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Abstract 

Leptothrix ochracea is a species of iron-oxidising bacterium that is frequently found in 

ferrous iron rich waters throughout the world where it contributes to the production of 

biogenic iron ochre. When viewed microscopically, biogenic iron ochre produced by 

L.ochracea is found to comprise hollow microtubular filaments. The ability to produce iron 

oxide containing microtubes under ambient conditions has led to L.ochracea being an 

attractive bacterium to study however there is currently no isolated axenic culture of 

L.ochracea nor is a thorough understanding of the exopolymeric secretions which act as a 

scaffold for microtubular formation. This research aims to address these areas by studying 

biogenic iron ochre mats collected from several sample sites surrounding the greater 

Glasgow area. 

Chapter 3 provides a provides a characterisation of the sampled biogenic iron ochre, 

primarily by SEM-EDX and XRD, to confirm the presence of filamentous material and 

investigate its composition and phase. Further to this there is also the development of a 

protocol to extract and characterise organic material associated with the samples along 

with a study of the interaction of thiol containing reducing agents with the material. 

Chapter 4 provides a characterisation of the bacterial communities present at three of the 

sample sites via the high-throughput Illumina sequencing of the V3 ï V4 region of the 16S 

rRNA gene. This is an important area of the study as it is essential to understand which 

other bacteria are found within the biogenic iron ochre mats as this will provide insight to 

the biogeochemistry occurring. By understanding the other bacteria present and 

biogeochemistry it may be possible to develop an artificial environment in which to grow 

and isolate L.ochracea. 

Chapter 5 provides the development of protocols to isolate various types of bacteria from 

biogenic iron ochre mats. This chapter begins with the utilisation of solid agar media and 

solid gellan gum media supplemented with ferrous iron salts to isolate single colonies of 

bacteria. This chapter then investigates other isolation techniques including liquid 

enrichment growths and gradient tubes and culminates with the development of a protocol 

to isolate single filaments of bacteria via a micromanipulator. Isolated bacteria had their 

genomic DNA extracted which was then amplified by PCR and sequenced via high-

throughput Illumina sequencing. 

Chapter 6 provides a thorough characterisation of the sample sites used throughout this 

study. Characterisation includes multiple photographs, measurements and descriptions, 

the physicochemical conditions present, the inorganic species present and the 
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concentration of dissolved inorganic and organic carbon present. Orbitrap mass 

spectrometry is then used to characterise the organic material present. The recent history 

and underlying geology of selected sample sites is also investigated to assess whether 

anthropogenic activity or natural geology have a greater effect on the chemistry occurring 

within the sample sites. As with Chapter 4, by fully understanding the sample sites and 

chemistry occurring within them it may be possible to develop artificial media and 

environments that could be used to grow and isolate L.ochracea. 

 

  



3 

 

 

Table of Contents 

Abstractééééééééééééééééééééééééééééééé..ééé..1 

Table of 

Contentséééééééééééééééééééééééééééééééé..éé.3 

List of 

Figureséééééééééééééééééééééééééééééééé..éé...9 

List of 

Tableséééééééééééééééééééééééééééééééé..éé...19 

List of 

Equationséééééééééééééééééééééééééééééé.ééé..21 

Acknowledgementsééééééééééééééééééééééééé.éééé23 

Authorôs 

Declarationééééééééééééééééééééééééééééééé..é..24 

Abbreviationsééééééééééééééééééééééééééééé.éé..25 

Thesis 

Formatééééééééééééééééééééééééééééééééééé.27 

Introduction ........................................................................................................................ 28 

1.1 Iron ...................................................................................................................... 28 

1.1.1 Iron In Geological Systems .......................................................................... 28 

1.1.2 Iron Minerals ................................................................................................ 28 

1.1.3 Iron In Biological Systems ............................................................................ 36 

1.2 Iron Oxidation Chemistry ..................................................................................... 38 

1.2.1 Aqueous Iron Chemistry .............................................................................. 38 

1.2.2 Abiotic Iron Oxidation ................................................................................... 40 

1.2.3 The Fenton Reaction ................................................................................... 40 

1.3 Project Aims ........................................................................................................ 45 

1.4 References .......................................................................................................... 46 



4 

 

2 Methods ..................................................................................................................... 49 

2.1 Sample Collection ............................................................................................... 49 

2.2 Microscopy .......................................................................................................... 50 

2.2.1 SEM-EDX..................................................................................................... 50 

2.2.2 Optical Microscopy....................................................................................... 51 

2.2.3 Confocal Microscopy.................................................................................... 52 

2.3 Characterisation .................................................................................................. 52 

2.3.1 X-ray Diffraction ........................................................................................... 52 

2.3.2 Mass Spectrometry ...................................................................................... 53 

2.3.3 Spectroscopy ............................................................................................... 55 

2.3.4 Ferrozine Assay Iron Concentration ............................................................ 56 

2.3.5 Carbon Measurements ................................................................................ 57 

2.4 Synthesis ............................................................................................................ 59 

2.4.1 Preparation of Abiogenic Iron oxides/oxyhydroxides ................................... 59 

2.4.2 Preparation of BIOX-DTT Complex ............................................................. 59 

2.4.3 BIOX Reduction Reactions .......................................................................... 59 

2.4.4 Preparation of L1 Ligand.............................................................................. 60 

2.4.5 Preparation of MS1 Complex ....................................................................... 60 

2.5 BIOX EPS Extraction .......................................................................................... 60 

2.5.1 NaOH Extraction .......................................................................................... 60 

2.5.2 Dithionite Extraction ..................................................................................... 61 

2.6 Bacterial Isolation ................................................................................................ 61 

2.6.1 Growth Media............................................................................................... 61 

2.6.2 Single Colony Isolation ................................................................................ 66 

2.6.3 Single Filament Isolation .............................................................................. 66 

2.7 DNA Extraction and Sequencing ......................................................................... 69 

2.7.1 Axenic Cultures ............................................................................................ 69 

2.7.2 Single Filaments .......................................................................................... 69 



5 

 

2.7.3 BIOX ............................................................................................................ 69 

2.8 Bioinformatics...................................................................................................... 70 

2.8.1 R .................................................................................................................. 70 

2.8.2 Jalview ......................................................................................................... 70 

2.8.3 MEGA-X ....................................................................................................... 70 

2.8.4 Genome Analysis ......................................................................................... 71 

2.9 References .......................................................................................................... 72 

3 Biogenic Iron Ochre Characterisation ........................................................................ 73 

3.1 Hypotheses ......................................................................................................... 73 

3.2 Introduction ......................................................................................................... 73 

3.3 Chapter Aims ...................................................................................................... 78 

3.4 Results and Discussion ....................................................................................... 78 

3.5 Initial XRD Characterisation ................................................................................ 79 

3.6 SEM-EDX Analysis ............................................................................................. 80 

3.7 Development of a Purification Protocol of FeOB EPS For NMR ......................... 89 

3.8 BIOX-Thiol Interaction ......................................................................................... 99 

3.8.1 Initial Complexation Reaction and Characterisation .................................... 99 

3.8.2 Alternative Reaction Conditions ................................................................. 103 

3.8.3 Thiol Dependence ...................................................................................... 105 

3.8.4 Solvent Dependence.................................................................................. 108 

3.8.5 Iron Oxide Dependence ............................................................................. 109 

3.8.6 Cambridge Structural Database Comparisons .......................................... 110 

3.9 Conclusions ...................................................................................................... 116 

3.10 References ........................................................................................................ 119 

4 Phylogenetic Analysis of BIOX Bacterial Communities ............................................ 122 

4.1 Hypothesis ........................................................................................................ 122 

4.2 Introduction ....................................................................................................... 122 

4.3 Chapter Aims .................................................................................................... 125 



6 

 

4.4 Results and Discussion ..................................................................................... 125 

4.4.1 Sample Collection and Genomic DNA Extraction ...................................... 125 

4.4.2 16S Sequencing Data and Initial Analysis ................................................. 128 

4.4.3 Reprocessing of the 16S Data ................................................................... 130 

4.4.4 Identification of Key Bacteria ..................................................................... 135 

4.4.5 Abundance of Isolated Filamentous Bacteria ............................................ 139 

4.5 Comparing Sample Site Profiles with Literature Studies ................................... 143 

4.5.1 Description of Literature Study Sample Sites Based on Location .............. 145 

4.5.2 ɔ-proteobacteria: Methylomonadaceae pLW-20 Sequences ..................... 156 

4.5.3 ɓ-proteobacteria ......................................................................................... 158 

4.5.4 Gallionella .................................................................................................. 161 

4.5.5 Sideroxydans ............................................................................................. 166 

4.5.6 Rhodoferax ................................................................................................ 169 

4.6 Biogeochemical Cycling .................................................................................... 171 

4.6.1 Iron Cycling ................................................................................................ 172 

4.6.2 Sulfur Cycling ............................................................................................. 173 

4.6.3 Methane Cycling ........................................................................................ 175 

4.6.4 Nitrogen Cycling......................................................................................... 176 

4.7 Conclusions ...................................................................................................... 177 

4.8 References ........................................................................................................ 180 

5 Isolation of Environmental Bacteria .......................................................................... 183 

5.1 Hypothesis ........................................................................................................ 183 

5.2 Introduction ....................................................................................................... 183 

5.3 Chapter Aims .................................................................................................... 186 

5.4 Results and Discussion ..................................................................................... 186 

5.5 Growth Experiments.......................................................................................... 187 

5.5.1 Allander Water BIOX Growth ..................................................................... 189 

5.5.2 Kelvin Walkway Growth ............................................................................. 190 



7 

 

5.5.3 Allanton Mine Effluent Growth ................................................................... 191 

5.5.4 Gellan Gum Substituted Agar .................................................................... 193 

5.5.5 Enrichment Methods and Gradient Tubes ................................................. 198 

5.6 Microscopy ........................................................................................................ 200 

5.6.1 Phase Contrast Microscopy ....................................................................... 200 

5.6.2 Confocal Laser Scanning Microscopy ........................................................ 202 

5.7 Micromanipulation ............................................................................................. 206 

5.8 Genomic Comparison of Isolated Bacteria ........................................................ 211 

5.8.1 Carbon Utilisation....................................................................................... 211 

5.8.2 Environmental Detoxification ..................................................................... 214 

5.8.3 EPS Production ......................................................................................... 215 

5.9 Conclusions and Future Direction ..................................................................... 215 

5.10 References ........................................................................................................ 218 

6 Sample Site Characterisation ................................................................................... 220 

6.1 Hypothesis ........................................................................................................ 220 

6.2 Introduction ....................................................................................................... 220 

6.3 Chapter Aims .................................................................................................... 221 

6.4 Results and Discussion ..................................................................................... 222 

6.5 Sample Site Descriptions .................................................................................. 224 

6.5.1 Allander ...................................................................................................... 224 

6.5.2 Dougalston Golf Club ................................................................................. 228 

6.5.3 Dawsholm Park .......................................................................................... 229 

6.5.4 Kelvin Walkway .......................................................................................... 230 

6.5.5 Kelvinhall Subway Station.......................................................................... 231 

6.5.6 Disused Allanton Coal Mine ....................................................................... 232 

6.6 Water Characterisation ..................................................................................... 233 

6.6.1 Anthropogenic Influences .......................................................................... 233 

6.6.2 Physicochemical Measurements of Sample Sites ..................................... 237 



8 

 

6.6.3 pH, Conductivity and Temperature ............................................................ 240 

