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ABSTRACT 

 

Thermophiles dominate deep subsurface aquifers and represent the most ancient life on the 

planet. In this project, the culturable diversity of thermophiles that inhabit the world’s 

largest freshwater geothermal aquifer, Australia’s Great Artesian Basin (GAB), were explored 

using culture-dependent techniques. These studies largely focused on four unique microbial 

mat communities that exist in the runoff channel of the New Lorne Bore (registered number 

17263) at temperatures between 52 – 72 °C and mostly targeted the cultivation of iron(III)-

reducing bacteria due to their considerable influence on subsurface processes and likely 

involvement in the corrosion of GAB bores and pipelines. During this project a number of 

novel and modified screening methods were developed including high-throughput 

microenrichments of thermophiles using Biolog (Biolog Inc., U.S.A.) and U-bottom deep-well 

(1 ml) microtiter plates (Sarstedt, Germany) amended with seldom tested energy substrates 

and varied terminal electron acceptors (TEA) such as iron(III), sulphate, vanadium(V) and 

molybdenum(VI). Phylogenetic analyses of the isolates recovered in this project detected 

more than 15 novel phylotypes thereby extending the known culturable diversity of the GAB 

microflora. Complete phenotypic characterisations were performed on 9 GAB 

thermoanaerobic isolates, which resulted in the descriptions of 8 novel organisms including 

4 novel genera: Thermotalea metallivorans (Ogg & Patel, 2009b), Fervidicola ferrireducens 

(Ogg & Patel, 2009c), Sporolituus thermophilus (Ogg & Patel, 2009d) and Fervidicella 

metallireducens (Ogg & Patel, 2010); and 4 novel species: Caloramator australicus (Ogg & 

Patel, 2009a), Caloramator mitchellensis (Ogg & Patel, 2011a), Thermovenabulum 

gondwanense (Ogg et al., 2010), and Desulfotomaculum varum (Ogg & Patel, 2011c); and 

amendments to the genus Caloramator (Ogg & Patel, 2011a) [given in Appendices 1 – 8]. 

Included in these characterisation studies was a modified method for determining an 

organisms mol % of G + C content of DNA using TempliPhi (Amersham Biosciences, U.K.) 

genome amplification kits to prepare the high molecular weight (HMW) genomic DNA prior 

to thermal denaturation. When the phenotypic data resulting from the strain 

characterisations was combined with the enrichment results, a complex model of the 

microbial oxidation of organic matter in the GAB at elevated temperatures (50 – 70 °C) was 

constructed.  

 

Thermostable enzymes that degrade complex carbohydrates to (ideally) ethanol are of 

increasing interest for the production of biofuels from lignocellulosic plant waste. As such, 
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numerous aerobic and anaerobic thermophilic GAB isolates were screened for enzyme 

activity on the substrates 4-nitrophenyl-α-D-glucopyranoside, 2-nitrophenyl-β-D-

glucopyranoside, 4-nitrophenyl-β-D-fucopyranoside, 4-nitrophenyl-α-L-arabinopyranoside, 

4-nitrophenyl-α-D-xylopyranoside and 4-nitrophenyl-β-D-xylopyranoside at 50 or 70 °C. 

Isolates from the genera Anoxybacillus, Bacillus and Caloramator demonstrated a high level 

of enzyme activity while Thermus or Thermaerobacter species did not. This demonstrates 

that the GAB is not only of considerable economic value due to its immense water, natural 

gas and oil supplies but that its microbial flora contain a plethora of unique thermostable 

enzymes of potentially immense economic value. 

 

The GAB thermoanaerobe Sporolituus thermophilus strain AeGT gen. nov., sp. nov. exhibited 

a limited metabolism, only fermenting citrate and malate, and is likely to be a dominant and 

widespread citrate fermentor in the GAB. To further investigate the physiology of this novel 

thermoanaerobe, preliminary genome analyses were performed. For this, a small insert (2 – 

5 Kb) genomic library was constructed and 288 clones were sequenced from each end. 

During this process a modified method was used for genomic library construction whereby 

the extracted genomic DNA of the strain was amplified using TempliPhi reaction kits to 

produce HMW DNA, which was subsequently size-fractionated by sonication and purified by 

gel-extraction to produce DNA fragments of the desired size-range for library construction. 

Sequence alignments yielded 110 contiguous (Contig) sequences that provided a total 

coverage of 99 331 bp of the strains genome. Blastx analyses of the Contig sequences 

matched to genes that were consistent with the strains physiological characteristics and 

phylogenetic placement.   

 

The GAB thermoanaerobe Caloramator australicus strain RC3T sp. nov. has the potential to 

attach to and corrode GAB bores and pipelines through its ability to use metals as TEAs and 

produce exopolysaccharide material when grown in large cultures. Using 454 

pyrosequencing the genome of this strain was sequenced and a draft genome sequence 

consisting of approximately 2.65 Mb was assembled. Annotations of the draft genome 

sequence revealed physiological attributes that were consistent with those observed during 

phenotypic characterisations, and included the identification of genes involved in metal-

reduction and biofilm formation. 
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The information provided in this thesis extends our knowledge of the ecology of 

thermophiles, particularly metal-reducers, which inhabit the GAB. The new enrichment 

techniques developed in this thesis can be applied to other environments to investigate 

specific microbial groups. Genome studies of Caloramator australicus strain RC3T sp. nov. 

provide a framework for future physiological and molecular studies of this strain. 
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1.1 THERMOPHILE RESEARCH AND THERMOPHILE ECOLOGY 

1.1.1 THE ORIGIN(S) AND EVOLUTION OF LIFE 

 

Precisely when, where and how life arose on Earth and evolved from simple single-celled 

organisms to the complex and ubiquitous life-forms observed today, is perhaps one of the 

greatest mysteries modern science attempts to solve. Phylogenetic analyses of the small 

subunit (16S/ 18S) rRNA genes has revealed that all known life exists within one of three 

domains: Archaea, Eubacteria and Eukaryota; and suggests that all life evolved from a 

‘universal ancestor’ referred to as the Last Common Ancestor (LCA) most closely related to 

domain Archaea. Determining exactly when this LCA arose on our planet is hindered by the 

lack of unambiguous “footprints” of ancient life. As such, studies that report the detection of 

microfossil evidence of ancient life or ancient biotic processes often spark much debate within 

the scientific community. For example, carbon-isotope analyses of Archean rocks existing in 

Greenland were reported to contain remnants of ancient biotic processes and represent 

evidence for life on Earth prior to 3.8 billion years ago (Gyr) (Mojzsis et al., 1996). However, 

the validity of this study was widely contested (Altermann & Kazmierczak, 2003, Van Zuilen et 

al., 2002) and the results regarded as moot (at best). At present, the oldest fossils of ancient 

life are stromatolites from the Pilbara region of Western Australia, which provide putative 

(Brasier et al., 2002, 2006) evidence that phototrophic life flourished on Earth at least 3.49 – 

3.43 Gyr and hence suggest that (prokaryotic) life at this time was relatively advanced and 

widespread (Allwood et al., 2007, Altermann & Kazmierczak, 2003, Awramik et al., 1983, 

Schopf & Packer, 1987, Ueno et al., 2001). If photosynthetic life flourished at this time, a 

simpler life-form must have existed prior that has left little or no physical remnants behind. 

Exactly when, prior to 3.49 Gyr ago that this LCA originated remains unknown.   

 

The Earth first formed approximately 4.56 Gyr, initially a molten sphere with temperatures of 

approximately 2 000 K. Its mass increased via accretion (of planetesimals) that included its 

collision with a Mars sized object forming the moon approximately 4.5 Gyr. Accretion impacts 

on Earth continued with a steady decrease until perhaps as late as 3.8 Gyr, the worst of which 

would have sterilized the surface of the Earth and boiled the oceans. Any obligate 

phototrophic life existing prior to 3.8 Gyr would have been destroyed by such cataclysmic 

events; however, it is possible that chemolithotrophic life inhabiting the deep subsurface may 

have survived. Deep-marine hydrothermal vents systems may have provided some protection 
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from the bombardment events, while deep subsurface rock environments may have served as 

protective bomb shelters harbouring a chemolithotrophic LCA. Using these parameters we can 

estimate that life on Earth began between 4.4 – 3.49 Gyr. During this period the Earth was still 

anoxic, with extreme UV radiation and elevated temperatures [ocean temperatures of ≥80 °C 

at 3.8 Gyr and 70 °C (±15 °C) at 3.5 Gyr] (Rosing et al., 2010); conditions more similar to the 

biblical inferno than to a Garden of Eden. The elevated temperatures of early Earth suggest 

that biogenesis occurred at high temperatures and that life evolved from heat-loving 

(thermophilic) ancestors to cooler (mesophilic) descendants as the temperatures on Earth 

decreased over billions of years. The monopoly on the deepest branches of the phylogenetic 

tree of life (Fig 1.1) closest to the LCA possessed by thermophiles, and their smaller genome 

size compared to mesophilic organisms provide further support for this.  

 

 
 Figure 1.1: Phylogenetic tree of life based on 16S rRNA sequences in which maximal 

growth temperatures have been used to colour-code the branches (Lineweaver & 
Schwartzman, 2003, Pace, 1997). The domains Bacteria, Archaea and Eukarya are shown 
and the “Root” which is the inferred phylogenetic position of the Last Common Ancestor 
(LCA). It is evident that heat-loving microorganisms dominate the deepest braches of the 
phylogenetic tree of life closest to the LCA. 
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For up to the first two billion years that life existed on Earth, the temperatures of a much 

hotter early Earth restricted life to that of thermophiles, and so the origin and evolution of 

many genes, metabolic pathways and reactions are rooted in thermophiles (Amend & Shock, 

2001). Many thermal environments that exist today are analogue to the typical conditions 

experienced on Earth when life first arose and for the next 1 -2 billion years thereafter, and so 

thermophiles that presently thrive in such environments are representative of ancient life-

forms that have evolved little over the past 3.5 billion years in comparison to other species 

which have originated, flourished and for many, are now extinct. Therefore phenotypic and 

phylogenetic studies of these organisms not only provide insights into how early life evolved 

but also perhaps, how life originated. Comparative genomic analyses of thermophiles can 

reveal not just how species evolved, but how individual genes evolved as they were 

transferred to their descendants or to other species (lateral gene transfer). This can be used in 

conjunction with phenotypic tests to identify the most ancient forms of metabolism and the 

upper physical limits (pH, temperature, salinity, pressure, radiation, etc.) of deeply branched 

organisms. As it is unlikely that the paleontological record will provide unambiguous data on 

how life first appeared, evolutionary studies of thermophiles may be the best hope to narrow 

when, where, how and under what conditions life arose and evolved on Earth. 

 

The evolutionary implications of thermophile research are not limited to the origin(s) and 

evolution of life on our planet but extend to the recent field of Astrobiology. Astrobiology 

encompasses the search for life or evidence of past life (biosignatures) outside of Earth, and 

investigates the possibility that life originated elsewhere in the galaxy and was transported to 

Earth (transpermia). Likely scenarios for transpermia include life originating on an Earth-like 

planet or moon, such as Mars or the Jovian moon Europa, or on a passing comet, which was 

then transported to Earth inside a rock in a dormant state. Radiation resistant bacteria such as 

Deinococcus radiodurans and sporulating bacteria have the ability to withstand the stresses of 

space transfer which include exposure to high levels of radiation, heat-shock, vacuum 

conditions and a lack of nutrients (Mileikowsky et al., 2000). Evidence that rivers, lakes and 

even oceans existed on Mars 3.8 Gyr, suggest that conditions favourable for biogenesis may 

have been reached in deep subsurface environments on Mars before Earth. In addition, the 

billions of Martian meteorites estimated to have fallen on Earth provide support for the 

probability of transpermia from Mars to Earth. This has been estimated to have been 20 times 

more likely to have been successful in the period of heavy bombardment (4.5 to 3.8 Gyr) 

(Mileikowsky, et al., 2000), which is within the parameters of when life originated on Earth 
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(discussed above). Europa is considered a plausible candidate to contain (prokaryotic) life due 

to its expansive subsurface oceans likely contain deep hydrothermal vent systems (Chyba & 

Phillips, 2001). It is also plausible that transpermia occurred from a passing comet, as comets 

contain aqueous molecules, organic compounds [including hydrocarbons and amino acids 

(McKee, 2009)], and a temperature gradient ranging from immensely hot to freezing; 

conditions plausible for spontaneous generation to occur. It is possible that comets colliding 

with Earth in the period of heavy bombardment may have supplied the Earth with amino acids 

and other organic compounds essential for life (Orσ et al., 1995). Understanding the 

constraints on biogenesis and the time taken for biogenesis to occur under these conditions, 

can provide us with estimates of how likely life is to exist or to have existed elsewhere in the 

Universe (Lineweaver & Davis, 2002). It seems that temperature was a critical constraint to 

biogenesis and to overall patterns of biotic evolution (Schwartzman & Lineweaver, 2005), and 

so understanding life at high temperatures (thermophilic life) is critical to understanding how 

life began and evolved on our planet, and hence indirectly the probability of life existing or to 

have existed elsewhere in the universe; perhaps two of the greatest mysteries of all.  

 

 

1.1.2 THERMOPHILES DEFINED 

 

Thermophiles can be defined as organisms with a temperature growth optimum (TOPT) that is 

the temperature at which growth is most rapid, > 45 °C, and further classified as 

hyperthermophiles with TOPT > 80 °C (Fig. 1.2). At the other end of the scale, organisms with 

TOPT < 20 °C are classified as psychrophiles and organisms with 20 <TOPT < 45 °C are classified as 

mesophiles. Thermophilic life is almost exclusively restricted to the prokaryotes, Bacteria and 

Archaea, with few Eukaryotes including species of fungi and deep-sea worms (Cary et al., 1998) 

cable of growth at elevated temperatures (> 60 °C). The current upper temperature limit 

within domain Bacteria is the exhibited by the iron(III)-reducing H2-oxidising organism 

Geothermobacterium ferrireducens, isolated from sediments of the Obsidian Pool in 

Yellowstone National Park, USA.  G. ferrireducens has a TOPT of 85 – 90 °C and a maximum 

growth temperature (TMAX) of 100 °C (Kashefi et al., 2002a). The current upper temperature 

limit of a described species under standard pressure is the H2-oxidising archaeon Pyrolobus 

fumarii, which was isolated from a deep-sea hydrothermal vent system and has a TOPT of 106 °C 

and a TMAX of 113 °C, and is able to survive 1 h of autoclaving at 121 °C (Blochl et al., 1997). 

Notably, the deep-sea hyperthermophilic archaeon methanogen Methanopyrus kindlier strain 
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116 exhibits a TOPT of 98 °C and a TMAX of 110 °C under standard pressure conditions, but when 

hydrostatic pressures are increased to 20 MPa its TOPT increases to 105 °C and its TMAX to 122 °C 

(Takai et al., 2008). Similarly, this strain (at a 108-cell population) remains viable for >24 h at 

121 °C and 3 h at 130 °C under a hydrostatic pressure of 30 MPa, but is killed under the same 

conditions with a gas pressure of 0.4 MPa (Takai, et al., 2008). Kashefi and Lovley (2003) 

detailed the isolation of an iron(III)-reducing archaeon designated ‘strain 121’ (tentatively 

named “Geogemma barossii”) from a water sample taken from an active ‘black smoker’ 

hydrothermal vent. Strain 121 grew at 121 °C and survived 130 °C for 2 hours, however, this 

strain is yet to be formally taxonomically validated. The consensus view based on the thermal 

stability of cellular components, ATP, and the limited benefit to an organism for catalysing a 

reaction at extreme temperatures is that the true upper limit for life will probably exist ≤ 150 

°C (Amend & Shock, 2001, Stetter, 1999).  

 

 
Figure 1.2: Classification of life based on thermal constraints (Pakchung et al., 
2006, Perry & Staley, 1997).  
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1.1.3 ADAPTATIONS TO HIGH TEMPERATURES 

 

Thermophiles utilise various adaptation strategies that allow them to not only survive at high 

temperatures but also to thrive in these extreme environments. Such adaptations vary greatly 

within and between domain Archaea and Bacteria. For example, thermophilic bacteria 

typically possess bilayered membranes composed of ester-type lipids that provide an 

increased thermostability at elevated conditions. In comparison, thermophilic archaea posess 

monolayered tetraether lipid membranes [derived from diphantanyl-glycerol or 

di(biphytanyl)diglycerol] for the same purpose (Sterner & Liebl, 2001), however, the 

hyperthermophilic bacteria Thermotoga maritime contains a novel glycerol ether lipid 

membrane (15,16-dimethyl-30-glyceryloxy-triacontanedioic acid) more similar to archaean 

membranes (Stetter, 1999). Other thermophilic bacteria are able to modify the types of lipids 

contained within their membrane relative to the environmental temperatures by increasing 

the length, branching and saturation of the lipid molecule at elevated temperatures (Reizer et 

al., 1985). 

 

Within any cell the most critical component is the chromosome, and so it is not surprising that 

thermophiles possess highly efficient DNA repair systems to correct DNA errors resulting from 

high temperature stresses (Jolivet et al., 2003). Thermophiles also possess numerous 

mechanisms that increase the thermostability of their DNA and RNA. It was previously 

hypothesised that an increased ratio of pyrimidines [guanine(G)-cytosine(C) bases] to purines 

[adenine(A)-thymine (T) bases] would be observed within the genomes of thermophiles 

compared to mesophiles, as a greater number of hydrogen bonds on the complementary 

strands between G and C compared to A and T would increase the DNA secondary structure 

stability. However, after extensive genome sequencing no such correlation has been observed 

in DNA, but an increased G + C content in the small subunit RNAs of thermophiles has been 

observed (Grogan, 1998). This is not to say that a higher G + C content does not increase DNA 

secondary structure stability as it does for small subunit RNAs, but rather thermophiles as a 

group use other mechanisms. Thermal stability of DNA is increased by constraining DNA 

topology, therefore it is not surprising that thermophiles possess specific enzymes such as 

gyrases (DNA topoisomerases) that cause positive and negative supercoiling of DNA to 

increase DNA compaction and hence increase the DNA melting temperature (Perugino et al., 

2009, Stetter, 1999). Hyperthermophilic archaea contain histones, and some thermophiles 
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possess high internal salt concentrations and polycatonic polyamines which likewise increase 

the melting point of DNA. 

 

Thermophiles possess unique heat-shock proteins that allow them to thrive at high 

temperatures. For example, subsequent to heat-shock (108 °C for 3 h) approximately 80 % of 

the soluble protein extracted from a growing culture of the hyperthermophilic archaeon 

Pyrodictum occultumi consisted of a heat inducible chaperone designated thermosome (Phipps 

et al., 1993, Stetter, 1999). When this thermosome was fully induced, cultures of Pyrodictum 

occultumi were able to survive 1 h of autoclaving (121 °C, 2 bar) (similar to its relative P. 

fumarii; described in Section 1.2). Protein structure and stability is largely determined by Van 

der Waals interactions, hydrogen bonds, salt bridges and hydrophobicity. Thermophilic 

proteins exhibit an increased number of salt bridges (often polyvalent) and aromatic residues, 

and an improved hydrophobicity compared to mesophiles. Furthermore, thermophilic proteins 

have shortened loop regions or termini, which often anchor to the protein surface and hence 

increase compaction and decrease the surface area to volume ratio thereby improving stability 

at high temperatures (Pakchung, et al., 2006, Vieille & Zeikus, 2001). Such may be increased by 

single amino acid substitutions without affecting protein conformation.  

 

The increased thermostability of proteins is immensely important for thermophile metabolism. 

Numerous metabolites have short half-lives at high temperatures and so an increased catalytic 

efficiency of thermophilic enzymes allows these substrates/ metabolites to be transformed, 

utilised, or stabilised before they are denatured by high environmental temperatures. For 

example, an amylase isolated from the hyperthermophilic archaeon Pyrococcus woesi was still 

active in vitro at 130 °C (Koch et al., 1990). The metabolite NADH has a half life at 95 °C (pH = 

7.0) of < 5 min and ATP is 60 % degraded under the same conditions after 1 hr (Daniel & 

Cowan, 2000). The thermostability of these metabolites can be greatly increased at elevated 

pH levels and in the presence of metal ions. As both ATP and NAD(P) are used as coenzymes in 

hyperthermophiles at temperatures >100 °C, these organisms must possess mechanisms that 

employ such strategies to provide thermostability. Alternatively, other thermophiles instead 

utilise redox processes coupled to iron-sulphur ferredoxins rather than to NAD(P). This 

provides support that the most ancient forms of metabolism include iron(III)- and sulphur-

reduction and to the possible existence of an “ancient iron–sulphur world” that harboured a 

hyperthermophilic chemolithotrophic LCA (Pakchung, et al., 2006). 
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1.1.4 THERMOPHILIC ENZYMES 

 

In recent years, thermophile research has revolutionised both the biotechnology and industrial 

worlds with the commercial applications of thermophilic enzymes often resulting in huge 

economic profit. Thermophilic enzymes are intrinsically stable at high temperatures and allow 

commercial applications to be performed at higher temperatures thereby enabling: (i) the use 

of a higher concentration of products due an increased solubility and diffusion, (ii) fewer risks 

of microbial contaminations, and (iii) often increased reaction rates which decreases the 

overall operation time thus lowers cost (Niehaus et al., 1999, Vieille & Ziekus, 2001). The most 

well known thermostable enzyme applied to biotechnology is Taq polymerase, from the 

thermophile Thermus aquaticus. Taq polymerase is used in Polymerase Chain Reaction (PCR) 

processes in laboratories worldwide generating annual sales of more than US$80 million 

(Pakchung et al., 2006). A number of other thermophilic enzymes including DNA ligases, 

proteins and proteases have been applied to molecular biology processes. Thermophilic 

enzymes also have applications in a number of industrial processes such as starch processing, 

paper pulp bleaching, cellulose degradation and the production of numerous chemicals 

including ethanol and other (bio)fuels (Table 1.1). 

 

Table 1.1: Bioconversion reactions and applications of thermostable enzymes 
(Haki & Rakshit, 2003). 

Enzyme Temperature 
range (°C) 

Bioconversions Applications 

DNA 
polymerase 

90-95 DNA amplification Genetic engineering/ PCR 

α –Amylase 90-100 Starch → dextrose syrups Starch hydrolysis, brewing, baking, 
detergents  

Pullulanase 50-60 Starch → dextrose syrups Production of glucose syrups 
Xylanase 45-65, 105#* Craft Pulp → Xylan + lignin Pulp and paper industry 
Chitinase 65-75† Chitin → chitobiose 

Chitin → N-acetyl 
glucosamine (chitibiase) 

Food, cosmetics, pharmaceuticals, 
agrochemicals 

Cellulase 44-55, 95‡ Cellulose → glucose Cellulose hydrolysis, polymer 
degradation in detergents 

Protease 65-85 Protein → amino acids and 
peptides 

Baking, brewing, detergents, 
leather industry 

Lipase 30-70 Fat removal, hydrolysis, 
alcoholysis, aminolysis 

Dairy, oleo chemical, detergent, 
pulp, pharmaceuticals, cosmetics 
and leather industry 

*Xylanase from Thermotoga sp. 
†Within this range enzyme activity was high. 
‡Cellulases from Thermotoga sp. 
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1.1.5 THERMOPHILE ECOLOGY  

 

Thermophiles are phylogenetically and taxonomically diverse. Culture-dependent analyses 

have isolated more than 400 species of thermophilic (and hyperthermophilic) Bacteria and 

Archaea representing over 150 genera. Thermophiles have evolved to thrive in a plethora of 

differing environments and so as a group utilise a multitude of electron donors and TEAs for 

growth. Electron donors utilised by thermophiles include: H2, iron(II), hydrogen sulphide, 

thiosulphate, tetrathionate, sulphide minerals, methane, various mono-, di-, and hydroxy-

carboxylic acids, alcohols, amino acids, and complex organic substrates; and TEAs include: 

oxygen, gold(I), gold(III), mercury(II), cobalt(III), iron(III), manganese(IV), molybdenum(IV), 

arsenic(V), chromium(VI), uranium(VI), technetate(VII), carbon dioxide, carbon monoxide, 

nitrate, nitrite, (di)nitrous oxide, sulphate, thiosulphate and elemental sulphur (Amend & 

Shock, 2001, Slobodkin, 2005). The majority of known thermophiles are obligate anaerobes, 

reflecting the  anaerobicity experienced in most thermal environments, with commonly used 

TEAs including sulphate, nitrate, carbon dioxide and iron(III) (Amend & Shock, 2001). Most 

thermophiles are heterotrophic utilizing organic substrates for growth, commonly 

polypeptides and/or carbohydrates, in contrast to strict autotrophic thermophiles that 

assimilate carbon dioxide, or thermophiles that may grow either hetero- or autotrophically 

depending on carbon availability. Likewise, the majority of known thermophiles (and all known 

hyperthermophiles) are chemosynthetic, obtaining their energy from the oxidation or 

reduction of dissolved organic and inorganic compounds rather than from sunlight 

(photosynthetic processes). 

 

Thermophiles thrive in a wide variety of high-temperature environments with conditions 

ranging from extremely acidic to highly alkaline, from fresh-water to salt-saturated, and 

environments with extreme pressure. Thermophiles have been isolated from man-made 

thermal environments such as: hot coal refuse heaps, power plants, compost systems and hot 

water systems; and natural thermophilic environments which are heated by either volcanic or 

geothermal means (i.e. due to their great depth). In the following sections various natural 

thermal environments and their microbial flora are reviewed including: (i) deep-marine 

hydrothermal vent systems; (ii) continental solfataric fields and volcanic hot springs; (iii) oil 

reservoirs; and (iv) deep subsurface geothermal aquifer environments; to highlight the 

different physicochemical properties of each thermal environment and to demonstrate how 

the microbiology of each environment is intrinsically linked to these physicochemical 
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properties as thermophiles have evolved biochemical and structural adaptations allowing 

them to thrive under such varied and extreme conditions.  

 

 

1.1.5.1 DEEP-MARINE HYDROTHERMAL VENT SYSTEMS 

 

Deep-marine hydrothermal vent systems form when sea-water is transported deep beneath 

the sea/ ocean floor through rock channels to where it is heated to temperatures of up to 350 

°C by underlying magma deep within the Earth’s crust. The surrounding subsurface formations 

alter the chemical composition of the seawater mostly enriching it with a combination of 

hydrogen (I, II), chloride, iron(II), manganese(II), silicic acid (H4SiO4), helium (3He), hydrogen 

sulphide, methane, carbon dioxide, potassium(I), lithium(I), lead(II), calcium(II), copper(II) and/ 

or zinc(II) (Reysenbach & Cady, 2001), before the heated seawater (hydrothermal fluid) is 

forced back to the seafloor (Fig. 1.3a). As the expelled anaerobic hydrothermal fluid mixes with 

the cooler oxic seawater at the bottom of the seafloor, the dissolved minerals are precipitated 

forming ideal nutrient rich environments for thermophiles to inhabit. At extreme temperatures 

this often results in the formation of spectacular “black smokers” (Fig 1.3b) and related 

sulphide chimney structures. 

 

The microflora inhabiting deep-marine hydrothermal vents are metabolically and 

phylogenetically diverse reflecting the abundance of different growth substrates and the 

varying physiochemical conditions experienced in these environments. In just a few 

centimetres, temperatures can vary from 350 to 2 °C, pH levels from 2 – 8, oxygen levels from 

highly anaerobic to aerobic conditions with fluid velocities from extremely high to low flow 

rates (Harmsen et al., 1997). Deep-marine hydrothermal vent microbes typically differ to 

terrestrial deep subsurface microbes by their halophilic/ halotolerant growth, usually growing 

optimally in approximately 3.0 % salt and often consist of a larger population of archaea 

compared to bacteria. Fluorescence in situ hybridisation (FISH) studies of the sulphide rich 

chimneys of the hydrothermal vent systems that exist on the Juan de Fuca Ridge in the north-

eastern Pacific Ocean demonstrated that approximately 65 % of the total microbial population 

in the interior wall was archaeal (Schrenk et al., 2003). Other culture-independent studies of 

deep-marine hydrothermal vent systems detected species from both the archaeal kingdoms 

Euryarchaeota and Crenarcheota, most commonly from the archaeal lineages 

Methanococcales, Methanopyrales, Archaeoglobales, Thermococcales and as-yet-uncultured 
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a b 

Figure 1.3: Deep-marine hydrothermal vent systems. (a) The formation of deep-marine vents (Reysenbach & Cady, 2001). Refer to text. (b) 
Black smokers are formed when anaerobic mineral-rich hydrothermal fluids are expelled from beneath the seafloor and mix with the oxic 
seawaters causing the dissolved minerals to precipitate (www.haysvillelibrary.wordpress.com).  
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lineages (Miroshnichenko & Bonch-Osomolovskaya, 2006). 

 

Deep-marine hydrothermal vent systems are possible environments in which the LCA 

originated and flourished (Section 1.1), and so it is not surprising that deep branching 

thermophilic (and hyperthermophilic) archaeon methanogens such as Methanopyrus (Kurr et 

al., 1991), Methanococcus (Burggraf et al., 1990, Huber et al., 1982, Jeanthon et al., 1999, 

Jones et al., 1983, Zhao et al., 1988), Methanothermococcus (Takai et al., 2002), 

Methanocaldococcus (L'Haridon et al., 2003), and Methanotorris species (Takai et al., 2004b) 

have been isolated from these environments. Hyperthermophilic iron(III)-reducing archaea 

that inhabit deep-marine hydrothermal vent systems include strain 121 (Kashefi & Lovley, 

2003) (described in Section 1.2), Palaeococcus ferrophilus (Takai et al., 2000) and members of 

the genus Geoglobus. Geoglobus ahangari (Kashefi et al., 2002b) and Geoglobus acetivorans 

(Slobodkina et al., 2009) both utilise a wide range of growth substrates in the presence of 

iron(III) including acetate and H2, which is significant as H2 utilisation linked to iron(III)-

reduction has been speculated to be the most ancient form of metabolism (Vargas et al., 

1998). Also mentioned in Section 1.1.2 is the extremely hyperthermophilic deep-marine 

hydrothermal vent archaeon Pyrolobus fumarii, which can also utilise H2, and grow with 

nitrate, thiosulphate and low concentrations of oxygen (up to 0.3 % v/v) as TEAs (Blochl, et al., 

1997).  

 

Deep-marine hydrothermal vent systems are typically rich in sulphur and oxidised-sulphur-

products (sulphate, thiosulphate, sulphite), and so are commonly inhabited by sulphate-

reducing archaea from the genus Archaeoglobus (Miroshnichenko & Bonch-Osomolovskaya, 

2006), and sulphur-metabolizing archaea such as Pyrococcus (Erauso et al., 1993) and 

Thermococcus species (Harmsen, et al., 1997) from the order Thermococales. Thermoacidic 

regions of deep-marine hydrothermal vent systems are commonly dominated by 

Thermococcus species (Prokofeva et al., 2005), including a Thermococcus species designated 

strain AM-4 which can grow by oxidising carbon monoxide to carbon dioxide while 

concurrently forming H2 from water (Sokolova et al., 2004). Anaerobic, energy substrate-rich 

regions of deep-marine hydrothermal vent are commonly inhabited by fermenters from the 

genera Pyrodictium (Pley et al., 1991) and Staphylothermus (Fiala et al., 1986), while oxygen-

rich regions are dominated by aerobic archaea such as Aeropyrum camini (Miroshnichenko & 

Bonch-Osomolovskaya, 2006, Nakagawa et al., 2004). 
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Phylogenetically deep positioned members of domain Bacteria isolated from deep-marine 

hydrothermal vent systems include strictly anaerobic, obligately organotrophic thermophiles 

from the order Thermotogales, such as Thermosipho (Antoine et al., 1997, Takai & Horikoshi, 

2000, Urios et al., 2004b) and Marnitoga species (Alain et al., 2002a, Postec et al., 2005, Wery 

et al., 2001a). Marinitoga piezophila inhabits high pressure regions of deep-marine vent 

environments and represents the first known thermophilic piezophilic bacteria. This strain was 

isolated from a deep-marine vent on the East Pacific Rise at a depth of 2 630 m and was able 

to grow at elevated hydrostatic pressures up to 40 MPa (Alain, et al., 2002a). Other deep 

branching bacteria that inhabit deep-marine hydrothermal vents include members of the order 

Aquificales, such as Persephonella (Go¨tz et al., 2002), Hydrogenbacter (Hoek et al., 2003), 

Desulfurobacterium (L'Haridon et al., 1998), Balnearium (Takai et al., 2003a) and Thermovibrio 

species (Vetriani et al., 2004), which are lithotrophic thermophiles utilising H2, elemental 

sulphur or oxidised-sulphur-compounds as energy sources and oxygen, nitrate or elemental 

sulphur as TEAs (Miroshnichenko & Bonch-Osomolovskaya, 2006, Reysenbach, 2001, 

Reysenbach & Cady, 2001). Other microaerophilic and aerobic bacteria include Thermus 

(Marteinsson et al., 1997), Marinithermus (Sako et al., 2003), Oceanithermus (Miroshnichenko 

et al., 2003b, Mori et al., 2004), and Vulcanithermus species (Miroshnichenko et al., 2003c) 

from the family Thermaceae. When grown in the laboratory, the growth of many of these 

strains are obligately dependent on the marine salinity of the culture medium, which 

differentiates them from closely related organisms isolated from thermal terrestrial and 

shallow-water environments which are typically halotolerant. In addition to oxygen, many of 

these organisms use nitrate as a TEA for growth, as does the strictly anaerobic bacterium 

Caldithrix abyssi from the family Deferribacterales (Miroshnichenko et al., 2003d).  

 

The wide variety of energy substrates and anoxic conditions in deep-marine hydrothermal 

vents support the growth of obligately organotrophic, thermoanaerobic bacteria from phylum 

Firmicutes, such as Caloranaerobacter species (Fardeau et al., 2004, Sokolova et al., 2001, 

Wery et al., 2001b), Tepidibacter species (Slobodkin et al., 2003, Urios et al., 2004a) and 

Caminicella sporogenes (Alain et al., 2002b). These strains commonly ferment peptides, sugars 

and/or amino acids, polysaccharides, starch, pyruvate and carbon monoxide as energy 

substrates for growth. Thermophilic sulphate-reducing bacteria inhabiting deep-marine 

hydrothermal vents include members of the family Thermodesulfobacteriaceae, such as 

Thermodesulfobacterium (Jeanthon et al., 2002) and Thermodesulfatator species (Moussard et 

al., 2004). Sulphur reducing bacteria include ε-proteobacteria isolates such as Caminibacter 
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species (Alain et al., 2002c, Miroshnichenko et al., 2004), Nautilia lithotrophica 

(Miroshnichenko et al., 2002), Hydrogenimonas thermophilus (Takai et al., 2004a), 

Nitratiruptor tergarcus, Nitratifractor salsuginis (Nakagawa et al., 2005) and Lebetimonas 

acidiphila (Takai et al., 2005), which all use H2 as an energy source and elemental sulphur as 

TEAs (with most also using nitrate and O2 as TEAs). The microbiology of deep-marine 

hydrothermal vents also includes numerous as-yet-uncultured members of class ε-

proteobacteria, which have been detected using culture-independent 16S rRNA gene library 

analyses (Miroshnichenko & Bonch-Osomolovskaya, 2006). The high concentrations of metals 

within deep-marine hydrothermal vents allow metal-reducing thermophiles such as 

Geothermobacter ehrlichii from the family Geobacteraceae (Kashefi et al., 2003) and 

Deferribacter species from the order Deferribacterales to thrive (Miroshnichenko et al., 2003a, 

Slobodkin et al., 2001, Takai et al., 2003b). Acidic deep-marine hydrothermal vent regions are 

occupied by thermoacidophilic bacteria such as Lebetimonas acidiphila and 

Thermoanaerobacter siderophilus, of which the latter grows at a minimum pH of 3.0 

(Prokofeva, et al., 2005). 

 

 

1.1.5.2 CONTINENTAL SOLFATARIC FIELDS AND VOLCANIC HOT SPRINGS 

 

Continental solfataric fields and volcanic hot springs form when soils, mud holes and surface 

waters (Fig. 1.4a-c) are heated by volcanic emissions that seep up from deep magma chambers 

usually several kilometres below the surface. Often these environments exist close to active 

volcanoes, and are characteristically rich in elemental sulphur and so produce a pungent 

hydrogen sulphide odour. In addition to sulphur and sulphur-oxidised products, solfataric fields 

and volcanic hot springs are often rich in iron and have low salinity levels (0.1 – 0.5 %). The 

surface of solfataric pools are extremely acidic (pH values 0.5 – 6.0) due to the high 

concentrations of hydrogen sulphide that are oxidised to sulphur and then to sulphuric acid. 

Below the surface, solfataric fields are less acidic (pH 5.0 – 7.0) and are anoxic due to the high 

temperatures which can reach as high as 350 °C. Volcanic hot springs generally exhibit higher 

pH levels (usually pH 5.0 – 8.0) compared to solfataric fields due to their greater volumes of 

water. Despite these extreme conditions, both solfataric fields and volcanic hot springs are 

inhabited by thriving thermophile populations. This is most evident as photosynthetic 

thermophilic populations often produce coloured pigments and/ or exist in macroscopic 

microbial-mats that colonise the surface of hot springs (Fig. 1.4d-e).  
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Figure 1.4: Continental solfataric fields and volcanic hot springs. (a – c): Continental 
solfataras from Rotorua, New Zealand, with H2S gas emissions. (d) Morning Glory Pool, 
Yellowstone National Park, U.S.A. and (e) Obsidian Pool, Yellowstone National Park, U.S.A, 
revealing coloured pigments due to the thriving microbial flora.  
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The microbiology continental solfataric fields largely consist of sulphur and oxidised-sulphur-

product utilizing thermoacidophiles reflecting the environmental conditions. Strict and 

facultative aerobic acidophiles thrive on the surface of terrestrial solfataric fields, usually at pH 

values between 0 – 5.0. Such organisms include archaea from the genera Sulfolobus, 

Metallosphaera, Acidianus (Plumb et al., 2007, Segerer et al., 1986), Thermogymnomonas (Itoh 

et al., 2007) and Picrophilus (Schleper et al., 1996), and bacteria from the genera 

Alicyclobacillus (Jiang et al., 2008) and Hydrogenobacter (Shima & Suzuki, 1993). These 

organisms generally oxidise sulphur and reduced-sulphur-compounds to sulphuric acid, or 

oxidise iron(II) and mineral sulphides (pyrite, chalcopyrite and arsenopyrite), and/ or ferment 

sugars and extracts (Plumb, et al., 2007). Notable aerobic thermoacidophiles isolated from 

solfataric fields include the archaeon Acidianus infernus, an obligate chemolithotrophic that is 

sulphur(0)-dependent with the ability to grow by the oxidation or reduction of sulphur(0). 

Acidianus infernus is the most thermophilic acidophile growing at temperatures up to 96 °C 

(TOPT = 90 °C) and pH values as low as 1.0 (pHOPT = 2.0) (Segerer, et al., 1986). In contrast, the 

Picrophilus species, P. oshimae and P. torridus isolated from solfataric fields in Japan are the 

most acidophilic thermophiles, which grow at pH values as low as 0 (pHOPT
 = 0.7) and 

temperatures of up to 65 °C (TOPT = 60 °C) (Schleper, et al., 1996). In comparison to solfataric 

fields, the upper-layer of volcanic hot springs are generally dominated by less acidophilic 

aerobic thermophiles, mostly members of the Aquificales and Thermodesulfobacteriales 

(Meyer-Dombard et al., 2005), and often photosynthetic thermophilic populations. Thermus 

and Meiothermus species are important thermoaerobes that are commonly isolated from hot 

springs (Brock & Freeze, 1969, Kristjánssen & Alfredsson, 1983), most notably Thermus 

aquaticus (discussed in Section 1.4). 

 

The underlying layers of solfataric fields and volcanic hot springs are dominated by facultative 

and strict thermoanaerobes due to the anoxic conditions. These include acidophilic and acid-

tolerant thermophilic bacteria such as Thermoanaerobacterium species (Kublanov et al., 2007), 

and thermophilic archaea including Sulfurisphaera ohwakuensis (Kurosawa et al., 1998), 

Ignisphaera aggregans (Niederberger et al., 2006), Acidilobus aceticus (Prokofeva et al., 2000) 

Caldisphaera lagunensis (Itoh et al., 2003), and Thermoplasma species (Segerer et al., 1988). 

Members of the latter three genera are capable of growth via fermentation in the absence of 

TEAs. Neutrophilic and slightly alkaliphilic thermophiles that thrive beneath the surface of 

solfataric fields and volcanic hot springs commonly utilize sulphur, reduced-sulphur-

compounds and metals [iron(III) and arsenic(V)] as TEAs, and oxidise organic matter and H2 as 
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energy substrates. Thermoanaerobic SRB isolated solfataric fields and volcanic hot springs that 

oxidise molecular hydrogen include Thermodesulfobacterium (Sonne-Hansen & Ahring, 1999, 

Zeikus et al., 1983), Thermodesulfovibrio (Henry et al., 1994)Sonne-Hansen & Ahring, 1999), 

Thermodesulfobium and Desulfotomaculum species (Goorissen et al., 2003, Haouari et al., 

2008, Liu et al., 1997). A number of other anaerobic thermophiles isolated from solfataric 

fields and volcanic hot springs, and their physiological grouping based on TEA reduction are 

highlighted in Table 1.2.  



CHAPTER ONE: THERMOPHILE RESEARCH, THERMOPHILE ECOLOGY AND THE GREAT ARTESIAN BASIN  
 
 

  
20 

 

  

Table 1.2: Selected characteristics of novel thermophiles isolated from continental solfataric fields and hot spring environments. 
Physiological Grouping Phylogeny Temperature 

Growth 
Optimum (°C) 

pH Growth 
Optimum 

Habitat References 

Photosynthetic 
thermophiles 

Thermochromatium tepidum 48 – 50 7.0 Mammoth hot Spring,  
Yellowstone National Park, USA 

(Imhoff et al., 1998, 
Madigan, 1986) 

Aerobes  Anoxybacillus sp. 50  65  7.0 – 8.5   Various hot-springs, Turkey, Russia and New 
Zealand 

(Dulger et al., 2004, 
Pikuta et al., 2000, 

Yumoto et al., 2004) 
Nitrate reducers Thermothrix thioparus 70 – 73 7.0 Jemez hot spring, New Mexico, USA (Cadwell  et al., 1976) 
Aerobic  sulphur  Sulfolobus sp. 70 –85 2 – 4.5 Solfataric hot spring, Italy and Japan (Auernik et al., 2008) 
oxidisers Metallospaera hakonensis 70 3 Hot spring, Hakone National Park, Japan (Takayanagi et al., 1996) 

(Kurosawa et al., 2003) 
Sulphate reducers Caldivirga maquilingensis 85 3.7 - 4.2 Acidic hot spring, Philippines (Itoh et al., 1999) 
Sulphur reducers Thermoanaerobacter 

sulfurophilus 
55 – 60 6.9 – 7.2 Cyanobacterial mat from a hot spring, Uzon 

Caldera, Kamchatka, Far Eastern Russia 
(Bonch-Osmolovskaya 

et al., 1997) 
 Thermoanaerobacterium 

thermosulfurigenes 
60 5.5 – 6.5 Octopus Spring,  

Yellowstone National Park, USA 
(Lee et al., 1993) 

Thiosulphate/ sulphite 
reducers 

Moorella glycerini 58 6.3 Calcite Spring area hot spring,  
Yellowstone National Park, USA 

(Slobodkin et al., 1997) 

Iron(III) and 
manganese(IV)  
reducers  

Thermolithobacter ferrireducens 73 7.1 – 7.3 Calcite Spring, Yellowstone National Park (Sokolova et al., 2007) 

 Carboxydothermus ferrireducens 65 6.0 – 6.2  Calcite Spring, Yellowstone National Park (Slobodkin et al., 2006) 
Methanogens Methanothermus fervidus 80 – 85  ND Icelandic hot spring (Stetter et al., 1981) 
Fermenters Picrophilus sp. 60 0.7 Volcanic solfataric field, Japan (Schleper, et al., 1996) 
 Caldicellulosiruptor obsidiansis 78 7.0 Obsidian Pool, Yellowstone National Park (Hamilton-Brehm et al.) 
 Spirochaeta caldaria 48 – 52  7.2 Cyanobacterial mat samples from 

freshwater hot springs, USA. 
(Pohlschroeder et al., 

1994) 
 Spirochaeta thermophilus 66-68 6.5 – 7.0 Marine hot spring, Kamchatka, Russia; also 

a hot spring, Raoul Island, New Zealand 
(Aksenova et al., 1992) 

 Moorella thermoautotrophica 56 – 60 5.7 Various hot springs in USA, Africa and 
Germany 

(Collins et al., 1994, 
Wiegel et al., 1981) 

 Thermoanaerobacterium 
saccharolyticum 

60 6 Hot-spring, Yellowstone National Park (Lee, et al., 1993) 
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1.1.5.3 OIL RESERVOIRS 

 

Crude oil (or petroleum) is formed deep within the subsurface where water, gas and porous-

rock-formations rich in hydrocarbons and other organic matter (called ‘source rocks’) are 

encased by an impermeable shale or clay boundary. Over millions of years the extreme 

temperatures and pressure exude oil from the source rock(s) which migrates laterally to the 

water surface due to its poor solubility of oil in water and the high resident pressures, and 

remains trapped beneath the impermeable sediment layer (Fig. 1.5). The temperatures at this 

oil-bearing layer are thus much lower (20 to 50 °C at 300 to 900 m; 50 to 100 °C at 900 to 2000 

m) than the petroleum formation temperature (Voordouw & Telang, 1999) and so causes 

alterations in the chemical composition of the oil over time (Head et al., 2003).  

 

 

 
 

The microbiology of oil reservoirs have a major influence to oil quality and oil extraction 

processes, and have been under investigation for almost a century (Bastin, 1926). Microbial-

influenced corrosion (MIC) of oil reservoir bores, pipelines and equipment result from the co-

colonisation of metal- and sulphate-reducing microorganisms, and if unchecked lead to leaky 

bores and pipelines, and faulty equipment, and so these microbial populations are of great 

concern. It has been estimated that sulphate-reducing microorganisms (SRM) are responsible 

for up to 80 % of all corrosion damage to oil field operating machinery (Antipov & Levahova, 

Figure 1.5: Structure of oil reservoirs (Amended from www.sjgs.com/ 
exploration.html). Deep within the subsurface oil is withdrawn from hydrocarbon-
rich source rocks, due to the immense temperatures and pressures. The oil 
migrates laterally to the water surface where it remains encased beneath an 
impermeable rock layer until discovered.  
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2002). Furthermore, substantial SRM growth can lead to increased sulphide concentrations 

‘souring’ oil with time, resulting in huge economic loss. To counter such adverse microbial 

affects, Microbial Enhanced Oil Recovery (MEOR) strategies have included the injection of 

nitrate to oil reservoirs to stimulate the growth of desirable indigenous microbes and hence 

prevent the formation of excess levels of sulphide by SRM thereby limiting oil souring (Telang 

et al., 1997). This also limits their colonisation on bores, pipelines and equipment reducing 

MIC. In addition, the increased growth of indigenous microorganisms on nitrate can improve 

oil extraction processes through an increased microbial production of gas and an increased 

breakdown of undesired heavy oil products (Telang, et al., 1997).  

 

The microbiology of oil reservoirs varies immensely depending on the physicochemical 

conditions of each reservoir. Salinity levels vary greatly between different oil reservoirs and 

range from fresh-water to salt-saturated conditions depending if the reservoir is situated 

onshore or offshore. pH levels within oil reservoirs generally range between pH 5 – 8, however 

the in situ pH is decreased by the dissolution of gases due to the elevated pressures (up to 500 

atm) and so can vary between pH 3 – 7 (Magot et al., 2000). Temperature is the most 

significant limiting factor to microbial life in oil reservoirs and is largely determine by depth; as 

oil reservoirs are heated by geothermal means rather than by volcanic means with 

temperature increasing at a mean rate of 3 °C per 100 m (regional geothermal gradients may 

differ significantly) (Magot, et al., 2000). Petroleum reservoirs exist at depths ranging from 200 

– ≥8 000 m and so exhibit temperatures ranging from moderate (20 – 40 °C) to extreme (> 130 

– 150 °C) (Magot, et al., 2000). The extreme temperatures of the deepest oil reservoirs regions 

are equal to those hypothesised to be the upper temperature limits possible for life (discussed 

in Section 1.2) (Amend & Shock, 2001, Stetter, 1999), however environmental analyses have 

not yet isolated strains from oil fields above 102 °C suggesting that the deepest and most 

thermal regions are sterile (Stetter et al., 1993). 

 

Metabolically, oil reservoir microbial communities are diverse and include organisms with the 

ability to utilise the abundance of electron donors associated with oil, in particular aliphatic 

and aromatic hydrocarbons. These microbes generally exist at the oil/ water interface in the 

upper regions and are therefore often mesophiles or moderate thermophiles (Huu et al., 1999, 

Ommedal & Torsvik, 2007). Nazina et al., (2001) isolated 5 moderate thermophilic strains 

belonging to the genus Geobacillus from oil reservoirs in Russia, Kazakhstan and China, which 

grew optimally at temperatures between 55 – 65 °C and utilised hydrocarbons (C10 -C16), 
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methane-naphthenic and naphthenic-aromatic oils, phenol, benzoate and phenylacetate. 

Physiological types of thermophiles isolated from high-temperature oil reservoirs include 

aerobes, nitrate-reducers, metal-reducers, sulphate-reducers, sulphur-/ oxidised-sulphur-

compound-reducers, sulphur-dependent fermenters, fermenters, methanogens and acetogens 

(highlighted in Table 1.3). Metal-reducing organisms isolated from high temperature oil 

reservoirs include species from the genera Shewanella, Thermoanaerobacter, Thermotoga, and 

Thermococcus (Slobodkin et al., 1999). Due to the largely anoxic conditions within high-

temperature oil reservoirs sulphate reducers (commonly Archaeoglobus, δ-Proteobacteria and 

Gram-positive bacteria), sulphur-dependent fermenters (Thermococcus, Thermotogales and 

Gram-positive bacteria), anaerobic fermenters and methanogens (Methanoculleus, 

Methylobacterium, Methanoplanus, Methanobacterium and Methanococcus sp.) are often the 

most prevalent organisms (Li et al., 2006, Orphan et al., 2000, Stetter, et al., 1993, Tardy-

Jacquenod et al., 1996). 
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Table 1.3: Selected characteristics of novel thermophiles isolated from oil reservoirs [adapted from Magot et al., (2000)]. 
Physiological Grouping 
 

Phylogeny Temperature 
Growth Optimum 

(°C) 

Salinity (%) Growth 
range 

References 

Aerobes/ Nitrate reducers Geobacillus uzenesis 55 – 60 0 – 4 (Nazina, et al., 2001) 
 Petrobacter succinatimandens 55 0 – 3 (Salinas et al., 2004) 
Sulphate reducers Desulfotomaculum sp. 35 – 65  0  - 5 (Nazina et al., 1988, Nazina & Rozanova, 

1978, Nilsen et al., 1996) 
 Desulfacinum infernum 60 0 – 5 (Rees et al., 1995) 
 Thermodesulforhabdus norvegicus 65 0 – 5.6 (Beeder et al., 1995) 
 Thermodesulfobacterium thermophilum 65 ND (Rozanova & Pivovarova, 1988) 
 Thermococcoides shengliensis 65 0 – 4 (Feng et al.) 
 Archaeoglobus fulgidus 76 0.02 – 3 (Beeder et al., 1994) 
Sulphur reducers Thermovirga lienii 58 0.05 – 8  (Dahle & Birkeland, 2006) 
Iron(III) & manganese(IV) 
reducers  

Deferribacter thermophiles 60 0 – 5 (Greene et al., 1997) 

Methanogens Methanobacterium sp. 60 – 65  0 – 30 (Davydova-Charakhch’yan et al., 1992) 
(Ng et al., 1989) 

 Methanococcus thermolithotrophicus 60 1.4 – 2.4 (Nilsen & Torsvik, 1996) 
 Methermicoccus shengliensis 65 1 – 6.5 (Cheng et al., 2007) 
Fermenters Geotoga sp. 45 – 50 0.5–10 (Davey et al., 1993) 
 Mahella australiensis 50 0 – 4 (Salinas et al., 2004) 
 Anaerobaculum thermoterrenum 55 0 – 2 (Rees et al., 1997) 
 Petrotoga sp. 55 0.5–10 (Davey, et al., 1993) 
 Kosmotoga olearia 65 1 – 6 (DiPippo et al., 2009) 
 Thermosipho geolei 70 0.5 – 7 (L'Haridon et al., 2001) 
 Thermanaerobacter sp. 65 – 75 0 – 3 (Grassia et al., 1996) 
 Thermococcus sibiricus 78 0.5 – 7  (Miroshnichenko et al., 2001) 
 Thermotoga sp. 60 – 80 0 – 6 (Fardeau et al., 1997, Jeanthon et al., 1995, 

1995, Ravot et al., 1995, Takahata et al., 
2001) 
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1.1.5.4 DEEP SUBSURFACE GEOTHERMAL AQUIFER ENVIRONMENTS 

 

Deep subsurface aquifers whose depth range from several hundred to thousands of meters 

below the land-surface are unique thermal environments, which like oil reservoirs are heated 

due to their great depth with the deepest aquifers reaching temperatures in excess of 100 °C. 

Deep subsurface aquifers differ to oil reservoirs in that they are not closed systems (in addition 

to their general lack of oil and petroleum compounds), and can be differentiated from 

volcanically heated hot springs in that they have no exposure to sunlight, low flow rates and 

long recharge times (often in excess of 1000 year). The groundwater geochemistry of deep 

subsurface aquifers is largely influenced by the surrounding geological formations and the 

recharge source, and so the groundwaters are often rich in bicarbonate, chloride, sulphate or 

iron, and usually exhibit neutral to slightly alkaline pH levels. Groundwaters from deep 

subsurface aquifers are commonly tapped to support industrial (e.g. mining), agricultural and 

domestic purposes and so are of immense economic value.  

 

Microorganisms are the only life to inhabit most deep subsurface aquifers due to the elevated 

temperatures and the frequently small pore spaces through which aquifer recharge occurs 

(Ghiorse & Wilson, 1988, Lovley & Chapelle, 1995). Due to the elevated temperatures of the 

deep subsurface, these environments are dominated by thermophiles which play a major role 

in controlling the cycling of organic and inorganic compounds, and thereby directly affect 

groundwater quality and taste. Such can be spoilt by increased concentrations of dissolved 

iron, hydrogen sulphide and methane produced by microbial populations. Additionally, 

microbial populations can negatively impact aquifer environments by increasing porosity 

particularly in carbonate aquifers, and by causing damage to bores and pipelines through MIC 

(as described in Section 1.1.5.3). Numerous deep-aquifer microbes have the ability to 

transform or precipitate common groundwater contaminants and so may offer a cheaper 

alternative for the (bio)remediation of many toxic or unwanted compounds within 

contaminated aquifers (Lovley & Lloyd, 2000). However, despite the ecological and economic 

value of high-temperature deep-subsurface aquifers, their microbial flora has received little 

attention [excluding studies conducted within our laboratory (Section 2.1)] in comparison to 

microbial studies of other thermal environments and shallow mesophilic aquifer 

environments.  
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Within subsurface aquifer environments light is not available, and so metabolically the 

indigenous microbial populations are chemosynthetic, relying on energy sources buried in the 

surrounding geological formations or introduced through recharge waters as dissolved 

compounds (Lovley & Chapelle, 1995). Consequently, the amount of organic matter in deep 

aquifer environments can vary greatly and so resident microbes have evolved survival 

strategies to withstand prolonged nutrient limited conditions (Krumholz, 2000, Ogg, 2003). The 

most prevalent TEAs for organic matter oxidation in deep subsurface aquifer environments are 

oxygen, nitrate, manganese(IV), iron(III), sulphate and carbon dioxide; thus common 

physiological types of thermophiles include aerobes, nitrate-, iron(III)-, manganese(IV)-, 

sulphate-reducers and methanogens respectively. The various processes for the 

decomposition of organic matter exist in a specific sequence of reduction zones, segregated by 

space and/or time (Lovley, 1991). This occurs in the order of dissolved oxygen-reduction > 

nitrate-reduction > manganese(IV)-reduction > iron(III)-reduction > sulphate-reduction > 

methane production (Fig. 1.6), and results because electron acceptors with a higher redox 

potential will generally be reduced first (Nealson & Saffarini, 1994). Within each TEA reduction 

zone, organic matter is decomposed by the cooperative activity of several metabolic types of 

thermophiles often existing in synotrophic relationships (Fig. 1.7).  

 

 
 

 

Figure 1.6: The typical distribution of terminal electron accepting processes in 
groundwaters of deep pristine aquifers (Lovley, 1991). Such processes typically exist 
in a specific sequence of reduction zones, due to differences in redox potential of 
electron acceptors (Nealson and Saffarini, 1994). Once oxygen is exhausted by 
bacterial and abiotic processes, the oxidation of organic compounds is linked to 
nitrate-reduction, followed by manganese(IV)-, iron(III)-, sulphate- and carbon dioxide-

reduction.       
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Figure 1.7: The decomposition of organic matter within the groundwaters of deep pristine aquifers (Lovley & Chapelle, 1995). The oxidation 
of organic matter in subsurface environments often requires the cooperative activity of several metabolic types of microbes existing in 
synotrophic relationships as specified above. 
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Deep subsurface geothermal aquifers contain a diverse microbial flora with commonly isolated 

organisms including Firmicutes and Proteobacteria (Table 1.4). Often mesophilic 

microorganisms are detected in such environments, which suggest the existence of cooler 

regions in these heterogeneous environments where mesophilic microbes possibly thrive and 

are transported to the surface upon sample collection (Kanso et al., 2002). Alternatively such 

organisms may be transient microbes and/ or introduced during drilling and sampling 

collection processes. Aerobes detected in deep subsurface geothermal environments often 

include members of the genera Pseudomonas, Acinetobacter, Arthrobacter, Acidiphilum 

Actinomycetes, Thermaerobacter, Meiothermus and Thermus (Onstott et al., 1997, Spanevello 

& Patel, 2004). Interestingly, a thermophilic Thermus strain isolated from the waters of a deep-

subsurface geothermally heated South African gold-mine was determined to be a facultative 

anaerobe with the ability to reduce nitrate, iron(III), elemental sulphur, manganese(IV), 

cobalt(III), chromium(VI) and uranium(VI) as TEAs (Kieft et al., 1999). Novel metal-reducing 

thermophiles isolated from subsurface geothermal aquifer environments include Bacillus 

infernus (Kanso, et al., 2002) and Sulfurihydrogenibium subterraneum (Takai et al., 2003a). 

Sulfurihydrogenibium subterraneum was isolated from thermal aquifer water obtained from 

the Hishikari gold mine, Japan, and grows with H2, elemental sulphur or thiosulphate as an 

electron donor and with molecular oxygen, nitrate, iron(III), selenium(IV), selenium(VI) or 

arsenic(V) as TEAs (Takai, et al., 2003a). Other-metal reducing thermophiles detected in such 

environments include Thermanaerobacter (Roh et al., 2002), Thermoanaerobacterium and 

Desulfotomaculum species (Onstott, et al., 1997). Readily isolated SRB include members of the 

genera Desulfotomaculum, Desulfovibrio and Desulfobacter (Daumas et al., 1988, Liu, et al., 

1997, Onstott, et al., 1997), while prevalent methanogens are mostly archaea from the genus 

Methanobacterium (Moser et al., 2005). Anaerobic fermenters such as Thermanaerobacter 

(Roh, et al., 2002) and Caloramator species (Chrisostomos et al., 1996, Spanevello, 2001) are 

also commonly isolated from deep subsurface aquifer environments. Selected characteristics 

of several novel thermophiles isolated from deep subsurface aquifer environments are 

highlighted in Table 1.4. 
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Table 1.4:  Selected characteristics of novel thermophiles isolated from deep subsurface geothermal aquifer environments. Key: ND , not 
determined.  

Physiological Grouping 
 

Phylogeny Temperature 
Growth Optimum 

(°C) 

pH Growth 
Optimum 

Salinity (%) 
Growth range 

Reference 

Aerobes Thermaerobacter subterraneus* 70 8.5 0 – 1  (Spanevello et al., 2002) 
Nitrate reducers Thermanaeromonas toyohensis 70 6.5 0 ≤ 1 (Mori et al., 2002) 
Sulphur-oxidisers Thiobacter subterraneus 50 – 55  6.5 – 7.0  0 < – 1.6   (Hirayama et al., 2005) 
 Hydrogenobacter subterraneus 78 7.5 0 – 1.3  (Takai et al., 2001) 
Sulphur reducers Fervidobacterium gondwanense* 65 – 68 7 0 – 0.6  (Andrews & Patel, 1996) 
Sulphate reducers Desulfotomaculum geothermicum 54 7.3 – 7.5  < 50 (Daumas, et al., 1988) 
 Desulfotomaculum putei 64 7.5 < 20  (Liu, et al., 1997) 
 Desulfotomaculum australicum* 68 7 – 7.4  ND (Love et al., 1993) 
Metal reducers Sulfurihydrogenibium subterraneum 60 – 65 7.5 0 – 4.8  (Takai, et al., 2003a) 
  Bacillus infernus 61 7.3 – 7.8 0 – 12  (Boone et al., 1995) 
Fermenters Caloramator indicus 75 7.5 – 8.1  ND (Chrisostomos, et al., 1996) 
 *Organisms isolated from the Great Artesian Basin. 
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1.2 THE GREAT ARTESIAN BASIN – A UNIQUE THERMAL ENVIRONMENT 

 

Studies in this thesis focus on the thermophilic microbiology inhabiting Australia’s Great 

Artesian Basin (GAB). The GAB is a unique heterogeneous geothermal aquifer with 

temperatures ranging from ambient to boiling depending on aquifer depth, which exist in 

excess of 3 000 m, and include regions rich in oil, natural gas, oxygen, sulphur, oxidised-

sulphur-compounds, carbon dioxide and metals. These varied physicochemical properties 

combined with the slow rate of groundwater flow (1 – 5 m year-1) create a conducive 

environment for the GAB’s diverse microbiology to flourish. This is most evident as 

macroscopic microbial mat communities can often be seen to colonize the runoff channels of 

GAB bores at specific temperatures across a thermal gradient created as the free-flowing bore 

waters cool from often near boiling source temperatures to ambient conditions in the open 

ditch runoff channels used to transport water and/ or hydrate livestock. Culture-independent 

16S rRNA library analyses of 64 clones from the New Lorne bore (registered bore number 

17263) outflow and a total of 96 clones from 4 distinct microbial mats existing in the bores 

runoff channel (Fig. 1.8) indicated that Hydrogenbacter dominated the 88 °C bore outflow, 

Thermus dominated the 75 °C Grey mat, Meiothermus dominated the 66 °C Red mat, 

Cyanobacteria dominated the 57 °C Green mat and Deinococci-Thermus and α-Proteobacteria 

dominated the 52 °C Brown mat (Spanevello, 2001). Phylogenetic diversity was found to 

increase as water temperatures decreased and species spanning domain Bacteria were 

identified. Such included species related to Hydrogenobacter, Thermus, Meithermus, 

Chloroflexus, Cytophaga, Planctomycetes, Rhodothermus, Bacillus, Clostridium, Nitrospira, 

Verrucomicrobium, Acidobacterium, α-, β-, γ-, and δ-Proteobacteria, and a range of diverse 

uncultured organisms (which comprised 27 % of all clones) (Spanevello, 2001). Culture-

dependent analyses of the GAB have isolated and characterised a range of novel thermophilic 

(Table 1.4) and mesophilic microorganisms including strict aerobes (Kanso & Patel, 2003, 

Spanevello & Patel, 2004, Spanevello, et al., 2002), anaerobic carbohydrate-fermenters 

(Andrews & Patel, 1996), sulphate- (Love, et al., 1993, Redburn & Patel, 1994) and metal-

reducers (Kanso, et al., 2002). Sulphate- and metal-reducers that inhabit the GAB of great 

interest as their co-colonisation on the metal casings of bores is likely to significantly increase 

bore corrosion through MIC processes.  
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Figure 1.8: The New Lorne bore (registered bore number 17263) environment 
(Spanevello, 2001). The New Lorne bore was drilled to a depth of 1 613 m and has a 
source temperature of 88 °C. The water from the New Lore bore flows into an open 
ditch runoff channel and is used to hydrate livestock (a – b). Existing within the runoff 
channel are distinct, spacially separated, microbial mats at specific temperatures 
including the 75 °C Grey mat (c), the 66 °C Red mat (d), the 57 °C Green mat (e) and the 
52 °C Brown mat (f). In addition to the adjacent text, further characteristics of the New 
Lorne bore environment are given in Section 2.1.2. 

b a 

c d 

e f 
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The GAB was formed between 100 and 250 million years ago and is composed of up to four 

alternating layers of water-bearing permeable sandstone aquifers and non-water-bearing 

impermeable mudstones and siltstones. The GAB underlies arid and subarid regions of the 

Northern Territory, Queensland, New South Wales and South Australia comprising 

approximately 22 % of the Australian continent (Fig 1.9). It covers an area of over 1.7 × 106 

km2, and with an estimated water-storage capacity of 8.7 × 1012 m3, the GAB is considered to 

be the world’s largest geothermal subsurface aquifer (Habermahl, 1980). The surrounding 

geological formations have an immense influence on the chemical composition of the GAB 

groundwaters, and result in its variable conditions. The majority of GAB groundwater recharge 

occurs by rainfall infiltrating the outcrops at the edge of the basin, which flow to where the 

water is naturally reserved in the deep aquifer of the GAB. Such deep reserves contain 

groundwaters estimated to be up to 2 million years old. Natural discharge regions occur in 

central Australia as mound springs and since 1858, approximately 5 000 man-made artesian 

bore wells have been sunk into the GAB. The numerous bore wells allow sampling access 

throughout the GAB, which is crucial to understanding its microbiology and is advantageous 

compared to other thermal environments in which sample access can be problematic.   

 

The GAB includes the largest onshore oil and gas reserves in Australia and its water-supply 

supports the domestic activities of over 180 000 outback residents, and agriculture-, mineral- 

and petroleum-production industries that combined produce approximately S4 billion (AUD) 

per annum. In recent years a significant decrease in GAB bore pressure and outflow volume 

has been observed, and since 1999 in the Commonwealth government has invested 

approximately $75 million to cap and pipe the flowing bores in order to maintain and restore 

artesian pressure, with future plans to cap the remaining bores. Despite these efforts, water-

loss from leaky corroded bores still occurs, and if unchecked may cause detrimental long-term 

effects to the future water-storage, pressure, and economic value of the GAB.  
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Figure 1.9: The location, composition and groundwater flow of the Great Artesian Basin of Australia. (Source www.dnr.qld.gov.com.au). (a) 
The location of the Great Artesian Basin (GAB) of Australia, displaying areas of recharge, discharge and the direction of water flow. (b) The 
composition and flow of the Great Artesian Basin. The GAB is composed of alternating layers of permeable sandstone aquifers and 
impermeable siltstones and mudstones. Recharge waters, due to rainfall, occur at the edge of the basin. The confinement of the aquifer by 
the overlaying impermeable material pressurises the underground water (artesian). When a bore is drilled the water will rise due to this 
pressure. 

 

 

 

Ground level 
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1.3 PROJECT OUTLINE 

 

This thesis explores the diversity and activities of thermophiles that exist in the pristine waters 

that flow from deep subsurface aquifers in the GAB and consists of 2 volumes; Volume One is 

entitled “New Methods to Culture Ancient Life – Assessing who is there?” and consists of 

Chapters One to Three; and Volume Two is entitled “Phenotypic and Genome Analyses of 

Novel Thermophiles – Who is doing What And How? ” and consists of Chapters Four to Eight. 

Chapter One provided background information concerning thermophiles; their adaptation 

strategies which allow them to thrive at high temperatures, and a number of areas of 

thermophile research. Different types of natural thermal environments and their microbiology 

were summarised to demonstrate how microbial diversity and microbial physiology are 

intrinsically linked to the physiochemical properties of the specific environment. In addition, 

the GAB environment was introduced and its unique physicochemical properties and known 

microbiology summarised. Chapter Two describes the general materials and methods that are 

used throughout this thesis. 

 

To investigate thermophile diversity, this project used conventional and novel culture-

dependent approaches that largely focused on thermophiles from the four distinct microbial 

mats that colonise the New Lorne bore runoff channel at specific temperatures between 52 

and 75 °C (Fig 1.8). These approaches targeted the cultivation of novel metal- and sulphate-

reducing microorganisms due to their significant influence in subsurface environments and 

their likely involvement in MIC processes of GAB bores. Comparative screens were also 

performed using samples taken from other GAB environments. The resulting isolates were 

preliminarily identified using 16S rRNA gene analyses to reveal the diversity of thermophiles 

inhabiting each environment, and are detailed and discussed in Chapter Three (Fig. 1.10). 

 

In Chapter Four phenotypic and phylogenetic characterisations of the potentially novel 

thermophilic isolates were performed to investigate the physiologies of these strains and 

hence provide insights into their likely roles and activities in the cycling of organic and 

inorganic compounds in the GAB. In addition, these characterisations enabled these strains to 

be correctly classified and validated as new organisms. As Chapter Three is concerned with 

microbial diversity, often simplified to understanding “who is there?”, studies in Chapter Four  
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Figure 1.10: Thesis outline. This thesis is divided into 8 Chapters comprising of 
an introductory chapter, 6 results chapters and a discussion chapter as specified 
in the flow-diagram and the adjacent text. 



CHAPTER ONE: THERMOPHILE RESEARCH, THERMOPHILE ECOLOGY AND THE GREAT ARTESIAN BASIN  
 
 

  
36 

 

  

aim to investigate the physiologies and activities of the thermophilic isolates to understand 

“who is doing what?” and to create a preliminary model of the activities of specific microbial 

groups in the GAB. 

 

Chapter Five details the preliminary screening of numerous GAB isolates for the presence of 

thermostable enzymes that degrade carbohydrates, to ascertain their potential to be used in 

the commercial production of biofuels.  

 

To further investigate the physiology of the GAB thermoanaerobes Sporolituus thermophilus 

strain AeGT gen. nov., sp. nov. and Caloramator australicus strain RC3T sp. nov., both described 

in Chapter Four, genome sequencing analyses were performed on both of these strains. In 

Chapter Six, a small-insert genomic library of Sporolituus thermophilus strain AeGT gen. nov., 

sp. nov., was constructed, sequenced and analysed to provide preliminary insights into the 

genome of this strain and can be used to complement future whole genome sequencing 

studies of this strain. In Chapter Seven, 454 pyrosequencing technologies were used to 

sequence the entire genome of Caloramator australicus strain RC3T sp. nov., and preliminary 

annotations of the draft genome sequence were performed to provide an increased 

understanding of the physiology of this strain, in particular the identification of homologues 

that encode genes involved in metal-reduction and biofilm formation processes, which may 

enable the strain to attach to and corrode the metal-casings of GAB bores. In Chapter Eight a 

discussion of the overall results of this dissertation is presented as well as suggestions of future 

research that could be performed as a continuation of this project. 
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2.1 SAMPLE SITES AND SAMPLE COLLECTION TECHNIQUE  

2.1.1 THE NEW LORNE BORE ENVIRONMENT 

 

The majority of enrichment studies in this project focused on the four microbial mat samples 

that colonise the New Lorne bore [registered bore number (RN) 17263] runoff channel at 

specific temperatures between 52 – 75 °C (Fig 1.8). This environment is detailed in Section 1.2 

and by Spanevello (2001). The New Lorne bore is situated near Blackall, approximately 1000 

km north-west of Brisbane, Queensland (24° 54́’ 48’’ S 145 ° 08’ 18’’ E) (Fig. 2.1). The bore was 

drilled in 1966 and has a depth of 1613 m. The temperature of the (previously) free-flowing 

water at the bore head was 88 °C, with a pH of 8.5 and a flow rate of 7.6 l.s-1. The chemical 

composition of water from the New Lorne bore is given in Table 2.1. 

