (mol photons m-2 s-1) at 21ºC, but not in low (15 (mol photons m-2 s-1) blue light at 19ºC in comparison with other isolates from the same Californian current site (Ferris and Palenik 1998). Certainly, finding any obvious division in photosynthetic physiology that is underpinned genetically, i.e. adaptive, will require cross-survey comparison of various photosynthetic parameters across the genus in several strains, and reference to genomic information, which ideally in the future will encompass many more genotypes than the already completed Synechococcus WH 8102. Thus far, work performed in this area has largely focused on comparison of photosynthetic or optical properties between the Prochlorococcus and Synechococcus genera (Morel et al., 1993; Moore et al., 1995; Shimada et al., 1996), rather than focusing solely on the latter genus. Further elucidation of photo-protective mechanisms across the genus is also required. The only reports so far addressing the role of carotenoids in this process show that cellular zeaxanthin concentrations do not vary appreciably in nutrient replete batch culture across a range of light intensity in Synechococcus strains WH 7803 and WH 8103 (Moore et al., 1995, Kana et al., 1988) with the proposal that zeaxanthin is located outside the thylakoid membrane i.e. either in the cytoplasmic or outer cell wall membrane consistent with a photo-protective function. In contrast (-carotene in Synechococcus WH 7803 and WH 8103 appears to be associated with the photosynthetic apparatus, though likely only playing a very minor role in light harvesting (Kana et al., 1988).

3.2 C fixation : RuBisCO and carbon concentrating mechanisms

Ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO), the rate limiting catalyst for carbon fixation, is relatively inefficient with respect to the carboxylation reaction it performs and as a result most cyanobacteria have evolved an efficient carbon concentrating mechanism (CCM) to improve this process (see Kaplan and Reinhold 1999 for review). However, it is now becoming clear that marine Synechococcus, and indeed Prochlorococcus, are unusual with respect both to the type of RubisCO possessed, and the inorganic carbon concentrating systems present, compared with other cyanobacteria. Thus, both these marine cyanobacterial genera possess a Form 1A type of RubisCO compared to the Form 1B typical of freshwater and halotolerant species, the latter exemplified by Synechococcus PCC7002, see Table 2 (Watson and Tabita 1996; Shimada et al., 1995). This Form 1A enzyme is most similar to those from (/(-purple bacteria such as Chromatium vinosum, Hydrogenovibrio marinus and Thiobacillus spp. and hence it has been suggested that the genes encoding the enzyme have been acquired through a horizontal gene transfer event from a purple bacterium ancestor (Watson and Tabita 1997; Hess et al., 2001). However, perhaps just as likely is an appearance in cyanobacteria preceding that in proteobacteria (Badger et al., 2002). Certainly, in the two marine Synechococcus strains, WH 7803 and WH 8102, where sequence information exists, the RubisCO genes rbcL and rbcS lie downstream of csoS1 encoding a component of the carboxysome. Carboxysomes are protein bodies surrounded by a protein shell and containing RubisCO. The presence of the csoS1 gene (and for strain WH 8102 other carboxysome components – see Table 2) has led to the proposal that marine Synechococcus in fact possess a carboxysome significantly different from that of other cyanobacteria. Thus, Form 1A RubisCO is coincident with possession of an (-carboxysome whilst Form 1B containing cyanobacteria possess (-carboxysomes (Badger et al., 2002). These features of RubisCO and carboxysomes in marine Synechococcus are mirrored by other differences, compared to freshwater strains, in components of the C acquisition system that have become apparent through completion of the Synechococcus WH 8102 genome sequence. Thus, no carboxysomal carbonic anhydrase gene is found in this organism, carbonic anhydrase converting CO2 to HCO3-, though a (-carbonic anhydrase is present in the genome. Further, high affinity CO2 uptake components of the NAD(P)H dehydrogenase complex, which plays a role in transporting CO2 by supporting cyclic electron transport (Ohkawa et al., 2000), are absent, with only genes encoding low affinity CO2 uptake components of the complex being present. Finally there also appears to be an absence of a high affinity bicarbonate transporter (Badger et al., 2002). The latter is also absent in Synechococcus PCC 7002, a halotolerant strain that does though contain all CO2 uptake related NAD(P)H dehydrogenase components for both high and low affinity CO2 uptake. Whether the presence of the high affinity CO2 uptake components of the NDH-1 dehydrogenase complex gives a competitive advantage to this halotolerant species compared to the MC-As in the likely estuarine niche it inhabits (i.e. an habitat subject to freshwater input) will require further analysis. Certainly for the MC-A cluster strain, WH 8102, and should it be the case for all MC-A isolates, the absence of high affinity components of the CCM likely correlates with the high Ci load of the oceanic environment. These genetic data also likely explains early physiological work suggesting the absence of a CCM in marine Synechococcus strains (Karagouni et al., 1990) and later work describing the presence of such a system (Hassidim et al., 1997). These latter workers document in Synechococcus WH 7803 a similar photosynthetic affinity for extracellular dissolved inorganic carbon (DIC) compared to Synechococcus sp. PCC 7942, a freshwater strain, but they also show that the marine strain had a substantially lower capacity to accumulate DIC internally than its freshwater counterpart. Such data, whilst indicating the absence of an active CO2 uptake system like that in freshwater strains, would be consistent though with the presence of an as yet uncharacterised lower capacity system. It may also be consistent with the striking observation of net CO2 efflux during net photosynthesis which occurs in marine Synechococcus WH 7803 (Tchernov et al., 1997), a study though which also provides evidence for HCO3- utilisation from the external medium. The significance and ubiquity of this net CO2 evolution remains to be established, but it has been proposed that it may confer some protection against damage to the photosynthetic reaction centre at high light intensities by dissipating excess light energy by rapid consumption of ATP (Tchernov et al., 1997).

4. Nutrient acquisition

Members of the marine Synechococcus genus are around a micron in size. This tiny size confers them a high surface area to volume ratio which generally allows more efficient nutrient uptake particularly since diffusion gradients around a cell generally steepen as a cell’s linear dimension decreases. Even so, at the low nutrient concentrations often present in open-ocean oligotrophic areas and even in temperate regions in summer there is a possibility of diffusion limitation of nutrient uptake (see Mierle 1985, Fogg 1987). Hence, in addition to the plethora of high affinity nutrient acquisition systems a marine Synechococcus may possess (e.g. 42 ABC nutrient transport systems, based on the number of genes encoding the ATPase component, can be identified in the Synechococcus WH 8102 genome [see Scanlan and West 2002]), other more subtle adaptations for nutrient acquisition in an oligotrophic environment likely exist. These might be in addition to more ‘general’ physiological adaptations for growth at low nutrient concentrations such as low elemental nutrient quotas or efficient mechanisms to prevent nutrient leakage. Such adaptive properties again must be put into the context of the specific niche occupied by members of an individual clade. In ecology it has been proposed that a niche implies a strategy for survival and growth (Koch 2001), and this likely means that genotypes must acquire or even delete specific genes to suit their specific environmental requirements. Genetic adaptations of this type might allow utilisation of specific substrates (e.g. urea, cAMP see sections 4.1, 4.2 below) or conversely involve a commitment to only utilise a subset of the available nutrient sources. An excellent example of the latter has recently been strikingly demonstrated in the Prochlorococcus genus where all members of the HL and LL clades so far characterised show an inability to utilise nitrate as a N source, and with a corresponding absence of the nitrate reductase gene from the genome (Moore et al., 2002). Certainly, given the obvious vertical and horizontal gradients in nutrient concentration that exist in natural systems, be it as a result of stratification in oligotrophic open ocean systems or riverine input in coastal systems, adaptation to the specific nutrient environment will underlie much of the niche adapted physiology of specific genotypes. 
4.1 N acquisition

As for other phytoplankton, nitrogen (N) is an essential macroelement for Synechococcus and hence the availability of various nitrogenous nutrients as dictated by the functioning of the marine N cycle (see Zehr and Ward 2002) directly affects the growth and carbon fixation capacity of the genus. With respect to N availability we can also include in this category the ability to store N and hence the accessibility of intracellular N reserves. As referred to in section 2, phycoerythrin fluorescence appears to be related to irradiance – with fluorescence intensity increasing with depth. However, this precise function of PE fluorescence versus light intensity may be complicated by the fact that there is now good evidence that fluorescence is also a function of the nutrient history of the cell. Thus, Wyman and colleagues (Wyman et al., 1985; Heathcote et al., 1992) demonstrated that under certain growth conditions a proportion of the phycobiliprotein pool is not photosynthetically competent and functions primarily for N storage at least in strain WH 7803. Although there is some conflicting data from the same strain regarding whether phycobiliproteins are regulated independently from photosynthesis as a N storage pool (Yeh et al., 1986; Kana and Glibert 1987a, b), which may reflect differences in growth rates of cultures and methodology between the studies, certainly there are now several reports that show breakdown of phycobiliproteins does occur during periods of N depletion in marine Synechococcus isolates (Glibert et al., 1986; Lewis et al., 1986; Moyal et al., submitted), though the extent of this breakdown may differ between strains (Kana et al., 1992). This phycobiliprotein breakdown does need though, to be put into the context of a general nutrient stress response to limit the amount of energy reaching the photosystems during occasions when energy utilisation is retarded due to nutrient deficiency that may not be just N specific (Fig. 3). Certainly, regulation of phycobiliprotein degradation in marine Synechococcus strains awaits further investigation and lags far behind what is known for freshwater strains (see Collier and Grossman 1994; Sauer et al., 1999; Luque et al., 2001; van Waasbergen et al., 2002). In contrast to this potential use of phycobiliproteins as a N store under conditions of N stress, there appears to be a general absence of the N reserve polymer cyanophycin (multi-L-arginyl-poly-[L-aspartic acid]) amongst marine MC-A Synechococcus strains (Newman et al., 1987). Interestingly though, cyanophycin production has recently been demonstrated in a unicellular PE-containing marine cyanobacterium G2.1, isolated from the Arabian Sea (Wingard et al., 2002), with a phylogenetic affiliation relatively far removed from those Synechococcus strains described in Fig. 1 and which are being focused on in this review. 

Marine Synechococcus strains appear to show a relatively broad utilisation of N sources for growth. Ammonium (NH4+), nitrate (NO3-), nitrite (NO2-) and urea are all capable of acting as the sole N source for growth in one or more strains (Glibert et al., 1986; Glibert and Ray 1990; Lindell et al., 1998; Collier et al., 1999; Lindell et al., 1999; Moyal et al., submitted). Further, since strains WH 7803 and WH 8101 can assimilate amino acids (Paerl 1991; Kramer 1990; Kramer and Morris 1990), whilst others e.g. WH 8102, WH 8103, WH 8011, WH 8112 and WH 7803 have been shown to express aminopeptidase activity (Martinez and Azam 1993), suggesting hydrolysis of dissolved organic nitrogen may also be important in the N nutrition of these organisms, it is likely that the ability to utilise amino acids is also widespread in members of the genus. However, some differences in N resource utilisation among strains are known. Thus, although most strains are capable of consuming urea a few exceptions have also been noted (Waterbury et al., 1986; Collier et al., 1999). For one of these strains, Synechococcus WH 7803 (clade V), a portion of the ureC gene as well as a region of several kbp downstream of the urease gene cluster has been shown to be lacking (Collier et al., 1999). This eliminates urease activity in this strain, though whether this is a feature of other members of MC-A clade V is not known. Strain WH 7803 is, however, capable of ammonium, nitrate and nitrite utilisation (Glibert et al., 1986; Glibert and Ray 1990; Post et al., submitted, and see Table 3, which includes a summary of physiological properties of strains, clustered with respect to their phylogenetic position in Fig. 1). Similarly, inactivation of ureC in Synechococcus WH 8102 and WH 7805 prevents growth of these strains on urea, but does not affect the ability of these strains to utilise nitrate or ammonium. Hence, whether urease activity allows a more efficient internal recycling of N which is beneficial in situ to some strains (Collier et al., 1999) or merely reflects a choice of resource utilisation which is lost in those strains that occupy a niche with a rapid flux of the nutrient that makes utilisation impossible, and that ultimate forces gene loss, remains to be determined. Recently, a gene cluster urtABCDE, was identified in the freshwater cyanobacterium Anabaena PCC 7120 to encode elements of an ABC-type permease involved in high affinity urea uptake (Valladares et al., 2002). Homologues of these genes are present in the completed genome of marine Synechococcus strain WH 8102, adjacent to the urease structural genes, suggesting the capacity for high affinity urea acquisition in this organism. Confirmation of their presence in other strains, or indeed their absence in those strains that lack urease activity, requires further work or genome sequences. 

Utilisation of ammonium, nitrate and nitrite appears to be relatively widely distributed among the various Synechococcus clades (Table 3). This is in marked contrast to the Prochlorococcus genus in which utilisation of ammonium and nitrite N sources appears partitioned amongst closely related, but distinct ecotypes, a feature correlating well to the environmental niche where these resources are available and the known niche of these ecotypes (Moore et al., 2002). Remarkably, and as we have already mentioned in section 4 above, nitrate utilisation among the Prochlorococcus strains presently in culture appears absent, with this lack of utilisation again correlating with actual gene loss. This compares with the relatively widespread ability to utilise nitrate amongst the marine Synechococcus genus, a feature agreeing both with in situ growth rate data which correlates with nitrate concentration (see Blanchot et al., 1992; Partensky et al., 1999a), and with observations of natural Synechococcus populations which have been shown to respond to periodic nitrate input (Glover et al., 1988; DuRand et al., 2001). The ability to retain N resource uptake capacity across both reduced and oxidised N forms may reflect a high cellular N requirement among marine Synechococcus strains as a result of the N-rich phycobilisome burden, a feature which has also been put forward to explain the more general surface distribution of the genus, since the low light levels at the base of the euphotic zone might not yield enough energy for reduction of oxidised N forms to ammonium. Even so, there is recent evidence that nitrate utilisation is not absolute across the genus with one strain MIT S9220 from the equatorial Pacific unable to utilise this source (Moore et al., 2002). In addition, clade VIII, whose members lack PE and which were originally designated MC-B, but which phylogenetically appear to be well supported within MC-A (see Fig. 1), contains strains, thus far non-axenic, that can and cannot utilise nitrate as sole N source (Fuller et al., submitted). Thus, although generalisations of N utilisation across the genus can be made, exceptions to this are now appearing. This does assume though that the observed differences in utilisation do not merely reflect mutations that have arisen in strains during their time in culture.
These differences in N nutrition physiology between strains likely reflect adaptive responses of cells to the nutrient form(s) most frequently encountered by the organism in its own specific niche. However, it is possible there may be less obvious reasons why a particular N source is not utilised e.g. susceptibility to viral attack when expressing a particular cell surface exposed N transporter, as a result of it acting as a phage receptor, or specific ‘consortial’ interaction with another phytoplankton species that can utilise the oxidised N source but then excreting the reduced form.

Overlying obvious differences in N resource utilisation amongst different strains, are more subtle differences in N physiology which have also been documented that again likely reflect the in situ niche of individual genotypes. Thus, Glibert et al., (1986) and Glibert and Ray (1990) report a differential response to N depletion and N uptake in two marine Synechococcus strains. WH 7803 (clade V) was able to maintain nitrate utilisation capacity even after 2 days of nitrogen starvation such that although cell division was immediately arrested upon N depletion, growth and nitrate uptake occurred within 10 h of nitrate being re-supplied. In contrast, strain WH 8018 (clade VI), showed net growth throughout the 48 h N depletion period but had a 24 h lag in growth when nitrate was re-supplied. Such data have been reconciled with respect to ecological partitioning of the two strains with a potential oceanic location for the former, which can readily respond to the intermittent nitrate supply which may occur due to only occasional physically driven turbulent flux across the nitracline or episodic pulses from water column mixing events. A more coastal location of strain WH 8018 would be consistent with its place of isolation and with the more continuous nitrate supply found in coastal waters, a result of both mixing and terrestrial run-off events, allowing growth at the expense of internal cellular reserves. Both strains have been shown to excrete little DON during N starvation conditions, which suggests they can efficiently retain the N taken up during those circumstances (Bronk 1999). A similar differential, though perhaps more dramatic, response to N deprivation among genotypes has ben seen in freshwater Synechococcus isolates, characterised by PC-rich strains undergoing a rapid decrease in the phycobiliprotein:chlorophyll a ratio, but a concomitant increase in cellular carbohydrate and soluble extracellular polysaccharide, whilst PE-rich strains show neither a change in pigment composition or any accumulation of polysaccharide (Postius and Böger 1998).

