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Preface

Autotrophic and methylotrophic microorganisms are able to grow at the
expense of one-carbon compounds (e.g.carbon dioxide, formaldehyde) as the
principal carbon sources for the synthesis of cell material, using light, inorganic
compounds or one-carbon compounds as energy sources. The study of the
special adaptations required in aerobic and anaerobic microorganisms to
sustain an autotrophic or methylotrophic mode of life is a fascinating field of
research for scientists from various disciplines. Current research efforts not
only focus on fundamental aspects, i.e. metabolic pathways and their
regulation, ecology, energy conversion and genetics, but also the possible
application of these organisms, in waste water treatment, degradation of
xenobiotics, single-cell protein production, as biocatalysts for the production
of fine chemicals, draws strong attention.

The aim of this series is to provide annual reviews on the biochemistry,
physiology, ecology, genetics, and application of microbial autotrophs and
methylotrophs. The scope of the series includes all aspects of the biology of
these microbes, and will deal with phototrophic and chemolithotrophic
prokaryotic autotrophs, carboxydobacteria, acetogenic-, methanogenic- and
methylotrophic bacteria, as well as methylotrophic eukaryotes.

The exciting advances made in recent years in the study of these organisms is
reflected in the chapters of this first volume which have been written by experts
in the field. We would like to express our sincere thanks to all the contributors
for their stimulating and comprehensive chapters.

G.A. Codd

L. Dijkhuizen
F.R. Tabita

vii



1. The Biology of the Prochlorales

T. BURGER-WIERSMA and H.C.P. MATTHIJS

Laboratorium voor Microbiologie, Universiteit van Amsterdam, Nieuwe Achtergracht 127,
1018 WS Amsterdam, The Netherlands

Introduction

The organisms belonging to the Prochlorophyta (Lewin 1976) are oxygenic
phototrophic prokaryotes which contain chlorophylls ¢ and b. Until recently
(Lewin 1975) this combination of pigments was thought to be restricted to
eukaryotic cells only. Due to this combination of eukaryotic and prokaryotic
features their taxonomic position has been subject to discussion for several
years. In 1986 Florenzano et al. proposed a new order, the Prochlorales, in the
class Photobacteria (Gibbons and Murray 1978) to accommodate organisms
with the aforesaid properties. This prompted Burger-Wiersma et al. (1989) to
refer to them as oxychlorobacteria instead of prochlorophytes.

At present, the discovery of three oxychlorobacterial species has been
reported, i.e. the marine symbiont Prochloron didemni (Lewin 1977), the
freshwater planktonic Prochlorothrix hollandica (Burger-Wiersma et al.
1986), and a marine picoplanktonic strain (Chisholm et al. 1988). The
discovery of these new prokaryotes has stimulated speculation about their
phylogeny (e.g. Lewin 1984; Walsby 1986; Cox 1986b) and many studies are
focussed on the relatedness of the oxychlorobacteria to cyanobacteria on the
one hand and green chloroplasts on the other.

Habitat

The three oxychlorobacteria inhabit fairly different habitats. The
oxychlorobacterium described by Chisholm et al. (1988) has been detected in
the Pacific and North Atlantic Oceans. Pigment analyses suggested that
similar organisms may inhabit the Banda Sea, Indonesia (Gieskes et al. 1988).
In all instances maximal abundance appeared to be restricted to the deeper
layers of the euphotic zone. However, Gieskes and Kraay (1983) reported an
unusual pigment composition in the surface waters of the tropical Atlantic
Ocean, which might be associated with oxychlorobacteria also.

Up to now, Prochlorothrix hollandica has only been isolated from the
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2 T. Burger-Wiersma and H.C.P. Matthijs

shallow, highly eutrophic Loosdrecht Lakes system in The Netherlands
(Burger-Wiersma et al. 1986, 1989). There is now evidence of significant
numbers of this species in several comparable lakes in The Netherlands (L.
Van Liere personal communication; J. Van den Does personal
communication; T. Burger-Wiersma unpublished). The Loosdrecht Lakes
system originated from peat excavation. Due to shallowness of the lake, no
thermal stratification develops and the phytoplankton is homogeneously
mixed throughout the entire water column. In summer Prochlorothrix is one
of the dominating species besides several filamentous cyanobacteria (Van
Liere et al. submitted). The organism is most abundant in those parts of the
lake where the availability of phosphorus is relatively more limiting for
phytoplankton growth.

During Prochlorothrix blooms the pH varies between 8 and 10, and the
water temperature is 15-25 °C (Burger-Wiersma et al. 1989). Based on the
optimum temperature curve for growth, these authors proposed that the need
for elevated temperatures to exhibit substantial growth might restrict the
habitat of Prochlorothrix to shallow systems where complete mixing of the
entire water column takes place throughout the year. This allows inoculation
from the sediments when temperature increases, a situation almost never
encountered in deeper lakes.

Thus far Prochloron didemni is exclusively found as an extracellular
symbiont of marine tropical and subtropical sessile tunicates, the ascidians
(e.g. Lewin 1981; Miiller et al. 1984; Cox 1986a). It can occupy the external
surface, the test or the cloacal cavity of its host, and this may have
implications for the nature of the symbiosis. Cox (1986a) discriminates three
types of symbiosis based on the aforesaid locations of the Prochloron cells: the
association with cells inhabiting the external surface of the hosts is clearly not
obligate for the host, but appears to be obligate for Prochloron. The larvae
of the ascidians do not have special modifications to carry the symbiont,
infection must be accomplished by Prochloron cells carried by seawater. The
ascidian species with Prochloron embedded in the test are never observed
without their symbionts. Therefore, the association is likely to be obligate for
both partners. The larvae of this group are especially equipped for
transmitting Prochloron cells to daughter colonies. The ascidians with cloacal
cavity-dwelling Prochloron cells may be found without their symbionts,
although their larvae have special mechanisms to accommodate the symbiont
in order to inoculate the daughter colonies. However, no phylogenetic
differences between strains of Prochloron isolated from different hosts could
be shown using molecular techniques like 16S ribosomal RNA sequence
homology (Stackebrandt et al. 1982) or DNA-DNA reassociation (Stam et al.
1985).

The difference in habitats is primarily expressed by the temperature and light
climate encountered by the three oxychlorobacteria.
At the depth where the latest discovered oxychlorobacterium occurs most
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abundantly, the temperature ranges from 10 to 15 °C (Chisholm et al. 1988).
Maximal increase in numbers of Prochlorothrix is found when the ambient
water temperature is 20 to 25 °C (T. Burger-Wiersma, unpublished results).
This coincides nicely with the growth rate vs temperature relationship which
was reported for this organism (Burger-Wiersma et al. 1989). Prochloron is
abundant in tropical waters where seasonal variation in temperature is low and
ambient temperatures of approximately 30 °C are customary. However, the
organism is also found in areas with a more dynamic seasonality (McCourt et
al. 1984, Miiller et al. 1984). In these areas a close correlation between water
temperature and the number of Prochloron-containing colonies was shown
(McCourt et al. 1984). This observation agrees well with the sensitivity of
photosynthesis at low temperatures (Thinh and Griffiths 1977; Alberte et al.
1986, 1987).

There is only little light attenuation in the tropical waters where Prochloron
is found; the ambient photon flux density may range from 1000 to 2500 ugmol
m2s! (Thinh and Griffiths 1977; Pardy 1984; Alberte et al. 1986, 1987).
However, the real light climate experienced by Prochloron may be much lower
in the case of the organism being embedded inside its host. Alberte et al. (1986)
determined a decrease in photon flux density of 60 to 80% attributable to the
animal tissue. Contrasting to Prochloron, Prochlorothrix is found in rather
turbid waters characterized by a steep light gradient. Due to mixing of the
entire water column, the organisms are exposed to rapidly changing photon
flux densities ranging from complete darkness to levels of incident irradiance.
Further studies may elucidate whether these light conditions are advantageous
for the abundant presence of Prochlorothrix. There is very little information
on the light levels encountered by the deep ocean species. The ambient photon
flux density reported for this strain is 1 to 10 % of the incident irradiance
(Chisholm et al. 1988).

Morphology and Ultrastructure

The morphology of the three oxychlorobacterial species reported so far is
rather diverse. Prochloron didemni is a spherical unicell with a diameter
ranging from 10 to 25 um ( Cox 1986a). The size appears to be independent
of the sampling station, host species and location in or on the host, although
the larvae may carry smaller cells (Cox 1986a). In contrast, Prochlorothrix
hollandica is filamentous with long cylindrical cells (Burger-Wiersma et al.
1986). The individual cells are 3 to 10 #um long and 0.5 to 1.5 um in diameter,
but unfavourable growth conditions may increase both cell length and
diameter (Burger-Wiersma et al. 1989). The straight, undifferentiated,
sheathless trichomes are generally composed of S to 25 cells, but trichomes
consisting of more than 100 cells have been observed also. The oceanic free-
living species is unicellular and coccoid to rod-shaped, but much smaller than
Prochloron, i.e. 0.6 to 0.8 yum (Chisholm et al. 1988).



4 T. Burger-Wiersma and H.C.P. Matthijs

Transmission electron micrographs of the oxychlorobacteria reveal their
prokaryotic nature (Lewin 1975; Schulz-Baldes and Lewin 1976; Burger-
Wiersma et al. 1986, Chisholm et al. 1988).

The electron-dense layer surrounding the cytoplasm of the organisms indicated
the presence of peptidoglycan in the cell walls. This was confirmed by cell wall
analysis of Prochloron (Moriarty 1979; Stackebrandt and Kandler 1982) and
Prochlorothrix (Jirgens and Burger-Wiersma 1989).

Polyhedral bodies have been observed in all species. Immuno-electron-
microscopy has revealed that the polyhedral bodies in Prochloron and
Prochlorothrix are carboxysomes since they contain the COz-assimilating
enzyme of the Calvin cycle, ribulose 1,5-bisphosphate carboxylase/oxygenase
[RuBisCO] (Berhow and McFadden 1983; Codd 1988; Hawthornthwaite and
Codd 1988). The carboxysomes in Prochlorothrix are generally located in the
central cytoplasmic region, though mainly in the vicinity of the thylakoid
membranes. In Prochloron they usually occur in the peripheral region of the
cells, either singly or in small clusters (Griffiths et al. 1984; Cox 1986a).
Different opinions have emerged on the presence or absence of membranes
surrounding the carboxysomes in Prochloron. Schulz-Baldes and Lewin (1976)
reported a lack of such a membrane, Griffiths et al. (1984) observed proximity
to an adjacent thylakoid membrane and Cox and Dwarte (1981) described a
bounding tripartite membrane and suggested it to be a modified thylakoid
membrane.

Gas vesicles have been reported to be present in Prochlorothrix at the cell
poles (Golecki and Jiirgens 1989). Pressure nephelometry showed that the
constituent gas vesicles had a mean critical pressure of approximately 9 bar,
which is within the range encountered in phytoplanktonic cyanobacteria (A.E.
Walsby, personal communication).

In general, the thylakoids of the oxychlorobacteria are arranged in parallel
layers at the periphery of the cytoplasm around a thylakoid-free central area
(Cox 1986a; Burger-Wiersma et al. 1986; Chisholm et al. 1988). In Prochloron
they may also occupy the central region of the cells (Schulz-Baldes and Lewin
1976). In the latter case the thylakoids are either randomly distributed and
separated by so-called thylakoidal sacs (Griffiths et al. 1984; Thinh 1978;
Thinh et al. 1985; Cox 1986a), or the cells are packed with thylakoids (Cox
1986a). This morphological difference may be caused by light conditions since
the two types of cells were found on the external surface and in the cloacal
cavity, respectively. This would agree with the observation, that in
Prochlorothrix a low growth irradiance induced an increase in stacking and
number of thylakoids (H.C.P Matthijs et al., unpublished).

The ultrastructure of Prochloron has been studied in greater detail than that
of the other two species (Griffiths et al. 1984; Thinh et al. 1985; Cox 1986a).
Different results on the location of DNA in Prochloron have been reported.
Several authors described its presence in the central region of the cells (Schulz-
Baldes and Lewin 1976; Whatley 1977; Cox 1986a). This agrees with the
position of DNA in the other two oxychlorobacteria (Burger-Wiersma et al.
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1986; Chisholm et al. 1988). One report mentioned the uncommon aggregation
of DNA in Prochloron (Whatley 1977) and Coleman and Lewin (1983)
observed its peculiar disposition in areas between the thylakoid membranes.
Especially intriguing is the presence of the large crystalline bodies in
Prochloron obtained from different, but not all, hosts (Griffiths et al. 1984;
Thinh et al. 1985). These bodies are significantly larger than the
carboxysomes. They are composed of regularly arranged sub-structures and
appear to be closely related to the thylakoid membranes, either merging with
them or emerging from them. The authors suggest that the production of these
large crystalline bodies may represent the response of the organism to less
favourable conditions. These conditions have been shown to be accompanied
by the formation of excessive amounts of phenolic compounds and
coagulation of proteins (Fall et al. 1983; Barclay et al. 1987). The latter process
may induce changes in the ultrastructure of the cells. To some extent this may
explain unusual features like the formation of large crystalline bodies,
thylakoidal sacs and DNA disposition or aggregation.

The oxychlorobacteria demonstrate tight packing of the thylakoid
membranes and differ in this respect from cyanobacteria. This may be simply
due to the absence of steric restraint of phycobilisomes or merely be a quasi-
mechanical consequence of the presence of chlorophyll b in these organisms
(Walsby 1986). The functional reasons for thylakoid membrane organization
into appressed membrane stacks is not very well understood (Miller and Lyon
1985). Although chlorophyll b containment by an organism goes hand in hand
with thylakoid membrane appression, chloroplasts of barley mutants depleted
in chlorophyll b nevertheless demonstrate thylakoid membrane stacking and
so-called lateral heterogeneity of photosystems 1 and 2 (Miller and Lyon
1985). Such a localization of the 2 types of photosystems in different patches
of the thylakoid membrane very interestingly has also been documented for
both Prochloron (Giddings et al. 1980) and Prochlorothrix (Miller et al. 1988).
This suggests that, in marked contrast to cyanobacteria, ‘true’ stacking may
occur in these organisms. The presence of chlorophyll b in these differently
organized thylakoids is of great interest for a better understanding of any
additional role for this pigment besides light-harvesting (Barber 1986).

Physiology and Ecology
Growth Characteristics

In contrast to earlier attempts, Chisholm and co-workers have succeeded in
growing the deepsea oxychlorobacterium in laboratory cultures (S.W.
Chisholm personal communication). Details on optimum growth conditions
must await further studies.

