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FOREWARD

This book comprises presentations from Biohydrometallurgy 89. The meeting, held at Jackson Hole,
Wyoming, U.S.A.,in August 1989, attracted more than 230 participants.

Biohydrometallurgy 89 is the fifth symposium of a series which was began in 1977 and now provides
a biannual opportunity for discusion of both fundamental aspects and applications of microorganisms
in extraction and recovery of metals, industrial waste treatment, and fossil fuel refining.

The trend continued from the two preceeding meetings (Vancouver and Warwick) to come to grips
with the real-world problems arising from both industrial activities and needs, and the regulatory
requirements imposed by political entities. Fundamental studies have likewise advanced, commensurate
with the demands of developing new technologies. The formal presentations and accompanying
discussions reflect both the basic philosophy and the essential details of ongoing work. Poster sessions
expanded the broader picture of the level of interest and the current trends in Biohydrometallurgy. It is
evident that increasing effort is being devoted to waste treatment and fossil fuel refining studies.

Commercial applications of biohydrometallurgy, while as yet relatively few in number, weigh heavily
in importance. Direct economic benefits from modified or alternative extraction processes and waste
treatment methods appear substancial in an era of increasing concern for our environment. Further,
the economics of biohydrometallurgical and biotechnological processes improve visibly with depletion
of our resources and increasing regulation. Whatever the incentive, a strong, worldwide interest in this
technology was demonstrated at this meeting.
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FACTORS AFFECTING BACTERIAL MINERAL OXIDATION:
THE EXAMPLE OF CARBON DIOXIDE IN THE
CONTEXT OF BACTERIAL DIVERSITY

P.R. NORRIS

Department of Biological Sciences
University of Warwick
Coventry, England

ABSTRACT

The oxidation of pyrite at 30-68°C during the growth of phylogenetically-diverse, mineral-oxidizing
bacteria in air-lift reactors has been assessed in relation to the carbon dioxide concentration of the gas
supplied to the vessels. As expected, when the CO; concentration did not limit the bacterial activity,
the highest rate of mineral oxidation resulted from the activity of thermophiles at temperatures beyond
those permitting the growth of T. ferrooxidans. The rate of iron solubilization by Sulfolobus was
reduced during growth in medium gassed with air that was not enriched in CO, but was still three to
four times more rapid than that by T. ferrooxidans. In contrast, the activity of moderate thermophile
strain BC1 was greatly reduced to less than that of the mesophile. The protein profiles of the
thermophiles grown under different CO, concentrations have been examined using electrophoresis to
reveal specific proteins that are probably involved in CO, fixation and whose concentration relative to
the total cell protein reflects the availability of CO; to the bacteria. The alterations in the concen-
trations of these proteins in response to the CO, concentration are discussed in relation to the different
pathways of CO; assimilation in the bacteria.
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LES FACTEURS MODIFIANTS L’OXYDATION MINERALE BACTERIENNE :
L’EXEMPLE DU GAZ CARBONIQUE DANS LE CONTEXTE DE LA DIVERSITE
BACTERIENNE

P.R. Morris

Département des Sciences Biologiques
Université de Warwick Coventry, Angleterre U.K.

RESUME

L’oxydation de la pyrite dans des bio-réacteurs & ascension pneumatique, a des températures entre
30-68°C durant la croissance de bactéries phylogénétiquement différentes, capables d’oxyder des
minéraux, a été vérifiée en fonction de la concentration de gaz carbonique fourni aux récipients.
Comme prévu, lorsque la concentration de CO, ne limitait pas 'activité bactérienne, 'activité de
thermophiles 4 des températures supérieures a celles qui permettent la croissance de Thiobacillus
ferrooxidans était responsable du taux maximal d’oxydation. Le taux de solubilisation du fer par
Sulfolbus a diminué lorsque de l'air non-enrichi en CO, était insufflé dans le milieu de culture, il a
cependant demeuré de trois & quatre fois plus rapide que celui de T. ferrooxidans. Par contre, I'activité
de la souche modérément thermophile BC1 a été plus faible que celle de la souche mésophile.

Les profils protéiques des thermophiles aprés croissance a différentes concentrations de CO, ont été
analysés par électrophorése, et ont révélé la présence de protéines spécifiques qui sont probablement
impliquées dans la fixation du CO., et dont la concentration par rapport a la quantité totale de protéine
cellulaire indiquerait la quantité de CO, disponible pour la bactérie. Les variations dans les concen-
trations de ces protéines par rapport & la concentration de CO, sont discutées en fonction des
différentes voies d’assimilation du CO, par les bactéries.
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INTRODUCTION

Thiobacillus ferrooxidans or rather poorly characterized, mixed cultures in which this iron- and
sulphur-oxidizing mesophile was assumed to be the dominant species, have been used almost ex-
clusively in the development of processes for mineral oxidation by bacteria in reactors. The activity of
T. ferrooxidans has, therefore, become a standard to which the leaching performance of other poten-
tially useful bacteria can be compared. Leprospirillum ferrooxidans and a variety of thermophiles have
received most attention in this context (Norris, 1988, 1990) but other bacteria, Thiobacillus prosperus
for example (Huber and Stetter, 1989), will undoubtedly also attract attention. All of these bacteria
share with T. ferrooxidans their acidophily and capacity to oxidize iron, but their phylogenetic diversity
reflects differences in some aspects of their metabolism which concern growth on mineral sulphides.
Attempts to improve the performance of mineral-oxidizing bacteria or to optimize process conditions
that influence their activity might relate directly to reactions in mineral dissolution, i.e., iron and
sulphur oxidation, or might involve factors such as nutrient assimilation which could affect mineral
oxidation indirectly through influencing bacterial growth.

The oxidation of iron ... a direct factor in mineral oxidation

One of the distinguishing features between some major groups of taxonomically-distinct, mineral-
oxidizing bacteria is the nature of the cell surface that of T. ferrooxidans and L. ferrooxidans being
Gram negative, that of the most-studied moderate thermophiles being Gram positive (see Karavaiko et
al., 1988; Lane et al,, 1988), and Sulfolobus and Acidianus belonging to the archaebacteria. Differences
in the composition and structure of the cell envelopes, generally considered to be the site of iron
oxidation (Dugan and Lundgren 1965; Ingledew, 1982), likely dictate, therefore, some strain specific
features of the interaction with iron. Furthermore, a preliminary examination by optical spectroscopy
of the respiratory chains of the bacteria in these groups indicated a variety of components likely to be
involved in the subsequent transfer of electrons from ferrous iron (see Norris, 1990). For example, an
apparently unique, acid stable cytochrome was revealed in L. ferrooxidans and postulated to occupy a
position in iron oxidation analogous to that of the periplasmic, acid stable rusticyanin of 7. ferroox-
idans (see Norris, 1989). Some different affinities for ferrous iron and some different tolerances with
regard to inhibition of the iron oxidation by ferric iron have been observed among the various
mineral-oxidizing bacteria (Norris et al., 1988); iron oxidation by L. ferrooxidans in particular being
less affected by a decrease in ferrous and increase in ferric iron concentration than that of T.
ferrooxidans. This factor, together with the apparently greater tolerance of L. ferrooxidans of increasing
acidity (Norris, 1983; Helle and Onken, 1988), might explain the capacity of L. ferrooxidans to
compete successfully with T. ferrooxidans during growth on pyrite. However, any attempt to relate the
observed kinetics of the cell-metal interactions to features of the iron oxidation systems at the
molecular level must await the full characterization of the latter. An increased tolerance of ferric iron
might be a useful attribute of T. ferrooxidans strains intended for application in reactor leaching of
some mineral sulphide concentrates, but it is doubtful if a capacity for more rapid iron oxidation, even
if it were attainable through strain manipulation or selection, would be generally useful. The rate of
biochemical reactions in mineral sulphide oxidation are likely to be limited by availability of substrate
from the solid with the rate of mineral dissolution controlled by interacting, limiting factors that would
include the particle size, diffusion rates at the mineral surface and the temperature. The bacteria
generally grow more rapidly on soluble sulphur compounds and iron than on mineral sulphides. An
increase in the temperature, for example, allows more rapid mineral dissolution by thermophilic
bacteria growing at temperatures above the limit for T. ferrooxidans activity even though the rates of
autotrophic growth of the thermophiles on ferrous iron in solution are similar to that of the mesophile
(Norris, 1990).

Carbon dioxide ... indirectly affecting mineral oxidation

A factor that indirectly affects mineral oxidation by bacteria and one that may be controllied in
reactor mineral processing is the availability of carbon dioxide. As with iron oxidation, the efficiency of
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carbon dioxide assimilation by various mineral-oxidizing acidophiles might be expected to differ given
the aforementioned diversity of the bacteria.

T. ferrooxidans assimilates carbon dioxide principally through the Calvin cycle. One of the key
enzymes of this cycle, ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) has been charac-
terized in work with T. ferrooxidans that also showed growth on ferrous sulphate was limited unless the
concentration of CO, in the air gassing the culture was increased (Holuigue et al., 1987). This
observation contrasts with those in which the normal concentration of CO, in air was sufficient to
avoid limiting the growth of T. ferrooxidans on ferrous sulphate (Kelly and Jones, 1978) and to avoid
limiting mineral sulphide oxidation unless the solids concentration was above a few percent (w/v)
(Torma et al., 1972). T. ferrooxidans probably responds to CO, limitation by increasing the cellular
concentration of RuBisCo (Codd and Kuenen, 1987).

The activity of RuBisCo during autotrophic growth of the moderately thermophilic iron-oxidizing
bacteria has been demonstrated (Wood and Kelly, 1985). However, with the moderate thermophiles so
far studied, autotrophic growth utilizing ferrous iron has been consistently and clearly restricted unless
cultures were incubated under air in which the CO, concentration was enhanced (Marsh and Norris,
1983a; see Brierley and Brierley, 1986). The capacity of thes€ bacteria to degrade mineral sulphides
rapidly in the absence of organic nutrients has been demonstrated with cultures gassed with 1-5% (w‘v)
CO; in air (Marsh and Norris, 1983b; Norris et al., 1986).

In contrast to the eubacteria (7. ferrooxidans and moderate thermophile strain BC1), the mineral-
oxidizing archaebacteria such as Sulfolobus and similar extreme thermophiles do not assimilate CO, via
the Calvin cycle. The pathway of CO, fixation in these bacteria has not been resolved but a reductive
carboxylic acid cycle (Kandler and Stetter, 1981) and a possible role for an acetyl CoA carboxylase
(Norris et al., 1989) have been suggested. Previous demonstrations of the rapid and efficient oxidation
of finely-ground mineral sulphides by Sulfolobus in the absence of organic nutrients have generally
involved gassing cultures with 0.5 or 1% (v/v) CO; in air (Marsh ez al., 1983; Norris and Parrott, 1986;
Le Roux and Wakerley, 1988).

This paper examines the effect of potentially growth-limiting CO, concentrations in air on bacterial
growth-associated pyrite oxidation and on the concentration of specific proteins in the thermophilic
bacteria. An understanding of the biochemistry of the CO, fixation pathways in these bacteria and the
responses to CO, limitation should benefit any development of a strategy for improving or optimizing
mineral oxidation in relation to the assimilation of this essential nutrient.

MATERIALS AND METHODS

Organisms. The growth on minerals of the strains used, T. ferrooxidans DSM 583, moderate ther-
mophile strain BC1 and Sulfolobus strain BC, has been described before (Marsh and Norris, 1983b;
Marsh et al., 1983; Norris et al., 1986; Norris, 1988). In this paper, use of the genus name Sulfolobus
hereafter refers to Sulfolobus strain BC; this isolate is probably a strain of S. acidocaldarius, but this
has not been confirmed.

Growth on pyrite. Water-jacketed, air-lift reactors (500 ml) with a central draft tube were used. The
mineral (40% w/w iron; particles <75 um diameter) was added to a medium (initially adjusted to pH 2
with H,50,) which contained (g 1) (NH,),SO4 (0.4), mgSO,7H,0 (0.5) and K,HPO, (0.2). Air or
COy-enriched air (250 ml min™) as indicated in the text was introduced into the reactors at the base of
the draught tubes. All inocula (10% v/v) were pyrite-grown. Mineral dissolution was measured as the
increase in the iron concentration in solution by atomic absorption spectrophotometry analysis of
supernatants from reactor samples after centrlfugatlon

Polyacrylamide gel electrophoresis (PAGE). Proteins were stained with silver following standard
techniques of SDS-PAGE (12% acrylamide gels).




BIOHYDROMETALLURGY — 1989

RESULTS

Growth-associated pyrite oxidation under different CO, concentrations

In order to consider the activity of the mineral-oxidizing bacteria in relation to the efficiency of their
CO, assimilation, the increase in the concentration of dissolved iron during their growth (Fig. 1) was
taken as a reflection of the pyrite oxidation. However, there was some precipitation of released and
oxidized iron, particularly at the highest temperature and during the early phase of the growth of
Sulfolobus before extensive acidification of the medium. The more gradual increase to the maximum
rate of iron solubilization with Sulfolobus than with the other bacteria may partly reflect such
precipitation. In addition, however, the onset of the maximum rate of iron solubilization by Sulfolobus
was delayed slightly less than with T. ferrooxidans in the absence of enhanced concentrations of CO,
(for example, Fig. 1). A further comparison of the influence of the CO, concentration on mineral
oxidation was made in terms of the maximum rates of iron solubilization that were attained (Fig. 2).
Culture gassing with air that was not enriched with CO, had little effect on the release of iron by
T. ferrooxidans but allowed only poor growth of the moderate thermophile strain BC1. The rate of iron
solubilization by Sulfolobus was reduced by an average of 20% at a particular mineral concentration
but was still three to four times more rapid than that by T. ferrooxidans. The addition of CO, to only
0.1% (v/v) in air restored the rates of mineral oxidation by both the moderate and extreme ther-
mophiles almost to those seen at higher CO, concentrations (Fig. 2). The influence of the CO,
concentration is seen here in terms of iron release and therefore on the activity of the bacteria rather
than on their growth. During growth of Sulfolobus on thiosulphate or tetrathionate in continuous
culture under conditions of CO, excess (5% v/v CO, in air) or limitation (air only), substrate oxidation
was uncoupled from growth when CO, was limiting (Norris et al., 1989); equivalent oxidation rates
were obtained with a concentration of CO,-limited biomass that approached only half that of cells
grown in the presence of excess CO,. In terms of the growth on pyrite (Fig. 2), microscopy clearly
showed that the effect of gassing with air on the numbers of Sulfolobus in the cultures was
proportionately less than on the rate of iron release when compared to CO»-sufficient cultures.

Cell protein profiles of bacteria grown under different CQ, concentrations

Sulfolobus. When Sulfolobus was grown under CO, limitation in earlier experiments, the concentration
of a protein of about 330 kDa was forced to leave considerably increased (Norris et al., 1989). This
protein, which carboxlyated acetyl CoA, appeared to have large (59 kDa) and small (19.5 kDa)
subunits, with the 59 kDa subunits most noticeable on SDS-polyacrylamide gels of whole-cell proteins.
Electrophoresis of solubiliquid protein foam cells taken from reactors during the pyrite oxidation
experiment summarized in fig. 2 showed that the concentration of the 59 kDa polypeptide (arrowed,
Fig. 3) increased in response to the reduction in the CO, concentration. The production of the protein
increased, relative to total cell protein, when the CO, concentration was reduced from 1 to 0.1% even
though the leaching activity was not affected (Fig. 2). It is possible that with 0.1% (v/v) CO, in air,
some uncoupling of mineral oxidation from growth occurred giving a higher specific rate of oxidation
as noted above with growth on soluble sulphur compounds under air. As the concentration of this
protein could be increased further, as it was under air (Fig. 3), it is also possible that the bacteria were
responding to the intermediate CO, concentration by producing only sufficient extra enzyme to
increase the CO, assimilation efficiency to allow growth equivalent to that obtained when the CO, was
not limiting. However, it remains to be proven that growth-associated CO, fixation is primarily
dependent on the activity of this protein. The concentration of the 59 kDa polypeptide at least appears
to be a sensitive indicator with regard to the availability of CO, to the bacteria. Following the further
oxidation of 1% (w/v) pyrite after transfer of cells from growth under air to under CO,-enriched air,
and vice-versa, the ’protein record’ was that of the prevailing growth conditions (Fig. 4) but the rate of
synthesis or degradation of the indicator protein in response to a changing CO, concentration has not
been determined.

The moderate thermophile strain BCI. Solubilized proteins from strain BC1 were subjected to SDS-
PAGE following growth of the bacteria on pyrite in medium that was supplemented with yeast extract
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(data not shown) and growth in reactors gassed with different concentrations of CO, in air (data of
Fig. 2). The enzyme RuBisCo, from whatever source, generally comprises large (usually about 56 kDa)
and small (about 15 kDa) subunits, although there are rare exceptions, such as that with only large
subunits in some anoxygenic photolithotrophic bacteria. The autotrophically-growing strain BC1 posses-
sed a polypeptide of 56 kDa (upper arrows, Fig. 5) which could be the large subunit of RuBisCo with
its concentration appearing to increase in response to the decreasing concentration of CO; in the gas
supply to the culture. A significant amount of this protein would not have been expected in the
bacteria grown in the presence of yeast extract which represses CO, fixation during litho-heterotrophic
growth (Wood and Kelly, 1983). It is interesting to speculate further on the nature of the polypeptide
appearing on the gel just below and apparently about 4 kDa smaller than the putative ruBisCo large
subunit. In the autotrophically-growing bacteria and in contrast to the 56 kDa protein, the concen-
tration of this protein appeared to decrease with the reduction in the CO, concentration. Further work
is required to establish whether this indicates a system analogous in some way to that in the
phototrophic Chromatium where a slower mobility in polyacrylamide gels of an active form of RuBisCo
in comparison with an altered inactive form has been proposed to indicate some post-translational
control of the RuBisCo activity (see Tabita, 1988).

A second enzyme unique to the Calvin cycle is phosphoribuiokinase (PRK) which catalyses the
phosphorylation of ribulose S5-phosphate to give the ribulose 1,5-bisphosphate that is carboxylated by
RuBisCo. The PRK of most bacteria comprises subunits of 32-36 kDa. A polypeptide of 35 kDa
appeared abundant in thermophile strain BC1 from the reactor gassed with air (lower arrow, Fig. 5). It
is possible, but not yet confirmed, that this protein could be PRK that was significantly over-produced
only at a level of CO, limitation more severe than that which induced the apparent increase in
RuBisCo synthesis or activity.

CONCLUSIONS

The CO, limitation of the activity of the thermophiles was almost completely alleviated with only
0.1% (v/v) CO; in air even though analyses of cell proteins indicated that these bacteria were affected
and responding to CO, limitation at this concentration. The use of CO,-enriched air would probably be
required to maintain the optimum activity even of 7. ferrooxidans where tested at higher mineral
concentrations (Torma et al., 1972) than those used in this work but which would be desirable for an
industrial process. It seems likely, but remains to be shown, that adequate growth of the moderate
thermophile under such conditions would require a higher concentration of CO, than either
T. ferrooxidans or Sulfolobus. In reactors gassed with air, the activity of Sulfolobus was still far greater
than that of T. ferrooxidans, even without the CO, concentration it required for maximum activity.
However, the inhibition of Sulfolobus by agitation in the presence of high concentrations of minerals
(Norris and Barr, 1988) still restricts its potential industrial application.

The visualization of the regulated increase in the concentrations of specific proteins in the ther-
mophiles in response to CO, limitation could provide a useful means of assessing the status of the
bacteria in reactors in relation to the CO, availability. The absence of any over-production of the key
proteins would illustrate that excess CO, was present. In practice, however, with mixed rather than
pure cultures, the picture would likely be obscured, at least with the moderate thermophiles by the
presence of Gram negative, sulfur-oxidizing bacteria, (see Norris, 1990) which possess RuBisCo and fix
CO, from air efficiently.

An explanation of the poor efficiency of assimilation of CO, from low concentrations in air by the
Gram positive, moderately thermophilic, iron-oxidizing bacteria may be sought by comparing the
concentrations, activities and characteristics of the key enzymes of 7. ferrooxidans. Possible differences
in the process of CO, uptake and, therefore, in its concentration, directly available to the RuBisCO in
the different bacteria should also be examined. The identification of a rate-limiting step in CO,
assimilation by the moderate thermophiles could provide a target for strain improvement; this could
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parallel attempts to select or isolate strains or new species which might prove more cost effective with
respect to the CO, provision for mineral processing at 40-55°C.
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BIOLEACHING OF VALUABLE METALS FROM SILICATE ORES
AND SILICATE WASTE PRODUCTS

K. Bosecker,

Federal Institute for Geosciences and Natural Resources (BGR), Stilleweg 2,
D-3000 Hannover 51, Federal Republic of Germany

ABSTRACT

Heterotrophic microorganisms isolated from various mine sites in Australia, Portugal and Romania
and screened for acid production were investigated for their use in dissolving valuable metals (Al, Ni,
Cr, Fe, Ti) from silicate ores and from waste products from the aluminium processing industry. All
strains of bacteria were found to be sensitive to metal concentrations > 100 ppm, and none of them
was capable of dissolving silicon. Among fungi, Penicillium pre-dominated. Strains of P. simplicissimum
were most abundant and most suitable for leaching purposes because they were not affected by metal
concentrations in the range of 1,000 — 1,500 ppm. After adaptation, some strains still grew at 10,000
ppm Ni?**, 6,000 ppm Cr®** or 6,000 ppm AI***,

With citric acid, 77% of the nickel and 31 % of the aluminum was extracted from a silicate-type of
ore and 60% of aluminium was recovered from industrial waste. After thermal pre-treatment at 650°C,
90% of nickel and 60% of aluminium in the ore was solubilized. Dissolution of chromium and
titanium was comparatively poor.
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BIOLIXIVIATION DE METAUX AYANT UNE VALEUR
COMMERCIALE DANS DU MINERAI ET DES RESIDUS SILICEUX

K. Bosecker

Institut Fédéral des Géoscience et des Ressources Naturelles (BGR),
Hanovre, République Fédérale d’Allemagne

RESUME

Des micro-organismes isolés sur différents sites miniers en Australie, au Portugal et en Roumanie,
ayant été sélectionnés en fonction de leur aptitude a produire des acides, ont fait ’objet d’essais visant
a déterminer leur capacité de dissoudre des métaux (Al, Ni, Cr, Fe, Ti) en concentration suffisante dans
des minerais siliceux et des résidus siliceux rejetés par les alumineries. Au cours des essais, toutes les
souches de bactéries ont été sensibles a4 des concentrations de métaux supérieures 2 100 ppm et aucune
n’a été capable de dissoudre le silicium. Parmi les moisissures, Penicillium était prédominant. Les
souches de P. simplicissimum étaient les plus abondantes et les mieux adaptées a la lixiviation parce
qu’elles n’étaient pas sensibles a des concentrations de métaux de I’ordre de 1 000 2 1 500 ppm. Aprés
adaptation, certaines souches ont continué de croitre en présence de concentrations de Ni** de
10 000 ppm, de Cr®* de 6 000 ppm ou de AI** de 6 000 ppm.

En présence d’acide citrique, 77 pour cent du nickel et 31 pour cent de I’aluminium ont été extraits
du minerai siliceux tandis que 60 pour cent de 'aluminium a été récupéré de résidus industriels. Aprés
pré-traitement thermique (650°C), 90 pour cent du nickel et 60 pour cent de I'aluminium présents

dans le minerai ont ét¢ mis en solution. Par comparaison, la dissolution du chrome et du titane a été
faible.

16




BIOHYDROMETALLURGY — 1989

INTRODUCTION

Heterotrophic microorganisms are known to contribute to the release of heavy metals from rocks and
minerals. In contrast to the chemolithoautotrophic thiobacilli which are already used commercially for
the leaching of sulfide ores, the heterotrophic microorganisms require organic carbon sources for their
growth and energy supply and do not have any benefit from the degradation of minerals. Heterotrophic
leaching is due to the production of organic acids and other metabolic compounds which are excreted
into the environment and dissolve heavy metals by direct displacement of metal ions from the ore
matrix by hydrogen ions and by the formation of soluble metal complexes and chelates (Duff et al.,
1963; Henderson and Duff, 1963; Wagner and Schwartz, 1967, Berthelin, 1977; Eckhardt, 1979).

These mechanisms have a potential for the recovery of valuable metals from non-sulfide minerals
which cannot be treated by the conventional autotrophic bacteria and offer possibilities for developing
a new biotechnology process engineering for covering our future demand for metalic raw materials.
Meanwhile special importance is attached to heterotrophic leaching for the recovery and enrichment of
precious metals such as gold (Karavaiko et al., 1977, pp. 61 - 64) and rare earth elements (Glombitza
et al., 1988).

As previously shown (Bosecker, 1986; McKenzie et al., 1987), heterotrophic microorganisms can be
used for the dissolution of nickel from laterite nickel ores. Up to 72% of the nickel was extracted with
citric acid produced by the filamentous fungus Penicillium. In addition to nickel, laterite nickel ores
often contain significant amounts of other valuable metals such as aluminum and chromium whose
extraction has been neglected so far. Therefore one of the objectives of our research was to look for
the leachability of these metals.

In all industrial countries huge amounts of hazardous waste products are accumulated, the deposition
and treatment of which cause environmental and economic problems. Very often the mineral waste
products contain high amounts of valuable metals. Controlled dissolution of these metals may con-
tribute to a future guarantee of raw material supply and simultaneously to a decontamination of
mineral waste products. It will reduce environmental problems and deposition expenses. Residues from
the aluminum producing industry for example, still contain considerable concentrations of aluminum
and sometimes titanium as well. Solubilization of aluminum by metabolites of Aspergillus niger and
Penicillium simplicissimum has been indicated by several authors (Silvermann and Munoz, 1970; Mehta
et al., 1979; Groudev et al., 1982) but to our knowledge nothing has been reported on the leaching of
aluminum from residues of aluminium production. As the German aluminum processing industry
entirely depends on the import of bauxite materials, recycling of aluminum from waste products would
be most beneficial. Therefore microbial leaching of aluminum from silicate waste products became the
other objective of our investigations.

MATERIALS AND METHODS

Microorganisms

Heterotrophic microorganisms suitable for the solubilization of nickel from silicate ores were isolated
from rock and soil samples from the laterite nickel deposit at Greenvale, Australia (Bosecker, 1986).
The same procedure was used for isolating new strains of heterotrophic bacteria and fungi from rock
and water samples collected in a test gallery of a slightly alkaline, nickel-containing serpentinite massif
and at mining dumps of former mines of silicate manganese ore deposits in Romania. Additional strains
were isolated from mine water in a copper mining area in Portugal All isolates were screened for acid
production by spreading single colonies on solid media containing phenol red or methyl red and
bromthymol blue as pH indicators or by pH measurements in the liquid medium.

Screening for "silicate" bacteria was carried out using the Bogdanovic medium as described by
Groudev et al,, (1982).
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All isolates were tested for their sensitivity to nickel, aluminum, ferric iron, chromium (III) and
chromium (VI) by gradually increasing the metal ion concentration in the culture medium.

Leaching Materials

Laterite nickel ores were obtained from major deposits in Brazil and from the Dominican Republic.
The latter was kindly supplied by Falconbridge Ltd.,, Canada. Nickel-containing serpentinite was
received from the Romanian Ministry of Mines. Residues of aluminum-producing processes (red mud,
incineration cinders, ashes) were obtained from the Germany aluminum industry (VAM).

Leaching Technique

Leaching tests were carried out as shake-flask experiments. Experimental details including analytical
methods were reported earlier (Bosecker, 1986).

RESULTS AND DISCUSSION

Isolation and Characterization of Heterotrophic Bacteria

Altogether 34 strains of heterotrophic bacteria were isolated from rock and water samples. Six strains
showed continuous acid production whereas eight isolates caused a decrease in pH only during the
initial growth phase. Twenty-one strains grew on silicate-containing media, six of which had been
identified as acid producers. So far, these strains have not shown any evidence of silicon solubilization
when grown in the presence of silicate ores.

All bacteria-strains were found to be sensitive to metal concentrations > 100 ppm. Adaptation to
higher concentrations was extremely problematic and was stopped for this reason.

Characterization of Isolated Fungi

A total 36 strains of fungi were isolated from mine water and rock samples; 28 of them were
identified as acid-producing strains and investigated for their use of leaching purposes. Most acid-
producing strains were found to belong to the genus Penicillium (12). Eight filamentous fungi have not
yet been identified, and six other acid-producing isolates have been classified as yeasts.

The filamentous fungi were found to be less sensitive to heavy metals than the yeasts. The former
were adapted to 1,000 ppm of nickel, aluminum, iron or chromium without any difficulty whereas the
yeast isolates did not tolerate metal concentrations > 300 ppm. Strains of P. simplicissimum were not
affected by metal concentrations in the range of 1,000 - 1,500 ppm. After adaptation, some strains still
grew at 10,000 ppm Ni**, 6,000 ppm Cr®* or 6,000 ppm AI’*. Some of the most striking results are
summarized in Table 1. Although nickel has been reported to be one of the most toxic elements for
Aspergillus niger (Avakyan, 1974), two strains obtained from the German Type Culture Collection
(DSM) were adapted to 1,000 ppm Ni**, Strains of A. fumigatus isolated from rock samples were found
to be active at 2,000 - 3,000 ppm Ni**.

Leaching with heterotrophic microorganisms

As far as silicate leaching with heterotrophic bacteria is concerned, our former results were
confirmed. The new isolates although found in silicate environments and specially selected for acid
production and growth on silicate-containing media did not dissolve noticeable amounts of nickel or
aluminum from silicate ores. So far, we have not observed silicon extraction as reported by Groudev
and Groudeva (1986). For that reason, leaching with heterotrophic bacteria was discontinued.

Among 63 fungi kept in our stock collection, 28 strains selected on account of strong acid production
and high tolerance of the metals to be extracted were investigated for their leaching effectiveness using

18



BIOHYDROMETALLURGY — 1989

a laterite nickel ore from Brazil. This ore was chosen because most earlier leaching tests had been
carried out with this ore. Only a few results are summarized in Table 2 which demonstrate a variety of
differences with regard to the strains which were used and the metal which was dissolved. Penicillium
was the most effective fungus, and nickel was the metal which was leached best. With the exception of
strain no. 49 which was kindly supplied by I. Lazar (Bucharest), the new isolates of Penicillium strains
were less effective than our strain P. simplicissimum P 6. Besides nickel, a little aluminum, some iron,
different amounts of magnesium, but no chromium were dissolved. The different results when leaching
the same ore were be due to the type of acid which was produced and need further investigations.

Leaching of Romanian serpentinite

Within the framework of a German-Romanian cooperation, the possibility of processing nickel
containing serpentinite by bio-hydrometallurgical methods was investigated. Because of the good results
with our strain P 6 presented in Table 2, microbial leaching experiments were performed with this
strain instead of the indigenous strains. Nevertheless solubilization was very poor and except for
aluminum, almost in the range of the sterile control.

To get some information about the leachability of the serpentinite, chemical leaching with various
types of organic acids was carried out (Table 3). Surprisingly glycolic acid instead of citric acid was the
most effective organic acid for leaching nickel. In the case of aluminum, citric acid was the most
effective one. As recommended by Groudev (pers. commun., 1988) thermal pre-treatment increased the
leaching of nickel. The best results were achieved when the pretreated serpentinite was leached at about
900°C with citric acid at strongly acidic conditions. Under these conditions about 75% nickel was
dissolved. Extraction of aluminum was not improved by thermal pre-treatment, on the contrary,
aluminum extraction was less than from the untreated serpentinite. Strongly acidic conditions and
leaching at 900°C favored the extraction of aluminum, 19 % aluminum were solubilized within
6 hours. However, due to the low metal content of the mineral, metal concentrations in the liquid were
very low. It is concluded that nickel extraction from the serpentinite by microbiological acid production
is practically feasible, but there is some doubt whether such a process is economically attractive.

Leaching of silicate laterite nickel ore

Some evidence exists that bioleaching could become an alternative technology for processing the
silicate laterite nickel ore from the Dominican Republic (Falconbridge). In contrast to the serpentine
rock from Romania, citric acid was the most effective leaching agent although serpentine is the main
mineral component in the laterite nickel ore. About 80% of the nickel and 30% of the aluminum were
extracted (Table 4). Thermal pre-treatment of the ore, higher temperature during leaching, and
acidification to pH 0.5 intensified the leaching process so that within 6 hours, 90% of the nickel and
70% of the aluminum were extracted. Solubilization of iron and magnesium did not change noticeably.

Leaching of silicate waste products

~

Microbiological leaching of aluminium from silicate ores is well known, Based on this phenomenon a
flow sheet for aluminum leaching from mineral raw materials has been developed (Groudev et al.,
1983; Groudev, 1988). We investigated microbial leaching of aluminum from silicate waste products
which contained considerable amounts of aluminum and other valuable metals. Preliminary ex-
periments to date have been oriented towards a chemical leaching with synthetic organic acids. The
first results are presented in Table 5. In the case of ashes and cinders, citric acid was the most effective
leaching agent. Up to 60% of aluminum were extracted from incineration cinders. After leaching, the
liquid contained about 3g AI/L. With red mud, oxalic acid solubilized 40% of aluminum corresponding
to about 5.5 g AVL in solution. Besides aluminum, a little titanium was solubilized. With the exception
of ashes, solubilization of iron ran parallel to the solubilization of aluminum, in contrast to magnesium.
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Conclusions

Based on the experimental data, bioleaching of nickel and aluminum from silicate ores and waste
products is supposed to be practicable and create new opportunities for the mineral processing
industry. However, at present there is some doubt whether such a process will be economically feasible
as long as refined sugars are used as substrates for the microbial production of leaching agents.
Promising results have been obtained by substituting organic waste products such as sewage from starch
and antibiotics production. However, additional intensive studies are needed before heterotrophic
leaching can be applied commercially.
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Table 1

Metal tolerance of fungi after adaptation

Strain Species Source Metal-concentration (ppm)
No. Ni%* Fe’* Cr3* Cré* APY
1 Penicillium Greenvale, 2500 1000 100 1000 3000
funiculosum Australia
2 Penicillium n 15000 1000 4500 1000 6000
simplicissimum
3 Penicillium " 5000 4000 4100 13000 7000
simplicissimum
6 Aspergillus n 3000 600 4000 1500 5000
fumigatus
23 Penicillium 30000 3000 1000 6000 6000
simplicissimum
(P6)
24 Fusarium Romania 11000 500 - 6000 4000
oxysporum
25 Penicillium " 10000 1500 3000 6000 3000
simplicissimum
29 Penicillium " 1500 600 1000
funiculosum
30 Aspergillus " 2000 1000 1000 400
fumigatus
42 Penicillium Portugal 4000 1000 1000 600 1000
Sp.
61 Penicillium Romania 1000 1000 1000 1000 1000
sp.
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Table 2

Leaching of silicate Ni-Ore 424 with fungi isolated from Romanian Mine Sites

Shake flask experiments; Pulp density: 5 g/100 ml
Culture Medium: Duff (8% glucose)
Chemical analysis: 424 (Brazil) Ni = 2,37% Al = 2,09% Cr = 0,77% Fe = 16,35% Mg = 8,33%

Strain t

No. Type (days) pH Ni % Al % Cr % Fe % Mg %
24 Fusarium 28 6,3-43-7,0 6,9 0,3 0,0 0,0 2,8
25 P. simpl. 28 6,3-3,6-7,0 26,5 7,0 0,0 5,1 26,2
26 P. simpl. 20 6,5-42-53 15,3 3,0 0,4 2,0 8,1
29 P. funic. 23 6,1-3,4-3,8 18,0 2,7 0,7 3,1 13,5
30 A. fumig. 13 60 - 44 24,5 2,9 0,1 4,7 17,8
40 Yeast 31 39 - 63 5,1 0,1 0,0 0,1 43
49 P. spec. 28 49-39-5,1 41,1 2,6 0,3 2,9 4,7
50 P. spec. 11 4,7-29-35 36,1 2,5 0,3 29 9,0
23 P. simpl. 29 56 - 34 48,0 n.d. n.d. 15,7 50,0

P6

sterile 21 63 - 6,7 2,1 0,0 0,0 0,0 2,1

Table 3

Chemical leaching of serpentinite (Romania)

Pulp density: 10 g/100 ml
Chemical analysis: 471 Ni - 0,23 % Al = 0,61 % Cr = 0,44 % Fe = 6,54 % Mg = 2341 %

Treatment t pH Ni Al Cr Fe Mg
ppm % ppm % ppm % ppm % ppm %

Citric acid 19d 2,6-4,8 35 15,3 67 11,1 2,5 0,6 1430 21,9 1636 7,0
0,5 m; pH 1,2

Oxalic acid 19d 0943 22 95 6 1, 06 01 1208 185 1109 4,7
0,5 M; pH 0,9

Glycolic acid 194 2,750 100 439 0,4 <0,1 0,3 <0, 620 9,5 2929 12,5
0,5 M; pH 2,1

Gluconic acid 19d 2,6-4,8 72 31,4 3 04 0,5 0,1 426 6,5 2652 1173
0,5 M; pH 2,0

12 h/650°C 19d 2,9-6,0 147 64,2 4 0,7 5 1,2 770 11,8 1880 8,0
+ Citric acid
0,5 M; pH 1,2

12 h/650° 6h 0,6-4,2 170 74,6 115 19,0 5 1,2 1694 25,9 2924 12,5
+ Citric acid

05M

+HCl~» pH

0,5

+ 6 h/90°C
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Table 4

Chemical leaching of silicate laterite nickel ore (Dominican Republic)

Shake flask experiments; Pulp density: 10 g/100 ml
Chemical analysis: 462 Ni - 1,63 % Al = 1,06 % Cr = 0,69 % Fe = 14,32 % Mg = 12,77 %

Treatment t pH Ni Al Cr Fe Mg
ppm %  ppm % ppm % ppm % ppm %

Citric acid 19d 1,2-3,6 1264 77,5 332 314 44 6,5 3700 25,9 1092 8,6
0,5m; pH 1,2

Oxalic acid 19d 0,9-2.8 134 8,1 56 5,3 24 3,5 4158 28,9 2557 20,0
0,5 M; pH 0,9

Glycolic acid 19d 2,1-39 641 39,2 26 2,4 5 0,7 759 5,3 3328 26,0
0,5 M; pH 2.1

Gluconic acid 19d 2,0-3,8 577 354 74 7,0 4 0.7 1179 82 2793 219
0,5 M; pH 2,0

12 h/650°C 19d 1,2-3,6 1500 92,0 474 44,8 56 8,1 4040 28,2 1093 8,6
+ Citric acid
0,5M; pH 1,2

12 h/650°C 6 h 0,5-3,0 1477 90,6 737 70,0 55 8,0 3954 27,6 1342 10,5
+ Citric acid

0,5M

+HCl=>» pH

0,5

+ 6 h/90°C
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Chemical leaching of silicate waste products

Table 5

Shake flask experiments; Pulp density: 10 g/100 ml

Chemical analysis: 412 (red mud) 463 (incineration cinders) 464 (ashes)
i = 0004 % 0,009 % 0,007 %
Al = 1346 % 4,99 % 11,68 %
Fe = 2052 % 7,48 % 5,34 %
Mg = 005 % 1,23 % 0,81 %
Ti = 599 % 0,44 % 0,50 %
Treatment t pH Al Fe Mg Ti
ppm %o ppm % ppm % ppm %
412
Citric acid 20 1,2-2,6 2461 18,3 316 1,5 1,7 33 212 35
0,5 m; pH 1,2
Oxalic acid 20 0,9-1,8 5476 40,7 4885 23,8 12,5 25,0
0,5 M; pH 0,9
Glycolic acid 20 2,1-4,2 1221 9,1 134 0,7 343 68,5 n.d.
0,5M; pH 2,1
Gluconic acid 20 2,0-3,7 1039 7,7 155 0,7 442 88,5
0,5 M; pH 2,0
463
Citric acid 19 1,2-2,5 2965 593 3685 49,3 105 8,5 2 0,4
0,5 M; pH 1,2
Oxalic acid 19 0,9-2,8 2103 4272 2092 28,0 530 43,1 n.d.
0,5 M; pH 0,9
Glycolic acid 19 2,1-4.4 1111 223 845 11,3 495 40,2
0,5 M; pH 2,1
Gluconic acid 19 2,0-3,3 997 20,0 1322 17,7 457 37,1
0,5 M; pH 2,0
464
Citric acid 19 1,2-2,1 2613 22,4 486 9,1 51 6,2 111 22,4
0,5M; pH 1,2
Oxalic acid 19 0,9-1,2 1489 12,7 1443 270 256 32,5
0,5 M; pH 0,9
Glycolic acid 19 2,1-3,6 1250 10,7 760 14,2 260 31,9 n.d.
0,5 M; pH 2,1
Gluconic acid 19 2,0-3,2 622 53 418 7,8 423 52,0
0,5 M; pH 2,0

n.d. = not determined
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BACTERIAL LEACHING OF CHALCOPYRITE — CONTAINING ORES IN THE
PRESENCE OF SILVER AND GRAPHITE IN SHAKE FLASKS

Lasse Ahonen’® and Olli H. Tuovinen®

IDepartment of Microbiology, University of Helsinki,
SF-00710 Helsinki, Finland; and *Department of Microbiology,
The Ohio State University, 484 West 12th Avenue, Columbus, Ohio 43210-1292, U.S.A.

ABSTRACT

Bacterial leaching experiments were performed in shake flasks with two copper (chalcopyrite) ore
samples. One sample contained pyrite as the predominant iron sulfide and was free of pyrrhaotite. The
other sample contained pyrrhotite as the predominant iron sulfide and a minor amount of pyrite. The
particle size and pulp density of the two ore samples were standardized in these experiments. Copper
was dissolved faster from the pyritic sample, suggesting a galvanic effect on chalcopyrite leaching.
Silver in trace amounts accelerated the leaching of copper. The effect was proportional to the amount
of silver added and was more enhanced with the pyrrhotitic ore sample. Finely ground graphite had
also a positive effect on chalcopyrite leaching and was more pronounced with the pyritic sample.

§ Present address: Geological Survey of Finland, SF-02150 Espoo, Finland.
* Corresponding author.
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LA LIXIVIATION BACTERIENNE DE MINERAIS CONTENANT DE LA
CHALCOPYRITE EN PRESENCE D’ARGENT ET DE GRAPHITE
DANS DES CONTENANTS AGITES

Lasse Ahonen'® et Olli H. Tuovinen®”
T Département de Microbiologie, Université de Helsinki, SF-00710 Helsinki, Finlande; et
? Département de Microbiologie, Université de UEtat de I;0hio, 484 ouest, 12%™ avenue,
Colombus, Ohio 43210-1292, E.U,

RESUME

Des expériences sur la lixiviation bactérienne ont été exécutées dans des contenants agités avec deux
échantillons de minerai de cuivre (chalcopyrite). Un échantillon contenait de la pyrite comme source
majeure de sulfure de fer et était exempt de pyrrhotite. L’autre échantillon contenait une faible
quantité de pyrite et de la pyrrhotite comme source principale de sulfure de fer. La taille des particules
et leur densité de pulpe des deux échantillons de minerai ont été standardisées dans ces expériences, Le
cuivre de I’échantillon contenant le plus de pyrite s’est dissout plus rapidement que celui contenant le
plus de pyrrhotite, ce qui suggére qu'un effet galvanique est impliqué dans la lixiviation de la
chalcopyrite. L’argent & P’état de trace a accéléré la lixiviation de cuivre. L’effet était proportionnel a la
quantité d’argent ajouté et était plus considérable avec I’échantillon de minerai contenant la pyrrhotite.
De fines particules de graphite ont aussi eu un effet positif sur la lixiviation de la chalcopyrite, cet effet
était plus prononcé chez ’échantillon contenant beaucoup de pyrite,

§ Adresse actuelle : Commission Géologique de la Finlande, SF- 02150 Espoo, Finlande.
* Auteur & qui toute correspondance doit &tre adressée.
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INTRODUCTION

The microbiological leaching of chalcopyrite is a relatively slow reaction by comparison with that of
secondary sulfides. Complete bacterial oxidation of the sulfur entity in chalcopyrite yields sulfate
(eqn. 1) but partial oxidation which yields elemental sulfur (eqn. 2) is very characteristic of this
mineral.

2CuFeS? + 8.50% + 2H* —» 2Cu? + 2Fe** + 4SO + H,0 [1]
CuFeS, + 4Fe** —» Cu?* + 5Fe?* + 28 [2]

Incomplete oxidation results in the formation of a sulfur layer on chalcopyrite surfaces which hinders
the interfacial flux of reactants and products. This is well recognized problem both in the chemical and
microbiological leaching of chalcopyrite.

Pyrite has been demonstrated to have a positive effect on chalcopyrite leaching (Mehta and Murr,
1982; Ahonen et al., 1986). Pyrite and chalcopyrite establish a galvanic couple which enhances the
anodic dissolution of chalcopyrite. Chalcopyrite oxidation may eventually become diffusion-limited due
to the formation of sulfur coating. Because of poor conductivity, sulfur formation also prevents
electron transport processes on mineral surfaces.

Pyrrhotite lacks a positive catalytic effect on chalcopyrite leaching, possibly due to the pyrrhotite rest
potential which is too low for its cathodic behavior in galvanic coupling with chalcopyrite. An
additional feature with pyrrhotite is that elemental sulfur is produced during its microbiological
leaching (Ahonen et al., 1986). Elemental sulfur does not usually accumulate during the micro-
biological leaching of pyrrhotite.

The addition of a silver salt displays an accelerating effect on the chemical (Miller and Portillo, 1981)
and microbiological (Ahonen and Tuovinen, 1990 a,b) leaching of chalcopyrite, but the exact
mechanism has not been unequivocally elucidated. Silver effect may be based on the transient
formation of Ag,S (eqn. 3) which is oxidized to Ag* and S° by excess Fe** (eqn. 4).

CuFeS, + 4Ag* —» 2Ag,S + Cu?* + 2Fe** [3]
Ag:S + 2Fe’* —p 2AgT + 2Fe?* + §° [4]

Silver ion thus released will again react with sulfur on chalcopyrite surface. The elemental sulfur
layer produced upon Ag,S oxidation is less tenacious, causes less diffusional resistance, and has a higher
porosity than the elemental sulfur layer formed without the intermediate silver sulfide. Precipitates may
also include elemental silver and silver suifate on mineral surfaces. These insoluble products are not
desired in the leaching process because they are contributing to the loss of catalytic silver. Silver is also
incorporated into Fe(Ill) precipitates such as argentojarosite [AgFe;(SO4),(OH)s] in Ag-catalyzed
biological leaching of chalcopyrite (Ahonen and Tuovinen, 1990b).

The silver effect is amplified in the presence of iron-oxidizing bacteria such as Thiobacillus
ferrooxidans. By oxidizing ferrous iron (eqn. 5), these bacteria maintain a favorable ratio of Fe*/Fe?*
and thus contribute to the ferric-iron dependent oxidation of silver sulfide.

4Fe** + O, + 4H' -2 4Fe*" + 2H,0 [5]
In the absence of the microbiological oxidation of ferrous iron, silver amendment has a limited effect
because the rate of the chemical oxidation at low pH values is negligible and cannot therefore maintain

a favorable ration of Fe®*/Fe?*,

The rate of the chemical oxidation of elemental sulfur is insignificant under these conditions and
therefore the role of thiobacilli is important also in sulfur oxidation (eqn. 6).

2S + 60, + 2H,O0 -» 2H' + 2SO [6]
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The positive catalytic effect of silver in chalcopyrite leaching may also be related to electrochemical
modification whereby Ag,S precipitates, which are transiently formed during leaching, establish cath-
odic areas which promote galvanic coupling. By comparison with elemental sulfur, silver sulfide
granules have better conductivity and improved electron transport properties.

Wan et al., (1985) demonstrated a positive catalytic effect of graphite on chalcopyrite leaching, These
authors suggested that aggregates of CuFeS, and C (graphite) improved electron conductivity, thereby
initially enhancing the solubilization of chalcopyrite. The rate eventually becomes limited owing to the
formation of the semiconductive elemental sulfur layer. The catalyst effect varied depending on the
conductivity, particle size, and the relative CuFeS,/C ratio of the pulp (Wan et al., 1984, 1985).