Whilst further work would be required to define the molecular basis of the differing patterns of growth and N uptake in these two marine strains, for one of these, WH 7803, the mechanics and regulation of N uptake have recently been studied in detail (Lindell et al., 1998; Lindell and Post 2001; Moyal et al., submitted; Post et al., submitted). What is immediately obvious from this work are the contrasting mechanisms and physiological properties of N acquisition between marine and freshwater Synechococcus strains. For example, an ABC-type transporter comprising the nrtABCD gene products appears to be the major route for nitrate transport in freshwater species (Omata 1995), whereas a permease (NapA/NrtP) of the major facilitator super-family performs the same role in marine strains (Sakamoto et al., 1999; Post et al., submitted). A nitrate permease of the NapA type has also been found in a filamentous marine nitrogen-fixing Trichodesmium strain (Wang et al., 2000). Interestingly, the transporter encoded by the nrtABCD genes appears also to transport nitrite (Luque et al., 1994), whilst recent mutagenesis of the napA gene in Synechococcus WH 7803 reveals a strain still capable of nitrite uptake, suggesting the presence of a separate nitrite transport system in this strain at least (Post et al., submitted). Moreover, nitrite and nitrate appear to act as specific inducers for the synthesis of proteins required for nitrite uptake (Lindell et al., 1998). Another unusual property of N utilisation in WH 7803 is that ammonium appears to directly inhibit nitrate uptake in this strain, a feature different to that observed in all other cyanobacteria where the negative effect of ammonium on nitrate and nitrite uptake appears indirect, being prevented by the addition of the glutamine synthetase inhibitor L-methionine-DL-sulfoximine (MSX) (Post et al., submitted). 
Ammonium, rather than nitrate or nitrite, is preferentially utilised by marine Synechococcus strains as their major N source (Glibert and Ray 1990; Lindell et al., 1998), whilst during N starvation utilisation of phycobiliproteins as a source of amino acids for growth occurs (see above). This hierarchical utilisation of N substrates suggests a complex N regulatory network exists in these organisms, but with the potential for subtle differences in regulation between strains. Key to the regulation of N metabolism in freshwater strains is the DNA binding protein NtcA (see Herrero et al., 2001) which in the absence of ammonium can act as a transcriptional activator of those genes required for utilisation of alternative N sources. Recently, ntcA was cloned from the marine Synechococcus strain WH 7803 (Lindell et al., 1998). This has allowed the construction and characterisation of a ntcA mutant strain (Moyal et al., submitted). This mutant cannot assimilate, or grow on, nitrate or nitrite. In contrast, active ammonium transport is retained in the mutant. The mutant’s inability to assimilate or grow on nitrate coincides with an absence of napA expression, and indicates that NtcA regulates nitrate metabolism at the level of napA transcription (Post et al., submitted). This is supported by the finding of putative NtcA binding sequences, GTA N8 TAC..N22..T N4 T and GTA N8 AAC..N23..T N3 AT, at 225 and 132 bases respectively, upstream of the napA start codon (Post et al., submitted), similar to reported consensus NtcA-binding sites (Luque et al., 1994). Conversely, the ability of the mutant to retain active ammonium transport suggests an absence of NtcA regulation in this process. Interestingly, in Prochlorococcus sp. PCC9511, a surface-adapted strain (Rippka et al., 2000), amt1, encoding a high affinity ammonium transporter, is expressed at high levels both in the presence of ammonium as well as during all but the severe stages of N-deprivation. This constitutive amt1 expression, and the absence of a typical NtcA binding site upstream of amt1, has led to the proposal that amt1 is not regulated by NtcA in this Prochlorococcus strain (Lindell et al., in press). Whether constitutive amt1 expression occurs in Synechococcus WH 7803 and other marine Synechococcus strains awaits further investigation, but interestingly there is a recent report of constitutive expression of nirA, encoding nitrite reductase, in the marine Synechococcus strain WH 8103 (clade III), i.e. with little effect of ammonium on nirA transcription (Bird and Wyman 2002). Such regulation contrasts with the enhanced expression of nirA and amt1 in the absence of ammonium in freshwater Synechococcus strains (see for example Vazquez-Bermudez et al., 2002) and highlights the regulatory constraints placed on these organisms in the N-poor marine ecosystem, a feature though that may well differ subtly between coastal and open-ocean strains. 

The critical role that N availability potentially plays in generally controlling phytoplankton growth rate and/or growth yield (Tyrell and Law 1997), suggests that the availability of this resource is also vital to the ecological success of the Synechococcus genus. However, Synechococcus growth rates in situ are high despite low N (see Furnas and Crosbie 1999 for review), perhaps a result of the rapid recycling of the N sources specifically used by members of this genus, so it is possible that these organisms do not encounter N stress in situ. To begin to address whether this is in fact the case, and to circumvent the problems of using oceanographic techniques which generally monitor bulk activities as a function of a complex phytoplankton assemblage and making it difficult to assess the N status of a specific phytoplankton taxon, Lindell and Post (2001) have developed an assay based on ntcA gene expression as an indicator of the N status specifically of the marine Synechococcus genus. Using Synechococcus sp. WH 7803 as a model organism, ntcA expression was shown to be induced at ammonium levels below 1 (M, reaching maximal levels within 2 hours. Conversely addition of > 1 (M ammonium led to a rapid decline in ntcA mRNA. This negative effect of ammonium on ntcA expression could be prevented by addition of MSX or azaserine, inhibitors of ammonium assimilation. The highest ntcA transcript levels were, however, found in cells lacking a N source that could be used for growth. Thus, basal ntcA expression would indicate ammonium utilisation, whilst maximal expression would indicate N deprivation, levels of which could be induced experimentally using ammonium and MSX respectively, and compared with actual ntcA transcript levels from an in situ sample. Using such an assay it was shown that natural Synechococcus populations expressed ntcA at a basal level at a nutrient-enriched site in the Gulf of Aqaba, Red Sea, suggesting they were utilising solely ammonium in this environment even though levels of nitrite and nitrate were measurable (Lindell and Post 2001). Further future application of this marker, particularly when used in tandem with molecular markers specific to other nutrients, e.g. P and trace metals (see sections 4.2-4.3) will provide a much clearer picture of the role of particular nutrients in controlling the standing stock of Synechococcus in situ. 

4.2 P acquisition

Inorganic orthophosphate (Pi) levels in the open ocean are often in the nanomolar range (see for example Björkman et al., 2000) and there is now evidence from several ocean environments for phosphorus (P) limitation of microbial production (Zohary and Robarts 1998; Wu et al., 2000; Karl et al., 2001a; Sañudo-Wilhelmy et al., 2001). The major consequence of a P-limited ocean is selection for microbes with high P acquisition efficiency, but low P quotas, a scenario that seems to be occurring now in the North Pacific subtropical gyre where Prochlorococcus tends to dominate numerically over Synechococcus (Karl et al., 2001b), presumably a function of the lower cell P quota and higher surface to volume ratio of the smaller celled Prochlorococcus genus (Cavender-Bares et al., 2001). Given the apparent importance of P controlling production in marine systems we still know relatively little of the P physiology of either genus, though some insights pertaining to regulation of P acquisition and P source utilisation have recently been forthcoming in Prochlorococcus, a result of genome sequencing projects (http://www.jgi.doe.gov/JGI_microbial/html/index.html) and the availability of an axenic Prochlorococcus strain (Rippka et al., 2000; Scanlan & West 2002). 

For the marine Synechococcus, work that has been performed on P nutrition and regulation has focused on only a few strains (Scanlan et al., 1993, 1997a,b; Donald et al., 1997; Ikeya et al., 1997; reviewed in Scanlan and Wilson 1999) and although components of the P acquisition machinery are likely conserved across the genus, more data are required to assess the comparative utilisation of different P sources among genotypes, or whether open ocean and coastal ecotypes possess different P quotas and/or P regulatory systems for example. Certainly the differential bioavailability of organic P compounds in situ (Bjorkman and Karl 1994; Bjorkman et al., 2000) suggests that different ecotypes might show specific preferences for meeting their P requirements for cell growth. For the most well studied marine Synechococcus strain WH 7803, a relatively broad utilisation of P sources has been described. This strain has been shown to utilise Pi, dCTP, p-nitrophenyl phosphate, glucose-6-phosphate and glycerol phosphate, but not cAMP, as sole P source for growth (Donald et al., 1997). Interestingly, the incorporated Pi has been shown to accumulate largely in low molecular weight and RNA components in this strain, but with a general absence of phospholipid, and little polyphosphate (Cuhel and Waterbury 1984). 

It is possible that the ability to utilise cAMP as sole P source may be a clade specific trait amongst marine Synechococcus strains since although strains WH 7803 (clade V) or WH 8012 (clade II) cannot utilise this substrate, cAMP will support the growth of strain WH 8103 (clade III) (L. Moore personal communication). All three strains can utilise nucleotides as a P source, which suggests hydrolysis by alkaline phosphatase or the presence of a specific 5′-nucleotidase. Differences in alkaline phosphatase activity between strains WH 8103 and WH 8012 under P-deplete conditions (L. Moore personal communication) hint at the potential different strategies of strains to utilise the available P pool, i.e. some strains more capable of accessing the organic P pool than others, particularly if hydrolysis can be coupled to uptake. Certainly utilisation of cAMP suggests the presence of a specific high affinity transport system for this substrate, a capacity which appears to be relatively rare among marine bacterioplankton (Ammerman and Azam 1987). 

An in situ study of P uptake in natural picophytoplankton populations at the Bermuda Atlantic Time-Series (BATS) Station (Cotner et al., 1998), showed however, no selectivity of uptake of inorganic (33P-Pi) over organic P (d32P-ATP) by Synechococcus or Prochlorococcus, though Synechococcus incorporated the majority of the labelled P sources (70% of the total). Since little difference was observed in cell specific incorporation of 14C-NaHCO3- this suggests that Synechococcus cells have a higher P requirement than Prochlorococcus and thus that Synechococcus spp. may be more susceptible to P limitation. However, there was a strong correlation between alkaline phosphatase activity and Synechococcus abundance in the Gulf of Aqaba, Red Sea, and with the bulk of particulate alkaline phosphatase activity associated with the picoplanktonic fraction (Li et al., 1998) suggesting that this genus might be a significant contributor to removal of the bioavailable organic P in this region at least. It is important to highlight though that this in situ activity data needs to be put into the context of the total Synechococcus population rather the contribution of individual genotypes whose contribution may differ significantly.

Depending on hydrographic conditions it is possible to envisage times of relative abundance of Pi e.g. after deep winter mixing events, compared to relative Pi scarcity when the external Pi concentration increases only transiently above the threshold for Pi incorporation, e.g., during summer stratification. The threshold concentration is the external Pi concentration at which incorporation of the nutrient stops due to energetic reasons. Any increase above this value is then utilized by the organism until the threshold is once again reached. It is obvious that survival in this special growth situation of fluctuating and limiting nutrient supply requires synthesis of a high-affinity Pi uptake system that senses changes in the external Pi status and that is capable of ‘adapting’ to these changes rapidly in order to optimize the efficiency of nutrient incorporation. There has been much progress of the kinetic mechanisms underlying Pi uptake during this ‘adaptive response’ to conditions of a pulsed P supply in a freshwater Synechococcus sp. (see Wagner et al., 1995a; Falkner et al., 1995; Wagner et al., 2000), but our knowledge in marine strains is far less advanced. Kinetic data has though confirmed the presence of a high affinity Pi uptake system in marine Synechococcus (Donald et al., 1997; Ikeya et al., 1997; F. Wagner and D.J. Scanlan unpublished data). Reported Km (Ks) values for this system range from 40-100 nM (Ikeya et al., 1997) in strain NIBB 1071, to 130 nM (F. Wagner and D.J. Scanlan unpublished data) - 3 (M (Donald et al., 1997) in strain Synechococcus WH 7803. The wide range in Km value observed in the latter strain likely reflects the growth conditions used (semi-continuous in the former, and batch in the latter). This high affinity system was shown to be energy dependent, the Km being reduced in the dark or on addition of the uncoupler FCCP, which inhibits ATP production (Donald et al., 1997). Consistent with this is that vanadate, a general inhibitor of p-ATPases, also inhibits Pi uptake, suggesting translocation is coupled to the activity of an ATPase (F. Wagner and D.J. Scanlan unpublished data). Since uptake is specifically reduced by the addition of the photosynthetic electron transport chain inhibitors DCMU and DBMIB (Ikeya et al., 1997), it is likely that high affinity Pi uptake requires photophosphorylation carried out by both cyclic and non-cyclic electron flow. This high affinity system is also sensitive to osmotic shock (Ikeya et al., 1997), a property consistent with the presence of a periplasmic Pi binding component. Such a component, encoded by the pstS gene, has been well characterised in Synechococcus sp. WH 7803 (Scanlan et al., 1993) though in this and other marine Synechococcus strains the PstS protein appears to localise with the cell wall. The significance of this location awaits further work. Certainly the recent characterisation of a Synechococcus sp. WH 7803 pstS mutant is consistent with its role as a classical binding component of an ABC transport system, since the Km is unaltered in the mutant, whilst the Vmax decreases 2-3 fold (F. Wagner and D.J. Scanlan unpublished data). This suggests that lack of PstS essentially influences the velocity of the overall transport process, a phenomenon which is coherent with PstS acting as a ‘simple’ harvesting protein that accelerates supply of the ABC membrane complex with substrate. 

PstS is induced in strain WH 7803 when external Pi levels drop below 50 nM (Scanlan et al., 1997b). Further, PstS expression under P deplete growth conditions is repressed by addition of all other utilisable P sources in this strain. These features of induction of PstS at Pi levels similar to those found in situ, and tight and specific repression by both inorganic and organic P sources has led to use of the polypeptide as a molecular marker of the P status of natural Synechococcus populations (Scanlan et al., 1997b; reviewed in Scanlan and Wilson 1999, Scanlan and West 2002). This latter property of PstS repression is particularly important for its use as a reporter in situ where P sources other than that which can be chemically measured may be bioavailable (see Kolowith et al., 2001; Sundareshwar et al., 2001). The utility of such a protein as a molecular marker has been assessed in oligotrophic waters of the Sargasso Sea and Gulf of Aqaba (Red Sea) where expression appears to be both spatially and temporally regulated (Scanlan and Wilson 1999; N. Fuller, A. Post and D.J. Scanlan unpublished data). Interestingly, temporal regulation of PstS expression at Station A in the Gulf of Aqaba (N.J. Fuller, A.F. Post and D.J. Scanlan unpublished data) coincides with the fall of a spring Synechococcus maxima (Muhling et al., submitted) suggesting P control of production at that time. The same community structure data (Muhling et al., submitted) demonstrates that winter and summer Synechococcus populations differ markedly in genetic diversity, concomitant with organisms that may have markedly different strategies for P acquisition, or regulation of P metabolism.


Regulation of the high affinity P acquisition system of marine Synechococcus likely requires the functioning of the PhoB –PhoR two-component system (Watson et al., 1996) though confirmation of this by mutant construction is still needed. It is possible though that the regulatory network controlling P acquisition may be more complicated than these ‘two-components’ since immediately downstream of pstS in strain WH 7803 lies a putative transcriptional regulator (ptrA) (Scanlan et al., 1997a), of the cyclic AMP receptor protein (crp) and fumarate and nitrate reduction (fnr) family (Green et al., 2001), and similar to the cyanobacterial ntcA gene (see section 4.1 above). Upstream of ptrA a 18 nucleotide sequence representing a putative Pho box (see Wanner 1996) was found, suggesting regulation by the response regulator PhoB (Scanlan et al., 1997a). A similar gene arrangement of pstS immediately upstream of ptrA is found in the completed genome sequence of the marine Synechococcus strain WH 8102. This genome sequence hints though, at the potential complexity of P acquisition in this organism, since four copies of pstS, all potentially encoding Pi binding proteins can be found. One of these copies shares greatest identity with sphX, a gene encoding a P-regulated polypeptide in the freshwater Synechococcus sp. PCC 7942 (Aiba and Mizuno 1994). Mutation of the sphX gene in this freshwater Synechococcus strain does not affect the ability of the organism to utilize phosphate at nanomolar external concentrations, but it does lead to an increase in the Michaelis constant and the maximum velocity of the initial influx of 32P-Pi (Falkner et al., 1998). Moreover, the capacity of the wild type to adapt within a few minutes to a transitory increase in the external phosphate concentration in an energetically efficient way is lost in the mutant. As a result, the mutant can no longer attain pulse-adapted states that reflect in a characteristic way preceding exposures to higher phosphate concentrations. The role of sphX and the other pstS copies in the marine Synechococcus WH 8102 requires further work, though it could be that one of these copies transports a structurally related ion e.g. arsenate, a molecule known to be transported by marine Synechococcus (Takahashi et al., 2001), but also a molecule that can act as a competitive inhibitor of Pi transport (see Abedin et al., 2002). Interestingly, sphX is not found in the completed marine Prochlorococcus genomes, organisms which seem to show differential composition of their P acquisition and regulatory machinery between surface and deep ecotypes (see Scanlan and West 2002). Finally, the presence in the Synechococcus WH 8102 genome of genes encoding components of a phosphonate or phosphite transport system reiterate the fact that these organisms may be able to access components of the in situ DOP pool that are only just being recognised as important in marine systems (see Kolowith et al., 2001).

4.3 Micro-nutrient acquisition

The bioactive trace metals Mn, Fe, Co, Cu, Ni and Zn, representing elements important for various metabolic functions e.g. photosynthetic electron transport, include molecules essential for phytoplankton growth. Much recent interest has centred on the role of these trace metals, and particularly iron, in controlling marine primary production (see Limnology and Oceanography [1991] 36, 1507-1970; Geider and LaRoche 1994; Wells et al., 1994, 1995; Zettler et al., 1996; Tortell et al., 1999; Sunda 2000), though as well as availability constraints on production, toxicity effects are also important (see e.g. Robinson et al., 2000; Mann et al., 2002). Specifically with respect to the marine Synechococcus genus most of these bioactive metals are likely essential for growth (Brand et al., 1983) including recent evidence that cobalt is a specific requirement (Sunda and Huntsman 1995; Saito and Moffett 2002). This requirement for Co contrasts with data for Zn. Synechococcus bacillaris (CCMP1333 = WH 5701) (MC-B) and Synechococcus WH 7803 (clade V) showed no difference in growth rate over a range of Zn concentrations (Brand et al., 1983; Sunda and Huntsman 1995) and with the former strain also showing no ability to metabolically replace Co with Zn (Sunda and Huntsman 1995). The presence of a Cu/Zn superoxide dismutase in Synechococcus sp. WH 7803 (Chadd et al., 1996a), but the absence of a carboxysomal carbonic anhydrase, usually a zinc requiring metallo-enzyme (see section 3.2) within the Synechococcus sp. WH 8102 genome, as well as the apparent lack of a phoV gene homologue, which in a freshwater Synechococcus sp. PCC 7942 encodes a constitutively-expressed Zn(II)-requiring alkaline phosphatase (Wagner et al., 1995b), an enzyme that might be considered advantageous in P deplete oceanic environments, is consistent with a potentially low Zn requirement in these organisms. This last point also demonstrates though, how cellular trace metal requirements could impact on acquisition and assimilation of the macro-nutrients C, N and P in this genus (see McKay et al., 2001 for a general review on this topic). Such a trace metal constraint on N metabolism is likely due to the Fe requirement of nitrate and nitrite reductase, though see Henley and Yin (1998), and for those strains that utilise urea, the Ni requirement for urease (Collier et al., 1999) although this latter obligation may be obviated should some marine Synechococcus strains produce a Ni-independent urea amidolyase similar to that found in green algae (see Antia et al., 1991).

