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CHAPTER 8

Interaction of Sulphur and Carbon
Cycles in Microbial Mats

Y. COHEN, Y.M. GORLENKO AND E.A. BONCH-OSMOLOVSKAYA

8.1 PHOTOSYNTHESIS IN CYANOBACTERIAL MATS AND ITS
RELATION TO THE SULPHUR CYCLE

Cyanobacterial mats are organosedimentary structures composed primarily of
benthic cyanobacteria together with diverse communities of microorganisms
which trap, bind and precipitate sediment particles. Often cyanobacterial
mats produce laminated sediments-biogenic stromatolites due to seasonal
changes in the environment of deposition.

Cyanobacterial mats may serve as an ideal model for the study of basic
mechanisms of the microbial sulphur cycle and the evolution of the sulphur
cycle for several reasons:

(a) Cyanobacterial mats develop under environmental conditions excluding,
or at least limiting, eukaryotic organisms such as grazing metazoans.
This allows the study of microbial interactions with limited bioturbation.

(b) In most microbial mats the organic matter produced is autochthonous,
allowing the study of in situ primary production and the coupled
processes of mineralization of primary organic carbon of a known source.
In contrast, in most other systems, part or all of the primary organic
carbon is transported from other, often unknown, sources and is partially
decomposed during transport under unknown conditions. This aspect is
particularly important in the study of the decomposition and maturation
of microbial mats as a model for oil shale formation (Aizenshtat et al.,
1984).

(c) Cyanobacterial mats are the oldest known biogenic sedimentary structures
found as stromatolites dating back to 3.5 x 109 years ago. As such
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stromatolites are the only fossil record which can be found throughout
the entire geologicalera, even though they were most abundant during
the Precambrian (Shopf, 1983).

Presently, cyanobacterial mats are confined to restricted habitats including
hypersaline coastal marine environments, hot springs and alkaline lakes.
Major marine cyanobacterial mats studied include: Solar Lake, Gulf of
Aquaba (Krumbein and Cohen, 1974, 1977; Krumbein et al., 1977; Cohen
et al., 1980; Jorgensen et al., 1979, 1983; Cohen 1984); Shark Bay, Western
Australia (Logan et al., 1970; Playford and Cockbain, 1969; Bauld et al.,
1979; Bauld, 1984); Spencer Gulf, South Australia (Bauld et al., 1979;
Bauld, 1984); Laguna Figuerea, Baja California, Mexico (Stolz, 1984);
Guerrero Negro, Baja California, Mexico (Javor and Castenholz, 1984a,
1984b) and many other mats in Bermuda, Persian Gulf; Bonair, Caribbean
Sea; the Bahamas, and the USSR (Gorlenko et al., 1984). Hot spring
cyanobacterial mats have been primarily studied in Yellowstone National
Park, Wyoming, USA (Brock, 1978; Castenholz, 1984), Hunter's Spring,
Oregon, USA (Castenholz, 1973) and other hot springs in the USA, New
Zealand (Castenholz, 1976), Iceland (Schwabe, 1960; Castenholz, 1976), in
the Far East Kamchatka (Gorlenko and Bonch-Osmolovskaya, 1986a) and
in various hot springs in Europe. Cyanobacterial mats of alkaline lakes have
been described in Ethiopia, USSR and various location~ in the USA.

8.1.1 Oxygenic and anoxygenic photosynthesis

Cyanobacteria carry out oxygenic photosynthesis with two photosystems in
series, in a manner identical to eukaryotic phototrophs. Water is the electron
donor in oxygenic photosynthesis, and oxygen is the ultimate oxidation
product. Cyanobacteria are similar to eukaryotic algae and plants in that
they have chlorophyll a. In addition, the main light-harvesting pigments are
phycobiliproteins, which are also found in eukaryotic red algae together
with l3-carotene and zeaxanthin as the most common carotenoids (Stanier,
1974).

The phototrophic green bacteria and the purple bacteria, in contrast,
carry out anoxygenic photosynthesis using only one photosystem and then
require electron donors of redox potential lower than that of water. The
suitable donors are reduced sulphur compounds and CO2, The photosynthetic
pigments are various bacteriochlorophylls-a, b, c, d or e, together with a
great variety of accessory carotenoids. Though many phototrophic bacteria
can grow aerobically in a chemoheterotrophic model of growth, their long-

*The term 'sulphide' will be used to designate the total dissolved sulphide including H2S, HS--,
and S2-. The population of these species is pH-dependent.
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term photosynthesis is generally restricted to anaerobic reduced environments
where a suitable electron donor can be found. The physiological and
ecological consequences of the differences between oxygenic photosynthesis
of the cyanobacteria and the anoxygenic photosynthesis of the other
phototrophs are profound. However, cyanobacteria often share the same
ecological niche together with other phototrophs.

8.1.2 The sulphide-rich environment and toxicity

Cyanobacteria are sometimes found in environments with continuous
exposure to sulphide, such as hot springs with a constant sulphide supply
or in sulfureta, where sulphide is produced biogenically and where fluctuations
of anaerobic and aerobic conditions are common. These oscillations may
occur seasonally (Kuznetsov, 1970), or diurnally (Ganf and Viner, 1973) or
even during shorter time periods (J0rgensen et al., 1979).

Life in sulphide-rich environments has both advantages and disadvantages.
Sulphide is an effective reducing agent and provides the required low redox
potential for growth under anaerobic conditions. Sulphide toxicity is
quenched by chemical or biochemical combination with oxygen and oxidized
compounds. This may reduce or even eliminate the oxygen effects
of photoinhibition, photo-oxidation and photorespiration. Furthermore,
sulphide serves as an electron donor to anoxygenic photosynthesis. It may
also serve as an assimilatory sulphur source, especially in organisms lacking
the capability of assimilating sulphate.

Sulphide is highly toxic for most microorganisms. It reacts with various
cytochromes, haemoproteins and other compounds. It inhibits the electron
transport chain, blocking respiration as well as oxygenic and anoxygenic
photosynthesis. Sulphide toxicity is also apparent in organisms which are
well adapted to sulphide-rich environments, but the sensitivity varies
markedly among the different groups of microorganisms. The green
phototrophic sulphur bacterium Chlorobium is the most tolerant. This
organism may grow in the presence of as much as 8 mM sulphide (Pfennig,
1975). Chloroflexus is found in sulphide concentrations up to 1.5 mM
(Castenholz, 1976). Purple sulphur bacteria (Chromatium, Thiocystis, and
Thiocapsa) can tolerate 0.8-4 mM sulphide, whereas purple non-sulphur
bacteria are less tolerant (0.4-2 mM).

8.1.3 Anoxygenic photosynthesis in Oscillatoria limnetica and other
cyanobacteria

A flocculent mat from the bottom of the hypolimnion of Solar Lake, Sinai
(Cohen et al., 1977b) is composed mostly of Oscillatoria limnetica together
with the green sulphur bacterium Prosthecochloris sp. and the purple sulphur
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bacteria Lamprocystis sp. and Chromatium sp. Sulphide concentrations of
up to 5 mM accumulate in this layer and persist for about ten months before
holomixis occurs. Sulphide is oxidized during holomixis, and the sulphur-
dependent phototrophic community disappears while Oscillatoria limnetica
thrives under the oxic conditions which persist for two months before
stratification sets in again (Cohen et al., 1977a).

High primary production of up to 8 g (C) cm-2d-l was measured at Solar
Lake under stratification (Cohen et al., 1977b), of which about 60% may
be attributed to the activity of Oscillatoria limnetica in the presence of
sulphide.

This organism, though capable of oxygenic photosynthesis whenever
sulphide is absent, switches off photosynthesis II (PS II) when sulphide is
present and conducts anoxygenic photosynthesis (Cohen et al., 1975a, 1975b).
Very low concentrations (0.1-0.2 mM) of sulphide immediately inhibit the
oxygenic system (Oren et al., 1979). However, after two hours of exposure
to light in the presence of high sulphide concentration (3 mM), photo-
assimilation reappears and is insensitive to the photosystem II inhibitor
DCMU 3(3,4,dichlorophenyl) 1,1 dimethyl urea (Cohen et al., 1975a). The
possible participation of PS II in anoxygenic CO2 photo assimilation has been
further excluded (Cohen et al., 1975a) by the results of experiments in which
PS II was simply not activated (rather than being inhibited) by the use of
infrared light. Oxygenic photosynthesis requiring the operation in both
photosystems decreased drastically in the infrared (red drop), whereas
anoxygenic photosynthesis with sulphide was fully operative under such
conditions. Furthermore, if both photosystems could contribute to the
reaction, the enhancement in quantum yield would be predicted with respect
to that obtained with only PS I in operation. However, the 'enhancement
phenomenon' was observed only with oxygenic photosynthesis (Oren et al.,
1977). The new photosynthesis type is therefore anoxygenic, independent
of PS II and driven by PS I with sulphide as electron donor.

Two hours' preincubation in the presence of sulphide and light is required
for anoxygenic photosynthesis, indicating that induction may be involved.
Indeed, the protein synthesis inhibitor chloramphenicol inhibits the initiation
of anoxygenic photosynthesis (Oren and Padan, 1978). In order to survive
sulphide inhibition of photosystem II an adaptation which allows the use of
sulphide with photosystem I is necessary. We suggest that low redox leads
to a sulphide resistant modification which enables sulphide electrons to be
used. Protein synthesis occurs and electron carriers may be reduced. Addition
of sodium dithionate eliminates the lag period observed when Oscillatoria
limnetica is transferred to sulphide, possibly by providing the low redox
potential needed for the reduction and modification of electron carriers.

Sulphide is oxidized to elemental Soby Oscillatoria limnetica according to
the following stoichiometric relationship (Cohen et al., 1975a):
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2H2S + CO2 ~ CH20 + H2O + 2S

Elemental sulphur was observed as refractile granules either free in the
medium or adhering to the cyanobacterial filament. Otherwise the appearance
of the cells under the electron microscope was the same under both
anoxygenic and oxygenic conditions.

If sulphide is removed from sulphide-adapted cells, Oscillatoria iimnetica
immediately returns to oxygenic photosynthesis (Oren and Padan, 1978).
This capacity must therefore be present in the cells. The photosynthetic
system of Oscillatoria iimnetica thus operates facultatively both oxygenically
and anoxygenically.

When CO2 is eliminated from the reaction system in Oscillatoria iimnetica,
sulphide donates electrons to hydrogen evolution (Belkin and Padan, 1979).
This reaction occurs only in cells originally adapted to sulphide in the
presence of CO2, It is dependent on light and sulphide and is also insensitive
to DCMU. Like the CO2 photoassimilation reaction, it requires an induction
period of two hours and is driven by PS I. Whereas CO2 photoassimilation
is fully induced after two hours of incubation in the presence of sulphide,
the capacity of hydrogen evolution is very low. An additional 46 hours of
incubation in the presence of sulphide is needed for a full induction of
hydrogen evolution. Sulphide-dependent hydrogen evolution must require
an additional step (S) to that required for the sulphide-dependent photoassi-
milation. Yet, addition of sodium dithionate eliminates the required
incubation period, as in the case of anoxygenic photosynthesis (Belkin and
Padan, 1984).