Thus far, there has been only one account of successful cultivation of
Prochloron in laboratory cultures (Patterson and Withers 1982). In this study
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the cells were grown in a mineral seawater medium and several organic
nitrogen and carbon sources were tested for their growth promoting abilities.
Of all the organics tested only L-tryptophan and a combination of indole and
serine affected the growth of Prochloron in a positive way. The latter two
compounds can act as precursors in the synthesis of tryptophan. Further tests
revealed that the organism might be deficient in anthranilate synthase. These
results might indicate the nature of the obligatory relationship between
Prochloron and its host. Growth was further maximized by an initial pH of
5.5 (Patterson and Withers 1982). The latter result is rather surprising since
several studies emphasize importance of a pH 8-buffered system for isolated
cells in order to keep them photosynthetically active (Thinh and Griffiths
1977; Critchley and Andrews 1984; Alberte et al. 1986). In spite of the growth
promoting measures applied by Patterson and Withers (1982) less than four
doublings could be achieved in these cultures.

Lectins have been detected in the association of Prochloron and its host
(Miiller et al. 1984). Lectins might be fruitful in the propagation of isolated
Prochloron based on results obtained in the culturing of certain Pseudo-
monads symbiotic with sponges.

As opposed to Prochloron, Prochlorothrix can be easily grown in a mineral
medium without organic supplements, although all efforts to grow the strain
in axenic cultures have failed thus far. Based on these observations, Burger-
Wiersma et al. (1989) suggested that growth of Prochlorothrix might be
dependent on substrates provided by the contaminating heterotrophic
bacteria. Optimum growth was found at pH 8.4, significantly different from
that found for Prochloron (Patterson and Withers 1982). Maximal growth rate
occurred at 25 °C, rapidly decreasing at temperatures below 20 °C (Burger-
Wiersma et al. 1989). Growth of Prochlorothrix was inhibited by NaCl at
concentrations exceeding 25 mM. At 100 mM NacCl or its equivalent seawater
concentration growth ceased completely. This could be explained by the
inability of the strain to synthesize organic osmotica when it was subjected to
these osmotic upshocks (Burger-Wiersma et al. 1989; R.H. Reed personal
communication).

Carbon Metabolism

A general consensus on the operation of C3-type carbon dioxide fixation has
been arrived at by measurements of the early carbon fixation products and
detection of appreciable RuBisCO and phosphoribulokinase activity in cell-
free extracts of Prochloron (Akazawa et al. 1978; Berhow and McFadden
1983; Kremer et al. 1984). The operation of the C3 pathway has also been
made very likely for Prochlorothrix (Hawthornthwaite and Codd 1988).
Excretion of glycolic acid by isolated cells of Prochloron after exposure to
light has been reported (Fisher and Trench 1980). This could be indicative for
photorespiration to occur in Prochloron. Especially with regard to the
symbiotic nature of Prochloron, initial products of carbon dioxide fixation
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have been analyzed (Akazawa et al. 1978, Fisher and Trench 1980, Kremer et
al. 1982). These products included 3-phosphoglycerate, sugar-phosphates,
polyglucose, maltose, glucose, fructose, glutamate, aspartate and glycolate;
sucrose was not detected. None of these products has been earmarked to fulfill
a role in the translocation of fixed carbon compounds between Prochloron
and its host. The photosynthesis products very much point to a type of inter-
mediary metabolism commonly found in prokaryotic cells, illustrated by the
lack of sucrose as a primary product of photosynthesis. The finding of
substantial amounts of a-1,4- glucan in Prochloron may indicate a special type
of secondary metabolism possibly occurring because of the interaction with
the host (Akazawa et al. 1978). Fredrick (1980, 1981) also speculated about the
meaning of the presence of a-1,4 glucan and concluded that this branched
polycarbohydrate did not help in further establishing the phylogenetic position
of Prochloron.

Measurements of enzyme activity in Prochloron have frequently been
reported to be hampered by the unusual high content of phenolic compounds
in isolated cells and the coagulation of proteins. Until now they are limited to
the successful assay of glucose-6-phosphate dehydrogenase, 6-phosphogluco-
nate dehydrogenase, phosphoribulokinase and RuBisCO (Fall et al. 1983,
Barclay et al. 1987). Nevertheless, Andrews et al. (1984) and Berhow and
McFadden (1983) elegantly succeeded in the characterization of the RuBisCO
enzyme from Prochloron. The Km for CO2 (9uM) was an order of magnitude
higher than that normally found for carboxylase from chloroplasts, but
corresponds very well to the usually encountered values in cyanobacteria
(Berhow and McFadden 1983; Andrews et al. 1984). These observations point
to a close relatedness of the Prochloron enzyme and cyanobacterial RuBisCO.
Berhow and McFadden (1983) obtained active enzyme with a final specific
activity of 1.5 units per mg protein (comparable to the activity of enzyme
obtained from other organisms) from Prochloron cells that were lyophilized
directly after harvest. The subunit composition of 57.5 (large, L) and 18.8
(small, S) kDa and the sedimendation position on isopycnic sucrose gradients
corresponded to the normally observed molecular mass ranges of occurrence
of this enzyme with a L and S subunit stoichiometry of 8 to 8 (L8S8) (Codd
1988). Andrews et al. (1984) succeeded in cross-reconstitution of the
Prochloron and cyanobacterial enzymes, a result which further demonstrated
the close relationship between Prochloron and cyanobacteria.

Nitrogen Metabolism

Prochlorothrix can use either ammonium or nitrate ions as nitrogen source
(Burger-Wiersma et al. 1989). As in most photoautotrophs, growth is inhibited
at higher ammonium levels, probably due to uncoupling of photosynthetic
electron transfer.

Parry (1985) showed that Prochloron «cells in intact associations
incorporated ammonium but not nitrate ions. The absence of nitrate uptake
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is explained by the ammonium-rich microhabitat of the Prochloron cells in the
cloacal cavities of their hosts. In such an environment, nitrate reductase,
necessary for the assimilation of nitrate ions, is absent and its induction may
take several hours. Although intact colonies were incubated, no nitrogen
incorporation in the ascidian was detected. Therefore, the author’s conclusion
that the ascidian acquires usuable nitrogenous compounds is unjustified.

Low but definite nitrogenase activity was shown only in associations of
Prochloron and its host Lissoclinum patella (Paerl 1984). Other associations
collected at the same location and at the same period were unable to fix
dinitrogen. This may explain why the Lissoclinum patella/Prochloron
association is most abundant in the oligotrophic regions of its habitat. The
capability to fix molecular nitrogen might be restricted to intact colonies since
no nitrogenase activity was detected in either isolated Prochloron cells or in
ascidians free of Prochloron. In spite of the extreme oxygen sensitivity of
nitrogenase, light enhanced nitrogenase activity. Paerl (1984) assumed a very
low oxygen content of the seawater inside the cloacal cavity of the host because
of a high oxygen consumption rate of the cloacal tissue. It is however
questionable whether the decrease in oxygen in the microhabitat of the cloacal
cavity is adequate to guarantee a sufficiently low oxygen level within the
Prochloron cells.

Parry’s assumption (1985) that his results, in which ammonium uptake was
demonstrated, conflict with those on the occurrence of dinitrogen fixation
(Paerl 1984) is disputable. Dinitrogen-fixing cells switch to ammonium uptake
whenever ammonium is available since growth on ammonium is more
efficient. Furthermore, omission of direct measurement of the ambient
ammonium levels invalidates the claim that the ammonium levels within the
cloacal cavity of the host would be too high to allow nitrogen fixation.

Attempts to induce nitrogenase activity in Prochlorothrix were unsuccessful
indicating that this organism is unable to fix molecular dinitrogen (Burger-
Wiersma et al. 1989). A new free amino acid, 3-(N-methylamino)glutaric acid,
was identified in extracts of Prochloron isolated from different, but not all,
hosts and appeared to be present in isolated host material also (Summons
1981). This amino acid was not detected in Prochlorothrix (Volkman et al.
1988).

Symbiosis of Prochloron

The relationship between host and symbiont has been subjected to many
studies, most of them focussing on the exchange of metabolic intermediates.

Low molecular weight products were shown to be transported following
14C0O, fixation in the intact association of host and Prochloron (Fisher and
Trench 1980; Griffiths and Thinh 1983). The identity of the translocated
components was not established. Isolated cells of Prochloron were found to
excrete glycolic acid (Fisher and Trench 1980), which accounted for seven
percent of the CO3 fixed. This would be insufficient to account for the 50%
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photosynthate translocation reported by Griffiths and Thinh (1983), but
agrees well with other translocation estimates of 7% (Akazawa et al. 1978) and
15 to 19% (Alberte et al. 1986). Interestingly, Berhow and McFadden (1983)
concluded that the presence and activity of RuBisCO relative to the
chlorophyll content are in normally encountered ranges. This indicates that
factors other than CO2 fixation must determine the need for symbiosis of
Prochloron. Addition of extracts from the ascidian host did not improve the
excretion of photosynthates from isolated Prochloron cells. In this respect the
results differ from those obtained in other host/zooxanthellae relationships
(Fisher and Trench 1980).

Although the symbiosis between Prochloron and its host is obviously
obligatory for Prochloron (Lewin 1981) there are only a few reports indicating
that the organism actually benefits by the association. Kremer et al. (1982)
reported that the photosynthetic rates in Prochloron were decreased by a
factor of three after isolation of the cells. Miiller et al. (1984) indicated the
presence of a cytostatic compound made by the host, which was active in
mouse lyphoma cells but which did not inhibit proliferation of Prochloron. Its
proposed function is to help in maintaining a unique environment for
Prochloron and to keep out other bacteria from the host. Otherwise the
production of lectins by the host only in presence of Prochloron may
specifically contribute to a proper environment for the symbiont. The lectins
were shown to bind to the glycoproteins of Prochloron, as to greatly reduce
the tendency for strong aggregation of the Prochloron colonies.

In some cases the exchange of metabolites and nutrients may provide a
logical explanation for phenomena observed in naturally occurring
associations of Prochloron and its host. Unfortunately, these speculations are
almost never substantiated. Olson (1983) observed that the larvae of
Didemnum molle can carry low-light adapted cells of Prochloron. He
suggested that this was necessary to ensure a high photosynthetic activity after
settlement of the larvae since the juveniles were dependent on the translocation
of photosynthates. In a later study Olson (1986) showed a relationship between
light intensity and growth rate of Prochloron/Didemnum molle associations.
This agrees well with the results of Bachmann et al. (1985), who observed an
increasing colony-size with increasing light intensities; the smallest colonies
were found at depths over 25 m and were devoid of Prochloron cells. The size
of the colonies was suggested to depend on the translocation of photosynthates
from Prochloron to its host. According to these authors, this would be
indicated by the fast death of the colonies after being deprived of light. This
speculation, however, is in contradiction with their own conclusion that the
association is facultative for the host. More probably, the fast death of the
association was an artifact since Olson (1986) has described the survival of
Prochloron/Didemnum molle associations after nine days’ exposure to
darkness.

Parry (1985) suggested the translocation of ammonium ions from the host
to the symbiont. He based this proposal on a combination of observations.
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The oxychlorobacterial cells showed ammonium and no nitrate assimilation,
whereas the ammonium content of the tropical reef water was very low.

Photosynthesis

The maximal rates for carbon dioxide fixation in the light in Prochloron,
ranging from 100 to 1000 umol CO2/mg chl/h (Fisher and Trench 1980;
Berhow and McFadden 1983; Critchley and Andrews 1984; Kremer et al. 1984,
Alberte et al. 1986) correspond to the rates commonly observed in cyano-
bacteria and chloroplasts. Carbon dioxide fixation rates in the dark were less
than 5 % (Fisher and Trench 1980) or 1 % (Alberte et al. 1986) of those in
the light. From the data of Burger-Wiersma and Post (1989) we calculated a
range of 280 to 620 umol CO2/mg chl/h. In this study the differences between
rates were due to different growth irradiances.

The variation in observed carbon fixation rates in Prochloron were far too
large to be attributed to the different ambient light conditions. Most likely
they were caused by the method of isolating the cells from their host. Usually
the cells are isolated by gently squeezing the colonies. In this process however,
the acid-containing vesicles of the hosts may be ruptured, thereby liberating
sulphuric acid into the isolation medium. Thinh and Griffiths (1977) reported
a complete loss of photosynthetic activity after isolation of the cells in a non-
buffered system. Collection of the isolated cells into a buffered system (pH
7.5) still resulted in a 50-75 % loss of photosynthesis. Apparently, Alberte et
al. (1986, 1987) observed an increase in photosynthetic activity after isolation
of the cells. They reported a maximal oxygen evolution rate of 912-1188 umol
0O2/mg chl/h for cells isolated from Lissoclinum patella (Alberte et al. 1986);
a value high in the range usually found for cyanobacteria and green algae.
Whole colonies of the same species showed a maximal oxygen evolution rate
of 26.4-40.8 umol O2/mg chl/h (Alberte et al. 1987) which is low as compared
to those reported in other studies (Thinh and Griffiths 1977; Pardy 1984).
Therefore, caution should be taken in interpreting the results of Alberte et al.
(1987), the more so as these authors stated that the values of maximal oxygen
evolution rate in isolated and in hospite cells were roughly the same.

In general, all phototrophic organisms show the same adaptation pattern
when grown in different photon flux densities, i.e. increased photosynthetic
pigment levels at low photon flux densities in order to sustain optimum
photosynthesis. The response of Prochloron and Prochlorothrix conforms to
this general adaptation pattern: Burger-Wiersma and Post (1989) report a
fivefold increase in chlorophyll content in Prochlorothrix when comparing
cells grown at 200 and 8 umol photons m=2s-!. In spite of the pigment increase
at low photon flux densities a decrease in light utilization efficiency was found.
Self-shading of chlorophyll molecules in the tightly packed thylakoids may
have caused this decrease.

Alberte et al. (1986) observed a twofold increase in chlorophyll levels in
Prochloron cells isolated from Lissoclinum-colonies growing at ambient
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photon flux densities of 400 and 2200 umol m=2s’!, respectively. The
concurrent twofold increase in the efficiency of light utilization in Prochloron
growing at the low irradiance suggests that the increase in pigments principally
benefits antenna function. The enhancement of antenna function was further
supported by the larger increase of chlorophyll b relative to chlorophyll ¢ and
by the simultaneous decrease of the number of reaction centres I and II per
cell. Apparently, the antenna size is enlarged at the expense of the number of
reaction centres.

Two strategies of light-shade adaptation based on the concept of
photosynthetic units (PSU) can be distinguished. A PSU is defined as the
number of photosynthetic pigment molecules involved in the production of
one molecule of oxygen. Either the PSU changes in size due to changes in the
amount of light harvesting antennae relative to the reaction centres, or the
number of PSU’s is altered upon a change in ambient photon flux density.
Green algae are known to change both PSU size and number, whereas
cyanobacteria show enlarged PSU sizes at low ambient photon flux densities,
mainly due to increased phycobiliprotein levels. Similar to green algae,
Prochloron and Prochlorothrix were shown to change both PSU size and
number (Alberte et al. 1986; Burger-Wiersma and Post 1989). PSU size can be
expressed either as the number of chlorophyll molecules per reaction center
(RC) I or as the number of chlorophyll molecules per RC II. Highlight-grown
Prochloron and Prochlorothrix cells had significantly smaller PSU sizes, based
both on RC I and RC II values, than lowlight cells. However, the decrease in
PSU/RC 1I in Prochlorothrix of 60% was large compared to that in
Prochloron (25%) and to that of the decrease in PSU/RC I in both organisms
(20-30%). From these measurements it can be concluded that Prochlorothrix
adapts to low light by increasing the ratio RC I/RC II, an adaptation pattern
usually observed in cyanobacteria. By contrast, the RC I/RC II ratio remained
more or less constant in Prochloron, as is commonly found for eukaryotes
(c.f. Alberte et al. 1986).