6.6.4 Oxidation Reduction Potential (ORP) ........................................................ 241 

6.6.5 Dissolved Oxygen (DO) ............................................................................. 241 

6.6.6 Fe (II) and FeT ............................................................................................ 242 

6.6.7 Dissolved Organic Carbon (DOC) .............................................................. 245 

6.6.8 Dissolved Inorganic Carbon (DIC) ............................................................. 246 

6.6.9 Measurement of Inorganic Species ........................................................... 247 

6.6.10 Characterisation of Organic Species ......................................................... 251 

6.7 Source of Sample Site Water ............................................................................ 259 

6.7.1 Leachate .................................................................................................... 259 

6.7.2 Coal Mining ................................................................................................ 260 

6.7.3 Natural Rock Formations ........................................................................... 263 

6.8 Conclusion ........................................................................................................ 267 

6.9 References ........................................................................................................ 269 

7 Conclusions .............................................................................................................. 271 

8 Future Work ............................................................................................................. 275 

Appendix I ï R-Scriptséééééééééééééééééééééééééééé.272 

Appendix II ï 16S rRNA Sequences of Isolated Bacteriaééééééééééééé.279 

Appendix III ï Allander Illumina Sequencing Dataéééééééééééééééé.283 

Appendix IV ï Full List of Metabolites Identified During Orbitrap Mass Spectrometry 

Experimentééééééééééééééééééééééééééééééééé296 

 

  



9 

 

List of Figures 

Figure 1 - XRD patterns of 2-Fh and 6-Fh from Drits et al. Reflections have been labelled 

with their corresponding d-spacing.6 ................................................................................. 30 

Figure 2 - Crystal structure of haematite. Green spheres = Fe3+ and red spheres = O2-.1331 

Figure 3 - Crystal structure of goethite.16 ........................................................................... 32 

Figure 4 - Crystal structure of maghemite. Green spheres = Fe3+, red spheres = O2- and 

black spheres = vacancies.13 ............................................................................................. 33 

Figure 5 ï A - Crystal structure of magnetite. Green spheres = Fe3+, black spheres = Fe2+ 

and red spheres = O2-.13 B ï Ferrimagnetic ordering of iron electron spins in magnetite. . 34 

Figure 6 - A - Photograph of BIOX and B - Phase contrast micrograph of Leptothrix spp. 

filaments surrounding a Gallionella spp. twisted stalk. ...................................................... 36 

Figure 7 - Selection of chemical structures that represent known iron complexes in 

proteins taken from Frey and Reed.1 ................................................................................. 37 

Figure 8 - Pourbaix diagram for iron under aqueous conditions. Solid lines show the 

stability fields of thermodynamically stable species, dashed lines those of metastable 

species for an iron concentration of 10 ɛM in black, and for 1 ɛM in grey.41 ..................... 39 

Figure 9 - Reaction scheme showing H2O2 production via photoexcited DOM and 

superoxide disproportionation. DOM ï dissolved organic matter and R ï lower molecular 

weight oxidisable organic matter.55 .................................................................................... 42 

Figure 10 ï Potential Fenton mechanisms to yield either highly oxidising hydroxyl radicals 

or ferryl ion species. .......................................................................................................... 43 

Figure 11 - Calibration curve of ferrozine assay. ............................................................... 57 

Figure 12 - A & B ï Micromanipulator set up, C ï Preparing to load sample onto mesh, D 

ï Sample loaded onto mesh, E ï Loaded mesh flipped, F ï Sample ready to be washed 

onto sterilised slide and G ï Filtered sample ready to have filamentous bacteria extracted.

 .......................................................................................................................................... 68 

Figure 13 ï Example of CheckM genome quality assessment. ......................................... 71 

Figure 14 - Photographs of BIOX taken in Glasgow and surrounding areas. A and B - 

River Allander, C - Kelvinbridge subway station and D - Disused coalmine in Allanton. ... 74 



10 

 

Figure 15 - SEM images of A - L.ochracea filament and G.ferruginea stalk, B - Higher 

magnification of a G.ferruginea stalk, C - Higher magnification of a L.ochracea filament 

and D - Toxothrix trichome. ............................................................................................... 75 

Figure 16 - A - Proposed subunit of L.cholodnii eps sheath material, B - Proposed 

mechanism of sheath elongation. GalA = galaturonic acid, GlcN = glucosamine, GalNAc = 

N acetylated galactosamine, GalN = galactosamine, Cys = cysteine, Gly = glycine and 3-

HP = hydroxypropionic acid, C and D ï SEM micrographs of L.cholodnii mat and 

filament.19, 21....................................................................................................................... 77 

Figure 17 - XRD patterns of BIOX collected from three different sample sites. ................ 79 

Figure 18 - SEM-EDX characterisation of samples collected from the River Allander. A ï E 

ï SEM micrographs with their corresponding EDX spectra. .............................................. 81 

Figure 19 - SEM-EDX characterisation of samples collected from the effluent of a disused 

coalmine in Allanton. A ï E ï SEM micrographs with their corresponding EDX spectra. .. 82 

Figure 20 - SEM-EDX characterisation of samples collected from Kelvin Walkway. A ï E ï 

SEM micrographs with their corresponding EDX spectra. ................................................. 83 

Figure 21 - EDX elemental mapping of filaments. A and B ï Red = Iron, Green = Oxygen 

and Blue = Silicon, C and D ï Red = Iron, Green = Oxygen and Blue = Carbon. ............. 87 

Figure 22 - A - Photograph of surface film (arrow indicates fragmentation) and B - D SEM 

images of surface film. Images B and C have arrows indicating the edge of the surface 

film. Image C also has a surface film associated diatom circled. Image D shows a higher 

magnification image of a cluster of cells on a fragment of surface film. ............................ 88 

Figure 23 - Structures of reducing agents added to BIOX. ................................................ 90 

Figure 24 - Phase contrast micrographs of A and B - BIOX filaments pre dithionite (25 

mM) addition and B and C - BIOX filaments post dithionite addition. ................................ 92 

Figure 25 - Images of TLC plates. A (UV-irradiated as not stained) - BuOH:H2O:HOAc 

mobile phase, B ï Orcinol stained plate with MeOH:HOAc mobile phase (S = glucose 

standard, Pre = pre-reaction, post = post-reaction) and C ï KMnO4 stained plate with 

MeOH:DCM mobile phase. Spots can be seen on all three plates indicating the presence 

of organics. ........................................................................................................................ 94 

Figure 26 - Overlayed 1H NMR spectra of DOWEX resin and oxalic acid treated samples. 

Red - DOWEX resin treated sample and Blue ï Oxalic acid treated sample. ................... 95 



11 

 

Figure 27 ï 1H NMR spectra of EPS extracts. Blue - Dithionite extract, Green - NaOH 

Extract and Red ï NaOH dissolved material. .................................................................... 97 

Figure 28 - 1H NMR spectra of EPS extracts. Blue ï NaOH extract, Red ï sodium 

dithionite extract, Green ï NaOH dissolved material and Magenta ï Oxalic acid blank. .. 98 

Figure 29 - A ï C ï BIOX + DTT over 30 mins, D & E ï Pre reaction light micrographs and 

F & G ï Post reaction light micrographs. ......................................................................... 100 

Figure 30 ï A ï D ï SEM images of BIOX-DTT complex at different magnifications and E 

ï A comparison of the EDX analysis of BIOX and BIOX-DTT complex. EDX was carried 

out at several points to make the data statistically representative. Carbon and oxygen data 

is not shown. ................................................................................................................... 101 

Figure 31 - A- UV-Vis spectrum of BIOX-DTT, B - Expanded UV-Vis spectrum of more 

concentrated BIOX-DTT, C ï overlayed FTIR spectra of BIOX and BIOX-DTT and D ï 

Magnified overlayed FTIR spectra of BIOX and BIOX-DTT. ........................................... 102 

Figure 32 - Images of A - pH 9.5, B pH 7.7 BIOX-DTT, C & D ï Light micrographs of pH 

9.5 BIOX-DTT and E ï UV-Vis spectrum of pH 9.5 BIOX-DTT. ...................................... 105 

Figure 33 - Pie chart showing the colours of iron-thiol containing complexes found in the 

CSD. ................................................................................................................................ 111 

Figure 34 - Crystal structures of dark green compounds containing iron- sulfur bonds 

returned from searching the CSD. Their CSD codes are as follows: A ï EXUYON, B ï 

KAGRES, C - ATIFOZ, D ï KADCIB, E ï IXUNIY and F - LUMKUZ.53-58 ........................ 112 

Figure 35 - A - Crystal structure of MS1 and B - Chemical structure of MS1. ................. 113 

Figure 36 - Visible spectra of A - MS1 and BIOX-DTT and B - IXUNIY (Spectrum 1) from 

Blanchard et al.55 ............................................................................................................. 114 

Figure 37 ï Diagrams of A - IXUNIY adapted from Blanchard et al. showing the radical 

nitrogen atoms. The iron centre is in the Fe (III) oxidation state and B ï Dark green iron 

complex containing radical ligands from Ghosh et al. X = P(OPh)3 and CN-. The iron 

centre is in the Fe (II) oxidation state.55, 60 ....................................................................... 115 

Figure 38 ï A ï Sketch of a tree-like diagram for Darwinôs notebook and B - Taxonomic 

ranking of L.ochracea.4 .................................................................................................... 123 

Figure 39 - Diagram showing the 16S rRNA gene with the 9 hypervariable regions 

highlighted. Adapted from Fukuda et al.9 ........................................................................ 124 

Figure 40 - Photographs of A - Allander_1, B - Allander_2 and C - Allander_3. ............. 126 



12 

 

Figure 41 - Workflow procedure for DNA extraction using a MPBio Fast DNA SPIN Kit for 

Soil.16 ............................................................................................................................... 127 

Figure 42 - Photograph of agarose gel of extracted DNA samples. Well 1 ï 1000 kb 

Nucleotide ladder, Well 2 ï Allander_1, Well 3 ï Allander_2 and Well 4 ï Allander_3. .. 128 

Figure 43 - Effective sequence length distribution generated. ........................................ 129 

Figure 44 ï Bar-charts showing the number of ASVs generated for each site vs. the 

number of reads per ASV. ............................................................................................... 131 

Figure 45 - Heatmap showing the taxonomic class fractional abundance of each site. A - 

Allander_1, B - Allander_2 and C - Allander_3. ............................................................... 133 

Figure 46 - Heatmap showing taxonomic family fractional abundance of each site. A - 

Allander_1, B - Allander_2 and C - Allander_3. ............................................................... 134 

Figure 47 ï 16S rRNA sequence identity alignment of Allander Paucibacter and 

L.ochracea. ...................................................................................................................... 137 

Figure 48 ï A and B - Phase contrast micrographs of Phormidiceae filaments associated 

with a sodium dithionite treated BIOX mat. C and D ï Photographs of Allander_2 sample 

site with green algal growths seen. ................................................................................. 139 

Figure 49 ï Phase contrast micrographs of isolated filaments. A ï Daws_1, B ï Al_1, C ï 

Daws_2 and D ï Al_2. ..................................................................................................... 140 

Figure 50 - Phylogenetic maximum likelihood tree of the top 20 ɔ-proteobacteria from 

each of the three sample sites. Daws_1, Daws_2 and Al_1 (circled) are included to show 

which bacteria from the library that they are most closely related to. A selection of closely 

related strains (circled) from the NCBI BLAST database have also been included. Scaler 

bar = Number of nucleotide substitutions per site, this is the number of nucleotide 

substitutions divided by the length of the sequence. Bootstrap values >70 are shown. . 141 

Figure 51 - Map of the world highlighting the location of BIOX sample sites that have been 

profiled phylogenetically. Arrows coloured black indicate sample sites compared with this 

study while arrows coloured red indicate BIOX sample sites growing under different 

environmental conditions than those used for this study. A ï Hoffnungsstollen mine (47 

Á43.8ô N, 8ô Á 0ô E), B ï Lakeside Drive (43 Á 51.699ǋ N, 69 Á 38.929ǋ W), C- Jackson Creek 