The ability of natural Synechococcus (and/or Prochlorococcus) populations to produce cobalt ligands (Saito and Moffett 2001) whilst Cu-complexing ligands have been reported for marine Synechococcus cultures and in oceanic waters (Moffett 1995; Moffett and Brand 1996) demonstrates the importance of trace metal complexation in natural marine systems. Such complexation appears important in dictating trace metal speciation on the one hand, which may effect actual availability (Saito and Moffett 2001), but also in limiting metal toxicity on the other (Moffett and Brand 1996; Moffett et al., 1997). The observed Synechococcus sensitivity to Cu in coastal waters, and particularly polluted harbours, appears to result from an increase in free Cu2+ as a result of saturation of these organic ligands (Moffett et al., 1997). There is recent evidence though to suggest that the Prochlorococcus genus is even more sensitive to Cu levels than its Synechococcus neighbour (Mann et al., 2002). Interestingly, there is a differential sensitivity to Cu in Prochlorococcus with the high light-adapted ecotype more Cu resistant than its low light counterpart, consistent with the higher free Cu2+ levels found in shallow mixed layers compared to deeper waters. 

Given the relative importance then of trace metals in marine systems little is known of the mechanisms of metal ion transport or physiological responses to specific trace metal deficiency in the marine Synechococcus genus, perhaps with the exception of iron, although even here most work relates to the halotolerant marine Synechococcus strain PCC 7002 (Wilhelm 1995; Wilhelm and Trick 1995a,b; Trick and Wilhelm 1995; Wilhelm et al., 1998), phylogenetically outside the MC-A/MC-B group. Components of putative high affinity ‘ABC systems’ that might transport trace metals can however be found in the Synechococcus WH 8102 genome sequence. These include a potential iron-binding protein, an inner membrane channel and an ATPase that are predicted to encode a complete periplasmic-binding component dependent ABC transporter for Fe (Webb et al., 2001), although their specific functional characterisation via mutant construction awaits further work. One of these components, the iron binding protein, has recently been identified as an IdiA (Michel et al., 1996, 1999) or SfuA (Angerer et al., 1992) homologue, encoding a 39 kDa polypeptide specifically induced in Fe deplete conditions in Synechococcus WH 8103, WH 8102 and WH 7803 and localised to the outer membrane (Webb et al., 2001). This polypeptide is probably synonymous with the 36 kDa Fe-induced polypeptide identified by Chadd and co-workers (Chadd et al., 1996b). Although some marine Synechococcus strains (e.g. WH 8101 and WH 7805) have been shown to produce siderophores, catechol or hydroxamate chelators with high affinity for Fe (Wilhelm and Trick 1994), other strains appear not to be capable of siderophore synthesis (e.g. WH 6501, WH 7803, WH8018 and WH 8102 [Rueter and Unsworth 1991; Chadd et al., 1996b; Webb et al., 2001]), the latter strain also lacking any known siderophore biosynthetic genes. Since WH 7803 can however incorporate Fe complexed to exogenous siderophore (Hutchins et al., 1999) it is possible that some strains are capable of siderophore ‘piracy’ a trait also found in some marine heterotrophs (Granger and Price 1999). Whether this ‘pirate’ behaviour is a clade-specific trait will require a thorough survey of siderophore production and utilisation across the genus. Further characterisation of Fe acquisition mechanisms among members of the genus is required though, especially since strain WH 8102 also appears to lack genes encoding TonB, ExbB and ExbD comprising components for Fe-siderophore transport (Webb et al., 2001).

IdiA (Webb et al., 2001), together with the isiA gene (Gei( et al., 2001) encoding a chlorophyll a-binding protein that may protect the photosystems against excess light under iron-limiting conditions (Burnap et al., 1993), are currently being developed as potential diagnostic markers for assessing the Fe status of natural cyanobacterial populations. Use of these markers rather than that of flavodoxin accumulation, which has been well characterised as a potential marker of Fe status in phytoplankton (La Roche et al., 1996), has been necessitated by the reported absence of flavodoxin in the marine Synechococcus strain CCMP 1334 (= WH 7803) as determined by a sensitive HPLC assay (Erdner et al., 1999). This is consistent with an absence of isiB, encoding flavodoxin, in the marine Synechococcus WH 8102 genome, a gene notably present in both the Prochlorococcus MED4 and MIT9313 genomes.

The physiological response of members of the marine Synechococcus genus to iron deficiency has been reported in only a few studies (Brand, 1991; Rueter and Unsworth 1991; Chadd et al., 1996b; Kudo and Harrison 1997; Henley and Yin 1998) again mostly focusing on a single strain WH 7803. This strain shows an obvious decrease in growth rate as Fe levels fall below 10-20 nM, but there are conflicting data over whether ammonium, rather than nitrate, supports a higher growth rate under Fe limited conditions (Kudo and Harrison 1997, Henley and Yin 1998), as might be expected due to the Fe requirement of nitrate and nitrite reductase. Where comparative work has been performed in other marine Synechococcus strains, subtle differences in their responses to Fe limitation have been observed (Rueter and Unsworth 1991; Henley and Yin 1998) and this may underlie differences in Fe quotas between strains and/or the alternative strategies of Fe acquisition and utilisation dictated by their specific environmental niche.

5 Motility

The non-flagellar based swimming motility of marine Synechococcus (Waterbury et al., 1985; Brahamsha 1996a; Pitta and Berg 1995; Pitta et al., 1997) represents one of the few phenotypic traits that thus far represents phylogenetic coherence within the genus (Toledo et al., 1999), with all motile strains currently falling within clade III (see Fig.1; Rocap et al., 2002). This swimming motility is of a unique type characterised by the absence of flagella and of any other obvious motility organelle. The specific swimming mechanism remains elusive however (see Brahamsha 1999a for a review), although a protein SwmA, has been shown to be required for the generation of thrust, since swmA mutants lose the ability to translocate, although they can generate torque (Brahamsha 1996a). Of specific interest here with respect to niche adaptation is that at least one motile strain, WH 8113, has been shown to be chemotactic towards a variety of nitrogenous sources including ammonia, nitrate, (-alanine, glycine and urea (Willey and Waterbury 1989). Such positive chemotaxis likely allows motile strains to access local sources of nutrient enrichment, which may be particularly apparent around microaggregates (marine snow) or point source releases of nutrients e.g. autolysis of a large microbe, the discharge of undigested organic matter and inorganic nutrients from food vacuoles or via zooplankton excretion. Such point sources of nutrients have been shown to spread into spherical patches a few millimetres in diameter and can sustain swarms of bacteria (Blackburn et al., 1998). Hence across distances of millimetres to centimetres motile Synechococcus strains would appear to have a selective advantage over their non-motile counterparts particularly in oligotrophic open ocean systems, an environment where motile strains appear to predominate. Such microscale structure to a water column imparts a three dimensional shape to any simplified niche system we might have based solely on the vertical light and nutrient gradients, but ultimately will need to be considered with regard to niche adaptation. Certainly it will be interesting to resolve using molecular techniques whether motile Synechococcus strains show relatively high abundance on or around marine snow particles relative to their non-motile counterparts.

6 Cell cycle

The daily light:dark cycle of temperate and subtropical marine waters imparts a diel periodicity on natural microbial populations that can influence productivity, cell division, nutrient uptake processes and cellular optical properties (see e.g. Prézelin et al., 1986, 1987; Campbell and Carpenter, 1986b; Prézelin 1992; Stramski et al., 1995; Jacquet et al., 1998; Kuipers et al., 2000; Binder and DuRand 2002) as well as the expression of specific genes (Wyman 1999). For photoautotrophs like Synechococcus such periodicity imparts a naturally periodic energy supply to which cellular processes need to be aligned (Chisholm 1981) and potentially the mechanisms by which this alignment is achieved may vary between genotypes. This phasing of cell division and other processes to the daily light:dark cycle may be a direct affect of light control of the cell cycle or be due to the existence of an endogenous circadian rhythm (( biological clock) both of which have been reported for marine Synechococcus (Armbrust et al., 1989; Sweeney and Borgese 1989). Certainly in the freshwater Synechococcus strain PCC 7942 this circadian rhythm imparts a global influence on gene expression (see Nair et al., 2002), and hence presumably on the processes in which those genes function. Most physiological processes, excluding those of cell division, that have been characterised in the genus have been performed under continuous illumination thus circumventing such ‘circadian influence’, but this must be remembered when extending conclusions of culture work to natural populations. 

Analysis of the regulation of the cell cycle of marine Synechococcus strains has been explored in detail in the genus (Binder and Chisholm 1995; Liu et al., 1999; Binder 2000; Jacquet et al., 2001), particularly so since there is the potential to apply cell cycle analyses of division rate to estimate in situ growth rates of natural Synechococcus populations (see e.g. Jacquet et al., 1998). Two modes of cell cycle regulation have been reported for marine Synechococcus strains, a trait which appears to be strain-specific. For one strain though, WH 7803, contrasting cell cycle data has been obtained, suggesting culture conditions are also important or that specific genetic differences exist in strains of the same name (Binder and Chisholm 1995; Liu et al., 1999; Jacquet et al., 2001). The first of these modes gives rise to bimodal DNA distributions (e.g. strains WH 8101, WH 8103 and WH 7805) in which cells arising with a single chromosome begin replication of that chromosome after a specific time interval before completing replication X min later and ultimately dividing Y min after this (Binder and Chisholm 1995). These same workers also observed a second mode of cell cycle regulation (e.g. strain WH 7803) which gives rise to multimodal DNA distributions and likely involves the inheritance of multiple genome copies and the asynchronous replication of these copies. More detailed analysis of the cell cycle in Synechococcus WH 8101 during light and nitrogen limited growth, demonstrated by bimodal DNA distributions under all growth conditions, reiterates a relatively simple cell cycle behaviour in this strain (Binder 2000). This study also showed that the timing of chromosome replication is dependent on cell mass (volume). Cell volume changes may in turn effect the non-linear relationship between growth rate and rRNA content in this strain (Binder and Liu 1998), rRNA content potentially being another useful biochemical ‘index’ for assessing in situ growth rate.

Differences in cell cycle regulation among strains may explain the relatively wide variation in the timing of division in the Synechococcus genus (see Table 4), certainly compared to Prochlorococcus and picoeukaryotes (Jacquet et al., 2001). These latter investigators also provide data which hints at the potentially interesting observation that the timing of division may be different between low PUB:PEB strains and high PUB:PEB strains, with the former dividing during daylight and the latter at night. Variation in the timing of division among the low PUB:PEB isolates was also reported, possibly reflecting a differential response to their light environment and with individual strains requiring different integrated light doses to initiate the division process (Jacquet et al., 2001). Further, these low PUB strains stop dividing almost immediately in the dark suggesting that light is necessary to complete division. These culture studies agree well with field estimates of the timing of cell division, with coastal locations generally containing cells dividing earlier than open ocean sites (see Table 4). This is consistent with the observed higher abundance of low PUB strains in coastal waters and of high PUB strains in more open ocean systems, but with the caveat that PUB:PEB ratio is polyphyletic in the genus and that chromatically adapting strains exist (see section 2). The observed late division (i.e. after dusk) of natural Synechococcus populations in the Mediterranean Sea may be a result of P limitation of cell growth in that environment, particularly since P depletion was shown to retard DNA replication and hence delay cell division (Vaulot et al., 1996). However, it is also possible that Synechococcus cell division is controlled negatively by UV irradiation, rather than positively by nutrient supply (Jacquet et al., 1998). Certainly, UV irradiation is an environmental variable that appears important in controlling the timing of DNA synthesis in natural Prochlorococcus populations (Vaulot et al., 1995). Even so cell cycle variables do appear useful as potential molecular markers for assessing cellular nutrient status particularly to monitor nutrient bioassays since nutrient deprived cells generally arrest at the beginning of their cell cycle (G1 phase), but initiate DNA synthesis (S phase) within a few hours of nutrient addition.

7 Grazing/viruses

Optimum growth of Synechococcus in situ generally occurs in the upper surface layers of the water column (see Patensky et al., 1999a), but identifying the controlling environmental influences on growth rate and growth yield is central to providing a robust understanding of pelagic food webs where Synechococcus plays a key role as a source of particulate organic material, as well as in nutrient utilisation and C transfer to higher trophic levels. Such factors important in controlling in situ growth dynamics of Synechococcus populations have been recently reviewed (Furnas and Crosbie 1999), and include both abiotic and biotic factors. The former include nutrient (and light) availability, temperature fluctuations as well as seasonal mixing events, whilst the latter include grazing pressure (Campbell and Carpenter 1986a; Caron et al., 1991; Liu et al., 1995; Christaki, et al., 1999; Dolan and Simek 1999) and viral infection (see Suttle 2000, Mann submitted, for recent reviews). We have already considered the importance of abiotic factors in shaping the environmental niche occupied by specific Synechococcus genotypes but these biotic factors likely also play an important role in shaping the success of niche occupancy, through selective grazing or genotype specific virus-infection.

Selective grazing of marine Synechococcus versus Prochlorococcus populations has already been reported (Christaki et al., 1999) whilst selection within members of the genus is known for freshwater isolates. Thus, heterotrophic nanoflagellates isolated from Lake Constance show genotype-specific prey selection, with selection being a function of the ultrastructural morphology of the Synechococcus cell surface, strains containing a highly glycosylated, paracrystalline surface layer being ingested at lower rates. Moreover, a phycocyanin-rich strain was preferentially ingested by one of these nanoflagellates, a Paraphysomonas sp., even when it was just 10% of the prey item, whilst another nanoflagellate, Bodo saltans, ignored the strain completely even if it was the sole source of prey (Müller 1996). Such prey selection, should it occur in marine systems, would have considerable influence on the population dynamics of individual Synechococcus genotypes, and it would be particularly interesting to see if motile strains for example, are grazed at lower rates than their non-motile counterparts since the former may be capable of specific predator avoidance. 

Concomitant with a potential effect of grazing on dictating Synechococcus population structure there is now good recent evidence that viruses can also play an important role in ordering the genetic structure of natural Synechococcus communities, as well as controlling their abundance. Thus, it is already known that specific marine cyanophage possess different host ranges (Suttle and Chan 1993), and with genetically distinct cyanophage in open-ocean versus coastal waters (Zhong et al., 2002) but now there is also evidence from in situ studies that Synechococcus genetic diversity co-occurs with viral diversity (Muhling et al., submitted). 

Viral infection, as well as effecting genetic diversity of the host population, may also have a direct influence on the physiological properties of the host cell. Thus, sequence information of phage SPM-2, a lytic phage capable of infecting Synechococcus WH 7803 (Fuller et al., 1998) and with a genome size of 194 kb (Hambly et al., 2001) contains within its genome one open reading frame sharing sequence homology with CpeT (N. Mann personal communication), a protein potentially involved in regulating phycoerythrin expression in cyanobacteria (see Cobley et al., 2002). Should SPM-2 be maintained in the host as a pseudolysogen then phage-encoded genes like cpeT may confer a selective advantage on the host under specific environmental conditions. Examples of this so-called lysogenic or phage conversion have been most evident in studies on pathogenic bacteria where phage encoded genes can contribute to virulence (Barondess and Beckwith 1995; Pacheco et al., 1997), and with the gene encoding cholera toxin encoded on the filamentous bacteriophage CTXphi being a particularly striking example (Waldor and Mekalanos 1996). As well as the potential of the phage themselves imparting specific physiological properties on the host, there is also the likelihood that a specific physiological response of the host to its environment may then allow infection by a specific cyanophage. The most obvious scenario would be the induction of a high affinity nutrient acquisition system comprising an outer membrane component which subsequently acts as a phage receptor. Examples of outer membrane proteins acting as phage receptor proteins in Gram-negative bacteria including FhuA, a ferrichrome receptor and PhoE, a P-inducible anion selective pore (see Heller 1992 for review). This scenario runs alongside that of the phage establishing (pseudo)lysogeny under these nutrient deplete conditions, which would be a direct mechanism for phage maintenance when host growth is impaired. Such a pseudolysogeny concept (i.e. a phage-host relationship in which a phage-infected cell grows and divides even though its virus is pursuing a lytic infection) is supported by experimental data using Synechococcus WH 7803 and cyanophage SPM-2 in which P-deplete, but not N-deplete growth of the host resulted in a 80% reduction in burst size but no difference in phage adsorption kinetics (Wilson et al., 1996). Such data support the concept that P status can dictate the outcome of phage-host interactions in this system.

8
Conclusions

Although much is known of the physiology of the marine Synechococcus genus most work has focused on only a few strains and there awaits a real comparative analyses of physiological properties of representatives of different phylogenetic clades of this group. Such work should aim to clarify the light and nutrient physiology of the genus with respect to whether high and low light-adapted clades exist, as is the case for Prochlorococcus, as well as whether there is any obvious nutrient selection between members of the same clade, compared to other clades. It is always possible that only focusing on the abiotic factors mentioned above will look at the physiology of the genus too simplistically, and that there may be no real distinction of their nutrient and light physiologies with respect to phylogeny – a view that might be argued given the rampant horizontal gene transfer that seems evident from currently sequenced microbial genomes (reviewed in Boucher et al., 2001). The fact that motility, and possibly chromatic adaptation in non-motile strains, shows phylogenetic coherence however, suggests though that some phenotypic traits are clade-specific. Even if some specific physiological traits are shared between clades, it would be expected that it is the total suite of traits that correlates with the environmental niche occupied. At the genome level this would be reflected in a genomic ‘core’ found in all strains and an auxillary set of genes found in different strain subsets (( a phylogenetic clade) required for occupation of that specific niche. Genomic microheterogeneity that could ultimately manifest itself in physiological diversity has already been reported for natural marine crenarchaeotes even though there was little 16S rRNA sequence variation (Béjà, et al., 2002). 

Subtleties in gene regulation networks also need to be studied in strains of different clades under standard conditions before some real grasp of the complexity and diversity of between-strain adaptation can be put into proper perspective. Such work reiterates the caveat that laboratory culture and selection must not have unrealistically ‘changed’ the physiology of such isolates, one of the major problems of modern microbiology. Further, astute interpretation of such physiological data is required for it to be correctly extrapolated to the in situ environment. Given such cautions however, readily culturable aquatic microbes such as Synechococcus are relatively unique in allowing the investigator access to its in situ niche, and so permitting the coupling of physiology with the use of molecular ecological tools for defining the boundaries of genotype distribution in the water column. This really does allow comparative physiology versus ecological niche analysis to be realistically assessed. Moreover, since members of this genus are genetically amenable (Brahamsha 1996b, 1999b) we have a system that also allows specific mutagenesis of niche-specific genes, as well as the potential to genetically shuffle clade-specific traits between ecotypes, which would allow competitive growth experiments to be performed. The latter would be useful since it is already known that differences in growth rate exist even among members of the same marine Synechococcus clade (Palenik 1999), yet the underlying mechanism for such differences in clonal growth rate remain elusive. 