The maximal rate of oxygen evolution is determined by the number of RC
II and by the rate at which the RC II can reopen after performing the primary
reactions. This is related to the capacity of electron flow and thus by the rate
at which electrons are transferred in linear electron transport. From the data
of Alberte et al. (1986) we calculate a time constant of 3.4 ms for Prochloron,
slightly lower than the 4 ms reported for Prochlorothrix (Burger-Wiersma and
Post 1989). In both cases, this time constant appeared to be independent of
ambient photon flux density suggesting that the rate of photochemistry is not
affected by light-limited growth. These time constants for photosynthetic
electron transport are well in the range found for green algae and diatoms,
whereas for cyanobacteria longer time constants (ca. 10 ms) are reported (c.f.
Burger-Wiersma and Post 1989).
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Molecular Assembly
Pigments

Chlorophylls. The oxychlorobacteria characteristically contain both
chlorophylls @ and b. This observation was based on separation by
chromatography (TLC and HPLC) followed by identification by spectroscopy
(Lewin and Withers 1975; Burger-Wiersma et al. 1986). Additional
fluorescence excitation and emission spectroscopy at 77 °K revealed peaks
that were in accordance with those reported for isolated chlorophylls @ and b,
(chl a Exc. 429, Em.678 and chl b Exc. 478, Em 658) (Thorne et al. 1978;
H.C.P. Matthijs unpublished). Freezing and thawing of the host animals
before isolation of Prochloron cells was shown to be harmful to the
chlorophylls in that an extensive conversion to phaeophytins ¢ and b was
noticed. This relates to the reports on phenolic and acid compounds being
present in Prochloron under stress conditions (Fall et al. 1983; Barclay et al.
1987).

In the case of the recently described species from the deep ocean, both
chlorophyll ¢ and b appeared to be slightly modified to their bivinyl
chlorophyll derivatives (Chisholm et al. 1988; S.W. Chisholm personal
communication).

The pathways of chlorophyll synthesis in Prochlorothrix have been revealed
to involve formation of d-aminolevulic acid from glutamate via a pathway
which, in contrast to higher plants, did not depend on RNA as has been found
for cyanobacteria (Rieble and Beale 1988).

Chlorophyll @ is common to all oxygenic phototrophs and is present in both
antennae and reaction center pigment beds. Chlorophyll b is known to be
restricted to the light-harvesting antennae. The stoichiometry in chl a/b in
light harvesting complex 2 of green chloroplasts is about unity, and more than
four in the light harvesting complex of photosystem 1. The overall chlorophyll
a to b ratio usually reflects the light conditions in which an organism grows.
Low light induces a need for extended antennae, which in the case of green
plant chloroplasts results in an increase of chlorophyll b relative to @ and by
consequence in a lowered chlorophyll ¢ to b ratio. In comparison to
chloroplasts with a chlorophyll a to b ratio of about three, the various findings
of Prochloron demonstrate a ratio of 3 to 20 (Thorne et al. 1977; Paerl et al.
1984; Alberte et al. 1986), the ratio in Prochlorothrix amounts from 7 to 18
(Burger-Wiersma and Post 1989). The low light-adapted planktonic
oxychlorobacterial species isolated from the deep euphotic zone of the ocean
demonstrated a chlorophyll a to b ratio of 1 (Chisholm et al. 1988). These
rather divergent numbers may be species-dependent or could be caused by the
light conditions during growth.

Usually, a decrease of the ratio of chlorophyll a to accessory pigments is
observed upon transfer of phototrophs from high to low photon flux densities
due to the increased production of light harvesting pigments relative to
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reaction centres. Different observations on whether low light conditions do
give rise to a lowered ratio of chlorophyll a to b in the oxychlorobacteria have
emerged. On the one hand, a relative increase in chlorophyll b content and a
lower a/b ratio was reported in low light- adapted cells of Prochloron (Olson
1983, Bachmann et al. 1985; Alberte et al. 1986). Olson (1983) even showed
a small but significant difference in chlorophyll a/b ratio between the top and
bottom halves of Prochloron/ascidian associations. On the other hand, such
a relationship could either not be demonstrated (Paerl et al. 1984) or was
found to be even reversed (Thorne et al. 1977). Matthijs et al. (unpublished)
have observed a decrease of the chlorophyll a/b ratio as a result of low light
adaptation in Prochlorothrix grown in continuous cultures. However, an
opposite adaptive pattern was also reported for Prochlorothrix (Burger-
Wiersma and Post 1989). In these experiments Prochlorothrix increased its
chlorophyll a/b ratio when grown at low photon flux densities. For
Prochlorothrix, these controversial results may be explained by the difference
in the growth techniques applied: in the experiments of Burger-Wiersma and
Post (1989) the cultures were continuously illuminated, whereas Matthijs et al.
grew the cultures at 16:8 light/dark cycles. Further experiments should
disclose whether the above described differences in adaptative patterns for
Prochlorothrix are in some way related to a possibly different organization of
the photosynthetic apparatus, or to abnormalities in the composition of its
constituting chlorophyll protein complexes (Matthijs et al. 1989).

Carotenoids. The carotenoid and xanthophyll type pigments determined in
Prochloron and Prochlorothrix typically resemble those characteristically
classified in cyanobacteria. A number of studies have revealed the presence of
two major compounds, §,8-carotene and zeaxanthin. These compounds have
been shown to make up more than 50 (up to 71) and 20 to 40 % of the total
carotenoid pool, respectively (Withers et al. 1978a; Burger-Wiersma et al.
1986; Foss et al. 1987). The cryptoxanthin content amounts to about 5% on
average. In addition mutachrome, echinenone, isocryptoxanthin and g,f-
carotene monoepoxide have been regularly identified in trace amounts of less
than 1 % of the total carotenoid content (Withers et al. 1978b; Foss et al.
1987).

No evident differences in the carotenoid distribution ranges in Prochloron
and Prochlorothrix species have been found. Different carotenoid contents
and differences in their relative presence have been determined in
Prochlorothrix in response to photon flux density during growth (H.C.P.
Matthijs unpublished). The carotenoid content of Prochloron with regard to
the presence of f,B-carotene and zeaxanthin varies widely between different
batches. No evident link to differences in irradiant light energy could be
arrived at ( Hiller and Larkum 1985; Alberte et al. 1986). The carotenoid
synthesis pathways clearly differ from the ones found in green plants, i.e.
alenic, e-type carotenoids, carotenoid epoxides and glycosidic type carotenoids
which are normally encountered synthesis products in chloroplasts were
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lacking in Prochloron (Foss et al. 1987).

Omata et al. (1985) have separated the cell and thylakoid membranes of
Prochloron. Zeaxanthin was nearly completely recovered in the cell membrane
fraction. The thylakoid membrane contained most of the f,f-carotene, very
much like in cyanobacteria. Interestingly however, the f,5- carotene content
of the cell membrane fraction from Prochloron was distinctly higher than the
one encountered in cell membranes from cyanobacteria. It was suggested that
the cell membrane of Prochloron in this respect resembles the chloroplast
envelope which normally contains f,[-carotene (Omata et al. 1985). The
physiological function of S, carotene (additional light-harvesting and/or
protection against photooxidation), can be correlated with its linkage to the
thylakoid membrane. The association of zeaxanthin with the cell membrane
points to a light-shielding function only.

Components of the Photosynthetic Electron Transfer Chain

The light-harvesting complexes of the oxychlorobacteria were thought to be
analogous to LHC2 of green chloroplasts, with a chl @ to b ratio of about unity
(Withers et al. 1978a). More recently, deviating a to b ratios of 2.4 for
Prochloron (Hiller and Larkum 1985) and about 4 for Prochlorothrix have
been reported (Bullerjahn et al. 1987). A further indication of the difference
of the chlorophyll a/b complexes from Prochlorothrix and the LHC2 from
chloroplasts is found in the lack of the typical negative deflection at about 650
nm, normally detected in CD spectra of LHC2 (Matthijs et al. 1989).
Furthermore, biochemical analysis of the complexes has indicated a molecular
mass of the major polypeptide of the chlorophyll a/b complexes of 31 to 34
kDa (Hiller and Larkum 1985; Schuster et al. 1984; Bullerjahn et al. 1987)
which is high compared to a similar range of estimates for LHC2 (24 to 29
kDa). A lack of immunological cross-reactivity of the polypeptides from the
chlorophyll a/b-protein complexes of both Prochloron and Prochlorothrix
with antibodies raised against LHC2 from various plants and green algae was
also reported. These data point to major differences between the green plant
chloroplast LHC2 complexes and the chlorophyll a/b protein complexes of
oxychlorobacteria. The observed differences may have an impact on the
physiological role of the chlorophyll a/b -protein complexes. In the case of
green plant chloroplasts, light energy captured by chlorophyll b contributes to
photosynthesis mostly via photosystem 2. However, a significant contribution
to photosystem 1 activity has been shown for Prochloron (Hiller and Larkum
1985) and Prochlorothrix (Bullerjahn et al. 1987; G.S. Bullerjahn et al. 1990;
A.F. Post personal communication). Green plant chloroplast LHCI1 also
contains a minor amount of chlorophyll . No data on a possible analogy
between LHC1 and the chlorophyll protein complexes from the oxychloro-
bacteria are available at present.

Optimal transfer of electrons requires continuous adjustment of the light
energy distribution to photosystems 1 and 2. To achieve this, the model for
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green plant chloroplasts predicts that the LHC2 antenna may get closer to or
further away from photosystem 2. This process involves interplay between
activated phosphorylation and continuous dephosphorylation (Bennett 1984).
The question arises as to whether such a regulatory system also operates in
oxychlorobacteria. Schuster et al. (1984) have noted that the kinase involved
in phosphorylation of the 34 kDa polypeptide of the Prochloron chlorophyll
a/b- protein complex is always activated. This would exclude a regulatory
mechanism similar to the one operative in green chloroplasts. In the case of
Prochlorothrix, light intensity-dependent phosphorylation was absent also.
However, some kind of regulatory mechanism is likely to operate since
controlled reduction and oxidation of isolated thylakoid membranes clearly
switches kinase activity on and off respectively (Van der Staay et al. 1989).
Interestingly, Burger-Wiersma and Post (1989) have clearly demonstrated light
quality-dependent changes in the variable fluorescence yield in Prochlorothrix.

Although the chlorophyll a/b- protein complexes of oxychlorobacteria may
be quite different from those found in green chloroplasts, it has very recently
been concluded from experiments involving antibodies against the isolated
complexes of Prochloron and Prochlorothrix that these complexes are very
much alike (G.S. Bullerjahn et al. 1990).

Other chlorophyll protein complexes in Prochloron and Prochlorothrix
have also been characterized. SDS gel electrophoresis and sucrose gradient
centrifugation employing thylakoid membranes of Prochloron demonstrated
that PS1 includes a major polypeptide of 70 kDa and contains considerable
amounts of chlorophyll b. The chl a/b ratio of this PS1 complex was 3.8 and
its molecular mass was estimated at 300 kDa with a chlorophyll/P700 ratio of
approximately 100 (Hiller and Larkum 1985). Schuster et al. (1985) described
the isolation of RC1 preparations from Prochloron with chlorophyll a to P700
ratios of 120 and 40. Information on whether the larger of the two complexes
would contain any chlorophyll b, such as was reported by Hiller and Larkum
(1985) for a similar preparation and which would point to an antenna function
for the excess chlorophyll, has not been indicated by Schuster et al. (1985). The
isolated RC1 complex contained 4 polypeptides with masses of 70, 16, 10 and
8kDa (as opposed to the 7 usually found in higher plant chloroplasts, but
analogous to the number in the green algal chloroplasts from Dunaliella and
Chlamydomonas). The 70 kDa band was found to be immunologically related
to the P700-binding polypeptide of spinach, Dunaliella and Chlamydomonas.
The molecular mass of the 16 kDa subunit was slightly lower than the
presumed analogue in the other organisms, also including the cyanobacterium
Mastigocladus laminosum (range of masses 20 to 22 kDa). The other 2
subunits could not be unambiguously related to those of the other organisms.
The equimolar presence of P700 and the special chlorophyll molecule (Chl
RC1) in a range of oxygenic phototrophic organisms as well as in Prochloron
indicates a close similarity of their RC1 complexes (Senger et al. 1987).

Analysis of the chlorophyll-protein complexes obtained from the thylakoid
membranes of Prochlorothrix by non-denaturing gel electrophoresis revealed
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five different complexes (Bullerjahn et al. 1987). By spectroscopic and
immunological methods two of these complexes could be assigned to PSl1
(CP1) and PS2 (CP4), respectively. The complex CP4 contained polypeptides
which cross-reacted to antibodies against Chlamydomonas PS2 proteins 5 and
6. CP1 contained some chlorophyll b, the other three complexes all contained
chlorophyll b besides of chlorophyll @ and have been judged to be antennae.

In Prochlorothrix, preliminary studies on other components involved in
photosynthetic and respiratory electron transfer have indicated the presence of
a-, b- and c-type cytochromes (Matthijs et al. 1988). In difference spectra of
reduced and oxidized samples of thylakoid membranes from Prochlorothrix
peaks were observed at 549, 553, 557, 559 and 563 nm. The former three are
indicative for c-type cytochromes and the latter two for b-type cytochromes.
Plastocyanin could not be detected regardless of the absence or presence of
copper in the growth medium. Interestingly, the type cytochrome aa3 which
has been proven to play a functional role in respiratory electron transfer in
cyanobacteria was also detected in Prochlorothrix and was predominantly
found in the cell membrane (Peschek et al. 1989).

Cell Wall

The cell walls of Prochloron and Prochlorothrix resemble those of
cyanobacteria. The peptidoglycans of Prochloron (Moriarty 1979;
Stackebrandt and Kandler 1982) and Prochlorothrix (Jiirgens and Burger-
Wiersma 1989) are of the Aly-type like those of several cyanobacteria. The
cross-linkage indices for Prochloron and Prochlorothrix were 40 and 63%,
respectively. Only the latter falls within the range of those found for Gram-
positive bacteria (46-93%). The cross-linkage index of Prochloron is not in the
range of that for Gram-positive, but significantly higher than those usually
found for Gram-negative bacteria (26-33%). These findings are in good
agreement with the thickness of the peptidoglycan layers of both organisms,
i.e. for Gram-negative strains significantly thinner layers are reported (c.f.
Jirgens and Burger-Wiersma 1989).