The concentration of light harvesting pigments (chlorophyll a, phycobilins
and carotenoids) in the cell are identical under both oxygenic and anoxygenic
photosynthesis (Oren et ai., 1917). Quantum yield spectra of the two
photosynthetic modes show that, whereas only a narrow light band is
efficiently utilized in the oxygen mode, the entire absorbed spectrum is used
at high quantum efficiency in the anoxygenic mode. The drop in the quantum
efficiency of oxygenic photosynthesis at both the blue and red ends of the
visible spectrum is marked. This limited range of utilization of the visible
light spectrum in oxygenic photosynthesis of Oscillatoria iimnetica is similar
to that of other cyanobacteria (Lemasson et ai., 1973). It is markedly
different, however, from that of eukaryotic algae and plants which contain
in addition chlorophyll b in their light harvesting system. In these organisms,
almost the entire absorbed spectrum is utilized in oxygenic photosynthesis,
with the exception of the far 'red drop' (Govindjee et ai., 1968).

A comparison of rates of anoxygenic photosynthesis as a function of
sulphide concentration was made for 11 strains of cyanobacteria induding
the mat-forming Lynogbia 7104, Aphanotheca haiophiiica and Oscillatoria

limnetica (Garlicket at., 1977).In theseorganisms,the dependenceon
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sulphide concentration was similar, generating an optimum curve rather
than a saturation curve. The drop in the photosynthetic rates at higher
sulphide concentrations is caused by sulphide toxicity effects on photo system
I. The maximal rates of oxygenic and anoxygenic photosynthesis are similar
in both Osc. limnetica (1-2 f.Lm(C) mg protein-1 h-1) and Aphanotheca
halophilica (0.5-1 f.Lm(C) mg protein-1 h-l). While the dependencies on
sulphide are similar, both the affinities to sulphide and tolerances are
different. Each strain exhibits a different range of sulphide concentrations
at which anoxygenic photosynthesis can be performed. The sulphide ranges
at pH 6.8 are 0.1-0.3 mM for Lynogbia 7104, 0.1-1.5 mM for Aphanotheca
halophilica and 0.7-9.5 mM for Osc. limnetica. Furthermore, in each of
these cases the range is markedly affected by the pH of the medium
(Howsley and Pearson, 1979), which governs the dissociation of HzS.
Differences in pH-dependent sulphide ranges are known to constitute a
determining factor in the ecology of photosynthetic sulphur bacteria (Baas-
Becking and Wood, 1955; Pfennig, 1975).

The pattern of sulphide oxidation during anoxygenic photosynthesis of
cyanobacteria seems to be thermodynamically less efficient than oxygenic
photosynthesis. Photosynthetic bacteria oxidize sulphide to sulphate (Pfennig,
1975, 1977) gaining eight electrons for each HzS molecule, while the
cyanobacteria Oscillatoria limnetica and Aphanotheca halophilica remove
only two electrons per molecule of sulphur. Elemental So is the only end-
product of anoxygenic photosynthesis in these cyanobacteria (Cohen et al.,
1975b). Elemental sulphur may also be intermediate in the sulphide oxidation
process of several sulphur phototrophic bacteria (Triiper, 1973). Finally,
other sulphur-containing electron donors which are utilized by photosynthetic
bacteria do not seem to serve the photosynthetic system of sulphide-utilizing
cyanobacteria (Gromet-Elhanan, 1977; Pfennig, 1975, 1977). Anacystis
nidulans, however, can oxidize SzO~- to SO~-, yet SzO~- cannot serve as
the sole or even the major electron donor (Utkilen, 1976).

As in many photosynthetic bacteria and heterocystous cyanobacteria, Hz
has been shown to serve as an efficient electron donor for COz photoassimil-
ation in an anoxygenic reaction driven by photosystem I in both Oscillatoria
limnetica and Aphanotheca halophilica. Hydrogen evolution dependent on
sulphide oxidation has been demonstrated in both these strains (Belkin and
Padan, 1979) and in heterocystous species (Bothe et al., 1977; Tel-Or et al.,
1977; Weisman and Benemann, 1977).

In cyanobacteria, s~lphide appears to be more toxic to oxygenic than to
anoxygenic photosynthesis. In Oscillatoria limnetica, the former was inhibited
by 0.1 mM sulphide (Oren et al., 1979) while the latter was partially inhibited
by 4 mM (at pH 6.8) (Garlick et al., 1977). These differences have also
been observed in other facultative anoxygenic strains. This difference in
toxicity implies that at the higher range of sulphide concentrations,
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oxygenic photosynthesis will make only a minor contribution, if any, to
photo assimilation of COz. However, at lower ranges, oxygenic photosyn-
thesis may occur simultaneously with anoxygenic photosynthesis as demon-
strated in Oscillatoroa amphigranulata (Utkilen and Castenholz, 1979) and
in the chemocline of Solar Lake (J0rgensen et al., 1979). Low sulphide
concentrations (0.2 mM) are toxic to eukaryotic phototrophs and cyanobact-
erial strains that do not carry out anoxygenic photosynthesis (Castenholz,
1976; Knobloch, 1969; Howsley and Pearson, 1979).

The greater sulphide tolerance of anoxygenic photosynthesis operative
with PS I is a selective advantage in sulphide-rich habitats. Some cyanobac-
teria cannot grow continuously under strictly anaerobic conditions but they
can temporarily maintain themselves in the presence of sulphide. Other
cyanobacteria are capable of permanent growth under these conditions.
Oscillatoria limnetica thrives at the hypolimnion of Solar Lake under a 3cm
column of sulphide-rich water and grew well in the laboratory with 3.5 mM
sulphide and at pH 6.8 for a period of several months (Oren et al., 1977).
Facultative anoxygenic photosynthesis is clearly an advantage for life under
prolonged periods of exposure to sulphide.

8.1.4 Sulphide-oxygen fluctuation in cyanobacterial mats

The in situ use of microelectrodes (Oz, sulphide, and pH) in various microbial
mats demonstrated the establishment of a sharp redoxcline of less than 1 mm
as a result of oxygenic photosynthesis of cyanobacteria at the proximity of
the sulphide-rich microzone. The first measurements of microgradients of
Oz, sulphide and Eh in microbial mats were carried out in the flat shallow
cyanobacterial mats at Solar Lake, Sinai (J0rgensen et al., 1979; Padan
and Cohen 1982). This mat, dominated by the cosmopolitan mat-forming
cyanobacterium Microcoleus chthonoplastes, is situated under 30 cm of oxic
water. Extreme diurnal fluctuations were found, in the position of the Oz
maximum (0.5 mM at 1 to 2 mm depth at night). The Oz-HzS interface
migrates diurnally from the mat surface at night to 3 mm below surface at
noon. The photic zone extends down to 2.5 mm below the surface and HzS
peaked right below the photic zone. HzS and Oz were found to coexist at
2.5 mm depth over a depth interval of 0.2-1 mm, with a turnover rate of
less than a minute.

A more detailed study of the microstructures of the various microbial
mats in Solar Lake and their Oz, HzS and pH microprofiles was carried out
(J0rgensen et al., 1983). The dominant cyanobacterium in the flat and
blister mats was Microcoleus chthonoplastes in association with filamentous
flexibacteria, tentatively identified as Chlorofiexus-like organisms. Similar
associations were observed in cyanobacterial mats at Sabhat Gavish, southern
Sinai (Gerdes and Krumbein, 1984), microbial mats in Laguna Figueroa,
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Baja California, Mexico (Stolz, 1984), and in various microbial mats in
Shark Bay, Western Australia, and Spencer Gulf, South Australia (Bauld,
1984). The flat mat from the most shallow parts of Solar Lake has a photic
zone of merely 0.8 mm with a maximum photosynthetic activity of 50 mM
O2 cm-3 h-l at 0.3-0.4 mm depth. In deeper waters, the mats are less
compacted and the photic zones extend from 2.5 to over 10 mm with
increasing depth of overlying water. In all the microbial mats examined, a
pH shift of up to two units developed at the maximal photosynthetically
active zone causing rapid deposition of CaC03 in this microzone (Revsbech
et al., 1983).

In the hypolimnic flocculent mat at Solar Lake, Sinai, where Oscillatoria
limnetica is the dominant cyanobacterium at 3 mM sulphide (Krumbein and
Cohen, 1977; Krumbein et al., 1977), no O2 could be detected at the
photosynthetically active layer. Yet, this organism can produce O2 well at
higher light intensities, even at 3 mM sulphide (Cohen et al., 1985).

All cyanobacterial mats examined so far exhibit sharp microgradients of
sulphide, O2 and pH which fluctuate diurnally, thus exposing both the
cyanobacteria and sulphate-reducing bacteria to alternating conditions of
highly oxygenated water and elevated sulphide concentrations.

8.1.5 Strategies of oxygenic and anoxygenic photosynthesis in mat-forming
cyanobacterial isolates

Axenic cultures of cyanobacteria isolated from various biotopes exposed to
varying sulphide concentrations were examined for their capacity to carry
out oxygenic and/or anoxygenic photosynthesis under a range of sulphide
concentrations. Four different strategies of photosynthetic life under varying
degrees of sulphide exposure were detected.

1. Irreversible cessation of CO2 photoassimilation upon brief exposure to
sulphide
Anacystis nidulans isolated from planktonic blooms is highly sensitive to
sulphide. Exposure to 100 f-lm sulphide causes 50% inhibition of CO2
photoassimilation, and at 200 f-lmsulphide it is blocked completely. When
sulphide was removed after 2 hours of incubation in the presence of sulphide
in the light, no regenerated photoassimilation could be detected. A similar
sensitivity to sulphide was shown by Schwabe (1960) for Mastigocladus, the
thermophilic cyanobacterium found under very low sulphide concentrations
(up to 2 f-lm)in various hot springs in Iceland, New Zealand, and the USA
(Schwabe, 1960; Castenholz, 1976, 1977; Brock, 1978).

2. Enhancement of oxygenic photosynthesis upon exposure to sulphide and
inability to utilize sulphide as an electron donor for anoxygenic photosynthesis
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This type of photosynthesis is represented by Oscillatoria sp. isolated from
Wilbor Springs, California. This organism, which grows at 1 mM sulphide
at neutral pH, shows 45 x enhancement of oxygenic photosynthesis upon
exposure to 800 JJ..msulphide at neutral pH. With increasing sulphide
concentrations CO2 photo assimilation was gradually inhibited, yet no
anoxygenic, DCMU-insensitive photosynthesis could be detected. Similar
activities were reported for Phormidium sp. isolated from a hot spring at
Yellowstone National Park by Weller et al., (1975).

3. Enhancement of oxygenic photosynthesis at low sulphide concentrations,
inhibition of photosystem II at higher sulphide concentrations and a
concomitant induction of anoxygenic photosynthesis operating in concert with
the partially inhibited oxygenic photosynthesis at higher sulphide concentration
Microcoleus chthonoplastes, representing this type of photosynthesis, is a
cosmopolitan mat-forming cyanobacterium in hypersaline coastal lagoons.
Isolates from Solar Lake and Sabhat Gavish, Sinai; Laguna Figueroa and
Guerrero Negro salt pans, Baja California, Mexico; Spencer Gulf, South
Australia; and Shark Bay, Western Australia all show virtually the same
photosynthetic activity. The ultrastructures of the cyanobacterial mats
dominated by Microcoleus chthonoplastes from Solar Lake (Cohen, 1984);
Laguna Figueroa (Stolz, 1984), Shark Bay (Bauld et al., 1979; Bauld, 1984)
and the Persian Gulf (Stolz, personal communication) are all extremely
similar. The same type of photosynthetic activity was described by Utkilen
and Castenholz (1979) for Oscillatoria amphigranulata isolated from alkaline
hot springs in New Zealand at 2.2 mM sulphide.