(39 Á 8.1783ô N, 86 Á 30.36ô W), D ï Budo Pond (34 ° 24.06ô N, 132 Á 42.79ô E), E- Tierra 

Del Fuego (54 Á 46.592ô S, 67 Á 41.944ô W), F ï Toolik Lake (68 Á 37.8ô N, 149 Á 36ô W), G 

ï Lake Pavin (45 Á 29.7508ô N, 2 Á 52.2753ô E), H - LǾᾶihi Seamount (18 Á 55.2ô N, 155 Á 



13 

 

16.2ô W), I ï Mekong Delta (9 Á41.88ǋN, 105 Á18.65ǋ E) and J ï Greater Glasgow area.23, 28-

35 ...................................................................................................................................... 144 

Figure 52 - Phylogenetic diversity of Allander_1 to the order level as a fraction of 688 

ASV. ................................................................................................................................ 145 

Figure 53 - Phylogenetic diversity of Allander_2 to the order level as a fraction of 937 

ASV. ................................................................................................................................ 146 

Figure 54 ï Phylogenetic diversity of Allander_3 to the order level as a fraction of 1521 

ASV. ................................................................................................................................ 146 

Figure 55 - Photograph from inside the Hoffnungsstollen mine. ..................................... 147 

Figure 56 - Phylogenetic diversity of the Hoffnungsstollen mine sample site to the order 

level as a fraction of 343 ASV. ........................................................................................ 148 

Figure 57 - Photographs of A and B - Jackson Creek sample site and C - Lakeside Drive 

Sample site (scale bar = 10 cm).23, 33 .............................................................................. 150 

Figure 58 - Phylogenetic diversity of Jackson Creek (142 ASV) to the order level. ........ 151 

Figure 59 ï Phylogenetic diversity of Lakeside Drive (106 ASV) to the order level. ....... 151 

Figure 60 - Photographs of Meilleurs Bay BIOX taken from Edwards.41 ......................... 152 

Figure 61 - Phylogenetic diversity of A - Meillerus Bay 0 cm (239 ASV), B - Meillerus Bay 

300 cm (138 ASV) and C - Meilleurs Bay 450 cm (179 ASV) sample sites to the order 

level. ................................................................................................................................ 153 

Figure 62 - Photograph of BIOX sample in Budo Pond.34 ............................................... 154 

Figure 63 - Phylogenetic diversity of the Budo Pond site (78 ASV) in Hiroshima to the 

order level. ....................................................................................................................... 155 

Figure 64 - Photographs from Tierra Del Fuego sample site. A - sediment sampled and B - 

BIOX mats sampled.35 ..................................................................................................... 156 

Figure 65 - Maximum likelihood phylogenetic tree of all the pLW-20 16S rRNA sequences 

found in the Allander datasets compared with the literature studies. Isolates and reference 

strains from NCBI Blast database have been circled. Scale bar = number of nucleotide 

substitutions per site, and bootstrap values >70 are show. ............................................. 157 

Figure 66 ï Maximum likelihood phylogenetic tree of all the Leptothrix and Paucibacter 

16S rRNA sequences found in the Allander datasets compared with the literature studies. 

Sequences of isolates and reference strains from the NCBI database have been included 



14 

 

and circled. Scale bar = number of nucleotide substitutions per site, and bootstrap values 

>70 are shown. ................................................................................................................ 160 

Figure 67 - A - Phase contrast micrograph showing a mat of Gallionella sp. twsited stalk 

and B - SEM micrograph of a Gallionella sp. stalk alongside a L.ochracea filament. ..... 162 

Figure 68 - Maximum likelihood phylogenetic tree of the 10 most abundant Gallionella sp. 

16S rRNA sequences found in all the Allander datasets compared with the literature 

studies. Sequences of isolates and reference strains from the NCBI Database have been 

included and circled. Scale bar = number of nucleotide substitutions per site, bootstrap 

values >70 are shown. .................................................................................................... 163 

Figure 69 - Phase contrast micrographs of A - Encrusted Toxothrix trichome and B - 

Unencrusted Toxothrix trichome growing next to a filamentous sheath. ......................... 165 

Figure 70 - Maximum likelihood phylogenetic tree of all the Sideroxydans 16S rRNA 

sequences found in the Allander datasets compared with the literature studies. 

Sequences of reference strains from the NCBI Blast database have been included and 

circled. Scale bar = number of nucleotide substitutions per site, and bootstrap values >70 

are shown. ....................................................................................................................... 168 

Figure 71 - Maximum likelihood phylogenetic tree of the most abundant Rhodoferax 16S 

rRNA sequences from the Allander datasets compared with the literature studies. 

Sequences of reference strains have been included and circled. Scale bar = number of 

nucleotide substitutions per site, and bootstrap values >70 are shown. ......................... 170 

Figure 72 - Major inorganic species present in the sulfur cycle. Thick arrows ï sulfate 

reduction, thin arrows ï sulfate oxidation, dashed lines ï equilibration to polysulfides and 

dotted lines ï disproportionation reactions. Adapted from Jørgensen et al.59 ................. 174 

Figure 73 - Phase contrast micrograph of a Thiothrix filament with sulfur granules 

highlighted with arrows. ................................................................................................... 175 

Figure 74 - Equations for the above described redox reactions of methane and 1 - Sulfate, 

2 - Nitrate, 3 - Nitrite and 4 ï Ferric iron. ......................................................................... 175 

Figure 75 - Schematic representing the bacterial nitrogen cycle. Adapted from 

Sparancino-Watkins et al.63 ............................................................................................. 176 

Figure 76 - Photograph of Mulder and van Veen's apparatus used to try and isolate 

L.ochracea. Ferrous rich waters were continually passed through flasks containing BIOX 

rich soils. Gas cylinders were used to control the oxygen concentration.10 ..................... 184 



15 

 

Figure 77 - Images from Fleming et al. showing L.ochracea microcultures growing in 

chambers designed to mimic environmental iron oxygen gradients. A and B scalebars are 

0.5 mM and 1- 4 scalebars are 20 ɛm.11 ......................................................................... 185 

Figure 78 - SEM images at the same magnification of A - L.ochracea filaments and B - 

L.cholodnii filaments. These highlight the visual difference in macrostructure between 

filaments of L.ochracea and L.cholodnii. ......................................................................... 187 

Figure 79 - Photographs of irregular shaped colonies produced by a Leptothrix sp. 

isolated by Sawayama et al. A - Unencrusted colony, B - Colony encrusted with 

manganese, another metal which can be oxidised by L.cholodnii and L.discophora but not 

L.ochracea, C ï L.cholodnii colony encrusted with manganese and D ï Magnified section 

of colony C showing filamentous edges.16 ....................................................................... 188 

Figure 80 - A - Brightfield micrograph and B - Phase contrast micrograph of a small 

filamentous cluster highlighting the difficulty of visualising bacterially produced material by 

microscopy. ..................................................................................................................... 189 

Figure 81 ï A- E Micrographs of colonies growing on SIGP media using River Allander 

inoculum and F ï Photograph of typical agar plate containing growing colonies. ........... 190 

Figure 82 ï A ï F ï Micrographs of colonies and G ï I ï Phase contrast micrographs of 

growing liquid samples. ................................................................................................... 191 

Figure 83 - A - D Micrographs of colonies and E - F - Phase contrast micrographs of liquid 

growths containing filamentous material grown from colonies in image C. ..................... 192 

Figure 84 - A - Photograph of FW70-gellan plate of orange single colonies, B - C - 

Brightfield micrographs of irregular shaped colonies initially formed and D - Phase 

contrast micrograph of rod shaped cells growing in liquid media. ................................... 195 

Figure 85 - Phase contrast micrograph of liquid enrichment growth showing chains of rod 

shaped cells extending from biofilm. ............................................................................... 199 

Figure 86 - Photographs of initial gradient tube set ups. ................................................. 200 

Figure 87 - Phase contrast micrographs of A - Filament extending from BIOX mat, B - 

Higher magnification image of filament, C ï Filament containing rod shaped cells and 

intracellular spaces, D ï Large winding filament containing rod shaped cells with granules 

seen on the sheath. This could potentially be a Thiothrix spp., E ï Rosette with filaments 

extending from it. This could potentially be another Thiothrix spp., F ï Large filamentous 

cyanobacterium, G ï BIOX mat of L.ochracea filaments and H ï Filament containing large 

rod shaped cells. ............................................................................................................. 201 



16 

 

Figure 88 ï CLSM micrograph of a section of BIOX mat. Live cells within the mat are 

coloured green and overlayed on a black and white image of the sample. ..................... 203 

Figure 89 - CLSM micrographs showing live cells (green) within filaments overlayed on 

black and white micrographs of the sample. ................................................................... 204 

Figure 90 - CLSM micrographs. A - Chains of bead shaped live cells and B - Live cells 

likely belonging to a Thiothrix spp. .................................................................................. 205 

Figure 91 ï Step-by-step photographs of the method used to successfully filter BIOX 

samples by loading them on to mesh netting and washing them. A ï BIOX ready to be 

loaded on to netting. B ï BIOX loaded, C ï Loaded netting removed, D ï Loaded netting 

added to fresh microscope slide with gasket attached and E ï BIOX washed from netting 

on to microscope slide. .................................................................................................... 207 

Figure 92 ï Phase contrast micrographs of isolated filaments. B is likely a Thiothrix spp. 

due to the granular appearance of the filament. .............................................................. 209 

Figure 93 ï Methane oxidation and formaldehyde assimilation pathway of type I 

methanotrophs. pMMO - Particulate methane monooxygenase, sMMO ï Soluble methane 

monooxygenase, MDH ï Methanol dehydrogenase, FADH ï Formaldehyde 

dehydrogenase and FDH ï Formate dehydrogenase. Adapted from Hanson and 

Hanson.43......................................................................................................................... 212 

Figure 94 ï Phase contrast micrograph of candidate L.ochracea bacteria. .................... 217 

Figure 95 - Collage of photographs of potential sample sites brought to the authorôs 

attention that were not included in this study. A and B ï Lochwinnoch (NS 36897 58994), 

C and D ï Allander Houses (NS 55732 74057), E ï Allander Rangers (NS 56256 73645) 

and F and G ï Schwalm-Eder-Kreis, Germany (50 Á 58.8667ô N, 9 Á 22.7833ô E). ......... 223 

Figure 96 ï Aerial photograph showing the area of Allander where the four sites are 

found. Ordanance Survery grid references are quoted in brackets. Blue ï Allander_1 and 

Allander_2 (NS 5471 7573), Red ï Allander_3 (NS 5468 7573) and Green ï Allander_4 

(NS 5470 7572) ............................................................................................................... 224 

Figure 97 - Photographs of A ï C ï Allander_1 and D ï F ï Allander_2 ......................... 225 

Figure 98 ï A ï Inside the mouth of Allander_3 showing thick gelatinous BIOX, B ï Mouth 

of Allander_3 extending outwards, C ï Allander_3 extending downstream, D ï E ï 

Downstream granular BIOX and F ï Allander_3 extending into the Allander Water. ...... 227 

Figure 99 - Photographs of A and B ï BIOX bloom at Allander_4 and C ï Allander_4 

showing only a small puddle and with no BIOX. .............................................................. 228 



17 

 

Figure 100 ï A- C ï Photographs of Dougalston Golf Course sample site. .................... 228 

Figure 101 - Map showing the proximity of the Dougalston Golf Course (blue) sample site 

to the Allander Water sample sites (yellow). ................................................................... 229 

Figure 102 ï A ï C ï BIOX blooms in the pool and the stream, D ï E ï The pool showing 

no BIOX blooms and the stream appearing almost completely dry and F ï The author 

collecting samples. .......................................................................................................... 230 

