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●
The ecophysiology of anoxygenic photo-
trophic bacteria became a topic of scientific
interest in the late 1960s. Dense populations 

of purple and green sulfur bacteria were discovered 
and studied in lakes and in marine littoral sediments. 
It became clear that anoxygenic phototrophs can 
play a crucial role, especially in the biogeochemical
cycling of sulfur. A major breakthrough was the
development of defined mineral media which permitted
the isolation of many novel strains and resulted in 
the description of many new bacterial species and 
genera. In parallel, the biochemistry and biophysics 
of the photosynthetic apparatus received close study.
Progress in this field culminated in the description of 
the first three-dimensional structure of a photo-
synthetic reaction centre – that of the purple non-sulfur
bacterium Rhodopseudomonas (now Blastochloris) viridis –

leading to the award of the Nobel prize in 1988. The
development of essential genetic tools has now put us 
in a position to be able to investigate photosynthesis 
at a molecular function level. These fascinating 
prospects have led to a clear change in the paradigm 
of photosynthetic research. As in other areas of micro-
biology, current efforts are focused on the investigation
of a few model organisms, in this case some four or 
five anoxygenic phototrophics, by molecular genetic
methods. However, recent studies indicate that we
might miss fundamental features of the photosynthetic
way of life if we keep on studying only a handful of 
easily culturable strains and if we disregard those species
which actually dominate in nature, using them merely
as colourful curiosities, suitable only for textbook
illustrations.

● Ecophysiology and biogeochemical
significance of phototrophic sulfur bacteria
The capacity for chlorophyll-based energy conversion is
found in five bacterial lineages. Four of these, namely the
Chloroflexus group, the green sulfur bacteria, the
Proteobacteria and the Heliobacteriaceae, contain only
anoxygenic phototrophs. Anoxygenic phototrophic
bacteria in nature typically form conspicuous blooms
(Figs 1 and 2a, b) which as a rule consist mainly of purple
and green sulfur bacteria. In contrast, accumulations of
purple non-sulfur bacteria or heliobacteria have not been
observed so far. Typical habitats of green sulfur bacteria
and of purple sulfur bacteria of the family Chromatiaceae
are freshwater lakes (Fig. 1) and intertidal sandflats 
(Fig. 2). Ectothiorhodospiraceae, the second family of
purple sulfur bacteria, are found in hypersaline waters.
Phototrophic sulfur bacteria require the simultaneous
presence of reduced inorganic sulfur compounds and
light. The chemical gradient of sulfide must be
stabilized against vertical mixing. In sediments
turbulent mixing is prevented by the sediment matrix.
In open water bodies (the pelagial environment), stable
stratification can be maintained by temperature
differences. This occurs in temperate freshwater 
lakes during summer. Other (meromictic) lakes are
permanently stratified due to higher salt concentrations
of the bottom waters. Since sulfide and light occur in
opposing gradients (Fig. 3), phototrophic sulfur bacteria
find suitable conditions for growth only in a narrow zone
of overlap and thus typically occur in narrow layers. Such
communities can extend over depth intervals of 30 m in
the Black Sea to as little as 10 cm in some lakes (Fig. 1a).
In the latter case, high biomass densities of up to 28 mg
bacteriochlorophyll (Bchl) per litre have been measured,
a value which surpasses the population densities of
eukaryotic algae or cyanobacteria by two orders of
magnitude. In benthic microbial mats, gradients of light
and sulfide are much steeper, allowing phototrophic
sulfur bacteria to reach extremely high biomass densities
(up to 900 mg Bchl per dm3; Fig. 2a), at the same time
limiting their growth to a very narrow vertical interval 
of 1–5 mm.

The spectral composition of light which is available for
anoxygenic photosynthesis differs considerably between
pelagic and benthic habitats, thereby selecting for
different species of phototrophic sulfur bacteria. In most
lakes, light of the blue to yellow-green wavelength bands
dominates at depth. The majority of Chromatiaceae
species in these habitats contain the carotenoid okenone,
but until recently the physiological and molecular basis
for this obviously selective advantage had remained
obscure.