 

Table 2.1: Chemical analysis of the water from the New Lorne bore. [Data 
obtained from the Department of Natural Resources, Queensland, Australia]. 
Chemical analysis was performed in 1991 (Spanevello, 2001). 

Temperature            89 °C 
pH       8.5 
Sodium Absorption Ratio 22.4 mg.l-1 
Total Ions 430.22 mg.l-1 
Total Solids 360.60 mg.l-1 
Na 3.7 mg.l-1 
Ca 2.0 mg.l-1 
Mg 0.1 mg.l-1 
Mn 0.01 mg.l-1 
HCO3 255 mg.l-1 
Fe 0.01 mg.l-1 
CO3 4.5 mg.l-1 
Cl 38 mg.l-1 
F 2.1 mg.l-1 
NO3 0.5 mg.l-1 
SO4 4.3 mg.l-1 
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2.1.2 OTHER GAB BORE SAMPLES  

 
In addition to the New Lorne bore environment, enrichments were performed on samples 

obtained from a number of other GAB bores. The assigned laboratory number, registered bore 

number (RN), sample description and geographical locations of each bore are given in Table 

2.2. 

New Lorne Bore 

Figure 2.1: The location of the New Lorne bore (registered bore number 17263) 
(Google maps). The New Lorne bore is situated near Blackall, approximately 1000 
km north-west of Brisbane, Queensland (24° 54́’ 48’’ S 145 ° 08’ 18’’ E). 
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Table 2.2: Description of other GAB bore samples used for enrichment studies. Key: N.D. , not defined.  
Lab Sample 

Number 
Registered Bore 

number 
Sample Temp. 

(°C) 
Depth Sample Description Geographical location Iron 

conc. 
Latitude Longitude 

1 371 53 762 Source outflow* Jilfracombe Town Bore 
(Portland) 

0 23-29-00 144-30-30 

2 135A 63 ND Source outflow* Well shot trust ND 23-43-00 144-28-60 
3 135 B 32 ND Sediments in runoff-channel Well shot trust ND 23-43-00 144-28-60 
5 4892 75 1085 Sediment below source (Portland) 0 23-45-42 144-24-36 
8 4893 A 76 ND Sediment below source (Portland) 0 23-52-15 144-28-31 

10 4164 A 75 1268 Source outflow* (Youranigh) 0 24-05-35 144-50-37 
11A 4164 B 70 1268 Sediment in runoff-channel (Youranigh) ND 24-05-35 144-50-37 
11B 4164 C 65 1268 Sediment in runoff-channel (Youranigh) ND 24-05-35 144-50-37 
12 4165 A 88 1312 Source outflow* (Portland) .07 24-01-54 144-19-44 
13 4165 B 73 1312 Sediment in runoff-channel (Portland) .07 24-01-54 144-19-44 
14 4165 C 62 1312 Sediment in runoff-channel (Portland) 0 24-01-54 144-19-44 
15 4165 D 60 1008 Sediment in runoff-channel (Portland) 0 24-01-54 144-19-44 
16 3034 A 73 1387 Source outflow* (Mitchell) 0 24-11-42 144-51-41 
17 3034 B 70 1387 Sediment below source (Mitchell) 0 24-11-42 144-51-41 
18 3034 C 64 1387 Sediment in runoff-channel (Mitchell) 0 24-11-42 144-51-41 
20 3034 E 53 1387 Sediment in runoff-channel (Mitchell) 0 24-11-42 144-51-41 
21 5142 A 80 ND Source outflow* ND ND ND ND 
22 5142 B  74 ND Sediment in runoff-channel  ND ND ND ND 
23 5142 C 70 ND Sediment in runoff-channel ND ND ND ND 
24 5142 D 70 ND Sediment in runoff-channel ND ND ND ND 
25 5142 E 65 ND Sediment in runoff-channel ND ND ND ND 
26 5142 F 48 ND Sediment in runoff-channel ND ND ND ND 

26 A 5142A 70 ND Yellow microbial mats ND ND ND ND 
27 22981 A 46 403 Source outflow* (Mitchell) ND 24-16-52 144-35-29 
28 376 A 70 966 Source outflow* (Mitchell) 0 24-37-50 145-19-00 
29 376 B 60 966 Sediment in runoff-channel (Mitchell) 0 24-37-50 145-19-00 

30 A 376 C 63 966 Sediment in runoff-channel (Mitchell) 0 24-37-50 145-19-00 
31 94 A 60 914 Source outflow* (Tambo) 0 24-28-12 145-36-50 
32 94 B 60 914 Sediment in runoff-channel  (Tambo) 0 24-28-12 145-36-50 
34 22985 A 47 4960 Source outflow* (Tambo) 0 24-27-42 145-31-59 
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35 1494 A 57 764 Source outflow* Woolscour, (Blackall) 0.05 ND ND 
37 17263 A  1481 Source outflow* (Mitchell) 0 20-17-53 142-32-18 

41 A 17263  88.5 1481 Source outflow (Mitchell) 0 20-17-53 142-32-18 
41 B 17263 84 1613 Sediment below source Belar (Mitchell) 0.02 20-17-53 142-32-18 
43 14588 59 833 Source outflow* (Tambo) 0.06 24-25-04 145-29-45 
54 ND 58 ND ND ND ND ND ND 
57 37 64 946 Source outflow Cyprus bore trust,  

(Belmore, St George:A1) 
ND 27-50-12 148-00-25 

58 37 63 946 Sediment below source Cyprus Trust,  
(Belmore, St George: A2) 

ND 27-50-12 148-00-25 

59 37 60 946 Sediment in runoff-channel Cyprus Trust,  
(Belmore, St George: B) 

ND 27-50-12 148-00-25 

62 127 60 1200 Red coloured mats Thornby BWA 
(Belmore, St George) 

ND 27-55-28 148-54-50 

63 127 60 1200 Sediment below red coloured 
mats 

Thornby BWA 
 (Belmore, St George) 

ND 27-55-28 148-54-50 

64 37 60 946 ND Cyprus Trust,  
(Belmore, St George: C) 

ND 27-50-12 148-00-25 

65 106 A 54 ND Source outflow Myall plain,  
(Belmore, St George: AZ2) 

0.01 28-11-30 148-46-20 

66 106 B 52.5 ND Sediment below source Myall plain,  
(Belmore, St George: B) 

0.01 28-11-30 148-46-20 

67 106 C 52 ND Sediment in runoff-channel Myall plain,  
(Belmore, St George:  C) 

0.01 28-11-30 148-46-20 

*Samples taken subsequent to initial drilling.  
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2.1.3 SAMPLE COLLECTION 

 

Sample collection was performed by Prof. Bharat Patel and Dr. Mark Spanevello. Microbial mat 

samples were collected using sterile tongs and were transferred into sterile glass vessels. The 

vessels were filled to the brim with water from the runoff channel and the vessels 

subsequently capped. Similarly, bore water and hot spring samples were collected in sterile 

glass vessels which were filled to the brim and subsequently capped. All samples were 

transported to the laboratory on ice and stored at 4 °C until use. 
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2.2 BUFFERS AND MICROBIAL MEDIA 

2.2.1 BUFFERS 

 

TAE buffer   40 mM Tris-acetate, 2 mM EDTA (pH 8.0) 

TE buffer   10 mM Tris-Cl (pH 7.4), 1 mM EDTA (pH 8.0) 

6× loading buffer  0.25 % bromophenol blue, 40 % sucrose. Store at 4 °C 

20× SSC   17.5 % NaCl, 8.8 % Na3C6H5O7·H2O (pH 7.0) (Invitrogen) 

 

 

2.2.2 MEDIA PREPARATION AND ANAEROBIC TECHNIQUES 

(Patel et al., 1985a) 

 

All media was prepared by dissolving the constituents in distilled water (dH2O), with the 

insoluble metal oxides added last (if required). The pH of each medium was adjusted to the 

desired pH using 1M solutions of either HCl or NaOH and the pH was rechecked after 

sterilisation. Aerobic medium was dispensed in 9 ml aliquots into McCartney bottles which 

were subsequently sterilized for 30 min at 121 oC and 1-1.5 kg.cm-2 pressure. When solid 

aerobic media was required, the medium was fortified with 1.5 % agar and sterilized inside a 

Schott bottle for 45 min at 121 oC and 1-1.5 kg.cm-2 pressure, before the medium was poured 

into Gamma sterilized plates inside the Lamina–flow hood.  

 

Anaerobic medium was prepared by boiling the medium for 10 min in an autoclave at 121 oC 

and 1-1.5 kg.cm-2 pressure to remove the dissolved oxygen. The medium was subsequently 

cooled under a stream of oxygen-free nitrogen gas to approximately 60 °C, the reducing agents 

added (if required) and the medium dispensed in 9 ml aliquots into Hungate tubes under 

oxygen-free nitrogen gas as shown in Figure 2.2a-b. Solid anaerobic medium (fortified with 1.0 

% gelrite as a solidifying agent) was prepared and dispensed in the same manner into modified 

Hungate tubes which had been cut approximately 0.5 cm before the sealed end (Fig. 2.2c). The 

cut ends of the tubes were sealed with a rubber bung and the tubes secured into the rack by a 

clamp to prevent the bungs from moving under pressure when the medium was sterilized. All 

anaerobic medium was sterilized for 30 min at 121 oC and 1-1.5 kg.cm-2 pressure, and 

anaerobic inoculations and media transfers were performed using sterile needles and syringes.  
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Numerous soluble TEA and electron donors were prepared in separate anaerobic stock 

solutions. For these, the substrates were dissolved in sdH2O to the required concentration 

(typically at concentrations of 10 %) and the pH was checked and neutralised using 1M 

solutions of either HCl or NaOH (if required). The solutions were transferred to a Serum bottle 

then gently boiled for up to 5 min. The medium containing serum bottles were subsequently 

cooled under a stream of oxygen-free nitrogen gas for approximately 3 min before the stock 

solutions were sterilised as described above. Stock solutions of energy substrates that could 

not be autoclaved, such as various aromatic compounds, were prepared by dissolving the 

constituents in distilled water and the stock solution was neutralised using 1M solutions of 

either HCl or NaOH (if required). The stock solutions were gently heated and filter-sterilised 

(Millex GS 0.22 µm Filter unit, Millipore, Ireland) into sterile, pre-N2-gased Serum bottles.   
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Figure 2.2: Anaerobic medium preparation. Anaerobic medium was prepared by 
boiling the medium for 10 min to remove the dissolved oxygen before the medium was 
cooled under a stream of oxygen-free nitrogen gas to approximately 60 °C. Next the 
reducing agents were added (if required) and the medium was dispensed in 7-9 ml 
aliquots into Hungate tubes under oxygen-free nitrogen gas (labelled as N2) (a) and (b), 
and the medium sterilised. (c) Solid anaerobic medium (fortified with 1.0 % gelrite as a 
solidifying agent) was prepared and dispensed in the same manner into modified 
Hungate tubes which had been cut approximately 0.5 cm before the sealed end. The 
cut ends of the tubes were sealed with a rubber bung and the tubes secured into the 
rack by a clamp to prevent the bungs from moving under pressure when the medium 
was sterilized. Colonies grown in SO4-PL medium and and V(V)-PL medium, 
respectively, are shown (labelled as C).   
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2.2.3 PATEL LABORATORY (PL) MEDIUM 

 

PL medium was formulated primarily for the isolation and growth of metal-reducing 

microorganisms. It contained basic survival elements, vitamins, appropriate buffers and an 

electron acceptor. Alternative electron acceptors often included 0.2 % ammonium iron(III) 

citrate [designated Fe(III) citrate-PL medium], 0.3 % amorphous iron(III) oxyhydroxide 

[designated Fe(III)OOH-PL medium], 4 mM sodium metavanadate [V(V )-PL medium] and 20 

mM sodium sulphate (designated SO4-PL medium). The pH of the medium was adjusted to pH 

7.0 – 7.2 using 1M solutions of either HCl or NaOH. CaCl2 was added from a sterile stock 

solution prior to inoculation. PL medium was prepared anaerobically (as described in Section 

2.2.1) with the medium composition as described in Table 2.3.  

 

Table 2.3: The composition of anaerobic PL medium. 
Component 
 

Concentration (g.l-1) 

NH4Cl 1.0 
K2HPO4 0.6 
KH2PO4 0.3 
MgCl2.6H2O 0.1 
CaCl2.2H2O 0.1 
NaCl 1.0 
HEPEs 12.0 
Wolins Vitamins  1ml 
Ziekus Trace Elements  1ml 
Yeast Extract  0.2 
Terminal Electron Acceptor  
dH2O To 1 l 

 

 

2.2.4 TRYPTONE – YEAST EXTRACT – GLUCOSE (TYEG) MEDIUM 

(Patel et al., 1985b) 

 

TYEG media was formulated for the isolation and growth of chemoheterotrophic anaerobes 

and consisted of low phosphate buffered salts (LPBS) medium amended with 0.2 % each of 

tryptone, yeast extract and glucose. Unless otherwise indicated, TYEG medium was adjusted to 

pH 7.0 – 7.2 using 1M solutions of either HCl or NaOH. When glucose was excluded from this 

medium and replaced with 0.2 % citrate or 0.2 % casamino acids the medium was designated 

TYECit or TYECas respectively. Other modifications of this medium include LPBS amended with 

0.2 % yeast extract (YE medium), 0.2 % tryptone (medium T), 0.2 % glucose (medium G), 0.2 % 



CHAPTER TWO:     GENERAL MATERIALS AND METHODS  
 
 

  
47 

 

  

each of tryptone and yeast extract (TYE medium), 0.2 % each of tryptone and glucose (TG 

medium) and 0.2 % each of yeast extract and glucose (YEG medium). TYEG medium was 

prepared anaerobically (as described in Section 2.2.1) with the medium composition as 

described in Table 2.4.  

 
 

Table 2.4: The composition of anaerobic TYEG medium. 
Component 
 

Concentration (g.l-1) 

Tryptone 2 
Yeast Extract 2 
Glucose 2 

[Low Phosphate Buffered Salts (LBPS)] 
MgCl2.6H2O 0.2 
NH4Cl 0.9 
KH2PO4 0.75 
K2HPO4 1.5 
NaCl 0.9 
10% FeSO4 5 l 
Zeikus' Trace Element Solution 9 ml 
Wolin's Vitamin Solution 5 ml 
0.2% Resazurin 1 ml 
10% Na2S.9H2O 2 ml 
dH2O To 1 l 

  

 

2.2.5 MODIFIED WRIGHT’S CHU (WCM) MEDIUM 

(Guillard & Lorenzen, 1972, Yang, 2004) 

 

WC Medium was originally formulated by Richard Wright to culture cryptophytes and was a 

modified version of Chu #10 Medium (Chu, 1942), (hence WC = Wright’s Chu #10). WCM 

medium has been further modified in this project to include yeast extract and tryptone. WCM 

medium was prepared aerobically with the medium composition as described in Table 2.5. The 

pH of the medium was adjusted to pH 7.6 – 7.8 using 1M solutions of either HCl or NaOH. 

 



CHAPTER TWO:     GENERAL MATERIALS AND METHODS  
 
 

  
48 

 

  

Table 2.5: The composition of WCM medium. 
Component 
 

Concentration (ml.l-1) 

Yeast extract 0.5 (g/L) 
Tryptone 0.5 (g/L) 
Trace Metal Solution* 0.1 
Iron Solution† 0.1 
Vitamin Solution‡ 0.25 
 
 
Stock Solutions§ 

CaCl2.2H2O 1.0 
MgSO4.7H2O 1.0 
NaHCO3 1.0 
K4HPO4 1.0 
NaNO3 1.0 

*Trace Metal Solution: 42.6 g Na2EDTA, 0.1 g CuSO4.5H2O, 0.22 g ZnSO4.7H2O, 0.1 g CoCl2.6H2O, 
1.8 MnCl2.4H2O, 0.06 Na2MoO4.2H2O and 10.0 g H3BO4 were dissolved in 1.0 l dH2O and the pH 
was adjusted to 4.0–4.5.  
†Iron Solu on: 3.35 g C6H8O7.H2O was dissolved in 100 ml dH2O and 3.35 g C6H8O7Fe. 5H2O was 
added and dissolved by heating thoroughly.   
‡Vitamin Solu on: 0.1 g Thiamine Hydrochloride (vit. B1), 0.0005 g Biotin (vit. H) and 0.0005 g 
cyanocobalamin (vit. B12) were dissolved in 250 ml dH2O and the solution was stored in the dark. 
§Stock Solutions: 18.35 g CaCl2.2H2O, 18.45 g MgSO4.7H2O, 6.3 g NaHCO3, 4.35 g K4HPO4 and 42.5 
g NaNO3 were each dissolved separately in 500 ml of dH2O.   
 

 

2.2.6 1 × MEDIA D 

(Brock & Freeze, 1969, Castenholz, 1969) 

 

Media D is used for the isolation and growth of aerobic thermophiles, particularly Thermus and 

Meiothermus, and was prepared by adding 50 ml of 20 × Media D Stock Solution (Section 

2.4.5) to 1 g of tryptone, 1 g of yeast extract and dH2O to 1 l. The media was adjusted to pH 8.2 

– 8.4 with 1M NaOH, dispensed in 9 ml aliquots into McCartney bottles and sterilized for 30 

min at 121 oC and 1-1.5 kg.cm-2 pressure. The final pH after sterilisation was 7.4 – 7.6. 

 

 

2.2.7 20 × MEDIA D STOCK SOLUTION 

(Brock & Freeze, 1969, Castenholz, 1969) 

 

The 20×Media D Stock Solution contained (l-1 dH2O): 2.0 g nitrilotriacetic acid, 1.2 g CaSO4 · 

2H2O, 2.0 g MgSO4 · 7H2O, 0.16 g NaCl, 2.06 g KNO3, 13.78 g NaNO3, 2.22 g Na2HPO4, 1 ml of 

0.3 % FeCl3 and 10 ml of Nitch’s Micronutrient Solution (Section 2.2.11). To prevent the growth 

of contaminating organisms the pH was adjusted to 3 with HCl and the solution was stored at 4 

C. 
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2.2.8 SOC MEDIUM 

 

SOC medium was used to aid in the recovery of the transformed DH5α competent cells (α–

select silver efficiency; Bioline) and was prepared by adding: 2.0 g tryptone, 0.5 g yeast extract, 

1 ml of 1M NaCl and 0.25 ml of 1M KCl to 100 ml dH2O (final volume). The pH of the medium 

was adjusted to pH 7.0 with 1M NaOH and the medium sterilized for 30 min at 121 oC and 1-

1.5 kg.cm-2 pressure. 1 ml of filter-sterilised 2M Mg2+ solution (1M MgCl2.6H2O /1M 

MgSO4.6H2O) and 1 ml of 2M glucose was added and the pH rechecked.  

 

 

2.2.9 MACCONKEY AGAR  

 

MacConkey Agar+ AMP plates were used to select transformed colonies that contained both the 

vector and the insert (white coloured colonies) as opposed to colonies that contained the 

vector but no insert (red coloured colonies). MacConkey Agar was prepared by dissolving 51.5 

g of MacConkey Agar (Oxoid) in 1 l dH2O. The pH of the medium was adjusted to pH 7.0 with 

1M NaOH and the medium sterilized for 30 min at 121 oC and 1-1.5 kg.cm-2 pressure. After 

cooling the medium to approximately 50 °C, ampicillin was added to a final concentration of 

100 µg.ml-1 and the MacConkey Agar+ AMP plates were poured.  MacConkey Agar+ AMP plates 

were stored at 4 °C for up to 21 days.  

 

 

2.2.10 LURIA BERTANI (LB) MEDIUM 

 

Luria Bertani (LB) + AMP medium was used to grow clones in liquid culture and was prepared by 

adding 10 g tryptone, 5 g yeast extract and 5 g of NaCl to 1 l of dH2O. The pH of the medium 

was adjusted to pH 7.0 with 1M NaOH and the medium sterilized for 30 min at 121 oC and 1-

1.5 kg.cm-2 pressure. Prior to use ampicillin was added to a final concentration of 100 µg.ml-1 

(designated LB+ AMP).  
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2.2.11 NITCH’S MICRONUTRIENT SOLUTION 

(Brock & Freeze, 1969, Castenholz, 1969) 

 

Nitch’s Micronutrient Solution contained (l-1 dH2O): 2.28 g MnSO4 · H2O, 0.5 g ZnSO4 · 7H2O, 0.5 

g H3BO3, 0.016 g CuSO4, 0.25 g Na2 · MoO4, 0.46 g CoCl2 · 6H2O and 0.5 ml H2SO4. The solution 

was sterilized for 30 min at 121 oC and 1-1.5 kg.cm-2 pressure. 

 

 

2.2.12 ZIEKUS’ TRACE ELEMENT SOLUTION 

(Zeikus et al., 1979) 

 

Ziekus’ Trace Element Solution contained (l-1 dH2O): 0.2 g FeCl3.4H2O, 0.1 g MnCl2.4H2O, 0.017 

g CoCl2.6H2O, 0.1 g CaCl2H2O, 0.1 g ZnCl2, 0.2 g CuCl2, 0.01 H3BO3, 0.01 g NaMoO4.2H2O, 1 g 

NaCl, 0.02 g Na2SeO3 and 12.5 g Nitrilotriacetic acid. The pH of the solution was adjusted to 6.5 

and was sterilized for 30 min at 121 oC and 1-1.5 kg.cm-2 pressure. The solution was stored at 4 

°C. 

 

 

2.2.13 WOLIN’S VITAMIN SOLUTION 

(Wolin et al., 1963) 

 

Wolin’s Vitamin Solution contained (l-1 dH2O): 2 mg biotin, 2mg folic acid, 10 mg pyridoxine-

HCl, 5mg riboflavin, 5mg thiamine, 5mg nicotinic acid, 5mg pantothenic acid, 0.1mg vitamin 

B12, 5mg para-amino benzoic acid and 5mg thiotic acid. The solution was filter-sterilised 

(Millex GS 0.22 µm Filter unit, Millipore, Ireland) and stored at 4 °C.  

 

 

2.2.14 INOCULATING FLUID (IF) 

 

Inoculating Fluid (IF) was formulated by Biolog Inc. and was prepared using protocols 

recommended by the manufacturer. The pH of the IF was adjusted to pH 7.0 – 7.2 using 1M 

solutions of either HCl or NaOH and rechecked following sterilisation (30 min at 121 oC and 1-

1.5 kg.cm-2 pressure). When the Biolog system was used for metabolism studies of anaerobic 
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isolates, thioglycollate was added to the IF from a sterile stock solution prior to use at final 

concentration of 5 mM (designated IF+Thy). The components of IF are given in Table 2.6.   

 
Table 2.6: The composition of Inoculation Fluid (IF). 

Component 
 

Concentration (g.l-1) 

NaCl 4.0 
Pluronic F-68 (Sigma #P7061) 0.3 
Gellan Gum (PhytagelTM, Sigma #p8169) 0.2 
dH2O To 1 l 

 

 

2.2.15 AMORPHOUS IRON(III) OXYHYDROXIDE PREPARATION 

(Lovley & Phillips, 1986) 

 

Amorphous iron(III) oxyhydroxide was synthesized by neutralizing a 0.4 M solution of FeCl3 to 

pH 7.0 with 1M NaOH forming a brown precipitate. This solid material [amorphous iron(III) 

oxyhydroxide] was centrifuged and washed with distilled water (twice the volume of the 

reaction mixture) to remove unwanted salts. The powder was air-dried at 40 C overnight. 

 

 

2.2.16 AMORPHOUS MANGANESE (IV) DIOXIDE PREPARATION 

(Lovley & Phillips, 1988) 

 

Amorphous manganese dioxide was synthesized by adjusting a 200 ml solution of 3.2 g KMnO4 

l-1 to pH 8 - 9 with 1 M NaOH and slowly adding a 200 ml solution of 6 g MnCl2 l-1. The solution 

was mixed on a magnetic stirrer for 15 minutes and the black precipitate (amorphous 

manganese dioxide) that formed was centrifuged and washed with distilled water 6 times 

(twice the volume of the reaction mixture) to remove unwanted salts. The powder was air-

dried at 37 °C overnight. 
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2.3 ELECTRON ACCEPTOR UTILISATION  

2.3.1 SULPHATE-, THIOSULPHATE-, SULPHITE- AND ELEMENTAL SULPHUR-REDUCTION 

 

Electron acceptor utilisation tests for sodium thiosulphate (20 mM), sodium sulphate (20 mM), 

sodium sulphite (5 mM) and elemental sulphur (1 %) were tested using the method of 

Ramamoorthy et al., (2006). 0.5 % Fe(NH4)2(SO4)2 was added to culture tubes subsequent to 

incubation and were scored as positive for the reduction of oxidized sulphur compounds if a 

black precipitate (FeS) formed as shown in Fig. 2.3.  

 

 

  
 

 

2.3.2 NITRATE- AND NITRITE-REDUCTION 

 

The reduction of sodium nitrate (20 mM) and sodium nitrite (10 mM) to nitrogen (N2) was 

determined by assessing the nitrogen gas formation using a Durham tube inserted into 

medium tubes prior to sterilisation. Cultures were scored positive for the reduction nitrate or 

nitrite to nitrogen if gas levels in the Durham tube were greater than that found in a control 

tube with no added oxidised nitrogen compounds (Table 2.7). The reduction of nitrate to 

Figure 2.3: Sulphate reduction assay. Subsequent to incubation 0.5 % Fe(NH4)2(SO4)2 

was added to culture tubes which were scored as positive for the reduction of oxidized 
sulfur compounds if a black precipitate (FeS) formed. Key: α, negative result; β, 
positive result; γ, uninoculated Hungate tube. 

α α γ β β 
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nitrite was determined using Aqua One (Australia) Nitrite Test Kits using the protocols 

described by the manufacturer. The reduction of nitrate to ammonium was subsequently 

determined in the same solution with the addition of 1 mg zinc powder (Merck) and scored 

positive for the reduction of nitrate to ammonium if no colour change occurred or scored 

negative for nitrate-reduction if a pink colour change occurred. The reduction of nitrite to 

ammonium was tested using Aqua One (Australia) Ammonia Test Kits using the protocols 

described by the manufacturer using an uninoculated tube of media as a negative control.  

 
Table 2.7: Tests for nitrate-reduction. 

Reaction N2 Gas Colour after adding reagents Colour after adding zinc 
 

NO3 to NO2 None Red (not added) 
NO3 to N2 yes no colour no colour 
NO3 to ammonia none no colour no colour 
NO3 - no reaction none no colour pink-red 

 
 
 

2.3.3 IRON(III)-REDUCTION 

 

The reduction of 2.0 g ammonium iron(III) citrate l-1 and 3.0 g amorphous iron(III) oxyhydroxide 

l-1  (Lovley & Phillips, 1986) were tested in PL and was inferred when a transformation of the 

reddish-brown colour of the iron(III) oxide to a precipitate [iron(II)] and a clearing of the media 

were observed, as shown if Fig. 2.4. Iron(III)-reduction was measured quantitatively by 

determining the iron(II) concentration over time using the ferrozine method (Sorensen, 1982). 

For this, a 0.1 ml medium sample was mixed with 3 ml of ferrozine reagent [1g.l-1 ferrozine 

(Sigma) in 50 mM HEPES buffer], and after 1 min the absorbance at 562 nm was determined. 
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2.3.4 MANGANESE(IV)-REDUCTION 

 

The reduction of 2.0 g amorphous manganese(IV) dioxide l-1 (Lovley & Phillips, 1988) was 

tested in PL medium and was inferred by a clearing of the media. Manganese(IV)-reduction 

was further confirmed using the leuco crystal violet manganese oxide detection technique 

(Spratt Jr et al., 1994). For this, the manganese(IV) dioxide concentration was determined by 

mixing 0.2 ml of sample with 4 ml of leuco crystal violet reagent, which was diluted, and the 

absorbance at 562 nm was determined. 

 

 

2.3.5 VANADIUM(V)-REDUCTION 

 

Vanadium(V)-reduction was inferred when a medium colour change from clear to a green was 

observed and/or a green precipitate formed in the medium, as shown in Fig. 2.5. Vanadium(V)-

reduction was confirmed using the vanadate assay as described by (Carpentier et al., 2003). 

For this, 250 µl of 1 % (wt/vol) diphenylcarbazide (DPC) in acetone was added to 250 µl of 2 M 

Figure 2.4: The microbial reduction of ammonium iron(III) citrate. Iron(III)-reduction 
was inferred when the reddish-brown colour of the iron(III) oxide in the medium was 
transformed to a precipitate [iron(II)] and a clearing of the media were observed. Key: 
α , uninoculated medium; β , growth but no iron(III) reduction; γ , partial iron(III) 
reduction; δ , complete iron(III) reduction. 

α β γ γ δ δ β 
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H2SO4, which was combined with 500 µl of diluted sample and the absorbance was measured 

at 320 nm after 15 minutes. 

 

 

 

2.3.6 COBALT(III)-REDUCTION 

 

Cobalt(III)-reduction was scored as positive when a media colour change from purple [Co(III)] 

to clear was observed. 

 

 

Figure 2.5: The microbial reduction of vanadium(V). Vanadium(V)-reduction was 
inferred when a medium colour change from clear to a green was observed and/or a 
green precipitate formed in the medium. Key: α , uninoculated medium; β , minimal 
vanadium(V)-reduction; γ , strong vanadium(V)-reduction. 

α β γ 
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2.4 ISOLATE PURIFICATION TECHNIQUES AND LONG-TERM STORAGE  

 

Enrichment cultures were purified by repeat dilutions to extinction in liquid media, solid media 

or using both liquid and solid media dilutions as shown in Fig. 2.6 

 

 
 

 

 

2.4.1 PURIFICATION TECHNIQUES IN LIQUID MEDIA 

 

Purifications in liquid media were performed by serially diluting 1 ml of the enrichment culture 

to extinction in Hungate tubes or McCartney bottles containing 9 ml of the same medium. For 

this, the dilutions were subsequently incubated under the same conditions as the enrichment 

culture before the tube that contained the lowest positive dilution was selected and again 

diluted to extinction under the same conditions. Unless otherwise specified this process was 

repeated at least three times before the purity of the culture was assessed.  

 

 

  

 
Pure Isolate 

1. Dilutions to extinction in Liquid media 2. Dilutions to extinction on Solid media  
& Pick colony 

Check Isolate Purity 
→Microscopy 
→Subcultures on Sugars 
→Repeat 16S rRNA Gene Analysis 

 
Enrichment Culture 

Preparation of 
Freezer Stock 

(if required) 

Figure 2.6: Flow-chart outlining the purification techniques used to isolate a pure 
culture from an enrichment. 
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2.4.2 PURIFICATION TECHNIQUES IN SOLID MEDIUM 

 

Purifications in solid anaerobic medium were performed using the Hungate-roll tube method. 

For this, 7 ml of anaerobic media fortified with 1.0 % gelrite (as a solidifying agent) was 

dispensed into modified Hungate tubes that were cut approximately 0.5 cm before the sealed 

end (refer to Section 2.2.2). Subsequent to sterilisation, the tubes containing the solid medium 

were stored >60 °C until inoculation to prevent the solidification of the medium prior to 

inoculation. 1 ml of the enrichment culture was serially diluted to extinction in the modified 

tubes that contained the gelrite amended media and were incubated at the respective 

temperatures (50 °C unless otherwise specified) until colonies appeared. The colony containing 

tubes were let cool to room temperature before differing colonies were picked inside a lamina-

flow hood and subcultured into pre-warmed Hungate tubes containing 15 ml of the respective 

(liquid) media. This culture was then incubated at the respective temperature before further 

purification on liquid media was performed as described above (Section 2.4.1).  

 

Purifications in solid aerobic medium were performed by streaking 10 µl of liquid culture onto 

(1.5 %) agar plates which were incubated at the respective temperatures until colonies were 

observed.  Differing colonies were picked and streaked onto sterile agar plates and the process 

repeated until colonies of the same type were isolated. These colonies were then subcultured 

into liquid media and incubated at the respective temperature.   

 

 

2.4.3 DETERMINING CULTURE PURITY 

 

Culture purity was determined by a combination of microscopy, subcultures onto various 

substrates including sugars and repeat 16S rRNA gene sequencing on cultures grown with 

different substrates. 
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2.4.4 LONG-TERM STORAGE OF PURE CULTURES 

 

Log-phase grown pure cultures were stored in a glycerol-growth medium (1:1) mixture at – 20 

°C. Approximately 30 µl of the amorphous ferrous sulphide was added to the freezer stocks of 

anaerobes.  
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2.5 GENE SEQUENCING AND SEQUENCE ANALYSIS 

2.5.1 THIOGLYCOLLIC ACID PRE-TREATMENT OF IRON(III)-CULTURES 

 

Inorganic iron(III) present in microbial media interferes with genomic DNA extraction and PCR 

(Kashefi et al., 2003). A thioglycollic acid pre-treatment was devised to reduce and precipitate 

iron(III) concentrations prior to genomic DNA extraction. For this, 40 µl of thioglycollic acid was 

added to 35 ml Fe(III) citrate- or Fe(III)OOH-PL medium log phase grown cultures, the solution 

mixed by inversion, allowed to settle for 5 min and the supernatant centrifuged at 8 000 rpm 

at 4 oC for 15 min (Sigma 4K15). The pellet was collected, resuspended in 7.5 ml TE buffer, 10 

µl of thioglycollic acid added and mixed by gentle inversion. The mixture was allowed to settle, 

the supernatant centrifuged as described and the cell pellet washed in 3.5 ml TE buffer to 

remove traces of thioglycollic acid and resuspended in 460 µl TE buffer. 
 

 

2.5.2 DNA EXTRACTION FROM PURE CULTURES 

 

DNA extractions were performed using a modification of the method of Marmur (1961). Cells 

grown in media containing iron(III) were pre-treated with thioglycollic acid (Section 2.5.1) prior 

to DNA extractions. Late log phase cultures grown in TYEG medium (10 – 20 ml of culture with 

OD580 nm = 0.2 – 0.7) and Medium D (15 ml of culture with OD600 nm = 0.2) were collected by 

centrifugation at 6 000 rpm for 12 min (Sigma 4K15, Quantum Scientific Pty Ltd, Australia). 

Each pellet was resuspended in 460 µl of TE buffer (pH 7.6) which contained 100 µg RNase A 

ml-1. Cell wall bonds were weakened by adding 5 µl of lysozyme (100 mg.ml-1) and 16 µl of 

achromopeptidase (6 mg.ml-1) to give final concentrations of 1 mg lysozyme ml-1 and 0.2 mg 

achromopeptidase ml-1. The suspension was mixed by gentle tapping and incubated at 37 °C 

for 30 – 60 min. The cells were then lysed by adding 30 µl of 10 % SDS (to give a final 

concentration of 0.6 % SDS) and the proteins degraded with the addition of 3 µl of proteinase 

K (18 mg.ml-1) (to give a final concentration of 0.1 mg proteinase K ml-1), the suspension mixed 

by gentle tapping and incubated at 50 °C for 1 hour. The DNA was purified from the suspension 

by extracting it with equal volumes of phenol: chloroform: isoamylalcohol (25:24:1) and 

inverting gently for 10 min. The suspension was then centrifuged at 12 000 rpm for 15 min and 

the clear upper phase was transferred to a sterile 1.5 ml centrifuge. To precipitate the DNA, an 

equal volume of cold 100 % ethanol was added and the suspension incubated at -20 °C for 10 
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minutes. The DNA was then concentrated by centrifugation at 14 000 rpm for 15 min, the 

ethanol removed and the DNA pellet thoroughly air-dried. The DNA was then dissolved by 

adding 50 µl TE buffer and the solution incubated at 50 °C for 25 min, before the DNA quality 

was assessed by agarose gel (0.7 %) electrophoresis (Section 2.5.3). 

 

 

2.5.3 AGAROSE GEL ELECTROPHORESIS 

 

Agarose gel electrophoresis was used to visualize DNA fragments and PCR products. Agarose 

gel solutions of 0.7 % and 0.1 % were prepared by adding the appropriate amount of molecular 

grade agarose into 1×TAE buffer (Section 2.2.1) and boiling in a microwave oven until 

completely dissolved. The solution was subsequently cooled to approximately 50 °C and 0.1 µg 

ethidium bromide ml-1 was added. The gel was poured into the casting tray, allowed to set and 

the tray was placed into a 1D electrophoresis unit and submerged in 1×TAE buffer. Samples 

containing DNA were mixed with 6× loading dye (Section 2.2.1) prior to loading and 200 ng of λ 

HindIII DNA standard was run simultaneously with samples as a molecular marker to 

approximate DNA size and concentration. Electrophoresis was performed at 5V cm-1 for 35 min 

and the DNA was visualized and documented using a Geliance 600 imaging system 

(PerkElmer). 

 

 

2.5.4 OLIGONUCLEOTIDES USED IN PCR AND SEQUENCING 

 

Universal oligonucleotides used for PCR amplification and sequencing of the 16S rRNA gene 

have been previously described (Redburn & Patel, 1993) and are listed in Table 2.4. Primers 

used for the amplification and sequencing of other genes of interest such as the spo0A and 

fusA gene are listed in Table 2.9. Primers were resuspended to a stock concentration of 50 mM 

in Tris-HCl (pH 8.0) as amplification (PCR) primers were used at this concentration. Primers 

were diluted to 3.2 µM in sdH2O when used for sequencing prior to use.   
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Table 2.8: Oligonucleotides used in PCR amplification and sequencing of the 
16S rRNA gene. The primers Fd1 and Rd1 were used for PCR amplification of the 
16S rRNA gene. A combination of the primers Fd1, F1-F4, Rd1 and R1-R6 were 
used to sequence the 16S rRNA gene of pure isolates.   

Primer 
 

E. coli  Position Primer Sequence 5’→ 3’ 

Fd1* 8 – 27 AGA GTT TGA TCC TGG CTC AG 
Rd1* 1542 – 1526 AAG GAG GTG ATC CAG CC 

F1 339 – 357 CTC CTA CGG GAG GCA GCA G 
F2 785 – 805 CAG GAT TAG ATA CCC TGG TAG 
F3 907 – 926 AAA CTC AAA GGA ATT GAC GG 
F4 1391 – 1406 TGT ACA CAC CGC CCG T 
R1 357 – 342 CTG CTG CCT CCC GTA G 
R2 536 – 519 GTA TTA CCG CGG CTG CTG 
R3 802 – 785 CCA GGG TAT CTA ATC CTG 
R4 926 – 907 CCG TCA ATT CTT TTG AGT TT 
R5 1115 – 1100 GGG GTT GCG CTC GTT G 
R6 1513 – 1494 TAC GGT TAC CTT GTT ACG AC 

* Primers used for both amplification and sequencing of the 16S rRNA gene. 
  

Table 2.9: Oligonucleotides used in PCR amplification and sequencing of the 
spo0A and fusA genes. 

Gene of 
interest 
 

Primer 
Name 

Primer Sequence 5’→ 3’ 

spo0A gene* spo0A F GGI(A/G)TICCIGCICA(C/T)AT(A/T/C)AA(A/G)GGITA 
 spo0A R CATIGC(G/A/T)AT(A/G)AA(C/T)TCI(G/C)(A/T)(A/G)TTIGTIGG(C/T) 
FusA gene† FusA FA ATGGCAAGAGAGTTCTCYTTRG 
 FusA FB ATGGCTCGTMHAACMCCCATWG 
 FusA RA GGWACTTCYTCRTARTGRTCRAA 
 FusA RB GGCCCTGAGTCTGAGAACGCAGG 
 FusA RC CTTCRTTGTACTTCARGAACTCC 

 * Primers designed by Brown et. al. (1994 ). 
 † Primers designed in this project. 
 

 

2.5.5 PCR AMPLIFICATION OF GENES 

 

The Polymerase chain Reaction (PCR) was used to amplify the genes of interest from the 

chromosomal DNA. PCR reactions were prepared on ice in 0.6 ml centrifuge tubes with DNA 

concentrations ranging from neat to 10-2. Each PCR reaction (50 µl) consisted of 2 µl of DNA, 1 

µl of Forward primer (50 µM), 1 µl of Reverse primer (50 µM), 0.5 µl of 25 mM dNTPs, 5 µl of 

10× Taq buffer + (NH4)2SO4, 4 µl of MgCl2, 36.3 µl of sdH2O and 0.2 µl of Taq polymerase (5 

U/µl; 1 U per reaction; Fermentas or Scientifix). PCR reactions were performed using a Corbett 

thermal cycler (Corbett Research) with 2 min of denaturation at 95 °C and 30 cycles of 95 °C 
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for 1 min, 50 °C annealing for 1 min and 72 °C extension for 2 min. PCR products were analysed 

by agarose gel (1 %) electrophoresis (Section 2.5.3). 

 

 

2.5.6 PURIFICATION OF PCR PRODUCTS 

 

The PCR products were excised from the agarose gel and purified using Qiaquick® purification 

columns (Qiagen) using the protocols described by the manufacturer. Alternatively, PCR 

products were purified in solution using Sure Clean Plus (Bioline) using the protocols described 

by the manufacturer. Approximate DNA concentrations were estimated using agarose gel (1 %) 

electrophoresis (Section 2.5.3) 

 

 

2.5.7 AUTOMATED DYE TERMINATOR CYCLE SEQUENCING 

 

Sequencing reactions were prepared on ice in 0.2 ml microcentrifuge tubes and consisted of 20 

– 50 ng of purified PCR product (for 16S rDNA sequencing), 1 µl of sequencing primer (3.2 µM), 

4 µl of BigDyeTM mix v3.1 (producing ‘half reactions’), 2 µl  of 5 × sequencing buffer and sdH2O 

to a final volume of 20 µl per reaction. Thermal cycling was performed in an Idaho Technology 

thermal cycler with 25 cycles of 1 minute at 96 °C, 10 s at 96 °C, 50 °C for 5 s and 60 °C for 4 

min. The resulting sequence reaction products were transferred to sterile 1.5 ml 

microcentrifuge tubes and 5 µl of 125 mM EDTA was added to each reaction. 60 µl of cold 100 

% ethanol was added and the sequence reaction products were incubated at room 

temperature for 15 min. The sequence reaction products were pelleted by centrifugation 

(Sigma Microcentrifuge) at 14 000 rpm for 20 minutes and the supernatant was carefully 

decanted. The pellet was washed by adding 190 µl of cold 70 % ethanol and centrifugation at 

14 000 rpm for 10 minutes. The supernatant was carefully removed and the pellet dried 

thoroughly. Sequence reactions products were always stored in the dark at 4 °C (if not used 

immediately). Capillary electrophoretic separation of the sequence reaction products was 

performed on the Applied Biosystems 3130xl Genetic Analyser using Applied Biosystems DNA 

Sequencing Analysis Software v5.2 (Molecular Biology Facility, Griffith University, Brisbane, 

QLD, Australia).   
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2.5.8 SEQUENCING AT MACROGEN (INC.) 

 

The 16S rRNA gene amplification and sequencing of numerous organisms was performed by 

Macrogen (Inc.). For this, DNA was extracted as described in Section 2.5.2 and the DNA was 

sent to Macrogen for 16S rRNA gene amplification and sequencing. This was performed using 

either the primers listed in Table 2.8 or with the Macrogen primers 518F 

(CCAGCAGCCGCGGTAATACG) and 800R (TACCAGGGTATCTAATCC).  
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3.1 CHAPTER THREE INTRODUCTION 

3.1.1 UNDERSTANDING MICROBIAL ECOLOGY 

 

The field of microbial ecology examines the diversity and interactions of microorganisms with 

respect to each other and their environment. Thus, the field of microbial ecology has two 

major focuses: (i) microbial diversity, concerned with the identification and quantification of 

microbial populations existing in an environment; and (ii) microbial activity, which aims to 

assign functional roles and physiological attributes to each population and hence investigate 

the overall functions of an environment as a whole. Such objectives are often simplified to 

understanding: (i) “who is there?” and (ii) “what are they doing?” The infamous great plate-

count anomaly (Staley & Konopka, 1985) and the onset of culture-independent 16S rRNA gene 

library analyses (Pace et al., 1985, Schmidt et al., 1991) revealed the immense limitations 

existing within the field of microbial ecology as the vast majority of microorganisms, >99 % in 

many environments (Rolf, 2004), resist cultivation using traditional approaches. Furthermore 

due to culture biases, traditional culture-dependent approaches were shown to provide 

inaccurate representations of microbial populations, as readily cultured microorganisms often 

existed in small numbers and were not dominant in their environment. This is commonly 

analogised to “growing weeds” instead of the “desired flowers”. However, the sole application 

of culture-independent 16S rRNA gene library analyses for microbial ecology studies provides 

limited benefit. Although such methods can [in theory (von Winzingerode et al., 1997)] identify 

the major microbial populations present, these methods provide no information regarding the 

physiology and function of uncultured microorganisms, which can be >99 % of organisms 

present. Furthermore, as microorganisms with near identical (>99.5 %) 16S rRNA gene 

sequences can possess vastly different genomes and hence differing phenotypic traits (Fox et 

al., 1992), to imply the presence of specific physiological attributes in microbial populations 

based on 16S rRNA gene library analyses is not without a degree of uncertainty. Hence, 

culture-independent 16S rRNA gene library analyses describe “who is there?” but not “what 

are they doing?”  

 

Metagenomics is a recent advancement in the field of microbial ecology likened to the “knife” 

used to unravel the “Gordian knot” of the uncultured majority (Schloss & Handelsman, 2005). 

Metagenomic analyses involve the direct (culture-independent) extraction of microbial 

community DNA from the environment. The DNA is size-fractionated and ligated into plasmids, 
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BACs, PACs or fosimds and subsequently transformed to produce (metagenomic) libraries of 

environmental community DNA with clone-insert sizes often in excess of 200 kb. Metagenomic 

libraries can be analysed by randomly selecting clones and sequencing the entire insert from 

each clone-end, using primer walking or (tagged) 454 sequencing methods, to thereby reveal 

the genomic complement of the inserts, and hence the genomic complement of the 

environment. Alternatively, specific probes can be used in combination with PCR-screening to 

identify inserts that contain a specific gene of interest, usually based on phylogeny or function. 

Based on such screening results, only specific clones-inserts need be sequenced in their 

entirety. For example, it may be deemed unnecessary to sequence the entirety of a specific 

clone-insert once a 16S rRNA gene of a known organism is detected. Alternatively, if a novel 

16S rRNA gene is detected, the sequencing of the entire clone-insert may reveal useful 

genomic information concerning the physiology of the previously uncultured organism and 

perhaps clues to how this strain could be grown in pure culture. Functional screening of 

metagenomic library clones also provides a means to select clones of interest for further 

analyses and commonly include screens for new antibiotics, antibiotic resistance enzymes, 

hydrolytic and degradative enzymes, biosynthetic functions and unique membrane proteins 

(Riesenfeld et al., 2004). Thus, metagenomics provides a method to harvest enzymes of 

commercial value that bypasses the need to culture. Despite the many advantages of 

metagenomics, library construction is still subject to DNA extraction and cloning biases, and 

reconstructing the metagenome through sequence analyses can be technically challenging. 

The complexity of microbial communities is a problem for the statistical integrity of 

metagenomic analyses as to obtain a substantial representation of organisms existing in low 

numbers (< 1 % of the total population) the library would need to contain 100- to 1000-fold 

coverage of the metagenome (Riesenfeld, et al., 2004). Hence, a library of approximately 500 

gigabases (Gbp) may be required to accurately capture the species richness in 1 ml of seawater 

and 10 000 Gbp for 1 g of soil (Riesenfeld, et al., 2004, Venter et al., 2004). 

 

Another notable advancement in the field of microbial ecology is the application of 

micromanipulators, which combine microscopy techniques and sterile capillary tubes or lasers 

to pick single cells from a mixed microbial population. Fluorescent dyes are often used to stain 

viable cells and FISH techniques based on previous culture-independent analyses can be used 

to highlight previously uncultured organisms for selection. Once successfully picked the single-

cells can be transferred into growth media and grown for further characterisation studies. 
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Alternatively, if suitable growth conditions cannot be determined, genome amplification kits 

can be used to amplify the single cells’ genome for whole genome sequencing and subsequent 

analyses. Despite the many benefits of micromanipulators, high quality micromanipulators are 

costly and the successful isolation of a single cell can be technically challenging. In addition, 

prolonged exposure to laser beams can destroy cells prior to transfer. Various other traditional 

and more recent methods used to investigate the microbial ecology of mixed populations and 

their advantages and limitations are highlighted in Table 3.1. 
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Table 3.1: Various methods used to investigate the microbial ecology of a mixed microbial population in an environmental sample. 
Method description, taxonomic identification (“who is there?), functional information (“what are they doing?”), quantitative analysis, and 
the advantages and disadvantages of each method is provided. [Adapted from Spiegelmen et al., (2005)]. 

Methods Description Taxonomic 
identification 

Functional 
information 

Quantitative Advantages Limitations 

 
Microbiological Methods 

     

Direct cell 
counting 

Microscopic counting of stained cells no no yes Relatively unbiased cell 
count; minimal cost 

Subjective; limited value 

Indirect cell 
counting 

Counting of a culturable subset from a 
microbial community, e.g. MPNs, plate 
counts, etc. 

no yes yes Minimal equipment 
required; minimal cost 

Introduces culturing 
biases in cell count 

Morphological 
counting 

Microscopic identification & enumeration of 
the morpholotypes in an environmental 
sample 

some no possible Minimal equipment 
required; minimal cost 

Subjective; limited value 

Metabolic assays 
CLPP* 

Creates a profile of substrates metabolised 
by the microbial community, e.g. Biolog 
EcoPlate 

no yes some Commercially available;  
detailed profiles; quick 

Sometimes growth 
dependent; culture biases 

 
Molecular Biology Methods 

     

Sequencing of 
cultured isolates 

Sequencing of PCR amplicons derived from 
cultured isolates 

yes yes no Reveals phylogeny or 
function; useful for small 
community analysis 

Limited to cultured 
organisms, hence culture 
biases apply 

Metagenomic 
library analyses 

Large-insert library construction & analysis of 
environmental community DNA 

yes yes yes Accesses genomic 
complement of 
uncultured organisms  

DNA extraction & cloning 
biases; Complex analyses; 
statistical validity  

Next-generation 
sequencing of 
isolate 

Genome sequencing and annotation of an 
organism isolated to pure culture 

yes yes some In depth description of 
physiology and 
phylogeny 

Alignments can be 
challenging; databases 
subject to errors 

Next-generation 
sequencing of 
community DNA  

Large scale sequencing and annotation of 
environmental community DNA 

yes yes yes Large amount of 
sequence data can be 
generated in minimal 
time 

DNA extraction biases; 
Complex analyses; 
statistical validity 

Next-generation 
sequencing of 

Large scale sequencing and annotation of 
environmental community mRNA 

no yes yes Large amount of gene 
expression data 

DNA extraction biases; 
Complex analyses; 
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community 
mRNA 

(metatranscriptomics) produced. 

Phylogenetic  PCR 
libraries 

Library construction & analysis of PCR-
amplified phylogenetic genes (e.g. 16S rDNA) 
from the environmental sample  

yes no yes Provides (relatively) 
unbiased taxonomic 
community profile 

Provides no functional 
information of previously 
uncultured organisms 

DGGE# /TGGE† Separates community amplified 16S rRNA 
genes by % GC content 

possible no no Reveals community 
profile by single base-
pair resolution 

Labour-intensive; complex 
results; often not validly 
reproducible results 

T-RFLP‡ Separates community amplified 16S rRNA 
genes by restriction patterns 

yes no yes High throughput; 
relatively quick 

Optimisation required 

FISH§ Identifies organisms with specific gene of 
interest 

yes yes possible Highly flexible; culture-
independent 

Probe design limited to 
available sequences 

DNA microarrays Extremely high-throughput multiple probe 
hybridisation 

yes yes possible Extremely high-
throughput; extensive 
analytical potential 

Technically complex; 
costly 

 
Biochemical Methods 

     

Metabolonics Emerging technique to profile total 
metabolites produced by a community 

no yes yes Great analytical 
potential 

Limited data available 

PFLAα + FAMEβ Culture-independent community profile 
based on distribution of various membrane 
lipids 

some no yes Provides good 
community 
comparisons; 
Fast; inexpensive 

Taxonomic identification 
is delicate & limited 

Quinone profiling Culture-independent community profile 
based on distribution of quinones 

some no yes Fast; inexpensive Fairly nonspecific profiles; 
not amendable to further 
analysis 

* Community-level physiological profiling (CLPP). 
# Denaturing gradient gel electrophoresis (DGGE).  
† Temperature gradient gel electrophoresis (TGGE) 
‡ Terminal-restriction fragment length polymorphism (T-RFLP) 
§ Fluorescence in situ hybridisation (FISH) 
α Phospholipids fatty acids (PFLA) 
β Fatty acids methyl esters (FAME) 
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The recent onset of numerous ‘next-generation’ sequencing technologies have revolutionised 

the life sciences by enabling gigabases of sequence information to be generated relatively 

inexpensively within just a few days (a summary of next-generation sequencing is given in 

Section 7.1). Compared to assembling the metagenome of a mixed microbial population, 

genome annotation of a single strain isolated in pure culture is vastly easier and so is likely to 

contain fewer errors. Genome sequencing and sequence analyses of isolated novel organisms 

provides a wealth of information regarding the physiology, functions and evolution of the 

specific microbe in its natural environment. Furthermore, the genetic information generated 

can be used to complement metagenomic analyses and so is of further benefit to microbial 

ecology studies. As such, there is a growing need to improve the more traditional culture-

dependent techniques used for the isolation of novel strains to pure culture. The limitations of 

more traditional culturing techniques and possible solutions are discussed in the following 

paragraphs.  

 

Microbial interactions between different species often limit traditional culturing techniques. As 

such, microbial dominance and competition, due to high cell concentrations and rapid growth 

rates of certain organisms suppress the growth activities of less dominant organisms and so 

limit their cultivation. Antagonistic relationships between organisms such as the accumulation 

of a toxic waste product resulting from another organisms metabolism, may hinder cell growth 

and hence the ability to recover certain species. Conversely, microorganisms may be 

recalcitrant to culturing techniques due to a lack of a necessary symbiont required for growth 

(Handelsman, 2004). Many microbes are so adapted to the low nutrient levels in their 

environment that they prefer slow growth and dispersal over colony formation. Such 

organisms often form micro-colonies, which can be only detectable via microscopy, and so 

often remain undetected by traditional methods of confirming growth, such as turbidity and 

colony formation (Ferrari et al., 2005). Traditional cultivation strategies often supply excessive 

nutrient concentrations to enrichment mediums and so consequently are selective for faster 

growing organisms. Excess nutrient concentrations may also be lethal to some organisms 

causing substrate-accelerated death. More recent microbial cultivation approaches involve 

using diluted nutrient concentrations combined with longer incubation periods to target 

slower growing organisms or organisms which are poorly represented in their environment. 

These culture conditions mimic the low nutrient levels found in most environments. More 

recent cultivation strategies also include the addition of sterilized sample water to enrichment 
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mediums in attempt to provide organisms with an unknown but necessary nutrient source 

required for growth (Zengler et al., 2002). 

 

A number of traditional media components can be toxic to certain microbes and so hinder 

their cultivation. Examples include the solidifying agent agar, and the reducing agent Na2S, 

which can be replaced by non-toxic substitutes, such as gelrite and cysteine-HCl respectively. 

Furthermore, microbes may resist cultivation due to incorrect combinations of pH, salinity, 

temperature, pressure or atmospheric gas composition supplied in enrichment mediums. 

These may be adjusted to simulate conditions found within the natural environment 

(Kaeberlein et al., 2002), or adjusted to extremes in an attempt to target organisms present in 

low cell numbers in their natural environment. Enrichments with traditional nutrient sources 

such as nutrient agar, yeast extract, peptone and glucose appear to have been exhausted as 

they commonly recover the same few organisms from different environments (Chamkha et al., 

2002, Mechichi et al., 1999). Therefore, it may be likely that the use of less frequently used 

growth sources in culture mediums may be able to culture less frequently or previously 

uncultured organisms.  

 

It has been demonstrated that the vast majority of microbes elude cultivation using standard 

enrichment techniques, however, although recent advances in the field of microbial ecology, 

such as Metagenomics, bypass the need to culture, cultivating organisms to pure culture will 

perhaps always remain a cornerstone of microbial ecology research to be used in conjunction 

with the latest culture-independent advances. For example, phenotypic tests and/ or genome 

sequence analyses of microorganisms isolated to pure culture may be used to complement 

molecular community analyses by: (i) identifying the phylogeny of particular genes; (ii) 

identifying evolutionary gene mutations between specific microbial populations; and by (iii) 

allowing gene expression to be investigated within the host organism. As increasing 

combinations of growth substrates and enrichment conditions are used for isolation studies, 

and are applied to newly discovered high temperature environments, increasing numbers of 

novel thermophiles will be isolated and the gap between the culturable minority and the “as 

yet uncultured majority” of thermophiles may slowly close. Thermophile diversity studies in 

this project largely focus on thermophilic dissimilatory iron(III)-reducing bacteria (DIRB), 

sulphate-reducing bacteria (SRB) and vanadium(V)-reducing bacteria (VRB). 
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3.1.2 DISSIMILATORY IRON(III)-REDUCING BACTERIA (DIRB) 

 

Iron(III)-reduction is one of the most geochemically significant processes in deep aquifers and 

anaerobic subsurface environments, and can account for more than 90 % of the oxidation of 

organic matter in many such environments (Lovley, 2000). It was originally thought that 

iron(III)-reduction in natural environments occurred due to non-enzymatic processes, however 

further investigations revealed that the majority of iron(III)-reduction was caused by microbial 

respiration (Lovley, 1991). In deep aquifers, DIRB populations are of great importance as 

increased concentrations of iron(II) in groundwaters can clog pipes and spoil water quality and 

taste. To combat such adverse affects outback Australian farmers have developed methods to 

oxidise and hence precipitate the iron(III) from groundwater prior to use. DIRB may also be 

problematic in deep aquifers by contributing to MIC processes of aquifer bores and pipelines, 

as previously mentioned. Within natural subsurface environments the oxidation-reduction 

(redox) cycling of iron involves various reactions (Figure 3.1). Iron is oxidised in the oxic zones 

forming solid metal iron(III) oxides (step 1), which settle down into the suboxic zone (step 2). In 

the suboxic zone, the metal oxides are reduced forming soluble iron(II) products (step 3) which 

diffuse upwards to the oxic zone (step 4) where they are then oxidised (step 1). In the suboxic 

zone iron(III) is also reduced chemically due to low redox potential and pH conditions but to a 

lesser extent compared to microbial iron(III)-reduction (Nealson & Cox, 2002). 

 

 
 

O2 

Fe2+ 

1. Metal Oxidation 

2. Sedimentaton 4. Diffusion 

3. Metal reduction coupled with Organic Carbon Oxidiation  

OXIC ZONE 

SUBOXIC ZONE 

Fe2+ Fe(OH)3 

Fe(OH)3 
Corg CO2 

Figure 3.1: The gravity driven iron redox cycle. The major processes in the 
iron cycle are shown, demonstrating also the importance of the solubility of 
products in the iron cycling process. 
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Dissimilatory iron(III)-reducing microorganisms can be defined as microorganisms with the 

ability to transfer electrons to an external ferric iron [Fe(III)], reducing it to ferrous iron [Fe(II)] 

without assimilating the iron; i.e. the iron(II) accumulates outside of the cell. Dissimilatory 

iron(III)-reducing microorganisms are phylogenetically diverse and include members from both 

the prokaryote domains: Bacteria and Archaea. However, in this project only bacteria are 

investigated and so the term dissimilatory iron(III)-reducing bacteria (DIRB) is applied. DIRB can 

be separated into two major groups, those that support growth and conserve energy from the 

electron transfer to iron(III) and those that do not (Lovley, 2000). The latter include organisms 

that grow via fermentation but use iron (III) as a minor electron acceptor, typically transferring 

less than 5 % of the reducing equivalents to iron (III). In these organisms growth can occur in 

the absence of iron(III), but when iron(III) is present it is reduced in a process that produces no 

increased cell yield, such as an electron sink, despite often a considerable formation of iron(II). 

DIRB that generate cellular energy (ATP) from iron(III)-reduction commonly oxidise organic 

compounds or H2 with the reduction of iron(III). In low pH environments elemental sulphur is 

also commonly used as an electron donor to support iron(III)-reduction. DIRB that oxidise 

organic compounds completely to carbon dioxide with iron(III) serving as the sole TEA most 

notably include members of the family Geobacteraceae in the class δ-Proteobacteria such as 

Geobacter species (Lovley et al., 1993, Lovley & Phillips, 1988). Other DIRB within class δ-

Proteobacteria include Pelobacter (Lovley et al., 1995), Desulfuromonas (Roden & Lovley, 

1993) and Desulfuromusas species (Liesack & Finster, 1994). Several genera within the γ-

Proteobacteria such as Shewanella, Ferrimonas (Rossello-Mora et al., 1995) and Aeromonas 

can grow aerobically but under anaerobic conditions reduce iron(III) as a TEA for growth. Other 

DIRB include mesophiles from the genera Geothrix (Lonergan et al., 1996), Geovibrio (Caccavo 

et al., 1996) and Geospirillum (Laverman et al., 1995) and thermophiles from the genera 

Bacillus (Boone, et al., 1995), Deferribacter (Greene, et al., 1997), Thermanaerobacter, 

Thermoterrabacterium (Slobodkin et al., 1997) and Thermovenabulum (Zavarzina et al., 2002). 

 

Most but not all DIRB are able to utilize manganese(IV) as an alternative TEA to iron(III) for 

growth. In this process manganese(IV) is reduced to manganese(II). A number of DIRB also 

possess the ability to reduce other metals such as arsenic(V), uranium(VI), technetate(VII), 

cobalt(III),  chromium(VI) and selenium(III) (Lovley & Coates, 1997), which demonstrates the 

importance of DIRB in the cycling of metals in anaerobic environments. This ability has also 

sparked much interest in DIRB for their possible application to bioremediation processes of 



CHAPTER THREE:     CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES 

 
 

  
69 

 

  

contaminated aquifers where ideally the DIRB populations could be used to precipitate or 

detoxify metal contaminants and/ or simultaneously oxidise organic contaminants to non-toxic 

forms. However, in situ bioremediation applications of DIRB (and microbes in general) have 

had limited success in the past.  

 

 

3.1.3 SULPHATE-REDUCING BACTERIA (SRB)  

  

Sulphate-reducing bacteria (SRB) exert a considerable influence on the geochemistry of deep 

subsurface environments and have received much attention in recent times. SRB can be 

problematic in deep aquifers as increased concentrations of sulphide produced by SRB can 

spoil groundwater quality and taste, and their co-colonisation of aquifers bores and equipment 

increase detrimental MIC processes. Thermophilic SRB have been classified within the genera 

Desulfotomaculum (Campbell & Postgate, 1965), Thermodesulfotobacterium (Zeikus et al., 

1983), Thermodesulfovibrio (Henry et al., 1994), Thermodesulforhabdus (Beeder, et al., 1995), 

Thermodesulfobium (Mori et al., 2003), Thermodesulfatator (Moussard, et al., 2004), 

Desulfothermus (Kuever et al., 2005, 2005, Nunoura et al., 2007), Desulfovirgula (Kaksonen et 

al., 2007), Desulfurispora (Kaksonen, et al., 2007) and Thermosulfidibacter (Nunoura et al., 

2008). Previously described novel thermophilic SRB isolated from the GAB include 

Desulfotomaculum australicus (Love, et al., 1993). 

 

 

3.1.4 VANADIUM(V)-REDUCING BACTERIA (VRB) 

 

The transition metal vanadium is a contaminant widely distributed in the Earth’s crust and 

aquatic environments (Rehder, 1992). Vanadium can exist in oxidation states ranging from -2 

to +5, though at neutral pH vanadium commonly exists as V(V) (vanadate) and V(IV) (vanadyl), 

of which the former is the most toxic and mobile form (Ortiz-Bernad et al., 2004). 

Vanadium(V)-reducing bacteria (VRB) include Pseudomona species (Lyalikova & Yurkova, 

1992), and the metal-reducing organisms Shewanella oneidensis (Carpentier et al., 2003) and 

Geobacter metallireducens (Ortiz-Bernad et al., 2004). No previous studies on GAB VRB have 

previously been performed. 
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3.1.5 CHAPTER THREE OUTLINE AND SCREENING METHODS 

 

The screening methods used to investigate thermophile diversity in Chapter Three are outlined 

in Fig. 3.1. Enrichments were performed using both novel and conventional culture-dependent 

enrichment strategies. Novel culture-dependent enrichment strategies included: high 

throughput micro-enrichments of thermophiles using (i) the Biolog system and (ii) deep-well (1 

ml) microtiter plates amended with varying energy substrates and TEAs (Fig. 3.2). For the 

latter, iron(III) and sulphate were supplied to the enrichment mediums to target the cultivation 

of DIRB and SRB due to their considerable influence on GAB groundwater geochemistry and 

likely involvement in MIC processes of GAB bores. Vanadium(V) and molybdenum(VI) were 

also included as TEAs in enrichment mediums due to their previously limited use in enrichment 

studies and therefore increased probability of successfully cultivating novel thermophiles. 

Other novel and modified enrichment strategies used in Chapter Three to target the 

cultivation of novel thermophiles were performed in 7 – 10 ml of enrichment medium. These 

included: (iii) enrichments under varied growth conditions such as under microaerophilic 

conditions, at high pH levels and subsequent to exposure to heat shock at 95 °C for 20 

minutes; and (iv) enrichments with iron(III) and seldom used substrates such as H2 and 

aromatic compounds. Many of these enrichments and subsequent purification techniques 

were performed using both liquid and solid mediums. More conventional enrichment 

strategies employed in Chapter Three were performed in enrichment mediums that contained 

iron(III) as the TEA and commonly tested energy substrates such as yeast extract and acetate 

as electron donors. Subsequent to enrichment, the isolates were purified as described in 

Section 2.4, and the isolates phylogenetic position was investigated by sequence analysis of 

the 16S rRNA gene as described in Section 2.5. Chapter Three is divided into 6 major sections 

including:  

3.1 CHAPTER THREE INTRODUCTION 

3.2 HIGH THROUGHPUT MICRO-ENRICHMENTS OF THERMOPHILES USING THE BIOLOG SYSTEM 

3.3 HIGH THROUGHPUT MICRO-ENRICHMENTS OF THERMOPHILES USING DEEP-WELL (1 ML) MICROTITER 

PLATES 

3.4 CULTURE-DEPENDENT DIVERSITY STUDIES OF THERMOPHILES FROM THE NEW LORNE BORE MICROBIAL 

MATS 

3.5 CULTURE-DEPENDENT DIVERSITY STUDIES OF THERMOPHILES FROM OTHER ENVIRONMENTS 

3.6 CHAPTER THREE DISCUSSION. 



CHAPTER THREE:     CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES 

 
 

  
1 

 

  

16S rRNA Gene Analysis 
 
 
- DNA Extraction 
- PCR 
- Purification of PCR products  
- Sequencing 
- Analysis 
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Screening Methods 

2. Isolation & Purification 

I. Novel and Modified Screening Methods 

3. Preliminary Identification 

Check Isolate Purity Pure Isolate 

 
Repeat Dilutions to extinction in 

liquid media 

 
Dilute to extinction on Solid media  

& Pick colony 

i. The BIOLOG System 
 
 
 

 
 
 
-Polymers, carbohydrates, esters, 
carboxylic acids, brominated/ 
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Figure 3.2: An outline of the methods used to assess thermophile diversity in Chapter Three. Novel, modified and conventional enrichment 
methods were used for enrichments. The cultures were subsequently purified by (mostly) performing dilutions to extinction in liquid and/ or solid 
medium. The axenic cultures were preliminarily identified by 16S rRNA gene analyses.  
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3.2 HIGH THROUGHPUT MICRO-ENRICHMENT DIVERSITY STUDIES USING 

THE BIOLOG SYSTEM 

3.2.1 INTRODUCTION TO THE BIOLOG SYSTEM 

 

The Biolog system was originally developed as a diagnostic tool to identify bacterial isolates 

based on sole-carbon-source utilisation. It consists of 95 different substrates each contained in 

a separate well (and a control containing no substrate), to which a minimal growth medium 

and inoculum are added. The wells also contain the redox dye tetrazolium violet, which turns 

purple in the presence of electron transfer conferring substrate utilization (Fig 3.3a). The 

absorbance of each well is determined using a Biolog MicroPlate reader, and the substrate 

utilisation pattern and intensity are compared on a database to identify the unknown isolate 

(Fig 3.3b-c). Different Biolog MicroPlates were originally designed to target Gram-positive, 

Gram-negative, anaerobic and fungal organisms. Since 1991 Biolog plates have also been 

routinely used for investigating the functional diversity of whole microbial communities from 

environmental samples (Garland & Mills, 1991). In February 2000, Biolog released the 

EcoPlate, specifically designed for community analysis containing 31 of the most useful carbon 

sources for soil community analysis which are repeated three times on each plate to provide 

replicate data. In this Section, the Biolog system is not used for identification purposes but is 

instead used for micro-enrichments studies of thermophiles.  

 

 
 
 
There are many advantages in performing enrichments of thermophiles on a small scale 

compared to standard size enrichments that generally use 7 – 10 ml of enrichment medium. 

These advantages include:(i) a decreased volume of environmental sample and (ii) a decreased 

a b c 

Figure 3.3: The Biolog system. (a) A Biolog microtiter plate with numerous purple 
wells resulting from the reduction of the tetrazolium dye conferring substrate 
utilisation. (b) The Biolog MicroStation and (c) the Biolog software which transforms 
the results into positive, borderline and negative scores. 
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medium volume are required per enrichment; (iii) enrichments can be performed more quickly 

and easily as inoculations can be performed simultaneously using Micro-well pipettes and 

correspondingly (iv) a smaller incubation time is required for positive results to occur. It is 

possible that enrichments performed in a larger volume of enrichment medium are more 

statistically valid when investigating the diversity of various microbial groups; however micro-

enrichments can easily and quickly be performed in multiple sets to increase the statistical 

validity of such diversity studies and/ or the environmental sample could be concentrated prior 

to enrichments. This section describes and discusses preliminary trials that used the Biolog 

system for micro-enrichments of thermophiles from the GAB. These trials provided a means to 

simultaneous enrich the GAB samples on 95 different substrates (and a control) both in the 

presence or absence of an added TEA. The Section Discussion (Section 3.2.4) also describes 

how these methods could be improved and used in combination with molecular techniques for 

the rapid identification and isolation of novel thermophiles. 

  
 

3.2.2 METHODS 

3.2.2.1 BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE (TRIAL 1) 

 

The carbon sources contained in a GN2 Biolog MicroPlate and their corresponding well are 

shown in Table 3.1. Enrichments using the Biolog system were initiated by inoculating the 

wells of GN2 Biolog Microplates with 100 µl Red mat sample suspension that had been 

prepared by mixing 0.2 ml of Red mat sample (Section 2.1.1) in 10 ml of IF (Section 2.2.14) 

amended with yeast extract (0.001 %), which was used to stimulate substrate utilisation and/ 

or growth. The Biolog MicroPlate enrichments were subsequently incubated in humified 

sealed plastic containers at 50 and 70 °C. Wells that underwent a colour change from clear to a 

purple colour due to the reduction of tetrazolium dye were regarded as positive for respiration 

(Fig. 3.3a), and turbid wells were considered as positive for growth. Respiration and growth 

were determined visually and using the Biolog MicroStation system software which 

transformed the results into positive, borderline and negative scores (Fig 3.3b – c).  

