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Summary

Anoxygenic phototrophic sulfur bacteria florish where light reaches sulfidic water layers or sediments. 
Their often dense communities have continuously attracted the attention of microbiologists. Although the 
major fraction of the existing diversity of phototrophic sulfur bacteria remains to be explored, ecophysi-
ological studies have revealed a number of selective factors which govern the growth and the survival 
of phototrophic sulfur bacteria in the environment. Some novel aspects of the ecology of phototrophic 
sulfur bacteria have become apparent recently. Representing the most extremely low-light adapted pho-
tosynthetic organisms known to date, a brown-colored Chlorobium strain colonizes the chemocline of 
the Black Sea and is capable of maintaining a stable population at 0.0007% of surface light intensity. 
Besides the light intensity, the spectral composition of ambient light is a selective factor for the com-
position of anoxygenic phototrophic communities. A strong competition for infrared light occurs in 
laminated microbial benthic mats where phototrophic sulfur bacteria occupy their niches according to 
their long wavelength absorption properties. During evolution this apparently has led to the formation 
of a novel type of pigment-protein complex which was recently detected in a benthic Chromatiaceae 
species. Thirdly, the capability to establish a highly specialized symbiosis with motile Proteobacteria 
enabled some species of green sulfur bacteria to acquire motility. In these phototrophic consortia, a rapid 
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signal transfer exists between the two partners and permits a scotophobic response toward light required 
by the immotile green sulfur bacterial epibiont. The isolation and characterization of dominant species 
of phototrophic sulfur bacteria and an improved understanding of their particular niche has also implica-
tions for the interpretation of molecular fossils of these bacteria which have been detected in sedimentary 
rocks of all geological eras and interpreted as evidence for the existence of extended oceanic anoxia in 
the past.

I. Introduction

Anoxygenic phototrophic sulfur bacteria occur 
where light reaches anoxic layers in the water 
column or aquatic sediments. Since the antiquity, 
colored waters or sediments occurring in various 
natural environments were described by natural 
scientists. First observations of blood-red lakes 
and swamps were reported from the Nile area. 
Red coloration of a crater lake near Rome was 
described by Pliny in 208 BC and reddish waters 
were observed at the seashore near Venice in the 
year 586 AD (Kondratieva 1965).

The first to describe unicellular motile pho-
totrophic sulfur bacteria was Ch. G. Ehrenberg 
(1883), who discovered dense accumulations of 
purple sulfur bacteria, then named Monas okenii 
(now Chromatium okenii) at the sediment surface 
of a small polluted pond near Jena in Eastern Ger-
many. Since then, dense communities of purple 
and green sulfur bacteria (Fig. 1) have continu-
ously attracted the attention of microbiologists 
due to their conspicuous reddish, green or brown 
coloration and have stimulated numerous inves-
tigations of their environments, their morphol-
ogy, physiology as well as repeated cultivation 
attempts (e.g., Winogradsky, 1887; Engelmann, 
1988; Bavendamm, 1924; van Niel, 1931).

Earlier investigations of the community 
composition and physiology of these bacteria 
included measurements of relevant environmen-
tal parameters and physiological rates in situ (e.g., 
Sorokin, 1970). Elaborate cultivation techniques 
were developed based upon the insights into their 
ecological niches (Pfennig, 1993). More recently, 
a suite of culture-independent molecular meth-
ods have been established und permitted novel 
insights into the ecophysiology and population 
biology of phototrophic sulfur bacteria.

The current chapter will focus on the ecology 
of purple sulfur bacteria (members of the Chro-
matiaceae and Ectothiorhodospiraceae) and the 
green sulfur bacteria (Chlorobiaceae). Besides 
providing a condensed view on the ecology 
of these groups, novel aspects are addressed 
including extreme low-light adaptation, low 
maintenance energy requirements, the forma-
tion of symbioses in phototrophic consortia 
and, finally, the analysis of fossil phototrophic 
communities.

II. Habitats and Natural Populations 
of Phototrophic Sulfur Bacteria

A. Ecological Niches

1. Light Quantity and Quality

Typically, accumulations of phototrophic sulfur 
bacteria have been observed between 2 and 20 m, 
rarely down to 30 m depth in pelagic environ-
ments (Montesinos et al., 1983; Guerrero et al., 
1987b; Gorlenko, 1988; van Gemerden and Mas, 
1995; Herbert et al., 2005). In such environments, 
values for the light transmission to populations 
of phototrophic sulfur bacteria range from 0.015 
to 10% (Parkin and Brock, 1980a; van Gemer-
den and Mas, 1995). Chromatiaceae so far have 
been found in chemocline environments down to 
depths of ≤20 m. The tight correlation between 
anoxygenic photosynthesis and the available 
irradiance suggests that light is the main environ-
mental variable controlling the activity of pho-
totrophic sulfur bacteria.

Since the accumulation of phototrophic sul-
fur bacterial cells results in an increased self-
shading, they can only extend over a limited 
vertical distance, which is reciprocally related 
to the amount of biomass present. Accord-
ingly, the densest pelagic communities of 

Abbreviations: Bchl bacteriochlorophyll
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phototrophic sulfur bacteria (up to 28 mg bac-
teriochlorophyll.l−1; Overmann et al., 1994) 
extend over a depth range of 10 cm (Overmann 
et al., 1991a) whereas the least dense popula-
tion in the Black Sea (0.068–0.94 µg BChle.l−1) is 
spread out over a depth interval of 30 m (Rep-
eta et al., 1989; Manske et al., 2005). Commu-
nities of phototrophic sulfur bacteria in littoral 
sediments of sandy beaches, salt marshes or 
intertidal mudflats live in a significantly 
steeper light gradient and growth is limited to 
the uppermost 1.5–5 mm (van Gemerden and 
Mas, 1995). At the same time, biomass densi-
ties of 900 mg bacteriochlorophyll.dm−3 can be 
attained in these latter systems (van Gemerden 
et al., 1989).

In purple bacteria, the size of the photosynthetic 
antenna is in the range of 20–200 bacteriochloro-
phyll a per reaction center (Zuber and Cogdell, 
1995). The photosynthetic antenna of green sulfur 
bacteria consist of specialized intracellular struc-
tures (so-called chlorosomes) and are significantly 
larger than those of other anoxygenic phototrophs 
with about 5000–8000 bacteriochlorophyll mol-
ecules connected to one reaction center (Frigaard 
et al., 2003). In addition, the theoretical quantum 
requirement for the CO

2
-fixation of purple sulfur 

bacteria is 8–10.5 mol quanta.(mol CO
2
)−1, but 

only 3.5–4.5 mol quanta.(mol CO
2
)−1 for green 

sulfur bacteria (Brune, 1989). While the values for 
purple sulfur bacteria have been verified experi-
mentally, much higher values than theoretically 

Fig. 1. Typical composition of a pelagic community of phototrophic and chemotrophic bacteria. Samples from the chemocline 
of dimictic Lake Dagow (North Brandenburg, Eastern Germany; obtained in September 2006) were left overnight after sam-
pling for sedimentation of microbial cells. A. Purple sulfur bacteria (psb) containing numerous yellowish sulfur droplets. Pr, 
brown-colored phototrophic consortium “Pelochromatium roseum” in a partically disaggregated state. B. Brown- and green 
colored forms of Chlorobium clathratiforme (Ccl) and platelet-like microcolony of the purple sulfur bacterium Thiopedia 
rosea (Tr). C. Intact “Pelochromatium roseum” (Pr), one disintegrated phototrophic consortium “Chlorochromatium aggrega-
tum” (Ca). Green-colored epibionts surround the central chemotrophic bacterium. Tr, Thiopedia rosea; Cn, filamentous green 
bacterium Chloronema sp. (Chloroflexaceae); Plr, filamentous cyanobacterium Planktothrix rubescens. Highly refractile and 
irregular intracellular regions in the latter three bacteria are gas vacuoles. Bar, 10 µm (See Color Plates).
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expected were reported so far for green sulfur 
bacteria. This discrepancy warrants further inves-
tigations. In addition to their larger antenna, green 
sulfur bacteria exhibit lower maintenance energy 
requirements and higher sulfide tolerance than 
other phototrophic sulfur bacteria (Overmann and 
Garcia-Pichel, 2000) and hence are especially 
well adapted to low-light habitats.