4. Complete reversible inhibition of photosystem II at low sulphide
concentrations and induction of efficient anoxygenic photosynthesis at higher
sulphide levels.
This type of photosynthesis was initially described in Oscillatoria limnetica
from Solar Lake by Cohen et al. (1975a), and later for other cyanobacteria
by Garlick et al. (1977). Oren et al. (1979) demonstrated that, unlike types
2 and 3, photosystem II is completely blocked at 100 JJ..Msulphide. When
the cyanobacterium is exposed to high sulphide levels an induction period
of 2 hours is needed for anoxygenic, photosystem I-dependent photosynthesis
to be fully induced.

Recently this type of activity was also found in a hot spring isolate,
Oscillatoria sp., growing in Stinky Spring, Utah at 1.1 mM sulphide and pH
of 6.3.

Cyanobacteria exhibit a great degree of variability in their photosynthesis
as a function of varying exposures to sulphide. These four strategies represent
increasing degrees of adaptation to photosynthetic life under sulphide.
Prolonged exposures to increasing sulphide concentrations result in the
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dominance of cyanobacterial strains which can better utilize sulphide, and
hence one finds a gradual shift from type 1 to type 4.

Generally, type 1 are either not exposed at all to sulphide or exposed to
negligibly low concentrations of it. Type 2 are found among cyanobacteria
exposed to up to 1 mM sulphide at neutral or basic pH. Anoxygenic
photosynthesis could not be demonstrated in these organisms, yet their
oxygenic activity is enhanced at low redox potentials which allow protection
from photo inhibition and increased efficiency of COz photoassimilation.
Types 3 and 4 develop at relatively high sulphide concentrations at neutral
or acidic pH. Sulphide toxicity is pH-dependent; it is more toxic at lower
pH. Presumably, HzS penetrates passively through the cell membrane
obeying diffusion laws, whereas the ionized forms, HS- and SZ-, need
active transport mechanisms. Thus, Oscillatoria amphigranulata occurring at
2.2 mM sulphide at alkaline pH is a type 3 organism, whereas Oscillatoria
sp. from Stinky Spring, Utah, developing under 1.1 mM sulphide but at a
pH of 6.3, is a type 4 cyanobacterium.

Photosystem II of the various types of cyanobacteria show different
sensitivities to sulphide inhibition. Exposure to 50 IJ-Msulphide at pH 7.5
induces maximal variable fluorescence of PS II in both Anacystis nidulans
(type 1) and Oscillatoria limnetica (type 4). The addition of 10-4 M DCMU
does not further enhance PS II fluorescence. Yet, in Oscillatoria sp. from
Wilbor Springs, California (type 2), PS II variable fluorescence is only
partially affected even at 1 mM sulphide and pH 7.5. Further addition of
10-4 M DCMU induces the maximal variable fluorescence of PS II. Similar
results were obtained in cultures of Synechococcus lividus from Yellowstone
National Park, Oscillatoria sp. from Stinky Spring, Utah, and the various
Microcoleus chthonoplastes isolates from Solar Lake, Sabhat Gavish, Baja
California and Spencer Gulf.

The ability of various cyanobacterial mat communities to produce and
accumulate oxygen under increasing sulphide concentrations as well as the
efficiency of recovery of oxygenic photosynthesis upon gradual removal of
sulphide was measured by the introduction of Oz, Sz- and pH microelectrodes
into small blocks of various cyanobacterial mats suspended in sulphide-
containing media. Given sufficiently high light intensities, all cyanobacteria
of the types 2, 3 and 4 are capable of producing and accumulating oxygen
under sulphide. Yet, the level of sulphide at which oxygen production is
detected changes significantly from one type to another. Oscillatoria
limnetica-type 4-produces Oz at only low sulphide concentrations of
50 IJ-M, whereas Microcoleus chthonoplastes-type 3-undergoes efficient
oxygenic photosynthesis at higher sulphide levels of 250 IJ-Mat neutral pH,
and Oscillatoria sp. from Wilbor Springs-type 2-produce O2 at much
higher sulphide (i.e. of several mM) concentrations (J0rgensen et al,. 1983).

Various types of photosynthesis are found both in hot sulphur springs and
various sulfureta. The degree of exposure to sulphide in sulfureta depends
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on the coupling of primary production and sulphate reduction-the only
source of sulphide in these biotopes. The importance of sulphate reduction
as the major process in the mineralization of the produced organic matter
was demonstrated by 10rgensen and Cohen (1977) and by Skyring (1984).

8.1.6 Coupling of primary production and sulphate reduction in
cyanobacterial mats

Since the coupling of the two processes in cyanobacterial mats must occur
in close proximity to the photic zone, which is highly oxygenated during
most of the day, the usual technique for the measurement of sulphate
reduction cannot be accurately applied in these systems. Sulphide undergoes
fast turnover due to efficient oxidation photosynthetically, chemolithotroph-
ically, heterotrophically or even chemically in the presence of O2. Hence,
H2S produced by sulphate-reducing bacteria cannot be quantitatively
measured by injecting Na~5S04 into sediment cores. A new method has
been developed in order to assess the degree of coupling of sulphate
reduction to primary production in these systems (Cohen, 1985a). Silver
wires, 0.15 mm in diameter and 1 cm in length, are coated with Na~5S04
of high activity and are introduced into the mat by means of a micromanipul-
ator alongside the microelectrodes for O2, sulphide and pH. The mat is
then incubated either in the light or in the dark for periods of 10 minutes
to 2 hours, after a period of preincubation under the same conditions. A
series of silver wires are pulled out of the mat at different time intervals.
They are autoradiographed for the activity of the Ag35S, after washing to
remove all remaining 35S0~- . The vertical microprofiles of sulphate reduction
are then compared to the microprofi1es of O2, sulphide and pH as well as
to the profiles of oxygenic primary production. The silver wires are later
cut into 1 mm segments and each is counted in a scintillation counter. This
new method has several major advantages, but also presents some problems
compared to the conventional method for the determination of sulphate
reduction. The new method allows the determination of SO~- reduction
rate in close proximity to oxic microzones since the sulphide produced binds
to the silver wire at high affinity and resists oxidation. Although there may
not be an overall sulphide accumulation, as it is immediately oxidized, it
can still be measured using this technique while this was impossible to
determine in the previous method. The other advantage is the understanding
of the microenvironmental conditions of sulphate reduction and a better
insight of its coupling to primary production. The disadvantage of this
technique is the difficulties in the quantification of the activities since
diffusion of the labile SO~- causes a decrease of specific activity with time.

Therefore, the time dependence of the sulphate reduction activity is necessary
to quantify its activity.



202 Evolution of the Global Biogeochemical Sulphur Cycle

The new technique reveals an extremely tight coupling of sulphate
reduction and primary production in the Solar Lake cyanobacterial mat.
Not only can sulphate reduction be detected under the highly oxygenated
conditions at the photic microzone of the cyanobacterial mat, but this activity
is enhanced in the light where Oz concentrations may increase to 4.5 x the
saturation value at 1 atm Oz. Furthermore, the light spectrum that is most
efficient in oxygenic photosynthesis is responsible for the induction of
sulphate reduction. Specifically, wavelengths of 590-660 nm which are
absorbed by the major light-harvesting pigment, phycocyanine, induce both
primary production and sulphate reduction. The sulphate reduction activity
under these conditions is fuelled directly by photosynthates excreted by the
cyanobacterial oxygenic photosynthesis under high Oz concentrations and
high light intensities. The nature of these excretions is currently being
studied.

Many sulphate-reducing bacteria have been shown to be strict anaerobes
and highly sensitive to Oz toxicity (LeGall and Postgate, 1973; Pfennig et
ai., 1981). Yet, in, the Solar Lake cyanobacterial mats, and probably in
many other mat systems, these organisms operate well under periodic
exposures to high Oz concentrations. The mechanisms allowing sulphate
reduction under these conditions are not fully understood. Preliminary
results indicate the involvement of Hz in the coupling of primary production
and sulphate reduction. Several mat-forming cyanobacteria have been shown
to produce Hz under COz limitations. Temporal COz limitations may well
occur at the photic microzone of the cyanobacterial mats due to the high
specific rate of COz photoassimilation creating high pH values (>9.5) and
precipitation of CaC03 in this Ca-rich system.

8.1.7 Fez+ -dependent photosynthesisin benthic cyanobacteria

The diurnal migration of the redoxc1ine through the photosynthetic layer
assures the release of Fe2+ from the pool of monosulphide. High
concentrations of dissolved Fez+ were observed in the interstitial water in

the upper 2 mm of the Solar Lake cyanobacterial mat in the morning hours.
The ferrous ion is a good potential electron donor for photosynthesis in
cyanobacteria and may thermodynamically operate well in the range of
redox potential values of - 50 mV to + 50 mV, which is typical for the photic
microzone during the diurnal transitions from fully reducing conditions at
night to the high Oz concentrations in the daytime. Banded microlayers of
iron oxides are not very common in recent cyanobacterial mats, yet they
are found in several mats in Spencer Gulf, South Australia and in Shark
Bay , Western Australia as well as in several coastal lagoons such as the
Sippiwissett Marsh at Cape Cod, USA. Iron-dependent photosynthesis of
mat-forming cyanobacteria has long been speculated to be responsible, at
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least in part, for the extended deposition of Banded Iron Formations during
the Precambrian (Knoll, 1979; Cloud and Gibor, 1983). This type of
photosynthesis was speculated to be an important step in the evolution of
oxygenic photosynthesis (Hartman, 1983).

Several cyanobacteria were examined for their capacity to use Fez+ as an
electron donor in photosynthesis. Oscillatoria sp. from Wiebor Springs and
Stinky Hot Spring as well as all Microcoleus chthonoplastes isolates showed
Fez+-dependent COz photo assimilation (Cohen and Gack, 1985). Ferrous
ion donates electrons primarily to photosystem II and this activity is thus
DCMU sensitive. Ferrous ion initially blocks photosynthesis as indicated by
a sharp temporal decrease in the PS II variable fluorescence in the presence
of 10-5 M DCMU. Yet, after a short incubation in the presence of
Fez+, the fluorescence reappears and with it an efficient rate of COz
photoassimilation and iron oxidation. Iron is oxidized through a ferritine
intermediate. The end-product of the oxidation, iron oxide, is excreted
outside the cell, similar to the excretion of So in sulphide-dependent
anoxygenic photosynthesis.

Preliminary results of the diurnal fluctuation of Fe2+ and oI3C values for
kCOz in the interstitial water in the upper 10 mm of the sediment core from
the San Francisco Marsh, showed loss of Fez+ from the photic zone during
the day. There were two peaks of I3C enrichment, one at the deepest part
of the photic zone at 4-6 mm, and one at the surface. This indicated two
microzones of autotrophic activities. The upper zone is clearly the result of
oxygenic photosynthesis, whereas at the lower layer a Fez+-dependent COz
photo assimilation is inferred.

The importance of Fez+-dependent photosynthesis as an intermediate
between sulphide-dependent activity and oxygenic photosynthesis is not yet
understood.

