)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

Acidophilic sulphate reducing bacteria : candidates for bioremediation of acid mine
drainage pollution.

Sen, Anna

Award date:
2001

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 02. Apr. 2025


https://research.bangor.ac.uk/portal/en/theses/acidophilic-sulphate-reducing-bacteria--candidates-for-bioremediation-of-acid-mine-drainage-pollution(b587cec7-69c0-4e97-a17c-cca7232802de).html

ACIDOPHILIC SULPHATE REDUCING BACTERIA:
CANDIDATES FOR BIOREMEDIATION OF ACID
MINE DRAINAGE POLLUTION

A Thesis submitted to the University of Wales in
candidature for the degree of Philosophiae Doctor

By

Anna Sen
BSc (Hons), MSc

School of Biological Sciences
University of Wales Bangor
Gwynedd
Cymru
LL57 2UW
U.K.

Industrial CASE Studentship
British Biotechnology and Biological Research Council
British Nuclear Fuels Limited
Agreement reference: A747301

I'W DDEENYDDIO YN Y
LLYFRGELL YReRu%ary, 2091

TO EE CCNSULTED IN THE
LIBRARY ONLY




SUMMARY

Acidophilic/acid-tolerant sulphate reducing bacteria (aSRB) were sampled
from three acidic environments in Wales and Montserrat. Generation of
alkalinity in mixed cultures containing aSRB was demonstrated in bench-
scale bioreactors at pH > 1.7. Experiments at fixed pH were carried out in
bioreactor cultures (pH range 2.5 — 5.5 for batch, and 2.5 — 4.8 for
continuous cultures). Sulphate reduction rates (SRR) were determined for
two batch-mode systems employing immobilised mixed cultures supplied
with ethanol. A maximum SRR of 70 pmoles sulphate reduced L™ h™ at pH
4.0 in one system and 58.5 pmoles L h™' at pH 5.5 in a second was
achieved. Sulphate reduction rates and sulphate reducing activity (SRA)
were determined in pH-statted continuous culture experiments using an
immobilised mixed culture supplied with glycerol (pH 2.5 — 4.0) or acetate
(pH 4.0 and 4.8). A maximum SRR of 0.46 mmoles SOZ L' H" and an
SRA of 23 pmoles sulphate reduced L™ h'' * ymole ATP was achieved
usin9 glycerol (or a sulphate conversion rate of 1 g SO4% reduced L™
day™). Samples from bioreactor cultures were used to inoculate solid
overlay media at pH 3 - 3.5 to isolate and enumerate aSRB and
associated acidophilic/acid-tolerant bacteria. Various culture techniques
were tested and developed for growth of aSRB. Growth of pure cultures in
liquid media was possible using small batch cultures incubated in
anaerobic systems. Solid overlay media were developed to optimise
growth of the bacteria, employing the acidophiles Acidiphilium SJH and
Acidocella WJB-3 in a two-phase agarose gel. The role of these bacteria
in the solid media was examined. The WJB-3 medium was used for the
physiological characterisation of four novel strains of aSRB and three
associated novel strains from bioreactor cultures. Phylogenetic analysis
showed that the four strains of aSRB were all most closely related to the
Gram-positive, spore-forming, incomplete-oxidiser Desulfosporosinus
onentis.
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Frank Zappa

*hkkkhkkhkhkkkhkkhkhkkhhhhkhkhkhkkhkhkhkkhhhkhkkkkkkkkk

¢%There is nothing beautiful or sweet or great in life
that is not mysterious®
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1. INTRODUCTION
1.1 Acid Mine Drainage Pollution: a Global Problem

Acid mine drainage (AMD) is a widely recognised phenomenon which is
considered to be a critical environmental problem facing the mining
industries, environment agencies, and governments. It has been
estimated that, in the U.S.A alone, around 2.3 x 10° m® of effluent are
produced annually from acid-generating sites, affecting up to 17,000 km
of streams (Herlihy ef al., 1987; Lyew et al., 1994). In Canada, potential
acid-generating sites from base metal mining total over 15 000 hectares
(Feasby et al.,, 1991). The estimated costs for the prevention of further
pollution from all of these sites are in the order of billions of dollars
(Feasby et al., 1991). In the U.K., hundreds of kilometres of streams are
affected by AMD (Johnson, 1999); the problem has become much more
significant since the decline of the coal mining industry, which has
resulted in a large number of abandoned mine sites. In some areas of the
U.K., drainage from abandoned mines is now the single greatest cause
of freshwater pollution (Younger, 1997). Boult ef al. (1994) sampled the
Afon Goch, a stream draining Parys Mountain, Anglesey, North Wales,
where copper has been mined since the Bronze Age. Maximum
dissolved Fe, Al, Mn, Cu, and Zn concentrations over a 14 month period
were 259, 167, 49, 60 and 42 g m™ respectively, and pH was as low as
2.3, making it one of the most metal- and acid contaminated streams in
the UK (Boult et al., 1994). However, much more highly contaminated
and acidic waters exist elsewhere: mine waters with pH values as low as
-3.6 (see Appendix 1.1) and total dissolved metal and sulphate
concentrations of 200 and 760 g L™ were encountered in the Richmond
Mine at Iron Mountain, California, USA (Nordstrom et al., 2000).

As a result of the global concern regarding the impact of AMD, there are a
considerable number of national and international programmes that have



been set up to address the problem. These are often collaborative efforts
involving academia, industry and government, and there are several major
campaigns that are ongoing in the USA, Canada, Australia, and Sweden
(Society for Mining, Metallurgy, and Exploration Inc. (SME), 2000).

1.2 Formation of AMD

AMD is often a highly acidic discharge (pH < 3) containing elevated
concentrations of a variety of metal species, and sulphate. It is formed
when sulphide ores in mining spoil heaps, tailings or adits undergo
chemical and biological oxidation. Mining allows oxygen to be introduced
into the deep geological environment where such minerals are normally in
a reduced state (Banks ef al,, 1997). Some mine drainages have a pH of
4.5 and over: these are considered to contain alkalinity, mainly due to
dissolved bicarbonate (Johnson, 2000). The acidity of AMD derives from
free hydrogen ions (‘proton acidity’) and the hydrolysis of metal ions
(‘mineral acidity’) (Clarke, 1995), the most important metals being iron
(ferrous and ferric), aluminium, and manganese (preceded by oxidation in
the case of Fe (lI) and Mn (ll)), for example:

Fe* + 3H,0 —p Fe(OH); + 3H' (1.1)

The acidity of AMD can therefore be calculated by measuring the
concentrations of these metgls; if this exceeds the bicarbonate alkalinity,
the drainage waters are net acidic (Johnson, 2000). Another source of
acidity is organic acidity, associated with dissolved organic compounds.
However, as mine waters generally have a very low content of dissolved

organic carbon (DOC), organic acidity is usually insignificant (Clarke,
1995).

In aerobic environments, the abiotic oxidative dissolution of sulphide
minerals (such as pyrite, FeS;) occurs spontaneously but at a relatively

2



slow rate. The process is greatly accelerated by acidophilic
chemolithotrophic bacteria such as Thiobacillus ferrooxidans and
Leptospirillum ferrooxidans (Johnson and Bridge, 1997; Lyew at al. 1994;
Schippers et al., 2000; see Figure 1.1). The bacteria oxidise ferrous ions to
ferric ions, which chemically oxidise pyrite (Schippers et al., 2000). At acid
pH, the overall microbial pyrite oxidation rate is up to 25 times higher than
the chemical rate (Rohwerder et al., 1997), whereas at neutral pH, for
example in carbonate buffered mine waste, pyrite oxidation is microbially
accelerated by a factor of around 2.5 (Schippers et al., 2000). Metal
sulphides are biologically oxidised via two mechanisms: (i) by iron (lll) ions
(e.g. pyrite), and (ii) by iron (lll) ions and protons (sphalerite, galena,
chalcopyrite), shown as MS below. These are summarised in equations
1.2 — 1.6 (Schippers and Sand, 1999; Schippers ef al., 2000):

(i)
FeS, + 6Fe* + 3H,0 — S0 + 7Fe®* + 6H' (1.2)
S,0:> + 8Fe* + 5H,0 —» 2502 + 8Fe* + 10H' (1.3)

(ii)

MS + Fe* + HY ———» M* + O05H;S, + Fe* (1.4)
0.5H.S, + Fe* —» 01258z + Fe* + H* (1.5)
0.125Ss + 1.50; + H,0 —— SO + 2H* (1.6)

(() is known as the °“thiosulphate’ mechanism, and (i) as the
“polysulphide® mechanism; H,S, represents a polysulphide.)

The chemical reactions leading to the production of AMD therefore occur
in several stages and via a number of mechanisms, but can be

summarised simply (in the case of pyrite) as:

4FeS; + 1502+ 14H,0 —» 4Fe(OH)s + 16 H* +8 S0Z  (1.7)
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1.2.1 Chemical characteristics of AMD

The chemical composition of AMD is variable, but it is typically
characterised by high concentrations of iron and sulphate. It may also
contain relatively high concentrations of other metals and metalloids
(Johnson, 2000). The solubility of most cationic metals is greater in acidic
than neutral or alkaline waters, and therefore acidic wastewater streams
can be a major cause of metal pollution in areas some distance from their
source.

Redox potential is an important index of AMD chemistry. Two major
redox systems occur in mine drainage waters (Nordstrom et al., 1979;
Boulegue and Michard, 1979). One is the ferrous/ferric iron couple and
the other is the sulphide/sulphate couple. Both of these are affected by
pH. Below pH 2.5-3, both ferrous and ferric iron are soluble, and the
ferrousferric couple is +770 mV (see Table 1.3). Above this pH value,
the ferrous carbonate/ ferric hydroxide couple is +200 mV (Ehrenreich
and Widdel, 1994). For the sulphide / sulphate couple, the E° increases
from -221 mV at pH 7 to +149 mV at pH 2 (Johnson, 2000). The large
difference in E° between the two couples means that it is easy to
determine which couple is dominant in an AMD environment. Because
ferric iron will readily oxidise sulphide, the two are mutually exclusive
(Johnson, 2000). High redox potentials (e.g. +700 mV) indicate that the
ferrous/ferric couple is domir)ant. This type of AMD usually has lower pH
(below 2.5-3) and ferruginous material is often visually evident. Other
types of AMD have relatively low redox potentials (e.g. +200 mV), higher
pH (around 5), and the discharges may appear less stained with ferric
iron (although they may be present downstream if oxidation occurs). The
characteristics of a particular discharge can vary a great deal and the

type of AMD formed will affect treatment/prevention requirements (see
1.4 -1.6).



Concentrations of dissolved inorganic and organic carbon in AMD waters
tend to be very low, and primary production may be mediated by acid-
tolerant phytoplankton and macrophytes or by chemolithotrophic bacteria
(Johnson, 2000).

1.3 The Impact of AMD

Streams receiving AMD are often noticeable through being heavily
stained with red/orange ferric iron precipitates (see Figure 1.2) and the
benthic environment is often clogged with ferruginous material, which is
detrimental to most fauna. In addition, the acidity of the leaching
solutions adds to the severe deterioration of water quality both directly
and through promoting elevated concentrations of other heavy metals,
such as Zn, Cu, Pb, Ni, Cd, and Hg. This combination of factors can
result in considerable toxicity to terrestrial, aquatic and riparian life
(Hellawell, 1986; Kelly, 1988; Lloyd, 1992), causing major reductions in
species diversity and biomass. AMD can also enter groundwater, which
is often pumped to the surface for human use (Johnson, 1995b), and
would therefore require additional treatment.

AMD poliution can produce both acute and chronic pollution. Acute (or
catastrophic) effects can occur if an abandoned mine shatft fills with water
over time and then releases a large volume of AMD in a single event,
often causing immediate impacts on fauna such as fish. An example of
an acute pollution incident is the bursting of a plugged adit at Wheal
Jane, one of the last deep tin mine sites in the Camon Valley area of
Cornwall, UK, in 1992. Plugs had been installed to prevent the release of
AMD following closure of the mine. In a 24 hour period, around 30 000
m> of AMD was released into an ecologically sensitive area (Lamb ef al.,
1998). The quality of water discharging from Wheal Jane following the
failure of a plug in the “Nangiles” adit was very poor: pH 2.6-3.1; iron <
1900 mg L™ ; zinc < 1700 mg L™ ; copper < 18 mg L™ ; aluminium < 197
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Figure 1.2 The Afon Goch at Parys Mountain, Anglesey,
U.K. The stream drains the Mona adit, and is the more
acidic (pH ~ 2.5) and metal-rich of the two AMD streams

at the former mine site.



mg L™, and a vast red plume was formed in the Fal estuary (Younger,
1997). Since that time, the National Rivers Authority (and subsequently,
the Environment Agency) has ensured that the Wheal Jane minewater is
being actively treated and have been evaluating the options for
environmental management in the future (Younger, 1997; NRA, 1994).

The accidental release of acid mine drainage into one of Europe’s
premier wildlife sites, Dofiana National Park in Southern Spain, was a
major pollution incident. On the 25" April 1998, 500 million m> of
extremely acidic (pH 2) and metalliferrous (Zn, Pb, Cd, Hg;
concentrations unknown) waste water entered the Guadiamar river in
Southern Spain when a settlement reservoir at a Canadian-owned lead
and zinc mine, Los Frailes, ruptured (Wildlife News, 1999). It was thought
that the dam had been weakening since around 1996 due to slippage of
the foundations. Almost all crops, fish and birds were killed in the
contaminated area downstream of the spill, and groundwater and vast
areas of farmland (estimated to be at least 10,000 hectares) including
orchards, rice paddies and cotton crops were contaminated (Enviromine
Technical, 1998). The pH of the water was so low that people involved in
rescue operations needed hospital treatment for bums. The Dofana
National Park is one of Europe’s largest protected areas, where over 6
million migratory birds stop over on the Arctic-Africa route each year. The
World Wide Fund for Nature (WWF) initiated a legal inquiry into the spill
and previous spills from the mine, and the Secretary General of the WWF
was quoted as saying, “The consequences of this environmental disaster
are immeasurable” (Wildlife News, 1999).

P

During the operation of a mine, water is continually pumped to the
surface and discharged, and such catastrophic events are generally less
likely to occur. Chronic pollution by AMD is common, however, as
oxidation processes in mine adits and spoil tips may continue for
decades after the closure or abandonment of the mine, as large volumes



of sulphide minerals may have been exposed and are susceptible to
accelerated oxidation. In this situation, the release of AMD may also be
diffuse, and sources can be difficult to identify and locate, making

pollution control more complex.

Younger (1997) suggests that long term acidity generation from
abandoned mines has two components: ‘vestigial’ and ‘juvenile’. The
former refers to the geochemical trauma which occurs when abandoned
mines fill with water for the first time, causing iron salts (intermediate
products of pyrite oxidation) to come into solution. The release and
dispersal of the acidity depends upon the hydraulic retention time of the
mine system, but will usually take place within 40 years (Younger, 1997).
Juvenile acidity refers to low pH discharges resulting from on-going pyrite
oxidation in the region of the water table in the mine system, and will
continue until the supply of pyrite is exhausted, which could take hundreds
of years (Younger 1997). Treatment options and methods, and
remediation management and planning will therefore depend upon the
status and history of the mine site with regards to these and other factors
(see 1.4 - 1.6).

Legislation regarding environmental protection has become increasingly
restrictive over the last few decades, mainly in developed countries. In the
UK, Water Quality Objectives (WQOs) are set by the Environment Agency
in accordance with both European Union and national environmental
policy. However, until very recently there has been a loophole in the law
concerning abandoned mines and polluting discharges. According to the
Water Act 1989, it is an offence to cause or knowingly permit poisonous,
noxious or polluting matter to enter controlled waters in England and
Wales, without a discharge consent issued by the Environment Agency or
its predecessor bodies (controlled waters include virtually all freshwaters,
groundwaters, tidal and coastal waters). An important exception to the
discharging system is that before 31 December 1999 it was not an offence



to permit polluting mine effluent to" enter controlled waters from an
abandoned mine. However, since this date the Environment Agency can
prosecute individuals or companies for allowing polluting mine drainage to
enter the aquatic environment. As mentioned below, management of AMD
pollution can be difficult and expensive, and some types of treatment may
subsequently lead to further pollution control problems. With increasing
pressure to comply with legislation, there is now a demand for alternative
systems for treating and controlling AMD pollution that are both cost-
effective and reliable.

1.4 Treatment and Control of AMD

There are a number of methods currently employed for the management
of AMD or acidic waste waters. Different factors determine the most
suitable method in each individual case, including: (I) the mineralogical
characteristics of the mine site (Ledin and Pedersen, 1996); (ii) the quality
and longevity of the effluent, and the type and concentrations of
contaminants present; (iii) cost; (iv) availability of space for plant or
treatment system; (v) ease and cost-effectiveness of set-up and
maintenance; (vi) legislation; (vii) the required final land use of the area;
(viii) the status of the receiving waters, and (ix) the ecological sensitivity of
the surrounding area. There are therefore a number of types of treatment
options (discussed below) and the appropriate choice will depend on these
considerations. The options as discussed in this report can be summarised
in Figure 1.3. However, there are also effective methods for the prevention
of AMD, which are outlined separately in 1.4.1.

1.4.1 Physical/chemical prevention of AMD

Acid mine drainage can be ameliorated by preventing or slowing down its
production, or by collecting and treating it before damage is caused.
Sometimes complete removal of the source of pollution, such as a spoil
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tip, is possible, but usually it is prohibitively expensive (Clarke, 1995). An
alternative is to prevent water and/or oxygen from contacting the spoil or
mine site. However, because of the lower cost, treatment of AMD using in
situ methods is likely to be preferred over removal and treatment of
contaminated material (Clarke, 1995).

ACTIVE ‘ Chemical - ;:::aelrlzt addition of
TREATMENT |&g
Biological — SRB technology
(bioremediation)
Chemical- e.g. anoxic limestone
N drains (ALD)
PASSIVE

TREATMENT Natural/constructed

. 1 wetlands

Biological

~

Reactive barmriers

Figure 1.3. Overview of some different treatment methods for AMD
pollution.

1.4.1.1. Physical prevention

The physical prevention of effluent migrating from a mine site is one
approach to dealing with the problem of treating AMD. Since the

1



microbiological oxidation of sulphidic minerals requires both water and
oxygen to be present, the exclusion of either or both of these should
theoretically prevent the production of AMD (Johnson, 1995). Prevention
methods based on this principle are known as barrier methods (Clarke,
1995). Examples of such methods include the sealing of mine of shafts by
flooding (mine inundation or submergence), which is only effective if
mining has occurred below the water table (Clarke, 1995) or clay capping
and plastic lining (dry covers) which is only effective if coverage is
complete and no water is introduced. In the case of mine tips, tailings or
spoils, dry covers can be an effective option (Ledin and Pedersen, 1996).
They stabilise the waste and prevent erosion as well as preventing
penetration of water and oxygen. The plastic covers used are similar to
those used at landfill sites, and a layer of soil is placed above them for
protection from physical damage and ultraviolet light. Clay caps can be
made from clay materials excavated near to the mine site, or bentonite
and other swelling clays have been used (Clarke, 1995). Other covering
methods include the use of organic materials such as inert sludges from
industry or even sewage sludge, which may enhance the establishment of
vegetation and stabilise the area. The feasibility of using any of these
approaches depends on the size, hydrology, geology and geochemistry of
the site to be treated, and may only provide partial or temporary

alleviation.
1.4.1.2 Physico-chemical prevention

Phosphate coating is another method of preventing the release of AMD
(Clarke, 1995, Evangelou, 1995). Phosphate ions in solution react with
products of pyrite oxidation to form insoluble iron phosphates, which coat
the surface of the pyrite, preventing further oxidation by ferric ions. Apatite
(calcium phosphate) is a good source of phosphate ions because it is
sparingly soluble at neutral pH but becomes more soluble as pH
decreases (Clarke, 1995). When oxidation and acid production are
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prevented, further dissolution of apatite also stops. Apatite rock is,
however, relatively expensive, but low grade phosphate ores or waste rock
could provide a cost-effective altemative, and may cost up to ten times
less than commercial grade rock. The calcareous components of the
waste rock possess acid neutralisation properties, which is an added
benefit.

Micro-encapsulation using silicates is a new technology which could be
used to control AMD release (Fytas et al., 2000; Mitchell et al., 2000).
Pyrite is treated with a solution containing hydrogen peroxide, sodium
silicate and a buffering agent. The peroxide oxidises some of the pyrite
producing ferric ions, which react with the silicate ions to produce ferric
hydroxide-silica (in the buffered solution). This precipitates on the pyrite
surface providing a coating, preventing further oxidation (Evangelou and
Zhang, 1995), and the pH is stabilised at around 6-7 (Fytas ef al., 2000).
The silica coating is a good sink for ferric ions, and is more resistant to
acid conditions and less poliuting to the environment than phosphate
coating (Fytas ef al., 2000). The exact cost of using this technology in the
field is not known, but is estimated to be less than $1 per tonne of tailings
(Fytas et al., 2000), and therefore could be a long term solution either
alone or combined with another prevention method, according to the
situation. Silicate coating may be used on fresh tailings in the processing
plant, and may potentially be used on old tailings (Fytas ef al., 2000).

1.4.2 Chemical prevention

There are a number of approaches to chemical prevention. Chemicals
(bactericides) may be used to inhibit or kill the acidophilic iron oxidising
bacteria that accelerate the production of AMD. Anionic surfactants such
as sodium dodecyl sulphate are highly toxic to Thiobacillus ferrooxidans
and Leptospinllum ferrooxidans (Clarke, 1995; Johnson, 1995), and
Dugan (1987) showed that the application of this method could be
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successful. Dugan and Apel (1983) applied sodium lauryl sulphate and
sodium benzoate to high-sulphur coal refuse, causing inhibition of iron-
and sulphur-oxidising bacteria. However, application of these chemicals
must be controlled in such a way that they give maximum effectiveness in
reduction of bacterial populations with minimum poliution to any receiving
waters, which could prove difficult in practice (see Sand, 2000; Johnson,
1993; Johnson, 1995b).

Other chemical prevention methods involve neutralisation before AMD can
be released to the general water environment. Alkaline materials such as
limestone can be added to spoil or underground mines to provide
concentrated alkaline recharge (Clarke, 1995). Very strongly alkaline
products such as soda ash can be added to trenches and recharge pools
to neutralise acid waters formed during surface run-off, or in some cases,
acid-generating and acid-consuming rocks can be mixed, providing in situ
prevention of acid generation in spoils (Clarke, 1995; Day, 1994).

1.5 Active Treatment

Active treatment systems are those that require continual addition of
chemicals or continuous active water treatment (Clarke, 1995). They often
require the installation of a plant (for example, including reactors,
precipitators, clarifiers), as well as a high demand for reagents, operation
and maintenance, and disposal (or additional plant for treatment) of by-
products (Gazea et al,, 199')6). They can be based on chemical and/or
biological processes.