In the chemocline of the Black Sea, brown-
colored green sulfur bacteria form an extremely 
dilute, but detectable population. The uppermost 
sulfidic water layers were detected at 80–120 m 
depth, while light attenuation in the overlying 
water layers is comparable to other stratified 
aquatic systems. As a consequence, the Black 
Sea chemocline is characterized by a very 
extreme low-light situation. According to recent 
measurements conducted with an integrating 
quantum meter, maximum in situ light intensi-
ties reach only 0.0022–0.00075 µmol Quanta × 
m−2 s−1 during winter, corresponding to 0.0007% 
of surface light intensity (Manske et al., 2005), 
while other environmental factors correspond 
to those prevailing in other oxic/anoxic habitats 
of phototrophic sulfur bacteria (Overmann and 
Manske, 2006). Combining the data on available 
light intensities and on concentrations of photo-
synthetic pigments, it can be calculated that each 
bacteriochlorophyll e molecule of the green sul-
fur bacteria on average absorbs one photon every 
8 hours (Overmann and Manske, 2006).

Culture-independent 16S rRNA gene sequence 
analyses of the bacterial community present in 
the Black Sea chemocline revealed that one single 
and novel phylotype (BS-1) of green sulfur bac-
teria persisted over more than 13 years (Manske 
et al., 2005). These bacteria thus form a single 
population under the extreme conditions in the 
Black Sea chemocline, while other types of anox-
ygenic phototrophic sulfur bacteria could not 
be detected. Its continuous presence suggests a 
specific adaptation of phylotype BS-1 to the spe-
cific environmental conditions in the Black Sea 
chemocline and a high competitive advantage in 
situ. Subsequent H14CO

3

− - incorporation studies 
indicated that phylotype BS-1 is in fact capable 
of exploiting the minute light quantum flux avail-
able in situ.

From water samples obtained during the US-
Turkish expedition of the RV Knorr, the first suc-
cessful enrichment of the chemocline bacterium 

could be established (Overmann et al., 1992). This 
bacterium was isolated again from chemocline 
water samples recovered in 2001 from a depth 
of 95 m in the central western basin (Manske 
et al., 2005) and permitted first insights into its 
specific mechanisms of adaptation to extreme 
low-light conditions. In comparison to all other 
green sulfur bacteria tested, the Black Sea isolate 
incorporated H14CO

3

−, oxidized sulfide and grew 
significantly faster at light intensities ≤1 µmol 
Quanta × m−2 s−1.

Acclimation to very low light intensities in 
most phototrophic organisms involves an increase 
in the size of the photosynthetic unit (Göbel, 
1978; Drews and Golecki, 1995; Sanchez et al., 
1998). In the Black Sea isolate, the intracellu-
lar concentration of light-harvesting pigments is 
twice as high than in other green sulfur bacteria 
(Overmann et al., 1992) and chlorosomes are 
twofold larger than in another strain investigated 
(Fuhrmann et al., 1993). A conspicuous feature 
of the low-light-adaptation of the green sulfur 
bacterium from the Black Sea is the presence of 
geranyl homologs of BChle, which had never 
been described for any other isolate of green sul-
fur bacteria. The structure of the esterifying alco-
hols in the bacteriochlorophylls of green sulfur 
bacteria may influence the function of the light-
harvesting chlorosomes (Steensgard et al., 2000). 
Interestingly, geranyl ester isobutyl/ethyl [I, E]-
Bchle

G
 an unusual Bchl e- homologue, and minor 

amounts of ethyl/methyl, ethyl/ethyl and propyl/
ethyl-Bchle

G
 were detected in the chemocline 

as well as in cultures of strain BS-1. Upon low-
light-adaptation of the culture of BS-1, the com-
position of these homologues changes towards 
a strong dominance of the higher alkylated 
[I, E]-Bchle

G
 (Manske et al., 2005). The alkyl side 

chains of the BChl tetrapyrrol system are directly 
involved in the aggregation of BChl molecules 
(van Rossum et al., 2001). Accordingly, a higher 
degree of alkylation leads to a red shift of the 
Q

y
 absorption maximum by 7–11 nm, which has 

been hypothesized to increase the energy trans-
fer efficiency of the chlorosomes (Borrego and 
Garcia-Gil, 1995). The extremely efficient low 
light utilization of the Black Sea isolate comes 
at a price, however, since its specific physiologi-
cal rates at saturating light intensities are much 
lower than in other phototrophic sulfur bacteria. 
The low specific metabolic rates reached under 
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light-saturation may be caused by a reduction in 
the intracellular enzyme levels which may rep-
resent a way to decrease maintenance energy 
demand of the BS-1 cells (see section II.B).

Besides the available light intensity, the com-
position of the underwater light spectrum is a 
selective factor for the composition of anoxy-
genic phototrophic communities and differs con-
siderably between pelagic and benthic habitats. 
In many lacustrine habitats, light absorption by 
phytoplankton exceeds that of humic substances 
or water itself and light of the bluegreen to green 
wavelength range reaches layers of phototrophic 
bacteria. In contrast, infrared light is an important 
source of energy in benthic microbial mats.

In general light absorption by anoxygenic pho-
totrophs in the free water column is mediated 
by carotenoids and the short wavelength (Soret) 
bands of bacteriochlorophylls. In coastal and most 
lacustrine waters, the in vivo-absorption spectrum 
of Chromatiaceae which contain the carotenoid 
okenone matches the available light of the green 
wavelength range. Accordingly, okenone-bearing 
Chromatiaceae dominate in 63% of all natural 
communities investigated (van Gemerden and 
Mas, 1995) which has been explained by their 
higher efficieny of light absorption compared 
to species containing other types of carotenoids 
(Guerrero et al., 1987b; Overmann et al., 1991a). 
Dominant Chromatiaceae are obligately photo-
lithotrophic, lack assimilatory sulfate-reduction, 
cannot reduce nitrate, and assimilate only few 
organic carbon sources. Obviously, metabolically 
versatile species of the Chromatiaceae have no 
selective advantage in most pelagic habitats.

Humic substances in lakes are of terrestrial ori-
gin and absorb light of the ultraviolet and blue 
portion of the spectrum. As a consequence, light 
of the red wavelength range prevails in lakes 
containing humic substance as the major light-
absorbing constituents. Under these conditions, 
green-colored species of green sulfur bacteria 
have a selective advantage over their brown-
colored counterparts, or over purple sulfur bacte-
ria (Parkin and Brock, 1980b).

In benthic microbial mats, radiation of the vis-
ible wavelength range is strongly attenuated by 
mineral and biogenic particles. In quartz sand, 
light attenuation occurs preferentially in the wave-
length range of blue light due to the reflection by 
sand grains (Kühl et al., 1994), while the absorp-

tion of infrared light by the sediment particles is 
low and absorption by water is negligible due to 
the short optical pathlength. As a consequence, 
the red and infrared portion of the spectrum pen-
etrate the deepest in benthic environments; the 
irradiance reaching phototrophic sulfur bacteria 
may be reduced to <1% of the surface value for 
light in the visible region, while >10% of the near 
infrared light is still available (Kühl and Jørgensen, 
1992). Under these conditions, the long wavelength 
(Q

y
) absorption bands are significant for light-

harvesting in anoxic sediment layers, and vari-
ations in the type of bacteriochlorophyll (Bchla 
or Bchl b) and in the fine structure of the pigment-
protein complexes thus are the means of ecological 
niche separation.

Populations of phototrophic microorganisms 
impose strong absorption signatures on the spec-
trum of the scalar irradiances, creating different 
niches in a vertical sequence by the successive 
absorption of different wavelength bands in the 
red and infrared portion of electromagnetic radia-
tion (Pierson et al., 1987). This may lead to the 
formation of up to five distinctly colored layers 
which (from top to bottom) comprise diatoms 
and cyanobacteria, cyanobacteria alone, Chroma-
tiaceae containing Bchla, Chromatiaceae con-
taining Bchlb, and Chlorobiaceae (Nicholson et 
al., 1987). Only these benthic habitats are known 
to harbor distinct blooms of Bchlb-containing 
Chromatiaceae. The absorption spectra of whole 
cells of phototrophic bacteria seem to have 
evolved in such a way that almost the entire elec-
tromagnetic spectrum suitable for electrochemical 
reactions can be exploited.

