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Abstract

The occurrenceof chemoautotrophic,acidophilic bacteria in the marine environment
has beenwidely noted and they have been implicated in the biogeochemicalcycling of
iron and biodeterioration of iron-containing structures in the oceans. However, the
isolation, molecular ecology, growth profiles and physiological responsesof these
bacteriaat elevatedsalt levels have rarely beendescribed,despitewidespreadinterestin
their unique metabolic capacity. Thesebacteriamay have a potential application in the
extraction of metals via bioleaching of salt contaminatedores or to facilitate the use of
seawaterin the bioleachingprocess. Traditional bioleachingmicroorganismscannotbe
used in these casesdue to the toxicity of elevated salt concentrations. In this study,
three strains of halotolerant gram-positive, rod shaped, acidophilic bacteria were
isolatedfrom estuarineand coastal
areas,two of which were novel species. Enrichment
cultures were set up using pyrite medium of different salinities with sediment and
seawatersamplesfrom a variety of metal contaminatedareas exposed to the sea or
brackish water. These enrichment cultures were then further purified using end-point
dilution culture methods and the 16S rRNA genes were sequencedand phylogeny
assessed.The growth characteristics,morphology and growth profiles on a variety of
metaliferrous ore samples of the strains were characterised. The strains exhibited
autotrophic growth on a variety of iron and sulphur-containing compounds,
heterotrophic growth on yeast extract medium as well as mixotrophic growth on a
combinationof thesesubstrates.The strainsgrew optimally with 30gl" seasalts added
to the medium, at a pH of 2.0 and a temperatureof 37"C. Two of theseisolatedbacteria
representnovel speciesin the generaSuffibbacillusandAlicyclobacillus. High final iron
dissolution levels were demonstratedafter biooxidation of Lihir gold ore and Escondida
Copper ore in medium with 30 gl" sea salts and 2% ore for 30 days. Bacterium 4G
mediated66.10%, 5C 100% and Cligga 88.86% dissolution of the total iron presentin
the Lihir sample after 30 days, while bacterium 4G mediated 52.63%, 5C 60% and
Cligga 49.75% dissolution of the total iron presentin the Escondidasamplesafter 30
days. The growth characteristicsdisplayedby thesebacterial strains demonstratetheir
potential application in high salinity bioleachingoperations.

'Research is the process of going up alleys to see if they are blind'

(Marston Bates, Zoologist. 1906-1974)
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Glossary:
Acid Mine Drainage/AMD - water containingsulphuric acid, dissolvedmetalsand
ferric iron complexescausedby bacterial activity at mine sites,coal spoil heapsor areas
of pyritic mineral geology.
Acidophiles - microorganismswith a pH optimum for growth of underpH 5.0
Arsenopyrite - ore of the chemicalcompositionFeAsS
Biogeochemicalcycling - the biologically mediatedtransformationof elementsthat
resultsin their global cycling
Biohydrometallurgy - the use of microorganismsin the metalsindustry
Bioleaching - the conversionof an insoluble metal into a solubleform (e.g. from a
metal sulphideinto a metal sulphate
Biomining - the use of microorganismsin the extractionof metalsfrom ores
Biooxidation - processin which the recoveryof a metal is enhancedby microbial
decompositionof the mineral but the targetmetal is not solubilisedand subsequently
requiresthe use of traditional methodsfor recoveryof this metal
Chalcocite - ore of the chemicalcompositionCu2S
Chalcopyrite - ore of the chemicalcompositionCuFeS2
Chemolithotrophic/ Chemoautotrophic - organismsthat derive energyfrom the
oxidation of inorganiccompoundsfor the assimilationof simple materialsand get
cellular carbonby the reductionOf C02
Dump leaching - methodof biornining wherethe ore to be leachedis placedon a slope
dump
bottom
irrigated
is
lixivant,
leachate
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the
then
the
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at
collected
and
with
Electrowinning - extractionof electrolytic metal from a molten salt or solution
Endospores- thick walled sporesformed within a parentcell as a direct responseto
stresses
Extremophiles - microorganismscharacterisedby extremesin growth conditions,
including temperature,p1l, water availability, pressure,salinity
Fumarole - small volcanic vent issuing gasesbut no lava
Halophiles - microorganismsrequiring NaCl for growth
Halotolerant - microorganismswhich can tolerateor grow in the presenceof elevated
salt concentrations
Heap leaching - methodof biomining wherethe ore material to be leachedis heapedin
layers,theselayersare usually aeratedand irrigated with lixivant

xiii

Heterotrophs - microorganismsthat derive energyfrom the oxidation of organic
compounds
Hypersaline/salt lake - an enclosedbody of water in areasof inland drainagewith a
concentrationof saltsthat is much higher than in ordinary river water (sometimes
nearingsaturation)
Karst environments - terrain with speciallandformsand drainagecharacteristicsdue to
greatersolubility of certainrocks in natural watersthan is common,suchas cave
environments
Leach liquor/ Lixivant - liquid appliedto ore in bioleachingor chemical-leaching
processes
Leachate - solution containingsolubletargetmetalsafter the processof leaching
Leaching - the washingor extractionof solubleconstituentsfrom insoluble materials
Mesophiles;- microorganismswhoseoptimum growth is in the temperaturerange20'C
400C
Metallurgy - the scienceand technologyof metalsand their alloys including methods
of extractionand use
Mixotrophs - microorganismscapableof utilising both autotrophicand heterotrophic
metabolicprocesses
Ore - metaliferrous mineral from which the metal can be profitably extracted
Psychrophiles - microorganisms whose optimum growth temperature is below 20 T
Pyrite - ore of the composition FeS2

Recalcitrant ore - ore which is difficult to treat with traditional chemicaland
biological methods
Redox potential/oxidation-reduction potential (Eli) - measureof the tendencyof a
(i.
donate
(i.
to
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electrons
or
accept
e.
agent)
electrons e. act asa reducing
given system
act as an oxidising agent). The Eli (measuredin millivolts/mV) of a given systemmay
be determinedby measuringthe electrical potential differencebetweenthat systemand
a standardhydrogenelectrode(0 volts)
Salt marsh -a marshcharacterisedby saline soil most often in estuariesand subjectto
marine inundation
Salt petre - inland natural salt depositscomposedof sodium,potassiumand nitrate
salts
Solfatora - hot, sulphur-richenvironment;a volcanic areaor vent which yields sulphur
vapoursand steam

xiv

Thermophiles - microorganismswhoseoptimum growth temperatureis above40'C
Abbreviations used:
AMD - acid mine drainage
DGGE - denaturinggradientgel electrophoresis
FSM -ferrous iron salinemedium
ND - not determined
pprn - partsper million
ppt - partsper thousand
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SS- seasalts
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Chapter One: Introduction

Many scientists have offered theories on the origins of life on this planet and the
environmentsin which this early life began. One widely consideredview is that present
day 'extreme' environments were the norm on primitive earth and that the
microorganisms that inhabit such environs today may be some of the oldest and
therefore most highly adaptedlife forms on presentday earth. It has been postulated
that presentday harsh environmentssuch as deep seahydrothermal vents, hot geysers
and fumaroles, subterraneankarst environmentsand environmentswith high levels of
acid mine drainageand metal concentrations,to namebut a few, are reminiscentof the
conditions encountered on primitive earth. New microorganisms that push the
boundariesof our consideredviews of the limits of life on this planet are continually
being discovered. This extraordinary and diverse group of microorganisms has
provided a plentiffil resourcefor the biotechnologyindustry and even influenced man to
re-examine the possibilities of microbial life on other planets with similar extreme
environments,evenspawninga whole new areaof science,that of astrobiology.
It is postulated that those microorganismsthat survive and thrive in such extreme
environments today are able to do so becauseof millions of years of adaptation,
enabling the evolution of physiological processeseffective in such environments. This
adaptation has enabled these microbes to inhabit niches that, although they appear
extremecomparedto most branchesof life, are anythingbut for thesefascinatinggroups
of extremophilic microorganisms. These extremesinclude temperature,pH, salinity,
osmotic stress, oxygen, low-nutrient environments,and high levels of toxic metals.
Interestingly,many extremophilesthrive in environmentswith more than one extreme.
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1.1 Diversity of acidophilic prokaryotes
Acidophilic, chemoautotrophicmicroorganismsare one such group of extremophiles
and thesemicroorganismsare responsiblefor most of the primary productivity in acidic
environments. They are ubiquitous in environssuchas acidic springsand geysers,areas
of acid mine drainagepollution, sulphidic mineral mine sites and hydrothermal vent
areas.
Extreme acidophilesare describedas being those microorganismsthat have pH growth
below
pH 3.0 (Norris & Johnson,1998). Despitetheir harshexternalconditions,
optima
theseacidophilesusually maintain an internal pH of 6.0 - 7.0 via a complex mechanism
involving the transmembraneelectric potential (Suzuki et al, 1999). All cellular life
usescherniosmosisto make energy,which is usually in the form of ATP, this depends
on proton gradients,which may be alteredby extremeextracellularpH. There is a net
force on protons called the proton motive force, which is the sum of the forces from the
extra-cytosolic concentrationgradient and a chargeseparation. The cell dependson a
net force driving protons into the cell and when such a proton motive force exists, the
cell can let protons into the cell through an ATP synthesisprotein complex, which uses
energy released from the proton movements to create a phosphate bond. A
chemolithotrophicbacterialcell keepsthis cycle going by using chemical energygained
by the oxidation of inorganic chemicals(seeFigure 1.2) to pump protons out of the cell
via an electron transport chain (Dilworth & Glenn, 1999). However, acidophilic
bacteriahave to use more energyto pump sufficient protons out of the cell becauseof
the largeproton gradient.
Although the precise structural and biochemical adaptations employed by these
microorganismsto thrive in such low pH environmentshave not been fully elucidated,
they have beensubjectto intenseresearchand review (Alexanderet al, 1987; Cox et al,
1979;Driessenet al, 1996and Hsung& Haug. 1975).
Acidophilic prokaryotes are widespread in nature and represent a diverse group of
The most widely
microorganisms both phylogenetically and physiologically.
characterisedgroups include the gram-negativeproteobacteria,low G+C gram-positive
bacteria,membersof the Nitrospira and many examplesof the Kingdom Archea. This
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sectiongives an overview of the most widely characterisedmicroorganismsfrom these
groups. Table 1.1 gives an overview of acidophilic bacteria.
Table 1.1 Examples of acidophilic microorganisms (compiled from Hallberg &
Johnson, 2001; Johnson, 1998 and Krebs et al, 1997)

Microorganism

Phylogenetic affiliation

Mode of nutrition

Mesophiles
Acidithiobacillus
ferrooxidans
Thiobacillusprosperus
Leptospirillum
ferrooxidans
Acidithiobacillus
thiooxidans
Thiobacillus albertis
Thiobacillus acidophilus
Suffibbacillus
disuUldooxidans
Acidiphilium spp.
A cidocella spp.
Acidobacterium
capsulatum
Acidmicrobium
ferrooxidans
Ferroplasmaacidiphilum

0/y -Proteobacteria

Iron and sulphur-oxidising

y-Proteobacteria
Nitrospira,

Iron-oxidising
Iron-oxidising

7-Proteobacteria

Sulphur-oxidising

unknown
a-Proteobacteria
Gram-positivedivision

S
oxidising
Sulphur-oxidising
AutotroPhic, mixotrophic
or heterotrophic
Heterotrophic
Heterotrophic
Heterotrophic

a-Proteobacteria
cc-Proteobacteria
unknown
Actinobacteria
Thermoplasmales- Archea

Autotrophic, mixotrophic
or heterotrophic
Iron-oxidising

Moderate thermophiles
Suffibbacillusacidophilus

Gram-positivedivision

Acidithiobacillus caldus
y-Proteobacteria
Suffibbacillus
Gram-positivedivision
thermosuffildooxidans
Acidimicrobium
Actinobacteria
ferrooxidans
Leptospirillum
unknown
thermoferrooxidans
Alicyclobacillus spp.
division
_ _Gram-positive
Thermoplasmaspp.
Thermoplasmales- Archea

Autotrophic, mixotrophic
or heterotrophic
Sulphur-oxidising
AutotroPhic,mixotrophic
heterotrophic
or
Iron-oxidising/reducing
Iron-oxidising
Heterotrophic
Heterotrophic

Extreme thermophiles
Suffiblobusshibitae
Suffiblobussotfataricus
Suffiblobusmetallicus
Metallosphaeraspp.
Acidianus brierley!

Sulfobales- Archea.
Sulfobales- Archea
Sulfobales- Archea,
Sulfobales- Archea,
Sulfobales- Archea,

Mixotrophic
Mixotrophic
Iron and sulphur-oxidising
mixotrophic
Iron-oxidising
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LLI

The GenusAcidithiobacillus

This genushas receivedthe most widespreadand in-depth study of all the acidophiles,
covering their physiology, molecular systems,use in biomining processesand as the
catalystsof environmentaldamagesuch as acid mine drainage. At the forefront of this
is
Acidithiobacillus ferrooxidans, which was known as Thiobacillus
research
ferrooxidans until recently, when it was reclassified (Kelly & Wood, 2000). This
speciesfalls betweenthe 0 and y subgroupsof the proteobacteriaand is a mesophilic,
gram-negative,rod-shapedacidophile.At. ferrooxidans has a pH optimum between 1.0
and 4.5 (dependingon the strain) and a temperatureoptimum of 30T. The bacterium
derives energy and reducing power from the oxidation of ferrous iron and reduced
sulphur compoundsand obtainsits cellular carbonby fixing atmosphericcarbondioxide
(Leduc & Ferroni, 1994). The principle component that facilitates this method of
energy acquisition in the iron respiratory electron transport chain, is rusticyanin, a
coppercontainingprotein (Djebli et al, 1992).

1.1.2 The GenusLeptospirillum
Leptosirillumferrooxidans belongsto the Nitrospira division of bacteria. It is a gramnegativespiral shapedaerobic,chemoautotropicbacteriumthat oxidises ferrous iron for
energy acquisition. Unlike many other acidophilic bacteria this species cannot use
reducedsulphur compoundsas a sourceof energy. This specieshas recently beenfound
to play a wider role than originally thought, in the generationof acid mine drainageand
the dissolution of pyritic substrates. This is due, in part, to this speciesbeing less
sensitiveto inhibition by ferric iron and its ability to oxidise pyritic ores at higher redox
potentials than other acidophiles (Bond et al, 2000). This species frequently outcompetesother iron-oxidisers to becomethe dominant iron-oxidising organism in such
environments(Hallberg & Johnson,2001 and Rawlings et al, 1999)
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1.1.3. The GenusSuffibbacillus
This genusis characterisedby acidophilic, low G+C gram-positivebacteriathat are able
to grow heterotrophically on glucose or yeast extract, autotrophically on iron and
reducedsulphur compoundsor mixotrophically using combinationsof thesesubstrates.
They are usually non-motile rods and form endosporesunder conditions of nutrient or
other stress.
Only three mesophilic examplesof Sulfobacillus sp. havebeendescribedto date. These
include Sutfobacillus montserratensis and Sulfobacillus ambivalens, which were
isolated from a geothermal area of the Island of Montserrat and a detailed
is
Another
these
strains
mesophile,
of
currently
unpublished.
characterisation
Sulfobacillus disufflidoxidanswas found to be more closely related to Alicyclobacillus
it
&
it
be
(Hallberg
therefore
that
suggested
accordingly
was
reclassified
spp. and
Johnson,2001).

The rest of the members of this genus are moderatethermophiles with temperature
include
These
2001).
&
Johnson,
between
40'C
60'C
(Hallberg
and
optima
Sulfobacillus thermosuffldboxidans with a temperature optimum of 50*C and a
(Norris
58(C
(Tourova
Suffibbacillus
1994)
et al,
acidophilus
of
and
maximum
et al,
1996). Yahya & Johnson (2002) assessedthe pyrite bioleaching potential of novel
leach
isolate
Sutfobacillus-like
found
that
could actively
one
strains of
speciesand
isolated
bacteria
further
highlighting
to challenge
0.8,
the
of
newly
at
pH
ability
pyrite
the currently acceptedboundariesof microbial life.
A number of 16S rDNA sequenceshave been depositedin the Genbank nucleotide
database(NCBI) that relate to Sulfobacillus spp. which have not been designateda
from
from
These
that
sourcesranging
speciesname or
remain uncultured.
originate
stiffed tank bioleaching operations(Okibe et al, 2003) to geothermallyheatedsprings
(Atkinson et al, 2000), suggestingthat this genus is even more diverse than can be
appreciated at present.
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1.1.4 The GenusAlicyclobacillus
Membersof the Alicyclobacill! are acidophilic, gram-positive,moderatelythermophilic,
spore-formers that share a close phylogenetic and physiological similarity with
SuýCbbacfflus
spp. However, the membersof this genus can be distinguished on the
basis of the possessionof (o-alicyclic fatty acids which are a unique membranouslipid
componentof Alicyclobacillus spp. (Tourova et al, 1994).
The characterisedmembers of this genus are reported to be obligate heterotrophs,
in
althoughresultsprovided this study provide evidencefor autotrophyand mixotrophy
as modesof growth of somemembersof this genus. Membersof this genushave been
isolated from a diverse range of environmentsincluding; Alicyclobacillus acidophilus,
which was isolated from an acidic beverage(Matsubaraet al, 2002), Alicyclobacillus
hesperidumwhich was isolated from solfataric soils in the Azores (Alburquerqueet al,
2000) andAlicyclobacillus cycloheptanicuswhich was isolated from herbal tea (Goto el
have
been
bacteria
isolated
2002).
There
Alicyclobacillus-like
also
reports
of
novel
al,
from geothermal sites in Yellowstone National Park (Johnson et al, 1997) and
heterotrophicAlicyclobacillus speciesfrom geothermalareasof Montserrat(Atkinson el
al, 2000).

1.1.5 The GenusSulfolobus

This genusis the most widely characterisedof the acidophilic Archea and encompasses
both heterotrophic and autotrophic speciesthat are usually thermophilic. They have
been isolated from a wide range of environments including hydrothermal vents,
geothermalsprings and mineral leaching heaps. Su?fblobus metallicus is an obligately
autotrophic acidophile that acquires energy via the oxidation of reduced sulphur
compounds, ferrous iron or metaliferrous sulphidic ores (Huber & Stetter, 1991).
Su?fblobus so?fataricus is an obligate heterotroph with a temperature optimum for
growth of 87*C (Norris & Johnson,1998).
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1.1.6 The diversity of acidophiles in acid mine drainage and their role in its
formation

Acid mine drainage (AMD) is water containing sulphuric acid, dissolved metals and
ferric iron complexesthat contaminatesrivers and aquifersand is formed by bioleaching
of metal sulphidesthrough microbial activity. AMD is produced in areascontaining
high amountsof sulphidic, metaliferrousminerals that are susceptibleto solubilisation
by microorganisms. These areas include coal spoilage heaps, mine sites, ore waste
heaps and other environments with sulphidic mineral geology. These areas, when
exposedto oxygen, water and iron- and sulphur-oxidising bacteria, become acidified
due to the metabolic activity of the bacteria. The acid metal-rich drainagewater, which
is heavily laden with ferric complexes, gives the pollouted area a characteristic
orange/rustappearance. This contaminationthen kills aquatic life in rivers and lakes
and makesthe contaminatedareaunsuitableas a sourceof water or recreationsite.
Many different methodshave been assessedin order to develop effective remediation
technologiesthat will cleanup such contaminatedareas. Suchmethodsinclude; the use
inhibit
inhibitory
bioleaching processes(Schipperset al, 1996), the
to
compounds
of
use of aerobic reed beds to remove ferric hydroxide and other toxic heavy metals
(Wheal JaneProject,2000), and the useof iron and sulphurreducingbacteriato produce
alkalinity to inhibit the growth of leaching microorganisms(Clarke et al, 1997 and
Johnson,1995).
However, these areas also support the growth of a highly diverse range of
in
biotechnology
for
isolates
the
microorganismsand can provide novel
potential use
industry or for bioremediation(Lopez-Archilla & Amils, 2001). Bond et al (2000) and
Bond & Banfield (2001) studied the phylogeny of an AMD site and found 16S rDNA
sequencesthat related to a diverse range of bacteria, including recognisedand novel
members of the Firmicutes, Nitrospira, Thermoplasmesand Proteobacteriadivisions.
Improved detection and culture techniquesmay show even higher diversity in these
environmentsin the future.
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1.2 Chemoautotrophy

in acidophilic bacteria

Chemoautotrophic microorganisms obtain energy for metabolism from inorganic
chemicals and rely on the fixation of inorganic carbon for provision of their organic
constituents. The microorganisms of interest in this study are chemoautotrophic
acidophilesthat use iron and reduced sulphur compoundsas electron donors for their
respiratoryprocessesand subsequentenergyproduction and growth.
The yield of ATP from using inorganic molecules for growth is low comparedto the
oxidation of organic molecules, moreover, considerable energy is also required to
reduce C02 to carbohydrate (autotrophy). Therefore, these microorganisms must
oxidise a relatively large quantity of inorganic material to grow and reproduce, thus
magnifying further their ecological impact. However, chemoautotrophsthrive despite
this apparentinefficiency due to them having few seriouscompetitorsfor their unique
energy sources.

Table 1.2 Energy yields from oxidations used by chemoautotrophs. Modified from
Prescottet al, 1996
Reaction
SO+

AG'(kJ/mole)

IV2 02+H20

10

S2032'+202+H20

He+ + 2H+ +
C6HI206+602

lo
V202

H2S04

-495.80

2SO42-+2H+
He

3+

+

-po.
lo 6CO2+ 6H20

(glucose)

H20

-935.96
-46.86
-2870.22

Table 1.2 shows that the oxidation of one mole of glucose provides 61.25 times the
energy of that liberatedby the oxidation of the sameamount of ferrous iron. This fact
goes some way to explaining the slower growth rates of chemoautotrophicbacteria as
comparedto heterotrophicbacteria.
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LZI

Metabolism ofpyriteliron-disulphide

(FeS.2)

Pyrite is the sulphide of iron and is the commonestsulphide mineral with widespread
occurrenceand it is commonly known as 'fools gold' due to its brass-yellowcolour. It
occurs as an accessorymineral in igneous and sedimentaryrocks and is commonly
associatedwith metals such as copperand gold in ore bodies. It is a common substrate
of iron and sulphur-oxidising bacteria in nature as it is a more stable form of reduced
iron and sulphur than soluble forms at acidic pH. The oxidation of this substratemay
causeacid mine drainagecontaminationwhen the localisedenvironmentis acidified and
bacterialactivity increasesthe rate of dissolutionof this mineral.
The oxidation of pyrite is a complex processand is not yet fully understoodin detail.
The dissolution of pyrite involves, firstly the direct oxidation of pyrite (Equation 1.1),
the oxidation of ferrous ions thus formed in solution (Equation. 1.2) and then the
oxidation of the sulphur yielded by the ferric ions produced (Equations. 1.3 and 1.4),

(Morin, 1995).

1402
+
4FeS2

+ 4H20

02
+
4FeSO4

2H2SO4

FeS2

+

+

4FeSO4+

0

lp 2Fe2(SO4)3

Fe2(S04)3

2 S* + 2H20 +

302

10

4H2SO4

+ 2H20

Equation 1.1

Equation 1.2

3FeSO4+ 2S*

Equation 1.3

2H2SO4

Equation 1.4

Also, a high proportion of the reaction products precipitate into insoluble ferric
compoundsas outlined in Equations1.5 and 1.6below.
Fe2(SO4)3

+ 6H20

Fe(OH)3 + H2SO4

2Fe(OH)3+ 3H2SO4

Equation 1.5

Fe(OH)(SO4)+ 2H20

Equation 1.6
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Intermediary sulphur compoundssuch as polythionates are also formed during pyrite
degradationand this mechanism is shown in the cyclic pyrite oxidation mechanism
shownin Figure 1.1. Somereactionsare abiotic and othersare catalysedby bacteria.

2FeS2
18 H20

12 Fe(H20)6 3+

12

14 Fe(H20)62+

2S
2+

SO 42- + 2H4

S406 2-

S106'-

3H20
6F
3+ Jf

6Fe
1.502)
(or

S303 2
Z203
2-

3+

+ 2F(e
Il
+
(or 0.502 +2H+)
S5026
kvi

3506'

+ Hcý+

JLJL2%J)

If

0.25% +

S06 2,
3+

He +
0.502)
(or
He

2+

H20

+ 2H+

S04 2-

Figure 1.1 Cycle of pyrite degradation. Pyrite is attackedby iron(III) hexahydrate
ions. Thiosulphate,asthe first intermediarysulphur compound,is degradedvia
tetrathionate,disulfane-monosulfonicacid, and trithionate to sulphatein the cycle. In
sidereactions,elementalsulphur,pentathionate,and sulphateoccur. Chemicaland/or
biological oxidation of intermediarysulphur compoundsproceedswith iron(III) ions
or molecularoxygen as electronacceptor(Schipperset al, 1996)
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LZ2 Metabolism offerrous iron
Under oxygenic conditions ferrous iron is rapidly oxidised to ferric iron in
environmentsof neutral to basic pH, via abiotic chemical reaction. However, under
acidic conditions this reaction is slow and therefore ferrous iron is available for
3+
bacteria
Fe2+
Fe
to use as an energysource. However,the
to
acidophilic
couple yields
very little energy and so the energy generatedby eachoxidation is used to enhancean
existing proton gradientthat storesthe energy.
The oxidation of ferrous iron by chemoautotrophicbacteriais believed to occur outside
the cell becausethe ferric iron producedis very insoluble at the pH of the cytoplasm in
acidophiles(Hallberg & Johnson,2001). A natural proton gradientexists in acidophilic
iron-oxidising bacteria becausethe periplasm is equilibrated with the outside acid
environment (-pH 2.0) relative to the pH of the cytoplasm (- pH 6.0-7.0) (Cox et al,
1979).

Cytoplasmic protons are consumed when oxygen accepts electrons (Equation 1.9)
derived from the ferrous iron (Equation 1.7 and 1.8) and therefore,as the ferrous iron is
oxidised, the proton gradientbecomesmore extremeand thus acquiresmore energy. As
theseprotons flow into the cytoplasm from the periplasm (i. e. down the concentration
gradient),an ATPaseis poweredand ATP is producedby the phosphorylationof ADP
using inorganicphosphate(Pi). This mechanismis shownin the schematicFigure 1.2

02
+
4FeSO4

2+ + 02
4Fe

+

2H2SO4

+ 4H+

10 2Fe2(SO4)3

lp Ve

3+

+ 2H20

+ 2H20

Equation 1.7

Equation 1.8

(in periplasm)

2H+ + 2e + 1/202

0 H20

(in cytoplasm)
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2+

Fe

S04's 2-

3+

Fe

S203 2H+

H+

H+

ATP synthase

H+

Figure 1.2. A model for the generation of ATP by At. ferrooxidans (modified
from Rawlings & Woods, 1995). Ferrous iron or reduced sulphur compounds serve
as the electron donor and oxygen as the electron acceptor. During respiration,
is
It
ATP
the
the
synthase
complex.
are
protons
pumped out of
cell and enter via
this passageof protons from the outside of the cell, across the cytoplasmic
membrane and through the ATP synthase complex that results in the synthesis of
ATP (Apel et al, 1980). In acidophiles this mechanism is associated with the
maintenance of a near neutral intracellular pH.
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1.3 The casefor the widespread existenceof halotolerant, acidophilic bacteria
Iron is the fourth most abundantelement in the earth's crust, however, only a small
fraction of that total occursin the reducedform, due to the fact that iron readily oxidises
at circumneutralpH and when oxygen is available. Therefore only a small amount is
availablefor growth of iron-oxidising bacteria,exceptin acidic environmentswhere the
oxidation of ferrous iron is biotically mediated.
Iron is highly insoluble in seawaterand tendsto adhereto organic particles and sink to
the bottom of the sea (Kunzig, 2000). Therefore, the amount of available iron in the
water column is extremely small, as little as a few partsper trillion, and is thought to be
mostly combinedin sedimentsand on available surfaces(Martin et al, 1990). However,
there have been reports of marine iron-reducing bacteria regenerating ferrous iron,
which may serveas a substratefor iron-oxidising bacteria(Lovely, 1991).
The occurrenceof chemoautotrophic,acidophilic bacteria in marine environmentshas
been widely noted and thesemicroorganismshave been implicated in biogeochemical
cycling of iron and sulphur compounds in the oceans and other high saline
environments(Kostka and Luther, 1995 and Tilton et al, 1967aand b). However, the
growth profiles and physiological responsesof thesebacteriaat elevatedsalt levels have
rarely been described in detail and such bacteria have rarely been isolated to pure
culture. This is the case despite widespread interest in their unique metabolic
characteristicsand potential application in biotechnologicalprocesses.

1.3.1 Diversity of sulphur-oxidising bacteriafrom high salt environments
The first report of isolation of chemoautotrophicacidophilic bacteria from a marine
source was as far back as 1902, with the isolation of Thiobacillus thioparus from
seawaternear Naples, which was capable of growth on thiosulphate energy sources
(Starkey, 1935). However,the extentof halotolerancewas not testedfor this strain.
Tilton et al. (1967a)describedthe isolation of 'marine Tbiobacilli' from open seawater
using membranefilter techniquesand thiosulphateenrichment methods. They found
very low sulphate-oxidisingbacterialnumbers,ranging from 0- 275 per 100 ml. These
13
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bacteriawere designatedThiobacilli only on the basis of cell and colony morphology
and physiology. They did require seawaterin the medium but grew optimally when
salinity was reducedto a range of 0.64 % to 2.58 %. With repeatedsub-culturethese
isolatesgrew progressivelybetter on media of lower and lower salinity but did not grow
without at least 10 % seawater(Tilton et al, 1967aand b).
Thiobacillus intermediuswas isolatedfrom salt marshsedimentin Delaware,USA. This
strain grew using various reducedsulphur compoundsas substrateand was sensitiveto
pHs below pH 5.0. The optimal salinity for the growth of this specieswas found to be
10 gl", despite the interstitial water salinity of the isolation site being 20 gl". The
authorsof the study noted that this speciesof bacteriaprobably grows at its maximum
rate only rarely, as its natural environmentconditionsare not optimal for growth (Smith
& Finazzo, 1981).
The aforementionedreports of chemoautotrophicbacteria from areasof elevated salt,
were all isolatedand maintainedon reducedsulphur compounds,and no reports of ironoxidation by halotolerantacidophileswere found before 1984.

1.3.2Diversity of iron-oxidising bacteriafrom high salt environments
Cameronet al. (1984) describediron-oxidising bacteriathat were isolated from a tidal
estuarine environment but did not grow at high salinity. Iron-oxidation by these
bacteria was completely inhibited by 3% (w/v) NaCl and increasedlag periods were
observedduring growth in media containing levels of NaCI above 1.5 % (w/v). The
protective effect of clay minerals (montmorillonite) againstsalt toxicity to thesebacteria
was also demonstrated.This protective effect may be due to the high cation exchange
capacityof this mineral (Stotszky, 1980).
Huber and Stetter(1989) describeda new speciesof 'metal-mobilising' bacteriaisolated
from a marine geothermalfield. The most extensively studied of their isolates was
designatedThiobacillusprosperus, an aerobic, autotrophic, gram negative,motile rod.
This bacterium was isolated from sediments and seawater samples using a saline
medium with a mixed ore sampleas substrate.It was thought to be a member of the
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genusThiobacillus due to its ability to oxidise sulphur compoundsand sulphidic oresto
sulphate.
T prosperus was found to grow at NaCI concentrationsof up to 3.5% and has often
been referred to as a halophilic microorganism (Hallberg and Johnson, 2001).
However, it was found that optimum growth rates were obtained in medium with no
addedNaCl (and the optimum salinity for growth was found to be 20% that of seawater,
6 gl"' NaCl, when grown on pyrite in this study) and thereforethis bacterium should be
referred to as halotolerant. T prosperus grows in medium with a pH between 1.0 and
4.5 with an optimum around pH 2.0 The authors suggestedthat this bacterial strain
its
levels
leaching
due
high
be
in
to
the
of resistance
of
metallic
ores,
might of potential
to cobalt, nickel and zinc ions and its ability to grow on ore mixtures.
Another environment where salt tolerant chemoautotrophshave been implicated in
biogeochemicalcycling is in hypersalinelakes. Mobacillus halophilus is an obligately
chemolithotrophic, halophilic bacterium from an Australian hypersaline lake. This
bacteriumgrows on reducedsulphur compoundsand showsoptimal growth at 0.8 - 1.0
M NaCl (46.72 gl-1 - 58.5 gl" NaCl) but can tolerate up to 4M (234 gl") NaCl.
However, this bacteriumis neutrophilic, exhibiting optimum growth at pH 7.0 - 7.3 and
doesnot survive at the low pH valuesat which acidophilesthrive (Wood & Kelly, 1991
and Wood et al, 1991).
There have also been widespread reports of bacterially mediated corrosion of iron
containing structuresin the marine environment (Edyvean & Videla, 1991, Hamilton,
1995 and Herdendorf, 1995). Some studies describethe occurrenceof rust-coloured
stalictites causedby iron-oxidising bacteria found on steel and other iron structureson
shipwrecks (Herdendorf, 1995). These structures were given the name 'rusticles'
(Figure 1.3 showsa picture of rusticles) and thesewere defined as 'very reddish-brown
iron-eating
hanging
down
feet,
by
bacteria'
caused
stalactitesof rust,
as much as several
(Ballard, 1986,1987). Rusticleswere found to contain an abundanceof iron-oxidising
rod-shapedbacteria and some were identified as iron-oxidising speciesof the genera
Leptothrix andSiderocapsa(Herdendorf, 1995).
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Figure 1.3 showing the formation of rusticles on the wreck of HMS Titanic (from
the Chemical Institute of Canada; www. chemisnt. ca/ncw/articles/1994. titanic-e. html)

Hydrothermal vents provide a major source of iron and sulphur in the deep sea. They
occur in tectonically active areas of the ocean floor, where cracks allow seawater to mix
with molten magma. The heated seawater leaches minerals and heavy metals and the
hydrothermal fluids are then emitted into the cold seawater and this produces mineral
precipitation in the form of tall mineral chimneys (smokers). The hydrothermal fluids
are acidic, reduced and enriched with heavy metals, methane and hydrogen sulphide gas
(Prieur, 1997). Figure 1.4 shows a 'black smoker' from a hydrothermal vent system..

Hydrothermal vents support ecosystems that are almost entirely independent of solar
energy. The systems, although small in size, are diverse metabolically, physiologically
and taxonomically and rely on the growth of chemosynthetic microorganisms for
primary production and support of higher life (Eberhard et al, 1995). It was calculated
by Wirsen et al (1986) that approximately 79% of the total bacteria around deep-sea
hydrothermal vents in the east Pacific Ocean were represented by chemotrophic sulphur
oxidising bacteria. Figure 1.5 shows a schematic of the biochemical interface in black
smoker environinents. Demming & Barross (1983) suggested that these environments
could represent 'windows to a subsurface biosphere'; because this extreme environment
was found to support life, the existing limits for life have been further broadened and it
is therefore probable that life exists deeper in the earth's crust than is currently believed.
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Figure 1.4. A black smoker from a hydrothermal vent system in the Pacific
(re-printed with kind permission from The Office of Naval Research, US;
www. onr. navy. mil)
Chemoautotrophic

bacteria,

that

oxidise

various

sulphur

and

iron-containing

compounds, have been detected from many marine hydrothermal sources (Eberhard el
al, 1995; Gugliandolo & Maugeri, 1993; Harmsem et al, 1997; Prieur, 1997 and Verati
et al, 1999). The sulphur and iron rich properties of this habitat make it an ideal
has
for
Much
been carried
research
environment
chemoautotrophic primary production.
out into the use of these organisms in high temperature leaching of metals from
sulphidic

ores (Norris

et al,

1996), however the growth physiology

of these

microorganisms have not been assessedat high salinity.

Chemolithotrophic, gram negative rod shaped bacteria were isolated from a shallow
hydrothermal vent environment in Vulcano, Italy. The sulphur-oxidi sing bacteria were
found to grow with thiosulphate as the sole energy source (Gugliondolo & Maugeri,
1993). Analysis of the 16S rDNA from acidic sites from the same hydrothermal vent
system at Vulcano was reported by Simmons & Norris (2002).

