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Abstract

During a period of not so far after the origins of life on earth, symbiotic microbial cooperation in
some way must has started. Kato and Shimizu proposed a name of “pristine ecosystem” to such the
symbiotic cooperation (microbial interaction), because it could be positioned at origins of ecosystem.
However, the scene of structure and function of the cooperation has not become evident. Sulfur-turf is
filamentous microbial mat growing in hot spring effluents, and the filament of the mat consists of a few
sulfur-oxidizing bacteria (large sausage-shaped and small curved), sulfur particles, and cellulose as a matrix
substance. Here, we took up sulfur-turf as a model of pristine symbiotic cooperation, and discussed a
possibility of the correlation of filament structure, specially emphasized the roll of cellulose-core, with three
steps of a series of sulfur-oxidizing reaction; hydrogen sulfide to sulfate via elemental sulfur and thiosulfate.
Sulfide oxidation probably proceeds at the outside of the filament or of the mat by sausage-shaped bacteria
and resulting elemental sulfur. As both of elemental sulfur and cellulose are hydrophobic, sulfur particles
may be concentrated around cellulose-core of the filament where microaerophilic conditions are prevailed,
and is oxidized to thiosulfate by sausage-shaped bacteria or by curved bacteria. Thiosulfate decreases pH
value around the cellulose-core and is oxidized to sulfate. The significance of cellulose as matrix
substance in the steps of sulfur-oxidation should be emphasized. Pristine symbiotic cooperation may have
started in microbial mats as syntrophic, namely as a style of substrate chain and in a manner of exo-

symbiotic relation.
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Figure 1. Natural vegetation of microbial mats on a side slope of Karematsuzawa

mountain stream, Geto Spa, Iwate-Ken, Japan.

Hot water containing hydrogen sulfide sprang out at the top of sulfur-turf bacterial mat

(white, a) and flew down along the slope.
sulfur resulting in white appearance of the mat.
cyanobacteria (Mastigocladus laminosus).
against hydrogen sulfide and temperature,

downstream of sulfur-turf.
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Hydrogen sulfide oxidized to elemental

Dark green (b) was due to the mat of

Generally, due to the high sensitivities

cyanobacterial mats are developed
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tufts or bundles of filamentous streamer (b).
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Sulfur-turf flourishing in effluent of hot spring water at Tsuru-no-yu Spa, Akita-Ken, Japan.
At the first stage of development, sulfur-turf looks like hair at the wooden bottom (a), and then the hair grow into

Finally, the streamers are detached from the bottom and flow away.
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Figure 3. Observation of the filaments of sulfur-turf by differential phase contrast microscopy.
The filaments of sulfur-turf look like twigs of fir with long needles. The needles are parallel to the long cells of

sausage-shaped bacteria.

The sausage-shaped bacteria were gram-negative and had peritricous flagella.

Miyoshi described the bacteria in 1897 [12], and Emoto tentatively named the bacteria Thiovibrio Miyoshii [13].
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Figure 4. Arrangement of elemental sulfur particles and cellulose-core.
Low magnification of sulfur-turf revealed that sulfur particles were clustered in long pole (A). At higher
magnification, it is observed that elemental particles were concentrated around the core (B).
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Figure 5. Arrangement of sausage-shaped
bacteria, small curved bacteria, and elemental
sulfur particles in the filament of sulfur-turf.
Small and curved bacteria gathered to form
lines (A). Particles of elemental sulfur line
up along the core (B). Long needle-like
cells of sausage-shaped bacteria attach to core
at one end (A, B).

Figure 6. Observation of the
filament at high magnification
by differential phase contrast
microscopy.

Straight and parallel lines along
long axis of the core were
observed (arrows). The lines
were probably bundles of
ribbon fibrils of cellulose
which were spun out by
sausage-shaped bacteria.
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Figure 7. Staining of cellulose-core and
curved bacteria by acridine orange.

Many small curved bacteria on cellulose
core were stained with acridine orange
(A, B), the core part, however, was not
stained (A).

(1) (2) (3)

02 promotive

Oz depressive
[microaemphilic]

pH dependent
[Iow pH]

Figure 8. Three steps of sulfide oxidation by sulfur-turf.

Sulfur-turf oxidized sulfide to sulfate via elemental sulfur and thiosulfate [1]. As elemental sulfur and thiosulfate
were accumulated in culture media, the process could be expressed in one chain reaction consists of three steps.
The sulfide oxidation to elemental sulfur is promoted by molecular oxygen, while elememtal sulfur is oxidized most
rapidly under microaerophilic condition (1.5ppm) [14]. Thiosulfate oxidation starts when the environmental pH
condition decreased to below 5 (pH-dependent) [14].
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Figure 9. Correlation of sulfide-oxidation steps with the filament structure of sulfur-turf.

Under natural condition, hot spring water, containing sulfide and molecular oxygen, flow through among the
filament of sulfur-turf. As a result, the outer side of the filament is more aerobic in comparison with inner part of
the filament. Sulfide is probably oxidized to elemental sulfur outside the filament by large sausage-shaped
bacteria, and resulting elemental sulfur particles may be caught by flagella of large sausage-shaped bacteria. As
both of cellulose-core and elemental sulfur have hydrophobic nature, it is reasonable to assume that elemental

sulfur particles are concentrated around the cellulose-core.

Under microaerophilic condition around cellulose-

core of the filament, elemental sulfur may be oxidized to thiosulfate speedily by sausage-shaped bacteria or small
curved bacteria. Resulting thiosulfate promotes acidic condition around the core and is oxidized to sulfate. If
the first step of sulfide oxidation works as detoxification of sulfide as shown in Beggiatoa [17], elemental sulfur
oxidation may be energy producing reaction of sausage-shaped bacteria.
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