Yet, no phototrophic sulfur bacterium was 
known which could absorb light of the wave-
lengths between 900 and 1020 nm until recently. 
Because of the strong competition for infrared 
light in sediment ecosystems, an effective absorp-
tion in this wavelength range by other types of 
photosynthetic antenna complexes would be 
expected to be of selective advantage in micro-
bial mats. The isolation of purple nonsulfur 
α-Proteobacteria with long wavelength absorp-
tion maxima at 911 nm (Glaeser and Overmann, 
1999) and 986 nm (Pfennig et al., 1997) indicates 
that the diversity of the pigment-protein com-
plexes in photosynthetic Proteobacteria is greater 
than previously assumed. More recently, a purple 
photosynthetic sulfur bacterium with an absorption 
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maximum at 970 nm was isolated from a littoral 
microbial mat (Permentier et al., 2001). Since this 
bacterium contain bacteriochlorophyll a as the 
photosynthetic pigment like most other mem-
bers of the Chromatiaceae, the different in vivo 
absorption spectrum must be the result of differ-
ences in the non-covalent binding of Bchla to the 
light-harvesting proteins.

Deep sea hydrothermal vents represent a novel 
potential habitat of phototrophic sulfur bacteria 
identified recently (Beatty et al., 2005). Black 
smokers are thought to emit geothermal radiation 
at wavelengths commensurate with the absorp-
tion spectrum of phototrophic organisms (Van 
Dover et al., 1996). Indeed, a novel phylotype 
of obligately photolithoautotrophic green sulfur 
bacterium could be isolated from water samples 
originating from the TY black smoker located at 
2391 m depths on the East Pacific Rise (Beatty 
et al., 2005). It remains to be elucidated whether 
the isolated bacterium is a typical and long-term 
resident of hydrothermal vents or whether it also 
thrives in habitats known for other phototrophic 
sulfur bacteria.

2. Reduced Sulfur Compounds and Redox 
Potential

A combination of two photosystems as in oxy-
genic phototrophs is required for the thermo-
dynamically unfavorable utilization of water 
as an electron donor for photosynthesis. Due to 
the simpler architecture of their photosystems, 
all anoxygenic phototrophic bacteria depend on 
electron donors which exhibit standard redox 
potentials more negative than water (e.g., H

2
S, 

H
2
, acetate). This molecular feature thus is one 

major reason for the narrow ecological niche of 
anoxygenic phototrophic bacteria in extant eco-
systems. Most phototrophic sulfur bacteria grow 
preferentially by photolithoautotrophic oxidation 
of reduced sulfur compounds. Other inorganic 
electron donors utilized include H

2
, polysulfides, 

elemental sulfur, thiosulfate, sulfite and iron. In 
the green sulfur bacteria, polysulfide utilization 
is inhibited by sulfide. In addition to reduced 
sulfur compounds, molecular hydrogen serves 
as electron donor in the majority of green sulfur 
bacteria, and in the metabolically more versatile 
species of purple sulfur bacteria like Allochro-
matium vinosum and Thiocapsa roseopersicina. 

In green sulfur bacteria which lack assimila-
tory sulfate reduction, a reduced sulfur source 
is required during the growth with molecular 
hydrogen as electron donor. In microbial mats, 
polysulfides and organic sulfur compounds 
may be significant as photosynthetic electron 
donor. Polysulfide oxidation has been reported 
for Chlorobium limicola, Ach. vinosum and Tca. 
roseopersicina while dimethylsulfide is utilized 
and oxidized to dimethylsulfoxide by the purple 
sulfur bacteria Thiocystis sp. and Tca. roseoper-
sicina (van Gemerden and Mas, 1995).

Sulfide frequently becomes the growth-limit-
ing factor at the top of the phototrophic sulfur 
bacterial layers where light intensities are highest, 
but sulfide has to diffuse through the remainder 
of the community. The affinity for sulfide during 
photolithoautotrophic growth varies between the 
different groups of anoxygenic phototrophs and 
has been shown to be of selective value during 
competition experiments. Chlorobiaceae and 
Ectothiorhodospiraceae exhibit five to seven 
times higher affinities for sulfide than Chroma-
tiaceae (van Gemerden and Mas, 1995). On the 
contrary, affinities for polysulfides are similar for 
Chlorobiaceae and Chromatiaceae.

Because light and sulfide occur in opposing 
gradients, growth of phototrophic sulfur bacteria 
is confined to a narrow zone of overlap and only 
possible if the chemical gradient of sulfide is suf-
ficiently stabilized against vertical mixing. In open 
water, like lakes or lagoons, stratification of oxic 
and anoxic water layers is maintained by den-
sity differences. Stratification can be transient if 
caused by temperature differences, or permanent 
(as in so-called meromictic lakes) if caused by 
higher salt concentrations of the bottom water lay-
ers. Benthic environments of phototrophic sulfur 
bacteria are characterized by a lower frequency of 
turbulent mixing and by diffusion as the dominant 
means of mass transport. As a result, and because 
of the higher rates of sulfate reduction, gradients of 
sulfide are much steeper in these environments.

In some habitats of phototrophic sulfur bac-
teria, redox conditions change rapidly within 
hours. This is particularly true for intertidal 
sediments. Certain small-celled species of the 
Chromatiaceae (Allochromatium vinosum, Mari-
chromatium gracile, Thiocapsa roseopersicina, 
Tca. rosea, Thiocystis minor, Tcs. violascens, Tcs. 
violacea, Thiorhodovibrio winogradskyi) which 
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are typical inhabitants of these fluctuating envi-
ronments, as well as most of the Ectothiorho-
dospiraceae have adapted to these conditions 
and can switch to an aerobic chemolithotrophic 
growth mode and oxidize sulfide or thiosulfate 
with molecular oxygen. Under oxic conditions, 
the synthesis of pigments and of pigment-binding 
proteins of the photosynthetic apparatus ceases 
and the cells become colorless. Concomitantly, 
the activities of the respiratory enzymes NADH 
dehydrogenase and cytochrome oxidase and res-
piratory activity are increased. However, growth 
affinities of chemolithoautotrophically growing 
cells of Tca. roseopersicina are lower than for 
the directly competing colorless sulfur bacteria 
which may explain why no natural populations 
of purple sulfur bacteria are known which grow 
permanently by chemotrophy. All Chlorobiaceae 
are obligate anaerobes.

3. Temperature and Salinity

Although green and purple sulfur bacteria typi-
cally form conspicuous blooms in non-thermal 
aquatic ecosystems, moderately thermophilic 
members have been described from hot spring 
mats (Castenholz et al., 1990). Chlorobaculum 
tepidum (formerly Chlorobium tepidum) occurs 
in only a few New Zealand hot springs at pH val-
ues of 4.3 and 6.2 and at temperatures up to 56°C. 
Thermochromatium tepidum (formerly Chroma-
tium tepidum) was found in several hot springs 
of western North America at temperatures up to 
58°C and might represent the most thermophilic 
proteobacterium (Castenholz and Pierson, 1995).

Of the purple sulfur bacteria, most members 
of the Chromatiaceae are typically found in 
freshwater and marine environments, whereas 
the Ectothiorhodospiraceae inhabit hypersa-
line waters. About 10 species of Chromatiaceae 
are halophilic (Imhoff, 2005a). Members of the 
marine subgroup I of the green sulfur bacteria 
forming extraordinarily dense blooms could be 
isolated from a hypersaline (30–70&ppercnt; 
salinity) athalassohaline lake in the semi-arid 
Ebro region (Spain) (Vila et al., 2002).

4. Mixotrophy and Organotrophy

Organic carbon as it is present in microbial bio-
mass is considerably more reduced than CO

2
. 

Given the high energy demand of CO
2
-fixation, 

the capability for assimilation of organic car-
bon compounds would be expected to be of 
selective advantage in natural populations of 
phototrophic sulfur bacteria if limited by light 
or low sulfide concentrations. Acetate rep-
resents one of the most important intermedi-
ates during the degradation of organic matter 
and almost all phototrophic sulfur bacteria are 
capable of assimilating this compound. At lim-
iting concentrations of sulfide, the cell yield of 
green sulfur bacteria is increased three times in 
the presence of acetate, i.e. under mixotrophic 
growth conditions.