The authors found

sequences related to T prosperus (which had been previously isolated from the same
site, Huber & Stetter, 1989) and Acidithiobacillus

sp. The 16S rDNA was isolated

directly from the samples to investigate the diversity of hydrothermal vent systems
without the selective bias observed with the use of selective culture techniques.
However, the molecular methods and oligonucleotides used to amplify the 16S rDNA
regions may have selected for certain organisms. Thermophilic Archea similar to
Suffiblobus metallicus were also isolated from the hot vent samples during the same
investigation. These strains could be cultured using elemental sulphur, pyrite and yeast
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in
be
but
maintained
extract as substrates
growth of these enrichment cultures could not
the presence of 3% salt (Simmons & Norris, 2002).
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Figure 1.5. Schematic of the bio-chemical interface in black-smoker, hydrothermal
environments (Modified from Verati et al, 1999).
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Flow of seawater through cracks in the mineral, forming complexes with HTV
fluid that then leaches compounds from the mineral deposits and is vented at high temperature and
pressure through the plume and precipitates minerals on contact with the cold seawater.
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A marine, halotolerant, iron-oxidising acidophilic bacterium that obligately required
NaCl for growth was isolated from open seawaterin Japan. Strain KU2-11 was
is
This
ferrous
liquid
2.7%
NaCl.
a gramstrain
enrichedusing
sulphate
medium with
negativerod-shapedbacteriumwith an optimum growth temperatureof 30'C and pH of
2.0 (Kamimura et al, 2001). Physiologically, strain KU2-11 was found to be very
similar to At. ferrooxidans, however, phylogenetic analysis showed that this strain is
distinct from At. ferrooxidans and exhibited a closer relationship to Acidiphilium
multivorum and T novellus. However, the physiological characteristics of this
halotolerantstrain were very different to thesephylogeneticallyclosebacteria.
The optimum NaCI concentrationfor growth of KU2-11 was 2% (approximately 66%
that of averageseawatersalinity). The authorsnoted that total final biomass of their
less
in
NaCl
than that of At.
was
much
strain when grown
medium containing
ferrooxidans a (terrestrial bacterium) in medium with no added salt. Also, ironoxidation rates under optimum growth conditions were much less than those of ironoxidising terrestrial strainsundertheir optimal conditions
Following the isolation of KU2-1 1, a further five hundredmarine sampleswere usedin
bacteria.
However,
in
isolate
iron-oxidising
to
acidiphilic
attempts
enrichment
order
theseattemptswere all unsuccessful(Kamimura, OkayamaUniversity, Japan,personal
communication,2002).
During their study, Kamimura's group also demonstratedthe sensitivity of four
different strains of At. ferrooxidans to increasinglevels of NaCl. This result was in
concurrencewith other similar studies on the toxicity of NaCl on the growth of At.
ferrooxidans (Kamimura et al, 2001; Lawson et al, 1995;Lazaroff, 1962 and Razzell &
Trussel 1963)
As part of a program to develop bioremediation technology for metal contaminated
harbour sediments,a searchfor salt-tolerantiron-oxidising bacteriawas undertakenby
researchersat the University of New South Wales, Australia in collaboration with
ANSTO (Australian Nuclear ScienceTechnology Organisation). Holden et al 1999
reported the isolation of such bacteria from Sydney Harbour sedimentusing artificial
seawatercontaining 1% salts. All three of their isolated strains exhibited optimal
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growth and iron oxidation in medium containing 1% NaCl and doubling times increased
proportionally as salt concentrationincreasedabove I%.
Ile isolatedbacteriawere capableof mixotrophic growth on ferrous sulphateand yeast
extract and heterotrophicgrowth on yeastextract, whereas,autotrophic growth by these
strains was not detected. The optimal temperaturefor growth of these strains was not
reportedbut the maximum temperaturefor growth was 44'C. Sequenceanalysisof the
16SrDNA showedthat thesebacteriabore the greatestresemblanceto Sutrobacillussp.
The metal leaching abilities of these strains were also reported and are discussedin
Section 1.5.1. Table 1.3 details some of the iron- and sulphur-oxidising bacteria that
havebeenisolatedfrom high salt environments.
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1.4 Biomining: theory and industrial practices
The mineral mining industry is continually looking for new ways to enhancetheir
existing technology and one such way is the incorporation of biotechnology into the
extraction of metals from mineral ores. Traditional extractionmethodssuch as solvent
extraction, pressureleaching and electrowinning are cost effective for extraction of
commercialmetalsfrom high-gradeores,but it is not economicor efficient to usethese
methods for metal extraction form low-grade ore bodies, or low-grade waste ore.
Legislation also dictatesthat existing technologymust be made more environmentally
co-operative, and complying with this fin-ther adds to the capital costs involved in
existing mining technology.
As a result of this demand,the use of acidophilic microorganismshas been recognised
as a viable option for treatment of low-grade ores with a view to metal extraction
(biomining). The indigenousphysiological capacity of chemoautotrophicbacteria can
be hamessedto leachthesemetals.
Biomining is the use of microorganisms in the recovery of industrially important metals
and this term encompasses both bioleaching and biooxidation.

These terms are

sometimes used interchangeably, however, bioleaching should be used to refer to the
conversion of an insoluble metal into a soluble form (e.g. from a metal sulphide into a
metal sulphate), thereby extracting the target metal into water. Biooxidation refers to
processes in which the recovery of a metal is enhanced by microbial decomposition of
the mineral but the target metal is not solubilised and subsequently requires the use of
traditional methods for recovery of this metal (Rawlings, 2002; Schippers & Sand,
1999).

1.4.1 Mechanism of bacterially mediatedmetal extraction
The bioleachingprocessis a complex systeminvolving both biotic and abiotic factors.
Thesebiological and chemically mediatedprocessesare inextricably linked and depend
upon each other for the successof leaching systems. There are a number of different
schools of thought regarding the mechanisms involved in biomining processes,
however,it is increasinglybecomingacceptedthat two biological systemscontribute to
the leaching of metals and oxidation of the mineral sulphides. These systems are
22
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commonly referred to as the direct (contact) and indirect (non-contact) mechanisms.
Figure 1.6 showsan overview of the proposedmechanismsof pyrite bioleaching.
The direct mechanisminvolves the attachmentof the bacteria to the mineral particle
enhancingthe rate of mineral dissolution by the use of iron and sulphur compoundsfor
the energy acquisition within the bacterial cell membrane via enzymatic reactions
(Rawlings,2002; Sandet al, 2001 and Silverman& Ehrlich, 1964). Equations 1.10 and
1.11 outline the chemical and bacterially mediatedreactionsoccurring during the direct
bioleachingmechanism. The indirect leachingmechanisminvolves the regenerationof
ferric iron ions from ferrous iron by oxidation mediatedby the non-attachedbacteriain
the lixivant (Equation 1.12). Ferric iron then chemically attacksthe mineral sulphide,
resulting in the dissolution of the mineral and release of ferrous iron and sulphur
moieties (Equation 1.13 and 1.14). These can then be re-used by the bacteria to
regenerate the ferric iron and continuation of the cycle (Rawlings, 2002; Sand et al,
2001).

Direct mechanism
FeS2

He

+ 3.502 +

2+ + 0-502

2+

H20

Fe +W+

+ 2H+

102Fe3++

2SO4 2-

H20

Equation 1.10

Equation 1.11

Indirect mechanism (M = metal)
FeS2 +

3+

We

+ 8H20

+

10 15Fe
0,

MS + 2W+
so + 1.502

2++

H20

0

M2+ +

2H+ +

16H++

S* +M
S04 2-

(Modified from Sandet al, 2001)
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Sulphidic
mineral
(e. g.

S04

HS-,
2+

Fe

FeS2)

2-

9 Indirect (non-contact) leaching

1-12S.,

,

Electronextractiondue to Fe" attack on acidinsolublesulphides(thiosulphateintermediates)or
Fe" proton attack on acid-solublesulphides

so, S203 2-

(polythionate intermediates).
Fe3+ H+
,

Fe'+
&0
Fe3+

Direct (contact)
leaching (i)
(iron-oxidising microorganisms)
involving the attachment of the bacteria to the mineral
particle enhancing the rate of mineral dissolution by the
use of iron and sulphur compounds for the energy
acquisition within the bacterial cell membrane via
enzymatic reactions. Concentration of Fe" at mineral
surface due to the oxidation of ferrous iron by the
bacterium also enhances rate of leaching. Release of
mineral fragments

7saccharide layer (capsule)
around the bacteria

cys-S- e

leaching
Direct (contact)
(Sulphur-oxidising bacteria)

(ii)

Cysteine-containing
sulphur carrier protons for bond
breaking, resulting in release of sulphur colloids and
other intermediates
cys-S-H,.

Co-operative

leaching

Sulphurcolloids, sulphur intermediatesand mineral
fragmentsusedby planktonic iron and sulphur-oxidising
bacteriato generateFe3*and protonsfor indirect
leaching

Figure 1.6. Schematic diagram illustrating the proposed mechanisms of pyrite
bioleaching (modified from Rawlings, 2002 and Tributsch, 2001). The diagram
shows the direct (contact), indirect (non-contact) and the co-operative mechanisms
of bioleaching.
-ý Iron-oxidising bacterium
D

Sulphur colloids/intermediates

Sulphur-oxidising bacterium
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However, although these are the widely considered views of the mechanisms, there are
different ideas on how the bacteria carry out these reactions. One view suggests that
ferric iron is the only chemical agent responsible for dissolving the ore. This theory
also proposes that the bacteria, in conjunction with their excreted exopolysaccharide
glycocalyx, are only responsible for the regeneration of this agent and resulting
concentration of it at the mineral/water interface (Sand et al, 2001).

The proposed

mechanism encompassesboth the thiosulphate and polysulphide reactions as outlined in
Figure 1.7.

3+

3ý

Fe

Fe

bacteria

H+

bacteria

ms

ms

Fe

2+ +S203
m

2-

ml+

+s

bacteria
v
S8

bacteria

Nbacteria

v
S04

2-

+

804 2-

H+

Figure 1.7 Scheme of thiosulphate and polysulphide mechanism on
(bio)leaching of metal sulphide (modified from Schippers and Sand 1999).
2+
2- thiosulphate, S,,2ion,
S203
MS
M
:
_
- metal sulphide,
- metal
polysulphide with chain length n, S8 - elemental sulphur, bacteria - enzymatic
reaction by chemoautotrophic bacteria.
Key
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1.4.2 Typesof biomining operations
There are severaldifferent processesthat utilise bacteriain the biomining industry and
new processesare being patented regularly. The main processesthat are currently
industrially usedare outlined in this section.
Dump and heap leaching involve the deposition of low-grade ores (which are usually
waste products or concentratesfrom metal extraction from high-grade ores) on an
impermeableslope. The top of the heap is irrigated by spraying a leach solution on the
surface. This solution contains sulphuric acid, which serves to reduce the pH to
between3.0 and 1.5, thus increasingthe leaching rate and preventing ferric salts from
building up by increasingtheir solubility. Bacteria grow in the top metre of a dump
heap or throughout a heap leach system (heap leach systemsare usually aeratedand
irrigated throughout the layers, facilitating aerobic bacterial growth throughout the
heap). These bacteria are usually indigenous to the ore sample or surrounding
environment, although the leach lixivant may be inoculated with certain defined
bacterialconsortia.
The target metal e.g. copper is dissolved via the bioleaching mechanisms(outlined in
section 1.4.1) and the resulting leach solution containing this copper is collected and
passedover scrap iron. The iron is then substitutedfor copper in the soluble metal
sulphatevia a simple chemical reaction resulting in the liberation of elemental copper
(reaction outlined in Equation 1.15). The resulting coppermay then be precipitatedvia
cementation processesor solvent extraction can be used to recover a more pure
concentratedcopper product. Figure 1.8 shows a schematicof a typical dump leach
system.
CUS04

+ Fe'

CUO
+
FeS04

00-

Equation 1.15

This processhas been successfully employed in several industrial leach operations.
These include the QuebradaBlanca heap leach operation in northern Chile which
processes17,300 tonnes per day of sulphide ore to produce 206 tonnes per day of
copper (cathodegrade) (Brierley & Brierley, 1999 and Schnell, 1997). The Zaldivar
operationin Chile operatesa dump leach systemwith a processingrate of 20,000tonnes
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per day and as far back as the 1970's Kennecott Copper operateda heap leach system
with an output of 200 tonnesper day (Bosecker,1997).

\

NN

ore dump

collection
pond
acidic
lixivant

2+

Fe

pregnant solution

oxidation
pond
extraction or
recovered
copper

cementation
plant

J

Figure 1.8 Components of a copper ore dump leach operation. Modified from
Olsen & Kelly (1986). The leachate solution with dissolved copper from the ore pile
runs into the collection pond and from there undergoes cementation or further extraction
processes to recover the copper. The barren leachate may then recycled by the
2+
3+,
by
bacteria
in
Fe
Fe
oxidation of
a oxidation pond, thus regenerating
and this is then
added to fresh lixivant and used to irrigate the ore pile. The bioleaching of copper
occurs in the ore pile and is mediated by iron-oxidising bacteria.

27

Chapter 1: Introduction

Low overall capital costs are associatedwith these methods of bioleaching, with the
only substantialcost being the addition of sulphuric acid and purchaseof scrapiron for
cementation. These costs are much lower than chemical and/or physical extraction
methods, and waste products may be re-used as leach-liquor, thereby making this
processmore environmentally friendly when theseoperationsare properly maintained
and reclaimedat the end of the life of the mine.
Tank

or

bioreactor leaching is

usually used for

the

biooxidation

of
recalcitrant/refractory gold ores (Bosecker, 1997) and can be piloted in the lab in
shakeflasksthat can then be scaledup to larger batch reactorsin oxidation plants. Gold
in recalcitrant ore is encasedin a matrix mainly consisting of arsenopyrite/pyriteand
cannot be efficiently recoveredusing pressureleaching or direct cyanidation treatment
alone. Fortunately, bacteria can be used to decomposethe mineral sulphide matrix
(Equation 1.16) to make the mineral amenable to efficient metal recovery by
cyanidation (Bosecker,1997,Hayward et al, 1997;Nestor et al, 2001; Rawlings, 1998
Ruitenberget al, 1999).
2FeAsS +

702

+

H2SO4

+2

H20

o 2H3AsO4 +

Fe2(SO4)3

Equation 1.16

Examples of such processesinclude the Biox(V process (Dew et al, 1997) but
production rates and processadvantagesare rarely reported, due to competition from
industrial competitors. However, reports of the capital costs using this technology
being two-fold lower than roastingor smeltinghavebeennoted (Bosecker,1997).
Although running and maintenancecostsare high with bioreactoroperations(including
bioreactormanufacture,heating and agitation costs),the improvementin gold recovery
offsets the high capital costsinvolved, which once again are lower than using chemical
and physical methodsaloneto obtain the samegold production. However, the designof
such a bioreactor must be consideredvery carefully with regard to microbial-consortia
selection,agitation method and speed,materialsused and temperaturecontrol, as these
all effect the rate of biooxidation and cost of operation (Hayward et al, 1997 and
Spencer,2001). For example,the selectionof microbial-consortiathat are very tolerant
to elevatedmetal levels suchas arsenicmust be considered.
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1.5 The casefor biomining at high salinity
The mineral industry is constantly looking for technology that is more efficient and
economicas well as being less environmentallydamagingdue to economiccompetition
and environmental legislation. Water is a valuable commodity in the biomining
industry and large quantitiesare neededfor leaching lixivant, cooling fluid or flotation
liquid. High capital costs are involved in the purchaseof water and the transport
logistics of water to biomining operations. The use of seawaterin suchprocesseswould
greatly benefit operationsthat are closer to marine rather than to freshwater sources.
Also, many mine sites are contaminatedwith salts from nearby saltpetre deposits, or
have an available sourceof brackish boreholewater that may be a potential source of
lixivant. However, it was noted by Dew et al (1997) that more expensivestainlesssteel
would be required for the use of high chloride processwater in thesesystems,due to the
high corrosiveeffect of chloride ions on metal containingmaterials.
Budden & Spencer(1991) reported a chloride content of borehole waters of between
12.7 - 25.7 gl-1 and Weston et al (1994) reported a high level of I 10 gl*1chloride in
borehole water. Analysis of Lihir Island gold operation borehole water revealed a
chloride content of 34 gl"' (Rio Tinto Technical analysis report, this study). The
analysis of this geothermalwell water is outlined in Table 1.4. The total dissolved
solids in this well water sample was found to be 117.3 gl". Chloride potentially
enhancesthe rate of leaching of metaliferrous ores by acting as a corrosive agent and
may give a significant processadvantageif it was usedin biomining operations.
However, thesesaline water sourcesare rarely assessedfor biomining processesdue to
the inhibition of growth of the bacterial consortiatraditionally used in such operations,
becauseof their high sensitivity to elevatedsalt levels. Various limits for the growth of
At. ferrooxidans have been reported (Deveci, 2002; Huber & Stetter, 1989; Lawson et
al, 1995 and Leong et al, 1995). However, the consensusseems to be that NaCI
concentrationsabove 1% have a detrimental or inhibitory effect on the growth of this
bacterialspecies. The removal of thesetoxic levels of saltsis not cost effective.
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Table 1.4 Analysis of geothermal well water from the Lihir Mining Company (Rio
Tinto technical report)
Chemical species

Concentration (g 1-1)

chloride

34

potassium

8.89

sodium

43.3

silicon

0.0775

calcium

0.00277

magnesium

0.00021

However, despitethe potential advantagesof the applicationof suchhigh salt biornining
technology, researchinto this subject has been scarceand those reports found in the
literature have rarely comparedleachingrateswith traditional characterisedbioleaching
strains.

1.5.1 Bioleaching and biooxidation attemptsat high salinity
Huber and Stetter (1989) found that halotolerant iron-oxidising isolates (including T
40
%
for
100%
to
of zinc and up to
uranium,
showed
prosperus)
extractionvaluesof up
8% of the total copperin a mixed ore sample. This result was producedat a salinity of
3.5% NaCl after 28 days incubation at 37'C and 3% ore load (w/v) and the samerates
were observedin medium without added salt. Leong et al (1993) reported 90 - 95%
copper extraction from chalcociteby a mixed bacterial culture in the presenceof 8 gl"
chloride after 20 daysleaching.
During the assessmentof the effect of chloride on the BIOX" processit was noted that
the bacterial consortiausedshowedlittle growth inhibition at concentrationsof chloride
in the range of 0-5 gl". However, the rate of iron oxidation during this process
decreasedfrom 80% oxidation when no salt was addedto 55% oxidation after 24 hours
at concentrationsof 7 gl-1 chloride (0.7%). Above 19 gl-1 complete inhibition of
bacterialactivity was caused(Dew et al, 1997).
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In addition, someof the reportsof bioleachingattemptsat elevatedsalinity describethe
precipitation of jarosites at high chloride concentrations(Dew et al, 1997; Deveci,
2002; Leong et al, 1993). Jarosite formation is the result of the chemical reaction
between ferric iron, sulphate and soluble potassium (outlined in Equations 1.16 and
1.17) and occursas brown and yellow powdery precipitates.
K+ + 3Fe3++ 2SO42-+61120

0 KFe3(SO4)2(OH)6 + 6H+

K+ + He 3++ 2HS04- + 6H20---*

KFe3(S04)2(OH)6 +8H+

Equation 1.16

Equation 1.17

(Brierley & Brierley 1995)
The formation of theseprecipitatesmay becomeexcessiveand inhibit the recovery of
metals by subsequentchemical methodsdue to the coating of the target metals with the
jarosites. Similarly, inhibition of biooxidation may occur by the jarosite coating
preventing the adequateattachmentof the bacteriato the mineral surfaces(Dew et al,
1997). Theseprecipitatesalso make observationand enumerationof bacteriaextremely
difficult due to the formation of bacterial-jarositeaggregates.
More recently molecular data and increased culturing success of halotolerant
acidophiles have improved and corroboratedthe belief that these bacteria are more
widespreadin naturethan originally thought. Thereforethere have beenmore frequent
reports on the assessmentof the growth of such bacteria on pyritic ore (Bond et al,
2000; Bond & Banfield, 2001; Holden et al, 1999).
During a program to evaluatehalotolerant acidophilesfor the bioremediation of metal
contaminatedharbour sediments,the leaching capacity of a halotolerant Sulfobacilluslike isolate (A19-22) was assessed
by Holden et al (1999). Iron dissolution ratesby this
isolate were relatively slow in pyrite cultures. After a residencetime of 20 days isolate
A19-22 had solubilised 22.8% of the total iron at 0.5% NaCl, 16.3% of the total Fe at
1% NaCI and only 8.15% of the total Fe available in the medium at 4% NaCl. The
investigators also showed that the total leaching decreased with increasing salt
concentration(Holden et al, 1999).
Deveci (2002) reported the effect of salinity on the oxidative activity of different
acidophilic bacteriaduring the bioleachingof a sulphidic ore sample. Deveci noted that
31

Chapter 1: Introduction

Cornwall,
UK)
from
Jane
Mine,
Wheal
(isolated
extracted
a mixed enrichmentculture
30% of the total available iron at 3% (w/v) chloride and 1% (w/v) ore load after 12.5
days. At 1% chloride the iron extractionwas only 35% underthe sameconditions.
Investigationof the occurrenceand characteristicsof novel salt-tolerantacidophilesthat
be
high
bioleaching
of great
would
salinity
at
processes
are capable of carrying out
biotechnological
both
from
perspective.
a
and
value,
a microbial ecological
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1.6 Aims and Objectives of this study
From a review of the literature and the mining industry interest in the potential
biotechnologicaluse of salt-tolerantacidophiles,it was found that there was a gap in the
knowledge regarding the diversity of acidophilic, iron-oxidising bacteria that also
toleratedgrowth at high salt levels. It was notedthat therewas a greatdeal of interestin
the occurrenceof these bacteriaand their potential role in iron and sulphur-cycling in
marine areas,and their potential use in biomining processes.However, researchhas not
kept pace with this interest and is lacking in the description of these bacteria and
assessment
of their physiology underdifferent conditions.
The objectives of this study were to answer and expand on the following research
questions:
Can novel, halotolerant,iron-oxidising bacteria be isolated from marine and estuarine
areasof known metal contamination?
What are the growth characteristicsof theseisolatedbacteriaunder different conditions
of salinity, pH, temperatureand nutrient source?
Can this type of bacteriaoffer a potential competitive advantagefor mining operations
via biomining of metalsat high salinity?
The aim of this study is to reducethis gap in the knowledge by isolating halotolerant,
acidophilic, iron-oxidising bacteria that are capable of growth on pyritic ores. The
growth physiology of these isolates under different chemical and physical growth
conditions will be characterised. The phylogeny of these bacteria in relation to other
characterisedacidophiles will be assessedto gain more information regarding the
diversity of this type of microorganism. In addition, an important goal is to determine
the growth rates and iron dissolution kinetics of these bacteria when grown on
metaliferrous ores and this will provide important information on the utility of such
microorganismsin elevatedsaltsbiomining technology.
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2.1 Characterised bacterial strains used in this study

The bacterial strainsusedin this study are outlined in Table 2.1 below.
Table 2.1 Bacterial strains used in this study

Bacterial strain name

Source

Identification
no.

Thiobacillusprosperus

DSMZ

5130

Thiobacillusferrooxidans
(reclassifiedas,4cidithiobacillus
ferrooxidans)

ATCC

23270

Reference'
Huber& Stetter,
1989

Kelly & Wood
,
2000
Johnson,1995

4cidiphilumsp.
.
AcidiphilumSJH

NCIMB
Kindly
donatedby Dr.
D.B.Johnson,
Bangor
University

Leptospirillumferrooxidans
41icyclobacillus
hesperidum
,
Alicyclobacilluscycloheptanicus
Suýfbbacillus
acidophilus
Sulfobacillusdisulfidooxidans

11745

ATCC
DSMZ
DSMZ
DSMZ
DSMZ

35

Johnson,1995

53992

Premuzic& Lin,
1994

12489

Albuquerqueet al.
2000 -

4006

Deinhardet al.
1987

10332

Norriset al,
1996

12064

Dufresneet al,
1996
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DSMZ - DeutscheSammlungvon Mikroorganismenund Zellkulturen GmbH German
Collection of Microorganismsand Cell Cultures
http://www. dsmz.de
NCIMB - National Collectionsof Industrial, Food and Marine Bacteria
http://www. ncimb.co.uk
ATCC - American Type Culture Collection, The Global BioresourceCentreTM
http://www. attc.org
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2.2 Media and culture conditions
The sourcesof chemicalsusedare outlined in appendixD
ZZI

T. prosperus medium

Modified from medium M477 (Huber & Stetter,1989)
Contains per litre

distilled
of

water (dH20);

KCI

0.33g, MgC12.6H20 2.75g,

MgS04.7H20 3.45g, NI-14CI 1.25g, CaCl2.2H20 0.14g, K2HP04 0.14g, KH2P04 0.14g,
NaCl 0.5g, NiC12.6H20 2.0 mg, trace element solution (see section 2.2.3 for recipe) 10.0
ml, distilled water to I litre. The medium was adjusted to pH 2.5 with H2SO4 and then
autoclaved. FeS04.7H20 solution (10% from a 20% w/v filter sterilised stock solution
pH 2-0) was added aseptically when medium was cool. If ore was used as the substrate
this was added before autoclaving. Cultures were grown at 35*C with shaking.

ZZ2 At. ferrooxidans medium
Contains per litre; (NIL)2SO4 3g, K2HP04 0.5g, MgS04.7H20 0.5g, KCI 0.1g, Ca
(N03)2 O.Olg made up to I litre with dH20 and pH was adjusted to pH 2 with
concentrated H2S04, medium was aliquoted and autoclaved.

A solution of filter-

sterilised ferrous sulphate was then added to the medium to a final concentration of
lOOmM. Cultures were grown at 28'C with shaking.

ZZ3 Media usedfor enrichment and growth of the isolated bacteria
Ferrous iron saline medium/FSM (for growth of environmental isolates)
Basal salts solution 100 ml, distilled water 900 ml, yeast extract 0.2 g, trace element
solution 0.5ml, sea salts (Sigma) 30g. The pH was adjusted to pH 2.0 with H2S04, and
the medium was dispensed into flasks and autoclaved. Sea salts or NaCl was omitted
for non-saline medium (FM) and yeast extract was omitted for autotrophic medium. A
stock solution of filter-sterilised ferrous sulphate was added after autoclaving to produce
a final iron concentration of 100 mM.

For heterotrophic medium, the addition of

ferrous sulphate was omitted and 0.5 g of yeast extract was added instead of 0.2 g.
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Pyrite saline medium/PSM (for growth of environmental isolates)
Basal salts solution 100 ml, distilled water 900 ml, powderedpyrite (FeS2)2 g, yeast
extract 0.2 g, trace elementsolution 0.5 ml, seasalts(Sigma)or NaCl 30 g. The pH was
adjustedto pH 2.0 with H2S04;the medium was dispensedinto flasks and autoclaved.
Sea salts or NaCl was omitted for non-saline medium (PM) and yeast extract was
omitted for autotrophicmedium.
Yeast extract saline medium/YSM (for heterotrophic growth)
Basal salts solution 100 ml, distilled water 900 ml, yeast extract 0.5 g, trace element
solution 0.5 ml, seasalts (Sigma) or NaCI 30 g. The pH was adjustedto pH 2.0 with
H2SO4.the medium was dispensedinto flasks and autoclaved. Sea salts or NaCl was
omitted for non-salinemedium (YM).
Basal salts solution (Johnson, University of Wales at Bangor, 2001 personal
communication)
M9SO4.7H20
Containsper litre of distilled water; (NH4)S04
0.5g,
1.5g,KCI
5.0g,
KH2P04 0.5g, Ca(N03)20.1g (pH was adjustedto pH 2.5 wifli concentratedH2SO4). '

Trace elementssolution
Contains per litre of 0.01M

199 COSO4.7H20Ig,

H2S04;

Cr2(S04)3,15H20

CUS04.
109,
ZnS04.7H20

0.5g,

Na2B407-IOH20

SH20

Ig, MnS04AH20

0.5g, NaMo04.2H20

0.5g, NaV03 0- 1

ZZ4

Ferrous iron overlay plates (Johnson, University of Wales at Bangor, 2001

personalcommunication)
Solution A: 40 ml basal salts solution, 0.4 ml trace element solution, 0.1 g tryptone
soya,250 ml distilled water,pH was adjustedto 2.5 with H2S04
Solution B: 2g agarose,100ml distilled water
Solution C: IM ferroussulphate,pH 2.0, filter-sterilised
Solutions A and B were autoclavedseparatelyand cooled to 45*C. The two solutions
were mixed and 10 ml of solution C added. The combinedmedium was split into two
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sterile bottles 70:30. The greater amount of medium was inoculated with an active
culture of Acidiphilum SJH and poured immediately into 15 plates. The plates were
allowed to gel and the remainingmedium pouredon top. Plateswere storedat 280Cfor
up to a week to allow the Acidiphilum sp. to grow and were then inoculated with
bacteria.

ZZ5 Solidjerrous iron medium
Solution 1: agarose5 g, dH20 200 ml
Solution 2: basal salts 100 ml, trace element solution 0.5 ml, yeast extract 0.5 g, sea
salts (Sigma) or NaCI depending on salinity of medium, dH20 650 ml, pH adjusted to
2.0 with concentration H2S04.

Solution 3: 200 gl-1FeS04.7H2050 ml, pH adjustedto pH 2.0 with H2S04 and filtersterilised.
Solutions I&2

were autoclavedseparatelyand were combinedwhen cooled to 500C,
solution 3 was then added and plates were poured. The plates should not be stacked
when pouring as the longer cooling time may cause the agaroseto hydrolyse and
thereforethe plateswill not set. Seasaltsor NaCl were omitted for non-salinemedium.

ZZ 6 Estuarine enrichment medium EEM
Contains per litre dH20; NaHC03

2.5 g, CaC12.2H20 1.0 g, KCI 0.1 g, NI44CI 1.5 g,

NaI12PO4 0.6 g, NaCl 11.7 9, MgC12.6H20 5.3 9, MgS04.7H20
mg, NaM04.2H20

5 mg, NaCH3COO

0-1 g, MnC12AH20

5

2.7 g. (50 mg of yeast extract was added for an

additional carbon source). Various iron sources were added and the pH was adjusted to
2.0 with H2S04, the medium was then dispensed and autoclaved (Lovely,
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ZZ 7Alicyclobacillus hesperdummedium (DSMZ 12489)
DSMZ medium 402: Solution A: CaCl2.2H20 0.25 g, MgS04.7H20 0.5 g, (NI14)2SO4
0.2 g, yeast extract 2 g, glucose 5 g, K2HP04 3 g, dH20 for liquid medium 1000 ml, (for
solid medium 500 ml), trace element solution I ml.

The pH was adjusted to 4 by

These
dH20
500
15
B:
Solution
H2S04solutions
ml.
g,
agar
addition of concentrated
were autoclaved separately. For solid medium solutions A and B were combined.
Cultures were grown at 50'C.

2. Z8AIlcyclobacillus

cycloheptanicus medium (DSMZ4006)

DSMZ medium 402 was usedfor culture of this strain (seesection2.2.7) but 5 gl" yeast
45'C.
Cultures
instead
2
at
gown
were
extract was used
of gl".

ZZ9 Suffibbacillusacidophilus medium (DSMZ 10332)
DSMZ medium 709: per litre of dH20; MgS04.7H20 0.5 9, (NI14)2SO40.4g, K2HP04
0.2 g, KCI 0.1 g.

The pH was adjusted to 2.0 using concentrated H2SO4. For

heterotrophic medium a stock solution of filter-sterilised FeS04.7H20 was added to
obtain a final concentration of 10 mgl-1 and a stock solution of filter-sterilised yeast
extract was added to a final concentration of 0.25 gl" after autoclaving. For autotrophic
medium a stock solution of FeS04.7H20 (pH 1.7) was added after autoclaving to obtain
a final concentration of 13.9 gl-'. Cultures were grown at 45'C.

ZZIO Sulfobacillus disutridooxidans medium (DSMZ 12064)

DSMZ

Medium

MgS04AH20

812: per litre of dH20;

0.5 g, Ca(N03)2.4H20

pH 2.25 before

autoclaving

(NI14)2SO4 3 g, KCI 0.1 g, KH2P04

0-5 99

0.1 g, yeast extract 0.1 g. The pH was adjusted to

and before use 10 ml of filter

glutathione solution was added. Cultures were grown at 35C.
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ZZIIA

cidophMumspp. medium (NCIMB 11745)

NCIMB Medium 155: per litre of dH20; MgSO.71120 0.5 g, (NH4)2SO4 0-1 9,
KH2PO4 50.0 mg, KCI 50.0 mg, Ca(N03)2 10.0 mg, mannitol 1.0 g, tryptone soya
broth 0.1 g. The pH was adjustedto 3.5 with concentratedH2S04,and autoclaved. For
agar, the medium was preparedat double strength in 500 ml dH20 without agar, was
autoclavedand addedto an equal volume of hot sterile, double strength agar solution
(12 g agarin 500 ml dH20, pH 7.0). Cultureswere grown at 28C with shaking.

ZZ12 Leptospirillumferrooxidans medium (A TCC S3992)
per litre of

dH20;

(NI-14)2SO4

132

M902.61-120

Ing,

25 mg, CaCl,2H20 147 mg,

KH2P04 27 mg, I ml of trace elements solution (section 2.2.3).

The medium was

adjusted to pH 1.8 with concentratedH2S04, dispensedand autoclaved. A stock
solution of filter-sterilised FeS04.7H20(pH 1.8)was addedprior to use to obtain a final
iron concentrationof 100mM.

ZZ13 TSMsolid medium (Bianchi et al, 1989)
Solution A:

(NI14)2SO4

MgS04.7H20

0.5 g, KCI 0.1 g, K2HP04 0.05 gq
Ca(N03)2.4H200.015 g were dissolved in 600 ml distilled water acidified to pH 2.0
H2S04.
The solution was autoclavedat 121*Cfor 15 minutes.
with concentrated
3.0 99

Solution B: FeS04.71120 22.0 g in 150 ml dH20 acidified to pH 2.0 with H2S04.

The

solution was filter sterilised and then wanned to 60'C in a water bath.

Solution C: agarose8g in 250 ml dH20 at pH 7.0. The solution was autoclavedat
121'C for 15 minutes.
SolutionsA, B and C were maintainedat 60*C and mixed togetherprior to pouring.
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2.3 Monitoring of Cell Growth
Z3.1 Direct counting ofplanktonic

cells

Cells were enumeratedby direct counting using a Neubauer IMPROVED BRIGHTLINE haernocytometer(depth0.100 mm, areaof squares0.0025mm2)with a Unilux- 12
light microscopeunder a magnification of x1000 (oil immersion lens). The number of
cells were countedin 16 random squares.The averagenumber of cells per squarewas
then multiplied by 4x 106to give the numberof cells ml" (seeequation2.1 below).

Cells ml-1 =. total number of cells in 16 squares x (4 x 106)

equation2.1

16

23.2 Specific growth rate constant calculation

Specific growth rate constantswere then calculatedas shownin equation2.2 below.

(12N4- IgNo)

equation 2.2

0.301(tt-to)

k= specific growth rate constant
IgNt = log cells ml-1 at time t
IgN,, = log cells ml-1 at time to
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2.3.3 Useof afluorescence stain to count cells under Might
AI mgml" stock solution of fluoroscein diacetate(FDA) was preparedin acetone,this
was transferredin Iml aliquots to microfuge tubes and storedat -20*C. A drop of this
stock solution was addedto I ml of culture and was left for 10 mins for the stain to be
taken up. The cells were counted using a Neubauerhaemocytometerviewed under
ultraviolet light using a Zeiss EpiflurosenceMicroscopeto enumerateviable cells. The
light source was switched between visible to UV in order to see the squareson the
haemocyctometer.The number of viable cells ml" was calculatedin the samemanner
outlined in Section2.3.1.

Z3.4 Use of oxalic acidfor releaseof cells attched to particles or which are enclosed
in iron precipiates (modification of methodfrom Ramsayet al, 1988)
Cells were releasedfrom jarosite precipitatesby addingaI ml culture sampleto 5 ml of
1% (w/v) oxalic acid. The solution was mixed and the cells were countedimmediately
before the cells were damaged by the oxalic acid. The oxalic acid dissolves
intermediateprecipitationproductsof iron oxidation suchasjarosite.

Z3.5 Useof sonic water hath to releasecells attachedto ore particles
Cells grown on ore samples were difficult to observe under the microscope because

many attachedto the ore particles therefore a method was developedto releasethese
attacedcells. Samplesof ore cultures (Iml) were dispensedinto microfuge tubes and
put in the sonic water bath for 5 min exactly. This action was found to shakeattached
cells off the ore particles and allowed the cells to be observedmore easily. The cells
were observedunder a light microscope at a magnification of x1000 (oil immersion
lens).
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Z3.6 Measurementofgroulh in heterotrophic bacterial cultures
The growth of heterotrophiccultures was monitored by reading the absorbanceof the
culturesin aI ml cuvetteusing a Bio-Rad Smart Specspectrophotometerat wavelength
of 600nm. A calibration curve was created by directly counting the cells in a
haernocyctometer(see Section 2.3.1) and measuring the absorbanceat 600 run and
ploting thesevalueson a graph. This graph was then usedto determinethe number of
cells ml-1in culturesusing the absorbancevalue.
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2.4 Determination of ferrous iron and total dissolved iron concentrations in
bacterial cultures
Samplesfrom ferrous iron cultureswere useddirectly for iron determination. However,
the particles from ore grown cultures studied in the bioleaching experimentsinterfered
with iron determinationmethodsand cell countsand so the following method was used
in order to separatethe ore particlesfrom the medium;
A sample(1.2 ml) was taken asepticallyfrom the test ore culturesand placed in a 1.5 ml
microfuge tube. The tubeswere spun for 30 secat 13,000rpm to remove any suspended
ore material.- 0.5 ml of the supernatantwas transferredto 0.5 ml 6M HCI in a 1.5 ml
microfuge for later analysisof the target metal by atomic absorptionspectrophotometry.
0.5 ml of the supernatantwas added to a plastic test tube for ferrous iron content
determination. 100 jil of the supernatantwas added to a plastic test tube for total
dissolved iron content determination. 30 gl was used to count total planktonic cell
numberusing a Neubauerhaemocytometer.
A modification of the phenanthroline method of iron determination from Standard
Methods in Wastewateranalysis(Rand et al, 1976)was usedto quantify Fe2+and Fe3+
levels in culture samplesusing chelationwith 1,10-phenanthroline(seebelow).

Z4.1 Ferrous iron determination using 1,10-phenanthroline indicator
SeeSection2.4.4 for compositionof solutionsused.
For ferrous iron grown bacterial samples:

20pl of samplewas addedto 5 ml of 0.5 M HCI in an acid-washeduniversal bottle, the
bottles were then inverted to mix and left for 15 min to bring the iron into solution.
Duplicate tubeswere set up containing 800 gl of phenanthrolineindicator solution, 400
pl ammonium acetate(Section 2.4.4), and 2.3 ml distilled water. After 15 min, 0.5 ml
of the samplein HCI was addedto eachof the duplicate tubes and the absorbancewas
measuredusing a Jenway6405 UVNis spectrophotometerat a wavelengthof 51Onm.
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For ore grown bacterialcultures:
500 lil of samplewas addedto I ml of 0.5M HCL This was invertedto mix and left for
15 minutesto extract. Then the sameprotocol for ferrous iron determinationwas then
followed.

Z4.2 Total iron determination using 1,10-phenanthrolineindicator
For ferrousiron grown bacterialsamples:
20 Itl of samplewas addedto 5 ml of hydroxylammoniumchloride solution (Section
2.4.4) andthis was IcR to extractfor 15min. Duplicatetubeswere setup using the same
protocol asthat for ferrousiron determination.0.5 ml of samplewas addedto duplicates
and absorbancewas readusing a spectrophotometer
at a wavelengthof 5 10 mn.
For ore grown bacterial cultures:
1001il of sample was added to I ml of hydroxylammoniurn chloride solution (Section
2.4.4) and this was left to extract for 15 min. Duplicate tubes were set up using the
same protocol as that for ferrous iron determination (ferrous iron grown cultures). 0.5
ml of sample was added to the duplicate tubes and absorbance was read using a
spectrophotometer at a wavelength of 5 10 mn.

