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The mechanism of transport sulphur both outside and inside the 

cells was studied. Macroroentgen structural analysis and electronic- 

microscopic researches showed that the membrane structures of thioba- 

cilli carry out not only the oxidation function, but the transport 

function as well, which consists in the extraction of the formed 

sulphur from cell. This mechanism of sulphur deposition develops ac-— 

cording to the exocytosis type. 

The transport of elemental sulphur inside the cell involves the 

surface membrane structures (vesicles), while oxidation of the sul- 

phur to sulphuric acid takes place on the outer surface of the cyto- 

plasmic membrane. The vesicles are supposed also to participate in 

the primary dissolution of elemental sulphur at the site of contact 

of the cells with the mineral. 

The study of bacterial oxidation of sulphide minerals has shown 

the electrochemical nature of microbiological oxidation of sulphide 

minerals, which takes place at the level of its electronic structu- 

re. Pyrite with hole conductivity (with the cation deficit in compo- 

sition) is oxidized by means of Thiobacillus ferrooxidans not only 

much more intensively, but also continuously as compared to pyrite 

with electron conductivity. 

Thiobacilli play a leading role in the oxidation of reduced sul- 

phur compounds under natural conditions. The mechanism of this pro- 

cess however have not been studied sufficiently well so far. The main 

purpose of this work was to study the mechanism of sulphur tran- 

sport, when sulphur was deposited or oxidized by thiobacilli, by me- 

ans of cytological and cytochemical techniques. We believed that the 

mechanism,of sulphur transport either from, or into, the cell must 

be closely related to the submicroscopic organization of thiobacilli.
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Mechanism of sulphur deposition outside the cell 

To study the mechanism of sulphur deposition outside the cell, we 

used the culture of Thiobacillus neapolitanus (BKMB-1124) which oxi- 

dizes S30, to aoe 80, and elemental sulphur. Cross-sections 

reveal a considerable increase of intracellular invaginations of the 

cytoplasmic membrane, which form large inclusions (Fig. 1). As soon 

as the inclusions reach certain dimensions, the cell wall disrupts 

and the inclusions are expelled (Fig. 2). The formation and expulsi- 

on of the inclusions can be repeated many times (Fig. 2). 

  

Fig. 1, 2. General appearance of T.neapolitanus cells. Fig.1 - 

fine cell structure. Fig. 2 - negatively stained preparation 

of Teneapolitanus with PTA. I - intracellular inclusions, M - 

membrane structures, O -— organic coating wich is instrumental 

in egecting the inclusions. 

As was found by micro x-ray diffraction analysis, the inclusions 

contain sulphur. The interplanar distances for sulphur within the 

cell and a sulphur standart sample are presented in Table 1. 

Table 1. 

Interplanar spacings for intracellular sulphur and standard 
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Staining of cell suspensions with fluorochrome-2, a fluorescent re- 

agent for lipids, gave negative results. 

Therefore, sulphur is deposited within the membranous structures 

of the cell, which perform not only the oxidation of sulphur, but al- 

so its transport from the cell. This mechanism of sulphur deposition 

is of the exocytosis type. The mechanism of sulphur deposition outsi- 

de the cell is shown in Fig. 3. 

  

Fig. 3. Proposed scheme of deposition of sulphur outside the 

cell. 

Mechanism of sulphur transport into the cell 

The mechanism of sulphur transport into the cell was investigated 

with the cultures of Thiobacillus thiooxidans (BKMB-460), T.ferrooxi- 

dans (BKMB-458) and T.neapolitanus (BKMB-1124). First of all, we stu- 

died cell surface structures when elemental sulphur was used as a so- 

urce of energy. A slimy microcapsule and membranous structures (ve- 

sicles) were found on the cell surface (Fig. 4, 5). The vesicles are 

formed by a three-layered membrane, and they appear because of sul- 

phur oxidation. No vesicles were formed when Pe*t was oxidized by 

T.ferrooxidans, or S30," by Teneapolitanus. Thus, their formation 

is determined by a substrate to be oxidized, ise. elemental sulphur. 

A reaction with Agno, , specific of sulphur and its reduced compo- 

unds, was used to study the function of the vesicles. The results of 

cytochemical studies are given in Fig. 6. 

Fig. 6 shows that the vesicles contain silver sulphide which was 

formed in the reaction between silver nitrate and sulphur or its re- 

duced compounds. No specific reaction with sulphur was found in the 

case of cell sections which had been preliminarily treated with etha- 

nol. 

It can be assumed therefore that the vesicles take part in the 

primary reactions of oxidation of elemental sulphur, and in its tran- 

sport into the cell. Apparently, sulphur is oxidized to sulphuric 

acid in the invaginations of the cytoplasmic membranes which form 

chambers in the periplasmic space of the cells (Fig. 7). However, 

the character of primary reactions involved in bacterial oxidation
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Fig. 4-7. General appearence of T.thiooxidans and T.ferrooxi- 

dans cells from the medium with sulphur. Fig. 4-7.ferrooxidans, 

contrasted with PTA, fig. 6-fine structure .thiooxidans fol- 

lowing the cytochemical reaction with 2% AgNO, Fig. 5, (-fine 

structure T.thiooxidans. 