Lipid Composition

The lipid composition of phototrophic organisms is often considered a
valuable tool in taxonomy. Cyanobacteria are characterized by a limited
variety of hydrocarbons with 17:0 often predominating. This hydrocarbon was
also abundant in Prochloron (Perry et al. 1978) and Prochlorothrix (Volkman
et al. 1988). In Prochlorothrix the most abundant hydrocarbon was n-
heptadec-5-ene which is common in cyanobacteria, whereas in green algae the
isomer n-heptadec-7-ene may be present, possibly representing a bifurcation
between the biosynthetic pathways in the two groups of organisms. The latter
alkene was not detected in Prochlorothrix. Another important hydrocarbon in
Prochlorothrix is hop-22(29)-ene (Volkman et al. 1988). Hopanoids are not
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found in eukaryotic algae, but are common in most bacteria and
cyanobacteria. There are no records of hopanoids being present in
Prochloron. Poly-unsaturated straight-chain alkenes typical of eukaryotes
such as n-Cz1:6 were not detected in Prochloron nor in Prochlorothrix.

Although Perry et al. (1978) originally detected relatively high levels of
sterols in Prochloron isolated from Lissoclinum patella, a more recent study
of Johns et al. (1981) suggested that the sterols in Prochloron were
contaminants from its ascidian host. No sterols were detected in
Prochlorothrix (Volkman et al. 1988).

The prokaryotic signature of the lipid composition of Prochloron was
further established by the presence of monoglucosyl diacylglycerol (Murata
and Sato 1983). Cyanobacteria and higher plant chloroplasts differ in the
composition and the biosynthetic pathways of their polar lipids. Higher plant
chloroplasts are characterized by the presence of phosphatidylcholine in
addition to the four common glycerol derivatives, whereas cyanobacteria
contain monoglucosyl diacylglycerol (c.f. Murata and Sato 1983).

The overall distribution of total fatty acids in Prochloron (Perry et al. 1978;
Johns et al. 1981; Murata and Sato 1983; Kenrick et al. 1984) and
Prochlorothrix (Volkman et al. 1988) is very similar to those reported for
cyanobacteria. A predominance of Cj4-Cig saturated and unsaturated fatty
acids was observed. Both Prochloron and Prochlorothrix lacked the trans-16:1
wl3 fatty acid, which is restricted almost exclusively to the chloroplast
phospholipids of eukaryotic microalgae, and is thought to be closely
associated with the stacking of thylakoid membranes. Interestingly, there is a
great deal of evidence that ‘true’ stacking occurs in both Prochloron and
Prochlorothrix (Miller et al 1988). No longer-chain poly-unsaturated fatty
acids typical for eukaryotic cells were detected in Prochlorothrix. Prochloron
was shown to contain trace amounts of these compounds (Perry et al. 1978),
but the authors question the importance of their observation in terms of
phylogeny. Interestingly, Prochlorothrix contains considerable amounts of
two unusual unsaturated fatty acids. These compounds have not been detected
before, neither in prokaryotes nor in eukaryotes. Therefore, they may be of
significance in further chemotaxonomic studies of the oxychlorobacteria.

Marked variations occur in the fatty acid composition of the glycolipids
isolated from Prochloron cells from the same host at different locations or at
different times (Kenrick et al. 1984). Thus, although the lipid composition is
clearly a useful tool in establishing the taxonomic position of the
oxychlorobacteria at the ordinal level, the method appeared not suitable to
discriminate at the specific level.

Phylogeny

It has been widely argued that eukaryotic organisms arose from endosymbiosis
of prokaryotes, and that in eukaryotic plants the chloroplast originated from
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a phototrophic prokaryote, presumably an ancestral cyanobacterium. There
was, however, one problem: the cyanobacteria contain phycobiliproteins as
accessory pigments, whereas the majority of eukaryotic phototrophic species
possess another accessory pigment. Therefore, Prochloron (Lewin 1976, 1977)
was considered to be a ‘missing link’ in green chloroplast evolution, moreover,
since the organisms were never encountered free-living but observed
exclusively as exosymbionts on certain colonial ascidians.

Florenzano et al. (1986) outlined two scenarios hypothesizing the origin of
the oxychlorobacteria and their relatedness to cyanobacteria. Here, we extend
these scenarios by subsequent endosymbiosis resulting in chloroplast
development, and discuss the relatedness of chloroplasts to the oxychloro-
bacteria.

One scenario is that cyanobacteria and oxychlorobacteria evolved from a
common photosynthetic ancestor which exclusively contained chlorophyll a.
The phycobiliproteins would have developed as accessory pigments for
photosystem II in the cyanobacteria, whereas a chlorophyll a/b-protein
complex served this function in the oxychlorobacteria. Combining this line of
argument with the endosymbiosis theory, the green chloroplasts could have
evolved from an endosymbiotic event involving this hypothesized chlorophyll
a containing progenitor or an oxychlorobacterium-like organism. Only the
latter event might, but does not have to, result in a close relationship between
oxychlorobacteria and green chloroplasts.

The second possibility raised by Florenzano et al. (1986) is that the
oxychlorobacteria developed from a typical cyanobacterium. The ability to
synthesize chlorophyll » might have been acquired either by molecular
evolution or by transfer of the genetic information from some green alga in
a natural transformation process. Further evolutionary steps, like loss of
phycobilisomes and modified thylakoid arrangement, might have occurred
rapidly as a consequence of the presence of chlorophyll b. The first of these
possibilities, the molecular evolution, may have occurred once in cyano-
bacterial evolution resulting in the development of the progenitor of both
oxychlorobacteria and chloroplasts which, by consequence, would be closely
related. However, it cannot be excluded that molecular evolution occurred
more than once, one time leading to oxychlorobacteria and another time to the
(progenitors of) green chloroplasts. The second possibility, transfer of genetic
information, assumes the presence of green algae already and automatically
rules out the possibility that green chloroplasts evolved from oxychloro-
bacteria. Consequently, following the endosymbiosis theory this outline
suggests that the green chloroplasts evolved directly from the cyanobacteria
and no specific relationship with oxychlorobacteria is to be expected. Within
the line of this second senario a third possibility can be hypothesized, i.e.
natural transfer of genetic information from an ancestor of the oxychloro-
bacteria to a phycobiliprotein-containing ‘chloroplast’. The latter hypothesis
may find some support in the specific relationship between the green
chloroplasts and the cyanelles of Cyanophora paradoxa, a photosynthetic
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organelle containing phycobilin pigments (Giovannoni et al. 1988). In either
of the hypothesized evolution patterns a close relationship between
oxychlorobacteria and cyanobacteria is obvious.

From a thorough homology study of 16S ribosomal RNA sequences of 29
cyanobacterial strains and 5 green chloroplasts Giovannoni et al. (1988) have
concluded that green chloroplasts arose from within the cyanobacterial line of
descent. Based on this result, scenario one has to be rejected.

The genome size of Prochloron (3.59 x 109 daltons) was found to be at the
upper limit for unicellular prokaryotes, and 10 times larger than that observed
for chloroplasts. The similarity in genome size of Prochloron and the
cyanobacteria advocates a potential relationship (Herdman 1981).

Another indication of a close relationship between Prochloron and
cyanobacteria came from a homology study of the 5S ribosomal RNA
(MacKay et al. 1982). The 5S rRNA of Prochloron was much more similar to
that of the cyanobacterium than to the 5S rRNA of either the chloroplast or
the eubacterial strains tested. No specific relationship between chloroplasts
and Prochloron could be demonstrated; the nucleotide sequences of
Prochloron and the cyanobacterium Anacystis nidulans were equally different
from that of the spinach chloroplast. However, caution should be taken in
interpreting these results since only one green alga and one cyanobacterium
were involved in this study.

Comparison of the RNase T1-generated 16S ribosomal RNA catalogues of
Prochloron, seven cyanobacterial strains and four green chloroplasts revealed
that Prochloron was more closely related to the cyanobacteria Fischerella and
Nostoc than to the green chloroplasts (Seewaldt and Stackebrandt 1982). Van
Valen (1982) debated their conclusions for methodological reasons and
constructed an alternative phylogeny in which a cyanobacterial line, a green
chloroplast line and Prochloron diverge from a common ancestor. In his
opinion, Prochloron might be a comparatively little modified descendant of
this common ancestor. However, Bandelt and Von Haeseler (1989)
reinvestigated the original data set using more sophisticated methods. They
concluded that from a numerical point of view the estimated phylogeny as
proposed by Seewaldt and Stackebrandt (1982) is slightly superior over the one
proposed by Van Valen (1982).

Like the green chloroplasts (Giovannoni et al. 1988) Prochlorothrix was
found to fall within the cyanobacterial line of descent (Turner et al. 1989).
Interestingly, Prochlorothrix was found to be most closely related to two
unicellular strains, whereas Prochloron showed the highest similarity to two
filamentous strains (Seewaldt and Stackebrandt 1982). In contrast to green
chloroplasts, Prochlorothrix is a deeply branching member of the
cyanobacteria, implying that the organism is not specifically related to the
green chloroplasts. Their conclusion was based on a 16S ribosomal RNA study
including 18 cyanobacterial strains and 5 green chloroplasts using reverse
transcriptase elongation from deoxynucleotide primers. As a consequence of
the difference in techniques used to determine the sequences, the relatedness
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between Prochloron and Prochlorothrix could not be established from these
studies (Turner et al. 1989). Based on the 16S ribosomal RNA studies
(Seewaldt and Stackebrandt 1982; Giovannoni et al. 1988; Turner et al. 1989)
it is very unlikely that green chloroplasts resulted from an endosymbiotic event
involving (a progenitor of) either Prochloron or Prochlorothrix. This implies
that the ability to synthesize chlorophyll » arose more than once, or was
acquired by natural transfer of genetic information.

A contrasting phylogenetic relationship between cyanobacteria, green
chloroplasts and Prochlorothrix can be derived from the sequences of the
DPSbA genes, which encode the photosystem II thylakoid protein D1 (Morden
and Golden 1989a). Interestingly, the number of these genes (two) present in
Prochlorothrix is different from that found in the genomes of cyanobacteria
(three or more) and of green chloroplasts (one). In spite of the presence of two
DsbA genes in Prochlorothrix only one D1 polypeptide was predicted, whereas
the psbA genes in cyanobacteria encode two different polypeptides.

The D1 polypeptide that was predicted from the sequence of the psbA genes
from Prochlorothrix showed, like in chloroplasts, a seven amino acid gap at
the C-terminal when compared to those in cyanobacteria. According to the
authors, this suggests a more recent common ancestor among green
chloroplasts and Prochlorothrix than among green chloroplasts and
cyanobacteria. Phylogenetic analyses of the amino acid sequences of the
predicted D1 proteins of cyanobacteria, chloroplasts and Prochlorothrix have
resulted in two phylogenetic tree topologies depending on the significance
attributed to the missing seven amino acid domain (Morden and Golden
1989b). When treated as a less important factor, for instance as a single binary
character, a phylogenetic tree was generated that associated Prochlorothrix in
a lineage with two Synechococcus strains. However, if the presence or absence
of residues in this domain is considered to be more significant than one or two
amino acid substitutions, Prochlorothrix is part of a lineage that led to green
chloroplasts after the divergence from the cyanobacteria.

In conclusion, the oxychlorobacteria resemble the cyanobacteria to a great
extent. Thus far, the only discrepancy is found in properties directly associated
with the photosynthetic apparatus, i.e. pigment composition, light quantity
adaptation patterns, composition of the chlorophyl-protein complexes of the
thylakoids, the arrangement of the thylakoids and a seven amino-acid domain
gap near the C-terminus of the psbA genes.
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Abbreviations

CA, carbonic anhydrase; Ci, inorganic carbon (CO2 + HCO3 + CO3);
DCMU, 3-(3,4-dichlorophenyl) - 1, 1 — dimethylurea; DES, diethylstilbestrol;
Ko.5, concentration required for half maximal response; Km, Michaelis
constant; P(CO32), permeability coefficient for CO2; PGA, 3-phosphoglyceric
acid; RuPB, ribulose 1,5-bisphosphate; RuBisCo, ribulose bisphosphate
carboxylase-oxygenase; AWYmembrane potential difference.

Introduction

The cyanobacteria use ribulose bisphosphate carboxylase/oxygenase
(RuBisCo) as the first enzyme of photosynthetic CO2 fixation (Codd and
Marsden 1984; Tabita 1988). This enzyme uses CO2 as its substrate (Filmer
and Cooper 1970) and does so with surprisingly poor efficiency (Andrews and
Lorimer 1987). For example, the enzyme from cyanobacteria has a Km (CO2)
of about 300 uM and a turnover number of only about 12s! (Andrews and
Abel 1981; Badger 1980). The ability of RuBisCo to react with COz2 is further
compromised by the fact that Oz is an alternate and competitive substrate
(Andrews and Lorimer 1987). At air saturation, aqueous media will contain
about 250 uM Oz (25°C) and the effective Km (CO2) of cyanobacterial
RuBisCo in the presence of this Oz will be about 600 uM (Pierce and Omata
1988). Intact cells of cyanobacteria, however, have a much higher affinity for
CO2 than the isolated RuBisCo. For example, in HCO3" - limited chemostats
Synechococuus was found to grow at half the maximal rate when the total
inorganic carbon (Cj) concentration was only 10 to 15 uM (Miller et al.
1984a). The chemostats were closed systems operated at pH 9.6, so that the
actual CO2 concentration in the medium with cells growing at half the
maximal rate was only 5.6 to 8.4 nM (Miller et al. 1984a).

Even cells from air-bubbled batch cultures have Ko.5 (CO2) values for CO2
fixation at pH 8 of about 0.5 to 2.0 uM (Abe et al. 1987a; Abe et al. 1988;
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Badger and Andrews 1982; Kaplan 1981a; Kaplan et al. 1980; Miller and
Colman 1980b; Shelp and Canvin 1984). Such whole cell Ko.5 (CO32) values
for CO; fixation are well below the Km (CO2) for isolated RuBisCo and,
given the turnover number and cellular content of the enzyme, it can be easily
calculated that there must be an active accumulation of CO3 within the cells
to allow for the observed rates of COz fixation (Espie et al. 1988a; Miller
1985). Considerations such as these led Badger et al. (1978) to search for ‘CO2
- concentrating mechanisms’ in green microalgae and cyanobacteria. They
found that Anabaena could accumulate Ci (HCO3= + CO2) to a
concentration of 4 mM within the cells even when the extracellular C;j
concentration had dropped to about 3 uM (Badger et al. 1978). Hence, C; was
accumulated in excess of 1000-fold over the extracellular concentration. More
significantly, with respect to the CO2 - using RuBisCo, the CO3
concentration at the site of RuBisCo can be calculated as about 240 uM,
assuming rapid interconversion of CO2 and HCO3" within the cells (Badger
and Price 1989; Tu et al. 1987) and an intracellular pH of 7.5 (Coleman and
Colman 1981). Thus by virtue of a ‘CO2 - concentrating mechanism’ the CO2
concentration was raised to a value close to the Km (CO2) of cyanobacterial
RuBisCo from a value (0.05 uM at pH 8) in the extracellular medium that, by
itself, would have supported a negligible rate of CO2 fixation (Miller 1985).