Figure 103 - Photographs of Kelvin Walkway sample site. A - BIOX mat growing in the 

ditch, B - BIOX growing over a metal drain covering and C - BIOX and surface film 

deposits on wooden panelling. ........................................................................................ 231 

Figure 104 - Photograph of BIOX blooms on the Kelvinhall Subway track. .................... 231 

Figure 105 - Photographs from the Allanton sample site showing effluent leaving the mine 

and creating a small stream which feeds into a large pool. ............................................. 233 

Figure 106 - Maps of Dawsholm Park from A ï 1860ôs, B - 1890's and C - 1910's. An 

arrow is used to highlight the location of the sample site. ............................................... 234 

Figure 107 - Maps of Dawsholm Park from A - 1930's, B - 1950's and C - 1970's. B and C 

show magnified maps to improve the resolution of the image. An arrow is used to highlight 

the location of the sample site. ........................................................................................ 235 

Figure 108 ï Dissolved Fe (II) and FeT concentrations of A ï All sites with Allander_3 and 

Dougalston being average concentrations of their respective points, B ï Allander_3 across 

all points and C ï Dougalston across all points. .............................................................. 243 

Figure 109 - DOC concentrations of each sample site. ................................................... 245 

Figure 110 - DIC concentrations of each sample site. ..................................................... 246 

Figure 111 - Scatter plot from a study by Homoncik et al. showing the relationship 

between iron and manganese concentrations in Scottish groundwater.35 Data from this 

study has been added as coloured circles. Blue ï Allander_1, Orange ï Allander_3, 

Green ï Dawsholm and Red ï Dougalston. .................................................................... 250 

Figure 112 - Total ion chromatograms for: Blue - Blank, Black - Dawsholm and Green - 

Allander_1. A is in positive ion mode and B is in negative ion mode. ............................. 252 

Figure 113 - Pie chart showing the distribution of metabolites annotated in IDEOM 

according to their class. The area in dark blue represents compounds not assigned to a 

pathway or class. ............................................................................................................. 253 

Figure 114 - Agreement between predicted and experimental log retention times. ........ 254 



18 

 

Figure 115 - Various lignin components identified as putative compounds found at both 

sites studied.  The exact masses and the level of confidence of the assignment are shown 

along with the formular mass and an indication of retention error. The figure was prepared 

using MarvinView (Chemaxon software). ........................................................................ 256 

Figure 116 - Potential molecular structures for a compound with formula C15H14O3. ...... 258 

Figure 117 - Box and whisker plots for inorganics of 17 Scottish mines. Data taken from 

Younger.12 ....................................................................................................................... 262 

Figure 118 - Map showing bedrock aquifer groups in Scotland.43 ................................... 264 

Figure 119 - Schematic cross-section of the hydrogeology of Carboniferous aquifers in 

Scotland which have been extensively mined for coal.43 ................................................. 266 

 

  



19 

 

 

List of Tables 

Table 1 - Iron containing minerals found in primary rocks and common iron oxides.3 ...... 29 

Table 2 - Ligands and oxidising products formed during controlled circumneutral Fenton 

reactions.46, 62..................................................................................................................... 44 

Table 3 - Sample site names and respective Ordnance Survey grid references. ............. 50 

Table 4 - HILIC Analytical Method ..................................................................................... 54 

Table 5 - Composition of ATCC vitamin supplement. ........................................................ 63 

Table 6 - Composition of GP medium. .............................................................................. 64 

Table 7 - Composition of FW70 medium. .......................................................................... 64 

Table 8 - Composition of SGP medium. ............................................................................ 65 

Table 9 - Composition of MSVP medium. ......................................................................... 66 

Table 10 ï EDX relative elemental quantities of BIOX, not including carbon or oxygen, 

measured by Hashimoto et al.13 ........................................................................................ 76 

Table 11 - Average EDX At % values for each sample. Upper and lower limits given in 

brackets. ............................................................................................................................ 85 

Table 12 ï Reducing agents added, their reduction potentials and the visual results 

produced when added. ...................................................................................................... 91 

Table 13 - Solvent systems tried and result. ..................................................................... 93 

Table 14 - Structures of thiols used and a brief description of visual appearance after 

addition. ........................................................................................................................... 107 

Table 15 - Solvents used to dissolve DTT and suspend BIOX and images of the visual 

change after 25 minutes. ................................................................................................. 108 

Table 16 - Colour and appearance of iron oxide suspensions pre- and post-addition of 

DTT. ................................................................................................................................ 109 

Table 17 - Bond distances between non-hydrogen atoms determined from single crystal 

X-ray diffraction. .............................................................................................................. 114 

Table 18 - Abundance data (number of sequence reads) for the 10 most abundant 

bacteria in each sample site. ........................................................................................... 132 



20 

 

Table 19 - Sequences of primers and probes utilised by Fleming et al. to target the V4 

hypervariable region of the 16S rRNA gene. ................................................................... 138 

Table 20 - Alignment of each sequenced filamentous bacterium with nearest relative from 

16S rRNA library. Scale bars = 3 ɛm. ............................................................................. 142 

Table 21 - Comparison of the three most abundant Gallionella spp. in Allander_2 and 

where they rank in the overall Allander_1 and Allander_3 datasets. ............................... 166 

Table 22 - Biogeochemical roles of various genera found within the three BIOX mats. 

Table adapted from Edwards.41 ....................................................................................... 172 

Table 23 - Genome data from TYGS for Aricella bacteria. .............................................. 193 

Table 24 - Genome data from TYGS for bacteria isolated from Allander. ....................... 197 

Table 25 - Summary of isolated bacteria. ........................................................................ 210 

Table 26 - Physicochemical measurements of the Allander_1, Allander_2, Allander_4 and 

the Dawsholm pool sample sites. .................................................................................... 238 

Table 27 - Physicochemical measurements of the Allander_3 sample site beginning with 

the source of the sample site and then at subsequent 1 m intervals until the River Allander 

is reached. ....................................................................................................................... 239 

Table 28 - Physicochemical measurements of the Dougalston Golf Course sample site 

taken at various intervals. ................................................................................................ 240 

Table 29 - Concentrations of inorganic species present in the sample sites. As, Cd, Cu, 

Pb, Se, and U were all present at concentrations < 0.05 ɛM so do not appear in the table.

 ........................................................................................................................................ 248 

Table 30 - Scottish Water definitions of water hardness.34 .............................................. 249 

Table 31 - Exact masses, formulas, number of isomers and putative database assignment 

of unique compounds from the Allander and Dawsholm samples. .................................. 255 

Table 32 - Concentrations of selected inorganic species from Dawsholm compared with 

literature examples of leachate.9, 41 ................................................................................. 260 

Table 33 - Average concentrations of inorganic species found in 17 Scottish mines. Data 

from this study has been provided in mg/l for comparison.12 ........................................... 261 

Table 34 - Data from the BGS highlighting the median concentration of certain inorganic 

species in Scottish Carboniferous bedrock that has been extensively mined for coal. This 

data is compared with the corresponding sample site data.43 ......................................... 265 



21 

 

 

List of Equations 

Equation 1 - Oxidation of fayalite yielding iron oxyhydroxide and orthosilicic acid. ........... 28 

Equation 2 - Oxidation of pyrite yielding iron oxyhydroxide and sulfuric acid. ................... 28 

Equation 3 - Equation showing the Gibbs free energy produced during ferrous iron 

oxidation in acidic environments.23 .................................................................................... 37 

Equation 4 - Equation showing the Gibbs free energy produced during ferrous iron 

oxidation in circumneutral environments.23 ........................................................................ 38 

Equation 5 - Nernst equation: E = cell potential, Eo = standard cell potential, R = gas 

constant, T = absolute temperature, n = mol of electrons transferred, F = Faraday 

constant and Q = reaction quotient. .................................................................................. 38 

Equation 6 ï Example of a redox dependent reaction that would be separated by a 

horizontal line. ................................................................................................................... 39 

Equation 7 ï Example of a pH dependent reaction that would be separated by a vertical 

line. .................................................................................................................................... 39 

Equation 8 ï Example a pH-Eh dependent reaction that would be separated by a sloped 

line. .................................................................................................................................... 39 

Equation 9 - Kinetic equation for Fe2+ oxidation with O2 as the terminal electron acceptor. 

k = rate constant and p = partial pressure.44 ..................................................................... 40 

Equation 10 - Classic depiction of the Fenton reaction. .................................................... 41 

Equation 11 - Ferrozine assay formula to measure Fe (II) and FeT concentrations. A562 = 

Absorbance at 562 nm, A650 = Absorbance at 650 nm, 0.02487 = Gradient of calibration 

line and 13.33333 = Dilution factor. ................................................................................... 57 

Equation 12 - Sodium dithionite reduction of insoluble ferric species to soluble ferrous 

species. ............................................................................................................................. 91 

Equation 13 - Initial decomposition of sodium dithionite in H2O. ....................................... 91 

Equation 14 - Iron oxidation coupled with nitrate reduction.56 ......................................... 172 

Equation 15 - Phototrophic iron oxidation coupled with CO2 reduction to give biomass 

(CH2O).56 ......................................................................................................................... 173 



22 

 

Equation 16 - pMMO conversion of methane to methanol. ............................................. 212 

Equation 17 - Overall glycolysis equation. C6H12O6 = glucose and C3H4O3
- = pyruvate. 213 

Equation 18 - Oxidation of pyrite resulting in the production of ferrous iron and sulfuric 

acid. ................................................................................................................................. 237 

Equation 19 - Equilibrium reaction scheme of DIC species in water. .............................. 246 

 

  



23 

 

Acknowledgements 

Many people have helped me, both directly and indirectly, complete this work and I would 

like to use this space to thank them. 

I would like to begin with thanking my dad, Alfie, for his support throughout everything I 

have ever done with my life. Without him I would not be anywhere near the person I am 

today, and I miss him daily. Along with him, I must also like to thank my mum for 

supporting me throughout my many, many years of education. 

Academically, I have to begin with thanking Justin Hargreaves and Adrian Lapthorn for 

their guidance throughout my undergraduate and postgraduate education. They have 

gone above and beyond what I could ever have expected from PhD supervisors, and I am 

extremely grateful for the countless coffees and spur-of-the-moment excursions to muddy 

bogs in all weathers that we have went on. I would also like to thank all members of the 

Catalysis research group whom I have worked with over the years. You have made my 

PhD experience enjoyable daily. 

Within the Joseph Black building I must firstly thank Jim Gallagher for his assistance and 

chats when using the SEM and I will one day eventually buy him that pint in Neesonôs. 

Margaret Mullin has also helped greatly with SEM work and Chris Syme has contributed 

to my CLSM understanding. I must also thank Clare Wilson for her XRD expertise and 

Brian Smith for his assistance with all things NMR related. 

I have made several friends throughout my time at Glasgow University; however, few 

have been around as long as Robert Pow, Cameron Gilroy and Marsali Paton. These 

friends, along with PhD addition Matt Martin, have given me some amazing memories 

throughout my studies and I would not nearly have enjoyed my university life as much 

without them. From walking the West Highland Way as a postgraduate, special shoutout 

to Chris Newton here, to spending umpteen Tuesday nights in Sub Club as an 

undergraduate, I am forever grateful for each and all these experiences. 

I must also thank Claire, who was with me and supported me through the entire PhD 

journey. 

Finally, I must thank the Engineering and Physical Sciences Research Council for 

providing the funding which allowed me to undertake this research. 

  



24 

 

Authorôs Declaration 

I declare that this thesis is the result of my own work, except where reference is made to 

the contribution of others. This work has not been submitted for any other degree at the 

University of Glasgow or any other institution. 