Although intrinsic cell properties alongside the environmental resources of light and nutrients available define these absolute growth rates, biological factors such as grazing and viral lysis ultimately dictate net growth rates. These latter biotic factors will also define the higher order level shaping of niches, a result of interactions which may be negative e.g. the virus and predator grazing just mentioned, or positive e.g. with co-occurring photosynthetic picoeukaryotes or consortial bacteria. These positive interactions may include a potentially large array of biological signals that play a role in maintaining an environmental niche that is mapped into a three-dimensional shape by abiotic factors. Trying to dissect such a system would be a difficult challenge but it is encouraging that we are obtaining a clearer picture of the diversity of photosynthetic eukaryotes (see Moon-van der Staay et al., 2001), whilst also beginning to obtain into culture marine bacteria once thought to be unculturable and with important biogeochemical function (Eguchi et al., 2001; Kolber et al., 2001; Zehr et al., 2001; Rappé et al., 2002). Hence the future construction of a defined in vitro mesocosm or the like, containing selected components of the major photosynthetic and heterotrophic microbial ‘players’ in situ, might be possible for analyses of these interactions to be undertaken.

As well as the marine environment, freshwater lake (see Postius and Ernst 1999) and hot spring environments (see Ward et al., 1998) are also yielding fascinating insights into the potential of Synechococcus genotypes to adapt to a distinct physiological niche, even if such niches might be separated by just a few hundred micrometres as is the case in the hot spring mat system (Ramsing et al., 2000). Clearly many new and interesting surprises remain to be elucidated in these different systems but taken together they will certainly extend and promote the Synechococcus genus as a potentially excellent model to examine microbial adaptation of physiology to its environment.

Acknowledgements

The author would like to thank Prof. N. H. Mann, Dr L. Moore, Dr. B. Palenik, and Prof. A. F. Post for communicating data prior to publication, and to N.H.M, A.F.P and Dr. F. Partensky for critical reading of the manuscript. The genome sequence data of Synechococcus WH8102 are accessible via the DOE Joint Genome Institute at http://www.jgi.doe.gov/JGI_microbial/html/index.html (data presented in this review exploiting this genomic information has been provided freely by the US DOE Joint Genome Institute for use in this publication only). Financial support provided by the Royal Society, NERC (NERC GR3/11606) and the European Union (PICODIV EVK2-1999-00064P, MARGENES QLRT 2001 01226) is acknowledged for work in Warwick on the marine Synechococcus genus. D.J.S. is a Royal Society University Research Fellow.

References

Abedin, M.J., Feldmann, J., and Meharg, A.A. (2002) Uptake kinetics of arsenic species in rice plants. Plant Physiol. 28, 1120-1128.

Affronti, L.F., and Marshall, H.G. (1994) Using frequency of dividing cells in estimating autotrophic picoplankton growth and productivity in the Chesapeake Bay. Hydrobiologia 284, 193-203.

Agawin, N.S.R., and Agusti, S. (1997) Abundance, frequency of dividing cells and growth rates of Synechococcus sp. (cyanobacteria) in the stratified north-western Mediterranean Sea. J. Plankton Res. 19, 1599-1615.

Aiba, H., and Mizuno, T. (1994) A novel gene whose expression is regulated by the response-regulator, SphR, in response to phosphate limitation in Synechococcus species PCC 7942. Mol. Microbiol. 13, 25-34.

Alberte, R.S., Wood, A.M., Kursar, T.A., and Guillard, R.R.L. (1984) Novel phycoerythrins in marine Synechococcus spp. Plant Physiol. 75, 732-739.

Ammerman, J.W. and Azam, F. (1987). Characteristics of cyclic AMP transport by marine bacteria. Appl. Environ. Microbiol. 53, 2963-2966.

Angerer, A., Klupp, B., and Braun, V. (1992) Iron transport systems of Serratia marcescens. J. Bacteriol. 172, 572-578.

Antia, N.J., Harrison, P.J., and Oliveira, L. (1991) The role of dissolved organic nitrogen in phytoplankton nutrition, cell biology and ecology. Phycologia 30, 1-89.

Armbrust, E.V., Bowen, J.D., Olson, R.J., and Chisholm, S.W. (1989) Effect of light on the cell cycle of a marine Synechococcus strain. Appl. Environ. Microbiol. 55, 425-432.

Badger, M.R., Hanson, D., and Price, G.D. (2002) Evolution and diversity of CO2 concentrating mechanisms in cyanobacteria. Funct. Plant Biol. 29, 161-173.

Barlow, R.G., and Alberte, R.S. (1985) Photosynthetic characteristics of phycoerythrin-containing marine Synechococcus spp. I. Responses to growth photon flux density. Mar. Biol. 86, 63-74.

Barlow, R.G., and Alberte, R.S. (1987) Photosynthetic characteristics of phycoerythrin-containing marine Synechococcus spp. II. Time course responses of photosynthesis to photoinhibition. Mar. Ecol. Prog. Ser. 39, 191-196.

Barondness, J.J., and Beckwith, J. (1995) bor gene of phage (, involved in serum resistance, encodes a widely conserved outer membrane lipoprotein. J. Bacteriol. 177, 1247-1253.

Béjà, O., Aravind, L., Koonin, E.V., Suzuki, M.T., Hadd, A., Nguyen, L.P., Jovanovich, S., Gates, C.M., Feldman, R.A., Spudich, J.L., Spudich, E.N., and DeLong, E.F. (2000) Bacterial rhodopsin: evidence for a new type of phototrophy in the sea. Science, 289, 1902-1906.

Béjà, O., Spudich, E.N., Spudich, J.L., Leclerc, M., and DeLong, E.F. (2001) Proteorhodopsin phototrophy in the ocean. Nature 411, 786-789.

Béjà, O., Koonin, E.V., Aravind, L., Taylor, L.T., Seitz, H., Stein, J.L., Bensen, D.C., Feldman, R.A., Swanson, R.V., DeLong, E.F. (2002) Comparative genomic analysis of archaeal genotypic variants in a single population and in two different oceanic provinces. Appl. Environ. Microbiol. 68, 335-345.

Binder, B. (2000) Cell cycle regulation and the timing of chromosome replication in a marine Synechococcus (Cyanobacteria) during light- and nitrogen-limited growth. J. Phycol. 36, 120-126.

Binder, B.J. and Chisholm, S.W. (1995) Cell cycle regulation in marine Synechococcus sp. strains. Appl. Environ. Microbiol. 61, 708-717.

Binder, B.J. and Liu, Y.C. (1998) Growth rate regulation of rRNA content of a marine Synechococcus (Cyanobacterium) strain. Appl. Environ. Microbiol. 64, 3346-3351.

Binder, B.J. and DuRand, M.D. (2002) Diel cycles in surface waters of the equatorial Pacific. Deep Sea Res. II 49, 2601-2617.
Bird, C. and Wyman, M. (2002) Transcription of the structural genes encoding the nitrate/nitrite assimilation system in the marine cyanobacterium Synechococcus sp. Strain WH 8103, is regulated by nitrogen availability but not nitrogen source. Abstr. Vth European Symposium on The Molecular Biology of Cyanobacteria, Stockholm.

Björkman, K., and Karl, D.M. (1994) Bioavailability of inorganic and organic phosphorus compounds to natural assemblages of microorganisms in Hawaiian coastal waters. Mar. Ecol. Prog. Ser. 111, 265-273.

Björkman, K., Thomson-Bulldis, A.L. and Karl, D.M. (2000) Phosphorus dynamics in the North Pacific subtropical gyre. Aquat. Microb. Ecol. 22, 185-198.

Blackburn, N., Fenchel, T., and Mitchell, J. (1998) Microscale nutrient patches in planktonic habitats shown by chemotactic bacteria. Science 282, 2254-2256.

Blanchot, J., Rodier, M., and Le Bouteiller, A. (1992) Effect of El-Niño Southern Oscillation events on the distribution and abundance of phytoplankton in the western tropical Pacific Ocean along 165ºE. J. Plankton Res. 14, 137-156.

Boucher, Y., Nesbø, C.L., and Doolittle, W.F. (2001) Microbial genomes: dealing with diversity. Curr. Opin. Microbiol. 4, 285-289.

Brahamsha, B. (1996a) An abundant cell-surface polypeptide is required for swimming by the nonflagellated marine cyanobacterium Synechococcus. Proc. Natl. Acad. Sci. 93, 6504-6509.

Brahamsha, B. (1996b) A genetic manipulation system for oceanic cyanobacteria of the genus Synechococcus. Appl. Environ. Microbiol. 62, 1747-1751.

Brahamsha, B. (1999a) Non-flagellar swimming in marine Synechococcus. J. Mol. Microbiol. Biotechnol. 1, 59-62.

Brahamsha, B. (1999b) Genetic manipulations in Synechococcus spp. of marine cluster A. In Marine Cyanobacteria, Bulletin de l’Institut oceanographique, Monaco, no spécial 19 (L. Charpy, and A.W.D. Larkum, eds.), pp 517-527.

Brand, L.E. (1991) Minimum iron requirements of marine-phytoplankton and the implications for the biogeochemical control of new production Limnol. Oceanogr. 36, 1756-1771.

Brand, L.E., Sunda, W.G., and Guillard, R.R.L. (1983) Limitation of marine phytoplankton reproductive rates by zinc, manganese and iron. Limnol. Oceanogr. 28, 1182-1198.

Bronk, D.A. (1999) Rates of NH4+ uptake, intracellular transformation and dissolved organic nitrogen release in two clones of marine Synechococcus spp. J. Plankton Res. 21, 1337-1353.

Burnap, R.L., Troyan, T., and Sherman, L.A. (1993). The highly abundant chlorophyll-protein complex of iron-deficient Synechococcus sp. PCC 7942 (CP43() is encoded by the isiA gene. Plant Physiol. 103, 893-902.

Campbell, L., and Carpenter, E.J. (1986a) Estimating the grazing pressure of heterotrophic nanoplankton on Synechococcus sp. using the seawater dilution and selective inhibitor techniques. Mar. Ecol. Prog. Ser. 33, 121-129.

Campbell, L., and Carpenter, E.J. (1986b) Diel patterns of cell division in marine Synechococcus sp.: use of the frequency of dividing cells technique to measure growth rate. Mar. Ecol. Prog. Ser. 32, 139-148.

Campbell, L., and Carpenter, E.J. (1987) Characterisation of phycoerythrin-containing Synechococcus spp. populations by immunofluorescence. J. Plankton Res. 9, 1167-1181.

Campbell, L., and Iturriaga, R. (1988) Identification of Synechococcus spp. in the Sargasso Sea by immunofluorescence and fluorescence excitation spectroscopy performed on individual cells. Limnol. Oceanogr. 33, 1196-1201.

Caron, D.A., Lim, E.L., Miceli, G., Waterbury, J.B., and Valois, F.W. (1991) Grazing and utilisation of chroococcoid cyanobacteria and heterotrophic bacteria by protozoa in laboratory cultures and a coastal plankton community. Mar. Ecol. Prog. Ser. 76, 205-217. 

Carpenter, E.J., and Campbell, L. (1988) Diel patterns of cell division and growth rates of Synechococcus spp. in Long Island Sound. Mar. Ecol. Prog. Ser. 47, 179-183.

Carr, N.G. and Mann, N.H. (1994) The oceanic cyanobacterial picoplankton. In The Molecular Biology of Cyanobacteria (D.A. Bryant, ed.), pp 27-48. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Casamayor, E.O., Pedrós-Alió, C., Muyzer, G., and Amann, R. (2002) Microheterogeneity in 16S ribosomal DNA-defined bacterial populations from a stratified planktonic environment is related to temporal changes and to ecological adaptations. Appl. Environ. Microbiol. 68, 1706-1714.

Cavender-Bares, K.K., Karl, D.M., and Chisholm, S.W. (2001) Nutrient gradients in the western North Atlantic Ocean: relationship to microbial community structure and comparison to patterns in the Pacific Ocean. Deep Sea Res. I 48, 2373-2395.

Chadd, H.E., Newman, J., Mann, N.H., and Carr, N.G. (1996a) Identification of iron superoxide dismutase and a copper/zinc superoxide dismutase enzyme activity within the marine cyanobacterium Synechococcus sp. WH 7803. FEMS Microbiol. Lett. 138, 161-165.

Chadd, H.E., Joint, I.R., Mann, N.H., and Carr, N.G. (1996b) The marine picoplankter Synechococcus sp. WH 7803 exhibits an adaptive response to restricted iron availability. FEMS Microbiol. Ecol. 21, 69-76.

Chisholm, S.W. (1981) Temporal patterns of cell division in unicellular algae. In Physiological Bases of Phytoplankton Ecology (T. Platt, ed) Can Bull. Fish Aquat. Sci. 210, pp 150-181.

Chisholm, S. W., Olson, R. J., Zettler, E. R., Goericke, R., Waterbury, J. B. & Welschmeyer, N. A. (1988) A novel free-living prochlorophyte abundant in the oceanic euphotic zone. Nature 334, 340-343.

Christaki, U., Jacquet, S., Dolan, J.R., Vaulot, D., and Rassoulzadegan, F. (1999) Growth and grazing on Prochlorococcus and Synechococcus by two marine ciliates. Limnol. Oceanogr. 44, 52-61.

Cobley, J.G., Clark, A.C., Weerasurya, S., Queseda, F.A., Xiao, J.Y., Bandrapali, N., D’Silva, I., Thounaojam, M., Oda, J.F., Sumiyoshi, T., and Chu, M-H. (2002) CpeR is an activator required for expression of the phycoerythrin operon (cpeBA) in the cyanobacterium Fremyella diplosiphon and is encoded in the phycoerythrin linker-polypeptide operon (cpeCDESTR). Mol. Microbiol. 44, 1517-1531.

Collier, J.L. (2000) Flow cytometry and the single cell in phycology. J. Phycol. 36, 628-644.

Collier, J.L. and Grosman, A.R. (1994). A small polypeptide triggers complete degradation of light-harvesting phycobiliproteins in nutrient-deprived cyanobacteria EMBO J. 13, 1039-1047.

Collier, J.L., Brahamsha, B. and Palenik, B. (1999) The marine cyanobacterium Synechococcus sp. WH 7805 requires urease (urea amidohydrolase, EC 3.5.1.5) to utilise urea as nitrogen source: molecular-genetic and biochemical analysis of the enzyme. Microbiology 145, 447-459.

Cotner, J. B., Ammerman, J.W., Van Dijken, G., and Lehman, W. (1998) Cell specific dissolved inorganic and organic P incorporation in the Sargasso Sea. Eos, Trans. Am. Geophys. Union.

Cuhel, R.L., and Waterbury, J.B. (1984) Biochemical composition and short term nutrient incorporation patterns in a unicellular marine cyanobacterium, Synechococcus (WH 7803). Limnol. Oceanogr. 29, 370-374.

de Lorimier, R., Chen, C-C.J., and Glazer, A.N. (1992) Sequence comparison of two highly homologous phycoerythrins differing in bilin composition. Plant Mol. Biol. 20, 353-356.

Dolan, J.R., and Simek, K. (1999) Diel periodicity in Synechococcus populations and grazing by heterotrophic nanoflagellates: analysis of food vacuole contents. Limnol. Oceanogr. 44, 1565-1570.

Donald, K.M., Scanlan, D.J., Carr, N.G., Mann, N.H., and Joint, I. (1997) Comparative phosphorus nutrition of the marine cyanobacterium Synechococcus WH7803 and the marine diatom Thalassiosira weissflogii. J. Plankton Res. 19, 1793-1813.

Douglas, S.E. and Carr, N.G. (1988) Examination of genetic relatedness of marine Synechococcus spp. using restriction fragment length polymorphisms. Appl. Environ. Microbiol. 54, 3071-3078.

DuRand, M.D., Olson, R.J., and Chisholm, S.W. (2001) Phytoplankton population dynamics at the Bermuda Atlantic time-series station in the Sargasso Sea. Deep Sea Res. II 48, 1983-2003.

Eguchi, M., Ostrowski, M., Fegatella, F., Bowman, J., Nichols, D., Nishino, T., and Cavicchioli, R. (2001) Sphingomonas alaskensis strain AF01, an abundant oligotrophic ultramicrobacterium from the north Pacific. Appl. Environ. Microbiol. 67, 4945-4954.

Erdner, D.L., Price, N.M., Doucette, G.J., Peleato, M.L., and Anderson, D.M. (1999) Characterisation of ferredoxin and flavodoxin as markers of iron limitation in marine phytoplankton. Mar. Ecol. Prog. Ser. 184, 43-53.

Falkner, G., Wagner, F., Small, J.V., and Falkner, R. (1995) Influence of fluctuating phosphate supply on the regulation of phosphate uptake by the blue-green alga Anacystis nidulans. J. Phycol. 31, 745-753.

Falkner, R., Wagner, F., Aiba, H., and Falkner, G. (1998) Phosphate-uptake behaviour of a mutant of Synechococcus sp. PCC 7942 lacking one protein of the high-affinity phosphate-uptake system. Planta 206, 461-465.

Ferris, M. J., and B. Palenik. (1998) Niche adaptation in ocean cyanobacteria. Nature 396, 226-228.

Field, K.G., Gordon, D., Wright, T., Rappé, M., Urbach, E., Vergin, K., and Giovannoni, S.J. (1997) Diversity and depth-specific distribution of SAR11 cluster rRNA genes from marine planktonic bacteria. Appl. Environ. Microbiol. 63, 63-70.

Fogg, G.E. (1986) Light and ultraphytoplankton. Nature 319, 96.

Fogg, G.E. (1987) Marine planktonic cyanobacteria. In The Cyanobacteria (P. Fay and C. van Baalen, eds), pp 393-414. Elsevier Science Publishers.

