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●
Cyanobacteria, prokaryotes capable of carrying
out a plant-like oxygenic photosynthesis,
represent one of the oldest known bacterial

lineages, with fossil evidence suggesting an appearance
around 3–3.5 billion years ago (this is not far removed
from the age of the oldest known rocks – 3.8 billion
years!). Their capacity for oxygenic photosynthesis
underpins the source of atmospheric oxidation power
that would have increased the productivity of early
chemotrophic life and which has led to the planet we now
know. But does this early contribution to the moulding
of life on Earth reflect a group of organisms that we can
now consign to history or do they still represent major
players in ecosystem function? If so, how can modern
microbiologists and molecular biologists exploit the
success of such microbes?

● Ecological dominance
Extant cyanobacteria can be found in virtually all
ecosystem habitats on Earth, a success that surely reflects
their long evolutionary history. Habitats occupied range
from the perhaps expected freshwater lakes and rivers,
through to the oceans, but also include hot springs, and
deserts, ranging from the hottest to the cold dry valleys 
of Antarctica. Indeed, the ability of cyanobacteria to
survive at the limits of life on Earth is currently being
used as an analogue for past life on Mars – the ultimate
desert. This ability to adapt to extremes of environ-
mental stress includes tolerance of freezing, desiccation,
freeze–thaw cycles, high light intensities, including
high UV-B flux, and oligotrophic low-nutrient
conditions to name but a few. In addition, it has been
suggested that the changing metal composition of 
early Earth when oxygen was first released may also
reflect the plethora of metal acquisition/efflux systems
these organisms possess, and an associated ability to
tolerate relatively high levels of heavy metals. Such 
an array of physiological adaptation clearly reflects an
ability to colonize harsh environments, but do these
organisms play major ecological roles in these and other
aquatic and terrestrial ecosystems? Turning to the
marine environment reveals the answer.

● Marine cyanobacteria and global carbon
cycling
Oceans cover around 70% of the Earth’s surface and 
as such represent vast sources and sinks for the
biogeochemical cycling of the major elements. Around
40% of global primary production, the fixation of
carbon dioxide into biomass, occurs in marine systems
and it is now estimated that around three-quarters of 
this takes place in open ocean environments. This view 
is a relatively new one since these large areas of oligo-
trophic oceans were long thought of as biological deserts,
supporting few marine organisms and responsible for
only a small fraction of global oceanic productivity. 

It was the discovery of 
tiny, single-celled cyano-
bacteria as ubiquitous and
abundant components of
the marine microbiota
during the late 1970s and
1980s that radically changed our view of the functioning
and composition of marine ecosystems. These unicellular
cyanobacteria are dominated by only two genera,
Synechococcus and Prochlorococcus. It is now clear that these
photoautotrophic picoplankton dominate vast tracts of
the world’s oceans where they occupy a key position at
the base of the marine food web, potentially dictating the
flow of carbon through the system. Thus, dominance of
the very small Prochlorococcus (0.6 µm diameter) which
can contribute 40% of the chlorophyll and 30% of
living carbon in the central Pacific off Hawaii (see Fig. 1),
may induce a microbial loop that is very efficient at
recycling mineral elements, whilst the dominance of the
larger Synechococcus (production in the Sargasso Sea has
been estimated to be between 5 and 30%), may cascade
to larger grazers that induce more efficient export of
carbon towards higher trophic levels. It is not hard to see
why these organisms play key roles in global carbon
cycling and hence modulate the Earth’s climate, as 
well as in influencing marine ecosystem community
structure. So what do we know about these organisms?

● Prochlorococcus: the smallest and most
abundant photosynthetic microbe in the
oceans and probably on Earth
Prochlorococcus was originally considered to be a member
of a distinct group, the Prochlorophytes, which included
the intracellular symbiont Prochloron and the freshwater
filamentous form Prochlorothrix hollandica, since these are
chlorophyll (chl) a- and b-containing prokaryotes and
potentially the closest known relatives of higher plant
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TOP RIGHT:
Fig.1. False colour image of
global chlorophyll levels of the
world’s oceans derived from
Coastal Zone Colour Scanner
(CZCS) satellite data. The purple
areas represent regions of low
productivity and the yellow and red
regions high productivity.
The inset shows a fluorescence
microscope image of the 
dominant picophytoplankton
Prochlorococcus.
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chloroplasts. In fact the term prochlorophyte is now
redundant since phylogenetically these organisms do 
not form a coherent lineage within the cyanobacterial
radiation, but represent oxyphotobacteria and are
essentially cyanobacteria which have evolved chl b
independently in the evolutionary process. Prochlorococcus
is unique amongst this group in that it contains divinyl
derivatives of chl a and b, a feature which appears to be a
direct adaptation to harvesting the longer wavelengths
of blue light that penetrate deepest down the water
column in oceanic environments. This unorthodox
pigment complement of Prochlorococcus is further demon-
strated by the fact that some strains also contain phyco-
erythrin, a phycobiliprotein normally a component of
the light-harvesting phycobilisome of cyanobacteria,
but a structure absent in Prochlorococcus. This has led some
researchers to suggest that Prochlorococcus represents the
extant model for the ancestral photosynthetic bacterium
that gave rise to cyanobacteria as well as to chloroplasts.