 

After 6 days incubation, wells which were scored as positive for respiration and/ or growth 

from the 70 °C enrichment were subcultured into McCartney bottles that contained 10 ml of 

WCM medium fortified with 0.2 % of the corresponding well substrate, and were streaked (15 

µl) onto WCM gelrite (1.5 %) plates and subsequently incubated at 60 °C. After 7 days 



CHAPTER THREE:     CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES 

 
 

  
74 

 

  

incubation the positive wells from the 50 °C Biolog enrichment were streaked (15 µl) onto WC 

medium gelrite (1.5 %) plates and incubated at 50 °C. No growth occurred in any of the 

subcultures after 10 days incubation. [Note: flow-diagrams are given in Section 3.2.3 that 

summarise the different Biolog enrichment methods and results].  

 
Table 3.2: Substrates contained in the wells of Gram-Negative 2 (GN2) Biolog 
Microplates. 

Polymers (A2 – A6) 
α-Cyclodextrin 
Dextrin 
Glycogen 
Tween 80 
Tween 40 
 
Carbohydrates (A7 – C10) 
N-Acetyl-D-galactosamine 
N-Acetyl-D-glucosamine 
Adonitol 
L-Arabinose 
D-Arabitol 
Cellobiose 
i-Erythritol 
D-Fructose 
L-Fucose 
D-Galactose 
Gentiobiose 
α-D-Glucose 
m-Inositol 
α-Lactose 
Lactulose 
Maltose 
D-Mannitol 
D-Mannose 
D-Melibiose 
β-Methylglucoside 
D-Psicose 
D-Raffinose 
L-Rhamnose 
D-Sorbitol 
Sucrose 
D-Trehalose 
Turanose 
Xylitol 
 
Esters (C11 – C12) 
Methylpyruvate 
Mono-methylsuccinate 
 
 

Carboxylic acids (D1 – E12) 
Acetic acid 
cis-Aconitic acid 
Citric acid 
Formic acid 
D-Galactonic acid lactone 
D-Galacturonic acid 
D-Gluconic acid 
D-Glucosaminic acid 
D-Glucoronic acid 
α-Hydroxybutyric acid 
β-Hydroxybutyric acid 
γ-Hydroxybutyric acid 
p-Hydroxyphenylacetic acid 
Itaconic acid 
α-Ketobutyric acid 
α-Ketoglutaric acid 
α-Ketovaleric acid 
D,L-Lactic acid 
Malonic acid 
Propionic acid 
Quinic acid 
D-Saccharic acid 
Sebacic acid 
Succinic acid 
 
Brominated chemicals (F1) 
Bromosuccinic acid 
 
Amides (F2 – F4) 
Succinamic acid 
Glucuronamide 
Alaninamide 
 
 

Amino acids (F5 – G12) 
D-Alanine 
L-Alanine 
L-Alanyl-glycine 
L-Asparagine 
L-Aspartic acid 
L-Glutamic acid 
Glycyl-L-aspartic acid 
Glycyl-L-glutamic acid 
L-Histidine 
Hydroxy-L-proline 
L-Leucine 
L-Ornithine 
L-Phenylalanine 
L-Proline 
L-Pyroglutamic acid 
D-Serine 
L-Serine 
L-Threonine 
D,L-Carnitine 
γ-Aminobutyric acid 
 
Aromatic chemicals (H1 – H4) 
Urocanic acid 
Inosine 
Thymidine 
Uridine 
 
Amines (H5 – H7) 
Phenylethylamine 
Putrescine  
2-Aminoethanol 
 
Alcohols  (H9 – H10) 
2,3-Butanediol 
Glycerol 
 
Phosphorylated chemicals (H10 
– H12) 
D,L-α-Glycerol phosphate 
Glucose-1-phosphate 
Glucose-6-phosphate 
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3.2.2.2 BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE (TRIAL 2) 

 

A second Biolog enrichment with the Red mat sample was performed at 70 °C as described 

above (Section 3.2.2.1) with modifications of an increased addition of Red mat sample (0.5 ml) 

to the IF (15 ml) and an increased sample suspension (150 µl) was used to inoculate the Biolog 

plate wells to provide an increased volume for the subculturing of positive wells. After 24 h 

incubation, the wells that were positive for respiration and/ or growth were subcultured into 

Media D and Media D plates (amended with Gelrite 1.5 %).  No growth was observed after for 

10 days incubation at 60 °C. 

 

 

3.2.2.3 BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE AMENDED WITH IRON(III) 

CITRATE (TRIAL 3) 

 

To investigate the effects of iron(III) on the Biolog enrichments, parallel enrichments of the 

Red mat sample as those described in Trial Two (Section 3.2.2.2) were performed with the 

addition of ammonium iron(III) citrate (0.1 %) to the IF.  After incubation for 24 h, the wells 

which were scored as positive for respiration and/ or growth from the 70 °C enrichment were 

subcultured into anaerobic (III) citrate-PL medium amended with yeast extract (0.1 %), and 

streaked (10 µl) inside an anaerobic chamber onto anaerobic Fe(III) citrate-PL medium gelrite 

(1.5 %) plates amended with yeast extract (0.1 %) and tryptone (0.1 %). The inoculated plates 

were transferred into an anaerobic gas jar and together with the liquid media subcultures 

were incubated at 60 °C for up to 14 days. Colonies observed on the Fe(III) citrate-PL medium 

plates were subcultured into 9.5 ml of Fe(III) citrate-PL medium amended with yeast extract 

(0.1 %) and incubated at 60 °C.    

 

 

3.2.2.4 BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE AMENDED WITH IRON(III) 

CITRATE (TRIAL 4) 

 

In an attempt to further improve the subculture success from the enrichments with the Biolog 

system, a further trial was conducted. GN2 Biolog plates were enriched as described above 

(Section 3.2.2.3) and after 4 h incubation at 70 °C wells which were scored as positive for 
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respiration and/ or growth were subcultured into anaerobic TYE medium amended with 0.2 % 

of the corresponding well substrate (if available). Subcultures were incubated at 60 °C for up to 

10 days or until growth was observed.  

 

 

3.2.2.5 BIOLOG MICROPLATE ENRICHMENTS OF THE GREY MAT SAMPLE 

 

Biolog enrichments of the Grey mat sample were performed by inoculating the wells of GN2 

Biolog Microplates with 125 µl Grey mat sample suspension that had been prepared by mixing 

0.8 ml of Grey mat sample in 12.5 ml IF+THY that had been supplied with yeast extract (0.001 %). 

The enriched Biolog MicroPlate was incubated at 70 °C for 5.5 hours in a humified container as 

previously described.  Following incubation, the wells were scored as positive for respiration 

and/ or growth [as previously described (3.2.2.1)] and the Biolog MicroPlate was let cool to 

room temperature to allow the cells to reach a resting (stationary) growth phase prior to 

further analysis. The morphologies inside of numerous wells which displayed differing levels of 

growth and/ or respiration were observed via light microscopy.  

 

A trial subculture of the entirety (125 µl) of the 8 positive wells into anaerobic YE(0.1 %) 

medium amended with the corresponding or replacement substrate (0.2 %) was performed. In 

addition, 10 µl from 6 different positive wells were streaked onto Medium D (minus tryptone) 

gelrite (1.5 %) plates amended with the corresponding substrate. Both anaerobic and aerobic 

sets of subcultures were incubated at 70 °C. No growth was observed in either set of 

subcultures after 7 days incubation. After no growth was observed in the trial subcultures after 

2 days incubation, all other positive wells (minus those subcultured anaerobically) were 

subcultured into both anaerobic [9.5 ml of YE(0.1 %) medium] and aerobic [9.5 ml of Medium 

D (minus tryptone)] medium amended with the corresponding or replacement substrate. 

Subcultures were incubated at 70 °C until growth was observed or for up to 7 days. Positive 

subcultures were purified by repeat serial dilutions on liquid media as described in Section 2.4.  
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3.2.2.6 PHYLOGENY OF ISOLATES OBTAINED FROM ENRICHMENTS USING THE BIOLOG SYSTEM 

 

Culture purity of isolates obtained from the enrichments using the Biolog system was assessed 

as described in Section 2.4.3 and cultures that were deemed to be axenic were stored at -20 °C 

as described in Section 2.4.4. The phylogenetic position of each isolate was primarily 

determined by 16S rRNA gene sequencing and sequence analyses as described in Section 2.5.   

 

 

3.2.3 RESULTS 

 

Flowcharts highlighting the Biolog enrichment methods and results of the Red and Grey mat 

samples are given in Figures 3.4 and 3.5 respectively. 
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Figure 3.4: Flowcharts outlining the Biolog enrichment methods and results of the Red mat sample. Positive enrichments were only achieved from 
enrichments trials 3 and 4, however only one phylotype was identified. 
† The Biolog MicroPlate enrichments were incubated in humified sealed plastic containers. 
‡ Wells that underwent a colour change from clear to a purple colour due to the reduction of tetrazolium dye were regarded as positive for respiration 
(Fig. 3.4a), and turbid wells were considered as positive for growth. The enrichment results are given in Tables 3.2 – 3.6.  
*All of the recovered isolates possessed identical (100 % similarity) 16S rRNA gene sequences, which matched Caloramator fervidus (95.8 % similarity 
to the type strain). One such isolate was subsequently characterised and designated Caloramator australicus strain RC3T. 
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Figure 3.5: Flowchart outlining the Biolog enrichment methods and results of the Grey mat sample. 38 positive Biolog microtiter plate well 
enrichments were achieved from which 11 aerobic isolates and 9 anaerobic isolates were recovered. However, only three different phylotypes were 
identified. 
† The Biolog MicroPlate enrichment was incubated inside a humified sealed plastic container. 
‡ Wells that underwent a colour change from clear to a purple colour due to the reduction of tetrazolium dye were regarded as positive for respiration 
(Fig. 3.4a), and turbid wells were considered as positive for growth. The enrichment results are given in Table 3.7.  
*Of the 11 recovered aerobic cultures, phylogenetic analyses of the 16S rRNA gene of 9 isolates revealed that 8 isolates were closely related to 
Thermaerobacter subterraneus (AF343566; similarity value >98 %) and one isolate was related to Paenibacillus timonesis (AY323611; 99.1 %) (Table 
3.8). All of the 9 recovered anaerobic isolates possessed identical the 16S rRNA gene sequences, which matched to Fervidicola ferrireducens strain 
Y170T (EU443728; >98 %); strain Y170T was recovered in Section 3.4 and described in Section 4.5. 
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3.2.3.1 RED MAT SAMPLE BIOLOG MICROPLATE ENRICHMENT RESULTS (TRIAL 1) 

 

The wells that were scored as positive for respiration and/or growth from the Red mat sample 

Biolog enrichment (Trial One) incubated at 50 and 70 °C are shown in Tables 3.3 and 3.4 

respectively. No growth was observed in the subcultures of the positive wells into WC media 

and WC plates after 10 days incubation at the respective temperatures.  

 

Table 3.3: Positive wells from Biolog enrichments of the Red mat sample after 
7 days incubation at 50 °C (Biolog enrichment Trial 1). 

Well number Substrate Result 
 

A10 L-Arabinose Slight turbidity 
C9 Turanose Slight turbidity 

C11 Pyruvic Acid Methyl Ester Slight turbidity 
 
 

Table 3.4: Positive wells from Biolog enrichments of the Red mat sample after 
6 days incubation at 70 °C (Biolog enrichment Trial 1). 

Well number Substrate Result 
 

A5 Tween 40 Slight respiration 
A6 Tween 80 Slight respiration 
A7 N-Acetyl-D-Galactosamine Strong turbidity 
A8 N-Acetyl-D-Glucosamine Strong turbidity 
A9 Adonitol Respiration 

A10 L-Arabinose Strong respiration and slight turbidity 
B2 D-Fructose Strong respiration and slight turbidity 
B6 α-D-Glucose Slight turbidity 
B9 Lactulose Strong turbidity 
C9 Turanose Strong turbidity 
F3 Glucuronamide Strong turbidity 

 
 

 

3.2.3.2 RED MAT SAMPLE BIOLOG MICROPLATE ENRICHMENT RESULTS (TRIAL 2) 

 

The wells that were scored as positive for respiration and/ or growth the Red mat sample 

Biolog enrichments (Trial Two) incubated at 70 °C for 24 h are shown in Table 3.5. No growth 

was observed in the subcultures of the positive wells into Media D and Media D gelrite plates 

after 10 days incubation at 60 °C.  
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Table 3.5: Positive wells from Biolog enrichments of the Red mat sample after 
24 h incubation at 70 °C (Biolog enrichment Trial 2). 

Well number Substrate Result 
 

A10 Arabinose Strong respiration and slight turbidity 
B2 D-Fructose Slight respiration 
B6 α-D-Glucose Respiration 
C9 Turanose Slight turbidity 

C11 Pyruvic Acid Methyl Ester Slight turbidity 
F3 Glucuronamide Slight turbidity 

 

 

3.2.3.3 RESULTS FROM THE BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE AMENDED 

WITH IRON (III) CITRATE (TRIAL 3) 

 

The wells that were scored as positive for respiration and/ or growth from the Red mat sample 

Biolog enrichment with iron(III) citrate after 24 h incubation at 70 °C are shown in Table 3.6. All 

positive results were subcultured into liquid and solid (gelrite) Fe(III) citrate-PL medium 

amended with yeast extract (0.1 %). After 14 days incubation at 60 °C, partial iron(III)-

reduction was observed in the subculture from the C3 well and one single pale lobate colony 

was observed in the C3 subculture onto Fe(III) citrate-PL medium plates. No growth was 

observed from any other subculture. The colony was successfully picked and subcultured into 

TYE medium and incubated at 60 °C. Both subcultures were purified by repeat serial dilutions 

and designated strains RC3-1 and RC3-2 respectively.   

 
Table 3.6: Positive wells from Biolog enrichments of the Red mat sample 
amended with iron(III) citrate after 24 h incubation at 70 °C (Trial 3). 

Well number Substrate Result 
 

A10 Arabinose Strong respiration and slight turbidity 
B2 D-Fructose Strong respiration 
B6 α-D-Glucose Respiration 
B7† m-Inositiol Respiration 
C3†‡ D-Psicose Respiration 
C5† L-Rhamnose Respiration 
D9† D-Glucuronic acid Slight respiration 
F3 Glucuronamide Strong Respiration 

† Wells positive in the presence but not absence of iron(III) citrate. 
‡ Successfully subcultured into Fe(III) citrate-PL medium. 
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3.2.3.4 RESULTS FROM THE BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT SAMPLE AMENDED 

WITH IRON (III) CITRATE (TRIAL 4) 

 

The wells that were scored as positive for respiration and/ or growth from the Red mat sample 

Biolog enrichment with iron(III) citrate after 4 h incubation at 70 °C and the subculture result 

are shown in Table 3.7. All positive results were subcultured into TYE media amended with the 

corresponding substrate (0.2 %), with the exception of C3 (D-Psicose) and F3 (glucuronamide) 

as the substrates were not available and so 0.2 % glucose was used. Subcultures were 

incubated up to 10 days at 60 °C. All successful subcultures were purified by repeat serial 

dilutions and designated RB2, RB7, RC3-3 and RC5 respectively.  

 
Table 3.7: Positive wells from Biolog enrichments of the Red mat sample 
amended with iron(III) citrate after 4 h incubation at 70 °C (Trial 4). 

Well number Substrate Result 
 

Growth in 
subculture 

A10 Arabinose Strong respiration and slight turbidity - 
B2 D-Fructose Respiration + 
B7† m-Inositiol Slight respiration + 
C3† D-Psicose Respiration + 
C5† L-Rhamnose Slight Respiration + 
F3 Glucuronamide Respiration - 

† Wells positive in the presence but not absence of iron(III) citrate. 
 

 

3.2.3.5 PHYLOGENY OF THE ISOLATES FROM THE BIOLOG MICROPLATE ENRICHMENTS OF THE RED MAT 

SAMPLE 

 

Partial 16S rRNA gene sequencing of all isolates from the Biolog enrichments of the Red mat 

sample including RC3-2 (989 nucleotides), RC3-3 (823 nucleotides), RB2 (1080 nucleotides), 

RB7 (934 nucleotides) and RC5 (1005 nucleotides) showed identical (>99 %) similarity to isolate 

RC3-1 (1472 nucleotides). 16S rRNA gene sequence analysis indicates that isolate RC3-1 is 

related to members of the genus Caloramator, most closely to Caloramator fervidus (95.8 % 

similarity to the type strain). The isolate RC3-1 (renamed strain RC3T) was stored at -20 °C in 

glycerol-PL medium (50:50) was selected for further characterisation studies (Chapter Four).    
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3.2.3.6 RESULTS FROM THE BIOLOG MICROPLATE ENRICHMENT OF THE GREY MAT SAMPLE 

 

The wells which were scored as positive for respiration and/or growth from the Grey mat 

sample Biolog enrichment after 5.5 h incubation at 70 °C, and the corresponding well 

subculture result and strain designation are shown in Table 3.8. Light microscopy of the wells 

A10, B2, B5, B12, C5, D9, E2, F3 and G10 revealed the presence of long thin slightly curved 

structures (≈ 20 - 30 × 0.4 - 0.6 µm). Attempts to subculture from these wells were 

unsuccessful. Light microscopy of all positive wells revealed rod-shaped bacteria of varying 

sizes, which existed in higher cell numbers than those observed in well A1 (control) which 

contained few cells of varying morphologies (data not shown). The wells A5, B6, B12, D8, F9 

and F10 contained cells with differing morphologies and so were onto streaked on to Medium 

D (minus tryptone) gelrite (1.5 %) plates amended with the corresponding substrates. 

However, no growth occurred after 7 days incubation at 70 °C.  
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Table 3.8: Positive Grey mat sample Biolog enrichment and the corresponding well subculture results. Key: + , positive; - , negative; ND, not 
determined. 

Biolog Enrichment Result 
 

Well Subculture Result 

Well Well Substrate Well Observation Media substrate Anaerobic 
media 

Aerobic 
media 

Incubation 
Time (days) 

Designated 
Strain Name 

A3 Dextrin Respiration Dextrin - + 2 Y7A03 
A5 Tween40 Respiration Tween20 - +† 5 Y7A05 
A6 Tween80 Respiration Tween80 - - 7 - 

A10 
 

L-Arabinose 
 

‡*Strong Respiration & 
slight turbidity 

Arabinose - ND 7 - 
 

B2 D-Fructose ‡*Strong Respiration Fructose - ND 7 - 
B3 L-Fucose ‡Strong Respiration Fructose - - 7 - 
B5 Gentibiose ‡*Respiration Glucose - ND 7 - 
B6 α-D-glucose Respiration Glucose + -† 6 Y7B06 

B12 D-Mannose ‡Strong Respiration Mannose  -† 7 - 
C1 D-Mellibiose Strong Respiration Glucose - - 7 - 
C3 D-Psicose Strong Respiration Fructose - - 7 - 
C5 L-Rhamnose ‡*Strong Respiration Rhamnose - ND 7 - 
D1 Acetic acid Slight Respiration Acetate - - 7 - 
D6 D-Galacturonic acid Strong Respiration Galactose - - 7 - 
D8 D-Glucosamidic acid Strong Respiration Glucose + -† 5 Y7D08 
D9 D-Glucuronic acid ‡Strong Respiration Glucose - - 7 - 
E2 Itaconic acid ‡Respiration Citrate - - 7 - 
E8 *Propionic acid *Slight Respiration Propionate - ND 7 - 
E9 Quinic acid Slight Respiration Sterilized Coffee - - 7 - 

E12 Succinic acid Slight Respiration Succinate - - 7 - 
F3 Glucuronamide ‡Strong Respiration Glucose - - 7 - 
F4 L-Alaninamide Respiration Casamino acids - - 7 - 
F5 D-Alanine *Respiration Alanine - ND 7 - 
F6 L-Alanine Respiration Alanine - + 5 Y7F06 
F7 L-Alanyl-glycine Respiration Glycine - - 7 - 
F8 L-Aspargine Respiration Aspargine - + 2 Y7F08 
F9 L-Aspartic acid Respiration Aspartate - +† 2 Y7F09 

F10 L-glutamic acid Respiration Glutamate - +† 1 Y7F10 
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F11 Glycyl-L-aspartic acid Respiration Aspartate - + 2 Y7F11 
F12 Glycyl-L-glutamic acid Respiration Glutamate - - 7 - 
G2 Hydroxy-L-proline Respiration Casamino acids - + 2 Y7G02 
G3 L-Leucine Respiration Leucine - - 7 - 
G4 L-Ornithine Respiration Casamino acids - - 7 - 
G5 L-Phenylalanine Respiration Casamino acids - + 1 Y7G05 
G6 L-Proline Respiration Proline - - 7 - 
G8 D-Serine Respiration Serine - - 7 - 
G9 L-Serine Respiration Serine - + 5 Y7G09 

G10 L-Threonine ‡*Strong Respiration Threonine - ND 7  
G12 γ-Amino butyric acid Respiration Casamino acids - + 1 Y7G12 
H1 Urocanic acid Strong Respiration Histidine - - 7 - 
H2 Inosine Respiration Glucose + - 1 Y7H02 
H3 Uridine Respiration Glucose + - 1 Y7H03 
H4 Thymidine Respiration Glucose + - 5 Y7H04 
H5 Phenylethyl Amine Respiration Glucose + - 5 Y7H05 
H6 Puterscine Respiration Casamino acids + - 1 Y7H06 

H7 2-amino ethanol Respiration Casamino acids + - 1 Y7H07 
H10 D,L-Glycerol phosphate Respiration Glycerol - ND 7 - 
H11 α-D-Glucose-1-phosphate Respiration Glucose + - 1 Y7H11 
H12 D-Glucose-6-phosphate ‡Strong Respiration Glucose - - 7 - 

† Wells were addi onally streaked (10 µl) onto aerobic Media D (minus tryptone) gelrite (1.5 %) plates amended with the corresponding 
substrate (0.2 %), however no growth occurred after 7 days incubation at 60 °C.  
‡ Light microscopy of wells revealed curved structures (30-50 × 0.4-0.6 µm) which may have resulted from reactions between the inoculum 
and the Tetrazolium, and hence may be false positive results.  
*The entirety of the well was subcultured into 9.5 ml of anaerobic YE(0.1 %) medium amended with the corresponding substrate (0.2 %) and 
incubated at 70 °C for 7 days after which no growth was observed. 
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3.2.3.7 PHYLOGENY OF THE ISOLATES FROM THE BIOLOG MICROPLATE ENRICHMENTS OF THE GREY MAT 

SAMPLE 

 

Partial 16S rRNA gene sequence analyses of 16 of the 20 Grey mat Biolog isolates revealed only 

three different phylotypes; Thermaerobacter subterraneus from all aerobic isolates, and 

Paenibacillus timonesis and Fervidicola ferrireducens from the anaerobic subcultures (Table 

3.9). The type strain Fervidicola ferrireducens Y170T is isolated in Section 3.4 is characterised in 

Chapter Four. 
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Table 3.9: 16S rRNA gene sequence analyses of pure cultures isolated from Biolog enrichments of the Grey mat sample. 
Strain Name Closest Relative 

(GenBank sequence) 
Similarity 

(nucleotides sequenced) 
Habitat of closest relative 

Y7A03 Thermaerobacter subterraneus (AF343566) 98.5 % (705) New Lorne Bore 17263, GAB, sediment sample 
Y7A05 Thermaerobacter subterraneus (AF343566) 98.5 % (672) New Lorne Bore 17263, GAB, sediment sample 

Y7B06 Fervidicola ferrireducens (EU443728)† 98.6 % (1036) New Lorne Bore 17263, GAB, Grey Mat 

Y7D08 Not Determined‡   
Y7F06 Thermaerobacter subterraneus (AF343566) 98.5 % (736) New Lorne Bore 17263, GAB, sediment sample 
Y7F08 Thermaerobacter subterraneus (AF343566) 99.7 % (758) New Lorne Bore 17263, GAB, sediment sample 
Y7F09 Thermaerobacter subterraneus (AF343566) 98.5 % (945) New Lorne Bore 17263, GAB, sediment sample 
Y7F10 Thermaerobacter subterraneus (AF343566) 99.3 % (828) New Lorne Bore17263, GAB, sediment sample 
Y7F11 Thermaerobacter subterraneus (AF343566) 98.5 % (928) New Lorne Bore17263, GAB, sediment sample 
Y7G02 Thermaerobacter subterraneus (AF343566) 99.0 % (700) New Lorne Bore 17263, GAB, sediment sample 
Y7G05 Not Determined   
Y7G09 Thermaerobacter subterraneus (AF343566) 98.5 % (453) New Lorne Bore 17263, GAB, sediment sample 
Y7G12 Not Determined   
Y7H02 Not Determined   
Y7H03 Fervidicola ferrireducens (EU443728) † 99.1 % (804) New Lorne Bore 17263, GAB, Grey Mat 
Y7H04 Fervidicola ferrireducens (EU443728) † 98.8 % (598) New Lorne Bore 17263, GAB, Grey Mat 
Y7H05 Fervidicola ferrireducens (EU443728) † 98.1 % (593) New Lorne Bore 17263, GAB, Grey Mat 
Y7H06 Paenibacillus timonesis (AY323611) 99.1 % (541) Various environments 

† Type strain isolated in Sec on 3.4.3 and characterised in Sec on 4.5. 
‡ Culture failed to grow following ini al subculture. 
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3.2.4 DISCUSSION OF ENRICHMENT STRATEGIES USING THE BIOLOG SYSTEM 

 

The above novel enrichment strategies using the Biolog system proved to be a quick and easy 

means to simultaneously enrich the GAB samples on 95 different energy sources at elevated 

temperatures in which positive results were observed in 4 – 24 h incubation. Using these 

methods two different novel thermophile phylotypes were enriched and isolated to pure 

culture. However, only 4 different phylotypes were observed from the 27 isolates that were 

purified.  

 

16S rRNA gene sequence analyses of the 6 isolates (RC3T, RC3-2, RC3-3, RB2, RB7, and RC5) 

that were enriched from the Red mat sample at 70 °C  in Section 3.2.3.5 revealed that all of 

these isolates had identical (>99 %) gene sequences. These isolates had been purified in either 

substrate (0.2 %) amended TYEG medium or Fe(III) citrate-PL medium amended with 0.2 % 

yeast extract. Although the isolate RC3T proved to be a unique novel strain (designated 

Caloramator australicus strain RC3T; Section 4.7) , an isolate designated Y150 that was isolated 

from an enrichment of the Red mat sample in Fe(III) citrate-PL medium amended with 0.2 % 

yeast extract (Section 3.4.3) and purified in the same medium, and an isolate designated strain 

RG04 which was isolated from an enrichment of the Red mat sample in SO4-PL medium 

amended with 0.2 % tryptone (Section 3.3.3.3) both revealed identical (100 %) 16S rRNA gene 

sequences to strain RC3T. Likewise in Section 3.2.3.6, all of the 4 anaerobic isolates that were 

enriched from the Grey mat sample in Biolog plates at 70 °C and subsequently purified in 

substrate (0.2 %) amended YE(0.1 %) medium possessed near identical (>98.6 %) 16S rRNA 

gene sequences to Fervidicola ferrireducens strain Y170T. The type strain Fervidicola 

ferrireducens strain Y170T was isolated from the Grey mat sample using Fe(III) citrate-PL 

medium amended with 0.2 % yeast extract for both enrichment and isolation procedures 

(Section 3.4.3; characterised in Section 4.5). Similarly, 9 of the 10 aerobes that were purified 

from the same Biolog enrichment using substrate (0.2 %) amended Media D (minus tryptone) 

revealed identical (>98.3 %) 16S rRNA gene sequences to Thermaerobacter subterraneus strain 

C21T. Thermaerobacter subterraneus strain C21T was isolated from the GAB New Lorne Bore 

Red mat sample using Media D as described by (Spanevello, et al., 2002). These results 

demonstrate that perhaps the above enrichment methods using the Biolog system were 

limited due to the immense impact of the mediums used to subculture and purify the isolates 

from the original Biolog plate enrichment. It appears that the mediums used for isolate 

purification have had the major influence in determining the dominant strain that was 
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purified. However, the Biolog MicroPlate enrichments are not without influence on the strain 

to be isolated though as shown by the isolation of the strain Y7H06 that was most closely 

related to Paenibacillus timonesis. Similarly, it is interesting that no Thermus or Meiothermus 

species were isolated from enrichments with the Biolog system as such organisms have 

previously been isolated from the Grey and Red mats using Medium D as described by 

Spanevello & Patel (2004). Future enrichment studies using the Biolog system could avoid such 

biases by performing repeat subcultures and/ or subcultures to extinction of the initial Biolog 

enrichment in Biolog plates rather than subculturing the positive wells into larger volumes of 

growth mediums, particularly those containing high levels of yeast extract. 

 

The failure of the initial Biolog enrichments of the Red mat sample to subculture into aerobic 

media (Section 3.2.3.1 – 2) may have resulted from the anaerobicity of the Biolog wells at 70 

°C combined with the minimal inoculum volume and hence perhaps low cell numbers used in 

these enrichments. Furthermore, the cells in the positive wells of the initial enrichment may 

have reached a death-growth-phase prior to subculture due to the extensive incubation period 

used (>6 days). The successful subcultures from the wells containing m-inositol (B7) and L-

rhamnose (C5) in Section 3.2.3.4 after only 4 h incubation but not after 24 h incubation in 

Section 3.2.3.3 provide evidence for this. It should be noted that all successful transfers from 

the Grey mat Biolog enrichment (Section 3.2.3.6) occurred from wells that had been stored at 

4 °C for 2 days subsequent to incubation and not from the wells that had been stored at room 

temperature for only 1 – 2 h subsequent to incubation. It is likely this incubation period at low 

temperatures allowed the cells to reach a resting/ dormant-growth-phase that increased the 

probability of cell-survival to the stresses encountered during medium transfers. Such stresses 

may have included a minute exposure to oxygen as the subcultures were not performed inside 

an anaerobic chamber. This incubation period at low temperatures prior to the initial 

enrichment subcultures should therefore be included in future micro-enrichment studies using 

the Biolog system, and warrants further investigation.  

 

Numerous Biolog microplate wells commonly gave false-positive results in which a purple 

colour change was observed prior to incubation and/ or in wells that contained no viable cells 

(as determined by microscopy). Such wells commonly included, but were not limited to, those 

that contained the substrates L-arabinose, tween 40, tween 80, D-fructose, lactulose, 

turanose, and glucuronamide. The occurrence of false-positive respiration results may help to 

explain the difference between the number of positive wells in the enrichments and those that 



CHAPTER THREE:     CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES 

 

  
90 

 

  

were successfully subcultured, as well as the appearance of the curved structures (30-50 × 0.4-

0.6 µm) described in Table 3.7. A number of false-positive results can be attributed to the 

influence of the elevated temperatures that were used for incubation as positive respiration 

(purple colour change) results were observed after 24 h incubation at 70 °C in the wells 

containing wells L-arabinose, D-fructose, and glucuronamide of a Biolog plate containing only 

IF (with no added environmental sample). False-positive results may also be caused from by 

reactions (not related to respiration) between the tetrazolium dye, the well substrate and the 

environmental sample. Thus the curved structures (30-50 × 0.4-0.6 µm) described in Table 3.7 

are likely to be precipitants from chemical reactions of the tetrazolium dye. Such could be 

explored in future studies by using sterilized environmental sample as an additional positive 

control.  

 

Future tests to assess the usefulness of the Biolog system for enrichment purposes could 

investigate and compare the microbial diversity present in an environmental sample and the 

microbial diversity present in the Biolog enrichment and after successive subcultures in fresh 

Biolog microplates. For the latter, the Biolog plate wells could be pooled, the total DNA 

extracted, and the 16S rRNA genes amplified by PCR and the sequences analysed. 

Microorganisms of interest could then be identified and selected using specific primers to 

determine which Biolog plate well the organism of interest exists in or used in combination 

with micromanipulators and FISH techniques for isolation studies. Future enrichment trials 

using the Biolog system could also investigate the effects of varying the concentration of the 

environmental sample inoculum added to the IF for enrichments. Increasing the environmental 

sample inoculum correspondingly increases the numbers of wells that are positive, however 

this complicates studies, especially when one is interested in strains that are present in small 

numbers. Hence in this project a small environmental inoculum was used. Future studies could 

include performing repeat enrichments of the mat samples with varied inoculum 

concentrations to investigate the carbon source utilisation profiles of each mat. The influence 

of varying growth conditions (pH, temperature, oxygen levels, etc.) and additional substrates 

(TEAs, trace elements, vitamins, extracts, etc) to the carbon source utilisation profiles and/ or 

culturable diversity in each microbial mat could also be assessed. Future enrichment trials with 

the Biolog system should also replace the GN2 Biolog microplates with Biolog EcoPlates which 

not only provide carbon sources specifically selected for community analyses but also provide 

carbon sources in a lower concentration thus lowering the culturing biases involved with high 

concentrations of substrates.  
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3.3 HIGH THROUGHPUT MICRO-ENRICHMENT DIVERSITY STUDIES USING 

DEEP-WELL (1 ML) MICROTITER PLATES 

3.3.1 INTRODUCTION 

 

Enrichments with the Biolog system proved to be a quick and easy method to screen an 

environmental sample for growth and/ or respiration on a large number of energy substrates. 

However, such micro-enrichments strategies can be improved when used in combination with 

an additional TEA by replacing readily fermentable substrates with those that are seldom and/ 

or not fermented. In addition, energy substrates can be employed that are not routinely used 

in enrichment studies and are thus more likely cultivate novel organisms. Therefore in this 

project rather than to further investigate enrichment strategies with the Biolog system as 

previously discussed (Section 3.2.4), enrichments using substrate amended deep-well (1 ml) 

microtiter plates were trailed. U-bottom deep-well microtiter plates that hold a 1 ml volume in 

each well were selected for the enrichment trials as they provided a larger volume compared 

to enrichments with Biolog microtiter plates (150 µl maximum) but still provide the advantages 

of small-scale enrichments (discussed in Section 3.2.1). A larger well volume can be 

advantageous in that it allows a larger cell volume to be produced thereby increasing the 

probability of a successful transfer. In this dissertation, the enrichments performed in deep-

well (1 ml) microtiter plates also differed to enrichments using the Biolog system in that 

tetrazolium dyes were not included in the media compositions. Instead, TEAs were selected 

that produce a media colour change when reduced, so that positive wells can easily be 

identified. 

    

 

3.3.2 METHODS 

3.3.2.1 PREPARATION AND ENRICHMENT OF DEEP-WELL MICROTITER PLATES 

 

The U-bottom deep-well (1 ml) microtiter plates (Fig. 3.6) were prepared by adding different 

electron donors, which included extracts, sugar alcohols, organic acids and aromatic 

compounds to each Microtiter plate well from sterile anaerobic stock solutions. The substrate 

containing microtiter plates were subsequently dried at 50 °C for 1 hour and stored inside an 

anaerobic chamber for at least 24 h prior to enrichment to ensure that anaerobic conditions 

had been reached. Enrichments in the deep-well microtiter plates were performed by adding 
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the environmental samples to Hungate tubes that contained sterile anaerobic PL medium 

fortified with a TEA, and the medium was dispensed into the substrate containing deep-well 

microtiter plates (using a multichannel pipette) inside an anaerobic chamber. The inoculated 

deep-well microtiter plates were sealed and placed inside an anaerobic gas jar and incubated 

at either 50 or 70 °C for up to 10 days. Following incubation, the plates were let cool inside an 

anaerobic chamber for approximately 3 – 4 h before the positive wells were subcultured into 

Hungate tubes that contained 9.5 ml of the same medium and incubated at the respective 

temperature.  

 

 

 
 

 

3.3.2.2 DEEP-WELL MICROTITER PLATE ENRICHMENTS WITH VANADIUM(V) 

 

Deep-well microtiter plate enrichments with vanadium(V) as the TEA were initiated by 

inoculating the wells of a substrate containing deep-well microtiter plate with PL medium 

amended with 4 mM vanadium [designated V(V)-PL medium] and GAB environmental samples 

to a final concentration of 5 % for microbial mat samples and 10 % for bore outflow samples. 

Microbial mat samples used for deep-well microtiter plate enrichments with vanadium(V) 

included the Grey, Red, Green and Brown microbial mat samples from the New Lorne Bore (RN 

17263) runoff channel, orange/brown-coloured microbial mats (and sediment) that exist at 61 

– 63 °C Youranigh Bore (RN 4163; source temperature 74 °C) runoff channel, and the red-

coloured mats that exist at 66 °C in the Portland Bore (RN 4995; source temperature 73 °C) 

runoff channel. GAB bore outflow samples used for deep-well microtiter plate enrichments 

with vanadium(V) included those taken from the 46 °C Mitchell Bore (RN 22981) and from the 

Figure 3.6: A U-bottom deep-well (1 ml) microtiter plate (inside an anaerobic 
chamber) containing an Fe(III) citrate-PL medium enrichment subsequent to 
incubation.  
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68 °C Woolscour Bore (RN 1494A). The inoculated deep-well microtiter plates were incubated 

at 50 °C and the wells were scored as positive for vanadium(V)-reduction when a colour 

change from clear to green was observed (as described in Section 2.3.5). All positive wells were 

subcultured inside the anaerobic chamber into Hungate tubes that contained 9 ml of V(V)-PL 

medium amended with the corresponding well-substrate and were subsequently incubated at 

50 °C. After at least 3 successful subcultures under the same conditions, isolate purification 

was performed using either substrate amended solid and/ or liquid V(V)-PL medium or (liquid) 

TYEG medium as specified in Sections 2.4 and Section 3.3.3.1. 

 

 

3.3.2.3 DEEP-WELL MICROTITER PLATES ENRICHMENTS WITH MOLYBDENUM(VI) 

 

Deep-well microtiter plate enrichments with molybdenum(VI) as the TEA were initiated by 

inoculating the wells of a substrate containing deep-well microtiter plate with PL medium 

amended with 5 mM molybdenum(VI) [designated Mo(VI)-PL medium] and the Red, Green and 

Brown microbial mat samples from the New Lorne Bore (RN 1726) runoff channel (5 % 

inoculum). The inoculated deep-well microtiter plates were incubated at 50 °C and the wells 

were scored as positive for molybdenum(VI)-reduction when a colour change from clear to 

blue was observed. All positive wells were subcultured inside the anaerobic chamber into 9 ml 

of Mo(VI)-PL medium amended with the corresponding well substrate and incubated at 50 °C. 

Isolate purification was performed in Mo(VI)-PL medium amended with the corresponding 

substrate as described in Section 2.4.1. 

 

 

3.3.2.4 DEEP-WELL MICROTITER PLATES ENRICHMENTS WITH SULPHATE 

 

Deep-well microtiter plate enrichments with sulphate as the TEA were initiated by inoculating 

the wells of a substrate containing deep-well microtiter plate with PL medium amended with 

20 mM sulphate [designated SO4-PL medium] and the Red, Green and Brown microbial mat 

samples from the New Lorne Bore (RN 1726) runoff channel (5 % inoculum). The inoculated 

deep-well microtiter plates were incubated at 50 °C and the wells were scored as positive for 

sulphate-reduction when a medium colour change from clear to black colour (FeS) was 

observed following the addition of ammonium iron(II) sulphate to a final concentration of 0.5 

% into each well inside an anaerobic chamber. All wells were scored qualitatively and positive 
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wells were subcultured inside the anaerobic chamber into 9 ml of SO4-PL medium amended 

with the corresponding well substrate and incubated at 50 °C until growth or sulphate-

reduction was observed. Following at least 3 successive subcultures under the same 

conditions, unless specified otherwise, isolate purification was performed in SO4-PL medium 

amended with the corresponding well substrate as described in Sections 2.4.1 – 2.4.2. 

 

 

3.3.2.5 DEEP-WELL MICROTITER PLATES ENRICHMENTS WITH IRON(III) 

 

Deep-well microtiter plate enrichments with ammonium iron(III) citrate as the TEA were 

initiated by inoculating the wells of substrate containing deep-well microtiter plates with Fe(III) 

citrate-PL medium amended with the Grey, Red, Green and Brown microbial mat samples from 

the New Lorne Bore (RN 1726) runoff channel (5 % inoculum). The inoculated deep-well 

microtiter plates were incubated at 50 and 70 °C. Wells were scored as positive for iron(III) 

reduction and /or growth when a colour change from deep brown to either a white precipitate 

[total iron(III)-reduction], green precipitate [partial iron(III)-reduction] or a light brown colour 

[usually growth but no iron(III)-reduction i.e. substrate fermentation] was observed (Fig. 3.7) 

(also described in Section 2.3.3). 

 
 

 

 

Well A1 

 Well H12 

Well B1 

Well A2 

Figure 3.7: The base view of a Deep-well (1 ml) microtiter plate containing an Fe(III) 
citrate-PL medium enrichment of the Red, Green and Brown microbial mats subsequent 
to incubation at 50 °C for 5 days. Wells A1, A2, B1 and H12 are given as references. Well 
A1 contains a white precipitate characteristic of total iron(III)-reduction. Well B2 contains 
a light green colour signifying partial iron(III)-reduction. Well A2 contains a light brown 
colour signifying possible growth but no iron(III)-reduction. Note: wells B4 – B11, D7 – D9 
and E1 – E3 are invalid due to the colour produced from reactions between the growth 
substrates and the iron(III). 
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3.3.2.6 PHYLOGENY OF ISOLATES OBTAINED FROM ENRICHMENTS USING DEEP-WELL MICROTITER PLATES  

 

Culture purity of the isolates obtained from the enrichments using substrate amended deep-

well microtiter plates was assessed as described in Section 2.4.3 and cultures that were 

deemed to be axenic were stored at -20 °C as described in Section 2.4.4. The phylogenies of 

the isolates were primarily determined by 16S rRNA gene sequencing and sequence analyses 

as described in Section 2.5.   

 

 

3.3.3 RESULTS 

3.3.3.1 DEEP-WELL MICROTITER PLATE ENRICHMENTS OF VANADIUM(V)-REDUCING THERMOPHILES 

 

The enrichment results of the GAB samples using the deep-well microtiter plates amended 

with vanadium(V) as the TEA after 3 days incubation at 50 °C are shown in Table 3.10. No 

successful subcultures were obtained from the wells that were scored as positive for 

vanadium(V)-reduction from enrichments of the microbial mat samples taken from the New 

Lorne bore and Portland bore environments or of the Woolscour bore outflow sample. 

Similarly, only 9 subcultures from 15 positive wells were obtained from the bore Youranigh 

bore mat sample and 8 subcultures from 18 positive wells were obtained from the Mitchell 

bore outflow enrichment. The designated subculture nomenclature and observed 

morphologies (determine by light microscopy) are shown in Table 3.11. 

 

 Numerous isolates including strains VA09, VC01, VC08, VF08 and VG05 were successfully 

purified by repeat subcultures to dilution in (liquid) V(V)-PL medium amended with the 

corresponding well substrate (as described in Section 2.4.1) with incubations at 50 °C. The 

results from the phylogenetic analyses of partial 16S rRNA gene sequences of these strains are 

given in Table 3.12. Notably, the closest relatives to all of these strains are fermenters. 

Cultures that required further purification were subcultured in dilution in solid V(V)-PL medium 

amended with the corresponding well substrate and incubated at 50 °C before well isolated 

colonies from cultures of VB01, VC05, VE08 and VG01 were successfully picked and transferred 

into the same medium (as described in Section 2.4.2) and incubated at 50 °C. When the 

specific electron donors that were used in the growth mediums of these strains (VB01-2, VB01-

3, VC05-1, VE08-1, VG01-1 and VG01-2) and the previously isolated vanadium(V)-reducing 

strains (VA09, VC01, VC08, VF08 and VG05) were excluded from the media no difference in 
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vanadium(V)-reduction or growth was observed for any of these cultures. Given this and that 

the closest relatives of the sequenced vanadium(V)-reducing strains are sugar fermenters, 

further purification of the strains VB01-3, VC05-1, VE08-1, and of the cultures VB01, VC01, 

VG08 and VH08 were performed by repeat dilutions to extinction in TYEG medium as 

described in Section 2.4.1. The results from the phylogenetic analyses of partial 16S rRNA gene 

sequences of all of the strains enriched in deep-well microtiter plates amended with 

vanadium(V) as the TEA are given in Table 3.12. 
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Table 3.10: Deep-well microtiter plate enrichments of GAB samples with vanadium(V) as the terminal electron acceptor with various  
growth substrates. Key: +++, dark blue-green colour change in the V5+; ++, blue-green colour change in the V5+; +, light blue-green colour 
change in the V5+; -, no growth or V5+-reduction. 

Growth Substrates 
 

Final  
Concentration 

Enrichment results after 3 days incubation at 50 °C Enrichment results after 3 days incubation at 50 °C 
Grey Mats Red Mats  Green Mats  Brown Mats  4163 Mats 4995 Mats 1494 A  

Bore Outflow 
22981 A  

Bore Outflow 
Control [No substrate]  - - - - - - - + 
Acetate  0.2 % - - - - + - - ++ 
Malate  0.2 % - ++ - - + - - + 
Formate 0.2 % - - - - + - - ++ 
Lactate  0.2 % - - - - - - - - 
Vanilline 4 mM - - +++ - + - - ++ 
4-methoxybenzoate 4 mM - - - - ++ - ++ ++ 
2-methoxybenzoate 4 mM - - - - ++ - - ++ 
Pyrogallol 4 mM - - - - - - - - 
Catechol   2 mM - - - - - - - - 
Cinnamate 4 mM - - + - - + - +++ 
4-hydroxycinnamate 4 mM - - - - - - - - 
Phenylacetate  4 mM + + ++ ++ ++ ++ + +++ 
4-hydroxyphenylacetate 4 mM - - - - ++ + - +++ 
Chlorobenzoate  2 mM - - - - - + - + 
Sodium benzoate 4 mM - + - - + - - +++ 
3-hydroxybenzoate 4 mM - + - - + - - +++ 
Syringate 4 mM - - - - +++ - - - 
Adipate  4 mM - - ++ - +++ - - +++ 
Malonate 5 mM - - + - ++ - - +++ 
o-cresol  1 mM - - ++ - ++ - - +++ 
m-cresol 1 mM - - - - - - - +++ 
p-cresol  1 mM - - - - + - - +++ 
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Table 3.11: The designated nomenclature and observed morphologies from all positive vanadium-reducing subcultures from the 
microtiter plate enrichments. Key: - , Subculture had no growth; + , Slight light green; ++, light green; +++ , deep green; ++++ , strong 
turbidity; * , determined by light microscopy. 

GAB 
Sample 

     Electron Donor Designated 
isolate  
Name 

 

Hungate 
observations 

Morphology Cell length* 

(µm) 
Cell width* 

(µm) 

Youranigh Malate VAA09 ++++  Straight-slightly curved rods; singly, clumps 4.0-8.0 0.8-1.0 
Youranigh Formate VAB01 ++++  Slightly-curved rods with tumbling motility; singly 

 Straight, motile rods with rounded ends; singly 
6.0-11.0 
3.5-6.0 

0.5-0.7 
1.0-1.2 

Youranigh 4-Methoxybenzoate VAC01 ++  Slightly-curved rods sub for sequencing 3.5-7.0 0.7-0.9 
Youranigh 2-Methoxybenzoate VAC05 +  Straight-slightly curved rods, singly, pairs, long chains 3.5-8.5 0.5-0.8 
Youranigh 4-Hydroxyphenylacetate VAE05 +  Straight-slightly curved rods; singly 4.0-9.5 0.8-1.0 
Youranigh Syringate VAF09 ++  Slightly-curved rods; singly, pairs 4.0-8.0 0.7-0.9 
Youranigh Adipate VAG01 ++++  Straight-slightly curved rods, singly, pairs 3.5-10.0 0.7-0.9 
Youranigh Malonate VAG05 ++  Straight-slightly curved rods; singly 3.0-7.0 0.5-0.6 
Mitchell Acetate VAA08 +  Straight-slightly curved rods; singly, clumps 4.0-7.0 0.8-1.0 
Mitchell  2-Methoxybenzoate VAC08 ++++  Straight-slightly curved rods; singly subculture 3.0-5.0 0.8-1.0 
Mitchell 4-Hydroxyphenylacetate VAE08 ++++  Slightly-curved rods; singly, chains 

 Straight-slightly curved rods; singly 
4.0-9.0 
3.5-8.0 

0.6-0.8 
0.8-1.0 

Mitchell 3-Hydroxybenzoate VAF08 +++  Slightly-curved rods; singly, rarely pairs and small chains  3.0-10.0 1.0 
Mitchell Adipate VAG04 ++  Straight-slightly curved rods, singly 3.5-6.5 0.7-0.9 
Mitchell Malonate VAG08 ++  Straight-slightly curved rods; singly 3.0-7.0 0.5-0.6 
Mitchell p-Cresol VAH08 ++  Straight rods with rounded ends; singly, pairs, clumps 2.0-5.0 1.0-1.2 
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Table 3.12: The phylogenetic analyses of thermophilic vanadium-reducing isolates from the GAB bore samples. Strains with novel 16S rRNA 
gene sequences are shown in bold.  

Mat 
Sample 

Substrate Isolate Media used for 
purification* 

Contig 
Length 

Nearest Phylogenetic Neighbour 
(Blastn) 

Genbank 
Accession 
Number 

 

Similarity 
 

Youranigh Malate VA09 Liquid V(V)- PL medium 953 Caloramator coolhaasii AF104215 953/961 (99 %) 
Youranigh Formate VB01-1 TYEG medium 1403 Caloramator coolhaasii AF104215 1 360/1 379 (98 %) 
Youranigh Formate VB01-2 Solid V(V)- PL medium 1414 Caloramator coolhaasii AF104215 1 383/1 409 (98 %) 
Youranigh Formate VB01-3 Solid V(V)- PL medium 

+ TYEG medium 
1392 Caloramator coolhaasii AF104215 1 370/1 395 (98 %) 

Youranigh 4-Methoxybenzoate VC01 Liquid V(V)- PL medium 955 Geosporobacter subterrenus DQ643978 955/1 002 (95 %)† 
Youranigh 2-Methoxybenzoate VC05-1 Solid V(V)- PL medium 

+ TYEG medium 
1417 Caloramator coolhaasii AF104215 1 384/1 404 (98 %) 

Youranigh 2-Methoxybenzoate VC05-2 TYEG medium 1390 Caloramator indicus X75788 1 349/1 396 (96 %) 
Youranigh Adipate VG01-1 Solid V(V)- PL medium 1336 Geosporobacter subterrenus DQ643978 1 214/1 268 (95 %)† 
Youranigh Adipate VG01-2 Solid V(V)- PL medium 1349 Geosporobacter subterrenus DQ643978 1 234/1 287 (95 %)† 
Youranigh Malonate VG05 Liquid V(V)- PL medium 734 Geosporobacter subterrenus DQ643978 734/766 (95 %)† 
Mitchell 2-Methoxybenzoate VC08 Liquid V(V)- PL medium 797 Caloramator coolhaasii AF104215 797/809 (98 %) 
Mitchell 4-Hydroxyphenylacetate VE08-1 Solid V(V)- PL medium 

+ TYEG medium 
1356 Caloramator coolhaasii AF104215 1 342/1 358 (98 %) 

Mitchell 3-Hydroxybenzoate VF08 Liquid V(V)- PL medium 1605 Caloramator celere DQ207958 1 483/1 616(91 %) 
Mitchell Malonate VG08 Liquid V(V)- PL medium 1353 Clostridium tunisiense AY187622 1 279/1 370 (93 %) 
Mitchell p-cresol VH08 TYEG medium 690 Bacillus licheniformis  GQ375236 659/688 (95%) 

*V(V)-PL medium was amended with the corresponding well substrate at concentrations specified in Table 3.10. 
†Isolates 16S rRNA gene sequence are a 100 % match for Thermotalea metallivorans strain B2-1T (EU443727). Thermotalea metallivorans 
strain B2-1T was isolated in Section 3.4 and characterised in Section 4.6.  
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3.3.3.2 DEEP-WELL MICROTITER PLATE ENRICHMENTS OF MOLYBDENUM(VI)-REDUCING THERMOPHILES 

 

Molybdenum(VI)-reduction was not observed in any of the deep-well enrichments of the Red, 

Green and Brown microbial mat samples with the substrates: acetate (0.2 %), malate (0.2 %), 

formate (0.2 %), lactate (0.2 %), vanilline (4 mM), 4-methoxybenzoate (4 mM), 2-

methoxybenzoate (4 mM), pyrogallol (4 mM), catechol (4 mM), cinnamate (4 mM), 4-

hydroxycinnamate (4 mM), phenylacetate (4 mM), 4-hydroxyphenylacetate (4 mM), 

chlorobenzoate (2 mM), sodium benzoate (4 mM), 3-hydroxybenzoate (4 mM), syringate (4 

mM), adipate(4 mM), malonate(4 mM), o-cresol (1 mM), m-cresol (1 mM) and p-cresol (1 mM) 

after 10 days incubation at 50 °C. However, a faint orange colour was observed in the well 

amended acetate that was enriched with the Green mat sample. This well was successfully 

subcultured into a Hungate tube which contained 9 ml of Mo(VI)-PL medium amended with 

acetate (0.2 %), however, only minimal growth with no colour change was observed in this 

culture. Light microscopy revealed an axenic culture containing slightly-curved, motile rods 

(≈3.0 – 4.0 × 0.5 – 0.7 µM). This culture was designated GMoA and was subcultured three 

times into the same media and incubated under the same conditions before 16S rRNA gene 

analyses were performed. Partial 16S rRNA gene sequence analyses of 760 nucleotides of 

strain GMoA revealed an identical (100 %) sequence to Thermotalea metallivorans strain B2-1T 

(isolated in Section 3.4 and described in Section 4.6). 

 

 

3.3.3.3 DEEP-WELL MICROTITER PLATE ENRICHMENTS OF SULPHATE-REDUCING THERMOPHILES  

 

The deep-well microtiter plate enrichment results of the Red, Green and Brown microbial mat 

samples from the New Lorne bore (RN 17263) runoff channel with sulphate as the TEA after 3 

days incubation at 50 °C are shown in Table 3.13. The designated nomenclature and observed 

morphologies from all positive sulphate-reducing subcultures are shown in Table 3.14. The 

isolate designated strain RG04 was successfully purified by repeat dilutions to extinction in 

SO4-PL medium amended with 0.2 % tryptone with incubations at 50 °C. Repeat dilutions to 

extinction in liquid medium under the same conditions (exact growth medium and incubation 

temperature) failed to produce axenic conditions in the cultures designated RG10 and RH04 

(Table 3.13). Axenic isolates were obtained from culture RG10 using two different purification 

methods. An isolate designated strain RG10-1 was isolated by performing dilutions in solid SO4- 

PL medium amended with 0.2 % pyruvate (as described in Section 2.4.2) with incubations at 50 
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°C. Another isolate designated RG10-2 was isolated from culture RG10 by performing repeat 

dilutions to extinction in liquid TYEG medium (as described in Section 2.4.1) with incubations at 

50 °C. The culture RH04 was purified by performing dilutions in solid SO4-PL medium amended 

with 0.2 % glycerol (as described in Section 2.4.2) with incubations at 50 °C. A well isolated 

colony was picked and subcultured into SO4-PL medium amended with 0.2 % glycerol and 

incubated at 50 °C. This culture again was diluted to extinction 3 times in liquid medium under 

the same conditions and subsequently subcultured in dilution in solid medium. This whole 

purification was repeated a further 2 times before 5 identical well isolated colonies were 

picked and successfully subcultured into liquid medium and the isolates designated strains 

RH04-1, RH04-2, RH04-3T, RH04-7 and RH04-8. Phylogenic analyses of the 16S rRNA gene 

sequence of the all of the strains resulting from the enrichments in the deep-well microtiter 

plate amended sulphate as the TEA are shown in Table 3.15.  

 

Table 3.13: Enrichments results with sulphate of the Red, Green and Brown 
microbial mats following 3 days incubation at 50 °C. Key: ++ , strong sulphate 
reduction; + , weak sulphate reduction; - , no sulphate reduction. 

Electron donor  
 

Concentration Red Mat Green Mat Brown Mat 

Control (No substrate)  - - - 
Sodium benzoate 4 mM - - - 
3-hydroxybenzoate 4 mM - - - 
4-hydroxybenzoate 4 mM - - - 
2,5-dihydroxybenzoate 4 mM - - - 
3-chlorobenzoate 2 mM - - - 
Phenylacetate 4 mM - - - 
4-hydroxyphenylacetate 4 mM - - - 
Cinnamate 4 mM - - - 
4-hydroxycinnamate 4 mM - - - 
2-hydroxycinnamate 4 mM - - - 
2-methoxybenzoate 4 mM + + - 
4-methoxybenzoate 4 mM + - - 
Vanilline 4 mM - - - 
Syringate 4 mM - - - 
Adipate 5 mM + - - 
Malonate 5 mM - - - 
Starch 0.2 % - - - 
Succinate 5 mM + - - 
Sodium acetate 0.2 % - - - 
Propionate 0.2 % - - - 
Formate 0.2 % + - - 
Tryptone 0.2 % ++ - - 
Peptone 0.2 % ++ ++ - 
Pyruvate 0.2 % ++ - - 
Ethanol 0.2 % - - - 
Glycerol 0.2 % ++ - - 
Inositol 0.2 % + - - 
Aspartate 0.2 % - - - 
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Table 3.14: The designated nomenclature and observed morphologies from all sulphate-reducing subcultures. 
Mat Sample 

 
Electron Donor Culture 

nomenclature 
Morphology (cell abundance) 

Red 2-methoxybenzoate RD07  Short, thin curved rods existing singly (+) 
Green 2-methoxybenzoate GD08 No Growth 
Red 4-methoxybenzoate RD10 No Growth 
Red Adipate RE07  Short, thin, straight to slightly curved rods existing singly (+) 
Red Succinate RF04  Short, thin, very motile rods (++) 

 Longer, thin rods with terminal endospores(+) 
Red Formate RG01  Slightly curved rods of medium width and length with tumbling motility (++) 

 Thicker rods of medium length existing in chains (+) 
 Thin, small straight rods (+) 

Red Tryptone RG04  Abundance of different shaped rods of varying length (++) 
Red Peptone RG07  Thin rods of medium length (+) 

 Short, thin rods (+)  
Green Peptone RG08  Straight rods of medium length and width (+) 

 Slightly-curved wider rods of medium length (+) 
 Thin, short,  straight rods (+)   

Red Pyruvate RG10  Wide, curved rods of medium length (+) 
 Curved, motile rods of medium length and width (+) 
 Short, thin motile rods 

Red Glycerol RH04  Short, thin, straight rods with and without terminal endospores (++) 
 Medium, curved rods existing singly and in chains (+) 

Red Inositol RH07  Short, thin straight rods (++) 
 Long rods of varying width (+)  
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Table 3.15: Phylogeny of sulphate-reducing isolates resulting from deep-well microtiter plate enrichments of the Red, Green and Brown 
microbial mat samples at 50 °C. 

Mat 
Sample 

Substrate Isolate Media used for 
purification* 

Contig 
length 

Nearest Phylogenetic Neighbour Genbank 
Accession 
Number 

 

Similarity 
 

Taxonomy 
(Family) 

Red Tryptone RG04 Liquid SO4-PL medium 1 472 Caloramator fervidus† L09187 1 472/1 536 (95.8 %) Clostridiaceae 
     {Caloramator australicus} EU409943 1 472 / 1 472 (100 %) Clostridiaceae 

Red Glycerol RH04-1‡ Solid SO4-PL medium 1 267 Desulfotomaculum putei AF053933 1 223/1 275 (95.9 %) Peptococcaceae 
Red Glycerol RH04-3‡ Solid SO4-PL medium 1 505 Desulfotomaculum hydrothermale  EF081293 1 396/1 422 (98.2 %) Peptococcaceae 
Red Glycerol RH04-7‡ Solid SO4-PL medium 1 297 Desulfotomaculum putei AF053933 1 250/1 305 (95.8 %) Peptococcaceae 
Red Glycerol RH04-8‡ Solid SO4-PL medium 1 384 Desulfotomaculum hydrothermale EF081293 1 282/1 313 (97.6 %) Peptococcaceae 
Red Pyruvate RG10-1 Solid SO4-PL medium 1 217 Caloramator australicus EU409943 1 135/1 183 (95.9 %) Clostridiaceae 
Red Pyruvate RG10-2 Liquid TYEG medium 1162 Clostridium thermocellum CP000568 1 369/1 502 (91.1 %) Clostridiaceae 

*SO4- PL mediums were amended with the corresponding electron donor at the concentration specified in Table 3.12. 
†16S rRNA sequence 100 % match for Caloramator australicus strain RC3T (isolated in Section 3.2 and characterised in Section 4.7). 
‡Isolates have a 100 % sequence iden ty match with each other. 
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3.3.3.4 DEEP-WELL MICROTITER PLATE ENRICHMENTS OF IRON(III)-REDUCING THERMOPHILES 

 

The deep-well microtiter plate enrichment results of the Red, Green and Brown microbial mat 

samples from the New Lorne bore (RN 17263) runoff channel with ammonium iron(III) citrate 

as the TEA after 3 days incubation at 50 and 70 °C are shown in Table 3.16 and summarised in 

Table 3.17. The iron(III) in the media of the wells that contained the substrates 3,4-

dihydroxybenzoate, 3,4,5-trihydroxybenzoate and pyrogallol, was reduced prior to the 

addition of the environmental sample and so those wells results were omitted from the Table 

3.16. Strong iron(III)-reduction was observed in the control wells that contained no added 

substrate of both the Red and the Green coloured microbial mat sample enrichments at 50 °C. 

For such reasons, no subcultures or purifications of isolates from the deep-well microtiter 

plate enrichments with iron(III) were performed. Subsequent to analysis, the plate wells were 

amended with equal amounts of sterile (100 %) glycerol and stored at -20 °C. 
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Table 3.16: Deep-well microtiter plate enrichment results of the Red, Green and Brown microbial mat samples with ammonium iron(III) 
citrate as the TEA following 5 days incubation at 50 and 70 °C. Key: +++, Fe(III) totally reduced producing a white precipitate; ++, partial 
Fe(III)-reduction usually producing a green colour change in the Fe(III); +, growth but minimal Fe(III)-reduction; -, no growth or Fe(III)-
reduction. 

Electron donor  
 

Concentration Enrichments Results at 50 °C  Enrichments Results at 70 °C 
 Red Green Brown Red Green Brown 

Control (No substrate)  +++ + - +++ - - 
Sodium benzoate 4 mM + + ++ + - - 
3-hydroxybenzoate 4 mM ++ +++ + ++ - - 
4-hydroxybenzoate 4 mM +++ ++ - ++ - - 
2,5-dihydroxybenzoate 4 mM + ++ + + - - 
3-chlorobenzoate 2 mM + + - + - - 
Phenylacetate 4 mM + + + +++ - - 
4-hydroxyphenylacetate 4 mM ++ + - +++ - - 
Cinnamate 4 mM + +++ + +++ - - 
4-hydroxycinnamate 4 mM + - - - - - 
2-hydroxycinnamate 4 mM +++ ++ - + - - 
2-methoxybenzoate 4 mM + + + +++ - - 
4-methoxybenzoate 4 mM + + + +++ - - 
Vanilline 4 mM - + - + - - 
Syringate 4 mM - - - ++ - ++ 
Adipate 5 mM + + + +++ - - 
Malonate 5 mM +++ + - + - - 
Starch 0.2 % +++ +++ + + - - 
Succinate 5 mM +++ + + +++ - - 
Sodium acetate 0.2 % + + - +++ - - 
Propionate 0.2 % + ++ - + - - 
Formate 0.2 % + + - +++ - - 
Tryptone 0.2 % ++ + + +++ - - 
Peptone 0.2 % +++ ++ +++ +++ - + 
Pyruvate 0.2 % +++ ++ + +++ - - 
Ethanol 0.2 % +++ +++ ++ ++ - - 
Glycerol 0.2 % +++ + - +++ - - 
Inositol 0.2 % +++ + +++ +++ - - 
Aspartate 0.2 % ++ ++ ++ +++ - - 
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Table 3.17: Summary of the deep-well microtiter plate enrichment results of 
the Red, Green and Brown microbial mat samples with ammonium iron(III) 
citrate as the TEA following 5 days incubation at 50 and 70 °C 

Observation 
 

Enrichments Results at 50 °C  Enrichments Results at 70 °C 
Red Green Brown Total Red Green Brown Total 

Total Fe(III)-reduction (+++) 11 4 2 17 16 0 0 16 
Partial Fe(III)-reduction (++) 4 7 3 14 4 0 1 5 
Growth but minimal Fe(III)-reduction  12 16 11 39 8 0 1 9 
No Growth or Fe(III)-reduction 2 2 13 17 1 29 27 57 

 

 

3.3.4 DISCUSSION OF ENRICHMENT STRATEGIES USING DEEP-WELL MICROTITER PLATES 

 

The above novel enrichment strategies that were performed using U-bottom deep-well (1 ml) 

microtiter plates amended with various electron donors and TEAs proved to be a useful tool to 

investigate thermophile diversity in different environmental samples. The deep-well plate 

enrichments with vanadium(V) as the TEA resulted in 7 different phylotypes from the 11 

successful well subcultures that were analysed, including 2 isolates (designated strains VF08 

and VG08) that possessed novel 16S rRNA gene sequences. Similarly, deep-well microtiter 

plate enrichments with sulphate as the TEA resulted in 4 different phylotypes from the 3 

successful well subcultures that were analysed, of which 3  were novel phylotypes. In contrast, 

deep-well microtiter plate enrichments with molybdenum(V) as the TEA failed to reveal a 

single molybdenum(V)-reducing isolate, while enrichments with ammonium iron(III) citrate 

produced a multitude of positive enrichments results suggestive of iron(III)-reduction linked to 

the utilisation of the trace yeast extract and/ or the utilisation of citrate present in the 

medium. 

 

Of the 50 wells that were positive from the 184 deep-well plate enrichments with vanadium(V) 

as the TEA, only 15 wells were successfully subcultured. This vast difference may be attributed 

to reactions between the environmental sample and numerous electron donors that caused a 

false-positive vanadium(V)-reduction result in the well. This is most notable in wells that 

contained the electron donor phenylacetate as all of these wells were positive for 

vanadium(V)-reduction but none of the wells were successfully subcultured into Hungate 

tubes that contained 10 ml of the same growth medium (Table 3.10 – 3.11). The large number 

of positive wells in the vanadium(V) amended deep-well plate enrichments of the Youranigh 

microbial mats and Mitchell bore outflow samples compared to enrichments results of the 

other GAB samples (Table 3.10) are likely to have resulted from microbes present that utilised 
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the trace yeast extract (0.02 %) in the V(V)-PL medium for growth and through this metabolism 

the vanadium(V) was either directly or indirectly reduced. Evidence for this can be seen by the 

positive enrichment result observed in the control well that lacked an electron donor in the 

Mitchell bore outflow enrichment (Table 3.10). Similarly, when the vanadium(V)-reducing 

isolates were subcultured into V(V)-PL medium that lacked the additional (well specific) 

electron donors, no difference in vanadium(V)-reduction or growth was observed in any of 

these cultures compared to cultures in which the additional electron donors were included. 

Furthermore, phylogenetic analyses of all of the vanadium(V)-reducing strains showed that 

their closest relatives were fermenters, which further suggests that the observed vanadium(V)-

reduction resulted from \ trace (0.02 %) yeast extract utilisation.   

 

A similar ratio of positive to negative enrichment results were observed when sulphate was 

provided as the TEA in the deep-well plate enrichments of the Red, Green and Brown mat 

samples, as the results observed when the enrichment plates were amended with 

vanadium(V). When sulphate was provided as the TEA, 12 positive results were observed from 

the 87 enrichments (13.8 % positive enrichment results) compared to the 10 positive results 

observed from 69 enrichments (14.5 % positive enrichment results) when vanadium(V) was 

provided as the TEA. Notably 10 of the 12 positive wells of the deep-well plate enrichments 

with sulphate were successfully subcultured into Hungate tubes that contained 10 ml of the 

same medium but none of the 10 positive wells from the enrichments with vanadium(V) as the 

TEA were successfully subcultured. Phylogenetic analyses of the 1 472 nt consensus 16S rRNA 

gene sequence of strain RG04, )which was purified from the well that contained 0.2 % tryptone 

in the deep-well plate enrichment amended with sulphate as the TEA) revealed an identical 

16S rRNA gene sequence to Caloramator australicus strain RC3T (isolated in Section 3.2.3.3 and 

characterised in Section 4.6). Neither strain RG04 nor Caloramator australicus strain RC3T 

reduced sulphate when subcultured into SO4-PL medium amended with 0.2 % yeast extract 

despite the occurrence of growth after 24 h incubation at 50 °C. Therefore, it is likely that 

strain RG10 does not reduce sulphate to sulphide but instead produces sulphide from tryptone 

fermentation which reacts with Fe(NH4)2(SO4)2 to produce the black precipitate observed when 

assayed. Such results are analogue to those observed for Thermoanaerobacter 

thermohydrosulfuricus (formerly Clostridium thermohydrosulfuricum) (Balk et al., 2009) . 

 

When ammonium iron(III) citrate was provided as the TEA, a total of 60 wells were deemed as 

positive for iron(III)-reduction and/ or growth from the 87 deep-well enrichments (69.0 % 
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positive enrichment results) of the Red, Green and Brown mat samples when incubations were 

performed at 50 °C. When identical enrichments were performed but with incubations at 70 °C 

only 30 positive results were observed from the 87 enrichments (34.5 % positive enrichment 

results). Notably, all but 2 of the positive enrichment wells at 70 °C were observed from the 

Red mat sample enrichments. The higher number of positive wells observed at 70 °C resulting 

from the Red mat sample enrichments corresponds to the elevated in situ temperature of the 

Red mats (66 °C) compared to the in situ temperatures of 57 °C Green and 52 °C Brown 

microbial mats. The high number of positive enrichment wells observed in the ammonium 

iron(III) citrate amended deep-well plate enrichments at 50 °C and in the Red mat enrichment 

at 70 °C suggests that either aromatic compound oxidation linked to the reduction of iron(III) is 

widespread within the GAB microbial mats or that the observed iron(III)-reduction is linked to 

the utilisation of either an alternative energy substrate transferred within the environmental 

sample, or utilisation of the citrate and/ or the trace yeast extract present in the PL medium. 

The positive results observed in the control wells (which contained no added electron donor) 

of the ammonium iron(III) citrate amended deep-well plate enrichments of the Red and Green 

mat samples suggest the latter. Future deep-well enrichment studies could avoid false positive 

results due to citrate utilisation by replacing the ammonium iron(III) citrate with other forms of 

iron(III) such as amorphous iron(III) oxyhydroxide, iron(III) chloride, hematite, goethite or 

ferrihydrite.  

 

It should be noted that in the enrichment process the aromatic compounds not only serve as 

potential energy substrates linked to either microbial TEA reduction or fermentative growth, 

but as aromatic compounds have a toxic effect on certain microorganisms, their presence in 

enrichment mediums would selectively promote the growth of aromatic compound-tolerant 

microbes. Such may have contributed to the varied well observations in the vanadium(V) and 

ammonium iron(III) citrate enrichment plates (Tables 3.9 and 3.15), and explain the multiple 

phylotypes observed in the vanadium(V)-reducing cultures if indeed the trace yeast extract 

was the only energy substrate utilised in the enrichments (i.e. and not the aromatic 

compounds). Future deep-well enrichments that employ aromatic compounds as energy 

sources could use gas chromatography to determine if the aromatic compounds are reduced 

and the corresponding end-products produced. Such studies were not performed in this 

project. 
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During this project, the enrichment strategies that employed the U-bottom deep-well 

microtiter plates amended with various energy substrates and (colourmetric) TEAs resulted in 

the cultivation of a wider diversity of thermophiles compared to the enrichment strategies that 

employed the Biolog system. A total of 5 new phylotypes were obtained from the enrichments 

with the deep-well microtiter plates compared to 1 new phylotype using the Biolog system. 