In this review I will outline the techniques that can be used to study the
‘CO2 - concentrating mechanisms’ of cyanobacteria, the results that have
been obtained and what the results may mean in terms of the mechanisms
involved.

The Nature of Inorganic Carbon (C;)

There are two important points that must be kept in mind when one is studying
Ci transport. Firstly, Cj can exist in solution in four very different molecular
forms viz. CO2, H2CO3, HCO3™ and CO3. Secondly, atmospheric CO3 is an
ever present source of Cj contamination for experimental solutions. Although
CO2 accounts for only about 0.05% of the volume of the air in most
laboratories it is soluble enough in water that an aqueous solution in
equilibrium with the air will contain 10-12 uM COa3. Since dissolved CO>
exists in equilibrium with HCO3-, an exposed buffer at pH 8.0 will have a C;
concentration of about 500 uM, mainly as HCO3. When studying Cj
transport one must take this contaminant level into account. Better still one
should prepare buffers that are low in Cj ( 15 uM) (Miller et al. 1984a). The
residual C;j is then rapidly removed by the cells themselves as they reach their
very low CO3 - compensation points of about 0.05 uM CO3 (Birmingham and
Colman 1979).

When COz is dissolved in water a predominant feature of CO2 chemistry
becomes evident - the carbon atom is susceptible to nucleophilic attack by
both H20 (reaction 1) and OH- ions (reaction 2):
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1. CO2 + H20=2s H2CO3—22 H* + HCO3 > CO3 + 2H*

2. CO2 + OH- 2= HCO3 =22 CO32H*

In reaction 1 it is the hydration of CO2 to form H2COj3 that is the slow step
(ti/2 = 7s at 30°), while dissociation of carbonic acid (H2CO3) and
bicarbonate (HCO3") are essentially instantaneous. At equilibrium the
concentration of H2CO3 above pH 6 is less than 0.3% of the CO2
concentration at 25°, so it is usually assumed that H2COj3 itself is not a
substrate for the Cj transport systems. Reaction 2 starts to become significant
above pH 8.0. At pH 10, where many cyanobacteria happily thrive, it is the
predominant reaction (Kern 1960). It is essentially this reaction that is
catalyzed by CA since a Zn-OH attack on CO3 is the mechanism of HCO3
formation (Silverman and Vincent 1983). The uncatalyzed, or spontaneous,
formation of HCO3- from CO2 by both reactions is rather slow, taking about
8s or so to go to half-completion at pH 8.0 at low ionic strength at 30° (Miller
et al. 1988a, Price and Badger 1989a). It is clear from Reactions 1 and 2 that
as the solution becomes alkaline, greater concentrations of HCO3- and COj3
will exist at equilibrium. The pKa for HCO3 dissociation to CO3 is about 10.3
at 30° and low ionic strength (Buch 1960) so above pH 10.3 CO3 becomes the
predominant form of C; (see Lucas 1983 and Smith 1988). One effect of the
pH dependence of Reactions 1 and 2 is that above about pH 7 there is a 10-fold
increase in total Cj for each rise in pH of 1 unit. It is very important to note
that, because CO3 solubility is pH-independent, the CO2 concentration in an
open system will remain quite constant as the pH rises. Only in a system closed
to atmospheric CO2 will the CO2 concentration drop to very low levels as the
pH becomes more alkaline. The kinetics and equilibrium conditions of
Reactions 1 and 2 are discussed in more detail elsewhere (Asada 1982; Filmer
and Cooper 1970; Kern 1960; Lucas 1975; Miller and Colman 1980b; Smith
1988). The mechanistic consequences of Reactions 1 and 2 with respect to C;
transport are significant indeed. A neutral and linear molecule (CO2) that is
quite lipid soluble and that is susceptible to nucleophilic attack is converted to
anions (HCO3™ and CO3) that differ from CO2 on all counts (Gutknecht et al.
1977; Palmer and van Eldik 1983; Rubio 1986; Simon and Gutknecht 1980).
Considering the very significant differences between CO2 and HCO3- it is not
surprising that a given carboxylating enzyme uses only one or the other (Asada
1982, Filmer and Cooper 1970; Rubio 1986).

Techniques for Measuring Ci Transport

A number of quite different techniques for measuring C;j transport by
cyanobacteria have been developed.

Silicone Fluid Centrifugation (SFC)

This was the method used by Badger et al. (1978) to obtain the first evidence
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for active Cj transport and accumulation by cyanobacteria. In a 400 uL
micro-centrifuge tube are placed, successively, 100 4L terminating solution
(such as 2N KOH with a 10% methanol), 100 uL silicone fluid and 100 uL cell
suspension at the CO2 compensation point. The tube is placed in an
illuminated micro-centrifuge and uptake is initiated by the addition of
H!4COj3  or !4CO;. After the desired uptake period the transport is
terminated by turning on the centrifuge and spinning the cells through the
silicone fluid into the terminating solution. For unicellular species such as
Coccochloris or Synechococcus, about 85% recovery of cells in the
terminating solution is achieved after 6s centrifugation (Miller and Colman
1980a; Espie et al. 1988b). The terminating solution is assayed for total 4C
activity (fixed + unfixed !4C) and acid-stable !4C activity (fixed 4C). The
difference between the total !4C activity and the acid-stable '4C activity
represents the accumulated but unmetabolized Ci. Typical results for
Synechococcus are shown in Fig. 1. Accumulation of Cj by Synechococcus,
grown with air levels of CO2 requires the presence of either Na*t or CA (Fig.
1). A similar Na™* requirement has been shown for Anabaena (Abe et al.
1987b; Kaplan et al. 1984; Reinhold et al. 1984). Transport of Cj is inhibited
by darkness (Fig. 1), the electron transport inhibitor DCMU and the uncoupler
CCCP (Badger and Andrews 1982, Coleman and Colman 1981, Miller and
Colman 1980b, Ogawa and Ogren 1985, Shelp and Canvin 1984). The
centrifugation method also shows that Cj transport proceeds unabated when
C;j fixation is blocked by D,L - glyceraldehyde (Shelp and Canvin 1984) or
iodoacetamide (Ogawa et al. 1985b). The centrifugation method was used by
Kaplan et al. (1980) to obtain the first detailed kinetics of Ci accumulation.
The extent of Cj accumulation by cyanobacteria can be impressive. When the
initial Cj concentration in the medium is low, accumulation factors from 1000
to 2000-fold are common (Raven 1985).
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Fig. 1. Measurement of Cj accumulation by the silicone fluid centrifugation method (A) Acid
labile '*C activity in the pellet, i.e. unfixed '4C (B) Acid stable 4 activity in the pellet, i.e. fixed
14C. Figure taken from Miller and Canvin (1985).
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Membrane Filtration

This has undoubtedly been the most commonly used method in studies of
bacterial transport. It has not been used in the study of Cj transport by
cyanobacteria, probably because of the fear of atmospheric Ci contamination
and the fear that leakage of accumulated Ci (mainly as CO2) during the
filtration would be extensive. The method has been used successfully with the
chemoautotrophic Thiobacillus neapolitanus (Holthuijzen et al. 1987). The
uptake of 14Cj by the cells was terminated by the addition of 0.1M LiCl and
0.1M NaOH and the samples were then filtered through cellulose acetate
filters. Thiobacillus can accumulate C; to levels 1500-fold the external when
provided with thiosulphate as an energy source. Transport of Cij was blocked
by uncouplers, inhibitors of electron transport and by agents that collapsed
AY(Holthuijzen et al. 1987).

Infra-Red Gas Analysis (IRGA)

Ogawa et al. (1985a) have described an IRGA system that allows one to
monitor the Cj uptake by cells in suspension. A gas stream, containing CO2,
is vigorously bubbled through a cell suspension at pH 7 and the changes in the
CO> concentration of the effluent gas are monitored by IRGA (Ogawa et al.
1985a). Since H20O also absorbs in the infra-red region, the effluent gas
stream must be dried before analysis. The uptake of Ci by the cells upon
illumination results in a transient drop in the CO2 concentration of the
effluent gas stream (Ogawa and Inoue 1983). When the lights are turned off
the accumulated Cj leaks back into the medium and a transient rise in the
effluent CO2 concentration is observed (Ogawa and Inoue 1983). Care must
be taken that the rates of CO2 exchange between the gas phases and the cell
suspension do not become limiting factors (Ogawa et al. 1987). The method
has been successfully used to demonstrate that Cj transport by Anabaena can
be mediated by cyclic electron flow driven by photosystem I (Ogawa and Inoue
1983; Ogawa et al. 1985b).

Membrane Inlet Mass Spectrometry (MIMS)

This technique was first used to investigate C; transport in cyanobacteria by
Badger and Andrews (1982). It has since been used by a number of other
laboratories (Miller et al. 1988a; Tu et al. 1987). Cells are incubated in a
cuvette that is sealed from the atmosphere. The capillary inlet of the mass
spectrometer is inserted via a gas-tight port into the side of the cuvette. The
end of the capillary inlet is covered by a dimethylsilicone rubber membrane
supported by a metal grid. Dissolved gases, such as CO2, leak slowly across
the membrane inlet into the MS so that the CO2 concentration of the medium
can be monitored. The results obtained by Badger and Andrews (1982) with
the marine Synechococcus were startling. They found that upon illumination,
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cells at pH 8.2 took up free CO2 so rapidly that the extracellular CO3
concentration fell almost to zero. The rapid drop in the CO2 concentration
occurs even when CO2 fixation is blocked by iodoacetamide (Miller et al.
1988a; Spiller et al. 1988) or by glyceraldehyde or glycolaldehyde (Miller and
Canvin, 1989). Hence the rapid drop in the extracellular CO2 concentration
observed upon illumination of the cells is not related to CO2 fixation by
RuBisCo (Badger and Andrews 1982; Miller et al. 1988a). The precipitous
drop in the CO2 concentration is not observed when CA is added to maintain
equilibrium between the CO2 and HCO3" in the extracellular medium (Espie
et Canvin 1987; Miller et al. 1988a). The species of cyanobacteria so far
investigated do not produce their own extracellular CA (see Badger and Price
1989).

The ability of cyanobacteria, in the absence of CA, to remove CO2 so
effectively from the medium that the CO2/HCO3" system is displaced far
from equilibrium can only be explained by the presence of a ‘pump’ that uses
CO7 as a substrate. The displacement of reactions la and 2a so far from
equilibrium obviously requires the expenditure of metabolic energy in the
CO2 uptake process. In accord with this, CO2 transport is blocked by the
electron transport inhibitor DCMU, by uncouplers, by the ATPase inhibitor
DES and by darkness (Badger and Andrews 1982; Miller et al. 1988a; Spiller
et al. 1988).

The observation that upon illumination of cells at pH 8.0 the extracellular
CO2 concentration drops almost to zero demonstrates that the rate at which
HCOs3" can be converted spontaneously to CO2 can limit the rate of CO2
uptake (Miller 1985). This is the reason why the addition of CA stimulates the
rate of Ci accumulation, via CO2 uptake (Fig. 1) when HCO3™ transport is
blocked by the absence of Na* (Fig. 1).

The extent of Ci accumulation by the cells can be estimated, using MIMS,
from the amount of Cj that leaks back into the extracellular medium when the
lights are turned off (Badger et al. 1985; Miller et al. 1988a; Spiller et al. 1988).
This must be done in the presence of CA so that total C; (CO2 + HCO3")
leakage is measured. Using this technique Badger et al. (1985) estimated
intracellular C;i concentrations as high as 130 mM for a marine Synechococcus
and Miller et al. (1988b) estimated values of about 60 mM for the freshwater
Synechococcus UTEX 625. To more readily separate the C;j leakage from the
slower contribution of Cj from respiration, the cells can be allowed to
accumulate 13C-labelled Ci(Miller et al. 1988a, b; Spiller et al. 1988). If the
uptake of !3Ci takes place in the presence of iodoacetamide or
glycolaldehyde, to block CO2 fixation, then a quantitative leakage of the
accumulated Cj back into the extracellular medium occurs within two minutes
of turning off the light (Miller et al. 1988b).
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Quenching of Chlorophyll a Fluorescence

Recently we have developed a technique for monitoring Ci accumulation that
involves the quenching of chlorophyll @ fluorescence (Miller and Canvin 1987;
Miller et al. 1988b). At the CO2 compensation point the fluorescence yield of
chlorophyll @ in Synechococcus UTEX 625 is at, or close to, its maximum.
Upon the addition of Cj, as CO2 or HCO3", there is a rapid drop in the
fluorescence yield (Miller and Canvin 1987). A large and rapid drop in
fluorescence yield occurs even when COz fixation is blocked by
iodoacetamide (Miller et al. 1988b) or glycolaldehyde. When total Cj uptake,
in the presence of CA, is monitored in the mass spectrometer at the same time
as the chlorophyll a fluorescence yield, there is a surprisingly close correlation
between the extent of fluorescence quenching and the extent of Ci
accumulation (Miller et al. 1988b). Very similar results are obtained when
iodoacetamide (Miller et al. 1988b) or glycolaldehyde (Miller and Canvin 1959)
are used to block COz fixation. The accumulation of Ci by the cells is
correlated with an enhanced rate of water splitting (O2 evolution) and an
enhanced rate of O photoreduction (Miller et al. 1988c). The two rates are
very similar so that no net Oz evolution or uptake are seen when C;j is added
in the presence of iodoacetamide (Miller and Canvin 1987) or glycolaldehyde.
The enhanced rate of Oz photoreduction is consistent with the observation
that most of the quenching that occurs when C;j is added is q-quenching due
to oxidation of the primary acceptor, Qa, of photosystem II (Miller et al.
1988c; Miller and Canvin, unpublished). How accumulation of C; stimulates
linear electron flow in Synechococcus UTEX 625 is not known. It is tempting
to suggest that intracellular HCO3- stimulates the oxidation of QA as it does
in isolated chloroplasts (Govindjie and van Rensen 1978). We have found the
fluorescence monitoring of C; accumulation in Synechococcus UTEX 625 to
be a very simple and rapid technique for testing the effect of putative
inhibitors of CO2 or HCO3 transport (Miller et al. 1988b; Miller et al. 1989).

Distinguishing Between CO2 and HCO3 Transport

Using the previous techniques it has been demonstrated that cyanobacteria
expend metabolic energy to accumulate C; to levels greatly above those in the
extracellular medium. But which of the radically different forms of C; are the
actual transport substrates — CO2, H2CO3, HCO3- or CO3? It turns out that
cyanobacteria possess transport systems for at least CO2 and HCO3-, and
perhaps CO3 as well. The possibility of H2COs3 transport is usually not
considered because of its very low concentration at equilibrium above pH 6.
A number of authors have outlined the methods that can be used to distinguish
CO; from HCO3" (or CO3) transport (Kaplan et al. 1988; Kerby and Raven
1985; Miller 1985; Raven 1984). These methods are briefly given below.