In the present work, the catalytic effect of silver addition was evaluated. Graphite was also tested as a
catalyst for the biological leaching of chalcopyrite. Evaluation in shake flasks leaching studies was
undertaken with two fundamentally different kinds of chalcopyrite ore samples; one contained pyrite
and the other contained pyrrhotite as the predominant iron sulfide.

MATERIALS AND METHODS

The ore samples originated from two different sulfide mineralizations. Sample A represented a
chalcopyrite-pyrite ore material which also contained sphalerite. Chemical analysis yielded a partial
elemental composition of 30.5% Fe, 2.6% Cu, 3.5% Zn, and 41.6% S. The sample was ground and
sieved to a -200 to + 325 mesh size fraction and used as a 5% suspension in shake flask experiments.
The sample contained approximately 75% pyrite and 6% chalcopyrite. Mineralogical examination
indicated the absence of pyrrhotite in this ore sample.

Sample B contained chalcopyrite-pyrrhotite as major sulfide minerals, with a minor amount of pyrite
and sphalerite. Chemical analysis yielded the following partial composition: 15.8% Fe, 4.4% Cu, 0.05%
Zn, and 11.2% S. The sample was ground and used as a -200 to +325 mesh sieve fraction at 5% pulp
density. Pyrrhotite and pyrite accounted for approximately 23% and 1%, respectively, of the total
mineral content. About 13% of the sample was chalcopyrite.

Shake flasks were inoculated with a mixed culture which was originally enriched for using a sulfide
ore sample as the substrate. The medium contained 0.4 g per liter each of K,HPO,, (NH,),S0,, and
MgS0,+.7H,0 at pH 2. Sulfuric acid was used for pH adjustment. For leaching experiments, the culture
was first grown with a pyrite concentrate as the substrate. Cells was harvested by centrifugation and
resuspended in the mineral salts solution before inoculation. The inoculum was standardized to 3.8+10°
cells for each 250 ml culture. The cell suspension was standardized by microscopic counts. Silver sulfate
was added, to a final concentration of 9 and 30 ppm Ag* after 18 days (sample A) or 5 days (sample B)
of incubation. Graphite (-50 mesh) was added at the beginning of the experiment at concentration of
0.3% and 0.5% (wt/vol). The flasks were incubated on a gyratory shaker (180 rey per min) at 28°C.

The pyritic samples received a second inoculum of 2,8+10° cells after eleven days of incubation.
Additionally, the leach solutions of the pyritic ore samples were replaced with fresh mineral salts
medium (pH 2) on day 40.

Metals in leach solution samples were analyzed by atomic absorption spectrometry. Redox potential
measurements are given relative to calomel reference electrode. Evaporation was determined by weight
loss and compensated for by adding sterile distilled water.

RESULTS AND DISCUSSION

The microbiological leaching of copper from the pyritic ore sample is shown in Figure 1. The yield
of leaching was about 21% after 45 days. In contrast, only about 6% yield of copper leaching was
achieved with the pyrrhotite-containing ore sample (Figure 2). This difference may be partially
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attributed to the pyrite effect which, due to galvanic coupling, enhances the oxidative dissolution of
chalcopyrite. Because pyrrhotite has a much lower rest potential compared with pyrite, an enhancing
effect of galvanic coupling is thermodynamically not feasible with pyrrhotite/chalcopyrite couple.

For the first two weeks, pH adjustments were made to neutralize acid demand associated with the
pyritic sample. Subsequently, the leaching became a net acid producing reaction, necessitating periodic
base addition to maintain the acidity values were in the range of pH 1.2-1.3. The pyrrhotite sample
displayed acid demand during the first two weeks and subsequently the pH remained in the range
1.75-1.9. for the duration of the time course. These relative differences in the pH changes are in
keeping with the recognition that pyrite oxidation is an acid-producing reaction and pyrrhotite
oxidation is an acid-consuming reaction. These differences were somewhat masked by other concurrent
reactions which either produced (e.g., hydrolysis of Fe**) or consumed (e.g., Fe** oxidation) H*.

Silver was added at 9 and 30 ppm Ag® on day 18 to the pyritic ore sample (180 and 600 mg Ag™ per
kg of the ore sample, respectively). Following the addition of 9 ppm Ag, the leaching of copper
continued without the characteristic decline that occurred in the reference culture without silver
(Figure 1). With 30 ppm Ag, the rate of copper leaching transiently increased. In both instances, the
silver addition was accompanied by a decrease of 100-150 mV in redox potential. As the redox
potential values increased to the preceding levels, the accelerating effect of silver was typically
exhausted.

The positive effect was more pronounced with the pyrrhotitic ore samples which received silver after
S days of incubation. With 30 ppm Ag, the rate of chalcopyrite solubilization increased within two days
and levelled off by day 9 (Figure 2), at which time the redox potential had increased from +400 mV to
a steady value of +610 mV. The subsequent rate was similar to that determined in the reference
culture (without silver). Compared with the pyritic sample, the proportional increase in the rate and
yield of copper leaching was more pronounced with the pyrrhotite ore sample.

Figure 3 shows the effect of graphite on the leaching of copper from the pyritic ore sample. With
0.5% (wt/vol) graphite, copper leaching clearly increased over the reference level. With the pyrrhotite
sample, the addition of graphite did not result in as much change as it did in the case of the pyritic
sample (Figure 4). Graphite slightly decreased the rate at which the redox potential was increasing, but
the end values were about 610 mV with both samples. Thus these experiments indicated that graphite
had slight inhibitory effect on ferrous iron oxidation.

The redox potential is greatly determined by the degree of iron oxidation in leach solutions.
Bacterially mediated ferrous iron oxidation typically increases the redox potential to over 600 mV
range. Should iror remain in the ferrous state, the resulting redox potential has a low value of about
400-450 mV in these experiments. Thus, the decreases in redox potential caused by silver addition
reflect inhibition of ferrous iron oxidation. Silver is generally recognized as an inhibitor of bacterial
iron oxidation but its effective concentration is greatly influenced by the formation of soluble and
insoluble complexes (Tuovinen et al., 1985).

The apparent inhibition of iron oxidation was only transient in silver and graphite treated samples.
The solubility of silver in leach solutions containing sulfide minerals is limited (<0.1 ppm) (Ahonen
and Tuovinen, 1990b); similarly, only trace concentrations of Ag* were found in leach solution samples
in the present work. Thus the ensuing high redox potential can be construed to represent the
resumption of bacterial iron oxidation upon Ag precipitation. Information on the toxicity of graphite to
acidophilic thiobacilli in leach systems is not available at the present time. In view of its known
properties and role in acid leaching, it can be concluded that graphite participates by improving
electron conductivity and by sorption of metals, but these effects on microorganisms are not well
understood. In view of its known properties and role in acid leaching, it can be conductivity and by
sorption of metals, but these effects on microorganisms are not well understood.
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Catalytic effects of graphite and silver were negligible in the absence of bacteria.

Graphite effects hold some promise for research and delopment of mineral leaching processes
especially with pyrite-dominated chalcopyrite ores. With the pyritic sample, the catalytic effect of
graphite was of the same magnitude as that observed for silver but persisted for a longer period of
time. While at the present time neither silver nor graphite-catalyzed processes are feasible for
commercialization of the bacterial leaching of chalcopyrite containing ore materials or concentrates, the
catalyst effects may provide a useful tool in future work in studying the electrochemistry of biological
leaching processes.
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Fig. 1 Effect of silver on copper solubilization in the bacterial leaching of the pyrite chalcopyrite ore
sample. The cultures received silver sulfate on day 18 as follows: A, no addition; B, 9 ppm

Ag®; C, 30 ppm Ag*.
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Fig. 2 Effect of silver on copper solubilization in the bacterial leaching of the pyrrhotitic chalcopyrite
ore sample. the cultures received silver sulfate on day 5 as follows: A, no addition; B, 9 ppm
Ag*; C, 30 ppm Ag®.
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Fig. 3 Effect of graphite on copper solubilization in the bacterial leaching of the pyrite chalcopyrite
ore sample. The cultures were initially amended with graphite as follows: A, no graphite; B,

0.35 (wt/vol) graphite; C, 0.5% (wt/vol) graphite.
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Fig. 4 Effect of graphite on copper solubilization in the bacterial leaching of the pyrrhotitic chal-
copyrite ore sample. The cultures were initially amended with graphite as follows: A, no
graphite; B, 0.3% (wt/vol) graphite; C, 0.5% (wt/vol) graphite.
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ELECTROCHEMICAL ASPECTS OF
PYRITE OXIDATION BY THIOBACILLUS FERROOXIDANS DURING
LEACHING OF A CANADIAN URANIUM ORE

by

LUIS M. CHIA', WAN K. CHOI', ROGER GUAY?
AND ARPAD E. TORMA’

ABSTRACT

Using a cyclic voltammetric technique it was demonstrated that uranium leaching from a low-grade
ore containing pyrite is a complex phenomenon. Many intermediate electrochemical reactions are
involved in the oxidation of solid semiconductor pyrite, which is the source of oxidant (Fe**) for
uranium. The oxidation of pyrite was found to be controlled by solid-state diffusion, as suggested by
chronoamperometric and chronopotentiometric measurements. Using the Sand’s method, the activation
energy of solid-state diffusion was calculated to be AEa = 22.4 k]. From the effect of pulp density of
uranium ore, the maximum rate of uranium extraction by Thiobacillus ferrooxidans was calculated
from a modified Monod equation to be V, = 1.37 x 10% M s'. A generalized model for the
mechanism of pyrite oxidation is presented.

! Department of Materials and Metallurgical Engineering, New Mexico Institute of Mining and Technology, Socorro,
NM 87801.

2 On sabbatical leave from Laval University, Quebec, Que., Canada G1K 7P4,
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ASPECTS ELECTROCHIMIQUES DE L’OXYDATION DE LA PYRITE
PAR THIOBACILLUS FERROOXIDANS PENDANT LA LIXIVIATION D’UN
MINERAI D’URANIUM CANADIEN

L. M. Chia’, W. K. Choi’, R. Guay’ et A. E. Torma’

RESUME

L’utilisation d’une technique voltamétrique cyclique a démontré que la lixiviation d’Uranium a faible
teneur contenant de la pyrite est un phénoméne complexe. De nombreuses réactions €lectrochimiques
intermédiaires interviennent dans l'oxydation de la pyrite, semi-conducteur solide comme source
d’oxydant (Fe**) pour I'uranium. On a déterminé que I'oxydation de la pyrite était fonction d’une
diffusion & 1’état solide, comme le suggérent les mesures chrono-ampérométriques et chrono-poten-
tiométriques. Selon la méthode Sand, I'énergie nécessaire pour permettre la diffusion 2 I'état solide a
été calculée comme étant E, = 22,4 kJ. Compte tenu de la masse volumique du minerai d’uranium, la
valeur maximale de la vitesse d’extraction de I'uranium par Thiobacillus ferrooxidans a été calculée a
I’aide d'une équation modifiée de Monod comme étant V,, = 1.37 x 10® M s, Un modéle généralisé
du mode d’oxydation de la pyrite est présenté.

! Department of Material and Metallurgical Engineering New Mexico Institute of Mining and Technology Socorro, NM E.-U.
2 En congé sabbatique de I'Université Laval Québec (Québec) Canada
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INTRODUCTION

Bacterial extraction of uranium from diverse ores has been studied by many investigators in the last
35 years (Fisher, 1966; Duncan and Bruynesteyn, 1971; Guay et al., 1977, Tomizuka and Yagisawa,
1978; Agate, 1983; Torma, 1985; Livesey-Goldblatt, 1986; McCready, 1988). In this process, the
insoluble tetravalent uranium is oxidized by ferric ion to a soluble hexavalent uranium species. Ferric
iron (oxidant) is obtained by bacterial oxidation of pyrite which is always associated in varying amounts
with the uranium ore. The overall reaction of pyrite oxidation is given by:

IFeS, + 7.50, + H,0 %M _ ke (50,): + HSO, (1)
Reaction 1 is well documented (Lowson, 1982 and Guay et al., 1989). It is the sum of anodic oxidation
of pyrite and cathodic reduction of elemental oxygen which is dissolved from air during aeration of the
leach solution. The success of uranium leaching is dependent to a large extent on the efficiency of
microorganisms in oxidizing pyrite. However, the metabolic energy (in form of electrons) from pyrite
oxidation is influenced by the inhomogeneity of the mineral surface, dissolved oxygen concentration,
the iron redox cycle and varying concentrations of ferrous, ferric, heavy metal (impurities) and uranyl
ions, which are released during the leaching process. The metabolic activity is further complicated by
the fact that pyrite is a semiconductor, showing a lack of stoichiometry between its iron and sulfur
contents, Pyrite may occur naturally in n- and p-types. The n-type pyrite has excess of free electrons
and the p-type excess of positive charge (or holes). Their resistivity to conduct electricity is 1 x 103 and
3 x 102 ohm.m, respectively (Crundwell, 1988). Pyrite has a cubic crystallographic structure similar to
NaCl and its ionic model can be written as Fe?*(S;)? (Prewitt and Rajamani, 1974; Vaughan and Craig,
1978). As shown in Fig. 1, the lower part of the conduction band in pyrite is derived from the
anti-bonding e,* doublet of 3d and upper part of 4s orbitals of iron, while the valence band is derived
from the ty, triplet of the 3d orbital of iron and 2pzmolecular orbital of the (Sz)? group (Vaughan and
Craig, 1978). The omolecular orbital can be formed by overlaps of s-p and p-p atomic orbitals, and the
nmmolecular orbital by d-p and d-d atomic orbitals. The valence band in pyrite is mainly due to 3p and
3s orbitals of sulfur while the conduction band is mainly due to 4p and 4s orbitals of iron. Therefore,
the conduction in pyrite takes place when electrons are exited into the e;* orbital. The sp*® represents
the hybrid molecular orbital of sulfur and the 1 eV energy between the non-bonding t,, and
antibonding e,* orbitals (Ennaou et al., 1986). Pure pyrite is known to resist chemical dissolution
because its valence band is of a non-bonding character, and the holes do not contribute to bond
breaking (Crundwell, 1988).

The present study investigated the intermediate reactions involved in the bacterial leaching of a
pyritic uranium ore using adapted culture of Thiobacillus ferrooxidans and electrochemical techniques,
such as cyclic voltammetry, chronoamperometry and chronopotentiometry.

MATERIALS AND METHODS

Bacteria

A culture of T. ferrooxidans was routinely maintained in our laboratories on a modified nutrient
medium, in which the energy source, ferrous sulfate, was replaced by a pyritic uranium ore (Chia,
1983). When bacterial growth reached the late logarithmic phase, a portion of the suspension was
transferred into a fresh medium to maintain the stock culture to be or used as an experimental
inoculum.

Uranium Ore

The ore used in this investigation was obtained from Rio Algom Company, Ltd., Ontario, Canada. It
was ground to particle size less than -38 #um and contained 5.02% pyrite and 1,123 ppm UQO; in
addition to 83.6% SiO,, 6.7% Al,O; and other minor constituents.
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Bioleaching Experiments

This series of experiments was carried out in 250 cm® Erlenmeyer flasks pulp density, containing
varying amounts of ore to yield 5 to 30%, PD suspensions, 70 cm?® iron free nutrient medium (Chia,
1983) and 5 cm? inoculum of T. ferrooxidans. In the sterile controls the inoculum was replaced by an
equal volume of a 2% thymol (in alcohol) solution. The flasks were incubated at 30°C and 250 rpm on
a New Brunswick gyratory incubator shaker, mode! G26. Samples were periodically removed from the
leach solutions and analyzed on a Princeton Gamma-Tech chemical analyzer, model 100.

Electrochemical Measurements

All these experiments {cyclic voltammetry, chronoamperometry and chronopotentiometry) were done
in 200 cm?® electrochemical cells each equipped with a FeS,-graphite paste (working) electrode, a
platinum (counter) electrode and a saturated calomel (reference) electrode for Eh and pH measure-
ments, temperature control, a potentiostat (Pine Instrument Co., Model RDE4), and an X-Y recorder
(EG&G Princeton Applied Research, Model RE 0092). The cells were charged with 150 cm? leach
suspensions (inoculated or sterile) at the start of each experiment. The pyrite-graphite paste electrode
consisted of a layer of graphite paste (which is composed 5 g graphite and 2 cm?® paraffin oil) at the
bottom of the electrode, upon which a homogenized layer of FeS,-graphite paste was added. The
composition of this latter paste was 1 g FeS,, 4 g graphite powder and 2 cm? paraffin oil. A platinum
wire was inserted into the pastes. A diagram of the experimental setup and that of the carbon paste
electrode is shown elsewhere (Choi and Torma, 1989).

RESULTS AND DISCUSSION

Typical leach curves of uranium extraction for 16% pulp density suspensions in the presence and
absence of bacteria are shown in Fig. 2. Bacterial efficiency is demonstrated by the difference between
the inoculated and sterile control experiments. The kinetic values [V(mg dm™ h') and Y(%)] were
calculated as shown in Fig. 3. Uranium extraction can be expressed by:

UOz + Fez(SO4)3 + 2H2804 — H4[U02(SO4)3] + 2FeSO4 (2)

Ferric sulfate is obtained from bacterial oxidation of pyrite as indicated in equation 1. Ferrous sulfate
set free in reaction 2 is oxidized to ferric sulfate by the bacteria:

IFeSO, + H,S0, + 0.5 0, —22EM8y 1o 60, + H0 3)
Uranium is dissolved in sulfato-complex form and after solid-liquid separation, uranium can be
extracted from the filtrate by solid ion exchange resins. The maximum theoretical rate, V,,, and the
K-value were determined from the data derived in a series of pulp density, (PD), experiments (PD was
varied from 2 to 32%) using a linearized form of Monod equation (Guay et al., 1989):

_ X

Figure 3 is a plot of V vs V/PD. The slope of the straight line corresponds to -K, the intercept with the
V-axis to Vy, and the intercept with the V/PD-axis to V./K. As a consequence, the rate of uranium
extraction (Ms!) can be expressed as function of pulp density by:

V=137x100 —F2

The highest experimental rate value of uranium extraction was 1.11 Ms™, obtained with a 32% pulp
density suspension, while the highest yield, Y, of extraction was about 87%, achieved with leach
suspensions of 28 and 32% PD,
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The difference in the cyclic voltammograms of inoculated and sterile experiments is shown in Fig. 4.
The curves represent the initial experimental conditions. The relative increase in the reaction currents
in the inoculated experiment is due to the presence of small amounts of iron transferred with the
inoculum into the experimental solution. If during the oxidation of pyrite all the electron transfer
processes (Fe?* —»-Fe3* + e; and §* —»S%* + 8e¢) would take place in one single reaction then only
one oxidation peak should have been realized during the positive sweep and one reduction peak during
the reversal of the potential (negative sweep). Since Fig. 4 shows a number of oxidation (B, C, D and
E) and reduction (A, F, G, H and 1) peaks, it is concluded that intermediate reactions occured during
pyrite electrochemical treatments. It is important to note that while the cyclic voltammetry detects the
existence of these reactions as indicated by the peaks, the peak reactions remain to be specified by the
investigators by using thermodynamic data available from the literature. The half-peak potential (E,z)
must be estimated from the experimental curves and then converted to potentials measured against a
standard hydrogen electrode (SHE). These latter potentials correspond to the normal decomposition
potential (E°) that can be calculated for the proposed peak reaction.

(Ep2) v8 SCE)expr CONVErSIon (g vs SHE) g, ~ E calculated (6)
The following electrochemical reactions can be proposed for the peaks in Fig. 4

Peak A (reduction of pyrite):

FeS, + 2e —» FeS + §* ; E° = -0.75V (7)
E, = -0.70V vs SCE = -0.46 V vs SHE

Peak B (oxidation of Hyg):

H,S —»S° + 2H* + 2¢ :; E° =014V (8)
E,, = 0.00 V vs SCE = 0.24 V vs SHE

Peak C (oxidation of FeS,):

FeS, + 8H,0 —»Fe?** + 2580,% + 16H™ + 14e N E° = 036V (9)
Ey,, = 014 V vs SCE = 0.38 V vs SHE

or

FeS, —» Fe?* + 28° + 2e ; E° =034V (10)

E,2 = 0.14 V vs SCE = 0.38 V vs SHE

Peak D (possible oxidation reactions):

a) FeSpx = Fe?* + (2-x)S° + (2-x)e (11)

E,2 = 020 V vs SCE = 0.42 V vs SHE

b) S° + 4Hp—»SO2 + 8H* + 6e ; E° =036V (12)
Ey, = 0.20 V vs SCE = 0.42 V vs SHE

¢) S* + 4H,0 —»SO.> + 8H* + 8¢ : E° =-0.15V (13)

E,. = 020 V vs SCE = 0.42 V vs SHE

d) Fe?* —»Fe?* + e ; E° =077V (14)

Ey. = 0.20 V vs SCE = 0.42 V vs SHE
Peak E (ferrous ion oxidation):

Fe?* + 3H,0—» Fe(OH); + 3H* + e ; E° =105V (15)
E,, = 0.76 V vs SCE = 1.00 V vs SHE
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Peak F (reduction of ferric hydroxide):

Fe(OH); + 3H* + e=» Fe** + 3H,O ; E° =105V (16)
E,. = 075V vs SCE = 0.99 V vs SHE

Peak G (possible reduction reactions):

a) Fe*" + (2-x)S° + (2-x)e =» FeS(oy 17
Eyz = 025V vs SCE = 0.49 V vs SHE

b) Fe?* + (2-x) SOZ + 8(2-x)H* + (14-6x)e = FeSpy + 4(2-x)H,0 (18)
Ey2 = 025V vs SCE = 0.49 V vs SHE

c) SOF = 8H" + 6e = S° + 4H,0O ; E° =036V (19)
E,z = 025V vs SCE = 0.49 V vs SHE

d) SOZ + 8H' + 8¢ —»S§* + 4H,0 ; E° = -0.15V (20)

Epe = 025V vs SCE = 049V vs SHE
Peak H (formation of pyrite):

Fe?* + 2SO, + 16 H* + lde—» FeS, + 8H,0 ; E° =036V (21)
Eyz = 0.07 V vs SCE = 0.31 V.vs SHE

Peak I (reduction of elemental sulfur):

S° + 2H* + 2e ~»H,S ; E° =014V : (22)
Epe = 0.10 V vs SCE = 0.34 V vs SHE

When the cyclic voltammograms were repeated several times during the first 20 minutes, the peak
currents were decreased as shown for the inoculated experiments in Fig. 5. The decrease in the peak
current is the consequence of disappearance of active sites from the surface of FeS,-carbon paste
electrode.

In the potential range of 0.0 to 0.2 volt, the reversible peaks B, C, F and G correspond to the
electroadsorption and desorption of protons onto the surface layers of pyrite, which is in good
agreement with the findings of other investigators (Mishra and Osseo-Assare, 1988a). Pyrite oxidation
at higher potentials occurs by oxidation of hydroxyl ion by Fe 3d states followed by transfer of OH- to
(S®)* state, as suggested by the peaks D and E. The presence of thiosulfate was reported to occur
during these transformations (Mishra and Osseo-Assare, 1988b) in acidic media. During pyrite ox-
idation, non-stoichiometric sulfide layers may be formed as shown for peaks D and G. Similar findings
were reported for the oxidation of pyrite (Buckley ez al., 1988). However, it is expected that significant
differences will be observed in the oxidation behaviour of pyrite from different sources. ‘

During the leaching, considerable amounts of ferrous, ferric and uranyl ions are dissolved from the
ore. Their effects on the initial peaks on cyclic voltammogram were studied with individual leach
suspensions containing varying amounts of Fe?*, Fe** and UO,?* ions, as shown in Fig. 6.

The nature of pyrite dissolution (chemically or diffusion controlled) was studied by chronopoten-
tiometric and chronoamperometric techniques in presence and absence of microorganisms. The
chronopotentiometric experiments were carried out in the range of constant currents of 0.025 to 0.115
mA-.cm?, A typical chronopotentiometric curve is shown in Fig. 7A, indicating the determination of
transition time 7(sec). Figure 7B summarizes the chronopotentiometric data in terms of plots of it
versus constant currents i. In this figure, it can be seen that constant current densities at higher than
0.07 mA«cm?, the it" term becomes independent of a further increase in i, indicating that pyrite
dissolution is controlled by solid-state diffusion phenomena (Bard and Faulkner, 1980; Price, 1981).
This finding has been verified by chronoamperometric measurements which were carried out at
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constant applied cell potentials at 500, 650 and 800 mV by observing the change in the reaction
currents, i, as a function of time (t). A typical example of chronoamperometric curves is shown in
Fig. 8. At predetermined times the reaction current is read from the i-axis, then it"? calculated and
plotted against t, as shown in picture B. The curves shown in Fig. 8B are independent of time after 10
sec. This behaviour is typical for reactions controlled by solid-state diffusion (Bard and Faulkner, 1980;
Price, 1981). If the chronopotentiometric measurements are carried out at different temperatures, the
activation energy (4 E,) of solid-state diffusion can be calculated using Sand’s technique (Price, 1981).
Figure 9A is a plot of it" vs i at temperature varying from 21 to 73°C. The it -values are constant at
i-values higher than 0.12 mA.+cm?, which can be used to calculate 4 E,,

it = 15 ¥ nFD¥C (23)

where n is the number of electrons transferred in the electrochemical reaction, F is the Faraday’s
constant, C is the concentration of pyrite and D is the solid-state diffusion coefficient, which is defined
as:

D = D, exp(-4 E/RT) (24)

where R is the gas constant and T the absolute temperature. Combination of equations 23 and 24
results in the following expression:

(it = V2 n” nFC[D, exp(-4 EJ/RT)]"®)? (25)
By taking the natural logarithm of equation 25, we have
In(i*>r) = In(7n*F°D,C%4)-4 E/RT (26)

A plot of In (it%?) vs 1/T gave a straight line (as shown in Fig. 9B) with slope equal to 4 E/R from
which the apparent activation energy was calculated to be 4 E, = 22.4 kJ. This relatively low value of
A E, suggest that pyrite oxidation is controlled by solid-state diffusion, which is in excellent agreement
with the interpretation of data in Fig. 7 and 8.

MECHANISM OF URANIUM EXTRACTION

The overall uranium extraction is specified in equation 2. Accordingly, the presence of ferric ion is
required for the oxidation of UQO, to UO,;**. To shed more light on the production of ferric ion, the
pyrite oxidation mechanism must be explained. Figure 10 illustrates the schematic energy density of
state (a) and band diagrams (b) of n-type pyrite in contact with nutrient solution. In the interface
between the solid semiconductor pyrite and the 9K acidic nutrient solution, there are many ionic
species which have different energy levels according to their work function (Bockris and Khan, 1985).
If the free energy of electrons in the redox system, E{redox), of 9K nutrient solution is equivalent with
the Fermi energy level (E;) in solid FeS, semiconductor, then pyrite may be decomposed. In the n-type
pyrite, the Fermi level is generally located close to the energy level of the conduction zone, where the
electrons are mobile and easily removable. The relative position of E; of a redox leach system to the
decomposition energy level E4 of pyrite provides information about the chemical stability of pyrite.
Therefore, n-type pyrite are easily oxidizable but microorganisms while the p-type pyrites are not. Note
that in the p-type pyrite the E; is located close to the energy level of the valence zone. Therefore the
p-type is very stable and difficult to oxidized. As shown in Fig. 10, the lower energy level (valence)
band 1s completely filled with electrons, while the high energy level (conduction) band is incompletely
filled. Between these two zones is an energy gap which is also called the forbidden energy zone. When
ferrous ion leaves the solid pyrite crystal an excess of negative ions, S%, is left behind. This will
establish a potential difference between the solid pyrite and the nutrient solution that will tend to
prevent the movement of Fe?* ions into the bulk of the solution. These are not free immediately to
move out of the crystal since their energy level is in the filled valency band. However, the movement
of electrons may be assisted by holes (h*), which were injected into t,, a filled ovalence band by *OH
radicals. For example, by the following reaction:

H,O + h*—» H" + "OH 27
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The *OH radical will react with the S* in the valency band by forming S° or SO,> species. As a result,
the movement of Fe?* ions into the bulk of the nutrient leach solution will be facilitated. In the case of
p-type pyrite, the excess charge on S* could be neutralized by transport of holes through the valence
band, so that the movement of Fe?* ions will be uninhibited. However, there is non-bonding ty, in the
valence band of FeS,, and thus, the movement of Fe?* into the solution remains restricted.

The mechanism of pyrite oxidation can be schematically presented as shown in Fig. 11. In the
absence of bacteria the final product of pyrite oxidation is ferrous ion and elemental sulfur and in the
presence of bacteria ferric and sulfate ions. For the purpose of simplicity, the intermediate products
shown in the electrochemical studies are not indicated.

CONCLUSION

The applicability of electrochemical techniques in the elucidation of reactions involved in the
bacterial leaching of a low-grade uranium ore containing pyrite has been demonstrated. The effect of
the semiconductor character of pyrite on the leachability of uranium was discussed. It was found that
pyrite oxidation is controlled by solid-state diffusion phenomena.
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Fig. 1 Schematic presentation of molecular or-
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Fig. 5 Influence of time on the cyclic voltammogram of a 20% FeS2-carbon paste electrode at 25°C

and sweep rate of 100 mV s
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Fig, 6 Effects of ferrous (picture A), ferric (picture B) and uranyl (picture C) ion concentrations on
the curves of cyclic voltammogram of a 20% FeS,-carbon paste electrode at 25°C and sweep

rate of 100 mV s,
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Fig. 7 A typical chronopotentiometric curve (Fig. 7A) of 20% FeS,-carbon paste electrode in 9K
nutrient medium in presence of Thiobacillus ferrooxidans at 35°C. Figure 7B represents the
summary of chronopotentiometric data in terms of plots it * versus i for the inoculated and
sterile runs.
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Fig. 8 A typical chronoamperometric curve is shown in picture A using 20% FeS,-carbon paste
electrode in 9K nutrient medium in presence of Thiobacillus ferrooxidans at 35°C. Picture B
represents the summary of composite data in terms of it" vs t.
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THE OXIDATION OF ARSENIC IN ARSENOPYRITE :
THE TOXICITY OF As(Ill) TO A MODERATELY
THERMOPHILIC MIXED CULTURE

by
J. BARRETT!, D.K. EWART?, M.N. HUGHES', AM. NOBAR! AND R.K. POOLF?

ABSTRACT

Substantial concentrations of arsenic(IlI) have been detected during the bio-oxidation of a gold-
bearing arsenopyrite concentration by a moderately thermophilic mixed culture. Concentrations of
As(l1) in the range 10-20 mM (0.75-1.5 g L’ As) have been found routinely, while concentrations as
high as 70-90 mM As(III) (5.25- 6.75 g L-1 As) have been present in the supernatant solutions from
dead cultures. Oxidation of As(III) to As(V) could not be effected by Fe(Ill) alone but did occur in the
presence of Fe(Ill) and a culture growing on pyrite. Cells which had been thoroughly washed to
remove Fe(IIl) could not oxidize As(III).

! Department of Chemistry.
2 Division of Biosphere Sciences, King's College London, Campden Hill Road, London W8 7AH, U.K.
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L’OXYDATION DE L’ARSENIC DANS L’ARSENOPYRITE :
LA TOXICITE DE As(Ill) SUR UNE CULTURE MIXTE
MODEREMENT THERMOPHILE.

J. Barrett’, D.K, Ewart®, M.N. Hughes', A.M. Nobar' et R.K. Poolé?

RESUME

Des concentrations substantielles d’arsenic(IIl) ont été décelées pendant la bio-oxydation d’un
concentré d’arsénopyrite aurifére par une culture mixte modérément thermophile. Des concentrations
de As(IlI) de lordre de 10 & 20 uM (0,75 - 1,5 g L' AS) ont été décelées systématiquement, alors que
des concentrations pouvant atteindre de 70 & 90 uM AS(III) (5,25 - 6,75 g L-1 As) étaient présentes
dans le surnageant de cultures mortes. La transformation de As(IIT) en As(V) sous I’effet de ’oxydation
ne pouvait étre réalisée uniquement en présence de Fe(Ill), mais elle s’est produite en présence de
Fe(Ill) et d’une culture se développant sur la pyrite. Les cellules & partir desquelles Fe(Ill) a été
entiérement éliminé par lavage, ne pouvaient pas oxyder As(III).

! Département de Chimie

2 Division des Sciences de la Biosphére, King’s College London, London, U.K.
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INTRODUCTION

There is much current interest in the bio-oxidation of gold-bearing arsenopyrite concentrates to allow
the enhancement of gold recovery by cyanidation. This process offers a viable alternative to roasting or
pressure oxidation on economic considerations, while roasting has severe environmental disadvantages.
We have successfully used a moderately thermophilic mixed culture to catalyzes the oxidation of a
gold-bearing arsenopyrite concentrate from Western Australia, which contains about 14% arsenic by
weight. Treatment of this material results in the solubilization of arsenic compounds. Using an
arsenic-conditioned culture, we have successfully worked at pulp densities which give about 190 mM
(15 g L") of arsenic in the medium. Under these conditions, the culture grows vigorously (Barrett
et al., 1988a). At higher pulp densities a deterioration in growth occurs, which may be attributed to
arsenic toxicity. However, in experiments in stirred batch and continuous reactors, the onset of toxicity
was sometimes sudden and was accompanied by an increase in pH of the medium. This toxicity was
associated with the build up of high levels of arsenic (III) species in the medium. The presence of
As(III) amongst the products of bio-oxidation of arsenopyrite is known, although no quantitative data
are available. Shrestha (1988) has claimed that the arsenic in arsenopyrite is oxidized biologically to
As(III), and that the As(III) is then chemically oxidized to As(V) by Fe(Ill). However, attention has not
been drawn previously to the occurrence of such high levels of As(III) in reactors and the implications
in terms of toxicity to the culture. As(IIl) is more toxic than As(V) to both Gram-positive and
Gram-negative bacteria (Silver et al., 1981). Bacterial resistance to As(IlI) and to As(V) is governed by
separate genes, although in both cases the resistance mechanism involves ATP-driven efflux of the
anion (Silver et al., 1989).

We now report studies on the extent of formation of As(III) and on the pathways for the oxidation
of arsenic (III) during the bio-oxidation of arsenopyrite, and also on the relative toxicities of As(III)
“and As(V) to the moderately thermophilic mixed culture. We have also investigated whether the
oxidation of As(IIl) can be used as a source of energy by the culture, although earlier reports suggest
that this is not the case for Thiobacillus ferrooxidans (Braddock et al., 1984) and for an
As(III)-oxidizing, acidiphilic bacterium (Wakao et al., 1988).

Under the acidity conditions employed in the present work, As(IIl) is present as arsenious acid
(HAsO, pK; = 8.8) and As(V) as arsenic acid (H;AsO,, pK; = 2.4).

EXPERIMENTAL

Culture and Bio-Oxidation Experiments

The growth characteristics of the culture have already been described (Barrett et al., 1988b). All
experiments were carried out in the weak medium of Norris (pers. commun., 1984). A mixture of air
and CO, (1.0%) saturated with water was passed through each culture for the duration of the
experiment. Experiments were carried out in shaken flasks or stirred 1-L reactors (described by Barrett
et al., 1988a) as noted in the test. The temperature was maintained at 42°C and reactions routinely
monitored by measurements of total solubilised iron, pH and redox potential (Fe?*/Fe?*). Other
analytical measurements are described below.

Experiments involving the study of the toxicities of As(III) and As(V) were carried out in shaken
flasks, using pyrite as a substrate,usually at 1% pulp density. The As(V) was added as sodium arsenate,
while As(III) stock solutions were prepared by dissolving As,O; in sodium hydroxide solution and
acidifying to pH 2.10 with concentrated sulphuric acid. Experiments were initiated by adding a
suspension of cells previously grown on Fe(II) as a substrate. Growth was followed by monitoring the
solubilization of iron.

51




BIOHYDROMETALLURGY — 1989

Mineral Substrates

The arsenopyrite concentrate contained 32.4% FeSAs and 30.9% FeS,. The sample used was ground
to -45 um. Pyrite samples were ground to -38 um.

Analytical Methods

Samples of the supernatant solution were acidified further with concentrated hydrochloric acid and
analyzed for total iron and total arsenic by atomic absorption spectroscopy, using a Perkin-Elmer 2380
instrument. Concentrations of arsenic(III) were determined polarographically using an EG&G model
264A polarograph and EG&G model 303A dropping mercury electrode. Concentrations of iron(II)
were determined calorimetrically using 1,10-phenanthroline. Optical densities were measured on a
Pye-Unicam SP6-550 spectrophotometer.

RESULTS

Toxicity of As(III) and As(V) to the Mixed Culture

The effects of As(III) and As(V) on growth of the mixed culture (growing on pyrite as substrate and
unconditioned to high arsenic levels) are shown in Figures 1 and 2 respectively. Generally, increase in
concentration of the arsenic compound resulted in a decrease in the amount of iron solubilised. The
effect of As(III) was more marked than that of As(V), being approximately two to three times more
toxic. However, as will be shown, some oxidation of As(IIl) to As(V) occured during these experiments.
Accordingly, particularly at low concentrations, the concentration of As(IIl) may have been substan-
tially diminished in the later stages of the experiments shown in Figure 1. This suggests that the
toxicity of As(III) may have been underestimated in these experiments.

100~

. —X O mM
) )e___,_-—X

B / 2mM

s

f_ 50 19 mM
=
(13]
(1N

25 46 mm

[T |
0 100 200 300 400

Time (h)

Fig. 1 Effect of As(IIl) upon Growth of Culture
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Fig. 2 Effect of As(V) upon Growth of Culture

Oxidation of Arsenic(III)

Inoculation of medium containing pyrite and arsenic(III) with the mixed culture results in a long lag
phase (Figure 1). We have shown that the concentration of As(IIl) in the medium gradually decreased
during this period. The rate of loss of As(Ill) in the medium is shown in Figures 3 [2.5 mM as(III)]
and 4 [7.0 mM As(III)] and increases substantially after a period of 50-60 hours. A comparison of these
figures with Figure 1 shows that some Fe(Ill) was produced from the mineral in the time period when
the concentration of As(IIl) was decreasing. The availability of Fe(IIl) is compatible with the suggestion
that the loss of As(III) was due to oxidation by Fe(IIl) to give the less toxic As(V). A comparison of
redox potentials for Fe(Ill) and As(V) at pH 1.5 in sulphate medium suggests that Fe(III) should be
able to oxidize As(III) under these conditions. Values of E are: Fe(Ill)/Fe(Il), 0.67V; As(V)/As(Ill),
0.47V; S(VI)/S(O), 0.28V. However, while Fe(IlI) should readily oxidize S(O), the difference in
potential between the Fe(IlI)/Fe(II) and As(V)/As(III) couples is small and it is difficult to predict
whether Fe(II) will oxidize As(III) under the conditions used in these experiments. We have therefore
attempted to study the reaction between As(IlI) and Fe(III) over a wide range of conditions at
temperatures up to 70°C, and have found no evidence for it taking place over the time period relevant
to the present work. It appears, therefore, that the conversion of As(IIl) to As(V) in the bioreactor
does not involve direct oxidation by Fe(III) probably due to a kinetic restriction. It should be noted
that these results do not exclude the possibility that the Fe(IH)-As(IIl) reaction could occur if an
appropriate catalyst is present.
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Fig. 3 Oxidation of As(III) (2.5 mM) during lag phase
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Fig. 4 Oxidation of As(III) (7 mM) during lag phase
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In view of the lack of evidence for a chemical pathway for the oxidation of As(Ill), the possibility of
a biological oxidation pathway was then considered. A culture of Fe(II)-grown cells were centrifuged
and the pellet taken through several cycles of washing and centrifugation to remove Fe(IIl) as far as
possible. These cells were then added to weak medium containing appropriate concentrations of As(III).
However, oxidation of the As(III) did not occur over an extended time period, demonstrating that
direct oxidation by cells is unlikely to account for the formation of As(V) in the supernatant solution.
A parallel experiment with another sample of the same batch of washed cells demonstrated that they
were able to oxidize pyrite and were therefore viable. These experiments also show that the moderately
thermophilic culture cannot derive the energy for chemoautotrophic growth from the oxidation of
As(III).
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Fig. 5 Oxidation of As(IIT) by Fe(IIl) plus Mixed Culture

However, in contrast, a combination of mixed culture (growing on pyrite) and Fe(Ill) was able to
oxidize As(III) completely to As(V), as shown in Figure 5. One explanation for this result could have
been that the Fe(Ill) was complexed to a ligand released by the cell or to the cell surface, and that the
redox potential of the resulting complex was sufficiently enhanced to allow the oxidation of As(III) to
occur. Accordingly, an experiment was carried out with dead cells plus Fe(Ill). This combination was
unable to oxidise As(III). It is difficult to draw confident conclusions from this type of experiment, as
the Fe(IIl) may be complexed to a ligand released as a result of the metabolism of the cell, but, on the
basis of the present evidence, it appears probable that the cells play some direct role in the oxidation of
As(III), provided that Fe(lll) is also present. Evidence has been produced for the ability of an
acidophilic organism isolated from the acidic drainage water from a pyrite mine to oxidise As(III) over
1-1.5 h under certain circumstances (Wakao et al., 1988). As(III) in a water sample was oxidized almost
completely in 5 days when incubated at 30°C. Oxidation did not take place at 4°C, confirming bacterial
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action. However, these bacteria differ from the present culture in that they were unable to oxidise
Fe(ll) and elemental sulphur as energy sources. These authors established that Thiobacillus ferroox-
idans and Thiobacillus thiooxidans were unable to carry out this reaction.

Formation of Arsenic(III)

Analysis of supernatant solutions from bio-oxidation reactors showing toxic effects from arsenic gave
As(III) concentrations as high as 30-40 mM (2.25-3.0g L As), while in dead cultures concentrations
were as high as 70-90 mM (5.25-6.75g L' As). We investigated the possibility that the production of
As(IIl) involves a chemical route. Figure 6 shows the release of As(III) with time when the arsenopyrite
concentrate (at 5% pulp density) was treated with the standard medium at pH 1.5. and the much
greater effect when the concentrate was treated with a synthetic bio-oxidation solution. A limited
amount of As(Ill) was released by the action of the medium, the concentration reaching a maximum
value after about 10 minutes. Some As(V) was also produced in solution (results not shown). These
results may well have been due to the solubilization by the acidic medium of the products of surface
oxidation of the arsenopyrite during the milling process. In contrast, the effect of the bio-oxidation
solution is more substantial. There is a rapid release of As(IIl) over the first five minutes and a
subsequent slower release that levelled off after two days. The total amount of As(IIl) released
amounted to about 16% of the total arsenic present in the concentrate used in the experiment. It
should be noted that the initial maximum rate of release of As(IIl) by this route is less than half of the
overall rate of bio-oxidation of arsenopyrite at 5% solids.
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Fig. 6 Release of As(III) from arsenopyrite concentrate (at 5% solids) by Medium and by Synthetic
Bio-oxidation Solution
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CONCLUSIONS

The scale on which As(IIl) was produced during the bio-oxidation of arsenopyrite must mean that it
was associated with a major reaction pathway in the biological oxidation of arsenopyrite. The
concentrations detected during bio-oxidation considerably exceeded those formed by chemical reactions
involving arsenopyrite. The concentrations detected during bio-oxidation considerably exceed those
formed by chemical reactions involving arsenopyrite. The extent to which As(III) was detected in
solution during bio-oxidation reflects the balance between the rate of production of As(Ill) from
arsenopyrite and the rate of oxidation of As(III) to As(V). Inhibition of the second step will result in
the accumulation of As(III) and the aggravation of toxic effects. It is clearly important that the
concentrations of As(III) in reactors be monitored on a regular basis.

The oxidation of As(III) to As(V) appears to involve a well-defined role for the bacteria in
association with Fe(IIl). No evidence for direct oxidation of As(Ill) by Fe(Ill) was founded. The
possibility that the final stage of the oxidation of arsenic in arsenopyrite to give As(V) occurred in the
medium rather than on the mineral surface has the interesting implication of requiring bacteria to be
present in the supernatant solution.
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TOXICITY OF ARSENIC COMPOUNDS TO THE SULPHUR-DEPENDENT
ARCHAEBACTERIUM SULFOLOBUS

by
E. Borje Lindstrém* and H, Mikael Sehlin*

ABSTRACT

Toxicity studies of arsenate (AsO2,*) and arsenite (AsO;-) ions were performed with Sulfolbus
acidocaldarious "strain BC" at 70°C. The toxic level of arsenate was between 10 and 20 mM. The
arsenite ion showed a primary effect on the growth rate of Sulfolbus, and that detoxification was due to
oxidation to arsenate. This activity was shown to persist in a cell-free extract of Sulfolbus.

* Unit for Applied Cell and Molecular Biology, University of Ume3, S-901 87 UME;\, Sweden
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TOXICITE DES COMPOSES DE L’ARSENIC SUR ACHAEBACTERIUM
SULFOLOBUS, UNE ESPECE BACTERIENNE DEPENDANTE DU SOUFRE

E.B. Lindstrom et H.M. Sehlin

RESUME

Des études de toxicité des ions arséniate (AsO,*) et arsénite (AsO,-) ont été menées sur la souche
"BC" de Sulfolbus acidocaldarius 3 70°C. Le niveau toxique de 'arséniate se situait entre 10 et 20 mM.
Ces études ont démontré que ion arsénite avait une incidence importante sur le taux de croissance de
Sulfolbus et que la détoxification était attribuable a I’oxidation de I’arséniate. 11 a aussi été démontré
que cette activité persistait dans un extrait de Sulfolbus acellulaire.

* Unité de Biologie Moléculaire et Cellulaire Appliquée Université de Ume3, UMEA, Sweden
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INTRODUCTION

The bacteria used in biohydrometallurgical processes are often exposed to solutions with very high
metal concentrations. Several of these metal ions are extremely toxic to the bacteria and therefore
interfere with the rates of the leaching process.

Arsenic is solubilized when e.g., gold containing arsenopyrites are bioleached. It has been suggested
that arsenic is released as arsenite and chemically oxidized to arsenate by oxygen (8).

The toxicity of arsenic ions and the resistance mechanisms to these in bacteria has so far been studied
only in eubacteria. In several of these bacteria the genes mediating the resistance to arsenate have been
located on plasmids. The resistance mechanism to arsenate is dependent on the phosphate uptake
mechanism (6,13). Very little is, however, known about the toxicity of and resistance to the arsenite
compound, although it has been reported to be much more toxic than the arsenate (12). Osborne and
Ehrlich (7) have shown that the enzyme arsenite oxidoreductase is detoxifying the compound and
Abdrashitova et al. (1) suggest that formation of peroxide is responsible for the detoxification, A
plasmid-coded arsenite pump (10) is present in Escherichia coli.

The knowledge about the resistance to arsenite and arsenate Archaebacteria is very limited. This
paper shows the toxic level of arsenate for Sulfolobus and that this archaebacterium can oxidize
arsenite and arsenate.

MATERIAL AND METHODS

Organism and Growth Conditions

Sulfolbus acidocaldarius “strain BC" (5) was used throughout this investigation. The mineral salt
solution 9K (without ferrous iron) (11), was used and adjusted to pH 2.0 with sulphuric acid. Potassium
tetrathionate (Merck), pyrite (FeS;) or arsenopyrite (FeAsS), were used as energy sources.

Mineral

The minerals were kindly provided by Boliden Mineral AB, Sweden and were flotation concentrates
with particles size less than 0.5 mm. Pyrite contained 38.5% (w/w) of iron and 51.8% (w/w) sulphur.
The main chemical composition of arsenopyrite (Olympus) was: iron 38.7% (w/w), sulphur 40.5%
(w/w) and arsenic 11.3% (w/w).