  



25 

 

Abbreviations 

ASV   Amplicon Sequence Variant 

At %   Atomic Percentage 

a.u   Arbitrary Units 

BIOX   Biogenic Iron Ochre 

BP   Base Pairs 

BME   ɓ-mercaptoethanol 

CLSM   Confocal Laser Scanning Microscopy 

DIC   Dissolved Inorganic Carbon 

DO   Dissolved Oxygen 

DOC   Dissolved Organic Carbon 

DTT   Dithiothreitol 

EPS   Exopolymeric Secretions 

EtOH   Ethanol 

EDX   Energy Dispersive X-ray Spectroscopy 

FeOB   Iron Oxidising Bacteria 

FeRB   Iron Reducing Bacteria 

Fh   Ferrihydrite 

FTIR   Fourier Transformed Infrared Spectroscopy 



26 

 

MeOH   Methanol 

NMR   Nuclear Magnetic Resonance 

SEM   Scanning Electron Microscopy 

SOB   Sulfide Oxidising Bacteria 

UV-Vis   Ultraviolet-visible Spectroscopy 

XRD   X-ray Diffraction 

  



27 

 

Thesis Format 

This thesis contains research that encompasses several different areas including 

inorganic chemistry, material characterisation, microscopy, isolation of bacteria, 

phylogenetics of environmental samples and physicochemical characterisation of 

environmental sample sites. This may initially seem overly broad; however, each area of 

research is required to build a better understanding of iron-oxidising bacteria and their 

associated biogenic materials.  

Chapter 1 contains an introduction to the element iron and associated biogenic and 

abiogenic processes that it is part of. This is followed by Chapter 2 which details the 

experimental methodology carried out. Chapter 3 shows a study of sampled biogenic iron 

oxide materials using a combination of spectroscopy, x-ray diffraction and microscopy. 

Chapter 4 investigates the 16S rRNA phylogenetic profiles of the sample biogenic 

materials using high-throughput Illumina Sequencing and compares the results with 

literature examples that have carried out similar studies in a variety of countries. Chapter 

5 then investigates and develops methods of isolating bacteria from sampled biogenic iron 

ochre and then includes sequencing data of selected isolates. Chapter 6 shows a study of 

the sample sites and contains historical information about the sample sites as well as the 

physicochemical characteristics and potential geological influences on the sample sites. 
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Introduction 

1.1 Iron 

Iron is the fourth most abundant element in the Earthôs crust where it makes up ca. 6.3 % 

of the elemental composition. It is also the second most abundant metal and the most 

abundant element by mass on Earth.1 This ubiquity makes iron prevalent in both 

geological and biological systems. 

1.1.1 Iron In Geological Systems 

Iron exists in a variety of mineral forms in the Earthôs crust. The most abundant iron 

minerals are generally iron oxides however iron sulfides, iron carbonates and iron silicates 

are also prevalent. These iron oxide minerals typically form due to the weathering of 

primary rocks in terrestrial and marine habitats that contain iron silicates and iron 

sulfides.2 This weathering process releases Fe (II) to the environment. When the 

environmental conditions include pH > 2 and the presence of both oxygen and water then 

free Fe (II) is oxidised to Fe (III). These species are then rapidly hydrolysed to form iron 

oxides and oxyhydroxides.3 Table 1 contains a selection of iron minerals and the typical 

environments in which they are found and Equation 1 and Equation 2 show for the 

formation of iron oxyhydroxides from primary rocks. 

 

Equation 1 - Oxidation of fayalite yielding iron oxyhydroxide and orthosilicic acid. 

 

Equation 2 - Oxidation of pyrite yielding iron oxyhydroxide and sulfuric acid. 

1.1.2 Iron Minerals 

Table 1 contains a selection of common non-oxide iron minerals whose weathering results 

in the formation of environmental iron oxides. It also includes a selection of common iron 

oxides and the typical environments in which they are found. Following this is a brief 

introduction to each of the iron oxides.  

  



29 

 

Mineral Formula Environmental Location 

Biotite K (Fe, Mg)3Si3AlO10(OH)2 Primary Rock 

Pyroxene (Ca, Mg, Fe, Al, Ti)2(Si, Al)2O6 Primary Rock 

Fayalite Fe2SiO4 Primary Rock 

Pyrite FeS2 Primary Rock 

Titanomagnetite Fe3-xTixO4 Primary Rock 

Ilmentite FeTiO3 Primary Rock 

Amphibole Ca2(Mg, Al, Fe)5(Si, 

Al)8O22(OH)2 

Primary Rock 

Haematite Ŭ-Fe2O3 Aerobic soils, banded iron 

formations and sedimentary 

rock 

Maghemite ɔ-Fe2O3 Aerobic soils in subtropical 

climates 

Magnetite Fe3O4 Banded iron formations and 

volcanic sands 

Goethite Ŭ-FeOOH Aerobic and anaerobic soils, 

bogs, wetland and cave 

formations 

Ferrihydrite Fe5HO8.4H2O Groundwater, sub-surface 

waters, wetland and aerobic 

soils 

Table 1 - Iron containing minerals found in primary rocks and common iron oxides.3 



30 

 

1.1.2.1 Ferrihydrite 

Ferrihydrite is an iron oxyhydroxide commonly found in areas rich in oxygen and water 

with a source of ferrous iron, Fe (II).4 It is a poorly crystalline, metastable iron (III) 

oxyhydroxide mineral with a high density of defects, such as vacancies and stacking 

faults, irregular / spherical particle morphology and particle size 2 ï 6 nm. These 

nanoparticles then aggregate to produce spheres ca. 100 nm in diameter resulting in a 

microporous material with surface area typically 200 ï 400 m2/g.5 It occurs in several 

forms, most commonly as either 2-line ferrihydrite (2-Fh) or 6-line ferrihydrite (6-Fh) and 

has a composition of approximately Fe5HO8.4H2O. The 2-line and 6-line nomenclature are 

indicators of crystallinity. 2-Fh has poorer crystallinity and produces two broad reflections 

in its X-ray diffraction (XRD) pattern while 6-Fh produces six sharper reflections. Figure 1 

shows the diffraction patterns of 2-Fh and 6-Fh. 

 

Figure 1 - XRD patterns of 2-Fh and 6-Fh from Drits et al. Reflections have been labelled with 

their corresponding d-spacing.6 

These broad reflections arise from the fact that ferrihydrite has a nanoscale particle 

diameter and poor long-range ordering. This makes it difficult for techniques such as XRD 

to be used to determine the crystallographic structure and as such this is commonly the 

subject of debate in the literature.5, 7-9  

The metastability of ferrihydrite is influenced by environmental conditions such as the 

concentration of organic species present. Ferrihydrite coprecipitated with environmental 
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organics, such as humic and fulvic acids, is found to be more stable than pure 

ferrihydrite.10 Pure ferrihydrite acts as a precursor, by undergoing phase transformations, 

for the crystalline and more thermodynamically stable goethite and haematite phases of 

iron oxide.11 Coprecipitated ferrihydrite is therefore an important environmental detoxifier 

due to its increased phase stability combined with its high surface area and microporous 

nature. Ferrihydrite will be discussed further in Chapter 3. 

1.1.2.2 Haematite 

Haematite (Ŭ-Fe2O3) is one of the oldest and most abundant iron oxides known to man. It 

is extremely stable under ambient conditions and is generally the final transformation 

product of the other iron oxide minerals.3 It typically has a distinctive red/brown colour as a 

powder, although can appear black/grey, and at room temperature is anti-ferromagnetic.12 

The crystal structure is that of rhombohedral corundum (Ŭ-Al2O3) which is based on 

hexagonal close packing (ABABABé) of O2- ions with two thirds of Fe3+ ions occupying 

the octahedral holes, as illustrated in Figure 2. 

 

Figure 2 - Crystal structure of haematite. Green spheres = Fe3+ and red spheres = O2-.13 

The cation arrangement causes the formation of FeO6 octahedra where each octahedron 

shares faces with one octahedron in an adjacent plane and edges with three octahedra in 

the same plane. 
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1.1.2.3 Goethite 

Goethite (Ŭ-FeOOH) is highly thermodynamically stable and is regularly the most 

abundant iron oxide/oxyhydroxide found in wet soil and sediment systems in cooler 

climates.3 Much like haematite it is anti-ferromagnetic at room temperature and in the 

environment forms either from the weathering of iron silicates, carbonates and sulfides or 

via the transformation of metastable ferrihydrite.14 

Goethite has an orthorhombic unit cell containing hexagonally close packed anions, O2- 

and OH-, with Fe3+ ions occupying half the octahedral holes. Each Fe3+ ion is surrounded 

be three O2- and three OH- ions respectively, yielding FeO3OH3 octahedra.15 Figure 3 

contains a diagram of goethiteôs crystal structure. 

 

Figure 3 - Crystal structure of goethite.16 

This shows that the crystal structure contains double chains of octahedra separated by 

double chains of vacant sites that appear as tunnels within the structure. 

1.1.2.4 Maghemite 

Maghemite (ɔ-Fe2O3) is typically formed via the weathering of magnetite (Fe3O4). It is a 

ferrimagnetic iron oxide that is polymorphous with haematite and contains a spinel like 

structure that is similar to magnetite (Fe3O4).17 Maghemite has a cubic unit cell 

(ABCABCé) and can be thought of as magnetite that contains point vacancies instead of 
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Fe (II) sites. The ferric ions are distributed over octahedral and tetrahedral sites while the 

vacancies are generally octahedral. Figure 4 contains a diagram of maghemiteôs crystal 

structure. 

 

Figure 4 - Crystal structure of maghemite. Green spheres = Fe3+, red spheres = O2- and black 

spheres = vacancies.13 

This similarity with magnetite makes it challenging to differentiate between the two using 

powder XRD. Instead, distinct bands in their Raman spectra are typically used for 

assignment.18 

The magnetic properties of maghemite arise from two iron varying sub-lattices, one based 

on tetrahedral sites and the other on octahedral sites. Each sub lattice has opposing 

magnetic moments however the magnetic moments within each lattice are aligned anti-

parallel producing an overall effective magnetic field.17 

1.1.2.5 Magnetite 

Magnetite is another ferrimagnetic iron oxide and is the most magnetic naturally occurring 

material on Earth.19 It differs from other iron oxide minerals as the iron is in the form of 

Fe2+ and Fe3+ thus allowing magnetite the inverse spinel structure. The regular spinel 

structure is A2+B3+O4-, where the oxide anions form a cubic close packed lattice and the 

cations occupy some of the interstitial octahedral and tetrahedral sites. For the inverse 

spinel the structural formula is written as (Fe3+)AO2-[Fe2+Fe3+]BO2- where the A cations 

occupy tetrahedral sites and the B cations randomly occupy the octahedral sites. Figure 5 
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contains a diagram of magnetiteôs crystal structure and a diagram showing the 

ferrimagnetic ordering of iron electron spins. 

 

Figure 5 ï A - Crystal structure of magnetite. Green spheres = Fe3+, black spheres = Fe2+ and 

red spheres = O2-.13 B ï Ferrimagnetic ordering of iron electron spins in magnetite. 

The divalent nature of magnetite gives rise to its ferrimagnetic properties. Figure 5 image 

B shows that 8 Fe3+ spins on octahedral sites align anti-parallel with 8 Fe3+ spins in 

tetrahedral sites which cancel each other out. There are however 8 Fe2+ spins, also on the 

octahedral sites, that are not cancelled out and as such give rise to a magnetic moment. 