The test tubesusedin this methodwere acid washedusing 6M HCI betweenassaysto
removetracesof iron that would interferewith the accuracyof the assay.

Z4.3 Preparation of standard curves for use with the 1,10-phenathroline indicator
iron determination method
A stock solution of FeS04.7H20 was prepared at a concentration of 100 mM by adding
2.78 g FeS04.7H20 to 100 ml water (which had been acidified to pH 2.5 with a few
drops of concentrated H2S04). Dilutions ranging from I mM - 100 mM were prepared
using this stock solution.
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The diluted sampleswere used as detailed in sections2.4.1 and 2.4.2. Four separate
calibration curves were constructedfor ferrous iron and total iron (using both ferrous
and ore culture methods).
New calibration curveswere constructedwhen new reagentswere madeup, in order to
maintain the accuracy of the assay. The obtained gradients were then used to determine
iron concentrations.

(See AppendicesCi and Cii for examplecalibration curves for ferrous and total iron
concentrationsdeterminedusing the pyrite method).

Z4.4 Solutions used in iron determination:
Phenanthroline

indicator

soIution:

dissolved in <80 ml dH20.

100 mg of 1,10-phenanthroline hydrate was

Two drops of concentration HCI was added to aid

dissolutionandthe solution wasmadeup to 100ml.
Hydroxylammonium

in
dissolved
600 ml
1.25
HONH3Cl
was
g
chloride reagent:
water and 12 ml concentrated HCI was added with mixing, in a fume cupboard.
Ammonium acetate solution: 62.5 g CH3C02NI-14was added to 37.5 ml dH20 and 175
ml glacial acetic acid was added in fume cupboard.

0.5 M HCI: 44.5 ml of concentratedHCI was addedto 955.5 ml dH20 in a fume
cupboard with mixing.
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2.5 DNA extraction from bacterial ore cultures and PCR amplification

Z5. I Preparation of hacterialpelletsfrom

ore cultures

Two 50 ml cultures were spun down in a centrnge at 4000 rpm for 10 min.

The

supernatant was discarded and the pellets were then transferred into microfuge tubes.
T'he tubes were placed in a sonic water bath for 5 min to detach as many of the attached
bacteria from the ore particles as possible. The tubes were then centrifuged at 5000 rpm
for 30 sec to separate the ore from the medium. The supernatant from both tubes was

combinedand centrifugedfor 10 min at 13,000rpm. The ore particlesremaining were
resuspendedin PBS and the processrepeatedto retrievemore of the attachedbacteriain
the pellet. This pellet was then combinedwith the previouslyobtainedbacterialpellet.

Z5.2 F-Wraction andprecipitation of DNA

The DNA was then extractedfrom the cell pellet using a Qiagen DNeasy Tissue Kit.
The obtainedDNA was then subjectedto ethanolprecipitationto purify and concentrate
the DNA, as follows: 1/10 volume of 3M sodium acetate(pH 5.2), and then two
volumesof the new total volume of cold 96% ethanolwas addedand the tube vortexed
briefly. The sample was then precipitated for 20 min at
T
or overnight at -20T.
-70
The tube was then centrifuged for 15 min at 13,000 rpm, the supernatant was removed
and the pellet was washed with 250 pl of 70% ice cold ethanol. The tube was then
centrifuged for 5 min at 13,000 rpm in the same orientation, the supernatant removed
and remaining ethanol was evaporated on a heating block at 80T. The DNA pellet was
fmally resuspendedin 50ýd of TE buffer.
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Z5.3 PCR reagentsand conditions
PCR tubeswere setup as follows for a 100pl reaction:
7 pI I OXN114buffer
3 pl 50mM M9CI2
10 pl.

2 mM dNT? mix

0.5 til forward primer (concentrationof primerswas 100pmol/ml)
0.5 ILIreverseprimer
I pI DNA sample
0.5 pI Taq polymerase(0.5 unit)
Millipure water up to a total of 100pI
The PCR was then run on a Helena Biosciences Proteus Thermocycler machine under
the following conditions:
Temperature

Time of hold

Number of cvcles

92"C

2 min

I

94T

30 sec

40'C

I min

94*C

30 sec

500C

I min
3 min

72*C

5

30

'Me obtained PCR products were electrophoresed, alongside a 100bp DNA ladder on a
1% agarose gel (0.3 g agarose in 30 ml IX TAE buffer) in a LifeTechnologies
GibcoBRL Horizon'O58, Horizontal Gel electrophoresis tank. IX TAE was used as the
running buffer.

The gel was prestained before running, with 0.75pl of I mgml"
ethidium. bromide solution. The gel was run for approximately Ih at 70V and the bands
were then viewed using a UVP Transilluminator UV light box. A picture was taken of
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the obtained bands using a UVP monochrome CCD camera apparatus with gel
documentationsystemandvideo graphicprinter, andthe gel disposedof
The PCR products were then sequencedas detailed in section 2.6 and the obtained
sequences were run through a BLAST search on the NCBI website
(http://www. ncbi.nlm.nih.gov/BLAST/).
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2.6 Preparation of PCR products for DNA sequencing

2.6.1 Purification ofPCR productsfor sequencing
PCR products were purified using a PCR purification kit CONCERFm Rapid PCR
Purification System to get rid of unbound primer that would interfere with subsequent
sequencing reactions.

An aliquot of TE buffer waspre-warmedto 65-70T. 400 pI of Binding Solution (111)
was addedto the amplification reactionandthis wasmixed thoroughly. A cartridgewas
placedinto a2 ml washtube and the samplewas loadedinto the cartridge. This was
centrifugedat 13,000rpm for I min andthe flow-throughwas discarded.The cartridge
was placedback into the washtube and 700 pI of WashBuffer (H2, containingethanol)
was added. The tube was centrifugedat 13,000rpm for I min and the flow-through
discarded.The tube and cartridgewas centrifugedagainat 13,000rpm for I min to
removeall residualwashbuffer. The cartridgewas placedin a 1.5ml recoverytube and
the DNA was elutedby adding50 pI of the pre-warmedTE buffer directly to the centre
of the cartridge. This was incubatedat room temperaturefor I min and then centrifuged
at 13,000rpm for 2 min.
Purified PCRproductswerethenusedin the following sequencingreactions

2.6.2 Cycle sequencing reaction: using BigDye 1.0 from ABI PRISM DNA sequencing
kit

Big Dye 1.0 Tern-dnatorCycle sequencing
ready reaction mix, 2.0 pl, 2.5 x sequencing
buffer 2.0 pl, template (PCR
product 2-100 ng, usually around 1.0 Al), primer 3.2 pmol,
(usually around 0.5 pl) and millipure water as required to a total volume of I Ogl.
The 5X sequencing buffer contained: 400 m.M Tris-HCI, 10 mM MgC12,pH 9.0
The reagentswere mixed well
and spun briefly and then subjected to the sequencing
cycle (2.6.3).
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Z6.3 Cycle sequencing reaction conditions
Thermal cycle was 5 min at 98*C, followed by 25 cycles of'.
96*C for 10 sec
50*C for 5 sec
60*C for 4 min
and the samples were held at 40C until purification.

2.6.4 Purification of sequencingreaction
The contentswerethen spundown andpurified asfollows: the productwas transferred
to a 1.5ml microfugetubeand 2 pI of 3M sodiumacetatewere added. 50 pl of ice cold
100%or 95% ethanolwasthen addedandthe contentswerevortexedbriefly. This
mixture was left for 15 min at room temperatureto precipitatethe products. The tube
was then centrifugedat 13,000rpm for 20 min andthe orientationof the tubeswas
noted. The ethanolwas removedand the sampleswashedwith 250 PI of 70% ethanol
and the sampleswere centrifugedfor a ftirther 5 min in the sameorientation. The
ethanolwas then removedandthe samplesdried at 90'C on a heatingblock.

Z 6.5 Denaturation ofsequencing reactions

25pl of TSR buffer was addedto the dried DNA. The sampleswere vortexedbriefly
and centrifuged. They were thenheatedfor 2 min at 900C,vortexedand spunbriefly
andtransferredto sequencingtubes. The sampleswerechilled on ice or frozen until
being loadedonto the sequencer.
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Z 6.6 Sequencedetermination
The samples were analysed on an ABI PRISMTm 3 10 Genetic Analyser (Applied
Biosystems), together with Autoassembler:rm Software (Version 2.1) and GeneScanID
Analysis Software (Version 3.4.1). The output obtained was in the form of a
chromatogram and this was viewed using Chromas software package. The obtained

sequenceswere checkedand cleaned-upusingthe peakpatternobservedon the
correspondingchromatogram.
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2.7 Phylogenetic Characterisation of Environmental Isolates

Z 7.1 Determination of the sequence of 16S
rDNA
DNA prepared from the isolates was used to determine the
sequenceof the 16S rDNA
gene. PCR products were obtained using the PCR protocol outlined in section 2.5.3
using the primers 27F and 1541R. These products were purified using the CONCERT
Rapid PCR purification system (section 2.6.1) and then subject to a sequencing reaction
described in section 2.6.2 using the
primers detailed in Table 2.2 below.
Table 2.2 16S rRNA DINA primers
Primer ID
Sequence
9F
5-GAGMGATCCTGGCTCAG-3'
27F
5'-AGAGTTTGATCMTGGCTCAG-3'
_
342F
5-CTGCTGCSYCCCGTAG-3'
515F
5'-GTGCCAGCAGCCGCGGT-3'
685F3
5-GTAGCGGTGAAATGCGTAGA-3'
785F
5-GGATTAGATACCCTGGTAGTC-3'
1099F
5-GCAACGAGCGCAACCC-3'
534R
5-GTATTACCGCGGCTGCTG-3'
685R3
5-TCTRCGCATTYCACCGCTAC-3'
802R
5-TACCAGGGTATCTAATCC-3'
907R
5-CCGTCAATTCMT=AGTTT-3'
1115R
5'-AGGGTTGCGCTCGTTG-3'
1492R
5-TACGGYTACCTTGTTACGACTT--3'
1541R
5'-AAGGAGGTGATCCAGCC-3'

Tm ('C)
56.7
56
58
62.4
50
57.9
56.9
58.2
60
51.4
54
54.3
57.5
55.2

ol

2.7.2 Assembly of contiguous 16S rRNA DNA
sequences
The sequencesobtained were then

cleaned up using the peak patterns on the

chromatograrn. These cleaned-up sequenceswere then put together to form contiguous
16S rRNA DNA sequencesby using the CAP EST ASSEMBLER (FIRC Institute
of
Molecular Oncology, Italy
httP://bio-ifom-firc. it/ASSEMBLY/ýssemble. html)
and searches for similar sequences
were performed using NCMB, BLAST software http: //www. ncbi. nlm. nih. gov/BLAST;
Altschul el al, 1997)
and bacteria with high identities were noted, and a similarity
matrix was constructed for the isolated bacteria and their closest relatives using the
sequences identity values obtained. Clustal W (CMBI, Centre for Molecular and
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Biomolecular Informatics-http://www. cmbi.kun-no was then usedto align the obtained
16S rDNA sequenceswith those of characterisedrelated bacteria and calculate
nucleotide substitution rates and this alignment data in PHYLIP format was then fed
into TREEVIEW (Page, 1996) and phylogenetic trees were constructed.
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2.8 Environmental Sampling to isolate salt tolerant iron-oxidising bacteria
Z 8.1 Sampling in East Fife, Scotland, UK

Samples were taken from marine, estuarine and coastal areas of Fife, Scotland UK. The

areaschosenwere areasknown to have a high concentrationof metals or on sites of
abandonedmine discharge.Thesesitesare outlined in Table2.3.
Table 2.3 Descriptionof EastFife, Scotlandsamplesites,andmaterial sampled
SAMPLE SITE AND

DESCRIPTION

OF SITE

MATERIAL

SAMPLED

GRID REFERENCE
Inverkeithing

disused boat yard opposite

sediment, water and rusty

NT134819

quarry site- rusting metal

metal, pH 5.0

submerged in water
Burritisland

rusty metal pipes,

water and rusty metal,

NT264862

submerged on beach and

pH 6.0

tidal
Aberdour

orange coloured.iron oxide

seawater and discoloured

NT407034

discharge from stream

sand, pH 5.0

running onto beach
East Wemyss

beach polluted with oil

sediment samples, pH 7.0

recreational beach, open sea

water samples and

NT343968
St. Andrews

submerged sand, pH 7.0

N0504184
Anstruther

harbour

sediment, pH 6.0

N0576036

Z8.2 Sampling in Cornwall, England, UK

A programme of sampling from coastal and estuarine areaswas undertaken in Cornwall,
England with a view to the isolation of halotolerant iron and sulphur-oxidising bacteria.
The sites included areas of known acid mine drainage contamination, mine tailing
pollution and seawater exposed pyritic rock surfaces. Over 100 samples were collected
from 10 different sites (the sites are outlined in Table 2.4). All the sampleswere logged
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in
for
identification
(location
shown
and allocated codes
maps are
subsequentculture
AppendicesA. i-A. xi. The salinity and pH of the sampleswere measuredto monitor the
immediate sampling environment. Sedimentand water sampleswere taken from sites
taking care to use sterile equipment and sample bottles to minimise outside
contaminationof the samplematerial. Core sampleswere taken using bore apparatus
with bungs on either end. Spatulaswere sterilised betweensites by surface sterilising
with ethanol.

Table 2.4 Location and description of Cornwall samples

SAMPLE SITE AND

DESCRIPTION OF SITE

MATERIAL SAMPLED

GRID REFERENCE
Calenick Creek
SW827432
Cligga Head
SW737537

Mine tailing sedimentwith
ferric oxide veins
tailing pollution in sediments
Tidal estuarywith mine
Mineralisedgreisen

Scrapingsfrom pools in

(abandoned
tin mine)
caves
abandoned
containingpyrite,
tin mine - network of caves with iron oxide staining,
from
tidal
tidal
samples
water
which are
caves,sedimentsamples
from the baseof pyritic cliffs

Devoran.
SW797387

Sedimentsamplesand sea
Shorenearthe mouth of
RestronguetCreekwhich has water samplesfrom around
iron oxide stainedsediments the iron oxide stainedstones
and is exposedto seawater

on shore

tidally
The Gannel

Tidal sedimentshigh in

Sedimentsampleswith iron

SW801609

galena,spalerite- high

oxide veins and pockets,
high
tailings
sampleswith

metalscontentoriginates
from mine wastefollowing
mine closure
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Hayle Estuary
SW555375

Inlet with sedimentshigh in Sedimentsampleswith iron
mine tailings, - effective
oxide staining in pockets,
sedimenttrap for mine waste mine tailings sedimentand
from
into
the
the
samplesof seawater
released
river
catchmentsdraining into the

iron oxide areas

estuary
RestronguetCreek
SW804385

Tidal estuarywith Carnon

Samplesfrom the isolated

river running throughwhich saltwaterpools aroundthe
hasbroughtmine tailings CarnonRiver, which were a
and dischargefrom the
Wheal Janemine which was

greencolour, which is
indicative of copper

pollution. Samplesof
closedin 1992after the mine
into
discharged
sedimentfrom the Carnon
effluent was
the river and estuary

river and mine tailings from
the estuaryabove

St. Michael's Mount
SW514299

Island off Cornwall coast

Scrapingsfrom the tidal

with an abandonedmine that rocks that were in contact
was built into the baseof the
with outflow from an
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Z 8.3 Sampleprocessing
The samples were initially inoculated into I Oml of ferrous medium (FM), pyrite
medium (PM), chalcopyrite, medium (PM with chalcopyrite in place of pyrite)
for
Section
2.2.3
(see
2.0
30
media
containing
gl-1 sea salts and at a pH value of
composition). The enrichmentcultureswere incubatedat 28 T and 37 T in stationary
flask cultures. They were shakenonce a day to increaseoxygen availability. Cultures
were checkedafter two weeks of enrichmentfor signs of autotrophic growth such as
decrease
in
iron
iron
formation
pH), and those
and
visual signs of
oxide,
of
oxidation,
cultureswith signsof acidophilic growth were checkedunder the microscope. Samples
were then sub-culturedinto the respectivemedium.
Environmentalsamples(5 ml liquid sampleor 5g solid sample)were addedto 10 ml of
saline solution (NaCl 0.25% w/v) and placed in a sonic water bath for 5 minutes as this
had previously beenfound to shakebacteriafrom sedimentor particle surfaces. 100 gl
of eachsamplewas then addedto separatewells in 96-well microtitre plates containing
I OOgIof the different combinationsof medium shownin Table 2.5.
Table 2.5 Different compositions of media used for bacterial isolation
MEDIUM

SALINITY (gri)

pH

FM

30

2,5.5

FM

20

2,5.5

FM

10

2,5.5

FM

0

2,5.5

Pm

30

2,5.5

Pm

20

2,5.5

Pm

10

2,5.5

Pm

0

2,5.5

TM

30

2,5.5

TM

20

2,5.5

TM

10

2,5.5

TM

0

2,5.5

FM - ferrous iron medium, PM - pyrite medium, TM - same as FM but with
tetrathionate (IOOmM potassium tetrathionate) instead of ferrous iron. (Media
compositionoutlined in section2.2.3).
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Freshmedium was addedeachweek to compensatefor evaporation.

Z8.4 Enrichment of bacteriafrom environmental samples

The media that had been originally

inoculated with environmental samples were

incubated at 281C and 37C for I month initially.

The iron-oxidising,

acidophilic

bacteria were enrichedby sub-culturinginto the correspondingmedium every 2 weeks
thereafter.

Z 8.5 Solid isolation media
Nylon

Membrane

Culture

(L

Yan, Heriot-Watt University, UK,

personal

communication,2000)
A culture method using nylon membrane as the solid growth strata over a liquid
medium was modified for use as an isolation medium for chemoautotrophicbacteria.
This method was attempted to overcome the solid growth difficulties of iron and
sulphur oxidising bacteriadue to the inhibition by available polysaccharidespresentin
traditional heterotrophicmedium.
A5 ml aliquot of sterile ferrous iron medium (FM, section 2.2.3) with 30 gl" sea salt
was dispensedinto a sterile shallow dish (top of a 50 ml centrifugetube) within a small
petri dish (Sterilin, petri dishes,diameter60 mm). A sterile nylon membrane(47 mm
diameterWhatmanNylon membrane0.2 gni filters) was floated on top of the medium
(Figure 2.1). Sampleswere spreadon the membraneand the surfacewas kept moist by
the addition of medium every 10 days.
Colonies were observedclosely under a dissecting microscope and samplesof these
were observedusing a light microscopeto investigatecell morphology. The colonies
were picked and usedto inoculatedifferent liquid medium.
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Nylon
membrane

Petri
dish
lid

Plate
containing
ferrous
medium

Petri
dish

Figure 2.1 Schematic showing the side view of the nylon membrane solid culture
apparatus

Overlay agarose plates

Environmental sampleswhich had been shakenin a sonic water bath were streak and
spreadplated on overlay plates (2.2.4) which had already been incubated at 28'C to
allow growth of the AcIdiphilum SJH strain. The plates were then incubated at 28'C
and 37C.
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2.9 Morphology and growth physiology of environmental isolates

Pure colonies were obtainedfrom envirom-nentalenrichmentcultures (section 2.8) and
the following procedures were followed to assess the morphology and growth
physiology of the bacteriathat were isolated.

Z 9.1 Gram stain
Isolates were gain stained and observedunder X1000 magnification (oil immersion
lens) to assesswhetherthey were Gram-negativeor Gram-positiveas follows:
A bacterial colony was suspendedin a drop of water on a microscope slide and dried
above a bunsenflame. The slide was then passedquickly through the flame to fix the
cells to the slide. The cooled slide was then stainedwith crystal violet for 1- 2 min, the
stain was then poured off and then stained with Gram's iodine for 1-2 min. After
pouring off the iodine, the slide was decolourisedby washing briefly with acetone(2-3
seconds). The slide was then washedthoroughly with water to remove the acetoneand
then flooded with safranincounterstainfor 2 min. The slide was washedwith water and
the excessblotted and the slide dried. Gram-positivebacteriaretain the crystal violet
stain and are deep purple and Gram-negative bacteria are decolourised can be
recognisedas lighter pink cells.

Z 9.2 Light microscopy
The bacterial isolateswere observedusing a ZeissAxiophot Microscope,(Carl Zeiss)
under a magnification of X 1000(oil immersion).Averagesizesof the bacteriawere
determined. Photomicrographswere taken of the cells using a JVC KY-F55B colour
video camera(Carl Zeiss Ltd, Wewyn GardenCity, UK). The softwareusedwas a
KS300 Imaging System(Imaging AssociatesLtd, Thames,UK).
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Z9.3 Electron Microscopy
Isolated bacteria were observed by electron microscopy using a Philips XL30
Environmental ScanningElectron Microscope (ESEM) at different stagesof growth;
during and following sporulation, during growth on different types of media and on
different ore substrates. However, technical difficulties were encounteredduring the
use of the ESEM and only oneuseableimagewas produced.

Z 9.4 Sporulation

The shapeof sporulatingcells and of the sporesproducedwere observedusing a light
microscopeand electronmicroscopy. To prove that the isolatessporulate; 10 ml pyrite
(with yeastextract and 30 gl" seasalts) cultureswere placed in 85'C water bath for 15
min to kill the viable cells. Thesecells were then inoculatedinto pyrite broth and onto
solid ferrous iron plates (with yeast extract and 30 gl" sea salt). The pyrite cultures
were checkedfor growth after 7 days and the plated cultureswere checkedafter 3 days
incubation at 370C. Observation of growth after this treatment suggests spore
formation.

Z 9.S Growth physiology

Optimum growth conditions were evaluated by monitoring cell growth and/or iron
oxidation underdifferent conditions (mediumcompositiondetailedin section2.2.3)
Temperature

Pyrite medium with yeast extract (0.2 gl-') and sea salts (30 gl") was used (PSM).
Duplicate flasks were inoculated with a 1% (v/v) pyrite culture and these were
incubatedat 280C,37*C, 400Cand 50*C on an orbital shakerwith a shaking speedof
180 rpm. Cell numbers were monitored every 24 h by direct counting using a
haemocytometer.
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pH
Pyrite medium with yeastextract (0.2 gl-1)and seasalts(30 gl*') at pH valuesof 1.0,1.5
and 2.0 was used. Duplicate flasks were inoculatedwith a 1% (v/v) pyrite culture and
these were incubatedat 37 T on an orbital shakerwith a shaking speedof 180 rpm.
Cell numberswere monitored every 24 h by direct countingusing a haemocytometer.
Salinity

Pyrite medium with yeastextract (0.2 gl-1)and different amountsof seasalts (0 gl", 10
gl-', 20 gl", 30 gl" seasalts)was used.Duplicate flaskswere inoculatedwith a I% (v/v)
pyrite culture and these were incubatedat 37 *C on an orbital shaker with a shaking
speed of 180 rpm. Cell numbers (determined by direct counting using a
haernocytometer)and the ferrous and total iron (determined using phenanthroline
indicator) in solution were measuredevery 24 h.
Different substrates
Growth was testedon ferrous medium (FM), yeast extract, 30 gl" sea salts and either
100 mM tetrathionateor 5 gl-1elementalpowdered sulphur was added instead of the
ferrous iron. Growth was checkedmicroscopically.
Mixotrophic

and Heterotrophic growth

Pyrite medium was used with sea salts (30 gl-') and 0.2 g yeast extract (PSM) and yeast
extract medium with sea salts (30 gl"') and 0.5 g yeast extract (YSM). Duplicate flasks
were inoculated with a 1% (w/v) pyrite or yeast extract culture and these were incubated
at 37*C on an orbital shaker with a shaking speed of 180 rpm. Cell numbers were

measuredevery 24 h by direct counting using a haemocytometer.
Growth on solid agarose plates
Solid agarose plates were made up as described in Section 2.2.4, with and without sea
salts, and with and without yeast extract.

The plates were inoculated with the

environmental strains gown on different types of media, both by streak plating and
spread plating and incubated at 37 T for approximately 5 days.
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2.10 Composition of Rio Tinto ore samples
The following ore sampleswere provided from variousRio Tinto operationsaround the
world. Rio Tinto technical services personnel performed ore milling/crushing and
chemical assaysin Rio Tinto's analytical laboratoriesin Clevedon,UK.

Z10.1 Las CrucesSpanish chalcopyrite
Las Cruces chalcopyrite comes from a copper prospect in Spain and is composed
predominantly of pyrite, with copper mineralisationas chalcopyrite. The sample was
wet rod milled to provide a d80size of 100 ýLm(this meansthat at least 80% of the ore
particles are 100 pm or less in diameter). The chemicalcomposition of this ore sample
is shown in Table 2.6.
Table 2.6 Chemical assay for Spanish Chalcopyrite ore
Chemical

Concentration (mgg")

Au
Ag
Pb
Zn
Ni
Co
Cd
Bi
As
Sb
Mn
Ba
Cr
Al
Mg
Ca
Na

6.01 x 10-'
0.0258
9.854
9.611
0.157
0.511
0.057
0.689
4.506
0.831
0.165
0.186
0.293
0.021
negligible
0.1
0.1

K
Ti
Cu
Fe
S-

0.7
0.2
38.4
420.8
459.6
781.4
0.5
ne li ible
0.220
0.000041

Si02

C(organic)
ci
p
jHg
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ZIO. 2 Lihir Gold Ore
This gold ore samplewas from a pressureleach operationon Lihir Island, PapuaNew
Guinea. The principal sulphide mineralisation is pyrite with minor arsenopyrite. The
gold principally occurs within the pyrite. Gangueminerals include kaolinite, alunite,
sericite, anhydrite,carbonateand quartz. The samplewas dried, crushedto pass2 mm
then dry milled in a rod mill. The estimated d80passing size was 125 pm. The
chemical compositionof this sampleis shownin Table 2.7
Table 2.7 Chemical assayof Lihir gold ore sample
Chemical

Concentration (mgg")

Au

6.354x 10-0

Ag

0.0014

Pb
Zn
Ni
Co
Cd

0.087
0.254
0.084
0.037
0.019

Bi
As
Sb
Mn
Ba
Cr
Al
Mg

negligible
1.617
0.012
1.208
0.374
0.121
84.8
5.9

Ca
Na
K
Ti
Cu
Fe
s

7.1
3.0
61.3
5.5
0.3
77.6
72.6
567.5
0.6
negligible
2.091
0.0005

Si02

C (organic)
ci
p
Hg

Seeappendix Bi for a detailed report of the mineralogy of this ore
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Z10.3 Freeport Copper Ore Rough Feed
This copperore originated from Freeport's Grasbergoperationin Irian Jaya,Indonesia.
The principal copper mineralisation is chalcopyrite with minor bornite and digenite.
Sampleswere dried and blended, and estimatedproduct d80sizes were 42gm for the
concentratesampleand 170 pm for the rougherfeed. The chemical composition of this
ore sampleis shownin Table 2.8.
Table 2.8 Chemical assayfor Freeport Rough Feed Ore Sample
Chemical

Concentration (mgj2ý1)

Au

1.067x 10-'

Ag
Pb
Zn
Ni
Co

0.0051
0.052
0.241
0.011

Cd

0.021
0.001

Bi

0.006

As

0.011

Sb
Mn
Ba
Cr
Al
Mg

negligible
0.257
0.475
0.085
73.8
11.8

Ca

9.4

Na

16.8

K
Ti
Cu
Fe
s

52.8
2.9
28
66.5
23.6
617.0
0.4
negligible
1.263
0.000028

Si02

C (organic)
cl
p
Hg
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Z.10.4Freeport Final ConcentrateSample
The copperore is the final concentratefrom Freeport'sGrasbergoperationin Irian Jaya,
Indonesia. This samplewas concentratedby flotation of the FreeportRough Feed. The
principal copper mineralisation is chalcopyrite with minor bornite and digenite.
Sampleswere dried and blended, and estimatedproduct d80sizes were 42prn for the
concentratesampleand 170 pm for the rougherfeed. The chemical composition of this
ore sampleis shownin Table 2.9.
Table 2.9 Chemical assay for Freeport Final Concentrate Ore Sample
Chemical

Concentration (mgg'

Au
Ag
Pb
Zn
Ni
CO

xlw
0.0525
0.246
2.878
0.010
0.072

Cd

0.017

Bi
As
Sb
Mn
Ba
Cr
Al
Mg

negligible
0.023

Ca
Na
K
Ti
Cu
Fe
s
Si02

C (organic)
Cl
p
Hg

negligibl
0.056
0.016
0.020
4.9
0.8

1.5
1.0
3.5
0.4
357.7
255.4
300
32.7
2.0
negligible
negligible
0.00026
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2.10.5 Somincor Copper Concentrate Ore Sample

This copper concentratesampleoriginated from Somincor'sNeves Corvo,operation in
Portugal. Principal sulphide mineralisation is chalcopyritewith ganguepyrite. Minor
copper is associatedwith tetrahedrite,other fahlore mineralsand stannite. The sample
was dried, blendedand the estimatedd80product sizewas 15 gm. Table 2.10 showsthe
chemicalcompositionof the Somincorore sample.
Table 2.10 Chemical assayfor Somincor Copper Concentrate Ore Sample
Chemical
Au

Concentration (mgg")
1.59x 10-7

Ag
Pb
Zn
Ni
Co
Cd
Bi
As
Sb
Mn
Ba
Cr
Al
Mg

0.0702
4.328
20
0.033
0.383
0.088

negligible
0.044
2.7
0.4

Ca

0.8

Na

0.2

K
Ti
Cu
Fe
s

1.1
0.2
237.6
308.9
300

Si02

10

C (organic)
cl
p
Hg

6.7
ne li ible
negligible
0.020

negligible
2.648
0.574
0.058
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Z 10.6 EscondidaNorte Ore
This ore originatesfrom a copperoperationin Chile. It is a low-gradesulphide ore; the
sample originates from a porphyry deposit so gangue minerals are probably quartz and
altered feldspars and copper is chalcopyrite.

The sample was crushed and dry rod

milled to provide a product d80 size of -160 pm.

Table 2.11 shows the chemical

compositionof the Escondidaore sample.
Table 2.11 Chemical assayof Escondida ore sample
Chemical

Concentration (mgg")

Au

6.3 x 10""

Ag
Pb
Zn
Ni
Co
Cd
Bi
As
Sb
Mn
Ba
Cr
Al

0.0025
0.087
0.072
0.099
0.007

negligible
0.110
0.503
0.203
73.7

Mg
Ca

2.3
0.8

Na

4.8

K
Ti
Cu
Fe
s

23.5
1.6
19.1
22.3
22.3
781.4
0.5
negligible
0.263
0.000041

Si02

C (organic)
cl
p
Hg

negligible
negligible
0.068

See appendix Bii for a detailed report on the mineralogy of this sample
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2.11 Assessmentof the biooxidation potential of the environmental isolates

ZILI

Medium and culture conditions

The ore bioleaching experimentswere carried out in pyrite saline medium (PSM) with
the ore samplesinsteadof pyrite as the substrate(as describedin Section2.2.3). 2 gl"
yeast extract and 30 gl-1 sea salts were added to this medium for assessmentof the
growth and biooxidation capacity of environmentalisolates (designatedidentification
codes- 4G, 5C and Cligga) at high salinity.
The bioleaching potential of these isolateswas assessedin shakeflasks at 37'C and a
shaking speedof 180 rpm. At. ferrooxidans, having already been characterisedas a
bioleachingmicroorganism,was usedas a benchmarkbacterialstrain and was grown on
pyrite saline medium (PSM) with the ore samplesinsteadof pyrite as the substrateand
without yeastextract and salt and at 28 OCwith shakingat 180 rpm. The initial pH of
the medium was alwayspH 2.0.
Ore material (2 g) was addedto 100 ml of pyrite medium (PM with ore sampleinstead
of pyrite, section2.2.3) in eachflask beforeautoclaving(2 % ore load). The flasks were
set up in duplicate in order to calculate standarderror values and controls were set up
for eachore and were incubatedunderthe sameconditionsasthe bacterial cultures.
The flasks were inoculatedwith a 10 % (v/v) culture in exponentialphasethat had been
grown up on the same ore for at least 2 successivesub-cultures. The controls were
inoculated with the samevolume of sterile medium. The ore samplesassessedwere;
Spanishchalcopyrite, Escondidaore, Lihir gold ore, Somincor ore, Freeport rough ore
and final concentrateasdescribedin Section2.10

ZII. 2 Measurementstaken during bidoxidation experiments
Sampleswere analysedevery day for the first 10 daysthen every two days,up to day 20
and then every 5 daysuntil day 30. Sampleswere taken as detailedin Section2.4.
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Each sample was analysed for ferrous iron concentration (see section 2.4.1 for
methods), total dissolved iron (see Section 2.4.2) using duplicate tubes for each flask
sample,and planktonic cell numberswere also measured(seeSection2.3.1). The initial
and final pH valueswere measuredon days 0 and 30. The oxidation/reductionpotential
(or redox potential) was measuredon days 0 and 30, using an oxidation/reduction
potential (ORP) meter(pocket sizedredox meter,Hannainstruments).
Graphs were constructedusing the analysedobtainedvalues and the growth rates, rate
of iron dissolution,iron oxidation kinetics, rate of dissolutionof target metals,changein
pH and ORP were determinedand comparedbetweenisolated strains and with those of
At. ferrooxidans. Sampleswere also examinedby electronmicroscopy to comparethe
appearanceof the ore before the bacteria were in contact and following bacterial
contact,to observeand any corrosionof the particle surfacesthat may have taken place.
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Chapter 3
3.1 Introduction

Isolation of chemolithotrophicbacteriathat are both halotolerantand acidophilic has not
beenwidely reportedin the literature, despitewidespreadinterest in their potential role
in biodegradationof marine iron containing structures,in biogeochernicalcycling of
iron in high saline areas and their potential biotechnologicaluses. It is hoped that
isolation of this type of bacteriaand elucidationof their physiological responsesduring
growth on different culture media and culture conditionswill shedlight on the microbial
ecology of the extreme environments under which these elusive bacterial species
survive and thrive.
Such bacteriahave beennoted as occurring in hydrothermalareasof the oceanswhere
high sulphateand iron levels are found but the extent to which these bacteria tolerate
thesesalts has not beenreported(Eberhard,1995;Harmsenet al, 1997; Gugliandolo &
Maugeri, 1993). Iron-oxidising bacteriahavealso beenimplicated in the biocatalysisof
deteriorationprocessesof iron containingstructuresin marine areas(Herdendorf, 1995).
However, researchhasnot kept pacewith the interestin thesebacteria,as the culprits of
biodegradation processes, as agents of biogeochemical cycling and as potential
candidatesfor high salinity bioleachingof metaliferrousores.
The lack of data in this subjectareais, in no small part, due to the difficulty of culture
and maintenanceof this group of bacteria. The growth of these bacteria is usually
inhibited by high concentrationsof complex polysaccharidesand therefore culture on
the commonly used solid bacteriological agar is difficult. Growth is also slower in
chemolithotrophic bacteria and final cell concentrationsobtained in batch culture are
usually considerablyless than that of heterotrophicbacteria. This is due to the smaller
amount of energy releasedby using inorganic ions as electron donors, comparedwith
the energy produced from oxidation of organic material observed in heterotrophic
bacteria.