Green sulfur bacteria are the least versatile of 
all phototrophic sulfur bacteria with all species 
growing obligately photolithoautotrophic. Only 
acetate, propionate and pyruvate are assimi-
lated as carbon compounds during mixotrophic 
growth and a few strains are capable of using 
fructose or glutamate in addition. A number of 
Chromatiaceae, like Allochromatium vinosum 
and other small-celled members of the family, 
as well as the Ectothiorhodospiraceae are capa-
ble of using organic carbon compounds not only 
as carbon source but also as the only electron 
donating substrate (Imhoff, 2005a, b). These lat-
ter versatile Chromatiaceae utilize a wide range 
of organic carbon compounds and usually are 
capable of assimilatory sulfate reduction. The 
affinity for acetate is 30 times higher than that 
of green sulfur bacteria. Still, the metabolic flex-
ible Chromatiaceae rarely form dense blooms 
under natural conditions, from that organotrophy 
confers only a limited selective advantage to 
the cells.

5. Motility and Taxis

Sedimentation represents a significant loss proc-
ess for natural populations of phototrophic sul-
fur bacteria in pelagic habitats. The minimum 
buoyant density which has been determined for 
phototrophic cells devoid of gas vesicles was 
1010 kg.m−3 (Overmann et al., 1991b). Actively 
growing cells which contain storage carbohy-
drate and elemental sulfur can easily attain much 
higher buoyant densities of up to 1046 kg.m−3 
(Overmann and Pfennig, 1992) whereas freshwa-
ter has a considerably lower density (in the order 
of 996 kg.m−3). In the stably stratified pelagic 
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habitats of phototrophic sulfur bacteria, the dif-
ference in buoyant density of the cells to that of 
the surrounding water would result a sedimenta-
tion of bacteria out of the photic zone towards the 
lake bottom. Many species of phototrophic sulfur 
bacteria use vertical migration, mediated by tac-
tic responses and/or the formation of gas vesicles 
to change their vertical position in the light and 
sulfide gradients of their environment.

In its pelagic habitat, Chromatium okenii 
may display diurnal migrations with a vertical 
amplitude of about 2 m (Sorokin, 1970). Vertical 
migrations of Thiocystis minor extended over a 
vertical distance of 30–35 cm (Pedrós-Alió and 
Sala, 1990). Planktonic anoxygenic phototrophs, 
unlike some planktonic cyanobacteria, do not 
seem to perform vertical migrations mediated by 
changes in gas vesicle content, but rather employ 
these cell organelles to maintain their vertical 
position within the chemocline (Overmann et al., 
1991b; Overmann et al., 1994).

About two thirds of the Chromatiaceae species 
and all known species of the Ectothiorhodop-
iraceae swim by means of flagella, whereas only 
one benthic species of the Chlorobiaceae, Chlo-
roherpeton thalassium, moves by gliding. True 
phototaxis is the ability to move towards or away 
from the direction of light, but is not found in pho-
totrophic sulfur bacteria. Instead, these bacteria 
employ the scotophobic response to accumulate 
in regions of higher light intensity by changing 
the direction of movement in reaction to abrupt 
changes in light intensity (Armitage, 1997). As a 
result, cells accumulate in the light and at wave-
lengths corresponding to the absorption maxima 
of photosynthetic pigments. The formation of 
flagella in Chromatium and Allochromatium spe-
cies is induced by low sulfide concentrations and 
low light intensities.

In laboratory cultures of Chromatium sp. and 
Marichromatium gracile, a combined effect of 
chemotaxis and photoresponses can be observed 
under the microscope: the cells accumulate around 
air bubbles in the absence of light but move 
away if illuminated (Armitage, 1997; Thar and 
Kühl, 2001). Motile Chromatiaceae are found in 
many microbial mats and exhibit diurnal vertical 
migrations in response to the recurrent changes 
in environmental conditions. Vertical migrations 
of Chromatium spp. and of Thermochromatium 
tepidum have been documented for populations in 

ponds, and intertidal or hot spring microbial mats 
(Castenholz and Pierson, 1995). In these environ-
ments, cells migrate upwards to the surface of the 
mat and enter the overlaying water as a result of a 
positive aerotaxis during the night. It is assumed 
that this migration into the microoxic layers ena-
bles the cells to grow chemoautotrophically by 
oxidation of sulfide or intracellular sulfur with 
molecular oxygen. In contrast, microbial mats 
of intertidal sediments are typically colonized by 
the immotile purple sulfur bacterium Thiocapsa 
roseopersicina. Cells form aggregates together 
with sand grains, apparently as an adaptation to 
the hydrodynamic instability of the habitat (van 
den Ende et al., 1996).

Although all known pelagic species of green 
sulfur bacteria are nonflagellated, some of them 
have acquired motility by forming highly specific 
symbioses with a chemoheterotrophic motile 
Betaproteobacterium (Overmann and Schubert, 
2002). These associations, termed phototrophic 
consortia (see section II.A.6), exhibit a scotopho-
bic response and accumulate in a spot of white 
light. The action spectrum of this response cor-
responds to the absorption spectrum of the green 
sulfur bacterial epibionts, indicating that the 
scotophobic behavior is based on a rapid signal 
transfer between green sulfur bacterial epibionts 
and the colorless motile bacterium (Fröstl and 
Overmann, 1998).

One third of the species of Chromatiaceae 
(including Lamprobacter, Lamprocystis, Thio-
capsa, Thiodictyon, Thiopedia and Thiolampro-
vum spp.) (Fig. 1), some green sulfur bacteria 
(Fig. 1B) but only one species of Ectothiorho-
dopiraceae (Ets. vacuolata) habor gas vesicles. 
This pattern reflects the distribution of these 
bacteria in nature, with gas vesicle-bearing 
Chromatiaceae typically colonizing low-light 
stratified environments, and Ectothiorhodos-
piraceae usually inhabiting more shallow saline 
ponds and sediments. Gas vesicles are cylindri-
cal structures with conical ends and species-
specific lengths and widths and are filled with 
a gas mixture which corresponds to that in the 
surrounding medium. Gas vesicle formation in 
Chlorobium clathratiforme is detected exclu-
sively at light intensities <5 µmol Quanta.m−2.s−1 
(Overmann et al., 1991b) which appears to be 
the reason for the rare observation of gas vesi-
cles in pure cultures that are routinely incubated 
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at higher light intensities. Similarly, a transfer 
of the purple sulfur bacterium Lamprocystis 
purpurea to the dark was found to result in an 
increase in the specific gas vesicle content by 
a factor of 9 (Overmann and Pfennig, 1992). 
Ectothiorhodospira vacuolata forms gas vesi-
cles during the stationary phase.

By comparison, the vertical migration based 
on flagellar movement and gas vesicle formation 
have different advantages under natural condi-
tions. Whereas the movement by flagella requires 
a continuous supply of metabolic energy (the pro-
ton motive force), gas vesicle formation requires 
an initially higher, but one-time investment for 
the phototrophic cell. Gas vesicles, once formed, 
help to keep the bacterial cell at the appropriate 
vertical position without any further demand for 
energy. In accordance with this view, species like 
Lamprobacter modestohalophilus or Ectothiorho-
dospira vacuolata which are capable of both, 
gas vesicle synthesis as well as flagellar move-
ment, use flagella during exponential growth but 
become immotile and form gas vesicles upon 
entry in the stationary phase. Gas vesicle for-
mation therefore may represent an adaptation 
to conditions of starvation in these species. It 
has been estimated that flagellar movement is 
sustained at underwater irradiances of 0.2 µmol 
Quanta.m−2.s−1 (Overmann and Garcia-Pichel, 
2000). Indeed, a dominance of gas-vacuolated 
forms over motile Chromatiaceae is usually 
observed in lakes where irradiances are below 
1 µmol Quanta. m−2 × s−1 (Fig. 1).