1.1.2.6 Iron Ochre 

Iron ochre is the colloquial name given to a thick orange gelatinous sludge that contains a 

mixture of insoluble iron oxides/oxyhydroxides and organic substances. These iron 

oxides/oxyhydroxides can be any of the previously discussed materials in Chapter 1 

Section 1.2 however are generally 2-Fh while the associated organics can be either humic 

A 

B 
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or biological in origin. Ochre deposits are routinely found throughout the world in regions 

of ferrous rich groundwater and have historically polluted drainage and irrigation 

systems.20-22 Ochre can either be produced by biogenic/biotic processes (BIOX) or 

abiogenic/abiotic processes (aBIOX). BIOX is produced by FeOB in both freshwater and 

marine environments across a host of pH values from acidic through circumneutral.23 

FeOB responsible for BIOX production include Leptothrix spp. and Gallionella spp. These 

two genera of FeOB form BIOX microstructures that include microtubular filaments and 

twisted stalks.24, 25 Figure 6 contains a photograph and phase contrast micrograph of 

BIOX to highlight its environmental appearance and microstructure. These bacteria, and 

their associated microstructures, represent a method of producing metal oxide 

micromaterials under ambient conditions. 

BIOX has been shown to be porous with high surface area and can be further 

functionalised as well as act catalytically. By controlling the phase of these materials it is 

also possible to tune their magnetic properties, for example transforming 2-Fh BIOX into 

magnetite or maghemite creates magnetic micromaterials that can be aligned with 

external fields. As such, there is currently great interest in studying these materials and 

the FeOB that produce them.26-28 Interestingly, BIOX has found historical use dating back 

thousands of years. MacDonald et al. analysed the pigmentation of cave paintings near 

Babine Lake in the American Pacific Northwest.29 Their study showed that the pigments 

used for these paintings contain microtubular filaments routinely produced by Leptothrix 

ochracea. The microstructure of these filaments is highly sintered and the phase is 

predominantly haematite indicating that they have been heat treated at 750 ï 850 °C prior 

to use. This means that the hunter-gatherers responsible for these paintings have 

collected BIOX samples then treated them to produce different shades of red, orange and 

brown. Takada et al. and Tamura et al. have more recently investigated the use of BIOX 

and BIOX-alumina composites in creating heat stable pigments that do not lose their 

colour.30, 31  
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Figure 6 - A - Photograph of BIOX and B - Phase contrast micrograph of Leptothrix spp. 

filaments surrounding a Gallionella spp. twisted stalk. 

These bacteria and their BIOX microstructures will be further discussed in Chapter 3. 

1.1.3 Iron In Biological Systems 

Iron is a redox active element that can exist in a variety of oxidation states from ï 2 to + 

6.32 The most commonly found oxidation states of iron in biological systems are the 

ferrous, Fe (II), and ferric, Fe (III), oxidation states. These have a redox coupling of 0.77 V 

making them useful for electron transfer reactions. High valence species such as ferryl 

iron, Fe (IV), can also be found in biological systems as intermediates in oxidation 

processes.33 Iron is an essential component of a number of proteins, such as 

haemoproteins, non-haem proteins and iron-sulfur proteins, where it takes part in a 

number of metabolic processes including electron transfer, oxygen transport, 

ribonucleotide reduction, dinitrogen reduction and the decomposition of peroxides.34 Iron 

is so prevalent in nature that many bacteria require near-millimolar intracellular 

concentrations and to date the only known organisms that do not require it belong to the 

Lactobacillus spp.35 Figure 7 shows a selection of known iron complexes found in 

proteins. 

A B 

10 ɛm 
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Figure 7 - Selection of chemical structures that represent known iron complexes in proteins 

taken from Frey and Reed.1 

1.1.3.1 Iron Metabolism 

Many types of bacteria are chemolithotrophs, meaning that they can utilise inorganic 

species as electron donors and subsequently acquire energy. This process can occur in 

both aerobic and anaerobic environments. Common inorganic species utilised include 

sulfur compounds, methane, hydrogen, ammonia, nitrates and iron.36 The utilisation of 

non-iron species will be further discussed in Chapter 4 Section 7. The oxidation of ferrous 

iron yields the lowest Gibbs energy for cellular metabolism however iron-oxidising bacteria 

(FeOB) are a prominent group of chemolithotrophs.23 This means that a large quantity of 

iron must be oxidised to make this a sufficient energy source. As such, a small number of 

FeOB can be responsible for the formation of large amounts of ferric material which can 

contribute to the formation of the previously discussed iron oxides/oxyhydroxides. 

Equation 3 and Equation 4 show the oxidation of ferrous iron at acidic and circumneutral 

pH values and their corresponding Gibbs free energy change.  

 

Equation 3 - Equation showing the Gibbs free energy produced during ferrous iron 

oxidation in acidic environments.23 
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Equation 4 - Equation showing the Gibbs free energy produced during ferrous iron 

oxidation in circumneutral environments.23 

These equations show that FeOB in circumneutral environments can acquire energy more 

readily than FeOB in acidic environments. There are other mitigating factors however, 

specifically the stability of ferrous iron under these conditions. In acidic environments 

ferrous iron is highly stable meaning that only iron oxidation via biological processes 

occurs while under circumneutral conditions ferrous iron is metastable. This means that 

neutrophilic FeOB must outcompete abiotic oxidation processes to survive.37 FeOB will be 

further discussed throughout this work and the stability of aqueous iron will be further 

discussed in Chapter 1 Section 2.1. 

1.2 Iron Oxidation Chemistry 

1.2.1 Aqueous Iron Chemistry 

The oxidation of iron under aqueous conditions is a thoroughly studied and complex topic. 

In circumneutral waters soluble ferrous iron is oxidised to insoluble ferric iron 

oxyhydroxide complexes with a host of metastable intermediates also produced upon 

certain conditions.38 The speciation of iron across conditions such as pH and redox 

potential (Eh) is commonly shown using a Pourbaix diagram (pH ï Eh stability field 

diagram).39, 40 Pourbaix diagrams can be thought of as diagrammatic representations of 

the Nernst equation, seen in Equation 5. They show the regions of thermodynamic 

stability of redox species for a certain element or compound. 

 

Equation 5 - Nernst equation: E = cell potential, Eo = standard cell potential, R = gas 

constant, T = absolute temperature, n = mol of electrons transferred, F = Faraday constant 

and Q = reaction quotient. 

The area between the upper and lower sloped lines is the stability field of water meaning 

all species in this area can be found in aqueous solution. Above the upper line water is 

oxidised while below the lower line it is reduced. Vertical lines show equilibria between 

species that are solely pH dependent (non-redox) whereas horizontal lines show equilibria 

that are solely Eh dependent (redox). Finally, sloped lines show transitions dependent on 

both pH and Eh. Figure 8 shows a Pourbaix diagram for iron under typical environmental 
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conditions and Equation 7 ï 9 are example equations for the interconversion of the 

chemical species separated by horizontal, vertical and sloped lines. 

 

Figure 8 - Pourbaix diagram for iron under aqueous conditions. Solid lines show the 

stability fields of thermodynamically stable species, dashed lines those of metastable 

species for an iron concentration of 10 ɛM in black, and for 1 ɛM in grey.41 

 

Equation 6 ï Example of a redox dependent reaction that would be separated by a 

horizontal line. 

 

Equation 7 ï Example of a pH dependent reaction that would be separated by a vertical line. 

 

Equation 8 ï Example a pH-Eh dependent reaction that would be separated by a sloped line. 

The above Pourbaix diagram shows that several stable and metastable species are 

possible. Under circumneutral and partially oxidising conditions, commonly found slightly 

above the oxic-anoxic boundary in many freshwater systems, the dominant species of iron 

is Fe2O3. This can be seen in the Pourbaix diagram between pH values of ca. 6 ï 7 and Eh 

values of ca. 0.3 ï 0.5. In aquatic environments this species would be hydrated so may be 
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written as Fe2O3.3H2O indicating that it is a hydrated ferric oxide.42 As the pH decreases 

below 4, Fe (II) becomes the dominant species in partially reducing to oxidising solutions, 

whereas at a pH above 7, ferric hydroxide species and metastable species dominate. 

These results are seen in freshwater systems where circumneutral environments regularly 

contain insoluble iron ochre species while acid mine effluents contain high concentrations 

of soluble Fe (II).43  

1.2.2 Abiotic Iron Oxidation 

Abiotic iron oxidation is the oxidation of ferrous iron via atmospheric oxygen or other 

naturally occurring oxidising species such as peroxides. It occurs rapidly in circumneutral 

waters, with Fe (II) having a half-life of < 1 minute in fully oxygenated water.23 Equation 9 

contains a kinetic expression for this reaction in standard solution.  

 

Equation 9 - Kinetic equation for Fe2+ oxidation with O2 as the terminal electron acceptor. k = 

rate constant and p = partial pressure.44 

This equation shows that the oxidation of iron is highly dependent on both pH and oxygen 

concentration. When combined with data from the Pourbaix diagram it is apparent that 

ferrous iron is most stable in anoxic, acidic environments that are partially reducing. These 

conditions are commonly associated with groundwater environments and mining effluents. 

This will be further discussed throughout Chapter 6. Surprisingly, it has been shown that 

under circumneutral conditions biotic iron oxidation processes occur at a comparable rate 

with abiotic processes and that each likely contributes 50 % to total iron oxidation.45 This 

means that FeOB have evolved mechanisms that can compete with abiotic processes, 

allowing them to thrive in these environments. 

1.2.3 The Fenton Reaction 

The Fenton reaction, shown in Equation 10, is the ferrous iron catalysed degradation of 

hydrogen peroxide resulting in the formation of highly oxidising species. This reaction 

occurs naturally, both in water systems and in vivo, and is employed in wastewater 

management as a means of degrading pollutants.46 
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Equation 10 - Classic depiction of the Fenton reaction. 

Fenton first reported the use of ferrous salts mixed with hydrogen peroxide as an oxidant 

of organics, specifically tartaric acid, in 1876. In 1894 Fenton then discovered that Fe was 

acting catalytically.47, 48 In the 1930ôs Haber, Weiss and Willstªtter were among the first to 

investigate the involvement of radical hydroxyl species in this reaction while at the same 

time Bray and Gorin proposed a non-radical mechanism where Fe (IV) species acted as 

oxidising agents instead of hydroxyl radicals. Since then, decades of conflicting 

mechanistic literature have been contributed to, confusing the situation further. The 

prevailing view currently is that both pathways are possible depending on the conditions 

present.49-53 The rest of the discussion here will focus on Fenton processes in natural 

water systems. 

Ferrous iron species can be generated at the surface of freshwater systems via the 

photoreduction of Fe (III) species complexed with dissolved organic matter (DOM). 

Strongly oxidising superoxide (O2
.-) species are also generated near the surface in a 

number of ways including the photoreduction of oxygen via photoexcited DOM species, 

the incomplete reduction of oxygen by aerobic organisms during ATP synthesis, and by 

some cell wall associated enzymes within blooms of microflora.54-56 These superoxide 

species then rapidly disproportionate to produce hydrogen peroxide and oxygen. The 

resulting hydrogen peroxide may then react with the photo generated Fe (II) and begin a 

Fenton cycle. 



42 

 

 

Figure 9 - Reaction scheme showing H2O2 production via photoexcited DOM and superoxide 

disproportionation. DOM ï dissolved organic matter and R ï lower molecular weight 

oxidisable organic matter.55 

Both the photoreduction of Fe (III) and photoinitiated production of H2O2 have been shown 

to be affected by diurnal cycles. The concentration of H2O2 in the Kurose River in Japan 

was found to increase sharply from 08:00 ï 12:00 and reached a daily maximum around 

13:00 ï 14:00 before decreasing sharply from 17:00 ï 19:00 and then slowly decreasing 

through the night until the cycle may start over. .57-59 These results indicate that the Fenton 

reaction will be much more likely to occur in the early afternoon of sunlit surface water 

than at other periods during the day. 