32 A.G. Miller
pH Dependence

Reactions 1 and 2 show that in a closed system the CO2 concentration will
drop and the HCO3" (or CO3) concentration will rise as the pH becomes more
alkaline. If the rate of C; transport at, a limiting C; concentration, drops
drastically as the pH rises it suggests that the cells may only be capable of
transporting COz. This is not usually the case for cyanobacteria grown at
levels of CO; at or below those in air (e.g. Badger and Andrews 1982;
Coleman and Colman 1981; Shelp and Canvin 1984). Such results do not
prove that these cells cannot transport CO2, only that they must transport
HCO3™ (or CO3°). This method assumes that the only effect of changing pH
is to shift the equilibrium position of reactions 1 and 2. Obviously other
changes may also occur, such as a change in the degree of protonation of
groups involved in the transport process. Still, it must be admitted that the
indications for HCOj3" transport given by this method have been fully
confirmed by all the other methods. The rate of Ci transport by the
chemoautotroph Thiobacillus did drop drastically as the pH was raised from
pH 6.0 (69% CO3) to pH 7.5 (6.6% CO2), suggesting that these cells could
only transport CO2 (Holthuijzen et al. 1987).

The pKa for HCO3- dissociation to CO3 is about 10.3 at 30° (Buch 1960).
For Synechococcus UTEX 625 the Ko.5 for CO; fixation does not vary much
from pH 8.0 (about 98% HCO3") to pH 10.6 (28% HCO3"), suggesting, albeit
weakly, that this species may be able to transport CO3™ as well as HCO3"
(Miller and Canvin, unpublished).

Consideration of the HCO3™ Dehydration Rate

For a cell capable of transporting only COz, its rate of C; transport will be
limited by the rate at which HCO3™ can be dehydrated according to reactions
la and 2a. The cyanobacteria so far examined have no extracellular CA
capable of catalysing the conversion of HCO3- (see Badger and Price 1989).
In the absence of CA, the rate of spontaneous HCO3- dehydration can be
calculated (Lucas 1975; Miller 1985). For air-grown cyanobacteria the rates of
Ci transport at alkaline pH (Miller and Colman 1980b; Espie et al. 1988a) are
much faster than the rate at which CO2 can be formed spontaneously from
HCOg3". In these cases HCO3" transport must contribute very substantially to
the C; influx. An advantage of this kinetic approach is that there is no change
in the extracellular pH.

‘Active Species’ Experiments

Reactions la and 2a are quite slow, so that when a small volume of solution
that contains only CO2 at pH 4 is added to a buffer at pH 8.0 it takes in the
order of 7s (30°) for half of the added COz to be converted to HCO3". Thus,
transiently, the CO2 concentration can be much higher than allowed by the
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equilibrium conditions of reactions la and 2a. A similar disequilibrium is
obtained upon the addition of HCO3™ at pH 8.0, that is transiently, there is
almost no CO2 present. Filmer and Cooper (1970) made use of these transient
disequilibrium situations to determine the form of Cj (the ‘active’ species)
used by various carboxylases. The same method has been used very
successfully to reveal that air-grown cyanobacteria possess the ability to
actively transport both CO2 and HCO3-, whereas cells grown with 1-5% CO2
can actively transport only CO2 (Abe et al. 1987a, b; Badger and Andrews
1982; Espie et al. 1984; Miller and Canvin 1987; Price and Badger 1989a;
Volokita et al. 1984).

Stimulation by Added CA

In the absence of Na™, air-grown cells of Anabaena and Synechococcus are
unable to effectively transport HCO3™ at pH 8.0 and above (Kaplan et al.
1984; Miller et al. 1984b; Miller and Canvin 1985; Abe et al. 1987 a, c¢). Under
these conditions the cells must rely on the active CO2 transport system to
accumulate Cj and, at pH 8.0 in reasonably dense suspensions, the transport
soon becomes limited by the rate at which CO2 can be produced by reactions
la and 2a. Under these conditions, the addition of CA greatly stimulates the
rate of C; transport (Fig. 1, Kaplan 1985; Miller and Canvin 1985). The
simplest explanation is that CO2 transport is stimulated by an increase in the
CO2 supply rate. Cells grown on high levels of CO2 (1-5%) also respond to
the addition of carbonic anhydrase (Price and Badger 1989b; Schwarz et al.
1988) demonstrating that these cells possess a COz transport system.

Direct Observation of Disequilibrium

Using MIMS it is possible to determine when the system defined by reactions
1 and 2 is out of equilibrium. It has already been mentioned that when air-
grown cells of Synechococcus are illuminated the extracellular CO2
concentration falls far below the equilibrium value, even when COz fixation
is blocked. Active CO3 transport by the cells is the only possible explanation
for this observed disequilibrium (Badger and Andrews 1982; Miller et al.
1988a).

The Influence of Ci Concentration During Growth

Kaplan et al. (1980) found that Anabaena grown on high levels of CO2 (5%
v/v) had a much reduced capacity to transport Cj, at low Ci concentrations,
than air-grown cells. Similar results have since been obtained by other workers
with Anabaena and several strains of Synechococcus (Abe et al. 1987a; Badger
and Andrews 1982; Miller and Canvin 1987; Omata and Ogawa 1986; Shiraiwa
and Miyachi 1985). Cells grown on high levels of CO2 lose the capacity for



34 A.G. Miller

HCO3" transport, but do retain a capacity for active CO2 transport (Abe et al.
1987a; Badger and Gallagher 1987; Miller and Canvin 1987; Price and Badger
1989a; Schwarz et al. 1988). Transport of CO2 by high CO2-grown cells has
a 5-10 fold lower CO2 affinity than that seen in air-grown cells (Miller and
Canvin 1987; Price and Badger 1989b). The transport of CO2 by high CO»-
grown cells requires low levels of Na* (Ko.s = 19 uM) at pH 8.0, but not at
pH 6.1 (Miller and Canvin 1987). A requirement for low levels of Na* (<100
uM at pH 8.0) is also observed for CO; transport by air-grown cells (Espie et
al. 1988b).

Work with Synechococcus in Ci-limited chemostats has revealed that the
induction of the ‘high CO2 syndrome’ does not actually require high CO3, but
only high Ci (Miller et al. 1984a). Cells grown under Cj-limited conditions
(0.28d!) had a Ko.s (Ci) for CO2 fixation of 3 uM while cells under Cj-
sufficient conditions (1.72d"!) had a Ko_s (Ci) of 1450 uM. This latter value is
at least as high as the Ko.5 (Ci) seen for ‘high CO2’ cells of the same strain
(Miller and Canvin 1987). However, the steady-state CO2 concentration in the
chemostat reactor, which was closed to the atmosphere, was only 2.3 uM
(Miller et al. 1984a). This CO2 concentration is even lower than the
approximately 12 uM CO3 expected for solutions in equilibrium with air. The
total Cj concentration in the Ci-sufficient reactor was high (2.85 mM) and
because the pH was 9.6 almost all of it was as HCO3~ (Miller et al. 1984a).
Calculation of the rate of CO3 fixation as a function of the extracellular CO2
concentration showed that even these high Cj cells needed to accumulate Cj to
levels 10 to 30-fold in excess of the extracellular C; in order to grow at the
observed rates (Miller et al. 1984a). This sort of accumulation is similar to that
seen in high CO2 - grown cells (Miller and Canvin 1987).

If a buffer at pH 9.0 is bubbled with air the HCO3~ + CO3™ concentration
should be about 5.45 mM and the CO2 concentration about 12 uM, as
determined by reactions 1 and 2. If a batch culture is bubbled with air
vigorously enough at this pH, then it is possible to maintain this equilibrium
Ci concentration in spite of the rapid CO; fixation by the cells. According to
the chemostat studies, cells grown under thse conditions should be high Cj,
not low Cj, cells because even though the CO2 concentration is at air
equilibrium levels (12 uM), the HCO3" concentration is high. The thorough
studies of Badger and Gallagher (1987) and Mayo et al. (1986, 1989) fully
confirm this predication. Badger and Gallagher (1987) showed that these high
Ci (or high HCO3") cells were repressed in terms of HCO3" transport, just like
high CO2 cells, but could actively transport CO2. Turpin et al. (1985)
predicted that for Cj concentrations during growth between about 40 uM and
1500 uM cells with characteristics intermediate between fully adapted low and
high C; cells should be found. As predicted, cells with intermediate Ko.s (Ci)
for CO2 fixation were found under these conditions (Mayo et al. 1986).
Badger and Gallagher (1987) later obtained very similar results. It is clear from
these studies that air-bubbling of cultures will yield high affinity cells only
when the rate of bubbling is inadequate. Measurements by MIMS and IRGA
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(Ogawa et al. 1985a) show that the CO2 transport system can reduce the
extracellular CO2 concentration to very low levels. If COz2 is passed into the
growth suspension at too slow a rate, then the CO2 concentration in the
medium will be very low so that very little conversion of CO2 to HCO3~ will
occur in the medium, and the total Cj concentration will be far below the
equilibrium value predicted by reactions 1 and 2.

High C;j cells convert to low Ci cells when the Cj concentration is lowered
(Marcus et al. 1982, 1983). In the light the conversion is half-completed in
about 2 h, but requires about 20 h for completion (Marcus et al. 1982). The
conversion is much slower in the dark and is inhibited by spectinomycin, an
inhibitor of protein synthesis (Marcus et al. 1982).

In aquatic ecosystems the Cj concentration is often in the range 40 to 1500
UM where cyanobacteria are expected to have intermediate Ko.5s (Ci) values,
with the Ko.5 (Cj) being close in value to the actual Cji concentration in the
water (Mayo et al. 1986; Turpin et al. 1985). Such a situation allows the cells
to readily sense changes in the Ci concentration and respond by altering the
kinetics of their Ci uptake (Turpin et al. 1985). The mechanistic basis of the
intermediate Ko.5 (C;) values is unknown, but may perhaps be a reflection of
different proportions of the high affinity CO2 transporter and the lower
affinity HCO3" transporter.

Possible Mechanisms for Ci Transport

It is now well established that cyanobacteria possess the ability to couple the
transport of CO2 and HCO3" to the expenditure of metabolic energy. How
these molecules are actually translocated across the plasmalemma and how the
translocation is coupled to energy expenditure remain unknown. For a while
it was thought that a 42 kilodalton polypeptide, found only in the membrane
of low Cj adapted cells, might be involved in C; transport (Omata and Ogawa
1986). However, Schwarz et al. (1988) have demonstrated convincingly that a
Synechococcus mutant unable to synthesize this polypeptide was not impaired
in either HCO3™ or CO2 transport.

The first point of debate about the mechanism of CO2 and HCO3"
transport is whether or not two separate transport systems are involved (cf.
Abe et al. 1987a; Espie et al. 1988b; Price and Badger 1989b; Scherer et al.
1988; Volokita et al. 1984). Badger and Andrews (1982) were the first to
suggest that CO2 and HCOj3~ might be substrates for a single complex
transport system. Volokita et al. (1984) put forward a more explicit model
(Fig. 2A) that involved a ‘HCO3 poiier’ as the actual translocating element
in the complex. According to this model, active CO2 transport involves the
conversion of CO2 to HCO3 in the membrane by a ‘CA-like moiety’ (Fig.
2A). The HCO3 ions so formed are passed on to the ‘HCO3" porter’ for
translocation to the cytoplasmic side of the membrane. A feature of this model
is that it is HCO3- that arrives in the cytoplasm both during HCO3- and CO2
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Fig. 2. Two models that have been proposed for a complex system capable of transporting both
CO; and HCO3 . Model (A) is based upon a diagram in Volokita et al. (1984) and Model (B) is
based upon a diagram in Price and Badger (1989a).

transport (Volokita et al. 1984). Price and Badger (1989a) have also put
forward a model in which CO2 and HCO3- are functionally linked (Fig. 2B).
The model is similar to that of Volokita et al. (1984) in that CO3 is converted
to HCO3 by a ‘CA-like moiety’ in the membrane (Fig. 2B). In all other
respects, it differs radically. In this model the ‘CO2 porter’, not the ‘HCO3"
porter’, is the central translocating element of the Ci transport complex (Price
and Badger 1989a). The function of the ‘CA-like moiety’ is now to convert,
in the membrane, HCO3™ to CO2 which is then passed on to the ‘CO3 porter’
(Fig. 2B). Volokita et al. (1984) apparently think the ‘CA-like moiety’ is only
similar to CA in that it catalyses the conversion of CO2 to HCO3" and is
apparently inhibited by 10 uM ethoxyzolamide. Abe et al. (1987a) suggests it
is actually CA. Price and Badger (1989a) suggest that the catalysis of HCO3~
to CO2 may be due to a localized region of low pH in the membrane caused,
perhaps, by H*-ATPase activity. Whatever the ‘CA-like moiety’ may be, it
clearly has no extracellular CA activity (e.g. Badger et al. 1985).

The evidence for a tight functional coupling of CO2 and HCO3" transport
(Fig. 2A,B) is weak. Volokita et al. (1984) found a mutual inhibition of CO2
and HCO3- transport, but the kinetics of the inhibition were complex and
indicated a non-competitive inhibition (Scherer et al. 1988). We have found
that the onset of rapid HCOj3" transport, caused by the additiion of the
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required Na *, has little or no effect upon the ongoing rate of CO2 transport
at low CO2 concentrations (Espie et al. 1988a). Also, the uptake of CO2
measured by MIMS following a pulse of CO2 is not much affected by
increases in the background HCO3- concentration (Espie, Miller and Canvin,
unpublished). Price and Badger (1989a,b) have found that high concentrations
of the CA-inhibitor ethoxyzolamide inhibited CO2 and HCOj3- transport
equally in low Cj cells of Synechococcus. This result is consistent with their
model if it is assumed that ethoxyzolamide inhibits the ‘CO2 porter’ (Fig. 2B,
Price and Badger 1989a). We have found, however, that carbonyl sulphide
(COS) and H3S selectively inhibit CO2 transport and leave HCO3" transport
quite unaffected (Miller et al. 1989; Espie et al. submitted).

The model (Fig. 2A) put forward by Volokita et al. (1984) became
considerably less economical with the observation that it is CO2 transport that
is constitutive (Abe et al. 1987; Badger and Gallagher 1987; Miller and Canvin
1987). It becomes unclear why high C;j cells should be able to actively
transport CO2 with a ‘CO2 porter’ while low C; cells require a new CA-like
moiety to convert the CO2 to HCO3™ so it can be passed on to a ‘HCOj3"
porter’ (Fig 2A). In the model of Price and Badger (1989a) it is HCO3"
transport that becomes the complex process (Fig. 2B). In animal cells, HCO3~
is transported straightforwardly across membranes as the anion (Boron 1983).
It is too early to rule out this possibility for cyanobacteria.

Other bacteria have multiple systems even for one substrate and separate
systems for the transport of substrates as different as CO2 and HCO3™ might
be expected. In this context, I will now briefly discuss possible separately
mechanisms for CO2 and HCO3- transport.