Hence, the decision to trial the enrichment strategies using substrate amended deep-well 

plates instead of improving the enrichment strategies using the Biolog system is justified. 

Future deep-well plate enrichment studies could include other TEAs that produce a medium 

colour change when reduced, such as sulphite, thiosulphate, elemental sulphur, 

manganese(IV), cobalt(III), chromium(VI), uranium(VI), arsenic(V), technetate(VII) and 

selenium(III). Alternatively tetrazolium dyes can be added to the deep well plates (as the sole 

TEA) to screen for thermophilic fermenters. Notably, such enrichments were trialled in this 

project (data not shown), but were abandoned due to complications resulting from a high 

number of positive wells likely resulting from the utilisation of a energy substrate transferred 

in the environmental sample or due to the fermentation of the trace yeast extract present in 

the PL-medium. Other future deep-well microtiter plate enrichment studies could be 

performed under varied the growth conditions (pH, temperature, oxygen levels, etc.) and using 

different medium constituents (electron acceptors, trace elements, vitamins, extracts, etc.), in 

combination with molecular methods to assess the culturable diversity in the deep-well 

microtiter plate enrichments and subsequent subcultures as described in Section 3.2.4. 
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3.4 FURTHER CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES OF  

THE NEW LORNE BORE MICROBIAL MATS 

3.4.1 INTRODUCTION 

 

The four distinct microbial mats that thrive in the New Lorne Bore runoff channel at specific 

temperatures between 72 – 52 °C are unique microbial environments. The elevated 

temperatures at which these microbial mats thrive compared to the surrounding Blackall 

temperatures [mean annual maximum temperature of 30.2 °C (http://www.bom.gov.au 

/climate/averages/tables/cw_ 036143_All.shtml)] suggest that the majority, if not all, of the 

constituent mat microbes originate from the GAB subsurface. Hence, investigations into the 

thermophile diversity present in these microbial mats provide extensive insights into the 

microbial diversity present in the GAB subsurface environment. Both the micro-enrichment 

studies performed in this project and previous culture-independent studies (Spanevello, 2001) 

of these mat samples have revealed a high proportion of novel microbes. Section 3.4 aims to 

further investigate these unique thermophilic ecosystems using novel and traditional 

enrichment strategies performed in 7 – 10 ml of growth media. Due to the results observed in 

the deep-well microtiter plate enrichments amended with ammonium iron(III) citrate (Section 

3.3.3.4), and the large influence that DIRB exhibit in deep aquifer environments, the following 

culture-dependant microbial diversity studies will largely focus on thermophilic DIRB.  

 

This dissertation has previously speculated that often culture-dependant analyses fail to 

capture the true extent of microbial diversity present in an environment by failing to provide 

the correct combinations of energy substrates and growth conditions needed to culture a high 

proportion of the resident microbial population. In the following Section, seldom used energy 

substrates such as aromatic compounds are supplied to enrichment mediums, and numerous 

modified and innovative enrichment strategies that vary the growth conditions (pH, 

temperature, oxygen concentration, etc.) are trialled in attempt to culture novel and less 

readily cultured organisms. Such enrichment studies will be used in combination with more 

conventional screening methods to investigate the (culturable) diversity of thermophiles that 

comprise these unique microbial mats. 
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3.4.2 METHODS 

3.4.2.1 CONVENTIONAL SCREENING METHODS 

 

Enrichments cultures were initiated by injecting 500 µl of the Grey, Red, Green or Brown mat 

sample suspension (Section 2.1.2) into pre-warmed Hungate tubes containing 9.5 ml of 

FeOOH-PLM or Fe(III) citrate-PLM medium amended with 0.2 % yeast extract or 20 mM 

acetate. The inoculated Hungate tubes were incubated at 50 or 70 °C for up to 10 days or until 

growth was observed. Enrichment cultures were scored as positive for growth or iron(III)-

reduction as described in Section 2.3.3. 

 

 

3.4.2.2 ENRICHMENTS WITH SELDOM USED GROWTH SUBSTRATES 

 

Enrichments that supplied less readily tested growth substrates to enrichment mediums, such 

as aromatic compounds, in place of commonly tested energy substrates were initiated by 

injecting 500 µl of the Grey, Red, Green or Brown mat sample suspension (Section 2.1.2) into 

pre-warmed Hungate tubes containing 9.5 ml of Fe(III) citrate-PL medium fortified with the 

alternative energy substrate. Such alternative energy substrates (listed in Table 3.18) were 

added to the medium from sterile anaerobic filter sterilized (0.22 µm) stock solutions which 

were prepared as described in Section 2.2.2. Enrichments with H2 as the electron donor were 

performed by injecting 1.5 ml of the New Lorne bore outflow or 750 µl of the Grey, Red, Green 

or Brown mat sample suspension into 60 ml Serum bottles which contained 15 ml of Fe(III) 

citrate-PL medium prepared with H2:CO2 gas mixture (5:95) as the headspace gas in place of 

N2. The inoculated Hungate tubes and Serum bottles were incubated at 50 or 70 °C for up to 10 

days or until growth was observed. Enrichment cultures were scored as positive for growth or 

iron(III)-reduction as described in Section 2.3.3. 
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Table 3.18: Aromatic compounds used for enrichment studies, their known possible electron acceptors and recalcitrant level.  
Aromatic Compound  
 
 

Stock solution 
concentration 

Final concentration in the medium Known Possible Electron Acceptors used Recalcitrance  
level 

Sodium benzoate 200 mM 4 mM O2, NO3
+, SO4

2-, Fe3+, fermentation 1.5 
3-hydroxybenzoate 200 mM 4 mM O2, NO3

-, SO4
2-, Fe3+, fermentation 1.5 

4-hydroxybenzoate 200 mM 4 mM O2, NO3
-, SO4

2-, Fe3+, fermentation 2 
3,4-dihydroxybenzoate 200 mM 4 mM O2, NO3

-, SO4
2-, Fe3+, fermentation 2 

2,5-dihydroxybenzoate 200 mM 4 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 2 
3,4,5-trihydroxybenzoate 200 mM 4 mM Fe3+, fermentation 2 
3-chlorobenzoate 200 mM 2  mM O2, NO3

-, SO4
2-, Fe3+ 1 

Phenylacetate 200 mM 4 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 1.5 
4-hydroxyphenylacetate 200 mM 4 mM O2, NO3

-, SO4
2-,  Fe3+, fermentation 2 

Cinnamate 200 mM 4 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 1.5 
4-hydroxycinnamate 200 mM 4 mM O2, NO3

-, SO4
2-,  Fe3+, fermentation 2 

2-hydroxycinnamate 200 mM 4 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 2 
3,4-dihydrcinnamate 200 mM 4 mM O2, NO3

-, SO4
2-,  Fe3+, fermentation 2 

Phenol 50 mM 1 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 1 
Catechol 50 mM 1 mM O2, NO3

-, SO4
2-,  Fe3+, fermentation 1 

Pyrogallol 200 mM 1 mM Fe3+, fermentation 3 
4-chlorophenol 50 mM 1 mM O2, NO3

-, SO4
2-,  Fe3+, 0 

o-cresol 50 mM 1 mM O2, NO3
-, SO4

2-,  Fe3+, 1 
m-cresol 50 mM 1 mM O2, NO3

-, SO4
2-,  Fe3+, 1 

p-cresol 50 mM 1 mM O2, NO3
-, SO4

2-,  Fe3+, 1 
2-methoxybenzoate 200 mM 4 mM O2, fermentation 2.5 
3-methoxybenzoate 200 mM 4 mM O2, fermentation 2.5 
4-methoxybenzoate 200 mM 4 mM O2, fermentation 2.5 
Vanilline 200 mM 4 mM O2,  fermentation 2 
Ferulate 200 mM 4 mM O2, fermentation 2.5 
Syringate 200 mM 4 mM Fermentation 3 
3,4,5-trimethoxybenzoate 200 mM 4 mM Fermentation 3 
Adipate 1 M 10 mM O2, NO3

-, SO4
2-,  Fe3+, fermentation 3 

Malonate 1M 10 mM O2, NO3
-, SO4

2-,  Fe3+, fermentation 3 
Note: Adipate and malonate are not aromatic compounds. 
0 = highly recalcitrant; 3 = least recalcitrant. 
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3.4.2.3 ENRICHMENTS IN SOLID MEDIUM 

 

Enrichments were initiated by injecting 350 µl of the Grey, Red, Green or Brown mat sample 

suspension (Section 2.1.2) into modified Hungate tubes (described in Section 2.2.2) that 

contained 7 ml of Fe(III) citrate-PL medium that had been solidified with 1.0 % gelrite for 

enrichments performed at 50 °C and 1.2 % gelrite for enrichments at 65 °C. The enrichment 

media was also amended with either 10 mM malonate, 2 mM 3-chlorobenzoate, 4 mM 4-

hydroxyphenylacetate or 4 mM cinnamate. Subsequent to inoculation the enrichment cultures 

were subcultured in dilution to 10-5. Following incubation, well isolated colonies were picked 

and subcultured as described in Section 2.4.2 and purified as described in Section 2.4.1. 

 

 

3.4.2.4 ENRICHMENTS WITH ALTERNATIVE ELECTRON ACCEPTORS AND SELDOM USED ENERGY 

SUBSTRATES 

 

Previous culture-independent studies of the microbial mats from the New Lorne bore runoff 

channel indicated that a greater microbial diversity was observed in the lower temperature 

Green and Brown mats compared to the more thermophilic Grey and Red mats. Additional 

enrichments of the Green and Brown mat samples were performed by injecting 500 µl of 

sample suspension into Hungate tubes that contained 9.5 ml of anaerobic PL medium 

amended with the either 0.2 % ammonium Fe(III) citrate [Fe(III)-PL  medium], 0.3 % 

amorphous Fe(III) oxyhydroxide (Section 2.2.15) [FeO(OH)-PL medium],  0.2 % FeCl3, 0.2 % 

amorphous Mn(IV)O2 (Section 2.2.16), 2 mM Cr(VI) or 20 mM nitrate as TEAs, and with either 

20 mM formate, 10 mM malate, 4 mM 4-hydroxyphenylacetate, 2 mM 5-chlorobenzoate, 1 

mM catechol or 0.2 % diesel as electron donors. A control culture that contained no added 

electron donor was included in each set of TEAs tested. Fermentation of these electron donors 

was also tested in anaerobic PL medium that did not contain a TEA and aerobic growth was 

tested in McCartney bottles that contained 9.5 ml of aerobically prepared PL medium. 

Purifications of positive enrichment cultures were performed as described in Section 2.4. 
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3.4.2.5 ENRICHMENTS UNDER VARYING GROWTH CONDITIONS 

3.4.2.5.1 ENRICHMENTS UNDER MICROAEROPHILIC CONDITIONS 

 

The strategy used in an attempt to culture microaerophilic iron(III)-reducers is outlined in Fig. 

3.8. Enrichments under microaerophilic conditions were initiated by injecting 500 µl of the 

Grey, Red, Green or Brown mat sample suspension (Section 2.1.2) into McCartney bottles that 

contained 9.5 ml of aerobically prepared Fe(III) citrate-PL medium amended with either 0.2 % 

yeast extract or 20 mM acetate. Enrichment cultures were incubated at 50 or 70 °C for up to 

10 days. Growth was determined visually by an increase in turbidity and iron(III)-reduction was 

determined as described in Section 2.3.3. To identify the dominant aerobes in the enrichment 

cultures, these cultures were streaked onto Medium D agar plates and purified as described in 

Sections 2.4.2 and 2.4.1 respectively. Enrichment cultures that were scored positive for 

iron(III)-reduction were subcultured into Hungate tubes that contained 9.5 ml of (anaerobic) 

Fe(III) citrate-PL medium amended with the corresponding growth substrate, and resultant 

cultures were purified as described in Section 2.4.1. 

 

Aerobic enrichment culture of 

the Green mat in Fe(III) citrate-

PL medium amended with 0.2 % 

yeast extract after 2 days 

incubation at 50 °C. 

Enrichments in Aerobic Fe(III) citrate-PL medium amended with 

either 0.2 % yeast extract or 20 mM Na acetate 

Subculture into Anaerobic Fe(III) citrate-

PLM medium + substrate 

↓ 

Isolation and Purification of Anaerobe 

Subculture into Aerobic Medium D 

 

↓ 

Isolation and Purification of Aerobe 

Anaerobe existing at the culture 

base attached to the iron. 

Uninoculated aerobic Fe(III) 

citrate-PL medium amended with 

0.2 % yeast extract. 

Aerobe existing as a slimy 

surface layer on the meniscus. 

Note: culture is clear (not pink) 

signifying anaerobic conditions. 

Figure 3.8: Flow-chart outlining the methods used in attempt to isolate 
microaerophilic iron(III)-reducers. 

 



CHAPTER THREE:     CULTURE-DEPENDENT THERMOPHILE DIVERSITY STUDIES 

 

  
115 

 

  

3.4.2.5.2 ENRICHMENTS AT ELEVATED PH LEVELS 

 
Enrichments at elevated pH levels were performed under anaerobic conditions as described in 

Section 3.4.2.1 and under microaerophilic conditions as described in Section 3.4.2.3.1, with 

media that had been adjusted to pH 9.8 to 10.0 with 5 M NaOH. 

 

 

3.4.2.5.3 ENRICHMENTS SUBSEQUENT TO EXPOSURE TO HEAT-SHOCK 

 

Enrichments were performed as described in Section 3.4.2.1 but prior to incubation at either 

50 or 70 °C the enrichment cultures were placed in a water bath set at 90 °C for duration a of 

20 min. Similarly, prior to the purification of the enrichment cultures as described in Section 

2.4.1 each positive enrichment culture was again placed in a water bath at 90 °C for a duration 

of 20 min. 

 

 

3.4.2.6 ASSESSMENT OF CULTURE PURITY AND 16S RRNA GENE SEQUENCE ANALYSES 

 

Culture purity of all of the isolates was assessed and further purifications performed (if 

required) as described in Section 2.4. 16S rRNA gene sequence analyses were performed as 

described in Section 2.5. 

 

 

3.4.3 RESULTS 

 

The results of the New Lorne Bore microbial mat enrichments that were performed in 7 – 10 

ml of growth medium are given in Tables 3.19 – 3.20 and the corresponding phylogenies of the 

isolates that were analysed are given in Table 3.21.  
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Table 3.19: Enrichment results of the 75 °C Grey, 66 °C Red, 57 °C Green and 52 °C Brown microbial mat samples from the New Lorne Bore 
runoff channel at 50 and 70 °C. Key: +++ , Total iron(III)-reduction;  ++ , Partial iron(III)-reduction; + , growth but no iron(III)-reduction; –, no 
growth or iron(III)-reduction. 

Electron 
Acceptor 

Electron Donor Enrichment Conditions Microbial Mat Enrichment 
Results at 50 °C 

Microbial Mat Enrichment 
Results at 70 °C 

Incubation 
Time 

Grey Red Green Brown Grey Red Green Brown 
Fe(III)OOH Yeast Extract Anaerobic Liquid Medium +++ ++ ++ +++ +++ +++ – – 3 days 
Fe(III) citrate Yeast Extract Anaerobic Liquid Medium +++ +++ +++ +++ +++ +++ – – 3 days 
Fe(III) citrate Acetate Anaerobic Liquid Medium – +++ – +++ +++ +++ – – 5 days 
Fe(III)OOH Molecular Hydrogen Anaerobic Liquid Medium – ++ ++ +++ +++ +++ +++ – 3 days 
Fe(III) citrate Benzoate Anaerobic Liquid Medium – – ++ ++ – – – – 10 days 
Fe(III) citrate 3-Hydroxybenzoate Anaerobic Liquid Medium – ++ ++ – – – – – 10 days 
Fe(III) citrate 3-Chlorobbenzoate Anaerobic Liquid Medium – – ++ – – – – – 10 days 
Fe(III) citrate 4-Hydroxyphenylacetate Anaerobic Liquid Medium – ++ – – – +++ – – 10 days 
Fe(III) citrate Cinnamate Anaerobic Liquid Medium – ++ ++ – – – – – 3 days 
Fe(III) citrate 4-Hydroxycinnamate Anaerobic Liquid Medium – – ++ – – – – – 3 days 
Fe(III) citrate 3-Chlorobbenzoate Solid Anaerobic Medium* + + ++ – – – – – 5 days 
Fe(III) citrate 4-Hydroxyphenylacetate Solid Anaerobic Medium* – + + – – ++ – – 5 days 
Fe(III) citrate Malonate Solid Anaerobic Medium* + + + + – ++ – – 5 days 
Fe(III) citrate Cinnamate Solid Anaerobic Medium* + ++ ++ + – ++ – – 5 days 
Fe(III) citrate Yeast Extract   Heat Shock  

Anaerobic Liquid Medium 
– +++ +++ +++ +++ +++ +++ – 6 days 

Fe(III) citrate Yeast Extract Microaerophilic Medium – ++ ++ ++ – – – – 3 days 
Fe(III) citrate Acetate Microaerophilic Medium – – ++ – – – – – 3 days 
Fe(III) citrate Yeast Extract High Alkaline (pH 9.8) 

Anaerobic Liquid Medium  
– – – – – – – – (14 days) 

Fe(III) citrate Acetate High Alkaline (pH 9.8) 
Anaerobic Liquid Medium  

– – – – – – – – (14 days) 

Fe(III) citrate Yeast Extract High Alkaline (pH 9.8) 
Microaerophilic Medium 

– + + – – – – – 12 days 

Fe(III) citrate Acetate High Alkaline (pH 9.8) 
Microaerophilic Medium 

– – + – – – – – 12 days 

* Enrichments on solid anaerobic medium were performed at 50 and 65 °C. The results for the 65 °C enrichment are given in the 70 °C 
column. 
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Table 3.20: Further enrichments of the Green and Brown microbial mats with 
alternative TEA and energy substrates at 50 °C. Key: : +++ , total iron(III)-
reduction;  ++ , partial iron(III)-reduction; + , growth but no iron(III)-reduction; –, 
no growth or iron(III)-reduction. 

Enrichment 
Conditions 

Electron Acceptor Carbon source Microbial Mat Enrichment 
Results at 50 °C 

Green Brown 
 
 

Anaerobic Liquid 
Medium 

 

 
 
 

Fe(III) citrate 
 

Diesel – – 
Malate – – 

Formate – – 
4-Hydroxyphenylacetate – – 

5-Chlorobenzoate – – 
Catechol – – 
Control  

(No added Carbon Source) 
– – 

 
 

Anaerobic Liquid 
Medium 

 

 
 

Fe(III)OOH) 
 

Diesel – – 
Acetate – +++ 
Malate ++ ++ 

Formate – ++ 
4-Hydroxyphenylacetate ++ – 

5-Chlorobenzoate – – 
Cinnamate – – 

 
 

Anaerobic Liquid 
Medium 

 

 
 

Either MnO2, 
Cr(VI), NO3, FeCl3 

 

Diesel – – 
Acetate – – 
Malate – – 

Formate – – 
4-Hydroxyphenylacetate – – 

5-Chlorobenzoate – – 
Cinnamate – – 

 
 

Anaerobic Liquid 
Medium 

 

 
 

No Electron 
Acceptor 

 

Diesel – – 
Acetate – – 
Malate – – 

Formate – – 
4-Hydroxyphenylacetate – – 

5-Chlorobenzoate – – 
Cinnamate – – 

 
 

Aerobic Liquid 
Medium 

  

 
 

No Electron 
Acceptor 

 

Diesel – – 
Acetate – – 
Malate – – 

Formate – – 
4-Hydroxyphenylacetate – – 

5-Chlorobenzoate – – 
Cinnamate + + 
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Table 3.21: Nomenclature and phylogeny of the isolates from the enrichments of the 4 mat samples performed in 7 – 10 ml of various 
growth mediums. Key: ND, Not determined; strains with novel 16S rRNA gene sequences are highlight and strains that were characterised 
Chapter Four and subsequently published are given in bold.  

Mat 
Sample 

Electron Acceptor/ 
Carbon source 

Enrichment 
method 

Incubation 
Temp (°C) 

Purification 
Method 

Isolate 
Name 

Nearest Phylogenetic 
Neighbour 

(Blastn) 

Genbank 
Accession 
Number 

 

Similarity 
 

Taxonomy 

          
Grey Fe(III)OOH/ 

 Yeast Extract  
Anaerobic 

Liquid medium 
70 Subcultures 

in dilution 
Y170† Thermosediminibacter 

litoriperuensis 
AY703479 1311/1374 

(95%) 
Firmicutes 

Thermoanaerobacteraceae 
Red Fe(III)OOH/ 

 Yeast Extract 
Anaerobic 

Liquid medium 
70 Subcultures 

in dilution 
R170 Thermoanaerobacter 

thermohydrosulfuricus 
AY701760 939/945  

(99%) 
Firmicutes 

Thermoanaerobacteraceae 
Grey Fe(III)OOH/ 

 Yeast Extract 
Anaerobic 

Liquid medium 
50 Subcultures 

in dilution 
Y150 Thermincola 

carboxydiphila 
AY603000 960/968  

(99%) 
Firmicutes 

Peptococcaceae 
Red FeO(OH)/ 

 Yeast Extract 
Anaerobic 

Liquid medium 
50 Subcultures 

in dilution 
R150‡ Geosporobacter 

subterrenus 
DQ643978 872/908  

(96%) 
Firmicutes 

Clostridiaceae 
Green Fe(III)OOH/ 

 Yeast Extract 
Anaerobic 

Liquid medium 
50 Subcultures 

in dilution 
G150 Thermobrachium celere DQ207958 945/954  

(99%) 
Firmicutes 

Clostridiaceae 
Brown FeO(OH)/ 

 Yeast Extract 
Anaerobic 

Liquid medium 
50 Gelrite 

shakes 
B150 Clostridium 

cylindrosporum 
Y18179 715/770  

(92%) 
Firmicutes 

Clostridiaceae 
          

Grey Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

70 Subcultures 
in dilution 

Y270 Thermosediminibacter 
litoriperuensis 

AY703479 836/880 
(95%) 

Firmicutes 
Thermoanaerobacteraceae 

Red Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

70 Subcultures 
in dilution 

R270† Thermovenabulum 
ferriorganovorum 

AY033493 1380/1431 
(96%) 

Firmicutes 
Thermoanaerobacteraceae 

Grey Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Y250‡ Clostridium fervidus L09187 948/1000  
(94%) 

Firmicutes 
Clostridiaceae 

Red Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

R250 Geosporobacter 
subterrenus 

DQ643978 872/908  
(96%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 PLM Gelrite 
shakes 

G2-1 Caloramator uzoniensis AF489534 1062/1070 
(99%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 PLM Gelrite 
shakes 

G2-3 Propionispora hippei AJ508928 1366/1496 
(91%) 

Firmicutes 
Veillonellaceae 

Brown Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

B2-1 Geosporobacter 
subterrenus 

DQ643978 1342/1400  
(95 %) 

Firmicutes 
Clostridiaceae 

          
Grey Fe(III) citrate/  

Na Acetate  
Anaerobic 

Liquid medium 
70 Subcultures 

in dilution 
AY70 ND    
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Red Fe(III) citrate/  
Na Acetate 

Anaerobic 
Liquid medium 

70 Subcultures 
in dilution 

AR70 ND    

Red Fe(III) citrate/  
Na Acetate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

AR50 ND    

Brown Fe(III) citrate/  
Na Acetate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

AB50 ND    

          
Green Fe(III) citrate/  

Na Benzoate 
Anaerobic 

Liquid medium 
50 Subcultures 

in dilution 
Ga50 ND    

Brown Fe(III) citrate/  
Na Benzoate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Ba50 ND    

Red Fe(III) citrate/  
3-hydroxybenzoate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Rb50-1 Pelotomaculum 
thermopropionicum 

AP009389 1344/1537 
(87%) 

Firmicutes 
Peptococcaceae 

Red Fe(III) citrate/  
3-hydroxybenzoate 

Anaerobic 
Liquid medium 

1604 Subcultures 
in dilution/ 
Heat Shock 

Rb50-2 Pelotomaculum 
thermopropionicum 

AP009389 1159/1343 
(86%) 

 

Firmicutes 
Peptococcaceae 

Red Fe(III) citrate/  
3-hydroxybenzoate 

Anaerobic 
Liquid medium 

1604 Subcultures 
in dilution/ 
Heat Shock/ 

YECit 

Rb50-2-
Cit 

Caloramator coolhaasii AF104215 832/836 
(99%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
3-hydroxybenzoate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Gb50 ND    

Green Fe(III) citrate/  
3-chlorobenzoate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Gg50 ND    

Red Fe(III) citrate/  
4-hydroxyphenylacetate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Ri50 Pelotomaculum 
thermopropionicum 

AP009389 1292/1450 
(89%) 

Firmicutes 
Peptococcaceae 

Red Fe(III) citrate/  
4-hydroxyphenylacetate 

Anaerobic 
Liquid medium 

50 Subculture 
onto TYEG 

Ri50-Gl Caloramator coolhaassi AF489534 1040/1056 
(98%) 

Firmicutes 
Clostridiaceae 

Red Fe(III) citrate/  
cinnamate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Rj50 ND    

Red Fe(III) citrate/  
cinnamate 

Anaerobic 
Liquid medium 

50 Subculture 
onto TYEG 

Rj50-Gl Caloramator uzoniensis  AF4895234 1364/1381 
(98%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
cinnamate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

Gj50 ND    

Green Fe(III) citrate/  
cinnamate 

Anaerobic 
Liquid medium 

50 Subculture 
onto TYEG 

Gj50-Gl Caloramator uzoniensis  AF4895234 1383/1403 
(98%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
cinnamate 

Anaerobic 
Liquid medium 

50 Subcultures 
in dilution 

GK50 ND    
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Green Fe(III) citrate/  
4-hydroxycinnamate 

Anaerobic 
Liquid medium 

50 Subculture 
onto TYEG 

Gk50-Gl Caloramator coolhaasii  AF104215 1394/1419 
(98%) 

Firmicutes 
Clostridiaceae 

          
Green Fe(III) citrate/  

Cinnamate 
Gelrite Shakes 50 Subcultures 

in dilution 
G50J1 Sporomusa ovata AJ279800 813/896 

(90 %) 
Firmicutes 

Veillonellaceae 
Green Fe(III) citrate/  

Cinnamate  
Gelrite Shakes 50 Subcultures 

in dilution 
G50J2 Propionispora hippei AJ509828 1369/1490 

(91 %) 
Firmicutes 

Veillonellaceae 
Green Fe(III) citrate/  

Malonate  
Gelrite Shakes 50 Subcultures 

in dilution 
G50-

malonate 
Pelotomaculum 

thermopropionicum 
AP009389 766/867 

(88%) 
Firmicutes 

Peptococcaceae 
Green Fe(III) citrate/  

Malonate  
Gelrite Shakes 50 Subcultures 

in dilution/ 
TYECit 

G50-
malonate-

Cit 

Caloramator coolhaassi AF489534 889/906 
(98%) 

Firmicutes 
Clostridiaceae 

          
Green  Fe(III)OOH/  

Malate 
Anaerobic 

Liquid medium 
50 PLM Gelrite 

shakes 
G3-malate Sporomusa 

sphaeroides  
AJ279801 695/745 

(93 %) 
Firmicutes 

Veillonellaceae 
Green  Fe(III)OOH/  

Malate 
Anaerobic 

Liquid medium 
50 PLM Gelrite 

shakes/ TYEG 
G3-

malate-gl 
Caloramator coolhaasii 

 
AF104215 1378/1393 

(98%) 
 

Firmicutes 
Clostridiaceae 

          
Grey Fe(III) citrate/  

Yeast Extract 
Microaerophilic 

conditions 
50 Subcultures 

in dilution 
(Anaerobic) 

AeY ND    

Red Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Subcultures 
in dilution 

(Anaerobic) 

AeR Pelotomaculum 
thermopropionicum 

AP009389 808/907 
(89%) 

Firmicutes 
Peptococcaceae 

Green Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Subcultures 
in dilution 

(Anaerobic) 

AeG Propionispora hippei AJ509828 1365/1494 
(91%) 

Firmicutes 
Veillonellaceae 

Brown Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Subcultures 
in dilution 

(Anaerobic) 

AeB Clostridium 
cylindrosporum 

Y18179 1310/1421 
(92%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/  
Na Acetate 

Microaerophilic 
conditions 

50 Subcultures 
in dilution 

(Anaerobic) 

AeG-Ac ND    

Grey Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Media D 
Agar Plates 

AeY-D ND    

Red Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Media D 
Agar Plates 

AeR-D Bacillus licheniformis EU344793 873/878 
(99%) 

Firmicutes 
Bacillaceae 
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Green Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Media D 
Agar Plates 

AeG-D Anoxybacillus 
flavithermus 

AJ586360 851/877 
(98%) 

Firmicutes 
Bacillaceae 

Brown Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 Media D 
Agar Plates 

AeB-D Anoxybacillus 
flavithermus 

AJ586360 1288/1322 
(97%) 

Firmicutes 
Bacillaceae 

          
Red Fe(III) citrate/  

Yeast Extract 
Microaerophilic 

conditions  
(pH 9.8) 

50 Subcultures 
in dilution in 

Media D 

R10YE Bacillus licheniformis AY859477 1385/1413 
(98%) 

Firmicutes 
Bacillaceae 

Green Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions  

(pH 9.8) 

50 Subcultures 
in dilution in 

Media D 

G10YE Anoxybacillus 
flavithermus 

AY643748 1511/1523 
(99%) 

Firmicutes 
Bacillaceae 

Green Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions  

(pH 9.8) 

50 Subcultures 
in dilution in 

Media D 

G10Ac ND    

          
Green Fe(III) citrate/ 

Yeast Extract 
Heat shock 50 

 
Subcultures 
in dilution 

GHS50 Clostridium 
quercicolum  

AJ010962 764/814 
(93%) 

Firmicutes 
Clostridiaceae 

Green Fe(III) citrate/ 
Yeast Extract 

Heat shock 50 
 

Subcultured 
into  TYEG 

GHS50-Gl Caloramator coolhaasii AF104215 1419/1430 
(99%) 

Firmicutes 
Clostridiaceae 
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3.4.4 DISCUSSION  

 

The enrichment results in Section 3.4 were again reflective of the specific in situ temperatures 

of each mat sample, as almost all of the cultures that grew at 70 °C were isolated from the 

Grey and Red mat sample enrichments. Similarly, the wide diversity of DIRB observed is a 

somewhat expected result due to the large concentration of iron in Australian subsurface 

environments and the large influence that DIRB exhibit in deep aquifer environments. In Table 

3.22 a summary is given of the number of novel phylotypes that were obtained from the 

different enrichment and isolation procedures used in Section 3.4. Notably, the sample size is 

not large enough to provide statistically valid data, but none-the-less is of great interest. The 

enrichment and isolation strategy which was designed to provide microaerophilic conditions in 

attempt to culture facultative anaerobic DIRB (described in Section 3.4.2.5.1) revealed the 

highest proportion of novel phylotypes (100 %). However, subsequent characterisation studies 

performed in Chapter Four revealed that all of the strains isolated through this process were 

strict anaerobes, and so in this respect these enrichments failed. 

 

Table 3.22: A summary of the number of novel phylogenies obtained from the 
different enrichment and isolation strategies used in Section 3.4.  

Growth Substrates Enrichment conditions Novel Phylotypes/  
Total Isolates 

Sequenced 
 

Iron(III) / Yeast Extract Liquid Anaerobic 9 / 13 (69 %) 
Fe(III)/ Seldom used 

substrates 
Liquid Anaerobic 3 / 8 (38 %) 

Iron(III)/ Seldom used 
substrates 

Solid Anaerobic 3 / 4 (75 %) 

Iron(III) / Yeast Extract Microaerophilic enrichment/  
Anaerobic subculture  

3 / 3 (100 %) 

Iron(III) / Yeast Extract Microaerophilic enrichment/  
Aerobic subculture  

0 / 3 (0 %) 

Iron(III) / Yeast Extract Microaerophilic enrichment (pH 9.8)/ 
Aerobic subculture (pH 9.8) 

0 / 2 (0 %) 

Iron(III) / Yeast Extract Liquid Anaerobic/ Heat shock 1 / 2 (50 %) 
 

Enrichments and isolations that were performed in PL medium amended with iron(III) and the 

commonly tested energy substrate yeast extract, revealed a high proportion of novel 

phylotypes [9 / 13 (69 %)]. These results demonstrate the uniqueness of the microbial flora 

that exists in these thermophilic mat communities. A high proportion of novel isolates were 

also obtained from enrichment strategies that employed seldom used energy substrates, 

namely aromatic compounds. Most notably, Blastn analyses of the isolates designated strain 
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Rb50-1, strain Rb50-2, strain Ri50, strain G50-malate and strain AeR, revealed they were most 

closely related to the type strain Pelotomaculum thermopropionicum strain SI (16S rRNA gene 

similarity of 88 – 89 %) that was isolated from a methanogenic granular sludge in a 

thermophilic (55°C) up-flow anaerobic sludge blanket reactor (Imachi et al., 2000). Blastn 

analyses of these strains also positioned them close to the anaerobic bacterium EtOH8 

(Genbank ID: AY756140), detected in a metal-reducing biofilm that exists in a Danish district 

heating system (Kjeldsen et al., 2007), and the iron-reducing bacterium enrichment culture 

clone HN-HFO19 (Genbank ID: FJ269091) detected in an arsenic contaminated paddy soil of 

Hunan, south China (Wang et al., 2009) (16S rRNA gene similarity of 88 – 91 % for both). In 

their description of Pelotomaculum thermopropionicum strain SI, Imach et al. (2000) reported 

on the difficulty involved with achieving axenic conditions in the cultures of the strain, which 

was partly characterised as a synotroph, grown in co-culture with Methanobacterium 

thermoautotrophicum (DSM 1053). This parallels difficulties encounter in this project, as 

cultures of strain Rb50-1, strain Rb50-2, strain Ri50, strain G50-malate and strain AeR, when 

subcultured onto TYEG, YECit or YE medium were out grown by organisms from the genus 

Caloramator (Table 3.22). Attempts to purify these cultures using the purification methods 

described in Section 2.4, and by performing subcultures in differing mediums at differing 

growth-phases, subsequent to exposure to heat-shock (95 °C for 20 min) and in media 

amended with 10 µg ml-1 ampicillin, streptomycin, tetracycline, penicillin and 

chloroamphenicol all failed to produce axenic conditions. Future studies could employ 

micromanipulators to achieve pure cultures of these phylogenetically deep positioned 

organisms. Alternatively high-throughput next-generation sequencing technologies (e.g. 454 

pyrosequencing) could be performed on the co-culture (containing the desired novel strain 

and the undesired Caloramator species) and on the TYEG medium purified subculture 

(containing only the undesired Caloramator species) and the sequence data obtained from the 

latter culture could be used to “bin” the unwanted matching sequence data from co-culture 

sequence analyses to leave only sequence data from the desired novel strain. Genome 

sequence annotations could be used to investigate the in silico metabolic pathways of the 

strain and provide a means to cultivate this strain in pure culture for further studies. 

Alternatively, the high-throughput sequencing results from the co-culture could be compared 

to genome sequence data from another Caloramator strain, such as those in Chapter Seven, in 

order to withdraw similar sequence data to leave only the sequence data of the desired strain 

for further analyses.   
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Phylogenetic analyses of several other strains that were isolated using Fe(III) citrate-PL 

medium amended with seldom used electron donors revealed that the strains were 

phylogenetically placed within the genus Caloramator. This mimics enrichment results 

observed in Sections 3.2 and 3.3, and suggests that these strains may be utilising the trace 

yeast extract present in the PL-medium rather than the supplied electron donors. Future 

studies could include gas chromatograph analyses to test the growth end-products of the 

enrichment cultures and isolates to determine if the aromatic compounds had been utilised. 

[Such analyses were performed as a part of collaboration with the Mikrobiologie, Institut für 

Biologie II, Universität Freiburg, Schänzlestr (Dr. Tahar Mechichi), however the results were 

deemed inconclusive]. 
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3.5 CULTURE-DEPENDENT DIVERSITY STUDIES OF OTHER GAB ENVIRONMENTS 

3.5.1 INTRODUCTION 

 

Due to the success of the above enrichment strategies in culturing and identifying multiple 

novel thermophilic strains from the New Lorne bore microbial mats, similar enrichment-

screens were performed on 36 other GAB environment samples (described in Section 2.1.3). 

These enrichment results can be used as a comparative tool to assess how typical the New 

Lorne bore microbial mat communities are compared to other GAB subsurface environments.  

 

 

3.5.2 METHODS 

 

In an attempt to enrich thermophilic DIRB from the 36 GAB samples, parallel enrichments were 

initiated by inoculating 0.3 ml of environmental sample into Hungate tubes that contained 9.5 

ml of Fe(III) citrate-PL medium amended with either 0.2 % yeast extract, 4 mM benzoate or 4 

mM cinnamate as the electron donor (Fig. 3.9 – 11). The inoculated Hungate tubes were 

incubated at 50 °C until growth was observed or for up to 10 days. The enrichments were 

scored as positive for growth and/ or iron(III)-reduction as described in Section 2.3.3. All 

positive enrichments were subcultured 3 times before the culture purity and culture 

morphologies were assessed by light microscopy. 16S rRNA gene sequencing and analyses 

were performed as described in Section 2.5 on cultures from a number of different 

enrichments that exhibited varied levels of growth and/ or iron(III)-reduction, however, almost 

all of the microscopy and sequence analyses revealed that the cultures contained 2 or more 

different types of microorganisms.  

 

Due to the large number of positive enrichment results, further analyses were only performed 

using the subcultures from the enrichments amended with 4 mM benzoate and 4 mM 

cinnamate, but not those supplied with 0.2 % yeast extract as the electron donor. Within the 

enrichment cultures amended with benzoate and cinnamate, it is possible that the observed 

iron(III)-reduction may have resulted from microbial respiration linked to aromatic compound 

oxidation or due to the utilisation of the trace yeast extract present in the PL medium (at 

concentrations of 0.02 %). Similarly, growth may also have resulted from the fermentation of 

the citrate present in the TEA compound [ammonium iron(III) citrate]. The specific substrate 

utilisation and the corresponding end-products of metabolism could be determined by 
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performing gas chromatography (GC) or high-pressure liquid chromatography (HPLC) analyses 

on stationary-phase grown cultures. However, such analyses were not performed in this 

project as the required equipment was not available at this time. Instead, cultures that had 

been grown in the presence of benzoate were transferred (0.5 ml) into Hungate tubes that 

contained 9.5 ml Fe(III)OOH-PL medium amended with 4 mM benzoate and subsequently 

incubated at 50 °C for up to 10 days (Figure 3.10). This was performed in an attempt to isolate 

benzoate-oxidising DIRB from the original enrichment by substituting the ammonium iron(II) 

citrate for an iron(III) product that does not contain a citrate molecule. Similarly, enrichment 

cultures amended with cinnamate as the electron donor were subcultured into: (a) Fe(III)OOH-

PL medium amended with 4 mM cinnamate [to investigate iron(III)-reduction linked to 

cinnamate oxidation]; (b) Fe(III)OOH-PL medium amended 0.2 % yeast extract [to investigate 

iron(III)-reduction linked to the (trace) yeast extract present in the initial enrichments]; and (c) 

into 0.1 % YE medium amended with 0.2 % citrate [to investigate citrate fermentation] (Figure 

3.11). Both sets of enrichment cultures were also subcultured (0.5 ml) into McCartney bottles 

that contained 9.5 ml of Media D (Section 2.2.5). Such was performed to assess the purity of 

these cultures by searching for the presence of (aerobic) yeast extract fermenters, which were 

described as commonly isolated undesired “weeds” in Section 3.4.4. For the same reason, 

enrichment cultures amended with cinnamate as the electron donor were subcultured into 

anaerobic TYEG medium (to investigate the presence of anaerobic fermenters). All subcultures 

were incubated at 50 °C for up to 10 days. 16S rRNA gene sequence analyses were performed 

as described in Section 2.5. 
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Enrichment 1 
 
 Fe(III) citrate-PL medium 
 0.2 % Yeast extract 
 3.0 % GAB sample 
 

10 day 
incubation 

at 50 °C 
 
 

26 / 32 positive 
enrichments 

 
Repeat 

subcultures to 
extinction 

 

Benzoate oxidising DIRB 

 Confirmation of the presence 
Fe(III)-reducing thermophiles in 
the sample. 

 Also reveals the dominant 
(culturable) Fe(III)-reducers [and 
possibly citrate fermenters] 

Enrichment 2 
 
 Fe(III) citrate-PL medium 
 4 mM Benzoate 
 3.0 % GAB sample 
 

10 day 
incubation 

at 50 °C 
 
 

31 / 35 positive 
enrichments 

 
Repeat 

subcultures to 
extinction 

 

Subcultured into:  
 Fe(III)OOH-PL 

medium  
+ 4 mM Benzoate 

Subcultured into:  
 Media D  
   (aerobic media) 
 

2a. Benzoate oxidising* DIRB 

Benzoate oxidising DIRB 2b. Aerobic yeast extract  
fermenters 

Figure 3.9: Enrichment strategy used to investigate thermophiles associated with iron(III)-reduction linked to yeast extract utilisation in 32 GAB 
samples.  

Figure 3.10: Enrichment strategy used to investigate thermophiles associated with iron(III)-reduction linked to benzoate oxidation in 35 GAB samples. 
Refer to text. Key: * , to be confirmed using GC or HPLC analyses.  
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Enrichment 3 
 
 Fe(III) citrate-PL medium 
  4 mM Cinnamate 
 3.0 % GAB sample 
 

10 day 
incubation 

at 50 °C 
 
 

31 / 35 positive 
enrichments 

 
Repeat 

subcultures 

Subcultured into:  
 Fe(III)OOH-PL 

medium  
+ 4 mM Cinnamate 

Subcultured into:  
 Fe(III)OOH PL 

medium  
+ 0.2 % Yeast 

3a. Cinnamate oxidising*  
DIRB 

Benzoate oxidising DIRB 3b. Trace yeast extract  
          oxidising DIRB 

Subcultured into:  
 0.1 % YE medium 

+ 0.2 % Citrate 
 

3c. Citrate Fermenters 

Subcultured into:  
 TYEG medium 

(anaerobic media) 
 

3d. Anaerobic fermenters 
 

Subcultured into:  
 Media D 
 

 

Benzoate oxidising DIRB 3e. Aerobic Fermenters 

Figure 3.11: Enrichment strategy used to investigate thermophiles associated with iron(III)-reduction linked to cinnamate oxidation in 35 GAB samples. 
Refer to text. Key: * , to be confirmed using GC or HPLC analyses.  
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3.5.3 RESULTS 

 

The enrichment results of the 36 GAB Bore samples with iron(III) citrate as the TEA and either 

yeast extract, benzoate or cinnamate as the electron donor after 6 days incubation at 50 °c are 

shown in Table 3.23. Subculture results of the positive benzoate and cinnamate enrichment 

cultures into Fe(III)OOH-PL medium amended with the same electron donor after 5 days 

incubation at 50 °C are shown in columns 2a and 3a respectively (of Table 3.23). Likewise, the 

subculture results of the cinnamate enrichment cultures into Fe(III)OOH-PL medium amended 

with 0.2 % yeast extract and the subculture results into (0.1 %)YE medium amended with 0.2 % 

citrate are shown columns 3b and 3c respectively. Growth was observed in all of the 

subcultures of the positive benzoate and cinnamate enrichment cultures into Media D after 2 

days incubation at 50 °C. Likewise, growth was observed in all of the subcultures of the 

positive cinnamate enrichment cultures into TYEG after 2 days incubation at 50 °C. 16S rRNA 

gene phylogenies of various are shown in Table 2.24. The sequencing results for many of these 

cultures were consistent to sequencing results observed in inhomogeneous cultures. Such 

cultures are iden fied with a “‡” in Table 3.23. 
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Table 3.23: Anaerobic enrichments of various Great Artesian Basin Bore samples with Fe(III) citrate as an electron acceptor and either 
yeast extract, benzoate or cinnamate as an electron donor. Results after 6 days incubation at 50 °C are shown in columns labelled 1 – 3. 
After repeat subcultures in dilution (10-4) to extinction of all positive enrichments with benzoate and cinnamate as an electron donor, 
subcultures were performed using varied electron acceptors and donors to investigate if the organisms in the (semi-purified) positive 
enrichment cultures were utilising the aromatic compounds (benzoate or cinnamate), the trace yeast extract present in the medium or 
fermenting the citrate [Fe(III) citrate] present in the medium for growth. Key: +++ , Total Fe(III)-reduction;  ++ , Partial Fe(III)-reduction; + , 
growth but no Fe(III)-reduction; –, no growth or Fe(III)-reduction; NA , Not applicable; ND , Not determined. Note: in the column labelled 3c.: 
++ , growth observed = OD580 nm > 0.12; ++ , growth observed = OD580 nm < 0.12.  

  Enrichments in Fe(III) citrate-PL medium amended with:  Subculture into Fe(III)OOH-PL medium amended with: Subculture into: 
Lab Sample  

Number 
In situ 

Temperature 
1. Yeast Extract 

(0.2 %) 
2. Benzoate  

(4 mM) 
3. Cinnamate  

(4 mM) 
2a. Benzoate 

(4mM)* 
3a. Cinnamate  

(4 mM)* 
3b. Yeast Extract  

(0.2 %)† 
3c. (0.1 %) YE medium 

+ 0.2 % Citrate† 
1 53 - - - NA NA NA NA 
3 32 ++ ++ +++ + + ++ ++ 
5 75 +++ + +++ ND ND ND ND 
8 76 +++ +++ +++ +++ ++ + + 

10 75 +++ +++ +++ +‡ ++ +++ + 
11A 70 +++ +++ +++ + + + ND 
13 73 +++ ++ ++ ND - - NA 
14 62 +++ +++ +++ - +‡ + ND 
15 60 +++ +++ +++ ND + + - 

17A 70 +++ +++ ++ ++ - + - 
18 64 +++ ++ +++ - + ++ + 
20 53 +++‡ +++ +++ - + +++‡ + 
22 74 +++ ++ ++ + + + - 
23 70 +++ ++ ++ ++‡ + + + 
24 70 +++‡ +++ +++ - ++ +++‡ + 
25 65 +++ +++ +++ + + +++ ++ 
26 48 +++‡ +++ ++ + + +++‡ - 

26A 70 - ++ ++ NA ND ++ ++ 
27 46 +++‡ ++ + +++ + +++‡ ++ 
28 70 +++ +++ +++ - ND ++ ++ 
29 60 +++‡ +++ +++‡ +‡ +++ ++‡ - 

30 A 63 ++ ++ ++ + ND ++ ++ 
31 60 +++ +++‡ +++ ++‡ ND +++‡ - 
32 60 +++ +++‡ ++ ++‡ ND +++ + 

41 B 88.5 - ++ - ND NA NA NA 
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43 59 - -  NA NA NA NA 
54 58 ND +++ +++ + + +++ ++ 
57 64 ND +++ - NA NA NA NA 
58 63 ++  ++ NA ND ND ND 
59 88.5 +++‡ ++ ++ ND + +++ ND 
62 60 ND ++ ++ - ND ND ND 
63 60 ND +++ ++ - + + - 
64 58 ++ ++ ++ ND ND ND ND 
65 54 - - - NA NA NA NA 
66 52.5 +++ + +++ ND ND ND ND 
67 52 - - ++ NA ND ND ND 

*Results after 5 days incubation at 50 °C are shown. 
† Results a er 3 days incuba on at 50 °C are shown. 
‡ 16S rRNA gene sequencing results of culture were sugges ve of inhomogeneous condi ons.  
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Table 3.24: Phylogenetic analyses, based on 16S rRNA gene sequencing, of cultures resulting from the enrichments of various Great 
Artesian Basin Bore samples with iron(III) citrate as an electron acceptor and either benzoate or cinnamate as an electron donor. 

Lab 
Sample 
Number 

Enrichment conditions Subculture Media 
Components 

 

  16S rRNA gene analysis   
Electron 
Acceptor 

Carbon 
source 

Isolate 
Name 

Contig 
Length 

Nearest Phylogenetic Neighbour 
(Blastn) 

Genbank 
Accession 
Number 

Similarity 
 

27 Fe(III) citrate Cinnamate Fe(III) citrate / 
cinnamate*  

27 1501 Propionispora hippei AJ509828 1369/1500 (91%) 

8 Fe(III) citrate Cinnamate Fe(III)OOH / cinnamate 8o 1 061 Anoxybacillus flavithermus CP000922 843/858 (98 %)† 
14 Fe(III) citrate Cinnamate Fe(III)OOH / cinnamate 14o 453 Caloramator australicus strain RC3 EU409943 418/422 (99 %)† 
27 Fe(III) citrate Benzoate Fe(III)OOH / Benzoate 27x 613 Fervidicella metallireducens strain AeB FJ481102 512/514 (99 %)† 
20 Fe(III) citrate Cinnamate TYEG Medium 20 934 Caloramator coolhaasii AF104215  927/937 (98%) 
23 Fe(III) citrate Cinnamate TYEG Medium 23 1 011 Caloramator coolhaasii AF104215  1002/1016 (98%) 
24 Fe(III) citrate Cinnamate TYEG Medium 24 1 013 Caloramator coolhaasii AF104215  991/1003 (98%) 
25 Fe(III) citrate Cinnamate TYEG Medium 25 887 Thermobrachium celere DQ207958 874/884 (98%) 
29 Fe(III) citrate Cinnamate TYEG Medium 29 871 Thermobrachium celere DQ207958 861/871 (98%) 
32 Fe(III) citrate Cinnamate TYEG Medium 32 932 Caloramator coolhaasii AF104215  915/930 (98%) 
10 Fe(III) citrate Benzoate Media D 105-D 990 Bacillus licheniformis GQ470399 986/988 (99%) 
31 Fe(III) citrate Benzoate Media D 31-D 1 300 Anoxybacillus flavithermus FJ950739 1278/1300 (98%) 
20 Fe(III) citrate Benzoate Media D 20A-D 1 420 Bacillus licheniformis HM055601 1398/1431 (97%) 

*Isolate was purified using solid (gelrite amended) medium as described in Section 2.4.2. 
†Sequence was of poor quality with more than approximately 15 % mixed signal (N, K, S, etc.)/ error reads. However, when such results were 
masked from the analyses, the sequences matched the given phylogenetic neighbour with > 99 % similarity. 
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3.5.4 DISCUSSION  

 

The high number of positive enrichments of iron(III)-reducing thermophiles from the 36 GAB 

samples (Table 3.22) confirmed their suspected widespread occurrence in the GAB subsurface 

environment. This is an expected result due to the high levels of iron(III) in the Australian 

subsurface and the dominance of iron(III)-reducers in thermal subsurface environments. 

However, these preliminary investigations failed to confirm the presence and investigate the 

diversity of aromatic compound-oxidising DIRB in the enrichment cultures. Although a high 

number of successful subcultures of the benzoate and cinnamate enrichment cultures into 

Fe(III)OOH-PL medium amended with the same electron donor were observed (Table 3.23; 

columns 2a and 3a respectively), without GC and HPLC analyses it could not be confirmed 

whether the observed iron(III)-reduction in these cultures was linked to either the utilisation of 

the aromatic compounds or to the trace yeast extract present in the PL-medium. Future 

studies of these cultures need to use GC and HPLC analyses to investigate the substrate-

concentrations during and subsequent to growth to determine if the aromatic compounds 

were utilised for growth. 

 

16S rRNA gene sequence phylogenetic analyses of cultures resulting from the GAB 

enrichments revealed that the thermoanaerobic fermenters were dominated by members of 

the genus Caloramator and that thermoaerobic yeast extract fermenters were dominated by 

members of the genera Anoxybacillus and Bacillus. These findings concur with the results 

obtained from studies of the GAB New Lorne environment (Section 3.3). Similarly, the findings 

of the isolates designated strain 27, strain 14o and strain 27x which possessed identical 16S 

rRNA gene sequences to strain AeGT (isolated in Section 3.3; and characterised and designated 

Sporolituus thermophilus gen. nov., sp. nov., in Section 4.3), strain RC3T and strain AeBT (both 

isolated in Section 3.3; and characterised and designated Caloramator australicus sp. nov., and 

Fervidicella metallireducens gen. nov., sp. nov., respectively  in Section 4.7) respectively, 

suggest the widespread occurrence of these strains in the GAB groundwaters. Furthermore, 

these results confirm that these strains originate from the deep subsurface as opposed to 

being introduced to the New Lorne microbial mat communities from the surface.  
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3.6 CHAPTER THREE DISCUSSION 

 

The culture-dependent diversity studies performed in this Chapter have extended the known 

microbial diversity that exists in the GAB. During this Chapter numerous novel and modified 

enrichments strategies were developed with varying levels of success. Such included 

microenrichments with the Biolog system and with U-bottom deep-well (1ml) microtiter 

plates, enrichments performed under varied growth conditions and in the presence of seldom 

used energy substrates. When modified with the previously suggested improvements (Sections 

3.2.4 and 3.3.4) it is likely that these unique micro-enrichment strategies could become 

important tools used to access the previously uncultured microbial majority that exists in most 

environments. As with previous studies of the GAB microbial flora, phylogenetic analyses 

revealed that all of the isolates detected were members of phylum Firmicutes, and included 

genera from the families Thermoanaerobacteraceae, Paenibacillaceae, Clostridiaceae, 

Peptococcaceae, Veillonellaceae and Bacillaceae. The phylotypes detected in the New Lorne 

Bore (RN: 17263) microbial mats and other GAB samples, as well as the observed substrate 

utilisation and enrichment growth temperature of each phylotype are summarised in Table 

3.25 to provide a summary of “who is there?” in these GAB environments.  
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Table 3.25: A summary of “Who is there?” The phylotypes detected in the New Lorne Bore (RN: 17263) microbial mat communities and 
various other GAB samples. The observed substrate utilisation and enrichment temperature of each phylotype are also given. Isolates 
characterised in the following chapter and their designated nomenclatures are given in square brackets. Key: ✓, detected; - , not observed; 
→ ; denotes novel phylotype; Youra, Yournah bore (RN 4163); 14 , Sample 14 which is the Portland bore (RN 4165C); Mitch.,  Mitchell bore 
(RN 22981A); Ferm. , fermentation; Temp. , enrichment temperature. 

 Nearest Blastn Match 
 

Similarity GenBank 
Accession 
Number 

Detection in New Lorne Bore Detection in other GAB 
samples 

TEA reduction / Growth conditions 

 Grey 
Mat 

Red 
Mat 

Green 
Mat 

Brown 
Mat 

Youra. 
mats 

14 
(4165C) 

Mitch. 
outflow 

Fe(III) V(V) SO4 O2 Ferm. Temp. 
(°C) 

 Family Thermoanaerobacteraceae               
→ Thermosediminibacter litoriperuensis 

[Fervidicola Ferrireducens] 
95 % 

100 % 
AY703479 
EU443728 

✓       ✓    ✓ 70 

→ Thermovenabulum ferriorganovorum 
[Thermovenabulum gondwanense] 

96 % 
100 % 

AY033493 
EU443729 

 ✓      ✓     70 

 Thermoanaerobacter thermohydrosulfuricus 99 % AY701760  ✓      ✓     70 
 Thermaerobacter subterraneus  >98 % AF343566 ✓          ✓ ✓ 70 
                 
 Family Paenibacillaceae                                                                                                                                            
 Paenibacillus timonesis  99 % AY323611 ✓          ✓ ✓ 70 
                 
 Family Clostridiaceae                

→ Caloramator fervidus  
[Caloramator australicus] 

95  % 
100 % 

L09187 
EU409943 

✓ ✓ ✓   ✓  ✓  -  ✓ 50 

→ Caloramator australicus 95 % EU409943  ✓          ✓ 50 
 Caloramator coolhaasii  >98 % AF104215  ✓ ✓  ✓  ✓ ✓ ✓   ✓ 50 

→ Caloramator indicus 96 % X75788     ✓    ✓   ✓ 50 
 Caloramator uzoniensis 99 % AF489534  ✓ ✓         ✓ 50 
 Thermobrachium celere 99 % DQ207958   ✓     ✓    ✓ 50 

→ Thermobrachium celere  
[Caloramator mitchellensis] 

91 % DQ207958       ✓  ✓   ✓ 50 

→ Clostridium cylindrosporum 
[Fervidicella metallireducens] 

92 % 
100 % 

Y18179 
FJ481102 

   ✓   ✓ ✓     50 

→ Clostridium tunisiense  93 % AY187622       ✓  ✓   ✓ 50 
→ Clostridium thermocellum  91 % CP000568  ✓          ✓ 50 
→ Clostridium quercicolum  93 % AJ010962   ✓      ✓    50 
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→ Geosporobacter subterrenus  
[Thermotalea metallivorans] 

95 % DQ643978 
EU443727 

   ✓ ✓   ✓ ✓   ✓ 50 

                 
 Family Peptococcaceae                

→ Desulfotomaculum putei 
[Desulfotomaculum varum] 

95 % 
100 % 

AF053933 
GU126374 

 ✓        ✓   50 

→ Pelotomaculum thermopropionicum 86 – 89 % AP009389  ✓ ✓     ✓    ✓ 50 
                 
 Family Veillonellaceae                

→ Propionispora hippei 
[Sporolituus thermophilus] 

91 % 
100 % 

AJ509828 
FJ169187 

  ✓    ✓     ✓ 50 

→ Sporomusa sphaeroides  93 % AJ279801    ✓     ✓     50 
→ Sporomusa ovata 90 % AJ279800    ✓         ✓ 50 

                 
 Family Bacillaceae                
 Bacillus licheniformis  >98 % GQ375236  ✓ ✓    ✓    ✓ ✓ 50 
 Anoxybacillus flavithermus >98 % AJ586360   ✓ ✓ ✓       ✓ ✓ 50 
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The culture-dependent studies performed in Chapter Three revealed that at 70 °C the iron(III)-

reducing populations existing in the Grey and Red microbial mats were dominated by 

members of the Family Thermoanaerobacteraceae, of which 2 isolated strains designated 

strain Y170T and R270T were novel phylotypes. 16S rRNA gene sequence analyses of these 

strains determined that strain Y170T was phylogenetically positioned between members of the 

genus Thermosediminibacter (average similarity 93.5 %) and Thermovenabulum 

ferriorganovorum (91.9 %), while strain R270T was more closely related to Thermovenabulum 

ferriorganovorum (96.1 %). These strains are characterised in Section 4.5. The detection of an 

isolate designated R170 which possessed an almost identical 16S rRNA gene sequence 

[943/944 nt (99.9 %)] to Thermoanaerobacter thermohydrosulfuricus is not surprising as 

matching cultures have been isolated from a variety of environments including: mud and soil 

samples; hot springs in Utah and Wyoming, U.S.A.; a sewage plant; and extraction juices from 

beet sugar factories (Lee, et al., 1993). Furthermore, metal-reducing Thermoanaerobacter 

species have previously been detected in the deep subsurface environments (Roh, et al., 2002) 

including the GAB (Grassia, et al., 1996, Ogg, 2003), however the type strain 

Thermoanaerobacter thermohydrosulfuricus DSM 567 (Lee, et al., 1993, Matteuzzii et al., 1978) 

has not previously been described as capable of dissimilatory iron(III)-reduction. As it is likely 

that dissimilatory iron(III)-reduction is a trait shared by many of the members of genus 

Thermoanaerobacter (Slobodkin et al., 1999), it is probable that future GAB microbial diversity 

studies will detect other metal-reducing Thermoanaerobacter species. Future studies could 

assess if the observed dissimilatory iron(III)-reduction by strain R170 is linked to growth and 

energy generation. Such studies could be performed in parallel using the type strain 

Thermoanaerobacter thermohydrosulfuricus DSM 567T, and test the occurrence of this trait in 

all of the other members of genus Thermoanaerobacter. As T. thermohydrosulfuricus is able to 

ferment substrates including glucose, xylose, pectin, dextrin and potato starch, future studies 

of strain R170 could also verify that these substrates are used by strain R170 and subsequently 

identify and characterise the thermophilic enzymes employed by the strain to breakdown 

these substrates. Such thermostable enzymes may be of use in the production of second 

generation biofuels; which is discussed in detail in Chapter Five.  

 

Other genera detected in the mat samples at 70 °C from Family Thermoanaerobacteraceae, 

included aerobic isolates most closely related to Thermaerobacter subterraneus with 16S RNA 

gene sequence similarities of 98 % or greater. This result is not surprising as Thermaerobacter 

subterraneus was originally isolated from the same mat samples. However, it is interesting that 
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no Thermus or Meiothermus species were recovered during these enrichment studies as such 

organisms were previously found to dominate the Grey and Red mat samples (Spanevello, 

2001, Spanevello & Patel, 2004) and were also isolated using Media D. This may have resulted 

due to the influence of the Biolog system, as the limited numbers of aerobic isolates recovered 

at 70 °C were all obtained from enrichments with the Biolog system.  

 

Anaerobic enrichments performed at 50 °C were dominated by members of Family 

Clostridiaceae, namely members of the genera Caloramator. This is an expected result as 

previous microbial ecology studies of the GAB have reported on the dominance of Caloramator 

species in culture-dependent analyses (Spanevello, 2001). Similarly, members of the genera 

Anoxybacillus and Bacillus were commonly detected in aerobic enrichments at elevated 

temperatures. The detection of Caloramator, Anoxybacillus and Bacillus sp. in the Yournanigh 

microbial mats, and the Portland and Mitchell bore outflow in addition to New Lorne Bore 

environments reveals their likely widespread occurrence in the GAB. It is interesting that 

neither Caloramator, Anoxybacillus or Bacillus sp. were detected in culture-independent 16S 

rRNA gene libraries analyses performed by Spanevello (2001), but such organisms have been 

isolated in this project and other culture-dependent studies of the GAB (Spanevello, 2001). 
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4.1 CHAPTER FOUR INTRODUCTION 

 

The culture-dependent studies performed in Chapter Three cultured a number of strains with 

novel phylogenies and extended the known thermophile diversity existing in the GAB. In 

Chapter Four, many of the isolated strains are characterised to assess their physiology and 

likely roles in the GAB environment. These strain characterisations are also used to 

taxonomically validate many of these strains as new species and in some cases as new genera. 

The strains that are characterised in Chapter Four, their method of enrichment and nearest 

phylogenetic neighbour (type strain) are shown in Table 4.1. 

 

There are a number of novel strains discovered in Chapter Three that were not characterised 

in Chapter Four because microscopy analyses and repeated 16S rRNA gene sequencing of 

subcultures grown in mediums amended with different energy substrates (including sugars) 

suggested that these cultures were not 100 % axenic. Attempts to further purify these strains 

using the purification methods described in Section 2.4, and by performing subcultures to 

extinction in differing mediums at differing growth-phases, subsequent to exposure to heat-

shock (95 °C for 20 min) and in media amended with 10 µg ml-1 ampicillin, streptomycin, 

tetracycline, penicillin and chloroamphenicol, all failed to produce axenic conditions (as 

previously described in Section 3.4.4). These strains are summarised in Table 4.2. Also included 

in Chapter Four is a modified method used to determine the mol G + C % of DNA using 

TempliPhi amplifications kits to prepare the genomic DNA (described in Section 4.2.4.3).  
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Table 4.1: Enrichment strategies and phylogenies of strains selected for further characterisation studies.  
Isolate Electron Acceptor/  

Carbon source 
Enrichment 

method 
Incubation 

Temperature 
(°C) 

Isolated 
in 

Section 

Nearest Phylogenetic 
Neighbour 

(Blastn) 

Genbank 
Accession 
Number 

Similarity 
(%) 

Taxonomy Characterised 
in Section 

AeG Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 3.3.4 Propionispora hippei AJ509828 1365/1494 
(91 %) 

Veillonellaceae 4.4 

RH04-3 Sulphate / 
Glycerol 

Deep well 
Microplates 

50 3.3.3.3 Desulfotomaculum 
putei 

AF053933 1343/1409 
(95 %) 

Peptococcaceae 4.4 

Y170 FeO(OH)/ 
Yeast Extract 

Anaerobic 
Liquid medium 

70 3.3.4 Thermosediminibacter 
litoriperuensis 

AY703479 1311/1374 
(95 %) 

Syntrophomonadaceae 4.5 

R270 Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

70 3.3.4 Thermovenabulum 
ferriorganovorum 

AY033493 1380/1431 
(96 %) 

Syntrophomonadaceae 4.5 

B2-1 Fe(III) citrate/  
Yeast Extract 

Anaerobic 
Liquid medium 

50 3.3.4 Geosporobacter 
subterrenus 

DQ643978 1342/1400 
(95 %) 

Clostridiaceae 4.6 

AeB Fe(III) citrate/  
Yeast Extract 

Microaerophilic 
conditions 

50 3.3.4 Clostridium 
cylindrosporum 

Y18179 1310/1421 
(92 %) 

Clostridiaceae 4.7 

RC3 Fe(III) citrate/ 
 Psicose 

Biolog + 
Fe(III) citrate 

70 3.2.3.5 Caloramator fervidus L09187 1472/1536 
(95 %) 

Clostridiaceae 4.7 

VF08 Vanadium(V)/ 
3-hydroxybenzoate 

Deep well 
Microplates 

50 3.3.3.1 Caloramator celere DQ207958 1483/1616 
(91 %) 

Clostridiaceae 4.7 

Ri50-Gl Fe(III) citrate/ 4-
hydroxyphenylacetate 

Anaerobic 
Liquid medium 

50 3.3.4 Caloramator 
coolhaassi 

AF489534 1040/1056 
(98%) 

Clostridiaceae 4.7 
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†Medium used in which the initial purifications were attempted and the novel phylotypes were observed. 
‡Subjected to heat-shock at 95 °C for 20 min. 

 
Table 4.2: Enrichment strategies and phylogenies of strains not selected for characterisation studies because purifications failed to produce 100 
% axenic cultures.  

Strain 
Nomenclature 

Enrichment  
Medium 

 

Enrichment 
Conditions 

Media used for 
Purification† 

Nearest Phylogenetic 
Neighbour (Blastn) 

Genbank 
Accession 
Number 

Similarity 
 

Isolated in 
Section 

VC05-2 V(V) / 
2-Methoxybenzoate 

Deep-well 
Microplates 

TYEG medium Caloramator indicus X75788 1 349/1 396 
(96.6 %) 

3.3.3.1 

VG08 V(V) / 
Malonate 

Deep-well 
Microplates 

V(V) / Malonate Clostridium tunisiense AY187622 1 279/1 370 
(93.4 %) 

3.3.3.1 

RG10-1  SO4 / Pyruvate Deep-well 
Microplates 

SO4 / Pyruvate Caloramator australicus  EU409943 1 135/1 183 
(95.9 %) 

3.3.3.3 

RG10-2  SO4 / Pyruvate Deep-well 
Microplates 

TYEG medium Clostridium 
termocellumi  

CP000568 1 369/1 502 
(91.1 %) 

3.3.3.3 

G3-malate Fe(III) citrate/ 
Malate 

Anaerobic Liquid 
medium 

Fe(III)OOH/ 
Malate 

Sporomusa sphaeroides  AJ279801 695/745 
(93.3 %) 

3.4.3 

Rb50-1  Fe(III) citrate/ 
3-hydroxybenzoate 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
3-hydroxybenzoate 

Pelotomaculum 
thermopropionicum 

AP009389 1 344/1 537 
(87.4 %) 

3.4.3 

Rb50-2 Fe(III) citrate/ 
 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
3-hydroxybenzoate‡ 

Pelotomaculum 
thermopropionicum 

AP009389 1 159/1 343 
(86.3 %) 

3.4.3 

Ri50 Fe(III) citrate/ 
4-hydroxyphenylacetate 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
4- hydroxyphenylacetate 

Pelotomaculum 
thermopropionicum 

AP009389 1 292/1 450 
(89.1 %) 

3.4.3 

AeR Fe(III) citrate/ 
Yeast Extract 

Microaerophilic 
conditions 

Fe(III) citrate/ 
Yeast Extract 

Pelotomaculum 
thermopropionicum 

AP009389 808/907 
(89.1 %) 

3.4.3 

G50J-01 Fe(III) citrate/ 
Cinnamate 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Cinnamate 

Sporomusa ovata AJ279800 813/896 
(90.7 %) 

3.4.3 

G50-J02 Fe(III) citrate/ 
Cinnamate 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Cinnamate 

Propionispora hippei AJ509828 1 369/1 490 
(91.9 %) 

3.4.3 

GHS50 Fe(III) citrate/ 
Yeast Extract 

 

Anaerobic Liquid 
medium /  

Heat- Shock‡ 

Fe(III) citrate/ 
Yeast Extract‡ 

Clostridium quercicolum  AJ010962 764/814 
(93.9 %) 

3.4.3 

G50-malonate Fe(III) citrate/ 
 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Malonate 

Pelotomaculum 
thermopropionicum 

AP009389 766/867 
(88.4 %) 

3.4.3 

.
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4.2 METHODS: PURE CULTURE CHARACTERISATION METHODS 

4.2.1 MORPHOLOGICAL STUDIES 

4.2.1.1 GRAM-STAINING AND LIGHT MICROSCOPY 

 

Cell morphology was observed using a Nikon Optishot microscope and Gram reactions were 

performed as previously described (Collee et al., 1996). For this, a few drops of culture were 

heat-fixed to a microscope slide and the slide stained with crystal violet for approximately 2 

min. The slide was then gently washed with dH2O and stained with Grams iodine for 

approximately one minute. The slide was again washed with dH2O, decolourised with 95 % 

ethanol and counter-stained with Safranin for approximately 1 min. The slide was then rinsed 

with dH2O and blotted dry. The dried slide was then examined under the microscope with 

Gram-positive cells retaining a deep purple colour and Gram-negative cells a pink colour.  

 

 

4.2.1.2 NEGATIVE-STAINING ELECTRON MICROSCOPY 

 

Cultures were placed on carbon-celloidin coated grids, and negatively stained with 1 % 

aqueous uranyl acetate, then examined and photographed with a JEOL 1200EX transmission 

electron microscope operating at 80kV.  

 

 

4.2.1.3 ULTRA-THIN SECTIONS ELECTRON MICROSCOPY 

 

Bacterial cells were fixed with glutaraldehyde fixative solution (3 % glutaraldehyde in 

cacodylate buffer, pH 7.2, osmotically adjusted with sucrose and calcium chloride) and 

processed according to standard methods (Glauert, 1974). Briefly, this involved post-fixation 

with osmium tetroxide and uranyl acetate, prior to dehydration in an ascending series of 

ethanol concentrations. After embedding in Spurr low viscosity resin, ultrathin sections 

(approximately 50 - 60nm thick) were prepared and stained with uranyl acetate and lead 

citrate. Ultrathin sections were examined and photographed with a JEOL 1200EX transmission 

electron microscope operating at 80kV.  
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4.2.1.4 SCANNING ELECTRON MICROSCOPY 

 

Cultures were fixed with freshly prepared 3 % glutaraldehyde fixative [3 % electron 

microscopic grade glutaraldehyde (ProSciTech, Australia) in 0.1 M sodium cacodylate buffer 

(BDH), pH 7.4, adjusted to 300 milli-osmoles with sucrose (BDH) and calcium chloride (BDH)].  

After washing with cacodylate buffer, the samples were post-fixed in 1 % aqueous osmium 

tetroxide (ProSciTech, Australia) for one hour, dehydrated in an ascending series of ethanol, 

and critically point dried with a Denton Vacuum Critical Point dryer. Samples were sputter-

coated with gold (Biorad SC500), prior to examination and digital image recording with a FEI 

Quanta 200 scanning electron microscope, operating at 10kV.   