Microbial mats in sandy sediments can consist of up to
five distinct layers consisting (from the top) of diatoms
and cyanobacteria, cyanobacteria alone, purple sulfur
bacteria with Bchl a, purple sulfur bacteria with Bchl b
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ABOVE:
Fig. 1. A conspicuous bloom of
the phototrophic sulfur bacterium
Amoebobacter purpureus in
meromictic saline Mahoney Lake
(British Columbia, Canada). In (a),
a syringe sampler is used to
demonstrate the sharp
stratification (distance between
syringes in one row is 5 cm). The
layer persists even during
wintertime. (b) Shows an
underwater video frame of the
surface of the purple layer (bar, 
10 cm).
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and green sulfur bacteria (Fig. 2b). Light in the visible
region of the spectrum is absorbed by diatoms and
cyanobacteria (Fig. 2c), whereas light in the infrared
wavelength range is transmitted by the sand matrix. As a
result, the irradiance reaching anoxygenic phototrophic
bacteria mainly consists of infrared light. Microelectrode
measurements of the spectral composition of irradiance
revealed that actually up to 100% of the light reaching
anoxygenic phototrophic bacteria is in the infrared
wavelength region. Hence, long wavelength absorption
bands of the Bchl–protein complexes are of selective
value in this habitat (Fig. 2c). Phototrophic sulfur
bacteria containing Bchl b (orange absorption spectrum
in Fig. 2c) are especially well adapted to this particular
light environment since they can harvest light of
wavelengths between 1020 and 1035 nm.

● Known and unknown anoxygenic
phototrophs
Currently, 38 species of α- and β-Proteobacteria are
recognized. These so-called purple non-sulfur bacteria
utilize predominantly simple organic carbon com-
pounds for photosynthesis and originally had been
gathered in the family Rhodospirillaceae. However, such a
taxonomic grouping is artificial since purple non-sulfur
bacteria do not form a separate phylogenetic cluster, 
but rather are highly intermixed with various other
phenotypes. On the contrary, purple sulfur bacteria
(Chromatiaceae and Ectothiorhodospiraceae, 32 and 8
species, respectively) and green sulfur bacteria 
(Chlorobiaceae, 15 species) mainly use sulfide (and other
inorganic sulfur compounds) for photosynthesis and
form coherent phylogenetic groups. Chromatiaceae and
Ectothiorhodospiraceae are subgroups of the γ-Proteo-
bacteria, whereas the green sulfur bacteria constitute
their own isolated bacterial phylum. The seven described
species of green filamentous bacteria, including the
thermophilic Chloroflexus aurantiacus, appear to form
another monophyletic lineage. Finally, Heliobacteriaceae
(6 species), the phototrophic members of the Gram-
positive bacterial lineage, also represent a closely 
related group.

After determination of
the 16S rRNA gene
sequences of available
isolates, it became clear
that a number of strains
actually represent new
species or even genera. 
Due to numerous re-
classifications, taxonomic
diversity of phototrophic
bacteria has increased in
recent years. At the same
time, however, only very
few descriptions of genuine

novel isolates have been possible. The latter fact 
could indicate that (1) either the natural diversity of
anoxygenic phototrophs has been sampled quite
efficiently, or (2) that additional types of phototrophs
exist in the natural habitat but cannot easily be cultured
with available methods.

Even before the era of culture-independent molecular
methods, novel morphotypes of anoxygenic photo-
trophic bacteria had been repeatedly discovered 
by light and electron microscopy of natural samples.
Meanwhile, oligonucleotide primers could be developed
to specifically amplify 16S rRNA genes of either
Chromatiaceae, green sulfur bacteria or green filamentous
bacteria from complex microbial communities. This
approach has helped to assess more objectively the
diversity of anoxygenic phototrophs in nature and has
revealed the presence of numerous unknown 16S rRNA
gene sequences. Clearly, our current model organisms,
Rhodobacter sphaeroides,
Allochromatium vinosum or
Chlorobium tepidum, are not
typical representatives of
anoxygenic phototrophs.
But does this matter?

● Implications for
basic photosynthesis
research: novel types
of anoxygenic
phototrophs
Recent physiological and
biophysical studies have
revealed that light energy
absorbed by okenone is
transferred to the Bchls 
at a significantly higher
efficiency than in species
containing other caroten-
oids. Compared to other
Chromatiaceae, okenone-
bearing strains also attain 
a higher quantum yield
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LEFT:
Fig. 2. Layered microbial mat in
sandy sediments on Cape Cod (MA,
USA). (a) Lower pink layer of
purple sulfur bacteria partially
exposed by tidal action. (b) Cross
section of fully developed microbial
mat (bar, 1 cm). (c) Absorption
spectra of whole cells of bacteria
characteristic of the four layers as
indicated in (b).
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BELOW:
Fig. 3. Vertical profiles of
relevant environmental parameters
in meromictic saline Mahoney
Lake. Arrow indicates position of
the purple sulfur bacterial layer.
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(i.e. the ratio of mol CO2 fixed per photon absorbed).
These strains thus need to be studied if we want to
elucidate the factors which govern the efficiency of
biological light energy conversion.