4

Resistance to Arsenate and Arsenite

The experiments were performed in 250 mL conical flasks with 100 mL of 9K mineral salts medium,
supplemented with 5 mM potassium tetrathionate. Various concentrations of arsenite or arsenate were
added at the start of the experiments, and a 5% (v/v) of a log-phase culture of Sulfolbus was used as
inoculum. The flasks were shaken at 130 rpm at 64°C.,

Growth was followed by measuring optical density with 1 cm cuvettes at 440 nm with a Hitachi
spectrophotometer model 150-20.

Induction of Arsenite Oxidation

The experiments were carried out in glass fermentors. Sulfolbus was grown in a total volume of 500
mL containing 10 mM potassium tetrathionate. Arsenite was added to 1 mM final concentration, when
optical density at 440 nm had reached approximately 0.1, or the growth had reached the stationary
phase. Growth and arsenate formation were followed daily.
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Preparation of Cell-Free Extract

Bacteria were grown in Nalgene plastic flasks in 700 mL 9K-medium containing 10 mM potassium
tetrathionate, 0.1% casamino acids, 1 mM NaCl and, in one of the flasks, 2.5 mM arsenite. The
bacteria were harvested by centrifugation in a JA10-rotor (Beckman) for 15 minutes at 8000 x g. After
resuspension in 9K-medium, the bacteria were centrifuged in a JA20-rotor (Beckman) for 5 minutes at
12000 x g. The bacteria were then suspended in 1 mlL of 9K-medium and sonicated on ice with a
Branson Sonifier Cell Disrupter B15, 4 x 30 seconds at range 5, using the microtip. Cooling was
allowed for 30 seconds in between the sonications. After the sonication, the extracts were centrifugated
for 10 minutes in an Eppendorf centrifuge at maximum speed.

Arsenite Oxidation With Cell-Free Extract

The reaction mixtures contained 100 ul of the cell-free extract, 800 ul 9K-medium, pH 2.0, and 100
ul 100 mM arsenite. After mixing the incubation was performed at 70°C. Samples were withdrawn
after 0, 0.5, 1, 2, 4, and 24 hours, diluted 200-fold and analyzed for arsenate content.

Analysis of Arsenate, Arsenite, and Tetrathionate

Arsenate was determined by ionic chromatography (LDC/Milton Roy) with the elution buffer 3.0
mM NaHCO;-2.0 mM Na,CO;, pH 10 and using the cationic pre-column Dionex HP1C AG4A and the
column Dionex HP1C AS4A. The flowrate used was 2 mlL/min.

During growth with tetrathionate as energy source samples were withdrawn from the cuitures and
diluted 100 to 200-fold in the elution buffer. The samples were filtered through a 0.2 um filter
(Sartorius Minisart N) before chromatographed.

When pyrite/arsenopyrite were used as energy sources the iron must be removed before the chromatog-
raphy step. The samples were therefore digested in hydrochloric acid (1:4 dilution in 5M HCI) for 30
minutes at 65-70°C, and usually 0.5 mL aliquots of digested samples were then applied to a catonic
column containing 2 mL hydrogen form resin 50W-X8, 100-200 Mesh, Bio-Rad (3,4). The eluate was
collected and adjusted to 10 mL and divided into two parts, of which one was oxidized with aqua regia
according to Liang and Dutrizac (3,4) and arsenite was calculated as the difference in the arsenate
content of these two parts. To avoid overloading of the anionic column the chloride was removed by
evaporation to dryness followed by resuspension in the same volume of the elution buffer used in the
ionic chromatography step (see above).

The amount of tetrathionate in the samples was determined by the method of Kelly et al. (2) adapted
to a Technicon Autoanalyzer. Potassium thiocyanate, 0-10 mM, in 9K-medium' was used for the
standard curve.

RESULTS

Release of Arsenic During Bioleaching

In thermophilic bacterial leaching of the mineral arsenopyrite (FeAsS), we have observed that arsenic
was released from the mineral initially as arsenite. At the end of the leaching experiment only arsenate
was detected. This was confirmed in the experiment shown in Figure 1, where the leaching was started
on 1% (w/v) pyrite and 1.5% (w/v) arsenopyrite was added as indicated.

Resistance to Arsenate and Arsenite

The toxic levels of arsenate and arsenite were investigated for Sulfolbus during growth in liquid
media. In presence of arsenate, 0 to 10 mM, the growth rates are not influenced. Figure 2 shows that
the toxicity level of arsenate for Sulfolbus is between 10 and 20 mM. When arsenite was used in the
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same type of experiment, this compound markedly influenced, contrary to arsenate, the growth curve.
The toxicity of arsenite was tested in the range of 0 to 10 mM. At 1 mM arsenite, growth was already
significantly retarded (Figure 3). In the case of both 5 and 10 mM there was even a lag-period of about
100 hrs. before the growth started and then with almost the same growth rate as the control. The
maximum yields were nearly also the same for these cultures. Thus arsenate influences the maximum
growth capacity, while the effect of arsenite was primarily on the growth rate.

Arsenite Oxidation During Bacterial Growth

In order to study the Kkinetics of arsenic transformation by Sulfolbus, arsenate was monitored as a
function of growth phases for the arsenite cultures. In Figure 4 the result with the 5 mM arsenite
culture is shown. Arsenate was not detected until in late exponential growth phase of this culture. The
formation of arsenate is strongly correlated to the growth of the bacterium. It seems to be a linear
rather than an exponential function of time. This continues even a couple of days after the decline of
the growth. Then the formation of arsenate leveled off slightly.

Induction of Arsenite Oxidation

The induction of arsenite oxidation during growth of Sulfolbus on 10 mM tetrathionate was studied
in the experiment shown in Figure 5A and B. The growth rate was reduced from 0.077 to 0.048
doublings per hour, when the arsenite was added. Arsenate appeared after 40 hours when the arsenite
was added during the exponential growth phase, (Figure 5A). No arsenate was found when the arsenite
was added in the stationary phase (Figure 5B).

Thus the induction of arsenite oxidation in Sulfolbus is dependent on actively growing cells,

Arsenite Oxidation by Cell-Free Extracts

As the first step in the purification of the enzyme(s) responsible for arsenite oxidation in Sulfolbus a
cell-free extract was prepared from a culture grown on 10 mM tetrathionate and which had been
induced for arsenic oxidation in the exponential growth phase. Table 1 shows that arsenite oxidation
can take place without living cells, but that most of the activity still is associated with the cell debris.

DISCUSSION

Resistance level of bacteria to antibiotics, metals or other compounds can be determined either in
liquid or on solid media. The lethal dose for 50% survival (LD?%) is often used. Normally the liquid
cultures are inoculated and when growth has ceased, the OD-value obtained is plotted against the
concentration of the toxic compounds. We have used this method in this study, but due to the decline
in OD(440 nm), when the energy source has been used up, we followed the growth and recorded the
optimum OD value.

When arsenite was used we confirmed what has been reported for eubacteria that this compound was
more toxic to the bacteria than arsenate (12). The growth rate was effected already at 1 mM arsenite
and for higher arsenite concentrations, 5-10 mM, the growth was completely halted for a while.
However, after varying lag-periods the growth resumed with almost the same growth rate as the control
culture without any added arsenite, and the yield was also in the same range. In these cases we found
that the arsenate, and the yield was also in the same range. In these cases we found that the arsenite
had been oxidized and therefore the toxic level of the metal had increased to that of arsenate. The
oxidation of arsenite seems to occur only in late exponential growth phase which is in agreement with
what has been reported for Alcaligenes faecalis (7,9). How the arsenite is acting on Sulfolbus, we don’t
know yet. We have tried to analyze the growth medium after the addition of arsenite and found very
little oxidizable free arsenite in the medium. Our preliminary data suggest that the arsenite is bound to
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the cells and is released as arsenate when the bacteria lyses at the end of the exponential phase (data
not shown).

Our induction experiments also show varying elapsed time before the oxidized product appears. It
seems that the oxidizing mechanism is connected in some way to the energy metabolism, in our case
tetrathionate. When the energy source is almost used up, the arsenate product does appear. If this is
due to lysis of the bacteria or due to induction of an enzyme in late exponential growth phase is not
known. No induction occurs when arsenite was added in the stationary phase.

As we have developed an in vitro assay for the arsenite oxidation and that the cell-free extract -has
shown enzymatic activity, we hope to be able to purify the responsible enzyme/enzymes and be able to
study the mechanism in more detail.

CONCLUSIONS

1. The toxic level of arsenate in defined liquid medium was between 10 and 20 mM for Sulfolbus
acidocaldarius "strain BC".

2. Arsenite is detoxified through biological oxidation to arsenate with this Sulfolbus strain.

3. A cell-free extract was shown to catalyze oxidation of arsenite to arsenate.
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TABLE 1

Arsenic oxidation with cell-free extract

Sample Arsenate formation
(nmoles in 24 hrs)

9K medium 160
Supernatant 2270
Resuspended pellet 5718
Control 360

Harvested, washed cells, grown in presence of arsenite, were sonicated for 4 x 15 seconds. The extract
was centrifuged for 10 minutes in an Eppendorf centrifuge (full speed), the supernatant was collected
and used as cell-free extract. The pellet was then resuspended to the same volume in the mineral
medium 9K, pH 2. Cell-free extract made from Sulfolbus grown in the absence of arsenite, was used as
the control sample. All reaction mixtures were run according to Material and Methods.
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Fig. 1 Release of arsenic during bioleaching. The arrow shows the addition of 1.5% (w/v) of
arsenopyrite (Olympus) during leaching of 1% (w/v) pyrite with Sulfolbus. The release of total
arsenic, ([d), was monitored with atomic adsorption spectroscopy and the arsenate by ionic
chromatography according to Material and Methods. The arsenite, (W), was calculated as the
difference. (O), release of total soluble iron.
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Fig. 2 Resistance of Sulfolbus to arsenate. Five 250 mL conical flasks containing 100 mL 9K-medium
and 5 mM tetrathionate were supplemented with 0,2.5, 5,10, and 20 mM arsenate respectively.
After inoculation with Sulfolbus, the growth was monitored by optical density at 440 nm. The

maximal OD(440nm)-value of these cultures were used as 100%.
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Fig. 3 The effect of arsenite on the growth of Sulfolbus. Five 250 mL conical flasks containing 100
mL 9K- medium and 5 mM tetrathionate were supplemented with 0, 1, 2, 5, and 10 mM
arsenite. After inoculation with Sulfolbus the growth was monitored by optical density at 440
nm. (X), 0 mN; (0O3), 1 mM; (4), 2 mM; (O), 5 mM; and (+), 10 mM arsenite.
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Fig. 4 Arsenite oxidation during bacterial growth. Sulfolbus was grown in liquid 9K-medium sup-
plemented with 5 mM tetrathionate and 5 mM arsenite. At indicated times samples were
withdrawn for optical density, OD440nm), (O), measurements and for analysis of tetrathionate,
(3), and arsenate, As(V), (4).
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Fig. 5 Induction of arsenite oxidation in Sulfolbus. Sulfolbus was grown in 9K-medium supplemented
with 10 mM tetrathionate and growth was monitored as optical density at 440 nm, ().
Arrows indicate the additional of 1 mM arsenite:
A) in exponential growth phase ‘
B) in stationary growth phase
Samples were withdrawn at indicated times and analyzed for tetrathionate, (4), and
arsenate (O).
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DEVELOPMENT OF ORE BIOLEACHING STANDARDS

G.J. Olson

Polymer Division, National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA

ABSTRACT

Discussion at past bioleaching conferences has indicated the need for standard procedures and test
materials for improved intercomparison of data from pyrite and ore bioleaching tests. Many variables
are associated with bioleaching rates and the availability of standards would provide a means for
comparison of strains of microorganisms and ore substrates. Pyrite from South Carolina was tested as
an initial candidate reference material in an earlier study. Three strains of Thiobacillus ferrooxidans
were found to leach a 100-200 mesh fraction of the material in shake flasks at rates ranging from
1.7-2.2 mg Fe/l/hr with relative standard deviations of 7-11%. Inoculum size did not affect bioleaching
rates at initial cell densities of 5 x 10° or higher. Baffled flasks did not increase pyrite oxidation rates.
These and other data were incorporated into a pyrite leaching procedure. Recent efforts focused on
pyrite obtained in bulk from the Waldo Mine in New Mexico. The leaching rate of this pyrite under
varying conditions ranged from 3.08 to 13.2 mg Fe/l/hr with a strain of T. ferrooxidans (American Type
Culture Collection no. 13661). The Waldo pyrite is being characterized for composition and will be
available for distribution from the Office of Standard Reference Materials, National Institute of
Standards and Technology.
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ELABORATION DE NORMES CONCERNANT LA
BIOLIXIVIATION DU MINERAI

G.J. Olson

Polymer Division, Institut National des Statgdards
et de la Technologie, Gaithersburg, MD E.-U.

RESUME

Des discussions au cours de conférences sur la biolixiviation tenues par le passé ont démontré la
nécessité de développer des procédures et des matériaux d’essai standard pour améliorer la comparaison
des données recueillies au cours d’essais de biolixiviation du minerai et de la pyrite. De nombreuses
variables ont une incidence sur les taux de lixiviation et des normes permettraient de comparer les
sources de micro-organismes ainsi que les minerais. La pyrite de la Caroline du Sud a été le premier
matériau auquel on a fait subir des essais en vue de l'utiliser comme matériau de référence. On a
découvert que trois souches de Thiobacillus ferrooxidans pouvaient lixivier des fragments de maille de
100 — 200 dans des fioles a des taux variant de 1,7 a 2,2 mg Fe/L/h, les écarts standards variant de 7 a
11 pour cent. La taille de P'inoculum n’a pas eu d’incidence sur les taux de biolixiviation a des densités
cellulaires d’au moins 5 x 10° Les taux d’oxydation de la pyrite n’ont pas ét€ plus élévés dans les
flacons obturés. Ces données ainsi que d’autres ont été incorporées a une procédure de lixiviation de la
pyrite. Récemment, des efforts ont porté sur la pyrite en vrac de Waldo Mine au Nouveau-Mexique. Le
taux de lixiviation de cette pyrite sous différentes conditions par une souche de T. ferrooxidans
(référence américaine de culture type n°® 13661) a varié de 3.1 a4 13 mg Fe/L/h. Des travaux portant sur
la caractérisation de la composition de la pyrite de Waldo Mine sont en cours et celle-ci pourra bientot
gtre obtenue de 1’Office of Standard Reference Materials, National Institute of Standards and Tech-
nology.
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INTRODUCTION

Recent years have seen a rapidly growing interest in research and applications involving microor-
ganisms for processing of metal sulfide ores and desulfurization of coal. However, intercomparison of
bioleaching rate data has been difficult, hindering assessments of the effectiveness of different
microorganisms or the susceptibility of certain ore deposits to microbial attack. The availability of
standard ore substrates and procedures for conducting bioleaching tests would facilitate data intercom-
parison by researchers, including the identification of superior strains and assessment of ore deposits
for bioleaching. Energy, Mines and Resources Canada produces mineral certified reference materials
including a number of important Canadian oxide and sulfide ores (Steger, 1986). The National Institute
of Standards and Technology (NIST) Office of Standard Reference Materials also offers a variety of
mineral standard reference materials but no sulfide ores (Seward, 1988). However, despite the
importance of pyrite in metal bioleaching and coal biodesulfurization, a pyrite reference material has
not been available. This paper describes the preparation and testing of a pyrite research material at
NIST. Factors affecting the bioleaching rate of this material are also described. The method for
determination of bioleaching rates presented in this paper forms the basis for a proposed American
Society of Testing and Materials (ASTM) procedure for conducting pyrite bioleaching rate deter-
minations.

MATERIALS AND METHODS

Processing of Pyrite

Approximately 20 kg of -10 mesh pyrite from the Waldo Mine in New Mexico was obtained from G.
Griswold, New Mexico Tech, Socorro, NM. Preliminary tests showed that CO, was evolved (as
determined by mass spectrometry) upon exposure of the pyrite to dilute HCI, indicating the presence
of acid-neutralizing carbonates in the material. Therefore, the material was washed by mixing with
4.6M HCI for 30 min, rinsing several times with deoxygenated deionized water, and drying under a
flow of nitrogen at 60°C. The above process was repeated since the once-washed material still showed
gas evolution, albeit more slowly, upon exposure to dilute HCl. After the second wash, little if any
bubbling of the material was noted in the presence of HCl. The washed and dried material was ground
for 1-2 hours in a ceramic ball mill, and about 13 kg of -165 +250 mesh fraction (58-91 um was
obtained. After thorough mixing, the pyrite was dispensed in 100 g portions into 127 glass bottles. The
bottles (fitted with aluminum foil covers) were heated at 125)°C in a vacuum oven for 1.5 hr. After
cooling to room temperature, plastic screw caps (sterilized by autoclaving) fitted with liners (soaked in
95% ethanol, dried at 37°C) were placed loosely on the glass bottles containing the pyrite. The bottles
were again placed in the vacuum oven which was evacuated at room temperature. The atmosphere was
replaced with high purity nitrogen. The caps were tightened and the bottles were vacuum-sealed in foil
pouches. Seven bottles were retained for analyses and 120 bottles placed in inventory with the National
Institute of Standards and Technology Office of Standard Reference Materials. The material is
identified as "pyrite research material®.

Chemical Determinations

X-ray diffraction. X-ray powder diffraction patterns were collected using a Phillips diffractometer.
Pyrite samples from two different bottles were ground in an agate mortar and were analyzed at 0.1°
intervals (for 1.0 sec) from 5-70°.

Scanning electron microscopy-energy dispersive x-ray microanalysis (SEM-EDX). Pyrite powder was fixed
to aluminum stubs with low resistance contact cement (Ernest F. Fullam, Inc, Latham, NY) and
examined at an accelerating voltage of 20 kV with a scanning electron microscope (Amray 1000)
equipped for energy dispersive x-ray microanalysis (EG&G Ortec System).

Fourier wansform infrared spectroscopy (FT-IR). An admixture of pyrite (8-12 mg) and KBr (500 mg,
International Crystal Laboratories, Garfield, NJ) was ground for 10 sec in a Wig-L-Bug mixer (Crescent
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Dental Implement Co., Lyons, IL). The diluted pyrite was analyzed using a Fourier transform infrared
spectrometer equipped for diffuse reflectance operation (Analect Instruments, Utica, NY).

Microbiological Studies

Sterility testing. Approximately 0.2 g of pyrite from each of six bottles was added to 10 mil of several
media in 18 x 120 mm test tubes: 1) 9K medium salts (Silverman and Lundgren, 1959) containing
ferrous sulfate (1.47% wiv, pH 2.5), elemental sulfur (0.1 g/tube, pH 3.8) or sodium thiosulfate (1.0%,
pH 6.6) as energy sources, 2) nutrient broth (Difco, Detroit, MI) (pH 7.0), 3) yeast extract, 0.1% (w/v)
at pH 3.2 and 6.8, and 4) yeast extract, 0.1%, and glucose, 0.1%, pH 3.2 and 6.8. Tubes were incubated
at 28°C and examined weekly for growth visually and by phase contrast microscopy. Positive control
tubes were inoculated with T. ferrooxidans and T. thiooxidans (9K based media only).

Pyrite leaching rates. Pyrite (2% pulp density) was leached in 250 ml shake flasks containing 50 or 100
ml of 9K salts, in some cases diluted to one-tenth strength in 0.01N H,SO,. T, ferrooxidans (American
Type Culture Collection no. 13661) was purified by successive single colony isolations on ISP agar
medium and was shown to be free of acidophilic heterotrophs following procedures recommended by
Harrison (1984). The organism was grown in 9K medium (ferrous sulfate as energy source) to
mid-to-late logarithmic phase of growth and cells were harvested by centrifugation (6,000 x g, 15 min).
Cells were washed twice and resuspended in a few ml of 0.01N sulfuric acid in a sterile test tube. The
washed cells were separated from the most of the iron precipitates collected during centrifugation by
allowing the iron precipitates to settle for 2-4 hours and removing the cells in the supernatant by
pipette. Additional 0.01N sulfuric acid was added to the iron precipitate and shaken vigorously, and the
above process was repeated. Aliquots of the combined suspension were added to flasks containing
pyrite and the flasks were incubated at 28°C in a gyratory shaker at 200 r.p.m. Sample aliquots were
removed with time and centrifuged at 12,000 x g for 3 min in a microcentrifuge. Total iron was
measured by o-phenanthroline colorimetric method (ASTM, 1987) or by atomic absorption spec-
trophotometry. Rates of pyrite leaching were calculated from the linear portion of the leaching curve.
Sulfate was determined by a turbidimetric procedure (ASTM, 1987).

RESULTS AND DISCUSSION

Analysis of Pyrite

Mineralogical. Mineralogic analysis of a sample of the as received, -10 mesh Waldo pyrite was
conducted by the Department of Mining, Environmental and Geological Engineering, New Mexico
Tech, Socorro, NM. The material was 95-96% pyrite, 3.5-4% specular hematite (occurring as blades
within pyrite and as intergrowths with scant magnetite) and < 0.5% chalcopyrite (occurring as
inclusions within pyrite or scant sphalerite). Traces of magnetite, sphalerite and galena were present
(G. Griswold, pers. commun., 1988).

X-ray diffraction. X-ray powder patterns showed the material contained mostly pyrite. Smaller peaks
were identified as silicon oxide (quartz). There was no evidence of marcasite in the samples .

Fourier transform infrared spectroscopy. This technique was employed to determine the presence of
non-pyritic components in the research material such as carbonates and oxidized iron products
(jarosite). The infrared spectra of several bottles of pyrite were analyzed and gave similar results. A
peak at 1450 cm™ was assigned to residual carbonate in the material. Broad peaks at around 1100 to
1000 cm™” may represent S=O and O-H absorbances in jarosite (Lazaroff et al., 1982) and may also
include Si-O. Peaks at 797 and 870 cm' may represent O-H absorbance in FeOOH. Following
bioleaching, the peak assigned to carbonate disappeared as did the peaks at 870 and 1000 cm
(Figure 1).

Chemical analysis. The pyrite material contained 47.0 %Fe (2.0% r.s.d.) and 42.4 %S (6.6% r.s.d.) by
weight from chemical analysis (following peroxide fusion) of pyrite in three bottles. The sulfur value
should be viewed as an underestimation since the fusion method was shown to recover only 91% of
suifur from zinc sulfide (Stallings et al, 1988). SEM-EDX analysis showed Fe and S as the major
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components, with smaller peaks appearing for Si and Al. The Al signal may result from Al in SEM
stubs, Traces of Zn, Ca, Mg, and Cu were detected (Figure 2). X-ray fluorescence determination of the
chemical composition of the pyrite is in progress.

Microbiological Studies

The pyrite material (six bottles tested) contained no microorganisms capable of growing in 9K salts
with ferrous iron (pH 2.5), elemental sulfur (pH 3.5) or thiosulfate (pH 7) as energy sources. Neither
was growth detected in nutrient broth (pH 7) or in yeast extract or yeast extract-glucose medium (pH 3
or 7) after 4 weeks of incubation. Positive control tubes inoculated with T. ferrooxidans and T.
thiooxidans (9K media only) showed growth after one week of incubation.

The leaching rate of the pyrite research material was determined in 4 experiments conducted over a
6-month period (Table 1). As with previous studies involving a South Carolina pyrite (Olson, 1988),
the pyrite leaching rate was reasonably reproducible in experiments conducted under identical con-
ditions one month apart (6.09 and 6.95 mg Fe/l/hr). Leaching rates were approximately the same in full
strength or one tenth strength 9K salts. However, reduction of medium volume from 100 to 50 ml per
flask (pulp density 2% in both cases) resulted in faster leaching rates, suggesting gas transfer limitations
with larger volumes. However, leaching experiments with a South Carolina pyrite showed that baffled
flasks inhibited slightly the bioleaching rates as compared to conventional conical flasks (data not
shown).

Leaching rates were calculated from the linear portion of the curve which showed production of
soluble iron with time (Figure 3). Generally, this condition occurred during the first two weeks of the
experiments. After this time, the rates began to slow, coinciding with a drop in the pH (initially about
2.0) to about 1.7. Experiments were terminated after one month, at which time the pH had dropped to
about 1.4-1.5 and total iron in solution was about 3000 mg/l. Control (uninoculated) flasks contained
less than 500 mg Fe/l with pH of 2.3-2.4. Some pyrite leaching rates by T. ferrooxidans strains reported
in the literature ranged from 2.5 to 25 mg Fe/l/hr (Wakao et al., 1984; Kandemir, 1984; Vuorinen and
Tuovinen, 1987; Mahapatra et al., 1985). In some cases I calculated these rates from graphs of leaching
kinetics in the papers.

Vuorinen et al. (1983) studied the occurrence of different iron species in solution during pyrite
bioleaching. Total iron in culture solutions was determined by atomic absorption spectrophotometry
with and without hot sulfuric acid digestion. Iron concentrations determined on non-digested samples
(designated as dissolved and complexed iron by Vuorinen et al., 1983) were 95-99% of those
determined after sulfuric acid digestion (termed total iron) in experiments with initial pH values of 2.0.
On several occasions during the present study, atomic absorption spectrophotometric determjnations of
iron in solution (dissolved and complexed iron by Vuorinen et al., 1983) corresponded closely to values
determined by the colorimetric procedure. In addition, mass balances of 90% were routinely achieved
when the weight loss of pyrite was compared to the sum of iron and sulfate in solution. This indicates
that the solution measurements by colorimetric methods are adequate to detect iron and sulfate.

CONCLUSIONS

Iron bioleaching rates from a pyrite research material were determined reproducibly using a defined
procedure. The availability of standards will facilitate data intercomparison of bioleaching rates and
assist in the identification of superior strains and ores for bioleaching processes.
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Fig. 3 Bioleaching of pyrite research material by T. ferrooxidans . Solid symbols connected by solid
lines represent soluble iron from triplicate flasks and a single uninoculated control flask. Open
symbols connected by dashed lines represent pH.
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Table 1

Bioleaching of New Mexico Pyrite (T. ferrooxidans, ATCC 13661)

Rate
FeS2, size medium TO cells/ml TO pH (mg Fe/l/hr) % rsd
1g, 74-149 um 50 ml 9K salts 2.5x 107 23 3.08 0.7
2g, 58-91 um 100 m] 9K 3.4 x 10 1.9 6.04 6.4
2g, 58-91 um 100 ml 0.1 9K 3.4x 10’ 1.8 6.09 13.9
2g, 58-91 um 100 m! 0.1 9K 2.3x 10 2.0 6.95 8.4
1g, 58-91 um 50 ml 0.1 9K 1.4x 107 2.0 13.2 7.0

Rates are means of triplicate determinations in 250 ml conical flasks at 28°C with agitation at 200
r.p.m. on a gyratory shaker.
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STABLE ISOTOPE COMPOSITION OF SULPHATE
PRODUCED DURING BACTERIAL OXIDATION
OF VARIOUS METAL SULPHIDES

W.D. Gould,* R.G.L. McCready,* S. Rajan,* and H.R. Krouse**

ABSTRACT

The isotopic composition of sulphate produced during the oxidation of four sulphide minerals by two
environmental isolates of Thiobacillus ferrooxidans was determined. The substrates were pyrite (FeS,),
sphalerite (ZnS), chalcopyrite (CuFeS;) and pentlandite (FeNi)¢Ss. The bacterial oxidation of each of
these minerals was carried out in water of varying initial 80O compositions, and samples for sulphate
analysis were collected at appropriate time intervals. Insignificant sulphur isotope selectivity was
observed during during bacterial oxidation, but the QO composition of the sulphate was dependent
upon that of the water. Since the sulphur oxidizing system of Thiobacillus thiooxidans has previously
been shown to be a true oxygenase, the incorporation of oxygen from the water into sulphate is
probably due to rapid 'O exchange between water and reactive sulphur intermediates.

* CANMET, Department of Energy Mines and Resources, Ottawa, Ont., Canada, K1A 0G1.
*%* Department of Physics, University of Calgary, Calgary, Alberta, Canada, T2N 1N4
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COMPOSITION ISOTOPIQUE STABLE DU SULFATE RESULTANT
DE L’OXYDATION BACTERIENNE DE DIFFERENTS
METAUX SULFUREUX

W.D, Gould*, R.G.L. McCready*, S. Rajan* et H.R, Krouse**

RESUME

La composition isotopique du sulfate résultant de I’oxydation de quatre minéraux sulfureux par deux
souches de Thiobacillus ferrooxidans isolées de I’environnement, a été déterminée. Les substrats étaient
la pyrite (FeS,), la sphalérite (ZnS), la chalcopyrite (CuFeS;) et la pentlandite (FeNi)ySs. L’oxydation
bactérienne de chacun de ces minéraux a été réalisée dans de ’eau de compositions initiales en '*0O
variées, des échantillons pour I’analyse du sulfate ont été recueillis 4 intervalles appropriés. On a
observé pendant I'oxydation que la sélectivité de I'isotope du soufre était négligeable, mais que la
composition en 'O du sulfate était dépendante de celle de I’eau. Comme il a en été démontré
précédemment que le systeme d’oxydation de Thiobacillus thicoxidans était une vraie oxygénase,
Pincorporation d’oxygéne de 'eau au sulfate est probablement attribuable 4 I’échange rapide de '*0O
entre I'eau et les intermédiaires soufrés réactifs.

* CANMET, Energie, Mines et Ressources Canada, Ottawa (Ontario) Canada
#* Département de Physique, Université de Calgary, Calgary (Alberta) Canada
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INTRODUCTION

Oxygen isotope data may aid in the elucidation of the enzymatic mechanisms of bacterial sulphur
oxidation (Suzuki, 1965b), and also provide information about redox reactions in the sulphur cycle
(Taylor and Wheeler, 1984; van Everdingen and Krouse, 1985). Under ambient conditions the oxygen
exchange rates between sulphate ions and water are very slow (Lloyd, 1968). Thus, the oxygen isotope
composition of sulphate produced by the oxidation of sulphur should reflect the original source of the
oxygen. However, the exchange of oxygen atoms between sulphate ions and water is much more rapid
at acid pH values (Hoering and Kennedy, 1957, Mizutani and Rafter, 1969). Suzuki (1965b) found little
or no incorporation of '®Q, into thiosulphate during the oxidation of sulphur by Thiobacillus
thiooxidans. Suzuki (1965a,b) concluded from biochemical data that the enzyme oxidizing sulphur to
thiosulphate is a true oxygenase, and the lack of 'Q, incorporation into thiosulphate was due to rapid
80O exchange between the water and a reactive oxidized sulphur intermediate. In subsequent studies,
Suzuki and Silver (1966) established that sulphite was the initial product of bacterial sulphur oxidation,
and that thiosulphate was formed by a chemical side reaction between sulphide and sulphite ions.
Taylor et al. (1984) calculated that 87.5% of the oxygen incorporated into sulphate during the bacterial
oxidation of sulphides was derived from molecular oxygen. In view of the results obtained by Suzuki
(1965b) and the potential for isotopic exchange between water and sulphur intermediates, it is not
possible to predict the proportion of oxygen in sulphate that is derived from each source. Van
Everdingen and Krouse (1985) commented on a method for determining the '*O isotope effects during
the bacterial oxidation of sulphides to sulphate but it was based on the stoichiometry of assumed
chemical reactions and related only to pyrite oxidation.

The objective of this research was to elucidate the origin of the oxygen incorporated into sulphate
during the oxidation of several metal sulphides by two strains of Thiobacillus ferrooxidans.

MATERIALS AND METHODS
Substrates:

The following substrates were used in this study: (1) pyrite; Fe 44.36%, S 50.40%, (2) sphalerite; Zn
67.17%, S 32.76%, (3) pentlandite; Fe 37.68%, Ni 14.76%, S 31.22%, (4) chalcopyrite; Fe 30.70%, Cu
34.50%, S 34.37%, (5) HBM & S ore; Fe 26.85%, Zn 0.87%, Ni 0.03%, Cu 0.29%, S 28.07%. The
minerals were obtained from Ward’s Natural Science Ltd., Mississauga, Ont. They were ground to
minus 100 mesh (ASTM), pretreated with 0.1 N HCI and then washed with deionized water.

REAGENTS AND MICROORGANISMS:

The H,'®0 enriched water was obtained from Isotec Inc., Dayton, Ohio. One of the Thiobacillus
ferrooxidans isolates (EL-5) was isolated from a mine water sample (McCready et al. , 1986). The other
isolate of T. ferrooxidans (SM-4) was obtained from Dr. 1. Suzuki of the University of Manitoba
(Lizama and Suzuki, 1988). The inocula were maintained on the HBM & S ore (6 g ore + 100 mL
autotrophic medium) in 250 mL Erlenmeyer flasks at 30°C on a rotary shaker (150 rpm). The
autotrophic medium used during this study was a sulphate free medium of the following composition:
K,HPQO, 0.1 mM; MgCl, 0.5 mM; NH,CI 1.0 mM, adjusted to pH 2.5.

EXPERIMENTAL DESIGN:

The experiments were carried out in 2.8 liter Fernbach flasks and contained 10 g of sulphide mineral,
900 mL of media, and 100 mL of inoculum. Varying amounts of H,'®O enriched water (10% enriched)
were also added to some of the samples. The flasks were incubated at 30°C on a rotary shaker
(150 rpm).
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The media were made up using either Calgary water (80, - 17.5%0 or Ottawa water (&'*0,
-11.1%o0) enriched by the addition of varying amounts of H,'®O (10% enriched). Nine initial levels of
80 enriched media had §'80 values varying from + 17.1%0 to + 61.4%s0. Six experiments were run
using the following substrates: (1) 10 g pyrite, (2) 10 g sphalerite, (3) 10 g pentlandite (4) 10 g
chalcopyrite, (5) 5 g chalcopyrite + 5 g pentlandite, (6) 10 g pyrite. Isolate EL-5 was used for
experiments 1 to 5 and isolate SM4 was used for experiment #6.

ANALYTICAL METHODS:

After various time intervals, samples of the supernatant (80 mL unless otherwise specified) were
withdrawn and filiered twice through Whatman # 42 filter paper. Ten mL of the filtrate was used for
metal analysis and 25 to 50 mL of the filtrate for sulphate determination. The metal ion concentrations
were analyzed by atomic absorption spectrophotometry using an Instrumentation Laboratories IL 551
instrument. Four mL of concentrated HCI was added to the aliquot taken for sulphate analysis, and the
solution was heated to a boil. Then 10 mL of 10% w/v BaCl, was added to the acidified filtrate and the
precipitated BaS0, was allowed to settle overnight. The barium sulphate was filtered and collected on a
0.45u Millipore filter, washed with 100 mL of 1 N HCI, 500 mL of deionized water and dried for 24 h
at 60°C. The dried BaS0, was weighed and transferred to small vials for subsequent 80 and &3S
determinations.

MASS SPECTROMETRY:

BaSO, was converted to SO, for sulphur isotope analysis using the high temperature decomposition
procedure of Ueda and Krouse (1987).

For oxygen isotope analyses, Ba50O, was reduced by graphite in platinum boats through which
currents of the order of 20A were passed. Both CO, and CO were produced in this high temperature
reaction. The CO was converted to CO, using a high voltage discharge unit and a liquid N, bath. The
apparatus is a variation of that described by Sakai and Krouse (1971).

Sulphur and oxygen isotope analyses were obtained with mass spectrometers that have been
constructed around Micromass 602 and Micromass 903 basic components,

RESULTS

The fraction of '*0 incorporated into sulphate from water was approximately equal to the slope of
the line obtained by plotting §'80 (SO,) versus 8'*0O (H,0) (Figure 1). Between 55 and 75% of the
oxygen incorporated into sulphate during the bacterial oxidation of pyrite by Thiobacillus ferrooxidans
isolate EL-5 originated from water (Table 1). The amount of oxygen incorporated from water was
found to increase with time. Soluble iron concentrations increased for 13 days then decreased slightly
for the next two sampling times (Figure 2). The amount of sulphate recovered continued to increase
for the duration of the experiment. A similar trend in the §'80 data was observed during the bacterial
oxidation of pyrite by isolate SM-4 (Table 1, Figure 3).

The bacterial oxidation of sphalerite occurred rapidly (Figure 4) and somewhat less oxygen was
incorporated from water (50-64%) (Table 1) than during the oxidation of pyrite. Approximately
68-75% of the oxygen in sulphate was derived from water during the bacterial oxidation of pentlandite
(Table 1), The oxidation of this mineral was also rapid (Figure 5). A much lower incorporation of '*0
from the water into the sulphate (23-48%) was observed during the bacterial oxidation of chalcopyrite
(Table 1). The oxidation rate of this mineral was very slow (Figure 6). The '*O incorporation pattern
and the oxidation rate of the mixture of pentlandite and chalcopyrite were similar to those of
pentlandite alone (Table 1, Figure 7).
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DISCUSSION

The decrease in the soluble iron concentration observed during the oxidation of pyrite by isolate
EL-5 may be due to the precipitation of various iron oxyhydroxide species (Figure 2). The proportion
of the oxygen in sulphate derived from water (23 to 80%) during the bacterial oxidation of sulphide
minerals in our experiments agrees with the results obtained by other workers. Taylor er al. (1984b)
found 23 to 65% of the oxygen in sulphate produced during the bacterial oxidation of pyrite to be
incorporated from water. Van Everdingen et al. (1985) calculated that 37 to 74% of the oxygen in
environmental sulphate samples was derived from water. The chemical oxidation of pyritic sulphur has
been postulated to occur by direct attack of the ferric ion on the metal sulphide and addition of a
hydroxy! radical to the sulphur (Moses et al. 1987). By this mechanism, all of the oxygen in the
sulphate would be derived from water.

The lower incorporation of oxygen from water into sulphate during the bacterial oxidation of
chalcopyrite must be viewed cautiously. Due to the very slow oxidation rate of this mineral, 40% of the
sulphate at the conclusion of the experiment was introduced from the inoculum (Figure 6). Corrections
have been made for the contribution of the inoculum to the final isotopic composition and in the case
of chalcopyrite, the assigned error is larger than for other minerals. It is noted, however, that the slope
steadily increased during the course of the experiment. An unknown is the concentration of inter-
mediates in the transferred inoculum. It is also not known how much of the oxygen in the SO0,
produced from carry-over of intermediate was determined by water in the inoculum or the reactor.

This study shows that a significant portion of the oxygen in the sulphate generated during the
bacterial oxidation of sulphide minerals is derived from water, but the mechanism by which this occurs
is yet to be determined. The incorporation of oxygen from water into the sulphate may occur by
enzymatic addition, analogous to the chemical oxidation by ferric ions, or by isotopic exchange between
an enzyme-bound, oxidized sulphur intermediate and water. The oxidation of reduced sulphur com-
pounds by the thiobacilli can occur by several different pathways (Hooper and DiSpirito, 1985; Kelly,
1982). The enzymes sulfite reductase (Tuovinen et al.,, 1976) and APS reductase (Vestal and Lundgren,
1971) have been shown to be absent in 7. ferrooxidans. Thus the oxidation of sulphides by T.
ferrooxidans probably occurs via the sulphide oxidase and sulphite oxidase enzyme systems. In the
absence of detailed reaction mechanisms for the enzymatic oxidation of reduced sulphur compounds it
would be difficult to predict at which reaction step(s) isotopic exchange would occur. Andersson et al.
(1982) using N NMR analysis and oxygen-18 labelled intermediates observed very rapid oxygen
exchange between nitrite and water during the oxidation of ammonia to nitrite by Nitrosomonas. They
observed no appreciable oxygen exchange between nitrite ions and water in the absence of bacteria.
They estimated that at least one of the oxygens incorporated into ammonia by Nitrosomonas originated
from dioxygen (Andersson et al, 1982; Andersson and Hooper, 1983). However, subsequent rapid
exchange between water and an oxidized nitrogen intermediate resulted in the oxygen of the nitrite
reflecting the isotopic composition of the water. We have also observed the incorporation of '*O, into
both sulphate and water during the oxidation of sulphide minerals by T. ferrooxidans (unpublished
results). Thus, these results are consistent with the incorporation of molecular oxygen into the sulphur
intermediate followed by oxygen exchange between a sulphur intermediate and water. Future studies
should be directed towards determining the potential for oxygen exchange between oxidized sulphur
intermediates and water during specific enzymatic reactions that are involved in the bacterial oxidation
of reduced sulphur compounds.
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TABLE 1

Dependence of oxygen isotope composition of sulphate on that of water during the bacterial oxidation
of sulphide minerals by Thiobacillus ferrooxidans, | §'¥0(S0,*) = mé'80(H,0) + b ]

SUBSTRATE ISOLATE TIME, DAYS SLOPE, m INTERCEPT, b
Pyrite EL-5 6 0.55 = 0.02 23+ 16
13 0.63 = 0.02 45+ 15
20 0.66 + 0.03 45+ 21
27 0.73 + 0.02 31 £ 15
34 0.75 £ 0.02 36 + 1.1
Average 0.66 * 0.02 36 + 26
Pyrite SM-4 7 0.80 + 0.03 3.7% 26
14 0.75 + 0.03 43+ 22
21 0.63 + 0.05 4.7 + 3.7
28 0.67 + 0.03 33+ 26
35 0.71 + 0.04 25+ 3.4
Average 0.71 £ 0.02 3.7 £ 3.2
Sphalerite EL-5 6 0.50 + 0.02 59 + 1.6
13 0.64 = 0.03 54 + 22
20 0.59 + 0.03 82 % 2.1
27 0.61 + 0.04 75 £ 29
34 0.53 + 0.05 9.8 + 3.8
Average 0.57 + 0.02 7.7 £ 3.2
Pentlandite EL-5 6 0.68 = 0.01 71 + 1.0
13 0.70 + 0.01 7.2 £ 0.9
20 0.69 + 0.03 7.0 + 1.8
27 0.75 + 0.02 6.5 £ 1.6
Average 0.70 + 0.01 70 + 1.4
Chalcopyrite EL-S 6 0.23 + 0.05 3.1 % 4.1
13 0.32 + 0.07 45 %52
27 0.38 + 0.05 5.0 + 3.9
41 0.48 + 0.05 46 + 3.6
55 0.46 = 0.06 53 * 4.6
Average 0.37 + 0.03 45 + 5.0
Pentlandite EL-5 7 0.80 + 0.02 72 £ 1.7
+ 14 0.66 + 0.04 100 + 2.9
Chalcopyrite 21 0.68 + 0.04 9.8 = 3.0
28 0.68 + 0.01 8.8 + 1.0
35 0.68 + 0.04 99 + 34
42 0.76 = 0.02 7.1 £ 14
Average 0.71 + 0.01 88 + 26
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Fig. 1 80 values of sulphate produced during the oxidation of pyrite by isolate EL-5 in water of
varying 8'®0 composition.
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Fig. 2 Soluble metal and sulphate concentrations at various time intervals during the bacterial
oxidation of pyrite by T. ferrooxidans (isolate EL-5). Fe,,-total soluble iron.
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Fig. 3 Soluble metal and sulphate concentrations at various time intervals during the bacterial
oxidation of pyrite by T. ferrooxidans (isolate SM-4). Fe,,~total soluble iron.
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Fig. 4 Soluble metal and sulphate concentrations at various time intervals during the bacterial
oxidation of sphalerite by T. ferrooxidans (isolate EL-5). M,-total metals. Fe,-total soluble
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Fig. 5 Soluble metal and sulphate concentrations at various time intervals during the bacterial
oxidation of pentlandite by 7. ferrooxidans (isolate EL-5). M-total metals, Fe,,-total soluble
iron.
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Fig. 6 Soluble metal and sulphate concentrations at various time intervals during the bacterial
oxidation of chalcopyrite by T. ferrooxidans (isolate EL-5). M, -total metals. Fe,-total soluble
iron.
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MICROBIOLOGICAL PROCESSING OF BAUXITE

by
G.I. KARAVAIKO', Z.A. AVAKYAN", L.V. OGURTSOVA' AND O.F. SAFONOVA’®

ABSTRACT

Three applications of microorganisms to dressing of bauxite are discussed: removal of silicon,
removal of iron, and destruction of aluminogoethite. The mechanism and kinetics of these processes
depend on the nature of the microorganisms and the metabolites they produce as well as on the
properties of bauxites to be processed. It was shown that removal of silicon from kaolinite-hematite-
gibbsite bauxite by Bacillus mucilaginosus was based on a process of selective separation of the
kaolinite-enriched fine fraction rather than on kaolinite destruction and solubilization. The silicon
module of bauxite increased in the process from 2.49 to 5.02-5.38. Removal of iron from kaolinite-
goethite-gibbsite and siderite-kaolinite-gibbsite bauxites depended on the organic acids, mainly citric
acid, which were produced by Aspergillus niger and lowered the iron content by 29% and 71%,
respectively. Pretreatment of aluminogoethite-containing bauxites with A. niger and Aureobasidium
pullulans resulted in alumino-geothite destruction and an increase in the release of aluminium into
alkaline-aluminate solution by 3.6%.

! Institute of Microbiology, USSR Academy of Sciences, Moscow, USSR.
2 Institute MEKHANOBR, Leningrad, USSR.
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TRAITEMENT MICROBIOLOGIQUE DE LA BAUXITE
G.I. Karavaiko', Z.A. Avakyan®, L.V, Ogurtsoval et O.F. Safonova’

RESUME

Trois applications des micro-organismes pour le traitement de la bauxite, notamment I’extraction de
la silice, I’extraction du fer et la destruction de ’aluminogoéthite sont discutées. Le mode d’action et la
cinétique de ces procédés dépend de la nature des micro-organismes et des métabolites qu’ils produisent
ainsi que des propriétés des bauxites a traiter. Il est démontré que I'extraction par Bacillus
mucilaginosus de la silice de la bauxite formée de kaolinite-hématite-gibbsite est basée sur le procédé de
séparation sélective de la fraction riche en kaolinite plut6t que sur la destruction ou la mise en solution
de la kaolinite. La concentration de la silice dans la bauxite passe de 2,49 a 5,02-5,38 pendant le
traitement. L’extraction du fer des bauxites constituées de kaolinite-goéthite-gibbsite et de sidérite-
kaolinite-gibbsite dépend principalement des acides organiques, notamment de I'acide citrique, qui sont
produits par Aspergillus niger et qui réduisent la teneur en fer respectivement de 29 pour cent et de 71
pour cent. Le prétraitement des bauxites renfermant de Paluminogoéthite par A. niger et par
Aureobasidium pullulans provoque une destruction de I’aluminogoéthite ainsi qu’une augmentation de
libération d’aluminium de 3,6 pour cent dans une solution d’aluminate alcaline.

! Institut de Microbiologie, Académie des Sciences de 1'U.R.S.S., Moscou, Russie
2 Institut MEKHANOBR, Leningrade, Russie
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INTRODUCTION

Bauxites consist mainly of aluminium minerals such as gibbsite, boehmite, diaspore; iron minerals
such as goethite and hematite; aluminosilicates such as kaolinite of residual and secondary origin; and
some other minerals. The quality of bauxites is characterized by the silicon module (alumina/silica ratio
by weight). The widely used Bayer process utilizes only bauxites with a silicon module of 7 or higher,
which are rare in nature.

The prospects for using microorganisms in the dessing of bauxite have been insufficiently studied.
Some authors used strains of B. mucilaginosus (Andreev et al., 1976) and Bacillus circulans (Groudeva
a. Groudev, 1984), which synthesize exopolysaccharides, to remove silicon from kaolinite-containing
bauxites. It has been reported that these bacteria dissolve silicate minerals and solubilize silicon. It has
also been suggested that a specific group of "silicate" bacteria exists which utilize energy from the
destruction of silicate minerals (Yakhontova et al., 1986).

The anlysis of the data available in literature throws doubt on such concepts (Karavaiko et al., 1984;
Avakyan et al., 1986; Avakyan, 1988). These bacteria — B. mucilaginosus and strains of B. circulans —
belong to heterotrophs and are incapable of developing in the absence of organic matter (Avakyan et
al., 1986; Groudev a. Groudeva, 1988). Their metabolites determine the character of the effect on
minerals while the kinetics of the processes triggered by them depend on the process conditions and
type of minerals.

This investigation was aimed at studying the prospects for using different microorganisms in the
dressing and processing of bauxite.

METHODS

Different types of bauxites from deposits in the USSR, Hungary and Guinea were used in the
experiments.