CO; Transport

The lack of data allows for a very large degree of freedom in drawing up
models for CO2 transport. Some possibilities are sketched in Fig. 3. A ‘CA-
like moiety’ could be involved in CO3 transport (Fig. 3A) even if it is not part
of a complex that also transports HCO3- (Fig. 2). Teleologically, it makes
sense to convert the lipid soluble CO2 to the rather membrane impermeable
HCOj3" (Gutknecht et al. 1977) to reduce the size of the inside-to-outside CO2
gradient. However, it is experimentally difficult to separate model A (Fig. 3),
which involves the ‘CA-like moiety’ as an integral membrane protein, and
perhaps being the ‘COz porter’ itself, from model B (Fig. 3) in which COz2 is
translocated into the cytoplasm as CO2 where most of it is converted to
HCO3™ by a peripherally bound CA. Volokita et al. (1984) initially put
forward their model involving a ‘CA-like moiety’ (Fig. 3A) because they found
that the rate of CO3 fixation, in low C;j cells of Anabaena, was dependent
solely upon the intracellular Cj concentration and it made no difference
whether CO2 or HCO3™ was the substrate for transport. In the absence of any
intracellular CA, as postulated by Volokita et al. (1984), one would have
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Fig. 3. Models for CO; transport.

expected COy transport to have been a better souce of Ci than HCO3"
transport for the COj-using RuBisCo. When Volokita et al. (1984) put
forward their model (Fig. 3A) the evidence for the presence of intracellular CA
activity in cyanobacteria was conflicting. It is clear now, however, that
cyanobacteria must, and do, contain CA in sufficient amounts to rapidly
catalyse the conversion of the intracellular HCO3™ to COz2 for use by RuBisCo
(Badger et al. 1985; Badger and Price 1989). At present, the most convincing
evidence for the involvement of a ‘CA-like moiety’ in CO2 uptake (Fig. 3A,
B) is that uptake is much reduced by ethoxyzolamide, a classical CA inhibitor
(Price and Badger 1989a,b; Volokita et al. 1984). Price and Badger (1989a, b)
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found that ethoxyzolamide blocked CO3 transport by both high and low C;
Synechococcus without affecting the intracellular CA activity. High
concentrations of ethoxyzolamide were required to inhibit CO2 transport
(Price and Badger 1989a). Ethoxyzolamide at 200 uM inhibited CO; transport
by high Cj by 75% at 100 uM COz. Low C; cells were even less sensitive. Still,
several vertebrate isozymes of CA are very resistant to ethoxyzolamide
inhibition, with Kj values being in the range of 150 uM (Maren and Sanyal
1983). The high concentrations needed to inhibit CO2 transport (Price and
Badger 1989a) may also have been due to limited access of the inhibitor to the
putative ‘CA-like moiety’. The degree of inhibition correlated with the lipid
solubility of the various sulfonamides with the least soluble, acetazolamide,
having very little effect on CO2 transport even at 400 uM. The important
feature of the results of Price and Badger (1989a) is that ethoxyzolamide
inhibited CO7 transport, but had no effect on intracellular CA activity.
Volokita et al. (1984) found that COz transport by Anabaena was very
sensitive to inhibition by ethoxyzolamide, with 10 uM causing 68% inhibition
at 100 uM CO3 even with low C; cells. They did not study the effect of
ethoxyzolamide on the intracellular CA activity. This is unfortunate because
at the very high CO2 concentrations used in the transport assay (100 uM) an
inhibition of the peripheral CA of model B (Fig. 3) would allow the
intracellular CO2 concentration to rise very rapidly. Volokita et al. (1984)
used the SFC method to measure CO transport and took the first sample
nominally at 5s, but, given the spin-down time, it was probably actually closer
to 10s (Miller et al. 1988a). In this time very appreciable back leakage of
unconverted COz2 into the medium would be predicted by model B (Fig. 3) if
the CA were inhibited. Price and Badger (1989a) found that high Cj
Anabaena was not substantially inhibited by 10 uM ethoxyzolamide, but was
inhibited about 65% by 200 uM.

We have found that H2S/HS- is an inhibitor of COz transport, but not of
HCO3" transport, in low Ci; cells of Synechococcus (Espie, Miller and Canvin,
submitted). The rate of HCO3" transport-dependent CO2 fixation is not
severely inhibited, so it is unlikely that the necessary intracellular CA activity
(Badger et al. 1985) is inhibited. Hydrogen sulphide is a potent inhibitor of
both plant and animal CAs because it, like ethoxyzolamide, binds to the
essential Zn atom in the active site (Maren and Sanyal 1983). The transport
of CO2 by Synechococcus was more readily inhibited by the lipid soluble H2S
than the less soluble HS- ion (Espie et al. submitted). It is tempting to suggest
that the inhibition is at a ‘CA-like moiety’ as in model A (Fig. 3).

Carbonyl sulphide, COS, is a structural analogue of CO2 that inhibits CO2
transport and is itself transported (Miller et al. 1989). The uptake of COS,
presumably by the ‘CO2 porter’, is inhibited by H2S/HS- and ethoxyzolami-
de. The concentration of ethoxyzolamide required (50 uM) does not seem to
inhibit the intracellular CA activity (Miller et al. unpublished). This is consis-
tent with the involvement of a ‘CA-like moiety’ in the transport of COS. The
uptake of COS by Synechococcus results in an almost stoichiometric
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conversion of COS to H2S and CO2 (Miller et al. 1989). By the use of
14C_labelled COS it may be possible to determine whether COS hydration to
H2S and CO3 is an obligate process in COS transport, as postulated by the
‘CA-like moiety’ model (Fig. 3A). If COz transport does occur via a ‘CA-like
moiety’ then the source of the required OH- could be the extracellular
medium (Ogawa and Kaplan 1987a) or the cytoplasm (Price and Badger
1989a). In the former case the translocation of CO; across the membrane
would be electrogenic and in the latter case it would not (Fig. 3). Ogawa and
Kaplan (1987a) found a I:1 stoichiometry between Ci uptake, apparently as
CO2, and proton release into the medium. They suggested that the
acidification was due to the uptake of OH- from the extracellular medium.
However, the regulation of intracellular pH would require the rapid efflux of
protons from the cells into the medium even if the source of OH- for the
conversion of COz to HCOj3  was the cytoplasm (Fig. 3A). The pH
measurements of Ogawa and Kaplan (1987a) were too slow to determine the
source of the OH- (Fig. 3A, B).

The uptake of Ci, apparently as CO2, by the chemoautotroph Thiobacillus
neapolitanus was greatly reduced when the AW across the membrane was
abolished by valinomycin (Holthuijzen et al. 1987). Upon the addition of
nigericin the AWbecame more negative, and the rate of Ci uptake increased.
Thus, a key role for the AW across the plasmalemma is indicated for C;j
transport in 7. neapolitanus (Holthuijzen et al. 1987). The authors suggest
that CO2 transport in this species may involve a cation (H*, K* or
Na* /CO2 symport system (Fig. 3C). Whether such a system could drive CO2
transport in cyanobacteria is unclear. Transport of COz> is stimulated by low
concentrations of Na* (Miller and Canvin 1987; Espie et al. 1988b) but in
high C; cells there is no evidence for concommitant Na*t uptake (Miller and
Canvin 1987).

The mode of energy coupling to CO2 transport is unknown, although in
high Ci Anabaena cells it does require photosystem I activity (Ogawa and
Ogren 1985). It is not known whether COz transport is by primary active
transport coupled directly to the expenditure of metabolic energy (e.g. Fig.
3A,B) or whether it is a secondary active transport system driven by the
movement of some cation down its electrochemical gradient (Fig. 3C). None
of the published models, or those in Fig. 3, fully explain how AY¥ or
intracellular pH would be regulated during CO: transport. For example,
Ogawa and Kaplan (1987b) indicate that during CO2 transport by an
electrogenic system, similar to that in Fig. 3A, there was no influx of Na* nor
efflux of Cl. The experiments were carried out in a K*-free medium, so no
K * influx could have occurred. One is left wondering how a reasonable value
for A¥Y would be maintained during CO> transport according to the model in
Fig. 3A.
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HCO3" Transport

Probably the most noteworthy feature of HCO3™ transport by cyanobacteria
is that it usually requires the presence of Na*t. This is true of unicellular
species such as Synechococcus UTEX 625 (Espie et al. 1988b; Miller et al.
1984b) and Synechocystis PCC6803 (Miller, unpublished) and filamentous
species such as Anabaena variabilis (Abe et al. 1987b; Kaplan et al. 1984;
Reinhold et al. 1984); and Oscillatoria sp. (Miller, unpublished). The
concentration of Na™* required for HCOj3  transport varies with both
extracellular pH and Cj concentration (Espie et al. 1988b). At pH 8, about 30
mM Na*t is required for maximal rates of HCO3 transport by both
Synechococcus (Espie et al. 1988b) and Anabaena (Kaplan et al. 1984). Below
pH 7, considerable C; transport takes place without millimolar Na*
concentrations (Abe et al. 1987). It is difficult to decide whether C; transport
below pH 7 occurs in the absence of Na* because of a H*/HCO3" symport
(Abe et al. 1987b) or as COz transport. The difficulties of separating HCO3-
from CO3 transport when one is analysing the effect of changes in Na*t and
Ci concentration have been outlined by Espie et al. (1988b). For example, it
has been considered that the main effect of Na* is on the apparent affinity
of HCO3" for the transporter, without having a significant effect on Vmax
(Reinhold et al. 1984). This conclusion was based on the observations that high
rates of Cji transport occur even in the absence of Na* when the Cj
concentration is raised (Miller et al. 1984; Reinhold et al. 1984). However, it
is just as likely that HCO3" transport remains inhibited in the absence of Na*
even when the extracellular C; concentration is raised to high levels. The
increasing rate of C;i transport would be due to increasing rates of CO2
transport as the Ci concentration is raised (Espie et al. 1988b). As the Ci
concentration is increased, CO> transport becomes more favourable as both
the absolute concentration of CO2 increases and its rate of formation from
HCOs" increases (Miller 1985).

The role of Nat in HCO3" transport cannot be replaced by K+, Li* or
Cs* (Kaplan et al. 1984; Miller et al. 1984b). In fact, Li* is a competitive
inhibitor with respect to Na* (Espie et al. 1988b; Kaplan 1984). It has been
postulated that Na+ may be involved in a Na*/HCO3™ symport system (Abe
et al. 1988; Kaplan et al. 1984; Miller et al. 1984b). This possibility will be
discussed in more detail later. It is unfortunate that while we have convincing
evidence that Nat stimulates HCO3" transport, we have no information
regarding the effect of HCO3 on Na™ transport.

Most experiments on HCO3- transport are carried out with cells harvested
from rapidly growing cultures. As just described, these cells require Na* for
HCOj5" transport. Espie and Canvin (1987), however, found that when cells of
Synechococcus UTEX 625 were harvested from slow-growing standing
cultures they possessed a high level of Na*-independent HCO3" transport.
When these cells were inoculated into medium bubbled with air they lost this
Na*-independent HCO3 transport within 48 h (Espie and Canvin 1987). The
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reverse process, the conversion of Na*-dependent to Na*-independent cells,
could be carried out but only with a considerable (5-7 days) lag period (Espie
and Canvin 1987). Li*, which inhibits Na*-dependent HCO3" transport
(Espie et al. 1988b; Kaplan et al. 1984), had little effect upon the Na*-
independent HCO3- transport process (Espie and Canvin 1987). No specific
cation or anion requirement could be demonstrated for the Na * -independent
HCOs" transport process (Espie and Canvin 1987). It remains to be seen
whether the Na*t-dependent and NaT*-independent processes are due to
separate HCO3" transport systems.

Numerous models for HCO3" transport in cyanobacteria could be put
forward. Many of them would have some precedence in the extensive work on
HCOs3" transport in giant cell algae, aquatic macrophytes and various animal
cells (Boron 1983; Lucas 1983; Smith 1988).

Primary Electrogenic HCO3™ Transport

Kaplan et al. (1982) found the AY became more negative upon the addition of
ImM NaHCO3, but not NaCl, to cells of Anabaena at the CO2 compensation
point. The AY was measured by uptake of the lipophilic cation tetraphenyl-
phosphonium. The AY¥ dropped from about -74mV to about -89mV upon the
addition of HCO3 (Kaplan et al. 1982). Such a hyperpolarization would
occur if HCOj3" transport across the plasmalemma was unaccompanied by a
charge balancing ion (Fig. 4A). This model for a primary HCO3™ pump was
put forward before evidence for active CO; transport had accumulated
(Kaplan et al. 1982). With hindsight, one can no longer be so sure that only
the effects of HCO3™ transport on AY were being observed, especially since a
high concentration of Ci (ImM) was used. At this concentration the rate of
CO2 formation from HCO3  would be sufficient to support considerable
uptake by the COz transport system (Miller 1985; Espie et al. 1988b). In fact,
the AY dropped from about -74mV to about -83mV in high Ci cells (Kaplan
et al. 1982) that probably had only CO2 transport capacity (Abe et al. 1987a).
If CO2 transport involves an obligatory conversion to HCO3™ (Fig. 3A), it
may also be electrogenic. These interesting experiments need to be repeated at
lower C; concentrations, and the degree of hyperpolarization needs to be
better correlated with the actual rate of HCO3" transport. For primary
electrogenic HCO3 transport (Fig. 4A) there would have to be an uptake of
a cation or efflux of an anion. In the absence of any charge balancing flux the
AY would rise by about 9mV.ms™! (given a normal membrane capacitance).
An electrophoretic uptake of Na*t would serve this purpose and would
explain the Na*-dependence of HCO3- transport in air-grown Anabaena and
Synechococcus (Espie et al. 1988b; Kaplan et al. 1984; Miller et al. 1984b).

Primary Electroneutral Transport of HCO3

Zenvirth et al. (1984) have shown that OH- efflux (or H* influx) down its
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Fig. 4 Models for HCOj3" transport.

electrochemical gradient could not drive the electroneutral exchange influx of
HCOs" in Anabaena. Given the measurements of intracellular pH (Coleman
and Colman 1981), AY (Budd and Kerson 1987) and the Cj accumulation ratio
(Shelp and Canvin 1984) the same can be said for Synechococcus. Thus, if
electroneutral HCO3/OH- exchange were to be a means of accumulating the
usual high levels of Ci, the exchange process would have to be directly
coupled to the expenditure of metabolic energy (Fig. 4B). Kaplan (1981a) did
not measure significant OH- efflux during the first 20 to 40s of HCO3
transport by air-grown Anabaena. This certainly suggests that, in these cells
at least, HCO3/OH- exchange was not occurring (Kaplan 1981a). However,
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it is known that the properties of HCO3™ transport by Synechococcus UTEX
625 are different for cells growing rapidly in bubble culture compared to
standing culture cells (Espie and Canvin 1987). The former require high levels
of Nat, at pH 8.0, for HCO3 transport, whereas the latter do not (Espie and
Canvin 1987). Perhaps in the standing culture cells HCO3/OH- exchange
occurs, whereas in rapidly growing cells it does not.