However, a lower limit appears to exist, below 
which gas vesicle formation does not represent a 
selective advantage for phototrophic sulfur bac-
teria due to its metabolic burden. The extremely 
low-light adapated Chlorobium BS-1 from the 
Black Sea chemocline exhibits an extremely low 
maintenance energy requirement but is not capa-
ble of gas vesicle synthesis. Apparently, synthesis 
of the proteinaceous gas vesicle sheaths becomes 
too energy-demanding under the severe light lim-
itation in the Black Sea chemocline.

6. Syntrophy and Symbioses

In the laboratory, stable associations between 
green sulfur bacteria and sulfur- or sulfate-reducing 
bacteria can be established readily (Warthmann 
et al., 1992). These associations are based upon 

a cycling of sulfur compounds but not carbon. 
Simultaneous growth of the two partner bacteria 
is fueled by the oxidation of organic carbon sub-
strates and light. In a similar manner, cocultures 
of Chromatiaceae with sulfate-reducing bacteria 
have been established in the laboratory. Interest-
ingly, cellular aggregates consisting of the sul-
fate-reducing Proteobacterium Desulfocapsa 
thiozymogenes and small-celled Chromatiaceae 
were observed in the chemocline of a meromictic 
alpine lake (Tonolla et al., 2000).

A commensalistic relationship may exist 
between coccoid epibiotic bacteria and the pur-
ple sulfur bacterium Chromatium weissei (Clark 
et al., 1993). The unidentified epibionts attach 
to healthy Chromatium cells but do lyse the host 
cells like the morphologically similar parasite 
Vampirococcus (Guerrero et al., 1987a). Possibly, 
the epibiont grows chemotrophically on carbon 
compounds excreted by the purple sulfur bacte-
rium.

The most spectacular type of association 
involving phototrophic bacteria is represented by 
the so-called phototrophic consortia. Phototrophic 
consortia (Fig. 2) consist of epibionts arranged in 
a regular fashion around a central chemotrophic 
bacterium and are regarded as the most highly 
developed interactions between different species 
of prokaryotes (Overmann and Schubert, 2002). 
Eight different types of motile phototrophic con-
sortia can be distinguished based on the overall 
morphology of the association and the color of 
the epibionts (Glaeser and Overmann, 2004). 
In addition, two immotile forms (“Chloroplana 
vacuolata” and “Cylindrogloea bacterifera”) are 
recognized (Fig. 2). Fluorescence in situ hybridi-
zation identified the epibionts as green sulfur 
bacteria (Tuschak et al., 1999) and the central 
rod-shaped colorless and motile bacterium as a 
member of the Betaproteobacteria (Fröstl and 
Overmann, 2000). Based on their distinct mor-
phology, intact phototrophic consortia can be 
specifically collected from natural communities 
by micromanipulation and the 16S rRNA gene 
sequences of the green sulfur bacterial epibionts 
can be determined. Employing this technique, 
an unexpected diversity of 19 different types of 
epibionts have recently been identified in a cul-
ture-independent manner. All epibionts represent 
distinct and novel phylotypes that are often only 
distantly related to known species of green sulfur 
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bacteria (Glaeser and Overmann, 2004). None 
of the epibiont 16S rRNA sequences have so far 
been detected in free-living green sulfur bacteria, 
suggesting that the interaction in phototrophic 
consortia is an obligate one. Based on the com-
parative phylogenetic analysis, the epibiont 
sequences are not monophyletic. Thus, the abil-
ity to form symbiotic associations either arose 
independently from different ancestors or was 
present in a common ancestor prior to the radia-
tion of green sulfur bacteria and the transition 
to the free-living state in independent lineages. 
With regard to the phylogenetic affiliation of the 
central bacterium, a recent molecular analysis of 
the phototrophic consortium “Chlorochromatium 
aggregatum” revealed that this bacterium repre-
sents an isolated phylogenetic lineage distantly 
related to Rhodoferax spp., Polaromonas vacu-

olata and Variovorax paradoxus (Kanzler et al., 
2005).

Maximum rates of light-dependent H14CO
3

− 
fixation were observed in a natural population 
of phototrophic consortia, suggesting that the 
green sulfur bacterial epibionts grow autotrophi-
cally like their free-living relatives. This con-
clusion was substantiated by the stable carbon 
isotope ratios (δ13C) of farnesol, tetradecanol, 
hexadecanol and hexadecenol which are esteri-
fying alcohols of BChle and biomarkers of the 
epibionts (Glaeser and Overmann, 2003a). Intact 
phototrophic consortia exhibit a scotophobic 
response in which the bacteriochlorophylls of the 
epibionts function as light sensors, whereas the 
central bacterium confers motility. Hence, a rapid 
signal transfer exists between the two partners and 
permits phototrophic consortia to accumulate at 

Fig. 2. Light microscopic and schematic views of five different types of phototrophic consortia. A. Differential interference 
contrast image and schematic view of “Chlorochromatium aggregatum”, phase contrast photomicrograph of the disaggregated 
state and schematic view of “Pelochromatium roseum” (from left to right). B. Phase contrast photomicrograph in the intact state, 
schematic view, and the disaggregated state of “Pelochromatium latum”. C. Phase contrast photomicrograph and schematic 
view of “Chlorochromatium glebulum”. D. Phase contrast photomicrograph and schematic view of “Chloroplana vacuolata”. 
Bars, 5 µm. Taken from Overmann (2006).
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preferred light intensities and wavelengths (Fröstl 
and Overmann, 1998). Phototrophic consortia are 
attracted by sulfide and 2-oxoglutarate, which 
indicates a potential role of these compounds in 
the metabolism of the consortia. Microautora-
diography of consortia in natural water samples 
revealed that 2-oxoglutarate is incorporated only 
in the presence of both light and sulfide (Glae-
ser and Overmann, 2003b). Because the green 
sulfur bacterial epibionts grow autotrophically, 
2-oxoglutarate most likely is taken up and utilized 
by the central bacterium while sulfide is the elec-
tron-donating substrate of the epibionts. These 
results indicate that incorporation of 2-oxoglutar-
ate by the central bacterium is regulated by the 
metabolic state of the epibiont cells.

In phototrophic consortia, the immotile green 
sulfur bacteria not only functionally attain motil-
ity like their purple sulfur bacterial competitors, 
but are obviously capable of controlling the chem-
otactic and physiological response of the chemo-
trophic partner bacterium. The high numbers 
of phototrophic consortia found in many lakes, 
the fact that in some environments all cells of 
green sulfur bacteria occur in the associated state 
(Glaeser and Overmann, 2003a), and the repeated 
advent of epibionts during the green sulfur bacte-
rial radiation indicate that this strategy must be 
of high competitive value under certain environ-
mental conditions. Since phototrophic consortia 
have recently become available in enrichment 
cultures, they can now serve as suitable model 
systems for the investigation of the molecular 
mechanisms of cell–cell recognition and signal 
exchange, and for studies of the coevolution of 
nonrelated prokaryotes.

B. Physiology in Situ as Opposed 
to Growth in the Test Tube: Growth Rates, 
Low Maintenance Energy Requirements 
and Survival

Doubling times of phototrophic sulfur bacteria 
under natural conditions are significantly lower 
than in laboratory cultures. As an example, values 
for Chromatiaceae in lakes have been estimated 
to range from 1.5 to 238 days (Garcia-Cantizano 
et al., 2005). These data suggest that adaptation to 
low growth rates and survival may have played a 
significant role in the evolution of phototrophic 
sulfur bacteria.

In a careful study, the maintenance energy 
requirement of the purple nonsulfur Alphaproteo-
bacteria Rhodobacter capsulatus and Rba. acido-
philus was determined to amount to 0.012 mol 
quanta (g dry weightċh)−1 (Göbel, 1978). Based 
on indirect estimates, the maintenance energy 
requirements of green sulfur bacteria are signifi-
cantly lower than that of purple sulfur bacteria 
(van Gemerden and Mas, 1995). This may be 
explained by the fact that biosynthesis of proteins 
requires a major fraction of the energy expendi-
ture of the bacterial cell and that the protein con-
tent of green sulfur bacterial antenna is much 
lower than that in purple sulfur bacteria: the 
paracrystalline rod-like structure of bacteriochlo-
rophyll aggregates in the chlorosomes of green 
sulfur bacteria features a significantly lower pro-
tein:pigment mass ratio (0.5–2.2; Overmann and 
Garcia-Pichel, 2000) than the light-harvesting 
complexes of other anoxygenic phototrophs 
(3.9–6.7) or cyanobacteria (22.4).