Moreover, some studies that have successfully isolated this type of bacteria have
reporteddifficulty in maintaining the viability of their isolates(K. Kamimura, Okayama
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University, Japan,personalcommunication2002 and D. Barr, RioTinto Plc, Melbourne,
Australia, personalcommunication,2000).
The complexity of the metabolic processesexhibited by thesebacteriaas a responseto
not just one extreme but three extremes(high salinity, low pH and growth on high
concentrations of metals that may otherwise be toxic) all conspire to make in vitro
growth a difficult and slow process. As a result, these bacteria tend to have very long
generation times which are characteristic of chemoautotrophic bacteria that must fix
carbon dioxide as their carbon source and must oxidise large amounts of inorganic

compoundsto generatesufficient energyfor growth. Mean generationtimes rangefrom
10 hours to severaldays (this study).
These factors together have made it an extremely challenging task to determine
optimum growth conditions, biooxidation potential and to also ensurethe longevity of
culture stocks. This chapter describesthe enrichment,isolation and characteristicsof
halotolerant,iron-oxidising bacteriaand details optimum growth conditions with regard
to temperature,pH, salinity and energysource.
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3.2 Enrichment of iron-oxidising, acidophilic, halotolerant bacteria
3.Zl Introduction
Many of the reports of isolation of halotolerant iron-oxidising bacteria used liquid
medium to enrich for these bacteria. Holden et al (1999) used a modified artificial
seawatermedium and ISP medium (developedby Manning, 1975), but they did not
report in their results which medium was responsible for successful enrichment.
Kamimura et al (2001) used a standardminimal medium containing 2.7% NaCI and
ferrous sulphateand positive growth was detectedvisually by the medium turning rusty
coloured (due to the formation of ferric hydroxide). Kamimura also used gellan gum
plates containing ferrous sulphateand 2.7% NaCl for plating after enrichment in order
to purify the isolates and this was the only study reported in the literature that
documentedthe growth of halotolerant bacteria on solid medium. During their study
the investigators collected nearly 500 samples and from the enrichments only one
isolate was successfully grown and maintained in the laboratory (K. Kamimura,
Okayama University, Japan, personal communication 2002). The authors reported
observation of iron-oxidation in many of the enrichment cultures but were unable to
isolate bacteria from all of these cultures. Thesereports serve to further highlight the
difficulty of isolation of this type of bacteria.
Tilton et al (1967a) used a seawaterplus thiosulphate medium for enrichment of
halotolerant, iron-oxidising bacteria. However, the strains isolated in this way had
salinity optima that were well below those of their apparentindigenousenvironments.
In addition, some literature (Cameron et al, 1984) has reported the enrichment and
isolation of iron-oxidising bacteria from seawaterand marine sedimentsusing media
that has beenusedfor the isolation of terrestrial strains,without the addition of NaCl.
It was important to use enrichmentmedia that closely modelledthe natural environment
from which the samplesoriginated. In doing so, it was hoped that the chancesof
successfully enriching for and subsequentlyisolating the target bacteria would be
increased. Most of the collected and screenedsamplescamefrom estuarieswhich were
contaminatedby mine tailings including sulphide minerals and a high proportion of
pyrite basedtailings (D Pirrie, CamborneSchool of Mines, personal communication,
2000). Therefore there was a high concentration of iron and sulphur containing
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compounds in the original samples, which might provide the substrate for the target
bacteria. For this reason, pyrite, ferrous iron and tetrathionate were used as nutrient

substratesin the subsequentsyntheticenrichmentmedia.
The salinity of the samplesites ranged from 24 parts per thousand(2.4%) in estuarine
areas with a tidal coverage of seawater to hypersaline conditions of 42 parts per
thousand (4.2%) in tidal caves and rock pools. This high salinity may be due to the
concentrationof salts via evaporationof water from rock pools that may be exposedto
the drying effects of the air during low tide. It was therefore decided to use various
media of different salinities for enrichmentof the targetbacteria.
The pH of the samplescollected ranged from pH 2.0 (intertidal sediments)to pH 7.0
(seawatersamples). However, the majority of the sampleswere around pH 6.0 - 7.0
probably due to the fact that seawaterhas a very high buffering capacity. Many of the
sedimentsampleshad veins of iron oxide throughout and it was found that these veins
were of a lower pH than the surrounding environment. Since the presenceof these
localised iron oxide veins could reflect oxidation processesby iron-oxidising bacteria,
samplesof this stainedmaterial were usedas inocula for someenrichmentcultures. The
pH valuesof the original enrichmentmedia were pH 2.0 and pH 5.0, but due to the high
number of enrichmentcultures it was decidedto focus on isolating bacteria at a single
pH, so all the subsequentisolation attemptswere madeat pH 2.0.
All these factors were taken into consideration when developing the programme of
enrichmentand isolation. A variety of isolation media was used in order to enrich for
the target bacteriaand growth was checkedmicroscopically every week. The results of
the isolation attemptsare detailedin this section.
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3.Z2 Liquid enrichment and isolation media
Samples of sediment and water from different coastal and estuarine areas were
inoculatedinto different typesof enrichmentmedia. The media were designedto mimic
the natural environment of the sample source as closely as possible, to increasethe
chances of enrichment and subsequentisolation of the target bacteria. Sediment
in
bath
into
to
to
treatment
transferred
sonic
water
a
sampleswere
saline and subjected
detachas many of the bacteriaas possible from the solid particles and a portion of the
sample was used as inoculum for the enrichment medium. The enrichments were
incubated at 28C and 371C without shaking. For details of enrichment media and
resulting isolatesseeTable 3.1
Every liquid enrichmentculture was checkedmicroscopically (using a light microscope
at a magnification of XIOOO)on a weekly basisto determineif cell growth had occurred
and those exhibiting detectablegrowth were sub-culturedsuccessivelyseveral times.
The pH of thesecultures was also monitored and any decreasein pH was noted as this
was indicative of the growth of the target acidophileswhich produceH2SO4as a product
of their metabolism. Enrichmentby successivesub-culturingon autotrophicmedia was
used to ensurethat the enriched cultures containedthe target acidophilic, autotrophic
bacteriathat were utilising the inorganic substratesprovided in the medium. Any colour
changein the ferrous iron cultures was noted by comparingthem to the control ferrous
iron medium and any cultures that exhibited a changein colour were sub-culturedinto
the sametype of medium.
The enrichment cultures were successivelydiluted at least 5 times before they were
colony purified, using the medium outlined in Section 3.8, to isolate pure cultures, for
use in subsequentgrowth, phylogeny and bioleachingexperiments.
The pyrite enrichments produced three isolates, two of which originated from the
RestronguetCreek and one from the Cligga Head caves,all in medium supplemented
with 30 gl*1seasaltsat pH 2.0. Ferrousiron enrichmentsproducedone isolate from the
mouth of an abandonedtin mine on St. Michael's Mount, in medium supplementedwith
20 gl" seasaltsat pH 2.0.
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3.Z3 Solid enrichment and isolation media
The enrichmentcultureswere then plated onto different solid media, including overlay
Sections
floating
(see
Materials
Methods
TSM
culture
and
plates,
platesand
membrane
2.2.13 and 2.8.5). However, the solid-overlay medium and the TSM plates that were
for
in
in
isolating
bacteria
(see
Table
3.1
the
target
this
used
study were not successful
successfulisolation media). Different salt sourcesand salt concentrationswere also
tested, again without success. Concentrationsof gelling agents were also varied to
bacteria
but
for
important
target
the
the
this
growth of
ascertainwhether
parameterwas
again no growth was observedon thesesolid media. For all theseexperimentsthe solid
isolation plateswere incubatedat both 28'C and 37*C.
However, some successwas achieved by using a floating nylon membrane method,
which provided a solid substratum for growth of bacteria without the need for
potentially toxic gelling agents. Also, medium and waste products could move freely
through the membrane,therefore providing available nutrients for growth of bacteria.
Ferrous iron medium was used in these plates with 30 gl" sea salts and no organic
substratewas addedto this medium. Figures. 3.1 a, b and c show the growth of some
isolateson thesemembraneculture plates. However,theseplates and membranesdried
out very quickly and had to be topped up every day with fresh medium to maintain a
humid environment for growth. Rust coloured, raised colonies appearedafter 3-4
weeks of incubation (Figures 3.1 a, b and c) and colony formation was quicker when
incubated at 37 *C than at 28 *C.

Samples of these colonies were examined

(data
XIOOO
cells
were
observed
not
microscopically at
magnification and rod-shaped
shown).The rod-shapedbacteriawere Gram-negativeand rangedin size from I Pm to 5
jim in length and 0.1 ýim to 0.3 gm in width. Colonies were picked from these
membranecultures and were inoculated into fresh ferrous iron liquid medium of the
samecompositionas the membranemedium, but microscopicexaminationrevealedthat
after even prolonged incubation no growth occurred. However, colonies could be
successfullysub-culturedonto membraneculture plateswithout loss of viability.
The liquid enrichment cultures that exhibited sustained growth during serial subculturing were inoculated onto the surface of the nylon membraneculture plates and
rust colouredcolonieswere observedafter about4 weeks. Samplesof the colonieswere
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examined under the microscope and the three isolates from the pyrite liquid medium
were found to be Gram-positive,non-motile, rods, and the isolate from the St. Michael's
enrichmentculture comprisedGram-negativemotile rods. The St. Michael's culture did
not grow in liquid pyrite medium.
The isolateswere designated4G, 5C and Cligga, St. Mics b and Calenick b (according
to an identification system that referred to the original sample identification and
enrichmentmedium)
The Calenick (Calenick b) and Tresillian enrichmentculturesdid not successfullygrow
in ferrous iron, pyrite or tetrathionateliquid medium and thereforeit was impossible to
efficiently maintain these cultures. The Gram-negativeisolate from St. Michael's (St.
Mics b) only grew in ferrous iron saline medium very slowly and not at all on pyrite or
tetrathionate. Genomic DNA was extracted from this culture and the phylogeny
assessedby sequencingof the 16S rDNA region. It was found that the partial 16S
rRNA gene from St. Mics showed highest identity with Marinobacter spp. of 92%
suggestingthat this strain representeda novel specieswithin the genusMarinobacter,
however,no further work was carried-outwith this strain. Due to the prolonged period
of incubation required to grow the Calenick b and Tresillian isolates,it was decidedto
further characterisethe isolates 4G, 5C and Cligga as they exhibited good growth in
pyrite medium with 30 gl" seasalt.
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Figure Me
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I

Figures 3.1 a, b and c: Colony formation on nylon membrane culture vessels.
Figure 3.1 a shows colonies from an At. ferrooxidans (ATCC 23270) culture, 3.1 b
shows an enrichment culture from the Tresillian River and Mc shows an
enrichment culture from a Calenick Creek sample. The colonies formed were rust
coloured and were surrounded with a lighter orange coloured halo. Colonies were
picked, examined microscopically and then gram stained. The colonies that are
shown in Figure 3.1a were motile rods and Gram-negative, this was expected as
this plate was inoculated with At. ferrooxidans. Colonies from Figures 3.1 b and c.
also comprised Gram negative highly motile rods.
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Table 3.1 Media used for the enrichment of halotolerant, iron-oxidising acidophilic
bacteria (seeMaterials and Methods section 2.2.3 for media recipes).

Isolation medium
FM + seasalts(30 gl-') pH
2.0
FM + seasalts(30 gl-') pH 5.0
FM+ seasalts(20 gl") pH 2.0
FM + seasalts(20 gl-') pH 5.0
PM + seasalts(30 gl-') pH
2.0
PM + seasalts(30 gl-') pH
5.0
PM + seasalts(20 gl-1)pH
2.0
PM + seasalts(20 gl") pH
5.0
Basalsalts(10%v/v) + dH20
+ tetrathionate
+ seasalts(30
1)
9 pH 2.0
Basalsalts(10%v/v) + dH20
+ tetrathionate
+ seasalts(30
1)
9 pH 5.0
Basalsalts(10%v/v) + dH20
+ tetrathionate
+ seasalts(20
gl-1)pH 2.0
Basalsalts(10%v/v) + dH20
+ tetrathionate
+ seasalts(20
gl-1)pH 5.0
Estuarineenrichmentmedium
Solidoverlaymedium+ sea
salts(30 gl"), pH 2.0
Solidoverlaymedium+ sea
salts(20 gl"), pH 2.0
TSM solidmedium+ seasalts
(30 gl"), pH 2.0
TSM solidmedium+ seasalts
(20 gl-1),pH 2.0
Floatingmembrane
method+
seasalts(30 gl"), pH 2.0
Floatingmembrane
method+
seasalts(20 gl-1),pH 2.0
f

Enrichment of
isolates
negative
negative
positive
negative
positive

Final isolate obtained

St.Mics b (St.Michael'sMount,
ComwallUK)
Isolates4G and5C (Restronguet
Creek,Cornwall,UK)

negative
positive

Cligga(CliggaHeadCaves,Comwall,
UK)

negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
positive
positive
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Isolates4G + 5C (Restronguet
Creek,
Cornwall,UK)
TresillianI (TresillianRiver,
Cornwall,UK), CalenickCreekb
(CalenickCreek,Comwall,UK)
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3.3 Morphology of the isolated bacterial strains
3.3.1 Introduction
Morphological

features are important in the initial tentative identification

of new

bacterial isolates and together with molecular and biochemical data, are important in
determining phylogeny of potentially

novel bacteria.

One of the most widely

characterised iron-oxidising, acidophilic bacterial species .4t. ferrooxidans is a Gramnegative rod shaped bacterium of between 1 -3 pm in length and 0.1 - 0.5 pl in width
(Rawlings et al, 1999). Another, L ferrooxidans is a gram negative, spiral shaped
bacterium of between I-2

ýim long and 0.1 - 0.3 pm wide (Rawlings et al, 1999).
Other acidophiles include Sulfobacillus spp. which are gram positive rods that form
endospores which can usually be viewed under the light microscope at a magnification
of XI 000 (Karavajko et al, 1990 and Tourova et al, 1994)

3.3.2 Morphology
The morphology and size of the environmentallyisolatedbacteriawere assessedusing a
light microscopewith the oil immersion lens at a magnification of X 1000. The data in
Table 3.2 summarisesthe morphological characteristicsof the isolated bacteria. All of
the isolatedbacteriawere long rods that sometimeswerejoined terminally, occurring in
chains of up to 5 bacteria(SeeFigures 3.2a, b, c and d for pictures of cells). The cells
were shorter, wider and sometimesirregularly shapedwhen grown on solid agarose
medium and when exposed to stress factors such as excessive heat (above 45'C).
Figure 3.2d shows a ScanningElectron Microscope Image of bacterium 4G grown on
heterotrophicsalt medium, this image showsclearly the rod-shapedmorphology of the
bacterium.
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Figure 3.2c
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Figure 3.2d

Figures 3.2 a, b and c show cultures of the isolated bacteria grown for 10 days on
Las Cruces Spanish copper mineral ore, at a magnification of XIOOO. Figure 3.2a
shows strain 4G, Figure 3.2b shows strain 5C and Figure 3.2c shows strain Cligga.
The isolates are all gram positive, non-motile long rods. The formation of terminal
spores can be seen on Figures 3.2a and 3.2b, characterised by an oval shaped
swelling at one end of the cell (identified by the black arrows). Chains of cells of
up to 5 bacteria occur in these cultures regularly (identified by the red arrows).
The scale bar shows 5 gm. Figure 3.2d shows a Scanning Electron Micrograph of
This bacterium is
a strain 4G bacterium at a magnification of X6286.
approximately 2.51tm long and 0.5 ýtm wide.
Table 4.2 Morphology of isolated bacteria

Isolate
4G
5c
Cligga

Gram
stain
+ve
+ve
+ve

Shape

.

long rods
long rod
long rods

Length (ttm) Width (ttm) Position
1 -5
1 -5
1 -4
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0.2-0.4
0.2-0.4
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3.4 Growth of the isolated bacteria at different concentrations of seasalts
3.4.1 Introduction

Seawater is a complex mixture of many different compounds. Salinity varies from area
to area but the relative proportions of ions remain relatively constant. Although NaCl is
the major constituent of seawater, KCI and sulphate salts are other major constituents
(Brown et al, 2002). All the dissolved ions in seawater together make up the final
is
35 parts per thousand and this
The
seawater
average salinity of
salinity of seawater.
is comprised of many different elements. Major constituents of seawater are those that
occur in concentrations greater than one part per million (ppm) by weight, and account
for 99.9% of the dissolved salts in the oceans. The minor and trace constituents are all
in
the
other elements seawater.
of

Most studieson the extent of halotoleranceof autotrophic bacteriaare carried out with
NaCI as the main sourceof salt; very few haveusedseawater,either artificial or natural,
in their studies. Some studies on heterotrophic marine bacteria have suggestedthat
bacteria
in
the
to withstand the
ability
of
chloride
may
play
potassium
some part
osmotic stressexertedby elevatedNaCl concentrations. Reichelt & Baumann (1974)
found that some bacteria accumulate KCI intracellularly in response to elevated
concentrationsof NaCl, and this offers a protective effect from osmotic stress.
The salinities of the environmentsfrom which the test strains were originally isolated
%
4.2
%.
from
2.4
The sample from which 4G was isolated had 3.2%, 5C
to
varied
3.5% and Cligga 4.2% salinity. Some studiesreport that salinity optima of marine or
halotolerantisolatesare much lower than those of their natural environments(Smith &
Finazzo, 1981). T prosperus displayed optimum growth in the absenceof NaCl,
despite tolerating up to 3.5 % NaCl (Huber & Stetter, 1989). T intermedius was
isolated from salt marsh sedimentswith an interstitial salinity of 3% but optimum
growth was recorded at a salinity of 1% (Smith & Finazzo, 1981). The authors
concludedthat T intermedius grew at its maximal growth rate only rarely in nature.
Kamimura et al. (2001) reported that strain KU2-1 1, an iron- and sulphur-oxidising
bacteriumisolated from open seawaterthat obligately requiredNaCI for growth, had an
optimum salt concentrationfor growth of 2 %. T. halophilus, is a halophilic, sulphuroxidising bacterium isolated from a hypersaline lake, and had a growth salinity
88

Chapter3- Isolation and characterisationof salt-tolerantiron-oxidising bacteria

optimum of 5.8 % but it was noted that this microorganismis not an acidophile, having
a pH optimum for growth of pH 7.0 (Wood and Kelly, 1991).
The growth responsesof the three isolated bacterial strains at different salinities were
evaluated(at concentrationsof seasaltsup to 30 gl-1)to determinethe optimum salinity
for bioleachingexperimentsand other growth experiments.

3.4.2 Growth of strain 4G at different levelsof salinity
Figure 3.3 showsthe growth of isolate 4G in media containing different concentrations
of seasalts. It can be seenthat the rate of growth of 4G was higher in the medium with
30 gl" sea salts than in the medium with 20 gl", 10 gl" or with no salt sourceadded.
This result confirms that the optimum growth salinity of 4G (of those salinities tested)
was 30 gl" sea salts, which is close to that of the enviroriment from which this strain
was isolated (interstitial salinity of water in the sedimentsamplewas 32 gl"). Growth
increases
increasing
with
salt concentrationand was at its lowest with no
rate constant
in
(Figure
3.6).
The highest cell number attainedduring growth
the
medium
salt
added
5.3
7x
1
07
30
sea
salt
was
gl"
cells ml" after 6 days of growth. The isolate
with
lag
days
two
periods
of
around
at 30 gl" and 20 gl" seasalts and lag periods
exhibited
days
10
3
at
gl"' seasaltsand with no addedsalts.
around
of

3.4.3 Growth of strain SC at different levelsof salinity
Growth of isolate SC in medium containing different concentrationsof sea salts is
shown in Figure 3.4. The optimum growth salinity (within the tested salinity range) of
5C is 30 gl-1seasaltsas the rate of growth of 5C was higher in the medium with 30 gl"
sea salts than in the medium with 20 gl", 10 gl-1or with no salt sourceadded (Figure
3.6). This bacterium was isolated from a sediment sample that had an interstitial
salinity of 35 gl-1 and this indicates that this bacterium is probably well adapted to
growth at this salinity. Cultures of this bacterium exhibited lag periods of around one
day at 30 gl"' and 20 gl" seasalts and lag periods of around4-5 days at 10 gl"
seasalts
and with no addedsalts. Cell number reachedits highest level during growth in 30 gl"
seasalt conditionswas 1.84xl 07cells ml"' after 5 daysof growth.
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3.4.4 Growth of strain Cligga at different levelsof salinity
It can be seenfrom Figure 3.5 that the rate of growth of Cligga was highest in medium
with 30 gl-1 seasalts as comparedto the other levels tested,indicating that 30 gl-1 sea
salts is the optimum growth salinity for this strain (within the salinity range tested).
This salinity is lessthan that of the environmentfrom which this strain was isolated (42
gl"), however, this strain may exhibit higher growth rates at higher salinities. Strain
Cligga exhibited short lag periodsof lessthan one day at 30 gl-1seasaltsand one day at
20 gl" and 10 gl', sea salts and a lag period of around 2 days with no added sea salts.
The growth rate constantof this strain was at its lowest with no addedsea salts (Figure
3.6) and the highest cell number attained during growth in 30 gl" sea salt conditions
was 1.49xl 07cells ml" after 4 daysof growth.

3.4.5 Growth of isolates 4G, SC and Cligga in medium containing NaCl as compared

to seasalts
Figure 3.7 shows the growth of the three salt-tolerant bacteria in pyrite medium
containing 30 gl-1NaCl. It was found that growth in pyrite medium with 30 gl" NaCI
was much slower than growth in pyrite medium with 30 gl" seasalts. The exponential
growth rate constantof 4G was 0.42,5C was 0.24, and Cligga was 0.21 day". Isolate
4G had a growth rate constant in sea salts medium that was 2.5 times that in NaCI
medium and isolate 5C had a growth rate in seasaltsmedium that was 4.1 times that in
NaCl medium. Also, isolate Cligga had a growth rate in seasalts medium that was 3.8
times that in NaCl medium.
It should be notedthat growth on medium without any salt addedshowsthat none of the
isolateshasan absoluterequirementfor a salt sourcefor growth.
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Figure 3.3 Growth of isolate 4G in PM with 0,10,20 and 30 gl-1 added sea salts.
Each datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 3.4 Growth of isolate 5C in PM with 0,10,20
and 30 gl-1 added sea salts.
Each datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 3.5 Growth of isolate Cligga in PM with 0,10,20 and 30 gl-I added sea salts.
Each datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 3.6 Growth rate constants of isolates 4G, 5C and Cligga in PSM of different
salinity. Each datum bar represents the mean ± standard deviation of duplicate
cultures.
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Figure 3.7 Growth of environmental isolates 4G, 5C and Cligga in PM with 30 gl-I
NaCl. Each datum point represents the mean ± standard deviation of duplicate
cultures.
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3.5 Growth of the isolated bacteria under mixotoPhic and beterotrophic conditions
3.5.1 Introduction
Many grain-positive,acidophilic, iron oxidising bacteriagrow using different modesof
nutrition. For exampleSuýfobacillussp. can grow autotrophically,mixotrophically and
heterotrophically (Norris et al, 1996). There have also been reports of increasing
growth rate constantsand higher overall cell yield by augmentationof autotrophic
growth medium with organic substratessuchas yeastextract. (Yahya & Johnson,2002).
These increasesin growth rate constantsmay be due to the lower
amount of energy
expendedby the bacteria in using organic carbon sources than fixing atmospheric
carbon,thereby leaving more energy for growth and metabolic processes. The growth
of many iron-oxidising bacteria is generally inhibited by high amounts of organic
material in the medium and therefore, it was decided to assessand compare growth
responsesof the isolates in mixotrophic and heterotrophicmedia. PSM medium was
used for mixotrophic growth and YSM medium used for heterotrophic growth (see
section2.2.3 for media compositions).

3.5.2 Growth of strain 4G under mixotrophic and heterotrophic conditions
Figure 3.8 shows that isolate 4G exhibited a long lag phase when grown on
heterotrophic medium, and that it took 4G four days to reach the beginning of
exponentialphaseon this medium. However, the rate of growth during log phasewas
high and stationary phase was reached within a day. Exponential growth on
mixotrophic medium occurredover a longer time (at a slower rate of growth), but the
lag phase on this medium was only two days. The mean generation time during
exponentialgrowth was 19.77hours on the mixotrophic medium and 7.04 hours on the
heterotrophic medium, illustrating the dramatic difference in growth rate on the two
different types of medium.
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3.S.3 Growth of strain SC under inbcolrophic and heterotrophic conditions

It can be seenfrom Figure 3.9 that, in contrastto isolate 4G, isolate 5C had a longer lag
phase when grown in mixotrophic conditions than in heterotrophic conditions. 5C
lag
a
phaseof two daysundermixotrophic growth conditionswhereascultures
exhibited
gown on heterotrophic medium reached the exponential phase within one day of
inoculation. The exponentialgrowth rate of 5C in heterotrophicmedium was more than
twice that in mixotrophic medium, and stationary phasewas maintained for a longer
time in hetertrophicmedium than in mixotrophic medium. Even though the inoculurn
of 5C cells into heterotrophic medium was less than that into mixotrophic medium,
maximum cell numberswere higher in the heterotrophicmedium.

3.5.4 Growth of strain Cligga under mixotrophic and heterotrophic conditions

Isolate Cligga, exhibited a long lag phase in heterotrophic medium (four days) as
comparedto mixotrophic conditions (one day) as shown in Figure 3.10. However, as
was observedwith cultures of isolate 4G, the exponentialgrowth rate in heterotrophic
medium was much higher than that in mixotrophic medium. Higher final cell numbers
were reachedin heterotrophicmedium despitehaving a lower initial cell inoculum. The
highest cell numbers observedin mixotrophic medium were 1.49xl 07 cells ml" and
occurred after four days of growth, comparedto 3 OIX107cells ml" in heterotrophic
medium.

3.5.5 Specific growth rate constantsof strains 4G, 5C and Cligga
Figure 3.11 shows that growth rate constantsof all three environmental isolates were
much higher in heterotrophic medium than in mixotrophic medium. During
heterotrophicgrowth, mean generationtimes of 4G, 5C and Cligga were 7.04,6.76 and
7.69 hours respectively. Thesewere extremely short generationtimes as comparedto
mixotrophic growth which where 19.77,16.69and 19.25hoursrespectively.

97

Chapter 3- Isolation and characterisation of salt-tolerant iron-oxidising bacteria

8.2
8
7.8
7.6
7.4
E

72

j2
,
al
ci
c» 6.8
6.6
j2
E

6.4
6.2
6

-2

5.8
5.6
5.4
5.2
5
0

24

48

72

96

120

144

168

192

Time (h)

Figure 3.8 Comparison of growth of isolate 4G in PSM (mixotrophic conditions)
and YSM (heterotrophic conditions). Each datum point represents the mean
standard deviation of duplicate cultures.
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Figure 3.9 Comparison of growth of isolate 5C in PSM (mixotrophic conditions)
and YSM (heterotrophic conditions). Each datum point represents the mean
standard deviation of duplicate cultures.

99

Chapter 3- Isolation and characterisation of salt-tolerant iron-oxidising bacteria
7.8
Mixotrophic

7.6

j

Heterot
7.4
7.2
7
6.8
96.6
.
6.4
6.2

6
0)5.8
5.6
5.4
5.2
5
0

24

48

96

72

120

144

168

192

Time (h)

Figure

3.10 Comparison of growth of isolate Cligga in PSM (mixotrophic
conditions) and YSM (heterotrophic conditions). Each datum point represents the
mean ± standard deviation of duplicate cultures.

loo

Chapter 3- Isolation and characterisation of salt-tolerant iron-oxidising bacteria

4.5
M Mixotrophic

4

0 Heterotrophic

;: ' 3.5
3
2.5
2
1.5
1
0.5
0
4G

5C

Cligga

Isolate

Figure 3.11 Growth rate constants of isolates 4G, 5C and Cligga when grown in
PSM (mixotrophic conditions) and YSM (heterotrophic conditions). Each datum
bar represents the mean ± standard deviation of duplicate cultures.
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3.6 Optimum temperature for growth of the isolated bacteria

3.6.1 Introduction
Iron-oxidising bacteria have been isolated from areas of different temperature
environments. Theserange from low temperaturesoil environmentsand marine areas
(this study) and naturally heated bioleaching heaps and coal spoilage heaps (Langdahl &
Ingvorsen, 1997), to high temperature geysers (Atkinson et al, 2000 and Johnson et al,

1997),yielding psychrophilic, mesophilic and thermophilic isolatedbacteria. However,
optimum growth temperaturesof isolatesusually differ from the normal temperatureof
the immediateenvironmentfrom which they were isolated.
Bioleaching at high temperaturemay potentially accelerateleaching of metals from
pyritic ore, however, the costs of heating during such processescan make the process
economically unviable.

The metabolic processes of bacterial consortia in spoilage

heaps and bioleaching heaps, naturally elevate the temperature of such environments,
and temperatures can range from 301C to 50*C (Bustos et al, 1999 and Rawlings, 2002).
It is therefore desirable that the bacteria can withstand such temperatures if they are to

havepotential in heapleachingsystems.
The growth rate constant of the isolates was assessedat different temperaturesby
incubation at 28'C, 37'C, 45'C and 50 T in pyrite and yeast extract medium. The
Optimum growth temperaturewas then used for subsequentgrowth experimentsand
bioleachingexperiments.

3.6.2 Growth rate constants of 4G, SC and Cligga at different temperatures

It can be seenfrom Figure 3.12 that all three isolatesgrew optimally at 37'C as their
exponential growth rate constants were higher at this temperature than the other
temperaturestested. No growth was observedin any of the culturesat 50*C and no cells
were detectedby microscopy a few hours after inoculation, and the cell numberswere
days
for
seven
with no growth at this temperature.The growth rate constants
monitored
of the three isolateswere slow at 450Cand growth at 28*C was only slightly lower than
that at 37T.
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It can be clearly seen that isolates 4G, 5C and Cligga are mesophilic bacteria with
temperature optima of 37'C although all grew to some extent up to a maximum of 45T
of those temperatures tested.
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Figure 3.12 Growth rate constants of isolates 4G, 5C and Cligga in PSM at
different incubation temperatures of 28'C, 37'C, 45'C and 50'C. Each datum bar
represents the mean ± standard deviation of duplicate cultures.
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3.7 Optimum pH for growth of isolated bacteria

3.7.1 Introduction
Acidophilic bacteria display optimum growth rate constantsat a pH below 5.0, and
many grow at or tolerate acidity as low as pH 0.5 (Johnsonet al, 1992 and Johnson&
Hallberg, 2003). There have beenmany reports of the effect of initial medium pH on
the growth of iron-oxidising bacteriaand it has been found that during growth of these
acidophiles the pH is lowered due to the production of H2SO4as a product of the
metabolism of iron containing compounds.Seawateris an extremely efficient natural
buffer and tends to stabilise any localised fluctuations in pH and therefore natural
seawaterand marine areasmay not be ideal environmentsfor the growth of bacteriathat
actually require low pH for viable growth. The normal pH rangein seawateris from pH
7.2 to pH 8.2 with an averagepH around pH 7.6 (Brown et al. 2002). However,
localised low pH microenvironments may be formed in areas where chemical or
biological processesincreasethe local hydrogenion concentration.
Since the pH of the mediurn decreasesduring bacterial oxidation of iron, due to the
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3.7.2 Growth rate constants of strains 4G, SC and Cligga at different inifialpH

It can be seenfrom Figure 3.13 that strains4G, SC and Cligga grew optimally at pH 2.0
(the pH of isolation) but also grew slowly at pH 1.5 and pH 1.0. However, very low
growth rate constantsand long mean generationtimes were observedin medium at pH
1.0, and the generationtimes rangedfrom 38.22 hours to 57.14 hours. There was very
little differencein growth rate constantand mean generationtimes in culturesat pH 2.0
and 1.5.
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Figure 3.13 Growth rate constants of isolates 4G, 5C and Cligga in PSM medium
of different initial pH; pH 1.0, pH 1.5, pH 2.0. Each datum bar represents the
mean ± standard deviation of duplicate cultures.
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3.8 Growth of the isolated bacteria on solid medium

3.8.1 Introduction
Acidophilic

bacteria are notoriously difficult

to culture on defted

laboratory solid

media (Das et al, 1989; Harrison, 1984; Johnson, 1995 and Bianchi et al, 1989). Many
studies have sought to overcome the problems associated with growth on solid media,
but few have been successful.

Successfulattemptshave included the overlay medium method developedby Johnson
(1995). This methodusesan underlay of medium solidified
with agarosethat has been
inoculatedwith a culture of a heterotrophicacidophile (Acidophilum ) that has been
sp.
found to be associatedwith iron and sulphur-oxidisingbacteria in
acid mine drainage
environmentsand other high metal ion environs. An uninoculated layer of medium
containing ferrous iron and/or tetrathionateis poured over the solidified bottom layer
and allowed to solidify. The plates are incubatedat 28'C for several days and then
inoculated with the bacteria being studied. (Section 2.2.4 outlines the composition of
overlay plates).
It is thought that the heterotrophicbacteriain the bottom layer of the plates utilise the
polysaccharidesin the top layer of the medium, therebyconvertingthe potentially toxic
complex organic compoundsthat could inhibit the growth of autotrophicbacteriato less
toxic compounds(Johnson, 1995). This is the reason for incubating the plates for
several days before inoculating with the test bacteria. Bacterial species such as At
ferrooxidans and L. ferrooxidans were successfullycultured on this medium and it was
found by D. Barrie Johnson(University of North Wales, UK, personalcommunication,
2001) to be suitablefor effective enumerationof thesebacteria. However, to date,there
is only one report in the literature of halotolerant, iron-oxidising acidophiles being
grown on solid medium (Kamimura et al, 2001).
One problem that was encounteredduring this study was that many gelling agentsdo
not solidify at the low pH required for growth of acidophiles. The low pH, combined
with the high temperatureof autoclavinglessenthe chancesof successfulsolidification
of gelling agentsand further complicatesthe developmentof efficient solid medium for
maintenanceand enumerationof iron-oxidising bacteria.
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The following section describesattemptsto grow the environmentalisolates from this
development
for
details
the
of
study on characterisedmedium
culture of acidophilesand
a solid medium for maintenanceof thesestrains.

3.8.2 Growth of the bacterial isolates on solid medium

Different types of solid medium were assessedfor their ability to supportthe growth of
the halotolerant isolates. The overlay medium developed by Johnson (1995) was
assessedfirst without addedsalt but no growth was observedfor any of the isolatesthat
were either spreador streakedonto the plates. Seasalts (at a concentrationof 10 gl")
were addedto Acidophilum sp. liquid medium (Materials and Methods Section 2.2.11),
in the hope that this terrestrial strain would become adapted to the increased salt
concentration. The bacteria grew more slowly than usual, however, after the third
subculturein this medium,Acidophilum sp. was used in the lower layer of the overlay
plates. Sea salts (10 gl") was added to the top layer of the overlay plates and then
inoculatedwith the isolatesand the plateswere incubatedat 37T. However, no growth
was observedby any of the isolates,even after prolongedincubationof four weeks.The
isolatesalso failed to grow on TSM medium (Bianchi et al, 1989) which was assessed
with 0,10 gl"', 20 gl" and 30 gl" addedseasalts.
It was possiblethat the high concentrationof agarosein the plates inhibited the growth
be
less
isolates
to
toxic
thought
that
the
therefore
were
of
and
alternativegelling agents
to the bacteriawere tested. Ferrous iron medium (see Materials and Methods section
2.2.3) was gelled using silica gel before ferrous sulphateand tetrathionatewas added.
However, even at high concentrationsof silica gel (up to 30 gl) the medium did not
solidify at pH 2.0,3.0,4.0 or 5.0. Carrageenanwas also tested as a potential gelling
agentagain in ferrous iron medium, with addition of ferrous sulphateor tetrathionateas
a potential substratefor bacterial growth. However, the medium did not gel at pH 2.0,
3.0,4.0 and 5.0 even at high concentrationsof carrageenanand therefore could not be
usedfor culture of the isolatedbacteria.
Finally, an attemptwas madeto developa solid medium basedon the liquid medium on
which the isolates were routinely grown. Ferrous iron medium was used as a base
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medium the addition of 8 gl-1purified agarose(Molecular Biology Grade)was found to
be sufficient to solidify the medium. The agarosesolution was autoclavedseparatelyat
pH 7.0 so that the agarosedid not hydrolyse during the high temperatureof autoclaving
and at the low pH. It was then cooled to the lowest point (below which it would
solidify) and was then addedto the autoclavedbasemedium (pH 2.0), the substrate(e.g.
ferrous iron at a concentration200 mM) addedand the plates poured. The plates were
not stackedduring pouring as this was found to increasethe cooling time and increases
the chancesof hydrolysis of the agarose,which would stop the plates from solidifying.
(Materials and Methods Section 2.2.5 for composition this
of
medium). It was found
that the medium with addedseasalts neededextra agarose(an extra 2 gl-') in
order to
solidify.
Six variations of this mediumwas preparedincluding addition
of.-

yeastextract (0.2 gl"')

-

yeastextract (0.2 gl-') and ferrous sulphate(200mM)
ferrous sulphate(2OOmM)

-

yeastextract (0.2 gl-1)and seasalts(30 gl")

-

yeastextract (0.2 gl-1),ferrous sulphate(200 mM) and seasalts(30 gl")
ferrous sulphate(200mM) and seasalts(30 gl")

-

Colonies were not observed on media without addition of sea salts and were only
observedon medium containing yeast extract, ferrous sulphate and sea salts. These
were raisedwhite colonieswhich appearedin the first few days of incubation and these
then turned rusty coloured after several days of incubation and in areaswith a high
density of colonies. All three isolateswere able to grow when streakedon this medium
and formed irregular shapedcolonies when viewed using a dissectingmicroscope(see
Figures 3.14 a-f Culturesthat were spreadplated did not grow very well and therefore
was not suitablefor enumeratingof the isolatesby plate counting.
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Figure 3-14a

Figure 3.14b
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Figure 3.14c

Figure 3.14d
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Figure 3.14e

Figure 3.14f

Figures 3.14 a-f
show growth of the three isolated bacteria on ferrous iron
medium with yeast extract. Rusty coloured colonies can be seen on the surface of
the plates in areas with a high density of colonies and white colonies in areas of less
dense cell growth. Figures a and b shows growth of isolate 4G, Figures c. and d.
show growth of 5C, and Figures e and f show the growth of isolate Cligga.
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3.9 Growth of the isolated bacteria on ferrous iron, tetrathionate and elemental
sulphur

3.9.1 Introduction
Acidophilic bacteriawhich use inorganic compoundsas their electron sourcefor energy
iron,
including
ferrous
production and growth utilise one or a variety of compounds
elemental sulphur, reduced sulphur compoundssuch as pyrite and tetrathionateand a
variety of iron and sulphidic mineral ores.
At. ferrooxidans can oxidise both ferrous iron and reducedsulphur compoundswhereas
L. ferrooxidans usesferrousiron as its sole electrondonor. Somemembersof the genus
Sulfobacillus (such as S. acidophilus) can grow autotrophically on ferrous iron and
elementalsulphuras well asheterotrophicallyon yeastextract (Norris et al, 1996).
Growth of the isolated bacteriaon different substrateswas assessedand is describedin
this section.

3.9.2 Growth of the bacteria on different substrates
The bacteriadid not grow on ferrous iron saline liquid medium at pH 2.0 (seeMaterials
iron
ferrous
Methods
2.2.3
for
Yeast
to
the
section
added
and
extractwas
composition).
saline medium (at a concentrationof 0.2 gl") but growth of the three isolateswas not
observedin this augmentedmedium by microscopyand there was no colour changeof
the medium. If ferrous iron were being oxidisedto ferric iron (mediatedby bacteria)the
medium should changecolour from a light greento a rusty orangecolour.
Sinceall of the isolatesmediateiron oxidation processeson solid ferrous iron medium it
was expectedthat they would utilise ferrous iron in liquid culture also. Since some
iron-oxidising bacteriarequire a reducedform of sulphur in order to grow on ferrous
iron (Yahya & Johnson, 2002), tetrathionate was added to the ferrous iron saline
medium but again growth was not observed. Powderedglasswas addedto the ferrous
iron saline medium to provide a solid substratumfor growth of the isolates,however,
onceagain growth was not observed.
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Pyrite saline medium (without pyrite) was also used as a baseto test for growth of the
isolateson tetrathionateand elementalsulphur. However,as with the previous medium
growth of the isolates was not observed on either of these substrates,even when
augmentedwith 0.2 gl" yeastextract.
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3.10 Assessment
microorganism

of

T. prosperus

for

use as a comparative

benchmark

for subsequent growth experiments with the isolated salt-tolerant

bacteria.

3.10.1 Introduction
At the beginning of this study, T prosperus was the only halotolerant iron-oxidising
acidophilic, bacterial speciesthat had been both characterisedin the literature and was
in
available the culture collections. It was therefore decided to determinethe growth
properties of T prosperus at different salt concentrations,with a view to using it as a
benchmark organism for future physiology and bioleaching experiments using the
isolatedbacteria.The effects of salinity on the growth and the iron oxidation kinetics of
At. ferrooxidans were also assessedand compared to those of T prosperus, as a
comparisonof a terrestrial and marine bacterial species. This was a preliminary study
and growth data are not presented.
During this study, monitoring of the growth of T prosperus proved to be very difficult,
due to the precipitation of intermediary products of iron-oxidation, such as jarosites,
during culture on ferrous iron medium. Also, the cells tendedto becomeattachedto the
solid particles when grown on ore substrates. Assessmentof growth was made even
more difficult due to the inability of T prosperus to grow on solid substratessuch as
agar and agarose. Therefore, different enumerationmethods were tested in order to
overcomethesechallenges.