There is no evidence that CI- acts as a counter ion for HCO3" transport by
cyanobacteria, although it does so frequently in animal cells (Boron 1983;
Smith 1988).

Secondary Active Transport of HCO3

Active transport of an ion may be either ‘primary’ (directly coupled to the
hydrolysic of ATP or electron transport) as in the case of the two models just
discussed (Fig. 4A,B) or it may be ‘secondary’ (energized by the movement of
another solute down its electrochemical gradient) (Fig. 4C). The
electrochemical potential difference for HCO3" accumulated 1000-fold against
a AY of -120mV (Budd and Kerson 1987; Miller et al. 1984), is the sum of AY
and 60 log (Ci’Co) and equals 300 mV. To raise the HCO3" ions to this electro-
chemical potential requires the expenditure of a substantial amount of free
energy. For secondary active transport (Fig. 4C) the change in electrochemical
potential for the driver ion would be a decrease of about -300mV. At an
extracellular pH of 8.0 the intracellular pH, in the light, is about 7.5 (Coleman
and Colman 1981) so that with a AY¥ of about -120mV the inward driving force
for H* is only -90mV. A symport stoichiometry of almost 3H* to I HCO3"
would be required to drive the secondary active transport of HCO3- at pH 8.0
(Fig. 4C). If we assume that the intracellular Na* concentration is about SmM
upon harvest (Dewar and Barber 1973) then at pHo = 8§, AY = -120mV and
25mM Na™* (Espie et al. 1988b) the driving force for Nat leakage into the cell
will be about -160mV. A symport stoichiometry of slightly more than 2Na* to
1 HCO3" could thus drive secondary transport of HCO3- (Fig. 4C). Two lines
of evidence argue against the routine involvement of H+ and Na* as driver
ions. Firstly, secondary active transport is, in itself, electrogenic and should
result in a transient, at least, drop in (Fig. 4C). This does not agree with the
hyperpolarization observed by Kaplan et al. (1982). Secondly, for the
stoichiometries considered, the rate of HCO3  transport would be very
dependent on the magnitude of AY. The AY of Synechococcus UTEX 625 is
lowered by about -40mV upon the addition of 10m M K+ (Budd and Kerson
1987), presumably because of electrogenic K+ transport (Abe et al. 1988).
Such a drop in the magnitude of AY should reduce the rate of HCO3- transport
very considerably for the driver ion stoichiometries we have considered. In fact,
transient depolarization of the membrane by K+ addition had little effect upon
the rate of HCO3" transport (Miller and Canvin, unpublished). Active
transport of HCO3™ appears more likely to be a primary process (Fig. 4A, B)
with other cations and anions acting solely as charge balancing agents.
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The Role of Intracellular CA and the Problem of CO2 Leakage

The raison d’etre for active Ci accumulation in cyanobacteria is to permit
CO> fixation at CO2 concentrations where RuBisCo by itself would be
ineffective. This means that the CO2 concentration must be raised to high
levels around the active sites of the RuBisCo. The conceptual problem that
immediately arises is, given the high lipid solubility of CO2, how can such a
high concentration gradient for CO2 be maintained anywhere within such
small cells without the need for a massive energy expenditure to overcome the
rapid leakage of CO2 (see Raven and Lucas 1985). The answer to the problem
is that the leakage rate of CO2 from the cells is much lower than expected.
Thus, the passive permeability of cyanobacterial cells appears to be several
orders of magnitude lower than that previously reported for any cell or bilayer
lipid membrane (Badger et al. 1985; Gutknecht et al. 1977; Ogawa and Kaplan
1987b). As Badger et al. (1987) have pointed out, the measured resistance to
COz efflux from a single cell of Synechococcus, with a diameter of less than
2 microns, corresponds to the resistance offered to CO2 diffusion by an
unstirred layer of water, around the cell, 1 cm thick! This low passive
permeability of the cells to CO7 explains how the CO2 concentration around
the RuBisCo can be raised to high levels, without there being a back leakage
of CO2 so high that it would place impossible energetic demands upon the cell
(Raven and Lucas 1985). But where in the cell is this barrier, with such an
anomalously high resistance to CO2 diffusion, located? What is its structure?

At first thought it is reasonable to assume that this barrier to CO2 leakage
resides in or near the plasmalemma. Two major objections to this location
soon become apparent. Firstly, Walsby (1985) has used an elegant technique,
based on the rate of collapse of gas vacuoles under pressure, to measure the
permeability of Anabaena heterocysts and vegetative cells to gases. He found
that the permeability of vegetative cells to N2 was quite high, with P(N2)
being in the order of 10-3 cm.s.”!. Values of P(CO2) in the range of 1 to 6 x
10® cm.5! have been estimated (Badger et al. 1985; Ogawa and Kaplan
1987b). It is difficult to believe that a bilayer lipid membrane could be
constructed that would be 1000-fold more permeable to N2 than to COa.
There is also a physiological reason why a gas impermeable plasmalemma is
unlikely. As Badger et al. (1985) first noted, a plasmalemma with a high
resistance to CO2 diffusion would undoubtedly also restrict O2 movement.
Oxygen is, of course, produced during photosynthesis and Badger et al. (1985)
calculated, that for normal rates of photosynthesis, a plasmalemma having the
required resistance to CO2 leakage would cause the intracellular O2
concentration to be as high as 7 mM, or 5.9 atmospheres of oxygen. Such high
intracellular O2 concentrations would undoubtedly be toxic. Overall, then, it
seems unlikely that the resistance to CO2 leakage is at or near the
plasmalemma.

Most of the functional RuBisCo of cyanobacteria, grown under conditions
of limiting CO2 concentration, is contained in polyhedral shaped bodies
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called carboxysomes (Codd and Marsden 1984; Coleman et al. 1982; Shively
1988). The carboxysomes are 100-200 nanometers in diameter with a 3-4
nanometer thick membrane or shell surrounding them (Codd and Marsden
1984; Shively 1988). In addition to RuBisCo they also contain CA activity, at
least in Synechococcus (Badger and Price 1989). They do not appear to contain
any enzymes of the Calvin cycle other than RuBisCo (Shively 1988). Beudeker
et al. (1981) were the first to suggest that the carboxysomes might be
impermeable to gases. They raised the possibility that they might be
impermeable to O2, thus reducing the in vivo oxygenase activity of RuBisCo.
Coleman et al. (1982) isolated carboxysomes from the cyanobacterium
Coccochloris peniocystis and reported that the RuBisCo contained in isolated,
intact carboxysomes showed no oxygenase activity whereas solubilized
RuBisCo did. If cyanobacterial carboxysomes were to be impermeable to Oz
they would probably be also rather impermeable to COz. Reinhold et al.
(1987) have put forward an intriguing model that does place the diffusion
barrier to CO2 at the carboxysomes. This model postulates that:

1. It is HCO3  that arrives in the cytoplasm, even when CO3z is the

transported Cj species (see Fig. 3A,B).
2. CA is found only in the carboxysomes, not in the cytoplasm.
3. The resistance to HCO3™ and RuBP uptake and to PGA and OH- efflux is
reasonably low (P(HCO3") = 104 cm.s1).

4. The resistance to efflux of CO3, generated from CA catalyzed HCO3-
dehydration within the carboxysomes, is high (P(CO2) = 10-5cm.s™!).
Regarding the first postulate, it remains to be clearly demonstrated that CO3
is converted to HCO3" during its transport, as previously discussed. The
cellular location of CA (postulate 2) becomes critical if the carboxysome is to
be the site of the CO; diffusion barrier. There is now no doubt that
cyanobacteria do, in fact, contain intracellular CA activity, although the
amount seems to vary from species to species. In some strains or species it can
be measured quite readily in cell-free extracts by the classic electrometric, pH
change technique (Do6hler 1974; Firius et al. 1982; Firius et al. 1985; Ingle and
Colman 1975; Komarova et al. 1976; Yagawa et al. 1984). In other strains or
species the CA content is lower and is best measured by MIMS to monitor the
rate of 180-exchange from 180-labelled HCO3™ (Badger et al. 1985; Badger
and Price 1989; Spiller et al. 1988; Tu et al. 1987). This can be done with intact
cells as well as with cell-free extracts. While it is now well established that
cyanobacteria do contain CA, its location is less certain. Badger and Price
(1989) found with Synechococcus that much, but not all, of the CA pelletted
with the RuBisCo activity. Yagawa et al. (1984) found that some strains of
Anabaena had only soluble CA whereas other strains had both soluble and
insoluble CA. Firius et al. (1985) did not find a good correlation between the
distribution of CA and RuBisCo activity on sucrose density gradients when
Synechococcus cedrorum was examined. Considerable CA activity seemed to
be associated with the thylakoid fraction (Firius et al. 1985). Lanaras et al.
(1985) presented convincing evidence that CA activity in the filamentous
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species Chlorogloeopsis fritschii was not specifically associated with the
carboxysomes or thylakoids. Much of the CA activity was associated with a
membrane fraction that may have included the plasmalemma. It is obvious
that determining the exact location, or locations, of CA within the
cyanobacterial cell has become an important endeavour if CO3 retention is to
be understood. If CA does exist in locations other than the carboxysome then
the HCO3/COz2 system might be in equilibrium throughout the cell and then
the carboxysome could not be the main location of the CO2 diffusion barrier.
Since the location of CA is so important for the mechanism of CO3 retention
it is puzzling that such different intracellular localizations have been reported.

The physical properties of the carboxysome shell that would confer upon
it such a low permeability to CO2, but a reasonably high permeability to the
anions HCO3", RuBP, PGA and OH-, are unknown. It is tempting to
postulate that the carboxysome shell might contain proteins similar to the so-
called ‘band 3’ proteins that are so important in the movement of anions
across the red blood cell membrane (Boron 1983). An analogy has been made
between the carboxysome shell and the gas vesicle of cyanobacteria, with the
assumption being made that the latter is impermeable to gases (Coleman et al.
1982). This analogy is erroneous. The gas vesicle is, in fact, highly permeable
to gases (Hayes 1988; Walsby 1969). The gas vesicle functions as a bouyancy
regulating device not because it is impermeable to gases, but because it is
impermeable to liquid water (Walsby 1969). This impermeability to liquid
water is more a function of the small size and rigidity of the gas vesicle than
any innate permeability properties of the shell itself. The small size and rigidity
prevent the inward flow of liquid water because of high surface tension forces
(Walsby 1969). If the carboxysome shell is impermeable to CO2, but
permeable to anions it must have a rather interesting physical chemistry.
Unfortunately, carboxysomes isolated from cyanobacteria usually do not
retain the postulated impermeability to CO2 and O2 and the initial results of
Coleman et al. (1982) have not yet been reproduced (Badger 1987). It should
be noted that some strains and species of Thiobacillus do not seem to produce
carboxysomes even when they are growing chemoautotrophically (Codd and
Marsden 1984). This suggests that the carboxysome is not the only site of CO2
retention.

Genetic Analysis of C; Transport

No specific gene or gene product involved in Cj transport has been
recognized, but mutants able to grow on high but not low concentrations of
Ci have been isolated. They are usually termed high COz-requiring mutants
(Abe et al. 1988; Marcus et al. 1986; Ogawa et al. 1987c; Schwarz et al. 1988).
Mutants were isolated following a sequence of mutagenesis with nitro-
soguanidine, penicillin enrichment, formation of colonies by growth on
solidified medium under 5% CO2 and eventual replica plating of these
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surviving cells onto plates incubated in air. Colonies able to grow on the plates
in 5% CO2 but unable to grow on the plates in air were selected as putative
high - CO2 requiring mutants. All the published results have concerned
mutants of Synechococcus PCC 7942 which is a transformable strain (Golden
et al. 1989). Most of the mutants are deficient in the ability to effectively use
accumulated Ci rather than in the ability to transport Ci (Marcus et al. 1986;
Ogawa et al. 1987, c,d; Schwarz et al. 1988). Although the exact nature of the
defects is unclear, these mutants have been useful in experiments in which it
was useful to have CO3 fixation blocked (Ogawa and Kaplan 1987a). One
served to convincingly demonstrate that the 42kD membrane polypepticle had
no obvious role in Cj transport (Schwarz et al. 1988). Price and Badger
(1979a) have suggested that the use of the sensitive 180-exchange assay may
reveal that some of these mutants are deficient in intracellular CA. Such
mutants would be very useful indeed (see Fig. 3). The first mutants actually
deficient in Cj transport were isolated by Abe et al. (1988). They selected cells
that were high COz-requiring at 40°C, but not at 30°C. These high CO3
mutants were unable to accumulate Cij from low concentrations of Cj (55 uM)
at 40°, whereas the wild-type could (Abe et al. 1988). With the ability to isolate
mutants defective in Ci transport and various early steps of CO3 fixation, and
with the ability to genetically transform Synechococcus PCC 7942, a genetic
analysis of the transport processes is imminent.
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Introduction

Hydrogen is a major element of the cell, it plays a key role in the biological
energy cycle and thus in the cycle of matter on earth. The ability to consume
or to evolve molecular hydrogen (H2) is widespread among prokaryotes
(Schlegel and Schneider 1985) but rare in eukaryotic cells like algae (Stuart and
Gaffron 1972), protozoa (Lindmark and Miiller 1973) or higher plants.
Hydrogen is metabolized in aerobic, facultatively anaerobic, strictly anaerobic
or phototrophic eubacteria (both Gram-negative or Gram-positive), or in
archaebacteria.

Molecular hydrogen has not accumulated in the atmosphere during the
evolution of the earth. It is found at a concentration as low as 0.55 ppmv. A
major source of Hy formation is due to anthropogenic activity, methane or
hydrocarbon oxidation (Conrad and Seiler 1981). Hydrogen is produced
aerobically in a side reaction during nitrogen fixation by Rhizobium bacteroids
(Evans et al. 1977) or photoproduced anaerobically from purple bacteria
under nitrogen starvation (Gray and Gest 1965) or from algae (Okura 1986)
and from anaerobic mineralization of organic matter. However, of the total
flux of Hz formation, nitrogen fixation contributes up to S percent and thus
exceeds by far the amount released from anaerobic mineralization (Conrad
and Seiler 1980). Despite the low mixing ratio of 0.55 ppmv, H3 is oxidized
aerobically from soil by soil microorganisms. Hydrogen-oixidizing bacteria
can be easily isolated from soil. However, the results of Conrad and Seiler
(1981) suggest that the Hz-oxidizing bacteria examined do not contribute to
the observed consumption of Hz at 0.55 ppmv, due to a threshold of affinity
for Hz (Conrad et al. 1983; Conrad 1988). Moreover, two affinity constants
for H> uptake have been determined from soil of which the higher one is due
to Hz-oxidizing bacteria (Schuler and Conrad, in press). However, a
threshold concentration of 10 ppm Hz was determined from studies on
induction of A. latus hydrogenase (Doyle and Arp 1987). In vitro affinities of
hydrogenase from N2 fixing bacteria are high and have been determined to be
about 1 uM Ha.
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