1.5.1 Active treatment - chemical

Once AMD has formed, chemical treatment of AMD traditionally involves
the addition of an alkaline agent (usually lime, Ca(OH)2 and Ca0), which
results in an increase in pH, and (with aeration) the oxidation of ferrous

14



iron (which occurs more quickly at-higher pH (Johnson, 1995)), the
removal of metals as hydroxides (Lyew et al, 1994) and some of the
sulphate as gypsum (CaS04.2H;0). An unstable and voluminous sludge
(around 2-4% (by weight) of solids (Johnson, 2000)) containing a variety of
heavy metals is formed which is difficult to dewater and expensive to
dispose of in landfill (Lyew et al, 1994; De Vegt ef al, 1997). Large
additions of lime can endanger plant growth in the area of the mine site by
causing an imbalance in the Ca/Mg ratio and phosphate availability (Ledin
and Pedersen, 1996). Active chemical treatment systems usually require
the installation of a lime-dosing plant, and incurs high operation and
maintenance costs (Johnson, 1995; Gazea ef al, 1996). Different
strategies are needed for liming, depending on the water body to be
treated (e.g. lake or stream, stagnant or fast flowing). More complicated
dosing techniques are required to treat lotic systems (streams and rivers);
lentic systems (lakes, ponds or reservoirs) are comparatively simple to
treat using liming (Olem, 1991). As AMD can cause contamination for a
very long time after decommissioning of mines, cost-effective alternatives
clearly need to be established.

1.5.2 Active treatment - biological

Bioremediation is the use of microorganisms to degrade organic pollutants
or to change the structure of inorganic compounds to form non-toxic
degradation products (Rhodes et al., 1994). The microorganisms are used
either to partially degrade the contaminant (cometabolism) or to
completely degrade the contaminant to innocuous materials
(mineralisation) (Rhodes et al., 1994). A successful biological process for
pollution control is an engineered system that utilises and accumulates
these types of microorganisms to a sufficiently large mass so that the
concentration of pollutants are reduced to meet a treatment standard
during the time of contact (Rittmann, 1992). There has been much
attention given recently to the application of microbial processes to provide
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solutions to a variety of pollution probléems. The major focus has been the
use of bacteria as catalysts or enablers, but a number of other
microorganisms and some macroscopic life forms also have potential in
remediation processes (Knapp and Faison, 1997). Successful appliance of
bioremediation requires understanding of biology, chemistry, geology, soil
science and hydrology in each particular situation. A number of organisms
have been isolated from natural environments that can degrade oil,
solvents and other toxic pollutants in soils or water systems (Brock, 1997).
Methods using various microbially mediated transformations of sulphur
have been developed to treat waters polluted with AMD (Ledin and
Pedersen, 1996).

There are various microbiological processes that mediate the generation
of alkalinity which have the potential for the neutralisation of AMD. These
are principally reductive processes involving dissimilatory transformations
of elements or compounds (Johnson and Bridge, 1997). The high
concentrations of ferric iron and sulphate in AMD suggest that there is
considerable potential for dissimilatory reduction of both of these species
(by iron reducing bacteria and sulphate reducing bacteria respectively).
The reductive dissolution of soluble and ferric iron minerals generates net
alkalinity (Lovley, 1991; Pronk and Johnson, 1992; Vile and Wieder, 1992;
Johnson and Bridge, 1997; Johnson, 2000):

4Fe(OH)s + CH:0 > 4Fe® + H.CO; + 2H,0 + 80H (1.8)

Dissimilatory sulphate reduction by sulphate reducing bacteria (SRB)
occurs predominantly in anaerobic environments that contain significant
concentrations of sulphate and readily degradable organic matter (Widdel,
1988). In acid solutions or acidic solutions such as AMD, the process
generates net alkalinity (or consumes acidity) in three ways: (i) the
consumption of protons by formation of H2S (a weak acid) from sulphuric
acid (a strong acid); (ii) the conversion of carbonic acid to carbon dioxide
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and water, and (iii) the formation of pyrite from iron sulphides. In the case
of (i), hydrogen sulphide is a weak acid, only partially dissociated at
neutral pH, but mainly undissociated at low pH, as its first dissociation
constant (pKai) is 6.88:

HS @X H' + HS <= 2H* + &% (1.9)
pKas = 6.88 pKaz = 14.15

H2S is sparingly soluble in water (about 3.8 g/L; Linke (1958)) and when it
is formed at low pH (and therefore mainly undissociated), it is very volatile
and is readily released to the atmosphere, with the consumption of
protons:

2CH,0 + SO +2H* —P H,S 4+ 2H,CO; (1.10)

At circumneutral pH, i.e. when hydrogen sulphide is mainly dissociated
into H* and HS", alkalinity is not generated by sulphate reduction:

2CH,0 + S04 2HCOs + H.S HS + H* (1.11)
—> —»

The carbonic acid from (1.10) dissociates into CO, and H20 in acidic
solutions, thereby removing another source of acidity, because at low pH
(e.g. 3), COis only sparingly soluble and is lost from solution.

cot + H0 T2 H.COs = H' + HCOs €= 2H' + COZ (1.12)
a1 = 6.4 pKeo= 10.3

The second dissociation constant of HzS is above 14 (see (1.9), which
means that S is unlikely to exist in most aqueous solutions and will
immediately deprotonise water to form OH and HS". Metal ions react with
H2S directly to form metal sulphides, which is, in fact, an acid generating

reaction:
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MZ* + H,S —p MS § +2H" . ' (1.13)

However, in addition, to (I) and (ii) above, the gradual conversion of
amorphous iron sulphides (FeS) to pyrite (FeS2) consumes acid (Castro ef
al.,1999):

2FeS + 1,0, +H* — FeS, + Fe?* + H,0 (1.14)

The metal sulphide precipitate formed in (1.13) is dense; using a
bioremediation system such as those outlined below (e.g. Thiopaq®) the
sludge volume is around 6 — 10 times lower compared with chemical
neutralisation (Boonstra et al., 1999). It is also relatively stable, only
becoming remobilised at a comparatively lower pH, and therefore safer
and cheaper to dispose of in landfill. In addition, the metals are more
easily recovered for re-use by industry, and indeed can be selectively
recovered (De Vegt et al., 1997; Boonstra, 1999).

The recognition that SRB play a key role in the neutralisation of acid
waters has been documented for some time (Tuttle ef al., 1969a; King et
al., 1974; Kelly et al., 1982; Schindler and Turner, 1982; Cook et al., 1986;
Herlihy et al, 1987), and that the use of such microbially mediated
reactions could be used for the abatement of AMD was also proposed
some time ago (Tuttle et al, 1968b; Wakao ef al, 1979). In situ
bioremediation of the drainage waters, either by Dbiostimulation or
bioaugmentation, is a potential solution. Biostimulation is the injection of
growth substrates, co-substrates, and electron acceptors that are limiting
the desired bioremediation reaction (Knapp and Faison, 1997). The
effectiveness of this approach can be evaluated by the reduced production
of the contaminant (e.g. AMD) and utilisation rates of the substrate(s) and
electron acceptor. Bioaugmentation is the injection of bacteria to increase
the natural subsurface population, with or without addition of growth
substrates (Knapp and Faison, 1997). There has been more attention to
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the application of biostimulation than bioaugmentation. For example,
Castro ef al. (1999) stimulated populations of sulphate reducing bacteria in
a lake occupying a former open-pit mine by the addition of organic waste
products, and Kim et al. (1999) showed that the generation of acidic,
metalliferous leachate from pyritic mine waste piles could be prevented by
adding organic compounds to the waste piles to enhance the activity of
SRB. This worked directly, by utilising the alkalinity-generating potential of
the SRB, and possibly indirectly, by increasing the proportion of
anaerobiosis in the waste piles, which is unfavourable for the activity of
Thiobacillus ferrooxidans and other similar organisms (Kim et al., 1999).

Over the last decade, the process of microbial sulphate reduction has also
been used in biological reactors, or bioreactors, through which acidic,
metalliferous wastewaters can be pumped and treated. In this situation,
SRB are used in an “active” biological treatment process as opposed to
their “passive” role in wetland treatment (see section 1.6.2). SRB are
inoculated into a suitably designed reactor vessel, where they are usually
immobilised onto a solid matrix, and a variety of substrates (simple organic
compounds, or in some cases, hydrogen) are introduced, according to
cost and availability. The use of SRB in a process for wastewater
treatment was studied at the Sittingbourne Research Centre (SRC) of
Shell UK from 1987. By 1988/89, a laboratory-scale study had been
carried out by the SRC (Scheeren et al., 1993), and subsequently, a pilot
plant was installed at the Budelco zinc production plant at Budel-Dorplein
in The Netherlands. This site had become highly contaminated by metals
and sulphate ions following 100 years of zinc refining (Scheeren et al,,
1993). Following the success of the pilot plant, Budelco opted to initiate
development of a full-scale treatment plant using SRB in 1990. Paques
BV., a Dutch company specialising in anaerobic wastewater treatment,
was contracted to undertake the design (Boonstra et al, 1999). The
commercial-scale treatment system (Thiopag®) has been operating at the
site since May 1992, treating groundwater at a flow rate of 5000 m*day
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(De Vegt and Buisman, 1995; De Vegt et al., 1997; Boonstra et al., 1999).
This system consists of two main process steps in separate reactors (see
Figure 1.4) In the first reactor, an Upflow Anaerobic Sludge Blanket
(UASB) reactor (Lettinga ef al., 1986), sulphate reducing bacteria convert
sulphate in the influent to sulphides, which react with metals which
precipitate out in the reactor. In the second bioremediation step, a
Submerged Fixed Film (SFF) reactor, sulphide oxidising bacteria convert
sulphides to elemental sulphur under aerobic conditions (Buisman et al.,
1989 and 1990). If the sulphate load is low, ethanol is used as electron
donor and carbon source for the SRB. However, hydrogen gas is more
economical to use as electron donor if the sulphate load is high, and
carbon dioxide is used as carbon source; the two gases can be produced
by cracking methanol (Boonstra ef al., 1999). The reactors are in-line (the
second reactor directly following and connected with the first), with a tilted
plate settler where solids (sulphur, metal sulphides, biomass wash-out)
can settle out, and a sand bed filter (DynaSand) which acts as a final
polishing step (de Vegt and Buisman, 1995). The metal sulphide sludge
that is collected in the process can be sent to a nearby smelter for
recovery (Hammack et al., 1994b), and additionally, elemental sulphur can
be recovered for other uses. The Paques company alone have actualised
over 350 high rate biological treatment plants worldwide, and five plants
specially designed for sulphate reduction in particular are currently
operated on a continuous basis (Boonstra et al., 1999).

Simple sulphate reduction-b'ased systems for both the generation of H.S
and the precipitation of metal sulphides have generally used a single
bioreactor (Hammack et al., 1994b) in an in-line reactor configuration, and
this is suitable in situations where all the components of the wastewaters
are non-toxic to the bacterial population and where the mixed sludge by-
product is acceptable for disposal (Barnes et al., 1991; Dvorak et al., 1992;
Scheeren et al, 1992). Such a system was installed to treat metal-
contaminated water from a coal mine and a smelting residues dump in

21



Pennsylvania (Dvorak et al, 1991; Dvorak et al, 1992) using spent
mushroom compost as a source of organic carbon (Ledin and Pedersen,
1996). However, mining or mineral processing waste streams (as in the
case of Budelco) may contain high concentrations of metals which may be
toxic to bacteria, and in addition it may be difficult to recover economically
important metals from mixed sludges that also contain biomass and other
organic by-products of metabolism. Consequently, designs of some
bioreactor systems have been modified to separate the SRB reactor from
metal-precipitation reactors in an off-line configuration (see Figure 1.5).
H2S can be sparged from the SRB reactor using an inert carrier gas and
transported to the precipitation tank(s) (Hammack et al., 1993). Today,
biotechnological processes utilising SRB in a variety of configurations are
well known and are in widespread use.

The advantages of using such biological treatment systems are based in
their efficiency and potential decreases in environmental impact. The
Thiopaq® system has several advantages over lime dosing: effluent metal
concentrations that comply with EC directives; a sludge product which is
more stable and easier to dispose of; simultaneous removal of sulphate,
which is useful in terms of water reuse, and the opportunity for metal
recovery (Boonstra et al., 1999). Despite relatively high set-up costs, these
advantages are significant, although in this instance, costs of the use of
this system compared to lime dosing are more or less comparable
(Boonstra et al., 1999). However, operational results of the system when
first installed at full scale at Budelco indicated that maintenance and
process control requirements were low, and plant start-up after a short
shut-down period was easily achievable, with sulphate reduction restarting
within 24 hours (de Vegt and Buisman, 1995). In addition, the plant was
found to operate without odour emissions. Therefore, it has been shown
that performance and cost of these bioreactor systems can be well defined
(which is an important advantage over some passive treatment systems,
see 1.6.2), and design and bioengineering can be optimised according to
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the treatment requirements. Because of these obvious benefits, the use of
biological treatment technology has significantly increased worldwide.

1.6 Passive Treatment Systems

Passive treatment schemes take advantage of, and maximise, naturally
occurring biological and geochemical processes to improve the quality of
wastewaters, using simple design and incurring relatively low operation
and maintenance costs. In particular, reductive processes such as
sulphate- and iron reduction, and possibly ammonification (Kalin et al,
1991) are important for the remediation of AMD.

1.6.1 Passive treatment - chemical

The use of alkaline chemicals for the treatment of AMD is an effective way
to increase pH and precipitate metals in wastewaters. One of the alkaline
reagents that can be used is limestone. In an oxidising environment,
limestone can become coated with reaction products, and it becomes less
effective at treating acidic effluents. This problem can be overcome by
using anoxic limestone drains (ALDs) or beds (Brodie et al., 1993; Ledin
and Pedersen, 1996). This is another method by which alkalinity is
generated for treatment of AMD (Gazea et al., 1996). A shallow trench,
usually about 1 m wide, filled with high quality (> 90%) limestone is
excavated into spoil or buried under several metres of clay and drainage
streams diverted through them. They are sealed, sometimes with plastic,
to ensure that oxygen inputs are minimised. Anoxic limestone beds of 10 -
20 metres width can be installed in situations where linear ALDs cannot be
constructed. The systems incur low costs, but are only suitable for treating
waters that are not highly acidic or oxygenated, and with low aluminium
and ferric iron concentrations. In many cases, mine waters in drainage
adits and pockets contain little dissolved oxygen and ferric iron, and
diverting a stream directly from the mine into an anoxic limestone channel
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can add up to 400 mg L™ of alkalinity to the water (Gazea ef al., 1996).
Problems with ALDs occur when cations such as Al and Fe precipitate as
hydroxides (e.g. Fe(OHs) and coat the limestone surfaces (known as
armouring), plugging the limestone void space and reducing limestone
dissolution and acid neutralisation (Ziemkiewicz et al.,1997) However,
Ziemkiewicz et al. (1994) suggested that open limestone channels could
effectively treat AMD if channels were constructed on steep slopes (>
20%) to reduce plugging of limestone pores by metal hydroxides, and by
increasing the dimensions of the channels to account for the armouring
effect. This could be a more inexpensive and low maintenance form of
lime treatment; the author suggests that this system would be useful in
land reclamation projects and where water quality standards are not
specified (Ziemliewicz et al., 1997).

The combination of using ALDs, i.e. a foorm of traditional, chemical
treatment, with a passive biological sulphatereduction system has also
been described (Kepler and McCleary, 1994). These have been termed
successive alkalinity-production systems (SAPS).

1.6.2 Passive treatment — biological

Tuttle et al. (1969a) observed that the pH of an acid stream increased,
sulphate concentrations decreased, iron sulphide was precipitated and
numbers of SRB and other heterotrophic bacteria increased downstream
of a wood dust pile at a saw mill, which acted as a porous dam. Using
samples taken from downstream of the dam, mixed cultures containing
SRB were grown in the laboratory using wood dust as the only nutrient.
Sulbhate reduction occurred in these cultures at pH 3 (Tuttle et al., 1969a).
Following these observations, it was proposed that microbial sulphate
reduction could be potentially used as an acid mine water abatement
procedure (Tuttle ef al., 1969b). It was thought by these authors that saw
dust or sewage could provide nutrients and a sufficiently low redox
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potential for the natural establishment of SRB, which could thereby
dispose of sulphur-containing waste materials from abandoned coal mines
(Tuttle et al.,,1969b). The ‘treatment’ by the dam at the saw mill is an
example of ‘passive’ biological treatment, and natural and constructed
wetlands used for treating AMD today work on similar principles. Organic
material is naturally available (or provided) for heterotrophic
microorganisms such as SRB and iron reducing bacteria which mediate
the neutralisation of acidity and the precipitation of metals.

1.6.2.1 Wetlands

In the early 1980’s, observations were made that natural bogs dominated
by Sphagnum moss were capable of ameliorating acid mine drainage
(Huntsman et al.,1978; Wieder and Lang, 1982). These observations led
to the theory that constructed wetlands could be used for treating acid
mine waters. These were the first developments in AMD remediation using
passive treatment systems, and in the mid- to late 1980's, this type of
treatment system was instituted.

Natural or constructed wetlands are known to be one method of treating
mine drainage waters, and since they may provide a low-cost, low
maintenance solution, their use for pollution abatement has received
considerable attention (Wildeman and Cevaal, 1994; Kalin et al, 1991;
Dunbabin and Bowmer, 1992; Vile and Wieder, 1992; Wieder, 1993,
Gazea et al, 1996; Ledin and Pedersen, 1996; Reddy and D’Angelo,
1997, Webb et al., 1998, and others). Between 1984 and 1990, over 300
artificial wetlands were constructed in the Eastern United States alone,
spéciﬁcally for the treatment of AMD (Webb ef al., 1998). In the UK,
wetland treatment systems have not been used as extensively but are
considered a treatment option. A pilot plant system is currently in place at
the site of the Wheal Jane tin mine in Cornwall (Lamb et al, 1998, Gazea
et al., 1996; see 1.1). This system consists of a series of shallow lined
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cells comprising of pre-treatment with aerobic and anaerobic ‘cells’ (Gazea
et al., 1996, see Figure 1.6). In this situation, wetland systems were
chosen as being a cost-effective treatment method (Lamb ef al., 1998).

A wetland system, once designed for such a purpose, should be self-
generating and be able to buffer fluctuations in water quality, temperature,
and flow (Ledin and Pedersen, 1996). Wetland treatment systems can be
categorised into three major types: (i) free water surface systems, where
water flows slowly over the surface of the soil and through vegetation in
shallow basins; (ii) subsurface flow systems, in which the water flows
through the soil, and (iii) aquatic plant systems, which have deeper ponds
and floating and/or submerged vegetation (Ledin and Pedersen, 1996).
Aerobic wetland systems have been effectively employed for the treatment
of net alkaline waters (Gazea ef al., 1996), and are essentially similar to
“natural” wetlands. Anaerobic wetlands consist of basins or channels, with
an impermeable bottom to prevent seepage, a medium to support
vegetation (such as soil), and shallow water (10-50 cm) flowing over the
surface (Gazea et al., 1996). Aerobic processes, such as iron oxidation
and the subsequent precipitation of iron oxy-hydroxides are dominant in
surface waters of a wetland. In the sub-surface and sediments of a
wetland, microaerobic and anaerobic processes (e.g. iron- and sulphate
reduction) are usually dominant, and these are seen as being an integral
part of the treatment of AMD, in that they generate alkalinity. For example,
anaerobic organic substrate systems, or compost wetlands, are one of the
systems currently available for the treatment of net acidic mine waters
(Gazea et al, 1996). Materials used as substrates in these systems
inqlude cheap natural products (such as wood chips, sawdust, peat) and
waste products (such as spent mushroom compost or horse/cow manure).
Compost substrates with low CaCO3 may sometimes be supplemented
with limestone; in this situation, its dissolution promotes additional
alkalinity generation. Anaerobic bacterial activity is promoted, resulting in
sulphate reduction and the precipitation of metal sulphides and alkalinity
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Figure 1.6 A wetland system for mine drainage treatment at the
Wheal Jane tin mine site in Cornwall, U.K.
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generation (Gazea et al,, 1996). The relative importance of aerobic and
anaerobic processes in the effective treatment of AMD is not clear (Ledin
and Pedersen, 1996), and it varies according to location, geochemistry of
the site, flow rates, and the quality of the wastewater to be treated.
However, some approaches aim at directing microbial processes
according to treatment requirements. For example, attempts have been
made to construct wetlands that emphasise sulphate reduction (Mcintyre
et al., 1990; Tyrell et al., 1997) to mediate pH remediation and metal
precipitation. In these studies, metal contaminated water was introduced
into cells containing organic substrates. Such attempts, although not
completely reliable, demonstrated that the SRB could effectively decrease
the concentrations of many of the metals in AMD (Webb ef al., 1998) and
an increase in pH compared to controls (Tyrell et al., 1997).

As in any treatment system, there are a number of advantages and
disadvantages to the use of wetlands for treating AMD. A major advantage
is that wetlands can be an inexpensive, “low-technology” option, and long-
term costs can be low compared to chemical treatment (Ledin and
Pedersen, 1996). If installed cormrectly, they should operate with low
maintenance and low cost over a long period. However, wetlands are land-
extensive and space may be limiting, or the location of the site to be
treated can mean that construction is impossible or difficult. Ledin and
Pedersen (1996) suggest that a disadvantage of using wetlands is that
they can be considered to be a “black box”, where the individual processes
acting on the metals and acid water cannot be specified. This could mean
that if the treatment efficiency of a wetland decreases, it would be difficult
to‘establish where action may be taken to improve performance, e.g. by
addition of substrates or modifying conditions to encourage proliferation of
a particular microbial population. Ledin and Pedersen (1996) suggest that
continuous removal and/or addition of organic material may be needed,
thereby increasing costs. Furthermore, McGinness et al. (1996) suggested
that understanding of how wetlands work is not sufficient for the successful
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treatment systems for very efficient, cost-effective treatment (Wildeman
and Cevaal, 1994). Davison (1993) effectively combined an in situ
bioremediation system with multi-pond wetlands to treat drainage from
coal mines in Pennsylvania, with less treatment space required than with
either system alone, and the cost of installation and operation over 2.5
years was comparable to the cost of alkali addition alone (Davison, 1993).