SMS-surface membranous structures (vesicles), G-granules of 

reduced silver, deposited in the visicles, C-chambers, formed 

by the invagination of the cytoplasmic membrane. 

of sulphur still is not clear. According to the data available, the 

mechanism involved in the decomposition of a sulphur crystal lattice, 

and in the transport of sulphur into the cells, can be represented 

as a scheme shown in Fig. 8. 
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Fig. 8. Proposed scheme of sulphur oxidation by thiobacilli. 

Consequently, the transport of sulphur from, or into the cell, as 

well as the enzymatic oxidation of sulphur, are mediated in thioba- 

cilli by one and the same mechanism. Oxidation of both B50 and S° 

on the outer surface of the invaginations of the cytoplasmic membra- 

ne is a good illustration of the metabolism of thiobacilli according
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to the Mitchell hypothesis (1). 

Mechanism of oxidation of sulphide minerals 

Sulphide minerals are characterized by high energies of their 

crystal lattices, a very low solubility, and electrochemical proper- 

ties. All these properties determine the activity of oxidation of 

sulphide minerals by T.ferrooxidans and by microorganisms isolated 

by Brierley et al. (2, 3). Such sulphide minerals as PbS, Bis, and 

SboS3 are also oxidized by Thiobacillus "y" (4, 5), similar to T.thi- 

oparus. 

Sulphide minerals, like sulphur, are oxidized in a close contact 

with the cells of thiobacilli, as was confirmed by the data of elect- 

ron microscopy. We have found that the cells of T.ferrooxidans are 

in a close contact with the crystals of arsenopyrite during its oxi- 

dation, both the cells and the crystals being surrounded with slime 

(Fig. 9). A bacterium-mineral system seems to be formed in this case. 

  

c 

Fig. 9. Teferrooxidans cells located in direct contact with 

arsenopyrite crystals. B - bacterial cells, A - arsenopyrite 

crystals. 

No vesicles were found on the cell surface when T.ferrooxidans was 

cultivated on arsenopyrite or on Fe**, Apparently, the primary reac- 

tions of oxidation of sulphide minerals have another mechanism than 

those involved in oxidation of elemental sulphur. Our approach to 

the elucidation of this problem was mainly a physico-chemical one. 

Bacterial oxidation of sulphides in their mixture was shown to 

proceed in the same direction as electrochemical dissolution; the 

process is however accelerated in the presence of T.ferrooxidans. 

This microorganism oxidizes first sulphide minerals having a lower
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electrode potential (6-8). Therefore, bacterial oxidation of sulphi- 

de minerals is of electrochemical nature. 

Yakhontova,using experimentally obtained EP-pH diagrams, suggest-— 

ed the following equations for oxidation of chalcopyrite (CuFeS,) at 

different pH values: 

e+ 1. CuFeS, + 3,505 + Hj0 —mer Cue" + pect . e + 1,3HSO,~ + 0,780, °"+ 

+ 0,7H* + 26 (pH = 1-3); 

2. CuFeS, + 40, —a cut 4 50,° + (Feso,)* + @ (pH = 3-7); 

3. CuFeS, + 3,90, + 0,2H,0 —m cue* + Glo) ee + /BeS0,/* + 0,4H* + 
a 

+ 1,4€ (pH = 7-9). 

In other words, the mechanism of chalcopyrite oxidation suggested 

by Yakhontova resembles the work of a natural electrode; the shift 

of the reaction to the right is controlled by the transport of elect- 

rons either to the sphere of a catode process in the medium (solu- 

tion), or to a mineral which has a higher potential and is in a con- 

tact with chalcopyrite, or to a biochemical system (bacteria). The 

yield of electrons in the oxidation of CuFesS , depends on the pH of 

the medium. At high pH values, the yield of electrons is low and, 

apparently, insufficient for the growth of microorganisms, as is the 

case in the oxidation of Fe* (9). Presumably, the oxidation of 

CuFes, is no more advantageous, from the energetic standpoint, to 

bacteria as the pH increases. However, the yield of electrons in the 

oxidation of Cues, grows at alkaline and weakly alkaline values of 

the pH of the medium. This provides conditions for the existence of 

microorganisms which oxidize chalcopyrite at the alkaline reaction 

of the medium. 

Sulphide minerals are oxidized at the level of their electron 

structure (10). Deviations of the real sulphide electron constituti- 

on from the ideal one must be significant for the bacterial oxidati- 

on of sulphide minerals to be carried out. Such deviations include, 

first of all, the presence of cation or anion deficiency in the com— 

position of sulphides which provides for positive (hole) or negative 

(electron) conductivity, the energy of electron transport from the 

crystal lattice (the position of the Fermi level), the value of 

electrochemical and electrode potentials, and so forth. 