3.10.2Assessmentof enumeration methodsfor T. prosperus
Oxalic acid has previously been shown to help dissolvejarosites and releasecells that
may be trapped in clumps of jarosite (Ramsay et al, 1988; Schippers & Jorgensen,
2002). The effect of addition of oxalic acid was testedin order to dissolvejarosite and
release T prosperus cells that had become clumped with jarosite. However, it was
found that even the addition of small amountsof oxalic acid causedthe cells to lyse
after a short period and therefore counting the cells in a haernocyctometerwas not
accurate as the number of intact and countable cells was decreasingthroughout the
counting period.
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Prefilters were used to remove particulate iron precipitatesand ore particles from the
culture in order to facilitate accuratecounting using a haemocytometer. However, it
filter
by
found
in
doing
large
the
that
as
was
proportion of cells were removed
so, a
well, even after the samplewas placed in a sonic water bath for 5 min before filtration.
Therefore,subsequentenumerationwas not accuratein determiningtotal cell densities.
Protein determinationmethodswere usedon culture samplesto measurebiomassand to
therefore monitor growth. However, it was found that 100 ml sampleswould have to
have been used to be able to detect any protein (even when using micro detection
method). It was found that even small amountsof iron in the sampleinterfered with the
protein assay,even though sampleswere washedwith H2SO4before the assay.It was
thereforedecidedthat this was not a viable growth monitoring method.
Fluorescein diacetate,dye was used to label the bacteria in order to enumeratecells
under UV light using a haemocytometer.This was found to be an inaccuratemethod of
be
because
haernocytometer
the
the
could
not
seenunder UV
enumeration
gridlines on
between
UV.
This
light
be
the
to
visible
and
and
source was required
switched
thereforemadeit difficult to accuratelymonitor the numberof cells in eachsquare.
Samplesof bacterial cultures were subjectedto treatmentin a sonic water bath, with a
view to detachingthe cells off any solid strata and therefore making any subsequent
in
densities
for
determine
techniques
total
a
cell
enumeration
a more accuratevalue
culture. It was found that this treatment was successfuland that 5 min in the sonic
had
be
bath
detach
However,
to
to
samples
counted
water
was sufficient
cells.
immediately or the cells beganto reattachto the solid particles,or to clump again.

3.10.3 Maintenance of T. prosperus

It was found that Tprosperus was best maintained by storing at room temperature.
Cultures remainedviable for up to 3 months, but were sub-culturedonce a month to
ensuregood healthy growth of the sub-culture. Ferrous iron cultures were maintained
by adding sterile pyrite to the flask when all of the ferrous iron had beenoxidised. Stab
cultures were prepared for this strain but when these were sub-cultured into liquid
ferrous and pyrite medium growth was not observed. Growth of T prosperus on solid
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media was testedbut it was found that this strain did not grow on any of the solid media
types used in this study. T prosperus could not be revived from freeze-driedcultures
but only from elemental sulphur liquid cultures, ferrous iron cultures and ore cultures
(DSMZ, personalcommunication).

3.10.4 Growth of T. prosperus andAt. ferrooxidans at high salinity
Severaldifferent methodswere attemptedin order to improve the accuracyof growth
monitoring and improve on the reproducibility of thesemethods. Ramsayet al (1988)
reportedthat oxalic acid could be used to solubilisejarosite precipitates,however, this
compoundcan lyse the cells and thereforethe useof this compoundwas not an effective
method for jarosite solubilisation in bacterial cultures. However, the use of a sonic
water bath was found to release cells from the particulates for more effective
enumerationand the sampleswere thereforesubjectedto this treatmentbefore every cell
count.
T prosperus displayedoptimal growth at 6 gl" NaCI (20% the salinity of seawater)and
the highest iron-oxidation rate in medium with no salt source(data not shown). This
strain was originally isolatedfrom a geothermallyheatedmarine environment(Huber &
Stetter,1989)and thereforewould be expectedto actually require higher salinity growth
conditions for optimal growth. However, Kaye & Baross (2000) noted that
hydrothermal fluids and water can range from one-tenthto greaterthan twice seawater
(1-7% NaCI equivalent). Thesebacteriamay inhabit areasof lower salinity within their
marine environmentsand therefore do not exhibit optimal growth at high salinities.
They may also survive in microenvironmentswith salt concentrationsthat are lower
than thoseof the immediateenvironment.
The results of the effect of elevated NaCl concentrations on the growth of At.
ferrooxidans concur with those of previous studies,which found that the growth of At.
ferrooxidans is inhibited by high salt concentrations. It has been suggestedthat At.
ferrooxidans does not have a chloride pump (Lawson et al, 1995) and therefore the
membranesof this bacteriumare susceptibleto damageby influx of chloride ions.
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It was found that T prosperus was a difficult bacterial strain to maintain, and this fact
had beennoted by a number of other researchers(D. B. Johnson,University of Bangor,
UK; D. Barr, Rio Tinto Technology Limited and Hans Hippe, DSMZ; personal
communications). During this study it was found that T prosperus cultures were best
maintainedby storing at room temperaturewith addition of sterile pyrite after all of the
ferrous sulphatehas been utilised by the bacteria. Many different solid media types
were assessedfor the growth of this bacterial strain, including overlay plates, TSM
plates, and the nylon membraneculture technique. However, none of thesesolid media
were sufficient to support the growth of T prosperus. Since optimum growth was
observedat 6 gl" for T prosperus and 30 gl" for the isolatedbacteriait was decidednot
to usethis microorganismas a benchmarkin subsequentexperiments.
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3.11 Discussion

Isolation of halotolerantiron-oxidising acidophilic bacteriahas beenattemptedby many
researchers,however, very few of these attemptshave been successful. In this study,
three halotolerant acidophilic strains were successfullyisolated, maintained and their
growth was assessed
undera variety of conditions.

3.11.1 Enrichment of target bacteria
The medium that facilitated successfulenrichmentcultures was a pyrite saline medium
(PSM) containing 30 gl" sea salts, 2% (w/v) pyrite at a pH of 2.0 and incubated at
28'C. This enrichment medium satisfied all the conditions neededfor growth of the
target bacteria. Two of the isolates originated from sediment samples that were
contaminatedwith mine tailings (waste from previous mining processes). Thesemine
tailings usually comprisemostly of metallic pyritic mineralsand so it was not surprising
that pyrite was a suitable substrate,and utilised by these bacteria in the estuarine
sediments.
Pyrite, as a sourceof iron and reducedsulphur may be the preferredsourceof substrate
in marine sediments(of acidophilic, autotrophicbacteria)as iron occurs in the form of
ferrous iron very rarely at the neutral pH and high oxidising conditions observed in
seawaterand marine areas. Any ferrous iron occurring in theseenvironmentsis quickly
converted to ferric hydroxide and other intermediate compounds of iron oxidation
processes,leaving it in a form that is unavailableto iron-oxidising bacteria. It has been
reportedthat somemarinebacteriamay reduceferric to ferrous iron and thereby createa
Fe2+sourcethat may possibly be utilised by iron-oxidising acidophiles(Lovely, 1991).
However, this reduction would be minimal and unless it was happeningin a localised
areaalong with the growth of iron-oxidising bacteria,would not produceenoughferrous
iron to provide a potential substratefor these bacteria. Reduction of ferric iron also
forms a high pH during the reduction reaction and so would produceconditions that are
not favourableto acidophilic microorganisms(Konhouser, 1997). Someferrous iron is
also producedby hydrothermalvent activity but again this may quickly be convertedto
an unusablesubstratewhen it contactsoxygen and other reactive elementsin the lower
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temperaturesof the seaaround the vents. Thesereactionsare then responsiblefor the
formation of mineral precipitatesthat form the chimneysobservedaroundsuchvents.
A halotolerantstrain that grows optimally in medium with no addedsalt (T prosperus)
was isolatedby liquid enrichmentmedium containinga mixture of mineral ores and was
found to oxidise ferrous iron only very poorly and only when adaptedto growth on
ferrous sulphate(Huber & Stetter, 1989). Most of the other reports of the searchfor
such halotolerant acidophilic bacteria have used ferrous iron (in the form of ferrous
sulphate) in liquid enrichment medium as an electron donor for growth of target
bacteria. Such studies include that of Kamimura (2001) who used FeS04.7H20 as a
sourceof ferrous iron and usedthe formation of ferric hydroxide (reddish-rustycolour)
bacteria.
indicator
iron-oxidising
The authors were
the
a
growth
of
as positive
of
looking for bacteriathat could possibly be usedin biohydrometallurgicalprocessesand
so by not using a mineral containing enrichmentmedium may have been selecting for
bacteria that would grow on soluble iron but not mineral sources(Kamimura, 2001).
Another exampleis Holden et al (1999), who used elementalsulphur and FeS04.7H20
in seawatermedium despitethe fact that the authorswere looking for bacterial consortia
which would be capableof bioleachingmetals from harbour sedimentsand commercial
mineral ore samples.
Thiosulphate enrichmentsdid not produce any isolates during this study. Smith &
Finazzo (1981) usedthiosulphateenrichmentmedium and obtaineda halotolerantironoxidising isolate (T intermedius)from salt marshsediments. However this strain was a
neutrophileand had an optimum pH for growth aroundpH 6.0.
Enrichment medium with a salinity of 30 gl" seasalts proved to be a more successful
enrichmentmedium than that with a sea salt concentrationof 20 gl". This result was
explainedwhen the effect of salinity on growth of the isolateswas assessed(reportedin
Section 3.4). It was found that the exponential growth rate constants of the three
isolateswas higher during growth on 30 gl" seasaltsthan at 20 gl", 10 gl'i seasaltsand
with no salt added. Before the enrichment attempts in this study it was noted that
previously isolated halotolerantiron-oxidising bacteriausually had salinity optima that
were below that of the natural environment of the source sample (Smith & Finazzo,
1981 and Huber & Stetter, 1989). Therefore, it was remarkablethat the enrichment
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medium with 30 gl-1 sea salts resulted in the isolation of the halotolerant bacteria
describedin this study.
Successfulcolony formation by iron-oxidising bacteria was observed using a nylon
membraneculture method (developedby L. Yan, PhD Thesis, Heriot-Watt University,
2001). The liquid medium under the membrane contained minimal medium with
ferrous sulphate,and 30 gl-1 sea salts at a pH of 2.0. However, these isolated bacteria
were unableto grow in the samemedium, in liquid culture without the membranesor in
pyrite or thiosulphatemedia (with 30 gl" seasalts,pH 2.0). The nylon membraneused
should allow dissolved chemical speciesto move freely through it. However, it is
thought that the membranecould also offer someprotection from the salt becauseof the
production of exopolysaccharidesby the bacteria in contact with a solid surface and
subsequentformation of protective biofilms. Therefore bacteria, which may have a
lower toleranceto salt, may be culturable using this method even in high salt medium.
This might explain why these microorganisms(Calenick and Tressillian enrichments)
were unable to grow on sub-culture into liquid salts medium, as there is no available
solid stratafor the formation of biofilms.
It was also found that the nylon membranewas not an ideal method of growth of the
target bacteria due to the very high rateof evaporationof the medium and subsequent
drying of the membrane,coupledwith the very long incubationtimes neededfor culture
of the bacteria.

3.11.2 Growth of the bacterial isolatesat different concentrationsof seasalts
The majority of the characterisedhalotolerant iron-oxidising bacteria reported in the
literature may tolerate elevated levels of salt, but many have salinity optima that are
well below their maximum tolerable level or that of their natural environment. For
example, Holden et al (1999) isolated metal mobilising bacteria from seawaterwith a
concentrationof 3% (w/v) NaCl, but their strainswere found to grow only between 1%
and 2% NaCl.
An iron-oxidising neutrophile (T intermedius)was isolated from a salt marsh with an
interstitial water salinity of 3% NaCl, however,the optimum salinity for growth of this
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strain was only 1% NaCl, one third of that of the natural environment (Smith &
Finazzo, 1981). Theseobservationsled Smith and Finazzoto believe that somebacteria
grow at their optimal rate only rarely in nature. The growth of marine iron-oxidising
isolates has been only rarely assessedat different salinities, but is an important
parameterin order to investigatethe salinity optima of this type of bacteria.
The growth of the isolatedbacteriaon medium with different concentrationsof seasalts
was reported in Section 3.4. It was found that (contrary to many reports on bacteria
isolated from similar environments) growth rate constants actually increased with
increasingsalt concentrationin the medium. This was a highly desirableresult as it was
hoped that these bacteria might have potential in high salinity bioleaching operations
with a high availability of seawaterfor use in the process. The growth rate constantsof
all three isolateswere highest in medium with 30 gl" addedseasalts and progressively
decreasedin medium with lower salinities. This provides evidencethat these bacteria
are highly adaptedto their natural environments,as all were isolated from environs
ranging from 3.2 % to 4.2 % salinity. This is the first report of halotolerant ironoxidising bacterial specieshaving salinity optima that are equivalent to those of the
environmentfrom which they were isolated.
It was noted that many reports of the isolation of halotolerant iron-oxidising bacteria
from marine environmentsused sodium chloride as a direct salt source in enrichment
cultures and subsequentassessmentof growth responses(Smith & Finazzo, 1981 and
Huber & Stetter, 1989). Only two studieshave used seawatermedium to isolate this
type of bacteria(Tilton et al, 1967aand Holden et al, 1999).
Bacteria are usually highly adapted to their natural enviromnent and therefore, the
importance of mimicking these environmental conditions during isolation of specific
types of bacteriacannotbe underestimated.It seemsremarkablethat most of the reports
of isolation of the target bacteriadid not use seawater(either natural or artificial). This
may be why very few of these reported isolation attemptsor maintenanceof isolates
have been successfuland showsthat the use of seasalts is much more conduciveto the
isolation of halotolerantbacteriathan NaCI alone.
Eachof the three isolatesexhibited higher growth rate constantswhen grown in medium
containing30 gl" seasaltsratherthan 30 gl-1NaCI or in the absenceof salt.
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These results suggeststhat there may be a componentpresent in the sea salts, which
promotesthe growth of these isolated bacteria. The exact composition of the sea salt
from
it
form
but
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defted
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in
in
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lower
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a slightly
the NaCl medium, which may explain the difference in the growth rate constants
betweenthe two media (i. e. less Cl' toxicity). However, this fact alone cannot explain
the extent of the differences in the observedgrowth rate constants. Isolate 4G has a
growth rate constantin seasaltsmedium that is 2.5 times that observedin NaCl medium
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that
sea
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NaCl medium. Also, isolate Cligga has a growth rate constantin seasalts medium that
is 3.8 times higher than when this strain is grown in NaCl medium.
2-,
however
S04 me +'
Chloride and sodium are the two most abundant ions in seawater,
Ca2+,Ký, HC03-, Bf, H2B03' and Sr2+combine with these to make up 99.9 % of the
dissolved constituents of seawater (Brown et al, 2002). Therefore these ions and other
trace elements may actually be required for the optimum growth of the bacteria that are
isolated from marine sources, such as those in this study.

The question of what actually constitutesa truly marine bacterial speciesis a highly
debated one. It is not sufficient that a bacterial strain is isolated from the marine
environmentand that it grows optimally at the salinity of that environment. A common
definition of marine bacteriais that coined by Macleod, that statesthat "marine bacteria
is
for
Na'
have
those
that
available at
above
what
are
a obligate requirement
backgroundlevels" (Macleod, 1965). There are so many different conditions, chemical,
biological and physical, observedin marine environs that it is unlikely that a single
definition could encompassthem all, and thereforethis topic will surely continueto be a
highly contestedissue.
There are many gaps in Macleod's definition including that fact that many bacteria
isolated from environmentswhich would not usually be classedas marine (such as salt
marshesand hypersalinelakes),have an obligate requirementfor Naý. This includes T
halophilus, isolated from a hypersalinelake, which has a NaCl optimum of 0.8 -1.0 M
and, while it will not grow below this level, toleratesNaCl levels up to 4M (Wood &
Kelly, 1991).
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The resultsreportedin Section3.4 demonstratethat the bacteriaisolatedin this study do
not exhibit an obligate requirementfor Na+ as they grow in medium with no addedsalt
source,albeit at a greatly reducedrate. According to Macloed's definition, it therefore
follows that these bacteria cannot be termed as 'marine bacteria' despite having been
isolated from marine environments. Nonetheless,the results show that the three isolates
have higher exponentialgrowth rate constants,lower meangenerationtimes, and higher
final cell yields when grown in the presenceof 30 gl" sea salts rather than the same
concentration of NaCI or with no added salt. Therefore, this salt source and
concentration was used for subsequent growth experiments and high salinity
bioleachingstudies(Chapter5).

3.11.3 Comparison of the growth of the isolated halotolerant bacteria under
mixotrophic and heterotrophic conditions

Some iron and sulphur oxidising bacteria exhibit higher growth rate constantswhen
their medium is augmentedwith an organic carbon source,such as yeast extract. Such
bacteria include Sulfobacillus thermosuffldboxidansand Sb. acidophilus (Norris et al,
1996). Suffibbacillussp. are capable of autotrophic growth (on inorganic substrates),
heterotrophicgrowth (on organic carbon sources)or growth on both types of substrate
during mixotrophic growth. Chemoautotrophicfixation Of C02 requires large amounts
for
in
for
be
fixed
demands
C02
to
to
the
growth of cells.
carbon
Of
order
meet
Therefore,in culturesthat are not spargedwith C02 or air, carbonmay be a growth rate
constant -limiting chemical. It is therefore beneficial to provide a carbon source to
facilitate the production of higher cell biomass.
Very long lag phases of up to 4 days were observed in heterotrophic cultures of both
isolates 4G and Cligga, before growth was observed (Section 3.5). In these cultures, lag
phases were shorter under mixotrophic

growth

conditions

but ultimately,

the

exponential growth rate constants were higher in heterotrophic growth mode. Strain 5C
exhibited a lag period of two days under mixotrophic conditions whereas exponential
growth was reached very quickly by this strain in heterotrophic conditions. The overall
exponential growth rate constant of 5C in heterotroPhic medium was over twice that
observed in mixotrophic medium.

123

Chapter3- Isolation and characterisationof salt-tolerantiron-oxidising bacteria

During heterotrophicgrowth, the meangenerationtimes of 4G, 5C and Cligga were 7.0
hours, 6.8 hours and 7.7 hours respectively(Section3.5.5). Thesewere extremely short
generationtimes as comparedto mixotrophic growth which were 19.8hours, 16.7hours
and 19.3 hours respectively. This high growth rate in heterotrophic medium is
presumablydue to the higher availability of a carbonsourcein the form of yeastextract
and negatesthat need for high levels of atmosphericC02 fixation, thereby directing
more energy into cell metabolism and growth. The long lag periods observed in
culturesof 4G and Cligga may be due to the time neededfor the production of proteins
requiredto switch to oxidation of organic carbonsourcesfor metabolism.
High amounts of inorganic substratesneed to be utilised during autotrophic and
mixotrophic growth in order for quantifiable growth of this type of bacteria. The
oxidation of these substratesproducesless energythan that producedby heterotrophic
growth. Therefore,growth rate constantswill be slower, mean generationtimes longer
and final cell biomasslower, as was observedin Section3.5.

3.11.4 Effect of temperature on growth of the bacteria

Optimum temperaturesfor the growth of bacteria can vary greatly from those of the
environments from which they was isolated, and it is therefore important to assess
optimum growth temperaturesto ensure that investigations are carried out at the
optimum growth rate constantfor the conditions.
Many previously characterisediron-oxidising bacterial strains are thermophilic or
hyperthermophilic, however most of the halotolerant iron-oxidising species are
mesophilic and have optimum growth temperaturesbetween 30'C and 37'C (e.g. T
prosperus, Huber & Stetter, 1989; Strains KU2-11 and SA, Kamimura et al, 2001,
2003).

Most Sulfobacillus sp. described in the literature are thermophiles e.g. A
T,,pt80*C;Sb. addophilus T. 45*C; and Sb. disuYidboxidansT.
thermosuUldooxidans
pt
pt
50'C (Dufresne et al, 1996; Karavajko et al, 1990 and Norris et al, 1996). However,
there have recently beenreports of novel mesophilic gram-positivebacteriawhich may
be closely related to Suffibbacillus sp. (Yahya & Johnson, 2002).
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(Sulfobacillus L-15 and Riv-14) have a optimum growth temperatureof 35T. As the
strainsisolatedin this study have beenfound to be similar to Sulfobacillus sp. growth at
37'C,
45*C
50T.
281C,
temperatures
and
a variety of
was assessed;

It was found that all three bacteriaisolated grew optimally at 37C as their exponential
growth rate constantswere higher at this temperaturethan the other temperaturestested
(see Section3.6). No growth was observedin any of the cultures at 50'C, and no cells
for
detected
few
hours
inoculation
the
a
cell numberswere monitored
after
and
were
a
ftuther 7 days with no obvious signs of growth being observed. The growth rate
28'C
isolates
lowest
45*C
the
three
was only slightly
and
growth
at
at
were
constantsof
lower than that at 37C.
It was concluded that all three bacterial strains were mesophilic but could grow at
temperaturesup to a maximum of 45*C of thosetemperaturestested. As a result growth
involving
bioleaching
these strains were carried out at an
responseand
experiments
incubationtemperatureof 37T.

3.11.5 Effect of initial mediumpH on growth of the isolated bacteria
Acidophilic bacteriaare consideredto be those with pH optima below pH 5.0, extreme
acidophiles have pH optima below pH 3.0. and many of the previously characterised
halotolerantiron-oxidising bacteriahave pH optima aroundpH 2-3. However, there are
some exceptions,such as the iron-oxidising bacteria T intermedius,a neutrophile, that
has a pH optimum of 6 and T halophilus, with pH optima of 7-7.3 (Smith & Finazzo,
1981and Wood& Kelly, 1991).
The strainsdescribedin this study were isolatedin medium of pH 2.0 and it was hoped
that they could be used in bioleaching of metallic ore processeswhich preferentially
takesplace at pH 2.0 and below. The growth of the strainswas thereforeassessedat pH
2.0, pH 1.5 and pH 1.0to seewhetherthis extremeacidity could be tolerated.
It was found that strains4G, SC and Cligga grew optimally at pH 2.0 (the pH at which
they were isolated)but also grew at pH 1.5 and pH 1.0. Very low growth rate constants
and long mean generationtimes were observedwere observedin medium at pH 1.0,
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when the generationtimes ranged from 38.22 hours to 57.14 hours. There was very
little difference in growth rate constantand meangenerationtimes in cultures at pH 2.0
and 1.5. This was as expectedas the pH decreasedduring growth of theseacidophiles
via the production of large quantities of 112S04as a product of metabolism. During
some bioleaching experimentsin this study, the pH was found to decreaseto pH 1.5
from an initial pH of 2.0 during biooxidation of metallic ores (see Chapter 5). These
isolateswould survive and grow underthe low acidity of biooxidation processes.
Somequestionsto which the answersremainselusive are; do thesebacteriagrow at this
low pH in their natural environmentand if so where are theselow pH locales found in
marine areasand how are they maintainedat this low pH? As has beennoted, seawater
is a highly efficient natural buffer and tends to stabilise any local fluctuations in pH,
which makethesequestionsevenmore interesting.
During preliminary investigations prior to this study, it was found that T prosperus
could withstand a lower pH than normal when grown on mineral ore as compared to
growth on ferrous iron (data not shown). This led to the hypothesis that solid sub-strata
may provide a protective effect from extremely low pH. There have been many reports
on the attachment of autotrophic bacteria to mineral ore particles via the production of
exoPolysaccharides (Costerton et al, 1978; Escobar et al, 1996; Porro et al, 1997:
Sampson and Blake, 1999; Sampson et al, 2000 and Shrihari et al, 1991). The biofilms,
thus formed, may provide protective micro-environments where the localised low pH
formed from production of H2SO4might be maintained and protected from the buffering
effects of open seawater, in marine sediments, marine iron-containing structures and
rock surfaces.

Further investigation of the protective role of slime layers against

external physical and chemical stresseswould prove to be very interesting.

3.11.6 Growth of the isolated bacteria on solid medium and other substrates
As previously noted, it is notoriously difficult to grow iron-oxidising acidophilic
bacteriaon solid medium. This is due in part, to the low pH needto facilitate growth of
theseacidophiles. Traditional gelling agentssuch as agarshydrolyse easily under low
acid conditions and are not suitable for growth of acidophiles. Many of thesetypes of
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bacteria are sensitiveto high levels of complex organic substratessuch as agar and so
suchgelling agentsin solid medium may well be toxic to thesebacteria.
Some researchershave developed media types, which have been utilised in the
successfulculture of terrestrial acidophilic strains, such as the heterotrophic bacteria
overlay culture method developedby Johnson(1995). However, such methodsdo not
translate successfidlyto the culture of halotolerantbacteria, due to the toxicity of the
NaCl to the heterotrophicbacteriain the bottom layer. It was also found in this study,
that medium with high salt levels neededextra gelling agentfor solidification, since the
elevatedsalt concentrationencouragesthe hydrolysis of the gelling agents.
The isolated halotolerant bacterial strains were found to form rust coloured, irregular
shapedcolonies, when grown on medium gelled with high purity agarose,containing
ferrous sulphate,yeast extract and sea salts. It is interesting to note that although the
three isolates do not have an absolute requirement for NaCl or sea salts in liquid
medium, attempts to culture them on solid medium with no added salt source were
unsuccessful. Similarly, these isolates exhibit good growth rate constants in
heterotrophicliquid medium with no added ferrous iron sourcebut were found not to
grow on solid medium without an addediron source(in the form of ferrous sulphate).
Some studieshave reportedthe difference in growth of bacterial strainswhen grown in
liquid medium as compared to growth in solid medium. These studies have
subsequentlynoted the difference in metabolic functions and the involvement of the
initiation of expressionof different genesunder different conditions (Jensen& Fenical,
1994 and Prigent-Combaretet al, 1999). The lack of growth of the isolated strains on
heterotrophic medium without iron might be due to the inefficient expressionof the
genesneededto switch from planktonic growth to growth on solid substrata,which may
be dependenton the presenceof an iron source.
The lack of growth on heterotrophic solid medium may be due to the decreased
availability of the organic carbonsourcein solid medium. For example,Meargy (1995)
noted that during metal resistance studies on liquid and solid medium, dissolved
constituents in solid media form complexes with the gelling agents that reduce the
bioavailability of these compoundsfor the growth of inoculated bacteria. Therefore,
measuredresistanceto metals was found to be higher on solid medium than in liquid
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Meargy (1995), theselevels may not be sufficiently available for adequategrowth of the
isolateson solid medium.
The fact that the isolated bacteria did not grow on ferrous iron, elemental sulphur or
tetrathionatewas not wholly unexpected. This is likely to be due to the fact that these
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elementsand compoundsrarely exist
seawater,and so would not be a natural substrateof the bacterial strains in situ. When
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In summary:
Three strains of iron-oxidising, acidophilic, halotolerant bacteria were isolated from
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in
iron
be
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known
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compounds.
containing
marine areas
were all gram-positive, spore-forming rods that grew on pyritic minerals, yeast extract
and combinations of these substrates. The bacteria did not have an obligate requirement
for NaCI but had higher growth rate constants when grown on medium with an added
NaCl.
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Chapter Four: Results
4.1 Introduction

Acidophilic, iron-oxidising microorganismsbelong to three distinct groups. The main
ones are the gram-negativerod-shapedbacteria (a, p,y-proteobacteria),the low G+C
gram-positive bacteria and the group belonging to the Kingdom Archaea. These
microorganims are phylogenetically diverse and belong to different evolutionary
lineages. However, they are found to live co-operatively,in very similar environments
and are thought to complement each other's growth by the production of different
products from their physiological processes that can be then utilised by other
acidophiles. The range of environmentsexploited by these microorganisms include
heaps,
drainage
contamination,
coal
spoil
geothermalsites
mine sites,areasof acid mine
and other environmentscharacterisedby low acidity and a high metal content.
The full extent of the diversity of sulphur and iron-oxidisersfrom theseenvironmentsis
probably not yet realiseddue to culture and maintenanceinadequacies(Lane et al, 1985
& 1992). It is however, being rapidly elucidated due to developmentof molecular
methodssuch as denaturinggradient gel electrophoresis(DGGE) and improvementsin
in-situ molecular ecology methods.(Amann et al, 1992; Liesack & Stackebrandt,1992
and Nicolaisen & Ramsing,2002)
In this study, DNA was extractedfrom Pureculturesof the isolatedhalotolerantbacteria
and universal primers (9F and 1542R, Lane et al, 1985) were used to amplify a large
portion of the 16S rDNA region. Internal primers were then used to sequencesmaller
portions from the large amplified region. (the primers used were 27F, 342F, 685F,
785F, 1099F,524F, 802R, 1115R, 1492R).SeeMaterials and Methods section2.7.
The obtainedsequenceswere then alignedusing the programCAP EST ASSEMBLER
(FIRC Institute of Molecular Oncology, Italy http://bio.ifom-firc. it/ASSEMBLY/assemble.html) and searchesfor similar sequences
were performedusing NCMB BLAST softwarehttp://www. ncbi.nlm.nih.gov/BLAST;
Altschul et al, 1997). Bacteriawith high levels of sequenceidentity were noted,and a
similarity matrix was constructedfor the isolatedbacteriaand their closestrelatives
using the sequenceidentity valuesobtained. Clustal W (CMBI, Centrefor Molecular
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and Biomolecular Informatics-http://www. cmbi.kun.nl/) was then usedto align the
obtained 16SrDNA sequenceswith thoseof characterisedrelatedbacteriaand to
calculatenucleotidesubstitutionrates. This alignmentdatain PHYLIP format was then
fed into TREEVIEW (Page,1996)to constructphylogenetictrees. Frequently,the
differencesin 16SrDNA betweenclosely relatedstrainsare usually concentratedin one
or two hypervariableregionsand sequenceanalysisshouldtake this into consideration
(Stakebrandt& Rainey, 1995). Tbereforethe identities and constructionof treeswas
performedfor both the hypervariableregion (first 600 basepairs) and also with longer
sectionsof 1200basepairs of the 16SrDNA region obtained.
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4.2 16S rDNA sequencesof the three isolated bacterial strains
4.Zl Introduction

As divergence of the primary lines of bacteria descent occurred during early biotic
history, highly conservedmolecular chronometers(such as those representedby 16S
rRNA) are required for accuratebacterial phylogenetics(Woese, 1987). Molecules of
rRNA also contain sufficient variability so that relationships between closely and
distantly related groups can be determined(Devereux & Willis, 1995). Therefore, the
partial nucleotide sequencesof the 16S rDNA region of the three isolated strains of
halotolerant,acidophilic, iron-oxidising bacteriawere determinedand are illustrated in
Figs 4.1,4.2 and 4.3). The 16S rRNA sequencesof the three strains have been
depositedin the EMBL/Genbank databaseunder accessionnumbers4G - AY371272;
5C - AY371273; Cligga - AY371274. These sequenceswere also checked for
Chimerasusing the RibosomalDatabaseProject software(Cole et al, 2003).
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4.Z2 Sequencesof 16S rRNA genefrom isolated bacterial strains, 4G, SC and Cligga
TAT"ITATCTGGTAAGGGCACGTGCGGCGCTCCTAAACATCAATCCAACGG
51

CGCCTTCGGGCGCAGCGGCGGACGGGTAGGAACACGTGACGTAACCGGGC

101

GTCCGGTGGGGCATATCGGGCCGAAAGGCGCGGCAATCCCGCATAGCGTC

151

CCCGCGTGCGCAAGCAAGGCGGGGGAAAGGCCTTCGGGTCGCCGGATGGG

201

GGGCTCGCGGCGCCATTAGCTAGTTGGGGGGGTAACGGCCTCCCAAGGCG

251

ACGATGGGTAGCCGGCCTGAGACGGGTGATCGGCCACACTGGGACTGAGA

301

CACGGCCCAGACTCCTACGGGAGGCAGCAGTAGCGGAATCTTCCACAATG

351

GGCGCAAGCCTGATGGAGCAACCGCCGCGTGAGTGAAGACGGCCTTCGGG

401

TTGTAAAGCTCTGTCTGTCGGGACGAGGACCCGGGTGCAAACCCGGGGGG

451

GACGGTACCGGCGGAGGAAGCCCCTGCAAACTACGTGCCAGCAGCCGCGG

501

TAAGACGTAGGGGGCAAGCGTTGTCCGGAATTACTGGGCGTAAAGGGCGT

551

GTAGGCGGGTATCACACTGTAGCAGGTMCAGCCGTCGGCTCACCCGAC

601

GGAGGGCGGCTAAACGGTGGCACTTGGAGGGCAGGAGAGGTGCACGGAAT

651

TCCTGGTGGAGCGGTGAAATGCGTAGAGATCAGGAAGAACACCCGTGGCG

701

AAAGGCGGTGCACTTGGCCTGACCCTGACGCTGAGGCGCGACAGCGTGGG

751

GAGCGAAACGGATTAGATACCCCGGTAGTCCACGCCGTAAACGATGGATA

801

CTAGGTGTCGCGGGGGTCCACCCGGCGGTGCCGGAGCTAACGCACTAAGT

851

ATCCCGCCTGGGGAGTACGGCCGCAAGGTTGAAACTCAAAGGAATTGACG

901

GGGGCCCGCACAAGCAGTGGAGCATGTGGTTTAATTCGACGCAACGCGCA

951

GAACCTTACCAGGACTAGACGGGATCGTGAGCGCCGCGAAAGCGGCGGCC

1001 TCTTCGGAGGAGCGGTCGTCAGGTGCTGCATGGTTGTCGTCAGCTCGTGT
1051 CGTGAGATGT-FGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTCGCGTGT
1101 TGCCAGCGGTTCGGCCGGGCACTCACGCTGAGACTGCCGGTGACAAACCG
1151 GAGGAAGGTGGGGATGACGTCAAATCCGCATGGCCTTGATGTCCTGGGCC
1201 ACACACGTGCTACAATGGCGCCGACAACGGGCCGCGACCCCGCGAGGGGC
1251 AGCGAATCCTTCAAACGGCGTCTCAGTTCGGATTGCAGGCTGCAACCCGC
1301 CTGCATGAAGCCGGAATTGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
1351 ATTCGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTGGC
1401 CACACCCGAAGCCCGGTCGGTCGAACCCTTAGGGGGCGACCCCGTCGACG
1451 GTGGGGCGGATGATTGGGGTGAAGTCCTAGCAAGGTAGCCGTATCGGACG
1501 GTGCGGGTGGATC

Figure 4.1 16S rDNA partial nucleotide sequence of bacterial strain 4G; partial gene
1513 nucleotides (accession AY371272)
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AACGGACCCTTTGGGGTCAGCGGCGGACGGGTAGTACACGTGGCAATCTG
51

CCGAGCAGACCCCGGAATAACGCCTGGAAACGGGTGCTAATGCCGGATAG

101 GCAGCGAGGAGGCATCTTCTTGGCCTGGGAAAGGTGCAACTTGCACCACT
151 GTTCGAGGAGCCCGCGGCGCATTAGCTTAGMGGTTAAGGTGAAGGCTT
201 ACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGACCGGCCAACACCT
251 GGGACTGAGACACAGGCCCAGACTCCTACGGAAGGCAGCAGTAGGGAATC
301 TTCCGGCAATTGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGCGAAGA
351 AGGCCTTCGGGTTGTAAAAGCTTCAGTCACTCGGGAAGAGCGACCTAAGG
401 AGTGGAAAGCCTTAGGGGAGACGGTACCCGAGGGGAGGAAGCCCCGGCAA
451 ACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAAGCGTTGTTCCG
501 GAATCACTGGGCGTAAAGCGTGCGTAGGCGGTTTTrTGGGTCTGGGGTGG
551 AAAGTTCCAGGGCTCAACCTTGAGAATGCCTTGGAAACTAGAAGACTTGA
601 GTGCTGGAGAAGGCAAGGGCGAATTCCACGTGTAGCGGTGAAATGCGTAG
651 AGATGTGGAGGAATACCAGTGGGCGAAGGCGCCCTTTGCTGGACAAGTGA
701 CTGACGCTGAGGCACGAAAGCGTGGGGAGCAAAACAGGATTAGAATACCC
751 TGGTAGTCCACGCCGTAAACGATGAGTGCTAGGTGTTGGGGGGGTCATAC
801 TCTCAGTGCCGAAGGAAACCCAATAAGCACTCCGCCTGGGGAGTACGGTC
851 GCAAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCAGTGGA
901 GCATGTGGTTrAATTTCGAAGCAACGCGAAGAACCTTACCAGGGCTTGAC
951 ATCCCTCTGACCGGTACAGTAGATGGGACCTTCCCTTCGGGGCAGAGGAG
1001 ACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTAGAGATGTTGGGTTA
1051 AGTCCCGCAACGGAGCGCAACCCTTGATCTGTGTTACCAGGCACGTGATG
1101 GGTGGGGACTCACAGGTGACTGCTCCGGCGTAAGTCGGAGGAAGGTGGGG
1151 ATGACGTCAAAATCATCATGCCCTTTATGTCCTGGGCCGACACACGTGCT
1201 ACAATGGGCGGTACAACGGGAAACCGAGACCGCGAGGTGGAGCGAAACCC
1251 TAAAAGCCGTTCGTAGTrCGGATTGCAGGCTGCAAACTCGCCTGCATGAA
1301 GCCGGAATTGCCTAGTAATCGCGGGATCAGCATGCCGCGGTGAATCCGTT
1351 TCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGACAACACC
1401 CGAAGTCGGTTGAGGTAACCTTTTGGGGCCAGCCGCCGAAGGAGGTCGAG
1451 TGCCTGAAA

Figure 4.2 16S rDNA nucleotide sequenceof bacterial strain 5C; partial gene 1459
nucleotides (AY371273)
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I

GTTACGGGCC=GGGGTCACGCGGACGGGTAGTACACGTGGCAATCTC

51

CGACAGACCCGGAATAACGCCTGGAAACGGGTGCTAATGCCGGATAGGCA

101

GCGAGGAGGCATCTTCTTGCCTGGGAAAGGTGCAACTTGCACCACTGTTC

151

GAGGAGCCCGCGGCGCATTAGCTAGTTGGTAAAGGTGAAGGCTTACCAAG

201

GCGACGATGCGTAGCCGACCTGAGAGGGTGACCGGCCACACTTGGGACTG

251

AGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAA

301

TGGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGCGAAGAAGGCCTTCG

351

GGTTGTAAAGCTCAAGTCACTCGGGAAGAGCGGACCTAAGGAGTGGAAAG

401

CCTTAGGGGAGACGGTACCGAGGGAAGGAAGCCCCGGCAAACTACGTGCC

451

AGCAGCCGCTGGTAATACGTAGGGGGCAAGCGTTGTTCCGGAATCCCTGG

501

GCGTAAAGCAGTGCGTAGGCGGTT=GGGTCTGGGGTGAAAGITCCAG

551

GGCTCAACCT-FGAGAACTCCTTGGAAACTAGAAGACTTGAGTGCTGGAGA

601

GGCAAGGGCGAATTCCACGTGTAGCGGTGTAATGCGTAGAGATGTGGAGG

651

AATACCAGTGGCGAAGGCGACCTTGCTGGACAAGTGACTGACGCTGAGGC

701

ACGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG

751

TAAACGATGAGTGCTAGGTGTTGGGGGGTCATACTCTCAAGTGCCGAAGG

801

AAACCCAATAAGCACTCCGCCTGGGGAGTACGGGTCGCAAGACTGAAACT

851

CAAAGGAATTGACGGGGGGCCCGCACAAGCAGTGGAGCATGTGGTTTAAT

901

TCGAAGCAACGCCGAAGAACCTTACCAGGGCTTGACATCCCTCTGACCGG

951

TACAGAGATGGACCTTCCCTTCGGGGCAGAGGAGACAGGTGGTGCATGGT

1001

TGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGC

1051

AACCCTTGATCTGTGGTTACCAGCACGTGATGGTGGGGACTCACAGGTGA

1101

CTTGCCGGCGTAAGTCGGAGGAAGGTTGGGGATGACGTCAAATCATCATG

1151

CCCTTTATGTCCTGGGCGACACACGTGCTACAATGGGGCGGTACAACGGG

1201

AAGCGAGACCGCGAGGTGGAGCGAAACCTAAAAGCCGTTCGTAGTTCGGG

1251

ATTGCAGGCTGCAACTCGCCTGCATGAAGCCGGAATTGCTAGTAATCGCG

1301

GATCAGCATTGCCGCGGTGAATCCGTTCCCGGGCCTTGTACACACCGCCC

1351

GTCACACCATGGGAGTTGACCAACACCCGAAGTCGGTGAGGTAACCTTTT

1401

GGGGCCAGCCGCCGAAGGTGGGGTCGATGACCTGGGGTGAAGTCGTAACA

1451

AGGTAACCGTA

Figure 4.3 16SrDNA nucleotidesequenceof bacterial strain Cligga; partial gene 1461
nucleotides(AY371274)
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4.3 Similarity matrixes of 16S rDNA of isolated bacteria and other closely related
bacteria

4.3.1 Introduction

Sequencecomparisons(BLAST searches)were carriedout with all available 16SrDNA
nucleotide sequencesavailable in NCMB Genbank Database,using the 4G, 5C and
Cligga sequencesillustrated in Figs 4.1,4.2 and 4.3. The highest sequenceidentities
4.2.
Similarity
in
4.1
Tables
matrixes were
and
were noted and are represented
data
16S
between
the
rDNA
of all closely related
constructed using comparisons
bacteriaand are shownin Tables4.3 and 4.4. Similarity matrixes can usually be usedto
determine the main phylogenetic group to which an unidentified bacterium might
belong (Stackebrandt& Rainey, 1995). Sequencesimilarities between genera have
been found to range from 86% to 91%, while the same specieswithin each genus
usually shareover 97% similarity (BenIloch et al, 1995).