1.6.2.2 Reactive Barriers

Reactive barriers are another recently-developed passive biological
treatment system to treat and/or prevent the dispersal of AMD from
groundwater on discharge to surface waters. A permeable reactive wall,
consisting of a support material mixed with an inexpensive organic
material acts as a filter within affected aquifers, where metal precipitation
and pH remediation is effected by colonised SRB. Benner et al. (1997)
described a reactive wall that was installed in an aquifer at the Nickel Rim
mine site in Ontario, Canada, in August 1995, and its performance since
that time has been monitored (Benner et al., 1997, 2000). It is composed
of municipal compost mixed with pea gravel as a support, and was
installed to a depth of 3.6 m into the groundwater flow. After nine months
of operation, results showed that sulphate reduction and metal
precipitation had been occurring (Benner et al., 1997). Sulphate
concentrations decreased by up to ten-fold downstream of the wall, pH
and alkalinity increased, and iron and nickel concentrations decreased
dramatically. However, its performance is primarily limited by organic
carbon reactivity, changing groundwater temperature, and variations in
residence time within the barrier (Benner et al., 2000).’ Rates of sulphate
anii iron removal, whilst still significant, are declining gradually, with peaks
in the rate of sulphate removal in autumn. Variations in flow rates through
the barrier result in variable residence times, with sulphate and iron
removal being higher in slower flow paths (Benner et al., 2000). Despite
these limitations, this study has demonstrated that groundwater impacted
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by acid mine drainage can be treated using reactive barriers for an
extended period of time.

Canty (2000) described in situ treatment of AMD over a four year period in
the Lilly/Orphan Boy Mine in Montana, USA, using a similar type of
reactive barrier. The flooded subsurface workings of the mine were used
as an “in situ biological reactor”. An organic substrate (animal by-products)
was placed in a portal through a shaft approximately 10 metres below the
static water level, supported by two platforms. In addition, two injection
wells were drilled into the main tunnel of the mine (which is connected to
the portal) where more substrate was placed. The AMD flows upward
through the substrate and out through the portal horizontally, through the
substrate placed there. SRB colonising the substrate barriers effected
AMD remediation. The shaft water pH rose and Ej, fell, decreasing acid
generation within the mine. The pH of the tunnel waters before treatment
was around 3; after installation of the reactive barriers, the pH rose to
about 7. During normal flow rates the pH in the portal rose to 6. However,
the pH in the portal fell to 3.5 during each spring runoff. Sulphate reduction
was evident by measured decreases of sulphate and the detection of
soluble sulphide in the mine water. High removal efficiencies were
observed for Al, Cd, Cu and Zn (70-100%) during the first four years of
monitoring (Canty, 2000).

Reactive barriers are a useful method of treating AMD, although their
efficiency is limited by a number of factors, including seasonal increases in
flow. High flow rates may result in recontamination of water beyond the
barriers, and a large flow of oxygenated surface water may cause the
dissolution of previously formed metal precipitates and the inactivation of
anaerobic SRB.

32



1.7 Sulphate Reducing Bacteria (SRB)

Sulphate reducing bacteria were described in a classic monograph by
Postgate in 1979. At that time, these microorganisms were of minor
interest to a small group of specialists, but since then they have become
organisms of choice for the study of many key problems in the areas of
taxonomy, phylogeny, evolutionary relationships, cell physiology, microbial
ecology, wastewater treatment and bioremediation. Therefore they have
been unusual in that increased understanding of the group over the last
two decades has occurred equally from the results of pure and applied
research (Hamilton, 1998). The central importance of the SRB in a major
economic and environmental problem, microbially influenced corrosion
(MIC) and hydrocarbon reservoir souring, has also prompted a substantial
increase in research (Hamilton, 1998; Hao, et al, 1996). In the
environment, SRB are not only important to the sulphur cycle, but are
central to critical processes in ecosystem functioning. They are important
regulators of a variety of processes in wetland soils and aquatic systems,
including organic matter turnover and degradation of aromatic compounds
in anaerobic sediments (Fauque, 1995; Barton and Tomei, 1995; Castro et
al., 2000; Haggblom et al., 2000). Because of the chemical reactions that
they mediate, SRB are now employed in a considerable number of
biotechnology applications, particularly in the field of bioremediation.
Sulphate reducing bacteria are a very diverse, complex physiological
bacterial group, and notable advances have recently been made in the
understanding of their taxonomy and phylogeny through the development
of ribosomal RNA phylogenetic analysis (Castro ef al., 2000).

1.%.1 General characteristics

Sulphate reducing bacteria were first described by Beijerinck in 1895.
They are an extremely heterogeneous and phylogenetically diverse group
of prokaryotes, which share a common metabolic ability to utilise sulphate
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as an electron acceptor for the generation of ATP from the oxidative
metabolism of organic substrates or molecular hydrogen, H> (Widdel,
1988; Devereux and Stahl, 1993). They are widespread in aquatic and
terrestrial environments that become anoxic as a result of microbial
decomposition processes (Brock, 1997) inhabiting a wide range of
ecological niches including oceans, lakes, streams, thermal springs,
sediments, soils, oil-bearing porous rock, hydrothermal vents, as well as
rumens of animals and human intestines. SRB are also found in sewage
works and pipelines; in the latter their presence can cause corrosion in
metal structures, which is of major economic importance to the offshore oil
and gas industries (Hamilton, 1998; see 1.7.6). They are classed as
obligate anaerobes, but some species also have the capacity to tolerate
oxic conditions (Dilling and Cypionka, 1990; Marschall et al., 1993). Up to
about 15 years ago, there were thought to be only two genera of SRB, but
by five years ago, 15 had been well characterised (Fauque, 1995). The
most well-known genus is Desulfovibrio, which is common in aquatic
habitats or waterlogged soils containing sufficient amounts of organic
material and sulphate. Species of SRB vary greatly in their morphological
characteristics; many forms such as vibrios, rods, spirilloid, cocci and
filaments are found among Gram negative SRB; Gram positive spore-
formers are also common. Table 1.1 outlines important characteristics of
representative genera of SRB.

1.7.2 Taxonomy and phylogeny

The dissimilatory sulphate reducing bacteria comprise seventeen
eubacterial genera: D. (Desulfovibrio), Da. (Desulfoarculus), Dba.
(Désulfobacter); Dbt. (Desulfobacterium); Dbo. (Desulfobotulus);, Dbu.
(Desulfobulbus), Dc. (Desulfococcus); Dh. (Desulfohalobium), Dsm
(Desulfomicrobium); Dm. (Desulfomonile); Dn. (Desulfonema); Ds:
(Desulfosarcina); Dtm. (Desulfotomaculum); T. (Thermodesulfobacterium);
one archaebacterial genus, A. (Archaeoglobus), (Fauque et al., 1991;
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Widdel, 1992a,b; Widdel and Bak, 1992; and reviewed by Fauque, 1995;
Castro et al., 2000); Desulfocapsa (Janssen et al., 1996), and more
recently, Desulfosporosinus, which was recently redescribed as a new
genus, previously named Desulfofomaculum orientis; (Stackebrandt ef al.,
1997). Sulphate reducing bacteria are a complex and diverse group.
Various properties have been used in their classification, the most
important being cell shape and motility, optimal temperature, complete
versus incomplete oxidation of acetate (Castro et al., 2000; see 1.7.3,
1.7.4.3 and Tables 1.1 and 1.2), GC content of DNA, and the presence of
cytochromes, enzymes and pigments (Postgate, 1984; Widdel, 1988). The
testing of growth on different electron donors allows for further
classification. Sulphate reduction can be performed by sulphate reducing
bacteria and archaea (Widdel and Hansen, 1992). These microorganisms
may be divided into four groups based on ribosomal RNA sequence
analysis: () Gram-negative mesophilic SRB; (i) Gram-positive spore
forming SRB; (iii) thermophilic bacterial SRB, and (iv) thermophilic archaea
(Castro et al., 2000; see Table 1.1), and novel groups of sulphate reducers
are continually being isolated, e.g. the halophile Desulfocella halophila
(Brandt et al., 1999), the acetate-degrader Desulfobacca acetoxidans
(Oude Elferink et al, 1999), and a number of psychrophilic strains
including Desulfofrigus oceanense (Knoblauch ef al., 1999). Assignment of
species into groups using rRNA analysis is advantageous in that
evolutionary origins of sulphate reduction in distantly related species can
be examined, and applications such as ecological studies can be
facilitated by the developmellit of probes. By 16S rRNA sequence analysis,
the Gram-negative sulphate reducers align most closely with other Gram-
negative bacteria in the delta subdivision of the purple‘(or Proteobacteria)
baéteﬁal group. However, the variety found within organisms labelled
Desulfovibrio is so great that Devereux et al. (1990) proposed a new
taxonomic family, Desulfovibrionaceae, to account for the phylogenetic
depth and cohesiveness of the organisms (Singleton, 1993). The Gram-
positive spore-formers, however, group with the Clostridium subdivision of

35



the Gram-positive bacteria. Members of the genus Desulfotomaculum may
represent a transition from “strictly fermenting” organisms such as the
clostridia (Singleton, 1993). Figure 1.7 outlines the relationships between
representative sulphate reducing bacteria in a phylogenetic tree. (The
numbers correspond to phylogenetic groupings, and the scale bar is in
units of fixed nucleotide substitutions per 16S rRNA nucleotide position.)
The non-spore forming Gram negative organisms can be assigned to
seven natural groups or lines of descent (Devereux et al., 1989, 1990),
and the two Gram-positive organisms Desulfotomaculum ruminis and
Desulfosporosinus orientis, whilst grouped together, share only 83%
sequence similarity, and the inferred relationship is one of independent
lineages within the Gram-positive bacteria and not with a common origin.
This indicates that there is considerable diversity within the Gram positive
SRB. Indeed, Stackebrandt ef al. (1997) published a detailed phylogenetic
analysis of the genus Desulfofomaculum based on 16S rDNA data and
showed that Desulfotomaculum guttoideum and Desulfotomaculum
orientis (as previously named) are phylogenetically separated from the
majority of the rest of the species in the genus. These authors
demonstrated that the former shares high 16S rDNA similarity with some
Clostridia spp., and has probably been misidentified, and therefore the
latter represents a new species, for which the name Desulfosporosinus
orientis gen. nov., comb. nov. was proposed (Stackebrandt et al., 1997).
D. orientis gen. nov. comb. nov. branches most closely to the genus
Desulfitobacterium (Stackebrandt et al., 1997), an organism which reduces
sulphite, thiosulphate and sulphur, but not sulphate, to sulphide (Utkin ef
al., 1994). Advances in molecular identification techniques have been
crucial to the understanding of the sulphate reducers, as it can be seen
thai they can be morphologically and physiologically similar yet only
distantly related, or in some instances, appear to be very different whilst
being closely related. Morphology has been found to be an unreliable trait
for establishing relationships among the sulphate reducing bacteria (Fox et
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Escherichia coli

Desulfobacterium vacuolatum

Desulfobacterium niacin 5
Desulfobacterium autotrophicum

e Desulfosarcina variabilis
Gr+ wwmn““wwﬂﬁwhhﬁﬁ MMN“: s * Desulfococcus multivorans

Desulfobotulus sapovorans

Bacillus subtilis
/ Desulfoarculus baarsii| 7

Figure 1.7 Phylogeny of
representative sulphate Myxococcus xanthus

reducing bacteria. Adapted 0.02
from Devereux et al.. 1989. — * Addition: see Stackebrandt et al. (1997)
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Genus of . GC' | Acetate | Growth
sulphate- Shape Motile/ | cont- | oxi- temp
reducer non- |ent |dation (°C)
motile (%) | (UCY)
e |
Gram-negative
mesophilic SRB
Desulfobulbus lemon/rod -1+ | 5960 | 25-40
Desulfomicrobium | ovoid/rod +/- | 52-67 l 25-40
Desulfomonas rod - 66 | 3040
Desulfovibrio spiral/vibrioid + 49-66 | 25-40
Desulfobacter ovalfrod +/- | 44-46 C 20-33
Desulfobacterium | ovallrod +/- | 41-52 C 20-35
Desulfococcus sphere/rod -+ | 46-57 C 28-35
Desulfomonile rod - 49 C 37
Desulfonema filaments gliding | 3542 C 28-32
Desulfosarcina oval rods/ +- |51 C 33
coccoid/
packages
Gram-positive
spore-forming
SRB
Desulfotomaculum || straight to + 48-52 IIC most
Desulfosporosinus” || curved rod 25-40
some
Thermophilic 40-65
SRB
Thermodesulfo-
bactenum vibrioid to -1+ 30-38 i 65-70
rod
Thermophilic
archaea
Archaeoglobus coccoid +/- 41-46 l 64-92

Table 1.1. Representative genera of sulphate-reducing bacteria and
archaea and some important characteristics. Where motility is shown as +/-,
they are usually motile; if -+, sometimes motile. T | = incomplete, C =
complete oxidation of acetate. Table adapted from Castro ef al. (2000), with
addition from Stackebrandt et al. (1997).
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al., 1980; Fowler et al., 1986; Devereux et al., 1989), and their nutritional
versatility has led to further problems in classification.

1.7.2.1 Sulphate reducing archaea

Documented archaeal sulphate reducers belong to the genus
Archaeoglobus, of which two species have been described: A. fulgidus
and A. profundus. Both were isolated from marine hydrothermal systems
(Stetter ef al., 1987). These archaea exhibit optimal growth temperatures
of 83 and 82°C and pH optima of 6.5 and 10 respectively, and both require
at least 1% NaCl for growth. It was previously thought that microorganisms
that could use sulphate as an external electron acceptor for anaerobic
respiration were restricted to the domain Bacteria, but the isolates were
found to be able to grow on molecular hydrogen or formate with sulphate
as sole energy sources, indicating the coupling of sulphate reduction and
energy conservation (Thauer ef al., 1977; Thauer and Kunow, 1995). The
domain Archaea comprises three kingdoms: the Crenarchaeota, the
Korarchaeota and the Euryarchaeota. 16S- and 23S rRNA sequencing
shows that the Archaeoglobus lineage groups with the
Methanomicrobiales and extreme halophiles in the kingdom of
Euryarchaeota (Woese et al, 1991). In addition to sulphate,
Archaeoglobus spp. can use sulphite and thiosulphate as terminal electron
acceptors. A. fulgidus produces small amounts of methane and possesses
the required cofactors, wher.eas A. profundus does not produce methane
or appear to possess the cofactors. A. fulgidus strain VC-16 uses some of
the same enzymes of the sulphate reduction pathway found in bacterial
sulphate reducers; purified archaeal APS reductase-possessed similar
structural properties to bacterial reductase (Speich and Traper, 1988).
Observations such as these raise the question of whether sulphate
reduction occurred once during early evolution or independently in
distantly related groups via lateral gene transfer (Devereux and Stahl,
1993). ]
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1.7.3 Growth characteristics and nutrition

For many years it was thought that there were only a few species of SRB
and that these were only able to use lactate or pyruvate to support growth
(Barton and Tomei, 1995). However, it is now clear that SRB are capable
of using a wide range of compounds for electron donors. The number of
substrates which can be oxidised by the various available pure cultures of
sulphate reducers amount to over 125 (Fauque et al., 1991; Hansen,
1993), including hydrogen, lactate, formate, benzoate, acetate, malate and
ethanol (Stackebrandt et al, 1995). Most of the substrates used are
fermentation products and intermediate breakdown products such as .
some amino acids, glycerol, and fatty acids; direct utilisation of
biopolymers is very rare (Hansen, 1994). Sulphate-reducers can be placed
into two physiological sub-groups according to whether they are able to
carry out a terminal oxidation of their organic substrates, including acetate
(Table 1.2). The genera in Group |, including Desulfovibrio and
Desulfotomaculum, can utilise lactate, pyruvate, ethanol, or certain fatty
acids as carbon and energy sources, reducing sulphate to hydrogen
sulphide (Brock, 1997), but are unable to use acetate. The genera in
Group Il oxidise fatty acids, particularly acetate, reducing sulphate to
sulphide. Most SRB are chemoorganotrophs, but some sulphate reducers
can grow chemolithoheterotrophically using molecular hydrogen as an
electron donor (e.g. Desulfovibrio spp., strains of the genus Desulfobulbus
and Desulfosporosinus (previously Desulfotomaculum) orientis). In these
organisms, a C2 compound such as acetate is required in addition to CO2
for cell synthesis (Widdel, 1988). However, Klemps et al. (1985)
de_monstrated autotrophic growth of Desulfosporosinus
(Desulfotomaculum) orientis with hydrogen, carbon dioxide and sulphate,
and experiments with radioactively labelled carbon dioxide revealed that
91- 99% of cell carbon was derived from carbon dioxide. Other SRB, such
as Desulfosarcina vanabilis, Desulfonema limicola, and Desulfococcus
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niacini can grow autotrophically under these conditions, using CO- as the
sole source of carbon, although growth may be rather slow.

Group | Desulfovibrio, Desulfomicrobium, Desulfotomaculum,
Desulfomonile, Archaeoglobus, Desulfobulbus,
Thermodesulfobacterium

Group I Desulfobacter, Desulfobacterium, Desulfococcus,
Desulfonema, Desulfosarcina,

Table 1.2. Characterisation of representative sulphate-reducing
bacteria/archaea, according to their ability to oxidise acetate. Group |
do not oxidise organic compounds, including acetate, to CO.
whereas Group Il organisms can.

In the absence of sulphate, certain strains of SRB can use a single carbon
compound as both an electron donor and electron acceptor by a process
known as dismutation, for example some Desulfovibrio strains can grow
with the dismutation of pyruvate, choline, malate, glycerol, and
dihydroxyacetone (Barton and Tomei, 1995). Some sulphate reducers can
grow through a unique fermentation of inorganic sulphur compounds:
disproportionation of sulphite, thiosulphate, or sulphur, in which the
sulphur oxyanions serve as both electron donor and acceptor (Bak and
Cypionka, 1987; Cypionka, 1995). For example, thiosulphate is
disproportionated to equal amounts of sulphate and sulphide:

S205> + H,0 —» SO + 0.5H,S + 0.5HS + 0.5H* (1.15)
AG®= -25 kJ/mol

Sulphite can be disproportionated to three-quarters sulphate and one-
quarter sulphide:
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2HSO3 + 2503 —» 35042 + 0.5H,S + 0.:5HS™ +0.5 H* (1.16)

AG%= -235 kJ/mol
The free energy change of thiosulphate disproportionation is low and
cannot always be used for growth. Sulphite disproportionation is less
widely exhibited, but could be utilised for growth. The disproportionation of
elemental sulphur is also possible if the sulphide formed is removed using
iron or manganese (Thamdrup et al., 1993). The disproportionation of
sulphur at pH 7 is energetically unfavourable but by the scavenge of H* at
higher pH, the reaction becomes exergonic.

Fermentation of organic substrates is possible in many SRB, in the
absence of sulphate or other inorganic electron acceptors (Widdel, 1988).
In the simplest case, many SRB belonging to the genera Desulfovibrio,
Desulfobulbus, Desulfococcus, Desulfobacterium and Desulfotomaculum
can ferment pyruvate (Widdel, 1988) to acetate, CO2, and H,. Energy
conservation is achieved by substrate level phosphorylation only
(Cypionka, 1995). Two other compounds that are fermented in the
absence of sulphate are choline and cysteine (Fauque et al., 1991). Some
sulphate reducers such as Desulfobulbus can grow by propionate
fermentation. Homoacetate fermentation is another important feature of
some SRB. Desulfosporosinus (previously Desulfofomaculum) orientis can
carry out this type of fermentation. Klemps et al. (1985) showed that this
SRB was able to grow slowly in sulphate-free medium with formate,
methanol, ethanol, lactate, pyruvate, or trimethoxybenzoate. Acetate was
excreted, indicating the function of carbon dioxide as electron acceptor in
a homoacetogenic process (Klemps ef al, 1985). Homoacetate
fermentation can be regarded as carbonate respiration, and must be
coupled to chemiosmotic energy conservation if electron donors that do
not allow substrate level phosphorylation are utilised (Cypionka, 1995).

Some strains of Desulfovibrio and Desulfobulbus can use nitrate as
electron acceptor, forming ammonia as an end product (Cypionka, 1995).
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Some are able to fix dinitrogen and use nitrogen from amino acids as an
energy source (Barton and Tomei, 1995). A number of SRB are able to
reduce elemental sulphur in the absence of other potential electron
acceptors such as sulphate, sulphite or nitrate. For example, Widdel and
Hansen (1992) cite examples of Desulfovibrio and Desulfomicrobium spp.
that can reduce sulphur, as well as reducing thiosulphate, sulphite, and
sulphate. However, elemental sulphur in the presence of some sulphate
reducing bacteria may inhibit growth (Fauque et al, 1991). The true
sulphur reducing bacteria, such as Desulforomonas and Desulfurella,
meanwhile, cannot reduce sulphate (Widdel, 1988).

Molecular oxygen can be reduced by some SRB (Dilling and Cypionka,
1990; Marschall et al., 1993). Respiration rates comparable to those of
aerobic organisms were observed with Desulfovibrio species (Cypionka,
1995). However, usually, the cells do not actually grow with O, as electron
acceptor, and Marschall et al. (1993) observed that not more than one
doubling occurred in homogenously aerated systems. Various oxygen-
reducing systems are present in Desulfovibrio species; the respiration
capacity appears to have a protective function only (Cypionka, 2000). For
example, the non-spore-forming Desulfovibrio spp. survive oxic conditions
because they possess an oxygen-scavenging system of superoxide
dismutase and catalase; Silva ef al. (1999) found a protein in Desulfovibrio
gigas with significant superoxide dismutase activity.

It is clear that SRB as a gr'oup exhibit broad metabolic capabilities, and
interact with and transform many chemicals other than the reduction of
sulphate in their environment. In the absence of sulphate and/or preferred
electron donors, SRB demonstrate flexibility in the compounds, metabolic
pathways and energy conservation mechanisms they can use. Figure 1.8
illustrates some of the oxidation/reduction reactions that can be carried out
by various SRB.
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bacteria. From Barton and Tomei (1995).




1.7.3.1. Growth requirements

Postgate (1979, 1984) gave details of media for the cultivation of SRB.
Medium ‘B, ‘C’, ‘D', ‘E' and ‘F’ were all tailored for different growth
requirements. Medium ‘C’ is for general culture of organisms (Postgate,
1984), and consists of the following, in g L™ of distilled water: KH,PO,,
0.5; NH4CI; 1; NaxSO4 4.5; CaCl.. 6H20, 0.06; MgSO47H;0, 0.06;
sodium lactate, 6; yeast extract, 1; FeSO4.7H20, 0.004; and sodium citrate
dihydrate (or another appropriate electron donor), 0.3. The citrate prevents
precipitation of the iron salt, and the medium is adjusted to pH 7.5. The
redox potential of the medium must be —100 mV or below (Connell and
Patrick, 1968; Postgate, 1984), the reducing conditions being obtained by
the addition of a reductant such as sodium sulphide, sodium thioglycolate
plus sodium ascorbate, cysteine (Postgate, 1984; Widdel and Bak, 1992;
Barton and Tomei, 1995) or titanium (lll) citrate (Zehnder and Wuhrmann,
1976). Large inocula in subculture usually produce the reducing conditions
required for growth as they contain H,S. Media used to grow cultures of
SRB have been based on similar formulations to Postgate’s media, with
additions of NaCl or the use of seawater for the growth of marine strains.
Addition of agar to media in tubes or petri plates allows for growth on solid
media. Cultures should be incubated at the appropriate temperature,
according to temperature optima of known strains.