 

 

4.2.1.5 SPORULATION 

 

The presence of spores was determined by microscopy from cultures that had been grown 

under suboptimal conditions (pH and temperatures), with substrates that included glucose and 

xylose, death-phase cultures and cultures that had been incubated at 4 °C for a period of over 

3 days. In addition, the presence of the sporulation spo0A gene was assessed and compared 

using the primer pair forward GGI(A/G)TICCIGCICA(C/T)AT(A/T/C)AA(A/G)GGITA and reverse 

CATIGC(G/A/T)AT(A/G)AA(C/T)TCI(G/C)(A/T)(A/G)TTIGTIGG(C/T)TT (Brown, et al., 1994 ) as 

specified in specified in Section 2.5.2. 

 

 

4.2.1.6 HEAT-RESISTANCE 

 

Heat resistance was determined by subsequently subculturing three growing cultures that had 

been heat treated at 95 °C for 10, 20 and 30 minutes. Cultures were observed for growth, 

conveying heat resistance and suggesting the presence of a heat resistant body such as a 

spore.  
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4.2.1.7 DETERMINATION OF CELL-WALL COMPONENTS 

 

The whole-cell fatty acid composition of selected isolates was determined by DSMZ. For this, 

fatty acid methyl esters were prepared from 40 mg cells using minor modifications of the 

method of Miller (1982) and Kuykendall et al., (1988), and were separated and analysed using 

Sherlock Microbial Identification System (MIDI, 1999). 

 

 

4.2.2 GROWTH STUDIES 

4.2.2.1 TEMPERATURE, PH GROWTH OPTIMA AND GROWTH RANGE 

 

Unless otherwise indicated, all growth experiments were conducted at least twice and cultures 

were subcultured at least once in the same medium prior to the conduct of the experiment. 

Result-graphs from one set of each test are provided. Unless otherwise stated, the growth of 

aerobes and anaerobes was tested in Media D and anaerobic TYEG medium respectively at 

temperatures ranging from 26 to 85 °C and pH values ranging from 4.5 to 10.0. Water-baths 

were used for comparative temperature incubations and the medium pH was adjusted to the 

desired pH value using 1 M solutions of either HCl or NaOH. The growth of aerobes in medium 

D was determined by measuring the absorbency spectrophotometrically at 660 nm and the 

growth of anaerobes was measured at 580 nm by inserting Hungate tubes directly into a 

modified curvette holder of the Novaspec LKB spectrophotometer (Pharmacia-Biotech Pty. 

Ltd). 

 

 

4.2.2.2 GROWTH CURVE AND GENERATION TIME 

 

A growth curve was determined by measuring the strains growth at optimal temperature and 

pH levels, over a set period of time until death phase was reached. The generation time was 

calculated by determining the number of generations (n), at time t, before stationary phase is 

reached as follows:  

Let   

n   = number of generations 

N1 = the population at time t 

N0    = initial population  
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Using (Staley et al., 2007): Nt = N0 × 2n ,   hence  2n = Nt / N0 ,   

Therefore:  n = Log2 (Nt / N0)  =  Log2 Nt  -  Log2 N0 , 

Where:  Log2 Nt  = Log10 Nt / Log10 2 =     Log10 Nt / 0.301 = 3.322 × Log10 Nt 

Therefore the number of generations (n) at time (t = x)  

= [3.322 (Log10 Nt=x  -  Log10 Nt=0)] /(tx- t0)   

 

 

4.2.2.3 EFFECT OF SODIUM CHLORIDE ON GROWTH 

 

The effect of NaCl on the growth of each strain was determined by adding NaCl directly to 

Hungate tubes at concentrations of 0, 0.1 and 1 – 5 %, the medium dispensed and sterilized. 

Growth was measured for 10 days or until stationary phase was reached. 

 

 

4.2.2.4 ANTIBIOTIC SENSITIVITY 

 

Antibiotic sensitivity was determined by adding the antibiotics chloroamphenicol, 

streptomycin, tetracycline, penicillin and ampicillin or sodium azide from filter sterilized stock 

solutions to sterilized medium to a final concentration of 10 and 100 µg ml-1, or 250 and 500 µg 

sodium azide ml-1. Growth inhibition of each antibiotic was calculated from final turbidity 

measurements of cultures that had been grown in antibiotic-free medium and growth 

expressed as % inhibition.  

 

 

4.2.2.5 AEROBIC GROWTH 

 

The ability of the strains isolated under anaerobic conditions to grow under aerobic conditions 

was tested in Media D and in aerobic YE medium (unless otherwise stated). Cultures were 

incubated for 10 days and growth was determined qualitatively by a visual increase in 

turbidity.  
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4.2.3 NUTRITIONAL STUDIES 

4.2.3.1 GROWTH ON TYEG MEDIA COMPONENTS 

 

To determine the substrate utilisation of the components of TYEG medium, growth on LPBS 

amended with 0.2 % tryptone (medium T), 0.2 % yeast extract (medium YE), 0.2 % each of 

tryptone and yeast extract (medium TYE), 0.2 % glucose (medium G), 0.2 % glucose and 0.2 % 

tryptone (medium TG), and 0.2 % glucose and 0.2 % yeast extract (medium YEG) was 

measured. Growth was compared to growth on TYEG medium and tubes containing LPBS only 

were used as a negative control. Growth was measured at set intervals at 580 nm until 

stationary phase was reached. 

 

 

4.2.3.2 GROWTH EFFECTS OF YEAST EXTRACT 

 

To determine the influence of yeast extract on glucose fermentation, the yeast extract 

concentration in YEG medium was lowered to between 0.02 % and 0.1 % and growth was 

measured and compared to growth on YEG medium.  

 

 

4.2.3.1 SUBSTRATE UTILISATION 

 

Unless otherwise stated, substrate utilisation tests were performed in (0.02 – 0.2 %)YE 

medium in which soluble substrates were added from sterile anaerobic stock solutions to a 

final concentration of 0.2 %. Insoluble substrates were weighed directly into Hungate tubes, YE 

medium dispensed and the medium sterilized. Growth was measured at set intervals at 580 

nm until stationary phase was reached. Growth was regarded as positive if the maximum 

turbidity of the culture was significantly higher in medium YE containing substrates in 

comparison to YE medium lacking the substrate. 

 

 

4.2.3.2 BIOLOG 

 

The metabolic profile of selected strains was further investigated using the Biolog system 

(Biolog Inc.) using the protocols described by the manufacturer. For this, 10 – 30 ml of 
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exponential phase cells of the selected strain grown in TYEG medium (or a modified TYEG 

medium) were centrifuged at 6 000 r.p.m. at 4 °C for 8 min and resuspended in 16 ml of IF 

(Section 2.2.14) to give a final OD600 nm of approximately 0.4 – 0.6. The cell-containing solution 

was again centrifuged and this process was repeated twice before the cells were resuspended 

in IF+Thy and inoculated into either GN2 or GP2 microtiter plates as recommended by the 

manufacturer. The inoculated Biolog MicroPlate was placed inside a humidified plastic sealed 

container and incubated at the strains optimum growth temperature. The absorbance in the 

wells of the microplates were read after 4 – 24 h incubation and the results transformed into 

positive, borderline and negative scores using Biolog MicroStation system software. 

 

 

4.2.3.3 END-PRODUCT DETERMINATION  

 

The liquid end-products from glucose fermentation were determined using a Shimadzu model 

GC14 (TCD/FID) apparatus equipped with a flame ionization detector set at 210 °C. The end-

products were separated on a Carbosphere (80/100) column by using N2 at a flow rate of 0.6 

Kg.cm-2 as a carrier gas, and H2 and air at flow rates of 0.43 and 0.4 Kg.cm-2 respectively. The 

oven temperature and the injector temperature were set at 200 and 215 °C respectively. The 

end products were determined qualitatively using a Rikadenki Chart Recorder by the 

comparisons of peaks given by control stock solutions of possible end-products. The Gas end-

products (CO2 and H2) were determined using a Shimadzu model GC8 apparatus equipped with 

a thermal conductivity detector with N2 as the carrier under the same conditions.  

 

 

4.2.3.4 ELECTRON ACCEPTOR UTILISATION 

 

Electron acceptor utilisation tests were performed under optimal growth conditions as 

described in Section 2.3. 
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4.2.4 DETERMINING MOL % G + C CONTENT OF DNA 

4.2.4.1 HIGH MOLECULAR WEIGHT DNA EXTRACTIONS USING THE METHOD OF MARMUR (1961) 

 

Genomic DNA extraction for determining the mol % G + C content of DNA was performed on 2 

l of actively growing culture using a modification of the method of Marmur (1961). Cells from a 

late log phase culture were collected by centrifugation at 6 000 rpm for 15 min (Sigma 4K15, 

Quantum Scientific Pty Ltd, Australia), and approximately 0.5 g of cells were then resuspended 

in 6 ml of TE buffer (pH 7.4), 600 µg of RNase A, 70 μl of lysozyme (100 mg ml-1) and 120 µl of 

achromopeptidase (6 mg ml-1) and incubated at 37 °C for 1 h.  360 µl of 10 % SDS and 36 µl of 

proteinase K (20 mg ml-1) were added and the suspension was incubated at 50 °C for 2 h. Cell 

lysis was checked by light microscopy. DNA was purified from the suspension by extracting it 

with equal volumes of phenol: chloroform: isoamylalcohol (25:24:1) and inverting gently for 1 

h. The suspension was centrifuged at 10 000 rpm for 20 min and the clear upper phase was 

transferred to a sterile 15 ml centrifuge tube using a sterile wide bore plastic pipette. 

Chromosomal DNA was precipitated by adding an equal volume of cold 100 % ethanol and 

mixed by gentle inversion. High molecular weight DNA was recovered from the ethanol-

aqueous interface by spooling using sterile disposable loops and was subsequently dissolved 

into a suitable amount of 10 mM Tris-HCl (pH 8.0) before the DNA quality was assessed by 

agarose gel electrophoresis (Section 2.7.3).  

 

 

4.2.4.2 HIGH MOLECULAR WEIGHT DNA EXTRACTIONS USING TEMPLIPHI AMPLIFICATION KITS 

 

DNA extraction and genome amplification was performed using Amersham Biosciences 

TempliPhi Amplification Kits using a modification of the conditions and protocols described by 

the manufacturer in which a longer incubation period (4–4.5 min at 95 °C) was used to release 

the bacterial chromosomal DNA for amplification. Either 0.4 µl of concentrated log-phase cells 

thrice washed in sdH2O or DNA extracted as described in Section 2.5.2 was used per TempliPhi 

reaction. 
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4.2.4.3 THERMAL DENATURATION DNA MOL % G + C CALCULATIONS 

 

The High Molecular Weight (HMW) DNA was diluted to approximately 20 µg ml-1 (A260 values 

between 0.3-0.5) in 1 × , 0.33 × , or 0.1 × SSC solution. The DNA melting temperature (Tm) was 

determined by the thermal denaturation method (Marmur & Doty, 1962) using a Cintra20 

spectrophotometer (GBC Scientific Equipment, Australia) heating from 65 °C to 92 °C. E. coli 

DNA was used as a reference DNA and was prepared using the same conditions. The mol % G + 

C was calculated from the equations (De Lay, 1970): 

  1      ×SSC: % G + C = 2.44(Tm) – 169.3 

or  0.33 ×SSC: % G + C = 2.24(Tm) – 135.14 

or  0.1   ×SSC: % G + C = 2.08(Tm) – 106.4 

 

 

4.2.5 GENE SEQUENCING AND SEQUENCE ANALYSES 

 

DNA extraction, gene sequencing and sequence analyses were performed as described in 

Section 2.5. 
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4.3 THE CHARACTERISATION OF SPOROLITUUS THERMOPHILUS STRAIN AEGT GEN. 

NOV., SP. NOV. 

4.3.1 MORPHOLOGICAL STUDIES 

 

The cells of strain AeGT were sluggishly motile, peritrichously flagellated, curved rods (2.0 – 

10.0 x 0.8 – 1.0 m) which existed singly and in short chains, and readily formed spores in all 

mediums tested. Cells of strain AeGT stained Gram-negative and electron micrographs of thin 

sections confirmed a Gram-negative cell wall ultrastructure consisting of an inner electron 

dense layer adjacent to the cell membrane and an outer electron light layer consisting of 

regular protein subunits (Fig. 4.1). 

 

b 

CWO 

CWi 

CM 

a 

F 

Figure 4.1: Electron micrographs of cells of strain AeGT. (a) Negatively stained cells showing 
curved cell structure and flagella (F). Bar, 500 nm. (b) Transmission electron micrograph of a 
thin section showing cell wall ultrastructure structure revealing the presence of a cytoplasmic 
membrane (CM), an electron dense wall layer adjacent to the membrane (CWi) and an outer 
cell wall layer (CWo). Bar, 100 nm. 
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4.3.2 GROWTH STUDIES 

 

Strain AeGT grew optimally in TYECit medium at 55 °C (temperature growth range between 45 

and 60 °C) and a pH of 7 (pH growth range between 6.5 and 8) (Fig 4.2 – 3). No growth of strain 

AeGT was observed under aerobic conditions in Medium D (Brock & Freeze, 1969), Medium D 

amended with citrate (0.2 %) or in aerobic YECit medium. Anaerobic growth of strain AeGT on 

TYECit medium was completely inhibited (100 % inhibition) in the presence of 10 µg ml-1 

ampicillin, streptomycin, tetracycline, penicillin and chloroamphenicol, and at NaCl 

concentrations higher than 1 %.  

 

 
Figure 4.2: The effect of temperature on strain AeGT. OD580 readings after 22 h 
growth in TYECit medium are shown. 
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Figure 4.3: The effect of pH on strain AeGT. OD580 readings after 23 h growth in 
TYECit medium are shown. 

 

 

4.3.3 NUTRITIONAL STUDIES 

 

The effect of each specific energy substrate (yeast extract, tryptone and citrate) present in 

TYECit medium, both individually and in combination, on the growth of strain AeGT is shown in 

Fig. 4.4.  No growth of strain AeGT was observed in LPBS medium amended with 0.2 % tryptone 

(medium T), 0.2 % yeast extract (medium YE), or 0.2 % each of tryptone and yeast extract 

(medium TYE) and on citrate as the sole carbon source. Growth only occurred in LPBS medium 

which contained 0.2 % each of citrate and tryptone (TCit medium) or with 0.2 % each of citrate 

and yeast extract (YECit medium) with optical densities reaching approximately 75 % and 83 % 

compared to the growth in TYECit medium (100% = OD580 nm of 0.19) after 25 hours incubation. 

When yeast extract concentrations were lowered in YECit medium to 0.02% and 0.05 %, 

approximately 35 % and 20 % less growth was observed respectively after 25 hours incubation 

and approximately equal growth was observed with 0.1 % yeast extract compared to 0.2 % 

yeast extract (OD580 0.16 = 100 %) (Fig. 4.5). This suggested that yeast extract increases the 

growth rate of strain AeGT in the presence of citrate in a dose dependant manner up to 0.1 %. 
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Figure 4.4: The effect of each specific energy substrate (yeast extract, tryptone 
and citrate) present in TYECit medium on the growth of strain AeGT. Key:  , 
Tryptone, yeast extract and citrate (TYECit) medium;   , Tryptone and yeast 
extract (TYE) medium;  , Tryptone and citrate (TCit) medium; X , yeast extract 
and citrate (YECit) medium;  , Tryptone only medium (T medium);  , Yeast 
extract only medium (YE medium);  + , Citrate only medium (Cit medium); , 
Medium not containing any carbon sources (LPBS medium).   
 

 
Figure 4.5: The effect of yeast extract on the growth of strain AeGT with 
citrate. Key:  , yeast extract (0.2 %) and citrate;   , yeast extract (0.1 %) and 
citrate;  , yeast extract (0.05 %) and citrate; X , yeast extract (0.02 %)and 
citrate (YECit) medium;  , Citrate only medium (Cit medium);  , Yeast extract 
only medium (YE medium);  + , Medium not containing any carbon sources (LPBS 
medium). 
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The growth of strain AeGT was only observed in 0.02 % and 0.1 % YE medium amended with 

citrate and malate but not with glucose, galactose, mannose, lactose, cellobiose, rhamnose, 

xylose, sucrose, ribose, fructose, arabinose, maltose, raffinose, mannitol, inositol, dextrin, 

starch, pectin, chitin, peptone, glycerol, ethanol, acetate, propionate, succinate, pyruvate, 

aspartate, formate, casamino acids and amyl media.  

 

 

4.3.4 ELECTRON ACCEPTOR UTILISATION 

 

In the presence of yeast extract (0.2 %), strain AeGT was able to reduce thiosulphate and 

sulphite but not sulphate, sulphur, nitrate, iron(III) chloride, amorphous iron(III) oxyhydroxide 

or amorphous manganese(IV) dioxide. 

 

 

4.3.5 MOL % G + C CONTENT OF DNA 

 

The mol % G + C content of the genomic DNA of strain AeGT was calculated to be 55 ± 1. 

 

 

4.3.6 16S RRNA GENE SEQUENCE ANALYSIS 

 

Phylogenetic analysis of the consensus 16S rRNA gene sequence comprising 1501 nucleotides 

indicated that strain AeGT was a member of the family Veillonellaceae, class Clostridia, phylum 

Firmicutes and was most closely related to Propionispora vibrioides (similarity value 90.7 %) 

and Propionispora hippie (similarity value 90.8 %) (Fig. 4.6). 
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4.3.7 DISCUSSION OF STRAIN AEGT 

 

Strain AeGT was isolated using a modified enrichment strategy (Section 3.4.2.5.1) which aimed 

to create a microaerophilic environment to cultivate facultative anaerobic iron(III)-reducing 

microbes. However, instead of utilising the iron(III) present in the medium as a TEA, strain 

AeGT utilised the citrate present in the iron(III) compound [ammonium iron(III) citrate]. 

Another citrate-fermenting strain, designated strain 27 was isolated and purified on Fe(III) 

citrate-PL medium amended with 4 mM cinnamate from the Mitchell bore and possessed an 

identical (>99 %) 16S rRNA gene sequence to strain AeGT (Section 3.5.3). This suggests that 

5% 

Sporolituus thermophilus strain AeGT (FJ169187) 
Propionispora hippei DSM 15287T (AJ508927) 
Propionispora vibrioides DSM 13305T (AJ279802) 

Dendrosporobacter quercicolus ATCC 25974T (M59110) 
Anaerosinus glycerini DSM5192T (AJ010960) 

Anaeromusa acidaminophila DSM 3853T (AF071415) 
Anaeroarcus burkinensis DSM 6283T (AJ010961) 

Succiniclasticum ruminis DSM 9236T (X81137) 
Phascolarctobacterium faecium ACM 2679T (X72865) 

Megamonas hypermegale DSM 1672T (AJ420107) 
Mitsuokella jalaludinii DSM 13811T (AF479674) 

Megasphaera micronuciformis AIP 412.00T (AF473834) 
Veillonella criceti ATCC 17747T (AF186072) 

100 

100 

100

Sporomusa species 

100

100

Figure 4.6: A dendrogram showing the phylogenetic position of 
Sporolituus thermophilus strain AeGT and its closest relatives. Bootstrap 
values > 95 are shown. The scale bar indicates 5 nucleotide changes per 
100 nucleotides. GenBank accession numbers are given in the 
parentheses. The triangle represents Sporomusa species including: 
Sporomusa rhizae DSM 16652T (AM158322), Sporomusa aerivorans DSM 
13326T (AJ506191), Sporomusa ovate DSM 2662T (AJ279800), Sporomusa 
silvacetica DSM 10669T (Y09976), Sporomusa termitida DSM 4440T 
(M61920), Sporomusa malonica DSM 5090T (AJ279799), Sporomusa 
acidovorans DSM 3132T (AJ279798) and Sporomusa sphaeroides DSM 
2875T (AJ279801). 
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perhaps strain AeGT may be a widely dispersed and therefore an important citrate-fermenting 

thermophile in the GAB subsurface environment. Future studies could utilise qPCR based on a 

16S rRNA gene assay specific to strain AeGT or clone library counts from numerous spacially 

dispersed GAB samples to investigate this further.  

 

The closest relatives to strain AeGT, Propionispora vibrioides DSM 13305T (similarity value 90.7 

%) (Abou-Zeid et al., 2004) and Propionispora hippie DSM 15287T (similarity value 90.8 %), 

were isolated from compost and sewage sludge respectively (Biebl et al., 2000). Strain AeGT 

and both Propionispora species are Gram-negative curved rods, which readily form terminal 

endospores and grow at near neutral pH levels. However, strain AeGT can be differentiated 

from both the Propionispora species by its thermophilic nature, greater G + C content of DNA 

and its inability to ferment substrates other than citrate and malate (Table 4.3). 

 

Table 4.3: Differential characteristics of Sporolituus thermophilus strain AeGT 
and members of the genus Propionispora. Strains: 1, Sporolituus thermophilus 
strain AeGT; 2, Propionispora hippei DSM 15287T (Biebl, et al., 2000); 3, 
Propionispora vibrioides DSM 13305T  (Abou-Zeid, et al., 2004). +, positive; –, 
negative, ND, not determined. 

Characteristic  
 

1 2 3 

Habitat  Microbial mats from a 
thermal aquifer bore 

outflow 

Sewage sludge, from a 
municipal treatment 

plant 

Compost 

Morphology Curved rods Vibrio to slightly 
curved rods 

Vibrio to slightly 
curved rods 

     Length 2.0 – 10.0 2.0 – 10.0 2.2 – 6.0 
     Width 0.8 – 1.0 0.6 – 1.0 0.6 
Temperature (°C)    
     Optimum 55 37 37 
     Range 45 – 60 20 – 50 25 – 40 
Carbohydrate 
fermentation 

– + + 

Organic Acid fermentation + ND – 
G + C (mol %) 55.4† 42.3‡ 48.5‡ 
16S rRNA gene similarity 
to strain AeGT (%) 

100 90.8 90.7 

†Determined by the thermal denaturation method. 
‡Determined by high-performance liquid chromatography.  

 

Based on the phenotypic differences and the large phylogenetic distance separating strain 

AeGT from other members of the family Veillonellaceae, we propose to create Sporolituus 

thermophilus gen. nov., sp. nov., to accommodate this newly described strain. 
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4.3.8 DESCRIPTION OF SPOROLITUUS GEN. NOV.  

Sporolituus (Spo.ro.li'.tu.us. Gr. Fem. N. spora, a seed, and in biology a spore; L. masc. n. lituus 

a curved rod, crook; N.L. masc. n. Sporolituus a spore-forming curved-rod.) 

 

Cells are strictly anaerobic, thermophilic, spore-forming, curved rods that stain Gram-negative. 

Sluggishly motile. Cells possess peritrichous flagella. 16S rRNA gene analysis indicates that the 

genus is a member of the family Veillonellaceae, most closely related to the Propionispora 

genus (average similarity 90.8 %). The type species and the sole member of this genus is 

Sporolituus thermophilus strain AeGT.  

  

 

4.3.9 DESCRIPTION OF SPOROLITUUS THERMOPHILUS SP. NOV.  

Sporolituus thermophilus (ther.mo.phi’lus Gr. fem. adj. thermos heat; Gr. adj. philos loving; N. 

L. mas. adj. thermophilus heat-loving).  

 

Cells are 2.0 – 10.0 x 0.8 – 1.0 m. Growth occurs between 45 and 60 °C (optimum 

temperature 55 °C) and pH 6.5 to 8 (optimum pH 7). Utilizes citrate and malate but not yeast 

extract, tryptone, peptone, glucose, galactose, mannose, lactose, cellobiose, rhamnose, xylose, 

sucrose, ribose, fructose, arabinose, maltose, raffinose, mannitol, inositol, dextrin, starch, 

pectin, chitin, glycerol, ethanol, acetate, propionate, succinate, pyruvate, aspartate, formate, 

casamino acids and amyl media. Thiosulphate and sulphite are reduced but not sulphate, 

sulphur, nitrate, iron(III) or manganese(IV). Sensitive to chloroamphenicol, streptomycin, 

tetracycline, penicillin, ampicillin and NaCl concentrations greater than 1 %. The G + C content 

of the genomic DNA is 55.4 ± 1 mol %. Phylogenetically related to the Propionispora vibrioides 

(similarity value 90.9 %) (Abou-Zeid, et al., 2004)  and Propionispora hippie (similarity value 

91.0 %) (Biebl, et al., 2000). The type strain AeGT (=KCTC 5668T= JCM 15556T) was isolated from 

a microbial mat sample from the outflow of a Great Artesian Basin bore (the New Lorne   Bore) 

in Queensland, Australia.  
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4.4 THE CHARACTERISATION OF DESULFOTOMACULUM VARUM STRAIN RH04-3T SP. 

NOV.  

4.4.1 MORPHOLOGICAL STUDIES 

 

The cells of strain RH04-3T were peritrichously flagellated, straight to slightly curved rods (2.0 – 

5.0 x 1.0 m) which existed singly, in pairs and short chains, and regularly formed terminal and 

sub-terminal oval-shaped spores in culture. Cells of strain RH04-3T stained Gram-positive and 

electron micrographs of thin sections revealed cell-walls that comprised of electron dense 

protein subunits sandwiched between an electron dense cell-membrane and a diffused outer 

layer, typical of a Gram-positive cell-wall ultrastructure (Fig. 4.7) as exemplified by 

Desulfotomaculum australicum (Love, et al., 1993) and Thermoanaerobium brockii (Patel et al., 

1986, Zeikus, et al., 1979).  

 

 
 

F 

a 

CM 

b 

 CWi 

CWo 

Figure 4.7: Electron micrographs of cells of strain RH04-3T. (a) Negatively stained cells 
showing a peritrichously flagellated cell. Flagella, (F). Bar, 500 nm. (b) Transmission 
electron micrograph of a thin section revealing the presence of a multi-layered electron 
light and electron dense inner cell-wall (CWi), in between an electron dense cytoplasmic 
membrane (CM) and an electron dense outer cell wall (CWo). Bar, 50 nm. 
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4.4.2 GROWTH STUDIES 

 

Strain RH04-3T grew optimally in SO4-PL medium amended with 0.2 % glycerol at 50 C 

(temperature growth range between 37 and 55 oC) and a pH of 7 (pH growth range of 5.0 and 

8.5) (Fig 4.8 – 4.9). Strain RH04-3T was unable to grow under aerobic conditions in medium D 

amended with 0.2 % pyruvate and in aerobically prepared PL medium amended with 0.2 % 

pyruvate. Strain RH04-3T grew (anaerobically) in the absence of NaCl, but not with NaCl 

concentrations ≥ 1.5 % (w/v) [NaCl growth range between 0 - 1 % (w/v)]. Increased growth was 

observed at 0.1 % NaCl (w/v). The growth of strain RH04-3T under optimal conditions on the 

same medium was completely inhibited in the presence of 10 µg ml-1 chloroamphenicol, 

streptomycin, tetracycline, penicillin and ampicillin.  

 

 
Figure 4.8: The effects of temperature on strain RH04-3T. OD600 readings after 
24 h growth in SO4-PL medium amended with 0.2 % glycerol are shown. 
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Figure 4.9: The effects of pH on strain RH04-3T. OD600 readings after 38 h 
growth in SO4-PL medium amended with 0.2 % glycerol are shown. 

 

 

4.4.3 NUTRITIONAL STUDIES 

 

Strain RH04-3T required a minimum of 0.01 % (w/v) yeast extract for growth [no growth 

occurred at yeast extract concentrations of 0 – 0.005 % (w/v)] in SO4-PL medium amended 

with 0.2 % glycerol. Growth occurred in the absence of the vitamins and trace elements. In the 

presence of sulphate, strain RH04-3T utilized fructose, mannose, glycerol, lactate, pyruvate and 

H2 but not glucose, lactose, ethanol, malate, acetate, propionate, formate, succinate, casamino 

acids, benzoate, butyrate, propanol, methanol and butanol. In the absence of sulphate, 

pyruvate was fermented but not fructose, mannose, glycerol, lactate, acetate, malate, 

formate, ethanol, butanol or propanol.  

 

 



CHAPTER FOUR:     CHARACTERISATIONS OF SELECTED STRAINS 

 

  
163 

 

  

4.4.4 ELECTRON ACCEPTOR UTILISATION 

 

In the presence 0.2 % glycerol, strain RH04-3T reduced sulphate, sulphite, thiosulphate and 

elemental sulphur but not fumarate, nitrate, nitrite, iron(III), arsenic(V), vanadium(V) or 

cobalt(III). 

 

 

4.4.5 MOL % G + C CONTENT OF DNA 

 

The mol % G + C content of the genomic DNA of strain RH04-3T was calculated to be 52.4 ± 0.8. 

 

 

4.4.6 16S RRNA GENE SEQUENCE ANALYSIS 

 

The phylogenetic analysis of the consensus 16S rRNA gene sequence comprising 1479 

nucleotides indicated that strain RH04-3T was a member of the family Peptococcaceae, class 

Clostridia, phylum Firmicutes and most closely related to the Desulfotomaculum cluster Ia 

organisms: Desulfotomaculum putei DSM 12395T (similarity value of 95.9 %) and 

Desulfotomaculum hydrothermale DSM 18033T (similarity value of 93.7 %) (Fig. 4.10). The 

defining signature nucleotides G:A at position 662/743, A:U at position 1118/1115 and A:U at 

position 1120/1153 [E. coli numbering according to Winkler & Woese (1991)] and several other 

discriminatory nucleotides distributed in subcluster Ia at the exclusion of other members of 

the Desulfotomaculum subclusters were also identified in the 16S rRNA of strain RH04-3T 

confirming its phylogenetic placement as a member of subcluster Ia (Stackebrandt et al., 1997) 

(Table 4.4). Finally, the presence of a smaller helix 6 [positions 61 to 106, E. coli numbering 

according to Winkler & Woese (1991)] comprising of 47 nucleotides in both strain RH04-3T and 

Desulfotomaculum putei, compared to the larger helix 6, in D. hydrothermale comprising 97 

nucleotides clearly differentiate strain RH04-3T from D. hydrothermale (and members of 

Desulfotomaculum clusters Id and Ic, and D. gibsoniase, cluster 1b, with which helix 6 

comprises of 100 – 124 nucleotides). 
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Desulfonispora thiosulfatigenes DSM 11270T (Y18214) 

 

Desulfotomaculum acetoxidans DSM 771T (Y11566) 

 

Desulfotomaculum geothermicum DSM 3669T (AJ621886) 

 
Desulfotomaculum gibsoniae DSM 7213T (AJ294431) 

 

Desulfotomaculum thermobenzoicum subsp. thermosyntrophicum DSM 14055T (AY007190) 

 

Desulfotomaculum putei DSM 12395T (AF053929) 

 

Desulfotomaculum solfataricum DSM 14956T (AY084078) 

 
Desulfotomaculum kuznetsovii DSM 6115T (Y11569) 
Desulfotomaculum thermosubterraneum RL50JIIIT (DQ208688) 

 
Desulfotomaculum luciae ATCC 700428T (AF069293) 

 
Desulfotomaculum thermocisternum DSM 10259T (U33455) 

Desulfotomaculum australicum ACM 3917T (M96665) 

 Desulfotomaculum thermobenzoicum subsp. thermobenzicum DSM 6193T (Y11574) 
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Desulfotomaculum arcticum DSM 17038T (DQ148942) 

 
Desulfotomaculum alcoholivorax DSM 16058T (AY548778) 

Desulfotomaculum thermosapovorans DSM 6562T (Y11575) 

 
Desulfotomaculum sapomandens DSM 3223T (AF168365) 

Desulfotomaculum nigrificans DSM 574T (X62176) 

 
Desulfotomaculum carboxydivorans DSM 14880T (AY961415) 

 
Desulfotomaculum ruminis DSM 2154T (Y11572) 

Desulfotomaculum aeronauticum DSM 10349T (X98407) 
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Desulfotomaculum halophilum SEBR 3139T (U88891) 

 
Desulfotomaculum alkaliphilum ATCC 700784T (AF097024) 
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Figure 4.10: A dendrogram showing the phylogenetic position of Desulfotomaculum varum strain RH04-3T and its closest relatives. 
Desulfotomaculum clusters Ia – If and bootstrap values > 95 are shown. The scale bar indicates 5 nucleotide changes per 100 nucleotides. GenBank 
accession numbers are given in the parentheses. Clusters of members of the same genus (outside the genus Desulfotomaculum) are indicated by 
triangles and include: Desulfosporosinus meridiei DSM 13257T (AF076527), Desulfosporosinus auripigmenti DSM 13351T (AJ493051) and 
Desulfosporosinus orientis DSM 765T (Y11570) for the genus Desulfosporosinus, and Desulfitobacterium metallireducens DSM 15288T (AF297871), 
Desulfitobacterium dehalogenans DSM 9161T (L28946), Desulfitobacterium chlororespirans DSM 11544T (U68528) and Desulfitobacterium hafniense 
DSM 10664T (U40078) for the genus Desulfitobacterium.  
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Table 4.4: 16S rRNA gene sequence signature nucleotides in Desulfotomaculum subclusters Ia through to If. Subcluster Ia is composed of: 
D. nigrificans DSM 574T (X62176), D. carboxydivorans DSM 14880T (AY961415), D. ruminis DSM 2154T (Y11572), D. aeronauticum DSM 10349T 
(X98407), D. putei DSM 12395T (AF053929), D. varum strain RH04-3T (GU126374) and D. hydrothermale DSM 18033T (EF081293). Subcluster 
Ib is composed of: D. geothermicum DSM 3669T (AJ621886), D. arcticum DSM 17038T (DQ148942), D.alcoholivorax DSM 16058T (AY548778), 
D. gibsoniae DSM 7213T (AJ294431), D. thermosapovorans DSM 6562T (Y11575) and D. sapomandens DSM 3223T (AF168365). Subcluster Ic is 
composed of: D. solfataricum DSM 14956T (AY084078), D. kuznetsovii DSM 6115T (Y11569), D. thermosubterraneum RL50JIIIT (DQ208688), D. 
luciae ATCC 700428T (AF069293), D. thermocisternum DSM 10259T and D. australicum ACM 3917T (M96665). Subcluster Id is composed of: D. 
thermobenzoicum subsp. thermosyntrophicum DSM 14055T (AY007190), D. thermobenzoicum subsp. thermobenzicum DSM 6193T (Y11574) 
and D. thermoacetoxidans DSM 10259T (U33455). Subcluster Ie is composed of D. acetoxidans DSM 771T (Y11566). Subcluster If is composed 
of D. halophilum SEBR 3139T (U88891) and D. alkaliphilum ATCC 700784T (AF097024). Key: Pur, purine; Pyr; Pyrimidine. 

  Signature Nucleotide(s) in: 
E. coli 

Positions 
E. coli  Subcluster Ia 

(7 strains) 
Subcluster Ib 

(6 strains) 
Subcluster Ic 

(6 strains) 
Subcluster Id 

(3 strains) 
Subcluster Ie 

(1 strain) 
Subcluster If 

(2 strains) 
 

66 – 103 A-U A-U A-U G-C G-C A-U A-U 
154 – 167 U-A  A-U  G-U  G-C  

G-G  
Pur-Pyr 

  
G-U  A-U  

U-A  
157 – 164 U-G U-G G-Pyr G-U G-Pyr G-C G-C 

184 A C C C C A C 
252 – 274 U-A U-A U-A A-U A-U U-A U-A 
259 – 267 G-C U-A G-C G-C G-C G-C G-C 

U-A 
293 – 304 G-U  G-C  G-C  Pur-U  G-U  G-U  G-Pyr  
320 – 333 A-U G-C A-U G-C G-C A-U Pur-Pyr 

381 C A C A A A A 
409 – 433 U-G G-C Pyr-Pur C-G C-G C-G G-C 

427 U U U C C U U 
A 

440 – 494 C-G Pyr-G C-G U-G U-G G-G U-G 
[y-G] 

444 – 490 G-C A-U G-C 
A-U 
A-A 

G-C G-C U-A U-A 

449 G A A A C C A 
534 U A A G G U C 
580 C C U C C A C 
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582 C U U U C U U 
586 – 755 C-G U-A C-G C-G C-G U-A C-G 
589 - 650 U-G U-A C-G Pyr-Pur C-G U-A Pyr-Pur 
593 – 646 U-G U-G G-Pyr A-U A-U U-G U-G 
603 – 635 U-A G-C A-U 

T-G 
G-C G-C A-T G-C 

610 – 630 U-A G-A C-C U-G U-G A-A G-Pur 
657-749 U-A U-A U-A G-C G-C U-A U-A 

662 – 743¶ U-A G-A G-C 
A-C 
T-C 

G-Pyr G-C G-C G-C 

672 U C U U U U U 
681 – 709 A-U C-G C-G C-G C-G U-A Pyr-A 
682 – 708 A-U A-U A-U G-C G-C A-U A-U 

730 G G A G G G G 
738 C U C U U C C 
776 G G U G G G U 
778 G G G G G U G 

822 – 878 U-A A-U G-Pyr G-C G-C A-U A-U 
896 – 903 C-G U-A# C-G C-G C-G U-A U-A 

948 – 1233 C-G U-A G-A 
C-G 

C-G C-G U-A C-G 

989 – 1216 U-A G-U U-A G-U G-U G-U Pur-U 
1217 C C U C C C C 

1118 – 1155† U-A A-U C-G C-G C-G C-G C-G 
1120 – 1153† C-G A-U U-A G-C G-C G-C G-C 
1129 – 1143 C-G C-G C-G U-A C-G C-G C-G 

1210 C C U C U C C 
1253 – 1284 G-C C-G C-G G-C G-C G-C G-C 
1310 – 1327 G-C U-A C-U 

C-G 
C-G C-G U-A C-G 

†Subcluster Ia-specific nucleotide positions. 
‡E. coli position 903 for D. nigrificans DSM 574T (X62176) is not defined (N). 
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4.4.7 WHOLE CELL FATTY ACID COMPOSITION 

 

A comparison of the fatty acid profiles of strains RH04-3T, Desulfotomaculum hydrothermale 

DSM 18033T and Desulfotomaculum putei DSM 12395T is presented in Table 4.5. All three 

strains were cultivated under the same conditions (with lactate and sulphate as the electron 

donor and acceptor, respectively). Strain RH04T contained saturated and unsaturated fatty 

acids as well as hydroxylated fatty acids, and contained fatty acids common to 

Desulfotomaculum species (Ueki & Suto, 1979; Hagenauer et al., 1997; Liu et al., 1997; Love et 

al., 1993) but also showed some quantitative differences in the fatty acid content. The fatty 

acids: C16 : 0 ALD, C15 : 0 DMA, and C16 : 1 c11, were present in analyses of strain RH04-3T and D. putei 

but absent in analyses of D. hydrothermale (Haouari et al., 2008). Similarly, the fatty acids: iso-

C16 : 0 , C17 : 0, and anteiso-C17 : 0 were present in analyses of strain RH04-3T and D. hydrothermale 

but absent in analyses of D. putei (Haouari et al., 2008). 

 

Table 4.5: Cellular fatty acid compositions (%) of strain RH04-3T, 
Desulfotomaculum hydrothermale DSM 18033T and Desulfotomaculum putei 
DSM 12395T (Haouari et al., 2008). Key: ECL, Equivalent chain length; ALD, 
aldehyde; DMA, dimethyl acetal; –, negative. 

Fatty acid ECL strain RH04-3T D. hydrothermale 
DSM 18033T 

D. putei 
DSM 12395T 

 
14 : 0 14.0 3.9 0.9 

 
3.0 

iso-15 : 0 14.6 19.0 15.7 20.5 
anteiso-15 : 0 14.7 3.3 2.0 1.2 
16 : 0 ALD 14.9 0.7 - 1.1 
15 : 0 DMA 15.1 0.3 - 0.6 
iso-16 : 0 15.6 0.6 0.9 - 
16 : 1 c7 15.8 3.6 1.3 2.4 
16 : 1 c9 15.8 8.5 3.6 8.7 
16 : 1 c11 15.9 1.0 - 0.6 
16 : 0 16.0 19.76 10.7 17.7 
16 : 1 c9 DMA 16.3 1.3 0.9 2.0 
16 : 0 DMA 16.5 3.9 3.5 7.1 
iso-17 : 0 16.6 15.2 35.5 16.9 
anteiso-17 : 0 16.7 2.9 4.3 0.5 
17 : 0 cyclo 16.9 2.1 5.8 5.9 
17 : 0 17.0 0.5 1.0 - 
iso-17 : 0 DMA 17.1 2.7 8.5 8.2 
anteiso- 17 : 0 17.2 2.9 0.6 - 
18 : 1 c9 17.8 1.0 0.8 0.7 
18 : 1 c11 17.8 0.4 2.1 1.7 
18 : 0 18.0 2.42 1.9 1.2 
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4.4.8 DISCUSSION OF STRAIN RH04-3T 

 

The phylogenetic analysis of the consensus 16S rRNA gene sequence comprising 1479 

nucleotides indicated that strain RH04-3T was a member of the family Peptococcaceae, class 

Clostridia, phylum Firmicutes, most closely related to the Desulfotomaculum cluster Ia 

organisms: Desulfotomaculum putei DSM 12395T (similarity value of 95.9 %) and 

Desulfotomaculum hydrothermale DSM 18033T (similarity value of 93.3 %) (Fig. 4.10). In 

general, strain RH04-3T exhibits phenotypic traits that are consistent with members of the 

genus Desulfotomaculum which include the Gram-positive nature of the cell-wall 

ultrastructure, strictly anaerobic growth, sporulation, sulphate-reduction, a DNA G + C mol% 

content between 50 – 60 % and the dominant presence of iso-C15 : 0, C16 : 0,  C18 : 0,  and iso-C17 : 0 

in the whole-cell fatty acids. Similarly, strain RH04-3T shares numerous phenotypic traits 

exclusively with the other members of Desulfotomaculum cluster Ia (Stackebrandt et. al., 

1997), such as the ability to form oval-shaped spores, growth in the absence of NaCl, 

fermentation of pyruvate, reduction of thiosulphate and the utilisation of H2 and lactate but 

not malate. Furthermore, the defining signature nucleotides in the 16S rRNA gene sequence 

including the G:A at positions 662/743, A:U at positions 1118/1115 and A:U at positions 

1120/1153 [E. coli numbering according to Winkler and Woese (1991)] are consistent to the 

strains classification within Desulfotomaculum cluster Ia.  

 

Strain RH04-3T exhibited phenotypic traits that are common to members of the genus 

Desulfotomaculum such as strictly anaerobic growth, spore formation, sulphate-reduction and 

a DNA G + C content near 50 mol%. Phenotypic characteristics of strain RH04-3T such as the 

ability to form oval-shaped spores, grow in the absence of NaCl, ferment pyruvate, reduce 

thiosulphate, and utilise H2 and lactate but not malate are shared exclusively by all members of 

Desulfotomaculum cluster Ia. Strain RH04-3T shares many other common phenotypic 

characteristics with its nearest relatives D. hydrothermale DSM 18033T (Haouari et al., 2008) 

and D. putei DSM 12395T (Lui et al., 1997) including similar cell length and width, optimal 

growth at near neutral pH values and the ability to reduce sulphite but not nitrate and nitrite. 

In the presence of sulphate, none of the three strains utilize glucose, lactose, acetate, 

propionate, benzoate, butyrate and succinate. However, in addition to the phylogenetic 

differences, strain RH04-3T is distinguished from its nearest relatives D. hydrothermale and D. 

putei by phenotypic characteristics which included different temperature growth optimums 

and growth ranges, pH growth ranges, yeast extract requirement, mol% G + C content of DNA, 
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electron acceptors and substrates utilised (Table 4.6), and whole cell fatty acid compositions 

(Table 4.5). 

 

Table 4.6: Differential characteristics of strain RH04-3T and its closest relatives. 
Strains: 1, strain RH04-3T; 2, Desulfotomaculum hydrothermale (Haouari et al., 
2008); 3, Desulfotomaculum putei (Lui et al., 1997). +, positive; –, negative, ND, 
not determined. 

Characteristic 1 2 
 

3 

Geographical location 
 

Microbial mats from a 
thermal aquifer 

bore-outflow 

Hot spring Siltstone from a deep 
terrestrial subsurface 

Habitat  Great Artesian Basin, 
QLD, Australia 

 

Hamam Essalhine 
hot spring, 

North-East Tunisia 

Tayolrsville Triassic 
Basin, 

Virginia, U.S.A. 
Morphology Straight to slightly 

curved rod-shaped 
Slightly curved 

rod-shaped 
ND 

     Length (µm) 2.0 – 5.0 3.0 – 6.0 2.0 – 5.0 
     Width (µm) 1.0 1.0 1.0 – 1.1 
Gram-stain Positive Negative Negative 
Temperature growth range (°C)    
    Optimum 50 55 64 
    Range 37 – 55 40 – 60 40 – 65 
pH growth range    
    Optimum 7 7 7.5 
    Range 5 – 8.5 5.8 – 8.2 6 – 7.9 
NaCl growth range  
    [% (w/v)] 

0 – 1 0 – 1.5 0 – 2 % 
 

Utilisation of electron    
 donors with sulphate 

   

    Fructose + - + 
    Ethanol - + + 
    Methanol - - + 
    Formate - + + 
    Pyruvate + + + 
Substrates Fermented    
    Fructose - - + 
Electron acceptors    
    Fe(III) - + - 
    As(V) - + ND 
DNA G + C content (mol %) 52.4† 46.9‡ 47.1‡ 
16S rRNA similarity to RH04-3T 
(%) 

100 93.6 95.2 

†Determined by the thermal denaturation method. 
‡Determined by HPLC. 

 

Based on the phenotypic and phylogenetic differences that distinguish strain RH04-3T from D. 

hydrothermale, D. putei and other members of the genus Desulfotomaculum, we propose 

strain RH04-3T represents a novel species for which the name Desulfotomaculum varum sp. 

nov., is proposed. 
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4.4.9 DESCRIPTION OF DESULFOTOMACULUM VARUM SP. NOV. 

Desulfotomaculum varum (va'. rum M. L. adj varum bent, bow legged pertaining to the slightly-

curved cell shape) 

 

Cells are strictly anaerobic, thermophilic, straight to slightly-curved rods (2.0 – 5.0 x 1.0 m) 

that stain Gram-positive and possess a Gram-positive cell-wall ultrastructure. Cells possess 

peritrichous flagella and produce oval, subterminal to terminal spores. Growth occurs 

between 37 to 55 °C (optimum temperature 50 °C), pH 5.0 to 8.5 (optimum pH 7), and NaCl 

concentrations of 0 to 1 % (w/v). Sulphate, sulphite, thiosulphate and elemental sulphur are 

used as electron acceptors but not fumarate, nitrate, nitrite, iron(III), arsenic(V), vanadium(V) 

or cobalt(III). In the presence of sulphate as an electron acceptor, growth was supported by 

electron donors including glycerol, fructose, mannose, lactate, pyruvate and H2 but not 

glucose, lactose, ethanol, malate, acetate, propionate, formate, benzoate, succinate, butyrate, 

casamino acids, propanol, methanol and butanol. In the absence of sulphate, pyruvate was 

fermented but not fructose, mannose, glycerol, lactate, acetate, malate, formate, ethanol, 

butanol and propanol. The G + C content of the genomic DNA is 52.4 ± 0.8 mol %. 

Phylogenetically related to members of the genus Desulfotomaculum, and is most closely 

related to Desulfotomaculum putei (16S rRNA gene similarity of 95.9 %) and 

Desulfotomaculum hydrothermale (16S rRNA similarity of 93.7). The type strain RH04-3T (= 

KCTC = 5794T = JCM 16158T) was isolated from a microbial mat sample from the outflow of a 

Great Artesian Basin bore (the New Lorne Bore) in Queensland, Australia.   
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4.5 THE CHARACTERISATION OF FERVIDICOLA FERRIREDUCENS STRAIN Y170T 

GEN. NOV., SP. NOV., AND THERMOVENABULUM GONDWANENSE STRAIN   

R270T SP. NOV. 

 

4.5.1 MORPHOLOGICAL STUDIES 

 

The cells of strain Y170T were peritrichously flagellated, slightly curved rods (1.2 – 12 x 0.8 – 

1.1 m) which existed singly, in pairs and chains (Fig. 4.11). Cells of strain R270T were 

peritrichously flagellated straight to slightly curved rods (3.5 – 6.0 x 0.75 – 1.0 µm), which 

existed singly and in pairs (Fig. 4.12). Spores were not observed from cultures of either strain 

that had been grown under suboptimal conditions (pH and temperatures), or in the presence 

of 0.2 % glucose or 0.2 % xylose. In addition, cultures of strain Y170T and strain R270T that 

were heated-treated at 95 °C for 20 min and 10 min respectively, failed to grow when 

subsequently subcultured into TYEG medium and Fe(III) citrate-PL medium (amended with 0.2 

% yeast extract) respectively. This suggests the absence of heat resistant bodies such as 

spores. Cells of strain Y170T stained Gram-negative while cells of strain R270T stained Gram-

positive, however electron micrographs of thin sections of cells of both strains revealed cell-

wall ultrastructures consisting of an electron dense layer (inner cell-wall layer) adjacent to the 

cell membrane and an electron light layer consisting of regular protein subunits (outer cell wall 

layer) suggestive of a Gram-negative nature (Fig. 4.11 – 12).  
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CM      CWi         CWo 

c a b 

Figure 4.11: Electron micrographs of strain Y170T. (a) Negative-staining and (b) transmission electron micrographs of a thin section of 
cells of strain Y170T showing cell morphology and irregular cell division. (a) Bar = 1 µm; (b) Bar = 200 nm. (c) Enlargement of (b) showing 
cell wall ultrastructure structure revealing the presence of a cytoplasmic membrane (CM), an electron dense wall layer adjacent to the 
membrane (CWi) and an electron light outer cell wall layer composed of regular subunits (CWo) typical of a Gram-negative cell-wll 
ultrastructure. Bar = 100 nm. 
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4.5.2 GROWTH STUDIES 

 

Strain Y170T grew optimally in TYEG medium at 70 °C (temperature growth range between 55 

and 80 °C) and a pH of 7 (pH growth range between 6 and 9) with a generation time of 4.6 h 

(Fig 4.13 – 15). In contrast to strain Y170T, strain R270T was unable to grow in TYEG medium 

and so the growth studies of strain R270T were conducted in TYECas medium. Strain R270T 

grew optimally in TYECas medium at 65 °C (temperature growth range between 50 and 70 °C) 

and a pH of 7 (pH growth range between 6 and 9). However even under these optimal growth 

conditions the growth was poor, (increase in turbidity was 0.14 after 72 hours incubation). 

Neither strain Y170T or R270T were able to grow under aerobic conditions in Media D, and in 

aerobically prepared YE medium and TYECas medium, respectively.  

Figure 4.12: Electron micrographs of strain R270T. (a) Negative-staining and (b) 
transmission electron micrograph of a thin section of strain R270T showing the 
presence of a cytoplasmic membrane (CM) and a tri-layered cell wall comprising an 
electron-light inner (CWi), outer layer (CWo) and an electron-dense middle layer 
(CWm) which is sandwiched between the inner (CWi) and outer layers (CWo) ) 
typical of a Gram-negative cell-wll ultrastructure. (a) Bar = 500 nm; (b) Bar = 50 nm. 

CWo 

CW

CM 
CWi 

a b 
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Figure 4.13: The effects of temperature on strain Y170T and strain R270T. OD580 
readings of strain Y170T after 12 h growth in TYEG medium, and strain R270T 
after 72 h growth in TYECas medium are shown. Key:  , strain Y170T;  , strain 
R270T. 

 

 
Figure 4.14: The effects of pH on strain Y170T and strain R270T. OD580 readings 
after 8 h growth in TYEG medium are shown and strain R270T after 48 h growth 
in TYECas medium are shown. Key:  , strain Y170T;  , strain R270T. 
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Figure 4.15: The growth rate of strain Y170T.  Key:  , OD (580 nm) of strain 
Y170T; , number of generations of strain Y170T. 

 

 

The growth of strain Y170T on TYEG medium was completely inhibited (100 % inhibition) in the 

presence of 10 µg ml-1 ampicillin, streptomycin, tetracycline or penicillin and 100 µg 

chloroamphenicol ml-1. The growth of strain R270T in Fe(III) citrate-PL medium amended with 

0.2 % yeast extract was completely inhibited in the presence of 10 µg.ml-1 ampicillin, penicillin 

and chloroamphenicol, and 100 µg.ml-1 streptomycin and tetracycline. Both strains were 

unable to grow in their respective mediums at NaCl concentrations of 2 % or above. 

 

 

4.5.3 NUTRITIONAL STUDIES 

 

The effect of each specific energy substrate (yeast extract, tryptone and glucose) present in 

TYEG medium, both individually and in combination, on the growth of strain Y170T is shown in 

Fig. 4.16.  No growth of strain Y170T was observed with 0.2 % tryptone as the sole energy 

substrate (medium T), and growth of approximately 15 % and 28 % were obtained with 0.2 % 

yeast extract as the sole energy substrate (medium YE) and 0.2 % each of tryptone and yeast 

extract (medium TYE), respectively, compared to 100% growth in TYEG medium (100% growth 

= OD 580nm of 0.4). Strain Y170T did not grow on 0.2 % glucose (medium G) as the sole carbon 
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source, but was fermented in the presence of  0.2 % tryptone (TG medium) reaching an OD 

580nm of 0.2 (50% growth) and in the presence of 0.2 % yeast extract (YEG medium) reaching 

an OD 580nm of 0.4 (100% growth). End products from glucose fermentation were ethanol 

and acetate.   

 

 
Figure 4.16: The effect of each specific energy substrate (yeast extract, 
tryptone and glucose) present in TYEG medium on the growth of strain Y170T. 
Key:  , Tryptone, yeast extract and glucose rate (TYEG) medium;   , Tryptone 
and yeast extract (TYE) medium;  , Tryptone and glucose (TG) medium; X , 
yeast extract and glucose (YEG) medium;  , Tryptone only medium (T medium); 

 , Yeast extract only medium (YE medium);  + , Glucose only medium (G 
medium); , Medium not containing any carbon sources (LPBS medium). 

 

 

In the presence of 0.2 % yeast extract, strain Y170T utilized tryptone, peptone, glucose, 

fructose, galactose, cellobiose, mannose, sucrose, xylose, mannitol, formate, pyruvate 

casamino acids and threonine but not arabinose, lactose, maltose, raffinose, chitin, xylan, 

pectin, starch, acetate, benzoate, lactate, propionate, succinate, m-inositol, ethanol, glycerol, 

amyl media, aspartate, leucine, glutamate, alanine, arginine, glutamate, serine and glycine. In 

contrast to strain Y170T, the substrate utilisation profile of strain R270T was much more 

limited. In the presence of 0.02 % and 0.1 % yeast extract, strain R270T utilised 0.2 % pyruvate 

and casamino acids but not on galactose, fructose, sucrose, glucose, maltose, lactose, 
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mannitol, arabinose, xylose, ethanol, glycerol, acetate, lactate and propionate, or yeast 

extract, peptone, tryptone, starch at concentrations of 1. %. 

 

 

4.5.4 ELECTRON ACCEPTOR UTILISATION 

 

In the presence of 0.2 % yeast extract, both strain Y170T and strain R270T reduced soluble 

iron(III) citrate, amorphous iron(III) oxyhydroxide, amorphous manganese(IV) dioxide, 

thiosulphate and elemental sulphur, but not sulphate, sulphite, nitrate or nitrite. Additionally 

strain R270T did not grow with fumarate as the TEA.  

 

Strain Y170T reduced iron(III) citrate in the presence of yeast extract, tryptone, peptone and 

casamino acids but not formate, acetate, propionate, pyruvate, lactate, succinate, ethanol, 

glycerol, benzoate, aspartate, leucine, glutamate, threonine, alanine, arginine, glutamate, 

serine, glycine or H2 and CO2. Given that iron(III) is reduced in the presence of substrates which 

strain Y170T ferments, an investigation to determine if energy is conserved to support growth 

from the reduction of iron(III) to iron(II) was deemed to be impractical. Strain R270T reduced 

iron(III) citrate in the presence of yeast extract, peptone, tryptone, casamino acids, amyl 

media, pyruvate and H2 but not acetate, lactate, propionate, formate, benzoate, glycerol and 

ethanol. The growth and iron(III)-reduction of strain R270T in the presence of iron(III) citrate as 

the TEA and H2 [H2:N2 (5:95)] as an energy source is shown in Fig. 4.17. For this, iron(III)-

reduction was measure using the ferrozine method (as specified in Section 2.3.3) and cells 

numbers were determined by the most-probable number technique (Greenberg et al., 1992) 

using iron(III) citrate-PL medium.  No growth or iron(III)-reduction was observed when either 

the iron(III) citrate, the trace yeast extract (0.02 %) was omitted or when the H2 was replaced 

with N2.  
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Figure 4.17: Growth ( ) and iron(II) production ( ) of strain R270T in Fe(III) 
citrate-PL medium with molecular hydrogen [H2:N2 (5:95)] as the gas phase. 
Cell numbers of strain R270T grown with molecular hydrogen in the absence of 
iron(III) is also shown ( ). 

 

 

4.5.5 MOL % G + C CONTENT OF DNA 

 

The mol % G + C content of the genomic DNA of strain Y170T and strain R270T were  calculated 

to be 48 ± 1 and 41 ± 1, respectively.  

 

 

4.5.6 16S RRNA GENE SEQUENCE ANALYSIS 

 

16S rRNA sequence analysis of 1528 nt strain Y170T and 1423 nt strain R270T indicated that the 

strains shared a 16S rDNA sequence similarity of 92.6 %, and were related to members of the 

family Syntrophomonadaceae, class Clostridia, phylum Firmicutes (Fig. 4.18). Strain Y170T was 

phylogenetically positioned between members of the genus Thermosediminibacter (average 

similarity 93.5 %) and Thermovenabulum ferriorganovorum (91.9 %), while strain R270T was 

more closely related to Thermovenabulum ferriorganovorum (96.1 %). 
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Thermanaeromonas toyohensis DSM 14490T (AB062280) 
Thermacetogenium phaeum DSM 12270T (AB020336)

 
Tepidanaerobacter syntrophicus JCM 12098T (AB106353) 

Fervidicola ferrireducens Y170T  (EU443728) 

Thermovenabulum gondwanense R270T (EU443729) 
Thermovenabulum ferriorganovorum DSM 14006T 

Thermosediminibacter litoriperuensis DSM 16647T (AY703479) 
Thermosediminibacter oceani DSM 16646T 

(AY703478) 

100 

100 
100

100 

100 

100

100

100 

Thermoanaerobacter species 

Caldanaerobacter subterraneus subspecies 

Figure 4.18: dendrogram showing the phylogenetic position of Fervidicola ferrireducens strain Y170T, 
Thermovenabulum gondwanense strain R270T and their closest relatives. GenBank accession numbers are 
given in the parentheses. Clusters of members of the same genus or species are indicated by triangles and 
include: Thermoanaerobacter mathranii DSM 11426T (GenBank accession number Y11279),  
Thermoanaerobacter siderophilus DSM 12299T (AF120479), Thermoanaerobacter italicus DSM 9252T 
(AJ250846),  Thermoanaerobacter acetoethylicus ATCC 33265T (X69336), Thermoanaerobacter wiegelii 
DSM 10319T (X92513), Thermoanaerobacter kivui ATCC 33488T (L09160), Thermoanaerobacter 
thermohydrosulfuricus ATCC 35045T (L09161),  Thermoanaerobacter ethanolicus ATCC 31550T (L09162), 
Thermoanaerobacter brockii subsp. brockii DSM 1457T (L09165), Thermoanaerobacter brockii subsp. finnii 
DSM 3389T (L09166) and Thermoanaerobacter thermocopriae JCM 7501T (L09167) for the genus  
Thermoanaerobacter, and Caldanaerobacter subterraneus subsp. Tengcongensis JCM 11007T (AF209708) 
and Caldanaerobacter subterraneus subsp. yonseiensis DSM 13777T (AF212925) for the species 
Caldanaerobacter subterraneus. Bootstrap values > 95 are shown. The scale bar indicates 5 nucleotide 
changes per 100 nucleotides. 
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4.5.7 DISCUSSION OF STRAIN Y170T AND STRAIN R270T 

 

The closest relatives to both strain Y170T and strain R270T include species from the genera 

Thermosediminibacter; Thermosediminibacter litoriperuensis and Thermosediminibacter 

oceani, and Thermovenabulum ferriorganovorum which were isolated from deep sea 

sediments from the Peru Margin and from a Russian hot spring. All of these strains are motile, 

thermophilic organisms that grow optimally near neutral pH levels, vary greatly in cell length, 

require yeast extract for growth, reduce manganese(IV), thiosulphate and elemental sulphur 

but not sulphate, and, with the exception of strain R270T, utilize fructose, sucrose and xylose 

(Lee et al., 2005, Zavarzina, et al., 2002). Phenotypic characteristics shared between strain 

Y170T and Thermovenabulum ferriorganovorum, but not possessed by the 

Thermosediminibacter species, Thermosediminibacter litoriperuensis and 

Thermosediminibacter oceani, such as iron(III)-reduction, a lower salinity growth range and the 

inability to utilize lactate, concur with the 16S rRNA gene sequence analysis that strain Y170T 

represents a new genus that is an intermediate between the genera Thermosediminibacter 

and Thermovenabulum. Similarly, strain Y170T has various phenotypic characteristics in 

common with Thermosediminibacter species but not Thermovenabulum ferriorganovorum, 

including Gram-negative cell-wall structures, longer cell length, sensitivity to heat-shock, 

similar mol % DNA G + C content, the ability to utilize glucose, galactose and mannose, and the 

inability to form spores, reduce sulphite and nitrate as TEA. In addition, strain Y170T can be 

differentiated from members of the genus Thermosediminibacter by its end-products of 

glucose fermentation, higher mol DNA G + C content of DNA and its inability to utilize inositol 

(Table 4.6). Strain Y170T can be differentiated from Thermosediminibacter litoriperuensis by its 

ability to utilize cellobiose, pyruvate and Casamino acids, but not acetate and from 

Thermosediminibacter oceani by its inability to utilize maltose. Strain Y170T also differed to 

Thermovenabulum ferriorganovorum by its sensitivity to heat-shock and 100 mg penicillin ml-1, 

higher G + C DNA content, and its ability to utilize cellobiose and formate, but not maltose or 

starch (table 4.7). 

 

Strain R270T is phenotypically similar to its closest relative Thermovenabulum 

ferriorganovorum which is an anaerobic, thermophile that grows optimally at near neutral pH 

levels and reduces iron(III), manganese(IV) and elemental sulphur but not sulphate (Zavarzina 

et al., 2002). Both strains also grow and reduce iron(III) in the presence of H2 and yeast extract 

(0.02 %), and reduce iron(III) in the presence of yeast extract, peptone, casamino acids, starch 
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and pyruvate but not acetate, lactate, propionate, formate, ethanol and glycerol. Strain R270T 

can be differentiated from T. ferriorganovorum by its Gram-negative cell-wall ultrastructure, 

higher mol % G + C content of DNA, sensitivity to penicillin, higher pH growth range, lack of 

heat resistance, its inability to form spores, reduce sulphite, nitrate and fumarate, and its 

restrictive substrate range for growth (i.e. its inability to utilise yeast extract, starch, peptone, 

sucrose, fructose, maltose, ribose and xylose for growth) (Table 4.7). 
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Table 4.7: Selected characteristics of strain Y170T, strain R270T and their closest relatives. Strains: 1, strain Y170T; 2, strain R270T; 3, 
Thermosediminibacter litoriperuensis DSM 16647T (Lee, et al., 2005); 4, Thermosediminibacter oceani DSM 16646T (Lee et al., 2005); 5, 
Thermovenabulum ferriorganovorum DSM 14006T (Zavarina et al., 2002). +, positive; –, negative; ND, not determined. 

Characteristic 
 

1 2 3 4 5 

Habitat  Microbial mats from a 
thermal aquifer 

bore-outflow 
 

Microbial mats from a 
thermal aquifer 

bore-outflow 

Subseafloor Subseafloor Hot spring 

Geographical location Great Artesian Basin, 
Australia 

 

Great Artesian Basin, 
Australia 

Peru margin Peru Margin Uzon caldera, Kamchatka 
peninsula, Russia 

Cell width (µm) 0.8 – 1.1 0.75 – 1.0 0.3 – 0.5 0.2 – 0.7 0.5 – 0.6 
Cell length (µm) 1.2 – 12 3.5 – 6.0 2 – 10 1.5 – 16 1.5 – 7.0 
Gram Stain – + – – + 
Cell wall type – – – – + 
Spores observed – – 

 
– – + 

Heat resistant  – 
(95 °C for 20 min) 

– 
(95 °C for 10 min) 

– 
(100 °C for 10 min) 

– 
(100 °C for 10 min) 

+ 
(121 °C for 90 min) 

pH range  5.0 – 9.0 6.0 – 9.0 5.0 – 9.3 6.3 – 9.3 4.8 – 8.2 
Salinity range (% NaCl, 
w/v) 

0 – 2 0 – 1 0 – 4.5 0 – 6.0 0 – 3.5 

Growth inhibited by  
100 µg penicillin ml-1 

+ + ND ND – 

G + C (mol %) 48† 41† 50‡ 50‡ 36† 
Nutritional 
Characteristics: 

     

Carbohydrate 
fermentation 

+ – + + + 

   Glucose + – + + – 
   Galactose + – + + – 
   Mannose + – + + – 
   Maltose – – – + + 
   Sucrose + – + + + 
   Fructose + – + + + 



CHAPTER FOUR:     CHARACTERISATIONS OF SELECTED STRAINS 

 

  
183 

 

  

   Xylose + – + + – 
   Cellobiose + – – + – 
   Ribose ND – ND ND + 
   Inositol – – + + ND 
   Starch – – ND ND + 
Growth on Extracts      
   Yeast extract + – + + – 
   Peptone  + – ND ND + 
   Tryptone + – + –  
Amino acid 
fermentation 

     

   Casamino acids + + – + + 
Organic acid 
fermentation 

     

   Acetate – – + – – 
   Formate + – ND ND – 
   Lactate – – + + – 
   Pyruvate + + – + + 
Molecular H2 utilisation – + – – + 
Electron Acceptors      
   Fe(III) + + – – + 
   Sulphite – – – – + 
   Nitrate – – – – + 
   Fumarate ND – ND ND – 
Glucose Fermentation 
end products 

Ethanol and acetate NA Acetate, propionate, 
isobutyrate and 

isovalerate 

Acetate, propionate, 
isobutyrate and 

isovalerate 

ND 

Similarity to Y170 (%)* 100 92.6 93.7 93.5 91.9 
Similarity to R270 (%)* 92.6 100 91.8 92.3 96.1 

†Determined by the thermal denatura on method. 
‡Determined by HPLC. 
*Similarity according to 16S rDNA sequence comparisons. 
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Based on the phenotypic and phylogenetic differences that distinguish strain Y170T and R270T 

from other members of the family Syntrophomonadaceae we propose to create Fervidicola 

ferrireducens gen. nov., sp. nov., and Thermovenabulum gondwanense sp. nov., to 

accommodate these newly described strains (Sections 4.5.8 – 10, respectively). 

 

 

4.5.8 DESCRIPTION OF FERVIDICOLA GEN. NOV. 

Fervidicola (Fer.vi.di'co.la). L. adj. fervidus, glowing, burning; L. suff. –cola, (from L. masc. or 

fem. N. incola), inhabitant, dweller; N.L. masc. n. Fervidicola inhabitant of thermal waters, a 

thermophilic bacterium). 

 

Cells are strictly anaerobic, slightly-curved rods. Gram-reaction is negative. Cells possess 

peritrichous flagella. No spores are produced. Iron(III), manganese(IV), thiosulphate and 

elemental sulphur are used as electron acceptors. 16S rRNA gene analysis indicates that the 

genus is a member of the family Syntrophomonadaceae, most closely related to members of 

the genus Thermosediminibacter with an average similarity 93.5 %. The type species and the 

sole member of this genus is Fervidicola ferrireducens.  

 

 

4.5.9 DESCRIPTION OF FERVIDICOLA FERRIREDUCENS SP. NOV. 

Fervidicola ferrireducens {fer.ri.re.du'cens. L. n. ferrum, iron; L. part. adj. reducens, leading 

back, bringing back and in chemistry converting to a different oxidation state; N.L. part. adj. 

ferrireducens, reducing Ferris iron [Fe(III)] to ferric iron [Fe(II)]}.  

 

Exhibits the following properties in addition to those given in the genus description. Cells are 

1.2–12 × 0.8–1.1 µm. Growth occurs between 55 and 80 °C (optimum temperature, 70 °C) and 

pH 5 to 9 (optimum, pH 7.0). Grows on yeast extract but not tryptone as the sole carbon 

source. Yeast extract is required for growth with other energy substrates including tryptone, 

peptone, fructose, glucose, galactose, cellobiose, mannose, sucrose, xylose, mannitol, formate, 

pyruvate, Casamino acids and threonine. No growth occurs with arabinose, lactose, maltose, 

raffinose, chitin, xylan, pectin, starch, acetate, benzoate, lactate, propionate, succinate, myo-

inositol, ethanol, glycerol, amyl media, aspartate, leucine, glutamate, alanine, arginine, serine 

or glycine. Iron(III), manganese(IV), thiosulphate and elemental sulphur serve as electron 

acceptors, but not sulphate, sulphite, nitrate or nitrite. Iron(III) is reduced in the presence of 
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yeast extract, tryptone, peptone and casamino acids, but not chitin, xylan, pectin, formate, 

starch, pyruvate, acetate, benzoate, threonine, lactate, propionate, succinate, inositol, 

ethanol, glycerol, mannitol, aspartate, leucine, glutamate, alanine, arginine, serine, glycine or 

H2 and CO2. Sensitive to streptomycin, tetracycline, penicillin, ampicillin and chloroamphenicol. 

Does not grow in NaCl concentrations of 2 % or above. The G + C content of the genomic DNA 

of the type strain is 48 ± 1 mol%. Phylogenetically related to members of the genus 

Thermosediminibacter with a mean 16S rRNA gene similarity of 93.5 %. The type strain, Y170T 

(=KCTC 5610T =JCM 15106T =DSM 21121T), was isolated from a microbial mat sample from the 

outflow of a GAB bore (the New Lorne bore) in Queensland, Australia. 

 

 

4.5.10 DESCRIPTION OF THERMOVENABULUM GONDWANENSE STRAIN R270T SP. NOV. 

Thermovenabulum gondwanense (gond.wa.nen'se. M.L. neut. Adj. gondwanense; pertaining to 

the large land mass known as Gondwana, which included Australia, Africa, India and South 

America before they separated). 

 

Cells are strictly anaerobic, straight to slightly-curved rods. Gram-reaction is positive but the 

cell-wall ultrastructure is Gram-negative. Cells possess peritrichous flagella. No spores are 

detected. Growth occurs between 50 and 70 °C (optimum temperature 6 – 5 °C), and between 

pH 6.0 and 9.0 (optimum pH 7.0). Ferments pyruvate and casamino acids but not yeast extract, 

peptone, tryptone, starch, galactose, fructose, sucrose, glucose, maltose, lactose, mannitol, 

arabinose, xylose, ethanol, glycerol, acetate, lactate and propionate. . Iron(III), manganese(IV), 

thiosulphate and elemental sulphur are used as electron acceptors but not sulphate, sulphite, 

nitrate, nitrite or fumarate. Growth is increased in the presence of iron(III) which is reduced in 

the presence of yeast extract, peptone, tryptone, starch, pyruvate, casamino acids, amyl 

media, and H2 and CO2 but not acetate, lactate, propionate, formate, benzoate, glycerol and 

ethanol. Sensitive to streptomycin, tetracycline, penicillin, ampicillin, chloroamphenicol and 

NaCl concentrations of 2 % and above. The mol % G + C content of the genomic DNA is 41 ± 1. 