4.3.2 Sequence similarities obtainedfor isolated strains 4G, SC and Cligga

Sequencesimilarity of strain 4G with closely related bacteriaand G+C content of 16S
hypervariable
is
in
Table
4.1.
This
the
region of the
rDNA shown
sequenceanalysisof
16S rRNA gene of strain 4G shows highest identities of 96% with Suffibbacillus
sibiricus (AY079150), 95% with Suffibbacillusmontserratensis(AY007663) and 94%
with Sulfobacillusyellowstonensis(AY007665). Analysis using 1200nucleotidesof the
16S rDNA produced 94% identity with S. yellowstonensisand other Sulfobacillus sp.
which have not beenproperly identified. This result indicatesthat strain 4G might be a
novel speciesof the genusSutfobacillus.
Sequencesimilarity of strains 5C and Cligga with closely related bacteria and G+C
contentof 16SrDNA is shownin Table 4.2. The hypervariableregion of the 16SrDNA
of strain 5C showed highest identity with Alicyclobacillus sp. strain AGC-2
(AF450135) and an unidentified Bacterium GSM (AY007662) with a sequence
similarity of 95%. Analysis with 1200nucleotidesof 16SrDNA gave identities of 95%
and 94% with thesebacteria,respectively. Sincetheseidentities are under the similarity
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expected within species(97%) this result indicated that strain 5C might be a new
speciesfrom the genusAlicyclobacillus.
Analysis of the hypervariable region of 16S rDNA from strain Cligga produced
identities of 97% with Alicyclobacillus sp. strain AGC-2 (AF450135) and 96% with
unidentified Bacterium GSM. Both of thesebacteriashowed97% identity with Cligga
when 1200 nucleotidesof 16S rDNA was used as the query sequence. This indicates
that strain Cligga may also be a strain or sub-speciesof the type representedby
Alicyclobacillus strain AGC-2 and BacteriumGSM.
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4.4 Phylogenetic tree construction for the isolated acidophilic bacteria and other
related bacteria

4.4.1 Introduction

The phylogenetic trees constructed during this study are the visualisation of the
phylogenetic relationshipsof bacteria expressedin dissimilarity values. The terminal
nodes representthe 16S molecules of the analysedbacteria while the internal nodes
representsa common stagein the evolution of thesemolecules. In unrootedtrees only
the interrelationshipsof the included bacteriaare indicated, whereasin rooted trees the
position of the common ancestoris indicated and the calculated order at which the
bacteria evolved is displayed (Stackebrandt& Rainey, 1995). Evolutionary distances
are indicated by the sum of horizontal branch lengths and bacteria tend to cluster at
bootstrapconfidencelevels of 97% - 100%,i. e. bacteriaof the samespecies.

4.4.2 Phylogenetic trees showing the relationships of the isolated acidophilic bacteria

with other similar hacteria
In the case of bacterial strain 4G both the 600 nucleotide and 1200 nucleotide
phylograms (Figures 4.4 and 4.5 respectively) show the distinct clustering within the
GenusSulfobacillus. One cluster groups S. montserratensis,Sulrobacillus sp. Y0017
and S. ambivalenstogether, and thesebacteriawere all isolated from geothermalareas
on the Island of Montserrat (seeTable 4.5 for isolation locales), further indication of a
close line of descent. Sulfobacillus sp. FrasI and strain 4G are the most distantly related
to the other membersof the GenusSulfobacillus but are also distantly related to each
other basedon branchlengthsand consolidatedby the similarity matrix in Table 4.3.
For the bacterial strains SC and Cligga both the 600 nucleotide and 1200 nucleotide
phylograms (Fig. 4.6 and Fig 4.7 respectively) are quite similar and show distinct
clustering of species within the genus Alicyclobacillus.

They show that these two

isolates are most closely related to Alicyclobacillus sp. AGC-2 and bacterium GSM (as
shown by the high similarity matrix values, Table 4.4). Alicyclobacillus sp. AGC-2 was
143
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isolatedfrom a thermal spring in Alaska in similarity to many of the representedspecies
that havebeenisolatedfrom geothermalareas(seeTable 4.6).
The relatednessof the three isolatedbacterial strainsto both the generaSuýfbbacillus
andAlicyclohacillus was comparedby constructionof rooted phylogenetictrees
(Figures4.8 and 4.9) usingAt. ferrooxidans as an out-groupto root the tree.
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sp. NC
f Suýfobacillus
jc
112160)
Su'tfobacillussp. GG6/1
(AY140234)
Sutfobacillussp. YTF3
(AF050169)
- Sulfobacillus acidophilus
(AF050169)
Sulfobacillusyellowstonensis
(AY007665)
Sulfobacillus sp. FrasI
(AF213055)

Bacterium 4G
Suýfobacillusmontserratensis(AY007663)
Sutfobacillussp. Y0017 (AY140239)

Sulfobacillus ambivalens(AY007664)

Sutfobacillussp. K55 (AF460984)

Bacterial sp. OS77(X86775)

Sulfobacillussibiricus (AY079150)

Sulfobacillus thermosuýldooxidans(X91080)

Sutfobacillusthermosuyi'dooxidans
(U75648)

Sulfobacillussp. G2 (AY140233)
0.1

Figure 4.4 Unrooted evolutionary distance phylogram that illustrates
relationships between the isolated bacterium 4G and other closely related
bacteria based on the hypervariable region of 16S rDNA. Tree constructed using
comparison of 600 nucleotides aligned using Clustal W and TreeView tree drawing
software. The bar indicates substitutions per nucleotide. Accession numbers are
shown in brackets.
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Sut(obacillussp. GG6/1
(AY140234)
SuV'obacillussp.NC
(AYI 12160)
Sul(obacillussp. YTF3
(AF050169)
SulCobacillus
addophilus
(AF050169)
Suyiobacillus

yellowstonensis
(AY007665)
-

Bacterium

4G

Sulfobacillussp. FrasI
(AF213055)
Sulfohacillusmontserratensis(AY007663)

Sulfobacillussp. YOO17(AY 140239)

SulCobacillusambivalens(AY007664)

Sulfobacillussp. K55 (AF460984)

Bacterialsp. OS77(X86775)

Sutfobacillus sibiricus (AY079150)

Sulfobacillusthermosuýrldooxidans
(X91080)

Sulfobacillus sp. G2 (AY140233)

'-

Sulfobacillus thermosuyidooxidans (U75648)
0.01

Figure 4.5 Unrooted evolutionary distance phylogram illustrating
relationships between the isolated bacterium 4G and other closely related
bacteria. Tree constructed using comparison of 1200 16S rDNA nucleotides
aligned using Clustal W and TreeView tree drawing software. The bar indicates
substitutions per nucleotide. Accession numbers are shown in brackets.
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Alicyclobacillus hesperidensis,strain
FR-1I (A5133633)
Alicyclobacillus hesperidumDSM12799
(AB059679)
Alicyclobacillus sp. TA67T
(ABO59677)

Alicyclobacillus acidoterrestris
(ABO59675)
Alicyclobacillus acidoterrestrisDSM
3922T (AJ133631)
Alicyclobacillus acidocaldariusDSM449
(AB059671)
Alicyclobacillus sp. AGC-2
(AF450135)

BacteriumGSM (AY007662)

Bacterium
Cligga
Bacterium 5C

Alicyclohacillus cyploheptanicus(AB042059)

Gram+ve heterotrophic
acidophileY004 (AY14C
Sulfobacillussp. YTHI
(AF031645)
disuytdooxidans
SutCobacillus
(U34974)

0.01

Alicyclobacillus herbarius
(ABO42055)

Figure 4.6 Unrooted evolutionary distance phyIogram that illustrates relationships
between the isolated bacteria 5C and Cligga and other closely related bacteria
based on the hypervariable region of 16S rDNA. Tree constructed using comparison
of 600 nucleotides aligned using Clustal W and TreeView tree drawing software. The
bar indicates substitutions per nucleotide. Accession numbers are shown in brackets.
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Alicyclobacillus hesperidensisFR- II
(A5133633)
Alicyclobacillus hesperidum
DSM12799(AB059679)
Alicyclobacillus sp. TA67T
(AB059677)
Alicyclobacillus acidoterrestris
(AB059675)
Alicyclobacillus acidoterrestris
DSM 3922T (AJ 133631)
Alicyclohacillus acidocaldarius
DSM449 (AB059671)
Gram +ve
heterotrophic
acidophile
Y004
(AY140236)
Sulfobacillussp.
YTHI (AF031645)
Alicyclobacillus
herbarlus
(AB042055)
Suýfobacillus
disuyidooxidans
(U34974)
Alicyclobacillus sp.AGC-2
(AF450135)
Bacterium GSM
(AY007662)

Bacterium
Cligga
Bacterium
5C
001

Alicyclobacillus cycloheptanicus
(ABO42059)

Figure 4.7 Unrooted evolutionary distance phylogram illustrating
relationships between the isolated bacteria 5C and Cligga and other closely
related bacteria. Tree constructed using comparison of 1200 16S rDNA
nucleotides aligned using Clustal W and TreeView tree drawing software. The bar
indicates substitutions per nucleotide. Accession numbers are shown in brackets.

148

Chapter4- Results:Phylogenyof 4G, 5C and Cligga

Alicyclobacillus herbarius(AB042055)

Acidithiobacillus
ferroaxidans

Alicyclohacillus acidocaldariusDSM449 (AB059671)
- Alicyclobacillus acidoterrestris(AB059675)
-Alicyclobacillus acidoterrestrisDSM3922(AJ13363
Alicyclobacillus sp. TA67T (AB059677)
- Alicyclobacillus hesperidensisFR-II (A5133633)
Alicvclobacillus hesperidumDSM12799(AB059679)
SuUobacillus disuYidboxidans (U34974)

-

Alicyclobacillus cycloheptanicus (ABO42059)

Bacterium Clieza
'Bacterium 5C
Alicyclobacillus sp. AGC-2 (AF450135)
Bacterium GSM (AY007662)
Gram +ve heterotrophic acidophile Y004
(AY140236)
-fSulflobacillus
sp. YTH I (AF031645)

SuUobacillussp. Frasl (AF213055)
'Bacterium
r--

4G

Sulfobacillus vellowslonensis (AY007665)
- Suý(obacillus acidophilus (AF050169)
Sul(obacillus sp. YTF3 (AF050169)

Sulfobacillus
NC
(AY
112160)
sp.
I
Sul(obacillussp. GG6/1
Sutrobacillusambivalens(AY007664)
Sutrobacillusmontserratensis(AY007663)
Sulrobacillussp. Y0017 (AY140239)
Sutfobacillussp. K55 (AF460984)
Bacterial sp. OS77 (X86775)
- Sulrobacillus sibiricus (AY079150)
Sulfobacillus thermosulfidooxidans (X91080)

Sutfobacillusthermosuyidooxidans(U75648)
Sulrobacillus sp. G2 (AY140233)
0.1

Figure 4.8 Rooted evolutionary distance phylogram which illustrates
relationships between the isolated bacteria 4G, 5C and Cligga and other closely
related bacteria based on the hypervariable region of 16S rDNA. Tree constructed
using comparison of 600 nucleotides aligned using Clustal W and TreeView tree
drawing software. The bar indicates substitutions per nucleotide. Accession numbers
are shown in brackets. The tree was rooted using AcIdithiobacillusferrooxidans as the
out-group.
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Figure 4.9 Rooted evolutionary distance phylogram that illustrates
relationships between the isolated bacteria 4G, 5C and Cligga and other
closely related bacteria. Tree constructed using comparison of 1200 16S rDNA
nucleotides aligned using Clustal W and TreeView tree drawing software. The bar
indicates substitutions per nucleotide. Accession numbers are shown in brackets.
The tree was rooted using A cidithiobacillusferrooxidans as the out-group.
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Table 4.5 Isolation environments and referencesof bacterial speciesclosely related
to isolated bacterium 4G

Bacteria and accession number of 16S Type of isolation
environment
rDNA sequence
Strain 4G (AY371272)
Tidal estuary with
pyritic tailings
contamination
Sulfobacillusyellowstonensis (AY007665) Geothermal area of
Yellowstone park
Pilot plant stirredSutfobacillus sp. strain NC (AY 12160)
tank bioleaching
operation
Suffibbacillus sp. strain YTF3 (AF507964) Not reported
Geothermal area of
Suffibbacillus sp. strain GG6/1
Montserrat
(AY140234)
Suffibbacillus sp. strain Fras I (AF213055) Acidic Cave-Wall
Biofilms Located in
the Frasassi Gorge,
Italy
Sutfobacillus sp. strain YOO17
Geothermal area of
(AY140239)
Montserrat
Suffibbacillus montserratensis (AY007663) Geothermal area of
Montserrat
Sulfobacillus sp. strain K55 (AF460984) Not reported
Bacterial sp. OS77 (X86775)
natural acidic
Sutfobacillus ambivalens (A Y007664)
Sulfobacillus sp. strain G2 (AY140233)
Suffibbacillus thermosufflidboxidans
(X91080)
Sulfobacillus sibiricus (A Y079150)
Suffibbacillus
thermosulfidboxidans(U75648)
iSulfobacillus acidophilus (AF050169)

Reference
This study

Unpublished
Okibe et al, 2003

Unpublished
Unpublished
Vlasceanu et al,
2000

Unpublished
Unpublished

Norris et al, 1996
Battaglia-Brunet et
2002
al,
environment
Geothermal area of Unpublished
Montserrat
Geothermal area of Unpublished
Montserrat
Golovacheva &
Not reported
Karavaiko, 1978
Unpublished
Not reported
Norris et al, 1996
Not reported

INot reported
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Table 4.6 Isolation environments and referencesof bacterial speciesclosely related
to isolated bacteria 5C and Cligga

Bacterium name and accession number Type of isolation
environment
of 16S rDNA sequence
Strain 5C (AY371273)
Tidal estuary with
contaminated
pyritic mine
tailings
Tidal caves,
Strain Cligga (AY371274)
disused tin mine
Thermal spring,
AlIcyclobacillus sp. strain AGC-2
Alaska
(AF450135)
Not reporte
Bacterium GSM (AY007662)
Alicyclobacillus acidoterrestris DSM 2498 Not reported
(ABO59675)
Alicyclobacillus acidoterrestris DSM 3922 solfataric soils of
Sao Miguel in the
(AJ133631)
Azores
Alicyclobacillus hesperidensis FR- II
solfataric soils of
Sao Miguel in the
(AJ133633)
Azores
herbal tea
Alicyclobacillus cycloheptanicus
(AB042059)
Alicyclobacillus acidocaldarius DSM 449 Not reported
(ABO59671)
Gram +ve heterotrophic acidophile Y004 Geothermal acidic
(AY140236)
site in Yellowstone
National park
Sutfobacillus disufflidboxidans (U34974)
Wastewater sludge
Alicyclobacillus herbarius (AB042055)

Alicyclobacillus hesperidum DSM 12766
(A13059679
Alicyclobacillus sp. TA 67T (ABO59677)
Sutfobacillus sp. YTHI (AF031645)

Reference
This study

This study
Unpublished
Unpublished
Unpublished
Albuquerque et al,
2000
Albuquerque et al,
2000
Goto et al, 2002
Unpublished
Johnson et al, 1997

Dufresne et al,
1996
Goto et al, 2002

Herbal tea made
from the flowers of
hibiscus
Unpublished
Not reported

Unpublished
Not reported
Geothermal acidic Johnson et al, 1997
site in Yellowstone
National park
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4.5 Discussion

Within the generarepresentedby the data shown there are many speciesof closely
related bacteria,each with distinct phylogenetic and physiological features. However,
they can be seento cluster into clearly defined groups within genera,which are often
characterisedby similar isolation environments, highlighting evolutionary processes
taking place in distinct environs.
In this study, the partial 16S rDNA sequencesof three, halotolerant, iron-oxidising,
bacterial strains were determinedand analysedfor identification and to elucidate the
relationship with other similar bacteria. It was found that the 16S rDNA of strain 4G
showed a low sequencesimilarity with thosein the databases.The highest identity was
observedwith S. sibiricus (96%) for which there is no physiological data available in
the literature and S. montserratensis(95%), which was isolated from a geothermalsite
on the Island of Montserrat. Despite the high temperatureof the isolation locale (5058*C) S. montserratensisis a mesophilic gram positive sporeforming bacteriaand there
is currently only one other mesophilic member of the GenusSulfobacullus reported in
the literature, S. ambivalens. Since strain 4G is mesophilic T,,pt 37'C it is not
unexpected that among this genus it would be most closely related to another
mesophilic bacterium.
Strains 5C and Cligga were found to belong to the GenusAlicyclobacillus having 95%
and 97% identity respectivelywith the 16SrDNA of Alicyclobacillus sp. strain AGC-2
which was isolated from a thermal spring in Alaska. The strains 5C and Cligga also
showed 95% and 96% identity respectively with the unidentified bacterium GSM.
There have been no reports to date of the characteristicsof these bacterial species
(AlIcyclobacillus sp. strain AGC-2 and bacterium GSM) and therefore adequate
phenotypic comparisonscannot be made with SC and Cligga. However, most of the
related Alicyclobacillus species differ in their metabolic characteristicsas they are
mostly obligate heterotrophs,in contrast, SC and Cligga. have been found to grow
autotrophically,heterotrophicallyand mixotrophically. Thereforethey may representa
previously unknown sub-groupwithin the GenusAlicyclobacillus.
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The rooted phylogramsof all closely related speciesto 4G, 5C and Cligga showedthe
common descentof the genera Sulfobacillus and Alicyclobacillus and this has been
reportedbasedon phenotypic and geneticanalysisby Tourova et al (1994). Tourova et
al noted this linkage shown by sequencesignaturesat certain positions for these two
generabasedon alignmentsof 44 bacterial species.
The 16S rDNA for the isolated strain 4G data presentedin this chapter along with
physiological and morphological data reportedin previous chapterssuggestsbacterium
4G representsa new specieswithin the GenusSulfobacillus. The name Sulfobacillus
halodurans sp. nov. is tentatively proposedfor this species. Using the reported data it
is also suggested that strain 5C represents a new species within the Genus
Alicyclobacillus. The nameAlicyclobacillus halodurans sp. nov. is tentatively proposed
for this species. Strain Cligga also represents a species within the Genus
Alicyclobacillus within the same species representedby Alicyclobacillus sp. strain
AGC-2 (AF450135) and bacterium GSM (AY007662). Further characteristicsof these
two related strainsmust be elucidatedbefore a speciesnamecan be proposedfor strain
Cligga.

However, other taxonomic techniques including DNA: DNA homology, whole-cell
protein comparisons,analysis of fatty acid composition and biochemical tests (such as
the detection of co-alicyclic fatty acids for identification of members of the Genus
Alicyclobacillus) should be carried out in order to unequivocally assign the
phylogeneticsand specific namesfor thesethree bacterialstrains.
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Chapter Five: Results

5.1 Introduction
Methods of extraction of metals from metaliferrous ores have traditionally involved
chemical and physical processes(including pressureleaching and cyanide extraction).
However,mining companiesare increasinglylooking for more environmentallyfriendly
and economic methods of metal extraction. This is due, in part, to the increasing
amount of legislation regardingmine waste disposaland environmentalprotection and
the increasingcapital costs of traditional extraction methods. In addition, many lowgrade ores are difficult to treat with existing chemical methods. Therefore, mining
companiesare constantly on the look-out for new processesthat would decreasetheir
capital costs and allow them to comply with necessary legislation relatively
inexpensively. Bioleaching is a technologythat has increasinglybeenutilised by some
mining companies as a complementary process or as an alternative to traditional
extractionmethods.
Bioleaching is the use of iron or sulphur-oxidising, acidophilic bacteria to solubilise
metalsfrom mineral ores. This processharnessesthe naturalmetabolic abilities of these
bacteria, which use iron and sulphur compounds as an electron source for energy
production and producesulphuric acid as a product of metabolism.
Biooxidation is a complex processinvolving both biological and abiotic factors, which
are inextricably linked. Many researchershave presentedevidencefor two modes of
action during such leachingprocesses(theory first proposedby Silvermann & Ehrlich,
1964)

The first mode is termed the 'direct' mechanism,in which the bacteria are
.
direct contact with the ore particles, oxidising ferrous iron and reducedsulphur as part
of energy acquisition and thereby enhancingthe overall rate of dissolution. The 'indirect' mechanismoccurs when unattachedplanktonic cells produce ferric iron ions by
the oxidation of ferrous iron in solution which then attack the ore particles and catalyse
chemicalleaching.
The interactions of the above mentioned mechanismsmean there is constant flux
between the ferrous and ferric iron as the dominant oxidation state in the leachate.
Researchhas shown that the ferric leaching and iron-oxidation kinetics of sulphide
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minerals is dependenton the redox potential (ferric/feffous iron ratio) of the bioleaching
solution (Breed & Hansford, 1999, May et al, 1997 and Ruitenberg et al, 1999).
Favourablebioleachingconditions include a high redox potential and Eh measurements
can thereforebe usedas an indication of the bioleachingconditions within a systemand
have been used as a direct measurementof the growth of iron-oxidising acidophilic
bacteria(Fowler et al, 1999and Pesic, 1993).
Many copper and gold mine sites around the world occur on island or coastalsites, for
examplethe Lihir gold mine on the Island of PapuaNew Guinea. Also, many mines are
contaminatedwith wind blown chloride and nitrate salts from nearby salt petre deposits
and mining companiesmay want to use the resulting high salinity water or bore hole
water as a lixivant resource.Therefore,the use of seawateras a lixivant in bioleaching
importance
be
high
and may give a significant process
processeswould
economic
of
advantagefor bioleachingoperationsin coastalareas.
However, traditional bioleaching microorganisms generally find even low levels of
chloride salts toxic, and the contained salts in seawatergenerally inhibit growth and
biooxidation processes. Therefore,the halotolerant,acidophilic iron/sulphur oxidising
bacteriaisolated in this study would give an economicadvantageto a mine site such as
Lihir, providing bioleaching rates were sufficient to give a significant process
advantage.
The rate of a leaching processmay potentially be enhancedby containedfree chloride
ions, which are corrosive, especially when in contact with pyritic ore (Personal
halotolerant
The
2000).
David
Barr,
Rio
Tinto
Melbourne,
use
of
communication
bacteriawould also allow the recycling of the biooxidation leachateand would therefore
reduce the amount of potentially toxic waste being disposed of, thereby potentially
saving money that is usually spent on complying with the legislation involved in mine
waste disposal. In addition, this re-use of the leachate would decrease the
environmentalimpacts of disposal of the mine waste. Heap bioleaching could also be
carried out while the actual mine is being closeddown and the land reclaimed,and can
usually be incorporated into the surrounding countryside with the minimum of
invasiveness.
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All bioleaching experimentswere performedusing isolated bacteriacultured in 250 ml
Erylemneyerflasks with 100 ml of pyrite saline medium (PSM), with the addition of 2
% (w/v) ore sample instead of the pyrite and 30 g 1-1sea salts (see Materials and
Methods Section2.2.3). The initial pH of the medium was pH 2.0 and the flasks were
incubated at a temperatureof 37T. Bioleaching experiments performed using At.
ferrooxidans were carried out in PM medium containing2% (w/v) ore sampleand at an
initial pH of 2.0. No sea salts were added to this medium and these cultures were
incubatedat 28 T. All media were sterilised by autoclavingat 121 *C for IS minutes.
The low pH of the medium ensuredthat a minimal amount of the ore material was
oxidised during autoclaving. All experimentswere carried out on an orbital shakerwith
a shakingspeedof 180rpm.
Experimentswere performedin duplicate and averageswere plotted with the error bars
representing ± standard deviation from the mean values. All ferrous and iron
dissolution values were correctedfor oxidation of ferrous iron and dissolution of iron
from the mineral ore that was not causedby growth of the test bacteria.This was done
by subtractionof the increaseor decreasein total or ferrous iron concentrationsthat had
beencalculatedfrom meansof duplicateuninoculatednegativecontrol flasks.
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5.2 Bioleaching of Las Cruces Spanish copper ore by the isolated bacteria
5.Z1 Introduction
Las Cruces ore is a copper ore with a copper concentrationof 3.84 %. It is mostly
composed of chalcopyrite (CuFeS2)along with other component minerals. It also
containsrelatively high concentrationsof lead (9.854 mg g-1),zinc (9.611 mg g-1)and
arsenic(4.506 mg g-1)(Rio Tinto TechnologyLtd; TechnicalReport).
S.Z2 Growth and iron dissolution kinetics of isolatesgrown on Las Crucesore
All of the bacterial strainstestedgrew well on Las Crucescopper ore, at 2% (w/v) ore
pulp density and with a sea salt concentrationof 30 gl-I (3 % w/v) (Figure 5.1). All
three strains exhibited short lag periods and reachedstationary phasebetween 5 (5C)
and 9 (4G) days. The exponentialgrowth rate constantsof the bacteriawere as follows;
4G 0.86 day-', 5C 1.35 day-', and Cligga 1.03 day-'. Generationtimes were; 4G 27.84
hours, SC 17.76hours,and Cligga 23.28 hours during log phasegrowth.
Ferrous iron concentration(Figure 5.2) remainedrelatively unchangeduntil day four
when there was a decrease,probably becauseof the oxidation of the ferrous iron for
energy acquisition during growth of the bacteria. This decreasecontinuedfor 4G until
day sevenwhen ferrous iron concentrationincreasedsharply to a maximum of over 14
mM at day thirty, coinciding with the high rate of iron dissolution over the sameperiod.
The ferrous iron concentrationin cultures of 5C and Cligga increasedonly slightly for
the rest of the experiment.
Total iron in solution during bioleaching (Figure 5.3) remained steady from the
beginning of the experiment until around day six when dissolution by 4G increased
rapidly until the end of the experimentwhen there was a total of 1.91 gl-1 in solution.
Dissolution of iron by SC and Cligga increasedonly slightly to a maximum of 0.45 gl-1
and 0.44 gl-1respectively. Iron dissolution by At. ferrooxidans was also examinedfor
comparison purposes,though no sea salts were added to the growth medium. Iron
dissolution by At. ferrooxidans also commencedaround day six and increasedto a
maximum of 3.42 gl-1at day thirty of the experiment. Iron dissolution as a percentage
159

Chapter5- Results:Bioleaching potential of isolates

of the total iron in the medium is shown in Figure. 5.4, with 4G extracting 22.69 % of
the total iron as comparedto 40.23 % extractedby the benchmarkmicroorganism,At.
ferrooxidans.

However, it should be noted that under the high salinity growth
conditions of 4G, 5C and Cligga strains,At. ferrooxidans would not grow. Average and

exponentialratesof iron dissolution are shown in Table 5.1, and again 4G exhibits the
fastestrate of iron dissolutionof the isolatedbacteria.
Figure 5.5 shows the pH changein the cultures grown on the Las Cruces copper ore.
The largest drop between initial and final pH was detected in cultures of At.
ferrooxidans, indicating higher production of H2SO4and this is associatedwith better
growth in thesecultures and better iron-oxidation which is demonstratedby Figure 5.3.
Of the salt-tolerantbacteria,4G exhibited the biggest drop in pH and also the highest
rate of iron dissolution (Table 5.1). The changein redox potential during growth on Las
Crucesore is presentedin Figure 5.6. All of the test cultures exhibited an increasein
redox potential. The cultures of 4t.ferrooxidans showedthe greatestincreasein redox
potential and this was expecteddue to the high rate of iron dissolution observed(redox
potential is a measureof the ferric/ferrous iron ratio). Of the three salt-tolerantbacteria
cultures of 4G exhibited the largestincreasein redox potential and this was becausethe
rate of growth and rate of iron dissolution was highestfor this strain.
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Figure 5.1 Growth of isolated bacteria on 2% (w/v) Las Cruces chalcopyrite
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Figure 5.2 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Las Cruces chalcopyrite copper ore. Each datum point represents the
mean ± standard deviation of duplicate cultures.
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Figure 5.3 Total iron dissolution from Las Cruces chalcopyrite copper ore by
isolated bacteria in medium with 30 gl-1 sea salt and At. ferrooxidans with no added
salt for comparison. Each datum point represents the mean ± standard deviation
of duplicate cultures.
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Figure 5.4 Total iron extracted from Las Cruces copper ore by isolated bacteria
and At. ferrooxidans as a percentage of total iron in ore sample, after 30 days. Each
datum point represents the mean ± standard deviation of duplicate cultures.

Table 5.1 Average and fastest rates of iron dissolution from Las Cruces copper ore
b isolated bacteria and At. ferrooxidans
Fastest rate of iron
Experiment
Average rate of iron
dissolution (mM day-')
dissolution (mM day-')
2.97
4G
1.03
0.23
5C
0.18
0.16
Cligga
0.15
6.78
At. ferrooxidans
2.01
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Figure 5.5 Initial and final pH of Las Cruces copper ore experiments. Each final
datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 5.6 Initial and final redox potential of Las Cruces copper ore experiments.
Each final datum point represents the mean ± standard deviation of duplicate
cultures.
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5.3 Bioleaching of Lihir gold by isolated bacteria

5.3.1Introduction
The gold mine on Lihir Island, Papua New Guinea currently operatesa whole-ore
pressure leach system to decomposethe sulphide in high-grade gold ore, prior to
cyanidation (Blake et al, 1994) or a carbon-in-leachrecovery process. However, Lihir
also producesa high level of low-grade gold ore (gold extraction is more difficult from
low-grade ore) which is being stockpiled and will be treated when current mining
finishes and/oreconomicsdictates.
Low-grade ore is difficult to treat with existing chemical and physical methods,as the
gold is generally inaccessible,being complexed within the pyrite and arsenopyrite
minerals. Therefore, becausethis ore is recalcitrant, it cannot be solubilised by the
usual processof cyanidation (Rawlings & Silver, 1995and Rawlings & Woods, 1995).
This is where pre-treatmentwith biooxidation processeswould be of high utility, being
generally more economic than other methodsand generally being less invasive to the
surrounding environment. Pre-treatmentwith bacteria capable of oxidising sulphide
phasesmay uncover the gold or alter the structureof the ore, leaving it susceptibleto
ftirther conventionalextractionmethods.
The Lihir mine is a coastalmine site and fresh water is a scarcecommodity with high
if
be
It
therefore
significance
capital costs. would
of greateconomicand environmental
seawatercould be used as a lixivant in any prospectivebioleachingprocesses.The top
final
depth
is
level
Lihir
50
the
the
and
projected
of
caldera only about metresabovesea
of the mine is 185 metres below sea level, therefore the logistics of transporting
seawaterto the mine site or ore to sealevel are uncomplicated. However, seawater is
toxic to the traditional bacterial speciesused in bioleaching processes(Cameronet al,
1984) and thereforehalotolerantiron-oxidising bacteria,such as those describedin this
study, would be of high utility in such processes,if a processrate advantagecould be
demonstrated.
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5.3.2 Growth and iron dissolution kinetics of the isolated bacteria when grown on
Lihir gold ore

The isolated bacteria exhibited extremely short lag phasesbefore exponential growth
day
5.7).
(Figure
Lihir
three
they
phase
around
occurson
all reachedstationary
ore, and
The exponential growth rate constantswere as follows; 4G 1.56 day-, 5C 1.59 day-1,
for
day-'.
these types of
Cligga
1.45
These
rate
constants
and
are very good growth
bacteria and consequentlygenerationtimes were all under 17 hours (15.36,15.12and
16.56hoursrespectively).
Ferrous iron concentrationsin Lihir cultures of the isolated bacteria (Figure 5.8),
decreasedfrom the beginning of the experimentuntil day three, in correlation with the
iron
ferrous
have
been
bacteria,
to provide energy
the
the
using up
growth of
which may
for growth. Ferrousiron then increaseduntil the end of the experimentin concert with
an increasein the levels of total iron dissolution. All of the isolates exhibited high
iron
by
day
The
iron
5.9).
thirty of
from
(Figure
Lihir
total
extracted
extraction of
ore
the experiment was as follows; 4G 0.96 gl-1,5C 1.59 gl-1, Cligga 1.29 gl-1 (in the
in
ferrooxidans
(when
by
At.
30
the
1.59
grown
presenceof
gl-1 sea salts) and
gl-1
iron
high
These
the
total
available as
of
absenceof seasalts).
percentage
valueswere a
100
%of
ferrooxidans
be
in
Figure
5.10.
Strain
5C
At.
the total
extracted
can seen
and
iron into solution. Strain and 4G and Cligga extracted66.10 % and 88.86 % of the total
iron respectively. All the test bacteriahad correspondinglyhigh ratesof iron oxidation
as shown in Table 5.2.
The changein pH in the Lihir ore cultures is shown in Figure 5.11. It can be seenthat
the greatestdrop in pH occurredin the 5C culture, which also showedthe fastestrate of
iron dissolution of those tested, having extracted 100% of the total iron into solution
over the test period. Figure 5.12 shows the change in redox potential in the Lihir
leaching experiments and all of the cultures of the halotolerant strains showed an
increase in Eh above the control value and this increase indicated good leaching
conditions. Cultures of At. ferrooxidans exhibited a higher increasein redox potential
than the other strains. However, it has been noted that redox potential in cultures of
Gram positive bacteria(i. e. the halotolerantstrains) may be lower than similar cultures
of Grain negativebacteria.(Yahya & Johnson,2002).
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Figure 5.7 Growth of isolated bacteria on 2% (w/v) Lihir gold ore in medium with
30 gl-1 sea salts. Each datum point represents the mean ± standard deviation of
duplicate cultures.
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Figure 5.8 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Lihir gold ore. Each datum point represents the mean ± standard
deviation of duplicate cultures.
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Figure 5.9 Total iron dissolution from Lihir gold ore by isolated bacteria in
medium with 30 gl-1 added sea salts and At. ferrooxidans with no added sea salt.
Each datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 5.10 Total iron extracted from Lihir gold ore by isolated bacteria and At.
ferrooxidans as a percentage of total iron in ore sample. Each datum point
represents the mean ± standard deviation of duplicate cultures.

Table 5.2 Average and fastest rates of iron dissolution from Lihir gold ore by
isolated bacteria andAt. fermaridam
Experiment
Fastest rate of iron
Average rate of iron
dissolution (mM day-')
dissolution (mM day-')
4G
0.85
0.54
5C
2.07
0.91
Cligga
1.63
0.71
At. ferrooxidans
2.43
0.91
1
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Figure 5.11 Initial and final pH in biooxidation of Lihir gold ore experiments. Each
final datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 5.12 Initial and final redox potential in biooxidation of Lihir gold ore
experiments. Each final datum point represents the mean ± standard deviation of
duplicate cultures.
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5.4 Bioleaching of the Freeport Rough Feed Ore Sample by isolated bacteria

5.4.1 Introduction

The Freeport ore samplesare from the Rio Tinto/Freeport Grasbergoperation in Irian
Jaya,Indonesia. It is one of the world's largestcopperand gold mines in terms of both
reservesand production. The ore has a total iron contentof 6.65 %, with 2.8 % copper
and high amountsof zinc and arsenic(Rio Tinto TechnologyLtd; TechnicalReport).