Hydrogen can be provided as an electron donor by the use of a cylinder of
compressed gas with a reducing valve to maintain low pressure (Willis,
1969), although this is usually unnecessary as some anaerobic incubation
systems produce hydrogen gas, based on the principle by Laidlaw (1915),
whére platinum or palladium is used to catalyse the combination of oxygen
and hydrogen to form water. Oxygen must be excluded by using nitrogen
gas over liquid media, by filling tubes or bottles to exclude air, or by using
anaerobic systems for incubation. Willis (1969) outlined a number of
methods for excluding oxygen for the growth of anaerobic bacteria, such

-
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as the use of palladium catalysts,” alkaline solutions of pyrogallol,
chromium and sulphuric acid, and the use of aerobic organisms. However,
more simple and convenient systems for the generation of anaerobiosis
are available today.

All described sulphate reducing bacteria grow better under slightly alkaline
conditions over a relatively restricted pH range (7 — 7.8), but tolerate pH
values of between 5.5 and 9 (Zobell, 1958; Pfennig, 1981). The pure
cultures of SRB isolated from the mixed cultures taken from acid mine
waters by Tuttle ef al. (1969a) did not grow below pH 5.5, and Connell and
Patrick (1968) stated that a pH greater than 5.5 was required for SRB
activity to occur under laboratory conditions. Consequently it was
postulated that SRB in acid environments were found in microniches of
higher pH (Fauque, 1995), and growth media used to grow SRB has
generally been adjusted to around pH 7.

1.7.4 Metabolism

A variety of organisms can carry out assimilatory sulphate reduction,
converting sulphate to organic sulphur (R-SH). However dissimilatory
sulphate reduction, in which sulphate only serves as an electron acceptor
and is not incorporated into the cell, is only carried out by SRB and
archaea. Sulphate is reduced to sulphide, which produces the distinct
odour associated with SRB growth, the overall reaction can be expressed
as:

SOZ + 8H" + 88 —— HS + 2H,0 + 20H (1.16)

The reduction of SO to S% is an eight-electron reduction, which
proceeds through a number of intermediate stages. The sulphate ion is
very stable and cannot be used without being activated. It is unique in that
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it is only capable of acting as terminal ‘electron acceptor once it has been
converted to adenosine phosphosulphate (APS) (Hamilton, 1998).

1.7.4.1 Energy balance in SRB

The activation of sulphate to APS and pyrophosphate is a biochemical
necessity because of the unfavourable midpoint potential of
sulphate/bisulphite (Hansen, 1994; see Table 1.3). The first step of the
conversion requires energy: the generation of APS involves reaction with
ATP. Thus, SRB are actually unable to reduce sulphate directly (Cypionka,
1995) as it must first be ‘activated’:

adenylyl sulphatase (ATP sulphurylase)
SOZ + ATP + 2H* —> APS + PP, AG” = +46 kJ/mol (1.17)

This reaction is endergonic and must be pulled to completion by removal
of the end products:

pyrophosphatase
PP, + HO — 2P AG” = AG” = -22 kJ/mol (1.18)

This accounts for the loss of an energyrich phosphate bond.
Pyrophosphatase in most strains of SRB has the property of being
activated by reducing agents, and is inactivated by the bacteria under
aerobic conditions. Thus, the organism can conserve ATP (preventing its
conversion to APS) in unfavourable growth conditions (Postgate, 1984;
Cypionka, 1995). A second phosphate ester is cleaved in this last reaction,
and the energy required for sulphate activation equals that of the
hyarolysis of two ATP molecules to ADP and phosphate. The AMP formed
can react with a second ATP to give two ADP, catalysed by adenylate
kinase, without a change in free energy:

AMP + ATP > 2ADP  AG® =0 kJ/mol (1.19)
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Removal of the APS from the first reaction is the first redox reaction:
APS + H ——— HSOs + AMP + H* AG® =-69 kJ/mol (1.20)
Equations (3.17) to (3.20) can be summarised as:

SO + H, + H* + 2ATP + H, 0 —» HSOs + 2ADP + 2P;(1.21)
AG” = - 45 kJ/mol

Since the reduction of APS is strongly exergonic (equation (3.20)), it would
be advantageous if APS reductase was coupled to energy conservation,
but in the majority of strains of SRB, the enzyme appears to be located in
the cytoplasm (Kremer et al., 1988). The reduction of sulphite to sulphide
has to compensate for the investment of sulphate activation and yield
additional ATP for growth (Cypionka, 1995):

0.5HSOs + 0.5S03” + 3H, + H'—» 0.5HS" + 0.5H,S + 3H,0
AG” =-174kJ/mol  (1.22)

Thermodynamically, this allows regeneration of at least 2 ATPs (Cypionka,
1995).

In addition to the energy costs just described for the activation of sulphate,
a further, relatively small amount of energy is required for the cellular
uptake of sulphate by co-transport with H* (in freshwater species) or Na*
(in marine species; Cypionka, 1995; Hansen, 1994; Hamilton, 1998). The
consequence of these energy costs is that anaerobic respiration using
sulphate reduction results in a greatly reduced energy yield compared to
some other anaerobic respirations and aerobic respiratory processes. This
reduced energy yield is related to the negative and low values for the
redox potentials of the crucial reductive reactions involved. APS reduction
takes place in two steps, characterised by the two redox couples:

APS/AMP + HSO3 E°* (redox potential) = - 60 mV
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HSOs/HS" E° ‘ (redox potential) = - 116 mV

The energy yield from the oxidation of H, or other substrates with APS or
bisulphite as terminal electron acceptors (AE® * values with H, = +354 and
+298 mV respectively) is substantially less than is available to aerobic
species utilising Oz (AE° ‘ with H, = +1232 mV) (Hamilton, 1998). The
energy released from the oxidation of an electron donor using oxygen as
electron acceptor is higher than if the same compound is oxidised with any
of the electron acceptors below oxygen in Table 1.3, which lists the
reduction potentials of some important redox pairs. Therefore it is evident
that sulphate is a much less favourable electron acceptor than, for
example, Oz or NO3'; however, sufficient energy to make ATP is available
to the bacteria when an electron donor that yields the electron carriers
NADH or FADH is used. Overall, the energy balance in cultures of SRB
reflects the conservation of energy in the PP, bond, ATP production by
fermentation, and the energy needed for sulphate activation plus
biosynthesis (Fauque et al.,, 1991). Sulphite and thiosulphate require no
activation and can allow for three times the maximum growth yield than
that obtained with sulphate in Desulfovibrio vulgaris (Thauer, 1989),
although smaller growth vyield differences were obtained with
Desulfosporosinus  (then Desulfotomaculum) orientis in  similar
experiments (Cypionka and Pfennig, 1986). However, sulphite reduction to
H2S is inhibited by uncouplers (which arrest ATP synthesis by increasing
membrane permeability, dissipating the proton motive force) and depends
on an intact cell structure, indicating an energy-dependent step (Cypionka,
1995).

-

1.7.4.2. Electron transport
Sulphate reducing bacteria carry out a cytochrome-based electron

transport process, the electrons from the energy source being transferred
to the sulphate ion in APS and sulphite (Brock, 1997). The cytochrome of
the SRB, which is not possessed by organisms using other electron
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acceptors, is a very electronegative c§tochrome c,' known as cytochrome
¢3, which is the principal cytochrome of Desulfbvibﬁo (Postgate, 1984).
Other electron carriers in SRB include ferredoxin and flavodoxin. Type I
sulphate reducers (species capable of completely oxidising acetate and
other fatty acids) also possess a cytochrome of the b type (which are not
found in species unable to degrade fatty acids).

The mechanism of electron transport in SRB is by the transfer of electrons
directly from hydrogen (H., from the environment), or generated from
certain organic electron donors such as lactate, to the enzyme
hydrogenase, which is situated in the intracellular or periplasmic space in
association with cytochrome ca. If a periplasmic hydrogenase passes
electrons to a cytochrome and electrons are consumed in the cytoplasm,
the process generates a membrane potential and a transmembrane pH
gradient without the pumping of protons across the cell membrane. This
mechanism is known as vectorial electron transport (Badziong and
Thauer, 1980) and is also found in other bacteria and with other substrates
(Cypionka, 1995). Because of the way in which the electron transport
components are positioned within the cytoplasmic membrane, when the H
atoms of H, are oxidised, protons (H") remain outside the membrane and
the electrons are transferred across the membrane (Badziong and Thauer,
1980). A proton motive force is set up that can be used for the synthesis of
ATP, and in the cytoplasm, the electrons are used in the reduction of APS
and sulphite (Odom and Peck, 1981, Hansen, 1994).

In addition to this, or alternatively, SRB can pump protons across the
membrane, performing vectorial proton translocation (Cypionka, 1995).
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Redox pair (pH 7) . o E°’ (mV)
et ———————

N20O/N; +1136
02 /H0 ' +820
Fe*/Fe* (pH 2) +770
NO3/NOZ +430
MnO2/Mn?* +380
Fe(OH)s/FeCOs (pH 7) +200
HSO3/HS -110
SO S -220
CO./CHy4 -240
SYHS -270
S,05°/HS™ + HSO3 -400
2H'/H; -410
SO42/HSOs -520

Table 1.3. Reduction potentials of some biochemically important redox
pairs (Brock, 1997)

1.7.4.3. Oxidation of acetate

As previously mentioned, some SRB are able to completely oxidise
organic substrates (including acetate) to CO,, whilst others are incomplete
oxidisers, with acetate usually being the end product. Incomplete oxidation
is due to the absence of a mechanism for acetyl-CoA oxidation (Widdel
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and Hansen, 1992). In such cases, a complete oxidation is only possible
with one-carbon compounds such as methanol or formate (Klemps ef al.,
1985) or with two-carbon compounds that are more oxidised than acetate.
The presence of a pathway for acetyl-CoA oxidation is usually associated
with the ability to use free acetate as a growth substrate (Widdel and
Hansen, 1992).

Desulfobacter species use acetate preferentially or even exclusively.
Acetate is oxidised completely to CO2 with reduction of sulphate to
sulphide:

CHsCOO " + SO + 3H' _, 2CO, + H,S + 2H,0 (1.23)
AG® = - 57.5 kJfreaction

Although the citric acid cycle is the major means by which acetate is
oxidised in most organisms, it does not function in the same way in
acetate-oxidising sulphate reducers (Brock, 1997). Instead, sulphate
reducing bacteria use either a modified citric acid cycle (CAC) or the
acetyl-CoA pathway. Organisms like Desulfobacter use the modified CAC
for acetate oxidation, which involves most of the enzymes of the CAC.
Desulfobacter contains an enzyme, succinyl-CoA:acetate-CoA transferase
(Widdel and Hansen, 1992) which activates acetate, yielding succinate
and acetyl-CoA. The latter then enters the CAC and is oxidised to CO».
However, the ATP yield from the oxidation of acetate via the CAC is
approximately the same as that required to activate sulphate in the first
step of sulphate reduction (see above), which could cause a problem to
acetate-oxidising sulphate reducers. However, Moller et al. (1987) found
that condensation of acetyl-CoA and oxaloacetate to citrate in
Desulfobacter postgatei was energetically favourable. The organism
possesses an enzyme, citrate lyase, which allows for net ATP synthesis
(and therefore growth) at the expense of acetate. The enzyme couples to
ATP synthesis by substrate-level phosphorylation from the conversion of
acetyl-CoA, via acetyl-P, to acetate duning the production of citrate. The



majority of sulphate reducers which can completely oxidise acetate (such
as Desulfotomaculum acetoxidans) do not use this modified CAC but
employ the acetyl-CoA pathway. These bacteria contain high activities of
the enzyme carbon monoxide dehydrogenase, which is absent in
Desulfobacter species. Through the activity of this enzyme, acetyl-CoA is
cleaved into bound carbon monoxide and a bound methyl group, and both
one-carbon units are then oxidised to CO. This is known as the carbon
monoxide/C1 pathway (Widdel and Hansen, 1992). This is a reversible
mechanism which is capable of both acetate oxidation and CO, fixation,
and is also present within other strict anaerobes (Hamilton, 1998). These
fundamental differences between the mechanisms for acetate oxidation
within the SRB are another demonstration that these bacteria are a very
diverse group of organisms, even though their common characteristic of
sulphate reduction has led to their being considered a homogenous group.

1.7.5 Ecology of sulphate reducing bacteria
1.7.5.1. Sulphate reducing bacteria in natural habitats

As outlined in 1.7.1., SRB are widely distributed in anaerobic temrestrial
and aquatic environments. Zones of active sulphate reduction are easily
recognised by blackening of sediments or water due to production of
ferrous sulphide, and the characteristic odour of hydrogen sulphide.
Although sulphate reduction is commonly found in non-saline
environments such as soils, freshwater sediments, and bogs (Postgate,
1984; Widdel, 1986), marine, estuarine and saltmarsh sediments (and
those of saline/hypersaline lakes and ponds) are the principal habitats of
sulphate reduction due to their high sulphate content (Pfennig ef al., 1981,
Postgate, 1984; Bass et al., 1996). Sulphate reducers have also been
widely found in polluted environments: a number of halogenated aromatic
compounds can be degraded and their complete oxidation coupled to
sulphate reduction (Haggblom et al., 2000). Eight strains of sulphate
reducing bacteria, all most closely related to Desulfosporosinus orientis,
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Species Habitat Growth N:
substrate fixation
Desulfovibrio Well water Lactate +
africanus
D. alcoholovorans | Purification plant | Glycerol NR
D. desulfuricans Soil Lactate +
D. furfuralis Pulp/paper waste | Furfural NR
D. gigas Pond water Lactate +
D. halophilus Benthic microbial | Lactate NR
mat
D. piger Human faeces Lactate NR
D. sulfodismutans | Freshwater mud | Thiosulphate NR
dismutation
D. termiditis Hindgut of termite | Glucose NR
D. vulgaris Soil Lactate +
Desulfomicrobium
apsheronum Oil deposits Lactate NR
Dsm. baculatum Manganese ore Lactate +
Desulfobulbus Mesophilic
elongatus digester Propionate +
Dbu. marinus Marine mud Propionate +
Desulfobacter
curvatus Marine mud 2@:::2
Dba. postgatei Brackish water
Desulfobacterium .
autotrophicum Marine mud gggﬁgate
Dbt. phenolicum Marine mud
Desulfosarcina
variabilis Marine mud Phenylacetate
Desulfomonile '
tiedjei Sewage sludge Benzoate
Desulfococcus Sewage
digestor Phenylaoeta}e

multivorans

Table 1.4. Some characteristic features of representative mesophilic
sulphate reducing bacteria, illustrating a variety of habitats and
including source of isolation, growth substrates, and N fixation (NR =

not reported)
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were isolated from an aquifer contaminated with hydrocarbons, and one of
the strains was shown to increase the rate of toluene degradation in
laboratory experiments (Robertson ef al., 2000). Table 1.4 shows a few
characteristic features of some SRB.

1.7.5.2. Microbial relationships in anaerobic environments

Dissimilatory sulphate reduction or methanogenesis is the major terminal
degradation process in anaerobic environments (Fauqué, 1995).
Methanogenesis dominates in habitats that are low in sulphate, such as
freshwater environments, and sulphate reduction dominates in marine or
other sulphate-rich environments (Widdel, 1988). As such, there is
competition in nature between methanogenic archaea and SRB for
available electron donors. Other trophic groups of bacteria existing in
anaerobic environments include fermentative microorganisms, which
hydrolyse high molecular weight polymers (for example, proteins,
polysaccharides, lipids) and ferment their respective monomers, and
acetogenic bacteria, which cleave some of the end-products of these
fermentations into acetate, CO,, and Hz, which may be utilised by
methanogens and/or SRB (Fauque, 1995). The methanogens utilise the
end-products of these previous processes and produce methane.
Sulphate reducing bacteria compete with the methanogens for available
substrates. The predominance of methanogenesis or dissimilatory
sulphate reduction is mainly dependent on the availability of sulphate. The
SRB therefore exist as intégral members of mixed species, interacting
microbial communities (or consortia) in anaerobic environments, in which
the interrelationships between different species are generally based on
nutritional provision. This is due to the nature of anaerobic metabolism:
coupled redox reactions yield one or more reduced products, which are
excreted from the cell. These can then be utilised as electron acceptors by
other organisms in the consortium which have different metabolic
capabilities. Thesé relationships may almost be described as symbiotic
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(Hamilton, 1988). Therefore, whilst individual organisms, including SRB,
demonstrate only a relatively restricted spectrum of metabolic activity, the
community is capable of a much broader carbon flux and energy vyield,
within an overall redox balance (Hamilton, 1998).

In an open system such as an aquatic sediment, oxygen is available, and
the consortium will contain a range of facultative and aerobic organisms. In
these conditions it is possible to follow a nutritional succession, from the
initial hydrolytic and fermentative breakdown of primary substrates and
intermediate conversions of primary products to acetate and Hy, to the
terminal breakdown processes, dissimilatory sulphate reduction and
methanogenesis. An essential stage in these successive processes is the
interspecies hydrogen transfer linking the acetogens and the SRB or
methanogens. Due to thermodynamic reasons, the acetogens can only
carry out this conversion, coupled to energy conservation, if Hz is removed
by another bacterium, keeping the reaction equilibrium position such that it
becomes exergonic. It is the higher affinity for H2 and acetate of the SRB
that usually determines the outcome of competition with methanogens. If
sulphate concentrations are sufficient, H, - producing and H; - utilising
organisms benefit from the interspecies hydrogen transfer, representing an
essentially symbiotic relationship (Hamilton, 1988).

The SRB and the methanogenic archaea present many ecological and
physiological similarities, e.g. their occupation of similar anaerobic
ecosystems, such as sediments, and utilisation of small molecular weight
fatty acids and hydrogen as electron donors (Widdel, 1988). Smith (1993)
outlined three general relationships between the two types of bacteria: (l)
co-existence through utilisation of separate electron donors; (ii) direct
competition for electron donors; or (iii) synergism in which species of one
group provide an electron donor required by the other group. There has
been a considerable focus of attention on the nature of the competition
between SRB and methanogens, and a number of studies have been
carried out using laboratory reactors to look at populations in anaerobic
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carried out using laboratory reactors to look at populations in anaerobic
biofilms. On the whole, laboratory studies also indicate that SRB are more
competitive than methanogens in high sulphate environments (for reviews
see Widdel, 1988, and Smith, 1993). However, Raskin ef al. (1996)
demonstrated that the presence of SRB (especially Desulfovibrio and
Desulfobacterium spp.) was independent of the presence of sulphate in
experiments with laboratory biofilm reactors. In addition, these authors
observed that some SRB (Desulfococcus!/ DesulfosarcinalDesulfobotulus
group) were more competitive in environments without sulphate; proton-
reducing acetogenic and/or fermentation pathways were suggested as the
most probable mechanisms allowing the high levels of SRB in the absence
of sulphate (Raskin ef al., 1996). This evidence once again illustrates that
SRB have a considerable capacity to adapt to modifications of biological
and chemical factors in their natural habitats.

1.7.5.3. Influence of surfaces on sulphate reducing bacteria

Surfaces are important in microbial habitats because nutrients can adsorb
onto them. In the microenvironment of a surface, nutrient levels may be
much higher than in the bulk solution (Brock, 1997). This can have effects
on the rate of microbial metabolism. Sediments and muds are not
homogenous as are media used for culture in the laboratory; substrate
concentrations inside and at the surfaces of decaying organic particles
tend to be higher than in interstitial situations (Widdel, 1986). Bacteria can
be free-living (planktonic), but studies of microbial colonisation of surfaces
in natural ecosystems have shown that most microorganisms grow on
surfaces enclosed in biofilms (Beveridge et al, 1997, and references
therein). A biofilm is distinguished from other microbial aggregates in that it
forms at a phase boundary, most commonly a liquid:solid interface
(Wimpenny, 2000). Bacterial biofiims are, in broad terms, communities of
bacterial cells attached to a surface by extracellular polymeric substances
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(EPS), which are excreted by the cells. Once a microbial community is
established, the cells and the EPS create a protective organic matrix,
within which there may be nutrient fluxes and pH and redox gradients. In
the resulting biofilm, the matrix of EPS provides cohesiveness for
immobilised microorganisms (Flemming ef al., 2000; Wingender and
Flemming, 1999; Wingender et al., 1999), and it is considered the basic
requisite for the formation and maintenance of the biofilm (Wingender and
Fleming, 1999). EPS are thought to play an essential role in wastewater
treatment processes, e.g. they are involved in floc formation of activated
sludge and performance of fixed biofilm reactors with attached microbial
biomass (Flemming ef al., 2000). The EPS create a gel-like matrix in which
the microorganisms can be fixed, in close proximity to each other, with a
long retention time (Flemming et al.,, 2000); this is a prerequisite for the
formation of stable consortia, which are advantageous in a bioremediation
system.

Biofiims effectively trap nutrients for growth by charge-charge or
hydrophobic interactions (Beveridge ef al., 1997; Mayer et al, 1999;
Flemming et al., 2000) and provide vital protection against detachment of
cells on surfaces in flowing systems (Brock, 1997). They may develop on
solid, inanimate interfaces, such as rocks in aquatic environments and
pipelines, or softer, animate surfaces such as plant roots or animal
intestines (Beveridge et al., 1997). Microniches with more favourable
conditions than in the bulk phase may be found within biofiims on a
surface. As complex amalgams of bacteria may live in close proximity to
one another in a biofilm, metabolic processes can be shared between
bacterial types, which can result in co-dependence (Beveridge ef al.,
1997). For example, anaerobes may interact with oxygen-consuming
species, which reduce the environmental levels of oxygen sufficiently for
the anaerobes to utilise protective enzyme systems (see below) for
detoxification (Marquis, 1995; Marsh and Bowden, 2000).
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Bacteria that inhabit the subsurface (such as sediments and soils) tend to
grow more successfully in association with surfaces (Lawrence et al.,
1995). Sulphate reducing bacteria are anaerobes, and are therefore
frequently found in the subsurface. In nature, SRB are found in soils and
sediments where they congregate on surfaces of particles (Lyew and
Sheppard, 1997). Aggregation of SRB in cell-clumps associated with
particles or surfaces may provide protection against unfavourable changes
in environmental conditions such as pH and redox potential, or nutrient
deprivation (Widdel, 1986; Bass ef al., 1996; Beveridge ef al., 1997). Fukui
and Takii (1990a) found that the rate of sulphate reduction by free-living
Desulfovibrio desulfuricans Beijerinck was higher than in those associated
with FeS particles. Association of SRB with sediment particles in nature
may provide a physical diffusion barrier to oxygen from outside (Fukui and
Takii, 1996). Spore-forming sulphate reducers such as Desulfofomaculum
spp. can tolerate exposure to oxic conditions for months or even years
(Widdel, 1992; Cypionka, 2000). Desulfovibrio desulfuricans was found to
survive prolonged aeration in association with particles whilst free-living
ones died rapidly (Fukui and Takii, 1990b). Pfennig et al. (1981) found that
pronounced growth of Desulfosarcina variabilis in cell-packets was
associated with the attachment of the organism to available surfaces.