Phylogenetically related to Thermovenabulum ferriorganovorum DSM 14006T (level of 

similarity, 96.1 %). The type strain R270T (=KCTC 5616T = DSM 21133T) was isolated from a 

microbial mat sample from the outflow of a Great Artesian bore (the New Lorne Bore) in 

Queensland, Australia. 
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4.6 THERMOTALEA METALLIVORANS STRAIN B2-1T GEN. NOV., SP. NOV. 

 

4.6.1 MORPHOLOGICAL STUDIES 

 

The cells of strain B2-1T were peritrichously flagellated, slightly curved rods (3.0 – 3.5 x 0.6 – 

0.7 m) which existed singly and rarely in long chains (Fig. 4.19a – c). Spores were not 

observed and cultures heat treated at 95 °C for 10 min did not grow after subculture into TYEG 

medium suggesting the absence of heat resistant bodies such as spores. Cells of strain B2-1T 

stained Gram-negative and electron micrographs of thin sections confirmed a Gram-negative 

cell-wall ultrastructure consisting of an inner electron dense layer adjacent to the cell 

membrane and an outer electron light layer consisting of regular protein subunits (Fig. 4.19d). 
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Figure 4.19: Electron micrographs of cells of strain B2-1T. (a) Negatively stained cells 
existing in a long chain. Bar = 2 µm. (b) Dividing cells. Bar = 500 nm. (c) Typical 
peritrichously flagellated (F) cell with a curved tail. Bar = 500 nm. (d) Transmission 
electron micrograph of a thin section showing cell wall ultrastructure structure revealing 
the presence of a cytoplasmic membrane (CM), an electron dense wall layer adjacent to 
the membrane (CWi) and an electron light outer cell wall layer composed of regular 
subunits (CWo) typical of a Gram-negative cell-wall ultrastructure. Bar = 50 nm. 
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4.6.2 GROWTH STUDIES 

 

Strain B2-1T was a strict anaerobe that grew optimally on TYEG medium at 50 °C (temperature 

growth range between 30 and 55 °C) and a pH of 8 (pH growth range between 6 and 9) with a 

generation time of 6.7 h (Fig. 4.5.2 – 4). Strain B2-1T was completely inhibited (100 % 

inhibition) in the presence of 10 µg.ml-1 ampicillin, streptomycin, tetracycline or penicillin, 100 

µg chloroamphenicol ml-1, and 250 µg sodium azide ml-1. Strain B2-1T was able to grow without 

NaCl but not at concentrations higher than 4 %. A reduced growth was observed at NaCl 

concentrations above 0.1 %.  

 

 
Figure 4.20: The effects of temperature on strain B2-1T. OD580 readings after 38 
h growth in TYEG medium are shown. 
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Figure 4.21: The effects of temperature on strain B2-1T. OD580 readings after 20 
h growth in TYEG medium are shown. 

 

 
Figure 4.22: The growth curve and generation time of strain B2-1T on TYEG 
medium. Key:   , OD580 nm;  , Number of generations. 
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4.6.3 NUTRITIONAL STUDIES 

 

The effect of each specific energy substrate (yeast extract, tryptone and glucose) present in 

TYEG medium, both individually and in combination, on the growth of strain B2-1T is shown in 

Fig. 4.23. Strain B2-1T demonstrated growth of approximately 28 % with 0.2 % tryptone (T 

medium) and 20 % with yeast extract (YE medium) as sole carbon sources and 40 % and in 

combination when compared to growth in TYEG medium (an OD 580nm of 0.3 = 100%). No 

growth of strain B2-1T was observed with glucose (G medium) as the sole carbon source, but 

glucose was fermented in the presence of yeast extract (YEG medium) and tryptone (TG 

medium) reaching approximately 75 % and equal maximum growth respectively compared to 

maximum growth in TYEG medium. Strain B2-1T was not able to ferment glucose when yeast 

extract concentrations were lowered to 0.005 % and 0.01 %, with minimal growth observed. 

Growth of approximately 65 % was observed with 0.1 % yeast extract compared to growth in 

0.2 % yeast extract (Fig. 4.24). This indicates that components in yeast extract were required 

for glucose fermentation in a dose dependent manner. End-products from glucose 

fermentation were ethanol and acetate. 

 

 
Figure 4.23: The effect of each specific energy substrate (yeast extract, 
tryptone and glucose) present in TYEG medium on the growth of strain B2-1T. 
Key:  , Tryptone, yeast extract and glucose rate (TYEG) medium;   , Tryptone 
and yeast extract (TYE) medium;  , Tryptone and glucose (TG) medium; X , 
yeast extract and glucose (YEG) medium;  , Tryptone only medium (T medium); 

 , Yeast extract only medium (YE medium);  + , Glucose only medium (G 
medium); , Medium not containing any carbon sources (LPBS medium). 
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Figure 4.24: The effect of yeast extract on the growth of strain B2-1T with 
glucose. Key:  , yeast extract (0.2 %) and glucose;   , yeast extract (0.1 %) and 
glucose;  , yeast extract (0.01 %) and glucose; X , yeast extract (0.005 %) and 
glucose;  , glucose only medium (G medium);  , Yeast extract only medium 
(YE medium);  + , Medium not containing any carbon sources (LPBS medium). 

 

In the presence of 0.2 % yeast extract, growth (above 20 % compared to growth in YE medium) 

of strain B2-1T was observed with glucose, sucrose, maltose, fructose, arabinose, mannose, 

cellobiose, m-inositol, mannitol, acetate, casamino acids, serine and leucine but not with 

lactose, galactose, raffinose, xylose, ribose, chitin, starch, amylopectin, casein, xylan, lactate, 

formate, pyruvate, ethanol, glycerol, amyl media, arginine, alanine, glycine, threonine, 

glutamate, isoleucine and methionine. The metabolic profile results obtained with Biolog are 

given in the species description (Section 4.5.9). Ambiguities exist between the substrates 

metabolized by strain B2-1T and those utilized for growth in the presence of yeast extract. Such 

results include the positive metabolism results obtained for ribose, xylose, acetic acid and 

propionic acid which provided no increased growth for strain B2-1T in the presence of yeast 

extract. This suggests that perhaps these substrates are metabolized by strain B2-1T in a 

reaction where no energy generation for increased cellular growth is yielded, such as an 

intermediate pathway, or perhaps an additional substrate other than yeast extract is required 

for their utilization. Conversely, the negative metabolism result for the substrates maltose and 
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mannitol, which provide an increased growth of strain B2-1T in the presence of yeast extract, 

suggests that yeast extract is absolutely required for the metabolism of these substrates. 

 

 

4.6.4 ELECTRON ACCEPTOR UTILISATION 

 

In the presence of 0.2 % yeast extract, strain B2-1T reduced ammonium iron(III) citrate, 

amorphous iron(III) oxyhydroxide, amorphous manganese(IV) dioxide and elemental sulphur 

but not sulphate, thiosulphate, sulphite, nitrate or nitrite. 

 

 

4.6.5 MOL % G + C CONTENT OF DNA 

 

The mol % G + C content of the genomic DNA of strain B2-1T was calculated to be 48 ± 1 mol %. 

 

 

4.6.6 16S RRNA GENE SEQUENCE ANALYSIS 

 

Analysis of a consensus sequence of 1627 nt of the 16S rRNA gene of  strain B2-1T indicated 

that the strain is related to members of the family Clostridiaceae, class Clostridia, phylum 

Firmicutes, most closely related to the uncultured bacterial clone 47mm70 retrieved from a 

South African gold mine deep borehole (GenBank accession no. AY796047; similarity value 

99.2 %). Closely related uncultured organisms also include the GAB clone R82, from the Red 

mat (GenBank accession number AY407695; similarity value 89.3 %) and the GAB clone Y36, 

from the Grey mat (GenBank accession number AF407679; similarity value 89.0 %) 

(Spanevello, 2001). The most closely related type strains of recognized species to strain B2-1T 

include Geosporobacter subterraneus DSM 17957T (similarity value 89.9 %), Caminicella 

sporogenes AM 1114T (similarity value 88.2 %), Clostridium caminithermale DSM 15212T 

(similarity value 86.8 %) and members of the genus Alkaliphilus (average similarity 86.4 %) (Fig. 

4.25). 
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Natronincola histidinovorans Z-7940T (Y16716) 
Anoxynatronum sibiricum Z-7981T (AF522323) 

Clostridium aceticum DSM 1496T (Y18183) 

Tepidibacter thalassicus DSM 15285T (AY158079) 

Clostridium formicaceticum DSM 92T (X77836)
Clostridium felsineum DSM 794T (X77851) 

Tindallia californiensis DSM 14871T (AF373919) 
Tindallia magadiensis Z-7934T (Y15626) 

  Alkaliphilus crotonatoxidans JCM 11672T (AF467248)
Alkaliphilus transvaalensis JCM 10712T (AB037677) 

Caminicella sporogenes DSM 14501T (AJ320233) 
Clostridium caminithermale DSM 15212T (AF458779)

Geosporobacter subterraneus DSM 17957T (DQ643978)
Thermotalea metallivorans B2-1T (EU443727)       

Caloranaerobacter azorensis MV1087T (AJ272422) 
Thermohalobacter berrensis CNCM 105955T (AF113543) 

 

Fusibacter paucivorans ATCC 700852T (AF050099) 
Acidaminobacter hydrogenoformans DSM 2784T (AF016691) 

Clostridium litorale DSM 5388T

Eubacterium acidaminophilum DSM 3953T (AF071416) 

Eubacterium tenue ATCC 25553T (M59118) 
Sporacetigenium mesophilum DSM 16796T (AY682207)
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Figure 4.25: A dendrogram showing the phylogenetic position of Thermotalea metallivorans strain B2-1T and its closest relatives. 
GenBank accession numbers are given in the parentheses. Bootstrap values > 95 are shown. The scale bar indicates 2 nucleotide changes 
per 100 nucleotides. 
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4.6.7 DISCUSSION OF STRAIN B2-1T 

 

All of the closely related species (mentioned above) to strain B2-1T originate from deep 

subsurface environments however few of these organisms share phenotypic characteristics in 

common with strain B2-1T. The closest (described) relative to strain B2-1T, Geobacter 

subterraneus DSM 17957T, grows optimally over a similar pH range to strain B2-1T, and also 

utilizes glucose, fructose, cellobiose, casamino acids and serine but not ethanol, glycerol, 

starch, acetate, propionate, formate, lactate, threonine, glycine, and cysteine, and does not 

reduce sulphate, sulphite, thiosulphate, nitrate and nitrite (Klouche et al., 2007). However, 

strain B2-1T is differentiated from G. subterraneus by its Gram-negative cell-wall ultra-

structure, motility, inability to form spores, temperature optima and range, mol % G + C 

content of DNA, its ability to utilize mannose and mannitol but not xylose, ribose, alanine, 

arginine, glutamate, glutamine and isoleucine, and its ability to reduce elemental sulphur 

(Table 4.8). Similarly, strain B2-1T is differentiated from Caminicella sporogenes AM 1114T 

(alain et al., 2002b) and Clostridium caminithermale DSM 15212T (Brisbarre et al., 2003) by its 

smaller cell length, inability to form spores, lower optimal NaCl concentration for growth, 

greater G + C content of DNA and its ability to utilize cellobiose and serine. Strain B2-1T is 

further differentiated from Caminicella sporogenes by its ability to reduce iron(III) but not 

thiosulphate, fructose utilisation and its inability to grow at pH 5 or below. Similarly strain B2-

1T is further differentiated from Clostridium caminithermale by its Gram-negative cell-wall 

ultrastructure, ability to reduce sulphur and utilize mannitol but not ribose, glycerol, arginine, 

glutamate and isoleucine. Strain B2-1T differs to members of the genus Alkaliphilus which are 

mesophiles, and hence were not included in Table 4.8, and possess a lower mol % G + C 

content of the DNA and cannot ferment glucose (Cao et al., 2003, Takai et al., 2001). Based on 

the phenotypic differences and the large phylogenetic distance separating strain B2-1T from 

other members of the family Clostridiaceae we propose to create Thermotalea metallivorans  

gen. nov., sp. nov., to accommodate this newly described strain. 
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Table 4.8: Selected characteristics of strain B2-1T and related members of the Family Clostridiaceae. Strains: 1, strain B2-1T; 2, 
Geosporobacter subterraneus DSM 17957T (Klouche et al., 2007); 3, Caminicella sporogenes DSM 14501T (Alain et al., 2002b); 4, Clostridium 
caminithermale DSM 15212T (Brisbarre et al., 2003). +, positive; –, negative; ND, not determined. 

Characteristic  
 

1 2 3 4 

Habitat  Microbial mats from a 
thermal aquifer bore 

outflow 
 

Deep subsurface aquifer 
water 

Deep-sea hydrothermal 
vent chimney 

Deep-sea hydrothermal 
vent chimney 

Geographical location Great Artesian Basin, 
Australia 

Paris Basin, France East Pacific Rise Atlantic Ocean Ridge 
 

Cell width (µm) 0.6 – 0.7 0.5 0.5 – 0.7 0.4 – 0.5 
Cell length (µm) 3.0 – 3.5 3.0 – 5.0 3 – 10 5 – 9 
Gram Stain – + – + 
Cell wall type – + – + 
Sporulation – + + + 
Motility + – + + 
Temperature (°C)     
     Optimum 50 42 60 45 
     Range 30 – 55 25 – 55 45 – 65 20 – 58 
pH     
     Optimum 7.0 7.3 7.5 6.6 
     Range 6.0 – 9.0 5.6 – 8.4 4.5 – 8.0 5.8 – 8.2 
G + C (mol %) 53  †    42.2‡ 24.2† 33.1‡ 
Nutritional Characteristics:     
Carbohydrate fermentation     
     Fructose + + – + 
     Mannose + – ND + 
     Cellobiose + + – – 
     Ribose – + – + 
     Xylose – + – – 
     Mannitol + – ND – 
Alcohol fermentation     
     Glycerol – – ND + 
Amino acid fermentation     
     Alanine – + ND – 
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     Arginine – + ND + 
     Glutamate – + ND + 
     Glutamine – + ND – 
     Isoleucine – + – + 
     Serine + + – – 
Reduction of Electron  Acceptors:     
     Fe(III) + ND – ND 
     Thiosulphate – – + – 
     Elemental sulphur + – + – 
Products from glucose fermentation Ethanol, acetate Acetate, formate, H2, CO2, 

(ethanol) 
Butyrate, acetate, ethanol, 

H2, CO2 
Acetate, propionate, H2, 

CO2 
Similarity to strain B2-1T (%) 100 89.9 88.2 86.8 

†Determined by the thermal denaturation method. 
‡Determined by high-performance liquid chromatography. 
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4.6.8 DESCRIPTION OF THERMOTALEA METALLIVORANS GEN. NOV. SP. NOV. 

Thermotalea (Ther.mo.ta'le.a. Gr. adj. thermos hot; L. fem. n. talea a slender staff, rod; N.L. 

fem. n. Thermotalea a rod-shaped thermophile).  

 

Cells are strictly anaerobic, slightly-curved rods. Gram-reaction is negative. Cells possess 

peritrichous flagella. No spores are produced. Iron(III), manganese(IV) and elemental sulphur 

are reduced. 16S rRNA gene analysis indicates that the genus is a member of the family 

Clostridiaceae, most closely related to the Geosporobacter genus at 89.9 %. The type species 

and the sole member of this genus is Thermotalea metallivorans.  

  

 

4.6.9 DESCRIPTION OF THERMOTALEA METALLIVORANS SP. NOV. 

Thermotalea metallivorans (me.tal.li.vo'rans. L. N. metallum metal; L. V. vorare to devour; N.L. 

part. adj. metallivorans metal-devouring).  

 

Cells are 3.0 – 3.5 x 0.6 – 0.7 m. Growth occurs between 30 and 55 °C (optimum temperature 

55 °C) and pH 7 to 9 (optimum pH 8.0). Grows on yeast extract or tryptone as sole carbon 

sources. Yeast extract or tryptone is required for growth with other substrates. Grows with 

glucose, sucrose, maltose, fructose, arabinose, mannose, cellobiose, m-inositol, mannitol, 

casamino acids, serine, and leucine but not lactose, galactose, raffinose, xylose, ribose, chitin, 

starch, acetate, propionate, lactate, formate, pyruvate, ethanol, glycerol, amyl media, arginine, 

alanine, glycine, threonine, glutamate, isoleucine, methionine, amylopectin, casein and xylan. 

Metabolizes mannose, tween 40, tween 80, L-arabinose, D-arabitol, D-cellobiose, D-fructose, 

α-D-glucose, m-inositol, lactulose, D-mannose, α-methyl-D-galactoside, β-methyl-D-glucoside, 

palatinose, ribose, sedoheptulosan, sucrose, D-tagatose, D-xylose, acetic acid, γ-

hydroxybutyric acid, D-malic Acid, L-malic Acid, succinic acid mono-methyl ester, propionic 

Acid, N-acetyl-L-glutamic acid, L-asparagine, L-serine, putrescine, adenosine-5'-

monophosphate, uridine-5'-monophosphate, D-fructose-6-phosphate, α-D-glucose-1-

phosphate, D-glucose-6-phosphate and D-L-α-glycerol phosphate but not α-cyclodextrin, β-

cyclodextrin, dextrin, glycogen, inulin, N-acetyl-D-glucosamine, M-acetyl-β-D-mannosamine, 

amygdalin, arbutin, L-fucose, D-galactose, D-galacturomic acid, gentiobiose, D-gluconic acid, α-

D-lactose, maltose, maltotriose, D-mannitol, D-melezitose, D-melibiose, β-methyl-D-

galactoside, 3-methyl glucose, α-methyl-D-glucoside, α-methyl-D-mannoside, D-psicose, D-

raffinose, L-rhamnose, D-salicin, D-sorbitol, stachyose, D-trehalose, turanose, xylitol, α-



CHAPTER FOUR:     CHARACTERISATIONS OF SELECTED STRAINS 

 

  
198 

 

  

hydroxybutyric acid, β-hydroxybutyric acid, p-hydroxy-phenylacetic acid, α-ketoglutaric acid, α-

ketovaleric acid, lactamide, D-lactic acid methyl ester, L-lactic acid, pyruvatic acid methyl ester, 

pyruvic acid, succinamic acid, succinic acid, L-alaninamide, D-alanine, L-alanine, L-alanyl-

glycine, L-glutamic acid, glycyl-L-glutamic acid, L-pyroglutamic acid, 2,3-butanediol, glycerol, 

adenosine, 2'-deoxy adenosine, inosine, thymidine, uridine and thymidine-5'-monophosphate. 

End products from glucose fermentation are ethanol and acetate. Iron(III), manganese(IV) and 

elemental sulphur are reduced in the presence of yeast extract but not sulphate, sulphite, 

thiosulphate, nitrate or nitrite. Sensitive to chloroamphenicol, streptomycin, tetracycline, 

penicillin, ampicillin, sodium azide and NaCl concentrations greater than 4 %. The G + C 

content of the genomic DNA is 48 ± 1 mol %. Phylogenetically related to Geosporobacter 

subterraneus DSM 17957T (similarity value 89.9 %). The type strain B2-1T (=KCTC 5625T= JCM 

15105T=DSM 21119T) was isolated from a microbial mat sample from the outflow of a Great 

Artesian Basin bore (the New Lorne Bore) in Queensland, Australia.  
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4.7  FERVIDICELLA METALLIREDUCENS STRAIN AEBT GEN. NOV., SP. NOV., 

CALORAMATOR AUSTRALICUS STRAIN RC3T SP. NOV., CALORAMATOR 

MITCHELLENSIS STRAIN VF08T SP. NOV., AND STRAIN RI50-GL 

 

4.7.1 MORPHOLOGICAL STUDIES 

 

The cells of strain AeBT (2.5 – 6.0 x 1.0 m), strain RC3T (2.5 – 4.2 x 0.8 – 1.0 m), strain VF08T 

(1.5 – 3.5 x 0.4 – 0.8 m) and strain Ri50-Gl (2.0 – 3.5 x 1.0 m) were all peritrichously 

flagellated slightly curved rods, which existed singly, in pairs and short chains (Fig. 4.26 – 29). 

Cells of strain RC3T exhibited a “roll and tumble” motility. Cells of strain AeBT, strain VF08T and 

strain Ri50-Gl were transferable into TYECas and TYEG medium, respectively, after heat-

treatment for 10 min but not 20 min at 95 °C, while cells of strain RC3T were transferable into 

TYEG medium after heat-shock for 20 min but not 30 min at 95 °C. Cells of strain AeBT, strain 

VF08T and strain Ri50-Gl stained Gram-negative and electron micrographs of thin sections of 

cells of each strain confirmed a Gram-negative cell-wall ultrastructure consisting of an inner 

electron dense layer adjacent to the cell membrane and an outer electron light layer consisting 

of regular protein subunits. In contrast, cells of strain RC3T stained Gram-positive and electron 

micrographs of thin sections revealed a thick peptidoglycan layer, characteristic of a Gram-

positive cell wall ultrastructure (Fig. 4.27d).  
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Figure 4.26: Electron micrographs of cells of strain AeBT. (a) Negatively stained cells 
showing a peritrichously flagellated cell. Flagella, (F). Bar, 500 nm. (b) Transmission 
electron micrograph of a thin section showing cell wall ultrastructure structure revealing 
the presence of a cytoplasmic membrane (CM), an electron dense wall layer adjacent to 
the membrane (CWi) and an electron light outer cell wall layer composed of regular 
subunits (CWo), typical of a Gram-negative cell wall ultrastructure. Bar, 100 nm.  
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CM 
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Figure 4.27: Electron Micrographs of strain RC3T. (a) Scanning electron micrograph show a 
cluster of cells encased in a polysaccharide matrix. Bar = 5 µm. (b) Scanning electron 
micrograph showing chains of cells. Bar = 2 µm. (c) Negatively strained cells of strain RC3T 
showing peritrichous flagella. Bar = 1 µm. (b) Transmission electron micrograph of a thin 
section of strain RC3T revealing a typical Gram-positive cell wall ultrastructure. CM, 
cytoplasmic membrane; P, peptidoglycan; S, septum. Bar = 50 nm. 
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Figure 4.28: Transmission electron micrographs of thin sections of strain VF08T. (a) Cell 
morphology (bar, 100 nm) and (b) cell-wall ultra-structure structure revealing the 
presence of a cytoplasmic membrane (CM), a triple-layered cell-wall comprised of an 
electron-light inner (CWI) and outer (CWO) cell-wall layer, and an electron-dense middle 
layer (CWM) sandwiched between, typical of a Gram-negative cell-wall ultrastructure 
(bar, 50 nm).  
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Figure 4.29: Electron micrographs of cells of strain Ri50T. (a) Negatively stained cells 
showing a peritrichously flagellated cell. Bar = 1 µm. (b) Transmission electron 
micrograph of a thin section showing a slightly curved cell morphology. Bar = 200 nm. (c) 
An enlargement of (b) showing cell wall ultrastructure structure revealing the presence 
of  a cytoplasmic membrane (CM), an electron dense wall layer adjacent to the 
membrane (CWi) and an electron light outer cell wall layer composed of regular 
subunits (CWo), typical of a Gram-negative cell wall ultrastructure. Bar = 50 nm. 
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4.7.2 GROWTH STUDIES 

 

The effects of temperature and pH on the growth of the strains AeBT, RC3T, VF08T and Ri50-Gl 

are shown in Figures 4.30 – 31, and the growth and generation time of these strains under 

optimal conditions (temperature and pH) is shown in Figures 4.32. All strains grew optimally at 

elevated temperatures (50 – 60 °C) and at neutral pH levels, and exhibited rapid growth rates 

(generation times ranging from 31.8 – 46.4 min). The growth characteristics of the strains 

AeBT, RC3T, VF08T and Ri50-Gl are summarised in Table 4.9. 

 

Table 4.9: Growth characteristics of strain AeBT, strain RC3T, strain VF08T and 
strain Ri50-Gl. 

Growth Characteristic 
 

AeBT RC3T VF08T Ri50-Gl 

Temperature (°C)     
     Optimum 50 60 55 60 
     Range 37 – 55 45 – 70 37 – 60 37 – 65 
pH     
     Optimum 7.0 7.0 7.0 8.0 
     Range 5.0 – 9.0 5.0 – 9.0 6.0 – 9.0 6.0 – 9.0 
Generation time (min) 36.2* 31.8 34.2 39 
Medium TYECas TYEG TYEG TYEG 

*Growth rate on LPBS medium amended with 0.2 % glucose and 0.02 % yeast 
extract [YE(0.02 %)G medium].  
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Figure 4.30: The effect of temperature on the growth of strain AeBT, strain 
RC3T, strain VF08T and strain Ri50-Gl. Key:  , strain AeBT;  , strain RC3T;  , 
strain VF08T;  , strain Ri50-Gl. 

 

 
Figure 4.31: The effect of pH on the growth of strain AeBT, strain RC3T, strain 
VF08T and strain Ri50-Gl. Key:  , strain AeBT;  , strain RC3T;  , strain VF08T; 

 , strain Ri50-Gl. 
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Figure 4.32: The growth curve and generation time of strain AeBT, RC3T, VF08T and Ri50-Gl. (a) Strain AeBT grown on YE(0.02 %)G medium. 
Key:  , OD580 nm;  , Number of generations. (b) Strain RC3T grown on TYEG medium. Key:   , OD580 nm;   , Number of generations. (c) 
Strain VF08T grown on TYEG medium. Key:  , OD580 nm;  , Number of generations. (d) Strain Ri50-Gl grown on TYEG medium. Key: , 
OD580 nm;   , Number of generations.. 
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All of the strains AeBT, RC3T, VF08T and Ri50-Gl are strict anaerobes, as no growth of either 

strain occurred in Media D and in aerobically prepared TYEG medium. Similarly, all of 4 the 

strains were inhibited by varying concentrations of antibiotics consistent with their 

classification within Domain Eubacteria (Table 4.10). The growth of the four strains was 

inhibited in the presence of 0.2 % NaCl (w/v) (Table 4.10). A reduced growth of the strains 

AeBT, RC3T and VF08T was observed when NaCl concentrations were increased above 0.01 % 

(w/v). In contrast, strain Ri50-Gl grew well in the presence of 1 % NaCl achieving approximately 

equal growth compared to growth in the presence of 0.1 % NaCl.  

 

Table 4.10: The effect of various antibiotics, sodium azide and NaCl on the 
growth of strain AeBT, strain RC3T, strain VF08T and strain Ri50-Gl. Key: ND, Not 
determined. 

Culture Conditions Growth Inhibition (%) 
 AeBT RC3T VF08T Ri50-Gl 
Positive control 0.00 0.00 0.00 0.00 
Chloroamphenicol 
100µg.ml-1 

100.00 100.00 100.00 100.00 

Chloroamphenicol 10µg.ml-1 100.00 66.42 100.00 100.00 
Streptomycin 100µg.ml-1 100.00 100.00 100.00 100.00 
Streptomycin 10µg.ml-1 100.00 93.81 100.00 100.00 
Tetracycline 100µg.ml-1 100.00 100.00 100.00 100.00 
Tetracycline 10µg.ml-1 100.00 100.00 100.00 100.00 
Penicillin 100µg.ml-1 100.00 100.00 100.00 100.00 
Penicillin 10µg.ml-1 100.00 91.19 100.00 100.00 
Ampicillin 100µg.ml-1 100.00 100.00 100.00 100.00 
Ampicillin 10µg.ml-1 100.00 100.00 100.00 26.48 
Sodium Azide 500µg.ml-1 ND 42.80 ND 58.18 
Sodium Azide 250µg.ml-1 ND 27.79 ND 42.41 
NaCl growth range <2 % 0 - <2 % <2 % 0 - <2 % 
 

 

4.7.3 NUTRITIONAL STUDIES 

 

The effect of each specific substrate present in TYECas or TYEG medium both individually and 

in combination, on the growth of strains AeBT, RC3T, VF08T and Ri50-Gl is summarised in Table 

4.11 and is discussed below.  
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Table 4.11: The growth of strain AeBT, RC3T, VF08T and Ri50-Gl on each specific 
medium component present in TYECas or TYEG medium. 

Growth substrates Growth compared to growth with all components (%) 
AeBT * RC3T VF08T Ri50-Gl 

TYEG 100 100 100 100 
TYE 87 32 11 24 
TG 65 20 65 ND 
YEG 97 53 65 100 
T 25 8† 5† 10 
YE 53 23 10 20 
G 10† 9† 8† 4† 
LPBS 5† 4† 0† 1† 

*Strain AeBT was tested with casamino acids in place of glucose. 
†Culture failed to subculture under the same condi ons. 

 

When strain AeBT was tested in LPBS medium amended with 0.2 % tryptone (medium T), 0.2 % 

yeast extract (medium YE), or 0.2 % each of tryptone and yeast extract (medium TYE) as 

carbon sources, a growth of approximately 25 %, 50 %, and equal growth respectively was 

observed compared to growth in TYECas medium after 5 hours incubation (an OD580nm 0.22 = 

100%). No growth was observed with casamino acids as the sole carbon source (medium Cas), 

but casamino acids were fermented in the presence of tryptone (medium TCas) and yeast 

extract (medium YECas) with strain AeBT growing to approximate levels of 65 % and 90 % 

growth after 5 hours incubation (Fig 4.33). When the yeast extract concentration in the YECas 

medium was reduced to 0.02 %, 0.05 % and 0.1 % growth of approximately 55 %, 50 % and 30 

% less respectively was observed (compared to growth with 0.2 % YECas medium) indicating 

that components in yeast extract increase the growth of strain AeBT in a dose dependant 

manner (Fig 4.34).  
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Figure 4.33: The effect of each specific energy substrate (yeast extract, 
tryptone and casamino acids) present in TYECas medium on the growth of 
strain AeBT. Key:  , Tryptone, yeast extract and casamino acids (TYECas) 
medium;   , Tryptone and yeast extract (TYE) medium;  , Tryptone and 
casamino acids (TCas) medium; X , yeast extract and casamino acids (YECas) 
medium;  , Tryptone only medium (T medium);  , Yeast extract only medium 
(YE medium);  + , Casamino acids only medium (Cas medium); , Medium not 
containing any carbon sources (LPBS medium). 

 

 
Figure 4.34: The effect of yeast extract on the growth of strain AeBT with 
glucose. Key:  , yeast extract (0.2 %) and casamino acids;   , yeast extract 
(0.1 %) and casamino acids;  , yeast extract (0.05 %) and casamino acids; X , 
yeast extract (0.02 %) and casamino acids;  , casamino acids only medium (Cas 
medium);  , Yeast extract only medium (YE medium). 
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When the growth of strain RC3T was tested on the individual growth substrates present in 

TYEG medium, no growth was observed with 0.2 % tryptone (T medium) and approximately 25 

and 32 % growth was observed with 0.2 % yeast extract (YE medium) and in combination (TYE 

medium), respectively, compared to growth in TYEG medium (OD580 nm = 1.3 after 5.5 hours 

growth) (Fig. 4.35). Growth was not observed in the negative control that contained no added 

substrate (LPBS medium) or with glucose as the sole carbon source (G medium). Glucose was 

fermented with the addition of 0.2 % yeast extract (YEG medium) reaching approximately 53 % 

growth, but was not maintained when yeast extract was substituted for tryptone (TG medium) 

(Fig 4.35). This suggests that components in yeast extract but not tryptone were required for 

glucose fermentation. No growth of strain RC3T was observed when yeast extract 

concentrations in YEG medium were lowered to 0.01 %, and approximately 20% less growth 

was observed with 0.1 % yeast extract compared with growth in 0.2 % yeast extract, indicating 

that yeast extract increases glucose fermentation in a dose dependant manner (Fig. 4.36).   

 

 
Figure 4.35: The effect of each specific energy substrate (yeast extract, 
tryptone and glucose) present in TYEG medium on the growth of strain RC3T. 
Key:  , Tryptone, yeast extract and glucose rate (TYEG) medium;   , Tryptone 
and yeast extract (TYE) medium;  , Tryptone and glucose (TG) medium; X , 
yeast extract and glucose (YEG) medium;  , Tryptone only medium (T medium); 

 , Yeast extract only medium (YE medium);  + , Glucose only medium (G 
medium); , Medium not containing any carbon sources (LPBS medium). 
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Figure 4.36: The effect of yeast extract on the growth of strain RC3T with 
glucose. Key:  , yeast extract (0.2 %) and glucose;   , yeast extract (0.1 %) and 
glucose;  , yeast extract (0.01 %) and glucose; X , yeast extract (0.005 %) and 
glucose; , glucose only medium (G medium); , Yeast extract only medium (YE 
medium);   , Medium not containing any carbon sources (LPBS medium). 

 

 

When the growth of strain VF08T was tested in LPBS amended with 0.2 % tryptone (T medium) 

and 0.2 % yeast extract (YE medium) as sole carbon sources and in combination (TYE medium), 

growth of  approximately 5 %, 9 % and 11 % respectively was observed compared to growth in 

TYEG medium (OD580 nm = 0.90 after 6.5 hours growth). Growth was not maintained in the 

negative control that contained no added substrate (LPBS medium) or with glucose as the sole 

carbon source (G medium). Glucose was fermented with the addition of 0.2 % tryptone (TG 

medium) and 0.2 % yeast extract (YEG medium) reaching approximately 65 % growth for each 

(Fig 4.37). When yeast extract concentrations in the YEG medium were lowered to 0.1 and 0.05 

%, growth of approximately 22 % and 19 % was observed respectively indicating that yeast 

extract increases glucose fermentation in a dose dependant manner (Fig 4.38).  
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Figure 4.37: The effect of each specific energy substrate (yeast extract, 
tryptone and glucose) present in TYEG medium on the growth of strain VF08T. 
Key:  , Tryptone, yeast extract and glucose rate (TYEG) medium;   , Tryptone 
and yeast extract (TYE) medium;  , Tryptone and glucose (TG) medium; X , 
yeast extract and glucose (YEG) medium;  , Tryptone only medium (T medium); 

 , Yeast extract only medium (YE medium);  + , Glucose only medium (G 
medium); , Medium not containing any carbon sources (LPBS medium). 

 

 
Figure 4.38: The effect of yeast extract on the growth of strain VF08T with 
glucose. Key:  , yeast extract (0.2 %) and glucose;   , yeast extract (0.1 %) and 
glucose;  , yeast extract (0.05 %) and glucose; , glucose only medium (G 
medium); , Yeast extract only medium (YE medium). 
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When the growth of strain Ri50-Gl was tested in LPBS amended with 0.2 % tryptone (T 

medium) and 0.2 % yeast extract (YE medium) as sole carbon sources and in combination (TYE 

medium), growth of  approximately 10 %, 20 % and 25 % respectively was observed compared 

to growth in TYEG medium (OD580 nm = 0.95 after 3 hours growth). Growth was not maintained 

in the negative control that contained no added substrate (LPBS medium) or with glucose as 

the sole carbon source (G medium). Glucose was fermented with in the presence of 0.2 % 

yeast extract (YEG medium) reaching approximately equal growth compared to growth in TYEG 

medium (Fig 4.39). When yeast extract concentrations in the YEG medium were lowered to 0.1 

and 0.05 %, growth of approximately 15 % and 20 % was observed respectively when 

compared to growth in YEG medium (Fig 4.40). Hence, the presence of yeast extract equal to 

or less than 0.2 % increased biomass and increased generation time.  

 

 
Figure 4.39: The effect of each specific energy substrate (yeast extract, 
tryptone and glucose) present in TYEG medium on the growth of strain Ri50T. 
Key:  , Tryptone, yeast extract and glucose rate (TYEG) medium;   , Tryptone 
and yeast extract (TYE) medium;  , yeast extract and glucose (YEG) medium;  X 
, Tryptone only medium (T medium);  , Yeast extract only medium (YE 
medium);   , Glucose only medium (G medium); , Medium not containing any 
carbon sources (LPBS medium). 
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Figure 4.40: The effect of yeast extract on the growth of strain Ri50 with 
glucose. Key:  , yeast extract (0.2 %) and glucose;   , yeast extract (0.1 %) and 
glucose;  , yeast extract (0.05 %) and glucose; , glucose only medium (G 
medium); , Yeast extract only medium (YE medium);   , Medium not 
containing any carbon sources (LPBS medium). 

 

Using the above results, substrate utilisation tests for strain AeBT was performed in 0.02 % YE 

medium, strain VF08T in 0.1 % YE medium and tests for both strain RC3T and strain Ri50-Gl 

were performed in 0.2 % YE medium.  The substrate utilisation results are given in Table 4.11. 

In addition to the results in Table 4.12, strain AeBT was not able to utilise rhamnose, adenine 

guanine, uric acid, caffeine, histidine and purine; strain RC3T was able to utilise cellulose and 

xylan but not CM-cellulose, chitin and casein; and strain VF08T was unable to utilise citrate.  

 

End-products of glucose fermentation of strains AeBT, RC3T and VF08T were acetate and 

ethanol. Gas-phase end-products of glucose fermentation of strain AeBT and VF08T were CO2 

and H2. Gas-phase end-products of glucose fermentation of strain RC3T were not tested.  
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Table 4.12: Substrate utilisation by the strains AeBT, RC3T, VF08T and Ri50-Gl. 
Key + , positive; - , negative; ND , not determined. 

Growth substrates 
 

AeBT RC3T VF08T Ri50-Gl 

Extracts     
  Tryptone + + + + 
  Peptone + + + + 
Carbohydrates     
  Glucose + + + + 
  Fructose + + + + 
  Sucrose + + + + 
  Galactose - + - + 
  Maltose + + + + 
  Raffinose - + + + 
  Cellobiose - + + + 
  Mannose - + - + 
  Lactose - - ND ND 
  Xylose ND + + + 
  Arabinose - - ND ND 
  Ribose ND - + ND 
  Mannitol + - - ND 
  Starch +  ND ND 
  Pectin  + + ND ND 
Sugar alcohols     
  Inositol - - - ND 
  Ethanol - - - - 
  Glycerol - - - - 
Organic acids     
  Pyruvate + + + ND 
  Acetate - - - - 
  Lactate - - - - 
  Formate - - ND - 
  Propionate - - - - 
  Benzoate ND - ND - 
Amino acids     
  Casamino acids + + + + 
  Amyl media + + + + 
  Alanine - - - ND 
  Arginine - - - ND 
  Glutamate - - - ND 
  Isoleucine - - - ND 
  Leucine - - ND ND 
  Aspartate - - ND ND 
  Succinate - + ND ND 
  Threonine + + ND ND 
  Methionine + - - ND 
  Serine + - + ND 
  Valine - ND - ND 
  Glycine - - ND ND 
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4.7.4 ELECTRON ACCEPTOR UTILISATION 

 

Electron acceptor utilisation by the strains AeBT, RC3T, VF08T and Ri50-Gl in the presence of 0.2 

% yeast extract is shown in Table 4.12.  

 

Table 4.13: Electron acceptor utilisation by the strains AeBT, RC3T, VF08T and 
Ri50-Gl in the presence of 0.2 % yeast extract. Key + , positive; - , negative. 

Electron 
Acceptor 
 

AeBT RC3T VF08T Ri50-Gl 

Iron(III) citrate + + - + 
Iron(III)OOH + + - + 
Manganese(IV) + + - + 
Vanadium(V) + + + + 
Sulphate - - - - 
Sulphite - - - + 
Thiosulphate - - - + 
Elemental 
Sulphur 

- + - + 

Nitrate - - - - 
Nitrite - - - - 
 

 

In addition to the electron acceptors reduced by strain AeBT as specified in Table 4.12, strain 

AeBT also reduced cobalt(III) in the presence of 0.2 % yeast extract. Iron(III) citrate was reduced 

by strain AeBT in the presence of tryptone, peptone and amyl media but not starch, xylan, 

chitin, glycerol, ethanol, pyruvate, benzoate, lactate, acetate, propionate, succinate, serine, 

lysine, threonine, arginine, glutamate, glycine, valine, leucine, histidine, alanine, aspartate, 

isoleucine, methionine, or H2 and CO2. Given that iron(III) was only reduced in the presence of 

substrates that could be fermented by strain AeBT, an investigation to determine if energy is 

conserved to support growth from the reduction of iron(III) to iron(II) was deemed to be 

equivocal. 

 

Strain RC3T reduced iron(III) citrate in the presence of tryptone, peptone, amyl media, 

threonine and glycerol but not rhamnose, chitin, xylan, pectin, starch, pyruvate, acetate, 

benzoate, lactate, propionate, succinate, inositol, ethanol, mannitol, arginine, glutamine, 

serine or H2 and CO2. As iron(III) was reduced in the presence of glycerol (a substrate not 

fermented by strain RC3T) further tests were performed to investigate if iron(III)-reduction is 

linked to the growth of strain RC3T. For this iron(III)-reduction was measured using the 

ferrozine method (as specified in Section 2.3.3) and cells numbers were determined by the 
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most-probable number technique (Greenberg, et al., 1992) using TYEG medium. Strain RC3T 

grew and reduced iron(III) in Fe(III) citrate-PL medium with glycerol (0.2 %), and following an 

initial lag period, the onset of iron(II) production corresponded to the most rapid increase in 

cell numbers; iron(II) concentrations did not increase once cells had reached death phase (Fig. 

4.41). Iron(II) concentrations did not increase in the control lacking strain RC3T and no growth 

was observed in the control lacking iron(III). Thus, RC3T was able to conserve energy to support 

growth from the reduction of iron(III) to iron(II) and therefore can be regarded as a facultative 

DIRB. 

 

 
Figure 4.41: Growth and iron(II) production by strain RC3T with glycerol (0.2 %) 
as an electron donor and ammonium iron(III) citrate as the electron acceptor. 
Key: , Fe(II) concentration in strain RC3T culture; , Fe(II) concentration in 
control; , cell numbers in strain RC3T culture. 

 

 

4.7.5 STRAIN VF08T VANADIUM(V)-REDUCTION STUDIES 

 

Strong vanadium(V)-reduction was observed in cultures of strain VF08T that contained extract, 

peptone, tryptone, glucose, sucrose and casamino acids but not in cultures amended with 

glycerol, ethanol, acetate, propionate, lactate, pyruvate, or the aromatic compounds (4 mM) 

benzoate, 3-hydroxybenzoate, 4-hydroxybenzoate, 2-methoxybenzoate and 3-chlorobenzoate 



CHAPTER FOUR:     CHARACTERISATIONS OF SELECTED STRAINS 

 

  
218 

 

  

(2 mM). Vanadium(V) was not reduced in the control uninoculated media but a minimal 

amount of vanadium(V)-reduction was noted in media containing trace amounts of yeast 

extract (0.02 %). These findings suggest that the vanadium(V)-reduction observed in the 

primary enrichment culture and subsequent subcultures was due likely to the trace 

concentration of yeast extract (0.02 %) rather than 3-hydroxybenzoate (4 mM) acting as an 

electron donor. 

 

To investigate this further, the effect of vanadium(V) on the growth of strain VF08T was tested 

in V(V)-PL medium amended with 0.2 % yeast extract, and was compared to the growth of the 

strain in same medium minus vanadium(V). Cell numbers were determined periodically over a 

four day period by the Most-Probable-Number (MPN) technique (Greenberg, et al., 1992) 

using TYEG medium. Results from triplicate experiments showed that the reduction of 

vanadium(V) (up to 5 mM) did not increase the biomass or the growth rate of strain VF08T and 

suggesting that it was not involved in energy generation. Strain VF08T represents the first 

known Caloramator species that reduces vanadium(V) but vanadium(V) is not required as an 

obligate respiratory electron acceptor for growth. These results are similar to those reported 

by Ledbetter et al. (2007) in which they showed that Caloramator strain YeAs, an isolate from a 

terrestrial hydrothermal system reduced arsenic(V) (arsenate), which was not obligately 

required for growth. Interestingly, neither of the nearest phylogenetic neighbours of strain 

YeAs, Thermobrachium celere and Caloramator coolhassii reduce arsenic(V) (Ledbetter et al. 

2007). Thus, phylogenetic relatedness makes a poor predictor of metabolic metal transforming 

capabilities in Caloramator species 

 

 

4.7.6 MOL % G + C CONTENT OF DNA  

 

The mol % G + C content of strains AeBT, RC3T, VF08T and Ri50-Gl is given in Table 4.14.  

 

Table 4.14: The mol % G + C content of strains AeBT, RC3T, VF08T and Ri50-Gl. 
Mol % G + C content of DNA 

AeBT RC3T VF08T Ri50-Gl 

35.4 34.4 38.4 34.1 
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4.7.7 GENE SEQUENCE ANALYSIS 

 

The phylogenetic analysis of the consensus 16S rRNA gene sequences of the strains AeBT, RC3T, 

VF08T and Ri50-Gl indicated they are members of the family Clostridiaceae, class Clostridia, 

phylum Firmicutes (Fig 4.42). Analysis of 1423 nt of the 16S rRNA gene of strain AeBT indicated 

that the strain is phylogenetically positioned approximately equidistance between the genera 

Sarcina, Anaerobacter, Caloramator and Clostridium (closest rDNA similarity value 87.8 - 90.9 

%), most closely related to Clostridium cylindrosporum DSM 605T (similarity value, 90.9) and 

Caloramator viterbensis DSM 13723T (similarity value, 90.7). In contrast, the strains RC3T, 

VF08T and Ri50-Gl are phylogenetically positioned within the genus Caloramator. Analysis of 

1472 nt of the 16S rRNA gene of strain RC3T indicated the strain was most closely related to 

Caloramator fervidus ATCC 43204T (formerly Clostridium fervidus; 16S rRNA similarity of 95.8 

%). Phylogenetic analysis of the consensus 16S rRNA gene sequence of strain VF08T comprising 

1605 nt, revealed a unique elongated structure of helix 6 (nucleotides 33 – 177, E. coli strain K-

12 positions 70 – 101) (Fig. 4.43) comprising of 144 nt compared to the 29 and 31 nt 

comprising helix 6 within strain VF08T’s closest relatives which included strain RC3T and 

Caloramator fervidus ATCC 43204T. The 16S rRNA gene similarity values between strain VF08T 

and strain RC3T was 85.0 % and with Caloramator fervidus was 86.1 % when the helix 6 

nucleotides were included in the analysis, and was 95.2 % and 94 % respectively when these 

nucleotides were masked from the analysis. 16S rRNA gene sequence analyses of 1 382 nt of 

strain Ri50-Gl revealed an almost identical (99.9 %) sequence similarity to Caloramator 

coolhaasii DSM 12679T.  

 

Further comparisons of the 16S rRNA gene supports the division of genus Caloramator into 

four subclusters: Subcluster I contains Thermobrachium celere DSM 8628T (X99238), C. indicus 

ACM 3982T (X75788), “C. uzoniensis” ATCC BAA503T (AF489534), C. proteoclasticus DSM 

10124T (X90488) and C. coolhaasii DSM 12679T (AF104215), subcluster II Caloramator strain 

VF08T, subcluster III C. australicus KCTC 5601T (EU409943) and C. fervidus ATCC 43204T 

(L09187), and subcluster IV C. viterbiensis DSM 13723T (AF181848) (Table 4.15 - 16). In 

addition, the significant phylogenetic differences observed in helix 6, 11 and 18 [E .coli helix 

numbering according to Neefs et. al., (1993)], amongst members of the genus Caloramator 

also supports the inclusion of strain VF08T as a distinct species of the genus Caloramator and 

as the lone member of subcluster II.  
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Figure 4.42: A dendrogram showing the phylogenetic position of Fervidicella metallireducens AeBT, Caloramator australicus strain 
RC3T, Caloramator mitchellensis strain VF08T, strain Ri50-Gl and closely related organisms based on 16S rRNA gene sequence 
comparisons. 16S rRNA gene analyses (refer to the text and Tables 4.14 and 4.15) supports the division of Genus Caloramator into 
four subclusters: Subcluster I contains Thermobrachium celere DSM 8628T (X99238), C. indicus ACM 3982T (X75788), “C. uzoniensis” 
ATCC BAA503T (AF489534), C. proteoclasticus DSM 10124T (X90488) and C. coolhaasii DSM 12679T (AF104215), subcluster II 
Caloramator strain VF08T, subcluster III C. australicus KCTC 5601T (EU409943) and C. fervidus ATCC 43204T (L09187), and subcluster 
IV C. viterbiensis DSM 13723T (AF181848). Bootstrap values > 95 are shown. The scale bar indicates 5 nucleotide changes per 100 
nucleotides. GenBank accession numbers are given in the parentheses. 
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Figure 4.43: Secondary structure of helix 6 of the 16S rRNA sequence of (a) 
strain VF08T, (b) strain RC3T, (c) Caloramator fervidus ATCC 43204T. 
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Table 4.15: 16S rRNA signature nucleotides in the proposed Caloramator subclusters I – IV. Subcluster I is composed of: Thermobrachium 
celere DSM 8628T (X99238), C. indicus ACM 3982T (X75788), “C. uzoniensis” ATCC BAA503T (AF489534), C. proteoclasticus DSM 10124T 
(X90488) and C. coolhaasii DSM 12679T (AF104215); Subcluster II is composed of: strain VF08T (GU723692); Subcluster III is composed of: C. 
australicus KCTC 5601T (EU409943) and C. fervidus ATCC 43204T (L09187); and Subcluster IV is composed of: C. viterbiensis DSM 13723T 
(AF181848). Key Pur, purine; Pyr, pyrimidine. 

  Signature Nucleotide(s) in Caloramator: 
E. coli Positions# E. coli Subcluster I 

(6 isolates) 
Subcluster II 

(1 isolate) 
Subcluster III 
(2 isolates) 

Subcluster IV 
(1 isolate) 

Number of Nucleotides in Helix 6* (61 to 106) †  45 43§ 158 43 – 45  43 
Helix 11*  (198 to 219) ‡       
Helix 18*  (451 to 482) ‡      
590-649  U-A U-A U-A Pyr-Pur U-A 
592-647  G-C U-A U-G C-G U-A 
593-646  U-G U-G U-G U-G C-G 
672-734 U-G C-G U-A C-G C-G 
837-849 U-C G-C G-C Pur-C A-C 
822-878 U-A G-C A-U Pur-Pyr G-C 
1047-1210 G-C G-C G-C G-C G-U 
1245-1292 A-U G-C A-U A-U G-C 
1246-1291 C-G G-C C-G C-G G-C 
1262 C Pur G A U 
1278 C Pyr A Pur A 
1285 & 1285.2 C  CA UG UU UU 
1436 U C C C U 

#E. coli numbering according to Winkler & Woese, (1991). 
*E .coli helix numbering according to Neefs et. al., (1993). 
†Refer to Fig. 4.43. 
‡ Refer to Table 4.16 
§Analysis does not include T. celere as the type strain has been only sequenced between E. coli nucleotide positions 98 – 1469 (Engle et al., 
1996). 
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Table 4.16: 16S rRNA sequences of helix 11 (E. coli positions 198 – 219) and helix 18 (E. coli positions 451 – 482) within Genus Caloramator. 
Key: : A* and U†  are substituted for N and G respectively in C. proteoclasticus DSM 10124T (X90488); Pur, purine. 

 

Isolate Helix 11 (E. coli positions 198 – 219) Helix 18 (E. coli positions 451 – 482) 
 

E. coli  GAGGGGGA         CCU U CGG    GCCUCU      U AAGGGAGTAAAGTTA  ATA    CCTTTGCTCAT TGA 
Subcluster I   
T.celere DSM 8628T (X99238) GGCGUCUUAG   CCA A AGG     UUAAU        U A                                         TAA                                  TGA 
C. indicus ACM 3982T (X75788) GGCGUCUUAG   CCA A AGG     UUAAU        U A                                         TAA                                  TGA 
“C. uzoniensis” ATCC BAA503T (AF489534) GGCGUCUUAG   CCA A AGG     UUAAU        U A                                         TAA                                  TGA 
C. proteoclasticus DSM 10124T (X90488) GGCGUCUUAG   CCA A GGG     UUANG        G A                                         TAA                                  TGA 
C. coolhaasii DSM 12679T (AF104215) GGCGUCUUAG   CCA A AGG     UUAAU        U A                                         TAA                                  TGA 
               Subcluster I consensus sequence GGCGUCUUAG  CCAAPurGG     UUAA*U†   U†  
Subcluster II   
strain VF08T (GU723692) GGGAUGAUAG  CCAAAAGG   AGAAA          U AAG                                   AGA                                  TGA 
Subcluster III   
C. australicus KCTC 5601T (EU409943) GAUACAUAAG   CCA A AGG    AGGAA         U AAG                                  AAAG                                TGA 
C. fervidus ATCC 43204T (L09187) GCUUUGGUAG   CCA A AGG   AGCGAUAGCU AAG                                  GAAG                                TGA 
Subcluster IV   
C. viterbiensis DSM 13723T (AF181848) GAGGCGUUAG   CCA A AGG  AGCAA            U A                                         TAA                                  TGA 
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4.7.8 DISCUSSION OF STRAIN AEBT 

 

The closest relatives of strain AeBT include Clostridium cylindrosporum DSM 605T (similarity 

value, 90.9 %), which is known to inhabit differing soils and chicken intestines (Andreesen et 

al., 1985), and Caloramator viterbensis DSM 13723T (similarity value, 90.7 %), which inhabits 

hot spring environments (Seyfried et al., 2002). Phenotypically, strain AeBT is differentiated to 

both of these strains by its morphology, negative Gram-stain, mol % G + C, optimal growth 

conditions and nutritional spectrum (Table 4.17). Interestingly, strain AeBT possesses more 

phenotypic characteristics in common with Caloramator viterbensis than with Clostridium 

cylindrosporum including thermophilic growth, carbohydrate fermentation, the inability to 

reduce to sulphate, elemental sulphur and nitrate, and the utilisation of yeast extract, glucose, 

sucrose, fructose, starch, serine, and threonine but not arabinose, ethanol and organic acids. 

However, strain AeBT can be further differentiated from Caloramator viterbensis by its ability 

to reduce iron(III) but not utilize galactose, mannose, lactose, cellobiose, glycerol, aspartate, 

leucine and histidine. Strain AeBT is further differentiated to Clostridium cylindrosporum by its 

ability to ferment carbohydrates and serine but not glycine, uric acid and guanine.  

 

Table 4.17: Selected characteristics of strain AeBT and closest relatives. Strains: 
1, strain AeBT; 2, Clostridium cylindrosporum DSM 605T (Andreesen et al., 1985); 
3, Caloramator viterbensis DSM 13723T (Seyfried et al., 2002). Key: + , positive; – 
, negative; NA, not applicable; ND, not determined. 

Characteristic 1 2 3 
 

Habitat  Microbial mats from a thermal 
aquifer bore outflow 

Soil and chicken 
intestines 

Hot springs 

Geographical 
location 

Great Artesian Basin, Australia Various locations Bagbaccio Spring area, 
Italy 

Morphology Slightly-curved rods Straight rods Straight to slightly 
curved rods 

Cell width (µm) 1.0 0.8 0.4 – 0.6 
Cell length (µm) 2.5 – 6.0 3.3 2.0 – 3.0 
Gram Stain Negative Positive* Positive 
Cell wall type Negative Negative† Positive 
Sporulation – + – 
Motility + + – 
Temperature (°C)    
     Optimum 50 40 – 45 58 
     Range 30 – 55 19 – ND 33 – 64 
pH    
     Optimum 7.0 7.5 – 8.0† 6.0 – 6.5 
     Range 6 – 9 6.7 – 8.5 5.0 – 7.8 
G + C (mol %) 35.4 27.9 32 
Nutritional    
 Characteristics: 

   

 Carbohydrate  + – + 
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  fermentation 
     fructose + – + 
     starch + – + 
     glucose  + – + 
     galactose – ND + 
     mannose – ND + 
     lactose – ND + 
    cellobiose – ND + 
 Alcohol        
  fermentation 

   

     glycerol – ND + 
 Amino acid  
  fermentation 

   

     glycine – +‡§ ND 
     uric acid – + ND 
     guanine – + ND 
     aspartate – ND + 
     serine + – + 
     leucine – ND + 
     histidine – ND + 
Fe(III)-reduction + ND – 
16S rRNA gene 
sequence similarity 
to strain AeBT (%) 

100 % 91.0 90.7 

*Only actively growing cultures stain gram-positive.  
†pH op mum changes with different substrates.  
‡Data from (Durre et al., 1981). 
§In the presence of uric acid.  

 

Based on the phenotypic differences and the large phylogenetic distance separating strain 

AeBT from other members of the family Clostridiaceae we propose to create Fervidicella gen. 

nov., sp. nov., to accommodate this newly described strain. 

 

 

4.7.9 DESCRIPTION OF FERVIDICELLA METALLIREDUCENS STRAIN AEBT GEN. NOV. 

Fervidicella (Fer.vi.di.cel'la. L. adj. fervidus, glowing, burning; L. fem. n. cella cell; N. L. fem.n. 

Fervidicella a glowing cell, a thermophile). 

 

Cells are strictly anaerobic, slightly-curved rods. Gram-reaction is negative. Cells possess 

peritrichous flagella. Spherical terminal to subterminal spores are formed. 16S rRNA gene 

analysis indicates that the genus is a member of the family Clostridiaceae, approximately 

equidistance between the genera Sarcina, Anaerobacter, Caloramator and Clostridium at 87.8 

– 90.9 %. The type species and the sole member of this genus is Fervidicella metallireducens. 
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4.7.10 DESCRIPTION OF FERVIDICELLA METALLIREDUCENS SP. NOV. 

Fervidicella metallireducens (me.tal.li.re.du’cens. L. N. metallum metal; reducens, leading back, 

bringing back and in chemistry converting to a different oxidation state; N.L. part. adj. 

metallireducens reducing metal). 

 

Cells are 2.5 – 6.0 x 1.0 µm. Growth occurs between 37 and 55 °C (optimum temperature 50 

°C) and pH 5 to 9 (optimum pH 7). Grows on yeast extract and tryptone as sole carbon sources. 

Yeast extract or tryptone is required for growth with other substrates. Utilises peptone, 

glucose, sucrose, fructose, maltose, mannitol, starch, pectin, pyruvate, amyl media, casamino 

acids, methionine, serine and threonine but not galactose, mannose, lactose, cellobiose, 

rhamnose, raffinose, arabinose, inositol, glycerol, ethanol, formate, acetate, propionate, 

lactate, aspartate, succinate, glycine, adenine, guanine, uric acid, caffeine, purine, leucine, 

alanine, isoleucine, arginine, histidine, or H2 and CO2. End products from glucose fermentation 

were ethanol, acetate, CO2 and H2. Iron(III), manganese(IV), vanadium(V) and cobalt(III) are 

reduced in the presence of yeast extract but not elemental sulphur, sulphate, sulphite, 

thiosulphate, nitrate or nitrite. Iron(III) is also reduced in the presence of tryptone, peptone, 

casamino acids and amyl media but not starch, xylan, chitin, glycerol, ethanol, pyruvate, 

benzoate, lactate, acetate, propionate, succinate, glycine, serine, lysine, threonine, arginine, 

glutamate, valine, leucine, histidine, alanine, aspartate, isoleucine, methionine and H2 and CO2. 

Sensitive to chloroamphenicol, streptomycin, tetracycline, penicillin, ampicillin and NaCl 

concentrations greater than 2 %. The G + C content of the genomic DNA is 35.4 ± 1 mol %. 

Phylogenetically related to Clostridium cylindrosporum DSM 605T (similarity value, 90.9), and 

Caloramator viterbensis DSM 13723T (similarity value, 90.7). The type strain AeBT (=KCTC 

5667T= JCM 15556T) was isolated from a microbial mat sample from the outflow of a Great 

Artesian Basin bore (the New Lorne Bore) in Queensland, Australia. 

 

 

4.7.11 DISCUSSION OF STRAIN RC3T 

 

Strain RC3T shares common characteristics with all members of the genus Caloramator, which 

include strict anaerobic growth, thermophily, Gram-positive cell-wall ultrastructure, 

carbohydrate fermentation (in particular glucose, fructose, maltose, galactose and sucrose) 

and growth with yeast extract as the sole carbon source. However, there are a number of traits 

that differentiate strain RC3T from its closest relative, C. fervidus, which include differences in 
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temperature optimum and range, G + C content, doubling time and Gram-staining behaviour 

and the ability to utilize serine and tryptone (Patel et al., 1987). Furthermore, cells of C. 

fervidus exhibit sluggish motility, while cells of strain RC3T exhibit roll and tumble motility. 

Based on the phenotypic differences and the phylogenetic distance that separates strain RC3T 

from other members of the genus Caloramator, strain RC3T should be placed in a novel species 

of the genus, Caloramator australicus sp. nov. 

 

 

4.7.12 DESCRIPTION OF CALORAMATOR AUSTRALICUS STRAIN RC3T SP. NOV. 

 

Caloramator australicus (aus.tra’li.cus. N.L. masc. adj. australicus pertaining to Australia, from 

where the type strain was isolated). 

 

Cells are strictly anaerobic, slightly curved rods, 2.5–4.2 × 0.8–1.0 µm. Gram reaction is 

positive. Cells possess peritrichous flagella and exhibit roll and tumble motility. No spores are 

observed. Cells are heat resistant (95 °C for 30 min). Growth occurs between 45 and 70 °C 

(optimum temperature 60 °C) and at pH 6–9 (optimum pH 7.0). Grows on yeast extract but not 

tryptone as the sole carbon source. Yeast extract but not tryptone is required for growth. 

Utilizes glucose, fructose, galactose, xylose, maltose, sucrose, raffinose, mannose, cellobiose, 

cellulose, starch, amylopectin, xylan, peptone, tryptone, amyl media, threonine, pyruvate and 

Casamino acids but not arabinose, ribose, lactose, CM-cellulose, myo-inositol, mannitol, chitin, 

casein, arginine, alanine, serine, glycine, glutamine, leucine, isoleucine, methionine, aspartate, 

formate, acetate, succinate, propionate, lactate, benzoate, glycerol, ethanol, H2 or CO2. 

Iron(III), manganese(IV), vanadium(V) and elemental sulphur are reduced as electron acceptors 

but not sulphate, sulphite, thiosulphate, nitrate or nitrite. Iron(III) is reduced in the presence of 

yeast extract, tryptone, peptone, amyl media, threonine and glycerol but not rhamnose, chitin, 

xylan, pectin, starch, pyruvate, acetate, benzoate, lactate, propionate, succinate, inositol, 

ethanol, mannitol, arginine, glutamine, serine or H2 and CO2. Sensitive to chloroamphenicol, 

streptomycin, tetracycline, penicillin and ampicillin. Reduced growth in the presence of sodium 

azide. The G + C content of the genomic DNA of the type strain is 34±1 mol%. The type strain, 

RC3T (=KCTC 5601T =JCM 1508T), was isolated from a microbial mat sample from the outflow of 

a Great Artesian Basin bore (the New Lorne bore) in Queensland, Australia. 
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4.7.13 FURTHER ANALYSES AND DISCUSSIONS OF STRAIN VF08 AND OTHER MEMBERS OF THE GENUS 

CALORAMATOR 

 

The presence of spo0A gene in strain VF08T, C. proteoclasticus 10124T,  C. coolhaasii 12679T, C. 

viterbiensis DSM 13723T, C. australicus KCTC 5601T, C. fervidus ATCC 43204T was detected 

using the method described in Section 2.5 and with the primers described by Brown et al., 

(1994). C. proteoclasticus DSM 10124T, C. coolhaasii DSM 12679T and C. viterbiensis DSM 

13723T were purchased from DSMZ, and C. fervidus ATCC 43204T was supplied by Prof Hugh 

Morgan, Waikato University, Hamilton, New Zealand. These primers are known to amplify the 

spo0A gene in members of family Clostridiaceae including Thermobrachium celere DSM 8628T 

(Onyenwoke et al., 2004) which is proposed to be renamed as Caloramator celere DSM 8628T 

(Wiegel, 2009), and as expected a fragment of approximately 270 nucleotides was amplified 

from all 6 strains. Sequencing and subsequent sequence analysis using tblastx confirmed that 

the amplified products were spo0A genes.  Further analysis revealed that the closest match for 

the putative spo0A from strain VF08T matched the spo0A from Clostridium tetani E88 

(GenBank accession number: AE015927) and Clostridium novyi strain NT (GenBank accession 

number: AE015927) with similarity values of 80.3 and 79.1 % respectively. However, 

microscopic examination of cultures that had been grown under suboptimal conditions (pH 

and temperatures), or in the presence of 0.2 % glucose or 0.2 % xylose, and of a culture that 

had been grown to stationary phase in the presence of  0.2 % glucose and subsequently 

exposed to 4 °C for 3 days, failed to reveal the presence of spores. Furthermore, cells of strain 

VF08T heated at 95 °C for 10 min failed to subculture in TYEG medium suggesting the absence 

of heat resistant bodies such as spores. The detection of spo0A genes in C. fervidus ATCC 

43204T, C. proteoclasticus DSM 10124T and Thermobrachium celere DSM 8628T confirms 

previous reports on the presence of spores in these cultures. However, the lack of congruence 

between the phenotypic characteristic in which spores are absent and molecular data in which 

spore genes are detected in strain VF08T, C. coolhaasii DSM 12679T, C. australicus KCTC 5601T 

and C. viterbiensis DSM 13723T is not surprising as the presence of spore-specific genes have 

also been reported in members of the genera Streptococcus, Enterococcus, Lactococcus and 

Listeria but none are known to produce endospores (Onyenwoke et al., 2004). 

 

The above Caloramator strains were also tested for their reduction of various metals including 

iron(III), vanadium(V) and manganese(IV), using the methods described in Section 2.3 with 

incubations performed at optimal growth temperatures. The results are given in Table 4.18, 
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which revealed that the range of electron acceptors reduced was species specific and 

therefore could be used as a phenotypic tool for differentiation of Caloramator species.  

 

Table 4.18: The reduction of vanadium(V), iron(III) and manganese(IV) by 
strain VF08T and various members of the genus Caloramator in the presence of 
0.2 % yeast extract. Key: 1, strain VF08T; 2, C. australicus KCTC 5601T; 3, C. 
fervidus ATCC 43204T; 4, C. proteoclasticus DSM 10124T; 5, C. coolhaasii DSM 
12679T; 6, C. viterbiensis DSM 13723T; +, positive; – , negative. 

Electron acceptor 1 2 3 4 5 6 
Vanadium(V) + + – + + – 
Iron(III) oxyhydroxide –   + – + – + 
Iron(III) citrate –   + – + + – 
Manganese(IV) –   + – + – + 
 

It has been shown that members of the genus Caloramator can be differentiated 

phylogenetically by nucleotide signatures and helix structures (Table 4.15 - 16), and on the 

basis of their ability to reduce the electron acceptors vanadium(V), amorphous iron(III) 

oxyhydroxide, iron(III) citrate and amorphous manganese(IV) dioxide (Table 4.18). In addition, 

strain VF08T can also be differentiated specifically from its nearest phylogenetic neighbours, 

Caloramator australicus KCTC 5601T and Caloramator fervidus ATCC 43204T by its sensitivity to 

heat-shock, temperature growth optima and temperature growth range, mol G + C content of 

DNA, its substrate utilisation profile and its inability to reduce elemental sulphur (Table 4.19). 

Furthermore, strain VF08T is differentiated from C. australicus as it stains Gram negative, in its 

ability to ferment serine but not galactose and its inability to reduce iron(III) and 

manganese(IV). Strain VF08T can also be differentiated from C. fervidus by its inability to form 

spores and its ability to ferment maltose and casamino acids. Based on the phenotypic and 

phylogenetic differences that distinguish strain VF08T from C. australicus, C. fervidus and other 

members of the genus Caloramator, the strain VF08T represents a novel species for which the 

name Caloramator mitchellensis sp. nov., is designated. 
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Table 4.19: Differential characteristics of strain VF08T and its closest relatives. 
Strains: 1, strain VF08T; 2, Caloramator australicus strain RC3T; 3, Caloramator 
fervidus (Patel et al., 1987). +, positive; –, negative, ND, not determined. 

Characteristic  1  2  3  
Geographical location 
 

Mitchell, QLD, 
Australia 

Blackall, QLD, Australia Rotorua, New 
Zealand 

Habitat  
 

Great Artesian Bore Microbial mats in a Great 
Artesian  Basin bore 

outflow runoff channel 

Hot Spring 

Morphology Straight to slightly 
curved rods 

Straight to slightly curved 
rods 

Straight to slightly 
curved rods 

     Length 1.5 – 3.5   2.5 – 4.2  2 - 2.5 
     Width 0.4 – 0.8 0.8 – 1.0  0.65 - 0.75 
Gram-stain Negative  Positive Negative 
Sporulation – – + 
Sensitivity to Heat Shock + 

10 min at 95 °C 
– 

30 min at 95 °C 
– 

5 min at 100 °C 
Temperature (°C)    
     Optimum 55 60 68 
     Range 37 – 60 45 – 70 45 – 75 
Substrate fermentation    
     Galactose – + – 
     Maltose + + – 
     Mannose – + + 
     Ribose + – –* 
     Casamino acids + + – 
     Serine + – + 
Electron Acceptor 
Utilisation 

   

     V(V) +  + –* 
     Fe(III) – + –* 
     Mn(IV) – + –* 
     Elemental Sulphur – + +* 
G + C (mol %)† 38 34 39 
16S rRNA gene sequence 
similarity to VF08T (%)‡ 

100 95.2 94.0 

*Determined in this study. 
†Determined by the thermal denatura on method. 
‡Sequence analysis not including the helix 6 sequence. 

 

 

4.7.14 EMENDED DESCRIPTION OF THE GENUS CALORAMATOR  

(Collins, et al., 1994) 

 

The description of the genus Caloramator (Collins et al.,1994; Baena & Patel, 2009) is emended 

as follows. Vanadium(V), iron(III), manganese(IV), and elemental sulphur may or may not be 

reduced.  
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4.7.15 EMENDED DESCRIPTION OF CALORAMATOR FERVIDUS  

(Collins, et al., 1994, Patel, et al., 1987) 

 

The description of the Caloramator fervidus (Patel et al., 1987) is emended as follows. Ribose is 

not fermented. Elemental sulphur but not vanadium(V), iron(III), manganese(IV), sulphate, 

thiosulphate, sulphite, nitrate and nitrite are reduced in the presence of 0.2 % yeast extract.  

 

 

4.7.16 EMENDED DESCRIPTION OF CALORAMATOR PROTEOCLASTICUS  

(Tarlera et al., 1997) 

 

The description of the Caloramator proteoclasticus (Tarlera et al., 1997) is emended as follows. 

vanadium(V), soluble iron(III) citrate, amorphous iron(III) oxyhydroxide and manganese(IV) are 

reduced in the presence of 0.2 % yeast extract.   

 

 

4.7.17 EMENDED DESCRIPTION OF CALORAMATOR COOLHAASII 

(Plugge et al., 2000) 

 

The description of the Caloramator coolhaasii (Plugge et al., 2000) is emended as follows. 

vanadium(V) and soluble iron(III) citrate but not amorphous iron(III) oxyhydroxide, arsenic(V) 

and manganese(IV) are reduced in the presence of 0.2 % yeast extract.   

 

 

4.7.18 EMENDED DESCRIPTION OF CALORAMATOR VITERBENSIS 

(Seyfried et al., 2002) 

 

The description of the Caloramator viterbensis (Seyfried et al., 2002) is emended as follows. 

Amorphous iron(III) oxyhydroxide and manganese(IV) but not vanadium(V) and soluble iron(III) 

citrate are reduced in the presence of 0.2 % yeast extract.   
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4.7.19 DESCRIPTION OF CALORAMATOR MITCHELLENSIS SP. NOV.  

Caloramator mitchellensis (mit.chell.en’sis. N. L.masc. adj. mitchellensis pertaining to the 

Mitchell bore in QLD, Australia, from which the strain was isolated). 

 

Cells are strictly anaerobic, thermophilic, slightly-curved rods (1.5 – 3.5 x 0.4 – 0.8 m) that 

stain Gram-negative but possesses a Gram-positive cell-wall ultrastructure. Cells possess 

peritrichous flagella. Spores are not observed despite the detection of a spo0A gene homolog. 