5.4.2 Growth and iron dissolution kinetics of the isolated bacteria when grown on
Freeport Rough Feed copperore
All of the isolated strains exhibited lag phasesof approximately two days, and the
exponentialphasethen lasteduntil day nine when stationaryphasewas reached,and cell
numbers then decreasedfrom day twenty until the end of the experiment. The
day-'
being
0.52
isolates
the
slow,
relatively
were
exponentialgrowth rate constantsof
for 4G, 0.40 day-I for 5C and 0.49 for Cligga. Consequentlygenerationtimes were very
long, being, 46.08,60, and 48.96 hours respectively.
Ferrousiron levels in the 5C and Cligga culturesdecreasedslightly from the beginning
to the end of the experiment, with a larger decreasebeing observed in 4G cultures
(Figure 5.14). Total iron dissolution in test cultures (Figure 5.15) generally increased
from the beginning to the end of the experimentwith a total concentrationof iron in
solution of 0.39 gl-1by 4G, 0.19 gl-1by 5C and 0.21 gl-1by Cligga. In the absenceof
addedsalts, the benchmarkmicroorganism,At. ferrroxidans extracteda higher amount
of iron from the ore sample,with 0.59 gl-1in solution by day thirty of the experiment.
These final iron concentrationsare shown in Figure 5.17 with 4G extracting 29.89 %
iron
iron.
ferrooxidans
Rates
%
At.
45.08
the
total
available
of
and
extracting
of
dissolution can be seenin Table 5.3.
The pH decreasein the test culturesis presentedin Figure 5.17 and it was observedthat
cultures of strain 4G produce the highest drop in pH after 30 days growth on the
Freeport rough feed ore sample. The redox potential of cultures of strain 4G showed
the greatestincreaseof the test halotolerant strains (Figure 5.18). This changein pH
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Figure 5.13 Growth of isolated bacteria on 2% (w/v) Freeport Rough Feed copper
ore in medium with 30 gl-1 sea salts. Each datum point represents the mean
standard deviation of duplicate cultures.

174

Chapter 5- Results: Bioleaching potential of isolates
0.8 ,
0.7

ja

9
E 0.6

c
0
0.5

0.4
0
0.3

&2

0.1

o
012

10

3456789

12

14

16

18

20

25

Time (days)

Figure 5.14 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Freeport Rough Feed ore sample. Each datum point represents the mean
± standard deviation of duplicate cultures.
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Figure 5.15 Total iron dissolution from Freeport Rough Feed copper ore by
isolated bacteria with 30 gl-1 sea salt and At. ferrooxidans with no added salt. Each
datum point represents the mean ± standard deviation of duplicate cultures.
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Figure 5.16 Total iron extracted from Freeport Rough Feed copper ore by isolated
bacteria and At. ferrooxidans as a percentage of total iron in ore sample, after 30
days. Each datum point represents the mean ± standard deviation of duplicate
cultures.

Table 5.3 Average and fastest rate of iron dissolution from Freeport Rough Feed
conner ore
Fastest rate of iron
Experiment
Average rate of iron
dissolution (mM day-')
dissolution (mM day-')
0.62
4G
0.18
0.7
0.15
5C
0.68
Cligga
0.11
0.67
0.36
At. ferrooxidans
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5.5 Bioleaching of Freeport Final Concentrate by isolated bacteria

5.5.1 Introduction

Freeport Final Concentrate is a concentrated version of Freeport Rough Feed; the target

metal has been concentratedby flotation methods. The copper content of this ore is
35.77% as compared to 2.8% in the Rougher Feed (Rio Tinto Technology Ltd;
Technical Report).

5.5.2 Growth and iron dissolution kinetics of the isolated bacteria when grown on
Freeport Final concentrategold ore
Growth of the isolated bacteria on Freeport Final concentratewas slower than on the
previous ore samples(Figure 5.20). The bacteriaexhibited a lag phaseof around two
days and the log phaseslasted until approximately day nine,- however growth rate
constantswere rather low. The growth rate constantswere; 4G 0.5 day-',-5C 0.33 day-4
and Cligga 0.32 day-'. Therefore,the mean generationtimes were rather long; 4G 48,
5C 72.72, and Cligga 75 hours.
The concentrationof ferrous iron in all of the culturesdecreasedfrom the beginning of
the experimentsuntil it was all oxidised by the growth of the bacteria (Figure 5.20).
Similarly the amount of iron in solution (Figure 5.21) decreasedfrom the beginning of
the experiments, due, as mentioned above, to the oxidation of the ferrous iron in
solution. The amount of iron in solution then did not increasefor the duration of the
experiments,indicating that no oxidation of the metaliferrous ore took place in these
cultures. However, the benchmarkmicroorganism,At. ferrooxidans, solubilised a total
of 0.74 gl-1 iron after thirty days of growth on Freeport Final concentrate,which was
14.47% of the total iron available.
Figure 5.22 shows the changein pH in the test cultures after 30 days growth on the
Freeportfinal concentrate. The pH fell in the test halotolerantcultures even though no
iron dissolution was observedin these experiments,however, the bacteria may have
initially been growing using the yeast extract and producing H2S04as a by-product of
metabolismas growth was observedin thesecultures (Figure 5.19). Redox potential in
179

Chapter 5- Results: Bioleaching potential of isolates
the cultures
(Figure
very little

of salt tolerant

5.23)

bacteria

and this consolidated

iron dissolution

showed

only

the results

being mediated

increase

a small

after 30 days growth

that indicated

obtained

that there

was

by these bacteria.

7.3

7.1

-6.9
E
cA 6.7
6.5

E 6.3
36.1
Q
cm
5.9

5.7
5.5
0123456789

10

12

14

16

18

20

25

30

Time (days)

Figure 5.19 Growth of isolated bacteria on 2% (w/v) Freeport Final concentrate in
medium with 30 gl-1 sea salts. Each datum point represents the mean ± standard
deviation of duplicate cultures.
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Figure 5.20 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Freeport Final concentrate ore sample. Each datum point represents the
mean ± standard deviation of duplicate cultures.
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Figure 5.21 Total iron dissolution from Freeport Final Concentrate ore by isolated
bacteria with 30 gl-1 sea salts and At. ferroxidans with no added salt. Each datum
point represents the mean ± standard deviation of duplicate cultures.
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Figure 5.23 Initial and final redox potentials of Freeport Final Concentrate ore
experiments. Each final datum point represents the mean ± standard deviation of
duplicate cultures.
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5.6 Bioleaching of Somicor ore sample by the isolated bacteria
5.6.1Introduction
The Somincor (SociedadeMineira de Neves Corvo) operation is a high-grade copper
mine in the Alenejjo region of Southern Portugal. Production is currently about
100,000 tonnes of copper (in concentrateform) per annum. Tin and silver are also
extracted from this mine, though in smaller amounts. The Somincor ore sample is
composedof chalcopyrite,ganguepyrite with minor bornite and digenite. This ore has a
copper load of 23.76 % and iron comprises30.89 % of the total mineral (Rio Tinto
TechnologyLtd; TechnicalReport).

5.6.2 Growth and iron dissolution kinetics of the isolated hacteria when grown on
Somincor copper ore

Good growth was observedwith all of the test strainson Somincor copper ore samples
(Figure 5.24). The strainsexhibited lag phasesof aroundtwo days, after which the log
phasepersisteduntil around day twelve. However, exponentialgrowth rate constants
were quite low; 4G 0.38 day-', 5C 0.31 day-' and Cligga 0.25 day-'. These values
translateto long meangenerationtimes, being 63.12,77.52,and 100hours respectively.
Ferrous iron concentrationincreasedslightly until day eight then decreasedagain until
the end of the experiment (Figure 5.25), but overall the changes in ferrous iron
concentrationwere relatively low. Total iron dissolution by the three isolated bacteria
was relatively low (Figure 5.26), with 12.61% of the total iron extractedby 4G, 10.31
by % and 11.22 % by strain Cligga. However, At. ferrooxidans extracted51.63 % of
the total iron form the ore after thirty days of growth on this ore (Figure 5.27). Table 5.4
showsthe rate of iron-oxidation of the test strains.
Figure 5.28 shows the change in pH in cultures of the test bacteria when grown in
medium with the Somincor ore sample. This figure shows that the pH has decreased
more in all of the test cultures as comparedto the controls, indicating the growth and
production of H2S04. The changein redox potential showsa slight increasein all of the
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test cultures (Figure 5.29) which is concurrent with iron dissolution occurring in these
cultures and therefore an increase in the ferric/ferrous iron ratio.
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Figure 5.24 Growth of isolated bacteria on 2% (w/v) Somincor copper ore in
medium with 30 gl-1 sea salts. Each datum point represents the mean ± standard
deviation of duplicate cultures.
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Figure 5.25 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Las Cruces chalcopyrite copper ore. Each datum point represents the
mean ± standard deviation of duplicate cultures.
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Table 5.4 Average and fastest rates of iron dissolution from Somincor copper ore
bv isolated bacteria and At. ferrooxidans
Experiment
Fastest rate of iron
Average rate of iron
dissolution (mM day-1)
dissolution (mM day-')
4G
1.49
0.31
5C
1.28
0.24
Cligga
1.29
0.26
1
1
1
1
10.67
At. fe
1.89
oxidans
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Figure 5.28 Initial and final pH of Somincor copper ore experiments. Each final
datum point represents the mean ± standard deviation of duplicate cultures.

450

400

350

300

5ý 250
E
r
UJ 200
150

loo

50 1
i

0L
4G

5C

ClIgga

Control + sea salt
Experiment

At ferroox1dans no salt

Control + no salt

Figure 5.29 Initial and final redox potentials of Somincor copper ore experiments.
Each final datum point represents the mean ± standard deviation of duplicate
cultures.
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5.7 Bioleaching of Escondida ore sample by the isolated bacteria

S.7.1 Introduction

The Escondidaoperation is an open pit copper mine situated 3000 metres above sea
level in the Andes mountain range of Northern Chile. The plant and mine are capable
of an annual production of more that 800,00 tonnes of copper, in concentrateform.
This ore has a copperload of 1.91% and only 2.23% of the ore sampleis composedof
iron. This mine is closeto salt petre depositsthat are known to contaminatesomeof the
mine systemsin this area (www.chilnet.cl/escondidaand Rio Tinto Technology Ltd;
Technical Report).

5.7.2 Growth and iron dissolution kinetics of the isolated hacteria when grown on
Escondida copper ore

Strains 4G and Cligga exhibited lag periods of three days when grown on Escondida
copper ore, and SC had a lag period of two days (Figure 5.30). All of the strains gave
good final cell numbers,but exponentialgrowth rate constantswere quite low; 4G 0.60
day-1,5C 0.65 day-I and Cligga 0.74 day-1. Mean generationtimes were thereforequite
high, being 40,36.96 and 32.4 hours respectively. Cell number decreasedsharply
arounddays eight to ten, after the log phasesof the cultures.
Ferrous iron concentrationin the cultures of all the isolated bacteriadecreasedsteadily
from the beginning of the experiment until around day twenty when it remained
relatively unchangeduntil the end of the experiment (Figure 5.31). Iron dissolution
from the ore samplebeganaround day four for all of the strains and increasedsteadily
until day thirty when the total iron in solution was as follows; 4G 0.24 gl-1,5C 0.27 g 1-1
and Cligga 0.23 gl-1 (Figure 5.32). The iron dissolution of Escondida ore by At.
ferrooxidans after 30 days was higher than the three isolates with 0.34 gl-1 iron in
solution, however this was in the absenceof sea salts. The overall percentagesof iron
extractedfrom the total iron in the ore samplewere relatively high as can be seenon
Figure 5.33, with extraction percentagesof 52.63 % by 4G, 60 % by 5C, 49.75 % by
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Cligga

and 75.5 % by the benchmark

microorganism

At. ferrooxidans

(in the absence of

sea salts).

Figure 5.34 shows the change in pH after 30 days of growth of the test bacteria on the
Escondida ore sample. The drop in pH observed in all of the test cultures indicates
growth of these bacteria and production of H2SO4. The redox potential in all of the test
cultures increased after 30 days of growth on Escondida ore (Figure 5.35).

This

indicates the leaching of the ore by the bacteria and the increase of the ferric/ferrous
iron ratio in these cultures.
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Figure 5.30 Growth of isolated bacteria on 2% (w/v) Escondida copper ore in
medium with 30 gl-1 sea salts. Each datum point represents the mean ± standard
deviation of duplicate cultures.
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Figure 5.31 Change in ferrous iron concentration in cultures of isolated bacteria
grown on Escondida copper ore. Each datum point represents the mean
standard deviation of duplicate cultures.
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Figure 5.32 Total iron dissolution from Escondida copper ore by isolated bacteria
with 30 gl-1 sea salts and At. ferrooxidans
with no added salt. Each datum point
represents the mean ± standard deviation of duplicate cultures.
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Figure 5.33 Total iron extracted from Escondida copper ore by isolated bacteria
and At. ferrooxidans as a percentage of total iron in ore sample, after 30 days. Each
datum point represents the mean ± standard deviation of duplicate cultures.

Table 5.5 Average and fastest rates of iron dissolution from Escondida copper ore
by isolated bacteria and At. ferrooxidans
Experiment
4G
5C
Cligga
At. ferrooxidans

Average rate of iron
dissolution (mM day-')
0.14
0.16
0.13
0.2
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Fastest rate of iron
dissolution (mM day-')
0.56
0.4
0.28
1.2
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Figure 5.34 Initial and final pH of Escondida copper ore experiments. Each final
datum point represents the mean ± standard deviation of duplicate cultures.
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5.35 Initial and final redox potentials of Escondida copper ore experiments. Each
final datum point represents the mean ± standard deviation of duplicate cultures.
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5.8 Comparison of iron dissolution from different ore samples mediated by the test
bacteria.

The total amount of iron solubilised by the test bacteria varied between the ore type
being leached. It can be seen from Figure 5.36 that the best total iron dissolution
occurred from the Lihir ore sample, followed by the Escondida sample. However very
poor total iron dissolution was mediated by the test bacteria and At. ferrooxidans from
the Freeport Final concentrate.
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Figure 5.36 Percentage of total iron solubilised from ore samples by isolated
bacteria after 30 days growth at 30 g 1-1sea salts and 2% (w/v) ore load. Each
datum point represents the mean ± standard deviation of duplicate cultures.

196

Chapter5- Results:Bioleaching potential of isolates

5.9 Discussion

All three of the isolated bacteria were able to grow on all six of the complex
polymetallic test ores at an ore load of 2% w/v, with 30 gl-1seasalts in the medium and
at an incubation temperatureof 37 "C. The strains exhibited the highest exponential
growth rate constantson Las Cruces copper ore and Lihir gold ore samples,with the
highest rate of growth being exhibited by strain 5C on Lihir gold ore, with an
exponentialgrowth rate constantof 1.59day-' and a meangenerationtime of only 15.12
hours. Huber & Stetter (1989) report growth kinetics data for a halotolerant ironoxidising bacterium (T prosperus) grown on mineral ore. The authorsreported that T
prosperus had a mean generationtime of approximately 20 hours when grown on a
chalcopyrite,pyrite and sphaleriteore mixture. This generationtime is equivalentto an
exponential growth rate constantof 1.21 day-1. Therefore,the strains describedin this
study show higher growth rate constantson certain ore samplesthan T prosperus at the
samesalinity and temperature. There are very few growth rate data in the literature on
the studiesof halotolerantiron-oxidising bacteria grown on mineral ores, and most of
the reports show only iron-oxidation kinetics. This thereforemeansthat there are very
few comparabledatato the growth datacontainedin this chapter.
Growth on the other ore sampleswas quite slow with generationtimes ranging from
32.4 hours (Cligga grown on Escondidaore) to 100 hours (Cligga grown on Somincor
ore). However, growth rate constant is not necessarilya measureof the oxidative
capacity of a culture and thereforeferrous iron oxidation and dissolution of iron kinetics
are of utility when assessingbioleachingpotential.
Iron extraction rates varied widely betweenboth test bacteria and ore substratetested.
The bacteriaproducedthe highest iron extraction rates when grown on Lihir gold ore.
Strain 5C extracted100%of the total iron in the culture into solution at a salinity of 30
gl-1 and this was equal to the extraction by At. ferrooxidans in non-saline medium.
Cligga mediated88.86%extractionof the total iron and 4G mediated66.10% extraction
of the total iron available.
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Lihir ore is a low-grade gold ore with 7.76% iron and is highly recalcitrant to normal
processingmethodsandthereforeit would be very useful if a high proportion of the iron
in this ore could be extractedvia pre-treatmentwith the bacteria isolated in this study.
This would therefore leave the gold exposed and highly susceptible to chemical
extraction methods, thereby potentially providing a more economic process. In
addition, it would be possible to use seawaterin the process and with potential to
recycle leachatewater.
High final iron extraction levels were observedwhen the isolated bacteriawere grown
on Escondidaore. Isolatedbacterial strain 4G extracted52.63% of the total iron in the
culture, 5C extracted60 % and Cligga extracted49.75%. This was comparedto 75.5%
extraction by At. ferrooxidans, again in non-salineconditions.
Deveci (2002) describedthe effect of salinity on the oxidative activity of acidophilic
bacteria. The author described iron extraction rates by a mixed enrichment culture
(WJM) from the Wheal Jane mine, Cornwall, with 3% added chloride (NaCl). The
total extraction rate at this salinity was 30% of the total iron in a complex Zn/Pb
sulphide ore, which had a total iron content of 7.95%. The author reported that the
addition of chloride exertedan adverseeffect on the oxidative activity of the bacterial
cultures,and that long lag periods in the dissolutionof iron were observed.
Holden et al. (1999) reportedthe isolation of halotolerant,iron-oxidising bacteria from
harbour sediments. However, when the authors carried out bioleaching studies using
thesebacteriaat high salinity (4%) and 2% w/v sedimentload, they observedlow iron
dissolution rates, with only a maximum of 8.15% of the total iron extracted after 20
days.

The differencesin iron solubilisation rates observedbetweenthe different ore samples
may be due to the different mineralogiesand chemistriesof the samples. High levels of
toxic metals present in an ore sample may inhibit the growth of bioleaching bacteria
therebyaffecting the iron dissolution rates. For example,the FreeportFinal concentrate
and Somincororeshad high levels of zinc, 2.878 mgg'I and 20.00 mgg" respectively,as
comparedto the Lihir ore that had a zinc concentrationof only 0.254 mgg".
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Bioleaching bacteriaare ableto maintain high redox potentialsin leachingsystemsdue
to the regenerationof ferric iron (Pronk & Johnson,1992). The bacterial oxidation of
ferrous iron hasbeenfound to be a function of the ferric/ferrous ratio, and redox
potential falls asthe ferric concentrationdecreasesand as a result so too doesthe overall
rate of leaching(May et al, 1997). Redoxpotential measurementscan thereforebe used
as an indication of the bioleachingconditionswithin a leachsystemand can actually
determinethe degreeof leachingof the mineral (Breed& Hansford, 1999).
During the bioleachingexperimentsoutlined in this chapter,redox potential
found
It
beginning
was
taken
the
each
experiment.
measurementswere
and end of
at
that a high rate of iron dissolutionfrom ore sampleswas accompaniedby a large
increasein redox potential during the leachingexperiments. This suggeststhat ferric
iron was being regeneratedby the bacteriaand was facilitating the chemical leachingof
the ore substrates,which concurswith the in-direct mechanismof bioleaching. Redox
gradientscan greatly influencethe growth of iron and sulphur oxidising bacteriain
natureand so it is preferableto usebacteriain bioleachingprocessesthat can withstand
fluctations in redox potential. The redox potential producedduring mineral leaching
using Sulfobacillus sp. hasbeenfound to be lower than that producedby At.
ferrooxidans or other Gram negativebacteria(Yahya & Johnson,2002) and this may
explain why growth and dissolutionrates(and thereforefinal redox potential) on some
metaliferrousoresare lower using the isolatedbacteriawhich are relatedto
Sulfobacillus andAlicyclobacillus sp than when usingAt. ferrooxidans.
Optimum conditions for growth of the isolated bacteria(including pH, temperatureand
salinity) were reported in Chapter 3 and these were used during the bioleaching
experiments. However, during this study bioleaching parameters were not fully
optimised and therefore the observedleaching rates are not necessarilythe maximum
rates possible. As a result, any future work on the bioleaching potential of these
bacteria should first focus on the optimisation of theseparameters,thereby potentially
improving bioleachingrates.
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The isolation and characterisationof novel salt-tolerant,iron-oxidising bacteriahas not
been widely describedin the literature. This is due to a number of different factors,
which make the study of this type of bacteriaa difficult undertakingdespitethe interest
in theseunique bacteria. Thesefactors include the difficulty of culture, relatively long
mean generationtimes and the complex mode of metabolismof thesebacteria. Despite
the formidable challenge of their study, interest in the occurrenceof such bacteria is
increasingdue to their potential use in biotechnologyand their role in the biocorrosion
of metal containing structuresin marine areas.
Reports suggestthese bacteria are ubitiquous in high salt environmentsand that they
play a large part in iron cycling in such environs (Eberhardet al, 1995: Gugliandolo &
Maugeri, 1993, Hermie, 1997 and Huber & Stetter, 1989). These high salt habitats
include marine and estuarine areas, salt lakes and marsheswhere there is a readily
available sourceof reducediron and sulphur compounds.

6.1 Isolation sites
Sampling locations were chosenthat were known to be areaswith high iron and salt
concentrations. Since Cornwall, UK has been the site of intense mining activity and
many of thesemines occurrednear or on the coastit was decidedto chosesamplesites
from this area(Pirrie et al, 1999& 2000a & b). Someestuarinesites were also chosen
becausethey were known to have a high level of mine-tailings contamination having
been carried down stream from mines by rivers or via industrial accidents(D. Pirrie,
CamborneSchoolof Mines, UK, personalcommunication).
Two of the strains isolated in this study (4G and SC) were isolated from an estuary
(RestronguetCreek) which was highly contaminatedwith pyritic mine-tailings and acid
mine drainage. This contaminationoccurred in 1992 when acidic metal laden waters
overflowed from The Wheal JaneTin mine locatedupstreamon the Carnon river. The
samplesfrom which these bacteria were isolated had red coloured iron oxide veins
throughout which indicated the presenceof iron tailings and were exposed to tidal
seawater. Theseconditions proved to be a suitablehabitat of bacteriathat were highly
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adaptedto growth on iron minerals and in the presenceof seawater. These may have
been bacteria that originated from the iron-rich mineral environment of the mine
upstreamand having beenintroducedinto the estuarybecameadaptedto growth at high
salinity. There have beenreports of the isolation of bacteria of the same genusas 4G
(SuIrobacillus spp.) having been isolated from the Wheal Jane mine site, although the
salt tolerance of these has not been examined (Yahya & Johnson 2002 and Deveci,
2002). Alternatively, the isolated bacteria may have been indigenous to this site and
may have been selectedunder the high metal conditions after acidification by the acid
mine drainagecontamination.
The strain Cligga was isolatedfrom rock pool scrapingsin a disusedmine adit, situated
in caves that were in tidal contact with seawater. The cave walls were composedof
pyritic minerals with various metals including tin, arsenic, silver and copper. The
salinity of the seawaterfrom the pool was 4.2% which is much higher than the salinity
of the open seawaterat this site which was 3.5%. The evaporationof water during the
day and subsequentconcentrationof the dissolved salts may have causedthe higher
salinity in the pool. There were specksof iron oxide in the pool and this could have
been either the product of abiotic iron oxidation or have beenmediatedby the bacteria
present in this locale. Nevertheless,this showed that there was a potential source of
iron for energyacquisitionby iron-oxidising bacteria.
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6.2 Isolation media
It is reportedthat 99.9% of all the bacterial specieson the earth are yet to be discovered
(Jannasch,1984)and isolatedand this is due, in no small part, to the use of isolation and
enrichment culture methodsthat are not able to support the growth of certain bacteria.
However, improved molecular methodshave indicated the presenceof certain types of
bacteria which have not yet been cultured and different culture methodsare constantly
being developed to try to isolate these elusive microorganisms(Amann et al, 1992,
Harrison, 1984,Stackebrandt& Rainey, 1995).
Solid medium is the traditional isolation medium for most bacteriadue to the fact that
single colony formation facilitates obtaining pure cultures from mixed environmental
enrichments. However, acidophilic bacteriahave proved difficult to grow using these
traditional methods, and although novel solid media have been developed for this
purposeand presentan improvementin culture methods(Johnson,1995), theseare not
conduciveto the isolation of halotolerantbacteria.
During this study no bacteria were isolated from the sample on overlay plates and
seawatermedium solidified with agarose(TSM plates). This lack of growth may have
been due to nutrients being complexed within the agarosematrix and therefore being
less available for bacterial growth. For example, Meargy (1995) noted that metal
sensitivity levels measuredin solid media might not be accurate due to the metals
forming complexeswith the medium. It was also found in the present study that the
Acidophilum sp. in the bottom layer of the overlay methodwas sensitiveto elevatedsalt
levels and so this methodwas not of use.
Successfulenrichmentswere obtainedusing pyrite salinemedium at pH 2.0 with 30 gl"
sea salts. These enrichmentswere incubatedstatically at 28*C. Repeatedsub-culture
producedpure cultures and the purity of thesewas checkedby single colony formation
on solid medium that was developedduring this study. The use of successivedilutions
in this way should yield an isolate that was a numerically dominant member of the
initial enrichment culture and therefore has been found to be a successfulmethod of
bacterial isolation (Plumb et al, 2002). Of all the enrichment media types used, the
pyrite cultures were the most successful,possibly due to the similarity between the
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chemical composition of theseand the sampleenvironments(e.g. pyritic minerals and
presenceof seawater).
It was decided to use sea salts in the enrichmentmedium instead of sodium chloride
because the sample sites were in contact with seawater and niche mimic culture
methodshave beenproved to be more successfulthan other methodsof isolation. Most
of the reports of isolation attemptsof halotolerantacidophilesusedNaCl in enrichment
media. This may explain why many of theseattemptshave producedbacteriathat have
salt concentration optima for growth that are well below that of their original
environment (Holden et al, 1999; Huber & Stetter, 1989; Kamimura et al, 2001 and
Smith & Finazzo, 1981). For example, Smith and Finazzo (1981) isolated T
intermediusthat hasa NaCl optimum for growth of I% but was isolated from salt marsh
sedimentwith an interstitial salinity of 3%.
It has beenreportedthat KC1plays an important role in the ability of bacteriato grow at
elevatedsalinity (Kushner, 1988; Madigan & Oren, 1999; Kogure, 1998 and Suzuki et
al, 1999) and may help bacteria maintain their internal solute potential. The
monovalent cation K+ protects against cell lysis by increasing intracellular osmotic
pressure and stabilises the cell membranes of bacteria (Smith & Finazzo, 1981).
Seawaterhas a high concentrationof KC1 (Brown et al, 2002) and the availability of
this compoundin the enrichmentand growth medium of the isolated strains may confer
a higher toleranceto elevatedsodium or chloride toxicity.
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6.3 Growth physiology
The growth of the three isolated strainswas testedin medium either with no addedsalt
sourceor the addition of 30 gl" NaCl or seasaltsand it was found that seasaltswas the
optimum salt source. The growth rate in seasalts medium of 4G was 2.5 times, 5C 4.1
times and Cligga 3.8 times that of culture in NaCl medium. However, somegrowth was
observedin medium without an addedsalt source(albeit at a greatly reducedrate) and
therefore these strains cannot be termed halophilic or marine as they do not have an
obligate salt requirementfor growth. This is in accordancewith the definition set out by
Macleod (1965) describingthe salt requirementof a marine bacterial species.
However, when growth at different salinity valueswas assessed,it was found that these
isolates had optimal growth at 30 gl"' sea salts and growth rate decreasedwith
decreasingsalt concentration. This was the first report of the isolation of halotolerant,
iron-oxidising acidophilic bacteria whose optimum growth rates were observedat salt
concentrationsthat were equivalentto those of the environmentsfrom which they were
isolated.

The majority of the other halotolerant acidophiles, which have been described in the
literature, have salinity optima that are less than their natural environments. These
environments are usually characterisedby having available solid-strata, for example
sedimentmaterial or rocks and this may induce the formation of exopolysaccharidesby
growing acidophilesin contact with such surfaces. The biofilm thus formed may slow
down the diffusion of sodium and chloride ions and reducethe exposureof the cells to
toxic concentrationsof theseions. Therefore,wheneverthe growth of thesebacteriaat
different salt concentrationsare assessedin liquid medium without solid-strata,biofilms
are not formed and growth at high salinity may be slower without the protective effect
of the biofilm components. Similarly, Cameronet al (1984) reportedthat clay minerals
had a protective effect against salt toxicity during halotolerance studies on isolated
acidophiles.
The isolated bacterial strainsgrew under heterotrophicconditions using yeast extract as
the sole energysource,and under autotrophicconditionsusing pyrite as a energysource
(e.g. the enrichment medium) and also grew under mixotrophic growth conditions,
using a mixture of these substrates. Long lag periods were observedin heterotrophic
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cultures as comparedto mixotrophic culturesbut overall exponentialgrowth rates were
higher in heterotrophicgrowth medium. Theselong lag periods may be due to the time
needed for the switching on of genes involved in heterotrophic growth. However,
heterotrophicgrowth generatesmore energythan an inorganic sourcesuch as pyrite and
so the higher growth rate when grown on yeast extract is not wholly unexpected. The
ability to grow mixotrophically is indicative of SuIrobacillus-like bacterial species.
Sut(bbacillus sp. have beenreportedto perform inefficient carbon dioxide fixation and
display increasedgrowth rates in the presenceof an organic source of carbon such as
yeastextract (Yahya & Johnson2002).
Many Sulfobacillus sp. and Alicyclobacillus sp. are moderately thermophilic, e.g. S.
thermosuffldboxidans,S. acidophilus, A. Cycloheptanicusand A. hesperidum (Goto et
4G,
Cligga
5C
However,
2002;
Dufresne
1996).
and
grew optimally at
strains
al,
et al,
There have been two reports of mesophilic
37*C and were enriched at 28T.
Sulfobacillus sp. (S. montserratensisand S. ambivalens)and one of an Alicyclobacilluslike bacterium (S. disulf1dooxidans). The former two mesophileswere isolated from
areasof high temperatureon the island of Montseratt(55'C) and the authorsnoted that
it was unexpectedto isolate mesophilesfrom this site. However, this shows that the
temperatureof the indigenousenvironmentis not always the optimum temperaturefor
growth.
The temperaturesof the environments from which these three strains were isolated
indicative
from
2'C
YC
temperatures
to
therefore
of
ranged
and
are growth
iron
However,
the
and sulphur compoundsgenerate
psychrophilic growth.
oxidation of
in
been
have
deal
heat
bacteria
these
growing
microenvironments
a great
of
and
may
where the local temperature was increased by this metabolic reaction, thereby
facilitating optimal growth. Temperatureswithin bioleach heaps, dumps and coal
spoilage heaps are usually around 35*C to 45'C but can reach up to 50'C, via the
generationof heat from microbial metabolic processes(Bustoset al, 1999;Norris et al,
1986;Rawlings, 2002 and Rawlings & Silver, 1995).
Sincethesebacteriamay be of potential in biomining processes,growth was assessedat
28*C, 37*C, 45'C and 500C. Limited growth was observedat 400Cand no growth was
observedat 501Cwith an optimum temperaturefor growth of 37T. As these isolated
bacteriaare sporeforming bacteriathey may have beenpresentas sporesin the sample
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material as opposedto viable cells or may have been dormant cells or growing very
slowly at the low tempemtureof thesesites.
The solubility of oxygen in seawaterdecreaseswith increasingsalinity and increasing
temperature(Table 6.1), thereforethe oxygen availability to culturesof the isolated
strains may be a growth rate-limiting component of the cultures. This is also true for

the solubility of carbondioxide which thesebacterianeedto fix for incorporationas
cellular carbon. Higher growth ratesmay havebeenobservedif the cultureswere
bioreactor
dioxide.
During
studiesusing T prosperus gown
spargedwith air or carbon
increase
final
found
30
to
the
and
rate
growth
at gl" seasalts,spargingwith air was
biomassobtained(this study,resultsnot shown).

Table 6.1 The solubility of oxygen in seawater as a function of temperature and
salinity (Dexter, 1995).
Temperature
(0c)
0

Solubility Of 02 (mir) at different salinity
3.6% salinity
2.4% salinity
0% salinity
8
8.7
10.2

15

7.1

6.1

5.7

30

5.3

4.6

4.3

The strainshad pH optima of aroundpH 2.0 and grew very slowly at pH 1.0. Seawater
is a very efficient natural buffer and has an averagepH of approximately8.0 depending
on the site (Brown et al, 2002) but acidophilesdo not grow optimally at this pH as they
grow optimally at pH valuesunderpH 3.0 (Johnson,2001).
However, the formation of localised microenvironmentsmay provide a low enoughpH
to allow the growth of these bacteria via the production of H2SO4by the metabolic
reactions of the bacteria and protection of these sites. Protective microcosmsmay be
establishedby biofilm formation, by the excretion of exopolysaccharidesaround the
bacteria(as in the direct mechanismimPlicated in bioleaching- see Section 1.4.1) and
the acid may be concentratedin these locales, providing favourable conditions for
growth.
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Hydrothermal vent systemsand fumaroles may have acidic environments due to the
production of H2S and other sulphur compounds being converted into H2SO4 on
reaction with seawater. These therefore may provide conditions for the growth of
acidophiles(Eberhardet al, 1995;Gugliandolo & Maugeri, 1993;Harmsen,et al, 1997;
Prieur, 1997). The pH value decreasesduring bioleaching processesand therefore
bacteria must tolerate these low pH values if they are to be of use in biomining
processes. Since the isolated strains tolerated low pH, this is one parameterthat may
makesthem suitablefor use in biomining processes.
Table 6.2 shows the growth rate constantsand mean generationtimes of the isolated
salt-tolerant bacteria in different media and under different conditions. This table
clearly showsthat optimum growth conditions of thosetested(including growth on the
metalliferrous ores) was the heterotrophiCmedium with yeast extract as an energy
sourcewith 30 gl" seasalts,at pH 2.0 and a temperatureof 37T.