Microorganisms and Experiment Conditions Some Microorganisms were isolated from different types
of rocks. Others were received from the All-Union Collection of Microorganisms (VKM). To study
their role in the destruction of bauxite minerals the following media were used (g.L'); sucrose, 20;
(NH,).SO,, 0.1; MgSQy, 0.2; K,HPO,, 0.5; tap water, 1.L; pH 7.8 for B. mucilaginosus VKM B-1480D;
and sucrose, 20; (NH4),SO,, 1; MgSOQ,, 0.2; K,HPQ,, 1; NaCl, 0.1; tap water, 1 L; pH 7.0 for mycelial
micromycetes and yeasts,

The experiments were performed in 250- or 500- mL Erlenmeyer flasks at 10% pulp density. An ore
sample ground to 70% size- class of -0.074 mm was added to-the nutrient medium and sterilized at 0.5

atm for 30 min.

An inoculum in the amount of 10% was added as a suspension of spores of mycelial micromycetes
or as a suspension of vegetative cells of bacteria and yeasts.

In all experiments, controls with sterile microorganism-free medium were run.

The flasks were placed on a rotary shaker (280 rpm) at 30°C. The duration of experiments varied
from 7 to 28 days.

Chemical and Physical Analyses AlL,Oj, SiO; and Fe,O; in solution as well as in solid samples after
calcination were assayed using atom absorption spectrophotometry on an AAS-1 spectrophotometer
(GDR).

X-ray analysis were performed in an DRON-UM-1 unit (Co radiation).
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The grain size composition was determined by size class using screen analysis for sizes over 0.044
mm. A FRITSCH laser analyzer was used for sizes under 0.063 mm; and an ultrasound analyzer
("Rotup") for sizes over 0.063 mm,

The viscosity of the medium with exopolysaccharides of B. mucilaginosus was determined with a
viscosimeter.

RESULTS

Bauxite Dressing Low-grade bauxite dressing is aimed at selectively decreasing the silicon content and
increasing the silicon module. The more extented experiments were performed as follows: B.
mucilaginosus was cultivated in the medium with hematite-kaolinite-gibbsite bauxite, Every 7 days the
culture liquid was separated from the solid phase by decantation and fresh nutrient medium was added.
The development of B. mucilaginosus was accompanied with production of exopolysaccharides which
increased the medium viscosity (Vyq = 2.18-3.5). The medium decreased to 5.4-5.5.

Si0; and Al O; content of the decanted culture liquid was determined, and suspended fine fractions
of bauxites which did not settle during 1 hour were assayed. They were separated from the solution by
centrifuging at 25,000 x g during 20 min.

The fine fraction of bauxite separated from the decanted solution after 48 hours had a higher level of
silicon and a lower level of aluminium (Table 1). In contrast, the larger fraction of bauxite that had
settled during the sedimentation had a lower level of silicon and a higher level of silicon module. The
level of soluble farms of AlL,O; and SiO; in the solution after the separation of suspended fines did not
exceed 5-10 and 20-80 mg-L’, respectively, and which did not affect the silicon module of bauxite.

In a longer experiment (28 days) in which the medium was replaced 4 times, 5.4% of bauxite by
weight was decanted as a suspensing of fine particles while the silicon module of the solid residue rose
from 2.40-2.50 to 5.0-5.40.

Thus, the removal mechanism of silicon from hematite-kaolinite-gibbsite bauxites by B. mucilaginosus
and its metabolites was based on a process of separation of fine silicon-rich fractions of bauxites by
exopolysaccharides rather than on the process of kaolinite destruction and silicon solubilization.

To evaluate the suitability of this method for removal of silicon from other types of bauxites,
experiments were performed using 14 samples of hematite-chamosite-diaspore, kaolinite-chamosite-
boehmite, kaolinite-hematite-boehmite, gibbsite-kaolinite-boehmite and chamosite-hematite-boehmite
bauxites from several deposits in the USSR. The experiments and analyses of solutions were performed
as described above. It was found that after the bacterial treatment of these bauxites, the fine fraction
was also separated with the decanted solution. The chemical composition of the fine fraction, however,
was identical to that of the bauxite in the solid residue. Table 2 presents the data for hematite-
goethite-boehmite bauxite which clearly show that the silicon module did not change if the fine fraction
is removed by decantation, nor in the solid residue after the decantation.

It is obvious that the minerals composition of bauxites played a decisive role in removal of silicon
from bauxites. The data of chemical analyses of different size classes of bauxites show (Fig. 1) that in
hematite-kaolinite-gibbsite bauxite (sample 1209) the highest silicon module (Mg; = 6.76) was as-
saciated with the largest size class (>0.25 mm), and the module sharply decreased in finer size classes.
In other types of bauxites, this pattern was reversed: for example, in chamosite-boehmite bauxite
(sample 59) the highest silicon module (Mg; = 6.8) was associated with the finest fractions (size class
<0.005 mm), and the silicon module sharply decreased in larger size classes. A similar pattern of the
silicon module behaviour in different size classes was observable after bacterial attack.
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It is clear that in bauxites ground to 70% size- class of -0.074 mm used in these experiments, the fine
silicon-rich particles of kaolinite were selectively separated from hematite-kaolinite-gibbsite bauxity by
exopolysaccharides produced by B. mucilaginosus. This technique of removal of silicon was not suitable
for processing other types of bauxites studied.

Removal of Iron Another possible approach to upgrading bauxites is the selective removal of iron
using microorganisms. The effect on bauxites of 63 strains of autotrophic and heterotrophic microor-
ganisms belonging to 15 genera was studied. The highest rate of iron leaching was displayed by A. niger
4 which was used in further experiments.

In 35-day experiments with periodic replacement of the nutrient medium (every 7 days), the release
of Si0,, Al,O; and Fe,O; from different bauxites exposed to A. niger 4 was determined. The results
presented in Table 3 show that all principal elements were solubilized, which precluded an increase in
the- silicon module in the residue. However, in some cases iron was selectively removed. For example,
iron was preferentially leached from kaolinite-goethite-gibbsite and siderite-chamosite-gibbsite bauxites
while in the experiment with kaolinite-hematite-boehmite bauxite mostly silicon and iron were
solubilized which slightly increased the silicon module.

It was noted that hematite-kaolinite-gibbsite bauxite which was dressed by B. mucilaginosus was
resistant to processing by metabolites from mycelial fungi. This type of bauxite as well as gibbsite-
kaolinite-boehmite and hematite-goethite-boehmite bauxites were the most refractory to attack by
fungal metabolites. This suggests a low level of destruction of the constituent minerals, including
kaolinite.

However, mycelial fungi seem promising for dressing some types of bauxites (siderite-kaolinite-
gibbsite and kaolinite-goethite-gibbsite) by removing iron.

Aluminogoethite Destruction Some laterite bauxites display a high silicon module but contain, besides
iron minerals — goethite and hematite — also iron oxides with isomorphic aluminium admixtures.
Aluminium was not recovered from aluminogoethite when bauxites were processed using the Bayer
method, and was lost with the sludge, decreasing the recovery rate of Al,O; by 3-10%. The effect of
microorganisms on aluminogoethite and aluminohematite had not been studied previously.

The experiments used hematite-goethite-gibbsite bauxite (Debel deposit, Guinea) assaying 17%
aluminogoethite. Isomorphic substitution of iron with aluminium in these bauxites averaged 27 molar
%. Bauxite samples were exposed to growing cultures of microorganisms belonging to the genera
Aspergillus, Penicillium, Aureobasidium, Candida, Pseudomonas, Bacillus, Arthrobacter. All strains
under study displayed different activity in the destruction of aluminogoethite, the most active strains
being A. spergillus 4 and A. pollulans.

The typical signs observable during the development of A. niger were a decrease in pH to 1.9 as a
result of citric acid production (90% of total organic acids) and sorption of fine bauxite particles on
mycelial globules.

The growth of A. upeobdsidium was also accompanied by a decrease in medium pH to 2.5 and
production of the exopolysaccharide pollulan which was excreted into the medium. This increased the
viscosity of the medium, ensuring that fine bauxite fractions were suspended in the culture liquid
together with A. pollulans cells and did not settle during 1 hour of sedimentation.

Taking into account the pattern of distribution of different bauxite fractions in the pulp, the fine
bauxite fractions adsorbed by A. niger mycelium and those suspended in the culture liquid of A.
pollulans which was settled by centrifuging at 25,000 x g for 20 min as well as bauxite fractions not
associated with microorganisms were analyzed separately.
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Figure 2 compares the sections of diffractograms corresponding to the input bauxite and bauxite
exposed to A. niger and A. pollulans. The decrease in the peak intensity of aluminogoethite from d =
0.413 nm can be clearly seen, especially in the fine fractions absorbed by A. niger mycelium or
suspended in the culture liquid of A. pollulans. Concurrent, with the decrease in the peak value, the
"d" value of the latter increased slightly to 0.414-0.416 nm indicating a decrease in isomorphic
incorporation of aluminium into the aluminogoethite lattice to 10-22 molar % Al,Oj; in the experiment
with A. niger.

The data from the chemical analysis of different bauxite fractions treated with microorganisms show
that the level of aluminium oxide both in the fine fraction sorbed by microorganisms and, to a lesser
extent, in the residue not sorbed by microorganisms, decreased (Table 4). This indicates solubilization
of aluminium. To prevent losses of Al,Os, the resultant solution should be utilized in the subsequent
processes to produce alumina from bauxites. As a result of bauxite treatment with microorganisms, the
adsorbed or suspended fine bauxite fraction was enriched in SiO,. The silicon module of fine fractions
was decreased while the silicon module of bauxites not sorbed by microorganisms was increased.

Because of the lower levels of aluminium and silicon in bauxites treated with microorganisms, the
relative level of iron was increased.

To evalute the degree of aluminogoethite destruction and the technical significance of this process,
bauxite treated with microorganisms and containing both fractions was leached by means of the Bayer
process. The extraction of Al,O, into solution when pretreated bauxites were used increased by 3.6%
while the aluminium oxide content of the red sludge went down to 10.6% as compared to the sludge
from a control which assayed the 14.27% Al,O..

The experiments revealed the possibility of using microorganisms for the treatment of al-
uminogoethite-containing bauxites to increase the extraction of aluminium in alumina prodocution by
means of the Bayer process.

CONCLUSION

The experiments performed in this investigation have shown that there is no single approach to the
application of microorganisms in processing of bauxites. This is attributed to the diversity of mineral
and chemical composition of bauxites,

The application of microbial exopolysaccharides (for example, those produced by B. mucilaginosus)
to treat bauxites with kaolinite-rich fine fractions seems to be attractive for separating those fractions
from the total mass of bauxites. In this case, bacterial exopolysaccharides help to separate bauxite
fractions by removal of the fine silicon-rich fraction as an undesirable admixture.

Metabolites such as citric acid synthesized by mycelial fungi are promising for solubilizing iron
minerals contained in bauxites. Solubilized aluminium can be partially recycled into the alumina
production by means of the Bayer technique.

Finally, a possible third approach is related to aluminogoethite destruction. This mineral is present,
for example, in high-grade bauxites from Guinea. Pretreatment of these bauxites with A. niger and A.
pollulans increased the release of aluminium into alkaline-aluminate solution.
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Table 1

Chemical analysis of different fractions of hematite-kaolinite-gibbsite bauxite after treatment with B,
mucilaginosus VKM B-1480D (experiment period, 48 hours).

Bauxite fraction Element content (%)
Msi
A1203 Si02 F6003
Fine fraction of bauxite 34.0 15.90 12.20 2,10
from solution
Bauxite after solution 42.20 10.70 26.30 3,90
decantation
Bauxite in control 45.70 18.10 19.90 2,5
Table 2

Chemical analysis of different fractions of hematite-goethite-boehmite bauxite after treatment with B.

mucilaginosus (experiment period, 28 days).

Bauxite fraction Element content (%)

Msi

A1203 SlOz FeeO3

Fine fraction of bauxite 41.78 13.50 25.32 3.08
from solution
Bauxite after solution 41.60 13.58 24.18 3.06
decantation
Bauxite in control 42,87 13.07 27.78 3.2

Note: Chemical analysis of the input bauxite (%): Al,03, 41.78; Si0,, 12.54; Fe,03, 27.78.

Table 3

Leaching of Si0,, Al,0; from different types of bauxites by A. niger 4

Bauxite type Chemical composition of Total extraction of elements M, (numerator
input bauxites (%) in 35 days (mge1"). denominator)
Medium was replaced every
7 days

Si0, Al,03 Fey03 " Si0, Aly03 Fe,0;
Hematite-chamosite-diaspore 17.83 45.08 18.1 3390 1070 1152 2.61/2.53
Hematite-kaolinite-gibbsite 17.85 44.39 18.78 360 345 388 2.63/2.49
Boehmite-goethite-kaolinite 25.22 60.04 7.79 640 290 49 2.20/2.38
Gibbsite-kaolinite-boehmite 19.33 57.03 14.72 500 325 86 2.87/2.95
Gibbsite-kaolinite-goethite 10.94 37.40 29.94 495 6 62 4657 3,26/3.08
Kaolinite-gibbsite-goethite 16.26 52.50 4,76 498 186 2 2122
Siderite-kaolinite-gibbsite 13.54 40.03 11.87 475 810 8587 2.95/2.78
Kaolinite-hematite-boehmite 10.06 56.02 20.85 1850 545 1780 6.56/5.66
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Table 4

Si0;, Al,0; and Fe,0; content in aluminogoethite-containing bauxite treated with microorganisms

Sample Chemical composition (%) Mg
(after calcination)
A]203 M]zO; SIOZ F8203
Bauxite treated with A4. 47.89 -2.93 2.62 31.57 22.10
pullulans Fine fraction from
decanted culture liquid of A.
pullulans
1st decantation 4737 -13.52 4.0 36.44 11.84
2nd decantation 53.69 -7.20 3.50 30.22 15.34
3rd decantation 56.58 -4.24 3.75 29.90 15.09
Bauxite treated with A. niger 56.62 -4.47 2.32 32.05 24.41
Fine fraction adsorbed by A. 55.35 -5.47 3.73 34.65 14.84
niger mycelium
Bauxite treated with sterile 60.82 - 3.14 24.21 19.37
medium without
microorganisms

0,25
<0,25

<0,1
<0,09

<0,08u}
<0,07

<0,06

<0,05
’:0.0“' 8

Particle-size aistribution, mm

<0,03
<0,02 |

<0,01

Fig. 1. Changes in the silicon module (M) of bauxites depending on the size class
1 — goethite-kaolinite-gibbsite bauxite before bacterial treatment
2 — goethite-kaolinite-gibbsite bauxite before bacterial treatment
3 — kaolinite-chamosite-boehmite bauxite before bacterial treatment

4 — kaolinite-chamosite-boehmite bauxite before bacterial treatment
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Fig. 2. Diffractograms of the input and microbially treated aluminogoethite-containing bauxites
1 — bauxite adsorbed by A. niger
2 — bauxite not adsorbed by A. niger
3 — bauxite suspended in the culture liquid of A. pullulans
4 — bauxite not adsorbed by A. pullulans
5 — input bauxite

I — gibbsite, Il — goethite, III — aluminogoethite, IV — hematite
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THE GENETIC
MANIPULATION OF BACTERIA FOR BIOLEACHING

Douglas E. Rawlings

Department of Microbiology, University of Cape Town,
Rondebosch 7700, South Africa

ABSTRACT

The rate of pyrite oxidation by natural isolates of Thiobacillus ferrooxidans may be too slow to
permit the economically competitive leaching of certain ores or concentrates. Mutation and selection,
and recombinant DNA technology (genetic engineering) are two approaches that may be used to
improve the performance of T. ferrooxidans strains. Each approach has distinct advantages and
disadvantages, and it would be of great value to be able to use both techniques. To date only the
mutation and selection approach has been used successfully. Although much of the information
necessary for the application of recombinant DNA techniques to 7. ferrooxidans has recently become
available, not all of the problems associated with using this approach have been resolved. A summary
of the requirements necessary for the genetic engineering of T. ferrooxidans is given, and a discussion
of the elements in place and those still missing is presented.
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LA MANIPULATION GENETIQUE
DE BACTERIES POUR LA BIOLIXIVIATION

Douglas A. Rawlings

Département de Microbiologie Université de Cape Town,
Rondebosch 7700, Afrique du Sud

RESUME

Le taux d’oxydation de la pyrite par des isolats naturels de Thiobacillus ferrooxidans peut étre trop
faible pour rendre la lixiviation de certains minerais ou concentrés compétitive économiquement., La
mutation et sélection, et la technologie de I’ADN recombinant (génie génétique) sont deux approches
qui peuvent &tre utilisées pour améliorer la performance -des souches de T. ferrooxidans. Chaque
approche comporte des avantages et des désavantages, il serait bien de pouvoir combiner ensemble ces
deux techniques. Jusqu’a présent I’approche de mutation et sélection a été utilisée avec succés. Méme si
une quantité importante de I'information nécessaire a I’application des techniques de I’ADN recom-
binant chez T. ferrooxidans est maintenant disponible, plusieurs problémes doivent encore &tre résolus.
Un résumé des conditions a remplir pour appliquer le génie génétique chez T. ferrooxidans ainsi
qu’une discussion portant sur ce qui est connu et sur ce qui ne I’est pas sont présentés.
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INTRODUCTION

Bioleaching is one of the economically proven options for the recovery of metals from copper,
uranium and more recently gold-bearing pyrite/arsenopyrite ores. Biological treatment methods may
have considerable advantages over the alternative physical/chemical processes, particularly with respect
to energy consumption and environmental impact. A major difficulty with biological processes is that
bioleaching rates are often too slow for the process to be economically competitive. Populations of
leaching bacteria that have recently been isolated from nature should however not be expected to
oxidize ores at maximum rates. Natural populations of bacteria would have been genetically selected for
their ability to survive under a wide range of often adverse conditions, rather than for their ability to
rapidly oxidize ores under the ideal conditions of an industrial bioleach process. The challenge to the
biologist is to improve the rate of growth and ore oxidation by the microbes responsible for leaching. If
this can be achieved, the bioleaching option may become the most cost effective and environmentally
compatible method of treatment.

GENETIC IMPROVEMENT OF NATURAL ISOLATES OF BIOLEACHING ORGANISMS

Although it has been found that several species of bacteria are capable of leaching metals from ores
and that in general mixed cultures of bacteria do so better than pure cultures, Thiobacillus ferrooxidans
is still considered to play the major role in most industrial leaching operations. There are two
approaches to the genetic improvement of 7. ferrooxidans and other populations of leaching criteria.
These are: a) mutation and selection and b) genetic engineering. Each approach has distinct advantages
and disadvantages and ideally it should be possible to use either technique.

Mutation and selection

Mutation and selection can be as easily applied to mixed cultures of bacteria as to pure cultures. The
technique is dependant on the small number of spontaneous errors in the DNA sequence that are made
when the chromosome of a bacterium is replicated. The frequency of errors may be increased through
the use of mutagens which interfere with the fidelity of the DNA replication mechanism and raise the
mutation rate above the natural level. Most mutations are neutral or harmful, but some that are
advantageous to the cell will occasionally occur. If a selective pressure is placed on a mutating
microbial population, those bacteria that have acquired a mutation that has enabled them to outcom-
pete the rest will eventually dominate the population. Mutation and selection is a simple, low
technology procedure. For example, the rate of growth and oxidation by a population of leaching
bacteria can be improved simply by cultivating a population of the bacteria in a continuous flow
apparatus and then slowly increasing the flow rate. Those bacteria that are capable of the most rapid
growth will be subject to less washout than the others and will be preferentially selected.

The main advantages of mutation and selection are firstly, that it is a low technology procedure
which can be applied in any basic laboratory. Secondly, unlike genetic engineering, the technique is not
necessarily dependent on an in-depth understanding of the biochemistry of the bacterium (although
this may help). Disadvantages are that it may take a long time to improve the bacteria, to an
economically significant extent. Furthermore, since mutation and selection is essentially an empirical
technique, very little information on the bacterium being manipulated is gained. This approach has,
nevertheless been used to improve the leach rates of T. ferrooxidans dominated isolates approximately
10 fold over that of the original isolates. This has had a substantial effect on the economics of the
bioleach option. Some of these improved populations are being used very successfully in the full-scale
treatment of ores and concentrates (van Aswegen et al., 1988).

Genetic Engineering

An important difference between mutation and selection and genetic engineering is that during
mutation and selection no new genetic material is acquired by the bacteria. The procedure merely
selects for modifications in proteins or regulatory systems already present in the bacteria. If a
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bacterium does not possess a certain ability because it lacks the genetic material to do so, mutation and
selection will not enable the organism to acquire that property. In contrast, genetic engineering results
in the placement of new genetic material in the organism being manipulated.

Another advantage of genetic engineering is that multiple copies of the organism’s own DNA can be
placed into a cell. This could result in increased expression of the genes contained on the multiple-copy
DNA. Once a genetic system is in place, genetic engineering should be a more rapid procedure than
mutation and selection. However, unlike mutation and selection, a substantial amount of information
about the biochemistry of the bacterium to be modified is required before genetic engineering is
possible.

Genetic engineering is not a general technique that can be applied to a mixed culture of bacteria.
Each bacterium that plays a significant role in the bioleaching process would have to be engineered
separately. Because of its importance in the bioleaching process, T. ferrooxidans is the obvious
candidate for the first round of genetic engineering.

REQUIREMENTS FOR A GENETIC SYSTEM

Three basic requirements for the use of recombinant DNA techniques on a genetically unstudied
bacterium such as T. ferrooxidans are illustrated in Figure 1.

These are:

i) a plasmid cloning vector which is known to be able to replicate and be stably maintained in
T. ferrooxidans.

ii) the identification of a gene that can be spliced into the plasmid and which codes for a property
(genetic marker) that can be expressed in 7. ferrooxidans . This enables those bacteria that have
acquired the gene to be identified among the many others that have not.

iii) a method for introducing geneticall'y manipulated DNA into 7. ferrooxidans.

The difficulty in developing a genetic system for a relatively unstudied organism like T. ferrooxidans
is that none of these basic requirements have been met. Although bacterial cloning vectors and
selectable genetic markers are available for other bacteria, it is not known which of the cloning vectors
will be replicated in T. ferrooxidans or which genetic markers will be expressed. Most bacterial plasmids
are not replicated in unrelated bacteria, and genes from some bacteria are poorly or not at all
expressed in others. In addition there is no universally applicable technique for introducing DNA into
bacteria. Since T. ferrooxidans has a unique physiology and occupies an ecological niche populated by
few other 'bacteria, it is difficult to predict to which bacteria T. ferrooxidans is genetically related. With
so many unknowns, if an attempt to introduce foreign DNA into T. ferrooxidans was unsuccessful, it
would not be known whether the plasmid had failed to be replicated, the gene used as a marker was
not expressed or whether the method for introducing the DNA into the cells was unsuitable.

To make progress in the development of a genetic system, it is important to be able to investigate
each of these basic requirements independently of each other. One approach to achieving this would be
to isolate plasmids and genes from T. ferrooxidans. These would be expected to be replicated and
expressed when placed back into the bacterium. It would then be possible to work on the introduction
of DNA into T. ferrooxidans with reasonable certainty that a lack of success would not be due to
problems associated with plasmid replication or gene expression.

Plasmids from T. ferrooxidans

T. ferrooxidans plasmids are not only sources of DNA that can replicate in the bacterium but also
potential sources of genes that may serve as genetic markers in T. ferrooxidans . Plasmids are
widespread among natural isolates of T. ferrooxidans (Martin et al., 1981). Several workers have
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isolated and in some cases cloned these plasmids into well-characterized plasmids from other bacteria
(Holmes et al., 1984). All T. ferrooxidans plasmids studied so far are cryptic. That is, the function of
these plasmids and whether they encode any selectable genetic markers is unknown.

One T. ferrooxidans plasmid has been identified that has the unusual property of being able to
replicate in a wide variety of Gram-negative bacteria. The mechanism of replication of this plasmid is
being studied to determine which regions are involved in replication, plasmid stability and copy number
control (Dorrington and Rawlings, 1989). This type of plasmid has great potential for use in the
development of cloning vectors for 7. ferrooxidans and other Gram-negative bacteria. There are
however other broad-host-range plasmids which have been shown to replicate in all the Gram-negative
bacteria in which they have been tested, and it is likely that these could be equally well suited for use
in T. ferrooxidans.

Genetic markers for T. ferrooxidans

Several genes from T. ferrooxidans have been isolated which could serve as potential genetic markers
for the development of a T. ferrooxidans genetic system. However, to be of value it would be necessary
to mutate and inactivate the copy of the gene on the T. ferrooxidans chromosome.

Techniques for the production and isolation of suitably defined auxotrophic mutants of
T. ferrooxidans have still to be developed.

Shiratori et al. (1989) have recently reported the cloning of mercury ion resistance genes from
T. ferrooxidans and their expression in E. coli. This is the first selectable genetic marker to be isolated
from T. ferrooxidans and should prove useful in the development of a T. ferrooxidans transformation
system since it is almost certain to be expressed in the bacterium. Attempts have been made to use
genetic markers from other Gram-negative bacteria without success. These include the resistance genes
for chloramphenicol, ampicillin and tetracycline (on sulfur media).

Introduction of DNA into T. ferrooxidans

There are four methods for introducing recombinant DNA into bacteria. These are the well-studied
techniques of transduction, transformation and conjugation, and the less well-studied technique of
electroporation.

Transduction involves the use of bacterial viruses (phages) to deliver DNA to a sensitive cell. As no
phages that infect 7. ferrooxidans have been reported, it is not possible to use this technique.
r

Transformation is a process whereby some bacteria become competent to take up naked DNA during
a particular phase of their growth cycle either naturally or when artificially induced to do so. A very
limited range of bacteria have a natural ability to be transformed and the conditions for inducing
competence artificially vary substantially among bacteria.

Protocols for transformation are usually developed empirically and critical conditions for transfor-
mation are most often discovered serendipitously. Attempts to transform T. ferrooxidans using a variety
of techniques have not been successful. The same applies to attempts to transform 7. ferrooxidans
spheroplasts (bacteria from which most of the cell walls have been removed). This lack of success does
not mean that 7. ferrooxidans is not transformable, but that further work needs to be carried out to
establish the correct conditions for the production of competent cells. The successful transformation of
some bacterial genera was only achieved once a transformable strain was discovered.

Conjugation or bacterial mating is a broadly applicable means by which plasmids may be transferred
between bacteria that belong to the same or even different genera. T. ferrooxidans plasmids have been
identified which are capable of being conjugated with the aid of other "helper" plasmids. Several
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workers have attempted to conjugate both T. ferrooxidans plasmids and broad-host-range plasmids
between laboratory bacteria such as E. coli and a variety of thiobacilli including T. ferrooxidans
(Davidson and Summers, 1983; Kulpa et al., 1983). In some experiments a two-step mating procedure
was carried out in which an attempt was made to use non-iron-oxidizing thiobacilli such as T. novellus
and T. intermedius as a bridge between E. coli and T. ferrooxidans (Rawlings et al., 1986).

Although broad-host-range plasmids including the T. ferrooxidans plasmid have been successfully
conjugated into non-iron-oxidizing thiobacilli and between non-iron-oxidizing thiobacilli, none has been
conjugated into T. ferrooxidans. The observation that conjugable broad-host-range plasmids do occur in
T. ferrooxidans (Rawlings and Woods, 1985) is nevertheless encouraging. It is an indication that the
bacterium may be able to conjugate with other as yet unidentified bacteria under the right conditions.
The heterotrophic bacterium Acidiphilium cryptum which grows in close association with
T. ferrooxidans may be one such bacterium.

Electroporation is a routine method of delivering DNA into plant and animal cells that has recently
been applied to bacteria. The technique involves the use of an electrical discharge to produce pores in
the bacterial cell membrane which open briefly to allow DNA into the cell before resealing spon-
taneously. Although many bacteria may be killed in the process, a small proportion of those that
survive acquire the plasmid. No studies on the electroporation of T. ferrooxidans have been reported,
but preliminary work has indicated that T. ferrooxidans is more resistant to the lethal effects of
electroporation than most other bacteria (J. Rohrer, pers. commun., 1989). This is an indication that
the cell membrane of T. ferrooxidans is less disrupted by electroporation than most other bacteria and
that higher field strengths than usual may be required.

Comparison of genes from T, ferrooxidans with those of other bacteria

As discussed earlier, one of the major advantages of genetic engineering is that using this technique,
it is possible to place new genetic material into a bacterium such as T. ferrooxidans. This genetic
material could have been isolated from other species of bacteria or even other organisms. Since not all
bacteria are able to read and interpret the start (promoter) and stop (termination) signals of genes
from other bacteria, it would be useful to know which bacteria are genetically most closely related to
T. ferrooxidans. If one wishes to introduce into the bacterium a gene from a genetically distant
organism, it may be necessary to express the foreign gene using T. ferrooxidans control signals, This
raises questions as to: i) which bacteria 7. ferrooxidans is genetically most closely related to, and ii)
how the control signals of T. ferrooxidans genes compare with those of other bacteria.

In order to address these questions, several genes from 7. ferrooxidans have been cloned and their
expression in easy-to-handle laboratory strains of E. coli has been studied. In soime cases the DNA
sequences of the T. ferrooxidans genes and their flanking regions have been determined. These include
the genes for the enzymes glutamine synthetase (ginA), nitrogenase (nifHDK) and the recA gene
product (Barros et al., 1985; Pretorius et al., 1986; Ramesar et al., 1989). In addition, the gene for the
iron-induced copper protein, rustacyanin, has been cloned (Kulpa et al., 1986), and two families of
repeated sequences that are found in a number of T. ferrooxidans strains have been cloned and one of
the families sequenced (Yates et al., 1988). Rustacyanin is unlikely to occur in non-iron-oxidizing
bacteria, and repeated sequences are rather rare among bacteria, so although these genes and sequences
provide valuable information on the structure of some important T. ferrooxidans genetic elements, they
are of limited value for comparative purposes. Genes involved in the replication of a T. ferrooxidans
plasmid have also been sequenced, but these are also of limited comparative value (Dorrington and
Rawlings, unpublished).

A comparison of the T. ferrooxidans ginA, nifHDK and recA genes with those of other bacteria has
recently been made (Rawlings, 1989) and only a brief summary is presented here. The ginA gene
product is expressed in E. coli from T. ferrooxidans transcription signals and has all the properties,
including regulation of activity by adenylation, commonly found in Gram-negative bacteria. However,
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the commonly associated regulatory genes, ntrB and ntrC, do not lie immediately downstream of the
glnA gene as found in most other Gram-negative bacteria. When the amino acid sequence of the glnA
gene product is compared to that of the other bacteria for which this information is available,
T. ferrooxidans is approximately equally related to all the other Gram-negative bacteria.

Expression of the nifHDK genes cannot be directly studied in E. coli since this organism does not fix
nitrogen. However, by constructing a fusion of the nifHDK genes to an easily assayed B-galactosidase
gene, it has been possible to study its expression in E. coli (D. Berger, pers. commun., 1988). With
respect to expression, regulation and gene structure, the T. ferrooxidans nifHDK genes appear to be
identical to those of most other bacteria. The amino acid sequences of the nifHDK gene products are
clearly more closely related to some species of bacteria than others. Based on the amino acid sequence
of the nitrogenase iron protein, T. ferrooxidans appears most closely related to members of the genus
Bradyrhizobium and to a lesser extent to members of the genus Rhizobium.

The T. ferrooxidans recA gene is not expressed from its own start signal in E. coli. Whether this is
because the T. ferrooxidans signal is located further upstream than the 2.2kb of DNA tested or whether
it is simply not recognized in E. coli is still uncertain. The recA gene product is however, fuily
functional when expressed from an E. coli plasmid-located start signal. Since the T. ferrooxidans recA
gene is only the fourth recA gene to be sequenced, it is not possible to compare its amino acid
sequence with those of a wide range of other bacteria. The T. ferrooxidans recA protein is 61%, 66%
and 69% homologous to the Bacteroides fragilis, (H. Goodman, pers. commun., 1989) E. coli and
Pseudomonas aeruginosa recA proteins respectively.

DISCUSSION

Mutation and selection and genetic engineering should not be seen as two alternative, or mutually
exclusive approaches for improving T. ferrooxidans strains, Rather, once a genetic system is available,
each technique has distinct advantages and disadvantages and it may be necessary to use both. Mutation
and selection is a natural and ongoing process. In a continuous-flow process, mutation and selection (or
natural adaptation) will be taking place automatically using the spontaneous mutations that arise from
errors in DNA replication. Those individual bacteria that can outgrow the rest will eventually dominate
the population and form the platform on which the next round of improvement will be based. The
bioleach option to processing an ore should not be discarded on the grounds of an initial slow leach
rate. Provided that an ore is amenable to leaching, mutation and selection can improve the leach rate
many fold. Furthermore, a bacterial culture that efficiently leaches a given ore may not be as efficient
at leaching another ore, even though the two ores may be similar. An extended period of mutation and
selection (adaptation) may be necessary before the maximum leach rate of the new ore is obtained.

Genetic engineering of T. ferrooxidans will not be possible until a method is developed for the
introduction of recombinant DNA into the bacterium. In the absence of T. ferrooxidans phages,
conjugation and electroporation would seem to be the DNA transfer procedures with the greatest
potential. Although suitable plasmid vectors are available, the detection of a successful DNA transfer
experiment has been dependant on the expression of foreign genetic markers in 7. ferrooxidans. The
recent isolation of the mercury resistance genes from 7. ferrooxidans means that it will now be possible
to attempt transformation with genes isolated from the bacterium. No experiments based on the
expression of an homologous genetic marker have yet been reported. In regard to gene expression,
although the T. ferrooxidans nitrogen metabolism genes ginA and nifHDK were expressed in E. coli,
these genes are controlled by a special class of nitrogen-regulated start signals. Whether the more
typical variety of start signals (-35 to -10 promoters) are also similar to those of other bacteria is still
uncertain. It would be of value to isolate strong 7. ferrooxidans promoter sequences for use in the
expression of foreign genes in the organism. The nitrogen regulated promoters currently available are
likely to be switched off in the presence of an adequate nitrogen supply and are therefore not ideal.
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The use of recombinant DNA techniques to study the biochemistry and physiology of T. ferrooxidans
should lead to breakthroughs in our understanding of the molecular biology of the organism. Many of
these findings could have practical significance. For example, an investigation into the genes involved in
the production and regulation of the proteins used in the oxidation of iron and sulfur is a challenge to
molecular biologists that could provide insight into how to improve the growth and leach rate of the
bacterium. Similarly, a study of the ability of T. ferrooxidans to use ferric iron as an alternate electron
acceptor to oxygen and how this ability is regulated could be of use in oxygen-limited vat and in situ
leaching operations.

REFERENCES

Barros, M.E., Rawlings,D.E., and Woods, D.R. (1985) Cloning expression of the Thiobacillus ferroox-
idans glutamine synthetase gene in Escherichia coli. 1. Bacteriol 164:1386-1389.

Davidson, M.S. and Summers, A.O. (1983) Wide-host-range plasmids function in the genus Thiobacil-
lus. Appl. Environ. Microbiol. 46:565-572.

Dorrington, R.A. and Rawlings, D.E. (1989) Identification and sequence of the basic replication region
of a broad-host-range plasmid isolated from Thiobacillus ferrooxidans. J. Bacteriol. 171:2735-2739.

Holmes, D.S., Lobos, J.H., Bopp, L.H. and Welch, G.C. (1984) Cloning of a Thiobacillus ferrooxidans
plasmid in Escherichia coli. J. Bacteriol. 157:324-326

Kulpa, C.F., Roskey, M.T. and Travis, M.J. (1983) Transfer of plasmid RP1 into chemolithotrophic
Thiobacillus neapolitanus. J. Bacteriol. 156:434-436.

Kulpa, C.R., Roskey, M.T. and Mjoli, N. (1986) Construction of Chromosomal gene banks of
Thiobacillus ferrooxidans and induction of the iron oxidation pathway. Biotech. Appl. Biochem.
8:330-341.

Martin, P.AW., Dugan, P.R. and Tuovinen, OH. (1981) Plasmid DNA in acidophilic,
chemolithotrophic thiobacilli. Can. J. Microbiol. 27:850-853.

Pretorius, I-M., Rawlings, D.E., O’Neill, E.G., Jones, W.A., Kirby, R, and Woods, D.R. (1987)
Nucleotide sequence of the gene encoding the nitrogenase iron protein of Thiobacillus ferrooxidans.
J. Bacteriol. 169:367-370.

Ramesar, R.S., Abratt, V., Woods, D.R, and Rawlings, D.E. (1989) Nucleotide sequence and expression
of a cloned Thiobacillus ferrooxidans recA gene in Escherichia coli. Gene 78:1-8.

Rawlings, D.E. (1989) A comparison of the structure and expression of several genes from Thiobacillus
ferrooxidans with those of other bacteria. In Biotechnology in Minerals and Metal Processing. Eds
Scheiner B.J., Doyle F.M. and Kawatra S.K. SME Littleton, Colorado. p3-8.

Rawlings, D.E. and Woods, D.R, (1985) Mobilization of Thiobacillus ferrooxidans plasmids among
Escherichia coli strains. Appl. Environ. Microbiol. 49:1323-13 25,

Rawlings, D.E., Sewcharan, R. and Woods, D.R. (1986) Characterization of a broad-host-range
mobilizable Thiobacillus ferrooxidans plasmid and the construction of Thiobacillus cloning vectors.
In: Fundamental and Applied Biohydrometallurgy. Eds Lawrence R.W., Branion RM.R. and Ebner
H.G. Elsevier, Amsterdam. p4 19-427.

Shiratori, T., Inoue, C., Sugawara, K., Kusano T. and Kitagawa, Y. (1989) Cloning and expression of
Thiobacillus ferrooxidans mercury resistance genes in Escherichia coli. J. Bacteriol. 171:3458-3464.

van Aswegen, P.C., Haines, AK and Marais, H.J. (1988) Design and operation of a commercial
bacterial oxidation plant at Fairview. Randol Perth Gold 88 p144 -147

Yates, J.R., Cunningham, R.P. and Holmes, D.S. (1988) IST2: An insertion sequence from Thiobacillus
ferrooxidans. Proc. Natl. Acad. Sci. USA 85:7284-7287.

112




BIOHYDROMETALLURGY — 1989

Plasmid

Gene

Fig. 1 The basic requirements for a genetic system for 7. ferrooxidans.
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ADAPTATION OF THIOBACILLUS FERROOXIDANS FOR
INDUSTRIAL APPLICATIONS

DAVID S. HOLMES and RIAZ UL HAQ

Department of Biology
Rensselaer Polytechnic Institute Troy, NY 12180

SUMMARY

Thiobacillus ferrooxidans ATCC 19859 contains mobile, repetitive DNA sequences of at least two
types. One type, termed family 2, has been sequenced and has the physical characteristics of an
insertion sequence. The other type, termed family 1, has not yet been sequenced. T. ferrooxidans ATCC
19859 can rapidly adapt to a wide range of growth conditions some of which are of commercial
. significance. This adaptation is associated with specific changes in the chromosomal location of family 1
sequences. Examination of numerous strains of T. ferrooxidans from around the world show that both
family 1 and family 2 are widely distributed suggesting that such strains might also undergo rapid
adaptation to produce novel types of microorganisms for industrial applications.
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L’ADAPTATION DE THIOBACILLUS FERROOXIDANS A DES
FINS INDUSTRIELLES

David S. Holmes et Riaz Ul Haq

Département de Biologie )
Institut Polytechnique de Rensselaer Troy, NY 12180 E.-U,

RESUME

La souche Thiobacillus ferrooxidans ATCC 19859 posséde au moins deux types de séquences
répétitives mobiles d’ADN. Un type, désigné famille 2, a été séquencé et posséde les caractéristiques
d’une séquence d’insertion. L’autre type, appelé famille 1, n’a pas encore été séquencé. T. ferrooxidans
ATCC 19859 peut s’adapter rapidement a une grande variété de conditions de croissance, ce qui peut
parfois avoir des conséquences importantes au point de vue commercial. Cette adaptation est associée a
des changements spécifiques de localisation des séquences de la famille 1 dans le chromosome.
L’analyse d’'un grand nombre de souches de 7. ferrooxidans provenant de sites 4 travers le monde
démontre que les familles 1 et 2 sont trés répandues, ce qui suggére que ces souches sont peut-&tre
capables de s’adapter rapidement pour former de nouveaux types de microorganismes potentiellement
intéressant pour I'industrie.
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INTRODUCTION

Industrial strains of microorganisms can be developed by three procedures; by selection and
adaptation of natural occurring strains, by classical genetic approaches such as mutagenesis and
conjugation, or finally by genetic engineering techniques. Selection and adaptation of naturally occur-
ring strains has historically been important for the development of microorganisms for toxic waste
remediation and dump leaching for metal recovery. However, two main problems exist with this
approach. First, it relies on the occurrence of normally rare mutations, and second, the rare mutations
that do occur are random and are very unlikely to enhance the properties of the microorganism for a
specific application. This naturally leads to very slow progress in strain development.

We recently discovered that Thiobacillus ferrooxidans undergoes mutation at a rate that far exceeds
normal point mutation rates, due to the presence and mobility within the genome of repetitive DNA
elements (3, 12, 19). In one instance there is preliminary evidence that a particular mutation, the loss
of iron-oxidizing activity, is associated with the movement of a repetitive DNA sequence into a defined
location within the genome (4).

Because of this enhanced mutation rate we wished to evaluate whether industrial strains of
T. ferrooxidans could be developed by adaptation and selection within reasonable periods of time. In
this paper we extend our observations regarding the mobility of repetitive DNA elements. We also
demonstrate that changes in the genomic location of such elements are associated with the development
of a novel strain of T. ferrooxidans of industrial interest. Finally, a survey shows that the repetitive
elements are found in many strains of T. ferrooxidans from around the world suggesting that the
occurrence of repetitive DNA is important for the survival of the species and that such strains might
also undergo rapid adaptation to produce novel microorganisms for industrial applications.

MATERIAL AND METHODS

Bacterial Strains

T. ferrooxidans: ATCC 19659, ATCC23270 (type strain), ATCC 14119, ATCC 33020 and ATCC
13661 were obtained from the American Type Culture Collection (ATCC), Rockville, MD 20852.
ATCC 13661H and ATCC 13661K are clonal derivatives of ATCC 13661 isolated in our laboratory (H)
or the laboratory of Dr. C. Kulpa (K). Strains Duval, Torma, Pyrite, Penn Coal and LL(TM) were
obtained from Dr. H. Ehrlich, Rensselaer Polytechnic Institute, Troy, NY 12180. DSM 583 was
obtained from the Deutche Sammlung von Mikrooganismen(DSM), Gottingen, FRG. Strains YS14,
YS14S, YSG6, SHI LS, SHI H, SHI J, SHI L and SCI A were isolated from acid mine drainage (gift of
Dr. R. Unz, Pennsylvania State University, University Park, PA 16802) in our laboratory. Strain TF
203 was obtained from Dr. A. Agate, MACS Institute, Pune, India.

Other bacterial strains: The following were obtained from the ATCC: T. thiooxidans, ATCC 19377
(type strain), ATCC 8085 and ATCC 15494; T. thioparus, ATCC 80815 (type strain); 7. novellus,
ATCC 8093 (type strain); Acidiphilium cryptum, ATCC 33463 (type strain).

A. organovorum, ATCC 43141 (type strain) was isolated in our laboratory. Leptospirillus ferroox-
idans, Z2 (type strain) and Duval were obtained from H. Ehrlich, and T. acidophilus, ATCC 27807
(type strain) and DSM 700 were obtained from the ATCC and DSM respectively.

Media

T. ferrooxidans was grown on solid 9K-ferrous iron medium pH 2.4 (1,2), solidified with agarose as
described previously (3). Liquid 9K-ferrous iron medium pH 2.4 was prepared as described above but
omitting the agarose. Liquid thiosulfate medium (4) was made as described previously (5).
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T. thiooxidans was grown in liquid "Thiobacillus" medium as described in the ATCC catalogue.
Leptospirillum ferrooxidans was maintained in liquid 9K-ferrous iron medium as described above except
the pH was adjusted to 1.6. A. cryptum and A. organovorum were grown as described previously (6). 7.
thioparus was grown in S-6 medium + 1% Na,5,0; as described in the ATCC catalogue. T. novellus
and E. coli were grown in nutrient broth.

DNA Preparation

High molecular weight genomic DNA from T. ferrooxidans and L. ferrooxidans was prepared by a
modification of the Marmur procedure (7) as described previously (3). DNA was prepared from all
other strains as described above except that cells were collected by centrifugation at 6,000 x g for
10 minutes.

PREPARATION OF PROBES

pTf8, pTfll, pTf32 and pTf34 were prepared from T. ferrooxidans ATCC 19859 as previously
described (8). pTf64 was prepared from pTf8 by excision of the EcoRl — Bgl III fragment of the
family I repeat and cloning of this fragment into Sp64 (9). pTf16 was prepared from pTf8 by excision
of the BamH1—EcoR1 fragment and cloning this fragment into pBR322. pTf20 was prepared from
pTf8 by removal of the unique Sphl fragment and reclosure of the residual plasmid. pTf22 was
prepared from pTf32 by excision of the BamHI — Clal fragment and cloning of this fragment into
pBR322,

Plasmid constructions were carried out by standard procedures (8). Recombinant plasmids were
screened by a mini-procedure (10) and preparative amounts were obtained by the rapid heating method

(11).

NICK-TRANSLATIONS

All nick translations were performed according to the manufacturer’s instructions using a nick
translation reagent kit (Bethesda Research Labs, Gaithersburg, MD) and 32p-labeled dCTP (800
Ci/mmol) (Amersham, Inc., Arlington Heights, IL). DNA was routinely labeled to greater than 10® ¢pm
per microgram.

GEL ELECTROPHORESIS, SOUTHERN BLOTS AND HYBRIDIZATION

DNA was digested with restriction endonucleases (Bethesda Research Laboratories, Bethesda, MD
(BRL) according to the manufacturer’s recommendations. DNA fragments were separated in 0.8%
agarose gels (BRL, Ultra Pure grade) in 0.04 M Tris (pH 8.0)-0.005 M Na acetate — 0.001 M EDTA,

Southern blots were carried out using GeneScreen™ Hybridization Transfer Membrane (New
England Nuclear, Inc., Boston, MA) essentially according to the manufacturer’s recommendations.
Hybridization was done at Tm-32°C and the most stringent wash was done at Tm-37°C. Autoradiog-
raphy was for different lengths of time on Kodak X-Omat X-ray film.

RESULTS

Presence of Family 1 and Family Repetitive DNA Sequences in Strains of T. ferrooxidans
and T, thiooxidans

DNA probes were prepared containing either a family 1 repeat or a family 2 repeat as described in
Materials and Methods. The DNA probes were used in Southern blot hybridization against the DNA of
several strains of T. ferrooxidans, T. thiooxidans, several other Thiobacilli species and also several other
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bacterial species. Representative blots are shown in Fig. 1A (family 1 probe) and Fig. 1B (family 2
probe). A summary indicating the presence or absence of family 1 or family 2 repetitive sequences in
various strains is given in Table 1.

Of the 22 strains of T. ferrooxidans analyzed, about half (12/22) contained representative sequences
of both families. One strain, ATCC 13661K, contained only family 1 and three strains, SHI G, SHIA
and LL(TM), contained only family 2. The remaining six strains lacked both families (Table I).

In general, in those strains containing both families, there are more copies (10-20) of family 1 than
family 2 repeats (5-10). ATCC 14119 is usual in that it contains only one copy of a family 2 repeat.
Also, there appear to be significantly more copies of family 1 repeats (at least 40) in T. thiooxidans
compared to T. ferrooxidans, although this number remains to be verified by other techniques in
addition to Southern blotting.

The positions of several of the bands hybridized by family 2 appear to be conserved in many strains
of T. ferrooxidans (Fig.1B) whereas in family 1, there does not appear to be such a high proportion of
conserved bands, although some do exist (Fig. 1A). '

Lastly, two independently derived colony isolates of T. ferrooxidans ATCC 13661 have strikingly
different patterns of hybridization with family 1 and family 2 probes (Fig. 1B, B). ATCC 13661H was
clonally purified in our laboratory from a stock obtained from the ATCC (American Type Culture
Collection). ATCC 13661K was similarly isolated in the laboratory of Dr. C. Kulpa from the same
stock obtained from ATCC. We propose that the ATCC stock of T. ferrooxidans ATCC 13661 contains
at least two different populations of T. ferrooxidans with regard to its genomic arrangement of the
repeated sequences.