Prochlorococcus is certainly an abundant photosynthetic
microbe. Although largely confined to a 40°N–40°S
latitudinal band, within this region it is extremely
numerous reaching densities of 105–106 cells per ml in
many regions and occupying a 100–200 m deep layer in
depths where the incident light is around 0.1% of the
surface irradiance. Such a distribution makes it the most
abundant photosynthetic organism in the ocean, and
presumably on Earth, accounting for up to a third of the
photosynthetic biomass in these vast areas. The success of
this organism is due to several factors, but its small size,
and hence high surface area/volume ratio, allows it to
acquire nutrients even in ultra-oligotrophic waters,
whilst an ability to fix carbon even at extremely low 
light levels suggests a tremendous photoacclimation or
photoadaptation capacity. Perhaps more pertinent to 
this issue though is the fact that specific ecotypes of
Prochlorococcus have now been identified, underlying a

genetic microheterogeneity, which appear partitioned
into distinct niches down the water column (Fig. 2). At
least two ecotypes of Prochlorococcus co-exist in the oceans
that are distinguished by their photophysiology and
molecular phylogeny. One is capable of growth at
irradiances where the other is not [high- and low-light-
adapted ecotypes, respectively]. Such a distribution 
of multiple ecotypes probably allows survival of the
population as a whole in a much broader range of
environmental conditions than would be possible for 
a homogeneous population.

We have seen that these organisms are of great
ecological relevance, but what other attributes do they
possess that make them tremendously attractive to
microbiologists and molecular biologists alike? There
are many. For a start they are readily enumerated in situ 
by flow cytometry, as well as being relatively easily
isolated into culture. This is in stark contrast to the 
array of heterotrophic organisms that constitute the
‘black box’ of the microbial loop in marine systems and of
which virtually all are uncultured. The availability 
of cultures allows biochemical and molecular dissection
of photosynthetic apparatus and nutrient acquisition
capabilities, features of particular importance to their
ecological success. Moreover, its unique form of chl a
allows an accurate measurement of its contribution to
total photosynthetic biomass, whilst highly synchron-
ized cell division simplifies measurements of in situ
growth rates. Finally, we are now even obtaining
genomic data for this organism. This has revealed a
genome size for one strain of approximately 2 Mb, the
smallest known for a free-living photosynthetic
organism. 

Several of these traits hold true for their sister taxa, the
Synechococcus genus, but which possess normal chl a and
phycobilins as their pigment complement. This latter

BELOW:
Fig. 2. Schematic 
representation of niche partitioning
of Prochlorococcus populations in
situ, illustrating the obvious inverse
gradients of light and nutrients. The
inset shows dot-blot hybridization
of environmental DNA to 16S rDNA
targeted genotype-specific
oligonucleotides showing the
partitioning of HL and LL
Prochlorococcus genotypes
adjacent to the thermocline.
COURTESY D.SCANLAN

Euphotic
zone

HLI LL EUB338

Thermocline

Upwelling

Nutrients

Light 10 m
30 m
40 m
50 m
60 m
70 m
90 m

100 m



130

group is a ubiquitous feature of phytoplankton
populations throughout the world’s oceans and so can be
found even in polar regions, albeit at lower cell
concentrations than equatorial areas. One additional
feature though is that representatives of the marine
Synechococcus group are genetically amenable and allow
the interrogation of niche adaptation at the molecular
level with the added bonus that defined mutants can be
made. Genetic microdiversity within this group appears
large and the challenge ahead is to define the size and
shape of the ecological niches occupied by specific
ecotypes and the underlying physiological and genetic
basis of their adaptation to that niche.