Based on the value for the maintenance 
energy requirement of Rba. capsulatus and 
Rba. acidophilus given above it has been calcu-
lated that the minimum irradiance which would 
be required for survival of photosynthetic bac-
teria is 2 µmol Quanta.m−2.s−1 (Overmann and 
Garcia-Pichel, 2000). By comparison, irra-
diances of this order or lower prevail in the 
natural habitats of phototrophic sulfur bacteria 
(Overmann and Manske, 2006). Yet, growth 
of natural populations can be observed under 
these conditions, indicating that phototrophic 
sulfur bacteria under natural conditions must 
exhibit significantly lower maintenance energy 
requirements than those of the laboratory cul-
tures studied to date.

In particular, this holds true for the green sul-
fur bacterium from the Black Sea chemocline 
which forms the slowest growing population of 
anoxygenic phototrophic bacteria known to date 
(Overmann and Manske, 2006). As extrapolated 
from the laboratory growth rates or carbon fixa-
tion rates, green sulfur bacteria in the Black Sea 
attain doubling times of 3 years in summer and 26 
years in winter (Overmann et al., 1992; Manske 
et al., 2005; Overmann and Manske, 2006). The 
green sulfur bacterium from the Black Sea chem-
ocline thus represents an excellent model system 
for the study of low-light adaptation and, from 
a more fundamental perspective, a model system 
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for studies of mechanisms of adaptation towards 
extreme energy-limited environments.

Commensurate with the extremely long 
doubling times, the maintenance energy 
requirement of the Black Sea Chlorobium is 
significantly lowered compared to other green 
sulfur bacteria (Overmann et al., 1992). At 
the same time, the Black Sea strain exhib-
its significantly decreased specific rates of 
photosynthetic CO

2
-fixation, sulfide oxida-

tion and growth at saturating light intensities 
(section II.A.1). These observations sug-
gest that the extraordinarily low maintenance 
energy requirement of this bacterium at least in 
part is accomplished by lowering the intracel-
lular concentrations of metabolic enzymes.

The threshold light intensity supporting the 
photosynthetic growth of green sulfur bacteria 
is decreased in the presence of suitable organic 
carbon substrates like acetate (Bergstein et al., 
1981). Although the environmental concentra-
tions and the turnover rates of potential carbon 
substrates of phototrophic sulfur bacteria have 
rarely been determined (Bergstein et al., 1979), 
these compounds may support the survival of the 
cells.

C. Diversity of Phototrophic Sulfur Bacteria

In almost all freshwater and marine photic anoxic 
environments, green and/or purple sulfur bacteria 
(Chlorobiaceae and Chromatiaceae) represent the 
dominant anoxygenic phototrophs. Ectothiorho-
dospiraceae dominate in saline habitats. Only 
very few, and atypical, ecosystems have been 
described in which phototrophic Alphaproteobac-
teria (purple nonsulfur bacteria) outnumber the 
phototrophic sulfur bacteria. These latter habitats 
are aquatic systems heavily polluted with organic 
wastewaters in which low-molecular organic 
compounds occur at millimolar concentrations 
(Okubo et al., 2006).

Based on the current status of taxonomy (Over-
mann, 2001; Imhoff, 2003; Imhoff, 2005a, b), 41 
different species of Chromatiaceae, 12 species of 
Ectothiorhodospiraceae and 17 species of Chlo-
robiaceae are currently recognized. In contrast, 
the ribosomal database project (rdp) database 
lists 429, 460 and 339 16S rRNA gene sequences 
for the above three families of phototrophic sul-
fur bacteria (Cole et al., 2006).

Culture independent analyses of natural com-
munities based on 16S rRNA gene sequences rou-
tinely recover novel sequence types of green or 
purple sulfur bacteria from natural bacterial com-
munities (Coolen and Overmann 1998; Overmann 
et al., 1999a; Elshahed et al., 2003; Glaeser and 
Overmann, 2003a; Koizumi et al., 2004; Martínez-
Alonso et al., 2005; Tonolla et al., 2005). In addi-
tion, the dominant phylotypes determined by the 
culture-independent approach often do not match 
the phylotypes cultured from the same environ-
ment. It has to be concluded that the current 
number of species described do not reflect the 
full phylogenetic breadth of phototrophic sulfur 
bacteria and that the dominant species may dif-
fer considerably from known types with respect 
to physiology and ecology. The latter assump-
tion has been substantiated by the discovery 
of several novel isolates of green (Vogl et al., 
2006) and purple sulfur bacteria (Permentier 
et al., 2001) which exhibit conspicuously dif-
ferent physiological properties in comparison to 
the previously described species.

At low biomass densities, 16S rRNA gene 
sequences of phototrophic sulfur bacteria often can-
not be detected PCR amplification methods using 
universal primer pairs (Coolen and Overmann, 
1998; Vetriani et al., 2003), despite the presence 
of their specific pigment biomarkers. Therefore, 
specific molecular detection methods have been 
developed, which employ group-specific primers 
targeting 16S rRNA gene sequences of green or 
purple sulfur bacteria (Coolen and Overmann, 1998; 
Overmann et al., 1999a). In the case of green sulfur 
bacteria, the highly specific PCR method permits the 
detection of as little as 100 cells (Glaeser and 
Overmann, 2004).

III. Biogeochemical Significance 
of Phototrophic Sulfur Bacteria

In lakes haboring phototrophic sulfur bacteria, 
an average of 28.7% of the primary production 
is anoxygenic and a maximum fraction of 83% 
has been determined (Overmann, 1997). Anoxy-
genic photosynthesis depends on reduced inor-
ganic sulfur compounds which originate from 
the anaerobic degradation of organic carbon und 
the concomitant sulfide production by sulfate- 
and sulfur-reducing bacteria. During anaerobic 
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degradation, a large fraction of reducing equiva-
lents become trapped in sulfide due to the low 
growth yield of fermenting and sulfate-reduc-
ing bacteria. Since these reducing equivalents 
originate from carbon already fixed by oxygenic 
photosynthesis, the CO

2
-fixation of anoxygenic 

phototrophic bacteria does not lead to a net 
increase in organic carbon of the entire oxic/
anoxic stratified ecosystem. In a sense, then, 
capture of light energy by anoxygenic photosyn-
thesis merely compensates for the degradation 
of organic carbon in the anaerobic food chain. 
The CO

2
-assimilation by anoxgenic phototrophs 

has therefore been termed “secondary primary 
production” (Pfennig, 1978). Geothermal sulfur 
springs are the only exception since their sulfide 
is of abiotic origin (Elshahed et al., 2003). Yet, 
sulfur springs are rather scarce, and anoxygenic 
photosynthetic carbon fixation of these ecosys-
tems thus appears to be of minor significance on 
a global scale.

When reoxidizing the sulfide, anoxygenic pho-
totrophs do not need to divert part of the electron 
donor towards ATP generation and almost com-
pletely transfer them to CO

2
. In contrast to the 

chemolithoautotrophic sulfide-oxidizing bacteria, 
green and purple sulfur bacteria therefore effi-
ciently recycle the reducing equivalents present in 
sulfide where light reaches the sulfide-containing 
water or sediment layers at sufficient intensities 
(Overmann, 1997). As a result, phototrophic sul-
fur bacteria often form dense microbial biomass 
accumulations even at moderate supply of sulfide 
and can attain biomass concentrations up to 28 mg 
bacteriochlorophyll a.l−1 in the case of Chroma-
tiaceae in a saline meromictic lake (Overmann 
et al., 1994) and 16.7 mg bacteriochlorophyll 
d.l−1 in the case of green sulfur bacteria thriving 
in a athalassohaline hypersaline lake (Vila et al., 
2002). The dense accumulations of phototrophic 
sulfur bacteria in turn may feed organic carbon 
(which would otherwise be lost) into the carbon 
cycle of the overlaying oxic water or sediment 
layers (Overmann et al., 1996, 1999b). However, 
several instances have been reported in which 
predation of phototrophic sulfur bacteria is of 
minor importance due to the toxicity of hydro-
gen sulfide for grazing organisms (van Gemer-
den and Mas, 1995). More recent data indicate 
a significant transfer of phototrophic bacterial 
biomass into the aerobic grazing food chain via 

rotifers and calanoid copepods (Overmann et al., 
1999b, c).