1.2.3.1 Potential Fenton Mechanism 

The Fenton reaction proceeds via an inner sphere mechanism where the initial step 

involves the formation of a ferrous hydroxperoxyl (Fe (II) ï OOH+) species which then 

further reacts to form hydroxyl radicals or ligated ferry ion species. An outer sphere 

mechanism would involve direct transfer of electrons from Fe (II) to H2O2, without the 

formation of any direct bonds, forming H2O2
-. This process has been shown to endergonic 

and is thermodynamically unfavourable when compared to an inner sphere mechanism.60, 

61 Figure 10 shows a potential mechanism for the inner sphere Fenton reaction. 
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Figure 10 ï Potential Fenton mechanisms to yield either highly oxidising hydroxyl radicals 

or ferryl ion species. 

The steps following the initial complexation depend on the conditions such as pH and the 

ligand present. Table 2 contains information showing how the ligand present affects the 

oxidising species produced. 
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Ligand Major Oxidising Product 

No Ligand .OH 

ethylenediaminetetraacetic 

(EDTA) 

.OH 

diethylenetriaminepentaacetic 

acid (DTPA) 

.OH 

Citric Acid Fe (IV) 

Tartaric Acid Fe (IV) 

Malic Acid Fe (IV) 

Quinic Acid Fe (IV) 

EDSS (ethylenediamine-N,N'-

disuccinic acid) 

Fe (IV) 

Nitrilotriacetate (NTA) Fe (IV) 

Tettramidomacrocyclic ligand 

(TAML) 

Fe (IV) 

Table 2 - Ligands and oxidising products formed during controlled circumneutral Fenton 

reactions.46, 62 

In the presence of ligands such as EDTA and DTPA under circumneutral conditions the 

major oxidising product formed is the hydroxyl radical, this is also true for unchelated 

ferrous species. In the presence of the other tested ligands shown in Table 2 the major 

oxidising product is the Fe (IV) species. This suggests that under environmental 

conditions the Fenton reaction may produce a variety of radical species. 
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1.3 Project Aims 

This short introduction has highlighted the importance and ubiquity of iron compounds in 

geological and biological systems. The metastability and aqueous chemistry of ferrous 

and ferric species under circumneutral conditions has been shown and the reader has 

been made aware of FeOB and their dependence on these ferrous and ferric compounds. 

It has also been highlighted that BIOX has a variety of material applications related to 

properties that can be tuned through phase transformations and functionalisation. This 

makes FeOB, and their associated BIOX, of interest to study as they potentially provide a 

route to metal oxide micromaterial production under ambient conditions. Currently, the 

production of such materials is an energy intensive process. 

The following work aims to combine and expand on these topics in a study of FeOB and 

their habitats within the Greater Glasgow area. This begins with an investigation of the 

inorganic and organic composition of BIOX collected at different sample sites along with 

an analysis of the microscopic morphology of samples. Following this is a study of the 

phylogenetic profile of sample sites after 16S rRNA sequencing of extracted DNA. This 

data is then compared with literature examples of similar studies from around the world to 

explore any similarities or differences that may arise. This work is then built on with 

attempts to isolate filamentous bacteria and sequence their genomes. A variety of 

isolation and enrichment methods are employed, including the development of a 

micromanipulation protocol which is shown to be effective at isolating single filaments of 

bacteria. Finally, the sample sites themselves are studied by investigating historic 

anthropogenic and geological influences on them. Furthermore, the physicochemical 

conditions and environmental conditions at selected sample sites are considered. This is 

important research that provides insight to the habitat and conditions in which FeOB thrive 

and provides the foundation for subsequent work to isolate and functionalise BIOX 

micromaterials under laboratory conditions. 
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2 Methods 

All reagents were of analytical grade and were used as received without further 

purification. 

2.1 Sample Collection 

Dr Adrian Lapthorn and Prof Justin Hargreaves kindly assisted with the collection of 

samples throughout this study. Water, biogenic iron ochre (BIOX) and surface film 

samples were collected from a variety of locations (Table 3). Water was collected by 

submerging glass bottles (100 ml ï 1000 ml) beneath the waterôs surface and allowing the 

bottles to fill completely until there was a negligible headspace. BIOX was ladled using the 

lid of a bottle and was collected as close to the surface as possible to include actively 

growing material. Bottles of BIOX were also filled as full as possible to minimise any 

headspace of air. Surface film was collected in two ways. Firstly, a weigh boat that had 

been cut in half length-wise was used to scoop surface film whilst avoiding underlying 

ochre. This was then gently rinsed into glass bottles with dH2O. Secondly, surface film for 

SEM imaging was collected by spotting coverslips directly on to the surface film. The 

surface film adhered to the coverslip and was then stored in a Petri dish and submerged 

in a layer of 0.2 ɛm filtered river water to prevent drying out during transportation. Care 

was taken when sampling to minimise the collection of contaminants such as plant matter 

and sediment. Once collected, all samples were returned to the laboratory within 1 h and 

stored at - 80 °C for DNA extraction or 4 °C for all other uses. 
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Sample Site Ordnance Survey Grid 

References 

Allander_1 NS 5471 7573 

Allander_2 NS 5471 7573 

Allander_3 NS 5468 7573 

Allander_4 NS 5470 7572 

Dawsholm Park NS 55751 69671 

Dougalston Golf Course NS 56641 74791 

Kelvin Walkway NS 56995 67566 

Allanton NS 86080 57798 

Table 3 - Sample site names and respective Ordnance Survey grid references. 

2.2 Microscopy 

2.2.1 SEM-EDX 

Jim Gallagher and Margaret Mullin kindly assisted with the preparation and imaging of 

samples via SEM-EDX. 

2.2.1.1 Fixed Samples 

BIOX samples had overlaying river water decanted and replaced with phosphate buffered 

saline (PBS) (250 ml, 10 mM). This was allowed to settle and repeated three times. 

Washed BIOX samples (20 ɛl) were then added to coverslips in 96-well plates. Coverslips 

with surface film adhere were also added to 96-well plates. These were gently washed 

twice with PBS (500 ɛl, 10 mM) then glutaraldehyde (1.5 %) was added and allowed to fix 

for 48 h. Fixed samples were then washed with sodium cacodylate buffer (0.1 M, 3 x 5 

mins) and stained with OsO4 (1 %) in sodium cacodylate buffer (0.1 M) for 1 h. Stained 

samples were next washed with dH2O (3 x 10 mins) and fixed in uranyl acetate (0.5 %) for 
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75 mins while wrapped in tinfoil. Fixed samples were then washed with dH2O to remove 

residual uranyl acetate and dehydrated using a gradient series of EtOH: 30 % for 10 mins, 

50 % mins, 70 % for 10 mins, 90 % for 10 mins, absolute EtOH for 4 x 5 mins and dried 

absolute EtOH for 4 x 5 mins. Finally, samples were dried in hexamethyldisilazane 

(HMDS) for 2 x 5 mins, mounted on graphite tape stuck to aluminium stubs and sputtered 

with either Au or Au/Pd via a Polaron SC7460 sputter coater.  

Scanning electron microscope (SEM) images of sputtered samples were obtained using a 

XL30 ESEM Phillips tungsten filament electron microscope with a secondary electron 

detector operating at 20 kV. Energy dispersive X-ray (EDX) analysis was performed using 

a connected Oxford Instruments Inca Energy 250 system with X-act 10 mm2. Upwards of 

20 images were recorded to provide a statistically representative visualisation of the 

samples. 

SEM images of sputtered samples were also obtained using either a JEOL 6400 SEM or a 

JEOL IT100 SEM with a secondary electron detector operating at 10 kV. Upwards of 20 

images were recorded to provide a statistically representative visualisation of the samples. 

2.2.1.2 Unfixed Samples 

BIOX was collected under vacuum over Whatman 1 filter paper and washed with dH2O. 

Large contaminants such as stones, leaves and twigs were removed with tweezers and 

BIOX was then suspended in EtOH. EtOH suspensions were pipetted onto graphite tape 

mounted on aluminium stubs, allowed to air dry and sputtered with Au via a Polaron 

SC7460 sputter coater. Sputtered samples were imaged using a XL30 ESEM Phillips 

tungsten filament electron microscope with a secondary electron detector operating at 20 

kV. Energy dispersive X-ray (EDX) analysis was performed using a connected Oxford 

Instruments Inca Energy 250 system with X-act 10 mm2. Upwards of 20 images were 

recorded to provide a statistically representative visualisation of the samples. 

2.2.2 Optical Microscopy 

Agar plates were viewed using an Olympus SZH10 light microscope at varying 

magnifications from 10 × ï 70 × and images captured using a CCD camera mounted in 

place of the eyepiece and with the software ToupView. 
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Sample (15 ɛl ï 100 ɛl) was added to either a microscope slide or microscope slide with a 

rubber gasket attached and covered with a cover slip. Microscope slides were then 

viewed using either a Carl Zeiss Axiovert 25, both in bright field mode and phase contrast, 

mode with a magnification of 50 × - 200 × or a Leica DMIRB microscope in either bright 

field or phase contrast mode with a magnification of 100 × - 400 ×. Images were captured 

using a Qimaging camera with Qcapture software. 

2.2.3 Confocal Microscopy 

Samples for confocal microscopy were concentrated by centrifugation (13000 RPM, 5 

mins), washed twice with dH2O (1 ml), once with NaCl (25 mM, 1 ml) and suspended in 

NaCl (25 mM, 0.5 ml). Samples were stained using a LIVE/DEAD TM BacLight TM Bacterial 

Viability Kit from Invitrogen TM. A 1:1 mixture of Syto 9 and propidium iodide was prepared 

and diluted 20 ×. A 1:1 mix of diluted stain and sample was prepared and stored in the 

dark for 15 minutes. Sample (5 ɛl ï 100 ɛl) was added to either a microscope slide or a 

microscope slide with a rubber gasket attached, covered with a cover slip and imaged. 

A Zeiss LSM confocal microscope was used to capture confocal images and images were 

processed using the Zeiss ZEN software provided. An Ar laser was used to excite the 

sample at 488 nm. Two channels were used to collect separate live and dead images 

which were subsequently overlayed. The live channel measured emission at 515 nm and 

provided green fluorescence while the dead channel measured emission at 617 nm and 

provided red fluorescence. Objective lens magnification ranged from 20 × - 50 × and 

grayscale images were also collected. 

2.3 Characterisation 

2.3.1 X-ray Diffraction 

2.3.1.1 Powder XRD 

Powder X-ray diffraction (XRD) was performed on all pre- and post- reaction materials to 

identify the crystalline phases present. Ambient temperature XRD patterns were produced 

using an XôPert Pro X-ray diffractometer fitted with a reflection/transmission spinning flat 

plate. The diffractometer had a Cu KŬ source (ɚ = 1.5406 Å). Each pattern was produced 

using a step size of 0.02 ° from 5 ï 85 Á 2ɗ for 30 minutes. ~ 0.3 g of sample was 

compacted into a round sample holder to prepare the material. Alternatively, a zero-
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background spinner was employed where a small amount of sample was dispersed in a 

minimal amount of acetone, pipetted on to the spinner and dried for 2 h prior to use. 

2.3.1.2 Single Crystal XRD 

Dr Claire Wilson kindly assisted with the characterisation of single crystals by XRD. Single 

crystal XRD patterns were measured at 150 K using a Bruker D8 Venture Kappa 

diffractometer equipped with a Photon-II CPAD detector and dual, Cu and Mo KŬ, (1.5406 

and 0.7101 Å respectively) ImS 3.0 microfocus sources. Crystals were looped out of the 

bulk sample using a nylon loop and coated with paratone oil before mounting on the 

goniometer. 

2.3.2 Mass Spectrometry 

Dr Clement Regnault kindly assisted with the performance of Orbitrap mass spectrometry. 