8.1.8 Regulation of the sulphur cycle in recent cyanobacterial mats

Over 99% of COz photo assimilation and SO~- reduction as well as all
sulphide oxidation processes in cyanobacterial mats take place in the upper
5-10 mm of the sediment. Any attempt to estimate the rates of processes
in this system must be carried out on a microscale. Analysis of bulk samples
must be cautiously treated.

In these microdimensions, very sharp gradients of °z, sulphide, pH, Eh,
Fe3+ and other parameters are established. These sharp gradients within a
few millimetres are the result of highly specific photosynthetic activities,
sulphate reduction and sulphide oxidation and heterotrophic microbial
activity. The chemical microgradients fluctuate drastically daily and expose
the microbial communities to 1 mM 01. pH of 9-10, Eh of +200 mY, and

over 10mM Fe3+at noon, in contrastto 5 mMsulphide,pH 6.5-7.0,and
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Eh of -100 mV at night. Microorganisms must adapt to these drastic
microenvironmental changes by developing elaborate regulatory mechanisms.

The regulation of photosynthetic mat-forming cyanobacteria has been
studied in detail since 1974. Anoxygenic, sulphide-dependent photosynthesis
and oxygenic photosynthesis under sulphide both playa major role in
sulphide oxidation processes in these environments. Using our present
knowledge we can predict which type of cyanobacteria will dominate a given
biotope by measuring the diurnal microgradients of oxygen and sulphide
(Cohen et at., in press).

Since iron serves as a major trap of sulphide, the regulation of Fe2+,
Fe3+ in sediments is highly interrelated to the sulphur cycle. The information
on Fe2+ photosynthesis in cyanobacteria is presently inadequate to properly
assess its ecological importance.

8.1.9 Precambrian cyanobacteria and stromatolites

Cyanobacterial mats are an extremely ancient phenomenon, documented in
the oldest fossils known, dating 3.5 x 109 years ago. For the remaining
period of the Archaean and throughout the Proterozoic era, up to 0.57 X
109years ago, stromatolitic communities of cyanobacterial mats are the most
abundant fossils. In the Palaeozoic era, the fossil record of stromatolites is
limited and restricted to intertidal and supratidal hypersaline marine
environments, thermal springs and alkaline lakes (Awramik, 1984), where
they were protected from the newly evolved grazing activity.

Another major sedimentary record of the Proterozoic is widely spread
deposition of finely laminated ferro-ferric oxides known as the Banded Iron
Formations. The understanding of microbial activities in recent cyanobacterial
mats may throw light on our understanding of evolution processes in the
Precambrian. The recent mat-forming cyanobacteria present a protocyano-
bacterial group which differs markedly from modern planktonic cyanobacter-
Ia.

8.2 MICROORGANISMS OF THE SULPHUR CYCLE AND THEIR
ACTIVITY IN MICROBIAL MATS OF HOT SPRINGS

8.2.1 Introduction

Certain aquatic microorganisms find a favourable ecological niche at
solid-liquid interfaces where particular physicochemical conditions have been
established (Marshall, 1980; Gorlenko et at., 1983). In waters lacking
nutrients, such as springs, inorganic ion"sand organic ions may be concentrated

.V.M. Gorlenko and E.A. Bonch-Osmolovskaya.
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on the sediment surface. This promotes the colonization of the spring bed
by microorganisms which form benthic associations referred to as microbial
mats. The composition of microbial mats depends upon the characteristics
of the spring.

Microbial mats often contain a phototrophic component, mainly cyanobac-
teria, which are primary producers of organic matter (Bauld, 1981a;
Krumbein, 1983). However, in some cases, phototrophic microorganisms
are not found in microbial mats. Examples are sulphur mats of submarine
vents (see Chapter 7) and regions near extremely hot sulphur spring orifices.
In these systems, the primary producers are chemolithotrophic sulphur
bacteria (Brock, 1978; Caldwell et at., 1976; Gorlenko et at., 1988).

According to Bauld (1981b) microbial mats are associations of microorgan-
isms which colonize benthic surfaces and form adhesive, extended and often
layered structures. The terms cyanobacterial and algabacterial mats should
be used carefully, since they characterize only certain types of mats.

Emphasis has been placed on benthic microbial associations inhabiting
shallow marine systems (Krumbein et at., 1979; Cohen et at., 1984), but
information about mats in thermal springs is rather scanty (Brock, 1978;
Cohen et at., 1984). These environments (dominant sulphide, CH4, CO2
and N2) are of particular interest because they are believed to be similar to
Precambrian systems (Awramic, 1984; Walter, 1976; Zavarzin, 1984).

Due to the diversity of types, springs are convenient natural model
systems. It is possible to study individual factors which determine populations
of species and regulate microbial processes, in different springs.

Hot springs are particularly interesting because high temperatures restrict
the number of species (Brock, 1978; Gorlenko et at., 1985). Downstream,
at lower temperatures more diverse microbial associations develop. Hence,
one spring can provide considerable information about the structure of
microbial communities.

The present paper considers microbial mats in thermal springs with high
concentrations of sulphur compounds. The sulphide concentration determines
species and regulates carbon and sulphur metabolism in these systems
(Brock, 1978; Castenholz, 1984a).

8.2.2 Types of hot springs

The mineral composition of a given spring depends on the composition of
the rocks through which the hydrothermal solution migrates. The total
mineralization of springs varies over the range of 10-2 to 102g(salt) I-I.
Therefore both fresh water and halophilic microorganisms can develop in
different springs. In some mineral springs, the cation concentration sequence
is Na+>Ca2+>Mg2+ (Miyaki, 1965), and the anion sequence may be
SO~- >CI->HC03: Cl->SO~->HC03: or Cl->HC03>SO~-. The
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second anion sequenceresemblesseawater in composition. The water of
some hot springs contains high concentrations of heavy metals and toxic
compounds such as Sb and As salts. These substances might influence the
microbial population.

Hot springs can be divided into two main groups: alkaline to neutral and
acid. Acid springs have unique microflora which have adapted to extreme
conditions: pH (1-5), high temperature and HzS, the latter being especially
toxic at low pH values. Acid springs are found in zones of solfataric and
fumarole activity. Here, the water may be acidified by bacterial oxidation
of fumarole elemental sulphur to sulphate (Zavarzin, 1984).

Boiling acid sulphur springs are especially interesting since they are
inhabited by archaebacteria including the sulphur oxidizers Sulpholobales
and the elemental sulphur reducers, Thermoproteales. In acid hydrothermal
springs, neither mats nor prokaryotic phototrophs have been found. However,
the eukaryotic alga Cyanidium acidocaldarium may be found at 45-55°C
(Brock, 1978). In contrast to acid springs, microbial mats may develop to
a considerable thickness near the orifices of neutral or alkaline hot springs.

Hydrotherms are subdivided according to their gas composition (Zavarzin,
1984). Nitrogen-COz thermal springs have highest temperatures and
are formed by mantle emanations. Examples that have been studied
microbiologically include springs in Iceland, North America (Yellowstone
National Park), Kamchatka (caldera of the Uzon volcano) and Kunashir
Island (the southernmost Kuril island). Nitrogen-rich hydrothermal springs
are formed outside the regions of active volcanism and have lower
temperatures. There are also COz springs which are relatively cold. Rather
rare hydrogen springs are found in Iceland.

Hydrogen sulphide, usually a product of mantle exhalations, is found in
many types of springs: high concentrations are present in association with
COz in thermal springs in craters and calderas of volcanoes. Secondary
biogenic HzS is generated in springs flowing through sedimentary sulphate
rocks with organic inclusions. Exogenic gases from deep crustal or upper
mantle sources may serve as energy and carbon sources for microflora.
Potential hydrogen donors are Hz, CH4 and HzS whereas COz is an electron
acceptor. Carbon dioxide (bicarbonate) and dissolved organic substances
may be assimilated by microorganisms. Mantle gases usually contain no
more than 0.05% oxygen, but downstream water may derive Oz from the
atmosphere and photosynthesis by cyanobacteria.

The microbial communities are relatively stable in neutral-alkaline springs
because of the steady water inflow. Seasonal fluctuations of temperature,
mineralization and other physicochemical factors are minimal (Castenholz,
1984a). Photo- and chemolithotrophic microorganisms dominate these waters
because the small quantities of nutrients, especially organic matter, do not
meet the requirements of most heterotroph species (Campbell, 1983).
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However, excreted organic matter and decaying cells create conditions
suitable for the development of some heterotrophic microorganisms (Ward
et al., 1984). Therefore, hot springs are characterized by a great diversity
of microorganisms dependent upon factors such as concentrations of H2S,
pH and salinity.

8.2.3 Microorganisms of the sulphur cycle

8.2.3.1 Cyanobacteria

Cyanobacteria are primary producers which form the basis of most hot
spring microbial mats at temperatures below 74°C and pH higher than 5.5
(Castenholz, 1984a). The unicellular bacterium Synechococcus lividus was
found at 74°C in alkaline springs of Yellowstone National Park. One of the
isolated strains was cultured at 63-67°C (Meeks and Castenholz, 1971). In
nature, other species of Synechococcus are found at lower temperatures
such as S. elongatus (66-70°C) and the widely spread S. minervae (60°C)
which prefers hot springs with low sulphide content (Castenholz, 1969;
Gerasimenko et al., 1983). Usually these species develop jointly with the
filamentous Chloroflexus which imparts rigidity to the mat. Other species
of cyanobacteria colonize low-temperature (45- 55°C) zones of thermal
springs. Filamentous cyanobacteria of the genera Oscillatoria, Spirulina and
Phormidium are also widespread. Some species tolerate temperatures as
high as 60°C, e.g. Oscillatoria okenii, Spirulina sp., Phormidium laminosus.
Highly differentiated cyanobacteria which are capable of N2 fixation (e.g.
Mastigocladus luminosus) occur in many low sulphide springs of the USA,
New Zealand, Iceland and the USSR (Castenholz, 1969).

In 1975, it was shown for the first time that Oscillatoria limnetica may
completely switch to anoxic photosynthesis consuming dissolved sulphide as
a hydrogen donor (Cohen et al., 1975a, 1975b) and oxidizing it to extracellular
So. It was further shown that cyanobacteria can be divided into four groups,
on the basis of their tolerance to sulphide and ability to use sulphide as an
H-donor (Castenholz, 1973, 1976, 1977; Garlick et al., 1977; Howsley and
Pearson, 1979; Cohen et al., 1984). Various cyanobacteria from hot spring
environments are listed in their respective groups in Table 8.1. It is seen
that a large variety of bacteria inhabiting hot sulphur springs participate
actively in the sulphur cycle. In some species, sulphide oxidation occurs by
anoxic photosynthesis similar to bacterial photosynthesis, whereas in others
it occurs with the help of O2 released by O2 photosynthesis.

Cyanobacteria performing anoxic photosynthesis are able to compete for
H-donors with green and purple bacteria which also inhabit microbial mats
of sulphur springs. The role of thiophilic cyanobacteria in the sulphur cycle
is not confined to oxidative processes. Some, belonging to the fourth group,
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Table 8.1 Cyanobacteria-sulphiderelation in hot springs

* I-HS- is not used as H-donor by cyanobacteria: they are highly sensitive to HS-.
II-HS- is not used as H-donor but it stimulates oxygenic photosynthesis.