● The genomic era
For cyanobacteria the genomic era began in 1996 with
the completion of the genome sequence of the unicelluar
cyanobacterium Synechocystis sp. PCC6803. This
organism is capable of photoheterotrophic growth and as
such has been extremely useful in dissecting the function
and structure of the cyanobacterial photosynthetic
apparatus. More recently two filamentous cyanobacterial
genomes have been completed from Anabaena (Fig. 3)
and Nostoc species (see Table 1 for website details). These
organisms provide excellent opportunities for analysis 
at the genetic level of several important processes 
that cyanobacteria ‘do well’ (summarized in Table 2),
including nitrogen fixation, symbiotic associations,
cellular differentiation, circadian rhythms and
chromatic adaptation.

Genome sequencing of marine cyanobacteria is also
well advanced. Thus, in the last year or so we have seen
the near completion of two Prochlorococcus genomes,
representing isolates characteristic of the major ecotypes
(and a third genome is currently being sequenced) whilst
the sequencing of a marine Synechococcus genome is also in
progress. Description of the complete genomes of these

microbes will greatly advance our understanding of the
regulation of photosynthesis and nutrient acquisition
systems of these organisms, physiological features which
dictate the globally important processes of carbon
fixation and nutrient flux. Moreover, a comparison of the
complete genomes of the two Prochlorococcus ecotypes will
provide valuable insights into the regulation of this type
of microdiversity in marine microbial systems and begin
to define the genetic basis for such niche adaptation.
Some information is already available which might
explain the ability of the different ecotypes to tolerate
high light intensities or maximize their harvesting in a
low-light environment. For example, it seems that the
low-light-adapted strains possess multiple copies of the
pcb gene encoding the major antenna chl a/b binding
proteins. This multiplication of pcb genes is probably a
key factor in allowing these strains to survive at the
extremely low photon fluxes found at the bottom of the
euphotic zone. Finally, complete genome information
paves the way for use of microarray and proteomic
technology to analyse gene and protein expression
patterns and give us unprecedented insights into how
these microbes cope with the dilute environment of the
oligotrophic oceans. 

● Dr Dave Scanlan is a Royal Society University
Research Fellow at the Department of Biological
Sciences, University of Warwick, Gibbet Hill
Road, Coventry CV4 7AL.
Tel. 024 76 528363; Fax 024 76 523701
email dscanlan@bio.warwick.ac.uk

MICROBIOLOGYTODAY VOL 28/AUG 01

Further reading
Bryant, D.A. (ed.) (1994).
The Molecular Biology of
Cyanobacteria. Dordrecht:
Kluwer Academic Publishers.

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

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

West, N. J. & 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.

Whitton, B.A. & Potts, M.
(eds) (2000). The Ecology of
Cyanobacteria: Their Diversity
in Time and Space. Dordrecht:
Kluwer Academic Publishers.

ABOVE RIGHT:
Fig. 3. Anabaena sp. vegetative
filament containing heterocysts
and akinetes.
PHOTO COURTESY DR DAVE ADAMS,
UNIVERSITY OF LEEDS

Table 1.Cyanobacterial genome sequencing web access

Cyanobacterium Web site

■ Synechocystis PCC 6803 http://www.kazusa.or.jp/cyano/cyano.html
■ Nostoc punctiforme ATCC 29133 http://www.jgi.doe.gov/tempweb/JGI_microbial/html/nostoc/nostoc_homepage.html
■ Anabaena PCC7120 http://www.kazusa.or.jp/cyano/anabaena/
■ Synechococcus sp. WH8102 http://www.jgi.doe.gov/tempweb/JGI_microbial/html/synechococcus/synech_homepage.html
■ Prochlorococcus sp. MED4 http://www.jgi.doe.gov/tempweb/JGI_microbial/html/prochlorococcus_med4/prochlo_med4_homepage.html
■ Prochlorococcus sp. MIT9313 http://www.jgi.doe.gov/tempweb/JGI_microbial/html/prochlorococcus_mit9313/prochlo_mit9313homepage.html

Table 2.Characters for which cyanobacteria can be used as model systems for analysis

■ Chloroplast evolution ■ Global carbon cycling ■ Niche adaptation ■ Photosynthesis
■ Light sensing – phytochromes, etc. ■ Chromatic adaptation ■ N2 fixation ■ Symbioses
■ Metal transport systems ■ Circadian rhythms ■ Differentiation of specialized cell types: heterocysts, akinetes, hormogonia