Another case of very efficient light energy conversion
is an extremely-low-light-adapted green sulfur bacterium
isolated from a chemocline in the Black Sea. Here, the
bacterial layer is located at a depth of 80 m and the
corresponding light intensity available (~0.0005% of
the surface light intensity) represents the lowest value
found for any phototrophic organism so far. The isolated
strains not only harvest light very efficiently due to their
large photosynthetic antenna, but also exhibit an
extremely low maintenance energy requirement, the
molecular basis of which awaits further investigation.

Known strains of Bchl a-containing phototrophic
bacteria all absorb light of wavelengths below 880 nm.
Strains capable of harvesting longer wavelengths all
contain Bchl b, usually exhibiting an absorption
maximum at 1030 nm. In face of the strong selective
pressure for utilization of infrared light in sediments, it
was difficult to understand why no strain could use the
wavelength range between 900 and 1000 nm. Isolation
attempts employing special light filters have now
revealed Roseospirillum parvum, an α-proteobacterium
exhibiting an absorption maximum at 911 nm. Even
more interesting, a unique purple sulfur bacterium
isolated from a marine laminated microbial mat can
synthesize antenna complexes with a maximum absorp-
tion at 970 nm. Both isolates only contain Bchl a and are
valuable model systems to study how the absorption
properties of the tetrapyrrol pigment molecule can 
be modified by its protein environment. Usually such
studies would involve rather tedious site-directed
mutagenesis of many amino acid residues of 
conventional light-harvesting complexes. The highly
selective conditions in nature may be exploited instead 
to provide suitable mutants for basic photosynthesis
research.

● Model systems for symbiosis research
Phototrophic consortia like Chlorochromatium aggregatum
and Pelochromatium roseum (Fig. 4) are structural
associations between a colourless central bacterium 
and several surrounding cells of pigmented epibionts
(Fig. 4b). Based on their 16S rRNA sequences, the
presence of specific antenna structures (chlorosomes) and
of specific Bchls, the epibionts belong to the green sulfur
bacteria. In fact, the epibionts of phototrophic consortia
represent the dominating form of anoxygenic photo-
trophs in some lakes. The intact consortia exhibit a
scotophobic response, i.e. they accumulate in a spot of
light. However, only the central colourless bacterium
carries a flagellum, while the action spectrum of the
scotophobic accumulation corresponds to the absorption
spectrum of the green sulfur bacterial epibionts.

Therefore, a rapid signal transfer must exist between 
the light-harvesting but immotile epibionts and the
colourless, hence ‘blind’, motile rod. The number of
epibionts per consortium is constant and all epibionts 
in one single consortium are equal in size. These
observations once more indicate that a close relationship
exists between the cell division of all epibionts and
between epibionts and the central rod.

Close physical associations of bacteria have been
observed in very different types of natural habitats. The
bacteria involved in these alleged symbioses can be
sulfate-reducing bacteria, sulfide-oxidizing bacteria,
lactic acid bacteria, endospore-forming bacteria,
methanogens or uncharacterized chemoheterotrophs.
However, the advantage and the factors governing the
formation of these highly ordered cell aggregates have 
so far  remained completely obscure. Phototrophic
consortia had been described by 1906, but it was only
three years ago that a selective enrichment of Chloro-
chromatium aggregatum could be established. Since
phototrophic consortia are the first system which has
now become amenable to experimental manipulation,
they represent a valuable model system for future
investigation of symbioses between different bacteria.
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RIGHT:
Fig. 4. (a) Phototrophic
consortia of the type
Pelochromatium roseum (P) in a
natural sample (bar, 10 µm). (b)
Disaggregated consortium, central
colourless bacterium exposed. 
(c) Specific detection of epibionts
by a fluorescently labelled
oligonucleotide probe targeting
exclusively green sulfur bacteria.
(d) Scanning electron micrograph
of Pelochromatium roseum,
revealing its highly ordered
structure (bar, 10 µm). (e) Phase
contrast photomicrograph of
Chlorochromatium glebulum (G)
and Chlorochromatium magnum
(M), two other types of
phototrophic consortia (bar, 10
µm).
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