III-HS- is used as H-donor; photosystem II is tolerant to [HS-].
IV-HS- is used as H-donor; photo system II is sensitive to low [HS-].

are able to consume So as an electron acceptor for oxidation of endogenic
substrates under dark anaerobic conditions (Oren and Shilo, 1979). As a
result of 'sulphur respiration', elemental sulphur is reduced to sulphide.
Sulphur respiration has also been found in Chlorofiexus and in purple
sulphur bacteria (Van Gemerden, 1968).

Organisms in microbial mats can also participate in the sulphur cycle by
assimilatory reactions. Like other prokaryotes, cyanobacteria are able to
assimilate sulphate. Some of them prefer to utilize more reduced products
for assimilatory purposes. It has been shown that Oscillatoria amphigranulata
can utilize So as well as sulphate during phototrophic growth (Castenholz
and Utkilen, 1984). Sulphur accumulated by such microorganisms undergoes
further transformation during the decomposition of dead cells and diagenesis.

8.2.3.2 Anoxic phototrophs

The green filamentous bacterium Chlorofiexus is a common component of
microbial mats in hot springs with low mineralization (Pierson and Castenholz,
1974; Bauld and Brock, 1973; Castenholz, 1984a, 1984b; Gorlenko et al.,
1985). This organism is capable of phototrophic growth when consuming
sulphide or organic compounds as electron donors and chemotrophic growth
in the dark (Madigan and Brock, 1973, 1975; Madigan et al., 1974). The
most rapid growth for all isolated strains occurs photoheterotrophically

Species [HS-] in Response*
nature to HS- Reference

Mastigocladus 2 M I Castenholz, 1976; 1977;
laminosus Gerasimenko et al., 1983

Synechococcus trace II Castenholz, 1977; Brock, 1978
/ividas

Oscillatoria sp. 6 M II Cohen (this volume, Section 8.1)
Phormidium sp. II Weller et al., 1975
Oscillatoria 2.2 M III Cohen (this volume, Section 8.1)
amphigranulata

Phormidium 0.1 M III Bildushkinov and Gerasimenko,
amphigranulata 1985

Oscillatoria sp. 1.1 M IV Cohen (this volume, Section 8.1)
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(Castenholz, 1984a, 1984b). Chlorofiexus, considered to be the most active
consumer, uses both excretion products of oxygenic phototrophs, i.e.
cyanobacteria (Bauld and Brock, 1974) and decomposition products of dead
microorganisms (Ward et al., 1984). Bildushkinov and Gerasimenko (1985)
are of the opinion that Chlorofiexus plays an important role in the oxidation
of organic matter with Ob since it inhabits the interface between the
anaerobic and aerobic zones. Chlorofiexus occurs both in high sulphide
springs and in hydrothermal springs containing trace sulphide. Evidently the
role of Chlorofiexus in different mats varies depending upon redox conditions,
availability of sulphide, and light intensity (Doemel and Brock, 1977). At
high sulphide concentrations in mats which contain Chlorofiexus as the sole
phototrophic component (Castenholz, 1976, 1984b) sulphide inhibits many
species of cyanobacteria. Therefore, in a number of sulphur springs, only
Chlorofiexus develops, and its upper temperature limit (65-66°C) is lower
than that for low sulphide springs (n°C). Anaerobic mats are common in
springs of Iceland, New Zealand and some regions of North America.
Primary production in anaerobic mats is maintained exclusively at the
expense of anoxic phototrophic green bacteria. Elemental sulphur produced
by photo-oxidation serves as terminal electron acceptor for anaerobic
destructors, such as sulphur-reducing bacteria. Since So does not accumulate
in macrobial mats, one can assume that sulphur reduction is a basic removal
process.

Anaerobic sulphur mats of hot springs are characterized by relatively
simple interdependent cycles of carbon and sulphur. They can be regarded
as the most probable analogues of ancient mats or stromatolites which
existed before the appearance of O2 photosynthesis (Awramic, 1984).

It is noteworthy that strains isolated from the upper part of anaerobic
mats cannot develop under anaerobic conditions in the dark (Castenholz,
1984b). It is still unknown whether these strains are ecotypes of Chlorofexus
aurantiacus or an independent species.

In warm sulphur springs (28-40°C), there are filamentous green bacteria,
e.g. Oscillochloris trichoides, containing gas vacuoles (Gorlenko and
Korotkov, 1979). This green bacterium occurs in springs of Kamchatka,
Dagestan, and Lenkoran (Gorlenko et al., 1985) and has been studied in a
monoculture (Gorlenko and Korotkov, 1979). It has been shown that the
physiology of O. trichoides is similar to Chlorofiexus. However, C.
aurantiacus and O. trichoides have ecologically different temperature regimes.
Oscillochloris tends towards anaerobiosis and photoautotrophy and exhibits
a greater tolerance to sulphide (204 mM). During photosynthesis, sulphide
is oxidized by Oscillochloris to So. Field studies show that O. trichoides
inhabits low temperature sulphur mats often beneath purple sulphur bacteria.
From these observations one can assume that photosynthesis by O. trichoides
depends upon sulphide ascending from lower layers of the mat.
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Purple sulphur bacteria have often been observed in hot springs (Miyoshi,
1897; Castenholz, 1969, 1977). Madigan (1984) isolated the thermophilic
strain Chromatius strain MC from a reddish bacterial mat embedded in
carbonate sinter of a sulphide thermal spring (45°C) in the Upper Terrace
area of Mammoth hot springs, Yellowstone National Park, Wyoming, USA.
The optimal temperature range of this organism in laboratory cultures was
found to be 48-50°C and the upper limit, 58°C. Chromatium strain MC
morphologically resembles the smaller species C. vinosum. It differs from
the other mesophilic species by its inability to grow on organic substrates
in the absence of sulphide and CO2. The thermophilic culture also differs
from C. vinosum in carotenoid composition, its basic carotenoid being
rhodovibrin.

Other thermophilic strains of Chromatium were obtained from thermal
springs in New Mexico (47-48°C) (Madigan, 1984). Evidently, purple sulphur
bacteria are widely spread in springs enriched in sulphide at temperatures
of 40-58°C. Mesophilic Chromatium are often found in mats of hot springs
in the temperature range 28-45°C (Gorlenko et al., 1985).

Hot springs of high salinity in Dagestan in the Caucasus (Baftugai springs;
mineralization, 70-100 g salt 1-1; pH, 6.5-7.0; sulphide, 30-40 mg I-I;
45-52°C) contain sulphur mats with a red-brown layer consisting of Ectothio-
rhodospira sp. (authors, unpublished data). Some species of this genus (E.
halophila and E. abdelmalekii) develop at elevated temperatures (45-47°C)
in shallow saline water basins and soda lakes (Raymond and Sistrom, 1969;
Imhoff et al., 1978).

Purple sulphur bacteria in microbial mats utilize dissolved sulphide during
anoxic photosynthesis. Since they occupy the upper boundary of the
anaerobic zone, it is evident that they primarily consume biogenic sulphide
arriving from lower layers of the mat. It is well known that many small
forms of Chromatiaceae can grow aerobically in the dark (Bogorov, 1974;
Gorlenko, 1974; Kiimpf and Pfennig, 1980). Therefore, one can assume that
during the dark and perhaps at low light intensities during the day, purple
bacteria oxidize sulphide by chemosynthesis. Thus they perform the same
function as colourless chemosynthetic bacteria in the community. In summary,
the role of purple bacteria as producers of organic matter is very important
since they function both photosynthetically and chemosynthetically.

Non-sulphur purple bacteria are widely spread in thermal springs at
moderate temperatures (28-55°C) (Gorlenko et al., 1985). Rhodopseudo-
monas palustris, Rhodobacter capsulatus, and Rhodocyclus gelatinosus are.
frequently encountered (Table 8.2). The first two are able to consume
sulphide at low concentrations both in light and the dark (Gorlenko, 1981).

Hence, some species of non-sulphur purple bacteria may participate in
sulphur metabolism in microbial mats, performing the function of sulphur
bacteria. The physiology of non-sulphur purple bacteria resembles that of
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Table 8.2 Temperature limits for anoxic phototrophic bacteria in some springs

Species 10 20
Temperature Cc)
30 40 50 60 70

Phodopseudomonas viridis
Phodopseudomonas palustris
Rhodobacter capsulatus
Rhodocyclus gelatinosus
Thiocapsa roseopersicina
Chromatium vinosum
Chromatium minutissimus
Chlorobium limicola
Chloroflexus aurantiacus
Oscillochloris trichoides
Rhodospirillum mediosalinum
Rhodobacter sp.
Ectothiorhodospira sp.
Prosthecochloris sp.

*
* *

*
* *

*

* *

*

*

*

Chioroflexus aurantiacus. The temperature ranges for Chioroflexus and non-
sulphur purple bacteria barely overlap. So it is reasonable to conclude
that as the temperature decreases downstream, Chioroflexus is replaced
functionally by mesophilic species of non-sulphur purple bacteria (Gorlenko
et ai., 1985).

In the Dagestan saline springs, the sulphide-tolerant halophilic non-
sulphur bacterium Rhodobacter sp. (similar to R. euruhaiine) coexists with
Ectothiorhodospira sp. (Kompantseva, 1985). Rhodobacter sp. easily switches
from photoheterotrophic to photo autotrophic metabolism, consuming sul-
phide as an electron donor in the latter state. Extracellular So is the main
oxidation product. This purple bacterium functions like Chioroflexus which
has never been found in saline springs.

All known species of green sulphur bacteria (Chlorobiaceae) develop only
in stable anaerobic ecosystems (Pfenning, 1967; Gorlenko et ai., 1984).
These obligate photolithoautotrophic bacteria utilize sulphide as H-donor.
They can only use certain organic acids together with COz, and in the
presence of sulphide they utilize Hz. These highly specialized organisms are
restricted ecologically. They must compete for sulphide with the more
universal purple bacteria and some non-sulphur purple bacteria. However,
their chlorosomes, containing particularly bacteriochlorophylls c, d and e
which absorb light with wave lengths from 730 to 760 nm, allowing them to
occupy an independent niche. Green sulphur bacteria are widelydistributed
in cold, high sulphide springs. A high sulphide tolerance facilitates their
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development at sulphide concentrations of 200-300 mg 1-1 without extra
specific competition (van Neil, 1931; Pfennig, 1967, 1975, 1978). Such
sulphide concentrations at pH 6.5-7.0 inhibit the growth of other phototrophs
including purple bacteria. It is also remarkable that green bacteria can
develop in association with sulphate- and sulphur-reducing bacteria at very
low sulphide concentrations (Pfennig, 1978).

Gorlenko et al., (1985) isolated Chlorobium at temperatures below 45°C
in thermal sulphide springs at Lenkoran, Dagestan, and Kamchatka in line
with Kaplan (1956) who concluded that they grew above 42°C. In the hot
saline springs of Dagestan, the temperature range for green sulphur bacteria
is wider, the upper limit being 52-55°C. Here only the species Prosthecochloris
sp. has been found. It is morphologically identical to P. aestuarii, which is
widespread in seas and shallow saline basins. Green sulphur bacteria may
occupy a narrow microzone adjacent to anaerobic destructors in highly
developed multi-component microbial mats in warm springs.

8.2.3.3 Non-photosynthetic aerobic bacteria of the sulphur cycle

In microbial mats of sulphide-containing hot springs, aeration and O2
photosynthesis may create aerobic conditions, especially during the day
(Revsbech and Ward, 1984). The availability of both sulphide and O2 is
favourable for the development of chemolithotrophic sulphur bacteria.