Fuller, N.J., Wilson, W.H., Joint, I.R., and Mann, N.H. (1998) Occurrence of a sequence in marine cyanophages similar to that of T4 g20 and its application to PCR-based detection and quantification techniques. Appl. Environ. Microbiol. 64, 2051-2060.

Fuller, N.J., Marie, D., Partensky, F., Vaulot, D., Post, A.F., and Scanlan, D.J. Clade-specific 16S rDNA oligonucleotides reveal the dominance of a single marine Synechococcus clade throughout a stratified water column in the Red Sea (submitted).

Furnas, M., and Crosbie, N.D. (1999) In situ growth dynamics of the photosynthetic prokaryotic picoplankters Synechococcus and Prochlorococcus. In Marine Cyanobacteria, Bulletin de l’Institut oceanographique, Monaco, no spécial 19 (L. Charpy, and A.W.D. Larkum, eds.), pp 387-417.

Gallagher, J.C. (1980) Population genetics of Skeletonema costatum (Bacillariophyceae) in Narragansett Bay. J. Phycol. 16, 464-474.

Gallagher, J.C. (1982) Physiological variation and elecrophoretic banding patterns of genetically different seasonal populations of Skeletonema costatum (Bacillariophyceae). J. Phycol. 18, 148-162.

Gei(, U., Vinnemeier, J., Kunert, A., Linder, I., Gemmer, B., Lorenz, M., Hagemann, M., and Schoor, A. (2001) Detection of the isiA gene across cyanobacterial strains: potential for probing iron deficiency. Appl. Environ. Microbiol. 67, 5247-5253. 

Geider, R.J., and La Roche, J. (1994) The role of iron in phytoplankton photosynthesis, and the potential for iron-limitation of primary productivity in the sea.

Photosyn. Res. 39, 275-301.

Giovannoni, S.J., Rappé, M.S., Vergin, K.L., and Adair, N.L. (1996) 16S rRNA genes reveal stratified open ocean bacterioplankton populations related to the Green Non-Sulfur bacteria. Proc. Natl. Acad. Sci. 93, 7979-7984.

Glazer, A.N. (1985) Light harvesting by phycobilisomes. Ann. Rev. Biophys. Chem. 14, 47-77.

Glazer, A.N. (1999) Cyanobacterial photosynthetic apparatus: an overview. In Marine Cyanobacteria, Bulletin de l’Institut oceanographique, Monaco, no spécial 19 (L. Charpy, and A.W.D. Larkum, eds.), pp 419-434.

Glibert, P.M., and Ray, R.T. (1990) Different patterns of growth and nitrogen uptake in two clones of marine Synechococcus spp. Mar. Biol. 107, 273-280.

Glibert, P.M., Kana, T.M., Olson, R.J., Kirchman, D.L. and Alberte, R.S. (1986) Clonal comparisons of growth and photosynthetic responses to nitrogen availability in marine Synechococcus spp. J. Exp. Mar. Biol. Ecol. 101, 199-208.

Glover, H.E. (1985) The physiology and ecology of the marine cyanobacterial genus Synechococcus. Adv. Aquat. Microbiol. 3, 49-107.

Glover, H.E., Prézelin, B.B., Campbell, L., Wyman, M. and Garside, C. (1988) A nitrate-dependent Synechococcus bloom in surface Sargasso Sea water. Nature 331, 161-163.

Granger, J., and Price, N.M. (1999) The importance of siderophores in iron nutrition of heterotrophic marine bacteria. Limnol. Oceanogr. 44, 541-555.

Green J., Scott C., and Guest J.R. (2001) Functional versatility in the CRP-FNR super-family of transcription factors: FNR and FLP. Adv. Microb. Phys. 44, 1-34.

Grossman, A.R., Schaefer, M.R., Chiang, G.G., and Collier, J.L. (1993) The phycobilisome, a light-harvesting complex responsive to environmental conditions. Microbiol. Rev. 57, 725-749.

Grossman, A.R., Schaefer, M.R., Chiang, G.G., and Collier, J.L. (1994) The responses of cyanobacteria to environmental conditions: light and nutrients. In The Molecular Biology of Cyanobacteria (D.A. Bryant, ed.), pp 641-675. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Hambly, E., Tétart, F., Desplats, C., Wilson, W.H., Krisch, H.M., and Mann, N.H. (2001) A conserved genetic module that encodes the major virion components in both the coliphage T4 and the marine cyanophage S-PM2. Proc. Natl. Acad. Sci. 98, 11411-11416.

Hassidim, M., Keren, N., Ohad, I., Reinhold, L., and Kaplan, A. (1997) Acclimation of Synechococcus strain WH 7803 to ambient CO2 concentration and to elevated light intensity. J. Phycol. 33, 811-817. 

Heathcote, P., Wyman, M., Carr, N.G., and Beddard, G.S. (1992) Partial uncoupling of energy transfer from phycoerythrin in the marine cyanobacterium Synechococcus sp. WH 7803. Biochim. Biophys. Acta 1099, 267-270.

Heller, K.J. (1992) Molecular interaction between bacteriophage and the gram-negative cell envelope. Arch. Microbiol. 158, 235-248.

Henley, W.J., and Yin, Y. (1998) Growth and photosynthesis of marine Synechococcus (Cyanophyceae) under iron stress. J. Phycol. 34, 94-103.

Herdman, M., Castenholz, R.W., Iteman, I., Waterbury, J.B., and Rippka, R. (2001) Subsection I. (Formerly Chroococcales Wettstein 1924, emend. Rippka, Deruelles, Waterbury, Herdman and Stanier 1979). In Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol 1, The Archaea and the Deeply Branching and Phototrophic Bacteria (D.R. Boone, R.W. Castenmholz and G.M. Garrity eds). pp 493-514. Springer Publishers, New York, Berlin, Heidelberg.

Herrero, A., Muro-Pastor, A. M. & Flores, E. Nitrogen control in cyanobacteria. (2001) J. Bacteriol. 183, 411-425. 

Hess, W.R., Rocap, G., Ting, C.S., Larimer, F., Stilwagen, S. and Chisholm, S.W. (2001) The photosynthetic apparatus of Prochlorococcus: insights through comparative genomics. Photosyn. Res. 70, 53-72.

Hoge, F.E., Wright, C.W., Kana, T.M., Swift, R.N., and Yungel, J.K. (1998) Spatial variability of oceanic phycoerythrin spectral types derived from airborne laser-induced fluorescence emissions. Applied Optics 37, 4744-4749.

Honda, D., Yokota, A. and Sugiyama, J. (1999) Detection of seven major evolutionary lineages in cyanobacteria based on 16S rRNA gene sequence analysis with new sequences of five marine Synechococcus strains. J. Mol. Evol. 48, 723-739.

Hutchins, D.A., Witter, A.E., Butler, A., and Luther III, G.W. (1999) Competition among marine phytoplankton for different chelated iron species. Nature 400, 858-861.

Ikeya, T., Ohki, K., Takahashi, M., and Fujita, Y. (1997) Study on phosphate uptake of the marine cyanophyte Synechococcus sp NIBB 1071 in relation to oligotrophic environments in the open ocean. Mar. Biol. 129, 195-202.

Jacquet, S., Lennon, J-F., Marie, D., and Vaulot, D. (1998) Picoplankton population dynamics in coastal waters of the northwestern Mediterranean Sea. Limnol. Oceanogr. 43, 1916-1931.

Jacquet, S., Partensky, F., Lennon, J-F., and Vaulot, D. (2001) Diel patterns of growth and division in marine picoplankton in culture. J. Phycol. 37, 357-369.

Johnson, P.W., and Sieburth, J. McN. (1979) Chroococcoid cyanobacteria in the sea: ubiquitous and diverse phototrophic biomass. Limnol. Oceanogr. 24, 928-935.

Joint, I. (1990) The response of picophytoplankton to light. In Light and Life in the Sea (P.J. Herring, A.K. Campbell, M. Whitfield, and L. Maddock, eds) pp 105-114. Cambridge University Press.

Kana, T. M. & Glibert, P. M. (1987a) Effects of irradiances up to 2000 µE m-2 s-1 on marine Synechococcus WH 7803 - I. Growth, pigmentation and cell composition. Deep-Sea Res. 34, 479-495.

Kana, T. M. & Glibert, P. M. (1987b) Effects of irradiances up to 2000 µE m-2 s-1 on marine Synechococcus WH 7803 - II. Photosynthetic responses and mechanisms. Deep-Sea Res. 34, 497-516.

Kana, T.M., Glibert, P.M., and Goericke, R. (1988) Zeaxanthin and (-carotene in Synechococcus WH 7803 respond differently to irradiance. Limnol. Oceanogr. 33, 1623-1627.

Kana, T.M., Feiwel, N.L., and Flynn, L.C. (1992) Nitrogen starvation in three marine Synechococcus strains, clonal differences in phycobiliprotein breakdown and energy coupling. Mar. Ecol. Prog. Ser. 88, 75-82.

Kaplan, A., and Reinhold, L. (1999) CO2 concentrating mechanisms in photosynthetic microorganisms. Ann. Rev. Plant Physiol. Plant Mol. Biol. 50, 539-559.

Karagouni, A.D., Bloye, S.A., and Carr, N.G. (1990) The presence and absence of inorganic carbon concentrating systems in unicellular cyanobacteria. FEMS Microbiol. Lett. 68, 137-142.

Karl, D.M., Björkman, K.M., Dore, J.E., Fujieki, L., Hebel, D.V., Houlihan, T., Letelier, R.M., Tupas, L.M. (2001a) Ecological nitrogen-to-phosphorus stoichiometry at station ALOHA. Deep Sea Res. II 48, 1529-1566.

Karl, D.M., Bidigare, B.B., and Letelier, R.M. (2001b) Long-term changes in plankton community structure and productivity in the North Pacific Subtropical Gyre: The domain shift hypothesis. Deep Sea Res. II 48, 1449-1470.

Koch, A.L. (2001) Oligotrophs versus copiotrophs. Bioessays 23, 657-661.

Kolber, Z.S., Plumley, F.G., Lang, A.S., Beatty, J.T., Blankenship, R.E., VanDover, C.L., Vetriani, C., Koblizek, M., Rathgeber, C., and Falkowski, P.G. (2001) Contribution of aerobic photoheterotrophic bacteria to the carbon cycle in the ocean. Science 292, 2492-2495.

Kolowith, L.C., Ingall, E.D., and Benner, R. (2001) Composition and cycling of marine organic phosphorus. Limnol. Oceanogr. 46, 309-320.

Kramer, J.G. (1990) The effect of irradiance and specific inhibitors on protein and nucleic acid synthesis in the marine cyanobacterium Synechococcus sp. WH 7803. Arch. Microbiol. 154, 280-285.

Kramer, J.G., and Morris, I. (1990) Growth regulation in irradiance limited marine Synechococcus sp. WH 7803. Arch. Microbiol. 154, 286-293.

Kudo, I., and Harrison, P.J. (1997) Effect of iron nutrition on the marine cyanobacterium Synechococcus grown on different N sources and irradiances. J. Phycol. 33, 232-240.

Kudoh, S., Kanada, J., and Takahashi, M. (1990) Specific growth rates and grazing mortality o chroococcoid cyanobacteria Synechococcus spp. in pelagic surface waters in the sea. J. Exp. Mar. Biol. Ecol. 142, 201-212.

Kuipers, B., van Noort, G.J., Vosjan, J., and Herndl, G.J. (2000) Diel periodicity of bacterioplankton in the euphotic zone of the subtropical Atlantic Ocean. Mar. Ecol. Prog. Ser. 201, 13-25.

La Roche, J., Boyd, P.W., McKay, R.M.L., and Geider, R.J. (1996) Flavodoxin as an in situ marker for iron stress in phytoplankton. Nature 382, 802-805.

Lantoine, F., and Neveux J. (1997) Spatial and seasonal variations in abundance and spectral characteristics of phycoerythrins in the tropical northeastern Atlantic Ocean. Deep Sea Res. I 44, 223-246.

Lewis, M.R., Warnock, R.E., and Platt, T. (1986) Photosynthetic response of picoplankton at low photon flux. In Photosynthetic Picoplankton (T. Platt and W.K.W. Li, eds), Can Bull. Fish Aquat. Sci. 214, pp 235-250.

Li, W.K.W. (1994) Primary production of prochlorophytes, cyanobacteria, and eukaryotic ultraphytoplankton: measurements from flow cytometric sorting. Limnol. Oceanogr. 39, 169-175.

Li, W.K.W., and Dickie, P.M. (1991) Relationship between the number of dividing and non-dividing cells of cyanobacteria in north Atlantic picoplankton. J. Phycol. 27, 559-565.

Li, H., Veldhuis, M.J.W., and Post, A.F. (1998) Alkaline phosphatase activities among planktonic communities in the northern Red Sea. Mar. Ecol. Prog. Ser. 173, 107-115.

Lindell, D. & Post, A. F. (2001) Ecological aspects of ntcA gene expression and its use as an indicator of the nitrogen status of marine Synechococcus. Appl. Environ. Microbiol. 67, 3340-3349.

Lindell, D., Padan, E. & Post, A. F. (1998) Regulation of ntcA expression and nitrite uptake in the marine Synechococcus sp. strain WH 7803. J. Bacteriol. 180, 1878-1886.

Lindell, D., Padan, E. & Post, A. F. (1999) Effect of ammonium on nitrate/nitrite uptake and ntcA expression in Synechococcus sp. strain WH 7803. In Marine Cyanobacteria, Bulletin de l’Institut oceanographique, Monaco, no spécial 19 (L. Charpy, and A.W.D. Larkum, eds.), pp 273-278.

Lindell, D., Erdner, D., Marie, D., Prášil, O., Koblížek, M., Le Gall, F., Rippka, R., Partensky, F., Scanlan, D.J., and Post, A.F. The nitrogen stress response of Prochlorococcus strain PCC 9511 (oxyphotobacteria) involves contrasting regulation of ntcA and amt1. J. Phycol. (in press).

Liu, H., Campbell, L., and Landry, M.R. (1995) Growth and mortality rates of Prochlorococcus and Synechococcus measured with a selective inhibitor technique. Mar. Ecol. Prog. Ser. 116, 277-287.

Liu, H., Campbell, L., Landry, M.R., Nolla, H.A., Brown, S.L., and Constantinou, J. (1998) Prochlorococcus and Synechococcus growth rates and contributions to production in the Arabian Sea during the 1995 southwest and northeast monsoons. Deep Sea Res. II 45, 2327-2352.

Liu, H., Bidigare, R.R., Laws, E., Landry, M.R., and Campbell, L. (1999) Cell cycle and physiological characteristics of Synechococcus (WH 7803) in chemostat culture. Mar. Ecol. Prog. Ser. 189, 17-25.

Luque, I., Flores, E. & Herrero, A. (1994) Molecular mechanism for the operation of nitrogen control in cyanobacteria. EMBO J. 13, 2862-2869.

Luque, I., Zabulon, G., Contreras, A. and Houmard, J. (2001) Convergence of two global transcriptional regulators on nitrogen induction of the stress-acclimation gene nblA  in the cyanobacterium Synechococcus sp. PCC 7942. Mol. Microbiol. 41, 937-947.

Mann, N.H. Phages of the marine cyanobacterial picoplankton. (submitted)

Mann, E.L., Ahlgren, N., Moffet, J.W., and Chisholm, S.W. (2002) Copper toxicity and cyanobacteria ecology in the Sargasso Sea. Limnol. Oceanogr. 47, 976-988.

Martinez, J., and Azam, F. (1993) Aminopeptidase activity in marine chroococcoid cyanobacteria. Appl. Environ. Microbiol. 59, 3701-3707.

McKay, R.M.L., M.R. Twiss, and C. Nalewajko. (2001) Trace metal constraints on carbon, nitrogen and phosphorus acquisition and assimilation by phytoplankton. In Algal Adaptation to Environmental Stresses. Physiological, Biochemical and Molecular Mechanisms (L.C. Rai and J.P. Gaur eds), Springer-Verlag. 
Michel, K.P., Thole, H.H., and Pistorius, E.K. (1996) IdiA, a 34 kDa protein in the cyanobacteria Synechococcus sp. strains PCC 6301 and PCC 7942, is required for growth under iron and manganese limitations. Microbiology 142, 2635-2645.

Michel, K.P., Kruger, F., Puhler, A., and Pistorius, E.K. (1999) Molecular characterisation of idiA and adjacent genes in the cyanobacteria Synechococcus sp. strains PCC 6301 and PCC 7942. Microbiology 144, 1473-1484.

Mierle, G. (1985) Kinetics of phosphate transport by Synechococcus leopoliensis (Cyanophyta): evidence for diffusion limitation of phosphate uptake. J. Phycol. 21, 177-181.

Mitsui, A., Kumazakawa, S., Takahashi, A., Ikemoto, H., Cao, S., and Arai, T. (1986) Strategy by which unicellular cyanobacteria grow photoautotrophically. Nature 323, 720-722.

Moffett, J.W. (1995) Temporal and spatial variability of copper complexation by strong chelators in the Sargasso Sea. Deep Sea Res. I 42, 1273-1295.

Moffett, J.W., and Brand, L.E. (1996) Production of strong, extracellular Cu chelators by marine cyanobacteria in response to Cu stress. Limnol. Oceanogr. 41, 388-395.

Moffett, J.W., Brand, L.E., Croot, P.L., and Barbeau, K.A. (1997) Cu speciation and cyanobacterial distribution in harbors subject to anthropogenic Cu inputs. Limnol. Oceanogr. 42, 789-799.

Moon-van der Staay, S.Y., De Wachter, R., and Vaulot, D. (2001) Oceanic 18S rDNA sequences from picoplankton reveal unsuspected eukaryotic diversity. Nature 409, 607-610.

Moore, L.R., Goericke, R., and Chisholm, S.W. (1995) Comparative physiology of Synechococcus and Prochlorococcus: influence of light and temperature on growth, pigments, fluorescence and absorptive properties. Mar. Ecol. Prog. Ser. 116, 259-275.

Moore, L.R., Rocap, G., and Chisholm, S.W. (1998) Physiology and molecular phylogeny of co-existing Prochlorococcus ecotypes. Nature. 393, 464-467.

Moore, L.R., Post, A.F., Rocap, G. & Chisholm, S.W. (2002) Utilization of different nitrogen sources by the marine cyanobacteria Prochlorococcus and Synechococcus. Limnol. Oceanogr. 47, 989-996.