Thus, anoxygenic primary production does 
only represent a net input of organic carbon to an 
ecosystem if (1) the anaerobic food chain within 
the system is fueled by additional allochthonous 
carbon from outside or by geothermal sulfide, 
and (2) aerobic grazers have access to the bio-
mass of phototrophic sulfur bacteria. Based on 
experimental evidence, these conditions are met 
at least in some stratified aquatic environments 
(Overmann, 1997) where phototrophic sulfur 
bacteria can substantially alter the carbon and 
sulfur cycles.

As the closest analogue to past sulfidic oceans, 
the Black Sea has repeatedly been chosen as a 
model system for the study of the carbon and sulfur 
cycles in a large stratified marine water body and 
of the microorganisms relevant in these environ-
ments. The biomass of green sulfur bacteria in the 
chemocline of the Black Sea amounts to ≤0.8 mg 
BChle m−2 (Manske et al., 2005) and hence is 
orders of magnitude lower than in any other envi-
ronment studied so far (25–2000 mg BChle m−2; 
van Gemerden and Mas, 1995). The green sul-
fur bacteria in the chemocline of the Black Sea 
therefore represent the most dilute population of 
anoxygenic phototrophs known to date which 
can be attributed to the highly (i.e. four orders 
of magnitude more) sensitive method employed 
for the detection of their bacteriochlorophylls. 
Attempts to quantify photosynthetic activity in 
natural samples from the Black Sea chemocline 
have failed (Jørgensen et al., 1991) and stimu-
lation of sulfide oxidation by light could not be 
detected in natural water samples (Repeta et al., 
1989). Based on an extrapolation of light-limited 
rates of H14CO

3

− fixation, integrated anoxygenic 
photosynthesis contributes well below 1% to total 
photosynthetic carbon fixation in the Black Sea 
(Manske et al., 2005). Similarly, anoxygenic pho-
totrophic sulfide oxidation accounts for ≤0.1% of 
total sulfide oxidation in the Black Sea chemo-
cline. These estimates support the results of the 
modeling of sulfide fluxes which revealed that 
direct and indirect oxidation by molecular oxygen 
accounts for most, if not all of the sulfide removal 
in and beneath the chemocline of the Black Sea 
(Konovalov et al., 2001, 2003). Due to their low 
population density in the chemocline of the Black 
Sea, the green sulfur bacteria most likely are not 
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significant in the carbon and sulfur cycles of this 
environment.

IV. Phototrophic Sulfur Bacteria 
in the Past: Interpretation of Molecular 
Fossils

Today, habitats of phototrophic sulfur bacteria 
are restricted to a limited number of lacustrine 
environments, coastal lagoons and intertidal 
sandflats. Of these, the Black Sea currently rep-
resents the largest anoxic water body on Earth 
and covers 0.083% of the area of the planet. Its 
stratified water column comprises a ∼60-m thick 
oxic top layer, a ∼40-m-thick suboxic interme-
diate zone devoid of sulfide and oxygen, and a 
∼2000-m-deep sulfidic bottom zone (Murray 
et al., 1989). As a consequence, between 87 and 
92% of the Black Sea water body remain perma-
nently anoxic (Codispoti et al., 1991; Konovalov 
et al., 2001; Sorokin, 2002).

Due to the usually small size, the limited 
number, and the pronounced light limitation (see 
section II.A.1) of their contemporary habitats, 
the contribution of phototrophic sulfur bacteria 
to global photosynthetic CO

2
-fixation is very 

small and has been estimated to amount to less 
than 1% (Overmann and Garcia-Pichel, 2000). In 
contrast, the entire Proterozoic ocean may have 
consisted of sulfidic deep water covered by a 
possibly 100 m-thick oxygenated surface layer 
(Anbar and Knoll, 2002), and its sulfidic pela-
gial may have persisted over 1000 million years. 
Furthermore, extended water column anoxia may 
also have occurred during the Phanerozoic, start-
ing with the Ordovician, and including the Upper 
Devonian, Permian, Mid-Triassic, early Jurassic 
and Miocene (Messinian). The most distinct, and 
probably global, Mesozoic anoxic oceanic events 
occurred during the Toarcian (∼187 Myr ago), 
Early Aptian (∼132 Myr ago) and latest Ceno-
manian (∼94 Myr ago). These events have been 
explained by an increase in atmospheric CO

2
 

due to an increased volcanism, with the associ-
ated greenhouse effect leading to increased con-
tinental weathering, and the resulting increased 
nutrient supply stimulating the productivity in 
Mesozoic Oceans together with an increased sup-
ply of biolimiting metals by submarine hydrother-
mal activity (Erba, 2004). Since an upper mixed 

layer of less than 20 m is relatively common in the 
present warm coastal and even open ocean (Kara 
et al., 2003), the existence of such large scale 
photic zone anoxia would appear to be a reason-
able assumption.

All known green sulfur bacteria and about half 
of the species of purple sulfur bacteria are obli-
gate anaerobic photolithoautotrophs (Overmann 
and Garcia-Pichel, 2000; Overmann, 2001). 
These bacteria only grow in an environment pro-
viding both, light and reduced sulfur compounds, 
and therefore represent suitable indicator organ-
isms also for past photic zone anoxia of aquatic 
ecosystems. Three specific carotenoids (isoreni-
eratene, β-isorenieratene, chlorobactene) occur 
in the different green sulfur bacteria (Overmann, 
2001) and represent highly specific biomark-
ers which occur almost exclusively in this group 
(however, β-isorenieratane can also be formed by 
aromatization from β-carotene, which is widely 
distributed among different photosynthetic organ-
isms; Koopmans et al., 1996a). Okenone so far has 
only been found in nine species of Chromatiaceae 
(Imhoff, 2005a). These biomarkers of phototrophic 
sulfur bacteria may survive over extended geologi-
cal time periods and even some of their degradation 
products can be identified with sufficient reliabil-
ity. Due to their specificity and chemical stability, 
pigment biomarkers thus offer the opportunity to 
reconstruct past ecosystems and numerous studies 
have taken the presence of isorenieratene and its 
geochemical derivatives like sulfurized isoreniera-
tane (Repeta, 1993; Sinninghe-Damsté et al., 1993; 
Wakeham et al., 1995; Passier et al., 1999; Menzel 
et al., 2002), or degradation products of bacterio-
chlorophylls (Grice et al., 1996) as evidence for 
extended water column anoxia of ancient oceans, 
so called Oceanic Anoxic Events (Fig. 3).
Numerous marine deep-sea sediments and sedi-
mentary rocks (some of them presently even 
located on land; Kohnen et al., 1991) were 
shown to contain such green sulfur bacterial 
biomarkers (Fig. 3). Since it may represent a 
modern analogue of past water column anoxia, 
the development of anoxic conditions in the 
Black Sea has been studied extensively. Bot-
tom water anoxia was initiated 7000 to 8000 
years ago by the intrusion of saltwater from the 
Mediterranean via the Bosporus strait (Ross 
and Degens, 1974). Within the subsequent 
3000 years, the O

2
–H

2
S interface rose from 
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Fig. 3. Contemporary geographical location of fossil sediments and sedimentary rocks containing biomarkers of phototrophic 
sulfur bacterial as evidence for Oceanic Anoxic Events. Locations are distinguished according to their geological age.

★ Extant population of green sulfur bacteria in the chemocline (Manske et al., 2005) and isorenieratene in the Black Sea sedi-
ments (Sinninghe-Damsté et al., 1995).

▲ Cenozoic environments:, Pliocene/Pleistocene (isorenieratene; Rohling et al., 2006) and Pleistocene/Holocene (isorenier-
atene and 16S rRNA gene sequences; Coolen and Overmann, 2007) deposits in Eastern Mediterranean sapropels; C

11
–C

19
 

trimethyl substituted aryl isoprenoids in late Eocene/Early Oligocene shales of the Austrian Molasse Basin (Schulz et al., 2002), 
Northern Italian Marl sediments of the Messinian (Miocene) (Kohnen et al., 1991; Sinninghe-Damsté et al., 1995).