The thermophilic facultative autotrophic thiobacterium Thiobacillus ther-
mophila was isolated from a hot spring in Yellowstone National Park
(Golovacheva, 1984). The growth of this bacterium occurs at 35-55°C, the
optimum being 50°C (at pH 5.6). Of particular interest are sulphur bacteria
such as Thermothrix thiopara which can develop at temperatures above 55°C
(Caldwell et al., 1976). In nature, Thermothrix exists at noc, pH 7.0 and
a sulphide concentration of 17.4 f.LM(0.57 mg 1-1). In the laboratory, it
grows between 67 and noc, 70-73°C being the optimum at pH 7.0. This
facultative autotroph, neutralophile and facultative anaerobe capable of
denitrification utilizes sulphide or thiosulphate substrates. In addition, it
may develop heterotrophically on amino acids and simple media aerobically
or anaerobically, reducing nitrate (Brannan and Caldwell, 1980). Thermothrix
thiopara exhibits polymorphism. In hot springs, it grows as slimy interwoven
filaments containing sulphur particles, Thermothrix communities may consist
of several morphologically different bacteria: filamentous, small rods and
cocci (Balashova, 1986).

Some authors believe that Thermothrix thiopara was described earlier as
Thiospirillum pistiense. These microorganisms were observed in thermal
sulphide springs of Japan, and in the Ozerkovo and Yuzhno-Koshelevo hot
springs in Kamchatka (Kuznetsov, 1955).

Microorganisms similar to Thermothrix are found in hot sulphur springs
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of caldera of the Uwn volcano in Kamchatka (Gerasimenko et al., 1983;
Gorlenko et al., 1987a). In the Thermophilny spring, sulphur bacteria
dominate and develop as interwoven filaments covered by amorphous
sulphur (66-70°C; pH, 6.3-6.7; sulphide, 10-16 mg 1-1; trace Oz). There
are also abundant large curved bacteria belonging to the genus Macromonas.
Thermophilic (65°C) microorganisms morphologically similar to Thermothrix
thiopara and a thermophilic variant of Thiobacterium bovista were isolated
from thermal sulphur mats. Small rod-shaped cells of these sulphur bacteria
were submerged in globular or dentritic gel-like masses. Cells grew on a
mineral medium containing 1% NazSz03 at 65°C and a pH of 4.5 (Balashova
1985, 1986).

8.2.3.4 Anaerobic microorganisms of the sulphur cycle

Thermodesulfobacterium commune is at present the only sulphate-reducing
organism isolated from very hot springs (Zeikus et al., 1983). It was found
in different springs (50-n°C) and in cyanobacterial mats at 59°C. Th.
commune is a small gram-negative rod able to grow on lactate and pyruvate
(more slowly on acetate and hydrogen) in the presence of sulphate. Its
temperature optimum is around 70°C. However, it grows between 45 and
85°C. Th. commune is not an archae bacterium but it possesses some unique
properties, e.g. lipids in this organism are branched diesters of glycerol. It
contains cytochrome C3, no desulphoviridine, and differs from other sulphate-
reducing bacteria by its low content of G+C nucleotide pairs in DNA (34.4
mol %).

Microbial mats are probable sites for sulphur-reducing bacteria but
information about these organisms is scanty. An organism identified as a
thermophilic variant of Pseudomonas mendocina (Balashova, 1986) was
isolated from a Thermothrix association. This facultative aerobe can utilize
different inorganic compounds, including So as an electron acceptor. In
springs with a high colloidal sulphur content near the Uzon volcano, there
is a predominance of obligate anaerobic microflora in cyanobacterial mats
(Bonch-Osmolovskaya, 1986). The number of bacteria reducing sulphur
during caseine hydrolysate oxidation was found to be very high (1010 cell
cm-3). The dominant forms are small obligate anaerobic rods. They reduce
sulphur and are resistant to streptomycin.

Organisms utilizing other organic substrates to reduce sulphur in thermo-
philic cyanobacterial associations have not been found as yet. Undoubtedly,
they would be of much interest since the known sulphur-reducing bacteria
are either mesophiles (Pfennig and Biebl, 1976) or extreme thermophiles
(optimal temperatures for growth >80°C) (Stetter, 1985). The latter are
Thermoproteales belonging to archaebacteria with their distinct structural
and molecular organization as Thermoproteales (Zillig et al., 1981a). Extreme
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thermophilic sulphur-reducing archaebacteria belonging to the genera
Thermoproteus (Zillig et al., 1981b). Thermofilum (Zillig et al., 1983) and
Desulfurococcus (Zillig et al., 1982) were isolated from thermal springs in
Iceland. The first two are obligate sulphur reducers. The latter can grow by
sulphur respiration and anaerobic decomposition of organic matter in the
absence of sulphur. Thermoproteales are capable of both litho autotrophic
growth by hydrogen oxidation (Fisher et al., 1983) and organotrophic growth.
The range of organic substances consumed is very wide (Zillig et al., 1981).

A new extreme thermophilic archaebacteria was isolated from Kamchatka
hot springs-Desulfurococcus amylolyticus-with a temperature optimum at
about 90°C (Bonch-Osmolovskaya et al., 1988). The lower temperature limit
for Thermoproteales is 70°C, but this temperature is too high for their
participation in cyanobacterial associations. Perhaps Thermoproteales associ-
ates with Thermothrix thiopara but this has not been demonstrated. A high
number of extreme thermophilic bacteria (105-107 cells cm-3) capable of
utilizing casein hydrolysate for sulphur reduction were found in the caldera
of the Uzon volcano (Bonch-Osmolovskaya and Svetlichny, 1987). Evidently
their substrate is dissolved organic matter arriving from low temperature
zones by thermal convection. Therefore, extreme thermophilic sulphur
reducers can interact indirectly with cyanobacterial associations and couple
the anaerobic cycles of carbon and sulphur in very high temperature
ecosystems.

8.2.4 Extreme factors in the formation of microbial mats in hot sulphur
springs

In the following sections we discuss how the structure and function of
sulphur microbial mats in hot springs are controlled by extremes of
temperatures, sulphide concentrations, pH and salinity.

8.2.4.1 Temperature

Temperature greatly affects the diversity of microbial associations in hot
springs (Brock, 1978). In alkaline and neutral low mineralized springs
(temperature over n°e), phototrophic microorganisms are absent. In high
temperature sulphur springs, sulphur oxidizers and reducers develop. The
primary producers of organic matter in sulphur mats are colourless sulphur
bacteria which develop in microaerophilic conditions. At extremely high
temperatures, the most abundant sulphur bacteria are Thermothrix thiopara,
Thiobacterium bovista and some thionic bacteria (Balashova, 1985; Brock,
1978).

Under natural conditions (e.g. Thermophilny spring), sulphur bacteria
associate with sulphur-reducing microorganisms. The conditions for the
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development of strictly anaerobic bacteria are created inside slimy structures
during degradation of sulphur bacterial biomass (Gorlenko et al., 1987a).

Therefore, in high temperature regimes of hot sulphur springs, unique
mats develop which consist of microorganisms highly dependent on sulphur
compounds. Biomass accumulates due to chemosynthesis by sulphur bacteria.
Sulphur, and probably sulphate-reducers, are the dominant destructors.
Oxygen plays an important role as an electron acceptor during bacterial
oxidation of sulphur compounds. However, in the Thermophilny spring
Thermothrix grows abundantly at an extremely low O2 content (less than
1 mg 1-1). There are always phototrophic microorganisms in microbial mats
in sulphur springs at temperatures below 72-74°C. These include unicellular
and filamentous thermophilic cyanobacteria, as well as the green filamentous
Chloroflexus surantiacus.

As mentioned previously, the distribution of some species and groups of
cyanobacteria is regulated by their temperature tolerance and strategy in
relation to sulphide (Table 8.1). Among anoxic phototrophs, the most
thermophilic is Chloroflexus aurantiacus (Table 8.2). This microorganism
dominates in all springs with low mineralization.

Purple non-sulphur and sulphur bacteria as well as green sulphur bacteria
are found in microbial mats below 60--65°C. Their density can be very high
(102-107cells 1-1) (Gorlenko et al., 1985). The diversity of phototrophs
increases gradually as the temperature decreases to 4SOC (Figure 8.1,
Gorlenko et al., 1985). If the index of diversity (Odum, 1983) is zero at
temperatures higher than 60°C, then it gradually decreases from 0.27 to 0.5
over the range of 60 to 45°C. At lower temperatures, the variability index
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mats at different temperatures

J
.

. .
. .

u
OJ .j . . . . . .a.
II)

b 4-1 . . ...
<... -1 .. . . .OJ..0
3 2-1 ..... ... ..
:z



216 Evolution of the Global Biogeochemical Sulphur Cycle

fluctuatesirregularlyfrom 0.52 to 0.83. In the temperature range of 20 to
45°C, the phototrophic community is most diverse.

Gorlenko et al. (1985) identified a number of species of phototrophic
bacteria in hot springs of the USSR (Table 8.2). It is noteworthy that at
elevated temperatures (45-60°C), non-sulphur purple bacteria were found
(Rhodopseudomonas palustris, Rhodobacter capsulatus, Rhodocyclus gela-
tinosus, Chromatium vinosum, Rhodospirilum mediosalinium). Below 45°C,
the purple Rhodopseudomonas viridis, a number of species of purple and
green sulphur bacteria, and the green filamentous Oscillochloris trichoides
were found.

Thus, temperature exerts a significant effect on the composition of
microflora in hot spring microbial mats. It is evident, however, that below
45°C, its influence is minimal and the structure of microbial associations is
determined by other parameters.

8.2.4.2 Sulphide concentration

Even trace concentrations of sulphide completely exclude certain cyanobac-
teria in microbial mats (Castenholz, 1973). The effect of increasing sulphide
concentrations on other cyanobacteria is highly species-dependent (see
Section 8.1). Chlorofiexus aurantiacus exhibits rather a low tolerance of
sulphide (1-2 mM) which is comparable to that of some non-sulphur purple
bacteria (Hansen and Van Gemerden, 1972). Since sulphide concentrations
are relatively low in hot springs, conditions are favourable for Chlorofiexus
aurantiacus. In contrast, extremely high sulphide contents may be observed
in warm and cold springs. For instance, in Talgi spring (Dagestan, Caucasus)
(28°C; pH, 6.3), the sulphide concentration may be as high as 218 mg I-I
(authors, unpublished data). Sulphide in this spring is the main factor which
determines the phototrophic population.

