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In this short article, the co-convenors of CCM2001 outline the
significant advances achieved in aquatic CCM research that
appear in this Special Issue.

The cyanobacterium Synechocystis sp. strain PCC6803 possesses
two CO2 uptake systems, plus two types of HCO3

– transporter.
These authors have generated mutants of Synechocystis
PCC6803 in which one, or a combination, of these inorganic
carbon acquisition mechanisms is disrupted. The response of
these mutants to growth under various CO2 and pH regimes is
discussed.

This review focuses on the various modes of inorganic carbon
transport in the model cyanobacterium, Synechococcus sp., and
highlights their functional redundancy. A model is proposed in
which two unique proteins (ChpX and ChpY) possessing CO2

hydration activity, contribute to CO2 uptake when coupled to
photosynthetic electron transport through specialized NDH-1
complexes. 

Active transport of HCO3
– is one method by which cyanobacte-

ria accumulate inorganic carbon. This article summarizes current
knowledge on BCT1, a primary-active HCO3

– transporter
belonging to the ABC superfamily of transporters.

Here, the authors capitalize on the recent explosion in the avail-
ability of complete cyanobacterial genomes to consider various
gene components of photosynthesis and CO2 concentrating
mechanisms. Distinct forms of carboxysome, carbonic anhydrase,
and inorganic carbon uptake system are identified, and related in
an evolutionary context.  
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Cover illustration: The schematic depicts BCT1, a HCO3
– transporter of Synechococcus PCC7942, which is encoded

by the cmpABCD operon and transcribed when CO2 is limiting. A cmpA deletion mutant appears yellowish-green,
relative to wild type, when cultured under low-CO2 conditions (lower left; see Omata et al. pp. 151–159). The middle
panel shows immunolocalization of carbonic anhydrase (green fluorescence) in cells of Thalassiosira weissflogii
(see Morel et al. pp. 301–308). Important phototrophic symbioses are found in coral reef systems (see Leggat et al.
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The fixation of CO2 by Rubisco is enhanced by the enzyme’s
sequestration into polyhedral inclusion bodies called carboxy-
somes. Here, the authors’ compare and contrast the arrangement
of genes for Rubisco and carboxysome-shell proteins in a range
of species, and conclude that two types of carboxysome operons
can be distinguished based on these arrangements. 

Carbonic anhydrase catalyzes the reversible cycle of hydration
and dehydration between CO2 and HCO3

–. Here, the authors use
recombinant DNA and yeast two-hybrid technology to character-
ize the C-terminal extension of carboxysomal carbonic anhydrase
from the cyanobacterium Synechocystis, in order to shed light on
its role in the function of this key photosynthetic enzyme.

By disrupting ndhD genes in the model cyanobacterial species,
Synechocystis, Ohkawa et al. have made an important contri-
bution to our understanding of the role of the NAD(P)H dehy-
drogenase complex in CCM. Their data provides information on
the effect of ndh mutation on the transport of inorganic carbon,
and the cellular location of NAD(P)H dehydrogenase complexes.

The high-CO2 requiring phenotype of the Synechocystis sp.
PCC6803 mutant, M55, is partially relieved by salt stress, which
enhances cyclic electron transfer in PSI. A mutant created in the
M55 background that expresses a truncated form of ferredoxin-
NADP+ reductase cannot adapt to salt stress. These authors there-
fore propose that ferredoxin-NADP+ reductase is involved in the
regulation of cyclic electron transfer in PSI.

Genes involved in the carbon concentrating mechanism are
induced in C. reinhardtii in response to limiting CO2. In this brief
review, the role of the regulatory gene, Ccm1, in this CO2-respon-
sive induction pathway is examined, with emphasis given to the
regulation of carbonic anhydrase and photorespiratory enzymes.

C. reinhardtii has the ability to acclimate to limiting concen-
trations of inorganic carbon, with the induction of a CO2 concen-
trating mechanism being a key component of this response.
Elucidation of the signalling cascade that transduces the low
carbon signal has been aided by mutational analyses, which have
identified genes such as the putative transcription factor, Cia5. 

Previously, the use of insertional mutagenesis to pinpoint genes
that allow C. reinhardtii to grow at very low concentrations of
CO2 has been hampered by the difficulty of identifying the
location of inserted DNA. These authors show that use of the
bleomycin resistance gene to ‘tag’ DNA inserts makes it easier to
identify the gene disrupted by insertional mutagenesis.