Growth occurs between 37 and 60 °C (optimum temperature 55 °C) and pH 6.0 to 9.0 

(optimum pH 7). Ferments glucose, fructose, xylose, maltose, sucrose, raffinose, cellobiose, 

ribose, pyruvate, yeast extract, tryptone, peptone, casamino acids, amyl media and serine but 

not galactose, mannose, mannitol, inositol, ethanol, glycerol, acetate, lactate, propionate, 

citrate, valine, arginine, alanine, glutamate, isoleucine, and methionine. End products from 

glucose fermentation are acetate, ethanol, CO2 and H2. In the presence of 0.2 % yeast extract, 

vanadium(V) but not iron(III), manganese(IV) elemental sulphur, sulphate, thiosulphate, 

sulphite, nitrate or nitrite is reduced. Vanadium(V) is reduced in the presence of yeast extract, 

peptone, tryptone, glucose, sucrose and casamino acids, without an increase in growth yield 

or growth rate. Vanadium(V) is not reduced in the presence of glycerol, ethanol, acetate, 

propionate, pyruvate, lactate, and the aromatic compounds benzoate, 3-hydroxybenzoate, 4-

hydroxybenzoate, 2-methoxybenzoate and 3-chlorobenzoate. Sensitive to chloroamphenicol, 

streptomycin, tetracycline, penicillin, ampicillin and NaCl concentrations ≥ 2 %. The G + C 

content of the genomic DNA is 38.4 ± 0.9 mol %. Phylogenetically related to members of the 

genus Caloramator, and is most closely related to Caloramator australicus (16S rRNA similarity 

of 85.0 and 95.2 %) and Caloramator fervidus (16S rRNA similarity of 86.1 and 94.0 %). The 

type strain VF08T (=KCTC 5735T= JCM 15828T) was isolated from a water sample from the 

outflow of a Great Artesian Basin bore (the Mitchell Bore) in Queensland, Australia.  

 

 

4.7.20 DISCUSSION OF STRAIN RI50-GL 

 

Phylogenetic analyses revealed that strain Ri50-Gl exhibits an almost identical (99.9 %) 16S 

rRNA gene sequence to Caloramator coolhaasii DSM 12679T. Both strains grow optimally at 

similar temperatures and pH conditions, and exhibit like metabolisms. Minor differences 

between the strains occur in the Mol G + C % of DNA (31.4 v 34.1), and in the ability to reduce 

amorphous iron(III) oxyhydroxide and manganese(IV) as TEAs (Table 4.20). However, such 
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phenotypic differences do not distinguish strain Ri50-Gl as a different species to Caloramator 

coolhaasii DSM 12679T. Future tests could include performing DNA:DNA hybridisation tests to 

assess the likeness between the genomes of both strains. 

 

Table 4.20: Selected characteristics of strain Ri50-Gl and Caloramator 
coolhaasii DSM 12679T (Plugge, et al., 2000). Strains: 1, strain Ri50-Gl; 2, 
Caloramator coolhaasii DSM 12679T. Key: +, positive; –, negative. 

Characteristics 
 

Ri50-Gl C. coolhaasii 

Geographical location 
 

New Lorne Bore, QLD, 
Australia 

Thermophilic Granular Sludge 

Habitat  
 

Microbial Mats from a Great 
Artesian Basin Bore Runoff 

Channel 

Wageningen, The Netherlands 

Morphology Straight to slightly curved rods  
     Length 2.0 – 3.5 2 – 40  
     Width 1.0 0.5 – 0.7  
Gram-stain Negative Negative 
Sporulation - - 
Temperature (°C)   
     Optimum 60 50 – 55  
     Range 37 – 65 37 – 65  
pH   
     Optimum 7.5 – 8.0  7.0 – 7.5  
     Range 6.0 – 9.0 6.0 – 8.5 
Substrate Utilisation   
Extracts   
   Yeast extract + + 
  Peptone + + 
Carbohydrates   
  Glucose + + 
  Fructose + + 
  Sucrose + + 
  Galactose + + 
  Mannose + + 
  Xylose + + 
  Casamino acids + + 
Electron Acceptor Utilisation   
   Iron(III) citrate + +* 
   Iron(III) oxyhydroxide + -* 
   Manganese(IV) + -* 
   Vanadium(V) + +* 
   Sulphate - - 
   Thiosulphate + - 
   Nitrate - - 
G + C (mol %)† 31.4 34.1 
16S rRNA gene sequence 
similarity to Ri50-GlT (%) 

100 99.9 

*Performed in this project. 
†Determined by the thermal denatura on method. 
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4.8  CHAPTER FOUR SUMMARY AND DISCUSSION 

 

The strain characterisations performed in Chapter Four have resulted in the descriptions of 8 

novel thermophiles including 4 new genera:  Sporolituus thermophilus (Ogg & Patel, 2009d), 

Fervidicola ferrireducens (Ogg & Patel, 2009c), Thermotalea metallivorans (Ogg & Patel, 2009b) 

and Fervidicella metallireducens (Ogg & Patel, 2010); and 4 novel species: Desulfotomaculum 

varum (Ogg & Patel, 2011c), Thermovenabulum gondwanense (Ogg, et al., 2010), Caloramator 

australicus (Ogg & Patel, 2009a) and Caloramator mitchellensis (Ogg & Patel, 2011a) and which 

are novel species. These strain characterisations provide further insights into the roles and 

influence these strains have in the GAB environment, and further confirm how novel the GAB 

environment is.  

 

When the phenotypic characteristics of the isolated strains are added to Fig. 1.7, a complex 

model of the microbial oxidation of organic matter in the GAB at elevated temperatures (50 – 

70 °C) is formed (Fig. 4.44). The complete oxidation of organic matter requires the cooperative 

activities of various GAB thermophilic populations which likely exist in synotrophic 

relationships. These thermophiles include extract and carbohydrate fermenting aerobes from 

the genera: Thermaerobacter sp., Thermus sp., Meiothermus sp., Paenibacillus sp., 

Anoxybacillus sp. and Bacillus sp.; anaerobic fermenters and metal reducers such as Fervidicola 

ferrireducens, Thermovenabulum gondwanense, Thermanaerobacter thermohydrosulfuricus, 

Caloramator sp., Thermotalea sp., Fervidicella metallireducens and strains VG08, RG10-1, 

RG10-2 and GHS50. GAB thermophiles that are able to oxidise sugar alcohols such as glycerol 

coupled to the reduction of iron(III) and sulphate- include Caloramator australicus and 

Desulfotomaculum sp. respectively. DIRB likely involved in the breakdown of aromatic 

compounds include the strains Ga50, Ba50, Rb50-1, Rb50-2, Gb50, Gg50, Ri50, Rj50, Gj50, 

Gk50, G50J01 and G50J02. Similarly, GAB thermophiles likely involved in the breakdown of 

organic acids include the strain isolated in Fe(III)OOH-PL medium amended with malate 

(designated culture G3-malate) and the strains isolated on Fe(III) citrate-PL medium amended 

with acetate including the strains AT70, AR70, AR50 & AB50. In addition, citrate and malate 

fermenting GAB thermophiles include Sporolituus thermophilus, strain 27 and possibly strains 

G50J01, G50J02, Rb50-1, Rb50-2, Ri50, AeR and G50-malonate.  
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Aerobes: 
 Thermaerobacter sp. 
 Thermus sp. 
 Meiothermus sp. 
Paenibacillus sp.  

 
COMPLEX ORGANIC MATTER 
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 (70 °C) 

Aerobes: 
 Anoxybacillus sp. 
 Bacillus sp. 
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 (50 °C) 

Anaerobic 
conditions (70 °C) 

Fermenters/ DIRB: 
 Fervidicola ferrireducens 
 Thermovenabulum 
gondwanense 
 Thermanaerobacter 
thermohydrosulfuricus 
 

± Fe(III) Anaerobic conditions 

(50 – 60 °C) 

Fermenters/ DIRB: 
 Caloramator sp. 
 Thermotalea sp. 
 Fervidicella metallireducens 
 Strains VG08, RG10-1,    
    RG10-2 & GHS50. 
 

± Fe(III) 
± V(V) 

 
SUGAR ALCOHOLS 

 

 
AROMATIC  

COMPOUNDS 
 

 Caloramator       
    australicus 

+ Fe(III) (60 °C) 

 Desulfotomaculum  
    varum 

+ SO4
2- (50 °C) 

+ Fe(III) (50 °C) 

Possibly strains:  
 Ga50, Ba50, 
Rb50-1, Rb50-2, 
Gb50, Gg50, Ri50, 
Rj50, Gj50, Gk50, 
G50J01, G50J02.  
 

 
EXTRACTS, SUGARS & AMINO ACIDS 

 

 
H2  

 
ORGANIC ACIDS 

 Thermovenabulum gondwanense 

+ Fe(III) (70 °C) + SO4
2- (50 °C) 

 Desulfotomaculum sp. 

Citrate Fermenters (55 °C): 
 Sporolituus thermophilus 
 Strain 27  
Possibly strains G50J01, 
G50J02, Rb50-1, Rb50-2, 
Ri50, AeR, G50-malonate 
 

+ Fe(III) (50 °C) 

Strains: 
 G3-malate 
 AT70, AR70, AR50 
& AB50.  

 
CO2 

Figure 4.44: Model for the oxidation of organic matter coupled to the reduction of various terminal electron acceptors within the Great Artesian basin 
groundwaters. Thermophiles isolated in this project capable of carrying out these reactions are shown.  
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5.1 CHAPTER FIVE INTRODUCTION 

 

Thermophilic enzymes provide numerous benefits to industrial processes by their ability to 

catalyse atypical reactions and the rapid rates at which these reactions occur (as detailed in 

Section 1.1.4). In recent times, perhaps due to an increased environmental awareness and 

diminishing oil reservoirs, there has been a renewed interest in biofuel research. Biofuel 

technologies aim to produce energy products such as alcohols (mostly ethanol, as well as 

propane and butane diols), diesel, hydrogen and biogas from specific crops, lignocelluloytic 

material (crop residue, stalks, stems, weeds and other non-crop plants) and animal waste 

materials (Fig. 5.1). Biofuels are considered environmentally superior to fossil fuels as their 

burning produces minimal carbon emissions particularly ethanol and hydrogen, and so possess 

immense economic potential. 

 

 

RAW MATERIALS BIOTECHNOLOGIES BIOFUELS 

 
Fermentation 

 Sugar and Starch crops 
 
 Lignocellulosic Biomass 

 
Bioethanol 

 

 
Transesterification 

 Oil crops 
 

 Lignocellulosic Biomass 

 
Biodiesel 

 

 
Saccharification  
& Fermentation 

 Sugar and starch crops 
 

 Lignocellulosic Biomass 
 
 

 
Biobutanol 

 

 
Anaerobic Digestion 

 Wood, agricultural and animal 
wastes 

 Lignocellulosic Biomass 
 
 

 
Biogas 

 

 
Microbial Photolysis  

& Fermentation 

 Lignocellulosic Biomass 
 
 

 
Biohydrogen 

 

Figure 5.1: Different types of biofuels and their production 
methodologies (Barnard et al., 2010). 
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Biofuel technologies are often classified according to the starting raw materials from which 

they are synthesised. First-generation biofuel technologies employ available agricultural crops 

to produce simple sugars which are then converted to (bio)ethanol, (bio)butanol or (bio)diesel. 

In contrast, second-generation biofuel technologies utilise raw waste materials such as 

lignocelluloytic materials to produce sugars which are subsequently converted to (bio)fuels.  As 

second-generation biofuels are produced from less valuable materials, which are also more 

structurally heterogeneous and thus more complex to degrade, thermophilic enzymes that can 

be applied to processes that produce second-generation biofuels are of much greater value.  

 

Lignocelluloytic materials used for the production of second-generation biofuels are mostly 

composed of cellulose (35 – 50 %), hemicelluloses (20 – 35 %) and lignin (10 – 25 %) polymers 

(Elshaded, 2010, Liu et al., 2008). Cellulose (C6H10O5) is a linear homopolymer of several 

hundred to over ten thousand D-glucose units linked by 1,4-β-glucosidic bonds. Efficient 

cellulose hydrolysis to glucose requires endo-1,4-β-gluconases to cleave the internal β-

glucosidic bonds within the chain, exo-1,4-β-gluconases to detach the cellobiose units and β-

galactosidases to convert the cellobiose units to glucose (Elshaded, 2010). Cellulases have 

been studied in many species of fungi, aerobic and anaerobic bacteria including thermophiles 

from the genera Anoxybacillus, Bacillus, Geobacillus, Rhodothermus, Thermanaerobacter and 

Clostridium.  

 

Hemicellulose is a heteropolymer of pentose and hexose sugars and sugar acids, of which 

xylans are the most prevalent and occur in short chains (usually approximately 200 units) of 

1,4-linked β-D-xylopyranose units (Elshaded, 2010). Other sugar monomers in hemicelluloses 

include xylose, arabinose, glucose, galactose, mannose and rhamnose depending on the 

source of the raw materials. The complete degradation of xylan from hemicellulose molecules 

requires endo-β-1,4-xylanases to cleave the xylan chains producing xylooligosaccharides that 

can subsequently be degraded by β-xylodases to produce xylose. Thermostable xylanases have 

been isolated from several bacteria including Thermotoga maritina (Winterhalter & Liebl, 

1995), Thermomonospora fusca (Bachmann & McCarthy, 1991), Caldicellulosiruptor 

saccharolyticus (van de Werken et al., 2008) and Clostridium species. However, despite the 

numerous thermophiles that possess the ability to ferment pentose sugars, few thermostable 

hemicellulose-degrading enzymes have been isolated from bacteria that can compete with the 

ethanol yields produced by the corresponding enzymes isolated from yeast cells (Elshaded, 

2010).  
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Compared to celluloses and hemicelluloses, lignins are much more durable and complex 

molecules due to their hydrophobic and aromatic nature. As yet, no anaerobic bacteria have 

been identified with the ability to efficiently degrade lignin (Elshaded, 2010); anaerobes or 

facultative anaerobes are required as ethanol is only produced in the absence of oxygen during 

fermentation. As such, lignins are often removed from the lignocelluloytic materials during 

pretreatment stages. 

 

Several thermophilic bacteria possess the ability to ferment both hexose and pentose sugars, 

allowing them to simultaneously degrade both cellulose and hemicellulose rich materials. Such 

thermophilic bacteria include Thermoanaerobacterium saccharolyticum, Thermoanaerobacter 

ethanolicus, and various Bacillus and Geobacillus species (Wu et al., 2006), which have sparked 

much interest for second generation biofuel research. Studies of these organisms have 

investigated their ethanol tolerance, and have used bioengineering methods to knockout 

genes involved in lactate and acetate production to increase ethanol yields (Desai et al., 2004, 

Georgieva et al., 2007, San Martin et al., 1992). Various thermophiles within class clostridia 

possess cellulsomes on the outside of their cell membranes which contain endo-β-glucanases, 

exoglucanases, β-glucosidases, cellodextrin phosphorylases, cellobiose phosphorylases, 

xylanases, lichenases, laminarinases, pectin lyases, polygalacturonate hydrolases, pectin 

methylesterase, β-xylosidases, β−galacosidases and β−mannosidases. Clostridium 

thermocellum JW20 (ATCC 31549) is an example of such and exhibits a TOPT of 60 °C and a TMAX
 

of 69 °C (Freier et al., 1988). Similarly, C. thermocellum subspecies have been genetically 

modified with knockouts for acetate kinase and lactate dehydrogenase to increase ethanol 

tolerance and therefore ethanol production (Lynd et al., 2005, Tailliez et al., 1989). 

 

In Chapter Five, numerous thermophilic aerobic and anaerobic GAB isolates were grown in the 

presence of starch and xylan and screened for enzyme activity on the substrates 4-nitrophenyl-

α-D-glucopyranoside (PNPG), 2-nitrophenyl-β-D-glucopyranoside (ONPG), 4-nitrophenyl-β-D-

fucopyranoside, 4-nitrophenyl-α-L-arabinopyranoside, 4-nitrophenyl-α-D-xylopyranoside or 4-

nitrophenyl-β-D-xylopyranoside at 50 or 70 °C. These screens were performed to identify 

thermostable glucose-, fucose-, arabinose- and xylan-degrading enzymes and thus 

preliminarily assess these strains potential for use in second generation biofuel technologies 

production processes. 
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5.2 CHAPTER FIVE METHODS 

5.2.1 CULTURES SCREENED FOR THERMOSTABLE ENZYMES 

 

The anaerobic cultures that were screened for thermostable glucose-, fucose-, arabinose- and 

xylan-degrading enzymes included: Thermotalea metallivorans strain B2-1T; Caloramator 

mitchellensis strain VF08T; strains Gj50-Gl, Ri50-Gl and 23-Gl which are closely related to 

Caloramator coolhaasii (isolated in Sections 3.4 and 3.5); strains 25-Gl and 29-Gl most related 

to Caloramator (formerly Thermobrachium) brachium; and strains 10-Gl, 26-Gl, 30A-Gl, 31-Gl 

and 54-Gl (Section 3.5). Aerobic cultures that were screened included strains R10y and AeR-D 

which are phylogenetically positioned most closely to  Bacillus licheniformis (Section 3.4); 

strains AeG-D, G10y, AeB-D, 8o and  31-D that are closely related to Anoxybacillus flavithermus 

(Sections 3.4 and 3.5); and strains  G10Ac, 10-D, 14-D, 23-D, 27-D and 29-D (Sections 3.4 and 

3.5). In addition, other aerobic GAB isolates that were isolated as described by Spanevello 

(2001) were screened for thermostable glucose-, fucose-, arabinose- and xylan-degrading 

enzymes including: the Thermus species designated strains G70-1, G70-2, G70-3,  G70-4 and 

G70-5; and strains Y7A5, Y7F6, Y7F8, Y7F9, Y7F10, Y7G2, Y7G5 and Y7G12 most related to 

Thermaerobacter subterraneus (>98 %). 

 

 

5.2.2 THERMOSTABLE ENZYME SCREENING METHODS 

 

Anaerobic and aerobic cultures that were screened for thermostable glucose-, fucose-, 

arabinose- and xylan-degrading enzymes were first subcultured three times into TYE medium 

(Section 2.2.4) or Medium D (Section 2.2.7) respectively, of which both mediums were 

amended with either 0.2 % starch or 0.2 % xylan. All incubations were performed at optimal 

growth temperatures. Late log phase cultures were concentrated by centrifugation at 6 000 

rpm for 10 min (Sigma 4k15, Quantum Scientific Pty Ltd, Australia), and the supernatants were 

transferred to separate sterile screw-cap centrifuge tubes (Sarstedt) that were stored at 4 °C. 

Each cell pellet was resuspended in 100 µl of 0.1 M phosphate buffer to which 100 µl of 

BugBuster (Novagen) was added, and the combined solution incubated on a shaker (200 rpm) 

at room temperature for 1 h. Cell lysis was confirmed by light microscopy. 20 µl of the lysed 

cells and 20 µl of the cell supernatant of each culture were added to separate wells of a 96 well 

microtiter plate (Sarstedt) which contained 160 µl of 0.1 M phosphate buffers. To each well 20 
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µl of 4-nitrophenyl-α-D-glucopyranoside (PNPG), 2-nitrophenyl-β-D-glucopyranoside (ONPG), 

4-nitrophenyl-β-D-fucopyranoside, 4-nitrophenyl-α-L-arabinopyranoside, 4-nitrophenyl-α-D-

xylopyranoside or 4-nitrophenyl- β -D-xylopyranoside was added from freshly prepared 10 mM 

stock solutions to give a final concentration of 1 mM. The Microtiter plate was then 

subsequently incubated inside a sealed humified container at either 50 or 70 °C for 16 h. 

Following incubation, the OD405 nm of each microtiter plate well was determined using the 

Biolog MicroStation. In addition, each well was also scored visually for enzyme activity based 

on the degree of colour change observed. All enzyme screens were performed in duplicate.  

 

 

5.2.3 SUBSTRATE DEGRADATION PROFILE ANALYSES 

 

Substrate degradation profiles of the GAB thermophiles were tabulated and additionally 

compared by constructing similarity trees using TreeCon software analyses (Van de Peer & De 

Wachter, 1994) using the 24 substrate degradation results.  
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5.3 THERMOSTABLE ENZYME SCREENING RESULTS 

 

Due to cell debris and medium precipitants the OD405 nm microtiter plate readings did not 

reflect the observed colour change in the microtiter plate wells. For such reasons, only the 

enzyme activity results determined visually by the degree of colour change are given in Table 

5.1.   

Table 5.1: Thermostable enzyme screening results. Log phase anaerobic and 
aerobic thermophilic cultures that had been grown in TYE medium and Medium 
D amended with 0.2 % starch or 0.2 % xylan were screened for thermostable 
enzymes with possible future application in the processing of ethanol from plant 
waste (2nd generation biofuels). The degree of enzyme expression was 
determined macroscopically by the degree of colour change and hence enzyme 
expression subsequent to 16 h incubation at either 50 or 70 °. Key: 0 , no 
expression; 1 , medium level of expression; 2 , high level of enzyme expression; 
ND , not determined; A , 4-nitrophenyl-α-D-glucopyranoside (PNPG); B , 2-
nitrophenyl-β-D-glucopyranoside (ONPG); C , 4-nitrophenyl-β-D-fucopyranoside; 
D , 4-nitrophenyl-α-L-arabinopyranoside; E , 4-nitrophenyl-α-D-xylopyranoside; 
F, 4-nitrophenyl- β -D-xylopyranoside. 

Strain Genus Growth 
media 

Growth 
Temp. 

Cell lysate/ 
supernatant 

A B C D E F 

Anaerobes           
Thermotalea 
metallivorans  
strain B2-1 T 

Thermotalea Starch 50 Cell lysate 0 0 0 0 0 0 
  Supernatant 0 0 0 0 0 0 

 Xylan 50 Cell lysate 0 0 0 0 0 0 
 Supernatant 0 0 0 0 0 0 

Caloramator  
mitchellensis  
strain VF08T 

Caloramator   Starch 50 Cell lysate 2 1 2 1 2 0 
   Supernatant 1 1 1 0 0 0 

 Xylan 50 Cell lysate 2 1 2 1 2 0 
   Supernatant 1 0 0 0 0 0 

Strain  Gj50 Caloramator Starch 50 Cell lysate 0 1 2 1 0 0 
    Supernatant 0 0 0 0 0 0 
  Xylan 50 Cell lysate 0 1 2 1 0 0 
    Supernatant 0 0 0 0 0 0 
Strain Ri50-Gl Caloramator   Starch 50 Cell lysate 1 0 1 0 0 0 
    Supernatant 0 0 0 0 0 0 
  Xylan 50 Cell lysate 0 0 1 0 1 0 
    Supernatant 0 0 0 0 0 0 
Strain 10-Gl ND Xylan 50 Cell lysate 2 1 1 1 1 2 
    Supernatant 0 0 0 0 0 0 
Strain 25-Gl Caloramator 

(Thermobrachium)    
Starch 50 Cell lysate 0 1 1 0 0 0 

    Supernatant 0 1 0 0 0 0 
  Xylan 50 Cell lysate 0 0 1 0 0 0 
    Supernatant 0 0 0 0 0 0 
Strain 26-Gl Caloramator   Starch 50 Cell lysate 1 1 2 2 0 0 
    Supernatant 0 1 1 0 0 0 
  Xylan 50 Cell lysate 1 1 2 2 0 0 
    Supernatant 0 0 0 0 0 0 
Strain 30A-Gl ND Starch 50 Cell lysate 2 1 2 2 1 2 
    Supernatant 2 1 1 1 0 1 
  Xylan 50 Cell lysate 2 0 2 2 0 2 
    Supernatant 2 0 0 0 0 0 
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Strain 23-Gl Caloramator Xylan 50 Cell lysate 2 1 1 2 0 2 
    Supernatant 2 0 0 0 0 1 
Strain 29-Gl Caloramator 

(Thermobrachium)   
Starch 50 Cell lysate 2 1 2 2 0 2 

    Supernatant 2 1 2 2 0 1 
Strain 31-Gl ND Xylan 50 Cell lysate 1 2 2 1 0 2 
    Supernatant 0 1 1 0 0 1 
Strain 54-Gl ND  Xylan 50 Cell lysate 1 1 2 1 0 2 
    Supernatant 0 0 1 0 0 1 

Aerobes           
Strain 8D ND Xylan 50 Cell lysate 2 ND 0 0 0 0 
    Supernatant 2 ND 0 0 0 0 
Strain 10D ND Starch 50 Cell lysate 0 0 1 0 2 0 
    Supernatant 2 1 1 0 0 0 
  Xylan 50 Cell lysate 2 1 1 0 0 0 
    Supernatant 2 1 1 0 0 0  
Strain 14D ND Starch 50 Cell lysate 2 0 1 0 0 0 
    Supernatant 2 1 1 0 0 0 
  Xylan 50 Cell lysate 2 1 2 0 0 0 
    Supernatant 2 1 1 0 0 0 
Strain 23 D ND Starch 50 Cell lysate 2 0 2 2 0 1 
    Supernatant 2 1 1 1 0 1 
  Xylan 50 Cell lysate 2 1 1 1 0 1 
    Supernatant 2 1 1 0 0 2 
Strain 27D ND Starch 50 Cell lysate 2 1 1 1 0 1 
    Supernatant 2 1 1 1 0 1 
  Xylan 50 Cell lysate 2 1 1 0 0 1 
    Supernatant 2 0 1 0 0 2 
Strain 29D ND Starch 50 Cell lysate 2 1 1 0 0 1 
    Supernatant 2 2 1 0 0 2 
  Xylan 50 Cell lysate 2 1 1 0 0 2 
    Supernatant 2 2 1 0 0 2 
Strain 31D ND Starch 50 Cell lysate 2 0 0 0 0 0 
    Supernatant 2 0 0 0 0 0 
  Xylan 50 Cell lysate 2 1 1 0 0 2 
    Supernatant 2 1 1 0 0 0 
Anoxybacillus 
flavithermus  strain 
AeG-D 

Anoxybacillus Starch 50 Cell lysate 2 1 2 2 0 0 
   Supernatant 2 1 1 1 0 0 

  Xylan 50 Cell lysate 2 1 1 1 0 0 
    Supernatant 2 2 0 0 0 0 
Anoxybacillus 
flavithermus  strain 
G10y 

Anoxybacillus Starch 50 Cell lysate 2 1 1 1 0 0 
   Supernatant 2 1 0 0 0 0 

  Xylan 50 Cell lysate 2 1 2 2 0 0 
    Supernatant 2 2 1 1 0 0 
Anoxybacillus 
flavithermus  strain 
AeB-D 

Anoxybacillus Starch 50 Cell lysate 2 1 2 2 0 0 
   Supernatant 2 2 2 2 0 0 

  Xylan 50 Cell lysate 2 1 0 0 2 0 
    Supernatant 2 2 0 0 2 0 
Strain  G10Ac ND Starch 50 Cell lysate 2 1 1 1 0 0 
    Supernatant 1 1 0 0 0 0 
  Xylan 50 Cell lysate 2 0 0 0 0 0 
    Supernatant 1 0 0 0 0 0 
Bacillus licheniformis  Bacillus Starch 50 Cell lysate 2 ND 0 0 0 0 
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 strain R10y    Supernatant 2 ND 0 0 0 0 
  Xylan 50 Cell lysate 2 ND 0 0 0 0 
    Supernatant 2 ND 0 0 0 0 
Bacillus licheniformis 
 strain AeR-D 

Bacillus Starch 50 Cell lysate 2 1 2 2 0 0 
   Supernatant 2 1 0 0 0 0 

 Xylan 50 Cell lysate 2 1 0 0 1 0 
    Supernatant 2 1 0 0 1 0 
Thermus strain G70-1 Thermus Starch 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermus strain G70-2 Thermus Starch 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermus strain G70-3 Thermus Starch 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermus strain G70-4 Thermus Starch 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermus igniterrae 
strain G70-5 

Thermus Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7F10 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

 Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7G12 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7F9 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7F8 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7A3 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7G2 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
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Thermaerobacter 
subterraneus strain 
Y7G5 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7F6 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 

  Xylan 70 Cell lysate 0 0 1 1 0 0 
    Supernatant 0 0 1 1 0 0 
Thermaerobacter 
subterraneus strain 
Y7A5 

Thermaerobacter Starch 70 Cell lysate 0 0 1 1 0 0 
   Supernatant 0 0 1 1 0 0 
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5.4 CHAPTER FIVE DISCUSSION 

 

In this Chapter, preliminary screening for the activity of thermostable enzymes involved in the 

degradation of glucose, fucose, arabinose and xylan were performed using numerous GAB 

isolates. Comparisons of the substrate-degradation profiles of the GAB thermophiles using 

TreeCon analyses (Van de Peer & De Wachter, 1994) reflected phylogenetic trees based on 16S 

rRNA gene comparisons in that phylogenetically related organisms were grouped together in 

the substrate-degradation-profile-trees (Fig. 5.2). This is an expected result as closely related 

organisms (based on 16S rRNA gene phylogeny) often, but not always (Fox, et al., 1992), 

exhibit similar substrate utilisation patterns. In Table 5.1 and Fig 5.2, this is most evident in the 

Thermus (strains G70-1, G70-2, G70-3, G70-4 and G70-5) and Thermaerobacter species (strains 

Y7A5, Y7F6, Y7F8, Y7F9, Y7F10, Y7G2, Y7G5 and Y7G12). Such similar groupings verify the 

validity of these screening results. 

 

 
 

5%
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Thermus strain G70-1
Thermus strain G70-2    
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Thermaerobacter subterraneus strain Y7A5
Thermaerobacter subterraneus strain Y7F6
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Thermaerobacter subterraneus strain Y7F9
Thermaerobacter subterraneus strain Y7F10        
Thermaerobacter subterraneus strain Y7G2        
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Thermaerobacter subterraneus strain Y7G12
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Strain 30A-Gl      

Strain 14-D       
Strain 10-D       

Caloramator (Thermobrachium) brachium strain 25-Gl      
Caloramator strain Ri50-Gl    

Strain G10Ac     
Caloramator mitchellensis strain VF08T      

Bacillus licheniformis strain AeR-D  
Bacillus licheniformis strain R10y   

100 
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Figure 5.2: A similarity tree based on the thermostable enzyme screening profiles of the selected 
strains. 
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Of the GAB thermoanaerobes screened for thermostable glucose-, fucose-, arabinose- and 

xylan-degrading enzymes, a high level of 4-nitrophenyl-α-D-xylopyranoside degradation was 

only observed from cultures of Caloramator mitchellensis strain VF08T and Anoxybacillus 

flavithermus strain AeB-D. These strains also showed high levels of degradation with the 

substrates 4-nitrophenyl-α-D-glucopyranoside and 4-nitrophenyl-β-D-fucopyranoside, and so 

are of great interest for future studies. Additionally, a high level of degradation of 4-

nitrophenyl-α-L-arabinopyranoside was also observed in cultures of Anoxybacillus flavithermus 

strain AeB-D. Other Anoxybacillus flavithermus cultures including strains AeG-D, G10y, AeB-D, 

8o and 31-D demonstrated a high level of substrate degradation particularly with the 

substrates 4-nitrophenyl-α-D-glucopyranoside, 4-nitrophenyl-β-D-fucopyranoside and 4-

nitrophenyl-α-L-arabinopyranoside. This was not an unexpected result as cellulases from 

Anoxybacillus flavithermus species have previously been reported (Ibrahium & El-diwany, 

2007). Similarly, a high level of degradation of 4-nitrophenyl-α-D-glucopyranoside, 2-

nitrophenyl-β-D-glucopyranoside and 4-nitrophenyl-β-D-xylopyranoside was observed with the 

aerobic strains 8-D, 10-D, 14-D, 23-D, 27-D, 29-D and 31-D. 

 

In the majority of cultures tested, a higher level of substrate degradation was observed from 

the lysed cells of compared with the degradation observed with the supernatant. This suggests 

that the enzyme activity generally occurred within the cells as opposed to outside of the cell 

(external enzyme secretion). This was most notable in cultures of in C. mitchellensis strain 

VF08T. In contrast, an increased level of 2-nitrophenyl-β-D-glucopyranoside degradation was 

observed in the supernatant compared with the lysed cells in cultures of strain 8-D. No/ 

minimal enzyme activity was observed from cultures of Thermotalea metallivorans B2-1T in the 

presence of any of the 5 substrates. This may result as cultures of T. metallivorans grow to a 

much lower maximum cell density (approximately OD 580 nm = 0.19 in TYEG medium under 

optimal conditions) compared to other strains (C. mitchellensis strain VF08T grows to 

approximately OD 580 nm = 0.95 under the same conditions).  

 

Future studies of thermophilic enzymes from the GAB microbial flora could include the 

screening of other isolates and include tests for activity on a variety of additional substrates. 

Using DNA extracted from mixed microbial thermal GAB environments, metagenomic libraries 

could be constructed and the clones screened for enzyme activity. Similarly, future genomic 

and metagenomic GAB sequencing projects could screen for enzymes of potential commercial 
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value at a sequence level (in silico), and subsequently construct specific primers for their 

isolation for future studies. Such enzyme studies could investigate the effects of temperature, 

pH, salinity and specific compounds (MgCl2, NiCl2, CaCl, etc.) on enzyme expression and 

activity, the specific end-products produced from metabolism and protein structure 

(crystallisation) analyses.  
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6.1 CHAPTER SIX INTRODUCTION 

 

Sporolituus thermophilus strain AeGT gen. nov., sp. nov., is a novel thermoanaerobe that was 

enriched from the New Lorne Red mats in A-PL medium amended with 0.2 % yeast extract and 

subsequently purified in anaerobic Fe(III)-PL medium at 50 °C [as described in Section 3.4.2.5, 

Section 3.4.3 and by Ogg & Patel (2009d); Appx. 4]. S. thermophilus strain AeGT represents a 

new genus within the family Veilloneaceae, and has a limited metabolism fermenting only 

citrate and malate but not other organic acids, extracts, sugars or amino acids. Another isolate, 

designated strain 27, was isolated from the Mitchell bore within the GAB system, some 400 km 

south-west of Blackall, in Fe(III)-PL medium  amended with 4 mM benzoate with incubations at 

50 °C. Strain 27 shares an identical (100 %) 16S rRNA gene sequence and metabolic profile to S. 

thermophilus, which suggests that it is likely to be the same species as S. thermophilus and that 

S. thermophilus is a widespread and important citrate- and malate-fermenting thermophile in 

the GAB. For these reasons and due to the strains limited metabolism, S. thermophilus strain 

AeGT was selected for preliminary genome studies to further investigate the physiology and 

evolution of this novel thermophilic strain.  

 

To analyse the genome of S. thermophilus a small-insert library (≈ 2 – 5 kb) was constructed 

and sequenced. During this process a novel method was used for DNA preparation prior to 

library construction. For this, DNA was amplified using TempliPhi reaction kits and 

subsequently size-fractionated by sonication and purified by gel-extraction to produce DNA 

fragments of the desired size-range (≈ 2 – 5 kb). More commonly used methods for DNA 

preparation fractionate the extracted DNA to the required size using either restriction enzymes 

or nebulisers. Attempts in this project to fractionate the TempliPhi-amplified-DNA of S. 

thermophilus using restriction enzymes failed (refer to methods below) and at the time of 

library preparation no nebulisers were present within our laboratory for use. The methods 

used in this Chapter for HMW DNA preparation are advantageous in that the HMW DNA can 

be prepared in a shorter period of time will relative ease compared to more traditional 

methods. The preliminary genome sequencing results obtained in this Chapter not only 

provide insights into the evolution, physiology and hence roles of S. thermophilus in the GAB 

environment, but can also be used to complement 454 genome sequence analyses S. 

thermophilus which are being performed at the time of writing. 
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6.2 CHAPTER SIX METHODS 

6.2.1 PREPARATION OF HIGH MOLECULAR WEIGHT DNA 

 

High Molecular Weight (HMW) DNA of the Sporolituus thermophilus strain AeGT was prepared 

using Amersham Biosciences TempliPhi Amplification Kits (8 TempliPhi reactions were 

performed in 0.2 ml microcentrifuge tubes  as specified in the protocols described by the 

manufacturer) using DNA of Sporolituus thermophilus strain AeGT DNA that had been extracted 

as described in Section 2.5.2. The amplification reactions were stopped by incubating the 

reaction tube at 65 °C for 10 min, which were subsequently stored on ice. At this point the 

solutions were of increased viscosity demonstrating the DNA amplification had successfully 

produced HMW DNA. 20 µl of 10 mM Tris-Cl was added to each of the 8 reaction tubes which 

were subsequently incubated for a further 5 minutes at 65 °C. The contents of the 8 reaction 

tubes were transferred to 2 sterile 1.5 ml microcentrifuge tubes using wide-bore pipette tips. 

An additional 20 µl of 10 mM Tris-Cl was used during this transfer to ensure the entire HMW 

DNA was transferred and the tubes were incubated at 65 °C for a further 5 minutes to ensure 

the HMW DNA was dissolved in solution.  

 

 

6.2.2 SIZE FRACTIONATION 

 

Size fractionation of S. thermophilus strain AeGT HMW DNA was performed to enable the 

selection of DNA of the desired size range for library construction. Numerous attempts to 

partially digest HMW DNA with the restriction enzymes Sau3A and BAMHI failed (2 - 20 units 

of restriction enzyme with up to an overnight incubation at 37 °C) and so sonication was used 

to shear the HMW DNA to the desired size. For this, a 1.5 ml microcentrifuge tube containing 

50 µl of HMW DNA (prepared in Section 6.2.1) was subjected to a sonication time trial with 4 

µl of DNA withdrawn after set intervals of sonication. The products were assessed on a 0.7 % 

agarose gel and the optimum sonication time required to fractionate the DNA to the desired 

size (2-5 Kb) was determined. The remaining HMW DNA was subjected to sonication for the 

required time and 4 µl was checked on a 0.7 % agarose gel.  
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6.2.3 SELECTION AND PURIFICATION OF DNA 

 

Size selection of the sonicated DNA (prepared above) to be used for library construction was 

obtained by viewing all correctly sonicated DNA in a 0.7 % agarose gel, excising the region of 

interest (2 – 5 kb) and purifying the DNA using Qiagen gel extraction columns using protocols 

described by the manufacturer. A gel region containing DNA 5 – 10 kb was also excised and 

purified for future studies. 4 µl of the size-selected, purified DNA was checked on a 0.7 % 

agarose gel. 

 

 

6.2.4 DNA END-REPAIR 

 

DNA end-repair reactions were performed using Fermentas T4 polymerase as per the 

manufacturer’s protocol. For this, 14 µl of DNA (≈ 1 µg), 4 µl of 5× reaction buffer, 1 µl of 2 mM 

dNTP, 1 U of T4 polymerase and ddH2O to 20 µl were combined in a 1.5 ml microcentrifuge 

tube, incubated at room temperature for 5 min and the reaction stopped by incubation at 70 

°C for 10 minutes. The solution was centrifuged for 1 min at 5 000 rpm and stored on ice.  

 

 

6.2.5 LIGATION 

 

DNA ligation reactions were performed using the dephosphorylated Sma1 cut puc19 vector 

(Fermentas) and T4 DNA ligase as per the manufacturer’s protocol with DNA at approximate 

concentrations of 100 – 500 ng and a negative control containing no DNA. For this, 100 – 500 

ng of DNA, 20 – 100 ng of vector, 1.4 µl of 30 % PEG8000, 2 µl of 10 × ligation buffers, 5U of T4 

DNA ligase and ddH2O to 20 µl were combined in a 1.5 ml microcentrifuge tube and incubated 

at 20 °C overnight. The ligation mix was stored at -20 °C prior to transformation.  

 

 

6.2.6 TRANSFORMATION 

 

Transformation was performed using DH5α competent cells (α–select silver efficiency; Bioline) 

as per the manufacturer’s protocol. Competent cells (50 µl in a 1.5 ml microcentrifuge tube) 

were gently mixed by lightly flicking the tube and 5 µl of each ligation mix (negative control, 20 
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and 100 ng of vector, prepared in Section 6.2.5) were added to separate tubes. The solutions 

were immediately incubated on ice for 30 min, in a 42 °C water bath for 30 – 45 seconds and 

placed on ice for approximately 2 min. 945 µl of SOC medium was added and the tubes were 

incubated on a shaker (200 rpm) for 1 h at 37 °C. Aliquots of 5, 10, 100 and 400 µl of each 

transformation mix were spread onto MacConkey Agar+ AMP plates and incubated at 37 °C 

overnight. White colonies, (which contained the vector and insert as opposed to red colonies 

which contained the vector but no insert), were ‘picked and patched’, and transferred to 

sterile 96 well plates containing LB+ AMP and were subsequently incubated overnight at 37 °C. 

An equal amount of LB+ AMP medium amended with 40 % glycerol was added to the plate wells 

and the plates were subsequently stored at -20 and -80 °C. 

 

 

6.2.7 INSERT SIZE ESTIMATION 

 

Plasmids were purified using the alkaline lysis mini-prep method. For this, 20 randomly 

selected clones (selected using random number tables) were inoculated in 10 ml of LB+ AMP and 

incubated overnight at 37 °C while shaking at 200 rpm. Cells were harvested by centrifugation 

at 8 000 rpm for 8 minutes, resuspended in 400 µl of chilled P1 buffer and placed on ice. 400 µl 

of freshly prepared 0.2 M NaOH / 1 % SDS solution was added and the tubes were mixed by 

inversion 8 – 10 times and incubated at room temperature for 5 min exactly. At this stage the 

solutions became clear and viscous demonstrating cell lysis had occurred. 300 µl of 7.5 M 

ammonium acetate and 300 µl of chloroform were added, the tubes mixed by inversion 8 – 10 

times and were incubated on ice for 10 min. This caused the formation of a precipitate 

(proteins and cells debris) which was removed by centrifugation at top speed for 10 min and 

transferring the upper layer into a new tube. DNA was precipitated with the addition of 600 µl 

of cold isopropanol and the tubes were mixed by inversion. DNA was pelleted by 

centrifugation at top speed for 15 min, the supernatant removed and the pellet washed with 

500 µl of cold 70 % ethanol. The supernatant was subsequently removed and the pellet air-

dried and finally resuspended in 40 µl TE buffer. The tubes were incubated at 50 °C for 15 min 

to ensure the DNA pellets were dissolved. To linearise the DNA prior to insert-size 

determination by agarose gel electrophoresis, the DNA was cut with the restriction enzyme 

BAMHI (which cuts the puc19 vector at only one site). For this, 10 µl of DNA (≈2 µg) was 

combined with 2 µl of 10 × BamHI buffer, 10 U of BamHI and ddH2O to 20 µl in 0.2 ml 

microcentrifuge tubes, which were incubated at 37 °C for 5 hours and then 80 °c for 20 
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minutes to stop the reactions. The plasmid insert-size was subsequently determined by 0.7 % 

agarose gel electrophoresis.  

 

6.2.8 SEQUENCING 

 

Sequencing of 288 clones was performed by Macrogen (Inc.), whereby the clones were 

sequenced from both ends (5’ and 3’) using the primers described in Table 6.1. 

 
  

Table 6.1: Primers used for the sequencing of the clone-inserts. 
Primer Name  
 

Vector position Sequence 

M13F -20 GTAAAACGACGGCCAGT 
M13R-pUC -40 CAGGAAACAGCTATGAC 

 
 

6.2.9 SEQUENCE ANALYSIS 

 

The resulting 560 sequences were assessed for quality and aligned using the Bioedit alignment 

softwares to produce Contig sequences. NCBI Blastx analyses were used to analyse the 

resulting Contig sequences.   
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6.3 CHAPTER SIX RESULTS 

6.3.1 SPOROLITUUS THERMOPHILUS GENOMIC LIBRARY CONSTRUCTION 

 

To study the genome of the novel thermophile Sporolituus thermophilus strain AeGT, a 

genomic library consisting of 328 clones was constructed using TemplPhi amplified genomic 

DNA. HMW DNA was exposed to various time periods of sonication to determine the optima 

sonication time period required to fractionate the DNA to the desired size (Fig. 6.1). A 

sonication time period of 2 – 2.5 seconds was determined to be the optimal exposure period 

to sonication to fractionate the DNA to the size range between 2 – 5 kb. The size selection 

results and purified products are shown in Fig. 6.2 – 3 respectively. Note: in addition, to 

selecting DNA in the size range of 2 – 5 kb, DNA between approximately 5 – 10 kb was also 

selected for use in future studies (if required). This DNA was stored at -20 °C. 

 

 
 
 
 
 

1 

 

     1               2               3               4         5       6  7             8 

23 130 bps 

  9 416 bps 
  6 557 bps 
  4 361 bps 
 
2 322 bps 
2 027 bps 
 

 Figure 6.1: Sonication time course to fractionate HMW DNA of Sporolituus 
thermophilus strain AeGT. Lane 1: No sonication; Lanes 2 – 10: Sonication for 2, 3, 
4, 5, 7, and 10 s respectively; Lane 8: Lambda/HindIII DNA marker (Fermentas). 
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Figure 6.2: Size selection of fractionated HMW DNA of Sporolituus thermophilus strain 
AeGT. Sonicated DNA ≈2 – 5 kb and ≈5 – 10 kb was physically excised from a 0.7 % agarose 
gel and purified. Lane 1: Lambda/HindIII DNA marker (Fermentas); Lanes 3 – 7: Sonicated 
DNA with 2 – 10 kb area excised for subsequent purification. 
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Figure 6.3: Purified, size-selected DNA of Sporolituus thermophilus strain AeGT. 
Fractionated DNA of Sporolituus thermophilus was excised and purified. Lane 1: 
Lambda/HindIII DNA marker (Fermentas); Lane 2: Purified DNA (≈5 – 10 kb); Lane 3: 
Purified DNA (≈2 – 5 kb).    
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6.3.2 SPOROLITUUS THERMOPHILUS LIBRARY QUALITY: INSERT SIZE ASSESSMENTS 

 
The insert sizes of randomly selected clones representing approximately 6.25 % of the total 

genomic library were determined by BamHI digestion and agarose gel electrophoresis. Results 

showed that the library contained clones ranging from 0.42 kb to 5.0 kb (Fig. 6.4-6.5), with an 

average insert size of 2.6 kb. 

  

 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

23 130 bps   
   9 416 bps 
   6 557 bps 
   4 361 bps 
   2 322 bps 
   2 027 bps 
 
 

1      2     3      4       5       6      7      8     9    10    11    12    13   14   15    16   17   18   19     20 

     2 686 bps   2 322 bps 
  2 027 bps 
  

 

     1           2          3     4          5       6           7           8 9 

23 130 bps   
  9 416 bps 
  6 557 bps 
  4 361 bps 
  

Figure 6.4a 

 

Figure 6.4: Agarose gel electrophoresis of randomly selected clones from the 
genomic library of the novel thermophile Sporolituus thermophilus strain AeGT. 
Lane 1: Lambda/HindIII DNA marker (Fermentas); Lanes 2 – 8: BamHI digested 
randomly selected clones; Lane 9: BamHI digested puc19 vector (Fermentas) (2 686 
bps). 

Figure 6.5: Agarose gel electrophoresis of randomly selected clones from the genomic 
library of the novel thermophile Sporolituus thermophilus strain AeGT. Lane 1: 
Lambda/HindIII DNA marker (Fermentas); Lanes 2 – 19: BamHI digested randomly selected 
clones; Lane 20: BamHI digested puc19 vector (Fermentas). 
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6.3.3 SPOROLITUUS THERMOPHILUS LIBRARY ANALYSES 

 

From the 288 clones that were sequenced, 15 clones (numbered clone 46, 97, 107, 116, 146, 

148, 150, 176, 200, 208, 217, 227, 242, 249, 250) were of poor quality and so were withdrawn 

from the subsequent analyses. From the remaining 273 clones, 110 Contigs were formed 

which provided a total coverage of 99 331 nt as specified in Table 6.2. The nearest Blastx 

match of each Contig sequence, the number of clones that comprise each Contig, the Contig 

length and mol % G + C are given in Table 6.3. The specific clones that comprise each Contig 

and the specific sequence data for each Contig are given in Appx. 10.  

 

Table 6.2: Statistical data summarising the Contig sequences produced from 
the Sporolituus thermophilus strain AeGT small-insert library. Note: the Mol (%) 
of DNA is 55 ± 1 as determined by the thermal denaturation method. 

Statistic         Result 
Sequence size 99 331 
GC content (%) 51.4 
Number of Contigs formed 110 
Shortest Contig size 54 
Median sequence size 912 
Mean sequence size 903.0 
Longest Contig size 6 084 
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Table 6.3: The nearest Blastx match of each Contig sequence formed from sequence alignments of the small-inert Sporolituus 
thermophilus strain AeGT genomic library. The number of clones that comprise each Contig sequence, the Contig length and the Contig mol 
% G+C are given. 

Blastx Match 
 

Origin of Blastx Match Genbank 
Accession 
Number 

Similarity Designated 
Contig 

number 

Contig 
Length 

 

Number 
of 

Clones 

G+C 
(%) 

 
DNA Maintenance 

       

Integrase catalytic subunit 
 

Thermoanaerobacter sp. X514 YP001662218 
 
 
 

214/344 (62 %) 
214/344 (62 %) 
200/322 (62 %) 
118/187 (63 %) 

1 5 607 84 
 

46.96 

Integrase catalytic subunit Thermoanaerobacter sp. X514 YP001662218 60/85 (70 %) 2 938 1 53.62 
Integrase catalytic subunit Thermoanaerobacter pseudethanolicus 

ATCC 33223 
YP001665373 22/35 (62 %) 3 884 1 47.74 

Integrase catalytic subunit Thermoanaerobacter sp. X514 YP001662218 23/35 (65 %)     
Integrase, catalytic region Thermosinus carboxydivorans Nor1 ZP01666433 347/374 (92 %) 4 1 161 1 44.79 
Integrase catalytic subunit Thermoanaerobacter sp. X514 YP001662218 148/233 (63 %) 5a 1 683 7 51.69 
PAS modulated sigma54 specific 
transcriptional regulator, Fis family 

Thermoanaerobacter sp. X514 ZP04802604 137/247 (55 %) 6a 942 2 
 

39.92 

Transposase IS116/IS110/IS902 family 
protein 

Desulfotomaculum reducens MI-1 YP001111462 226/288 (78 %) 
23/55 (41 %) 
15/19 (78 %) 
10/21 (47 %) 

7a 1 192 2 45.47 

IS10 transposase, putative Lycopersicon esculentum ABI34274 166/168 (98 %) 7b 938 1 43.60 
Transposase IS116/IS110/IS902 family 
protein 

Desulfotomaculum reducens MI-1 YP001111462 86/108 (79 %)     

Microcompartments protein Desulfotomaculum reducens MI-1 YP001114601 71/117 (60 %) 8a 942 1 49.47 
Two component transcriptional 
regulator 

Ruminococcus sp. 5 1 39B FAA ZP04857450 43/82 (52 %)     

DNA-3-methyladenine glycosylase I Thermosinus carboxydivorans Nor1 ZP01666539 14/14 (100 %) 37 74 1 51.35 
Catalase Campylobacter jejuni CAA59444 27/30 (90 %) 38b 933 1 54.77 
Putative reverse transcriptase Zingiber officinale ABK60177 41/41 (100 %)     
Hypothetical protein CLONEX 01831 Clostridium nexile DSM 1787 ZP03289628 65/66 (98 %)     
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hypothetical protein BACCAP 02835 Bacteroides capillosus ATCC 29799 ZP02037222 36/37 (97 %)     
hypothetical protein BACCAP 02836 Bacteroides capillosus ATCC 29799 ZP02037223 78/79 (98 %)     
Gene product from transcript GI17572-
RA 

Drosophila mojavensis XP002002785 41/140 (29 %) 39 1 404 1 48.50 

DNA-3-methyladenine glycosylase II Bacillus cereus Rock3-44 ZP04218486 32/52 (61 %)     
Hypothetical 16.9K protein Salmonella typhimurium plasmid NTP16 pirJQ1541 109/122 (89 %) 47 943 2 53.98 
Conserved hypothetical protein Yersinia pestis biovar Antiqua str.  

E1979001 
ZP02233167 27/30 (90 %)     

Putative reverse transcriptase Zingiber officinale ABK60177 41/41 (100 %)     
Catalase Campylobacter jejuni CAA59444 25/30 (83 %)     
Terminase large subunit from 
bacteriophage origin 

Escherichia coli IAI39 YP002407511 166/173 (95 %) 53b 940 1 56.17 

DNA packaging protein from 
bacteriophage origin 

Escherichia coli IAI39 YP002407517 66/78 (84 %) 
36/41 (87 %) 

    

DNA adenine methylase Thermosinus carboxydivorans Nor1 ZP01667523 160/180 (88 %) 10b 942 2 56.37 
ATP-dependent helicase HrpB Thermosinus carboxydivorans Nor1 ZP01665848 254/284 (89 %) 14a 945 2 67.83 
Cysteine desulfurase Thermosinus carboxydivorans Nor1 ZP01665850 88/99 (88 %) 14b 909 2 

 
56.44 

ATP-dependent helicase HrpB Thermosinus carboxydivorans Nor1 ZP01665848 126/130 (96 %)     
Two component, sigma54 specific, 
transcriptional regulator, Fis family 

Thermosinus carboxydivorans Nor1 ZP01665688 268/274 (97 %) 
29/30 (96 %) 

16b 909 1 53.47 

Response regulator receiver protein Thermosinus carboxydivorans Nor1 ZP01666934 125/130 (96 %) 17b 911 1 46.21 
UDP-N-acetylmuramate--alanine ligase Thermosinus carboxydivorans Nor1 ZP01667713 210/221 (95 %) 

65/69 (94 %) 
19 1 606 1 48.38 

UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

Thermosinus carboxydivorans Nor1 ZP01667712 149/170 (87 %) 
17/18 (94 %) 

    

Endopeptidase La Thermosinus carboxydivorans Nor1 ZP01665979 58/62 (93 %) 34 258 1 57.36 
Nucleoside recognition domain protein Thermosinus carboxydivorans Nor1 ZP01665137 139/174 (79 %) 35a 939 1 56.66 
Peptidase dimerisation domain protein Thermosinus carboxydivorans Nor1 ZP01665135 48/51 (94 %) 

37/42 (88 %) 
14/15 (93 %) 

    

Nucleoside recognition domain protein Thermosinus carboxydivorans Nor1 ZP01665136 68/68 (100 %)     
Negative regulator of genetic 
competence clpC/mecB 

Thermosinus carboxydivorans Nor1 YP361153 156/239 (65 %) 
161/221 (72 %) 

18b 1 631 2 55.73 

Pseudouridine synthase Diaphorobacter sp. TPSY YP002552580 79/81 (97 %) 51 246 1 60.98 
No significant similarity found    52a 937 1 49.52 
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ATP-dependent protease HslVU, 
peptidase subunit 

Sulfurihydrogenibium azorense Az-Fu1 YP002728609 35/141 (24 %) 52b 910 1 40.22 

Terminase large subunit Mycobacterium tuberculosis H37Ra ZP02548803 135/135 (100 %) 53a 944 1 53.71 
Phage major capsid protein E Escherichia coli B7A ZP03028368 133/134 (99 %) 

30/30 (100 %) 
    

Chromosome 3, open reading frame 64 Homo sapiens AAH28935 29/49 (59 %) 55 192 1 47.40 
        
 
Metabolism 

       

UDP-3-O-(3-hydroxymyristoyl) 
glucosamine N-acyltransferase 

Thermosinus carboxydivorans Nor1 ZP01667700 80/123 (65 %) 
137/172 (79 %) 

48/87 (55 %) 

15a 942 1 57.86 

4Fe-4S ferredoxin, iron-sulphur binding 
domain protein 

Thermosinus carboxydivorans Nor1 ZP01665689 189/198 (95 %) 
45/45 (100 %) 

16a 941 1 51.75 

Fructose-1,6-bisphosphatase, class II Thermosinus carboxydivorans Nor1 ZP01666931 217/223 (97 %) 
17/17 (100 %) 

17a 929 1 57.91 

Pyruvate flavodoxin/ferredoxin 
oxidoreductase domain protein 

Thermosinus carboxydivorans Nor1 ZP01666112 258/263 (98 %) 22a 945 2 48.99 

Thiamine pyrophosphate enzyme 
domain protein TPP-binding 

Thermosinus carboxydivorans Nor1 ZP01666113 265/267 (99 %) 22b 912 2 51.21 

(Ni/Fe) hydrogenase, b-type cytochrome 
subunit 

Thermosinus carboxydivorans Nor1 ZP01667468 172/193 (89 %) 23a 943 2 53.98 

UDP-N-acetylmuramyl-tripeptide 
synthetases 

Thermosinus carboxydivorans Nor1 ZP01667469 55/73 (75 %)     

Adenylosuccinate synthase Thermosinus carboxydivorans Nor1 ZP01666816 299/307 (97 %) 24a 942 2 57.75 
Adenylosuccinate lyase Thermosinus carboxydivorans Nor1 ZP01666815 293/297 (98 %) 24b 914 2 57.99 
Phosphodiesterase, MJ0936 family Thermosinus carboxydivorans Nor1 ZP01665513 156/175 (89 %) 25 942 1 47.64 
Adenosylcobinamide-phosphate 
guanylyltransferase 

Thermosinus carboxydivorans Nor1 ZP01666229 178/188 (94 %) 26a 940 1 54.04 

Cobyrinic acid a,c-diamide synthase Thermosinus carboxydivorans Nor1 ZP01666230 104/117 (88 %)     
Cobyric acid synthase CobQ Thermosinus carboxydivorans Nor1 ZP01666228 287/302 (95 %) 26b 909 1 52.81 
BFD domain protein (2Fe-2S)-binding 
domain protein 

Thermosinus carboxydivorans Nor1 ZP01667734 103/109 (94 %) 
 

28a 939 1 65.39 

FAD dependent oxidoreductase Thermosinus carboxydivorans Nor1 ZP01667733 156/173 (90 %) 
11/15 (73 %) 
12/16 (75 %) 
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Formate dehydrogenase Thermosinus carboxydivorans Nor1 ZP01665924 267/282 (94 %) 
19/31 (61 %) 

29b 911 1 61.03 

Glycosyl transferase (Group 1) Thermosinus carboxydivorans Nor1 ZP01665832 291/307 (94 %) 31a 941 1 49.95 
Peptidase S55, SpoIVB Thermosinus carboxydivorans Nor1 ZP01666312 190/196 (96 %) 27b 908 1 45.04 
Integral membrane sensor signal 
transduction histidine kinase 

Thermosinus carboxydivorans Nor1 ZP01666380 102/118 (86 %) 21b 911 2 
 

53.24 

2-isopropylmalate synthase Thermosinus carboxydivorans Nor1 ZP01665134 64/67 (95 %) 35b 909 1 53.53 
Thiamine pyrophosphate enzyme 
domain protein TPP-binding 

Thermosinus carboxydivorans Nor1 ZP01665239 175/183 (95 %) 
11/14 (78 %) 

36a 930 1 57.20 

FAD linked oxidase domain protein Thermosinus carboxydivorans Nor1 ZP01665238 91/95 (95 %)     
Thiamine pyrophosphate enzyme 
domain protein TPP-binding 

Thermosinus carboxydivorans Nor1 ZP01665239 187/198 (94 %) 
67/70 (95 %) 

36b 909 1 57.10 

Protein-L-IsoD(D-D) O-methyltransferase Thermosinus carboxydivorans Nor1 ZP01665502 87/91 (95 %) 38a 274 9 46.35 
Radical SAM domain protein Thermosinus carboxydivorans Nor1 ZP01666310 198/210 (94 %) 27a 939 1 51.12 
Putative oxidoreductase Desulfovibrio vulgaris subsp. vulgaris DP4 YP965722 173/325 (53 %) 58 1672 1 48.50 
Hypothetical protein DSY3651 Desulfitobacterium hafniense Y51 YP519884 81/124 (65 %)     
3-Hydroxybutyryl-CoA dehydrogenase Fusobacterium ulcerans ATCC 49185 ZP05632979 141/197 (71 %) 6b 910 1 44.07 
Glycerol dehydratase large subunit Clostridium pasteurianum AAC27922 228/270 (84 %) 8b 911 1 55.98 
Two-component hybrid sensor and 
regulator 

Bacillus sp. NRRL B-14911 ZP01168913 24/51 (47 %) 40 224 2 38.84 

Two-component hybrid sensor and 
regulator 

Bacillus sp. NRRL B-14911 ZP01168913 20/50 (40 %) 41a 943 1 43.58 

        
  
Cellular Transport 

       

Sodium/sulphate symporter Desulfovibrio desulfuricans subsp. 
desulfuricans str. ATCC 27774 

YP02480668 102/262 (38 %) 20b 939 2 
 

55.70 

TRAP dicarboxylate transporter, DctM 
subunit 

Providencia rettgeri DSM 1131 ZP06127430 135/254 (53 %) 21a 942 2 46.71 

Electron transport complex, RnfABCDGE 
type, A subunit 

Thermosinus carboxydivorans Nor1 ZP01665926 86/86 (100 %) 29a 903 1 55.37 

electron transport complex, RnfABCDGE 
type, B subunit 

Thermosinus carboxydivorans Nor1 ZP01665925 162/167 (97 %) 
14/18 (77 %) 

    

Outer membrane chaperone Skp 
(OmpH) 

Thermosinus carboxydivorans Nor1 ZP01667698 11/13 (84 %) 
153/172 (88 %) 

87/94 (92 %) 

15b 903 1 58.36 
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Protein of unknown function (DUF1156) Thermosinus carboxydivorans Nor1 ZP01665198 184/198 (92 %) 32b 908 1 54.19 
Sodium/glutamate symporter Thermosinus carboxydivorans Nor1 ZP01665199 45/47 (95 %)     
Diguanylate cyclase/phosphodiesterase Thermosinus carboxydivorans Nor1 ZP01665453 59/72 (81 %) 33a 942 1 52.23 
Methyl-accepting chemotaxis sensory 
transducer 

Thermosinus carboxydivorans Nor1 ZP01665449 64/68 (94 %)     

Major facilitator superfamily MFS_1 Thermosinus carboxydivorans Nor1 ZP01666400 280/293 (95 %) 30a 941 1 54.73 
Conserved hypothetical protein Thermosinus carboxydivorans Nor1 ZP01666401 117/122 (95 %) 30b 907 1 46.64 
Major facilitator (Superfamily MFS 1) Thermosinus carboxydivorans Nor1 ZP01666400 28/29 (96 %) 

15/16 (93 %) 
    

Type IV secretory pathway VirD4 
protein-like protein 

Veillonella parvula DSM 2008 YP003311408 104/296 (35 %) 54b 909 1 50.85 

        
 
Cell Structure 

       

Cell division protein Thermosinus carboxydivorans Nor1 ZP01665771 92/103 (89 %) 
69/75 (92 %) 

20a 912 2 64.25 

Hypothetical protein BACPEC_00054 Bacteroides pectinophilus ATCC 43243 ZP03461001 19/49 (38 %)     
MotA/TolQ/ExbB proton channel Thermosinus carboxydivorans Nor1 ZP01665579 182/188 (96 %) 13b 909 1 47.74 
flagellar FlbD family protein Thermosinus carboxydivorans Nor1 ZP01665580 64/65 (98 %)     
Extracellular ligand-binding receptor Thermosinus carboxydivorans Nor1 ZP01667177 232/237 (97 %) 12a 936 1 51.50 
inner-membrane translocator Thermosinus carboxydivorans Nor1 ZP01667176 209/210 (99 %) 12b 908 1 55.40 
        
 
Survival Responses 

       

Stage II sporulation P family protein Thermosinus carboxydivorans Nor1 ZP01667621 318/336 (94 %) 9a 1 694 5 51.59 
Protein of unknown function DUF1614 Thermosinus carboxydivorans Nor1 ZP01667622 205/216 (94 %)     
Carbon starvation protein CstA Thermosinus carboxydivorans Nor1 ZP01667625 191/192 (99 %) 

95/99 (95 %) 
21/21 (100 %) 

9b 943 1 52.28 

Spore germination B3 GerAC family 
protein 

Thermosinus carboxydivorans Nor1 ZP01667524 17/21 (80 %) 
126/163 (77 %) 

10a 909 2 57.43 

Spore germination protein Clostridium thermocellum DSM 4150 ZP03150653 43/129 (33 %)     
        
 
Hypothetical/Conserved  protein 

       

Hypothetical protein CLONEX_03352 Clostridium nexile DSM 1787 ZP03291131 111/393 (28 %) 6c 6 084 93 41.32 
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 111/393 (28 %) 
55/207 (26 %) 

Hypothetical protein TcarDRAFT 1816 Thermosinus carboxydivorans Nor1 ZP01666074 92/107 (85 %) 11b 1 406 3 48.47 
Conserved hypothetical protein 103 Thermosinus carboxydivorans Nor1 ZP01666075 103/111 (92 %)     
Hypothetical protein TcarDRAFT 1818 Thermosinus carboxydivorans Nor1 ZP01666076 92/114 (80 %)     
hypothetical protein yberc0001_36240 Yersinia bercovieri ATCC 43970 ZP04629294 61/156 (39 %) 54a 816 1 51.47 
Hypothetical protein (TcarDRAFT 2385) Thermosinus carboxydivorans Nor1 ZP01665834 130/165 (78 %) 31b 911 1 52.36 
Hypothetical protein (TcarDRAFT 2384) Thermosinus carboxydivorans Nor1 ZP01665833 70/83 (84 %)     
Protein of unknown function (DUF1156) Thermosinus carboxydivorans Nor1 ZP01665198 274/298 (91 %) 32a 940 1 55.96 
Conserved hypothetical protein Thermosinus carboxydivorans Nor1 ZP01665439 157/180 (87 %) 

49/52 (94 %) 
33b 773 1 62.87 

Hypothetical protein Btr 0603 Bartonella tribocorum CIP 105476 YP001609038 15/54 (27 %) 41b 900 1 44.11 
Conserved hypothetical protein 
 

Clostridium butyricum E4 str. 
BoNT E BL5262 

ZP04526295 19/29 (65 %) 
17/23 (73 %) 

42 212 1 56.60 

Hypothetical protein Curvibacter putative symbiont of Hydra 
magnipapillata 

CBA31922 34/67 (50 %)     

Hypothetical protein BC1G 12951 Botryotinia fuckeliana B05.10 XP001548556 24/61 (39 %) 43a 928 1 50.11 
Hypothetical protein CBG04380 Caenorhabditis briggsae XP002646213 24/66 (36 %) 

19/55 (34 %) 
43b 905 1 57.68 

Predicted protein 
 

Coprinopsis cinerea okayama7#130 XP001837044 22/63 (34 %)     

Hypothetical protein STH318 
 

Symbiobacterium thermophilum IAM 14863 YP074147 97/230 (42 %) 
92/223 (41 %) 
58/112 (51 %) 
65/182 (35 %) 
73/216 (33 %) 
58/156 (37 %) 

31/85 (36 %) 

44 944 1 51.91 

Hypothetical protein STH318 
 

Symbiobacterium thermophilum IAM 14863 YP074147 94/253 (37 %) 
87/205 (42 %) 
83/201 (41 %) 
78/208 (37 %) 
85/253 (33 %) 
69/179 (38 %) 

27/66 (40 %) 

45 909 1 54.13 

Hypothetical protein STH318 Symbiobacterium thermophilum IAM 14863 YP074147 81/249 (32 %) 46 1 358 1 51.47 
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 71/201 (35 %) 
77/238 (32 %) 
48/114 (42 %) 
39/119 (32 %) 

Hypothetical protein Escherichia coli CAJ87559 49/99 (49 %) 50 299 1 54.52 
Hypothetical protein GYMC52DRAFT 
3608 

Geobacillus sp. Y412MC52 ZP04394454 64/102 (62 %) 57a 942 2 52.65 

Hypothetical protein BB14905 20880 Bacillus sp. B14905 ZP01725065 21/29 (72 %)     
Hypothetical protein LGG 01889 Lactobacillus rhamnosus GG YP003171635 39/57 (68% 

20/25 (80%), 
14/24 (58 %) 

    

Conserved hypothetical protein Clostridium botulinum NCTC 2916 ZP02955128 141/191 (73 %) 57b 910 2 55.05 
Hypothetical protein CDSM653 974 Carboxydibrachium pacificum DSM 12653 ZP05092508 89/105 (84 %)     
 
Miscellaneous 

       

Protein of unknown function DUF1078 
domain protein 

Thermosinus carboxydivorans Nor1 ZP01665581 190/198 (95 %) 13a 943 1 46.45 

Protein of unknown function DUF147 Thermosinus carboxydivorans Nor1 ZP01667504 327/333 (98 %) 
18/19 (94 %) 

18a 1 220 2 55.82 

VanW family protein Thermosinus carboxydivorans Nor1 ZP01667470 176/194 (90 %) 23b 912 2 62.39 
Penicillin-binding protein, 1A family Thermosinus carboxydivorans Nor1 ZP01666058 291/304 (95 %) 11a 912 2 53.18 
GK16219 gene product from transcript 
GK16219-RA 

Drosophila willistoni XP002065879 29/111 (26 %) 
15/45 (33 %) 
13/45 (28 %) 
15/45 (33 %) 
14/41 (34 %) 

56 1 004 3 52.39 

HI0933 family protein Thermosinus carboxydivorans Nor1 ZP01667735 262/288 (90 %) 
8/9 (88 %) 

28b 911 1 65.75 

TEM beta-lactamase Salmonella enterica subsp. enterica serovar  
Infantis 

ACP18864 112/115 (97 %) 5b 907 1 45.53 

Beta-lactamase TEM-166 Escherichia coli ACI25375 123/170 (72 %) 48 913 1 46.44 
Amp (Expression vector pHsh-amp)  ACL98082 265/265 (100%) 

21/24 (87 %) 
49 1 099 2 46.45 

No significant similarity found    38c 145 5 47.59 
No significant similarity found    38d 86 2 40.70 
No significant similarity found    59 126 1 42.86 
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No significant similarity found    60 170 1 38.10 
No significant similarity found    61 168 1 42.35 
No significant similarity found    62 170 1 40.74 
No significant similarity found    63 54 4 75.97 
No significant similarity found    64 154 1 67.19 
No significant similarity found    65 66 1 60.24 
No significant similarity found    66 83 1 47.06 
No significant similarity found    67 136 1 56.63 
No significant similarity found    68 83 2 73.33 
No significant similarity found    69 180 1 40.23 
No significant similarity found    70 87 1 35.66 
No significant similarity found    71 143 1 42.86 
No significant similarity found    72 126 1 42.86 
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6.4 CHAPTER SIX DISCUSSION 

 

In Chapter Six, a small-insert genomic library was constructed using TempliPhi amplified 

genomic DNA of the recently described thermophile Sporolituus thermophilus strain AeGT gen. 

nov., sp. nov. From this library, 288 clones were sequenced (≈ 800 bp from each end) and the 

sequences were aligned to produce 110 Contig sequences comprising a total of 99 331 nt. The 

Contig sequences were analysed using Blastx analyses (NCBI) with the results as specified in 

Table 6.3. A summary of these the results are given in Fig. 6.6 and Table 6.4. The majority of 

the sequence data matched with genes involved in DNA maintenance and cellular metabolism, 

representing 28.3 and 25.0 % of the total (Contig) sequence data respectively. The higher level 

of sequence data encoding genes involved in DNA maintenance compared to genes involved in 

metabolism reflects the strains limited metabolism, as the strain only ferments citrate and 

malate. However, father genome sequencing is required to confirm this. A high level of 

sequence data matched to hypothetical/ conserved proteins representing 20.5 % of the total 

sequence data. This is likely to have resulted due to the strains deep phylogenetic position as a 

newly described genus and due to its thermophilic nature.  

 

Table 6.4: A categorised summary of the Blastx results of 99 331 nt of the 
Sporolituus thermophilus strain AeGT genome. 