One of the possible advantages of surface growth or clump formation is
the capacity for more effective substrate utilisation under nutrient-limiting
conditions. The gliding filamentous sulphate reducers of the genus
Desulfonema combine motility with attachment to surfaces. The gliding
motility allows movement between sediment particles and viscous organic
matter; the motion may be directed with chemical gradients, enabling the
filaments to access more favourable growth conditions (Widdel, 1988).
Laanbroek and Geerligs (1983) observed that the presence of illite (clay)
particles had a positive effect on conservation of the oxidative capacity of
cultures of Desulfobacter postgatei, Desulfovibrio baculatus and
Desulfobulbus propionicus, with the greatest influence observed in the
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latter strain. Bass et al. (1996) isolated mixed cultures of thermophilic
sulphate reducers from chalk formations in North sea oil reservoirs, and
offered surfaces in varying amounts to planktonic cultures. The amount of
sulphide produced from cultures in contact with a surface was significantly
more than in cultures without a surfaces, and in one culture, viability was
maintained for 7 months when attached to oil-bearing chalk rock chips
without nutrients. Starved cells from the same culture were metabolically
active for 8 weeks but did not recommence sulphide production after this
time following nutrient provision (Bass ef al., 1996). This implied that
attachment to a surface conferred a selective advantage on the starved
cell population (Bass ef al., 1998).

The North Sea oil reservoirs off the east coast of the UK provide a
combination of extreme environments, including high temperature and
pressure, and in some zones, low nutrient status, low pH and anoxic
conditions (Bass ef al., 1996). Sulphate reducing bacteria are known to
inhabit oil-bearing porous rock formations; this porous matrix seems to
present a physically stable environment, and probably offers protection
against varying environmental conditions. Thermophilic sulphate reducers
readily attach to rock surfaces, assisted by the production of large
amounts of exopolysaccharide (Coutinho et al., 1994, Beech et al., 1996).
Here, they can survive adverse conditions by the formation of dormant
cells. The reduced size of the dormant cells means that they can pass
easily through rock spaces and inhabit the deep reservoir (Bass et al.,
1996). Biofilms containing thermophilic SRB can develop within the porous
matrix of oil-bearing rocks, as well as on metal surfaces in the oil
production system (where they can initiate corrosion; see 1.7.6.). In this
environment, they may be able to withstand periods of nutrient deprivation
(Bass et al., 1996).

In laboratory bioreactor experimental systems, such as those used to

investigate bioremediation or biodegradation, surfaces are often provided

for the colonisation of SRB and the establishment of a biofilm. Biofilm
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formation by heterogenous communities in these systems is a very
important mechanism to improve interactions, both among the
microorganisms as well as between microorganisms and their physical
and chemical environment (Bryers, 2000; Evans, 2000; Wolfaardt ef al.,
2000). Lyew et al. (1994) considered the use of a gravel bed, for the
establishment of a biofilm of SRB, to be of primary importance in the
design of a bioreactor for the treatment of AMD. Lyew and Sheppard
(1997) investigated the effects of physical parameters of limestone and
granite gravel beds on SRB activity in column reactors, and concluded that
the larger the available surface area, the greater the potential populations
of active SRB as well as the sulphate removal. There was no apparent
advantage in using the more alkaline limestone gravel over granite (Lyew
and Sheppard, 1997). Elliott ef al. (1998) incorporated sand into an upflow
anaerobic bioreactor for the growth of SRB under acidic conditions, as a
treatment system for AMD. In this system, viable SRB were recovered
from the column after 21 days of operation at pH 3 (Elliott et al., 1998).
Christensen ef al. (1996), in a bench-scale experiment for the treatment of
acid mine water using SRB, used cylinder reactors with a layer of crushed
stone over a layer of quartz sand. They observed blackening from ferrous
sulphide precipitates at the interface between the two layers, as well as
extensive biofilm formation on microscope slides placed on top of the
crushed stone layer during the experiment. They concluded that sediments
and solid surfaces are colonised first by sulphate reducers, and a large
fraction of the bacteria remained attached to them. The authors suggested
that growth conditions in the stone and sand were more favourable than in
the free water phase (Christensen et al., 1996). Maree and Strydom
(1935) demonstrated that in an upflow packed bed reactor for biological
removal of sulphate, crushed dolomite was a better surface than quartz
sand or plastic. However, Somlev and Tishkov (1994) compared reactors
containing metallic iron chips and crushed dolomite, and found that the
reactors with iron chips gave a conversion efficiency for sulphate of 75%
compared with 60% for dolomite. They confirmed that iron chips were
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more effective as biofilm carriers in the sulphate reducing process (which
is important to note in the context of SRB-induced corrosion, see 1.7.6.),
and concluded that packed bed bioreactors are more suitable for industrial
treatment of sulphate-containing wastewaters than fully mixed reactors.
Also in this investigation, it was possible to effectively treat influent waters
with a pH of 4.1 (Somlev and Tishkov, 1994), suggesting again that the
provision of a surface offers an advantageous habitat to the usually acid-
sensitive SRB.

Some bacteria are able to modulate their local pH, particularly in biofilms,
by up-regulating genes involved in acid or base production, even at pH
values below or above which the bacteria can grow (Marsh and Bowden,
2000). Individual bacteria in the biofim may also possess specific
molecular strategies that allow them to adapt to rapid changes in pH
(Bowden and Hamilton, 1998). Therefore, it is possible that biofiims allow
SRB to establish microenvironments that enable their survival, growth and
proliferation.

1.7.6 Economic and medical importance of SRB

Sulphate reducing bacteria appear to be indigenous inhabitants of the
waters of oil-bearing shales and strata, and their activities in this context
include: (i) biocorrosion of pumping machinery, storage tanks and
pipelines; (ii)) generation of H.S, which contaminates natural gas
associated with oil deposits, and (iii) growth in injection waters and
potential for clogging systems (Postgate, 1984). Although difficult to
accurately assess, in 1985 it was estimated that the césts to UK industry
of biofouling was about £300-500 million per annum (Hamilton, 1985). The
sulphate reducers are the single most common causative organism in
microbially influenced corrosion (MIC), which may constitute 50% of all
instances of corrosion (Booth, 1964).
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The formation of a biofilm on a number of metal 'surfaces can result in
biocorrosion. Bacteria, including SRB readily colonise such surfaces, as
shown by Somlev and Tishkov, 1994 (see 1.7.5.3). Beech et al. (1991)
further indicated that the excretion of polysaccharides (or, more generally,
extracellular polymeric substances; EPS) by a pure culture of SRB was
stimulated by the presence of a steel surface, leading to steel corrosion.
Corrosion is a blanket term covering a number of specific electrochemical
processes (such as pitting, graphitisation, stress corrosion cracking),
which can affect iron, mild steel, stainless steels, as well as aluminium,
copper, nickel and cobalt alloys (Hamilton and Lee, 1995). In most cases,
SRB-induced MIC occurs in cast iron and mild steel (Hamilton, 1994). In
buried cast iron pipes, MIC can result in complete removal of the iron,
leaving behind an apparently unaltered structure composed solely of
graphite, therefore retaining virtually none of its strength (Hamilton, 1985;
Hamilton, 1994). In mild steels, which are used in virtually all construction
work, MIC can cause what is known as pitting corrosion (Hamilton, 1994).
The worst cases of corrosion involving SRB are linked to environments in
which the necessary reducing conditions in a biofilm are in close proximity
to an aerobic phase (Hamilton, 1994; Hamilton and Lee, 1995; Hamilton,
1998); i.e. oxygen has a direct role in stimulating SRB-induced corrosion
(Hamilton and Lee, 1995). This is explained by the fact that SRB are
component members of mixed microbial consortia that contain aerobic and
facultative organisms which supply nutrients for SRB and reducing
conditions are generated. In base region of a biofilm on a metal (or other)
surface, anoxic conditions can readily be generated at biofilm thicknesses
in excess of 20 um (Hamilton and Lee, 1995). Figure 1.9 illustrates a

-

model for anaerobic microbial corrosion.

The understanding and control of biocorrosion has been of considerable
importance over the last few decades. Hundreds of millions of dollars are
spent annually to minimise economic and environment effects attributed to
corrosion (Jack and Westlake, 1995). A large research effort has been
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ongoing to understand the mechanisms -of SRB-related corrosion in
sufficient detail (Videla, 2000). The importance of microorganisms in
corrosion has been recognised for more than half a century, and since that
time, the oil and gas industries have invested considerable time and
energy into researching techniques for the detection, enumeration and
control of SRB (Jack and Westlake, 1995).

Sulphate reducing bacteria have also been implicated in the cause and
maintenance of inflammatory bowel diseases (IBD’s), i.e. Crohn’s disease
and ulcerative colitis (Gibson et al., 1991; Pitcher et al., 2000). It is
possible that SRB associated with gut mucosa result in an increased
systemic and local immune response (Matsuda et al., 2000), or indeed that
the persistence of fast-growing, actively metabolising, H-S-generating
SRB strains could result in continuous irritation of the colon (Zinkevich and
Beech, 2000). Research is on-going to understand more about SRB
community structures in diseased and healthy human bowels (e.g. Pitcher
et al., 2000; Zinkevich and Beech, 2000).
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Figure 1.9. A model for anaerobic microbial corrosion (Hamilton, 1994),
illustrating the importance of the mixed microbial consortium in the

process.
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1.8 Acidophilic microorganisms: characteristics and diversity

Each organism has a pH range in which growth is possible, and usually a
pH optimum. Natural environments generally have pH values that are
circumneutral, i.e. between 5 and 8, and organisms with growth optima in
this range are most common. Microorganisms generally cannot tolerate
extreme pH values, because in these conditions, microbial cell
components may be hydrolysed or enzymes may be denatured (Atlas and
Bartha, 1993). Relatively few species can grow at pH values below 2 or
higher than 10; such organisms, along with others that grow optimally at
extremes of temperature, pressure, or salinity are collectively known as
‘extremophiles’. Organisms that live at low pH are known as acidophiles.
Several species of bacteria, archaea, fungi, microalgae and protozoa grow
at low pH, and some are obligate acidophiles, i.e. they cannot grow at pH
values which approach neutrality (Johnson, 1998). Many bacteria that
accelerate the production of AMD, such as Thiobacillus spp., are obligately
acidophilic, as are several genera of archaea, such as Sulfolobus and
Thermoplasma. Other species may be acid-tolerant and can grow in a
broader range of low to neutral pH, but have pH optima close to neutrality.

Acidophiles may be found in a number of different environments, from hot
springs to volcanic streams, or in acidic soils, bogs and sediments. A
number of different acidophilic prokaryotes and eukaryotes exist within
these environments (Table 1.5). Most extremely acidic environments
contain low concentrations of dissolved organic carbon, and primary
production in sub-surface environments such as mines is based on
cherpolitho—autotrophy; in illuminated environments, primary production
may be mediated by phototrophic acidophiles such as microalgae and
diatoms (Johnson, 1998; Gyure et al., 1987). Research into acidophilic
microbiology has focused mainly on iron-oxidising chemolithotrophs, in
particular the iron/sulphur-oxidising bacterium Thiobacillus ferrooxidans,
as it was the first iron-oxidising acidophilic organism to be isolated and
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described, is relatively easy to grow and purify in'the laboratory, and is
ubiquitous in pyritic environments. These bacteria are known to have a
central role in the production of AMD. A variety of heterotrophic
microorganisms have been isolated from extremely acidic environments.
Acidophilic microorganisms indigenous to acidic, metalliferous
environments are very diverse, and often exist in consortia in structural
entities such as flocs, or, where there is a surface available for attachment,
biofilms (Hamilton, 1985, 1998). For example, Figure 1.10 shows
acidophilic bacteria existing in consortia in “acid streamers” (Johnson et
al, 1979) in a disused pyrite mine, “Cae Coch”, Conwy valley, North
Wales, UK. In this site, the main drainage stream passing through the
mine is filled with streamer growths up to 0.5 m deep (Jenkins and
Johnson, 1993). Lackey (1938) first reported the presence of such growth
forms in a mine in Indiana, describing them as ‘bacteria in a zoogloeal
jelly’. ‘Pipes’, or stalactite-like bacterial slime growths formed by water
dripping from the upper surface of a mine shafts in the U.S.A. were
observed by Temple and Koehler (1954) and described by Jenkins and
Johnson (1993) as occurring in the Cae Coch mine. Streamer growths
consist of a fibrillar polymer network (a polysaccharide matrix) produced
by predominantly aerobic bacteria (Dugan ef al., 1970a,b), and Johnson et
al. (1979) found the bacterial components to be a mixture of heterotrophic
and autotrophic bacteria. Some microorganisms within the AMD
environment are directly involved in AMD genesis, whereas some of the
heterotrophic acidophiles play a more passive role in AMD production,
metabolising organic materials that can be toxic to autotrophic iron-
oxidisers (Ingledew, 1982; Pronk, 1991; Nomis and Ingledew, 1992;
Johpson, 1995; see sections 4.1 and 5.4). Other isolates can reduce
soluble or solid phase ferric iron (Johnson and McGinness, 1991),
promoting metal mobilisation by a reductive route, as opposed to the
oxidative dissolution by T. ferrooxidans and similar organisms.
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Physiological Group

Example

(a) bacteria

Fe2*- oxidising autotrophs
Fe2*/S-oxidising autotrophs
S-oxidising autotrophs

Fe?*/s-oxidising mixotrophs

Fe?*-oxidising heterotrophs
Fe 3*-reducing heterotrophs

Leptospirillum ferrooxidans
Acidithiobacillus ferrooxidans
Acidithiobacillus thiooxidans

‘Sulfobacillus montserratensis’

‘Ferrimicrobium acidiphilum’
Acidiphilium spp

(b) archaea

Fe 2*-oxidising autotroph

Ferroplasma acidophilum

(c) eukarya

Fungi/ yeasts
Algae
Protozoa

Rhodotorula spp
Euglena mutabilis
Eutreptia, Cinetochilium,
Vahlkampfia

Table 1.5 The diversity of acidophilic, mesophilic microorganisms

(Norris and Johnson, 1998).
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Figure 1.10 Acid streamers—consortia of acidophilic microorganisms,
in an AMD environment.
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At the surface, acid streamer bacteria are predominantly aerobic and
require oxic conditions, but these aerobic species are also responsible for
creating the anoxic conditions necessary for the growth of microaerobic or
anaerobic species (such as sulphate reducers) deeper within or below the
streamer or biofilm structure (Hamilton, 1985, 1998). Johnson ef al.
(1993) incubated acid streamer material (from pH 2.4 AMD) at 30°C in the
laboratory and found that zones of sulphide accumulation developed,
indicating the presence of SRB in the streamer material. An isolate from
these zones was found to be a sulphate reducing bacterial strain which
had a wide pH range for growth but which could grow in glycerol/yeast
extract medium initially poised at pH 2.9 (Johnson, et al., 1993). Species
diversity can therefore be observed in acidic environments; Figure 1.11
outlines microbial transformations of carbon, sulphur and iron in surface
and sediment waters of the Afon Goch, Parys Mountain, Anglesey, a
historic site of metal mining where waters emerging from the site have a
pH as low as 2.3 (Boult et al., 1994). In acidic geothermal environments
such as solfatara (acidic sulphurrich environments), water temperatures
may vary from almost boiling (at the source of the thermal spring) to much
lower temperatures downstream. In these environments, therefore, a
variety of acidophiles with differing temperature optima may be found,
from extremely thermophilic archaea, moderately thermophilic archaea
and eubacteria, to mesophilic bacteria (Johnson, 1999; Table 1.5).

Once an understanding about acidophiles and their ecological niches had
developed, they became the focus of considerable research interest due
to their potential role in biotechnology and its commercial applications.
Johpson (1999) highlighted the importance of understanding how
acidophilic microorganisms interact with each other, suggesting that this
has a major bearing on mineral technologies, as microbial consortia (or
mixed cultures) rather than single organisms are generally used in
commercial-scale bioprocesses. The use of acidophilic microorganisms in
microbial leaching (also known as ‘bioleaching’ and ‘biomining’) has
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developed into one of the most successful areas of biotechnology, with an
estimated global value of around $10 billion (Johnson, 1998; Johnson,
1999). In this situation, metal mobilisation and acid production by
acidophilic bacteria have a significant commercial benefit in mining. If
concentrations of metals in sulphide ores are low, it may not be cost-
effective to recover metals by conventional processes. In these situations,
particularly for copper ores (as copper sulphate is very water-soluble),
microbial leaching is highly appropriate; in 1986, about 18% of copper
production in the USA was accounted for by bioleaching processes
(Torma, 1986). Bacteria such as Lepfospirillum ferrooxidans are able to
catalyse a rapid rate of oxidation of sulphide minerals, enabling
solubilisation of metals, mediated by direct or indirect mechanisms (Figure

1.1).

Novel acidophilic microorganisms may be of great value in remediation of
a number of contaminated media. For example, Hallberg ef al. (1999)
isolated a variety of acidophilic bacteria from acidic environments that
were able to use several aromatic compounds as growth substrates, of
which two isolates were able to grow in higher concentrations of some
aromatic and aliphatic organic acids than other acidophiles. This apparent
tolerance to organic acids is a trait shared with two species of the
acidophile Acidocella (as opposed to the sensitivity exhibited by another
genus of acidophiles, Acidiphilium). In the same study, an acidophilic
sulphate reducing culture also obtained from an acidic environment was
shown to grow on benzoic acid and benzyl alcohol (1mM). This study
demonstrated the potential for use of the novel organisms in biological
treatment of acidic wastewaters containing organic and inorganic

pollutants.

It is clear then, that naturally occurring acidic environments, as well as
acidic ecosystems created by human activites, may contain a
considerable range of indigenous microorganisms. Geothermal
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environments such as solfatara are often ancient, whereas many mine
sites are relatively recent. However, in older mine sites such as Parys
Mountain (Wales), acidophilic communities may in fact be quite complex
and diverse (Johnson, 1999; Jenkins and Johnson, 1993). All of these
sites could therefore be important to the field of biotechnology as they may
be the source of many novel organisms that could be used in
bioprocesses, including bioremediation.

1.9 Molecular perspectives in microbial ecology

The understanding of microbial ecology has been advanced by the
development of molecular biological methodologies over the last decade.
Therefore, information regarding the biodiversity of acidophilic
microorganisms (and indeed all microorganisms) has rapidly expanded.
Due to the insufficiency of using morphology to identify and classify
microorganisms, (as it is not specific enough to be reliable), until very
recently, microbial identification required the isolation of pure cultures, or
defined cocultures, followed by a number of tests on physiological and
biochemical traits (Amann et al., 1995). However, due to the advances in
molecular techniques, the total necessity to cultivate and obtain pure
cultures of an organism has been removed. Now, nucleic acids can be
extracted directly from an environment, and DNA can be selectively
amplified using the polymerase chain reaction (PCR). For example, the
fraction of the total extracted DNA which is usually amplified for analysis is
the part of the genome coding for the small sub-unit (16S) ribosomal RNA.
The 16S rRNA gene of bacteria is very suited to amplification using PCR
as it has highly conserved regions of DNA at the beginning and end of the
gen‘e that are suitable for use as primers. The regions are conserved
among all prokaryotes and therefore “universal 16S rRNA gene primers”
have been developed. This eliminates the need to know the gene
sequence of each individual microorganism. Once a gene from an
organism has been amplified and sequenced, primers specific for the
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Figure 1.11 Microbial transformations of carbon, sulphur and iron in
surface and sediment waters in an AMD environment (Johnson, 2000)
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organism can be made and used for the detection of the specific
microorganism. Crucially, the 16S rRNA genes from unknown organisms
can be amplified using universal primers, and these can then be analysed
using other molecular techniques to identify the relationship between
unknown organisms or with known organisms. Again, the universality of
the primers means that no prior specific sequence data needs to be
known. The impact of these technical developments on the ability to
discover and identify novel microorganisms has therefore been great, and
indeed, organisms which are deemed “unculturable” in the laboratory, or
organisms which have been successfully grown in the laboratory, but
whose DNA has not been previously sequenced, can be detected and
identified (Amann ef al., 1995; Head ef al., 1998).

Restriction Fragment Length Polymorphism (RFLP) is a useful technique
that can be used to determine the level of similarity of genes among a
group of strains. Restriction enzymes, or endonucleases, are proteins that
cut double stranded DNA at very specific locations (“restriction enzyme
sites”) within the molecule. The enzymes are isolated from various species
of bacteria; the first enzyme to be purified and studied is EcoRl (from E.
coli). Each one recognises a highly specific DNA sequence before
cleaving the DNA. The enzymes can be used to determine the presence or
absence of the specific sequence recognised by the enzyme, the total
number of these specific sequences, and the relative location of the
sequences in a DNA molecule. The 16S rRNA genes of bacteria are very
frequently compared to determine the relationship of one strain to another.
The rRNA approach is today routinely applied for phylogenetic analysis
and in situ identification of uncultured microorganisms (Amman et al.,
1995; Amman et al., 1997)

A powerful approach to the identificaton and quantification of
microorganisms in nature is the use of nucleic acid probes. A nucleic acid
probe is a short piece of DNA or RNA complementary in base sequence to
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part of a gene to which the probe’.can hybridise. Often, 16S rRNA
sequences are employed as tools for differentiating microorganisms in
natural environments. It is possible to identify different species in an
environmental sample using a collection of such probes. The probes are
labelled using radioisotopes or fluorescent dyes. The biodiversity of
microbial communities can be investigated using ribosomal RNA probes.
The bulk DNA or RNA samples are extracted from representatives of the
entire microbial community, and using specific nucleic acid probes,
ribosomal RNA clones are obtained, e.g. by PCR amplification of
ribosomal RNA genes. Following sequencing of the ribosomal RNA gene,
phylogenetic trees showing species composition of the microbial
community can be constructed (Brock, 1997). Probe technology can also
be used for identifying particular genes; for example, those that code for
proteins involved in biodegradation of pollutants or specific enzymes, such
as APS reductase (section 1.7.4.1). It can also be used for investigating
the effects of environmental modifications or perturbations on microbial
communities (e.g., changes in pH). The advantages of using this
technology are many, especially when it comes to investigating novel or
“unculturable” organisms (Amann ef al., 1995).