Morel, A., Ahn, Y-H., Partensky, F., Vaulot, D., and Claustre, H. (1993) Prochlorococcus and Synechococcus: a comparative study of their optical properties in relation to their size and pigmentation. J. Mar. Res. 51, 617-649.

Mori, T., Binder, B., and Johnson, C.H. (1996) Circadian gating of cell division in a cyanobacterium growing with average doubling times of less than 24 hours. Proc. Natl. Acad. Sci. 93, 10183-10188.

Moyal, A., Lindell, D., & Post, A.F. Requirement of the transcriptional activator gene ntcA in nitrogen acquisition by the unicellular, marine cyanobacterium Synechococcus sp. strain WH 7803. (submitted).

Mühling, M., Fuller, N.J., Millard, A., Scanlan, D.J., Post, A.F., Wilson, W.H., Marie, D., and Mann, N.H. Genetic diversity of marine picophytoplankton (Synechococcus) co-varies with that of the associated virioplankton. (submitted).

Müller, H. (1996) Selective feeding of a freshwater chrysomonad, Paraphysomonas sp. on chroococcoid cyanobacteria and nanoflagellates. Arch. Hydrobiol. Spec. Issues Adv. Limnol. 48, 63-71.

Nair, U., Ditty, J.L., Min, H.T., Golden, S.S. (2002) Roles for sigma factors in global circadian regulation of the cyanobacterial genome. J. Bacteriol. 184, 3530-3538.

Neuer, S. (1992) Growth dynamics of marine Synechococcus spp. in the Gulf of Alaska. Mar. Ecol. Prog. Ser. 83, 251-262.

Newman, J., Wyman, M., and Carr, N.G. (1987) Absence of the nitrogen reserve polymer cyanophycin from marine Synechococcus species. FEMS Microbiol. Lett. 44, 221-224.

Newman, J., Mann, N.H., and Carr, N.G. (1994) Organization and transcription of the class I phycoerythrin genes of the marine cyanobacterium Synechococcus sp. WH 7803. Plant Mol. Biol. 24, 679-683.

Ohkawa, H., Price, G.D., Badger, M.R., Ogawa, T., and Omata, T. (2000) Mutation of ndh genes leads to inhibition of CO2 uptake rather than HCO3- uptake in Synechocystis sp. strain PCC 6803. J. Bacteriol. 182, 2591-2596.

Olson, R.J., Chisholm, S.W., Zettler, E.R. and Armbrust, E.V. (1988) Analysis of Synechococcus pigment types in the sea using single and dual beam flow cytometry. Deep Sea Res. 35, 425-440.

Olson, R.J., Chisholm, S.W., Zettler, E.R. and Armbrust, E.V. (1990) Pigments, size, and distribution of Synechococcus in the North Atlantic and Pacific Oceans. Limnol. Oceanogr. 35, 45-58.

Omata, T. (1995) Structure, function and regulation of the nitrate transport system of the cyanobacterium Synechococcus sp. PCC 7942. Plant Cell Physiol. 36, 207-213.

Ong, L.J., and Glazer, A.N. (1987) R-phycocyanin II, a new phycocyanin occurring in marine Synechococcus species. Identification of the terminal energy acceptor bilin in phycocyanins. J. Biol. Chem. 262, 6323-6327.

Ong, L.J., and Glazer, A.N. (1988) Structural studies of phycobiliproteins in unicellular marine cyanobacteria. In Light-Energy Transduction in Photosynthesis: Higher Plant and Bacterial Models (S.E. Stevens Jr., and D.A. Bryant, eds) pp 102-121. American Society for Plant Physiologists, Rockville, MD.

Ong, L.J., and Glazer, A.N. (1991) Phycoerythrins of marine unicellular cyanobacteria. I. Bilin types and locations and energy transfer pathways in Synechococcus spp. phycoerythrins. J. Biol. Chem. 266, 9515-9527.

Pacheco, S.V., González, O.G., and Contreras, G.L.P. (1997) The lom gene of bacteriophage ( is involved in Escherichia coli K12 adhesion to human buccal epithelial cells. FEMS Microbiol. Lett. 156, 129-132.
Paerl, H.W. (1991) Ecophysiological and trophic implications of light-stimulated amino acid utilisation in marine picoplankton. Appl. Environ. Microbiol. 57, 473-479.

Palenik, B. (1999) Why do isolates of eubacterial species have different growth rates under the same conditions? In Microbial Biosystems: New Frontiers (C.R. Bell, M. Brylinsky, and P. Johnson-Green, eds) p611-616. Atlantic Canada Society for Microbial Ecology, Halifax, Canada.

Palenik, B. (2001) Chromatic adaptation in marine Synechococcus strains. Appl. Environ. Microbiol. 67, 991-994.

Partensky, F., Blanchot, J. and Vaulot, D. (1999a) Differential distribution and ecology of Prochlorococcus and Synechococcus in oceanic waters: a review. In Marine Cyanobacteria, Bulletin de l’Institut oceanographique, Monaco, no spécial 19 (L. Charpy, and A.W.D. Larkum, eds.), pp 457-475.

Partensky, F., Hess, W. R. & Vaulot, D. (1999b) Prochlorococcus, a marine photosynthetic prokaryote of global significance. Microbiol. Mol. Biol. Rev. 63, 106-127.

Pitta, T.P., and Berg, H.C. (1995) Self-electrophoresis is not the mechanism for motility in swimming cyanobacteria. J. Bacteriol. 177, 5701-5703.

Pitta, T.P., Sherwood, E.E., Kobel, A.M., and Berg, H.C. (1997) Calcium is required for swimming by the nonflagellated cyanobacterium Synechococcus strain WH 8113. J. Bacteriol. 179, 2524-2528.

Pomar, M.L.C.A., Caruso, G., Maugeri, T.L., Scarfo, R. and Zaccone, R. (1998). Distribution of Synechococcus spp. determined by immunofluorescent assay. J. Appl. Microbiol. 84, 493-500.

Post, A. F., Lindell, D., Moyal, A., Solomon, S. & Wang, Q. Differential utilization of nitrate and nitrite in the oceanic cyanobacterium Synechococcus sp. strain WH 7803: a physiological and molecular characterization. (submitted).

Postius, C., and Böger, P. (1998) Diferent interactions of phycoerythrin- and phycocyanin-rich Synechococcus spp. with diazotrophic bacteria from the picoplankton of Lake Constance. Arch. Hydrobiol. 141, 181-194.

Postius, C., and Ernst, A. (1999) Mechanisms of dominance: coexistence of picocyanobacterial genotypes in a freshwater ecosystem. Arch. Microbiol. 172, 69-75.

Postius, C., Kenter, U., Wacker, A., Ernst, A., Böger, P. (1998) Light causes selection among two phycoerythrin-rich Synechococcus isolates from Lake Constance. FEMS Microbiol. Ecol. 25, 171-178.

Prézelin, B.B. (1992) Diel periodicity in phytoplankton productivity. Hydrobiologia 238, 1-35.

Prézelin, B.B., Putt, M., and Glover, H.E. (1986) Diurnal patterns in photosynthetic capacity and depth-dependent photosynthesis-irradiance relationships in Synechococcus spp. and larger phytoplankton in three water masses in the northwest Atlantic Ocean. Mar. Biol. 91, 205-217.

Prézelin, B.B., Glover, H.E., and Campbell, L. (1987) Effects of light intensity and nutrient availability on diel patterns of cell metabolism and growth in populations of Synechococcus spp. Mar. Biol. 95, 469-480.

Ramsing, N.B., Ferris, M.J., and Ward, D.M. (2000) Highly ordered vertical structure of Synechococcus populations within the one-millimetre-thick photic zone of a hot spring cyanobacterial mat. Appl. Environ. Microbiol. 66, 1038-1049.

Rappé, M., Connon, S.A., Vergin, K.L., and Giovannoni, S.J. (2002) Cultivation of the ubiquitous SAR11 marine bacterioplankton clade. Nature 418, 630-633.

Rippka R, Coursin, T. Hess, W. R., Lichtlé, C., Scanlan, D. J., Palinska, K., Iteman, I., Partensky, F., Houmard, J. & Herdman, M. (2000) Prochlorococcus marinus Chisholm et al. 1992, subsp. nov. pastoris, strain PCC 9511, the first axenic chlorophyll a2/b2-containing cyanobacterium. Int. J. Syst. Evol. Microbiol. 50, 1833-1847.

Robertson, B.R., Tezuka, N., and Watanabe, M.M. (2001) Phylogenetic analyses of Synechococcus strains (cyanobacteria) using sequences of 16S rDNA and part of the phycocyanin operon reveal multiple evolutionary lines and reflect phycobilin content. Int. J. Syst. Evol. Microbiol. 51, 861-871.

Robinson, N.J., Rutherford, J.C., Pocock, M.R., and Cavet, J.S. (2000) Metal metabolism and toxicity: repetitive DNA. In The Ecology of Cyanobacteria (B.A. Whitton and M. Potts, eds) pp. 443-463, Kluwer Academic Publishers, Dordrecht, The Netherlands.

Rocap, G., Distel, D.L., Waterbury, J.B., and Chisholm, S.W. (2002) Resolution of Prochlorococcus and Synechococcus ecotypes by using 16S-23S ribosomal DNA internal transcribed spacer sequences. Appl. Environ. Microbiol. 68, 1180-1191.

Rueter, J.G., and Unsworth, N.L. (1991) Response of marine Synechococcus (Cyanophyceae) cultures to iron nutrition. J. Phycol. 27, 173-178.

Saito, M.A., and Moffett, J.W. (2001) Complexation of cobalt by natural organic ligands in the Sargasso Sea as determined by a new high-sensitivity electrochemical cobalt speciation method suitable for open ocean work. Mar. Chem. 75, 49-68.

Saito, M.A., and Moffett, J.W. (2002) Temporal and spatial variability of cobalt in the Atlantic Ocean. Geochim. Cosmochim. Acta 66, 1943-1953.

Sakamoto, T., Inoue-Sakamoto, K. and Bryant, D.A. (1999) A novel nitrate/nitrite permease in the marine cyanobacterium Synechococcus sp. strain PCC7002. J. Bacteriol. 181, 7363-7372.

Sañudo-Wilhelmy, S.A., Kustka, A.B., Gobler, C.J., Hutchins, D.A., Yang, M., Lwiza, K., Burns, J., Capone, D.G., Raven, J.A., and Carpenter, E.J. (2001) Phosphorus limitation of nitrogen fixation by Trichodesmium in the central Atlantic Ocean. Nature 411, 66-69.

Sauer, J., Margit, G. & Forchhammer, K. (1999) Nitrogen starvation in Synechococcus PCC 7942: involvement of glutamine synthetase and NtcA in phycobiliprotein degradation and survival. Arch. Microbiol. 172, 247-255.

Scanlan, D.J. and Wilson, W.H. (1999) Application of molecular techniques to addressing the role of P as a key effector in marine ecosystems. Hydrobiologia 401, 149-175.

Scanlan, D.J., and West, N.J. (2002) Molecular ecology of the marine cyanobacterial genera Prochlorococcus and Synechococcus. FEMS Microbiol. Ecol. 40, 1-12.

Scanlan, D.J., Mann, N.H., and Carr, N.G. (1993) The response of the picoplanktonic marine cyanobacterium Synechococcus species WH 7803 to phosphate starvation involves a protein homologous to the periplasmic-binding protein of Escherichia coli. Mol. Microbiol. 10, 181-191.

Scanlan, D.J., Bourne, J.A. and Mann, N.H. (1997a) A putative transcriptional activator of the Crp/Fnr family from the marine cyanobacterium Synechococcus sp. WH 7803. J. Appl. Phycol. 8, 565-567.

Scanlan, D. J., N. J. Silman, K. M. Donald, W. H. Wilson, N. G. Carr, I. Joint, and N. H. Mann. (1997b) An immunological approach to detect phosphate stress in populations and single cells of photosynthetic picoplankton. Appl. Environ. Microbiol. 63, 2411-2420.

Shalapenok, L.S., Shalapenok, A. (1997) Heterogeneous pigment composition of phycoerythrin-containing picocyanobacteria Synechococcus spp. in the Black Sea. Mikrobiologiya 66, 80-84. 

Shalapyonok, A., Olson, R.J., and Shalapyonok, L.S. (2001) Arabian Sea phytoplankton during southwest and northeast monsoons 1995: composition, size structure and biomass from individual cell properties measured by flow cytometry. Deep Sea Res. II 48, 1231-1261. 
Sherry, N.D. (1995) Picocyanobacteria in the Arabian Sea during the end of the winter monsoon: diurnal patterns, spatial variability and division rates. Thesis, University of Oregon, 62 pp.

Shimada, A., Kanai, S., and Maruyama, T. (1995) Partial sequence of ribulose-1,5-bisphosphate carboxylase/oxygenase and the phylogeny of Prochloron and Prochlorococcus (Prochlorales). J. Mol. Evol. 40, 671-677.

Shimada, A., Maruyama, T., and Miyachi, S. (1996) Vertical distributions and photosynthetic action spectra of two oceanic picophytoplankters, Prochlorococcus marinus and Synechococcus sp. Mar. Biol. 127, 15-23.

Sidler, W.A. (1994) In The Molecular Biology of Cyanobacteria (D.A. Bryant, ed.), pp 139-216. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Stockner, J.G., and Antia, N.J. (1986) Algal picoplankton from marine and freshwater ecosystems: a multidisciplinary perspective. Can. J. Fish. Aquat. Sci. 43, 2472-2503.

Stramski, D., Shalapyonok, A., and Reynolds, R.A. (1995) Optical characterization of the oceanic unicellular cyanobacterium Synechococcus grown under a day-night cycle in natural irradiance. J. Geophys. Res. 100, 13295-13307.

Sunda, W.G. (2000) Trace metal–phytoplankton interaction in aquatic systems. In Environmental Microbe-Metal Interactions (D.R. Lovley, ed.), pp 79-107. ASM Press, Washington.

Sunda, W.G., and Huntsman, S.A. (1995) Cobalt and zinc inter-replacement in marine phytoplankton: biological and geochemical implications. Limnol. Oceanogr. 40, 1404-1417.

Sundareshwar, P.V., Morris, J.T., Pellechia, P.J., Cohen, H.J., Porter, D.E., and Jones, B.C. (2001) Occurrence and ecological implications of pyrophosphate in estuaries. Limnol. Oceanogr. 46, 1570-1577.

Suttle, C.A. (2000) Cyanophages and their role in the ecology of cyanobacteria. In The Ecology of Cyanobacteria (B.A. Whitton and M. Potts, eds) pp. 563-589. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Suttle, C.A., and Chan, A.M. (1993) Marine cyanophages infecting oceanic and coastal strains of Synechococcus: abundance, morphology, cross-infectivity and growth characteristics. Mar. Ecol. Prog. Ser. 92, 99-109.

Swanson, R.V., Ong, L.J., Wilbanks, S.M., and Glazer, A.N. (1991) Phycoerythrins of marine unicellular cyanobacteria. II. Characterisation of phycobiliproteins with unusually high phycourobilin content. J. Biol. Chem. 266, 9528-9534.

Sweeney, B.M., and Borgese, M.B. (1989) A circadian rhythm in cell division in a prokaryote, the cyanobacterium Synechococcus WH 7803. J. Phycol. 25, 183-186.

Takahashi, A., Kawakami, H., Iwakiri, K., and Matsuto, S. (2001) Some characteristics of arsenate transport in a marine cyanobacterium, Synechococcus sp. Appl. Organometal. Chem. 15, 291-298. 

Tarran, G.A., Burkill, P.H., Edwards, E.S., and Woodward, E.M.S (1999) Phytoplankton community structure in the Arabian Sea during and after the SW monsoon, 1994. Deep Sea Res. II 46, 655-676. 

Tchernov, D., Hassidim, M., Luz, B., Sukenik, A., Reinhold, L., and Kaplan, A. (1997) Sustained net CO2 evolution during photosynthesis by marine microorganisms. Curr. Biol. 7, 723-728.

Ting, C.S., Rocap, G., King, J., and Chisholm, S.W. (2002) Cyanobacterial photosynthesis in the oceans: the origins and significance of divergent light-harvesting strategies. Trends in Micrbiology 10, 134-142.

Toledo, G., and Palenik, B. (1997) Synechococcus diversity in the California current as seen by RNA polymerase (rpoC1) gene sequences of isolated strains. Appl. Environ. Microbiol. 63, 4298-4303.

Toledo, G., and Palenik, B. In situ evidence for a surface-adapted strain of marine Synechococcus. (submitted).

Toledo, G., Palenik, B. and Brahamsha, B. (1999) Swimming marine Synechococcus strains with widely different photosynthetic pigment ratios form a monophyletic group. Appl. Environ. Microbiol. 65, 5247-5251.

Tortell, P.D., Maldonado, M.T., Granger, J., and Price, N.M. (1999) Marine bacteria and biogeochemical cycling of iron in the oceans. FEMS Microbiol. Ecol. 29, 1-11.

Trick, C.G., and Wilhelm, S.W. (1995) Physiological changes in the coastal marine cyanobacterium Synechococcus sp. PCC 7002 exposed to low ferric ion levels. Mar. Chem. 50, 207-217.

Tyrell, T., and Law, C.S. (1997) Low nitrate:phosphate ratios in the global ocean. Nature 387, 793-796.

Urbach, E., D. J. Scanlan, D. L. Distel, J. B. Waterbury, and S. W. Chisholm. (1998) Rapid diversification of marine picophytoplankton with dissimilar light-harvesting structures inferred from sequences of Prochlorococcus and Synechococcus (Cyanobacteria). J. Mol. Evol. 46,188-201.
Valladares, A, Montesinos, M. L., Herrero, A. & Flores, E. (2002) An ABC-type, high-affinity urea permease identified in cyanobacteria. Mol. Microbiol. 43, 703-715.

van Waasbergen, L.G., Dolganov, N., Grossman, A.R. (2002) nblS, a gene involved in controlling photosynthesis-related gene expression during high light and nutrient stress in Synechococcus elongatus PCC 7942. J. Bacteriol. 184, 2481-2490.