Near the spring orifices, there are only green sulphur bacteria Chlorobium
limicola which form thin films on stones. At decreasing sulphide concen-
trations (less than 190 mg 1-1) and pH greater than 6.7, a sulphur mat
consists of purple Thiospirillum sp. and Chromatium sp. forms on the spring
bed. Green bacteria are also abundant in this association. Of interest is the
presence of the non-sulphur purple Rhodobacter sp. in high sulphide systems.
Mechanical rigidity of the microbial mat in Talgi spring is provided by the
filamentous cyanobacterium Oscillatoria sp. At lower sulphide concentrations
(50 mg 1-1) downstream, Phormidium sp. and the green filamentous
bacterium Oscillochloris trichoides provide rigidity. The total mat accumulates
by anoxic photosynthesis (see Section 8.1). Sulphide inhibits photosystem
II in cyanobacteria. Therefore, high sulphide concentrations result in the
formation of completely anaerobic mats in sulphur springs.
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8.2.4.3 pH

It appea~s that pH variations from 5.7 to 10 do not significantly affect the
species composition of photosynthetic bacteria in springs (Brook, 1978;
Gorlenko et al., 1985). Mildly acidic conditions and high sulphide concen-
trations are unfavourable for purple bacteria (Pfennig, 1967), which cannot
compete with the more sulphide-tolerant green sulphur bacteria. The
composition of cyanobacteria in association with Chloroflexus aurantiacus
changes depending on pH and sulphide concentration. In alkaline low
sulphide springs, it is Synechococcus sp.; in neutral springs lacking sulphide
it is Mastigocladus laminosus (Nikitina and Gerasimenko, 1983); in mildly
acidic and neutral springs with moderate sulphide concentrations-Phormi-
dium sp. and Oscillatoria sp.

8.2.4.4 Combined effect of salinity and temperature

Salinity is a very important ecological factor. In mesophilic saline benthic
sulfureta, the phototrophic species compositon differs greatly from those of
freshwater basins (Gorlenko et al., 1984). Some hot sulphur springs with
highly mineralized water are interesting for studying the combined effect of
salinity and temperature. An example is the microbial mat in springs at
Berikei, Dagestan (authors, unpublished data). These are NaCl springs with
mineralization of 60-97 g I-I; pH, 5.7-6.7 and sulphide, 30-40 mg I-I.

Microbial mats begin to form at 54°C and lower whereas at higher
temperatures, there is no visible development of microorganisms. Therefore,
the upper temperature limit for cyanobacteria and anoxic phototrophic
bacteria is significantly lower in saline springs than in others (authors,
unpublished data).

The microbial mat of Berikei springs consists of species unique to saline
water systems. The number of cyanobacterial species is limited, and
filamentous Phormidium sp. predominate. There are also small quantities
of unicellular Synechocystis sp. During the day, the mat is covered by a
sulphur film indicating microbial sulphide oxidation. It was shown that
cyanobacteria carry out O2 photosynthesis in the presence of sulphide
(>20 mg I-I). These cyanobacteria can be assigned to the second or third
group by their relation to sulphide (Table 8.1).

The microbial mat of Berikei saline springs is multilayered. The purple
bacteria Ectothiohodospira sp. and Rhodobacter sp. and green bacterium
Prostecochlosis sp. coexist in the upper layer. These purple and green
bacteria were found for the first time in hot sulphur springs (50-54°C).
Thus, the combined action of high salinity and high temperature promotes
specific halophilic forms of cyanobacteria, and purple and green bacteria

which are unable to develop in fresh water. In spite of a favourable
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temperature regime, Chtorofiexusaurantiacusis absent from saline sulphur
spnngs.

8.2.5 Horizontal and vertical zonality in microbial associations of hot
sulphur springs

A zonal distribution and variation of microbial associations downstream in

springs were observed by many investigators (Streczewski, 1913; Brock,
1967, 1969, 1978; Castenholz, 1984a, 1984b; Gorlenko et al., 1985). This
results from gradual changes in physicochemical parameters of the medium.
The temperature, pH and sulphide concentrations decrease, and the Oz
concentration increases, i.e. the conditions change gradually from anaerobic
to aerobic in the horizontal direction. In COz springs, the bicarbonate
content decreases downstream. An example is the change in microbial
associations observed in the Thermophilny spring (Gorlenko et at., 1987a).
At 78°C, sulphide concentration of 16-19 mg 1-1, pH of 6.3, in the absence
of 021 the dominant processes are anaerobic sulphate reduction and
methanogenesis. Downstream, at 67-76°C and Oz concentration of 0.1-1.0
mg 1~1, one can observe an intensive development of the chemolithoauto-

trophic microorganisms Thermothrix thiopara, Macromonas sp., and Thiobac-
terium bovista (Figure 8.2). This zone is characterized by abundant So. In
lower temperature zones (54--62°C)and sulphide concentrations of 7-10 mg
I-I, photosynthetic microorganisms form olive or orange mats (Figure 8.7).
The latter are found at higher Oz concentrations (1-3 mg I-I). The basic
components of the olive and orange zones are the green bacterium
Chloroflexus aurantiacus, cyanobacteria Phormidium sp., and Synechococcus
sp. Further downstream, the temperature drops below 50°C, the sulphide
concentration decreases to 1 mg I-I, and the Oz content increases to 5-7 mg
I-I. Over the temperature range 28-50°C, a large multi-component green
mat forms consisting of several species of cyanobacteria (Figure 8.7), C.
aurantiacus, and sulphur and non-sulphur bacteria. The different biological
regimes are presented on Eh versus pH and rHz versus temperature diagrams
in Figures 8.2 and 8.3. The systematic change in microbial associations in
response to a gradual decrease of temperature and an increase in redox
potential is very evident in the diagrams.

For the development of photosynthetic and chemotrophic sulphur bacteria,
the availability of sulphide as H-donor (in discharge water and generated
during microbial destruction) is important.

Sulphur bacteria can develop in low-sulphide springs if the sulphate
concentration is high.

The thickness of microbial mats in different springs and different zones
of the same spring vary from 1 to more than 100 mm (Castenholz,
1984a). Photosynthesis proceeds actively in the upper 1-3 mm. Below the
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photosynthetic zone, anaerobic destruction proceedswith the participation
of methanogenic, sulphate-reducing and sulphur-reducing microorganisms
(Doemel and Brock, 1976). This causes an abrupt change in the redox
potential in the uppermost layer of the mat. The Eh distribution in mats of
the Thermophilny spring is shown in Figure 8.5. The slope of the Eh gradient
determines the spatial distribution of microbial groups within the benthic
association. A green low-temperature (4o-50°C) loose mat, 1-2 cm thick,
has the greatest potential for the development of physiologically different
groups. Figure 8.4 shows the vertical distribution in green mats. Five
species of cyanobacteria can develop in different microzones. Chlorofiexus
aurantiacus is found in close association with these producers (Figure 8.4).
The highest number of filamentous green bacteria is observed during the
day, 3-5 mm below the surface. The optimal sulphate reduction and
methanogenesis are found at 15 and 20 mm depth respectively (Figure 8.6).

8.2.6 Productivity of microbial associations in different types of springs

The productivity of phototrophic associations in different springs correlates
with the total chlorophyll pigment content. However, when making
calculations, one should take into account that a significant part of the
pigments is in the form of pheophytin (Gorlenko et al., 1987a).
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Primary production changes along the stream gradient (Table 8.3), while
the level of photosynthesis is generally high in all types of springs. For
instance, in the hot saline Berikei springs, the photosynthetic production
ranges from 4.7 to 53.8 g (C) cm-2h-1 (which means about 0.37-4.3 g (C)
m-2 for a typical 8 hour daylight period) at different sites. The maximum
value of photosynthesis approaches the highest productivity of the cyanobact-
erial mat in Solar Lake (Cohen et ai., 1977b).

Anoxic photosynthesis varies depending on the type of spring (Table 8.3),
and is mainly performed by purple and green bacteria and to a lesser extent
by unicellular and filamentous cyanobacteria.
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In the springs studied, extracellular production makes up 53% of the total
fixed carbon (Bauld and Brock, 1974; Gorlenko et at., 1987b). Therefore
excretions from photosynthetic microorganisms play an important role in
trophic chains of ecosystems. Specifically, they create favourable conditions
for the development of photoheterotrophic microorganisms such as Chtoro-
flexus and non-sulphur purple bacteria.

The biomass accumulated during photosynthesis in microbial mats
undergoes partial or complete destruction. Research into the degradation
of mat components should indicate the pathways of burial and lithification
of organic matter as well as the formation of some economic minerals.

8.2.7 Anaerobic destruction of organic matter in thermophilic mats

The bulk of the biomass of primary producers undergoes anaerobic
destruction since the lower parts of mats are usually under reduced conditions
(Table 8.5).



Not much is known about the microbiota which hydrolyse biopolymers in
thermophilic microbial mats. To date, the only hydrolytic organism isolated
from a cyanobacterial mat is Clostridium thermosulfurogenes which can
degrade pectin (Schink and Zeikus, 1983). It has the unique ability to form
So from thiosulphate. However, it is quite probable that this organism is
not important in the destruction of cyanobacterial biomass because of its
low population (103cells cm-3). Sugar-consuming bacteria are more abundant
(108-109 cells cm-3) (Zeikus et al., 1980). Among the saccharolytic organisms
is the earlier known species C/. thermohydrosulfuricum (Zeikus et al., 1980).
In addition, three saccharolytic anaerobic organisms were isolated and
assigned to new genera: Thermoanaerobium brockii (Zeikus, et al., 1979),
Thermobacterioides acetoethylicus (Ben Bassat and Zeikus, 1981) and
Thermoanaerobacter ethanolius (Wiegel and Ljungdahl, 1981). They ferment
hydrolysis products of algal polysaccharides into acetate, lactate, ethanol,
Hz and COz. However, the abundance of proteolytic bacteria in the
thermophilic mat (45°C) of Thermophilny spring is 109 cells cm-3, i.e. an
order higher than the number of saccharolytic bacteria (Bonch-Osmolovskaya
et al., 1988). Consequently, one can infer that protein is the basic substrate
for destruction processes whereas polysaccharide is decomposed more slowly.
Intermediate products (acids, alcohols, hydrogen) from hydrolysis and
fermentation serve as energy substratesfor bacteria carrying out the final
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Table 8.3 Photosynthetic and dark production in microbial mats of Thermophilny
spring

P-photo-
synthesis P-extra P-dark

Type of mat, (fLg(C) cellular P-anoxic (fLg(C) Chl-a
depth, (mm) cm-2 h-l) (%) (%) cm-2 h-l) BChl-a

White - 20.0 - 0.074
Olive
(a-l) 1.57 18.8 35.3 0.23 0.07
(1-2.5) 0.04 46.5 40.0 0.63

Orange
(a-1) 1.62 2.9 59.3 1.1
(a-2) 1.40 7.4 62.0 0.68 1.2
(2-3.5) 0.13 24.0 76.0
(3.5-5.5) 0.07 - -

Green
(a-l) 7.63 22.2 1.0 6.0
(1-2.5) 0.77 8.5 10.1 1.21 4.35
(2.5-4) 0.54 3.8 2.9
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step of anaerobicdestruction.Dependingon the type of the spring
temperature zone, and vertical position within the mat, the terminal processes
may be sulphate reduction, sulphur reduction or methanogenesis.

The intensity of sulphate reduction in cyanobacterial mats is determined
primarily by the sulphate content (Sandbeck and Ward, 1981). For example,
at a concentration of 718 mg I-I, sulphate reduction is the main terminal
process of destruction, and HzS is the principal reduced product (Ward and
Olson, 1980). These authors found that sulphate reduction was the most
intensive in the uppermost 5 mm of the mat. In Thermophilny spring,
sulphate concentration was much lower (36 mg I-I). The rate of sulphate
reduction, determined by means of 35S0~- in situ, reached a maximum of
6 mg (S) cm-z h-I in the most productive green mat (Bonch-Osmolovskaya

.et ai., 1988; Tables 8.4 and 8.5). In the dark, sulphate reduction is most
intensive in the uppermost (0-1 mm) layer of the mat, below which it
decreases rapidly (Figure 8.6). The residence time of sulphate in cyanobacter-
ial mats is very short: 2 to 3.7 hours (Table 8.4). In the depth interval,
1.5-2 cm, methanogenesis is most intensive and sulphate reduction is
probably limited by a slow sulphate diffusion.