The fluorescence in situ hybridisation (FISH) method has great potential
for improving determinations of active microbial populations (Amann et al.,
1995; Christensen et al., 1999). FISH is a powerful tool that can provide
taxonomic as well as positional data on organisms in a population
(Kolenbrander et al., 2000). Oligonucleotide probes are designed to
recognise specific regions of 16S rRNA; these are then labelled with
different fluorescent dyes. Whole families of probes can be generated to
rec;)gnise different microbial groups, from a broad to a narrow range, e.g.
a probe that recognises prokaryotes, right through to those designed to
target individual species. The method is currently used to investigate
microbial populations in a wide range of situations. Okabe et al. (1999)
used FISH and conventional methods to investigate the distribution of SRB
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in microaerophilic wastewater biofilms, alongside microelectrodes to
measure chemical concentration profiles (O, $%, NOg, and pH) within the
biofilms. Power ef al. (1999) used FISH, as well as PCR for the
dissimilatory sulphite reductase gene, to monitor SRB in heterotrophic
biofilms grown on stainless steel under aerobic conditions. Similarly,
Santegoeds ef al. (1998) combined the use of microsensors and molecular
techniques (FISH and DGGE (see below)) to investigate the development
of sulphate reduction and SRB populations in an aerobic biofilm. Bond and
Banfield (2001) designed and tested oligonucleotide probes for the
detection of microorganisms inhabiting an AMD site in California. More
specifically, Hristova et al. (2000) developed Desulfotomaculum genus-
and subgenus-specific 16S rRNA hybridisation probes to determine the
abundance of Desulfotomaculum species in thermophilic anaerobic
digesters, and Manz ef al. (1998) investigated abundance and spatial
organisation of various Gram-negative SRB in activated sludge flocs using
in situ probing with specific 16S rRNA targeted oligonucleotides.

Denaturing gradient gel electrophoresis (DGGE) (Fischer and Lerman,
1979) is a method by which fragments of the same length but different
sequence can be resolved electrophoretically (Head ef al, 1998).
Individual bands on a gel can be challenged with a range of
oligonucleotide probes to investigate the composition and diversity of a
microbial community. When the identity of an organism associated with a
band has been established, fluctuations in components of the population
in relation to environmental changes can be assessed. This method has
numerous applications; for example, it could be applied to studying
cha_nges in populations of SRB in biotechnological processes (such as
wastewater treatment), or in the natural environment following exposure to

acid mine drainage or oxygen.
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1.10 Bioremediation of AMD using acidophilic SRB (aSRB)

Environmental biotechnology uses a biological process to remove polluting
substances from contaminated waste waters and other media. It can be
considered to be an engineering application of microbial ecology (Rittman,
1992). A biological process is an engineered system in which biomass of
desired microorganisms is accumulated so that the concentration of
pollutants in the medium are lowered to meet treatment requirements
during contact with the biomass. Process controls are used to select the
strains and biomass of different microorganisms in the process, creating
and optimising an ecological system that accomplishes the treatment goal.

The role of acidophilic communities and microbial dissimilatory reduction
processes in the bioremediation of metal-rich, acidic drainage waters has
been described by Johnson (1995b) and Johnson and Bridge (1997).
Johnson (1995b) suggested that there is considerable potential in using
microbial populations which are indigenous to extremely acidic
metalliferous environments in bioremediation schemes, as such
populations are unlikely to be rendered inactive or killed on exposure to
AMD. Recent studies have shown that dissimilatory reduction of ferric iron
can be carried out by a variety of acidophilic bacteria which can be
isolated from AMD and impacted water courses (Johnson and Bridge,
1997). However, truly acidophilic sulphate reducing bacteria have not
been isolated and characterised, indeed the study of aSRB has not been
documented at the time of writing, but there is evidence to show that
sulphate reduction occurs in acidic environments (Tuttle ef al.,, 1969a,b;
Satake, 1977, Herlihy and Mills, 1985; Spratt et al., 1987; Gyure et al.,
1§90) and under acidic conditions in the laboratory (Christensen et al.,
1996; Hard et al., 1997, Elliot et al., 1998; Lyew et al., 1994; Lyew and
Sheppard, 1997, and others).
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In the light of this evidence, Johnson (1995b) proposed a two-stage
microbial treatment of AMD comprising ferric iron reduction followed by
sulphate reduction, utilising acidophilic/acid tolerant bacteria in both
stages (Figure 1.12) as well as acidophilic fungi. In theory, this treatment
could effectively reverse the reactions of pyrite oxidation that are central to
the production of AMD. Ferric iron reduction causes a decrease in redox
potential of AMD waters, creating more reduced conditions which are
required for sulphate reduction by SRB. Thus, an in-line dual bioreactor
system (Johnson, 1995) could potentially be an extremely effective
treatment for certain types of AMD. If significant amounts of soluble iron
are present, these would be first reduced to ferrous iron, and in the SRB
reactor, simultaneous removal of sulphate and the generation of alkalinity
could further treat the effluent from the first reactor.

With increasing pressure to find cost-effective, “environmentally friendly”
solutions to the problem of AMD, much attention has been given to
alternative treatments. Biotechnology provides an alternative to traditional
chemical treatment, which may be detrimental to the environment.
Organisms which are indigenous to acidic environments may have the
greatest potential for bioremediation of acidic wastewaters, as they are
likely to possess genetic components which make them able to not only
survive but thrive in this extreme environment. Acidophilic SRB have the
potential to offer a novel solution to the problem of AMD, but this would
first require their isolation in the laboratory, the determination of their
growth requirements, and an assessment of their performance at bench-
scale. Acidophilic SRB, with a growth optimum pH of around 4.5 or lower
could, in theory, be a preferred candidate for bioremediation of AMD in
such a system. In addition, no pre-treatment to raise the pH prior to the
SRB reactor would be required, thus eliminating one costly step in the
bioremediation process.
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To date, putative aSRB indigenous to ‘AMD environments have not been
investigated for such purposes, because there is no proof of their
existence. While considerable numbers of proposed and actual
bioprocesses have been described that utilise SRB (e.g. Thiopag®, see
1.5.2), these strains or cultures are not acidophilic and have not been
isolated from acidic, metal+ich environments, although some have been
used for the biological treatment of wastewaters with low pH and elevated
concentrations of metals (Maree and Strydom, 1985; Maree ef al., 1987;
Barnes et al., 1991; Scheeren et al., 1991; Dvorak et al., 1992; Scheeren
et al., 1993; Lyew et al., 1994; van Houten and Lettinga, 1985; and van
Houten et al., 1995; Moriwaki ef al., 1997). In many cases, circumneutral
conditions are provided for the SRB by pre-treatment with alkali (e.g.
Dvorak et al., 1992). In addition, SRB are often used in bioprocesses for
the precipitation of metals as they can provide biogenic H.S (Hammack et
al, 1993; Hammack et al, 1994 a,b). Therefore, the use of ‘SRB
technology’ is well-established, although the possibility of using acidophilic

strains has not been seriously explored other than in some preliminary
investigations (Sen and Johnson, 1999; Kolmert, 1999).

1.11 Aims and scope of the current research project

This research programme focused on acquiring fundamental information
on acidophilic and/or acid tolerant SRB indigenous to naturally acidic and
AMD sites, and to undertake preliminary investigations to assess the
suitability of these novel isolates for use in bioremediation of acidic
metalliferous waste-waters through the use of bench-scale bioreactor
systems. Figure 1.13 summarises the approach to and the direction of the

research.

In summary, the overall objectives of the research were:
o Verification of the existence of acidophilic/acid-tolerant sulphate
reducing bacteria (aSRB);
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Isolation and identification of aSRB from samples taken from acidic
derelict mine sites; )

Development of suitable methods for reproducible laboratory culture of
aSRB, i.e. to develop and optimise culture media, liquid and solid;
Evaluation of mixed communities of aSRB for the bioremediation of
acidic, metal-rich waters using bench-scale batch and continuous
bioreactor systems;

Investigation of the microbial ecology of the bacteria in mixed
communities;

Purification and characterisation of isolates, and comparison of
biodiversity, using biomolecular and traditional techniques.
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OVERVIEW OF THE RESEARCH PROGRAMME
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Figure 1.13. An overview of the proposed research proposal.
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2. MATERIALS AND METHODS

The following methods were those used routinely throughout the research
programme. Other, more specific methodologies and modifications to the
standard techniques are described in later chapters. All chemicals used
were supplied by BDH-Merck (UK) except where indicated, and were of
*Analar’ grade when these were available from the suppliers.

2.1 Microbiological Techniques
2.1.1 Culture techniques
2.1.1.1 Liquid Media

Liquid media for the routine growth of aSRB cultures were prepared using
a basal salts mixture containing the following (in g L™ of distilled water):

(NH4)2S04 0.45

KCI: 0.05
MgSO47H20: 0.5
KH2PO4 0.05
Ca(NO3)>-4H20: 0.014

A trace elements solution was added at 1 ml L™ of medium; the stock
solution contained (in g L of 0.01 M H2S0.):

ZnS047HL0: 10 Na;Mo04-2H,0: 0.5
CuSO045H20: 1 NavOs: 0.1
MnSO44H;0: 1 NazSe40410H20: 1
CoS047H.0: 1

H3BOa: 0.6

NiSO46H-0: 1

Na:WO42H,0:

Crz(SO4)s-15H:0: 0.5
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Organic amendments were made by adding yeast extract (usually 0.02%
wiv), and glycerol, ethanol, and organic acids were added from stock
solutions to the appropriate concentrations.

2.1.1.1.1 Standard Liquid Medium for aSRB

A standard liquid medium for culturing aSRB was prepared containing
basal salts and trace elements (as above) together with 5 mM K2SOg4, 5
mM FeSOg4 0.5 mM NazS and 0.02% yeast extract (all expressed as final
concentrations). Basal salts, potassium sulphate and iron sulphate
solutions, together with yeast extract were combined, and the pH adjusted
to ~ 3.2 using 1M H.SO4 The solution was bubbled with oxygen-free
nitrogen (ORN; BOC gases, UK) until dissolved oxygen levels were below
20% of maximum. The medium was stirred gently and the sodium sulphide
added slowly (from a 100 mM stock solution). A black precipitate of ferrous
sulphide temporarily formed, but this dissolved after about 30 minutes of
stiring. The pH was adjusted to 3.5 and the solution was stirred again for
~ 15 minutes until clear. The medium was then filter sterilised into sterile

bottles using 0.2um cellulose nitrate filters (Millipore Ltd.).

2.1.1.1.2 Modified Liquid Media

The standard liquid medium was amended with various small molecular
weight organic compounds (glycerol, ethanol, lactic and acetic acids,
added from sterile stock solutions) to 1-10 mM final concentration.

The standard liquid medium was poorly buffered, and the pH tended to
increase markedly as a result of sulphate reduction, particularly in organic
substrate-amended media. Attempts to improve the buffering capacity of
the medium involved adding either aluminium sulphate (final concentration
5 mM) or zinc sulphate (final concentration 10 mM) to the standard
medium, ahead of filter sterilisation. Both systems were used in an attempt
to generate protons (consume hydroxyl ions) as:
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(a) AI(OH)* + OH" = AI(OH),* ke ' (2.1)
(b) HoS + Zn?* = ZnS + 2H* ‘ (2.2)

2.1.1.2 Bioreactor Cultures

Enrichment and experimental cultures of mixed populations of aSRB were
grown in two bench-scale bioreactor systems (LH Fermentation Series
502, and Electrolab P350). Environmental samples (section 3.1.1 and
3.2.1) were used to inoculate 2L bench-scale bioreactors to enrich for
aSRB. Enrichments were set up using basal salts/trace elements medium
(as described in 2.1.1.1), with addition of glycerol (10 mM final
concentration), FeSO4 (also to 10 mM) and 0.02% yeast extract. The pH of
the medium was adjusted to ~ 2.5 with 1M H.SO4 before autoclaving and
was adjusted, as required, using 1M each of potassium hydroxide and
sulphuric acid. The ferrous sulphate and glycerol solutions were added
from sterile stocks (1M) after autoclaving. Bioreactors were filled to a
working volume of 1.8 L, and the cultures were sparged with OFN to
create and maintain anaerobic conditions. The pH of the enrichment
cultures was set at a maximum value of 4.0, and the temperature
maintained at 25°C. The cultures were not agitated (i.e. no stirring, except
before measuring/adjusting pH or taking samples), sparged daily with OFN
to remove hydrogen sulphide, and kept under darkened conditions by
loosely shrouding the vessel with a black plastic sheet.

2.1.1.3 Use of "Poraver Beads

In some liquid cultures, and in bioreactor experiments,‘ glass beads were
incorporated to provide surfaces for colonisation by aSRB. In early
experiments, solid glass beads of 0.2 and/or 1.5-2mm diameter glass balls
(BDH, UK) were used. These were acid-washed with ~ 1M HCI before
autoclaving with growth media. In later work, porous (>80% pore space)
beads (manufactured by Dennert Poraver GmbH, Germany) of varying
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size (2-4, 56 or >8 mm) were used in culture and bioreactor vessels.
Several acid washes with 1M HCI was required to remove any traces of
residual basic minerals (mainly soda glass). It was also necessary to
remove air from within the porous beads, which was most readily achieved
by by autoclaving them (at 121°C for 20 minutes), which resulted in air
displacement, causing the beads to sink during cooling. The pH of the
liquor was measured, the surplus liquor decanted and replaced with fresh
acidic (pH ~ 3) medium/basal salts solution before re-autoclaving. This
was repeated until the pH of the liquor did not change after autoclaving
and air had been displaced from most of the porous beads.

2.1.1.4 Solid Media

Table 2.1 summarises the various solid media employed in the research
programme for culture of aSRB. Sections 2.1.1.4.1 and 2.1.1.4.2 detail
methods and materials for their preparation, as well as those of additional
media designed for culture of other acidophilic microorganisms.

2.1.1.4.1 Overlay Media for aSRB

Samples from the bioreactor enrichment cultures were used to inoculate
modified agarose ‘overlay’ plates (based on the ferrous iron overlay
formulation; Johnson, 1995a), adjusted to pH 3 or 3.5, to allow selection of
aSRB. Acidic overlay media' have been shown to promote colony growth
of heterotrophic as well as autotrophic acidophilic microorganisms
(Johnson, 1995a). The general principle is that, by incorporating an
acidiphilic heterotrophic bacterium to metabolise small molecular weight
materials that are inhibitory to many acidophilic bacteria, agar(ose)-gelled
media can be used to support the growth of both autotrophic and
heterotrophic acidophiles (Johnson, 1995a; Johnson, 1999). Two

variations on the overlay plate technique were used to develop media for
aSRaB:
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(a) Acidiphilium SJH Overlay Plates:

These were used routinely throughout the research programme. The solid
medium was prepared by combining three separately-sterilised solutions:
(i) basal salts/trace elements (section 2.1.1.1)/0.027% yeast extract/6.7
mM potassium sulphate, adjusted to pH 5.0; (iii) 2% (w/v) agarose (Sigma
Type 1); (iii) 1 M ferrous sulphate (pH 2). Solutions (i) and (ii) were heat-
sterilised (121°C, 20 mins.) and solution (jii) filter-sterilised, and these
were combined in the ratio 149:50:1 (giving a 0.02% yeast extract/5 mM
K2S04/5 mM FeSO4 solid medium). The final pH of the combined medium
was 3.5. A double layer gel was poured. An acidophilic heterotrophic
bacterium (Acidiphilium SJH; Johnson, 1995a), grown in a 10 mM
galactose/0.025% (w/v) tryptone soya broth/basal salts medium (pH 2.5),
was added (5 mi of culture/L) to the combined medium (held at ~45°C)
and poured as a thin layer into sterile petri plates (~15 mi/plate). When set,
this was covered with an overlayer (~20 ml/plate) of uninoculated
combined medium. Prepared plates were left to stand at room temperature
for a minimum of 2 days to facilitate detoxification of the medium, and then
placed in an anaerobic chamber (section 2.1.2) for 1-2 days to remove any
residual oxygen.

(b) Acidocella ‘WJB-3' Overlay Plates:

These were prepared in the same way to the above, except that
Acidocella WJB3 was used in place of the Acidiphilium culture. Acidocella
WJB3, unlike Acidiphilium SJH, does not grow on yeast extract, though it
does metabolise pyruvic acid (Hallberg et al., 1999), which is considered
to be an important inhibitory compound in acidic agar(ose)-gelled media
(Johnson, 1995a). For this purpose, Acidocella WJB-3 was grown in a
liquid medium containing 5 mM pyruvic acid/5 mM aluminium sulphate (for
buffering at pH 3.5), basal salts and trace elements, pH 3.5, and the cells
harvested at stationary phase. These were washed with acidified (pH 3.5)
basal salts solution to remove traces of pyruvic acid, and 3 ml was added
to the medium used for the underlayer gel.
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There were some variations to the overlay media used for aSRB. This
included the use of non-overlay yeast extract plates, and overlay plates to
which different potential organic substrates (such as glycerol) were added
(generally at ~10 mM). To avoid metabolism of the added substrates by
the Acidiphilium SJH present in the underlayer, these were generally
added after plate maturation/detoxification by spreading aliquots of stock
solutions evenly over the surface of the gelled media. These plates were
then inoculated promptly with aSRB, and incubated anaerobically (section
2.1.2) under which conditions Acidiphilium SJH is inactive (D. B. Johnson,
personal communication).

2.1.1.4.2 Other Solid Media

Three other solid media were used on occasions, ferrous sulphate (FeO)
and ferrous sulphate/potassium tetrathionate (Fe-tet) overlay media
(Johnson, 1995a)., and washed agarose yeast extract plates (WAYE; non-
overlay). These had been formulated to promote the growth of acidophilic
iron- and sulphur oxidising bacteria, though some heterotrophic
acidophiles could also grow on them.

For 10-12 plates of ferrous sulphate overlay medium, the following
solutions were prepared: (a) 40 mi basal salts solution (g L™ : (NH4)2SO4,
12.5; MgS047H20, 5.), 0.1g tryptone soya broth, 245 mi distilled water,
adjusting the pH to 2.5 with H2S04 (b) 2 g agarose (Sigma Type 1) in 100
ml distilled water, and (c) 1M ferrous sulphate, pH 2.0. Solutions (a) and
(b) were heat-sterilised separately (by autoclaving at 121°C for 20
minutes) and cooled to ~ 45°C. They were mixed and 10 ml of solution (c)
was added. The combined molten medium was split ~ 50 : 50 in the
containers used for sterilisation and one was inoculated with 5 ml of an
active culture of Acidiphilium SJH, mixed and poured immediately as a thin
(15-20 ml) under layer in standard petri plates. These were allowed to gel
then covered with approximately the same volume of sterile medium (kept
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Section

Solid medium Constituents* Organic Experimental use(s)
amendments** reference(s)
SJH overlay | BS/YE/TE/K:SO4/FeSO4 YE only/GLY/GAL/LA Routine culture/ 3.5.1;43.1;
(two-phase) | agarose/Acidiphilium SJH enumeration of aSRB 4.3.2;43.3;
(pH 3.5) 4.3.5; 5.2.1.1.5,
521.26
WJB-3 overlay | BS/YE/TE/K2SO4/FeSO4/ YE Enumeration/substrate
(two phase) [ agarose/Acidocella WJB- | only/LA/JAC/PY/MAN/GLY utilisation/routine 435;53.2.1;6.3
3 (pH 3.5) [ETHMET/GLU/GAL/RIB/ culture
GLN/
YE (single BS/YE/TE/K2SO4/FeSO4
phase) agarose (pH 3.5) YE occasionally Growth requirements of 3.5.2
replaced with TSB aSRB/screening for
other microorganisms
WAYE/AW BS/FeSO4acid washed
(single phase) agarose (+/- YE) (pH YE only Growth requirements of 433
3.5) aSRB

Table 2.1. Summary of solid media used for the growth of aSRB. *BS= basal salts; YE= yeast extract; TE= trace

elements, TSB= tryptone soya broth. **GLY= glycerol; GAL= galactose; LA= lactic acid; AC = acstic acid; PY=
pyruvic acid; MAN= mannitol; ETH= ethanol, MET= methanol; GLU= glucose; RIB= ribose; GLN= glycine.



molten in a water bath at ~45°C) to form an overlayer. Plates were used
immediately or stored at room temperature for up to a week. FeTSB
medium was the same medium without an underiayer that included
Acidiphilium SJH. Overlay variants were made using this medium but by
incorporating a layer with the addition of SJH as described above.

Washed agarose yeast extract (WAYE) non-overlay medium was made by
stiming 2.5 g of agarose with 10 mM H>SO4 for about 15 minutes, to
remove acid-soluble constituents. The suspension was then neutralised
using 1 M KOH, the liquor removed and the agarose rinsed briefly with
distilled water. The agarose was then autoclaved with 100 mi of distilled
water; in a separate vessel, 40 mi basal salts solution (g L™ : (NH4)2SO4,
12.5; MgS047H20, 5) was combined with 260 ml of distilled water, and
also autoclaved, after adjusting the pH to 3.5 with 1M H.SO.. After
autoclaving and cooling as described above, the solutions were combined,
ferrous sulphate was added to a final concentration of 500 uM, and the
medium poured into petri plates.

Yeast extract plates were used in some experiments. These had exactly
the same constituents as the yeast extract overlay plates but without using
a layer containing SJH or WJB-3., i.e. a single layer.

2.1.2 Anaerobic systems

Solid media and test tubes containing liquid media were placed into
anaerobic jars or sleeves. Two types of anaerobic system were used
(Imhof and Heinzer, 1996; Brazier and Hall, 1994). In the first, the Oxoid
Anaerobic System (Oxoid Unipath Ltd., UK), anaerobiosis was generated
in an air-tight, sealed 3.5 litre jar unit (HPO11A) from the addition of 10 ml
of water to tablets containing sodium borohydride, sodium bicarbonate and
tartaric acid. An activated (by pre-heating to 160°C) palladium catalyst was
fixed in the lid of the jar (to catalyse the reaction Hz + 0.50, = H.0) and
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an anaerobic indicator strip (Oxoid,~BR55) containing resazurin was
included to confirm the anaerobic status of the internal atmosphere.
Hydrogen and carbon dioxide are generated in this system in a ratio of
approximately 5:1. In the second system (Oxoid AnaeroGen™) anaerobic
conditions were achieved in 2.5 L sealed jars through the use of sachets
containing ascorbic acid which are activated by exposure to air. A carbon
dioxide atmosphere of 9-13% is generated in this system but no hydrogen
is produced. In a similar, smaller scale system (AnaeroGen Compact),
plastic sleeves were used which could hold up to 4 petri plates. A
controlled atmosphere chamber (Plas Labs, Lansing, MI, U.S.A) was used
for plating experiments and for storage of some media.

In one experiment, microaerobic conditions (oxygen < 5 %) were required.
The CampyGen™ system (Oxoid) is designed in a similar way to
AnaeroGen™ through the use of a sachet placed in a sealed jar. No
indicator strips were required.