Category Total sequence Number of Clone-sequences 
DNA maintenance 26 633 (28.3 %) 124 
Metabolism 23 490 (25.0 %) 41 
Cellular Transport 8 294 (8.8 %) 11 
Cell Structure 3 665 (3.9 %) 5 
Survival Responses 1 852 (2.0 %) 8 
Hypothetical/Conserved  protein 1 9237 (20.5 %) 112 
Miscellaneous 8 821 (9.4 %) 15 
No significant similarity found 1 977 (2.1 %) 25 
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Figure 6.6: A summary of the Blastx results of 99 331 nt of the Sporolituus thermophilus strain AeGT genome. From 99 331 nt, 26 633 nt (28.3 %) 
matched with genes involved in DNA maintenance; 23 490 nt (25.0 %) with genes involved in metabolism; 8 294 nt (8.8 %) matched with genes 
involved in cellular transport; 3 665 nt (3.9 %) with genes involved in cell structure; 1 852 nt (2.0 %) with genes encoding survival/ stress 
responses; 1 9237 nt (20.5 %) with genes encoding hypothetical/conserved  proteins; 8 821 nt (9.4 %) with genes encoding other (miscellaneous) 
functions; and 1 977 nt (2.1 %) showed no significant similarity to any genes within the NCBI database. The Blastx results from the Sporolituus 
thermophilus Contig sequences are detailed in Table 6.3. A summary is also given in Table 6.4. 



CHAPTER SIX:     GENOME ANALYSES OF SPOROLITUUS THERMOPHILUS 

 

  
269 

 

  

The in silico characteristics of S. thermophilus obtained from genomic sequence analyses 

reflect the phenyotypic characteristics of the strain observed in Section 3.4.2, and thus the 

novel methods used for DNA preparation prior to genomic library construction, namely the use 

of TempliPhi amplification kits to amplify the genomic DNA of the strain and sonication to 

fractionate the DNA to the desired size range (2-5 kb) are efficient methods for DNA 

preparation prior to genomic library construction. These methods are advantageous compared 

to more commonly used DNA preparation methods in that they can be performed in a shorter 

timeframe and with increased ease. However, these methods were not without limitations as 

several Contig sequences were composed of an exceedingly large number of clone-sequences 

relative to their sequence length. This is likely to have resulted from the (TempliPhi) 

amplification of the DNA prior to library construction. Such Contigs included Contig 6c which 

was comprised of 6 084 nt and was constructed from 93 clone-sequences, and Contig 1 which 

was comprised of 5 607 nt and was constructed from 84 clone-sequences (Table 6.5). This is a 

notable limitation that will be investigated further by comparing these results with future 

whole genome sequence analyses.  

 

Table 6.5: Contig sequences aligned from the small-insert Sporolituus 
thermophilus strain AeGT genomic libraries that were comprised of a high 
number of clones. A number of Contig sequences were comprised of a relatively 
large number of clone sequences for their corresponding length. Such results 
are likely to have resulted from the TempliPhi amplification of DNA to produce 
HMW DNA prior to genome library construction.  

Contig 
number 

Blastx Match Origin of Blastx Match Contig 
Length 

 

Number 
of 

Clones 
6c Hypothetical protein CLONEX 03352 Clostridium nexile DSM 1787 6 084 93 
1 Integrase catalytic subunit Thermoanaerobacter sp. X514 5 607 84 
2 Integrase catalytic subunit Thermoanaerobacter sp. X514 938 1 
3 Integrase catalytic subunit Thermoanaerobacter 

Pseudethanolicus ATCC 33223 
884 1 

5a Integrase catalytic subunit Thermoanaerobacter sp. X514 1 683 7 
38a Protein-L-IsoD(D-D) O-

methyltransferase 
Thermosinus carboxydivorans 
Nor1 

274 9 

9a Stage II sporulation P family protein Thermosinus carboxydivorans 
Nor1 

1 694 5 

11b Hypothetical protein TcarDRAFT 
1816 

Thermosinus carboxydivorans 
Nor1 

1 406 3 

 

The majority of the Blastx analyses of the S. thermophilus Contig sequence data matched with 

genes from the thermophile Thermosinus carboxydivorans Nor1 (= DSM 14886T) (Table 6.6). 

This is not a surprising result due to the high 16S rRNA gene similarity between the two species 

(96.6 %; however only 936 nt of the 16S rRNA gene of Thermosinus carboxydivorans Nor1 have 
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been sequenced). Other notable matches are given in Table 6.6 and their phenotypic 

characteristics are compared in Table 6.7. As expected, Sporolituus thermophilus strain AeGT is 

phenotypically more similar to the thermophiles Thermosinus carboxydivorans Nor1 (Sokolova 

et al., 2004) and Thermoanaerobacter sp. X514 (Roh, et al., 2002), than to Clostridium nexile 

(Holdeman & Moorem, 1974) which is a mesophile, Symbiobacterium thermophilum IAM 

14863T which is a synotroph (Ohno et al., 2000), and to the sulphate- and metal-reducing 

Desulfotomaculum reducens strain MI-1. In addition to the low genome sequence similarities 

between S. thermophilus, Thermosinus carboxydivorans Nor1 (Sokolova, et al., 2004) and 

Thermoanaerobacter sp. X514 (Roh, et al., 2002) (Table 6.4), S. thermophilus strain AeGT is 

differentiated by its differing cell dimensions, temperature growth optima, inability to ferment 

carbohydrates and its TEA reduction profile (Table 6.7). 

 

Table 6.6: A summary of the most frequently matched species from the Blastx 
analyses of the Sporolituus thermophilus strain AeGT genome sequences.    

Origin of Blastx matches Number of Contig 
Sequences 

Number of clone in 
each Contig* 

Number of Nucleotides  
in Contigs 

Thermosinus carboxydivorans Nor1  
(= DSM 14886T) 

71/ 110 (64.5 %) 82/ 273 (30.0 %) 42 040/ 99 331 (42.3 
%) 

Thermoanaerobacter sp. X514 4/ 110 (3.6 %) 94/ 273 (34.5 %) 9 170/ 99 331 (9.2 %) 
Clostridium nexile DSM 1787 T 1/ 110 (0.9 %) 93/ 273 (34.1 %) 6 084/ 99 331 (6.1 %) 
Other Clostridium sp 3/ 110 (2.7 %) 4/ 273 (1.5 %) 1 233/ 99 331 (1.2 %) 
Desulfotomaculum reducens MI-1 3/ 110 (2.7 %) 4/ 273 (1.5 %) 3 072/ 99 331 (3.1 %) 
Symbiobacterium thermophilum 
IAM 14863T 

3/ 110 (2.7 %) 3/ 273 (1.1 %) 3 211/ 99 331 (3.2 %) 

No significant similarity found 16/ 110 (14.5 %) 19/ 273 (7.0 %) 1 746/ 99 331 (1.8 %) 
 *Various clones had sequences similar to 2 Contig sequences hence the summed 
percentage given is more than 100 %. 
 

Future genome studies of the novel thermophile Sporolituus thermophilus include its total 

genome sequencing which has commenced using 454 next-generation sequencing 

technologies. Such can be used to further investigate the physiology and evolution of this 

strain, and may be used to identify genes involved in citrate-fermentation which are likely to 

be highly evolved and thus of interest. 
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Table 6.7: A comparison of the phenotypic characteristics of the most 
frequently matched species from the Blastx analyses of the Sporolituus 
thermophilus strain AeGT genome (Contig) sequences. Key: 1 , Sporolituus 
thermophilus strain AeGT; 2, Thermosinus carboxydivorans Nor1 (Sokolova, et 
al., 2004); 3 , Thermoanaerobacter sp. X514 (Roh, et al., 2002); 4, Clostridium 
nexile (Holdeman & Moorem, 1974); ND , not determined. 

Characteristic 
 

1 2 
 

3 4 

Habitat  Microbial mats from 
a thermal aquifer 

bore outflow 

Hot Spring Deep 
Subsurface 
sediments 

Human Faeces 

Location Great Artesian 
Basin, QLD,  

Australia 

Norris Basin, 
Yellowstone 

National Park, 
USA  

Piceance Basin,  
Colorado,  

USA 

(Worldwide) 

Morphology Curved rods Curved Rods ND Straight to 
slightly curved 

rods 
     Length 2.0 – 10.0 2.6 – 3.0 ND  1.3 – 6.3 
     Width 0.8 – 1.0 0.5 ND 0.8 – 1.6 
Sporulation +   + 
Cell Wall Negative Negative ND Positive 
    Gram-stain Negative Negative ND Positive 
Temperature (°C)     
     Optimum 55 60 60 37 
     Range 45 – 60 40 – 68 55 – 75 25 – 45  
pH     
     Optimum 7.0 6.8 – 7.0  ND ND 
     Range 6.5 – 8.0  6.5 – 7.6  6.9 – 8.9* ND 
Carbohydrate fermentation – + + + 
Organic Acid fermentation + + +  
   Citrate + – ND ND 
   Pyruvate – + + + 
Electron Acceptors     
   Fe(III) – + + ND 
   Mn(IV) – ND + ND 
   Sulphate – – ND ND 
   Thiosulphate + + ND ND 
   Sulphite + – ND ND 
   Elemental Sulphur – – ND ND 
   Nitrate – – ND ND 
G + C (mol %) 55.4† 51.7 ND 40 
Family Veillonellaceae Veillonellaceae Thermoanaero

bacteraceae 
Clostridiaceae 

Similarity to strain AeGT 

 [16S rRNA gene similarity 
(%)] 

100 96.6# 82.6 80.9 

*pH growth range given is based on iron(III)-reduction tests.  
†Determined by the thermal denaturation method. 
# only 936 nt of the 16S rRNA gene of Thermosinus carboxydivorans strain Nor1 
have been sequenced. 
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7.1 CHAPTER SEVEN INTRODUCTION 

 

Members of the genus Caloramator are ubiquitous in pH-neutral freshwater thermal 

subsurface environments and are characteristically strict anaerobes that exhibit rapid growth 

particularly in the presence of sugars and extracts at elevated temperatures (TOPT = 55 – 65 °C). 

Caloramator australicus strain RC3T (=JCM 15081T = KCTC 5601T) sp. nov., is the type strain of 

the newly established species and represents one of ten species that comprise the genus 

Caloramator. Phylogenetically, strain RC3T is most closely related to C. fervidus (16S rRNA gene 

similarity of 95.8 %), and has been described as a motile, slightly curved rod-shaped, strictly 

anaerobic, thermophilic, Gram-positive Firmicute that was isolated from the Red microbial 

mats that exist at 66 °C in a GAB bore (the New Lorne bore, registered number 17263) runoff 

channel (Section 4.7; Appx. 1). The strain grows optimally at 60 °C and utilizes a variety of 

energy substrates including sugars, extracts and amino acids, and reduces sulphur, iron(III), 

manganese(IV) and vanadium(V) as TEAs. The ability of the strain to reduce metals, its 

presence in an exopolysaccharide containing microbial mat and its production of an 

exopolysaccharide material when grown in large cultures (>250 ml) suggests it has potential to 

attach to metals and to cause corrosion of GAB bore pipelines. Similarly, the strains ability to 

conserve energy from the reduction of iron(III) makes it a potential candidate to be tested for 

electricity production within Microbial Fuel Cells (MFC). An increased understanding of the 

molecular basis of microbial metal-reduction at elevated temperatures and exopolysaccharide 

interactions in the GAB are currently being explored for which C. australicus sp. nov. RC3T 

serves as a model bacterium. Investigations at a molecular level of the strains metabolic 

pathways may also reveal the presence of unique thermostable enzymes of potential 

commercial value due to the strains expansive metabolic profile and rapid growth rate 

(generation time of 0.53 h under optimal conditions).  

 

This Chapter reports on the progress of the genome sequencing of C. australicus strain RC3T, 

which is the first organism from the genus Caloramator and the first isolate from the GAB to 

have its genome sequenced. The steps involved in this process are summarised in Fig. 7.1. 

Using HMW DNA of C. australicus strain RC3T, fragment and paired-end libraries were 

constructed and sequenced using high-throughput 454 pyrosequencing. The resulting 

sequence reads were assembled using Newbler, MIRA and Bambus to produce draft genome 

sequences. Due to time limitations, extensive sequence analyses and annotations could not be 

performed and so instead a preliminary analysis was undertaken using the RAST annotation 



CHAPTER SEVEN:     GENOME ANALYSES OF CALORAMATOR AUSTRALICUS 

 

  
274 

 

  

server. The annotated genome pathway maps mostly concurred with the data obtained from 

phenotypic traits as described in Section 4.7). 

 

 
 

 

In the following Sections, next-generations sequencing technologies and their impacts on the 

life sciences are highlighted, and different genome sequence assembly and annotation tools, in 

particular those employed in this study, are summarised.  

 

 

7.1.1 THE IMPACT OF NEXT-GENERATION SEQUENCING TECHNOLOGIES  

 

In recent years, the life sciences have been revolutionised by the onset of ultra-high-

throughput next-generation sequencing technologies such as 454 pyrosequencers (454 Life 

Sciences/ Roche Diagnostics), Illumina (Solexa) sequencers and SOLiD (Sequencing by 

Oligonucleotide Ligation and Detection) sequencers (Applied Biosystems). These new 

technologies are able to generate Mbps of sequence data in only a few days processing time at 

one-sixth of the cost of previous technologies; [comparison based on 454 pyrosequencing and 

454 Pyrosequencing included: 
 two DNA fragment libraries (total of 196 736 reads) 
 two 8 kb paired-end libraries (total of 86 845 reads) 
[Performed at the Interdisciplinary Center for 
Biotechnology Research (ICBR), University of Florida, 
USA] 

2. 454 Pyrosequencing 
 

1. HMW DNA Extraction 
 

4. Verification of Sequence 
Assemblies 

 

3.  Sequence Assemblies 
 
 

5. Sequence Annotations 
 

 

6. Comparison of in silico and 
in vitro characteristics 

Sequence assemblies were performed using: 
 Newbler (2 579 716 bp draft genome sequence) 
 MIRA & Bambus (2 654 716 bp draft genome sequence) 

Assessment of the rRNA gene positions as specified by BASyS 
in the MIRA & Bambus 2.6 Mbp draft genome sequence 
 

Preliminary genome annotation results using the RAST 
database are highlighted and discussed 
 

In silico gene functions as predicted by RAST annotations 
are compared to the results obtained during phenyotypic 
characterisations (as described in Chapter Four) 

 

Figure 7.1: Outline of the procedures used to construct and annotate a draft 
genome sequence of Caloramator australicus strain RC3T. 
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Sanger sequencing costs in 2008 (Schuster, 2008)]. Ultra high-throughput sequencers can be 

employed to sequence both mixed microbial samples and axenic cultures, of which the latter is 

much less technically challenging to accurately assemble. To aid such extensive sequence 

assemblies, tagged, paired-end libraries of 3 – 20 kb are often constructed and sequenced to 

be used as “DNA scaffolds” to be combined with the generated Contig sequences and/ or 

edited sequence reads. The resultant complete or draft genome-sequence(s) and/ or 

metagenomic sequence data can be annotated using a variety of different annotation servers 

{e.g. RAST (Rapid Annotations using Subsystems Technology), KAAS [KEGG Automatic 

Annotation Server; KEGG (Kyoto Encyclopedia of Genes and Genomes)], BASys (Bacterial 

Annotation System), etc.} to provide an in depth profile of the physiology and phylogeny of the 

subject microorganism(s). This data can be used to provide insights concerning the likely roles 

and activates of each microbe in their natural environment and to construct complex in silico 

environmental models of specific microbial groups based on phylogenetic or physiological 

characteristics (i.e. sulphate-reducers, metal-reducers, aerobes, anaerobes, mesophiles, 

thermophiles, etc.), and hence the environments microbial ecology as a whole. Genome-

sequence annotations also provide a means to identify and subsequently compare phylogenies 

predicted from less commonly compared molecular chronometers (other than 16S rRNA 

genes) such as nifD, recA, gyrB, rpoB, fusA, 5S and 23S rRNA genes (Holmes et al., 2004). 

Similarly, genes that encode enzymes of potential commercial value can be identified at a 

sequence level and their structure and perhaps evolutionary history determined. Specific 

primers can subsequently be designed to amplify these genes of interest for further 

investigations (i.e. investigations of gene structure, function and expression). Such studies are 

of increased interest when applied to thermophiles because of their enormous potential in 

high temperature industrial and biotechnological processes, and hence possibly immense 

economic value. Likewise, evolutionary studies of the genes of thermophiles are of increased 

interest due to their deeper phylogenetic positions compared to mesophiles and thus likely 

earlier emergence. 

 

Prior to the evolution of next-generation sequencing technologies in 2000 (Brenner et al., 

2000) and the large scale availability to the public of 454 pyrosequencers in 2004, Illumina 

(Solexa) sequencers in 2008, and the SOLiD system in 2007 (Stein, 2008), Sanger sequencers 

were the sequencers of choice as they produced sequence reads of up to 700 – 900 bp. In 

comparison, next-generation sequencers produce much shorter reads, typically 400 – 600 bp 

reads using 454 pyrosequencers, 30 – 100 bp reads using Solexa sequencers, and 
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approximately 50 bp reads using SOLiD sequencers. However, next-generation sequencers 

produce over 100 times more data compared to the most sophisticated capillary sequencers 

that employ the Sanger method, and for a fraction of the cost (Kato, 2009). Due to the longer 

sequence reads produced from 454 pyrosequencers compared to other next-generation 

sequencers and the ability to construct 8 Kb tagged, paired-end libraries to aid sequence 

assemblies, 454 pyrosequencing was the sequencing method employed to sequence the 

genome of the novel thermophile Caloramator australicus strain RC3T reported in this Chapter.  

 

 

7.1.2 454 PYROSEQUENCING OVERVIEW 

 

During pyrosequencing single-stranded DNA (ssDNA) fragments are used as templates to 

synthesise complementary DNA strands, and are sequenced by detecting and quantifying the 

pyrophosphate (PPi) released from the DNA polymerase reactions upon nucleotide 

incorporation. The PPi is quantified using a light sensitive assay when it is converted to ATP by 

ATP sulfurylase. Solutions of A, C, G, and T nucleotides are added sequentially from which light 

is only produced when nucleotide incorporation occurs. Pyrosequencing differs to Sanger 

sequencing in that it relies on the detection of PPi release subsequent to nucleotide 

incorporation rather than chain termination with dideoxynucleotides. Starting materials for 

454 pyrosequencing include genomic DNA, PCR products, bacterial artifical chromosomes 

(BACs) and complementary DNA (cDNA), which are size fractionated using nebulizers to 

fragments of 300 – 800 bp. The DNA fragments are annealed to produce ssDNA fragments to 

which short adapters (A and B) are attached for downstream for purification, amplification, 

and sequencing steps. The ssDNA library is subsequently immobilised onto specifically 

designed Capture Beads so that each bead carries only one ssDNA library fragment. Using 

emulsion PCR (emPCR) the entire fragment library (attached to the beads) is amplified 

resulting in each bead containing several millions copies of the same ssDNA fragment (Fig. 7.1). 

The amplified fragments are further prepared for sequencing and loaded onto a PicoTiterPlate 

that contains wells designed so that only one bead will occupy each well. Sequencing enzymes 

are subsequently added before the sequencing instrument flows individual nucleotides in a 

fixed order across the hundreds of thousands of wells that each contain a single bead. By 

detecting the chemiluminescent signal from the PPi release using an automated CCD camera 

the instrument records the sequencing results (Fig. 7.2) (http://www.454.com). 
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Problems with sequence assemblies 

 

 

7.1.3 DIFFICULTIES ENCOUNTERED IN GENOME SEQUENCE ASSEMBLIES  

 

Sequence assemblies of axenic cultures are vastly easier to assemble than metagenomic 

sequence data but still remain technically challenging to assemble correctly. Numerous 

problems are readily encountered when assembling large volumes of sequence data, some of 

which are summarised below. Assembly problems can arise when vector sequences used in 

the amplification steps during the sequencing process are not correctly trimmed from the 

sequence fragments and so cause errors to assembly programs which try to align the vector 

regions and/ or cannot align overlapping sequence regions due to the presence of the 

untrimmed vector sequences. During sequence amplification steps different sequence regions 

may be incorrectly merged, defined as chimeras. Chimeras cause problems to sequence 

assemblers as regions of the Contig sequence(s) will match multiple regions of the genome, 

and so can be mistaken for repetitive sequence regions in which the same sequence region 

DNA Capture Bead  
containing millions of copies 
of a single clonal fragment 

Sulfurylase 

Luciferase 

PPi 

Luciferin 

PPi 

Light + Oxyluciferin 

APS 

ATP 

polymerase 

Anneal Primer 

 G   A   A   T   C   G   G   C   A   T   G   C    T   A   A   A  G   T   C   A 

Signal Image 

Figure 7.2: Outline of 454 pyrosequencing DNA capture bead and sequencing 
methodologies (http://454.com). Short adapters are added to ssDNA fragments which 
are attached to DNA capture beads and the fragments amplified using emPCR so that 
each bead contains millions of copies of a single clonal fragment. Pyrosequencing 
involves detecting the pyrophosphate (PPi) released from the DNA polyermase 
reactions upon nucleotide incorporation as complentary DNA strands are synthesised. 
The PPi is quantified using a light sensitive assay when it is converted to ATP by ATP 
sulfurylase. 
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does actually occur more than once within the genome. Distinguishing between chimeras and 

true sequence repeats is often the most prevalent problem encountered during genome 

sequence assemblies. Difficulties may also arise due to sample DNA and cloning biases in 

which various sequence regions are preferentially cloned, and thus preferentially amplified, 

resulting in an over representation of certain regions of the genome and an 

underrepresentation of other genomic regions. This often results in an incomplete coverage of 

the genome leaving gaps in the genome sequence. When an insufficient quantity of sequence 

data is generated an incomplete genome coverage also occurs. To close the sequence gaps, 

specific primers can be constructed using sequence assemblers (e.g. Newbler, Consed, etc.); 

however, often the benefits obtained from closing the sequence gaps through such methods 

may not justify the associated primer, sequencing and labour costs, and so is not always 

performed.  

 

 

7.1.4 SEQUENCE ASSEMBLERS 

 

In recent years, a multitude of sequence assemblers have been developed and updated to 

cope with the task of correctly assembling the terabytes of sequence data produced by high-

throughput next-generation DNA sequencing technologies. Just as different DNA sequencers 

produce DNA reads of different lengths, and in varied quantities (of DNA reads) and output 

files, sequence assemblers have been updated accordingly. Sequence assemblers are often 

specifically designed to assemble long- or short-DNA reads, and so employ different algorithms 

for alignments. Some of the assemblers that support long-read sequencing technologies 

include: 

 MIRA (Mimicking Intelligent Read Assembly) 

 Bambus 

 Newbler 

 PHRAP [Phil (Green)’s Revised Assembly Program] 

 Consed 

 CAP3 (Contig Assembly Program) 

 TIGR (The Institute of Genome Research) Assembler 

 PCAP (Parallel Contig Assembly Program) 

 Euler  

 Celera 
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Some assemblers that support short-read sequencing technologies include:  

 SSAKE (Short Sequence Assembly by k-mer search and 3' read Extension) 

 EDENA (Exact DE Novo Assembler) 

 Euler-SR (Euler Short Read) 

 ABYSS (Assembly By Short Sequencing) 

 

Other sequence assemblers such as Velvet and to some degree MIRA can be used to assemble 

both long- and short-DNA reads. There are many different approaches and algorithms used by 

assembling programs of which some are outlined below. Many sequence assemblers including 

MIRA, TIGR, CAP3, PHRAP and PCAP employ an Overlap-Layout-Consensus approach; in which 

the relationships between the reads are graphed (overlap stage), the overlap-graph simplified 

by removing redundant information (layout stage) and the consensus sequence is constructed 

by solving the Hamiltonian path (www.cbcb.umd.edu). In 2001 Pavel et al. (2001) reported on 

their development and use of assemblers that employ the Eulerian Path algorithm in favour of 

assemblers that use the overlap-layout-consensus approach. Examples include the Euler and 

Euler-SR assemblers. This approach involves dividing each DNA fragment in smaller reads, 

called k-mers, which are used to create a de Bruijn graph that presents a simpler 

representation of repeats compared with the overlap-graph, and the Eulerian (super)path is 

used to construct the fragment assembly. Another popular sequence assembly approach 

involves comparing new sequence data to the already assembled genomes, and using highly 

similar genomes as a template for comparative sequence assemblies. The assemblers AMOS [A 

Modular Open-Source (whole genome assembly software)] and Mosaik employ such 

approaches.  

 

 

7.1.5 MIRA AND BAMBUS SEQUENCE ASSEMBLERS  

 

Genome sequence assemblies reported in this thesis were performed using MIRA (Chevreux et 

al., 1999) and Bambus (Pop, et al., 2004) sequence assemblers. MIRA was originally developed 

to align Sanger sequencing but has since been modified (MIRA-3) to perform hybrid assemblies 

of Sanger/ 454/ Illumina sequencing outputs. MIRA utilises the overlap-layout-consensus 

approach for sequence assemblies. For this, MIRA identifies and masks contaminating 

sequence regions (vector sequences) before comparing and aligning the rest of the sequence 

data. MIRA checks the aligned sequences for false sequence repeats using the Smith-
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Waterman alignment algorithm (Smith & Waterman, 1981) and subsequently generates Contig 

sequences from the  checked (layout) graph. 

 

Bambus is a sequence assembler that is able to create DNA scaffolds based on mate-pair 

sequencing results and so was employed in this project to construct DNA scaffolds based on 

the 8 Kb tagged, paired-end libraries to which the (MIRA) Contigs and standard genomic 454 

sequencing results were overlayed (Fig. 7.3). Creating DNA scaffolds is advantageous for 

sequence assemblies in that the orientation and order of all of the Contigs can be confirmed.  

 

 
 

 

 

 

7.1.6 ANNOTATIONS WITH RAST 

 

Genome annotations of C. australicus strain RC3T reported in this thesis were performed using 

the RAST server which is a free, fully automated sever commonly used to annotate bacterial 

and archeal genomes. Contig sequences can be submitted in FASTA or GenBank format to the 

RAST server which ‘pipelines’ several programs and servers, such as GLIMMER2, KEGG and the 

SEED, to: identify protein-encoding, rRNA and tRNA genes;  assign functions to genes; predict 

which subsystems are represented in the genome and thereby reconstruct a metabolic profile 

of the organism (Aziz et al., 2008). The constructed metabolic pathways can be viewed in KEGG 

and the annotated genomes compared with the annotated genomes in the SEED database.  

 

 

read A read B 

fragment 
a 

read A 

read A read B 

b 

read A 

Contig 1 Contig 2 

Figure 7.3: DNA scaffolding assembles (Pop et al., 2004). Mate-pair sequences (a) 
have a know length (in this project 8 Kb when the vector sequence was been trimmed), 
and so can be used as DNA scaffolds to overlay sequence reads to generate Contigs (b). 
Using DNA scaffolds for genome assemblies is advantageous as the correct orientation 
and order of all of the contig sequences can be determined.  
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7.2 CHAPTER SEVEN METHODS 

7.2.1 HIGH MOLECULAR WEIGHT DNA EXTRACTIONS 

 

When grown in large volumes (≥ 50 ml), Caloramator australicus strain RC3T produces a 

glycocalyx layer that interferes with large scale high molecular weight (HMW) DNA extraction 

techniques. As such, 20 log-phase grown 10 ml cultures of Caloramator australicus strain RC3T 

were harvested by centrifugation at 7 000 rpm for 15 min. The resultant cell pellets were 

resuspended and combined into 2 tubes containing 4.6 ml of TE buffer (pH 7.6) amended with 

100 µg RNase ml-1. DNA extractions were performed as described in Section 2.5.2, with 

modifications that a 10 fold increase of enzymes, detergents and chemicals were used to 

correspond with the 10 fold increase of resuspension buffer employed in this Section (4.6 ml 

instead of 460 µl). In addition, incubation times during the phenol: chloroform: isoamylalcohol 

(25:24:1) purification were increased from 10 to 45 min and were performed on a tube-rocker. 

DNA concentrations were checked by Agarose gel electrophoresis as described in Section 2.5.3 

and the HMW DNA concentrations were adjusted to approximately 300 µg.ml-1 in 10 mM Tris-

Cl. The purity of this DNA was confirmed by amplifying and sequencing the 16S rRNA gene as 

described in Section 2.5.   

 

 

7.2.2 454 PYROSEQUENCING, SEQUENCE ALIGNMENTS AND ANNOTATIONS 

 

The genome of C. australicus was sequenced using Roche 454 Life Sciences GS FLX system at 

the Interdisciplinary Center for Biotechnology Research (ICBR), University of Florida, USA. 

Sequence assemblies were performed using Newbler (version 2.3), and MIRA (version 3.0.3) 

(Chevreux, et al., 1999) and Bambus (version 2.33) (Pop, et al., 2004) sequence assemblers 

using the parameters as described by Chevreux et al., (1999) and Pop et al., (2004). The MIRA-

Bambus assembly was annotated with the online RAST server (Aziz, et al., 2008) and BASyS 

(Van Domselaar et al., 2005) and was verified manually using the NCBI (Bensen et al., 2008) 

and COG databases (Tatusov et al., 1997). However, only annotations from RAST are 

highlighted in this dissertation. 
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7.3 CHAPTER SEVEN RESULTS AND DISCUSSION 

7.3.1 454 PYROSEQUENCING 

 

The sequence data consisted of two DNA fragment libraries (total of 196 736 reads) and two 8 

kb paired-end libraries (total reads of 86 845). A total of 71 415 765 nt were sequenced to give 

a 27-times coverage.  

 

 

7.3.2 ALIGNMENTS AND ANNOTATIONS 

 

A draft assembly of 31 scaffolds (N50 of approximately 144.4kb with the largest scaffold size of 

358.3kb) and the total assembly size of 2 579 181 bp was produced using Newbler. A slightly 

larger, single scaffold of 2 654 716 bp was assembled using MIRA and Bambus, which was 

annotated using RAST, and BASyS (Van Domselaar et al., 2005) and verified manually using the 

NCBI (Benson et al., 2008) and COG (Tatusov et al., 1997) databases. The G + C content of the 2 

654 716 bp draft sequence was 32.8 % and is similar to the mol (%) of G + C of the strain 

determined using the thermal denaturation method (34 ± 1 %; Section 4.7). Sequence analyses 

using BASyS identified 85 sequence regions that encode RNA genes (tRNA and rRNA) in the 

draft sequence. In bacteria, the 16S, 23S and 5S rRNA genes are typically organised as a co-

transcribed operon, which may occur multiple times within the genome to aid in transcription 

processes; for example Bacillus subtilis (LaFauci et al., 1986) and Clostridium perfringens 

(Garnier et al., 1991) both possess 10 rRNA operons (rrn), and Escherichia coli (Kiss et al., 1977) 

and Lactococcus lactis (Tulloch et al., 1991) possess 7 and 6 rrn respectively. However, it is 

likely that within the draft genome of C. australicus some of the repeat rRNA sequence regions 

may have resulted from sequence assembly errors and so are likely to be situated in close 

proximity to gaps (NNNN) within the genome sequence. To investigate this further, the 

sequence regions that encode rRNA genes were identified, the distance to the nearest gaps 

regions determined and Blast(n) analyses were performed on the 500 – 1000 nt existing up- 

and down-stream of the sequence regions (Fig. 7.4). The results are detailed in Table 7.1 and 

discussed below. 
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Sequence gaps 
(NNNN) 

Sequence encoding 
rRNA 

500-1000 nt either side of rRNA 
region was analysed by blast(n) 

Distance to sequence 
gaps was determined 

Figure 7.4: Investigations of sequence regions that encode rRNA genes 
within the draft genome of Caloramator australicus strain RC3T. 
Sequence regions that encode rRNA genes within the draft genome of 
C. australicus were identified and the distance to the nearest gap 
regions determined. In addition, Blast(n) analyses were performed on 
the 500 – 1000 nt either side of the sequence region that encode the 
rRNA genes. The results are detailed in Table 7.1. 
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Table 7.1: Investigations of sequence regions that encode rRNA genes within the draft genome of Caloramator australicus strain RC3T. Sequence 
regions that encode rRNA genes in the draft genome of C. australicus were identified and number as specified in column 1. The distance to the nearest 
gap regions of the rRNA genes are given in column 4; distances of significance (refer to text) are underlined. Blast(n) analyses were performed on the 
500 – 1000 nt upstream and downstream of the sequence region that encode the rRNA genes. The positions subjected to blast(n) analyses are given in 
column 6 and the blast match, similarity match and corresponding GenBank accession number given in columns 7-9. 

No. rRNA Positions Length rRNA 
Description 

Nt to 
Gap 

Upstream/ Downstream 
Positions analysed 

 

Blast(n) 
[origin] 

Match GenBank 
Accession 

Number 
1. 1 475 077→1 476 533 1 457 16S rRNA >500(+) 1 476 533→1 477 033 

 
16/23S rRNA  
[Thermoanaerobacter tengcongensis MB4] 

344/425 (80 %) AE008691 

    953(-) 1 475 077→1 474 125 
 

Hypothetical Protein 
[Anaerocellum thermophilum DSM 6725] 

278/406 (68 %) CP001393  

2. 1 476 648→1 479 526 2 878 23S rRNA 319(+) 1 479 526→1 479 844 5S rRNA [Anaerocellum thermophilum DSM 6725] 105/123 (85%) CP001393 
    >500(-) 1 476 648→1 476 148 16S rRNA  

[Caloramator australicus strain KCTC 5601] 
379/379 (100 %) EU409943 

3. 1 479 537→1 479 659 123 5S rRNA 187(+) 1 479 659→1 479 844 Hypothetical protein 
[Clostridium kluyveri NBRC 12016] 

44/52 (85%) AP009049 

    >500 (-) 1 479 537→1 479 037 23S rRNA  
[Clostridium botulinum Ba4 str. 657] 

455/489 (93 %) CP001083 

4. 1 594 341→1 594 995 655 16S rRNA 13(+) 1 594 995→1 595 008 N/A   
    320(-)   1 594 341→1 594 021 16S rRNA gene [Uncultured clone] 33/36 (91 %) GU913746 
5. 1 597 096→1 597 387 292 16S rRNA 3(+) 1 597 387→1 597 390 N/A   
    >500(-) 1 597 096→1 596 596 16S r RNA cation diffusion facilitator family 

transporter; [Thermoanaerobacter sp. X514] 
351/505 (69 %) CP000923 

6. 1 878 613→1 879 069 456 23S rRNA >500(+) 1 879 069→1 879 569 Sequenced flanked by: 
5618 bp at 5' side: conserved hypothetical protein; 
761 bp at 3' side: putative amino acid permease 
[Clostridium perfringens SM101] 

239/270 (88 %) CP000312 

    0(-) 1 878 613 N/A   
7. 1 879 080→1 879 202 122 5S rRNA >500(+) 1 879 202→1 879 702 Sequenced flanked by: 223 bp at 5' side: rRNA-16S 

ribosomal RNA; 12 bp at 3' side: rRNA-5S ribosomal 
RNA;[Clostridium botulinum A str. Hall] 

151/158 (95 %) CP000727 

    >468 (-) 1 879 080→1 878 613 23S rRNA [Clostridium botulinum Ba4 str. 657] 423/456 (92 %) CP001083 
8. 1 890 384→1 890 776 393 16S rRNA 3 (+) 1 890 776→1 890 789 N/A   
    >500(-) 1 890 384→1 889 884 Sequenced flanked by: 196 bp at 5' side: 16S rRNA; 

148 bp at 3' side: conserved protein 
116/158 (73 %) CP000382 
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[Clostridium novyi st. NT] 
9. 1 890 837→1 891 065 228 23S rRNA 305(+) 1 891 565→1 891 870 Protein of unknown function UPF0236 

[Thermoanaerobacter mathranii subsp. mathranii str. 
A3]* 

211/275 (76 %) CP002032 

    0(-) 1 890 837 N/A   
10. 1 891 076→1 891 198 122 5S rRNA 672(+) 

 
 

246(-) 

1 891 198→1 891 870 
 
 

1 890 830→1 891 076 

Protein of unknown function UPF0236 
[Thermoanaerobacter mathranii subsp. mathranii str. 
A3] 
23S rRNA [Clostridium thermocellum DSM 1313] 

 
 
 

201/230 (88 %) 

CP002032 
 
 

CP002416  
11. 1 891 930→1 892 241 311 23S rRNA >500(+) 1 892 241→1 892 741 Sequenced flanked by: 

77 bp at 5' side: rRNA-23S ribosomal RNA 
71 bp at 3' side: rRNA-16S ribosomal RNA 
[Caldicellulosiruptor saccharolyticus DSM 8903] 

151/162 (93 %) CP000679 

    0 (-) 1 891 930 N/A   
12. 1 892 253→1 892 375 123 5S rRNA >500(+) 1 892 375→1 892 875 

 
Sequenced flanked by: 
77 bp at 5' side: 23S rRNA 
71 bp at 3' side: 16S rRNA 
[Caldicellulosiruptor saccharolyticus DSM 8903] 

151/162 (93 %) CP000679 

    323(-) 1 892 253→1 891 930 23S rRNA [Clostridium botulinum Ba4 str. 657] 277/311 (89 %) CP001083 
13. 1 915 511→1 916 039 528 23S rRNA >500(+) 1 916 039→1 916 539 Sequenced flanked by: 

738 bp at 5' side: dnaC family protein 
347 bp at 3' side: conserved hypothetical protein 
[Clostridium botulinum A3 str. Loch Maree] 

150/160 (93 %) 
 

CP000962 

    >500(-) 1 916 039→1 915 539 23S rRNA [Clostridium botulinum Ba4 str. 657] 456/490 (93 %) CP001083 
14. 1 916 050→1 916 172 123 5S rRNA >500(+) 1 916 172→1 916 672 

 
 

Sequenced flanked by: 
738 bp at 5' side: dnaC family protein 
347 bp at 3' side: conserved hypothetical protein 
[Clostridium botulinum A3 str. Loch Maree] 

150/160 (93 %) CP000962 

    >500(-) 1 916 050→1 915 550 23S rRNA [Clostridium botulinum Ba4 str. 657] 455/489 (93 %) CP001083 
15. 1 982 430→1 982 715 315 23S rRNA >500(+) 1 982 715→1 983 215 5S rRNA [Anaerocellum thermophilum DSM 6725] 105/123 (85 %) CP001393 
     0(-) 1 982 430 N/A   
16. 1 982 726→1 982 848 122 5S rRNA >500(+) 1 982 848→1 983 2430 Conserved hypothetical protein 

[Macrococcus caseolyticus JCSC5402]* 
43/53 (81 %) AP009484 

    297(-) 1 982 726→1 982 430 23S rRNA [Clostridium botulinum Ba4 str. 657] 252/285 (88 %) CP001083 
17. 2 027 434→2 028 454 1 021 16S rRNA 12(+) 2 028 454→2 028 466 N/A   
    371(-)  2 027 434→2 027 063 

 
Hypothetical protein;  
[Carboxydothermus hydrogenoformans st. Z 2901] 

44/58 (75 %) CP000141 

18. 755 093→755 601 508 23S rRNA >500(+) 755 601→756 101 Sequenced flanked by: 341 bp at 5' side: putative 77/79 (97 %) CP000312 
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DNA replication protein DnaC; 735 bp at 3' side: 
hypothetical protein  
[Clostridium perfringens SM101] 

 

    0 (-) 755 093 N/A   
19. 755 613→755 735 122 5S rRNA >500(+) 755 735→756 235 Sequenced flanked by: 341 bp at 5' side: putative 

DNA replication protein DnaC 735 bp at 3' side: 
hypothetical protein;  
[Clostridium perfringens SM101] 

77/79 (97 %) CP000312 

    >500 (-) 755 613→755 113 23S rRNA 
[Clostridium botulinum Ba4 str. 657] 

452/485 (93 %) CP001083 

20. 2 087520→2 088 108 588 23S rRNA  0(+) 2 088 108 N/A   
    0(-) 2 087 520 N/A   
21. 2 116 651→2 117 853 1 202 23S rRNA 0(+) 2 117 853 N/A   
    172(-) 2 116 651→2 116 479 16S rRNA/ 16S-23S rRNA intergenic spacer 

/ 23S rRNA; [Uncultured Firmicutes bacterium clone 
FIR124-RC14] 

88/92 (95 %) GU332543 

22. 199 715→199 790 13 23S rRNA 500(+) 199 790→200 290 Amine oxidase  
[Clostridium beijerinckii NCIMB 8052] 

124/172 (73%) CP000721 

     500(-) 199 215→199 715 Chlorohydrolase family protein 
[Clostridium novyi NT] 

219/320 (69%) 
 

CP000382 

23. 1 124 841→1 124 537 305 16S rRNA >500(+) 1 124 851→1 125 351 Sequenced flanked by: 
437 bp at 5' side: class II aldolase/adducin family 
protein; 529 bp at 3' side: Hydantoinase/oxoprolinase 
[Thermoanaerobacter italicus st. Ab9]* 

115/158 (72 %) CP001936 

    0 (-) 1 124 536 N/A   
24. 1 199 889→1 200 236 348 16S rRNA 0(+) 1 200 237 N/A   
    >500 (-) 1 199 889→1 199 389 16S rRNA 

[Uncultured bacterium clone F5K2Q4C04IMUR9] 
33/36 (91 %) GU913746 

* Discontigious Bastn  
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Analyses of the draft genome of C. australicus strain RC3T identified 24 regions that encode 

rRNA genes. However, the sequence region designated No. 22 (Table 7.1) only consisted of 13 

nt and likely represents a true sequence duplication in the genome sequence and so can be 

discounted. The rRNA sequence regions designated No. 1 – 3 collectively represent an rRNA 

operon (rrn); consisting of a 1 457 nt 16S rRNA gene sequence, a 2 878 nt 23S rRNA gene 

sequence and 123 nt 5S rRNA gene sequence situated adjacent to each other (Fig. 7.5). There 

are numerous other rRNA gene sequence regions that occur unintermittedly in the C. 

australicus draft genome sequence (including No.: 6 – 7, 8 – 12, 13 – 14, 15 – 16, 18 – 19), 

however, these sequence regions are positioned adjacent to gap regions and possess 

incomplete rRNA gene sequences. Similarly, other rRNA gene sequence regions occur singly 

and in close proximity to gap regions on either side, including the sequence regions designated 

No. 4, 5, 17, 20, 21, 23 and 24, and so may or may not be the result of misassemblies. Further 

genome sequencing may be required to confirm the true sequence-position(s) of the rRNA 

genes in the C. australicus genome.  

 
 

 

 

 

 

 

Genome annotations of the 2 641 873 bp draft sequence using RAST identified 2 773 coding 

sequences of which 1 025 (37 %, composed of 989 non-hypothetical and 36 hypothetical 

genes) occurred in the RAST subsystem and 1 784 (63 %, composed of 828 non-hypothetical 

and 920 hypothetical genes) that did not. A summary of the C. australicus genome sequence 

annotation features and distribution in the RAST subsystem are given in Fig 7.6, of which 

homologues to genes involved in substrate utilisation and metabolism collectively occurred in 

the highest proportions. As expected, preliminary gene annotations revealed physiological 

attributes that were consistent with those observed during phenotypic characterisations. Such 

included homologues to genes involved in energy substrate and TEA utilisations, Gram-positive 

a          b         c           d    e             16s rRNA gene   23 rRNA gene   5S rRNA gene   f                  g                    h        i 

Figure 7.5: An annotation of the position of the rRNA operon within the 
genome of Caloramator australicus strain RC3T viewed in RAST/ The Seed. The 
16S, 23S and 5S rRNA genes are shown in red, blue and green resepectively. Key: 
Gene a: CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase; 
Gene b: Protein of unknown function DUF159; Gene c: Permease of the 
drug/metabolite transporter (DMT) superfamily; Gene d and e: hyptoherical 
proteins; Gene f: transposase; Gene G: Glycogen debranching enzyme/ 
pullanase; Gene h: hypothetical protein; Gene i: Predicted Fe-S oxidoreductase. 
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cell-wall and biofilm formation, motility, heat-shock resistance and minimal genes involved in 

sporulation.  
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-Cofactors, Vitamins, Prosthetic Groups, Pigments [99/ 1 409 (7.0 %)] 
-Experimental (0) 
-Cell Wall and Capsule [81/ 1 409 (5.8 %)] 
-Virulence, Disease and Defense [21/ 1 409 (1.5 %)] 
-Potassium metabolism (5/ 1 409 (0.4 %)] 
-Photosynthesis (0) 
-Miscellaneous [111/1 409 (7.9 %)] 
-Phages, Prophages, Transposable elements, Plasmids [6/ 1 409 (0.4 %)] 
-Membrane Transport [56/ 1 409 (4.0 %)] 
-Iron acquisition and metabolism (0) 
-RNA Metabolism [77/ 1 409 (5.5 %)] 
-Nucleosides and Nucleotides [85/ 1 409 (6.0 %)] 
-Protein Metabolism [196/ 1 409 (13.9 %)] 
-Cell Division and Cell Cycle [35/ 1 409 (2.5 %)] 
-Motility and Chemotaxis [22/ 1 409 (1.7 %)] 
-Regulation and Cell signaling [23/ 1 409 (1.6 %)] 
-Secondary Metabolism (0) 
-DNA Metabolism [75/ 1 409 (5.3 %)] 
-Virulence (0) 
-Protein, Nucleoprotein Transport (0) 
-Fatty Acids, Lipids, and Isoprenoids [40/ 1 409 (2.8 %)] 
-Nitrogen Metabolism [3/ 1 409 (0.2 %)] 
-Dormancy and Sporulation [16/ 1 409 (1.1 %)] 
-Respiration [36/ 1 409 (2.6 %)] 
-Stress Response [58/ 1 409 (4.1 %)]  
-Experimental (0) 
-Metabolism of Aromatic Compounds [1/ 1 409 (0.07 %)] 
-Amino Acids and Derivatives [152/ 1 409 (10.8 %)] 
-Sulfur Metabolism [6/ 1 409 (0.4 %)] 
-Phosphorus Metabolism [7/ 1 409 (0.5 %)]  
-Carbohydrates [194/ 1 409 (13.8 %)] 
-Protein Transport [4/ 1 409 (0.3 %)] 
 

Subsystem Category Distribution Subsystem Feature Counts 

Figure 7.6: Distribution of the Subsystem coding sequences from RAST analyses annotations of the 2 641 873 bp Caloramator australicus strain RC3T 

genome constructed in Chapter 7. The Subsystem feature counts are given in parentheses.  
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Phenotypic characterisations of Caloramator australicus strain RC3T revealed that the strain 

was able to utilise a wide range of energy substrates for growth. This was reflected in genome 

annotations of the strain as homologues to genes involved in carbohydrate, amino acid and 

respiration processes comprised 13.8, 10.8 and 2.6 % of the strains features within the RAST 

subsystem respectively. C. australicus annotations of the Glycolysis/ Gluconeogenesis pathway, 

shown in Fig. 7.7 of using KEGG (in combination with RAST) concur with tests performed in 

Section 4.7.3 that acetate and ethanol are the end-products produced from glucose 

fermentation. Similarly, the energy substrates used by the strain for growth as predicted by 

gene annotations mimics the phenotypic characteristics determined in Section 4.7.3 with the 

exception of xylan and pectin utilisation (Table 7.2). Perhaps, this results because homologues 

to genes that encode xylan and pectin degradation in C. australicus exist within the gaps of the 

draft genome sequence or within the predicted genes not in the RAST subsystem. Future 

investigations of this strain would include designing primers to detect genes that encode xylan 

and pectin degrading enzymes for their potential applications to breakdown lignocelluloytic 

material for the production of (second generation) biofuels. 

 

Table 7.2: A comparison of the energy substrates used by Caloramator 
australicus strain RC3T as determined by phenyotypic tests in Section 4.7.3 and 
predicted through gene annotations using RAST. 

Growth substrates 
 

Observed in 
Phenotype 

Observed in 
Genotype 

Congruency 
between results 

Carbohydrates    
  Glucose + + ✓ 
  Fructose + + ✓ 
  Sucrose + + ✓ 
  Galactose + + ✓ 
  Maltose + + ✓ 
  Raffinose + ND NA 
  Cellobiose + + ✓ 
  Mannose + + ✓ 
  Lactose - - ✓ 
  Xylose + + ✓ 
  Arabinose - - ✓ 
  Ribose - + ✓ 
  Mannitol - ND NA 
  Starch + + ✓ 
  Pectin  + - × 
  Xylan + - × 
Sugar alcohols    
  Ethanol - Produced ✓ 
  Glycerol +* + ✓ 
Organic acids    
  Pyruvate + + ✓ 
  Acetate - Produced ✓ 
  Lactate - Produced ✓ 

*In the presence of iron(III). 
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 Figure 7.7: The Glycolysis/ Gluconeogenesis pathway within Caloramator australicus strain 

RC3T; obtained using KEGG. The pathways observed in the strain are highlighted in blue. End-
products produced from glucose fermentation are shown to be acetate and lactate. This 
concurs with results obtained in Section 4.7.3 
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RAST annotations of Caloramator australicus strain RC3T identified numerous homologues to 

genes that encode carbohydrate degrading enzymes with potential commercial applications. 

These included homologues to α-glucosidase (EC 3.2.1.20), 6-phosphofructokinase (EC 

2.7.1.11), α- and β-galactosidases (EC 3.2.1.2.2-3) and β-xylosidase (EC 3.2.1.37) which could 

be used to degrade hexose and pentose sugars for the production of biofuels. Similarly, the α-

amylase (EC 3.2.1.1) and neopullulanase (EC 3.2.1.135) homologues detected could be applied 

to processes that require starch degradation such as the production of syrups, detergents, and 

brewing and baking ingredients.  

 

C. australicus strain RC3T was able to reduce various metals including iron(III), manganese(IV) 

and vanadium(v), and demonstrated the ability to conserve energy to support growth from the 

reduction of iron(III). Such characteristics demonstrate the strains potential in MFC 

technologies and suggest the strain may be involved in MIC processes within GAB bores, and so 

is of great interest. However, RAST annotations of this strain detected a ferredoxin reductase, 

which are iron-sulphur proteins that catalyse electron transfer in numerous metabolic 

reactions, but the presence of a ferric reductase (EC 1.6.99.14) was not detected. It is possible 

that the genes involved in iron(III)-reduction are included within the 1 784 genes that do not 

occur in the RAST subsystem as limited research has been performed on genes involved in 

metal-reduction. Future investigations of genes involved in metal-reduction in C. australicus 

strain RC3T could include designing specific primers and using PCR to screen for the presence of 

the iron(III) reductase(s) with the strains genome; it is possible that such gene(s) may occur in 

gap regions in the strains draft sequence. In addition, a large insert-library of the strain could 

be constructed and the clones screened for the reduction of iron(III) and other metals 

[including manganese(IV), vanadium(V), etc.]. From such studies all positive clones could be 

sequenced to identify the genes involved in metal-reduction for further investigations (of gene 

expression and structure etc.). Interestingly, an arsenate reductase (EC 1.20.4.1) was detected 

in annotations of C. australicus strain RC3T and so future metal-reduction studies could include 

testing the strains ability to reduce arsenic(V) in the presence of various substrates, and to 

investigate if arsenic(V)-reduction is linked to the growth of this strain. 

  

C. australicus strain RC3T was isolated from a microbial mat sample and produced an 

exopolysaccharide material when grown in large cultures (>250 ml). As such, it is not surprising 

that RAST annotations of the strain detected numerous homologues to genes involved in 

biofilm formation and exopolysaccharide biosynthesis. The homologues included: manganese-
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dependent protein-tyrosine phosphatase (EC 3.1.3.48); glycosyl transferase, group 2 family 

protein; exopolysaccharide biosynthesis transcription antiterminator, LytR family; tyrosine-

protein kinase EpsD (EC 2.7.10.2); tyrosine-protein kinase transmembrane modulator EpsC; 

and an undecaprenyl-phosphate galactosephosphotransferase (EC 2.7.8.6). The expression of 

these genes would be of interest in future studies of this strain and MIC processes within GAB 

bores, as if such genes could be inhibited the strains potential to attach to the metal casings of 

GAB bores could be dimished and thereby limit MIC processes that occur in GAB bores and 

pipelines.  

 

In Section 4.7.13, the detection and amplification of the sporulation spo0A gene from 

Caloramator australicus strain RC3T and other members of genus Caloramator which are not 

known to form spores was detailed. Hence, it is not surprising that genome annotations of this 

strain detected other spore-specific genes (approximately 14 – 16), however, as discussed in 

the Section 4.7.13, many organisms that are not known to form spores including 

Streptococcus, Enterococcus, Lactococcus and Listeria species have been reported to contain 

spore-specific genes (Onyenwoke et al., 2004). Perhaps these genes have other as yet 

unknown functions and/ or result from the evolution of the strain from a spore-forming 

organism.  

 

Comparative genome analysis indicated that the closest genomes to the 2.65 Mb C. australicus 

strain RC3T draft genome sequence were mesophilic members of the genus Clostridium, family 

Clostridiaceae. Future studies of the genome sequence of C. australicus will contribute to our 

understanding of extra-cellular polysaccharide synthesis by microbial mat communities and 

corrosion processes within the bores and pipelines of the Great Artesian Basin. The draft 

genome sequence of Caloramator australicus strain RC3T
 described in this Chapter has been 

recently reported (Ogg & Patel, 2011b) (Appx. 9) and deposited in DDBJ database under 

accession number DRA000322, in GenBank under Genome Project ID number 49895 and in the 

Genomes OnLine Database (GOLD) as GOLD CARD number Gi06829. Using Newbler, numerous 

primers were designed to close the gaps of the 2.65 Mb C. australicus strain RC3T draft genome 

sequence and are detailed in Appendix 11. 

 

 

 

 



THESIS DISCUSSION AND FUTURE DIRECTIONS 

 

  
294 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER EIGHT : THESIS DISCUSSION AND FUTURE DIRECTIONS 

 



THESIS DISCUSSION AND FUTURE DIRECTIONS 

 

  
295 

 

  

8.1 THESIS DISCUSSION AND FUTURE DIRECTIONS 

8.1.1 THESIS DISCUSSION 

 

This thesis investigated the culturable diversity of a number of thermophilic groups from the 

deep-subsurface geothermal waters of Australia’s GAB, largely focusing on the four microbial 

mat communities that exist in the New Lorne Bore runoff channel at temperatures between 52 

– 72 °C. In Chapter Three a number of novel and modified enrichment strategies were 

developed to cultivate thermophilic metal- and sulphate-reducing bacteria due to their 

considerable influence on subsurface geochemistry’s and likely involvement in GAB bore 

corrosion processes. This project also investigated the diversity of thermophilic vanadium(V)-

reducing bacteria and so represents the first study of vanadium-reducers from the GAB and 

one of few diversity studies to investigate vanadium(V)-reducing thermophiles. The diversity 

studies performed in this project provided a summary of “who is there?” within the four New 

Lorne bore microbial mat communities and other GAB environments as detailed previously in 

Table 3.25 and discussed in Section 3.6. It is interesting that few isolates recovered in this 

project matched the phylotypes that were detected using culture-independent techniques as 

specified by Spanevello (2001), however, such culture-independent methods included the 

detection of mesophiles which were likely to have transient microorganisms in these 

thermophilic microbial mats and so could not grow at the elevated temperatures used in this 

project. The differences between the microbial diversity detected using culture-dependent and 

culture-independent techniques highlights the need to continue to develop and modify 

existing cultivation techniques to cultivate a wider diversity of microorganisms.  

 

Chapter Four detailed the phenotypic and phylogenetic characterisations of numerous 

selected isolates to investigate their physiologies and hence likely roles in GAB deep-

subsurface waters. These studies resulted in the taxonomic validations of 8 novel thermophiles 

including 4 novel genera: Thermotalea metallivorans strain B2-1T (Ogg & Patel, 2009b), 

Fervidicola ferrireducens strain Y170T (Ogg & Patel, 2009c), Sporolituus thermophilus strain 

AeGT (Ogg & Patel, 2009d) and Fervidicella metallireducens strain AeBT (Ogg & Patel, 2010); 

and 4 novel species: Caloramator australicus strain RC3T (Ogg & Patel, 2009a), 

Thermovenabulum gondwanense strain R270T (Ogg, et al., 2010), Caloramator mitchellensis 

strain VF08T (Ogg & Patel, 2011a) and Desulfotomaculum varum strain RH04-3T (Ogg & Patel, 

2011c); and amendments to the genus Caloramator. Caloramator australicus strain RC3T and 

Thermovenabulum gondwanense strain R270T were able to demonstrate growth linked to 
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iron(III)-reduction in the presence of 0.2 % glycerol and H2 [H2:N2 (5:95)] respectively. Iron(III)- 

and manganese(IV)-reduction were also demonstrated by other novel strains including: 

Thermotalea metallivorans strain B2-1T, Fervidicella metallireducens strain AeBT and Fervidicola 

ferrireducens strain Y170T. Caloramator mitchellensis strain VF08T, Caloramator australicus 

strain RC3T and Fervidicella metallireducens strain AeBT were able to reduce vanadium(V) while 

Desulfotomaculum varum strain RH04-3T was able to support growth via sulphate-reduction. 

The strain characterisation data was used to in combination with the enrichment results to 

construct a complex model of the microbial oxidation of organic matter in the GAB at elevated 

temperatures (50 – 70 °C) (Fig. 4.44; Section 4.8). 

 

Chapter Five described preliminary screens of a number of GAB thermophiles for enzyme 

activity on the substrates 4-nitrophenyl-α-D-glucopyranoside, 2-nitrophenyl-β-D-

glucopyranoside, 4-nitrophenyl-β-D-fucopyranoside, 4-nitrophenyl-α-L-arabinopyranoside, 4-

nitrophenyl-α-D-xylopyranoside and 4-nitrophenyl-β-D-xylopyranoside at 50 or 70 °C to assess 

their possible applications to commercial processes that degrade complex carbohydrates from 

lignocellulosic plant waste to form biofuels. Isolates from the genera Anoxybacillus, Bacillus 

and Caloramator demonstrated a high level of enzyme activity while members of the genera 

Thermus and Thermaerobacter did not. These results demonstrate the GAB is not only of 

considerable economic value due to its abundant water, natural gas and oil supplies but that 

its diverse microbial flora contain a plethora of unique thermostable enzymes of considerable 

economic value. 

 

In Chapter Six, preliminary genome analyses were performed on the novel GAB citrate- and 

malate-fermenting thermophile Sporolituus thermophilus strain AeGT gen. nov, sp. nov. 

Although genomic library construction and sequencing is a somewhat traditional method for 

genome analyses when compared to next-generation sequencing technologies, a modified 

method was developed that used TemplPhi genome amplification kits to prepare the HMW 

DNA which was subsequently size fractionated to the desired size range by sonication. 

Sequence analyses of 99 331 nt were consistent with the strains physiological and 

phylogenetic placement; as a higher number of genes were involved in DNA maintenance 

processes compared to metabolic processes reflecting the limited metabolism of this strain. 

Furthermore, the majority of Sporolituus thermophilus strain AeGT Contig sequences matched 

to homologues from Thermosinus carboxydivorans strain Nor1, a closely related organism.  
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Chapter Seven detailed the genome sequencing, sequence assembly and preliminary sequence 

analyses of the novel GAB thermoanaerobe Caloramator australicus strain RC3T sp. nov. using 

454 pyrosequencing technologies and represents the first report of extensive genome 

sequencing of member of genus Caloramator and of a GAB microbe (Ogg & Patel, 2011b; Appx. 

9). A draft genome sequence of approximately 2.66 Mbp was constructed using MIRA and 

Bambus assemblers. RAST annotations revealed that homologues to genes involved in 

substrate utilisation and metabolism collectively comprised the highest proportions of the 

strains genome further illustrating the strain wide metabolic profile. Homologues to α-

glucosidase, 6-phosphofructokinase, α- and β-galactosidases and β-xylosidase were identified 

that may be applicable to biofuel production processes and homologues to α-amylase and 

neopullulanase were detected and may similarly have applications in commercial starch 

degradation processes, and so are of interest for future studies. Preliminary gene annotations 

also revealed physiological attributes that were consistent with those observed during 

phenotypic characterisations including the strains Gram-positive cell-wall structure, motility, 

wide metabolic profile, end-products from glucose fermentation, ability to reduce metals and 

synthesise exopolysaccharide material. The latter two characteristics further suggest the 

strains ability to attach to and corrode GAB bores, and its potential to be used in MFC 

technologies. This work provides a platform for future research in these areas.  

 

 

8.1.2 FUTURE DIRECTIONS 

 

During this project a number of novel strains were identified but were not characterised 

because microscopy analyses and repeat 16S rRNA gene sequencing of these cultures grown in 

different mediums (including TYEG medium) suggested that these cultures were not 100 % 

axenic. Attempts to further purify these strains by performing repeat dilutions to extinction in 

a number of solid and liquid mediums at different growth-phases, subsequent to exposure to 

heat-shock (95 °C for 20 min) and in media amended with 10 µg ml-1 ampicillin, streptomycin, 

tetracycline, penicillin and chloroamphenicol, all failed to produce axenic cultures. Future 

studies may include the purification and/ or re-isolation (if required) and subsequent 

characterisation of these novel organisms (listed in Table 8.1). Future investigations of these 

cultures may employ micromanipulators in combination with FISH techniques to isolate these 
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†Medium used in which the initial purifications were attempted and the novel phylotypes were observed. 
‡Subjected to heat-shock at 95 °C for 20 min 

Table 8.1: The phylogenies and enrichment strategies of novel phylotypes that were detected but not characterised in this project due to 
inhomogeneous cultures and so could be of interest in future studies.  

Strain 
Nomenclature 

Enrichment  
Medium 

 

Enrichment 
Conditions 

Media used for 
Purification† 

Nearest Phylogenetic 
Neighbour (Blastn) 

Genbank 
Accession 
Number 

Similarity 
 

Isolated in 
Section 

VC05-2 V(V) / 
2-Methoxybenzoate 

Deep-well 
Microplates 

TYEG medium Caloramator indicus X75788 1 349/1 396 
(96.6 %) 

3.3.3.1 

VG08 V(V) / 
Malonate 

Deep-well 
Microplates 

V(V) / Malonate Clostridium tunisiense AY187622 1 279/1 370 
(93.4 %) 

3.3.3.1 

RG10-1  SO4 / Pyruvate Deep-well 
Microplates 

SO4 / Pyruvate Caloramator australicus  EU409943 1 135/1 183 
(95.9 %) 

3.3.3.3 

RG10-2  SO4 / Pyruvate Deep-well 
Microplates 

TYEG medium Clostridium 
termocellumi  

CP000568 1 369/1 502 
(91.1 %) 

3.3.3.3 

G3-malate Fe(III) citrate/ 
Malate 

Anaerobic Liquid 
medium 

Fe(III)OOH/ 
Malate 

Sporomusa sphaeroides  AJ279801 695/745 
(93.3 %) 

3.4.3 

Rb50-1  Fe(III) citrate/ 
3-hydroxybenzoate 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
3-hydroxybenzoate 

Pelotomaculum 
thermopropionicum 

AP009389 1 344/1 537 
(87.4 %) 

3.4.3 

Rb50-2 Fe(III) citrate/ 
 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
3-hydroxybenzoate‡ 

Pelotomaculum 
thermopropionicum 

AP009389 1 159/1 343 
(86.3 %) 

3.4.3 

Ri50 Fe(III) citrate/ 
4-hydroxyphenylacetate 

Anaerobic Liquid 
medium 

Fe(III) citrate/ 
4- hydroxyphenylacetate 

Pelotomaculum 
thermopropionicum 

AP009389 1 292/1 450 
(89.1 %) 

3.4.3 

AeR Fe(III) citrate/ 
Yeast Extract 

Microaerophilic 
conditions 

Fe(III) citrate/ 
Yeast Extract 

Pelotomaculum 
thermopropionicum 

AP009389 808/907 
(89.1 %) 

3.4.3 

G50J-01 Fe(III) citrate/ 
Cinnamate 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Cinnamate 

Sporomusa ovata AJ279800 813/896 
(90.7 %) 

3.4.3 

G50-J02 Fe(III) citrate/ 
Cinnamate 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Cinnamate 

Propionispora hippei AJ509828 1 369/1 490 
(91.9 %) 

3.4.3 

GHS50 Fe(III) citrate/ 
Yeast Extract 

 

Anaerobic Liquid 
medium /  

Heat- Shock‡ 

Fe(III) citrate/ 
Yeast Extract‡ 

Clostridium quercicolum  AJ010962 764/814 
(93.9 %) 

3.4.3 

G50-malonate Fe(III) citrate/ 
 

Solidified Anaerobic 
medium 

Fe(III) citrate/ 
Malonate 

Pelotomaculum 
thermopropionicum 

AP009389 766/867 
(88.4 %) 

3.4.3 
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novel strains. Of particular interest would be the strains designated Rb50-1, Rb50-2, Ri50, G50-

malonate and AeR due to their deep phylogenetic positions; with less than 90 % 16S rRNA 

gene similarity to their nearest type strain relative. Next-generation sequencing technologies 

could also be employed to investigate the physiologies of these strains. For this, both the 

inhomogeneous culture and a subculture grown in TYEG-medium (containing only the 

contaminating strain) could be sequenced using 454-pyrosequencing and the latter culture 

used as a reference to separate the sequences of the contaminating strain from the novel 

strain sequence data. Using this method the sequence data of the novel strains could be 

identified, assembled and annotated to investigate their (in silico) physiologies and to 

determine suitable growth conditions in which they could be isolated to pure culture. 

 

Future research directions also include the complete genome sequencing, assembly and 

annotations of the other novel organisms recovered in this project including Fervidicola 

ferrireducens strain Y170T, Thermotalea metallivorans strain B2-1T, Sporolituus thermophilus 

strain AeGT, Fervidicella metallireducens strain AeBT, Thermovenabulum gondwanense strain 

R270T and Caloramator mitchellensis strain VF08T. Library assembly of these strains to enable 

454-pyrosequencing has already commenced at the time of writing. The produced sequence 

data will not only be used to further understand the physiologies and evolution of these strains 

but can be used to complement future metagenomic studies of the GAB by identifying 

matching sequences which can subsequently be separated from the analyses to leave only 

sequence data originating from uncultured organisms.  

 

Future studies of the GAB environment could utilise some of the novel and modified 

microenrichment strategies developed in this project in combination with high-throughput 

sequencing technologies as outlined in Fig. 8.1. For this, high-throughput microenrichments 

could be performed in Biolog Ecoplates and deep-well microtiter plates amended with  various 

energy substrates, and TEAs that produce a medium colour change when reduced such as: 

sulphite, thiosulphate, elemental sulphur, manganese(IV), cobalt(III), chromium(VI), 

uranium(VI), arsenic(V), technetate(VII) and selenium(III). These high-throughput enrichments 

could be used to assess the both the community substrate utilisation profiles and culturable 

diversity of differing microbial groups from an environment. Similarly, the growth conditions 

(pH, temperature, oxygen levels, etc.) could also be varied to target the cultivation of different 

microbial groups; e.g. mesophiles, aerobes, acidophiles etc.  
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Community 
substrate 

utilisation profile 

GREAT ARTESIAN BASIN ENVIRONMENTAL SAMPLES 

1. High-throughput microenrichments with Biolog 
Ecoplates and Deep-well (1 ml) microtitter plates 
amended with varied TEAs and incubated under 
different growth conditions 

I. CULTURE-DEPENDENT METHODS II. CULTURE-INDEPENDENT METHODS 

4a. High-throughput 
sequencing of community 
mRNA using next-
generation sequencing 
technologies 

1a. DNA extraction of positive subcultures 
1b. 16S rRNA gene amplification 
1c. 454-pyrosequencing using specific 16S rRNA  
gene primers 

1d. Development of specific primers to detect 
organisms of interest 
1e. Screening of microenrichment subcultures 
using specific primers to identify cultures 
containing organisms of interest for subsequent 
isolation studies 

1f. Metatranscriptomics: 454-pyrosequencing of 
mRNA obtained from 1. to investigate gene 
expression within particular microbial groups; i.e. 
metal-reducers, xylan-fermenters, aerobes, etc.  

Diversity of 
different microbial 

groups 
 

Identification of 
cultures containing 

specific strains 
 

Gene expression 
under different 

conditions 
 

4. Metatranscriptomics 3. Metagenomics 
 

3a. High-throughput 
sequencing of 
community DNA using 
next-generation 
sequencing technologies 

3b. Compare with pure 
culture genome 
sequence data and 
withdraw identical 
sequences leaving only 
new sequence data 

3c. Sequence assemblies 
and annotations 

Community profile 

2a. Community 16S rRNA 
gene amplification 
 

2. Diversity studies 

2c. Phylogenetic analyses 
 

2b. 454-pyrosequencing 
using specific 16S rRNA 
gene primers 
 

Community Diversity 
 

Compare with 
cultured diversity 

Gene expression 

4b. Simulate environment, 
change conditions (i.e. 
add iron(III), glucose etc.) 
and repeat 4a. Observe 
gene expression  

Compare with  

Community DNA extraction 
 

Figure 8.1: Flow-chart outlining the suggested future studies described in the adjacent text. 
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DNA extractions from positive subcultures could be pooled, and 16S rRNA genes amplified and 

used to construct large-scale 16S rRNA gene libraries using 454 pyrosequencing technologies 

to investigate the culturable diversity of specific microbial groups. From these phylogenetic 

analyses, organisms of interest could be identified, and specific primers designed and used in 

combination with PCR of DNA from the positive subcultures to determine which cultures 

contain the organisms of interest for further study.  

 

Future studies of the GAB could also employ a culture-independent approach as outlined in 

Fig. 8.1. 16S rRNA genes could be amplified from the community DNA and used to construct 

large-scale 16S rRNA gene libraries via 454 pyrosequencing technologies to reveal the total 

microbial diversity existing in the environment(s). It would be of interest to compare these 

results with the total diversity of culturable organisms (outlined in the preceding paragraph).  

Community DNA could also be used for 454 pyrosequencing or other next-generation 

sequencing technologies, and assembled and annotated to reveal the mixed microbial genomic 

(metagenomic) complement of the environment. Metagenomic sequence assemblies could be 

aided using sequence assembly data of isolated GAB cultures to separate the known genomic 

data from genomic data originating from organisms not previously detected in the GAB 

environment. Thus the physiologies of the unknown organisms could be assessed in silico by 

predicted gene annotations. This could include identifying genes of potential commercial value 

at a sequence level through predicted gene annotations which could be isolated from the 

community DNA for further research using specifically designed primers in combination with 

PCR. Community mRNA could also be isolated from the community DNA extraction(s) and 

sequenced using high throughput next-generation sequencing technologies to investigate gene 

expression in the environment(s); termed metatranscriptomics. Future studies could also 

include growing microbial mat communities in vitro in conditions that mimic those of the 

specific the GAB environment(s) from which the sample(s) were obtained. Gene expression in 

these in vitro microbial mat communities could be investigated by metatranscriptomic 

analyses subsequent to the addition of a particular substrate such as: glucose, a metal, a 

contaminant, etc.; to investigate the possible effects these substrates would have to the GAB 

environment. 

 

Other future studies of the GAB could include assessing the microbial ecology of organisms 

that colonise GAB bores and pipelines, which could be scraped from corroding bores and 

assessed as described above. This project showed that a diverse and thriving metal-reducing 
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microbial population inhabit the GAB. Future studies could assess the potential of such isolates 

to be used in microbial fuel cell (MFC) technologies to produce clean energy. MFCs utilise DIRB 

with the unique ability to directly transfer electrons to the surface of electrodes to be used for 

electricity production. DIRB from the GAB could be tested in such devices which can be 

constructed as described at http://geobacter.org/research/microbial/Sediment%20Battery 

%20Preparation%20copy.pdf. If positive results were obtained, high-throughput 

transcriptomic analyses to investigate gene expression during such processes could prove 

invaluable. 
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