POSITIONAL ANALYSIS OF FAMILY 1 AND FAMILY 2

Preliminary evidence has indicated that family 1 sequences are mobile and can move around the
genome of T. ferrooxidans (5,12). We now present further evidence of family 1 mobility and extend
these observations by demonstrating that family 2 is also mobile.

Evidence for mobility of family 1 within the genomes of several strains of T. ferrooxidans was
obtained by Southern blot analysis using two types of probes. The first, exemplified by pTf64, contains
DNA corresponding to only family 1 repeat. The second, exemplified by pTf8, contains DNA
corresponding to a family 1 repeat with some additional flanking single copy DNA. A comparison of
the hybridization of these two probes to a Southern blot of genomic DNA reveals whether a particular
strain of 7. ferrooxidans has a family 1 repeat located within a particular restriction fragment present
in pTf8.

An example of such an experiment is shown in Fig. 2A. The probe pTf8 hybridizes to a 5.9kb EcoR1
restriction fragment in ATCC 23270 and to 4.3kb and 2.8kb EcoR1 restriction fragments in YS14. In
contrast, the probe pTf64 does not hybridize to the 5.9kb fragment of ATCC 23270 nor to the 4.3kb
fragment of YS14 indicating that these contain only the single copy DNA complimentary to that found
in pTf8. The sum of the 2.8kb and 4.3kb bands in YS14 is 7.1kb which is 1.2kb larger that the 5.9 kb
band of ATCC 23270. It is known that family 1 repeats contain an EcoR1 site and that the repeats are
about 1.2kb in length (3). Therefore, the simplest model is that YS14 contains an insertion of a family
1 repeat carrying an endogenous EcoR1 site into a segment of single copy DNA in the position shown
in Fig. 2A and that ATCC 23270 lacks the repeat in this position.

A similar experiment was carried out to evaluate positional changes in family 2 repeats (Fig. 2B).
The probe pTf22 contains DNA corresponding to just the family 2 repeat whereas the probe pTf32
contains a family 2 repeat and additional flanking single copy DNA. Note that family 2 repeats do not
contain an endogenous EcoR1 site. Using the same logic as presented above, there is evidence that
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ATCC 19859 contains a family 2 repeat in the position indicated in Fig. 2B whereas strain Duval does
not. Additional Southern blotting experiments (data not shown) confirm and extend these observations.

DEVELOPMENT OF INDUSTRIAL STRAINS

Preliminary evidence, obtained in collaborations with Drs, A. Agate of the MACS Institute, Pune,
India and K. Natarajan of the Indian Institute of Science, Bangalore, India, has demonstrated the
facility with which T. ferrooxidans ATCC 19859 can adapt to changing conditions. For example, more
than 10 g/L. of Cu*? is normally toxic to this strain when growing in 9K-iron medium. However, by
batch culturing with incremental increases in Cu*? concentration T. ferrooxidans can be adapted to
grow in 40g/L of Cu*?

We wished to exploit this proclivity for adaptation in order to generate a strain of T. ferrooxidans
that would leach copper from an industrial silicone waste product produced by General Electric
Silicone Products division at Waterford, NY.

The waste is generated during the production of silicones and consists of approximately 30% solids
and 70% water. The major solid constituent is finely divided silica and minor constituents include
copper (1-2%), calcium, iron and trace amounts of other metals including cadmium, lead and selenium.
Currently, the waste is landfilled but changing government regulations may eliminate landfilling as an
option for the disposal of the waste within a few years, jeopardizing the future of the Waterford
facility. Therefore, identification of more productive uses of the solid waste is an economic and
technological imperative. One of these opportunities is to recover the copper and use the residual
solids in the manufacture of cement, concrete, masonary block or glass.

The laboratory of Dr, Henry Ehrlich has been evaluating the feasibility of using T. ferrooxidans
ATCC 19859 to bioleach the copper from the silicone waste using either batch or continuous culturing
of the waste with T. ferrooxidans in a medium supplemented with 9K-FeSO, and adjusted to pH2.S.
We have analyzed the genomic locations of family 1 repeats before and after several months of
subculturing of the T. ferrooxidans in batch culture with the waste materialusing cells provided by Dr.
Ehrlich’s laboratory. As shown in Fig. 3 there is a striking difference in the position of one of the
repeats before and after the batch subculturing with the waste. We propose that this positional change
is associated with the adaptation of the T. ferrooxidans to growth in media containing the waste. Other
positional changes of family 1 have been observed with cells adapted to growth to normally toxic levels
of Cu*2 (data not shown) Clearly specific changes of the location of family 1 repeats within the
genome of T. ferrooxidans are associated with the adaptation process, but additional experiments need
to be carried to evaluate whether the changes are causing the adaptation or are a consequence of it.

There are several mechanisms that could explain how the repetitive DNA elements could be involved
in adaptation. For example, they could promote intra-chromosomal recombination or plasmid-chromo-
some recombination, leading to new genetic combinations, some of which might provide the organism
with a selective advantage in particular circumstances. Alternatively, the repetitive DNA elements could
contain strong promoters or stop signals influencing the expression of nearby genes either positively or
negatively.

The presence and mobility of repetitive DNA sequences in many strains of T. ferrooxidans from
around the world suggests that they play an important role in promoting the survival of this species,
although, as argued above, they cannot be essential since several strains lack them.

Repetitive DNA sequences have been found in a wide range of microorganisms including the
archaebacterium Halobacterium halobium which has at least 50 different families of repeated sequences
(20). Repeated sequences are also known in the gram-negative bacteria Caulobacter crescentus (13) and
Pseudomonas cepacia (14), as well as in several species of the gram-positive genus Streptomyces (15-18),
including one example in which amplified repeated sequences represent 45% of the genome (18).
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The apparent genetic instability found within bacterial populations that contain repetitive elements
might introduce a degree of genetic and phenotypic flexibility in response to changing environmental
conditions. The ability of some members of a clonal population to survive under conditions that
prevent growth of the majority of the population would enhance survival of the species.

Much work remains to be done on evaluating the importance, mechanism of action and causal
relationship of repetitive DNA sequences to the genetic and phenotypic plasticity of 7. ferrooxidans.
There are also interesting questions to be addressed concerning the frequency and specificity of the
genetic changes. For example, do the repetitive DNA sequences move at random around the genome of
T. ferrooxidans or do they integrate into and excise from only particular regions of the genome,
perhaps in a genetically programmed fashion? Can the rate of movement be influenced by external
conditions including conditions known to induce physiological stress such as heat shock? Are there
other classes of repetitive DNA elements in addition to family 1 and family 2 that remain to be
discovered?

In addition to these fundamental issues we are also interested in further evaluating the adaptation of
T. ferrooxidans to commercial metal recovery operations and in determining the role of mobile
repetitive DNA sequences in the adaptation process. A key advantage of using such naturally adapted
strains is that their use in a commercial operation does not come under the guidelines and regulations
governing the use of genetically engineered strains.
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TABLE 1

DISTRIBUTION OF REPEATED DNA SEQUENCES IN STRAINS OF T. ferrooxidans AND T.

Thiooxidans.
Family Family
Strain 1 1
T. ferrooxidans:
19859 + +
13661H + +
23270 + +
14119 + +
YS14 + +
A YS148 + +
TF203 + +
DUVAL + +
DSM + +
YSG6 + +
TORMA + +
PYRITE + +
B 13661K + 0
SHI G 0 +
C SCI A 0 +
LL (TM) 0 +
SHI L 0 0
SHI LS 0 0
D SHI H 0 0
SHI J 0 0
33020 0 0
PC 0 0
T. thiooxidans:
19377 o 0
8085 + ’ +
15494 + +

A = strains containing both family 1 and family 2;
B = strains containing just family 1;

C = strains containing just family 2 and

D = strains lacking both family 1 and family 2.

+ = Presence of repetitive DNA sequences.

o = Absence of repetitive DNA sequences. Strain designations can be deduced from the list provided
in Materials and Methods. Data for the table was derived from Southern blots such as that shown in
Figure 1 and other Southern blots not shown.
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RIBULOSE BISPHOSPHATE CARBOXYLASE/OXYGENASE
(RuBisCO) IN THE THIOBACILLI

J.M. Shively*, M.T. Stoner®*, C.A. Williams*,
R.S. English* and R. Blake, I+

ABSTRACT

The Calvin cycle is the primary path for utilization of carbon dioxide by the thiobacilli. The initial
enzyme in this cycle is RuBisCO. We have examined Thiobacillus denitrificans, Thiobacillus ferroox-
idans, Thiobacillus intermedius, Thiobacillus neapolitanus and Thiobacillus thiooxidans for different
large subunit RuBisCO genes (rbcl.) using heterologous gene hybridization and for different structural
forms of RuBisCQO by sucrose density gradient centrifugation. For hybridization studies, the DNAs
were purified from lysed cells by cesium chloride-ethidium bromide density gradient centrifugation,
digested with restriction endonucleases, electrophoresed in agarose gels, and blotted by the method of
Southern. The rbcL of Anacystis nidulans (pANP1155) and Rhodospirillum rubrum (pRR116) were
used as probes. Both probes gave positive results with T. denifrificans, T. ferrooxidans, T. neapolitanus,
and T. intermedius. The positive restriction fragments were different for the two probes. This suggests
that these thiobacilli possess two forms of RuBisCO. T. thiooxidans yielded positive results with only
PANP1155. This implies the presence of only the hexadecameric RuBisCO. When supernatants from
broken cells were subjected to sucrose density gradient centrifugation two structural forms of RuBisCO
were noted only for T. denitrificans. An explanation for the discrepancy between DNA hybridization
and enzyme characterization experiments with T. ferrooxidans, T. neapolitanus, and T. intermedius is
under investigation.

* Department of Biological Sciences Clemson University Clemson, SC
+ Department of Biochemistry Meharry Medical College Nashville, TN
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LA RIBULOSE BISPHOSPHATE CARBOXYLASE / OXYGENASE
(RuBisCO) CHEZ LES THIOBACILLES

J.M. Shively*, M.T. Stoner*, C.A. Williams*, R.S. English* et R. Blake Il +

RESUME

Le cycle de Calvin est la voie principale d’utilisation du gaz carbonique par les thiobacilles. La
premiére enzyme impliquée dans ce cycle est la RuBisCo. Nous avons examiné Thiobacillus de-
nitrificans, Thiobacillus ferrooxidans, Thiobacillus intermedius, Thiobacillus neapolitanus et Thiobacillus
thiooxidans pour différents génes (rbcL) a larges sous-unités codant pour la RuBisCO par utilisation
d’hybridation de génes hétérologues et pour différentes formes structurales de la RuBisCo par
centrifugation par gradient de densité de sucrose. Pour les &tudes d’hybridation, les ADN. ont été
purifées de cellules lysées & ’aide de centrifugation par gradient de densité de chlorure de césium et de
bromure d’éthidium. Ensuite, ils ont été digerés par des endonucléases de restriction, séparés par
électrophorése en gel d’agarose et finalement analysés par la méthode de Southern. Le géne rbcL
d’Anacytis nidulans (pANPI1 155) et de Rhodospirillum rubrum (pRR 116) ont été utilisés comme sonde.
Ces deux sondes ont donné des résultats positifs avec 7. denitrificans, T. ferrooxidans, T. neapolitanus et
T. intermedius. Les fragments de restriction obtenus étaient différents des deux sondes, ceci suggére que
ces thiobacilles possédent deux formes de I’enzyme RuBisCO. T. thiooxidans a donné des résultats
positifs qu’avec pANP1155, cela implique la présence unique d’une RuBisCO hexadécamérique.
Lorsque les surnageants des cellules brisés de T. denitrificans ont été soumis & la centrifugation par
gradient de densité de sucrose, deux formes structurales de la RuBisCO ont &té observées seulement
chez cette souche. Une explication de la divergence entre les expériences hydridation de I’ADN. et de

la caractérisation par enzymes chez T. ferrooxidans, T. neapolitanus et T. intermedius est présentement
a I’étude.

* Département des Sciences Biologiques Clemson Université Clemson, SC E.-U.
+ Département de Biochimie, Collége Médical Meharry Nashville, TN E.-U.
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INTRODUCTION

The thiobacilli can utilize carbon dioxide to satisfy their total cellular carbon requirements. They
sequester the carbon dioxide via a complex series of reactions referred to as the Calvin cycle; the same
cycle utilized by algae and higher plants. The enzyme responsible for the actual fixation of carbon
dioxide, RuBisCO, can occur in at least three different structural forms (Tabita, 1988). The most common
form which is present in nearly all carbon dioxide-fixing organisms, is a hexadecamer (Form I) composed
of eight large (LSU) and eight small (SSU) subunits. The LSU contains the catalytic site. RuBisCO
(Form I} with only LSU have been reported in Rhodospirillum rubrum and Rhodobacter species (Gibson
and Tabita, 1977, Shively, et al., 1984; Tabita, 1988). The R. rubrum enzyme is a dimer of LSU. The
quaternary structure of the Rodobacter Form Il RuBisCO is still in doubt, but it appears to be either a
tetramer or hexamer of LSU. Rhodobacter capsulaius and Rhodobacter sphaeroides possess both a Form I
and Form II RuBisCO (Gibson and Tabita, 1977; Shively, et al., 1984). The sequence of the gene (rbcL.)
for the LSU of the Form I enzyme is highly conserved; greater than 70% sequence homology between
genes is common (Shively, et al., 1984; Tabita, 1988). The sequence of the genes for the Form II enzymes
are also similar, but are very dissimilar to the rbcL of Form 1 (Wagner, er al.,, 1988). Herein we report
examination of several thiobacilli for different structural forms of RuBisCO using heterlogous gene
hybridization and sucrose density gradient centrifugation.

MATERIALS AND METHODS

Organisms and Sources. The Thiobacillus species examined were 7. denitrificans ATCC 25259 (R.
Blake, II., Meharry Medical College, Nashville), T. ferrooxidans ATCC 23270, A6, and 11 Fe (T. Ward,
INEL, Idaho Falls, ID), T. intermedius K12 and D14 (E. Bock, Institut Allgemeine Botanik, University
of Hamburg, Hamburg, FRG), T. neapolitanus (G. Kuenen, Delft Technical University, Delft. The
Netherlands), and T . thiooxidans ATCC 8085 (T. Ward, INEL, Idaho Falls, ID). R. capsulaius PAS100
was obtained from B. Marrs, E.I. DuPont de Nemours and Co., Wilmington, DE.

Methods of Cultivation. T. denitrificans was grown anaerobically in screw-cap bottles with nitrate as
the electron acceptor (Shively, et al., 1970). T. ferrooxidans was cultured in the medium of Tuovinen
and Kelly (1973). T. intermedius and T. neapolitanus were grown in the medium of Vishniac and Santer
(1957). T. thiooxidans was grown with elemental sulfur as the energy source (Barton and Shively,
1968). R. capsulatus was cultured anaerobically under limiting carbon dioxide as previously described
(Shively, et al., 1984). All of the organisms were grown as batch cultures to the late logarithmic growth
phase and harvested by centrifugation at 4°C. The cells were resuspended and centrifuged 2-4 times in
10mM Tris-HCI-1mM EDTA buffer (pH 8.0). For enzyme preparations the cells were used im-
mediately. For DNA purification the cells were frozen as pellets at -70°C until needed.

RuBisCO Experiments. All purification procedures were accomplished at 4°C. The cells were
resuspended in Tris-HCI, 10mM; EDTA, 1mM; MgCl,, 15mM; NaHCO,, 2mM; DTE, 1mM; pH 8.0,
passed 3x through a French pressure cell at 20,000 psi, and centrifuged at 48,000 xg for 1 hr. The
supernatants were subjected to sucrose density gradient centrifugation (Shively, et al., 1984). The
gradients were fractionated and the fractions assayed for RuBisCO as previously described (Shively er al.,
1973, 1984).

DNA Purification and Analysis. The frozen cell pellets were thawed and the cells resuspended in 50mM
Tris-HCI buffer (pH 8.0) containing 25% (w/v) sucrose. Lysis was accomplished by EDTA-lysozyme-
detergent and the DNA isolated by cesium chloride-ethidium bromide density gradient centrifugation
(Shively, et al., 1986). Restriction endonuclease digestion, agarose gel electrophoresis, Southern blotting,
probe preparation and heterologous hybridization were accomplished as described by Shively, et al.
(1986). The probes used in these experiments were the rbel of Anacystis nidulans (1.5 kbp EcoRl -Pst
fragment from pANP1155 encomposing nearly the total gene) and Rhodospirillum rubrum (two internal
Sall gene fragments encomposing about one-third of the RuBisCO gene subcloned into pBR322 from
pRR116). With our stringent hybridization conditions the pANP and pRR probes do not cross hybridize.
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Hybridization with the pANP probe implies the presence of a Form 1 RuBisCO and with the pRR probe a
Form II enzyme.

RESULTS

Sucrose density gradient centrifugation resulted in two peaks of RuBisCO activity with R. capsulatus
and T. denitrificans (Fig. 1). Previous experimentation (Shively, et al., 1984) demonstrated the presence
of both a Form I and Form II RuBisCO in R. capsulatus. This data supports the contention that two
forms of RuBisCO are also present in 7. denitrificans. Only one peak activity corresponding to Form I
RuBisCO was seen with T, thiooxidans (data not shown) and T. ferrooxidans (Fig. 2). A small amount
of activity was noted in T. ferrooxidans corresponding to Form II RuBisCO. Preliminary elec-
trophoretic evidence suggests that this might be a second form of RuBisCO.

Positive hybridization was obtained with the DNA of all of the thiobacilli using the pANP probe
(Fig. 3). Several different endonuclease digests have been utilized, but only EcoRl disests are shown.
With the exception of T. thiooxidans, all of the thiobacilli also gave positive hybridization with the pRR
probe. In all cases the restriction fragments were different from those obtained with the pANP probe.

We originally reported that T. intermedius K12 DNA did not show positive hybridization with the
pRR probe (Shively, et al., 1986). However, when the DNA of the D14 strain of T. iniermedius gave
positive results we repeated the experiment with T. intermedius K12 using a pRR probe of higher
specific radioactivity; a weak, but definitely positive signal was obtained (Fig. 3).

DISCUSSION

A positive hybridization signal with both probes suggested the presence of two structural forms of
RuBisCO in all of the thiobacilli tested except T. thiooxidans . One of the forms would be the common
Form I enzyme composed of 8LSU and 8SSU and the other would be similar to either the Form II
enzyme of R. rubrum or Rhodobacter species.

The sucrose density gradient experimentation showed two structural forms of RuBisCO in T. de-
nitrificans. McFadden and Denend (1972) reported a RuBisCO in T. denitrificans with a molecular
weight of 350,000; a Form II structure is inferred. Our hybridization and sucrose gradient data
supported this observation, but also demonstrated the presence of a Form I enzyme.

A slight shoulder on the upper side of the Form I RuBisCO peak in the sucrose gradient of
T. ferrooxidans aligned close to the Form II enzyme peak of R. capsulatus. Preliminary electrophoretic
evidence suggests that this might be a second form of RuBisCO. Holuigue, et al. (1987) reported the
RuBisCO of T. ferrooxidans to be a hexadecamer with a native M, of 570,000. They also showed the
presence of two other forms of RuBisCO in T. ferrooxidans with M, of 330,000 and 115,000, They
attributed the occurrence of these two forms to the dissociation of the hexadecamer. The subunit
composition and the concentration of the two forms was not given. One could hypothesize that they
represent the product(s) of a different gene(s).

The hybridization and sucrose gradient data are in complete agreement for T. denitrificans, T.
thiooxidans, and possibly T . ferrooxidans, however only Form I RuBisCO has been demonstrated in
T. intermedius (Bowman and Chollet, 1980) and T. neapolitanus (Snead and Shively, 1978). Since the
pRR probe gave positive results one would also expect a Form II enzyme; this discrepancy needs
clarificaiton. It is of interest that Thiobacillus novellus (McCarthy and Charles, 1975) and Thiobacillus
versutus (Charles and White, 1987) apparently also produce only a Form I enzyme; hybridization data
is not available. With the exception of T. denitrificans the hybridization with the pRR probe may
represent an artifact, i.e. the hybridization is not to a RuBisCO gene, but to a similar segment in a
different gene. This seems unlikely since we are using stringent hybridization conditions. It seems more
plausible that the Form II gene is under tight regulatory control. We are investigating conditions for

132




BIOHYDROMETALLURGY — 1989

the expression of the different RuBisCO genes as well as their cloning and expression in Escherichia
coli.
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Fig. 1 RuBisCO activity in fractions from sucrose density gradients of cell supernatants of
T. denitrificans and R. capsulatus. The top of each gradient is on the left. The peak to the right
is Form I RuBisCO. The peak to the left is Form II. The x-axis for R. capsulaius is on the right
and for T. denitrificans on the left,
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Fig. 2 RuBisCO activity in fractions of sucrose density gradients of cell supernatants of T. ferroox-
idans ATCC 23270 and R. capsulatus. The top of each gradient is on the left. For R. capsulatus
the peak to the right is the Form I RuBisCO and the one to the left is the Form II. The x-axis
for R. capsulatus is on the left and for T. ferrooxidans on the right.
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INTRODUCTION AND REPLICATION of BROAD-HOST RANGE,
RP4-BASED PLASMIDS IN ACIDOPHILIC BACTERIA.

F. F. Roberto, A. W. Glenn and T.E. Ward,

Biotechnology, Idaho National Engineering Laboratory,
Idaho Falls, ID 83415-2203 USA

ABSTRACT

Acidophilic bacteria, including Thiobacillus ferrooxidans and members of the genus Acidiphilium, are
readily isolated from acidic mine environments and are among the principal agents of mineral leaching.

The genetic characteristics of these bacteria are being examined in our laboratory to allow them to be
used in large scale/industrial processes. Genetic manipulation of acidophiles to introduce desirable
characteristics, which might include heavy metal resistance and capability for rapid growth on simpie
nutritional substrates, requires the development of methods for the introduction of foreign genes, as
well as efficient expression and stable maintenance of the introduced genetic information. To this end,
we have recently introduced two broad-host range cloning vectors, pRK415 and pLAFR3, as well as a
number of pBR328/Acidiphilium chimeric plasmids into Acidiphilium facilis by two distinct
methodologies.

These plasmids have been efficiently maobilized to A. facilis from an E. coli donor. They have also
been introduced as naked DNA molecules by electroporation. In both cases, the plasmids have been
detected by Southern blot hybridization, and high-level expression of the tetracycline and chloram-
phenicol anti biotic resistance genes carried by these plasmids has been observed.

Experiments are in progress to further refine this transformation system and extend its range to
Thiobacillus species.
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INTRODUCTION ET REPLICATION DE PLASMIDES A LARGE SPECTRE
D’INFECTIVITE CONTENANT RP4 CHEZ DES BACTERIES ACIDOPHILES

F.F. Roberto, A.W. Glenn et T.E.-Ward

Biotechnologie, Idaho National Engineering Laboratory
Idaho Falls, ID 83415-2203 E.-U.

RESUME

Des bactéries acidophiles, comprenant Thiobacillus ferrooxidans et des membres du genre Ac-
idiphilium, sont facilement isolées a partir d’environnements miniers acides et comptent parmi les
principales causes de la lixiviation de minéraux,

Les caractéristiques génétiques de ces bactéries sont présentement a 1’étude dans notre laboratoire
afin de pouvoir s’en servir dans des procédés industriels 4 grande échelle. Pour pouvoir effectuer des
manipulations génétiques en vue d’introduire chez ces bactéries acidophiles des caractéristiques dé-
sirables comme la résistance aux métaux lourds et la capacité de se développer rapidement a partir de
substrats simples, des méthodes pour introduire des génes étrangers, s’assurer qu’ils s’expriment de
facon efficace et que I’information nouvellement introduite soit stable, sont nécessaires. A cette fin,
nous avons récemment utilisé deux méthodes de clonage pour introduire deux vecteurs & large spectre
d’infectivité, pRK415 et pLAFR3, ainsi qu'un certain nombre de plasmides chimeéres
pBR328/Acidophilium dans Acidophilium facilis.

Ces plasmides ont été mobilisés chez A. facilis a partir d’une souche donatrice de E. coli. Ils ont aussi
été introduits seuls comme molécules d’ADN par électroporation. Dans les deux cas, les plasmides ont
été détectés par hybridation de Southern et une forte expression des geénes de résistance aux an-
tibiotiques tétracycline et chloramphénicol portés par ces plasmides, a été obtenue,

D’autres études sont en cours pour améliorer ce systéme de transformation et élargir le spectre
d’infectivité aux espéces de Thiobacillus.
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INTRODUCTION

Acidophilic bacteria, including members of the genera Thiobacillus, and Acidiphilium, are readily
isolated from acidic mine drainage. Thiobacillus ferrooxidans has been shown to be a major agent in
the production of acidic effluents in mining environments, which is a result of its action on mineral
sulfides. There is evidence to suggest that Acidiphilium, a heterotrophic bacterium, promotes the
activity of T. ferrooxidans, perhaps by scavenging organic by-products which are toxic to 7. ferroox-
idans (B. Johnson, pers. commun., 1989),

The mining industry currently exploits the capacity of T. ferrooxidans to solubilize metals from ore
in the production of copper, gold and uranium, and there is considerable interest in extending its use
to other areas, including the depyritization of coal.

Considerable effort is being devoted to developing techniques for the genetic manipulation of
T. ferrooxidans (Davidson and Summers, 1983; Holmes, ef al., 1984; Rawlings and Woods, 1985, 1988;
Rawlings, et al., 1984,1986). The ability to introduce novel traits, such as metal resistances or improved
growth characteristics, would be of benefit to commercial use of the bacterium in bioleaching processes.

Plasmids have been isolated from a number of strains of 7. ferrooxidans, which could prove useful in
the construction of vectors to carry exogenous genetic information into the bacterium. A plasmid from
T. ferrooxidans strain FC has been shown to possess a broad-host range origin of replication with
considerable homology to the origin of the incQ plasmid, RSF1010 (Dorrington and Rawlings, 1989).
We are attempting to introduce an RP4-based replicon (incP-1) into 7. ferrooxidans, first refining the
methodology in a heterotrophic acidophile, Acidiphilium facilis. 1t should be possible to extend the
transformation protocol we develop in A. facilis to T. ferrooxidans, or, alternatively, directly transfer
plasmids by conjugation. This paper describes our efforts to date.

MATERIALS AND METHODS

Bacterial strains. Acidiphilium facilis type strain PW2 was acquired as ATCC strain 35904. Other
Acidiphilium strains used, CM3A, CM5, CM9, and CM9A were isolated from water collected at the
Blackbird cobalt mine, 20 miles southwest of Salmon, Idaho (D. Thompson and P. Wichlacz, unpub.
observ.), while PW1 from acidic mine drainage sites in central Pennsylvania was obtained from P.L.
Wichlacz (Wichlacz and Unz, 1981). Escherichia coli strain S$17.1 (thi, pro, hsdR, hsdM*, recA,
RP4-2-Tc:Mu-Km::Tn7; Simon, et al. ,1983) used in conjugation experiments was obtained from T.
Kosuge.

Bacterial media. Acidiphilium strains were grown in Modified Acidophile Salts (MAS) media, which is
a modification of that used by Wichlacz and Unz (1981 ). MAS medium contained 1 mM (NH,),SO,,
2 mM KCl, 0.86 mM K,HPO,, 10 mM MgSO,, 6.6 mM CaCl,, 2.6 mM FeSQy, 0.01% yeast extract and
0.1% glycerol, pH 3.5. Solidified media were prepared with the addition of 0.5 % GelRite gellan gum
(Kelco) or 1% agarose (Sigma # A-6013). Where indicated, tetracycline (Tc¢) or chloramphenicol (Cm)
was added to the media at 40 ug/ml and 70 ug/ml, respectively.

Plasmids. Plasmids used in this study included the RP-4 based vectors, pRK415 (Keen, et al., 1988) and
pLAFR3 (Staskawicz, et al., 1987), which carry tetracycline resistance markers. Also used in elec-
troporation experiments were a number of chimeric plasmids constructed from pBR328 (Soberon,
et al., 1980) and a variety of endogenous, cryptic plasmids from Acidiphilium species. Plasmids pl.13-4,
pL15-2 and pL19-4 contained Acidiphilium plasmids cloned into the EcoRI site of pBR328 (Cm gene
location) and conferred Tc resistance. Plasmids pL14-2, pL18-2 and pL20-3 contained Acidiphilium
plasmids cloned into the BamHI site (Tc gene location) and conferred Cm resistance. The Acidiphilium
species from which the Acidiphilium component of these plasmids were derived is listed (in paren-
theses) in Table 3c. Plasmid pBR328 was obtained from Boehringer Mannheim.

Isolation of plasmids from Acidiphilium strains. Plasmids were isolated using the alkaline lysis method
of Birnboim and Doly (1979), as described for small scale isolations in Maniatis (1982).
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Restriction enzyme digestions, agarose gel electrophoresis and Southern blots. Restriction enzymes
were purchased from Boehringer Mannheim and Promega, and digestions were carried out in ap-
propriate buffers according to the manufacturers’ instructions. Agarose gel electrophoresis was typically
performed using 0.4% agarose (FMC, LE grade) geis prepared in 0.5X TBE and run in the same
buffer (Maniatis, 1982). After running, gels were stained in a 2 ug/ml ethidium bromide solution for 30
minutes and DNA was visualized with a UV transilluminator (Spectroline) at 310 nm. Gels were
prepared for transfer to Nytran (Schleicher and Schuell) or Biotrace RP (Gelman) by the alkaline
transfer method (Reed and Mann, 1985). Blots were hybridized with digoxigenin-labeled pRK41 and
developed according to manufacturer’s instructions (Boehringer Mannheim, Genius non-radioactive
detection Kkit).

Conjugal transfer from E. coli to Acidiphilium. Spot matings were performed essentially as described
by Miller (1972). One milliliter exponential cultures of donor and recipient cells were centrifuged,
washed twice and resuspended in 1 ml of 1 mM HEPES, pH 7.0. Donor cells were diluted 50-fold and
a 25 pl aliquot was spotted onto a dry nutrient agar (Difco) plate. The liquid was allowed to absorb
into the agar, at which time a 25 ul aliquot of the undiluted recipient cells was spotted directly onto
the dried donor cells. Matings were allowed to proceed for three hours, after which the cells were
recovered and resuspended in 200 ul MAS medium. The cells were then plated on solid MAS medium
containing 40 ul/ml Tc. Transconjugants usually appeared within 3-4 days.

Electroporation of Acidiphilium A BTX Transfector 100 electroporation device was used. Late log
phase cells were washed and concentrated to cell densities of between 10°-10" cells/ml in 1 mM
HEPES, pH 7.0. Pulse durations and field strengths were varied as reported. After electroporation, cells
were diluted 20-fold into MAS medium to allow expression of the antibiotic resistance phenotype.
Where Tc selection was used, 1 ug/ml Tc was added to expression medium to induce the Tc resistance
genes. Cell numbers approximately doubled during the 17-20 hour expression period. Cells were plated
on 40 pg/ml Tc or 70 pg/ml chloramphenicol in MAS medium, and transformed colonies were clearly
visible after three days. The experiments were performed at 32°C unless otherwise indicated.

RESULTS

Transfer of pRK415 to Acidiphilium from E. coli. The plasmid pRK415 was transferred to A. facilis
from E. coli S17.1 by conjugation. E. coli strain S17.1 contains an integrated copy of RP4, and thus,
directs the production of transfer functions which allow mobilization of plasmids carrying an origin of
conjugal transfer (oriT) and a mob locus, such as pRK415 and pLAFR3. We first determined the
tolerance of A. facilis for neutral pH conditions under which the matings would take place. Strain PW2
demonstrated a half-life at pH 7.0 on nutrient agar of 2 hours, while that for CM9A was 20 hours
(data not shown). PW1 was not tested for this characteristic. An interesting feature of the transfer
efficiency ,of pRK415 to Acidiphilium is its apparent strain dependence (Table 1). Nearly a thousand-
fold greater efficiency is seen when comparing conjugation into strain PW1 with that seen with strain
CM9A. PW2 showed an in termediate frequency. ;

DNA hybridization analysis. The presence of pRK415 and pLAFR3 in plasmid DNA preparations of
putative PW2 transformants was confirmed by Southern blot an alysis (Figure 1), Lane 1 contained
DNA from the untransformed strain, while lane 2 contained DNA isolated from PW2 electroporated
with pLAFR3, lanes 3-9 were preparations of individual colony isolates from electroporations of PW2
with pRK415, and the authentic plasmid, pRK415, was run in lane 10. All plasmid preparations were
digested with EcoRI prior to electrophoresis and transfer to BioTrace RP. Hybridization of labelled
pRK415 was observed with pLAFR3 as both plasmids are derived from pRK290 (Ditta, et al., 1985).
Similar results were observed upon analysis of plasmid DNA isolated from CM9A transconjugants (data
not shown).

Electroporation of Acidiphilium. We next attempted to transform strain PW1 directly with pRK415
DNA by electroporation. Bacterial electroporation has been shown to require high electrical field
strengths when compared to electroporation of mammalian and plant cells. Our results demonstrate
this requirement, with optimal transformation frequencies observed at a field strength of 15 kV/em
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(Figure 2), regardless of the pulse duration (5 or 10 ms exponential pulse). Transformation decreased
above this field strength, presumably due to increasing cell death, which has been observed at high field
strengths by other researchers. Increasing the DNA concentration in the incubation mixture results in
increasing numbers of transformants (Figure 3). In data not shown, DNA concentrations have been
increased to as high as 10 ug/ml and the number of transformants has been observed to increase even
more.

Other factors influencing transformation by electroporation. The recipient strain used was observed
to have a significant impact on the transformation efficiency by electroporation, and is reminiscent of
the ability of the various strains to accept DNA by conjugation (Table 3a). About 1 transformant/ug
pRK4 15 DNA was recovered from electroporations of strain CM3A, while some 2000 transformants
per ug were obtained with strain PW1. This strain dependency may reflect an inherent difference in
the physical characteristics of the cell membranes among strains.

The temperature at which the bacteria were grown prior to electroporation was also observed to have
a significant effect on transformation efficiency (Table 3b). In strain CM9A, no transformants were
recovered when cells were grown at 21°C, while a ten-fold increase was seen upon growth between
32°C and 37°C. Twenty-seven transformants/ug pRK415 were seen in strain PW1 grown at 21°C,
with roughly one hundred-fold more found after growth at 32°C and a further ten-fold
increase when the growth temperature was raised to 37°C. Culture temperature might be
expected to alter the membrane lipid composition, as well as the fluidity of the membrane,
which may explain this result. Such changes could allow greater influx of exogenous DNA.

Introduction of chimeric plasmids by electroporation. Cryptic plasmids from Acidiphilium were cloned
into either the BamHI site (Tc gene) or EcoRI site (Cm gene) of the cloning vector, pBR328. A
description of some salient features of the Acidiphilium plasmids, including restriction sites and size, is
found in Table 2. Constructs derived from pCM4A-1 (pL13-4, pL14-2), pCM3A-1 (pL18-2), pBBW
(pL15-2) and pCM4-2 (pL19-4, pL20-3) were tested in electroporation experiments with strain PW1.
The results of electroporation with 2.5 ug/ml of each of these plasmids is shown in Table 3c.
Acidiphilium plasmids from strains CM4A-1, BBW and CM4-2, cloned into the Cm gene of pBR328
and selected for on Tc, were all maintained in strain PW1. In contrast, only pL20-3 (pCM4-2 cloned as
an BamHI fragment in the Tc gene) was maintained on Cm selection. This suggests that in pL14-2,
disruption of the native plasmid at the BamHI si te somehow disrupts an essential function, perhaps
the origin of replication. It is also important to note that pBR328 alone was unable to transform PW1
to either Tc or Cm resistance, suggesting that the ColE1 origin of replication (ori) is not recognized by
the Acidiphilium replicative machinery. Transformation by the chimeric plasmids is therefore probably
due to the functioning of the native Acidiphilium ori. Plasmid pRK415 was included in the experiment
as a positive control, since we had already demonstrated that the broad-host range plasmid functioned
in Acidiphilium.

CONCLUSIONS

Acidiphilium strains have been transformed by conjugation with E. coli. In order to accomplish this,
suitable conditions allowing mating to occur (neutral Electroporation has also been demonstrated to be
an efficient means to transform Acidiphilium.

The recipient strain and the growth temperature at which the bacteria are grown prior to elec-
troporation, have been shown to have a profound effect on the transformation efficiency. The effect of
growth temperature may be at the level of the cell membrane lipid composition. Influence of the strain
selected on transformation efficiency has been observed in other microorganisms, including E. coli
(Jessee, et al., 1989). ColE1-based replicons apparently do not replicate in Acidiphilium, as shown by
the failure to recover pBR328-transformed PW1 cells. Electroporation with chimeric recombinant
plasmids containing entire Acidiphilium plasmids in pBR328 did yield transformants, as might be
expected, since the Acidiphilium-derived portions of these plasmids no doubt contain origins of
replication recognized by PW1.
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The ability to insert foreign DNA into acidophilic bacteria will allow a variety of genetic man-
ipulations to be performed which should result in the introduction of useful traits, and thus, the
improvement, of these bacteria.

It is also hoped that the extension of these methodologies to Thiobacillus ferrooxidans will allow
study and manipulation of gene expression in this important microorganism.
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Table 1

Transfer of plasmids to Acidiphilium by conjugation with E. coli.

Strain Plasmid Mating frequency, per recipient?
CM9%A pRK415 3x10%
PW2 u 1.67 x 10°®
PWI1 . 9.86 x 10°®

® Transconjugant frequencies obtained from matings with 10® recipients

Matings were performed for 3 h on pH 7 media

Table 2

Endogenous plasmids in Acidiphilium strains,

Plasmid Size, kb Restriction enzyme sites*?
PLHet 7.9 E, H(2), B, X(3), Bg, S, Sp
pCM3A 2.8 E, Bg

pBBW 39 E, Sp

pCM4-1 1.5 none

pCM4-2 4.4 E, H(2), Bg, P, V, K
pCM4-3 6.9 E, Bg

pCM4A-1 2.8 e, Bg

pCM4A-2 6.6 E, X, v(3), C,

® Abbreviations: E-EcoRI; H—HindIIl; X—Xhol; Bg—Bglll; S—Sall; Sp—Sphl; P—Pstl; V—EcoRYV;
C—Clal; K-Kpnl; none—dit not digest with enzymes tested

® Unless otherwise indicated (number in paratheses), only one site present
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Table 3

Factors Influencing Transformation of Acidiphilium by Electroporation

A. Effect of recipient strain (pRK415)

Strain Transformants/ug DNA
CM3A ' 0.8

CM5 2.6 x 107

CM9 1.9 x 10?

CM9A 3.2

BBW 1.8 x 10!

PW1 2.1x10°

PW2 4.8 x 10°

B. Effect of growth temperature (pRK415)

Transformants/ug DNA

Strain 21°C 32°C 37°C
CMOoA 0 3.2 3.2x 10
PW1 27x 10" 1.9x10° 2.3x10*

C. Effect of different plasmid constructs (PW1, 37°C)

Selection Plasmid Transformants/ug DNA
TC pL13-4 (CM4A-1) 1.8 x 104
pL15-2 (BBW) 8.8 x 104
pL19-4 (CM4-2) 1.5 x 104
pRK415 (RK2) 5.1x10°
Cm pL14-2 (CM4A-1) 0
pL18-2 (CM3A-1) 0
pL20-3 (CM4-2) 1.2x 10
Tc, cm pBR328 0
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CHARACTERISATION OF THE MOBILIZATION REGION OF A
THIOBACILLUS FERROOXIDANS PLASMID

Peter C.K. Lau*, Paul Zanga and Marc Drolet

Genetic Engineering Section, Biotechnology Research Institute, National Research Council of Canada, 6100
Royalmount Ave, Montreal, Quebec, Canada, H4P 2R2

ABSTRACT

Mobilization is a form of conjugation in which a plasmid (nonconjugative) that is deficient in transfer
genes is transferred with, or assisted by a conjugative plasmid. The components for the mobilization
function of a plasmid DNA include a trans-acting sequence coding for mobilization proteins and a
cis-acting sequence denoted the origin of transfer or oriT. In this study we report the identification of a
DNA region of the Thiobacillus ferrooxidans plasmid pTF1 required for conjugative mobilization in the
presence of the helper plasmid R751. As a result of genetic analysis and DNA sequencing, two of the
predicted open reading frames which would encode proteins of calculated molecular mass, 11.4
kilodalton (kDa) and 42.6 kDa, were found to be involved in mobilization. Their amino acid sequences
are substantially similar to the previously characterised mobilization proteins of the Escherichia coli
IncQ plasmid RSF1010. Sequence conservation between plasmids pTF1 and RSF1010 include the orT
region, a specific site on the plasmid where a nick in a DNA strand occurs, prior to transfer of DNA
from donor to recipient bacteria. The identification of two mobilization (mob) genes in pTF1
represents the first report of gene characterisation that are of plasmid origin from the genus
Thiobacillus.

* Corresponding author
FAX (514)-496-6232
Tel (514)-496-6325
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CARACTERISATION DE LA REGION DE MOBILISATION D’UN PLASMIDE DE
THIOBACILLUS FERROOXIDANS

Peter C.K. Lav*, Paul Zangu et Marc Drolet

Section de Génie Génétique, Institut de Recherche en Biotechnologie
Conseil National de Recherche du Canada, 6100 avenue Mont-Royal,
Montréal (Québec) H4P 2R2 Canada

RESUME

La mobilisation est une forme de conjugaison dans laquelle un plasmide qui n’a pas les génes de
transfert est transféré en méme temps ou avec ’aide d’un plasmide de conjugaison. La mobilisation
d’ADN plasmidique requiert une séquence codant pour les protéines de mobilisation en trans et une
séquence dénommée ['origine de transfert ou oriT qui agit en cis. Dans cette étude, nous rapportons
'identification d’une région d’ADN dans le plasmide pTF1 de Thiobacillus ferrooxidans nécessaire a la
mobilisation de génes par conjugaison en présence du plasmide R751. Suite aux analyses génétiques et
au séquencage de I’ADN, deux des cadres de lecture ouverts codant pour des protéines de masse
moléculaire de 11.4 kilodalton (kDa) et de 42.6 kDa, se sont avérés &tre impliqués dans la mobilisation.
Leurs séquences en acides aminés sont semblables aux protéines de mobilisation du plasmide RSF1010
de Escherichia coli IncQ caractérisées préalablement. Les séquences conservées chez les plasmides pTF1
et RSF1010 comprennent la région oriT, un site spécifique sur le plasmide ou se produit une coupure
dans un brin d’ADN juste avant le transfert de ’ADN des bactéries donatrices aux bactéries réceptrices.
L’identification de deux génes de mobilisation (mob) chez pTF1 représente la premiére communication
concernant la caractérisation de génes d’origine plasmidique chez Thiobacillus.

* Auteur 3 qui toute correspondance doit tre adressée
FAC (514) 496-6232
TEL (514) 496-6325
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INTRODUCTION

Plasmids are extrachromosomally replicating molecules of DNA which are almost ubiquitously found
among prokaryotes. The genes which they carry confer a variety of phenotypes on their bacterial hosts.
These phenotypes include resistance to antibiotics or metal ions, toxin production and determinants
pertaining to replication and bacterial conjugation. The small size of plasmids in general and their
maintenance in multiple copies per bacterial chromosome have facilitated their utility as cloning
vectors; they are the major vehicles for the transfer of genes between bacteria.

Numerous strains of Thiobacillus ferrooxidans have been found to contain plasmids (Martin et al.,
1981; Rawlings et al, 1983; Holmes et al, 1984; Sanchez er al, 1986). The most characterised
T. ferrooxidans plasmid is that of the 12.4 kilobase-pair (kb) pTF-FC2 isolated from the T. ferroox-
idans strain FC2. Using this plasmid, it was first demonstrated the functional expression of a T.
ferrooxidans origin of replication (oriV) in the heterotroph Escherichia coli (Rawlings et al, 1984).
Subsequently, the ability of pTF-FC2, as well as two other plasmids, to be mobilized among E. coli
strains was also shown (Rawlings and Woods, 1985). Because these plasmids are intrinsically noncon-
jugative, mobilization was effected by the broad host range IncPaplasmid RP4 which provides the
transfer (tra*) function. The IncN plasmid R46 was also able to mobilize T. ferrooxidans plasmids
among E. coli, but at a lower frequency than RP4. For the plasmid pTF-FC2, the mobilization region
was located on a 5.3 kb DNA fragment. In this study, the identification of two divergently transcribed
mob genes encoded in the pTF1 plasmid of 7. ferrooxidans ATCC 33020 is presented. An analysis of
the origin of transfer (oriT) site situated in the intergenic space of the two mob genes is also presented.
Furthermore, a sequence relationship of pTF1 with the broad host range IncQ plasmid RSF1010 is
established.

Materials and Methods

Bacterial strains and plasmids. The E. coli strains were HB101 (recA13, Sm"; Maniatis et al, 1982),
TG45 (HB101, Rif; gift of G. Tardif) and DHS (recAl; Hanahan, 1985). Plasmids used were pTF100
(Hindlll-cleaved pTF1 DNA inserted in pBR322, Ap', Mob™; Holmes et al, 1984), R751 (IncP1, tra®,
Tp", gift of R. Meyer), pBR328 (Ap", Tc', Cm', Soberon er al, 1980). Derivatives of pTF1 DNA in
pBR328 are outlined in Fig. 1.

Genetic and molecular techniques. General recombinant DNA techniques are according to Maniatis
et al., (1982). Conjugation experiments were carried out essentially as described by Rawlings and
Woods (1985).

Mapping of the relaxation nick site. The procedure of Guiney and Helinski (1979) in the preparation
of plasmid-protein relaxation complex (relaxosome) was followed but scaled up to 250 ml cell culture.
The plasmid nick site was mapped by linearizing the relaxed plasmid with various restriction en-
donucleases and separating the single-stranded DNAs on an 0.8% alkaline agarose gel (Pansegrau et al.,
1988). For electropheresis, the buffer contains 60 mM potassium triphosphate, pH 12.0 and 0.5 mM
EDTA (A. Vaisius, unpublished data). Following electrophoresis, the gel was stained with ethidium
bromide in 90 mM potassium triphosphate pH 6.0 and then photographed under UV in the usual
manner.

Results and Discussion

Plasmid deletion and genetic analysis

The T. ferrooxidans strain ATCC 33020, grown in the presence of uranium, was previously found to
harbor 3 plasmids; the smallest of these is pTF1 which is 6.7 kb in size, and like others, it has no
readily identifiable phenotype (Holmes et al, 1984). Rawlings and Woods (1985) have cloned a similar,
if not identical, plasmid from T. ferrooxidans ATCC 33020 which they designated pTF33020-1. When
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cloned in pBR325, pTF33020-1 was found to be efficiently mobilized by the broad host range
IncPe group plasmid RP4 and less efficiently by the IncN plasmid R46. A similar observation was
obtained with the 12.4 kb pTF-FC2 plasmid from 7. ferrooxidans strain FC-2, in which case the
mobilization region was located on a 5.3 kb plasmid fragment. In order to localize and identify a region
of plasmid pTF1 involved in the conjugative mobilization process, several deletion derivatives of pTF1
(Fig. 1) were constructed in the mob-deficient pBR328 (Soberon et al., 1980). The IncPj plasmid R751
was used as the ’helper’ plasmid. The donor E. coli strain was HB101 and the recipient strain was
TG45, a rifampicin-resistant derivative of HB101, Conjugation conditions were carried out essentially as
described by Rawlings and Woods (1985). The transfer frequency is calculated as the number of
trimethoprim-resistant ( 200 ug/ml; R751) transconjugants per donor cell. Mobilization frequency is
calculated as the number of transconjugants (pTF1 derivatives in pBR328) per donor cell. The
mobilization ratio is the mobilization frequency divided by the transfer frequency. The IncPS plasmid
R751 (like the IncPa RP4, not shown) was found to mobilize the transfer of several derivatives of
pTF1 in pBR328 at high frequencies (Fig. 1, those marked as mob*). The mobilization ratio is in the
range of 3.4-4.5 x 10? to 5.2x10? , the latter value is that obtained with the entire pTF1 DNA cloned
in pBR328. On average, the transfer frequency of R751 is 0.1 per donor cell. In Fig. 1, those
derivatives marked as mob indicate a mobilization ratio < 107. Of the deletion plasmids obtained and
analyzed, the smallest region of the pTF1 plasmid that is required for mobilization is the fragment
spanning Xholl (at coordinates 3.868 proximal to the BglII site) to the HindIll site (coordinate 6.657,
arbitrary end or start of plasmid numbering). The DNA sequence of the 2797 base-pair (bp)
Xholl-HindlIl fragment has been determined and will be described elsewhere. Some features of the
mobilization region are described below.