Vaulot, D., and Marie, D. (1999) Diel variability of photosynthetic picoplankton in the equatorial Pacific. J. Geophys. Res. 104, 3297-3310.

Vaulot, D., Marie, D., Olson, R.J., and Chisholm, S.W. (1995) Growth of Prochlorococcus, a photosynthetic prokaryote, in the equatorial Pacific Ocean. Science 268, 1480-1482.

Vaulot, D., LeBot, N., Marie, D., and Fukai, E. (1996) Effect of phosphorus on the Synechococcus cell cycle in surface Mediterranean waters during summer. Appl. Environ. Microbiol. 62, 2527-33.

Vazquez-Bermudez, M. F., Paz-Yepes, J., Herrero, A. & Flores, E. (2002) The NtcA-activated amt1 gene encodes a permease required for uptake of low concentrations of ammonium in the cyanobacterium Synechococcus sp. PCC 7942. Microbiol. 148, 861-869.

Venrick, E.L. (1990) Phytoplankton in an oligotrophic ocean: species structure and interannual variability. Ecology 71, 1547-1563.

Venrick, E.L. (1998) Spring in the California Current: the distribution of phytoplankton species, April 1993 and April 1995. Mar. Ecol. Prog. Ser. 167, 73-88.

Wagner, F., Falkner, R., and Falkner, G. (1995a) Information about previous phosphate fluctuations is stored via an adaptive response of the high affinity phosphate uptake system of the cyanobacterium Anacystis nidulans. Planta. 197, 147-155.

Wagner, K-U., Masepohl, B., and Pistorius, E.K. (1995b) The cyanobacterium Synechococcus sp. strain PCC 7942 contains a second alkaline phosphatase encoded by phoV. Microbiology 141, 3049-3058.

Wagner, F., Sahan, E., and Falkner, G. (2000) The establishment of coherent phosphate uptake behaviour by the cyanobacterium Anacystis nidulans. Eur. J. Phycol. 35, 243-253.

Waldor, M.K., and Mekalanos, J.J. (1996) Lysogenic conversion by a filamentous phage encoding cholera toxin. Science 272, 1910-1914.

Wang, Q., Li, H., and Post, A.F. (2000) Nitrate assimilation genes of the marine diazotrophic, filamentous cyanobacterium Trichodesmium sp. Strain WH 9601. J. Bacteriol. 182, 1764-1767.

Wanner, B.L. (1996) Phosphorus assimilation and control of the phosphate regulon. In Escherichia coli and Salmonella: cellular and molecular biology (F.C. Neidhardt ed in chief), pp 1357-1381. ASM Press, Washington, D.C.

Ward, D.M., Ferris, M.J., Nold, S.C., and Bateson, M.M. (1998) A natural view of microbial diversity within hot spring cyanobacterial mat communities. Microbiol. Mol. Biol. Rev. 62, 1353-1370.

Waterbury, J.B. and Rippka, R. (1989) Subsection 1. Order Croococcales Wettsten 1924, emend. Rippka et al., 1979. In Bergey’s Manual of Systematic Bacteriology vol 3. (J.T. Staley, M.P. Bryant, N. Pfenning and J.G. Holt, eds), pp 1728-1746. Williams and Wilkins, Baltimore.

Waterbury J.B., Watson, S.W., Guillard, R.R. and Brand, L.E. (1979) Widespread occurrence of a unicellular, marine planktonic, cyanobacterium. Nature 277, 293-294.

Waterbury, J.B., Willey, J.M., Franks, D.G., Valois, F.W., and Watson, S.W. (1985) A cyanobacterium capable of swimming motility. Science 230, 74-76.

Waterbury, J.B., Watson, S.W., Valois, F.W. and Franks, D.G. (1986) Biological and ecological characterisation of the marine unicellular cyanobacterium Synechococcus. In Photosynthetic Picoplankton (T. Platt and W.K.W. Li, eds), Can Bull. Fish Aquat. Sci. 214, pp 71-120.

Watson, G.M.F., and Tabita, F.R. (1996) Regulation, unique gene organisation, and unusual primary structure of carbon fixation genes from a marine phycoerythrin-containing cyanobacterium. Plant Mol. Biol. 32, 1103-1115.

Watson, G.M.F., and Tabita, F.R. (1997) Microbial ribulose-1,5-bisphosphate carboxylase/oxygenase: a molecule for phylogenetic and enzymological investigation. FEMS Microbiol. Lett. 146, 13-22.

Watson, G.M.F., Scanlan, D.J., and Mann, N.H. (1996) Characterisation of the genes encoding a phosphate-regulated two component sensory system in the marine cyanobacterium Synechococcus WH 7803. FEMS Microbiol. Lett. 142, 105-109.

Webb, E.A., Moffett, J.W., and Waterbury, J.B. (2001) Iron stress in open-ocean cyanobacteria (Synechococcus, Trichodesmium, and Crocosphaera spp.): Identification of the IdiA protein. Appl. Environ. Microbiol. 67, 5444-5452.

Wells, M.L., Price, N.M., and Bruland, K.W. (1994) Iron limitation and the cyanobacterium Synechococcus in equatorial Pacific waters. Limnol. Oceanogr. 39, 1481-1486.

Wells, M.L., Price, N.M., and Bruland, K.W. (1995) Iron chemistry in seawater and is relationship to phytoplankton: a workshop report. Mar. Chem. 48, 157-182.

West, N.J., and Scanlan, D.J. (1999) Niche-partitioning of Prochlorococcus populations in a stratified water column in the eastern North Atlantic Ocean. Appl. Environ. Microbiol. 65, 2585-2591.

Wilbanks, S.M., de Lorimier, R., and Glazer, A.N. (1991) Phycoerythrins of marine unicellular cyanobacteria. III. Sequence of a class II phycoerythrin. J. Biol. Chem. 266, 9535-9539.

Wilbanks, S.M., and Glazer, A.N. (1993a) Rod-structure of a phycoerythrin II-containing phycobilisome. I. Organisation and sequence of the gene cluster encoding the major phycobiliprotein rod components in the genome of marine Synechococcus spp. WH 8020. J. Biol. Chem. 268, 1226-1235.

Wilbanks, S.M., and Glazer, A.N. (1993b) Rod-structure of a phycoerythrin II-containing phycobilisome. II. Complete sequence and bilin attachment site of phycoerythrin gamma subunit. J. Biol. Chem. 268, 1236-1241.

Wilhelm, S.W. (1995) Ecology of iron-limited cyanobacteria: a review of physiological responses and implications for aquatic systems. Aquat. Microb. Ecol. 9, 295-303.

Wilhelm, S.W., and Trick, C.G. (1994) Iron-limited growth of cyanobacteria: multiple siderophore production is a common response. Limnol. Oceanogr. 39, 1979-1984.

Wilhelm, S.W., and Trick, C.G. (1995a) Physiological profiles of Synechococcus (Cyanophyceae) in iron-limiting continuous cultures. J. Phycol. 31, 79-85.

Wilhelm, S.W., and Trick, C.G. (1995b) Effects of vitamin B12 concentration on chemostat cultured Synechococcus sp. strain PCC 7002. Can. J. Microbiol. 41, 145-151.

Wilhelm, S.W., MacAuley, K., and Trick, C.G. (1998) Evidence for the importance of catechol-type siderophores in the iron-limited growth of a cyanobacterium. Limnol. Oceanogr. 43, 992-997.

Willey, J.M., and Waterbury, J.B. (1989) Chemotaxis toward nitrogenous compounds by swimming strains of marine Synechococcus spp. Appl. Environ. Microbiol. 55, 1888-1894.

Wilson, W.H., Carr, N.G., and Mann, N.H. (1996) The effect of phosphate status on the kinetics of cyanophage infection in the oceanic cyanobacterium Synechococcus sp. WH 7803. J. Phycol. 32, 506-516.

Wingard, L.L., Miller, S.R., Sellker, J.M.L., Stenn, E., Allen, M.M., and Wood, A.M. (2002) Cyanophycin production in a phycoerythrin-containing marine Synechococcus strain of unusual phylogenetic affinity. Appl. Environ. Microbiol. 68, 1772-1777.

Wood, A.M. (1985) Adaptation of photosynthetic apparatus of marine ultraphytoplankton to natural light fields. Nature 316, 253-255.

Wood, A.M. (1988) Molecular biology, single cell analysis and quantitative genetics: new evolutionary genetic approaches in phytoplankton ecology. In Immunochemical Approaches to Coastal, Estuarine, and Oceanographic Questions (C.M. Yentsch, F.C. Mague, and P.K. Horan, eds), pp 41-73. Springer-Verlag.

Wood, A.M., and Townsend, D. (1990) DNA polymorphism within the WH 7803 serogroup of marine Synechococcus spp. (cyanobacteria). J. Phycol. 26, 576-585.

Wood, A.M., and Leatham, T. (1992) The species concept in phytoplankton ecology. J. Phycol. 28, 723-729.

Wood, A.M., Horan, P.K., Muirhead, K., Phinney, D.A., Yentsch, C.M. and Waterbury, J.B. (1985) Discrimination between types of pigments in marine Synechococcus spp. by scanning spectroscopy, epifluorescence microscopy, and flow cytometry. Limnol. Oceanogr. 30, 1303-1315.

Wood, A.M., Phinney, D.A., and Yentsch, C.S. (1998) Water column transparency and the distribution of spectrally distinct forms of phycoerythrin-containing organisms. Mar. Ecol. Prog. Ser. 162, 25-31.

Wood, A.M., Lipsen, M., and Coble, P. (1999) Fluorescence-based characterisation of phycoerythrin-containing cyanobacterial communities in the Arabian Sea during the northeast and early southwest monsoon (1994-1995). Deep Sea Res. II 46, 1769-1790.

Wu, J., Sunda, W., Boyle, E.A., and Karl, D.M. (2000) Phosphate depletion in the western North Atlantic Ocean. Science 289, 759-762.

Wyman, M. (1999) Diel patterns in ribulose-1,5 bisphosphate carboxylase/oxygenase and glutamine synthetase expression in a natural population of marine picoplanktonic cyanobacteria (Synechococcus spp.). Appl. Environ. Microbiol. 65, 3651-3659.

Wyman, M., Gregory, R.P.F., and Carr, N.G. (1985) Novel role for phycoerythrin in a marine cyanobacterium, Synechococcus strain DC2. Science 230, 818-820.

Xiuren, N., and Vaulot, D. (1992) Estimating Synechococcus growth rates and grazing pressure by heterotrophic nanoplankton in the English Channel and the Celtic Sea. Acta Oceanol. Sin. 11, 255-273.

Yeh, M., Ong, L.J., and Glazer, A.N. (1986) Role of phycoerythrin in marine picoplankton Synechococcus spp. Science 234, 1422-1423.

Zehr, J.P., and Ward, B.B. (2002) Nitrogen cycling in the ocean: new perspectives on processes and paradigms. Appl. Environ. Microbiol. 68, 1015-1024.

Zehr, J.P., Waterbury, J.B., Turner, P.J., Montoya, J.P., Omoregie, E., Steward, G.F., Hansen, A., and Karl, D.M. (2001) Unicellular cyanobacteria fix N2 in the subtropical North Pacific Ocean. Nature 412, 635-638.

Zettler, E.R., Olson, R.J., Binder, B.J., Chisholm, S.W., Fitzwater, S.E., and Gordon, R.M. (1996) Iron-enrichment bottle experiments in the equatorial Pacific: responses of individual phytoplankton cells. Deep Sea Res. II 43, 1017-1029.

Zhong, Y., Chen, F., Wilhelm, S.W., Poorvin, L., and Hodson, R.E. (2002) Phylogenetic diversity of marine cyanophage isolates as revealed by sequences of viral capsid assembly protein gene g20. Appl. Environ. Microbiol. 68, 1576-1584.

Zohary, T., and Robarts, R. (1998) Experimental study of microbial P-limitation in the eastern Mediterranean. Limnol. Oceanogr. 43, 387-395.

Table 1. Characteristics of the marine Synechococcus clusters MC-A, MC-B and MC-C1.

Marine cluster A*

· includes open ocean and coastal isolates

· cells range in diameter from 0.6-1.7 (m

· some are capable of a swimming motility

· all contain phycoerythrin (PE) as their major light-harvesting pigment. Some are capable of chromatic adaptation

· all are obligate photoautotrophs incapable of using organic compounds as sole source of cell C

· all strains have elevated growth requirements for Na+, Cl-, Mg2+, Ca2+
· mol% G+C ranges from 55-62%

Marine cluster B*

· coastal marine isolates

· cells range in diameter from 0.9-1.4 (m

· all are non-motile

· all contain phycocyanin as their major light-harvesting pigment, PE is absent

· all are obligate photoautotrophs incapable of using organic compounds as sole source of cell C

· contain mostly halotolerant strains e.g. WH 5701, but one WH 8007, has an elevated salt requirement for growth

· mol% G+C ranges from 63-69%

Marine Cluster C**

· coastal marine or brackish water isolates

· cells range in diameter from 1.2-2.0 (m

· all are non-motile

· 4 of 5 strains contain phycocyanin as their major light-harvesting pigment. One strain (PCC 7335) produces C-phycoerythrin and is capable of chromatic adaptation. This strain can also synthesise nitrogenase under anaerobic conditions

· 4 of 5 strains are capable of photoheterotrophic growth

· 3 strains are halotolerant (e.g. PCC 7002), and two have an elevated salt requirement for growth (PCC 7335 and PCC 7003)

· mol% G+C ranges from 47-50%
1 Data from Waterbury & Rippka 1989, Herdman et al., 2001, Palenik 2001

* Marine clusters A and B (Waterbury and Rippka 1989) have recently been combined as two sub-clusters into Synechococcus Cluster 5 (Herdman et al., 2001). Thus, MC-A becomes Synechococcus Cluster 5.1 and MC-B becomes Synechococcus Cluster 5.2. Strain PCC 7001, previously a member of MC-B has been transferred to the genus Cyanobium (Herdman et al., 2001). 

** Marine cluster C now corresponds to Synechococcus Cluster 3 (Herdman et al., 2001) but with strain PCC 7335 removed. This latter strain now comprises the only member of a new cluster, Synechococcus Cluster 4. The mean DNA base composition (47.4 mol% G+C) of PCC 7335 is slightly lower than other members of cluster 3 and the genome size is markedly greater (3.1 Gdal) (Herdman et al., 2001).

Table 2. CCM related genes in cyanobacterial genomes.

	
	Cyanobacteria
	Cyanobacteria
	

	Gene
	Synechocystis
PCC 6803
	Anabaena PCC 7120
	Nostoc punctiforme*
	Synechococcus PCC 7002
	Synechococcus PCC 7942
	Synechococcus WH 8102*
	Prochlorococcus MED4*
	Prochlorococcus
MIT9313*
	Reference sequence

	-Carboxysomes
	
	
	
	
	
	
	
	
	

	ccmK
	4
	4
	4
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1028

	ccmL
ccmO
ccmM
rbcL activase

ccmN
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1030

	
	1
	1
	n.f.
	n.f.
	1
	n.f.
	n.f.
	n.f.
	SLR0436

	
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1031

	
	n.f.
	1
	1
	n.f.
	n.f.
	n.f.
	n.f.
	n.f.
	PID:g296414

	
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1032

	-Carboxysomes
	
	
	
	
	
	
	
	
	

	csoS1
	n.f.
	n.f.
	n.f
	n.f.
	n.f.
	2
	1
	1
	AAC24975.1

	peptide A

peptide B

csoS2

csoS3
	n.f.
	n.f
	n.f
	n.f.
	n.f.
	-
	1
	1
	AAD30512.1

	
	n.f.
	n.f
	n.f
	n.f.
	n.f.
	1
	1
	1
	AAD30513.1

	
	n.f.
	n.f
	n.f
	n.f.
	n.f.
	1
	1
	1
	AAD30510.1

	
	n.f.
	n.f
	n.f
	n.f.
	n.f.
	1
	1
	1
	AAD30511.1

	Rubisco
	Forrn 1B
	Form 1B
	Form 1B
	Form 1B
	Form 1B
	Form 1A
	Form 1A
	Form 1A
	SLR0009

	Carboxysome CA
	1 -cCA
	?
	1 -cCA
	1 -cCA
	1 -cCA
	n.f.
	n.f.
	n.f.
	SLR1347

	NDH-1 genes
	
	
	
	
	
	
	
	
	

	ndhD1/D2
	2
	3
	3
	2
	-
	1
	2
	2
	SLR0331

	ndhD5/6
	2
	1
	n.f.
	2
	-
	n.f.
	n.f.
	n.f.
	SLR2007

	ndhF1
	1
	1
	1
	1
	1
	1
	1
	2
	SLR0844

	CO2 uptake
	
	
	
	
	
	
	
	
	

	ndhD3
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1733

	ndhD4
	1
	1
	1?
	1
	1
	1
	n.f.
	n.f.
	SLL0027

	ndhF3
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1732

	ndhF4
	1
	1
	1
	1
	1
	1
	n.f.
	n.f.
	SLL0026

	chpY
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1734

	chpX
	1
	1
	1
	1
	1
	1
	n.f.
	n.f.
	SLR1302

	Bicarbonate transporters
	
	
	
	
	
	
	
	
	

	cmpA
	1
	1
	1
	n.f.
	1
	n.f.
	n.f.
	n.f.
	SLR0040

	cmpB
	1
	1
	1
	n.f.
	1
	n.f.
	n.f.
	n.f.
	SLR0041

	cmpC
	1
	1
	1
	n.f.
	1
	n.f.
	n.f.
	n.f.
	SLR0042

	cmpD
	1
	1
	1
	n.f.
	1
	n.f.
	n.f.
	n.f.
	SLR0043

	slr1515
	1
	1
	1
	1
	1
	1
	n.f.
	1
	SLR1515

	slr1512
	1
	1
	1?
	1
	1?
	n.f.
	n.f.
	n.f.
	SLR1512

	glycolate metabolism
	
	
	
	
	
	
	
	
	

	PGP
	1
	1
	1
	1
	1
	n.f.
	n.f.
	n.f.
	SLL1349

	glcD
	1
	1
	1
	1
	-
	1
	n.f.
	1
	SLL0404

	glcE
	1
	1
	1
	1
	-
	1
	n.f.
	1
	SLL1189

	glcF
	1
	1
	1
	1
	-
	1
	n.f.
	1
	SLL1831

	Glycolate Oxidase
	n.f.
	1
	1
	n.f.
	-
	n.f.
	n.f.
	n.f.
	AAD25332.1

	Carbonic anhydrases
	
	
	
	
	
	
	
	
	

	-CAs
	-
	ecaA
	-
	ecaA
	ecaA
	n.f.
	n.f.
	n.f.
	-

	-CAs
	ccA, ecaB
	1 -CA
	5 -CAs – cCA, ecaB
	cCA
	cCA
	1 -CA
	n.f.
	n.f.
	-

	-CAs
	ccmM, ferripyochelin
	ccmM
	ccmM
	ccmM
	ccmM
	ferripyochelin
	n.f.
	n.f.
	-


Table 2 legend.