At lower SO~- concentrations (16.6 mg I-I, Octopus spring in Yellowstone
National Park), sulphate reduction is evidently a minor process and does
not inhibit methanogenesis even in the upper layer (Ward, 1978).

In model systems, sulphate reduction usually inhibits methanogenesis
(Bonch-Osmolovskaya et ai., 1978). This is usually explained by the high
energy yield of sulphate reduction:

SO~- + 4Hz + H+~HS- + 4HzO~Go = -152.5 kJ mol-I

compared to the reaction of methanogenesis:

COz + 4Hz ~ CH4 + 2HzO~Go = -131.1 kJ mol-I

where AGo is the free energy change associated with these reactions (Thauer
et ai., 1977).

However, in nature, methanogenesis and sulphate reduction often occur
simultaneously (Oremland and Polcin, 1982). This is explained by the
difference in affinities of methanogens and sulphate reducers to the substrate,
which allows them to prevail in different ecological situations (Lovley et ai.,
1982).A number of substrates (methanol, methylamines) are non-competitive
since they are utilized only by methanogens. Thus methanogens can develop
even in biotopes rich in sulphate (Oremland and Polcin, 1982).

In thermophilic cyanobacterial mats, methanogenesis does not occur at
high SO~- concentrations (Ward and Olson, 1980). During incubation of
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Table 8.4 Rates of terminal reduction processes in different mats of Thermophilny
spring

samples from such a spring, methanogenesis started only after 200 hours,
and according to these authors, it is exclusively a laboratory process which
does not occur in nature. As mentioned above, at low concentrations
(16.6 mg 1-1), sulphate reduction does not occur, and methanogenesis is the
main terminal anaerobic process (Ward, 1978).

Both destructive processes occur at varying rates in Thermophilny spring,
having a sulphate concentration of 36 mg 1-1 (Table 8.4). The contribution
of methanogenesis to the total destruction increases gradually, as the
temperature decreases, and reaches a maximum in the green mat zone.
Methanogenesis increases with depth and is a maximum immediately under
the sulphate reduction zone (Figure 8.6).

A study of methanogenesis with different substrates showed that the main
process in thermophilic mats is CO2 reduction by hydrogen. This pathway
in Thermophilny spring accounts for 89% of the methane produced (Bonch-
Osomolovskaya et ai., 1988). This is consistent with the high number (108

Type of HzS (mg So (mg Sulphate Sulphur CH4 Sulphate
mat cm-3) cm-3) reduction reduction production residence

rate (f.Lg rate (f.Lg rate (f.Lg time (h)
cm-z h-1) cm-l) cm-z h-1)

White 1.3 3.1 0.16 0.4 trace 75
Olive 0.39 8.0 3.3 - 0.12 3.6

Orange 0.41 9.3 3.2 0.58 3.7
Green 0.47 9.6 6.0 1.77 2.0

Table 8.5 Sulphate reduction and methanogenesis in destruction processes m
microbial mats of Thermophilny spring

Type of Production Destruction, f.Lg D(S04Z-) P-D*
mat (f.Lg(C) (C) cm-z h-1, due to: D(CH4)

cm-z 1-1)
sulphate sulphur methano-

reduction reduction genesis

White 0.074 0.09 0.28 trace 900 -0.31
Olive 1.87 2.48 - 0.24 10.30 -0.85

Orange 3.90 2.40 1.16 2.00 +0.34
Green 10.80 4.50 3.54 1.27 +2.18

*P-production, D---destruction
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cells cm-3) of the methanogen consuming Hz, which was identified as
methanobacterium thermoautotrophicum.

Acetate did not appear to be consumed in hot spring mats of Yellowstone
National Park during methanogenesis (Ward, 1978) and does not stimulate
sulphate reduction (Ward and Olson, 1980). It has been shown that the bulk
of the acetate in mats of Octopus spring, Yellowstone National Park, is
assimilated by Chlorofiexus (Ward et al., 1984). In contrast to this a
thermophilic organism which produces CH4 from acetate was isolated from
Thermophilny spring (Nozhevnikova and Yagodina, 1982). Radioisotopic
study in situ showed that up to 11% of methane in Thermophilny spring is
formed from acetate (Bonch-Osomolovskayaet al., 1987).

Usually methane can be formed intensively from CI-compounds by
representatives of the genus Methanosarcina. However, microorganisms of
this genus are not found in thermophilic cyanobacterial mats. A rod-like
methanogenic microflora similar to Methanobacillus kuzneceovii (Pantshava
and Pchyolkina, 1969) was isolated using a methanol medium (Zhilina et
al., 1983). It was shown that such a culture is in a symbiotic association
with Clostridium thermoautotrophicum producing Hz from methanol, and
Methanobacterium thermoautotrophicum consuming this hydrogen to reduce
COz to CH4 (Ilarionov and Bonch-Osmolovskaya, 1986). Thus in anaerobic
destruction of thermophilic cyanobacterial mats, hydrogen is the main
substrate for competition between methanogenic and sulphate-reducing
bacteria.

Sulphur reduction in microbial mats has been studied less. However, this
process may also play an important role in the anaerobic destruction of
thermophilic systems. Sulphur may be an electron acceptor during anaerobic
destruction of organic matter, HzS being the reduction product. Elemental
sulphur in mats may have different origins.

For instance, in the white mat of Thermophilny spring, So is the product
of HzS oxidation by Thermothrix thiopara (Figure 8.7a). Organic matter
synthesized by this reaction undergoes decomposition in anaerobic conditions,
and the terminal electron acceptor is again So. It was shown that Thermothrix
thiopara exists in association with facultative anaerobic thermophilic bacteria
including those able to reduce So (Balashova, 1986).

We have established that under 1 cmz of the white mat, 0.4 fLg (SO) is
reduced per hour. This is 2.3 times higher than the rate of sulphate reduction
in the same zone. Therefore sulphur reduction dominates in the destruction
of organic matter synthesized by Thermothrix thiopara.

Cyanobacterial mats of Thermophilny spring contain significant quantities
of So (8-9.6 mg cm-Z). The largest amount accumulates in the upper layers
of green and orange mats, which correspond to the photosynthetic zone and
the transition between aerobic and anaerobic zones (Figure 8.7b; Jorgensen,
1982). The source of So may be anaerobic oxidation of HzS by phototrophic
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bacteria, aerobic oxidation of H2S by sulphur bacteria, or the activity of
organisms similar to Clostridium thermosulfurogenes which can produce So
from thiosulphate (Schink and Zeikus, 1983). It would seem that in these
zones, sulphur reduction contributes significantly to the anaerobic destruction
of organic matter. When So was added to samples of cyanobacterial mats
from Thermophilny spring, HzS was evolved and methanogenesis inhibited
(Table 8.6). This points to the ability of cyanobacterial associations to reduce
So during destruction of organic matter.

When a cyanobacterial mat develops in a hot spring with suspended
colloidal sulphur, the exogenous sulphur is found between algal layers
(Figure 8.7a). In such a mat (found in the Uzon caldera at 50-57°C) sulphur
reduction dominates during anaerobic destruction and completely inhibits
methanogenesis. The addition of different organic substrates to samples
from such a mat increases the yield of HzS but methanogenesis is still
inhibited (Table 8.6). The abundance of sulphur-reducing bacteria (up to
1010cells cm-3) also points to the dominance of sulphur reduction.

Therefore, sulphate- and sulphur-reducing bacteria of thermophilic cyano-
bacterial associations participate in the destruction of biomass. The balance
equations of Krumbein (1983) were used to calculate their contribution to
destruction of organic matter at Thermophilny spring (Table 8.5).

The participation of methanogenesis in the destruction of organic matter
increases gradually in going from white to green mats. In the green mat,
the contributions of SO~- reducers and methanogens to the decomposition
of microbial biomass are almost equal. In the olive mat, destruction by
sulphate reduction is 10 times higher than by methanogenesis. Sulphur
reduction dominates in destruction occurring in the white mat.

Table 8.6 Reduction products in anaerobic destruction of different organic substrates
with samples of sulphur-containing microbial mats

'Samples of mat (I cm') were incubated anaerobically for 14 days in 50 ml vials with mineral
medium and organic substrate (5 mg ml-') (Pfennig, 1965).

Substrate* CH4 (mM) HS- (mM)

Pectin 0 12.5
Yeast extract 0 7.1
Casein hydrolysate 0 12.8
Lactate 0.97 17.6
Formate 0.87 19.2
Acetate 0 23.5
Methanol 0 22.3
Ethanol 0 21.5
Glycerol 0 21.3
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Visual examination showed that organic remnants do not accumulate and
are not buried in white and olive mats. This means that production is
balanced by destruction. Calculations confirm this conclusion. Organic
matter accumulates in the orange and especially green mats (3 and 15 cm
thick, respectively). The calculated production is higher than the anaerobic
destruction by methanogenesis and sulphate reduction.

8.2.8 Conclusion

Microbial associations of hot sulphur springs have a local character of
development and do not appreciably affect terrestrial geochemical processes
which occur nowadays. Nonetheless their study gives insight into ideas about
the evolutionary pattern of the atmosphere and lithosphere, and indicate
which microorganisms could playa leading part in biogeochemical processes
at raised temperatures and Oz deficiency. The species composition of
microbial mats depends upon a set of physicochemical parameters and is
different in various sources.

In thermophilic microbial mats the sulphur cycle is coupled with the cycle
of carbon, i.e. the primary production and destruction of organic matter.
In all cases studied, the production leads, directly or indirectly, to elemental
sulphur formation.

In the Thermothrix community, the aerobic oxidation of HzS yields
elemental sulphur as the main catabolic product (Figure 8.7a). In a mat
formed by Chlorofiexus aurantiacus, sulphur is produced in the course of
photosynthesis as a result of HzS oxidation in the light (Figure 8.7b). In
multi-component mats consisting mainly of cyanobacteria, elemental sulphur
is the product of chemical or biological HzS oxidation with Oz brought
about by phototrophs (Figure 8.7c).

Reduced compounds are formed during biomass destruction; HzS is
produced with elemental sulphur as terminal electron acceptor.

Thus we see that in thermophilic microbial mats of sulphur springs a short
sulphur cycle HzS ~ So is taking place. This supports the idea of an analogy
between 'oxygenic' and 'sulphur' life (Wolfe and Pfennig, 1977). But, unlike
the closed cycles in symbiotic associations, described by Pfennig et al. (Wolfe
and Pfennig, 1977; Biebl and Pfennig, 1978), open sulphur cycles take place
in thermal springs. In the Thermothrix community, exhalations of juvenile
gases contribute to the HzS pool in the system (Figure 8.7a). Elemental
sulphur, when reaching high concentrations in the spring, also enters the
cycle (Figure 8.7d). Sulphate can be of exogenous origin, or produced
endogenously in the course of aerobic sulphur bacteria activity.

Thus, microbial communities in thermal sulphur springs can be regarded
as natural model systems. Further investigations will contribute to a better
understanding of processes that took place in the geological past of the
Earth.
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