The mobilization genes of pTF1

Six open reading frames (ORF’s 2 — 7) with the potential of coding for proteins, ranging in size
from 75 amino acids (ORF3) to 378 amino acids (ORF 2), were predicted from DNA sequence analysis
of the 2.8 kb Xholl-HindIIl fragment (Fig.1). Except for ORF7 which has a predicted isoelectric point
of 5.5, all other ORF’s are presumably to be basic proteins. When the amino acid sequences of ORF’s
2 — 7 were searched for similarity against the protein sequences in the various databases, ORF2 and
ORF6 were found to have a significant degree of sequence homology with two of the three known
mobilization proteins, viz. MobA and MobC, of the E. coli plasmid RSF1010 (Fig 2). Between ORF6
(98 amino acids) and MobC (94 amino acids), an overall 52.7% sequence similarity was observed; most
of the sequence conservation is confined to the C-terminal portions of the proteins (not shown). A
comparison of ORF2 with the RSF1010 MobA protein (709 amino acids) shows that there is 48.7%
sequence similarity. However, the conserved region in MobA is confined to the N-terminal protein
portion which is active in plasmid mobilization. The C-terminal 323 amino acid domain of MobA has a
separate primase activity (Scholz et al, 1989).

By virtue of sequence homology as described above and taken together with the deletion analysis in
Fig. 1, it is clear that there are at least two mobilization genes (ORF2 and ORF6) in pTF1. The
involvement of ORF2 and ORF6 in mobilization is established by deletions at Eco47 III (base no.
5594) and Xholl (base no. 4622 proximal to Sau3A) which interrupt ORF2 and ORF6 respectively
resulting in a mob-deficient phenotype (Fig. 1). It is not clear, however, about the possible involvement
of ORF’s 3, 4 and 5 in pTF1 mobilization, largely because of the overlapping nature of these putative
proteins with ORF2. None of these ORF’s has sequence similarity with MobB (Fig.2) or other
overlapping ORF’s within the mobilization region of RSF1010 (Derbyshire et al, 1987).

The pTF1 oriT site

The sequence relatedness of the mobilization systems of plasmids RSF1010 and pTF1 is extended to
the intergenic space separating the two divergently transcribed genes. The intergenic region of ORF2
and ORF6 of pTF1 is only one nucleotide shorter than that of mobA and mobC of RSF1010 (Fig. 2).
It has been established previously that in RSF1010 and its presumed identical R1162 plasmid system
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(Barth and Grinter, 1974), a region referred to as the origin of transfer or oriT is located in the
intergenic space. Specifically, this is a DNA region where a strand-specific nick or break occurs leading
to transfer of DNA from donor to recipient cell during conjugation. Genetically, the o7iT is defined as
the region required in cis to the DNA that is to be transferred (Willetts and Wilkins, 1984). Brasch and
Meyer (1987) localized the oriT site of R1162 (RSF1010) to a 38 bp sequence. Subsequently, Meyer
(1989) showed that the HinPI recognition sequence within the 38 bp fragment is the transfer-dependent
cleavage or nick site. This site is adjacent to an inverted repeat sequence of 10 bp with one mismatch.
Fig. 3 shows that within the intergenic space of pTF1 ORF2 and ORF®6, there are sequences identical
to those of RSF1010 in the minimal 38 bp orT region. Moreover, a common 10 bp inverted repeat
sequence with one mismatch can be drawn. Presumably, the inverted repeat sequence can serve as a
specificity determinant for the interaction with the mobilization protein(s). This is the case in plasmid
RP4 in which the plasmid-coded Tral protein (13.3 kDa) is found to bind to a 19 bp inverted repeat
sequence within the oriT site (Ziegelin et al, 1989).

It is necessary to demonstrate the location of the pTF1 nick site. To do this, a supercoiled
DNA-protein relaxation complex or relaxosome of pTF1 4 is isolated by the gentle cell lysis technique
(Guiney and Helinski, 1979). The pTF14 plasmid is 7.705 kb in size and contains the 3.15 kb
Bglll-HindIIl pTF1 DN A in pBR328. The supercoiled DNA is relaxed by treatment with sodium
dodecyl sulfate (SDS) and proteolytically digested with pronase to convert to the open circular form
(Fig. 4; for review see Willetts and Wilkins, 1984). To analyze the nick site, the gel electrophoretic
assay developed by Pansegrau et al., (1988) was followed. The relaxed pTF14 DNA was linearized with
either Stul, Hindlll, EcoRl or Pstl (Fig. 5). In each case the single-stranded DNA species are analyzed
in an alkaline agarose gel. The presence of three distinct bands on the gel (a common full length linear
and two smaller fragments, the sum of which equals that of the full length linear) demonstrates that
the nick must have occurred at a unique site. Accordingly, calculation of fragment sizes located the
nick site of pTF1 DNA within the intergenic sequence of ORF2 and ORF6 around nucleotide position
4860 in the region of oriT (Fig. 2). To more accurately localize the nick site and to determine the
DNA strand specificity, DNA sequencing has also been carried out (not shown). The specific nick was
found in the middle of the HinPI recognition sequence (Fig. 4) at nucleotide position 4898 of the pTF1
sequence. This places the nick 118 bases from the initiation codon of ORF6 and 79 bases from the
initiation codon of ORF2 (in the complementary strand).

Conclusion

Short of a direct transformation system, using naked plasmid DNA, for the introduction of
potentially useful genetic traits into 7. ferrooxidans , the discovery of T. ferrooxidans recombinant
plasmids mobilizable by the broad host range plasmids such as RP4 or R751 is a relievable alternative
(Rawlings and Woods, 1985; this study). The recent demonstrations of plasmid transfer from Agrobac-
terium into plant cells by the mob function of RSF1010 (Buchanan-Wollaston et al., 1987) and the
bacterial-yeast conjugation mediated by the ColE1 mob function (Heinemann and Sprague, 1989)
underscore the importance of the mobilization function of a bacterial plasmid system in promoting
gene exchange.

To our knowledge, the identification of two mobilization genes of the pTF1 plasmid represents the
first report of plasmid gene characterisation from the genus Thiobacillus. The relatedness of the pTF1
mob genes to those of the E. coli plasmid RSF1010 (Guerry et al, 1974) or Pseudomonas aeruginosa
plasmid R1162 (Barth and Grinter, 1974) suggests a common ancester. Also, considering the sequence
conservation of several T. ferrooxidans chromosomal genes with those of other bacteria (review: Woods
et al, 1986) T. ferrooxidans may be viewed as an ordinary soil bacteria trapped in an acidic
environment, a niche in which the organism lives to adopt. It is important to learn and understand
more of the basic biology or genetics of the economically relevant T. ferrooxidans in order to benefit
from a possible enhanced leaching capabilities of these microorganisms via genetic manipulations
(Woods et al., 1986; Hutchins et al., 1986).
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Fig. 1 Deletion analysis of pTF1 plasmid for mobilization function.

The restriction map of pTF1 is according to Holmes et al (1984) and this study. The directions
of transcription of the predicted open reading frames (ORF) within the mob-positive region are
as indicated.

2770 4407
RSF1010 e — (5376)
P oriT 709 a.a.
mobC 198 mob A
94 a.a. 386 a.a.
mob 8
137 a.a.
4484 4780 4978 6114
pTF |
4 3 Al
N 197 o
ORF 6 ORF2
98 a.a. 378 a.a.
——)
ORF3 ORF4
7?5 s8.a. 108 a.a.
ORFS
149 a.a.

Fig. 2 Comparison of gene arrangements in the mobilization regions of plasmids RSF1010 and pTF1.

The size of the protein in amino acids (a.a) each ORF could encode is indicated. The full
length of MobA is 709 a.a. (Scholz et al, 1989). The map locations are according to the
complete sequence of RSF1010 (Scholz et al., 1989) and pTF1 (this laboratory, unpublished).
In RSF1010, other overlapping ORF’s within the mob region (besides those shown above) exist
(Derbyshire et al., 1987).
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5'- GGGTAATCTCGAAGAGATTAC TCTAAGTGCGCCCTTGC pTF 1
TN I TIANIREY |
5'- CCAGTTTCTCGAAGAGAAACCGGTAAGTGCGCCCTCCC RSF 1010

HinP |
A
G A

10bp
inverted
repeat

nic site

4
HinP |

Fig. 3 Sequence alignment of the minimal 38 bp o#iT region of RSF1010 with pTF1 DNA.

Identical nucleotides are paired. Both sequences can be folded into a common hairpin structure
as shown. In the schematic representation, the dark lines indicate regions of identical sequences.
The sequence of RSF1010 is according to Brasch and Meyer (1987).

2°o SDS relaxed DNA

Superhelicai pronase

relaxation
r compiex
(relaxosome)

¥ g
1. Restriction enzymes Q
———
2. Alkaline agarose gel

Fig. 4 Steps towards the preparation of relaxed plasmid DNA for assay of site-specific nick.

The filled rectangle represents one or more relaxation proteins associated with the superhelical
DNA,; in the open circular form, the protein(s) is covalently linked to the 5’-end of the nicked
strand (Guiney and Helinski, 1979).
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STUDIES ON A BACTERIOPHAGE
WHICH INFECTS MEMBERS OF THE GENUS ACIDIPHILIUM
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ABSTRACT

The genus Acidiphilium contains acidophilic, heterotrophic, aerobic, gram-negative eubacteria, which
are most commonly isolated from acidic mine drainage environments. A bacteriophage, termed pAcl,
infecting some strains of the genus Acidiphilium has been discovered, and several of its characteristics
have been investigated. The interaction of @Acl with host bacteria was investigated using one-step
growth experiments and single burst experiments. One step growth experiments show that the latent
period of this phage is approximately three hours under our standard conditions. A burst size of
approximately 62 phage per cell was calculated from the results of a single burst experiment. The
nucleic acid of gAcl is double-stranded DNA, approximately 97,000 base pairs in length. Restriction
enzyme analysis suggests that the virion DNA may be modified. Several results indicate that pAcl is a
temperate phage. The plaques appear to be turbid, and cells which are resistant to further phage
infection can be isolated from the plaques. These cells contain the phage and behave like the original
donor cells. In addition, Southern blot analysis shows that @Acl prophage DNA is integrated into the
bacterial genome during lysogenic growth. An understanding of phage pAcl and its use as a genetic
tool will increase our understanding of the genetics of the genus Acidiphilium.
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RESUME

Le genre Acidiphilium est constitué d’eubactéries gram-négatives acidophiliques, hétérotrophes et
aérobies, qui sont les plus souvent isolées & partir d’environnements miniers acides. Un bactériophage
désigné Acl, capable d’infecter certaines souches du genre Acidiphilium a été découvert, et plusieurs de
ses caractéristiques ont été étudiées. L’intéraction du plasmide Acl avec des bactéries hotes a été
étudiée a I'aide d’expériences avec croissance de cultures synchrones et d’expériences avec une seule
période d’éclatement. La croissance de cultures synchrones montrent que la période de latence de ce
phage est approximativement de trois heures sous nos conditions standards. Une quantité approximative
de 62 phages par cellules a été calculée a partir des résultats d’une expérience avec un seul éclatement.
L’acide nucléique d’Acl est composé d’ADN & double-brins, de longueur approximative de 97,000
paires de bases. L’analyse 4 I’aide d’enzymes de restriction suggére que I’ADN du virion peut-étre
modifié. Plusieurs résultats indiquent qu’Acl est un phage tempéré. Les plaques sont turbides et les
cellules qui sont résistantes & une infection phagique ultérieure peuvent y &tre isolées. Les cellules
contiennent le phage et se comportent comme les cellules donnatrice originales. En plus, ’analyse de
Southern montre que ’ADN du prophage Acl est intégré dans le génome bactérien durant la croissance
lysogéne. Une connaissance du phage Acl et son utilisation comme outil génétique va nous permettre
d’augmenter notre compréhension sur la génétique du genre Acidiphilium.
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INTRODUCTION

Acidophilic bacteria are intimately involved in leaching of metals from ores and in production of acid
mine drainage. They may also find application in the removal of pyritic sulfur from coal. The most
intensively studied such bacterial species has been Thiobacillus ferrooxidans. However, other acidophilic
bacteria are present in these environments. Their contributions to these various processes are not well
understood. These bacteria include members of the genus Acidiphilium — acidophilic, aerobic,
heterotrophic, gram-negative eubacteria. There is evidence suggesting that these acidophilic
heterotrophs can increase the rate of 7. ferrooxidans’ attack on inorganic sulfides, which is involved in
all three processes noted above.

The genetic characteristics of these acidophilic bacteria have not been extensively investigated. As
part of our study of the genetic properties of the genus Acidiphilium, a search was made for an
endogenous bacteriophage. Such a bacteriophage was discovered by performing a series of pairwise
crosses with different Acidiphilium strains (Ward et al., 1989a, b). We have termed this phage #Acl.
This report describes several characteristics of 8Acl and its interaction with its host cells.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals were reagent grade and most were purchased from Fisher Scientific. The yeast extract
was from BBL and Difco, and the agarose was from Sigma. Restriction enzymes were from Boehringer,
N. E. Biolabs and Promega, and digestions with these enzymes were performed according to manufac-
turers recommendations. Deionized water from a Barnstead "Nanopure" unit was used to prepare all
media.

Bacterial Strains

Acidiphilium strains CM1, CM3, CM3A, CM4, CM4A, CMS5, CM7, CM9 and CM9A were isolated
from water collected at the Blackbird cobalt mine, southwest of Salmon, Idaho (Thompson, D. L. and
Wichlacz, P. L., unpub.).

The other Acidiphilium strains used in this study were isolated from acidic mine drainage sites in
central Pennsylvania and were supplied by P. L. Wichlacz (Wichlacz and Unz, 1981; Wichlacz et al.,
1986). Strains KLB, LHet, OP and PW2 are ATCC strains 35903, 33463, 35905 and 35904, respec-
tively.

Media, Preparation of Phage Stocks and Plaque Assays for Phage

Media used, preparation of plate stocks of phage, and the plaque assay used to titer phage have been
previously described (Ward, et al., 1989a, b). In experiments using antibiotics, and some more recent
experiments, the growth medium was modified by leaving out aluminum and manganese, reducing the
MgSO, to 2 mM and the CaCl, to 0.1 mM, adding 2.6 mM FeSO, and raising the pH to 3.5 (MAS
medium). Attachment buffer contained 1 mM (NH4),SO,, 2 mM KCl, 10 mM MgSQ,, 10 mM CaCl,,
0.1% glyceral and 0.01% yeast extract, pH 5.0.

One Step Growth Experiment

3X107 pfu of phage were mixed with 4X10" cells (washed and resuspended in 1 mM (NH,),SO.,
2 mM KCl, 1 mM MgSO,, 1 mM CaCl,, 0.7 mM MnSQ,, 4 mM KOAc, pH 5.0) in a volume of 2.3
mls, and attachment was allowed to proceed for 20 minutes. 100 u! of the mixture was diluted into 99.9
mls of glycerol salts medium (Ward et al., 1989a, b) without aluminum and yeast extract and shaken at
32°C for several hours. At various times, one ml samples were removed, filtered through 0.45 pm
filters to remove cells, and assayed to determine the titer of free phage.
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Single Burst Experiment

6X107 pfu of phage were added to 1.4X10°® cells, (washed and resuspended in attachment buffer), in a
total volume of 4.0 mls, and attachment was allowed to proceed for 20 minutes. The infected cells were
washed two times in attachment buffer, diluted 103 fold into MAS medium, and 10 mls were incubated
at 32°C for 100 minutes. The mixture was then diluted ten fold to approximately 3.5X10° cells/ml
(approximately five lytically infected cells/ml), and about one hundred aliquots (100 ul) were dis-
tributed to 13 X 100 mm glass tubes. These tubes were shaken for an additional 120 min. at 32°C to
allow lysis, and each aliquot was then titered to determine the number of phage present.

Isolation and Analysis of Phage Nucleic Acid

Phage stocks (2-3x10° pfu) were pelleted in a Beckman SW40 rotor at 20,000 rpm and 4°C for
60 minutes. The supernatant was decanted and the phage pellet was gently resuspended in S0mM Tris,
50mM EDTA pH 8.0. The solution was extracted with one volume of phenol (equilibrated with Tris
pH 8.0) and one volume of chloroform. The phases were separated by centrifugation, and the
extraction was repeated twice more. The DNA was dialyzed extensively against TE (10mM Tris, 1mM
EDTA pH 7.5). Restriction enzyme and S1 nuclease digestions were carried out according to the
manufacturers instructions. Field-inversion gel electrophoresis was performed as previously described
(Ward, et al, 1989b; Carle et al, 1986).

Southern Blot Analysis

DNA samples were electrophoresed on a 0.8% agarose gel in 0.5X TBE at 7V/cm for 14 hours using
Program 3 of the PPI 200 (a reverse incremental cycle of 0.05-1.6 seconds and a forward incremental
cycle of 0.15-4.8 seconds). After EtBr staining and photography, the gel was soaked in 0.25M HCI for
10 minutes and then transferred to a nitrocellulose membrane as described in Maniatis et al (1982).
The filter was rinsed for 5 minutes in 5X SSC (0.75M NaCl, 0.075M sodium citrate) and baked for
2 hours at 80°C. The filter was then hybridized to pAcl DNA, which had been labeled with 3*P by nick
translation (Maniatis et al, 1982), followed by washing and autoradiography.

RESULTS

A temperate or lysogenic phage, termed ¢Acl, has been found in Acidiphilium cells by performing a
series of pairwise crosses (Ward et al., 1989a, b). As expected, some combinations of strains resulted in
formation of plaques and several did not. Strains CM1, CM3A and CMYA proved to be donors
(lysogens) and strains CM3, CMS5, CM9 and PW2 proved to be sensitive to the phage (Ward et al,
1989a, b). The following experiments were performed to answer questions that typically arise concer-
ning a newly discovered phage, such as: What is the length of the life cycle and the average burst size?
What type of nucleic acid does the phage possess, and what is its size? What is the nature of the
phage’s interaction with the cell?

Determination of the gAcl Latent Period (One Step Growth Experiment)

A one step growth experiment (Luria and Darnell, 1967) was performed in order to determine the
length of the phage life cycle (the latent period). Cells were infected and samples were taken at various
times and assayed to determine the number of free phage present. The results (Figure 1) show that the
titer of free phage dropped gradually over the course of 2.5 hours, indicating that the adsorption
process is relatively slow. The results also show a rise in titer at about three hours, which indicates that
this is the length of the phage life cycle under these conditions of medium, growth temperature, host
cells, etc.
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Determination of the gAcl Burst Size (Single Burst Experiment)

A single burst experiment was performed to determine the average number of phage released from a
lysing bacterium (the burst size). In this experiment, cells were infected and incubated for part of the
life cycle, after which they were diluted and divided into a large number of aliquots, each of which
contained, on the average, slightly less than one lytically infected cell. The aliquots were then incubated
until the cells lysed, after which all aliquots were assayed for released phage. The results (Figure 2)
show a wide variation from sample to sample in the number of phage released, as expected (Luria and
Darnell, 1967). Analysis of the data (Luria and Darnell, 1967) shows that the average burst size is
approximately 62 phage/cell.

Characterization of pAcl Nucleic Acid

Several experiments were performed to investigate the nature of @Acl virion nucleic acid. The
nucleic acid is completely digested by DNAse I, but not by RNAse A (data not shown). Unheated gAc]
nucleic acid is not digested by S1 nuclease, but heat treated gAcl nucleic acid is completely digested by
St (data not shown). Also, @Acl virion nucleic acid can be digested by restriction endonucleases
EcoRYV, Smal, Sphl, Sau3Al, and Rsal (Table 1). These experiments lead to the conclusion that the
nucleic acid of gAcl is double-stranded DNA,

The molecular weight of gAcl DNA was estimated using field-inversion gel electrophoresis (Carle et
al., 1986). The DNA’s of bacteriophages A, P1 and TS were used as molecular weight standards. A
molecular weight of 97,000 base pairs was calculated from the known molecular weights of P1 and TS
DNA (Figure 3).

Indirect Evidence for Modification of gAcl DNA

gAcl DNA was treated with a series of restriction enzymes in an attempt to produce a restriction
map. Several restriction enzymes (Table 1) failed to cut the virion DNA when reactions were carried
out according to manufacturers specifications. The digestions with HindIIl and EcoRI were repeated
with the addition of pBR328 DNA to the reaction mixtures. Again the gAcl DNA was not cut, while
the pBR328 DNA was digested, showing that the enzymes were active in these reactions. This indicates
either that the DNA is modified in some way and thus protected against enzyme digestion or that there
are no recognition sequences for these enzymes in gAcl DNA. This length of DNA would be expected
to contain approximately 22-25 sites for each of these enzymes, which have six-base recognition
sequences (except Not I). The chance that this DNA contains no sites for a number of restriction
enzymes is thus statistically very remote. This leads to the conclusion that the virion DNA is probably
modified in some way.

TABLE 1

RESTRICTION ENZYME DIGESTION OF gAcl VIRION DNA

RESTRICTION ENZYME ACTIVE ON PHAGE DNA RECOGNITION SEQUENCE
Eco RI - GAATTC
Hind III - AAGCTT
Apa ] — GGGCCC
Xho I - CTCGAG
Not I - GCGGCCGC
Sac I - GAGCTC
Pvu I - CAGCTG
Eco RV + GATATC
Sma I + CCCGGG
Sph 1 + GCATGC
Rsa I + GTAC
Sau 3AI + GATC

163




BIOHYDROMETALLURGY — 1989

Evidence that gAcl is a Temperate Phage

Several lines of evidence suggest that gAcl is a temperate phage. Cells resistant to the phage can be
isolated from plaques produced on sensitive cells by cell-free phage preparations. These resistant cells
harbor the phage and behave similarly to the original donor strains (Ward et al, 1989a, b). A Southern
blot experiment was performed on undigested virion DNA and chromosomal DNA from sensitive and
phage donor cells (lysogens), using labeled phage DNA as a probe. The results (Figure 4) show that the
phage DNA sequences in the lysogen run with the bulk of the chromosomal DNA and not where
isolated phage DNA runs. This shows that the prophage DNA is integrated into the chromosome
during lysogenic growth, and does not exist as a separate, extrachromosomal entity. As expected, there
is also no hybridization to the chromosomal DNA of an uninfected, sensitive cell (lane 2, panel "B",
Figure 4).

CONCLUSIONS

A bacteriophage which infects some strains of the genus Acidiphilium has been discovered and
termed gAcl. Some strains of Acidiphilium carry the phage and are resistant to superinfection, some
strains are sensitive to the phage, and some strains are resistant but do not appear to carry such a
phage (Ward et al, 1989a, b). One step growth experiments showed that the latent period of the phage
is approximately three hours under our standard growth conditions. The decline in the number of free
phage occurs more slowly than with typical bacteriophage, indicating that the process of absorption is
relatively slow for this phage. The rise in the number of free phage at the end of the growth cycle,
which represents the phage liberated from lysing bacteria, is also much less pronounced than with
typical bacteriophage. Presumably this reflects the relatively small number of bacteria that are lytically
infected by this phage, estimated from the single burst experiment to be approximately 0.1% of the
cells. The average burst size of the phage was calculated to be 62 phage per cell from the single burst
experiment,

The nucleic acid of the phage was shown to be double stranded DNA by several criteria. The size of
¢Acl DNA was estimated to be 97 kb using field-inversion gel electrophoresis and the DNA’s of
bacteriophages A, P1 and T5 as molecular weight standards. This is consistent with earlier results
concerning the size of the phage particle. Observations using the electron microscope revealed a head
diameter approximately 1.44 times that of lambda, and sucrose gradient centrifugation yielded a
sedimentation coefficient approximately 1.57 times that of lambda (Ward et al, 1989a, b).

There is circumstantial evidence that gAcl DNA is modified. The restriction endonucleases EcoRI
and HindIll do not digest gAcl virion DNA, while pBR328 DNA in the same reaction mixture is
digested. This means either that the phage DNA is protected from digestion or that there are no
recognition sequences for these enzymes in the DNA. The chance that no such site for either enzyme is
present in a 97 kb segment of DNA is statistically very small, thus leading to the conclusion that the
phage DNA is probably modified in some way. Recent preliminary results indicate that segments of
phage DNA, cloned and amplified in E. coli, can be cut by EcoRI (data not shown). This supports the
conclusion that the phage DNA is modified.

There is good evidence that gAcl is a temperate bacteriophage. It was isolated by performing a series
of pairwise crosses with different Acidiphilium strains, none of which individually gave any indication
that they might harbor a bacteriophage. In addition, cells which are resistant to phage infection can be
isolated from plaques produced on sensitive cells by cell-free preparations of sAcl. These resistant cells
harbor the phage and behave similarly to the original donor strains (Ward et al, 1989a, b). Finally,
Southern blot analysis of undigested gAc1 virion DNA and lysogen chromosomal DNA shows that the
prophage is present in the high molecular weight chromosomal DNA of the lysogen and thus is
integrated into the cellular DNA during lysogenic growth (Figure 4).
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Further study of this bacteriophage will provide insights into the genetic mechanisms present in the
genus Acidiphilium. We hope to be able to modify and use this phage as a genetic engineering vector,
much as bacteriophage lambda has been so successfully used with E. coli.
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Fig. 1 One Step Growth Experiment. CM9 cells were infected with gAcl at an MOI of 0.7 phage/cell
and shaken in growth medium at 32°C. At various times, one ml samples were removed,
filtered to remove cells and assayed to determine the titer of free phage.
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$Ac1 Single Burst Experiment
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Fig. 2 Single Burst Experiment. CM9 cells were infected with ¢ Acl at an MOI of 0.4 phage/cell and
after 120 minutes diluted to approximately 5 lytically infected cells/ml. One hundred aliquots
(100 ul) were prepared and shaken until four hours after infection. All aliquots were then
titered for phage.
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Cloning and Characterization of
Thiobacillus ferrooxidans Genes Involved in Sulfur Assimilation

Ilona J. Fry and Emilio Garcia

Biomedical Sciences Division,
L.452 Lawrence Livermore National Laboratory Livermore, CA 94551

ABSTRACT

The sulfate activating locus from Thiobacillus ferrooxidans has been cloned and expressed in
Escherichia coli. The genes encoding ATP sulfurylase (ATP: sulfate adenylyl transferase, EC 2.7.7.4)
and APS kinase (ATP: adenosine 5’-phosphosulfate 3’- phospho transferase, EC 2.7.1.25) have been
isolated from a T. ferrooxidans genomic library constructed in pBR322. The approach used involved
the utilization of mutants of E.coli defective in specific steps of the sulfur assimilatory pathway to
isolate and identify, by genetic complementation, the corresponding genes and gene products in 7.
ferrooxidans.

In E. coli, the genes of sulfur assimilation are found in a locus mapping at 59 minutes of the
chromosome. Included here are a cluster of genes organized in an operon designated cysDCHII. The
proteins encoded by these genes include: ATP sulfurylase, APS kinase, PAPS reductase and sulfite
reductase respectively. A plasmid designated pTFcys 13 which contains a 4.7 kb T. ferrooxidans insert
was found to complement both cysD- and cysC- E. coli mutants. pTFcys 13 did not complement E.coli
mutants carrying either cys I, cysJ or cysH defective genes. The genetic organization of the sulfate
reducing locus has been inferred from deletion analysis of the insert in pTFcysl3 coupled to
complementation studies. Most deletions obtained led to a complete loss of ATP sulfurylase activity
pointing to the possibility that more than one gene may encode this enzyme and thus, to its probable
multimeric nature. The multimeric make-up of the sulfurylase was verified by in vitro transcription-
translation studies with the cysD-complementing plasmid that indicated the enzyme is made up of two
non-identical subunits with an estimated size of 36 and 62kD.
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LE CLONAGE ET LA CARACTERISAT}ON DES GENES DE
THIOBACILLUS FERROOXIDANS IMPLIQUES DANS LE PROCESSUS
D’ASSIMILATION DU SOUFRE

Ilona J. Fry et Emilio Garcia

Division des Sciences Biomédicales, L-452
Laboratoire National de Lawrence Livermore
Livermore, CA 94551, E.-U.

RESUME

Le locus responsable de I’activation du sulfate chez Thiobacillus ferrooxidans a été cloné et exprimé
dans Escherichia coli. Les génes qui codent pour I’ATP sulfurylase (ATP : sulfate adénylyl transférase,
EC 2.7.74) et ceux qui codent pour I’APS kinase (ATP: adénosine 5’-phosphosulfate 3’-phospho
tranférase, EC 2.7.1.25) ont été isolés 4 partir d’une banque de génes de 7. ferrooxidans construite avec
pBR322, La stratégie employée consistait & utiliser des mutants de E. coli défectueux pour des étapes
spécifiques de la voie d’assimilation du soufre pour isoler et identifier, par complémentarité génétique,
les génes correspondants et les produits de ces génes chez 7. ferrooxidans .

Chez E. coli, les génes responsables de 1’assimilation du soufre sont retrouvés dans un locus situé a
59 minutes sur le chromosome. On y retrouve un amas de génes qui forment un opéron désigné cys
DCHIJ. Parmi les protéines codées par ces génes se trouvent : I’ATP sulfurylase, I’APS kinase, la PAPS
réductase et la sulfite réductase. Un plasmide désigné pTFcys'® qui comprend une insertion de T.
ferrooxidans de 4.7 kb s’est avéré étre complémentaire aux mutants de E. coli cysD" et cysC. Aucune
complémentarité n’a été observée entre pTFcys 13 et des mutants de E. coli porteurs des génes cys],
cysJ ou cysH défectueux. L’organisation génétique du locus responsable de la réduction du sulfate a été
déduite & partir de résultats obtenus dans des tests de délétion dans I’insertion chez pTFcys 13 et des
tests de complémentarité. La plupart des délétions obtenues ont mené 3 une perte totale de ’activité de
PATP sulfurylase, indiquant que peut-étre plus d’un géne code pour cet enzyme qui serait alors en
toute probabilité un multimére. La composition multimérique de la sulfurylase a été vérifiée par des
études de transcription-traduction in vitro avec le plasmide complémentaire de cysD. L’enzyme est
composé de deux sous-unités non-identiques de dimensions estimées 4 36 et 62kD.
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INTRODUCTION

The sulfur metabolism of T.ferrooxidans constitutes an interesting area of study. Not only can this
organism oxidize a variety of sulfur compounds in energy yielding reactions, but it is also capable of
reducing sulfate in assimilatory fashion through a pathway organized to incorporate sulfur atoms into
the sulfur-containing amino acids cysteine and methionine. Thus, the T. ferrooxidans cell must posses
the potential and the capability to regulate the synthesis of enzymes involved in diametrically opposed
chemical reactions. Sulfate production in one case, and sulfate reduction in the other (figure 14
and B). Although a great deal is known about the nature of the biochemical steps involved in the
oxidation of sulfur compounds in 7. ferrooxidans (Silver and Lundgren, 1968 a and b), scant
information is available on the sulfate assimilatory pathway.

Sulfate is taken up and assimilated by a variety of organisms to form the sulfur-containing amino
acids cysteine and methionine (Schiff and Hodson, 1973). The first enzyme in the sulfate assimilation
pathway, ATP sulfurylase, catalyses the activation of intracellular sulfate by ATP,

ATP + Sulfate e=—————= APS + PPj!

In E.coli the gene encoding this enzyme (cysD) is subject to regulation. When cysteine is provided in
the growth medium, the synthesis of the enzyme is repressed whereas supplying the cells with a poor
sulfur source, such as reduced glutathione or djenkolic acid, leads to its derepression (Jones-Mortimer,
1968; Kredich, 1971).

The second enzyme in this pathway, APS kinase, catalyses the phosphorylation of APS.

APS + ATP ——————= PAPS + ADP

The gene (cysC), encoding the enzyme that catalyzes this step, is coordinately regulated with cysD.
Both in E.coli and Salmonella typhimurium, these genes reside adjacent to each other in the chromo-
some and together with cysH, cysl, cysJ, make up one of several cys custers present in these organisms
(Jones-Mortimer, 1973; Leyh et al., 1988).

In this paper we present work which describe the isolation of genes involved in the sulfate
assimilation of T. ferrooxidans, their genetic organization and the identification of their protein
products,

METHODS '

Materials and Methods

Bacterial Strains and plasmids are described in Table 1

Culturing Methods. T. ferrooxidans was grown using the 9K iron medium of Silverman and Lundgren
(1959). The assay and media conditions used for the determination of ATP sulfurylase and ATP kinase
enzymatic activities have been described (Hanna and Taylor 1988; Fry et al.1989).

Gene library Construction and selection of clones expressing ATP sulfurylase activity. The preparation
of a T. ferrooxidans genomic library has been described previously (Fry et al.,, 1988). Selection of
plasmids from the library expressing ATP sulfurylase and APS kinase activity was carried out by
genetic complementation of strains JM221 and JM81A, a cysD- and cysC- E. coli mutant respectively.
The complementation studies were performed by transforming the appropriate strain with DNA

Abbreviations used: APS, adenosine 5’-phosphosulfate; PAPS, 3'phosphoadenosine 5'-phosphosulfate; PPi, inorganic
pyrophosphate; CMM, Clostridium minimal medium
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isolated from pools of the entire 3,000-member genomic library and selecting for simultaneous
ampicillin resistance and cysteine independence.

DNA manipulations. Ligations, plasmid deletions and other DNA manipulations were carried out
using standard techniques of recombinant DNA (Maniatis, 1985; and Perbal, 1988). Nick translation.
The probe was labeled with 3*P-dCTP using a nick translation kit purchased from New England
Nuclear. Prehybridization and hybridizations were carried out overnight at 65 C° essentially as
described by Southern (1975).

In vitro transcription-translations. Cell-free transcription translation of plasmids pTFcys13, pBScys134
HindlIll and its respective derivatives was done using a Prokaryotic In Vitro Transcription-Translation
kit purchased from Amersham.

RESULTS

Complementation of mutants and identification of genes. The approach used in these studies relied on
genetic complementation of available mutants of E. coli, defective in specific steps of the sulfate
assimilatory pathway, to isolate and identify the corresponding gene and gene products in 7. ferroox-
idans. Some of the E. coli mutants that were utilized for this study are shown in Table 2.

In E.coli, a number of the genes that are involved in sulfur assimilation are located at a locus
mapping at 59 minutes on the chromosome. In particular, a cluster designated cysDNCHIJ that encodes
the ATP sufurylase, APS kinase, PAPS reductase and sulfite reductase respectively, form part of an
operon (Jones-Mortimer, 1973, Leyh et al., 1988).

Using DNA from pooled clones from the T. ferrooxidans genomic library we transformed JM221, an
E.coli mutant with a defective ATP sulfurylase, to cysteine independence. The selection was for those
plasmids that could simultaneously confer the mutant ampicillin resistance and the ability to grow on
plates containing sulfate as the only sulfur source. Two such plasmids were obtained and one of them,
designated pTFcys13, was chosen for further studies. A map of pTFcysl3 showing the restriction
enzymes to compare sequences in the chromosome with those of pTFcys13. The results are shown in
Fig. 3. As expected, only those lanes in which total digested T. ferrooxidans DNA is present showed
hybridization bands with the 4.7 Kb BamHI insert probe from pTFcys13 (lanes 2, 3 and 7). No
homology was observed between the probe and genomic DNA from JM221 (lane 11).

Since in other bacterial species the genes involved in sulfate assimilation occur as a cluster on a
specific region of the chromosome (Jones-Mortimer, 1968; Leyh et al., 1988), we tested pTFcys13 for
the ability to complement a number of E.coli mutants defective in the sulfur assimilatory pathway.
Mutants used for this purpose included: JM246 (cysl), AT2427 (cys]), IM81A (cysC) and DG37 (cysA).
In addition to JM221, only JM81A yielded recombinants in which sulfate utilization had been restored.
Therefore, it was assumed that besides the cysD gene, the cysC gene, encoding the APS kinase was
present on the pTFcys13 insert. The sulfite reductase gene, that in the E. coli cys operon follows the
cysC.

In vivo complementation and growth swudies. The growth properties and the levels of ATP sulfurylase
in response to exogenous sulfur source as studied in the JM221 mutant carrying pTFcys13. As shown in
figure 4, panel B, pTFcys13 restores JM221 the ability to grow in sulfate minimal medium. In fact,
JM221/pTFcys13 can grow in this medium at the same rate as if the medium is supplemented with
cysteine or reduced glutathione. In contrast, if JM221 carries the pBR322 vector only, no restoration of
sulfate utilization is observed (panel A). The putative regulation of the cloned T. ferrooxidans genes
has been examined by measuring the levels of ATP sulfurylase activity conferred by pTFcys13 were
unaffected by the sulfur source present in the growth medium. Thus, in contrast to that of E. coli, the
cloned ATP sulfurylase from T. ferrooxidans does not seem to be regulated by the level of intracellular
cysteine or reduced glutathione.
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Genetic organization and gene products encoded from the T. ferrooxidans cys locus. To ascertain the
genetic organization of the cysD and cysC loci present in pTFcys13 a number of deletions extending
into the insert region of this plasmid were constructed and examined for their complementation pattern
(Fry et al 1989). Only a deletion that extended from the HindlIIl site of the pBR322 vector to the
HindIII site 1kb into the insert (figure 2), was found to retain the ability to complement JIM221 (cys D)
while becoming unable to complement JM81A (cys C). This was the first indication of a possible
three-gene arrangement for this locus and suggested that the ATP sulfurylase might be encoded by
more than one gene. Evidence for this genetic organization and for the fact that two gene products are
being encoded by the cysD locus was obtained by subcloning the fragment remaining in the pTFcys134
Hindlll plasmid into the pBS- cloning vector (Stratagene, La Jolla, CA.). The resulting plasmid,
pBScys134A HindlIl which lacked APS kinase-complementing activity by virtue of a deletion extending
into the cysC gene, was used for in vitro, protein synthesis analysis of the cysD region. The deletion
plasmid was digested with a series of restriction enzymes and the resultant linear DNA fragments
(figure 5) were used to direct an in vitro transcription-translation system that enables the identification
of polypeptides made from a DNA template. Two unique products not present in the pBR322 control
were readily identified by auoradiography: a 62 and 36Kd polypetide respectively (indicated by arrows
in Figure 6.). It was noted that the EcoRI-treated fragment gave rise to a truncated 61Kd peptide was
completely abolished (lane 4). By correlating the peptides obtained from the various restriction
fragments from pBScys13DHindIll with the parallel complementation and deletion studies, it was
possible to infer the order of the genes of this locus and permitted the identification of the respective
polypeptides that they encode. Thus, it was determined that the cysD gene, the first gene of this
three-gene cluster, encodes the 62 Kd polypeptide (CysD product). While the cysN gene, which lies
between cysD and the distal cysC gene, encodes the 36 Kd polypeptide (CysN product). This finding
established the multimeric make up of the T. ferrooxidans sulfurylase. A summary depicting the gene
arrangement, the corresponding peptides derived from this locus and a comparison between the
analogous regions of E.coli and T. ferrooxidans is shown in figure 6.

CONCLUSIONS

Confirmation of the presence of ATP sulfurylase and APS kinase by this work supports the notion
that sulfate assimilation to form cysteine and methionine operates through the cys pathway in 7.
ferrooxidans. Under proper growth medium conditions, 7. ferrooxidans oxidizes inorganic sulfur
compounds such as sulfur, tetrathionate and thiosulfate to obtain metabolic energy in the form of ATP.
Both the dissimilatory and assimilatory pathway appear to have APS as an intermediate. That these two
diametrically opposing reactions (which could easily lead to a futile cycle) could be occurring
simultaneously has been questioned (Tuovinen et al., 1975). Kelley et al., (1976) determined that SO,
was only taken up and assimilated when the growth medium for T. ferrooxidans was ferrous
sulfate-based. However, these investigators partially purified an active ATP sulfurylase form both
thiosulfate and ferrous sulfate grown cell whose levels did not appear to vary in response to the nature
of the medium. They thus, concluded that the synthesis of ATP sulfurylase was constitutive but that it
did not fulfill an assimilatory function when cells were grown on thiosulfate medium. Rigorous studies
of the regulation of these genes cannot be carried out in a heterologous host such as E. coli,
nevertheless, the fact that the synthesis of this enzyme, when produced in E. coli, was not susceptible
to regulation by the levels of exogenous cysteine is consistent with a pattern of constitutive synthesis.

That the genes involved in the assimilation of sulfate are arranged in an operon-like structure in
T. ferrooxidans was not entirely unexpected since other genes such as the nitrogen fixing (nif) genes
(Pretorious et al., 1986), the gIlnALG genes (Barros et al., 1985) and the genes of the ribosomal operon
(Venegas et al., 1988) also show this arrangement in T. ferrooxidans. It is nevertheless interesting to
note the fact that organisms as phytogenetically different as E. coli and T. ferrooxidans seem to posses
gene organizations so similar to one another.

175




BIOHYDROMETALLURGY — 1989

Acknowledgements

This work was performed at the Lawrence Livermore National Laboratory under the auspices of the
U.S. Department of Energy Contract No. W-7405-ENGO048.

REFERENCES
Bachmann, B.J. (1983). Linkage Map of Escherichia coli K-12, Edition 7. Microbiol. Rev. 47:180-230

Barros, M.E.C., D.E. Rawlings, and D.R. Woods. 1984. Mixotrophic Growth of 7. ferrooxidans strain,
Appl. Environ.Microbiol. 47:593-595.

Barros, M.E.C., D.E. Rawlings and D.R. Woods. 1985. Cloning and expression of the Thiobacillus
ferrooxidans glutamine synthetase gene in Escherichia coli. ]. Bacteriol. 164: 1386-1389.

Fry, IJ,, M.L. Hanna, R.T. Taylor, G.L. Bus, and E. Garcia, 1988. "Cloning of ATP Sulfurylase
Activity from Thiobacillus ferrooxidans and its Expression in Escherichia coli". Ann. Mtg, Amer. soc.
Microbiol. 88,250,

Fry, 11, M.L. Hanna, RT. Taylor, G.L. Bush and E. Garcia, 1989. Cloning of the sulfate activating
locus of Thiobacillus ferrooxidans and its expression in Escherichia coli. Manuscript in preparation.

Hanna, M.L. and R.T. Taylor, 1988. Radioactive-Electrophoretic Assay of Adenosine S’-Triphosphate
Sulfurylase Activity in Crude Extracts with Sulfate or Selenate as Substrate. Anal. Biochem,
176:294-302.

Jones-Mortimer, M.C. 1968. Positive Control of Sulphate Reduction in Escherichia coli. Biochem 1J.
110:589-595.

Jones-Mortimer, M.C., 1973. Mapping of Structural Genes for the Enzymes of Cysteine biosynthesis in
Escherichia coli K12 and Salmonella typhimurium LT2. Heredity 31:213-221,

Kelley, B.C., O.H. Tuovinen and D.J. D. Nicholas, 1976. Utilization of *S- Thiosulphate and an
appraisal of the role of ATP sulfurylase in chemolithotrophic 7. ferrooxidans. Arch.Microbiol,
109:205-208.

Kredich, N.M. 1971. Regulation of L-Cysteine Biosynthesis in Salmonella typhimurium. J. Biol.Chem
246:3474-3484.

Leyh, T.S., J.C. Taylor, and G.D. Markham, 1988, The sulfate Activation Locus of Escherichia coli
K12: Cloning, Genetic, and Enzymatic Characterization. J.Biol.Chem. 263:2409-2416.

Maniatis, T., E.F. Fritsch, and J. Sambrook, 1982. Molecular cloning: a laboratory manual. Cold Spring
Harbor, NY.

Perbal, Bertrand, 1988. A Practical’ Guide to Molecular Cloning,Second Edition. John Wiley & Sons,
N.Y.

Pretorious, .M., D.E. Rawlings and D.R. Woods, 1986. Identification and cloning of Thiobacillus
ferrooxidans structural nif genes in Escherichia coli. Gene: 45:59-65,

Oh, J.K,, and 1. Suzuki, in Diversity of Bacterial Respiratory Systems, Volume 1. C.S. Knowles, Ed.
(CRC Press, Inc., Boca Raton, FL., (1980), pp. 113-137.

Schiff, J.A. and R.C. Hodson, 1973. The metabolism of sulfate. Ann. Rev. Plant Physiol, 24:381-414.
Siegel, L.M., (1975) in Metabolic Pathways (Greenberg, D.M., ed) Third Ed., Vol. VII, pp. 217-286.

Silver, M., and D.G. Lundgren, 1968. (a) Sulfur-oxidating enzyme of Ferrobacillus ferrooxidans
(Thiobacillus ferrooxidans). Can. J. Biochem. 46:457-461,

Silver, M., and D.G. Lundgren, 1968. (b) The Thiosulfate-oxidizing enzyme of Ferrobacillus ferroox-
idans (Thiobacillus ferrooxidans). Can. J. Biochem. 46:1215-1220.

176




BIOHYDROMETALLURGY — 1989

Silverman, M.P. and D.G. Lundgren, 1959. Studies on the chemoautotrophic iron bacterium Ferrobacil-
lus ferrooxidans. 1. An improved medium and a harvesting procedure for securing high cell yields. I.
Bacteriol. 77:642-647.

Southerne, E.M., 1975. Detection of specific Sequences Among DNA Fragments Separated by Gel
Electrophoresis. J. Mol. biol. 98:503-517.

Touvinen, O.H., B.C. Kelley and D.J.D. Nicholas, 1975. The Uptake and Assimilation of Sulphate by
Thiobacillus ferrooxidans. Arch. Microbiol. 105:123-127.

Tuovinen, O.H., B.C. Kelley and D.]I.D. Nicholas, 1976. Enzymic comparisons of the inorganic sulfur
metabolism in autotrophic and heterotrophic Thiobacillus ferrooxidans. Can. 1. Microbiol.
22:109-113.

Venegas, A., E. Hevia and H. Sanchez, 1988. Sequence of two t-RNA genes from a Thiobacillus
ferrooxidans ribosomal operon. Nucleic Acids. Res. 16:8179.

TABLE 1

Bacterial Strains Used in This Study

Strains Genotype Source of Reference
HB101 pro-leu thi- lacY hsdR- endA- rpsL20 Bachmann and Bolivar, 1979
ara-14 galK2 xyl5 mil- 1 supEd4 recA-
IM221 cysD91 pro50 his97 trp-74 argA- ilvA received as CGSC 5745 from
lac- gal- galT47 xyl- mil- mal- strA- tsx- B. Bachmann
IM?246 cys153 lambda- IN(rrmD-rrnE)l received as CGSC 4747 from
B. Bachmann
AT2427 sysJd43 relAl thi-1 lambda- spotl received as CGSC 4502
IM96 cysH56 thr-1 leuB6 trp- argHlI thi-1 received as CGSC 5746 from
ara-13 laY1 gal-6 malAl xyl-7 mtl-2 B. Bachmann
strA9 tonA2 supE44 lambda- lambda, R
IMS81A cysC received as CGSC 5744 from
B. Bachmann
T. ferrooxidans wild-type ATCC

(ATCC 218361)
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Pattern of Complementation of pTFcys13 on Various E.coli Mutants Defective
in the Sulfate Assimilatory Pathway

TABLE 2

Mutant Response*
JM221 (cys D) +
IJMS81A (cys C) +
AT2427 (cys J) -
JM246 (cys 1) —
IM96 (cys H) —
DG37 (cys A) —

* A positive response denotes growth with sulfate as sulfur source.