The following resources were used to make gene comparisons : for general information, Genbank protein and nucleotide sequence databases (http://www.ncbi.nlm.nih.gov/); for specific information on finished and unfinished cyanobacterial geneomes, PEDANT – (http://pedant.gsf.de/index.html), DOE Microbial Genomics (http://www.jgi.doe.gov/tempweb/JGI_microbial/html/index.html); for Synechocystis and Anabaena, Cyanobase (http://www.kazusa.or.jp/cyano/cyano.html). References are not given to each gene, however, the presence or absence of each gene was assessed by its protein homology to reference sequences for each gene. The protein references used are given. SLL and SLR numbers are from Cyanobase references for Synechocystis PCC6803. - , genes not currently found, but genome not completely sequenced; n.f., genes not found in mostly completed genomes; * - species for which mostly completed genomes are currently available; ? possible presence

Reproduced from Functional Plant Biology, Volume 29 (Badger, M.R., Hanson, D., and Price, G.D. 2002) with permission of CSIRO Publishing.

Table 3. Clade-specific physiological characteristics of marine Synechococcus strains.

	
	
	
	
	Phycobiliproteins
	
	
	
	
	

	Phylogenetic clade & Strain No.
	Isolation location
	Mol % 

G +C#
	Phycoerythrin (PE)
	Chromatic adaptation
	
	   Obligately

      marine 

    (+) or (-)
	Utilisation of N sources
	Capable of swimming motility

(+) or (-)
	References

	
	
	
	Present (+) Absent (-)
	PUB:PEB ratio
	(+) or (-)
	
	
	
	

	MC-A Clade I
	
	
	
	
	
	
	
	
	

	WH 8015
	Woods Hole
	55.3
	+
	0.44
	
	+
	nitrate (+) ammonium (+)

nitrite (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8016
	Woods Hole
	55.5
	+
	0.4
	
	
	nitrate (+) ammonium (+)
	-
	Waterbury et al., 1986

	WH 8020
	Sargasso Sea (38º40.7'N, 69º19'W)
	
	+
	0.78
	+
	+
	nitrate (+) ammonium (+)

nitrite (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

Palenik (2001)

	WH 9908
	Woods Hole
	
	
	
	
	
	
	
	Rocap et al., 2002

	CC9311
	California Current* 
	
	+
	1.16
	+
	
	nitrate (+) ammonium (+)

urea (+)
	-
	Toledo & Palenik 1997

Collier et al., 1999

Palenik (2001)

	Almo 3
	Mediterranean Sea (36(11'N, 1(51'W)
	
	+
	0.4
	
	+
	
	-
	Fuller et al., submited

	
	
	
	
	
	
	
	
	
	

	MC-A Clade II
	
	
	
	
	
	
	
	
	

	WH 6501
	Tropical Atlantic (8º44'N, 50º50'W)
	62.3
	+
	0.43
	
	+
	nitrate (+) ammonium (+) nitrite (+) urea (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8002
	Gulf of Mexico (19º45'N, 92º25'W)
	60.0
	+
	0.48
	
	+
	nitrate (+) ammonium (+) nitrite (+) urea (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8005
	Gulf of Mexico (19º45'N, 92º25'W)
	58.6
	+
	0.44
	
	+
	nitrate (+) ammonium (+)

nitrite (+) urea (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8012
	Sargasso Sea (34ºN, 65ºW)
	62.4
	+
	0.4
	
	
	nitrate (+) ammonium (+)

nitrite (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8109
	Sargasso Sea (39º28.6'N, 70º27.72'W)
	
	+
	0.89
	
	
	nitrate (+) ammonium (+)

nitrite (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	CC9605
	California Current
	
	
	
	
	
	
	-
	Toledo et al., 1999

	RS9902
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	1.9
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9903
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	2.3
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9904
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	2.1
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9907
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.5
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9908
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.5
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9910
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.5
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9911
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	1.0
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9912
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.5
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9919
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	1.9
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade III
	
	
	
	
	
	
	
	
	

	WH8102
	Tropical Atlantic 22(29.7'N, 65(36'W
	60.4
	+
	2.06
	
	+
	nitrate (+) ammonium (+) nitrite (+) urea (+)
	+
	Waterbury et al., 1986



	WH8103
	Sargasso Sea 28(30'N, 67(23.5'W
	58.9
	+
	          2.40**
	-
	+
	nitrate (+) ammonium (+) nitrite (+) urea (+)
	+
	Waterbury et al., 1986

Collier et al., 1999 Moore et al., 2002

Palenik (2001)

	WH 8112
	Sargasso Sea 36(N, 66(W
	59.8
	+
	variable ***
	
	+
	nitrate (+) ammonium (+) nitrite (+) urea (+)
	+
	Waterbury et al., 1986

Collier et al., 1999 Moore et al., 2002

	WH 8113
	Sargasso Sea 36(N, 66(W
	60.5
	+
	variable***
	+
	+
	nitrate (+) ammonium (+)

urea (+)
	+
	Waterbury et al., 1986

Collier et al., 1999

Palenik (2001)

	WH 8406
	Gulf of Mexico 30(N, 88(W
	
	+
	0.84
	
	
	nitrate (+) ammonium (+)

nitrite (+)
	+
	Waterbury et al., 1986 Moore et al., 2002

	C8015
	Red Sea
	
	+
	> 1
	
	
	
	+
	Rocap et al., 2002

	C129
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.9
	
	
	
	
	Fuller et al., submitted

	RS9905
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	1.3
	
	+
	nitrate (+) ammonium (+)
	
	Fuller et al., submitted

	RS9915
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.8
	
	+
	nitrate (+) ammonium (+)
	
	Fuller et al., submitted

	RCC311
	Mediterranean Sea 39(10'N, 6(10'E
	
	+
	1.6
	
	+
	
	
	Fuller et al., submitted

	Max 42
	Sargasso Sea 26(18'N, 63(26'W
	
	+
	1.4
	
	+
	
	
	Fuller et al., submitted

	Minos 12
	Mediterranean Sea 34(0'N, 18(0'E
	
	+
	1.8
	
	+
	
	
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade V
	
	
	
	
	
	
	
	
	

	WH 7803
	Sargasso Sea 33(44.9'N, 67(29.8'W
	61.3
	+
	0.39****
	
	
	nitrate (+) ammonium (+) nitrite (+) urea (-)
	-
	Waterbury et al., 1986

Moore et al., 2002

	RS9705
	Red Sea
	
	+
	<1
	
	
	
	
	Rocap et al., 2002

	RS9708
	Red Sea
	
	+
	<1
	
	
	
	
	Rocap et al., 2002

	
	
	
	
	
	
	
	
	
	

	MC-A Clade VI
	
	
	
	
	
	
	nitrate (+) ammonium (+)
	
	

	WH 7805
	Sargasso Sea 33(44.8'N, 67(30'W
	59.7
	+
	No PUB(
	
	+
	nitrate (+) ammonium (+)

nitrite (+) urea (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	WH 8008
	Gulf of Mexico 19(45'N, 92(25'W
	55.8
	+
	No PUB(
	
	+
	nitrate (+) ammonium (+)
	-
	Waterbury et al., 1986

	WH 8017
	Woods Hole 
	54.5
	+
	No PUB(
	
	
	nitrate (+) ammonium (+)
	-
	Waterbury et al., 1986 Rocap et al., 2002

	WH 8018
	Woods Hole
	57.6
	+
	No PUB(
	
	+
	nitrate (+) ammonium (+)
	-
	Waterbury et al., 1986

	
	
	
	
	
	
	
	
	
	

	MC-A Clade VII
	
	
	
	
	
	
	
	
	

	RS9920
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	1.7
	
	
	nitrate (+) ammonium (+)
	
	Fuller et al., submitted

	Oli31
	Equatorial Pacific 5(60'S, 150(0'W
	
	+
	1.7
	
	+
	
	-
	Fuller et al., submitted

	Eum14
	Tropical Atlantic 21(2'N, 31(8'W
	
	+
	2.2
	
	+
	
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade VIII (MC-B?)
	
	
	
	
	
	
	
	
	

	WH 8101
	Woods Hole
	63.9
	-
	NA
	
	-
	nitrate (+) ammonium (+)

nitrite (+) urea (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	RS9906
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9909
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9913
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (-) ammonium (+)
	-
	Fuller et al., submitted

	RS9914
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (-) ammonium (+)
	-
	Fuller et al., submitted

	RS9917
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (-) ammonium (+)
	-
	Fuller et al., submitted

	RS9918
	Gulf of Aqaba 29(28'N, 34(55'E
	
	-
	NA
	
	-
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade IX
	
	
	
	
	
	
	
	
	

	RS9901
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.7
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9916
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.7
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	RS9921
	Gulf of Aqaba 29(28'N, 34(55'E
	
	+
	0.7
	
	+
	nitrate (+) ammonium (+)
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade X
	
	
	
	
	
	
	
	
	

	RCC309
	Mediterranean Sea 39(10'N, 6(10'E
	
	+
	0.7
	
	+
	
	-
	Fuller et al., submitted

	Minos 11
	Mediterranean Sea 34(0'N, 18(0'E
	
	+
	0.7
	
	+
	
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	

	MC-A Clade XI
	
	
	
	
	
	
	
	
	

	MIT S9220
	Equatorial Pacific
	
	+
	low
	
	
	nitrate (-) ammonium (+)

nitrite (+) urea (+)
	
	Moore et al., 2002

	
	
	
	
	
	
	
	
	
	

	MC-B
	
	
	
	
	
	
	
	
	

	WH 5701
	Long Island Sound
	65.8
	-
	NA
	
	-
	nitrate (+) ammonium (+)

nitrite (+)
	-
	Waterbury et al., 1986

Moore et al., 2002

	Bright
	
	
	-
	NA
	
	-
	
	-
	Fuller et al., submitted

	
	
	
	
	
	
	
	
	
	


Table 3 legend.

MC-A Clade IV is represented by 16S rDNA and ITS sequences obtained directly from environmental DNA and hence for which, as yet, there are no cultured counterparts.

Strain MIT S9220 may represent a novel clade, here defined as MC-A clade XI

RS= Red Sea isolate

WH= Woods Hole

RCC= Roscoff culture collection

# Mean DNA base composition

* California Current station 83.110 of the CalCOFI (California Cooperative Oceanic Fisheries Investigations, cruise 9304) grid pattern, isolated at 95 m depth.

** PUB:PEB values of 1.31 (Toledo and Palenik 1997) and 1.3 (Fuller et al., submitted) have also been reported for this strain.

*** These strains have phycoerythrins whose chromophore ratios vary with light intensity

**** PUB:PEB values of 0.979 (Toledo and Palenik 1997) and 0.5 (Fuller et al., submitted) have also been reported for this strain.

( These strains contain C-phycoerythrin that lacks phycourobilin.

NA Not applicable. These strains lack phycoerythrin and hence have no PUB or PEB.

Table 4: Timing of division cycle for marine Synechococcus under L:D in culture (A) and in the field (B). 

	Author(s)
	Strain 
	Phenotype
	L:D
	
	Timing of division
	

	
	
	
	
	
	
	

	A - Culture studies
	
	
	
	
	
	
	

	Mitsui et al., (1986)
	BG43511/12
	n. a.
	12h:12h
	
	▀▀▀▀
	
	

	Armbrust et al., (1989)
	WH 8101
	No PE
	14h:10h
	
	▀▀
	▀▀▀▀
	

	Binder & Chisholm (1995)
	WH 8101
	No PE
	14h:10h
	
	
	▀▀▀▀
	

	Binder & Chisholm (1995)
	WH 7803
	Low PUB/PEB
	14h:10h
	
	
	▀▀▀▀
	

	Waterbury et al., (1986)
	WH 7803
	Low PUB/PEB
	14h:10h
	
	
	▀▀▀▀
	

	Mori et al., (1996)
	PCC 7942
	No PE
	12h:12h
	
	
	▀▀▀▀
	

	Jacquet et al., (2001)
	ROS 04
	Low PUB/PEB
	12h:12h
	
	
	       ▀▀▀
	

	Jacquet et al., (2001)
	ALMO 03
	Low PUB/PEB
	12h:12h
	
	
	       ▀▀▀
	

	Jacquet et al., (2001)
	WH 7803
	Low PUB/PEB
	12h:12h
	
	
	       ▀▀▀
	

	Campbell & Carpenter (1986b)
	WH 7803
	Low PUB/PEB
	14h:10h
	
	
	             ▀▀▀▀
	

	Campbell & Carpenter (1986b)
	WH 8107
	High PUB/PEB
	14h:10h
	
	
	▀▀
	 ▀▀

	Stramski et al., (1995)
	WH 8103
	High PUB/PEB
	12h:12h
	
	
	▀▀
	▀▀

	Sweeney & Borgese (1989)
	WH 7803
	Low PUB/PEB
	12h:12h
	
	
	
	▀▀▀

	Campbell & Carpenter (1986b)
	WH 8012
	Low PUB/PEB
	14h:10h
	
	
	
	   ▀▀▀

	Jacquet et al., (2001)
	WH 8103
	High PUB/PEB
	12h:12h
	
	
	
	▀▀


Table 4 (continued)

	Author(s)
	Populations
	
	
	Timing of division
	

	
	
	
	
	
	

	B - Field studies
	
	
	
	
	
	

	Waterbury et al., (1986)
	Vineyard Sound
	
	
	▀▀
	▀▀
	

	Affronti & Marshall (1994)
	Chesapeake Bay
	
	
	
	▀▀▀▀
	

	Carpenter & Campbell (1988)
	Long Island Sound
	
	
	
	▀▀▀▀
	

	Li & Dickie (1991)
	N Atlantic
	
	
	
	        ▀▀▀▀
	

	Sherry (1995)
	N W Arabian Sea
	
	
	
	          ▀▀▀▀
	

	Xiuren & Vaulot (1992)
	English Channel
	
	
	
	      ▀▀▀
	

	Waterbury et al., (1986)
	Sargasso Sea
	
	
	
	          ▀▀▀
	

	Liu et al., (1998)
	Arabian Sea
	
	
	
	          ▀▀▀
	

	Agawin & Agusti (1997)
	NW Mediterranean Sea
	
	
	▀▀▀
	               ▀▀▀
	

	Neuer (1992)
	Sub. Arct. Pacific
	
	
	
	▀▀
	▀▀

	Olson et al. (1990)
	N Atlantic, Sargasso Sea
	
	
	
	▀▀
	▀▀

	Olson et al. (1990)
	Vineyard Sound
	
	
	
	▀▀
	▀▀

	Kudoh et al. (1990)
	N W Pacific
	
	
	
	▀▀
	▀▀

	Vaulot & Marie (1999)
	Equat. Pacific
	
	
	
	▀▀
	▀▀

	Wyman (1999)
	N E Atlantic
	
	
	
	▀▀
	▀▀

	Jacquet et al., (unpub. data)
	Alboran Sea
	
	
	
	▀
	▀▀▀

	Vaulot et al., (1996)
	NW Mediterranean Sea
	
	
	
	▀
	▀▀

	Campbell & Carpenter (1986b)
	Sargasso Sea, Carribean Sea
	
	
	
	
	▀▀▀▀

	Prézelin et al., (1987)
	N W Atlantic
	
	
	
	
	▀▀▀

	Dolan & Simek (1999)
	N W Mediterranean Sea
	
	
	
	
	    ▀▀▀▀

	Jacquet et al., (1998)
	NW Mediterranean Sea
	
	
	
	
	▀▀▀▀


Phenotype is indicated by the absence of phycoerythin (PE) or by the ratio of the chromophores Phycourobilin (PUB) to Phycoerythrobilin (PEB). n.a.: not available. 

As photoperiod varies with locations and culture conditions, the period of division is represented by dark symbols (▀▀) and located approximately over a daily 24 h period without time precision but symbolized by dark and white bands (               ) for night and day, respectively.

Reproduced from Jacquet et al., 2001 with permission from the Journal of Phycology.
Figure Legends

Figure 1. Consensus tree based on a neighbour joining tree using 1345 nucleotides with short sequences added by parsimony. Bootstrap values are from 100 data sets by neighbour joining analysis with Jukes-Cantor correction. Where full-length sequences were available 1345 nucleotides were used for analysis, the values represented as circles. Where only shorter sequences were available 681 nucleotides were used for analysis, the values represented as triangles. Closed objects represent bootstrap values >95%. Open objects represent bootstrap values 70-95%. Values <70% are not shown. The scale bar represents 0.1 substitutions per position.

Figure 2. Growth rate (day–1) as a function of white light iradiance ((mol quanta m-2 s-1) for Prochlorococcus MED4 ((), Prochlorococcus SS120 (■) and Synechococcus WH 8102 (▲). Data provided by Dr. L. Moore and Prof. S.W. Chisholm based on that presented in Moore et al., 1995.

Figure 3. In vivo absorption spectra of three cyanobacterial clones (WH 7803, WH 7805, and WH 5701) grown under nutrient sufficient and nutrient depleted conditions. The difference spectra indicate the in vivo absorbance spectra of the pigments degraded following nutrient depletion, and corresponds to either phycoerythrin (WH 7803, WH 7805) or phycocyanin (WH 5701).

Taken from Photosynthetic Picoplankton (Lewis, M.R., Warnock, R.E., and Platt, T. p245 [1986]), Canadian Bulletin of Fisheries and Aquatic Science 214, Fisheries and Oceans Canada, and reproduced with the permission of the Minister of Public Works and Government Services Canada, 2002. 
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