● Mesozoic environments: black shales from the eastern equatorial Atlantic of the Coniacian-Santonian (Deep Ivorian basin, 
Lake Cretaceous; Wagner et al., 2005), from the southern part of the proto-North Atlantic Ocean of the late Cenomanian (Cre-
taceous) (Kuypers et al., 2002; Kuypers et al., 2004); late Cenomanian marls of the Western Interior Basin (USA) from Kansas 
to New Mexico (Simons and Kenig, 2001), late Cenomanian Italian, NE Tunesian and Indian Ocean black shales, early Aptian 
black shales from the Italian Marche-Umbria basin, Toarcian (Jurassic) black shales of the same region, of the Belluno through 
and the Paris basin, as well as Middle Lias German Basin Posidonia Shale (Pancost et al., 2004); early Jurassic organic rich 
bituminous facies from Yorkshire (UK; Bowden et al., 2006).

○ Paleozoic environments: isorenieratene derivatives in Upper Devonian Williston and Western Canada Sedimentary Basins 
of western Canada (Requejo et al., 1992; Hartgers et al., 1994; Koopmans et al., 1996b), in Middle and Upper Devonian black 
shales of the Illinois and Michigan basins (Brown and Kenig, 2004), of the Belarussian Pripyat River Basin (Clifford et al., 
1998), of the Holy Cross Mountains in Poland (Joachimski et al., 2001) and of the Western Australia Canning Basin (Barber 
et al., 2003) and Late Ordovician Boas Oil Shale of Southampton Island (Koopmans et al., 1996b). Aryl and diaryl isoprenoids 
in middle Ordovician grey-green shales of the central US (Pancost et al., 1998). Isorenieratane was also detected in mid-Cambrian 
limestone of the Georgina Basin (Brocks et al., 2005).

♦ Proterozoic environments: 1.64-Gyr-old mid-Proterozoic records of Chromatiaceae (okenane) and Chlorobiaceae (chloro-
bactane and isorenieratane) (Brocks et al., 2005).

the bottom at 2200 m depth toward the surface 
(Degens and Stoffers, 1976). The presence of 
isorenieratene and its degradation products in 
subfossil Black Sea sediments suggests that 

photic zone anoxia occurred already more than 
6000 years ago (Repeta, 1993; Sinnighe-Damsté 
et al., 1993). Recently, fossil 16S rRNA gene 
sequences of the low-light adapted green sulfur 
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bacterial strain BS-1 have been detected in old 
deep sea sediments of the Black Sea, indicating 
that extremely low-light conditions in the chemo-
cline must have existed also during past photic 
zone anoxia (E. Marschall and J. Overmann, 
in prep.).

In the Eastern Mediterranean, isorenieratene 
(Menzel et al., 2002) and its diagenetic deriva-
tives (Passier et al., 1999) were detected in 
1.8–3.0-million year-old Pliocene as well as 
120,000-year-old interglacial (Rohling et al., 
2006) sapropels, suggesting that anoxic water 
layers reached the photic zone during sapropel 
formation and that the enhanced preservation 
of organic carbon was caused by anoxia of deep 
Mediterranean bottom water (Rossignol-Strick, 
1985; Rohling and Hilgen, 1991; Passier et al., 
1999). Older Cenozoic samples are the 34-Myr-
old late Eocene/Early Oligocene shales of the 
Austrian Molasse Basin that contain C

11
–C

19
 tri-

methyl substituted aryl isoprenoids (Schulz et al., 
2002).

Isorenieratane, the derivative formed very 
rapidly via nonbiological reduction with sulfide 
(Hebting et al., 2006), as well as the typical dia-
genetic and catagenetic C

32
/C

33
 diaryl isoprenoids 

and 2,3,6-/3,4,5-trimethyl-substituted aryl iso-
prenoids (Koopmans et al., 1996b; Clifford et 
al., 1998), or derivatives of bacteriochlorophylls 
c, d or e like methyl isobutyl maleimide (Grice 
et al., 1996; Pancost et al., 2004), have meanwhile 
been extracted from rocks deposited throughout 
Earth’s history (Fig. 3). In black shales from the 
94-Myr-old late Cenomanian, molecular fossils 
of chlorobactene have been detected. Since this 
particular carotenoid is present only in the green 
strains of Chlorobiaceae which are adapted to 
higher light intensities than their brown-colored 
counterparts which contain isorenieratene, it has 
been concluded that anoxic water layers extended 
as high as 15 m below sea surface at these times 
(Kuypers et al., 2002). Recently, okenane, chlo-
robactane and isorenieratane, the reduced but 
intact derivatives of okenone, chlorobactene and 
isorenieratene have been detected even in 1.64-
Gyr-old northern Australian shales (Brocks et al., 
2005).

However, isorenieratene has also been detected 
Streptomyces griseus and Brevibacterium linens 
(Krügel et al., 1999; Krubasik and Sandmann, 
2000), which are actinobacteria and hence belong 

to a different bacterial phylum. Vice versa, certain 
strains of brown-colored green sulfur bacteria do 
not contain any detectable amounts of isoreni-
eratene and β- isorenieratene which were origi-
nally thought to be typical for this group (Glaeser 
et al., 2002). Based on these uncertainties in the 
interpretation of fossil green sulfur bacterial pig-
ments, additional highly specific biomarkers are 
required for a more detailed reconstruction of the 
paleoenvironment.

Green sulfur bacteria (Chlorobi) form a dis-
tinct and coherent phylogenetic lineage (Over-
mann and Tuschak, 1997; Imhoff, 2003; Chapter 
14). Accordingly, 16S rRNA gene sequences 
are employed to trace the occurrence and spe-
cies composition of green sulfur bacteria in the 
environment (Overmann et al., 1999a; Tuschak 
et al., 1999). Compared to the limited diversity 
of carotenoids, 16S rRNA gene sequences pro-
vide the opportunity to differentiate between 
the 80 different phylotypes of green sulfur bac-
teria which are recognized to date (A. Manske 
and J. Overmann, submitted). Analyses of 16S 
rRNA gene sequences permit a more differenti-
ated view of past environmental conditions and 
may be used to identify typical marine members 
of the green sulfur bacteria, since the latter form 
a single, phylogenetically well-separated clade 
within the Chlorobi (Imhoff, 2003; Manske et al., 
2005). Subfossil DNA may survive over 10,000–
100,000 years under favorable conditions, par-
ticularly at low temperatures, high ionic strength, 
anoxic conditions and protection from enzymatic 
degradation by adsorptive binding to hydroxya-
patite, sand or humic acids (Romanowski et al., 
1991; Lindahl, 1993; Poinar et al., 1996; Crec-
chio and Stotzky, 1998; Willerslev et al., 2004). 
Indeed, intact DNA of anoxygenic phototrophic 
bacteria was extracted from up to 9,100-year-old 
holocene lake sediments and could be amplified 
by polymerase chain reaction and sequencing 
(Coolen and Overmann, 1998).

Recently, the 16S rRNA gene sequence of the 
chemocline strain Chlorobium BS-1 has also 
been detected in deep sea sediment layers of the 
Black Sea (A. Manske and J. Overmann, submit-
ted). The occurrence of subfossil 16S rRNA gene 
sequences of the extremely low-light adapted 
green sulfur bacterium may now be used as a more 
specific biomarker to infer photic zone anoxia 
and to determine the vertical extent of the oxic 
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zone more precisely. In a parallel approach, sub-
fossil 16S rRNA gene sequences were recovered 
from Eastern Mediterranean sapropels deposited 
between 8,000 and 217,000 years ago (Coolen 
and Overmann, 2007). Unexpectedly, however, 
all recovered sequences grouped with freshwa-
ter or brackish, rather than truly marine, types 
of green sulfur bacteria. In addition, green sul-
fur bacterial sequences could also be recovered 
from carbon-lean intermediate sediment layers 
deposited during times of an entirely oxic water 
column. It is therefore feasible that the molecular 
remains of green sulfur bacteria originated from 
populations which thrived in adjacent freshwa-
ter or estuarine coastal environments rather than 
from an indigenous pelagic population. Based on 
these novel findings, molecular biomarkers of 
anoxygenic phototrophic sulfur bacteria may not 
always represent autochthonous chemofossils.
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