These authors isolated thylakoids from various green algal
species, including mutants lacking cell walls or lumen carbonic
anhydrase, to investigate the function of this enzyme. Results
indicate that lumen carbonic anhydrase does not function in the
CO2 concentrating mechanism, but may contribute to the estab-
lishment of a proton gradient across the thylakoid membrane.
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Here, the authors use insertional mutagenesis of
Chlamydomonas to study genes involved in inorganic carbon
uptake and the signal transduction pathway via which cells accli-
mate to limiting carbon availability. Data is also presented which
suggests a close connection between high-affinity uptake of
HCO3

– and NO3
–.

Eukaryotic microalgae employ a diverse range of mechanisms to
facilitate uptake of inorganic carbon. Individual species may
actively take up either CO2 or HCO3

– or both, or passively take
up CO2, with or without the involvement of carbonic anhydrase.
Here, the specific mechanisms employed by both marine hapto-
phytes and dinoflagellates are examined.

The eustigmatophyceans are primitive unicellular algae that
occur primarily in waters with a high nutrient load. Here, the
authors use mass spectrometry to compare the carbon acquisition
strategies employed by marine and freshwater eustigmatophytes. 

These authors present data showing that CO2 limitation induces
both internal carbonic anhydrase and HCO3

– uptake activity in
the marine diatom, P. tricornutum, and suggest that this accli-
mation process is governed by the concentration of CO2 rather
than HCO3

–. The occurrence of a specific carbonic anhydrase
(β-type) is also discussed.

The precise purpose of the precipitation of calcite within intra-
cellular vesicles of certain coccolithophorid phytoplankton
remains enigmatic. Here, the authors summarize current knowl-
edge of the calcification process, and relate this to the hypothesis
that calcification plays a role in the supply of carbon for photo-
synthesis.

Here, the authors review their most recent findings on the mecha-
nism of inorganic carbon acquisition by marine diatoms, an area
which has received little attention relative to the uptake of other
major inorganic nutrients. Important contradictions between
their own observations and those of other researchers are
discussed. 

In the symbiotic relationship between the dinoflagellate,
Symbiodinium, and the giant clam, the transport of inorganic
carbon from seawater to Symbiodinium is an essential function of
the host, which in turn relies on dinoflagellate photosynthesis for
production of its respiratory substrates. Here, the authors present
a model for inorganic carbon transport within this system that
involves passive diffusion of inorganic carbon into the host and
an algal CCM.
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The carbon isotopic composition (δ13C) of marine organic matter
reflects palaeoenvironmental conditions. Photosynthetic
organisms discriminate strongly against δ13C, and are therefore
potentially valuable indicators of past atmospheric CO2 concen-
trations. These authors examine the features of phytoplankton
that influence the relationship between CO2 concentration and
δ13C in order to assess the robustness of this correlation.

The ability of algae to concentrate CO2 at the active site of
Rubisco is influenced by a variety of environmental factors, such
as light, temperature and nutrient availability. These authors
examine the complex interactions between these regulatory
factors. In addition, the ecological consequences of algal CCMs
are discussed, with particular reference to global climate change. 

Traditionally, the systems for utilization of inorganic carbon by
seagrasses have been considered less efficient than those of
macroalgae. Here, new experimental data, generated using
modern techniques such as PAM fluorometry, is reviewed, and
the validity of the original paradigm is questioned. 

The natural abundance of carbon isotopes is a useful tool for
understanding carbon acquisition by plants. This overview
examines the benefits and problems associated with use of δ13C
values, with particular emphasis given to marine macroalgae.
The comprehensive Appendix of δ13C values is sure to be a useful
tool for researchers in this area.

Of the total number of plants that utilize C4 photosynthesis, only
a few aquatic species have so far been described.  In this review,
the physiology, biochemistry and anatomy of aquatic C4 species
are discussed with reference to their terrestrial counterparts.
Emphasis is given to the submersed monocot, Hydrilla, in which
the C4 and Calvin cycles operate uniquely, without Kranz
anatomy, in the same cell.

Photosynthesis in aquatic angiosperms is limited by CO2 supply
and low light intensity. This paper reviews the structural,
morphological, physiological, and biochemical features of fresh-
water macrophytes as they relate to maximization of carbon
uptake, and discusses how inorganic carbon may influence
macrophyte ecology.

The pyrenoid of hornworts is an aggregation of Rubisco, traversed
by thylakoid lamellae. Here, evidence for a correlation between
the presence and structure of pyrenoids and CCM activity is
presented. A combined fluorometer/mass spectrometer technique
was used to compare the CCM function of hornworts, both
possessing and lacking pyrenoids, with a C3 liverwort. 