Pyrite samples having electron and hole conductivity, i.e. with 

anion and cation vacancies in the structure, respectively, were used 

in the experiments. 

The results are presented in Figs. 10 and 11. In the absence of 

bacteria, both pyrite samples had an electrode potential (EP) of abo- 

ut 450 mV which was close to the value of the Eh of the medium (Fig.
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Fig. 10, 11. Change in electrode potential (EP) of pyrite 

with positive (+) and negative (-) conductivity, Eh of medium 

9K and leaching iron without (Fig. 10) and with (Fig. 11) 

T. ferrooxidans. 

10). This similarity in the values of EP and Eh suggests that there 

is an energy equilibrium between the medium and the mineral; there- 

fore, the mineral cannot be oxidized under these conditions. The da- 

ta of iron analyses confirm this conclusion. 

1,ferrooxidans oxidizes pyrite at a high rate (Fig. 11). The pro- 

cesses of iron oxidation and leaching differ for pyrite samples hav- 

ing electron and hole conductivities. 

When electron pyrite was oxidized during the first eight days of 

the experiment, the difference between the EP of the mineral and the 

Bh of the medium was great (about 200 mV), and the rate at which 

iron migrated to a solution was 0.25 g of Fe?* per litre per day. 

Then, the process of oxidation decelerated, the curve for Fe>t libe- 

ration leveled and the EP of the mineral and the Eh of the medium 

had almost equal values. The final concentration of the cells of 

T,ferrooxidans in the container was 5#10° per 1 ml. 

Hole pyrite had a very low value of EP during the first nine days 

of the experiment, which differed from the Eh of the medium by al- 

most 500 mV. The curve for the EP of pyrite is concave (Pig. 10).
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The mineral was oxidized at a very high rate, as was confirmed by an 

active migration of Fe?+ into a solution (2.5 g/l). Later, the medi- 

um and the mineral were in a rather stable state, with a great dif- 

ference in oxidative potentials (about 300 mV). Sulphide could be 

oxidized even after 12 days of the experiment because the curve for 

the transfer of Pet still had a large slope (Fig. 11). The final 

concentration of the cells in the container was 10° per 1 ml. 

Therefore, the character and rate of Fe leaching from pyrite were 

found to be connected with the type of its conductivity, i.e. its re- 

al electron structure. Pyrite with hole conductivity (cation defici- 

ency) is oxidized by T.ferrooxidans not only at a higher rate, but 

also continuosly, as compared to pyrite with electron conductivity. 

While explaining differences in the behaviour of pyrite in the 

bacterial leaching of Fe, it should be noted that pyrite with elect-— 

ron conductivity contains an excess of iron ions over sulphur ions. 

Apparently, electron pyrite is oxidized until all excess iron is oxi- 

dized and a Fes, semiconductor becomes stoichiometric (or compensat-— 

ed) in composition. After that, the Fermi energy or a mean energy va- 

lue for all mineral conductivity electrons (or electrochemical poten- 

tial, see (11, 12)) considerably increases, as indicated by a sharp 

growth in the EP of pyrite. Oxidation of the mineral becomes compli- 

cated. 

Calculations of the maximum Fe 

the concentration of excess iron in a sample is about 10 

3+ yield (Fig. 11) have shown that 
19 niéle", 

which corresponds to the ordinary content of electrons in pyrite hav- 

ing electron conductivity (11, 12). 

The oxidation of hole pyrite containing a deficiency of iron and 

a small excess of sulphur is different. A hole semiconductor remains 

uncompensted, both at the beginning of bacterial oxidation and later. 

The Fermi level (a mean value of hole energies), though remaining 

high (it is deeper in a hole semiconductor than in an electron one), 

does not grow too much. The energy of electron transport from the mi- 

neral does not increase, and a considerable difference in energy 

(between EP and Eh) is maintained between the mineral and the medium. 

A non-stoichiometric semiconductor of FeS, can 'work' for a long 

time in a bacterial medium, 'outputting' neo! into a container. The 

rate of pyrite oxidation is characterized by the slope of a curve for 

the transport of Fe?t ions, and is determined by the migration of 

iron ions from the volume of a mineral to its surface. 

All what has been said above concerning the mechanism of bacterial 

oxidation of pyrite should be also true of‘other sulphide minerals, 

and experiments are being conducted now to prove this point.
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Therefore, our experimental data and the evidence found in litera- 

ture show that a universal enzymatic mechanism exists for oxidation 

of a0, s° ana sulphide minerals, and that significant differences 

are found in the mechanism of the primary interaction of the cells 

with substrates to be oxidized and their transport into the cell. 

This differentiation seems to be of a general biological character.
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