2.1.3 Gram staining

A crystal violet dye solution was made by mixing 2 g of crystal violet with
20 ml of 95% (w/v) ethanol (solution A) with 0.8 g of ammonium oxalate
and 80 ml distilled water (solution B). Solutions A and B were mixed and
allowed to stand for 48 hours before use (the solution is stable for 2-3
years). Lugol’s solution was.made by mixing 1 g of crystalline iodine and 2
g potassium iodide in a mortar and dissolved in 300 ml distilled water. A
0.5% (wl/v) of safranin (the counter-stain) was made with distilled water,
and the decolourising agent was 95% (v/v) ethanol.’ Liquid cultures or
colonies of bacteria were used in the test. Where colonies were used,
about 10 pl of potassium chloride (8.5 g L) was pipetted onto a clean
microscope slide and a loop of bacteria from a well-isolated colony was
spread into the drop and over the surface of the slide. The smear was
dried by gently warming the underside of the slide. This was stained for
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one minute with the crystal violet solution and then rinsed briefly under
running water. The smear was then treated with with Lugol’s solution for 1
minute and rinsed again with water. Decolourisation was carried out by
running the decolourising agent over the slide until no more dye ran from
the smear, and was then immediately rinsed with water. The smear was
then counter-stained for 10 seconds. Finally the smear was rinsed with
water, blotted dry and examined under the microscope (magnification
1000x). Gram-negative cells appeared red-pink and Gram-positive cells
appeared blue-violet.

2.1.4 Freezing and storing of bacterial cultures

Long term storage of cultures was carried out by addition of
dimethylsulphoxide (DMSO; 7%, final concentration) to bacterial
suspensions and freezing in cryo-vials at -70°C. To recover cultures, tubes
were removed from storage, and frozen cell stocks put into an ice-bath
without allowing them to thaw. A small amount of the frozen culture was
used to inoculate fresh sterile growth medium by gently scraping in some
of the frozen material using a sterile loop; the minimum amount was
therefore used so as not to transfer large quantities of DMSO to new
cultures.

2.2 Analytical Techniques
2.2.1 Measurement of pH, redox potential and oxygen

pH and redox potentials were measured in situ in bioreactors, using either
Ingold or Mettler Toledo InPro combination pH or, redox electrodes
(MCB805). The pH of liquid samples was measured ex situ with a pHase
rapid renew glass electrode (BDH-Merck), while those of gelled media
were measured using a combined pH/reference cell with a flat surface
membrane (model CFW711, Russell pH Ltd., U.K)) Redox potential was
measured ex situ with a combined platinum/reference redox cell (Russell).
The pH and En electrodes were employed (ex situ) in association with an
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Accumet® pH meter 50 (which was also used for measuring redox); or a
DR 359 Tx Series 3 pH meter (EDT Instruments). Both were calibrated
using appropriate buffer solutions (Whatman, UK) between pH 2 and 7.
The performance of the redox electrode was tested periodically by
immersing it in a standard ferrocyanide/ferricyanide solution.

Dissolved oxygen (DO) was measured in situ with a Mettler Toledo
polarographic oxygen electrode. However, their use was limited as the
ferrous sulphide formed in most aSRB cultures coated the membrane,
disabling the electrode. Ex situ measurements of DO were made with a
polarographic DO electrode connected to a Jenway 9015 dissolved
oxygen meter (Philip Harris Scientific, UK), and with a portable dissolved
oxygen meter (Whatman International Ltd., England; DO 400).

2.2.2 Sulphate determination

Concentrations of sulphate were analysed using the turbidimetric method
described by Rand ef al. (1975). This is based on the principle that
sulphate ions are precipitated in a hydrochloric acid medium with barium
chloride to form uniform barium sulphate crystals. Ten ml of sample was
placed in a 20 ml beaker, 0.5 ml of a ‘conditioning reagent’ (a mixture of
25 ml glycerol, 15 ml concentrated HCI, 150 ml distilled water, 50 ml of
85% ethanol, and 37.5 g NaCl) added, followed by about 0.75 g of barium
chloride dihydrate crystals (L.ancaster, UK). The suspension was stirred for
1 minute, and the absorbance at 420 nm measured after a further 2
minutes (when maximum turbidity was most likely to occur) using a Cecil
CE 1011 1000 Series Digital UV spectrophotometer. Sulphate ion
concentrations were determined by comparison of the reading with a
polynomial standard curve in the range 0 — 40 mg L' ; samples were
diluted as necessary (usually 50x) before determinations were made.
Standard solutions were made using sodium sulphate decahydrate.
Corrections for the colour and turbidity present in samples were made by
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running blanks from which the barium chloride was withheld. Al
measurements were carried out in triplicate, and means calculated. A
standard curve was prepared before each batch of samples was analysed.
A typical standard curve, with an equation for the line, is shown in
Appendix 2.1(a). The minimum detectable concentration of sulphate using
this method is approximately 1 mg L.

Later in the research programme, sulphate measurements were made
using a modified version of the turbidimetric method. This was developed
by Kolmert et al. (2000) and allowed for more rapid determination of
sulphate, as the stirring period was reduced to 30 seconds, and the
absorbance could be measured immediately. 1ml of conditioning reagent
was added to 1 ml of a diluted sample (10x) during vortexing in test tubes,
and barium chloride (approximately 100 mg) was added. A detailed
comparison of the two methods was carried out, and no significant
differences in results obtained from measurements were observed.

2.2.3 Sulphide determination

Dissolved sulphide was determined according to the method of Cord-
Ruwisch (1985). In a slightly modified method, a sulphide-containing
solution was added to a copper sulphate solution. A dark brownish
colloidal CuS solution, which remains stable for 20-40s, was formed. The
copper sulphate reagent was made with 5 mM CuSO4 in 50 mM HCL. To
0.1 ml of sample, 1.9 ml of copper reagent was added during stirring.
Immediately following stirring for 5 seconds, the reagents were placed in
an acryl cuvette and the absorbance read at 480 nm against a blank of 1.9
ml of distilled water and 0.1 ml of sample, using a Cecil CE 1011 1000
Series Digital UV spectrophotometer. Standards were prepared using
sodium sulphide over the expected experimental conditions (e.g. 1-15
mM), in anoxic distilled water. A 50 mil stock of 100 mM sodium sulphide
was made in water that had been bubbled with OFN for 15 minutes, and
the stock solution was kept in a serum bottle with a thick rubber stopper.
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Standard solutions were prepared in anoxic water in serum bottles using
additions from the stock solution. The standards were stable as long as
they remain anoxic. All measurements were carried out in triplicate, and
means calculated. A standard curve was prepared before each batch of
samples was analysed. A typical standard curve, with an equation for the
line, is shown in Appendix 2.1(b). The minimum detectable concentration
of sulphide using this method is approximately 0.1 mM.

2.2.4 Ferrous iron determination

Ferrous iron was measured by the colorimetric method using ferrozine
(Stookey, 1970; Lovley and Phillips, 1987). The assay is based on the
chelation of ferrous iron by the (-N=C-C=N-) group of the ferrozine
molecule (3«(2-pyridyl) 5,6-bis (4-phenyl-sulfonic acid)-1,2,4-triazine) to
form a stable magenta-coloured complex ferrous iron-ferrozine, which
exhibits a single sharp peak with maximum absorbance at 562 nm.
Ferrozine reagent was prepared by dissolving 1 g of ferrozine (Sigma Ltd.)
in 1 litre of 50 mM HEPES buffer (pH 7.0; Sigma Ltd.). A 0.1 ml aliquot of
filtered culture was added to 1.9 ml of ferrozine reagent, mixed thoroughly
and absorbance read at 562 nm in acryl cuvettes, against a water blank,
using a Cecil CE292 spectrophotometer. Standards were prepared with
ferrous sulphate (FeSO4 7H20) over the range 0-1 mM (the range at
which the method is most accurate), and thereafter samples were diluted
as necessary (10-50x) in 10 mM H2SO4 for comparison with the standard
curve. All measurements were carried out in triplicate, and means
calculated. A standard curve was prepared before each batch of samples
was analysed. A typical standard curve, with an equation for the line, is
shown in Appendix 2.1(c).
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2.2.5 Glycerol determination "

Glycerol concentrations in cultures were measured using three different
methods according to the available resources, the number of samples to
be analysed, and convenience: the colorimetric assay described by Pesez
and Bartos (1974); high pressure liquid chromatography (HPLC); and by
an enzyme coupled assay (UV method) with a test-combination kit
(Boehringer Mannheim GmbH, Biochemicals).

In the colorimetric analysis for 1,2-diols (Pesez and Bartos,1974), the
principle is that oxidation with periodate ion and development of the
formaldehyde formed with phenylhydrazine and ferricyanide ion gives a
red colour (formazan dye). The reagents used were: (a) a 6.6% aqueous
solution of anhydrous sodium metaperiodate; (b) a saturated solution of
potassium nitrate; (c) a 1% aqueous solution of phenylhydrazine
hydrochloride, freshly prepared; (d) a 2% aqueous solution of potassium
ferricyanide, freshly prepared; (e) concentrated hydrochloric acid, and (f)
ethanol. To 0.5 ml of aqueous solution of the filtered sample (0.2 um
cellulose nitrate, Millipore), 2.5 ml of reagent (a) was added and allowed to
stand at room temperature for 20 min. This was chilled in an ice bath to
0°C, and the excess sodium periodate was precipitated out with 0.5 ml of
solution (b) and left for 10 min at 0°C. To a 1 ml aliquot of the clear
supematant, 2 ml of reagent (¢) and 1 ml reagent (d) were added and left
to stand at 0° C for 20 min. Five ml of concentrated hydrochloric acid and 5
ml of ethanol was slowly added with stirring, and the mixture left to stand
at room temperature for 15 min. The absorbance of the final reaction
mixture was read at 520 nm. Samples were read against a blank in which
MilliQ water had been taken through the assay procedure (a reagent
blank), with a Cecil CE 1011 1000 Series Digital UV spectrophotometer. In
the original protocol, glycerol concentrations were calculated from the
basis that for A = 0.3 (1cm cell), glycerol = 25 ng. Measurements were

carried out in duplicate, and means calculated. A standard curve was
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prepared before each batch of samples was analysed. A typical standard
curve, with an equation for the line, is shown in Appendix 2.1(d).

Glycerol was also measured using a Kontron HPLC fitted with an Aminex
column and a UV detector. HPLC was carried out using a Kontron system,
with an Aminex HPX-87H Organic Analysis Column (300 x 7.8 mm)
(BIORAD), an HPLC 560 autosampler, an HPLC 535 detector, and a
System 525 injector/poump (pump 525C and injector SA 560).
Kromasystem 2000 software was used to process data. The water jacket
surrounding the column was heated to 35°C. Samples to be analysed
were filtered using 0.2um cellulose nitrate filters to remove cells and
precipitates that could block the column. Samples were eluted from the
column using 0.02 N H2SO4 at a flow rate of 0.6 mi/min. Peaks were
detected by measuring absorbance at 195 nm, and were compared with
those obtained by running known standards between 0.5 and 10 mM.

For routine measurement of glycerol concentrations using the enzymatic
bioanalysis, filtered samples were analysed by adding a series of reagents
to give the series of reactions:

glycerokinase
Glycerol + ATP —— » L-glycerol-3-phosphate + ADP (2.3)

phosphokinase
ADP + PEP - > ATP + pyruvate (2.4)
L-LDH
Pyruvate + NADH + H* ——— L-lactate + NAD" (2.5)

(LDH = lactate dehydrogenase)

The amount of NADH oxidised in the above reaction is stoichiometric to
the amount of glycerol; NADH was determined by reading absorbance at
340 nm using a Cecil CE 1011, 1000 Series Digital UV spectrophotometer.
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With this method, the glycerol content present in the cuvette has to be
between 1 and 40 nug; the minimum detectable concentration is effectively
approximately 0.48 mM, when taking this into account. All samples were
analysed in duplicate and means calculated.

2.2.6 Ethanol determination

Ethanol concentrations were measured using an enzyme-coupled assay in
a test-combination kit by Boehringer Mannheim (Boehringer Mannheim
GmbH, Biochemicals), based on the following reactions:

ADH >
Ethanol + NAD < acetaldehyde + NADH + H' (2.6)

Al -DH
Acetaldehyde + NAD* + H,O0 ——p aceticacid + NADH + H* (2.7)

(ADH = alcohol dehydrogenase; Al-DH = aldehyde dehydrogenase)

All samples were analysed in duplicate with a Cecil CE 1011, 1000 Series
Digital UV spectrophotometer at 340 nm, and means calculated. The
amount of ethanol present in the cuvette must be between 0.3 and 6 ug at
this wavelength; the minimum detectable concentration is effectively
approximately 0.22 mM, when taking this into account.

2.2.7 Acetic acid determination

Acstic acid concentrations were measured using enzymatic bioanalysis
with a test-combination kit, as for glycerol and eghanol (Boehringer
Mannheim). The test utilised the following reactions:

acetyl CoA synthetase
CHsCOO™ + ATP +CoA— acetyl CoA + AMP + pyrophosphate (2.6)

citrate synthase
Acetyl CoA + oxaloacetate +H20 — > citrate + CoA (2.7)
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L-malate dehydrogenase
L-Malate + NAD" <« oxaloacetate + NADH + H* (2.8)

The determination is based on the formation of NADH measured by the
increase in light absorbance at 340 nm. All samples were analysed in
duplicate, with a Cecil CE 1011, 1000 Series Digital UV
spectrophotometer, and means calculated. The amount of acetic acid
present in the cuvette must be between 0.3 and 15 pg at this wavelength;
the minimum detectable concentration is effectively approximately 0.5 mM,
when taking this into account.

2.2.8 Protein determination

Protein concentrations were measured by the Folin-Lowry method (Lowry
et al., 1951) using bovine serum albumin (BSA) as a standard, scaled to
measure protein concentrations of 10 - 200 ug mi” (the determination of
as little as 0.2 pg is possible with this method). Due to the presence of
ferrous sulphide in aSRB cultures, cells were first washed 2-3 times in 10
mM H2S04 (with centrifugation at 9300 x g for 4 minutes using a bench-top
Biofuge 15 centrifuge (Heraeus, SEPATECH) followed by 1 wash with
distilled water. Pellets were resuspended in 0.1 M NaOH and left for 15
minutes at room temperature, for harvesting of cell protein by lysis. The
following reagents were required: (a) 2% (w/v) sodium carbonate in 0.1 M
sodium hydroxide; (b) 1% iw/v) copper sulphate and 2% (w/v) sodium
tartrate, mixed 1:1; and (c) 50 mi of (a) with 1 ml of (b) mixed immediately
before use. Solutions (a) and the components of (b) were kept as stock
solutions at room temperature. The indicator, Folin-Ciocalteau’s reagent,
was diluted 1:2 with distilled water before use. BSA was mixed with
distilled water to make standards. To 0.1 ml of sample, 1 ml of reagent (c)
was added and the solution left to incubate at room temperature for 10
minutes. 0.1 ml of the diluted Folin-Ciocalteau's reagent was added and
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the solution incubated as before for another 10 minutes. Absorbance was
then read at 7560 nm, using the reagent mixture plus 0.1 ml of water as a
blank. A standard curve was required for each test run as reagent (c) was
always made up directly before use. All analyses were carried out in
duplicate, with a Cecil CE 1011, 1000 Series Digital UV
spectrophotometer, and means calculated. A typical standard curve, with
an equation for the line, is shown in Appendix 2.1(e).

2.2.9 ATP determination

Concentrations of ATP in samples taken from bioreactors were determined
to give a measure of bacterial biomass. Analyses were carried out using
the systemSURE™ hygiene monitoring kit, which is a bioluminescence
test system designed for use in the food and manufacturing industries.
The system allows detection of ATP concentrations as low as 10™"° M. It
consists of an enzyme reagent (luciferase), an enzyme buffer, and a
swabbing (lysis) solution, luminometer tubes, a pipette for dispensing 400
Ml and pipette tips. The enzyme was reconstituted using the enzyme buffer
and allowed to warm to room temperature before use. To measure ATP in
the bacterial samples, the sample was mixed well and 100 pl placed into a
clean plastic luminometer tube. Swabbing (lysing) solution (100 pl) was
added to release ATP from biomass and mixed by gentle swirling. After
waiting for about 15 seconds, 400 ul of the enzyme reagent was added,
the tube capped and placed directly into the luminometer. A reading of
relative light units (RLU) was given for each sample. Analyses were
performed in triplicate for each sample and compared with a blank using
sterile MilliQ water; this was subtracted from the average value obtained
for the sample. Over the range 10-100,000 RLUs, there is an approximate
relationship of 10 RLU = 1 femtomole (fmol; 105 M) ATP.
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2.2.10 Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectroscopy was used to determine concentrations of
copper in bioreactor experiments (Chapter 5). Standards of 0, 1, 2, 4, 8
and 10 ppm copper (ll) were prepared using a standard solution of copper
nitrate, and a standard curve was produced for each set of samples to be
analysed. The sensitivity of the spectrophotometer allowed for a minimum
detection limit of 0.035 mg L™ of copper. Therefore, samples were diluted
100-fold with double-distilled water before measurements were made.
Determinations were made using an atomic absorption spectrophotometer
(Pye Unicam SP2900), with a hollow cathode copper lamp and a gas
control unit (Pye Unicam, SP9-10). Samples were combusted in an
air/acetylene flame (air 4.5U/min, acetylene 11LU/min), and their
absorbance measured at 324.8 nm. All analyses were carried out in
triplicate and means calculated. A typical standard curve, with an equation
for the line is shown in Appendix 2.1(e).

2.3 Microscopic Techniques
2.3.1 Stereomicroscopy

Colonies of aSRB grown on solid media were viewed or counted using a
stereomicroscope (Leitz-Wild M32, Switzerland) with a magnification range
from x 50 to x 400, which was convenient for viewing a wide range of
colony sizes. A camera (Olympus OM -2) was fitted to the microscope to
photograph colonies.

2.3.2 Phase contrast microscopy

For viewing cells or for using the Thoma counting chamber to determine
cell numbers (section 2.3.2.1), a Leitz “Labolux® phase contrast
microscope fitted with a Zernike condenser and objective was used
(magnification x 250 to x 400). Estimations of cell sizes, culture density,
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description of cell morphology and -absencel/presence of spores were
routinely made. Bacterial spores were simple to observe; being highly
refractile they can be observed as bright circular bodies.

Cell counts of planktonic bacteria were made using a Thoma counting
chamber, consisting of a grid set within a microscope slide. Cells were
dispersed in the sample as thoroughly as possible, and a small drop
(around 7 pl) was placed into the centre of the slide. The sample was then
viewed using phase contrast microscopy (magnification x 400). Bacterial
cells were counted in the small squares. If cells were highly motile,
formaldehyde was added at 50 pl (of 37% solution) per ml of sample. At
least 50-100 bacteria were counted to get a good estimation of cell
numbers. The number of small squares that were used was noted. The
calculation used was as follows:

Distance between each of the parallel lines on the chamber = 50 pm

. Area of each square = 50 x 50 = 2500 pm?

Depth of sample with cover slip in place = 20 um

». Volume of the sample in each small square = 50 000 pm?> (5 x 10*um?)

The average number of bacteria per ml was calculated by multiplying the
average number of bacteria per small square by 2 x 107 (i.e. 10'%5 x 10%).

Cells that had been Gram stained (section 2.1.3) were observed on the
prepared slides using a Jenalumar SH50 microscope (Zeiss) with a
magnification of x 1000.

2.3.3 Scanning electron microscopy (SEM)

Bacterial cultures were prepared for SEM by drying thoroughly without

damaging the cell structure. This required a number of detailed
procedures before viewing and photography was carried out:
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(1) dehydrating and fixing cells; (2) critical-point drying; (3) sputter coating
with gold particles. '

2.3.3.1 Dehydration and Fixation

In stage (1), the following reagents and materials were used: basal salts
solution, pH 3; 0.1 M H2SOy4; or “MilliQ” water; ethanol solutions: 30%,
60%, 90%, 100% (in MilliQ water, v/v); 4% gluteraldehyde; Swinnex filter
units fitted with polycarbonate membranes (0.2 pm pore size, 12 mm
diameter; Nuclepore Inc. USA); 5 ml syringes; clamps, and a punctured
1.5 ml eppendorf tube for each sample to be prepared (made by piercing
the tube in several places with a hot wire). All liquid samples were pre-
filtered (0.2 um cellulose nitrate filters) before use. The cell density of each
culture was determined using the Thoma counting chamber to assess how
much of each was required. The filter unit was assembled and the
membrane pre-wetted by flushing with water, the culture suspension
filtered through the fitted membrane and washed by flushing with (in
sequence) 1ml of H2SO4, 3ml of basal salts, and 3ml of MilliQ water. The
cells were then fixed using gluteraldehyde; 2 ml aliquots were dispensed
into the syringe and about 0.5 ml pushed through. This was held for 10-15
minutes, ensuring that a reservoir of gluteraldehyde remained above the
membrane. The remaining gluteraldehyde was then flushed through the
membrane. Immediately following this step, the sample was dehydrated
with ethanol, in sequence: 30%, 60%, 90%, 100% (twice). As with the
previous step, 3 ml of each were put into the syringe, 1ml flushed through
and the last 2 ml held in the syringe for 10-15 minutes. After the final flush
with 100% ethanol, the filter unit was dismantled and the membrane
carefully removed, noting on which surface the cells were attached and
placed into a punctured eppendorf tube. The tube was placed in a sealed
vessel containing 100% ethanol. -
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2.3.3.2 Critical-Point Drying

The eppendorf tubes were placed into the critical point drying chamber
(Polaron) and the ethanol replaced with liquid CO2 by allowing the gas to
enter to 800 Ib/in? , venting into the load chamber, and flushing every 15
minutes for 2%z hours. At the final flush, the temperature was allowed to
rise to about 37°C (the point at which liquid and gas are in equilibrium) and
the pressure to rise to about 1400 Ibfin>. At this point the gas was
evacuated very slowly, ensuring that the temperature stayed between 34
and 40°C. At O Ibfin?, the sample was removed, and was totally dry, with
no cell destruction. The sample was at this point ready for sputter coating.
The sample was removed from the tube, placed on a SEM stub and
placed in the sputter coating chamber (Polaron ES000) to be sputtered
with gold. Following this, the stub was placed in the SEM (Hitachi S-520)
for viewing and photography. Images were taken using liford PAN F film
and developed in AGFA Rodinal.