ATP Sulfurylase And Sulfite Reductase Activity In Crude Extracts
of E. Coli And T. Ferrooxidans

TABLE 3

Specific Activity

ATP Sulfurylase

pMole APS/min/mg

Sulfite Reductase
nMole NADP/min/mg

HB101/pBR322
1. SULFATE
2. CYSTEINE
3. RED.GSH
IM221/pBR322
4, RED.GSH
JM221/pTFcys13
5. SULFATE
6. CYSTEINE
7. RED.GSH
T. ferrooxidans* 33

210.0
<03
1260.0

<0.3

29.0
21.6
21.1

1.9

8.78
<0.10
6.10

3.57

3.34
<0.1
2.87

Cell extracts were assayed for ATP sulfurylase activity according to the method of Hanna and Taylor
(1989) and for sulfite reductase activity using the method of Yoshimoto et al.(1971). Source of the
crude extract were cells grown to mid-logarithmic phase in minimal medium containing 0.7 mM of the

sole sulfur source indicated above (Fry er al., 1988: Hanna and Taylor, 1989)

* Grown in Fe SOy
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Fig. 1 Generalized Scheme of Microbial Sulfur Metabolism. (A) Proposed pathway for the oxidation
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sulfate assimilation in enterobacteriace. The genetic loci indicated for each enzymatic step are
those defined for S. typhimurium (modified form Kredich, 1987).
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Fig. 2 Physical Map of pTFcys13. Restriction endonuclease sites within the 4.7 KB BamHI insert
(thick line) of T. ferrooxidans are shown, The direction of transcription of the b-lactamase gene
of the pBR322 vector is illustrated by the arrow.
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Fig. 4 Growth curves of JM221/pBR322 (panel A) and JM221/pTFcys13 (panel B). Cells grown in
sulfate minimal medium (*); cysteine-supplemented medium ( A ) and in medium supplemen-
ted with glutathione ( A& ).
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Fig. 5§ Map restriction endonuclease-generated fragments used in the synthesis of proteins in an E.
coli DNA-directed cell-free system. Fragments indicated by the arrows were obtained by
linearizing pBScys13DHindIll with Pstl, Ecorl and Sacl respectively.
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Fig. 7 Physical map and polypeptide expression in the 7. ferrooxidans cloned insert and its com-
parison to the analogous cloned region from E. coli (Leyh, 1988). The approximate location of
the region of DNA encoding for the protein products was obtained from experiments describe
in the text. The direction of transcription has not been determined but it is presumed to

proceed from cysD to CysC.
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COMPARATIVE ANALYSIS OF THIOBACILLUS FERROOXIDANS STRAINS

by
P. VALENTI*, M. POLIDORO,
V. BUONFIGLIO, P. VISCA, N. ORSI

Istituto di Microbiologia, Universita’ di Roma "La Sapienza", P.le A. Moro 5, 00185 Roma.

ABSTRACT

Thiobacillus ferrooxidans strains isolated in different environments and geographical areas have been
analyzed for their plasmid content. A 20 Kb plasmid (pTFO) has been detected in the majority of the
examined strains. The physical map of pTFO was virtually identical to that reported by Rawlings et al.
(1984) for pTF35. Preliminary results suggest that pTFO does not encode for metal-resistance and its
functions cannot be assigned so far. The analysis of whole and outer membrane proteins revealed a
high degree of similarity among strains with identical plasmid profiles and noticeable differences among
strains with different plasmid patterns.

* Istituto di Microbiologia, Universita’ di Napoli, Larghetto S. Aniello a Caponapoli 80126 Napoli, Italy.
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' ANALYSE COMPARATIVE DES DIFFERENTES SOUCHES DE
THIOBACILLUS FERROOXIDANS

P. Valenti %, M. Polidoro,
V. Buonfiglio, P. Visca et N. Orsi

Institut de Microbiologie, Université de Rome "La Sapienza", Rome

RESUME

Les plasmides contenus dans des souches de Thiobacillus ferrooxidans isolées dans divers milieux et
différentes régions géographiques ont fait ’objet d’analyses. Dans la plupart des souches étudiées, on a
décelé un plasmide (pTFO) mesurant 20 kb. La carte génétique de pTFO est presque identique a celle
qui a été dressée par Rawling et al (1984) pour pTF35. Les résultats préliminaires donnent 4 penser
que pTFO ne détermine pas le caractére de résistance aux métaux; ses fonctions ne sont pas encore
connues. L’analyse des protéines de la membrane externe montre qu’il existe une grande ressemblance
entre les souches qui présentent le méme profil de plasmides, mais de grandes différences entre celles
qui ont des profils différents.

* Institut de Microbiologie, Université de Naples, Naples, ltalie
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INTRODUCTION

Thiobacillus ferrooxidans is a Gram-negative, acidophilic, chemoautotrophic bacterium deriving the
energy for its growth from the oxidation of ferrous to ferric ions and of reduced sulphur compounds to
sulphate. As a consequence of these peculiar metabolic features, this bacterium is the most important
microorganism involved in bioleaching of low grade ores (Torma, 1988). Although the metabolism of
T. ferrooxidans is fairly well known, its genetic analysis is at an early stage of investigation. Thiobacillus
Spp. can grow in environments characterized by high concentrations of several metal ions, generally
toxic to other bacteria. As it has been shown that metal-resistance is often plasmid-encoded (Chopra,
1975; Summers et al., 1978; Summers and Silver, 1978); it might also be possible that the
T. ferrooxidans genes involved in detoxification of metals are plasmid-borne, The characterization of
such plasmid markets in T. ferrooxidans has the potential for the production of genetically manipulated
bacteria with enhanced leaching capabilities.

Plasmid occurrence in this species has been shown since 1980 (Mao et al., 1980) but their function is
so far only partially known. In 1984, Rawlings et al. demonstrated the expression of the origin of
replication from a T. ferrooxidans plasmid in Escherichia coli and successively the mobilization region
of a T. ferrooxidans plasmid was also identified and expressed in E. coli (Rawlings and Woods, 1985).
These observations indicate that at least some signals for gene expression may be similar in the
acidophilic chemolitotrophic T. ferrooxidans and in heterotrophic bacteria.

In our research, twelve strains of T. ferrooxidans isolated from different parts of the world have been
examined for plasmid content, metal-resistance and other biochemical characters, with the aim to
correlate plasmid profiles with relevant phenotypic traits.

MATERIALS AND METHODS

Bacterial Strains Five of the twelve T. ferrooxidans strains used in this work have been isolated from
different environments within the same geographical area on the outskirts of Rome (Oriolo Romano)
and characterized as previously reported (Visca et al., 1989); strain TFOB was isolated from the
undergrowth in Sterpeto bush, TFOF from an acid stream (pH 5.2) associated with jarosite deposits
(Biscione stream), TFOS and TFMSR from a sulphuric spring (pH 4.5), and TFVS from the Mignone
River approximately 5 km downstream from the sulphuric spring. A detailed map of the region is
presented in Fig. 1. The other seven strains have been isolated from various ores in different parts of
the world: strains TFNM1 and TFNM3 have been isolated from chalcopyrite (CuFeS;) mines in
Socorro, New Mexico, USA; strain TFP4 from the chalcopyrite mine of S. Valentino di Predoi,
Bolzano, Italy; strain TFMV from the mixed galena (PbS)-sphalerite (ZnS) mine of Montevecchio,
Cagliari, Italy; strain TFFC from the mixed pyrite (FeS;)-chalcopyrite mine of Fenice Capanne,
Grosseto, Italy; strain TFGO2 from the mixed millerite (NiS)-cobalt suifide-pyrite ore of Genna
s’Olioni, Cagliari, Italy; strain TFN11 from Bulgaria.

Media and Growth Conditions Strains were routinely cultivated in 9K liquid medium (Silverman and
Lundgren, 1959) at 28°C in shaken flasks (250 rpm in a New Brunswick Model G25 orbital shaker).
The isolation of single clones was performed on the solid medium TSM1 (Visca et al. 1989). Bacterial
growth and iron oxidation were analyzed as previously described (Visca et al. 1983).

Cell lysis and Plasmid DNA Extraction Bacterial cultures in late stationary phase (about 96 hours old)
were filtered on Whatman No 1 paper in order to remove iron precipitates. Bacteria were harvested by
centrifugation (5000 g, 20 min., 4 C). Cells were washed twice in 1 mM H,SO, (pH 2.5) and once in
TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0). Cells were lysed according to a
modification of Birnboim procedure (1983); briefly, the lysozyme solution was substituted by the TSE
buffer (25% sucrose, 50 mM Tris-HCI pH 7.5, 20 mM EDTA, pH 8.0) and the final lysozyme
concentration was decreased from 1 mg/mL to 0.75 mg/mL. Cells deriving from 100-mL cultures were
suspended in 250 ul of TSE buffer, and lysis was carried out at 0 C for 15 minutes. Furthermore,
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samples were kept in 0.2 N NaOH-1% SDS solution only for 3 minutes to minimize chromosomal
DNA contamination. Contaminating RNA was removed by treatment with DNase-free RNase
(Ribonuclease A, Sigma). In some cases, plasmid DNA was purified by ultracentrifugation to
equilibrium in CsCl-ethidium bromide gradients according to Maniatis et al. (1982).

Preparation of Whole and Outer Membrane Proteins Whole proteins (WP) from T. ferrooxidans were
prepared by lysing bacteria (about 10°) cells) in 50 ul of 10 mM Tris, 5 mM EDTA, 0.5% SDS. To
detect protease-resistant proteins, samples were supplemented with 0.8 ug/ul proteinase K (about 20
ug/mg of protein). Lyses and digestions were carried out for 2 h at 65°C and protein hydrolysis was
terminated with 1 mM phenylmethylsulphonyl fluoride. Protein concentrations were determined by the
Bradford method (1976).

Outer membrane proteins (OMP) were prepared according to a modification of the procedure
described by Filip et al. (1973). Cells deriving from 400 mL cultures in late exponential growth phase
were harvested by centrifugation (5000Xg, 20 min., 4°C), washed as previously described and suspen-
ded in 1 mL of 50 mM Tris pH 8. OM were disrupted by ten cycles of 1 min. sonication, cell debris
removed by centrifugation for 15 min at 4500X g and supernatants were supplemented with 10 ug of
the protease inhibitor phenylmethylsulphonyl fluoride. Cytoplasmic membranes were solubilized with
2% (wt/vol) of the ionic detergent N- lauroylsarcosine and OM collected by centrifugation at 33.000 g
for 1 h at 4°C.

Gel Electrophoresis of DNA Plasmid DNA was resolved in 0.8-1% agarose (Low m,, Biorad) gel
electrophoresis (4 volt/cm) in Loening buffer (36 mM Tris, 30 mM NaH,PO,, 1 mM EDTA, pH 7.8).
Polyacrilamide gels (3.5%) prepared as described by Maniatis et al. (1982) were run in TBE buffer (89
mM Tris, 89 mM H;BO; 2.5 mM EDTA, pH 8.3) and used to detect low molecular weight DNA
fragments. After electrophoresis the gels were strained in 0.5-1 ug/mL ethidium bromide and photog-
raphed with a Polaroid type 66S film and a yellow filter. Hind III, Hind III-Eco RI and Pst I lambda
phage DNA digests were used as markers of known molecular weight,

Electrophoresis of Proteins Protein samples were resolved by polyacrylamide-sodium dodecyl sulphate
(PAGE-SDS) gel electrophoresis as described by Laemmli (1970). The resolving gel consisted of 10%
polyacrylamide (ratio monomer to dimer 44:0.3) in 0.75 M Tris pH 8.8 containing 0.2% SDS, with a
5% stacking gel in 0.25 M Tris pH 6.8 also containing 0.2% SDS. The electrophoresis buffer was 25
mM Tris pH 8.3 containing 20 mM glycine and 0.2% SDS. As molecular weight standards the
following proteins were used: rabbit muscle phosphorilase b (97.4 Kdal), bovine serum albumin (66.2
Kdal), hen egg white ovalbumin (42.7 Kdal), bovine carbonic anhydrase (31.0 Kdal), soybean trypsin
inhibitor (21.5 Kdal), hen egg white lysozime (14.4 Kdal). Gels were run 12 h at 15 uA and stained
with Coomassie brilliant blue, de-stained and photographed. 1

Cleavage of DNA by Restriction Endonucleases Restriction enzymes were purchased from New
England Biolabs and used according to the protocols described by the manufacturer.

Metal Ions Sensitivity Test Different concentrations of the metal salts AgNQ,; Cd(NOs;),.4H,0,
NiSQO,.6H,0, CuS0O.4.5H,0, NaAsO,, Na,HAsO,.7H,O and SbCl; were added to 9K liquid medium in
order to determine the concentration of the toxic metal ions capable of inhibiting both ferrous iron
oxidation and growth.

Electron Microscopy CsCl-purified plasmid preparations were spread on parlodion-coated grids,
stained with uranyl acetate and shadowed with 80:20 Pt-palladium according to Kleinschmidt (1968).
The grids were examined with a Zeiss model 9A electron microscope. The contour measurements from
the electronmicrographs were carried out using pBR322 as internal standard.
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RESULTS

Analysis of Plasmids In order to determine the plasmid patterns of the T. ferrooxidans strains used in
this work, we developed a procedure for the isolation of plasmid DNA derived from the alkaline
extraction method conceived by Birnboim in 1983. We have modified Birnboim’s protocol by adding
some preliminary steps required to remove ferric iron precipitates formed during growth of
T. ferrooxidans in 9K liquid medium and to neutralize the acid pH of solution used in the first
extraction step (see Materials and Methods). The method is simple, rapid and provides reproducible
results; the plasmid DNA yielded is mostly in closed circular form and pure enough to be digested by
restriction endonucleases.

Figure 2 shows plasmids from strains TFOB, TFOF, TFOS, TFVS and TFMSR. Although isolated
from different environments in the same geographical area, all these strains harbor a 20 kilobases (Kb)
plasmid; strains TFOB, TFOF and TFOS contain also a smaller plasmid of about 9 Kb. Two different
circular covalently closed DNA molecules of about 19.7 and 9.3 Kb were also detected by electron
microscopy of CsCl-gradient purified DNA samples of strains TFOB (Fig. 3) and TFOF and TFOS
(not shown)). Plasmids have been compared by digestion with the restriction endonucleases Bam HI
and Hind III. Fig. 4 shows identical restriction patterns for the 20 Kb plasmid, with common additional
DNA fragments detectable only in strains TFOB, TFOF and TFOS resulting from the 9 Kb plasmid
digestion. The restriction map of the 20 Kb plasmid, which we termed pTFO, has been obtained; this
plasmid contains an unique Hind III site, four Pst I sites, four Bam HI sites, five Sal I sites and seven
Eco RI sites (not shown in the map) (Fig. 5). Most of these restriction sites are concentrated in a 10
Kb region of pTFO.

Occurrence of pTFO in T. ferrooxidans Strains from Different Parts of the World The plasmid content
of some strains isolated in different parts of the world has also been characterized. It has been
demonstrated that strains TFNM1, TFNM3 and TFP4 harbor pTFO. Strains TFFC, TFN11 and TFMV
have very similar plasmid profiles which differ from that of strain TFGO02, but they all lack pTFO
(Fig. 6).

Metal Resistance An attempt has been made to correlate the presence of plasmids in 7. ferrooxidans
with the resistance to some toxic metal ions.

On the basis of the results obtained, it is not yet possible to assign any function to T. ferrooxidans
plasmids. As a matter of fact, only minor differences in metal resistance have been noted among strains
with different plasmid contents.

Comparison of Whole and Outer Membrane Proteins Among T. ferrooxidans Strains We characterized
our T. ferrooxidans strains at protein level in order to determine whether strains with identical plasmid
content showed a similar profile of whole and outer membrane proteins. Fig. 7 shows the profile of
WP and OMP from strains TFOB, TFOF, TFOS, TFVS, TFMSR, TFMV, TFFC and TFGO02. Strains
isolated in the same geographic area on the outskirts of Rome have the same pattern of WP and OMP
which was also identical to that of strains TFNM1 and TFNM3 isolated in Socorro, New Mexico and
TFP4 isolated in Predoi mine, Italy (not shown in Fig. 7); other strains such as TFFC and TFMV,
isolated from different areas, share noticeable similarities at protein level with the above strains (except
for the absence of a 57 Kdal cytoplasmic protein and a 77 Kdal OMP) from which however they differ
at plasmid level. Strain TFGO2, characterized by a unique plasmid profile, is also significantly different
in WP and OMP patterns from all the other strains. The most striking differences consist in the lack of
the 37.5 and 50 Kdal major OMPs observed in the other strains and in the presence of peculiar protein
bands; among these, the 39 Kdal OMP displays a marked resistance to proteolysis by proteinase K as
shown in Fig. 8.
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CONCLUSIONS

The results obtained show that seven out of the twelve 7. ferrooxidans strains examined harbor a 20
Kb plasmid which we have called pTFO.

The physical map of this plasmid was determined by restriction endonuclease digestions and it is
identical to the one reported by Rawlings et al. (1984) for pTF35. Plasmid pTFO has been found in T.
ferrooxidans strains isolated from different environments and very distant geological areas; these strains
have been subcultured for years without any selective pressure, thus indicating that pTFO is stably
conserved for many generations.

By testing the growth and iron oxidation of the strains in 9K liquid medium supplemented with
different metal ions it was not possible to correlate the presence of pTFO with the metal- resistance.
All of the strains, in spite of their different plasmid patterns, were capable of resisting similar
concentrations of toxic metals. This observation suggests the existence of a common mechanism of
metal-resistance which could be based on membrane permeability and/or oxido-reductase enzymes
present on the bacterial surface.

On the contrary, the OMP and WP profiles varied significantly among groups of strains, reflecting
differences noticed in plasmid patterns.

In conclusion, the results obtained from plasmid and protein analysis indicate that strains TFOB,
TFOF and TFOS could be considered as the same strain colonizing various environments in the region
of Oriolo Romano and this observation could be also extended to strains TFVS and TFMSR. It was
very interesting to note that strains TFNM1 and TFNM3, although isolated very far from Italy,
appeared identical to the Italian strains TFVS and TFMSR, both plasmid and protein profiles.
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Fig. 1 Map of the geographical area of Oriolo Romano.

194

TR
B LA
L™

1000m

300m













BIOHYDROMETALLURGY — 1989

1Kb

Fig. 5 Restriction endonuclease cleavage map of the T. ferrooxidans plasmid pTFO.
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INTEGRATED BIOLOGICAL PROCESSING OF COMPLEX
SULPHIDES FOR METALS EXTRACTION AND WASTE TREATMENT

P.B. Marchant, R.W. Lawrence
Coastech Research Inc., 80 Niobe Street, North Vancouver, B.C. V7] 2C9

ABSTRACT

An integrated biological process concept is described comprising two or more microbiologically
assisted process steps for the treatment of sulphide ores or concentrates. Such an integrated process
allows for the extraction of metal values and for the treatment of the corresponding waste streams for
environmental disposal. Metal extraction from base metal ores is achieved through the use of
sulphide-oxidizing bacteria such as T. ferrooxidans. For refractory sulphidic gold ores, the same
bacteria can be used to liberate the precious metal from the sulphide host minerals for recovery by
conventional methods such as cyanidation. In either case, a sulphate solution is generated which can be
treated in a patented 2-stage anaerobic-aerobic biological process to produce sulphur and reusable
water. For the processing of gold ores and concentrates, a further biological process can be effective for
the degradation of free cyanide, thiocyanate and metal cyanide complexes in solutions remaining after
the gold extraction step. The current state of the art in biological technology is described and potential
applications for an integrated approach is discussed.
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TRAITEMENT BIOLOGIQUE INTEGRE DE COMPOSES SULFUREUX
COMPLEXES POUR L’EXTRACTION DE METAUX ET POUR
LE TRAITEMENT DE DECHETS

P.B. Marchant et R.W. Lawrence

Coastech Research inc.
80 rue Niobe, Vancouver Nord, C.B, V7I 2C9, Canada

RESUME

Le concept d’un procédé biologique intégré comportant au moins deux étapes qui font intervenir des
microorganismes pour le traitement de minerais ou de concentrés sulfureux est présenté. Un tel
procédé permet l’extraction de métaux et du méme coup le traitement des eaux polluées que cela
occasionne. L’extraction de métaux & partir de minerais de métaux communs est effectuée par des
bactéries qui oxydent le sulfure comme T. ferrooxidans. Pour des minerais sulfureux réfractaires
contenant de I'or, ces bactéries peuvent ensuite &tre utilisées pour libérer le métal précieux qui ensuite
peut étre récupérer par des méthodes conventionnelles comme la cyanuration. Dans les deux cas, une
solution contenant du sulfate est générée. Elle peut &tre traitée par un procédé biologique breveté qui
comporte deux étapes, anaérobie et aérobie, et qui produit du soufre et de I'eau qui peut €tre réutilisée.
Pour le traitement des minerais et concentrés auriféres, un autre procédé biologique peut &tre
incorporé pour dégrader le cyanure libre, le thiocyanate et les complexes métalliques de cyanure qui
restent en solution aprés I’extraction de I'or. Les techniques biologiques existent actuellement ainsi que
les applications possibles pour un systéme intégré sont présentées.

Mots clés : Composé sulfureux complexe; composé sulfureux réfractaire; affinage des métaux

communs; métaux précieux; réduction biologique du sulfate; détoxification biologique du cyanure;
soufre élémentaire; traitement des effluents contenant du sulfate; traitement synergique.
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INTRODUCTION

The mining and milling of sulphidic gold ores is becoming increasingly complex due to the nature of
the ores treated, the processes employed for gold extraction, and improved corporate waste man-
agement responsibility due to increased environmental legislation and control. Increased interest,
research activity, and technical need have improved applications of biotechnological methods in metals
extraction and waste treatment to the point that an integrated biological processing flowsheet can be
considered. Figure 1 shows, conceptually, the use of biological processing to assist in metals extraction
and waste management practice in treating a complex sulphide ore or concentrate. The biologically
assisted processing steps include: (i) base metals extraction and refining, (ii) gold extraction and
refining by cyanidation, (iii) cyanide waste treatment, and (iv) thiosalt and sulphate by-product
treatment.

Briefly, base metal extraction, such as zinc or copper, is achieved in BIO 1, in Figure 1, through the
use of sulphide oxidizing bacteria such as Thiobacillus ferrooxidans. For refractory sulphidic gold ores
and concentrates the same bacteria types can be employed to liberate the precious metal from the
sulphidic host, BIO 2, for subsequent gold extraction by cyanidation. The resultant complex cyanide
solutions are treated biologically for cyanide detoxification and metals removal, BIO 3, to produce
either recycle process water or discharge quality effluent. The final biological treatment step, BIO 4, is
incorporated to treat complex acidic sulphate solutions; waste 1A, a thiosalt solution resulting from fine
grinding of sulphidic minerals; and waste 1B and 1C, complex sulphate and dissolved metal solutions
which are the products of the sulphide oxidative pretreatment steps, BIO 1 and BIO 2. A patented
two-stage biological process is employed to reduce sulphate to a final product of elemental sulphur,
metals removal to metallo-sulphide waste sludge, a carbonate-rich solution for recycle and pH buffering
capacity, and discharge quality water for either process recycle or discharge to the environment.

This paper provides a brief description of the biologically assisted metal extraction processes, which
have been reported in detail previously, and a more detailed description of the biological processes
involved in cyanide detoxification and sulphate reduction. Finally, an integrated process flowsheet is
described that incorporates several biological process steps incorporating both metals extraction and
waste treatment.

METALS EXTRACTION

Base Metals

Considerable attention has been directed towards extraction of base metals by bacterial methods.
Principally copper, zinc, and uranium have been the focus of process development to date. Biological
extraction of copper has been practiced for over 30 years in large copper dump leaching operations
(Corrans and co-workers, 1972; Bruynesteyn and Duncan, 1972). Uranium extraction by in-situ
sulphide biooxidation is presently practiced by Denison Mines (Gould and McCready, 1989). Typically
base metal sulphide concentrates are treated in smelter operation for metal refining. Base metal
concentrates are readily bioleached (Lawrence, 1974; Pinches, 1972; Bruynesteyn and Duncan, 1970)
and, in some cases, bioleaching might provide an alternative to smelting. Previous data suggests
(Lawrence, 1974) that some selective base metal oxidation might be possible as differential rates of
biooxidation typically follow, in order: galena, arsenopyrite, sphalerite, chalcopyrite, and pyrite. The
resultant sulphate solutions can reach metal concentrations typical of electrowinning operations: 25 g/L
Cu and 120 g/L Zn.

207



BIOHYDROMETALLURGY — 1989

Biological treatment of lead concentrates is not as likely as others because the resultant PbSO, from
sulphide biooxidation is insoluble and remains with the residue. Lead extraction using amines is
possible. Copper and/or zinc sulphide concentrates are more likely bioleach candidates, especially
combined with sulphide recovery for precious metals.

Figure 2 shows a conceptual base metals refining circuit using acidic biooxidation of sulphides to
supply lixiviant for base metals. The bioleach product reports to a dewatering/wash step where the
sulphate solution is washed from the residue for base metal recovery. The washed residue reports as a
final concentrate (for example, after removal of the zinc from a copper-zinc concentrate) or is
repulped for further processing (Figure 3). The resultant sulphate solution would report to conven-
tional hydrometallurgical refining processes. Note that waste heat from the biooxidation step can be
employed to heat solutions during refining for diluent removal and solution evaporative concentration.
The resultant barren sulphate solution can be recycled as required, depending on the acid balance,
and/or bled to a sulphate removal step (Figure 4).

Precious Metals

Most sulphides can be oxidized by bacteria (Lawrence, 1974; Pinches, 1972; Malouf, 1970) and
consequently highly complex sulphide concentrates containing precious metals can be pretreated for
cyanidation by biooxidation. There has been considerable attention focused on bioleaching of refractory
gold concentrates recently (Lawrence and Bruynesteyn, 1983; Marchant, 1986; Marchant and Lawrence,
1986) and therefore the details of the process are not described herein,

Figure 3 shows a typical flowsheet incorporating a biooxidation step to enhance gold extraction by
cyanidation from a refractory sulphide concentrate. The bioleach process shown here is much the same
as that shown in Figure 2. Similarly, the bioleach product reports to a solid-liquid separation step
where the sulphate solution is washed from the precious metals residue. The residue is neutralized and
cyanide leached by conventional methods. The sulphate solution is either recycled as required and/or
bled to a sulphate removal step (Figure 4). Note that the decant solution from the tailing pond, cyanide
laden, also reports to the sulphate removal step (Figure 4).

BIOLOGICAL SULPHATE REDUCTION

Sulphate wastes, such as those produced during sulphide biooxidation processes described in Figures
2 and 3, must be neutralized and the metals removed, and can present a serious environmental
pollution potential. A biological sulphate removal process has been developed for the treatment of
these, and other, sulphate wastes. The process was developed by CSIR (Maree and Strydom, 1985;
Maree and Strydom, 1987, Maree and co-workers, 1987a; Maree and co-workers, 1987b) for the
reprocessing of gypsum wastes. The process used at Coastech is also applicable to complex sulphate
solutions and acid mine wastes typically encountered during sulphide processing.

Briefly, the biological sulphate reduction process operated at Coastech consists of several process
stages: anaerobic sulphate reduction, H,S stripping, aerobic treatment, and sulphur production stages.
In the first stage sulphate is reduced to H,S when an energy source, such as molasses or producer gas,
is added. In the second stage, H,S is stripped from the water. In the third stage, residual organic
compounds are biodegraded aerobically and in the last stage H,S is converted to elemental sulphur.
This process is patented in South Africa and the United States, while patent applications in Australia
and Canada are pending.

Applications of biological sulphate reduction include:
s stack gas sulphate streams,

* waste gypsum (eg. fertilizer industry during the manufacture of phosphoric acid),
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¢ hydrometallurgical sulphate or ammonium sulphate based extraction process effluents,
¢ sulphide oxidative pretreatment effluents (eg. bioleaching, roasting, pressure oxidation),
¢ soluble thiosalt removal following fine grinding of sulphides.

¢ acid mine drainage

Potential users include operating base metal and/or precious metals mines, copper dump leach
operations, roasting operations, smelting operations, metal refineries and plating operations, power
stations, and fertilizer manufacturers. The inherent advantages of the sulphate reduction process
compared with neutralization with lime and/or limestone inciude:

(i) elimination or reduction of lime required,

(ii) elimination or reduction of sludge by-products (gypsum and hydroxides), and related scale
and ponding capacity,

(iii) a simple carbon source is the only consumable,
(iv) saleable elemental sulphur is the primary co-product,
(v) the final sotution product is buffered to pH 7.0 to 7.2 by carbonate by-product,

(vi) simple process control and process flexibility.

The sulphate reduction process is described in more detail in Figure 4. Each unit process can be
described:

Anaerobic Stage

In the anaerobic stage, molasses is fermented to lactic acid, which is used as carbon source by the
sulphate reducing bacteria to produce H,S and fatty acids such as acetic acid. Other carbon sources can
be employed, such as producer gas, resulting in a simpler overall reaction, and a carrier gas source.
Toxic heavy metals in the water are precipitated as the corresponding metal sulphides. The fact that
alkalinity is produced, makes the direct neutralization of acidic water possible. Traditionally, acid water,
such as acid mine drainage, is neutralized with lime, With the sulphate reduction process, both
neutralization and sulphate reduction can be achieved after addition of a carbon source. In the case of
alkaline sulphate solutions a slight pH rise might be expected. The reactions that take place in this
stage are the following:

CoH3,0,, + H;O =»4CH;CHOHCOOH 1)

2CH;CHOHCOO + SO,==-» 2CH;COO" + 2HCO, + H,S (2)
(sulphate reduction and alkalinity production)

M?* + §7 —» MS 3)

(heavy metal precipitation)
Where a simpler carbon source is employed the net reaction can be represented by:

2C + SO, + 2H,O=-» H,S + 2HCOy 4)

Stripping Stage

The residual H,S in solution after the anaerobic stage, is stripped with a carrier gas. The mixture is
then transported to the sulphur production stage.

H,S(aq) + carrier gas =~ H,S(g) + carrier gas 5
(mass transfer from liquid to gas phase)
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Aerobic Stage

The effluent from the stripping stage contains a high colOcentration of organics which need to be
biodegraded in the aerobic stage. Here the metabolic end-products from sulphate reduction, such as
acetic acid, are converted to CO, and the residual sulphide oxidized to sulphate. The net result so far is
that sulphate has been replaced by carbonate. This causes partial desalination of the water. Cyanide, if
present, is also biodegraded at this stage. These reactions could be represented as follows:

CH;COOH + 20, -»2CO, + 2H,0 (6)
(aerobic biodegradation)
ST + 20, ~»S0,~ (7

(suOlphide oxidation)

Note that CaCO; is produced when sufficient calcium occurs in the feed, otherwise a saturated HCOy
product prlevails (see reaction (4) ).

CaZ* + CO3= "‘)CaCOg (8)

Sulphur Production Stage

In the sulphur production stage, hydrogen sulphide is oxidized to elemental sulphur by bubbling it
through an iron (III) solution.

H,S + 2Fe* ~»S° + 2Fe?* + 2H* ©)]
(sulphur production)

Where the Fe** can be regenerated internally using Ferrobacillus ferrooxidans and air, or the sulphur
production can be accomplished photosynthetically as shown in Figure 4:

2H,S + CO, Mt 2¢0 4 ¢ + 21,0 (10)

Secondary Anaerobic Stage

A second anaerobic stage is incorporated in Figure 4 to ensure reaction completion, especially if a
complex carbon source is employed.

The final solution, HCOj rich, can be recycled as required internally to the sulphate reduction process
and as a neutralization source elsewhere during sulphide processing and as a source of CO, during
sulphide biooxidation. Note that the carrier gas for H,S stripping (N,) can be recycled. If producer gas
is used (CO, CO,, N,) all of the necessary raw materials are supplied to the anaerobic stage as a single
gaseous source.

Additional detail on the biological sulphate reduction process has been described (Marchant and
co-workers, 1989).

BIOLOGICAL CYANIDE DETOXIFICATION

Biological cyanide detoxification processes take advantage of naturally occurring biochemical
mechanisms to convert and/or metabolize cyanide species to inert compounds and fix heavy metals
derived from the decomposition of soluble complex cyanide species. This section will briefly describe
the nature of the biomass employed in cyanide detoxification, the primary mechanisms involved,
processing alternatives, some recent results from commercial scale operations of Homestake Mining and
Gold Fields Mining employing biological cyanide treatment, and application of the sulphate reduction
process shown in Figure 4 for cyanide and complex cyanide detoxification.

Biomass and Mechanisms

Biomass used in cyanide detoxification include, but are not limited to:
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Fungi — Fusarium, Pholiota, Rhizopus
Bacteria — Bacilli, Thiobacilli, Actinomyces, Pseudomonas

Successful cyanide treatment systems are generally heterogeneous populations, where co-metabolism is
the important overall mechanism. In other words, the sequential breakdown of cyanide compounds by a
number of different micro-organisms. This characterization of mixed cultures has interesting practical
applications for selective use of micro-organisms and process objective. Most cyanide tolerant micro-
organisms are naturally occurring in various soils.

There are no general mechanisms of cyanide detoxification by biological routes due to the wide range
of operating conditions, biomass, cyanide species, and solution chemistry. The mechanisms can,
however, be classified into three primary groups:

Metabolism
Adsorption
Stripping/absorption

The long term objective is biological degradation of cyanide to inert constituents by metabolic
processes. The metabolic processes can be divided into two groups:

Assimilation
Conversion

where assimilation describes complete degradation of the cyanide as a carbon and/or nitrogen source in
metabolic pathways ultimately as amino acid or protein compounds within the cellular milieux. Usually
a secondary source of carbon, such as glucose or other easily oxidized hydrocarbon, and nutrients, such
as phosphate, are required to enhance the rate of cellular growth and thus cyanide degradation.
Cyanide typically interferes with cellular oxidation processes, by binding with the iron group of
cytochrome oxidase, and therefore inhibiting oxygen use for cellular metabolism. Those organisms that
have developed a cyanide resistant cytochrome oxidase path have the ability to assimilate cyanide
species.

Conversion usually describes the use of cyanide as a precursor in some metabolic pathway, assisted by
various enzymes such as formamide hydrolase, cyanide hydratase, rhodanese, and various other
synthase compounds. There is no assimilation of either carbon or nitrogen. Typical by-products of
cyanide degradation include carbon dioxide and ammonia.

Adsorption and stripping are generally the first mechanisms of cyanide removal from solution and are
attributed to cell wall interactions such as polysaccharide matrices of flocculating bacteria. Stripping
and adsorption are common mechanisms from solutions >50 mg/L. CNT, however, the ultimate fate of
cyanide is some form of metabolism as there is generally no accumulation of cyanide species in the
biological sludge. The rate of metabolism will vary from one system to another depending on a number
of variables such as substrate, mass transfer, solution chemistry, temperature, nutrients, pH, SCN/CN
ratio.

Spore forming micro-organisms are particularly important due to the resistance of spores to mechanical
and chemical factors. The relative toxicity of metals in solution varies greatly depending on the biomass
employed and prevailing operating conditions. Generally, metallo-cyanide complexes are biodegradable
in much the same fashion as free cyanide species.

Thiocyanate is degraded rapidly by either direct assimilation of the carbon and nitrogen and an
oxidized sulphur compound or by conversion to cyanate and elemental sulphur and subsequent
conversion to CO,, ammonia, and sulphate.

Processing Alternatives

Commonly practiced processing mechanisms for biological cyanide degradation are shown in Table 1.
The choice will depend on the type of solution for treatment, the nature of the operations (eg.
continuous, large scale, etc.), and the ultimate route for the treated product. In general, bleed solutions

211



BIOHYDROMETALLURGY — 1989

are the most easily treated, especially if there is a dilution source prior to biological degradation. If the
objective is to treat a heap leach solution it is best to treat the pond rather than the heap, for control
purposes. If a slurry effluent is treated, more sophisticated reactors must be employed.

TABLE 1

Processing Equipment Alternatives

SOLUTIONS SLURRIES
Trickling Filters Splash Towers
Activated Sludge CSTR

Extended Aeration

Fixed Bed Enzyme Columns
Fluidized Bed Reactors

Fixed Film Reactors

Rotating Biological Contactors
(RBC)

Splash Towers

Aerated Filters

CSTR

For solutions, the most common processing equipment anticipated on a large scale include fixed film
and rotating biological contactors, aerated filters, and stirred tank reactors (CSTR). For slurries, to
improve substrate availability and degradation kinetics, equipment will be limited to splash towers and
CSTR’s. For integrated biological processing the equipment used for sulphate reduction, Figure 4, will
be common to both sulphate solution processing and cyanide detoxification. The process is not
applicable to cyanide laden slurries.

Applications and Results

The first commercial operation in a mining application treating cyanide laden milling effluent streams
biologically was reported by Homestake Mining Corporation at their Lead, South Dakota operations. A
summary of published results is shown in Table 2, from commercial scale rotating biological contactor
operations treating a diluted cyanide contaminated bleed stream using Homestakes’ patented biological
cyanide treatment process:

212




BIOHYDROMETALLURGY — 1989

TABLE 2
Homestake RBC Operating Results (Whitlock and Mudder, 1986)

(mg/L)
Solution Constituent Feed Product
CNS 45 -175 <(.1
CN 1-10 0.3
CNT 0.5-5.0 0.02
Fe 0.5-2.0 <0.1
Cu 0.1-15 0.05
Ammonia 1.0- 6.0 0.10

Gold Fields Mining Corporation has reported data (Thompson, 1989) from operating heap leach
operations where total cyanide levels in outflow solutions degraded form 150 mg/L to 30 mg/L after
only six months of weathering. However, total cyanide levels of 10-30 mg/L persisted after four years.
The importance of biological enhanced heap detoxification is apparent from these data.

Gold Fields trials using mixed biological cultures showed:

TABLE 3
Gold Fields Test Data

(mg/L) CNT
Bottle Column Field
Test 123 to <0.1 125 to <0.1 77to 3.8
Control 117 to 53 127 to 49 27 to 23

The process shown in Figure 4 can be employed for cyanide detoxification. Metallo-cyanide species are
reduced in the anaerobic reactor to the corresponding metallo-sulphide, when sufficient sulphate is
present, and free cyanide and/or HCN. The free cyanide and HCN (stabilized in solution by HCOy)
report to the aerobic stage where the cyanide is decomposed by various pathways described above. Note
that a solution mixing step should be incorporated where sulphate and cyanide solutions are combined,
along with HCOjy rich recycle solutions. Results to date indicate <1 mg/L. CNT in the treated solution
following aerobic processing and metals effectively removed.

Comparison with Alternatives

Comparing biological cyanide degradation with chemical processes shows:

TABLE 4

Comparison of Alternatives

Process CNS CNT Ammonia Metals
Alkaline Chlorination Yes No Yes No
SOy/air (Cu) No Yes No Yes
Peroxide (Cu) No Yes No Yes
A/VIR No Yes No Yes
Biological Yes Yes Yes Yes

The biological processing alternative is apparently competitive with alternatives technically. Note that
there is no benefit of cyanide recovery such as that with A/V/R technology. An important long term
benefit of biological processing is the complete removal of thiocyanate species.
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Limitations

Biological cyanide degradation is presently limited to relatively dilute solutions of simple solution
chemistry and relatively high SCN/CN ratios. Improved toxicity tolerance is a function of biomass
acclimation and can be accelerated by standard microbiological methods.

INTEGRATED PROCESSING

Figure S describes the integration of the unit processes shown in Figures 2, 3, and 4. The synergistic
process proposed incorporates base metal bioleach extraction from a complex sulphide concentrate
followed by secondary biooxidation to enhance precious metals recovery by cyanidation. The combined
sulphate waste solutions are combined with cyanide laden tailings decant solution and base metal
solution refining reject precipitates and treated in a biological sulphate reduction step to produce
recycle process water and water for discharge to the environment. The final commercial products
include a base metal electrowinning product, elemental sulphur, precious metals bullion, and reusable
water. There is potential for secondary metal production by refining the sulphide sludge from the
anaerobic reactor during sulphate reduction, depending on the feed type and grade.

Process synergism is demonstrated in the following areas:

e combined treatment of sulphate solutions produced during biooxidation and metallic
precipitates from base metal solution refining in a common biological sulphate process
producing saleable elemental sulphur from sulphate waste and a more stable metal sulphide
solids product,

¢ CO, generated during aerobic processing and secondary biooxidation residue neutralization can
be used as a carbon source for both biooxidation stages,

* final sulphate reduction solution, carbonate-rich, can be recycled for use as a pH control during
biooxidation, bioleach residue wash water, and as a neutralizing source prior to cyanidation,

» the sulphate reduction process can co-treat complex metallo-cyanide solutions to remove
soluble metals and decompose cyanide species, which allows cyanide process water recycle to
bioleach processing,

e reuse of cooling water from bioleach processing to heat base metal solutions for refining
purposes and evaporative concentration of both base metal refining solutions and carbonate
recycle water. Integrated cooling and heating would be especially attractive if the refractory
sulphide biooxidation step is conducted at elevated temperatures (Lawrence and Marchant,
1987; Brierley and Brieriey, 1986).

It is apparent that biological processing has a wide range of application in sulphide processing. It has
been shown here that biological processes can be integrated to assist in the extraction and refining of
both base and precious metals from sulphide minerals and concurrently produce saleable co-products,
eg. elemental sulphur, reusable or discharge quality water, and terminal destruction or removal of
potential environmental contaminants. There is an increasing understanding of mixed culture systems
and potential synergistic processes using biological techniques that are both versatile and resilient. All
of the biological processes described herein are operational at Coastech. However, due to the
complexity of the processes and feed materials involved, each case must be tested, demonstrated,
examined for economic viability, and sound engineering principles applied for confident commercial
evaluation of integrated biological processing as proposed.
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BIOREACTOR SCALE-UP: PRACTICAL CONSIDERATIONS FOR
BIOLOGICALLY ASSISTED GOLD RECOVERY

E. A. Griffin * and L. Luinstra
Eimco Process Equipment 414 West 300 South Salt Lake City, Utah 84110

ABSTRACT

A Dbioreactor must be designed to meet the specific needs and constraints of a particular process in
order to achieve production goals. Scale-up of bioreactor prototypes involves progressing from a
laboratory-scale investigation to a practical and economical industrial level. As portions of the
mining/mineral industry contemplate installing large-scale continuous bioreactor systems for biologically
assisted metal recovery, many issues must be considered.

This paper discusses a practical approach to bioreactor scale-up that was developed by EIMCO’s
bioleach research team as they focused on improved engineering technology and reaction kinetics.
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MISE AU POINT D’UN BIOREACTEUR DESTINE A L’INDUSTRIE :
CONSIDERATIONS PRATIQUES DANS LE CAS DE LA RECUPERATION DE
PARTICULES D’OR PAR UN PROCEDE BACTERIEN,

E. A. Griffin * et L. Luinstra

Eimco Process Equipment )
414 ouest 300 sud Salt Lake City, Utah E.-U.

RESUME

Pour que les objectifs de production puissent &tre atteints, un bioréacteur doit &tre con¢u de fagon 2
remplir les besoins spécifiques et A satisfaire aux contraintes d’un procédé donné. Pour qu’un
bioréacteur soit utilisable dans P'industrie, il faut augmenter la taille du prototype de laboratoire.
Comme certaines industries oeuvrant dans les domaines minier et métallurgique comptent installer des
bioréacteurs de taille industrielle pour la récupération des particules de métal par procédé bactérien, il
faut prendre de nombreux facteurs en considération.

Cet article traite de P'approche pratique développée par 1’équipe de recherche en biolixiviation

d’EIMCO pour augmenter la taille des bioréacteurs. L’équipe s’est concentrée sur l’amélioration
technique des réacteurs et sur la cinétique des réactions.
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INTRODUCTION

Although biologically-assisted heap leaching has been practiced for many years, the direct bacterial
leaching of sulfide minerals for the purpose of improving gold extraction from refractory ores
(bioleaching) has recently come under consideration by the mineral processing industry. The use of
bacteria to enhance gold recoveries has been adequately demonstrated at the laboratory and pilot plant
level (1, 2, 3). Process scale-up has been complicated by the lack of full-scale bioleaching equipment.

Scale-up is not a simple matter of multiplication. The parameters that govern growth of micro-
organisms in shaker flasks are not necessarily the same ones that apply at the hundred, thousand, or
several hundred thousand liter level. Bioleaching process kinetics are complicated by the interaction
between microbial growth and rate of mineral solubilization.

Commercial feasibility of the bioleaching process depends upon the ability of the full-scale system to
meet design goals as defined during laboratory and pilot test work. Full-scale bioleaching circuits must
be able to support an active biomass with a high cell density (10° - 10° bacteria/ml) and minimize mass
transfer limitations with respect to oxygen, carbon dioxide, and other nutrients. In order to achieve
maximum kinetics, a continuous process with balanced flow rates and the ability to control buildup of
inhibitory components over time is essential,

Practical aspects addressed by EIMCO during the development of an innovative bioleaching bioreac-
tor are discussed in the following sections.

THE EIMCO BIOLEACH PROJECT

EIMCO has been involved in research dedicated toward the development of a bioreactor capable of
handling the bio-oxidation of refractory gold and silver ores and concentrates for over five years.
During this time, over twenty different refractory samples have undergone bio-oxidation in the EIMCO
equipment.

Testing a variety of materials has allowed evaluation of equipment performance under a wide range
of operating conditions. Processing feeds with a sulfur content ranging from 3 - 40%, arsenic levels up
to 12%, and oxygen demand up to 1,500 mg O»/liter slurry/hour resuited in a number of modifications
to the bioreactor and defined design criteria with respect to operating variables.

The EIMCO Bioleach process utilizes naturally occurring microorganisms that oxidize pyrite and
arsenopyrite as part of normal metabolism. Bacterial leaching refers to the role of bacteria, primarily
Thiobacillus ferrooxidans, but also Leptospirrillum ferrooxidans, and other species of Thiobacillus in
the solubilization of minerals. These bacteria thrive in an aerobic, acidic, inorganic environment, and
derive energy from the oxidation of reduced inorganic sulfur compounds and ferrous iron. During
bacterial activity, the surface characteristics of the sulfide mineral particles are changed resulting in
improved accessibility to the gold by cyanide solutions during subsequent processing.

To accommodate the bacterial process, the bioreactor has been designed to maintain a healthy and
prolific culture of bacteria and to allow control of the process environment. The EIMCO bioreactor is
basically a modified slurry agitator. A thickener drive is used to rotate rake arms that support the
diffuser-based aeration system. The reactor is constructed of materials that can withstand the strong
oxidizing environment and that are not toxic to the micro-organisms, The reactor is illustrated in
Figure 1.

Fine bubble aeration is accomplished by passing air through flexible membrane diffusers mounted on
the rotating rake arms. This also provides considerable turbulence for mixing purposes. The diffuser
material is selected to withstand the abrasive nature of the biooxidation slurry. Solids that settle on the
bottom of the tank are raked to the center where an airlift pumps them back to the top for
resuspension.
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The tank is baffled to enhance mixing, and when increased turbulence is required, an impeller is
mounted on the airlift shaft to provide additional mixing. In that situation, the aeration system is
separated from mechanical mixing. The reactor can be equipped with a variable speed drive, and,
depending on the application, any number of reactors are arranged in a cascading system to permit
continuous feed and overflow.

REACTION KINETICS

The primary scale-up factor for a given bioleach system focuses on the reaction kinetics. For
bioreactor development and scale-up purposes, EIMCO used experimental data from laboratory and
pilot bioleaching tests to provide an estimation of rate controlling steps.