Table 6.2 Mean growth rate constants (k) and mean generation times (td) of the
isolated salt-tolerant bacteria when grown in different media with different
conditions

Medium

k (d-1)

3.41

7.04

3.55

1.21

19.77

1.42

16.69

1.25

19.25

0.98

24.49

1.15

20.87

1.05

22.86

17.76

1.03

I 23.28

15.12

1.45

16.56
48.98

td (h)

0.86

27.84

1.35

Lihir gold ore

1.56

15.36

1.59

Escondida

k (d")

td (h)
6.76

k (d")

YSM
(heterotrophic)
PSM at 37'C
(mixotrophic)
PSM at 28T
(mixotrophic)
Las Cruces ore

Freeport Rough
feed ore
Freeport Final
concentrate ore
Somincor ore

Cligga

5C

4G

1

3.12

td (h)
7.69

0.52

46.08

0.40

60.00

1
0.49

0.5

48.00

0.33

72.72

0.32

75.00

0.38

63.12

0.31

77.52

0.25

100.00

0.6

40.00

0.65

36.96

0.74

32.40
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As previously mentioned, extremophilesthrive in environmentswith more than one
extreme, which makes their adaptationseven more complex. There has been little
researchinto the various interactions of these extremesin such bacteria, and usually
only one extremeis investigatedduring research.As a result of suchobservations,work
has been carried out on the constructionof a model that representsthese extremesin
three dimensions. Julian Wimpenny and his lab membershave constructeda threedimensional model of the acceptedlimits of bacterial life for pH, temperatureand salt
concentration(J. Wimpenny,Cardiff University, UK, personalcommunication,2002).
This model has beenconstructedwith a view to not only bringing together information
on the physico-chemicallimits of life on earth but to also use these models to predict
where life may exist outside our planet. These researchersused data regarding
extremophilic bacteria,found in the InternationalJournalof SystematicBacteria and the
journal Extremophiles. As a result of this search,Wimpenny noted that the previously
characterisedbacteriaclusteredaroundneutralpH and low salinity and that there is very
little data representingbacteria that grow at low pH and high salt concentration.The
investigators noted that it was likely that such bacteria were widespread but were
resistant to current isolation methods. As a result the investigatorsextrapolatedtheir
constructedmodelsto include theseenvironments.
The halotolerant,iron-oxidising bacteria4G, SC and Cligga, isolated during this study
would fit in the extrapolated area in the model. This highlights that the novel
physiology representedby thesebacteriais really at the outer reachesof the generally
acceptedlimits of life, and they may offer an idea as to the type of life that may exist in
similar environmentsoutsideour planet.
Since most isolation methods select for certain bacteria and therefore eliminate the
possibility of isolating others, there is a need to assessnovel culture methods for the
isolation of difficult to culture microorganisms and elucidate their physiological
responsesas a result of their extreme environments.Advances in molecular methods
have shed light on the phylogeny of so called 'unculturable' bacteria; however, these
techniquescannotconfirm optimum chemical,physical or biological growth conditions.
Elucidation of these factors is extremely important in understandingthe role these
bacteria play in their environments and the potential use of such bacteria in
biotechnologicalprocesses.
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6.4 Phylogeneticsof the isolated bacteria
The isolated bacterial strains were similar to Sulfohacillus- and Alicyclobacillus-like
specieswith regard to their morphology, spore-formation,mode of growth and Gramstain characteristics.The phylogeny of thesebacteriawas assessedby the sequencingof
the 16S rDNA regions of the genomeand comparingtheseto 16S rDNA from strains
characterisedin the nucleotide databases. It was found that strain 4G was a novel
specieswithin the genusSutfohacillus,and showed96% 16S sequenceidentity with S.
sihiricus (thermophile)and 94% sequenceidentity with S. montserattensis(mesophile).
The tentative speciesname Sulfobacillus halodurans is suggestedfor this strain which
refers to the halotoleranceof this strain (halo - salt and durans- tolerant). Strain 4G is
the first halotolerantSutfobacillussp. with its 16SrDNA datadisplayedon Genbank.
Strain 5C is a novel strain within the genusAlicyclobacillus and shares95% 16SrDNA
sequencehomology with an Alicyclobacillus sp., which was isolated from a thermal
spring in Alaska. The tentative speciesnameAlicyclobacillus halodurans is suggested
for strain 5C, again referring to the halotoleranceof this bacterium which makes it
distinct within the genusAlicyclobacillus.
Strain Cligga also shows high sequenceidentity (97%) with an Alicyclobacillus sp. in
particular to the strain AGC-2, which was isolated from a thermal spring in Alaska.
However, the characteristicsand speciesname has not been reported for strain AGC-2
and as strain Cligga seemsto be a member of the samespecies,a name has not been
suggestedfor this strain. However, more biochemical and other taxonomic data are
neededon thesethree strainsbefore speciesdesignationsare formally attempted.
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6.5 The potential use of the isolated bacteria in biomining processes at elevated
salinity

All three of the isolated bacteria were able to grow on all six of the complex
polymetallic test ores at an ore load of 2% (w/v), with 30 gl-1 seasalts in the medium
and at an incubation temperatureof 37 'C. The highest rates of iron dissolution were
obtainedin cultures grown on Lihir gold ore, which is a highly recalcitrant ore sample.
Total iron extraction values from this ore (as a percentageof the total iron in the ore
sample)were 66.10%by strain 4G, 100%by strain 5C and 88.86%by strain Cligga. At.
ferrooxidans mediated 100% iron extraction from Lihir ore. However, this was in
medium with no addedsalt and due to the toxicity of Cl- to this bacterium,no growth
and no iron-oxidation would have beenobservedat the salt conditions preferred by the
three strains. Table 6.2 showsthe growth rate constantsand mean generationtimes of
the isolatedbacteriain different media and under different conditions. This table shows
that the growth rate constantsof the bacteriain medium with Lihir ore were higher than
those observedin the samemedium with pyrite or the other ore samples. This suggests
that there may be a componentpresentin the Lihir ore that may serve to increasethe
rate of growth of thesebacteriaand which was not presentin the other ore samples.
Total iron extraction values from Escondidacopper ore sample were 52.63% by 4G,
60% by 5C and 49.75% of the total iron was extracted by strain Cligga. At.
ferrooxidans mediated 75.5% extraction of the total iron available in cultures of the
Escondida ore sample, but again this was in medium with no added salt and this
bacteriumwould not have grown at the culture conditionsof the three isolated strains.
It is suggestedthat high levels of certain metals Presentin some ores may have been
toxic to the test bacteria and may therefore have had a detrimental effect on the
dissolution of the ore sample. Therefore,the levels of toleranceof the isolated bacteria
to heavy metals should be testedto ascertainwhethersensitivity to thesemetals affected
the iron solubilisation rates.
However, extraction rates may be increased by optimisation of the conditions of
bioleaching/biooxidation. Table 6.3 outlines the conditions that affect bioleaching
efficiency. Further investigationof thesefactors may further improve the leachingrates
obtainableusing the test bacteria.
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There are very few comparabledataavailablein the literature,regardingthe bioleaching
kinetics of halotolerantbacteriagrown on metaliferrousores and those that have been
reported have used different conditions to those used in this study (Deveci, 2002;
Holden el al, 1999and Huber & Stetter, 1989). However,thesereports can be usedas a
relative comparison.
Deveci (2002) described30% extraction of the total iron available in a Zn/Pb complex
ore sample (with a total iron content of 6.95%) at a NaCl concentrationof 3%, while
Holden et al (1999) reportedthat only 8.15 % of the total iron in samplesof harbour
sedimentswas extractedafter 20 days of bioleaching at 4% salinity and 2% ore load
(w/v). Thesereports show a lower level of iron-oxidation ratesthan was observedwith
the halotolerant strains characterisedin this study. However, further analysis of the
levels of solubilised target metals may shedfinther light on the utility of thesebacteria
in these processes.However, as iron extraction is usually proportional to metal
solubilisation, these results show the high potential of these isolated bacteria in high
salinity bioleachingof the test ore samples.
The halotolerant, iron-oxidising, acidophilic bacteria describedin this study, were all
isolated from environmentswith low pH, high metal contentsand high redox potential.
Subsistencein environmentswith theseextremeconditions has allowed the refinement
of microbial mechanismsinvolved in the efficient utilisation of metaliferrous minerals
for growth. The high adaptationto their environment has provided unique bacterial
physiology that can then be harnessedby biotechnologyto improve industrial processes.
The combination of the ability to grow under theseconditions as well as conditions of
high salinity, has fin-therbroadenedthe biotechnologicalpotential of thesebacteriaand
may lead to the economic application of these bacteria in the biohydrometallurgical
industry.
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Table 6.3 Factors that affect bioleaching efficiency. These factors must be further
optimised to increasethe bioleaching/biooxidationefficiency of the test bacteria.

Effect

Factor
Temperature

Variable solubility of essential gases for bacteria; reactivity of
component chemicals affected
Salinity
Different salinity will change the buffering capacity of medium,
therefore affecting the pH of leaching solution; salinity affects
NaCl,
therefore
availability
artificial
and
of
oxygen;
solubility
different
buffering
have
capacities and
all
and natural seawater
therefore will produce different metal oxidation kinetics.
Bacteria used in bioleaching experiments all have different
pH
during
different
to
the
growth
alter
pH
all
and
optimum pH
levels, therefore initial pH can affect the growth and iron
it
leaching
kinetics
the
reaction
can affect the
and
of
oxidation
for
and
select
certain
culture
growth
of
mixed
effectiveness
bacteria.
Iron concentration
Ferric iron effectively catalyses the dissolution of metaliferrous
for
dissolution
lixivant
ferric
(the
abiotic
of pyrite
and speciation
use of
ores
ferrous
iron
bacteria
bioleaching
as their electron
use
etc); some
levels
ferrous
iron
high
to grow;
therefore
of
need
source and
some bacteria used in these processesmay be inhibited by high
levels of ferric ions.
Concentrations of
The solubility of some metals increases with decreasing pH and
heavy metals present levels may increase in medium and these potentially toxic levels
inhibit
bacteria.
the
the
growth
of
may
Composition,
Lowering the particle size of the ore, which thereby creates a
increase
for
the rate of
can
attack,
mineralogy of ore
microbial
greater surface area
dissolution of metaliferrous ores.
substrate
Electrochemistry of Certain redox chemistry favours leaching processes and these
biomining
leaching conditions
be
improve
to
processes.
microbial
optimised
must
Oxygen and carbon
Availability Of 02 and C02 is a rate-limiting factor in the
dioxide availability
solubilisation of ores by bacteria. Sparging with air can increase
bacteria
iron-oxidation
rates
of
grown on ore
growth rates and
samples.
Shaking speed
High shaking speed (above 200 rpm) was found to be
detrimental to test bacteria during bioreactor studies (data not
shown). These bacteria suffer from shear forces and may be
lysed by the edges of the ore particles.
Bacteria
Different bacteria exhibit totally different iron and reduced
sulphur oxidation kinetics, due to their differing affinity for
certain types of substrate; microbial consortia used must be
increase
bioleaching
to
rates. This might
assessedand optimised
include the assessmentof mixed culture consortia, thermophiles
biomining
in
processes.
or mixotrophs
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6.6 Suggestionsfor further study
During this study many ideas for further study were brought to light; as Thorstein
Veblen (1857-1929) once stated 'the outcome of any seriousresearchis to make two
questionsgrow where only one grew before'. Therefore,presentedbelow are some of
thesesuggestionsthat were not pursueddueto time constraints.
*

It has been suggestedthat toleranceto chloride salts may confer cross-resistanceto
nitrate salts (David Barr, Rio Tinto Plc. Personalcommunication, 2001) and that
some mine sites such as the Escondidaoperation in Chile are contaminatedwith
nitrate salts as well as sodium chloride. Therefore,the assessmentof the growth of
the newly isolated strains at different levels of nitrate salts would provide
information of the utility of thesestrainsin suchcontaminatedmine sites.
Pilot studies showed that increased levels of potassium chloride increased the
tolerance of T prosperus and the isolated bacterial strains to sea salts (this study,
resultsnot shown). SinceKCI hasbeenfound to be important in the maintenanceof
internal cytoplasmwater potential, the investigationof the extent of this toleranceat
elevated KCI levels would be of utility in elucidation of osmoregulation
mechanisms.
Increased sulphate levels may have an advantageous effect on levels of
halotolerance,therefore,the growth of thesehalotolerantbacterial strains should be
assessedwith different levels of sulphatein the medium.
The extent of dissolution of iron from mineral ores was affected by the sporulation
of the test bacteria. It hasbeenreportedthat the addition of yeastextract at different
stagesof growth may delay sporulationin Sul(obacillus-like bacteria(Bogdanovaet
al, 2002). Therefore, it would be of interest to test whether this worked with the
isolatedbacteriaand what effect was producedregardingthe rate of iron dissolution
from the ores.

9 The use of gradient plates for isolation of this type of bacteria should be used to
assessthe physiological diversity in a given environment. Using these plates
provides two-dimensionaldiffusion gradientsfor two environmentalvariables such
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as pH and salt concentration(Wimpenny & Waters, 1984). Therefore,the optimum
growth parametersof bacteria within the environmental samples, with regard to
these two variables, could be estimatedand these colonies sub-cultured into the
correspondingliquid medium. This would cut down on time neededfor enrichment
and would provide a quick overview on the diversity of the environmentof interest.
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6.7 Conclusions
Three strains of halotolerant, iron-oxidising bacteria were isolated and characterised
during this study. They were found to be mesophilic, aerobic, rod-shaped Grampositive bacteria. They all had growth optima of 37'C, pH 2.0 and 30 gl" sea salts.
After phylogenetic analysis,strain 4G was found to be a novel Sul(obacillus sp., 5C a
novel Alicyclohacillus sp. and Cligga was also found to be an example of an
Alicyclobacillus sp. All three strains grew autotrophically on pyrite, heterotrophically
on yeast extract or mixotrophically using combinationsof these substrates. They also
grew on various mctaliferrous mineral ore samples,augmentedwith yeast extract and
solubilised the iron in these ore samples. The halotolerant bacterial strains exhibited
high dissolution ratesfrom Lihir gold ore and Escondidacopperore at high salinity and
these rates demonstratedthe potential of these strains in biomining processesat high
salinity.
Due to the growth of the biomining industry, new microorganismsthat are capableof
leaching metals from sulphidic ores are constantly being sought. Subsequentlythe
diversity of bacterial consortia that may give significant process advantages in
biohydrometallurgical technologies is continually increasing. The diversity of the
environmentsfrom which these microorganismsare being isolated is widening all the
time and more advancedmicrobiology and molecular ecology techniquesare enabling
more effective culture and identification of these traditionally difficult to culture

bacteria.
The isolation of halotolerant, iron-oxidising, acidophilic bacteria has further extended
the currently acceptedlimits of life. Further characterisationof the physiology of the
bacterial strainsthat were isolated and describedin this study, and optimisation of their
growth conditions, will not only increasetheir biomining potential, but will shed light
on the role of thesebacteriain biogeochemicalcycling of iron in areasof high salinity.
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Appendix A: Locations of sampling sites in Cornwall, UK
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A. ii: Location Of Calenick Creek sampling site (SW827432)
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A. iii: Location of Cligga Head sampling site (SW737537)
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A. iv: Location of Devoran sampling site (SW797387)

A. v. Location of The Gannel Sampling site (SW801609)
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A. vi: Location of Hayle Estuary sampling site (SW555375)
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A. ix: Location of Tintagel Head sampling site (SW053893)
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MINERALOGICAL CHARACTERISATION OF A SAMPLE OF LIHIR
ORE FOR THE RIO TINTO EXTERNAL RESEARCH PROGRAMME
1

INTRODUCTION

Dr. Chris Cross from the Rio Tinto External Research Programme submitted a single
sample of ore from the Lihir mine; Papua New Guinea, for mineralogical characterisation.
The aim of this investigation was to document the mineralogy of the ore to provide a
reference for subsequent bio-oxidation testwork to be performed at Herriot-Watt University.
This note serves to summarise the results of this investigation.

2

METHODS OF INVESTIGATION

2.1

Sample Preparation

A single, representative sub-sample of ore was washed and wet screened into >500,
<500>250, <250>106, <106>53 and <53pm size fractions. Each of the size fractions was
subjected to a heavy liquid separation stage using a Na-polytungstate solution with a
density of 2.89. The resultant heavy mineral concentrates were mounted in epoxy resin
and polished in preparation for study.

2.2

Reflected Light Microscopy

Each of the polished sections was systematically examined using conventional reflected
light microscopy techniques. The individual opaque phases were identified on the basis
of their optical properties.

2.3

Scanning Electron Microscopy

A selected number of the polished sections were systematically examined using
qualitative scanning electron microscopy techniques.
This provided additional
information on the compositions of individual phases and served to confirm their
identities. A number of false colour, computer enhanced backscattered
electron images
were also prepared to illustrate important mineralogical features of the ore.
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Grain Size Distribution

The grain size distribution of the ore sample, as determined by wet screening, together
with the results of the heavy liquid separation is summarised in Table 1.

Table I- Grain Size Distribution and Heavy Mineral Content
Size Fraction
(pm)

Distribution
(Wt. %)

>500
<500>250
<250>1 06
<106>53
<53 Total

9.2
18.2
14.1
11.5
47.0

D>2.89
(Wt. %)
3.8
5.8
15.8
24.1

100.0

The results of the wet screening confirm that a significant proportion of the ore (47.0%)
reports to the <53pm size fraction. The heavy mineral content of the ore is variable, with
a maximum of 24.1% of the ore in the <106>53pm size fraction reporting to the heavy
mineral concentrate. The <53pm size fraction was not subjected to heavy liquid
separation.

3

CHEMISTRY

A sample of the ore was submitted to the Bondar-Clegg Laboratory for assay and the
results are summarised in Table 2. The ore is characterised by a high silica content
(56.75%) that reflects the presence of significant amounts of K-feldspar and quartz P02]
in addition to subordinate amounts of fine-grained muscovite (more commonly referred to
[probably
ideally
[ideally
KA'2(Si3AI)OIO(OH)21, chlorite
as swicite)
chamosite
(Fe2+, Mg, Fe3+)5AI(Si3AI)010(OH, O)ý and clay minerals that are dominated by kaolinite
[ideally A12S'205(OH)J.
K-feldspar, together with the aluminosilicate minerals also account for the great bulk of
the alumina content (16.02%) as well as the alkalis K20 (7.38%) and Na20 (0.40%).
Subordinate amounts of plagioclase [NaAIS'3087 CaA12S'2W are also present. The
small amount of Ti02 (0.73%) reflects the presence of accessory amounts of rutile [T'021.
The MgO content (0.98%) is moderate and largely reflects the presence of small
amounts of chlorite and a variety of Mg-bearing carbonate minerals including ferroan
dolomite [CaMg(C03)21, siderite [Fe(COA and rhodochrosite [MnC03]. The bulk of the
CaO (0.99%) is also present in the form of carbonate minerals.
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Table 2- Chemistry
OxidefElement
S'02

Tio2
Al203

mg0
Ca0
K20
Na20

Cu
Fe (total)
S

(%)

Element

(pprn)

56.75
0.73
16.02
0.98
0.99

Au
Ag
As
Sb
Ba

6.35
1.4
1617
12
374

7.38
0.40
0.03
7.76
7.26

Co
Cr
Hg
Mn
Ni
p
Pb
Zn

37
121
0.5
1208
84
2091
87
254

The Cu content (0.03%) is low and reflects the presence of very minor amounts of
chalcopyrite [CuFeS2]. The bulk of the Fe (7.76%) is present in the form of pyrite [FeS2]
with subordinate amounts being contributed by arsenopyrite [FeAsS] and the various
Fe-bearing varieties of chlorite. The great bulk of the sulphur (7.26%) in the ore is
present as pyrite, with subordinate amounts also being present in arsenopyrite.
The ore is characterised by significant amounts of Au (6.35ppm) with lesser Ag (1.4ppm)
most probably present largely in solid solution within the pyrite and arsenopyrite. The As
content (1617ppm) is significant and reflects the presence of As-zoned pyrite and
subordinate arsenopyrite. The Sb content (12ppm) is low and may reflect the presence
of trace amounts of tetrahedrite ICU,2Sb4S4 Sb may also occur in solid solution within
arsenopyrite. Ba (374ppm) is present as barytes [BaSOJ that may also contain
significant amounts of strontium. The traces of Co (37ppm) are presumably present in
solid solution within pyrite with Pb (87ppm) and Zn (254ppm) reflecting the presence of
traces of galena [PbS] and sphalerite [ideally ZnS] respectively.
The Cr (121ppm) and Ni (84ppm) contents, to a large extent, reflect contamination from
the crushing and milling equipment used during sample preparation. Manganese
(1208ppm) is present in the variety of carbonate minerals observed during this
investigation. The P (2091ppm) content is moderately high and occurs largely in the
form of accessory apatite [Ca5(PW3(F, CI,OH)]. The minor amount of Hg (0.5ppm) is
presumably hosted by traces of sphalerite and pyrite.
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MINERALOGY
4.1

Introduction

The mineralogical characterisation of this sample was based on the examination of
heavy mineral concentrates. Heavy liquid separation of the size fractions provided a
bulk
The
this
high-density
of
the
minerals.
ore
degree
of concentration of
significant
that
transparent
low-density
occur within
minerals
gangue
however,
of
consists
sample,
the heavy mineral concentrates in relatively minor amounts. Therefore, the <53pm size
fraction was analysed using x-ray powder diffraction techniques to confirm the identity of
the dominant transparent gangue minerals.
is
Lihir
the
bulk
the
the
ore
that
gold
within
of
great
Previous investigations have found
lattice-bound
form,
gold associated with
as
highly
occurring
refractory
present as a
leach
The
pressure
a
whole-ore
operates
mine currently
arsenic-rich zones in pyrite.
Subordinate
to
amounts of gold
the
cyanidation.
decompose
to
prior
sulphide
system
is
bound
typically
The
lattice
in
gold
lattice-bound
arsenopyrite.
gold
may also occur as
WDX
(-0.5%)
for
EDX
limits
detection
and
below
the
levels
that are
present at
(-300ppm) techniques currently utilised on the Clevedon SEM.

4.2

Transparent Gangue Mineralogy

X-ray powder diffraction analysis of a small, representative portion of the <53pm size
this
ore consists
of
fraction confirms that the transparent
mineralogy
gangue
A12S'205(OH)4)
(ideally
kaolinite
KAMA),
and
(ideally
predominantly of orthoclase
the
presence of
confirmed
heavy
also
Examination
the
mineral concentrates
pyrite.
of
ideally
(probably
augite,
clinopyroxene
of
subordinate
quartz,
amounts
(Ca, Mg, Fe)2Si2O6), chlorite, Sr-bearing barytes (ideally BaSO4), apatite, rutile and
liberated
that
incompletely
largely
grains
(fine-grained
that
as
occur
sericite
muscovite)
In
(Figure
1).
high-density
intergrown
the
minerals
sulphide
with
remain partially
include
These
various
recognised.
addition, a variety of carbonate minerals were also
Mn, Fe, Mg and Ca-dch varieties of dolomite, siderite and rhodochrosite.

4.3

Ore Mineralogy

4.3.1

Introduction

Detailed examination of the heavy mineral concentrates confirm that they consist
predominantly of complexly zoned As-bearing pyrite together with subordinate amounts
of arsenopyrite and incompletely liberated transparent gangue minerals.

4.3.2

Pyrite

Pyrite is the dominant sulphide mineral and occurs as euhedral crystals and as granular,
fine-grained, porous or botryoidal aggregates (Figures 1 to 4). A small proportion of the
pyrite also occurs as lath-like pseudomorphs after marcasite (Figure 2a). The lath-like
marcasite pseudomorphs are typically porous in nature and may be overgrown by later
Mineralogy Note 00-132- Final
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generations of botryoidal or euhedral pyrite that typically exhibits some degree of
compositional zoning. The complex nature of the pyrite indicates a variable depositional
history highlighted by significant variations in the arsenic content of the discrete pyrite
layers (Figure 2b). Fine-grained arsenopyrite crystals may also be intimately intergrown
with the pyrite and typically develop along discrete As-rich zones in the pyrite aggregates
(Figure 3b).
X-ray dot maps were also prepared to illustrate the variation in chemistry in the
complexly zoned pyrite grains (Figure 4). The x-ray dot maps illustrate the variation in
Fe, As and S content in a pyrite and arsenopyrite aggregate and confirm that the
compositional zoning observed in the pyrite reflect substitution of sulphur by arsenic.
Pyrite is a known host for lattice-bound gold, a highly refractory, sub-micrometre
occurrence of gold that is often concentrated within the arsenic-rich zones in the pyrite.
Previous investigations of the Lihir gold ore have confirmed the presence of trace
amounts of gold within discrete As-rich zones in the pyrite using the wavelength
dispersive techniques. This techniques on the SEM has a lower limit of detection of
however,
the
failed to
Similar
this
technique
current
on
ore,
using
studies
-300ppm.
reveal the presence of detectable levels of gold within the pyrite. It is, nonetheless, still
assumed that the bulk'of the gold in this ore is present as lattice-bound gold within pyrite
and, to a lesser extent, arsenopyrite.

4.3.3

Arsenopyrite

Arsenopyrite is a common accessory mineral and typically occurs as fine-grained,
euhedral crystals that rarely exceed 25pm in size. The bulk of the arsenopyrite is
extremely fine-grained in nature and typically occurs along arsenic-rich zones in pyrite.
The arsenopyrite may also exhibit some degree of compositional zoning within discrete
crystals (Figure 4a).

4.3.4

Accessory Phases

A number of accessory phases were observed in this sample in minor amounts. These
include chalcopyriteand sphalerite,which typically occur as inclusions within the pyrite
aggregates. Minor amounts of galena were also recognised, and may exhibit some
degree of oxidationand replacementby anglesite(ideally PbS04)-

Chris Blake
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Figure 1

False colour, backscattered electron images illustrating (a) and (b) the general nature and
appearance of the intergrowths between pyrite (light khaki-grey) and K-feldspar (dark blue),
K-feldspar is the dominant transparent gangue mineral in the heavy mineral concentrates.
Minor amounts of arsenopyrite (cyan) are intergrown with the pyrite. Accessory minerals
include clinopyroxene (orange/brown) and apatite (green). Quartz (mauve) is also present in
significant amounts.
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Figure 2

False colour, backscattered electron images illustrating (a) and (b) the extremely complex
nature of the As-rich zones (lightest khaki-grey shades) in pyrite/marcasite aggregates (khakigrey shades). Porous marcasite lamellae (a) are typically overgrown by later stages of zoned
pyrite. The marcasite is largely free from As-zoning. The brighter areas represent higher
concentrations of arsenic. Lattice-bound gold is also typically more abundant within these
zones, but was not detected during this study.
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Figure 3

False colour, backscattered electron images illustrating (a) the complex nature of the As-rich
The pyrite
zones (lightest khaki-grey shades) in euhedral pyrite (khaki-grey shades).
remains intergrown with K-feldspar (dark blue). Arsenopyrite is present within the more Asrich zones in the pyrite. (b) Tiny arsenopyrite crystals (cyan) that are developed within As-rich
pyrite, surrounding a porous marcasite lamellae (darker khaki-grey).
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Figure 4

a) A false colour backscattered electron image illustrating complex compositional zoning
False colour x-ray dot maps
within pyrite (khaki grey shades) and arsenopyrite (cyan).
illustrating the relative abundance of b) iron c) arsenic and d) sulphur as determined by EDX
analysis. Brighter areas represent higher concentrations of the determined element. WDX
analysis of this grain failed to reveal the presence of detectable amounts of Au within the
As-rich pyrite.
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MINERALOGICAL CHARACTERISATION OF A SAMPLE OF
ESCONDIDA SULPHIDE ORE FOR RIO TINTO EXTERNAL
RESEARCH PROGRAMME
I

INTRODUCTION

Dr. Chris Cross from the Rio Tinto External Research Programme submitted a single
sample of ore from the Escondida Mine, Chile, for mineralogical characterisation. The aim of
this investigation was to document the mineralogy of the ore to provide a reference for
subsequent bio-oxidation testwork to be performed at Herriot-Waft University. This note
serves to summarise the results of this investigation.

METHODS OF INVESTIGATION
2.1

Sample Preparation

A single, representative sub-sample of ore was washed and wet screened into >150,
<150>106, <106>53, <53>25 and <25pm size fractions. Each of the size fractions was
subjected to a heavy liquid separation stage using a Na-polytungstate solution with a
density of 2.89. The resultant heavy mineral concentrates were mounted in epoxy resin
and polished in preparation for study.

2.2

Reflected Light Microscopy

Each of the polished sections was systematically examined using conventional reflected
light microscopy techniques. The individual opaque phases were identified on the basis
of their optical properties. A number of colour, reflected light photomicrographs were
also captured using a Buehler Omnimet 'Enterprise' image analysis system to illustrate
some of the more important features of the ore.
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Scanning Electron Microscopy

A selected number of the polished sections were systematically examined using
This provided additional
qualitative scanning electron microscopy techniques.
information on the compositions of individual phases and served to confirm their
idenfities. A number of false colour, computer enhanced backscattered electron images
were also prepared to illustrate important mineralogical features of the ore.

2.4

Grain Size Distribution

The result of the grain size distribution of the ore sample, as determined by wet
screening, together with the results of the heavy liquid separation is summarised in
Table 1.
Table 1- Grains Size Distribution and Heavy Mineral Content
Size Fraction
(pm)

Distribution
(Wt. %)

D>2.89

>150
<150>106
<1 06>53
<53>25
<25
Total

4.4
18.5
22.5
13.8
40.8

0.2
1.2
1.7
1.1
1.1
5.3

100.0

1

The results of the wet screening confirm that a significant proportion of the ore (40.8%)
reports to the <25pm size fraction. The heavy mineral content of the Ore is also
particularly low, with a total of only 5.3% of the ore reporting to the heavy mineral
This is typical of a porphyry copper ore that typically consists
concentrates.
predominantly of low-density gangue (largely quartz and the alteration products of
feldspar minerals) together with relatively minor amounts of ore minerals (largely pyrite
and Cu-bearing sulphides).

3

CHEMISTRY

A sample of the ore was submitted to the Bondar-Clegg Laboratory for assay and the
results are summarised in Table 2. The ore is characterised by a very high silica content
(78.14%) that reflects the presence of significant amounts of quartz [S'021 in addition to a
variety of silicate minerals, notably a fine grained variety of muscovite that is referred to
as seticite [KA'2(Si3AI)010(OH)21, and clay minerals that are dominated by kaolinite
[ideally A12Si2O5(OH)4]. These aluminosilicate minerals also account for the great bulk of
the alumina (13.93%) as well as the alkalis K20 (2.83%) and Na20 (0.65%), Small
amounts of relict K-feldspar [KAIS6081 and sodic plagioclase [NaA'S'30J
are also
present and contribute subordinate amounts of these oxides. The small amount of Ti02
(0.27%) reflects the presence of accessory amounts of rutile [TiO2]
with the MgO
(0.38%) being present in the form of small amounts of chlorite, the
composition of which
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0)8.
may be expressed as (Mg,Fe)5AI(Si3AI)OIO(OH,
present in the form of gypsum [CaS04.21-1201-

The bulk of the CaO (0.11%) is

Table 2- Chemistry
OxidetElement
S'02

Tio2
Al203

mg0
Ca0
K20

Na20
Cu
Fe (total)
S

(%)
78.14

Element
Au

0.27
13.93
0.38
0.11
2.83
0.65
1.91
2.23
2.23

Ag
As
Ba
Co
Cr
Hg
Mn
Ni
p
Pb
Zn

(pprn)
0.06

2.5
68
503
7
203
0.041
110
99
263
87
72

The Cu content (1.91 %) is moderate for an ore of this nature and is largely present in the
form of chalcocite ICU2S1With subordinate amounts being present in a variety of Cuminerals, notably digenite [Cul. 80S], covellite [CuS], bomite ICU5FeSj and relict
chalcopyrite [CuFeS2]. The bulk of the Fe (2.23%) is present in the form of pyrite [FeS2]
with subordinate amounts being contributed by the various Fe-bearing Cu-sulphides and
chlorite. The great bulk of the sulphur (2.23%) in the ore is present as pyrite and the
various Cu-sulphide minerals. Very minor amounts of accessory barytes [BaSOý and
gypsum account for a minor amount of the total sulphur.
The ore is characterised by an extremely low Au content (0.06ppm) with low trace
amount of Ag (92.5ppm) most probably being present largely in solid solution within the
Cu-sulphide minerals and pyrite. The As content (68ppm) is also relatively low and
reflects the presence of trace amounts of As-bearing sulphides, notably enargite
[Cu.
[(Cu,
Fe)j2AS4SI3-CU12Sb4S,
ý.
tennantite-tetrahedrite
and
solid
solutions
3AsSj
Some Ba (503ppm) is present as barytes [BaSO41 with the balance being present in solid
solution within the sericite and relict feldspars. The traces of Co (7ppm) are presumably
present in solid solution within the various sulphide minerals with Pb (87ppm) and Zn
(72ppm) reflecting the presence of traces of galena [PbS] and sphalerite [ideally ZnS]
respectively. The Cr content (203ppm) appears high, as is that of Ni (99ppm). Both of
these elements are present in the crushing and milling equipment used during sample
preparation and their presence may, to a large extent, reflect contamination from these
sources. Manganese (1 loppm) is present in minor amounts in solid solution in many Febearing minerals.
The P (263ppm) is present largely in the form of accessory apatite
[Ca5(P04)3(F, CI, OH)]. The extremely minor amount of Hg (0.041ppm) is
presumably
hosted by traces of sphalerite and tennantite-tetrahedrite
solid solutions.
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MINERALOGY
4.1

Introduction

This ore sample represents a supergene enriched porphyry copper deposit that consists
predominantly of transparent gangue minerals, together with subordinate, but
nevertheless significant amounts of pyrite and secondary copper minerals. The primary
Cu mineralogy would, prior to supergene enrichment, have consisted largely of
chalcopyrite (ideally CuFeS2) possibly together with subordinate amounts of bornite
(ideally CU5FeS4). On exposure to near-surface weathering conditions, the pyrite
oxidises to form Fe-oxides and hydroxides, notably hematite (ideally Fe203) and goethite
(ideally cc-170+0(01-1)).The primary Cu-bearing sulphide minerals are also oxidised and
Cu ions are released into solution. These Cu-rich, acidic solutions percolate downwards
resulting in an enrichment of Cu, and other metals in a supergene zone. The supergene
Cu-bearing sulphides typically replace the primary ore minerals, including chalcopyrite,
sphalerite and galena. Eventually, as supergene enrichment progresses, pyrite may also
be replaced.
The mineralogical characterisation of the Escondida ore sample was based on the
examination of polished sections prepared from the heavy mineral concentrates. It
should be noted that the heavy mineral concentrates only represent a very small
proportion of the ore (-5%). This very small component of the ore, nevertheless,
contains those phases that are of economic importance during mining, notably
chalcopyrite and secondary Cu-sulphides.

4.2

Transparent Gangue Mineralogy

X-ray powder diffraction analysis of a small, representative portion of the <25prn
Na-polytungstate float fraction confirms that the transparent gangue mineralogy of this
ore consists predominantly of quartz, muscovite (ideally KA'2(S'3AI)OIO(OH)2) and
kaolinite (ideally A12S'205(OH)4).Examination of the heavy mineral concentrates also
confirmed the presence of quartz and sericite (fine-grained muscovite) that occur as
incompletely liberated grains that remain partially intergrown with the high-density
sulphide minerals. In addition, minor amounts of barytes (ideally BaS04) , rutile (ideally
TiO2) and gypsum (ideally CaS04.21-120)were also recognised.

4.3

Ore Mineralogy

4.3.1

Introduction

Detailed examination of the heavy mineral concentrates confirm that they consist
predominantly of pyrite together with subordinate amounts of secondary Cu-bearing
sulphide minerals, relict primary chalcopyrite and sphalerite.

4.3.2

Pyrite

Pyrite is the dominant sulphide mineral and occurs as anhedral crystals and angular
fragments that may exceed 100pm in size (Figure 1a). The bulk of the pyrite exhibits
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partial and extensive degrees of replacement by supergene, secondary Cu-sulphide
minerals that typically replace the pyrite grains along fractures and grain boundaries
(Figures la, 1b, and 2a). The pyrite grains also typically contain numerous rounded
inclusions of one or more of transparent gangue and Cu-bearing sulphide minerals
(Figure 2a). The Cu-sulphide inclusions within the pyrite also typically exhibit some
degree of partial or extensive supergene enrichment and replacement by bornite,
covellite, digenite and chalcocite.

4.3.3

Secondary Cu-Sulphides

Supergene, secondary Cu-sulphide minerals host the bulk of the Cu content of this
sample. Chaloocite (ideally CU2S), digenite (ideally Cul. 80S), covellite (ideally CuS) and
bomite extensively replace the primary ore minerals, notably chalcopyrite and sphalerite
(Figures 1b, 2b and 3a). The pyrite also exhibits partial and extensive degrees of
replacement along fractures and grain boundaries by secondary Cu-sulphide minerals
(Figures la, lb and 2a). Chalcocite is the dominant Cu-bearing sulphide mineral and
may also be intimately intergrown with other Cu-bearing sulphides (Figures 3a and 3b).
Covellite is present in subordinate amounts (Figure 3a). Examination of the secondary
Cu-sulphide minerals in reflected light confirms that the supergene Cu-sulphides are
often complex in nature and appear to consist of intergrowths between one or more
secondary sulphides (Figure 3b). These intergrowths probably consist of one or more of
chalcocite, covellite, digenite and anilite (ideally CU7S4). The speciation of the
supergene Cu-sulphide minerals was, however, beyond the scope of the current
investigation.

4.3.4

Chalcopyrite

Chalcopyrite is present in the heavy mineral concentrates in relatively minor amounts
and occurs as relict primary grains that have largely been replaced by supergene
Cu-sulphide minerals, notably chalcocite, covellite and digenite-like phases (Figures 1b,
3a and 3b). The chalcopyrite may also occur as small, rounded inclusions in pyrite.
These inclusions have, however, also typically been subjected to some degree of
supergene alteration and replacement (Figure 2b).
4.3.5

Accessory

Phases

Members

(ideally CU12Sb4Sl3-(Cu, Fe)12AS4SI3) solid
of the tetrahedrite-tennantite
solution series are common accessory phases and probably represent components of
the primary mineralogy.
These phases have, however, largely been replaced by
secondary Cu-sulphides (Figures 4a and 4b). Enargite (ideally Cu3AsS4) is also present
in minor amounts and also appear to largely represent a component of the primary
mineralogy. Again, the bulk of the primary enargite exhibits some degree of replacement
by secondary Cu-sulphide minerals (Figures 5a, 5b and 6a). Enargite may also occur in
supergene deposits as a secondary mineral, and may, at least in part, also form a
component of the supergene mineralogy of this ore.

Molybdenite (ideally MoS2) is relatively common and occurs as flake-like grains that may
exceed 150pm in maximum dimension (Figure 6b). The bulk of the molybdenite
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observed in this sample occurs as discretely liberated grains. Sphalerite is present as
rare relict grains that have largely been replaced by secondary Cu-sulphide minerals
(Figure 3b). Galena is also rare and typically occurs as micrometre-sized inclusions in
pyrite. Discrete liberated grains of galena may also occur and rarely exceed 20pm in
size.
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Figure 1

Colour reflected light photomicrographs illustrating (a) and (b) the general nature and
appearance of pyrite (light cream-white) and chalcocite (medium grey). The chalcocite
partially replaces the pyrite along grain boundaries and fractures. Note the presence of a
chalcopyrite grain (cream-yellow) in (b) that has been extensively replaced by chalcocite.
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Figure 2
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Colour reflected light photornicrographs illustrating (a) an extensively fractured pyrite grain
(pale cream-white) that has been partially replaced by chalcocite (medium grey). (b) Small
rounded inclusions of chalcopyrite (cream-yellow) and bornite (brown) in pyrite. These
inclusions probably represent former chalcopyrite that has been largely replaced by bornite
and chalcocite during supergene enrichment. The pyrite grain has also been partially
replaced along the margins by chalcocite.
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Figure 3

Colour reflected light photornicrographs illustrating (a) a chalcopyrite grain (cream-yellow) that
has been extensively replaced by chalcocite (medium grey-blue) and covellite (darker greyblue). (b) A sphalerite (grey) and chalcopyrite (cream-yellow) grains that has been extensively
replaced by secondary Cu-sulphides (mottled grey-blue). Pyrite (pale cream-white) is also
present in the field of view. The supergene Cu-sulphide probably represents integrowths
between chalcocite and digenite/anilite-like phases.
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Figure 4

(a) Colour reflected light photomicrograph illustrating the partial replacement of tetrahedrite
(lighter grey) and pyrite (pale cream-white) by secondary Cu-sulphides (darker grey/blue). (b)
A false colour, backscattered electron image illustrating relict chalcopyrite (orange) and
tetrahedrite (pink) that has been extensively replaced by chalcocite (blue shades). Finely
intergrown enargite (red) may be relict or supergene in nature.
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Figure 5

False colour, backscattered electron images illustrating (a) an enargite grain (red) that has
been extensively replaced by chalcocite (blue). This grain remains partially intergrown with
sericite (fine-grained muscovite, khaki). Pyrite (pale cream-white) also exhibits some degree
Complex enargite intergrowths with
of replacement by secondary Cu-sulphides. (b)
chalcocite.
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Figure 6

Colour reflected light photornicrographs illustrating (a) a liberated molybdenite particle (flakelike, grey shades). Pyrite (pale cream-white) and chalcocite (grey) are also present. (b) An
enargite aggregate (pale grey/brown) that exhibits partial replacement by covellite (grey/blue).

Appendix C- Standard curves for the determination of ferrous and
total iron concentrations
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Agarose(molecularbiology grade)

HelenaBiosciences

Primer oligonucleotides

MWG - BiotechAG

TSR buffer

ABI PRISM, Applied Biosystems

DNA SequencingKit, containing:

ABI PRISM, Applied Biosystems

Control DNA
Control primer
BigDye terminator Cycle Sequencing
ReadyReactionMix (Amplitaq DNA
polymerase)
CONCERT Rapid PCR purification system: GIBCOBRL, LifeTechnologies

DNeasyTissueKit for DNA extraction

Qiagen
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