2.4 Biomolecular Techniques
2.4.1 Chromosomal DNA isolation and purification

The protocol was based on a method published by Wilson (1987), and the
reagents used were: TE buffer (10mM Tris (tris (hydroxymethyl)
methylamine) HCl + 1mM EDTA (pH 8); 20% SDS (20% sodium dodecyl
sulphate in deionised Hz0), proteinase K (20 mg mi? deionised H.0),
stored at —20°C; CTAB/NaCl solution (warmed slightly above room
temperature to make it less viscous); NaCl (5M); sodium acetate (408.1 g
sodium acetate-3H,O was dissolved in 800 ml deionised H;0O, the pH
adjusted to 5.2 using glacial acetic acid, and made up to 1L in a volumetric
flask with deianised H20); phenol/chloroform (25 parts phenol: 24 parts
chloroform: 1 part isoamyl alcohol; chloroform (24 parts chloroform: 1 part
isoamyl alcohol); isopropanol, and 70% ethanol. The TE buffer, the
sodium acetate and the NaCl solutions were autoclaved before use to
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completely inactivate any DNAses. As the aSRB cultures did not have a
very high cell density, 200 ml volumes of each of the cultures were
weighed out into 250 ml centrifuge bottles (within 1 g of each other). The
cultures were centrifuged at 10 000 x g and 4°C for 20 minutes, in a
Beckman JA-14 fixed angle rotor. The pellet that formed was scraped and
pipetted out, using a Gilson pipette, into sterile eppendorf tubes and
diluted with a little of the respective liquid cultures. These were centrifuged
at 10 000 x g for 30 seconds, the supernatant removed, and the pellet
resuspended in deionised H20 (pH 1.8), then centrifuged for 5 minutes at
2300 x g. The pellet was washed twice at this low speed to attempt to
remove the iron sulphide precipitates from the pellet. Following the
washing, the pellet was resuspended in 564 pl of TE buffer in 1.5 ml
eppendorf tubes, and 15 pl of 20% SDS and 6 pl of proteinase K added,
mixed thoroughly, and incubated at 37°C for 1 hour. NaCl (5 M, 100 i)
was added carefully and tubes were inverted several times to mix (not
vortexed as DNA would shear). CTAB (hexadecyltrimethyl ammonium
bromide)/NaCl (80 pl) was added, followed by incubation at 65°C for 10
minutes. Chloroform/isoamyl alcohol solution (600 pl) was added and
gently but thoroughly mixed, followed by centrifugation at 10 000 x g for 5
minutes. The extraction removed CTAB-protein/polysaccharide
complexes. A white interface was visible following centrifugation; this was
left in the tube and the supematant decanted into a fresh microcentrifuge
tube. To this, 1 volume of phenol/chloroform/isoamyl alcohol was added,
mixed and the tubes centrifuged again for 5 minutes. The supernatent was
transferred to a fresh tube and 1 volume of isopropanol added (to
precipitate nucleic acids; no salt was required as the NaCl concentration
was already high). The tubes were shaken back and forth until a stringy
white DNA precipitate was clearly visible. The tubes were placed on ice for
10 minutes then briefly centrifuged (at approximately 10 seconds at 6000 x
g) to pellet the DNA. The DNA was then washed with 70% ethanol to
remove residual CTAB and spun for 1 minute at 2000 x g) to repellet it.
The supernatent was carefully removed by pipetting and the pellet was air-
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dried. The pellet was redissolved in 10 pl TE buffer for PCR, cloning and
sequencing (section 2.4.2; Chapter 6). All steps were carried out at ~20°C.

2.4.2 Amplification of eubacterial 16S rRNA genes using the
polymerase chain reaction (PCR)

The 16S rRNA genes of selected bacteria were amplified from colonies of
the bacteria using universal primers “27f (forward) and “1492r" (reverse)
(EUB338; Snaidr et al., 1997). The forward primer is complimentary to
positions 8 to 27 of Escherichia coli 16S rRNA and has the sequence 5'-
AGAGTTTGATCCTGGCTC-3'. The reverse primer compliments positions
1510 to 1492 (Lane, 1991) and has the sequence &
TACGGYTACCTTGTTACGACTT-3'. The reagents that were not supplied
were made with sterilised deionised water (“MilliQ"). Reagents required
were: Taq polymerase, supplied as a Su ul™ stock (Promega Corporation,
Madison, W1, USA); 10x reaction buffer supplied with enzyme; 25 mM
MgCl. supplied with enzyme; dNTP stock containing 2 mM each of dATP,
dCTP, dTTP and dGTP; forward primer stock (100 ng pI""); reverse primer
stock (also 100 ng pi™); lysis solution: 0.05 M NaOH + 0.25% sodium
dodecyl sulphate (SDS); and sodium acetate solution (3M sodium acetate
adjusted to pH 5.0 with glacial acetic acid and autoclaved. A 5x solution of
TBE buffer was prepared using 54 g Tris, 27.5 g boric acid, 20 ml of 0.5 M
EDTA (ethylenediaminetetra-acetic acid disodium salt) stock, and MilliQ
water added to 1000 mi before autoclaving. EDTA stock was made with
36.53 g EDTA (adjusting pH to 8 with 10 M NaOH), and adding MilliQ
water to 250 ml before autoclaving. The DNA was prepared by placing
fresh colonies of aSRB (a small number of large colonies or a large
number (~ 50) of small colonies into 20 pl of lysis solution in 0.5 ml
eppendorf tubes; these were placed into the thermocycler (Progene,
Techne) at 95°C for 10 mins for cell lysis. Following this, the .DNA
preparations were diluted tenfold with MilliQ water, to ‘dilute out' any
inhibitory substances (such as nucleases) that might be present; the use
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of undiluted samples resulted in failure of PCR. These were kept on ice,
along with all the reagents that were taken from storage at —20°C and
allowed to thaw. A “master mix” for X reactions (X being the number of
individual reactions) was then prepared (leaving the addition of DNA and
Taq polymerase until last); this consisted of 5X pl of 10X reaction buffer,
5X ul of 25 mM MgCl; 5X i of dNTPs; 1X pl of forward primer; 1X pl of
reverse primer; 31.5X ul MilliQ water. 48.5 pl of the mastermix was
aliquoted into fresh, sterile 0.5 ml eppendorf tubes (clearly marked), and 1
ul of the cell lysate added, followed by 0.5 ul of Tag polymerase. The
tubes were placed into the thermocycler for PCR, with the following cycles:
95°C for 3 minutes, followed by 30 cycles of 95°C for 30 seconds
(denaturation), 50°C for 30 seconds (annealing), and 72°C for 2 minutes
(elongation); this was followed by a final 10 minute incubation at 72°C (a
final elongation step). A “cold-hold” at 4°C was used for up to 48 hours if
immediate analysis was not possible. Confirmation that the 16S rRNA
gene had been successfully amplified was accomplished by analysing 5 ul
of the PCR reaction(s) using 1 pl of 6X loading buffer (30% (v/v) glycerol,
0.1% (w/v) bromophenol blue, and 60 mM EDTA (from a 0.5M stock
solution) with a GIBCO BRL 1kb ladder (250 ng), on a 0.7% agarose tris-
borate-EDTA (TBE) gel, made with 0.5x TBE buffer (from a 5x stock
consisting of 54 g Tris (typically 0.21 g of agarose was heated in the
microwave with 30 mi TBE to give a 30 mi gel, which was suitable for the
mini-gel apparatus, supplied by BioRad). The gel was run at about 50 volts
for around 45 minutes (or until the blue dye was observed to have
migrated about % of the way down the gel) using an electrophoresis power
supply SL-3656 (Scotlab Bioscience, UK). Gels were carefully removed
and placed in a bath of ethidium bromide (approximately 10 ug ml™) for
around 15 minutes to stain the DNA. The DNA patterns were observed
using a short-wave UV transilluminator. If the PCR was successful, DNA
was precipitated by adding 1/:0 volume of sodium acetate solution and 2.5
X volume of absolute ethanol stored at —20°C. DNA was collected by
centrifugation at 4°C and 9300 x g for 15 minutes. The pellet was washed
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with 250 pl of 70% ethanol at 4°C and centrifuged again as previously.
The ethanol was then evaporated off and the DNA pellet resuspended in 9
ul of MilliQ water. The DNA was then stored at —=20°C.

2.4.3 Cloning of 16S rRNA genes

The PCR products obtained for the various bacterial strains using the
above procedure were joined to a cloning vector (pCR 2.1-TOPO
Invitrogen, vector length 3.9 kb) using a TOPO TA® cloning kit. One pl of
the PCR product was mixed gently with 3 pi of autoclaved MilliQ water and
1 pl of the pCR-TOPO vector and incubated for exactly 5 minutes at room
temperature, in 0.5 ml eppendorf tubes. The tubes were put on ice before
proceeding to the transformation using TOPO10 ‘One Shot’ competent
cells. Two pl of each cloning reaction were added to vials containing the
thawed competent cells, mixed, and incubated on ice for 30 minutes. The
cells were then heat shocked at 42°C using a heating block for 30
seconds, and transferred immediately back to ice. SOC medium
(consisting of 2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5 mM KCl,
10 mM MgClz, 10 mM MgSO,4, and 20 mM glucose) was added (250 pl)
and the tubes placed into incubation at 37°C with horizontal shaking for at
least 30 minutes. The tubes were placed back on ice and 50 pl from each
transformation was spread on LB-agar plates, containing 100 pg ml™*
ampicillin or 50 ug mi' of kanamycin, that were warmed at 37°C for 30
minutes and spread with 20 pl of 4% X-gal in DMF (dimethylformamide)
before use. LB (Luria-Bertani) medium was prepared by adding § g
tryptone, 2.5 g yeast extract and 5 g NaCl to 475 ml distilled water,
adjusting to pH 7.0 with 5 N NaOH and autoclaving. Agar (7.5 g) was
added to this before autoclaving to make plates. Plates were placed into
incubation at 37°C and left ovemight. Blue and white colonies grew: white
colonies were usually positive clones which were checked by PCR
screening and confirmed as positive by RFLP analysis alongside the
original PCR product used in the cloning.
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In later work, the cloning vector pGEM®-T Easy (Promega, Madison, WI,
USA) was used in a similar protocol, prior to transformation into E. coli
DH5a cells. Ligations were set up using 5 pl of 2X Rapid Ligation Buffer,
T4 DNA Ligase, 1 pl of pGEM®-T Easy Vector (50 ng), 3 ul of PCR
reaction, and 1 gl of T4 DNA Ligase (3 Weiss units/ul). The ligation
reaction was allowed to proceed over a minimum of 1 hour at room
temperature, or preferably overnight at 16°C. A very similar protocol to the
one used in earlier work using the TOPO cloning kit was followed for the
transformation. The only modifications from the Promega protocol were
that the heat-shock at 42°C in the heating block was extended to 2
minutes to give enough time for total heat transfer through the tubes, and
that 50 ul of transformation reaction was used to inoculate LB-ampicillin

plates only.
2.4.4 PCR screening of cloned 16S rRNA genes

This PCR method was used to screen for positive clones of the 16S rRNA
gene previously amplified by PCR. It was carried out using primers specific
for the cloning vector. The cloning procedure was efficient enough that
generally only 4 white colonies needed to be screened. Reagents (kept on
ice) and materials were essentially as in section 2.4.2, except for the
primers: standard “M13" forward and reverse primers in stocks of 100
ng/ul, with sequences 5'- GTA AAA CGA CGG CCA G-3’ (forward) and 5'-
CAG GAA ACA GCT ATG AC-3’ (reverse). A master mix was made for 4
reactions by adding together the following and aliquoting 19.5 pl into
separate sterile 0.5 ml eppendorf tubes: 8 pl of 10x reaction buffer, 8 pl of
25 mM MgCl, 8 pl of dNTPs, 2 pl each of M13 forward and reverse
primers, and 12.5 pl of MilliQ water. To each tube, a large, well-separated
white colony from the transformations was added using sterile toothpicks,
and the position of the colony on the plate noted by marking the petri
plate. Taq polymerase (0.5 ul) was added to each tube and immediately
placed into the thermocycler for PCR, which ran with the following cycles:
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95°C for 10 minutes before 30 cycles of 95°C for 30 seconds, 55°C for 30
seconds, and 72°C for 2 minutes, with a 10 minute incubation at 72°C at
the end (and a 48 hour “cold-hold” at 4°C if required). On completion,
confirmation that the cloned DNA was the 16S rRNA gene of interest was

checked using RFLP.

2.4.5 Restriction fragment length polymorphism (RFLP) analysis of
cloned 16S rRNA genes

RFLP pattems of the cloned inserts were compared with the original
authentic 16S rRNA genes from the first PCR reactions. Two restriction
enzymes, Mspl and EcoRl were used. If 4 colonies were picked for
screening, 5 eppendorf tubes (0.5 ml) were placed on ice and a master
mix of the following made: 5 pl of 10 X ‘Buffer B’; 2.5 pl of Mspl; 2.5 pl of
EcoRl; 15 yl of sterile MilliQ water. An aliquot of 5 pl was placed into each
tube, and then 5§ pl of PCR product from each cloning reaction added to
each of four tubes, leaving one tube for addition of 5 pl of the original PCR
product. The tubes were then incubated at 37°C, without shaking, for 1
hour. The digests were then run on a 3 % Sigma Type 3 "“AMRESCO” high
resolution agarose horizontal gel, using 1 X TBE buffer. For a gel 3-5mm
thick, for example, 0.9 g of agarose was heated with 30 ml of 1 XTBE ina
microwave, cooled slightly, and poured into the gel tank. (An option when
making the gel was to add ethidium bromide to the cooled molten agarose,
saving time later as staining was not required. When this was carried out,
1.4 pl of ethidium bromide (1 mg mi') was added and swirled into the
molten agarose). Two pl of 6x loading buffer was added to each 10 pl and
the whole volume pipetted into wells. The gel was run at 60 mV for about 1
hour, or until the dye migrated around % of way down the gel. The gel was
either stained with ethidium bromide for about 15 minutes, or if it was
added to the agarose previously, was viewed immediately using a UV
transilluminator. The cloned insert(s) with a pattern that matched exactly
with the original PCR product was noted.
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2.4.6 Plasmid preparation and purification

Returning to the plate(s) from which the colonies were taken, the plate
with the colony/colonies of interest was left to incubate, either at room
temperature or at 37°C overnight, depending on the number of colonies on
the plate (crowding might mean that the colony would not be well-
separated after re-growth), the amount of material left of the colony, and
the temperature of the laboratory. Once the colony had re-grown, some of
the colony was used to inoculate LB-ampicillin medium (usually 5 ml in a
test-tube; the volume used depended upon the chosen method of plasmid
preparation following growth), with a final concentration of ampicillin of 100
pg mi'. These were incubated at 37°C, with shaking, ovemight. This
culture was then ready to be used either in the plasmid mini-prep method
described by Saunders and Burke (1990), or by using a variety of mini- or
midi-prep kits, the most frequently used being the Qiagen Mini-prep. Other
kits used included the Wizard® Plus SV Minipreps DNA Purification system
(Promega, USA), and the CONCERT™ Rapid Plasmid Miniprep System
(GibcoBRL®); these are all based on the same principles. For simplicity,
the method used by Saunders and Burke (1990) is described. A number of
solutions and reagents were prepared: (i) ‘solution 1' (0.9008 g glucose,
0.3029 g Tris, 2 ml of EDTA stock, and distilled water to 100 ml); (ii)
‘solution 2' (0.9 g NaOH, 5 ml SDS stock, and distilled water to 100 ml);
(iii) *solution 3' (29.45 g potassium acetate, 11.438 ml glacial acetic acid,
and distilled water to 100 ml); (iv) isopropanol and 70% ethanol, both kept
at —20°C; (v) 0.5 M EDTA (made with 46.53 g EDTA, adjusted to pH 8 with
10M NaOH and distilled water added to 250 ml); (vi) 20% SDS (20 g of
EDTA in 100 m! of distilled water) stock solutions.

For each plasmid prep, 1.5 — 5 ml of the E. coli culture grown overnight
was spun for 4 minutes at 9300 x g in sterile 1.5 ml eppendorf tubes. The
pellet was resuspended in 100 pl of solution 1. Solution 2 (200 ul) was
added and gently mixed for cell lysis. Solution 3 (150 ul) was added and
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immediately mixed by gentle inversion. The tubes were then centrifuged
for 4 minutes at 9300 x g. A volume (380 pl) of the supernatant was
transferred into clean sterile eppendorf tubes and 720 pl of isopropanol
added. A further 5 minutes of centrifugation at 9300 x g were required,
before removing the supernatent. The pellet was washed with 1 ml of 70%
ethanol, with brief (~ 1 minute at 6000 x g) centrifugation. The supernatent
was removed very carefully by pipetting and the pellet left to air dry. Once
dried, the pellet was resuspended in 40 pl of MilliQ water and 10 pl of
RNAse added. This was left to incubate for 1 hour at room temperature.
Purification and elution of plasmid DNA was then completed by using
QlAprep spin columns (QlAprep spin manual), following the supplied
protocol.

2.4.7 Determination of DNA yield

The yield of DNA obtained was quantified by spectrophotometry. Five pl of
the DNA was diluted with 495 pl MilliQ water in a quartz cuvette, and the
absorbance read at 260 nm (with use of the deuterium lamp) on a Cecil
CE 292 Series 2 UV spectrophotometer. The yield was calculated on the
basis of the relationship that an Aze of 1 = 50 ug DNA/m.

The appropriate amount of DNA required for sequencing was then
precipitated by adding 0.1x volume of sodium acetate and 2.5x volume of
absolute ethanol, mixing and centrifuging for 15 minutes at 9300 x g. The
supernatent was carefully removed and the pellet left to air dry overnight,
covering the tubes with a tissue. The DNA was sent to MWG Biotech
(Milton Keynes, UK) for SEQ-3-XL double strand® sequencing after
performing a restriction digest to check that the insert (which should be
about 1500 base pairs) was definitely present in the plasmid.

The yield of DNA was also occasionally estimated by running DNA
samples on a 0.7% agarose gel containing ethidium bromide against a
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Lambda Hind Il (AH) molecular weight. marker in the first lane. One pl of
AH with 19 ul of MilliQ water and 4 pl 6x loading buffer was mixed and
pipetted into the first well. One pl of DNA, with the same volumes of water
and loading buffer were pulse spun at 6000 x g for about 1 second then
loaded into parallel wells. The gel was run at about 50 mV for around 30
minutes, and then the third band to separate from the DNA samples was
compared in intensity with the first band (23 kb) of the AH. The 23 kb band
has approximately 50% of the total A\H DNA (= 175 ng plI"', so 50% = 87.5
ng W', and this was used to give a visual estimate of sample DNA.

2.4.8 Restriction enzyme digests

To check that the desired insert was definitely present in the plasmid
before sequencing, restriction digests using the enzyme EcoRI were set
up. Volumes were sometimes altered for optimisation but generally the
following was used for each DNA sample: 1 pl digestion buffer, 1 pl EcoRl,
1 pI DNA, and 7 pl of MilliQ water (a total of 10 pul). These were incubated
at 37°C with shaking for about 1 hour. Two pl of 6x loading buffer was
added to each digest and the whole volume pipetted into wells of a 3%
Sigma Type 3 “AMRESCO” high resolution agarose horizontal gel, using
1x TBE buffer. Into the first well, 12 pl of 1 kb ladder was added, and the
gel was run at about 60 mV until the blue dye had migrated % of the way
down its length. The presence of the 1.5 kb insert was looked for by
viewing the gel under a UV transilluminator. A photograph of the gel was
included with the DNA samples sent for sequencing.

2.4.9 Sequence and phylogenetic analysis

After removal of primer sequences, the 16S rDNA sequences were
entered into the latest version of GenBank at the National Centre for
Biotechnology Information (NCBI) website (http://www.ncbi.nim.nih.gov).
BLAST searches (Altschul et al., 1997) were carried out to find the closest
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known relatives for each isolate, by comparison with previously deposited
16S rRNA gene sequences. Using sequences retrieved from the NCBI
database ‘Entrez’, multi-sequence alignments were carried out using the
CLUSTALW program (Thompson et al., 1994) and phylogenetic trees
were constructed with the latest version of the Phylogeny Inference
Package (PHYLIP) (Felsenstein, 1993). Phylogenetic inferences were
carried out using DNA Distance and trees were constructed using
Neighbour Joining (Saitou and Nei, 1987).
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3. ENRICHMENT AND ISOLATION OF SULPHATE REDUCING
BACTERIA FROM ACIDIC ENVIRONMENTS

At the outset of the research programme, methods for culture and isolation
of aSRB had not been developed, and it was possible either that these
bacteria did not exist, or that attempts to isolate them would be
unsuccessful. A number of preliminary experiments were therefore carried
out in an attempt to obtain aSRB from environmental samples, and to
maintain them in the laboratory. The methods used at this stage were
subject to development throughout the course of the research programme
and formed the basis for later work.

3.1 Environmental Sampling

Environmental samples that were expected to contain the target
microorganisms were required, and therefore appropriate sites impacted
by mining and/or low pH and metals were sought. Samples from three
sites were used as inocula for enrichment cultures.

(i) Parys Mountain mine, Anglesey, North Wales (Walton and
Johnson, 1992; Boult ef al.,, 1994). This area has a long history of
metal mining (evidence of Bronze age and Roman mining has been
found). One of the two streams draining the now abandoned mine
site (the Afon Goch; “red river) has a pH of around 2.5-3 in its
uppermost stretches and contains elevated concentrations of iron,
sulphate, zinc and copper (Walton and Johnson, 1993). Sediment
cores (30 x 5 cm) were taken from the stream bed of the Afon Goch
using a stainless steel core sampler. The pH of the surface water
was measured on site using a portable water tester (Whatman Ltd.).
The pH ‘profile’ of a typical sediment core (shown in Figure 3.1) was
recorded using a flat-bed pH electrode (Russell Ltd.), moving the
surface of the electrode from the top of the core to the bottom 1 cm
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(ii)

(iii)

at a time (Table 3.1). A small amount of a blackened zone of the
core was scooped out from the core with a spatula; a few drops of
sulphuric acid (1 M) was added to it and resulted in the evolution of
hydrogen sulphide gas, confirming that the black coloration was due
to the presence of (ferrous) sulphide. A sediment sample consisting
of the black sulphidic zone of a core, together with sediment some 5
mm above and below this layer was used to inoculate a bioreactor
(‘A’; section 3.2).

Cae Coch pyrite mine, Conwy Valley, North Wales (Johnson ef
al., 1979; McGinness and Johnson, 1993). This abandoned mine
hosts a drainage stream (pH ~2.5) which contains extensive
growths of *acid streamers” (section 1.8). These consist of
morphologically- and physiologically-distinct acidophilic
microorganisms (predominantly bacteria) many of which have not
been characterised (Johnson et al., 1979; Johnson and Kelso,
1981; D.B. Johnson, personal communication). A mixture of surface
and subsurface streamers (taken from around 40 cm depth and
characterised by black zones, in contrast to the uniformly cream-
coloured surface streamers) were collected in sterile beakers (300
ml) from the Cae Coch site and used as inocula for bioreactors ('B’
and *C’).

White River, Montserrat, West Indies. Sediment samples from
this river, which drained the main geothermal ("soufriere’) area in
the south of the island, prior to the catastrophic volcanic events of
1996, were sampled as part of the 1996 BBSRC-sponsored
microbiological expedition (Atkinson et al., 2000). This material was
used to inoculate a fourth bioreactor ("M’).
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Figure 3.1 A sediment core taken from the Afon Goch str