Pilot plants which incorporate EIMCO 60-liter bioleach reactors are assembled in cascading fashion
to permit continuous overflow to the succeeding stage. Three stages are normally required for a
bioleaching circuit. Bacterial growth is initiated in the first stage, often it is prudent to split the first
stage between two reactors to allow greater residence time. The second stage generally exhibits the
highest kinetic rates, as bacterial attachment has already occurred and ample sulfide is still available for
consumption. The third stage normally exhibits the lowest kinetic rates since the food supply is
essentially exhausted. This final stage operates at nearly constant sulfide concentrations, which by
necessity is the design sulfide content necessary to achieve the desired gold extraction.

The EIMCO bioslurry reactor behaves as a continuous back- mixed reactor, i.e., each mineral particle
has an equal probability of exiting through the overflow at any given time. Since the reactor operates at
steady-state, the kinetics are not time dependent and the reaction rate can mathematically be set equal
to the difference between mass quantities of oxidized aqueous products exiting and entering the reactor
per unit time, divided by reactor volume. Measuring the kinetic rate involves two steps: 1) measuring
liquid flows into and out of the reactor; and, 2) analyzing influent and effluent liquid flows for
dissolved iron, arsenic, and sulfate. Typical kinetic data for a bioleach circuit operating on an
arsenopyrite concentrate are given in Table 1.

PRACTICAL CONSIDERATIONS DURING BIOREACTOR SCALE-UP

Before bioreactor scale-up occurs, the basic bioleaching operating parameters for the particular ore
or concentrate of interest must have been examined. The following lists parameters and specific
considerations:

* Sulfide content: Expected process ranges and the ability of the culture to adapt to variations in
the feed material should be assessed.

* Sulfide oxidation: The degree of oxidation required to achieve the desired gold recovery must
be determined.

e Temperature: To achieve optimum productivity, the temperature of the bioreactor must be
maintained within a fairly narrow range (32-42°C). The sensitivity of the culture to swings in
temperature should be examined, and methods of heat control evaluated.

® Pulp density: Careful consideration should be given to the percent solids as this parameter
impacts residence time, bacterial activity, oxygen transfer, and mechanical handling,

® Feed particle size distribution: The optimum particle size distribution is dependent upon the
particular feed material. To establish the optimum distribution, a range of particle size
distributions and varying degrees of biooxidation should be investigated. The cost of grinding
the feed material and the improvement in gold recoveries due strictly to regrind must be
considered.

* Dissolved oxygen: The information available concerning background dissolved oxygen content is
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contradictory (4,5) and should be determined by laboratory test work.
¢ Bacterial Strain Adaptation: It is important to use a culture that has been well adapted.

¢ Nutrient addition: In addition to O, and CO,, it may be necessary to add trace nutrients not
present in the feed material (Mg, K, N’ PO,).

¢ pH: In order to avoid jarosite formation and culture shifts, the pH should range between 1-2.
Strategies for maintaining pH control within the reactors should be determined during pilot test
work.

* Bacterial inhibitors: Inhibitors and toxins must be identified. Care should be taken to avoid
using materials of construction that may repress the culture,

Efficient oxygen transfer is a dominant design feature for a bioleach reactor. Overall process
economics are influenced by power cost incurred when meeting extremely high oxygen demands. Solids
suspension is another important design feature, especially in concentrate oxidation, since the solid
particles have high specific gravities, and if allowed to settle, will pack tightly. Resuspension of coarse
materials is required to avoid accumulation of solids within the bioreactor. The need for localized
turbulence has been identified as a factor in providing an adequate oxygen supply to the bacteria and
as an aid in removal of accumulated by-products from particle surfaces. Oxygen transfer and mixing
considerations are discussed in more detail in the following sections.

OXYGEN TRANSFER

Though it has been reported that T. ferrooxidans is capable of oxidizing sulfur anaerobically (6), the
chemistry of primary interest involves oxidation under aerobic conditions, therefore, oxygen is an
essential feed stream. Oxygen transfer requirements must be carefully considered during design as the
bioreactor environment must achieve an acceptable oxygen mass transfer capability at a minimum cost.
If the oxygen transfer ability of the equipment is exceeded by the bacteria’s ability to consume oxygen,
the soluble oxygen will be depleted by the bacteria. As bacterial kinetics drop due to lack of oxygen,
the soluble oxygen is restored, and in time, the bacterial culture will adapt to the oxygen limitation.
System cycling will occur and this will result in slower kinetics since the process is operating well below
its potential.

Design of the full-scale system requires detailed oxygen demand data for the culture involved. Rates
of oxygen consumption in a continuous process will vary between reactor stages as indicated by Table
2. Oxygen uptakes exceeding 1,500 mg O,/liter slurry/hour have been encountered during pilot plant
test work in the EIMCO Bioleach lab.

In order to minimize aeration costs, the actual oxygen demand should be determined and the
minimum air flow rates for adequate oxygen supply to the bacterial population should be defined.

Techniques have been established to measure how well an existing bioreactor system is transferring
oxygen. The measurement of the mass transfer coefficient for oxygen (Kia) is a useful way to
characterize bioreactors for aerobic processes. The K, term is the liquid-film coefficient for the transfer
of oxygen from the air bubble into the slurry and is usually the rate controlling term for oxygen
transfer. The interfacial area per unit volume is represented by a and is grouped with the transfer
coefficient because of the difficulty to determine this area.

The oxygen mass transfer rate equation is shown in Figure 2. Under steady state conditions, dc/dt is
zero, and the rate of oxygen utilization should equal the rate of oxygen dissolution. Alpha and beta are
used to extrapolate clean water data to oxygen transfer in a bioleach slurry. When alpha is greater than
1.0 and beta is less than 1.0 (typical of a bioleach system), the background concentration, C, has a
definite effect on oxygen transfer. Background dissolved oxygen concentrations of at least 2 mg/liter
slurry are maintained in the EIMCO bioslurry reactor to ensure that dissolved oxygen availability is not
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limiting the process (5). The effect of static head at the bottom of the reactor and calculation of an
equilibrium oxygen concentration that represents an average of top and bottom values are needed when
evaluating tanks larger than 500 liters.

Aeration rate is defined as the absolute amount of oxygen available to transfer into the system.
Oxygen transfer in the EIMCO bioreactor is accomplished by passing air through fine bubble diffusers
mounted on the rake arms which rotate near the bottom of the tank. The process air enters the
bioreactor through a rotary valve above the reactor drive, proceeds down through the center column,
and is distributed to the diffuser manifolds (see Figure 1). This design promotes decreased bubble
coalescence, reduction of the average bubble size diameter, an increase in the interfacial area for
oxygen transfer, and enhanced oxygen transfer, especially at the larger scale.

The transfer efficiency dependence on depth has been assessed during clean water testing of the
commercial size diffusers. Figure 3 presents standard oxygen transfer and standard aeration efficiencies
for the EIMCO diffuser with respect to depth. The data indicates an increase in efficiency with increase
in diffuser depth. Laboratory and pilot testing indicate that Bioleach systems perform better than clean
water systems in terms of oxygen transfer efficiency and slightly worse in terms of standard aerator
efficiency (due to mixing energy requirements of a slurry).

The effect of bioreactor design modifications on oxygen transfer is a complex problem and further
complicated by the growth cycle of the bacteria. The scale-up approach being used by EIMCO involves
holding the overall mass transfer coefficient (K a) for oxygen constant and assuming that the reactor is
well mixed.

MIXING REQUIREMENTS

Mixing Reynolds number has a significant impact on the oxygen mass transfer coefficient (Kia).
Mixing in the EIMCO bioslurry reactor occurs primarily because of gas dispersion, Original pilot plant
work and data obtained from the 6.5m (20 ft) deep reactors in Zimbabwe indicated that relatively
stagnant regions existed within the reactor, particulariy at the lower depths. To remedy this situation a
high pumping, low shear axial flow hydrofoil has been mounted concentrically with the airlift shaft and
is driven by an independent variable speed drive. The mechanical aspects of this type of design are well
proven and have been adopted from the EIMCO Reactor-Clarifier™.

The dual drive concept has been tested side-by-side with a turbine mixed reactor in the EIMCO
laboratory. Three impeller types have been tested in the turbine reactor, Rushton radial flow impeller’
a pitched blade axial flow impeller’ and a gas dispersing axial flow impeller. Impeiler details are
presented in Table 3.

The Rushton turbine worked effectively for gas dispersion, but had the disadvantage of high power
consumption, high shear, and poor pumping characteristics. Bioleach kinetics were severely reduced at
higher rotational speeds (330-350 rpm) and stopped altogether when the tip speed exceeded 180 m/min.
Sludge buildup also prevented long-term continuous operations of the overflow reactor and the reactor
had to be shut down after two months of operation for clean out.

The pitched blade impeller yielded poor kinetic rates and frequent inoculations of fresh biomass were
required to keep the biological population active. The best impeller tested in the turbine reactor was
the axial flow gas dispersing type. The kinetics possible with this reactor were equal to the kinetics
obtained by the EIMCO design - however the power consumption was over 2 kw/m*® as compared to
the EIMCO power consumption of 0.3 kw/m3, It must be pointed out that these tests were conducted
at the 60 liter scale and power consumption cannot be directly compared to a full scale system.
Estimated power consumption on a larger scale (100 -220 m*) would range between 0.6 to 0.8 kw/m?
for a turbine mixed system and less than 0.1 kw/m® for the EIMCO reactor.
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SUMMARY

The EIMCO bioslurry reactor has been designed to meet the specific requirements of the bioleaching
process in order to achieve production goals. Along with bioreactor scale-up issues, special attention
has been paid to flowsheet development with respect to solid/liquids separation, waste liquor neutraliza-
tion/stabilization, and biological cyanide destruction.
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TABLE 1

KINETIC DATA FOR BIOLEACH CIRCUIT OPERATING
ON AN ARSENOPYRITE CONCENTRATE

Average Average Plant
Oxidation Rate Oxidation Rate
Week Stage S gpl/day S g/l/day
1 1 4.2
1 2 5.6
1 3 1.3 3.7
2 1 34
2 2 7.6
2 3 29 4.6
3 1 34
3 2 5.3
3 3 24 3.7
4 1 4.9
4 2 6.3
4 3 4.4 5.2
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TABLE 2

EXAMPLE OXYGEN DEMAND OVER ONE WEEK OF OPERATION
60-liter Continuous Train®

Bioreactor Demand (Range)
Stage # mg Ofliter slurry/hour®
1 312-391
2 201-336
3 148-252

(a) Arsenopyrite concentrate

(b) Measured daily using an oxygen uptake method. YSI probe calibrated by air saturation method.

TABLE 3

BIOLEACH MIXING STUDY IMPELLER DETAILS

Bioreactor Design Description Diameter Power # Shear RPM
cm

EIMCO Bioslurry Hydrofoil; 254 0.3 Very 10-80

Axial flow low

Conventional Flat blade: 20.3 “5.6 High 160-400
Radial flow .
45° Pitched 15.2 “1.0 High 200-400
blade; Axial
flow
Axial flow; 25.4 1.0 Medium 350

Gas dispersing
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Eimco Aerolift™ Bioreactor
Reactor Details

t—Baffles

Fine-
=€-— Bubble
Diffusers

Fig. 1 EIMCO Bioreactor Details

Oxygen Transfer

—gf -~ @K (BCsC) - In
dc
dt = Rate of Increase in Oxygen Concentration
Kia =  Mass Transfer Coefficient (Clean Water)
a = Multiplier on Rate (Clean Water to Bioleach Solution)
Cs = Oxygen Concentration at Saturation (Clean Water)
B = Multiplier on Saturation Concentration
C = Oxygen Concentration
I'm =  Oxygen Utilization Rate (Chemical and Biochemical)

E EIMCO

Fig. 2 Oxygen Transfer Equation
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fINE BUBBLE DIFFUSERS

Oxygen Transfer and Aerator Efficiency vs. Diffuser Depth

/ooy 15

Air rate
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DIFFUSER DEPTH - meters

Fig. 3 Oxygen Transfer and Aerator Efficiency as a Function of Depth
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USE OF A MODERATELY THERMOPHILIC BACTERIAL CULTURE FOR THE
TREATMENT OF REFRACTORY ARSENOPYRITE CONCENTRATE.

P.A.Spencer *, J.R. Budden * and R. Sneyd®.

* Transworld Mining and Minerals (Australia) Pty. Ltd.
+ Minproc Engineers Pty. Ltd., Brisbane.

A moderately thermophilic bacterial culture has been used in the treatment of a refractory ar-
senopyrite culture. The culture had a wider range of operating temperatures than Thiobacillus cultures
and was more suited to the high summer temperatures experienced in Australia. Laboratory testing
showed the thermophilic bacteria could operate under conditions similar to those used for Thiobacillus
cultures and could treat a large range of sulphide samples. The optimum bio-oxidation conditions
developed in the laboratory were tested on a commercial concentrate at pilot plant scale for 7 months
without a loss of bacterial activity. The culture was able to maintain the optimum oxidation rate over
the range 30 to 49°C and could tolerate very high arsenic concentrations (25 g/L) without affecting the
oxidation rate. The data generated during the pilot plant operation was used to complete an en-
gineering design study for a commercial scale plant. Capital and operating cost estimates specific to this
concentrate and its remote location are given.
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UTILISATION D’UNE CULTURE DE BACTERIES MODEREMENT
THERMOPHILES POUR LE TRAITEMENT DE
CONCENTRES D’ARSENOPYRITE REFRACTAIRE

P.A. Spencer*, J.R. Budden*, et R, Sneyd +.

* Transworld Mining and Minerals (Australia) Pty. Ltd.
+ Minproc Engineers Pty. Ltd., Brisbane, Australia.

RESUME

Une culture de bactéries modérément thermophiles a été utilisée pour le traitement de ’arsénopyrite
réfractaire. La gamme de températures a laquelle ces bactéries sont efficaces est beaucoup plus grande
que celle de Thiobacillus; elles sont donc mieux adaptées aux températures €levées des étés australiens.
Les expériences en laboratoire montrent que les bactéries thermophiles peuvent &tre utilisées dans les
mémes conditions que Thiobacillus et peuvent traiter un grand nombre d’échantillons sulfurés. Les
conditions optimales de biooxydation déterminées en laboratoire ont éié vérifiées sur un concentré
commercial dans une usine pilote pendant sept mois, sans qu’il y ait diminution de I'activité
bactérienne. Le taux d’oxydation optimal est maintenu i des températures variant de 30 a4 49°C et les
bactéries peuvent tolérer des concentrations élevées d’arsenic (25 g/L) sans que cela n’altére le taux
d’oxydation. Les données recueillies pendant les tests a 'usine pilote ont été utilisées pour compléter

une étude de conception d'une usine commerciale. Un apergu des cofits d’opération et des cofits en
capital relatifs au traitement de ce concentré et i son emplacement retiré est donné.
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INTRODUCTION

Considerable investigation has been conducted into the use of Thiobacillus ferrooxidans and mixed
cultures containing these bacteria in the treatment of metal sulphide minerals. Thermophilic cultures
have recently received greater interest than previously with most emphasis on Sulpholobus cultures.
Moderately thermophilic cultures have received only minor attention by comparison despite having
some potential advantages.

Moderately thermophilic bacterial cultures have received far less attention than either Thiobacillus or
Sulpholobus cultures but in some cases have been shown to be capable of treating a similar range of
sulphide minerals with the advantage of higher metals resistance (Brierley, 1987). The moderately
thermophilic culture used in this work has previously been shown to be able to treat a range of
minerals and release the metals for recovery (I. Barrett et al, 1988). The conditions, with the exception
of temperature, were very similar to those used for Thiobacillus ferrooxidans. The temperature range
for maximum iron oxidation was found to be 40°C and 45°C with reasonable rates in the range 30°C
to 49°C as shown in Figure 1 (P.A. Spencer, 1988). The culture was capable of sustaining the
maximum bio-oxidation rate for an arsenopyrite concentrate in solutions with arsenic concentrations up
to 25g/L. arsenic. This moderately thermophilic bacteria has benefits in hotter regions because the need
for expensive reactor cooling is reduced or removed entirely. Higher percentage solids and therefore
smaller plant sizes are made possible by the high oxidation rates at high metals concentrations. Heating
should be minimal, particularly in warmer climates.

There have been many reports on laboratory and even pilot plant tests using Thiobacillus cultures
but there has been limited emphasis on how the results might be applied to the design of a commercial
bio-oxidation plant. To date there have not been any reported applications of thermophilic cultures
other than at a small laboratory bench scale. This paper describes the use of a moderately thermophilic
culture for the bio-oxidation of a commercial arsenopyrite concentrate and indicates how the laboratory
data can be applied to the design of a commercial bio-oxidation plant. Estimated capital and operating
costs have been calculated.

PROCEDURES

The sample used in this case study was a commercial arsenopyrite concentrate from an operating
mine in Western Australia. Ambient summer temperatures in the mine locality exceed 45°C in most
years. The concentrate assayed 16.7% arsenic, 28% iron, 34% sulphur and 50g/t gold. Nickel assays
were variable but could be as high as 1.2%. The arsenopyrite concentrate was 80% passing 45 microns
and further grinding was not normally necessary. The gold was extremely fine and could not be
liberated even by grinding to 100% passing 5 microns (R. Dunne et al, 1988).

The culture was maintained at 1 to 5% solids in a 9 liter air agitated pachuca reactor. Inoculum was
removed as needed for the stirred reactor tests.

All testing was performed in the temperature range 40°C to 45°C when measured in the slurry.

Batch Testing

Batch bio-oxidation tests were given a 10% v/v inoculum with the balance of the volume being added
as pH adjusted nutrient solution. The reactor was allowed to reach temperature before the sample was
introduced. All solids densities have been expressed as % weight/volume,

The bio-oxidation progress was monitored by measuring the soluble iron and arsenic, by measuring

Eh and by measuring oxygen uptake rates. The pH was reasonably static due to the ion exchange
properties of some of the clay minerals in the concentrate.
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At the completion of the oxidation, the solids were separated from the bio-oxidation solution and
leached in cyanide solutions. CIL leaching was not considered as the mine had an existing CIP plant.

Continuous Testing

The continuous testing was performed over a twelve month period in a number of multistage reactor
systems up to a 500 liter pilot plant scale. The dried concentrate was added using a spiral feeder, where
possible, to simulate the anticipated plant practice. Nutrient addition, pH adjustment and feed addition
were made directly into the first bio-oxidation stage.

The continuous system was monitored in the same manner as that used for the batch tests. The
oxidized solids were collected and a composite prepared for later gold extraction testing.

A recycle option was tested to determine its effect on the bio-oxidation rate. Slurry from the last
stage was recirculated to the first stage at an amount up to 50% of the total flow.

RESULTS

Batch Testing

A number of batch tests were completed in shake flasks to determine whether standard bio-oxidation
conditions could be applied to the arsenopyrite concentrate. The results in Figure 2 show a significant
lag period was observed for standard conditions but this was removed by slightly altering the nutrient
blend. No rate data suitable for designing a commercial plant can be obtained from the shake flask type
of testing. Rates in this type of test are low due to restricted aeration and solids density.

Batch testing in agitated reactors with positive aeration was used to identify the optimum solids
density for arsenic bio-oxidation. Figure 3 shows the arsenic oxidation rate per unit of reactor volume
as a function of the solids density. It was found that the bio-oxidation rate increased with solids density
up to 15% w/v but was no improvement was obtained at 20% w/v solids. This oxidation rate per unit
of reactor volume is important in determining the volume of the reactors needed to treat a given
tonnage of concentrate per unit time. The total volume for the bio-oxidation plant can be estimated
using the tonnage, the arsenic content and the bio-oxidation rate instead of using empirical testing in a
continuous test system where the solids density was gradually increased and the residence time reduced
until the gold extraction criteria was no longer satisfied. Continuous testing conditions were thus more
closely identified before the testing commenced.

Other batch tests were used to produce oxidized residues with different levels of arsenic oxidation.
These oxidized residues were leached with cyanide solutions to extract the gold and obtain a correlation
between arsenic oxidation and gold extraction. The correlation obtained for this arsenopyrite sample is

shown in Figure 4. Almost complete arsenic oxidation was required for gold extractions greater than
90%.

Continuous Testing

The continuous testing was planned using the oxidation rate obtained for the batch testing at 15%
w/v solids and the arsenic content of 16.7 percent. These parameters plus the reactor volume for the
continuous system and a residence time of 7 days should have achieved between 70 and 80% arsenic
oxidation. The gold extraction expected for these levels of bio-oxidation was between 75% and 80%.
These levels were chosen so that the continuous data would fall within the ranges established by the
batch testing.

Figure 5 shows the arsenic oxidation rate per unit of reactor volume as a function of elapsed time
for 15% wi/v solids density. The arsenic oxidation rate for the continuous system was within the range
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expected from the batch testing after 3 residence times. The arsenic oxidation level achieved for the
same time period is shown in Figure 6. The arsenic oxidation also reached the expected level within 3
residence times of commencing continuous operation. An average oxidation level of 78.9% was
achieved over the period of this continuous test. These results demonstrated that the bio-oxidation
response for a given range of conditions can be predicted from systematic batch data and confirmed in
a minimum of time using an appropriate continuous system.

The arsenic oxidation rate was not affected by the arsenic concentration over the range of
concentrations which existed in the continuous system. Figure 7 shows the arsenic oxidation rate as a
function of the discharge arsenic concentration from the system over more than 1000 hours of testing.
Similar oxidation rates were obtained at the higher arsenic concentrations to those obtained at
15000ppm arsenic.Oxygen uptake rates were measured during the continuous operation. The uptake
rates for each of the bio- oxidation stages have been presented in Figure 8. The oxygen uptake rate can
be used in conjunction with the efficiency to calculate the aeration rates required for each stage of the
commercial operation.

The slurry recycle was found to be detrimental to the arsenic oxidation rate and the percentage
arsenic oxidation as shown in Figure 9. The rate and therefore the level of oxidation achieved in the
continuous system was significantly lower when the recycle was operated. Reasons for the lower
oxidation rate were not identified at the time of the testing.

Solution separated from the oxidized solids was neutralized with lime or limestone to precipitate
basic ferric arsenate. The reagent requirements were used to calculate the costs for neutralization.

The neutralized solids from bio-oxidation were leached with cyanide to obtain gold extraction data
for the continuous bio-oxidation residues. The data has been presented in Figure 10 and compared with
the correlation for the batch testing. The results for the residues from continuous bio-oxidation agreed
closely with the batch test data.

Estimation of Capital and Operating Costs

The data generated from the batch and continuous testing has been used to estimate the capital and
operating costs for a bio-oxidation treatment stage for the arsenopyrite concentrate examined. The
concentrate was to be processed at approximately 13,000 tonnes per annum with an average arsenic
content of 14% and 70 g/t gold for the life of mine. The contained gold value per annum was
calculated at A$ 14.28 million. The capital costs were estimated to be A$ 2.5 million. The operating
costs were estimated to be A$ 36 per ounce of gold recovered (selling price $488 per ounce June 1989)
or A$ 80 per tonne of concentrate. The contribution of the various plant parameters to the estimated
operating costs for bio-oxidation have been shown in Figure 11. A large proportion of the costs was
related to the neutralization of the arsenic laden bio-oxidation solution. The high arsenic content of the
concentrate also had a large impact on roaster costs (not given).

CONCLUSIONS

The moderately thermophilic bacterial culture developed by Transworld Mining and Minerals
(Australia) Pty Ltd was capable of treating an arsenopyrite concentrate at high solution arsenic
concentrations without resorting to insitu precipitation or interstage solution removal. The culture has
been maintained and used for bio-oxidation testing at temperatures in excess of 40°C for more than
twelve months showing that the culture could withstand the high ambient summer temperatures found
in some gold mining regions.

The laboratory batch data was used to establish the optimum operating conditions for the continuous

test system. The continuous testing could thus produce data on the residence time, oxygen uptake rates
and gold extraction from the bio-oxidized residues without having to empirically arrive at the optimum
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continuous bio-oxidation conditions by trial and error. The data on residence time, oxygen uptake rate,
solids density and neutralization was used to estimate the capital and operating costs to treat a given
tonnage of the arsenopyrite concentrate,

The estimated capital cost for the bio-oxidation plant was approximately 17.5% of the value of the
annual contained gold. The estimated operating costs per ounce were 7.4% of the gold price. Other
costs for the more conventional unit operations would have to be very high to prevent the bio-
oxidation treatment and CIP gold extraction from being viable.

REFERENCES

Barrett J., Ewart D.K., Hughes M.N., Nobar A.M., Poole RK. and O’Reardon D.J., The Bio-oxidation
of Gold Bearing Arsenical Ores, WASM Conference Kalgoorlie, 1988.

Brierley J.A. and Brierley C.L., Microbial Mining using Thermophilic Organisms, Ch. 12, Ther-
mophiles, ed. T.D.Brock.

Spencer P.A., Pilot Plant Treatment of Refractory Gold Concentrates Using Mixed Bacterial Cultures,
Randol Conference, Perth 1988.

Vaughan J.P.,Dunne R.C. and Bacigalupo-Rose S., Mineralogical Aspects of The Treatment of Ar-
senical Gold Ores, Randol Conference, Perth 1988,

236



BIOHYDROMETALLURGY — 1989

COMPARISON OF OXIDATION RATES
AS A FUNCTION OF TEMPERATURE
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Fig. 1 Comparison of Oxidation Rate for T. ferrooxidans and Thermophilic Culture for a Range of
Temperatures.
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Fig. 2 Shake Flask Test Results Showing Effect of Nutrient Optimisation on Oxidation Performance.
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ARSENIC OXIDATION RATE
versus SOLIDS DENSITY

mg As/L/hr

126

100

75

§0

26

0 5 10 15 20
SOLIDS % W/V

—&— Arsenic

Fig. 3 Arsenic Bio-oxidation Rate as a Function of Solids Density.
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Fig. 4 Gold Extraction as a Function of Arsenic Oxidation in Batch Testing.
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BIO-OXIDATION RATE vs TIME
UNDER STEADY STATE CONDITIONS
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Fig. 5 Percentage Arsenic Oxidation in Continuous System under Steady State Conditions at 15%
Solids.
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Fig. 6 Bio-oxidation Rate for Arsenic in Continuous System under Steady State Conditions at 15%
Solids.
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ARSENIC OXIDATION RATE
CONTINUOUS TREATMENT OF ARSENOPYRITE
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Fig. 9 Arsenic Oxidation Rate with Slurry Recycle Compared with Standard Continuous Operation.
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Fig. 10 Gold Extraction Data for the Continuous Bio-oxidation Residues Compared with Batch Data.
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DESTRUCTION OF HUMIC ACIDS AND ORGANICS IN MINERAL
DEPOSITS BY MICROBIAL ACTION — A CRITICAL REVIEW

V.I. Lakshmanan, J. Christison and P.D. Tackaberry
ORTECH International, Mississauga, Ontario Canada
and
R.G. McCready
CANMET, Ottawa, Ontario Canada

ABSTRACT

Humic acid and organics cause various problems in mining industry unit processes and are most
significant in the aluminum processing industry. The degradation of organics in the Bayer liquor
produces high concentrations of oxalic acid converted to sodium oxalate causing liquid/solid separation
problems and increased NaOH consumption. Due to the strong alkalinity of the Bayer liquor, microbial
pretreatment of bauxite ore may be more feasible, and a conceptual flowsheet has been developed.
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DESTRUCTION DES ACIDES HUMIQUES ET D’AUTRES MATIERES
ORGANIQUES DANS LES DEPUTS DE MINERATI PAR ACTION
MICROBIENNE — ETUDE CRITIQUE

V.1. Lakshmanan, J. Christison et P.D. Tackaberry
ORTECH International, Mississauga, (Ontario), Canada
et
R.G. McCready
CANMET, Ottawa, Ontario Canada

RESUME

Les acides humiques et les matiéres organiques peuvent causer divers problémes dans Pindustrie
miniére, surtout dans le traitement de I'aluminium. La dégradation des matiéres organiques dans le
liquide de Bayer peuvent produire des concentrations élevées d’acide oxalique, acide qui est ensuite
transformé en oxalate de sodium, ce qui peut causer un probléme de séparation des phases liquides et
solides et augmenter la consommation de NaOH. En raison de ’alcalinité élevée du liquide de Bayer, il
peut &tre possible de faire un prétraitement microbien de la bauxite; un schéma fonctionnel a donc été
établi.
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The Nature of Humic Substances

Humic substances are natural organic compounds formed from the partial decomposition of plant
and animal matter and as such are the most extensively distributed natural organic matter on earth. In
considering the definition and nature of humus, it is not only the amorphous brown- black material in
the soil, but also the colourless to light coloured waxes, resins, hydrocarbons, nitrogenous compounds,
etc. that are typically associated with the humus.

Humification has been postulated to occur through a number of different methods although
generally is a result of microbial activity more so than chemical transformation.

A lignin derived process whereby redox modified lignin condenses with available proteins (Fig. 1,
Pathway 4) represents the classical theory as developed by Waksman (1932). A more accepted modern
theory as proposed by Stevenson (1982) is the polyphenol modification (Figs. 2 and 3). Here, lignin
still plays the primary role, but phenolic decomposition products released during microbiological attack
undergo enzymatic conversion to quinones which further polymerize in the presence or absence of
amino compounds to form humic like macromolecules (Fig. 1, Pathway 3). A somewhat similar origin
(Fig. 1, Pathway 2) has polyphenols synthesized by microorganisms from nonlignin carbon sources and
then enzymatically oxidized to quinones with further conversion to humic substances as described
above. Nonenzymatic browning reactions between sugars and amino acids may also be responsible for
humic substance production. It is most likely that all four mechanisms of humus production occur at
any one time, the determining factor being the environment the formation is taking place in, aquatic or
terrestrial.

The fundamental structure of humic substances is often variable but certain facts have been
established. Four fractions have been isolated based on acid/alkali solubility: Fulvic(FA), Humic(HA),
Hymatomelanic Acid and Humin with increasing refractories as listed (Schnitzer and Khan, 1974).
Fulvic acid has been characterized as having acid and alkali solubility, molecular weight by gel filtration
of between 2000 and 9000, and considerable heterogeneity, and a partial molecular structure has been
proposed by Schnitzer and Khan (1978) (Fig. 5).

Humic Acid (Fig. 4) is thought to attain more complexity through chemical or physical condensation
reactions involving peptides, carbohydrates, metals and phenolic acids as in Figure 6 (Schnitzer and
Khan, 1972). It is alkali soluble with molecular weight ranging from 5000 to 100,000 (Hurst Burgess,
1976). Hymatomelanic Acid is soluble in alkali and ethanol and Humin is soluble in alkali and acid,
both consisting of relatively unchanged organic material and truly humified material, and humic acids
closely complexed with clay minerals. Elemental composition (C,H,O,N,S) has considerable variability
in fraction percentages and further variability depending on the aquatic or terrestrial origin of the
humus.

Industrial Problems

Humic substances are ubiquitous in the environment and as such cause problems in the aluminum
(Al) and uranium (U) processing industries. Adverse effects are seen in various unit operations
including flotation, solid/liquid separation, ion exchange (IX) and solvent extraction (SX). The humic
substances causing these effects are present in the ore itself or the process water used in the plant
operation.

The most serious effect humic substances have is during Al processing. Bauxites contain from
0.1-0.6% organic C, most of it occurring as humic substances (Lever, 1978). Upon Bayer process
digestion over 50% of the organic C is extracted into the liquor, the concentration building to an
equilibrium saturation point with recycling to 7.25 g carbon/L. Characterization of these organics has
identified about 25% high molecular weight (>500) freshly extracted material, 25% intermediate
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degradation products containing the building blocks of large humic molecules (benzene carboxylic acid,
phenolic acids) and about 50% low molecular weight degradation products (formate, acetate, oxalate,
succinate). It is the latter group creating the most problems, causing poor classification — settling of
the fine Bayer seeds, and excessive scaling in process lines and tanks. Problems caused by the high
molecular weight humics are liquor foaming, deactivation of Bayer hydrate and oxalate seed, and
increased alumina and oxalate solubilities in the pregnant liquor. Other significant process problems
(Guthrie, et al, 1979) include lower alumina yield, generation of excessively fine aluminum trihydroxide
particles, lower red mud settling rates and loss of caustic due to the formation of sodium organic
compounds.

In the uranium industry, problems are confined to those ores of a sedimentary nature where humic
substances are present in sand, siltstone and carbonaceous deposits (McDonald et al, 1980). Humic
contaminants extracted into the SX organic diluent are responsible for emulsion and crud problems
from humic degradation products forming insoluble salts (Ritcey, 1980). IX is adversely affected as well
by organic contamination of the pregnant leach solution where IX resins can experience decreased
reaction sites for U-adsorption.

Other mineral processing operations affected by humic substances are those which use humic
contaminated process water. There has been seasonal problems reported by Kidd Creek in the
pyrrhotite flotation circuit, while Kennecott has shown that humus organics adversely effect the
flotation recovery of molybdenum. Pregnant liquor robbing of gold by contaminant humics has also
been reported by Mintek,

Biodegradation

The biological role in humus formation may be particularly significant in why humics are so resistant
to breakdown. By their nature, humics help the organisms which produce them to resist biological
decay, i.e. they are designed to be resistant to biodecay. Phenols, quinones, phenol carboxylic acids and
phenol glucosides are among those compounds which act in a preservative capacity in humus
environments (Swain, 1963). The dynamic equilibrium factor is also significant in that degradation
products after a short period of time appear to reform into humic-like substances.

Estimates for the time required for humic components to degrade in the natural environment have
been calculated by radiodating (Fukushima, 1982). They are:

Freshly formed humus 2-6 years
Fulvic Acid 40-120 years
Humic Acids 80-2000 years

In the case of ore deposits the predominant humic substances will be of the more mature age group
and therefore exhibit the recalcitrance commonly observed.

In seeking biological procedures to degrade humic substances, it is important to define accurately the
nature of the problem. Through its controlled degradation, organic nitrogen bound-up in the molecular
structure is graduaily made available to vegetation. The resistance to degradation of humic substances is
obviously a factor in the control of the natural process. That they degrade is weli recognized but as
Flaig et al. (1975) commented about humic substances "they serve as carbon source only for special
species of organisms." A goal of this study is to identify this special group of organisms and examine
what is known about how they degrade humic substances. One perceived strategy will be to find a
method to overcome the natural barrier against microbial degradation which is inherent in the
molecular structure of humic substances.
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Fungi

. The isolation of fungi capable of actively decomposing humic acid (Table 1) was reported by Burgess
and Latter (1960) and was significant from the fact that there was evidence of co-metabolism. They
found that 33% and 42% of a 0.12(w/v) humic acid preparation was degraded by Spicaria sp. and
Polystictus sp. respectively, but only in the presence of 2% sucrose. This energy-dependant degradation
is closely related to kraft mill effluent decolorization by lignin utilizing fungi in that the mechanisms
postulated for the biologically catalyzed degradation of lignin may be of interest when the mechanisms
of degradation of humic substances are considered.

Biodegradation of HA and FA, based on the mycelium yields (g/unit volume) of ten different fungal
species, increased in the presence of 1.5% glucose and 0.15% nitrate. Fulvic acid was being used as a
N- source and generally better utilized than humic acid although HA was used more uniformly
(Dubrovska, Macor, 1978). Macor (1979) using the same group of micromycete fungi plus four other
species (Table 1) reported that the intensity of utilization was dependant on the fraction of FA or HA
used as well as the fungal species. A higher dry weight of mycelium was contained with FA as the sole
C & N sources possibly because the fulvic acids are smaller molecules and less condensed than the
humic acids. Both FA and HA stimulated dry weight mycelium production when added to the nutrient
complete Czapek-dox medium.

Supplemental C and N sources were required to support the growth of 3 fungal isolates (Khandelwal
and Gaur, 1980) and resulted in between 24% and 40% degradation of 0.1% HA in 40 days (18% on
soil humates) (Table 1). These results were obtained on a fairly fresh manure humus and perhaps
indicate the higher degree of aromaticity in soil environment.

Replacement culture technique using Poria subacida helped to demonstrate that the loss of colour in
liquid FA (0.05%) culture was due to degradation and not due to adsorption onto the mycelium
(Mathur, 1969). The enzyme phenol oxidase was shown here to be important in later stage fulvic acid
breakdown as heating caused the loss of this property. Mathur and Paul (1967) has earlier shown that a
replacement-shake culture of Penicillium frequentans utilized 35% of the humic acid and that the
fungus preferred the aromatic moiety of the humic complex. Shaking inhibition of decolorization was
noted in the above work (Mathur, 1969) as was the degrading activity of Marasmius oreades on HA and
FA (Mathur, 1970). After one day in replacement culture 44% of the 0.05% FA and 15% of the
0.05% HA was degraded by the basidiomycete fairy ring mushroom (All Table 1).

A mechanism of degradation of humic acid was postulated through the observed fungal ability of 29
strains to decolorize HA. Hurst (1962) found a positive correlation between the ability to decolorize
HA and the presence of reducing ability on the aromatic carboxyl group. They further went on to
postulate that humic acid adsorption on to the fungal hyphae was necessary where the presence of
NAD(P)H and enzymes would make the reaction possible. Based on these results they suggested that
the initial reaction with HA involved the reduction of the carboxylic group(s) between aromatic
monomers. However, in view of the aerobic growth of the organisms, the reductive capacity was
considered to be a secondary reaction of the aerobic metabolism of the other carbon source in the
medium (i.e. 0.5% glucose).

Humic acid used as a sole source of carbon was most efficiently bio-degraded. This was followed by
humic acid used a C and N source. (Mishra, Srivistava, 1986). The fungi Aspergillis awamori, Humicola
insolense and a Penicillium sp. were most effective. The unavailability of the humic acid N is thought
to be responsible for the inefficient use of HA as a sole N source to these microorganisms.

There appears to be strong evidence that the degradation of humic substances by fungi is dependant
for optimum effect on the presence of alternative energy sources (i.e. carbon nutrients) in the culture
medium. In some cases, the presence of a nitrogen compound is also beneficial. Thus the degradation
of humic substances is a secondary reaction of the cells metabolic pathways. The significant variations
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between the abilities of different species and different strains of the same species to degrade humic
substances may reflect the abilities of the respective organisms to utilize C and N compounds, i.e.
biopolymers entrapped within the humic substances.

Actinomycetes and Bacteria

Information on the degradation of the humic substances by actinomycetes is summarized in Tables 2
and 3. Actinomycetes are classified as autochthanous soil microorganisms and as such, selected species
have been implicated in the decomposition of lignin and the reader is directed to separate reviews.
(Crawford and Crawford, 1984; Amer and Drew, 1980)

In view of numerous reports implicating actinomycetes in the degradation of soil humus (Federov
and II’'na, 1963; Volkova, 1961) Mathur and Paul (1967) found that of 30 soil actinomycetes tested
none could effectively utilize HA, although one, an Arthrobacter sp., utilized 11.5% (of a 0.2% w/v HA
preparation) based on colour loss in Czapek-Dox medium without C or N supplementation.

Debosz and Golebiowska (1975) found that in aerated pure cultures of actinomycetes, HA synthesis
was favoured over decomposition. In mixed soil cultures the addition of glucose as sole supplement
resulted in degradation while glucose and N-supplement resulted in HA synthesis. Ivanova (1979)
showed that a N-supplement accelerated straw decomposition and the rate of humus formation, and
identified the actinomycetes no further than members of the Proactinomyces and Micromonosporaceae.

Arthrobacter globiformis degraded fulvic acid (Rifai and Bertru, 1980). The presence of benzoate and
lactate appeared to stimulate the degradation process, possibly due to their enhancement of the
production of extracellular enzymes able to hydrolyze aromatic groups.

Khandelwal and Gaur (1980) observed a 2-3 times increase in humate utilization with C and N
supplementation, although they note the possible conversion of low molecular weight compounds to
humic acid.

Monib et al (1981) compared the HA degrading abilities of 28 Streptomyces species by monitoring
CO, release over 46 days. All the Streptomyces sp. used 0.2% (v/v) HA as a C-source ranging from
11-21% utilization, however, 25-66% (of the 11-21%) occurred in the first 3 days

A closely related group to the actinomycete are the other procaroytes, the bacteria. The
Pseudomonads and Bacillus sp. have been noted as most predominant in humus degradation but
recently a number of other species have been implicated (Table 4).

Mishustin and Nikitin (1961) observed the ability of a Pseudomonas sp. to decolorize HA and further
was thought to involve oxidation by peroxidase.

Mathur and Paul (1967) found that an unidentified Pseudomonas sp. and a Bacillus sp. utilized about
15% and 11%, respectively, of a 0.2% HA preparation while an Agrobacterium sp. utilized the HA as
both C and N source.

Pseudomonas sp. were the most active humus decomposers, but Bacillus sp., Nocardia sp. and
Actinomyces sp. all had redox enzymes dehydrogenase and peroxidase present (Teslinova, 1979).

Microbial attack against the aromatic structure in fulvic acid (Kunc et al, 1976) was concluded after
bacterial numbers increased as did the ability to oxidize vanillic and p-hydroxybenzoic acids.

A mixed culture of Pseudomonas maltophila from a forest soil was capable of using HA as a carbon

and energy source (Swift et al, 1987). Degradation was evident in 2-6 weeks of culture with the
molecular weight distribution shifting to the lower molecular weight compounds.
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Intensive anaerobic humic substance mineralization activity was associated with purinolytic
Clostridium sp. (Emstev, 1985), C. sartagoformum and C. paraputrificum were both very active in the
decomposition of the aliphatic and core parts of the molecule utilizing the humus as N-source.
Proteolytic and saccharolytic species decompose only the peripheral parts of the molecule without
breaking the aromatic nucleus as the purinolytic species would.

Resistance to biodegradation was evident from an absence of changes in molecular weight dis-
tribution (Blondeau, 1988). A heterotrophic soil bacterial population initially increased in numbers
when grown on HA containing media but after 60 days decreased to the inoculum size. The presence
of carboxylic acids increased especially during anaerobiosis.

Although numerous examples exist on the degradation of humus, a number of researchers note the
reformation of humic substances within the same work, especially with Actinomycetes. Bacteria tend to
be associated with the degradative aspect of humus but incubation times are considerably lengthy. It is
obviously a complex situation when both C and N supplementation stimulates both synthesis and
degradation.

Conceptual Flowsheet

Because of the extreme chemical environment of the Bayer liquor and the U-rich leach solutions, the
removal of humic substances is thought to be best approached before the raw material enters the
process stream. As most biological processes occur near pH 7, treatment of ores is most amenable at a
stage where selected organisms will thrive on the humic substrates. A hypothetical process flowsheet is
shown in Figure 7. The process can be performed either at the mine site or at the refinery. Five unit
processes or process streams are identified and discussed below:

1) Run of the Mine Ore

Since the goal is to remove those substances responsible for giving rise to oxalate, other aliphatic
acids and humic substances, the important question is which compounds must be removed. The
desirable information could include the precise characterization of the humic and other organic
substances as they occur in an ore at any one site being investigated. Since biological processes are
noted for their specificity, the above information could be helpful in identifying the target compounds
in the crude ore.

2) Crushing and Sizing

Assuming that a microorganism is being sought to actively degrade the humic/organic components,
studies can be undertaken with the ore to ascertain the degree of particle size needed to expose the
humics and organics versus additional cost of size reduction and materials handling. The permeability
of the ore will also need investigation.

3) Selection of Microorganism

The ability of selected fungi, actinomycetes and bacteria to degrade the lower molecular weight
fractions of humus (HA or FA) has been noted. Conversion factors as high as 80% (rare) were
reported. A substantial screening program to enrichment culture approach will be required to identify
these organisms with the greatest ability to degrade the organic materials of interest. This search may
be facilitated if the organics can be isolated in sufficient quantity from the ore to allow use as substrate
in the microbial selection process. The ability of an individual organism to degrade humic fractions is
both species and strain dependant so to achieve adequate rates and degree of degradation may require a
mixed culture technique, Care will be needed here to ensure that organisms chosen do not cause
recombination of humus-like pigments. Suitable inoculum development methods to introduce the
organism(s) into the ore stockpile must be worked into the process design. A possible solution to
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maintain an adequate microbial population will be to recycle organisms in the leachate, or the use of
alternate nutrient solutions as long as the ability of the organisms to attack the organics is retained.

4) Culture Conditions

Factors to be considered will include control of pH, temperature, moisture and level of aeration.
Although most organisms noted in the literature are aerobic, excessive aeration can lead to the
recondensation of phenolic type degradation products. Submerged or partially submerged culture
technique may be required to control oxygen levels and keep the organisms in contact with the organics
for an adequate length of time, or recycling and reaeration of the leach liquor in a heap leach may be
satisfactory.

Temperature will be influenced by local environmental conditions and the optimum pH will reflect
the requirements of the microorganisms used.

Organisms able to utilize the humic materials as their sole source of carbon and N may only require
phosphorus or nitrogen supplements. Partial degradation of the humics to soluble fractions would
enable removal in the effluent, therefore, total degradation may not be necessary. The use of a minimal
level of added nutrients and the limitation that organisms in the culture must be able to utilize the
humics as a C-source will also inhibit growth of contaminant organisms.

5) Culture Design

Any system designed must take into account relatively long incubation periods. The isolation of
organisms able to more effectively degrade the organics may allow these periods to be reduced.

The particulates of the ore will influence the rate of the process. The presence of clay particles has
been observed to decrease the rate of decomposition of FA and HA in liquid culture and a similar
effect might be expected in the process. At the end of the treatment process, a chemical leaching with
dilute alkali may be helpful in removing the adsorbed organics.

Water requirements are expected to be high, while at the same time continuous removal of the
degraded humic materials is desirable to prevent reactions such as recondensation of the lower
molecular weight phenolics. Removing the organics before the organisms metabolize them will also
encourage more hydrolytic activity on the part of the organisms as they seek an energy source.

Conclusions

1. Humic substances are ubiquitous, organic compounds of varying molecular complexity occurring as
a result of microbial more than chemical activity.

2. Humic contamination problems are encountered in mineral processing on various fronts. The
aluminum industry is most seriously affected, where degradation products in the Bayer process
liquor cause many problems. Pyrrhotite flotation, gold robbing, SX and IX contamination are also
adversely affected.

3. The biodegradation of humics is seen as a slow, complex breakdown — synthesis cycle. Fungi
present the greatest biodegradation potential, although the stimulatory effect of secondary C and N
sources indicates co-metabolism. Actinomycetes and bacteria provide more complexity in this
process with the former showing synthesis tendencies while in the latter anaerobic bacteria displayed
higher than normal levels of degradation. In all three groups, species and strains showed a high
degree of specificity for the different fractions of humus.

4, To successfully remove humic contaminants from mineral processes will require a separate unit
operations, operating independently of the harsh chemical environment present in most affected
processes. Identification of such factors as contaminant humics, optimum ore particle size for
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biodegradation, microorganisms capable of biodegrading the humics present, the optimum
physiochemical conditions for the culture and the removal of products will need to be made.
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Fig. 1 Mechanisms for the formation of soil humic substances. Amino compounds synthesized by
microorganisms are seen to react with modified lignins reaction 4), quinones (reactions 2 and
3), and reducing sugars (reaction 1) to form complex dark-coloured polymers.
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Fig. 4 A partial chemical structure of humic acid.
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Fig. 7 Humic substances removal from ores by micro-organisms.
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Table 1

Utilization of Humic and/or Fulvic Acids by Fund

Organism Substrate Incubation % Comments Reference
Period Degradation
Penicillium frequencies 1 | HA (0.2%) 4 weeks 17.3 Czapek Dox broth. Mathur & Paul 1967)
Penicillium frequencies 2 | HA (0.2%) 4 weeks 17.3 Humic acids added as sole | Mathur & Paul 1967)
Aspergillus versicolor HA (0.2%) 4 weeks 5.7 source of C and H. Mathur & Paul 1967)
Fusarlum sp. HA (0.2%) 4 weeks 5.7 Photometric measrements. | Mathur & Paul 1967)
Grenalosporium sp. HA (0.2%) 4 weeks 7.7 Mathur & Paul 1967)
Cunninghamella sp. HA (0.2%) 4 weeks 7.7 Mathur & Paul 1967)
Panicillium 675 HA (0.2%) 4 weeks 7.7 Mathur & Paul 1967)
Penicillim frequentans Ha (0.2