2.3.2.1 Orbitrap Mass Spectrometry 

Hydrophilic interaction liquid chromatography (HILIC) combined with Orbitrap mass 

spectrometry was carried out at the University of Glasgow Polyomics facility. 

HILIC was carried out on a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific, 

Hemel Hempstead, UK) using a ZIC-pHILIC column (150 mm Ĭ 4.6 mm, 5 ɛm column, 

Merck Sequant). The column was maintained at 25 °C and samples were eluted with a 

linear gradient (20 mM ammonium carbonate in water, A and acetonitrile, B) over 26 min 

at a flow rate of 0.3 ml/min as follows: 

Appendix IV shows a table containing all 902 identified putative compounds from this 

experiment along with their exact masses, formula, and number of potential isomers. 
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Time (minutes) % A % B 

0 20 80 

15 80 20 

15 95 5 

17 95 5 

17 20 80 

26 20 80 

Table 4 - HILIC Analytical Method 

The injection volume was 10 ɛl and samples were maintained at 5 °C prior to injection. 

For the MS analysis, a Thermo Orbitrap QExactive (Thermo Fisher Scientific) was 

operated in polarity switching mode and the MS settings were as follows: 

Å Resolution 70,000  

Å Automatic Gain Control 1e6  

Å m/z range 70ï1050  

Å Sheath gas 40  

Å Auxiliary gas 5  

Å Sweep gas 1  

Å Probe temperature 150 ÁC  

Å Capillary temperature 320 ÁC 

For positive mode ionisation: source voltage +3.8 kV, S-Lens RF Level 30.00, S-Lens 

Voltage 25.00 (V), Skimmer Voltage 15.00 (V), Inject Flatopole Offset 8.00 (V), Bent 
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Flatapole DC 6.00 (V). For negative mode ionisation: source voltage-3.8 kV. The 

calibration mass range was extended to cover small metabolites by inclusion of low-mass 

calibrants with the standard Thermo calmix masses (below m/z 138), butylamine (C4H11N) 

for positive ion electrospray ionisation (PIESI) mode (m/z 74.096426) and COF3 for 

negative ion electrospray ionisation (NIESI) mode (m/z 84.9906726). To enhance 

calibration stability, lock-mass correction was also applied to each analytical run shown 

below. 5 Positive Mode Lock masses: Number of Lock Masses: 1 Lock Mass #1 (m/z): 

144.9822 Negative Mode Lock masses: Number of Lock Masses: 1 Lock Mass #1 (m/z): 

100.9856. 

Water samples (1 l) were collected from respective sample sites in one litre Duran bottles. 

The lid of the Duran bottle was used to collect water meaning that care could be taken 

when sampling to minimise particulate contamination. Samples were promptly acidified to 

pH 2 with HCl (100 mM) and concentrated on Bond Elut PPL SPE cartridges supplied by 

Agilent. Cartridges were attached to a vacuum manifold and washed sequentially with one 

cartridge volume of dH2O, MeOH and HCl (100 mM). Samples were then loaded on to the 

cartridge using a peristaltic pump at a flow rate of 20 ml/min. Once loaded, samples were 

dried under air for 5 mins then eluted in a minimal volume of MeOH and stored at ï 20 °C 

until needed.  

2.3.2.2 Electro Spray Ionisation Mass Spectrometry 

Mass spectra were collected using a Bruker microTOFq high resolution spectrometer, 

utilising an electrospray (ESI) source, scans 50-500 m/z and positive ion polarity. Samples 

were run in methanol. 

2.3.3 Spectroscopy 

2.3.3.1 UV-Visible (UV-Vis) 

UV-Vis spectra were collected using a Jasco V550 UV-Vis spectrometer at 25 °C. H2O (1 

ml) was used as the reference solvent and samples were appropriately diluted to achieve 

an absorbance of less than 1.5. Each spectrum was then collected over a wavelength 

range of 200 ï 900 nm. 
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2.3.3.2 Fourier Transformed Infrared Spectroscopy (FTIR) 

FTIR spectra were collected using a Thermo Scientific iD5 ATR spectrometer. A small 

amount of dried material was loaded onto the stage and a spectrum was collected in the 

range of 500 ï 4000 cm-1 for a total of 16 scans. A background was taken prior to each 

measurement and subtracted to give the corresponding FTIR spectrum. 

2.3.3.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) 

Water samples (200 ml) were collected in plastic bottles provided by Ivario, a company 

based in Hamburg that assesses water quality. Collected sample were then sent to Ivario 

for ICP-OES analysis. Water samples were filtered through a 0.2 ɛm membrane to 

remove particulates and acidified via HNO3 to promote solubility of constituents.  

2.3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Dr Brian Smith kindly assisted with the running of NMR experiments throughout this study. 

2.3.3.4.1 NMR of Synthesised Ligands 

1H and 13C NMR spectra were collected using a Bruker AVI 400 MHz spectrometer with 

chemical shift values in ppm relative to dimethylsulfoxide (DMSO) (ŭH 2.50 and ŭC 

39.52). The sample temperature was set to 298 K. Each NMR sample was prepared in 

Wilmad 535-PP-7 5 mm NMR tubes to the final volume 600 ɛl. 

2.3.3.4.2 NMR of BIOX 

1H and 13C-HSQC experiments were run on a Bruker AVANCE IIIHD 600 MHz 

spectrometer equipped with a TCI cyroprobe using TopspinTM v3.2 software and the Fast-

HSQC, phase sensitive ge-2D H ï C HSQC using WATERGATE (3-9-19) pulse program. 

The sample temperature was set to 298 K. Each NMR sample was prepared in Wilmad 

535-PP-7 5 mm NMR tubes to the final volume 600 ɛl in appropriate solvent. 

2.3.4 Ferrozine Assay Iron Concentration 

The Fe (II) and total iron (FeT) concentrations of samples were measured using an 

optimised ferrozine method.1 Ferrozine (3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-

triazine) (50 mg/ml) was prepared in KOAc buffer (500 mM, pH 5.5). Samples (75 ɛl) for 
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Fe (II) measurement had ferrozine (60 ɛl) and dH2O (365 ɛl) added and were incubated at 

37 ÁC for 1 h. Samples (75 ɛl) for FeT measurements had ascorbic acid (1 M, 15 ɛl), 

ferrozine (60 ɛl) and dH2O (350 ɛl) added and were incubated at 37 ÁC for 1. After 

incubation samples had dH2O (500 ɛl) added and their absorption profiles were measured 

between 650 ï 500 nm. The following formula was then used to quantify the respective 

concentration: 

 

Equation 11 - Ferrozine assay formula to measure Fe (II) and FeT concentrations. A562 = 

Absorbance at 562 nm, A650 = Absorbance at 650 nm, 0.02487 = Gradient of calibration line 

and 13.33333 = Dilution factor. 

Calibration was carried out using (NH4)2Fe(SO4)2.6H2O with concentrations of 1 mM, 500 

ɛM, 250 ɛM, 100 ɛM, 50 ɛM, 25 ɛM, 10 ɛM, 1 ɛM and a blank dH2O respectively. Figure 

11 shows the calibration curve for this assay. 

 

Figure 11 - Calibration curve of ferrozine assay. 

2.3.5 Carbon Measurements 

2.3.5.1 Dissolved Inorganic Carbon (DIC) 

The DIC content of sample site water was measured at the University of Glasgow Marine 

Global Change Laboratory in the School of Geographical and Earth Sciences with the kind 
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assistance of Charlotte Slaymark. Samples (12 ml) were collected in triplicate by pipetting 

sample site water (24 ml) through a 0.45 ɛm filter into 12 ml acid washed glass vials to 

allow the vial to overflow. A saturated solution of HgCl2 (6 ɛl) was then added to sterilise 

each sample and the vials were capped and stored at 4 °C and analysed within 24 h. 

Samples were analysed using an AIRICA: automated infrared inorganic carbon analyser 

produced by Marianda. This uses infra-red detection of the CO2 extracted from an 

acidified sample. AIRICA gives a DIC reading which is within ± 1.5 to 2 µmol/kg (0.1%). 

The following procedure was used: A syringe pump injected the sample into a stripper 

which added phosphoric acid to the sample until the pH reached below 4.5. This caused 

CO2 to be released. The acidified sample was then stripped of the CO2 by a flow of 

nitrogen carrier gas. Water content was removed as much as possible by a Peltier-

element and a Nafion dryer and the resulting gas was measured by the LI-COR 820, a 

non-dispersive IR (NDIR) sensor. The AIRICA analysed DIC by integration of the CO2 

ratio. Certified reference materials were used to calibrate the measurements before 

samples were run and also between every 10 samples. Samples were run in triplicate and 

the two closest repetitions taken as an average to calculate DIC concentration. 

2.3.5.2 Dissolved Organic Carbon (DOC) 

The DOC content of sample site water was measured at the University of Glasgow School 

of Geographical and Earth Sciences with the kind assistance of Kenny Wilson. Samples 

(250 ml) were collected in acid washed 250 ml Duran bottles, avoiding particulates and 

filling to the brim to avoid a headspace of air, then stored at 4 °C and analysed within 24 

h. DIC was removed from the sample via acidification of the solution to pH 4 using HCl (50 

mM). This acidification converted the DIC into CO2 which was then degassed by 

sonication for 12 minutes. DOC concentration was then measured using a Thermalox®
, 

from Analytical Sciences Ltd, via high temperature catalytic oxidation. The Thermalox® 

was fully automated and analysed multiple samples once they were added to a rack. 

Here, samples (100 ɛl) were injected into a furnace and the DOC was oxidised at 680 ÁC 

over a Pt catalyst. This results in the formation of CO2 which is then measured via a NDIR 

sensor. The Thermalox® was programmed to produce standard solutions from a hydrogen 

potassium phthalate stock solution (1000 mg/l). These standards were interspersed with 

the samples being measured, as were UV-filtered dH2O containing no DOC and an 

internal standard provided by Analytical Sciences Ltd. This mitigated any drift in DOC 

concentration that may have arisen and also prevented the accumulation of an analytical 

blank. 
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2.4 Synthesis 

2.4.1 Preparation of Abiogenic Iron oxides/oxyhydroxides 

Abiogenic iron oxides were prepared in accordance with procedures authored by Cornell 

and Schwertmann.2 

2.4.1.1 Ferrihydrite 

Fe(NO3)3.9H2O (8.00 g, 0.198 M) was dissolved in H2O (100 ml). Potassium hydroxide (30 

ml, 1 M) was added, and the reaction mixture was brought to pH 7-8 by further addition of 

potassium hydroxide (1 M) dropwise under vigorous stirring. Once neutral the mixture was 

centrifuged until conductivity values were consistently close to that of distilled water. The 

dark brown precipitate was dried under air for 18 h at 80 °C. 

2.4.1.2 Goethite 

The following synthesis was carried out under an inert nitrogen atmosphere. 

Fe(NO3)3.9H2O (5.00 g, 0.154 M) was dissolved in H2O (80 ml), potassium hydroxide (20 

ml, 2.5 M) was added dropwise and stirred for 30 minutes. The reaction mixture was dried 

under air for 18 h at 60 °C. Dilute nitric acid was added to the mixture dropwise until a pH 

of ~7 was reached. The reaction mixture was centrifuged washed until conductivity values 

were consistently close to that of distilled water. The orange solid was dried in the oven 

overnight (60 °C). 

2.4.2 Preparation of BIOX-DTT Complex 

To a stirring suspension of BIOX or ferrihydrite (0.3 g) in relevant solvent (20 ml) was 

added 1,4-dithiothreitol (DTT) (5ml, 0.05 M). The reaction mixture was stirred under air 

until a dark green suspension was produced. This suspension was collected via 

centrifugation and washed centrifugally with dH2O.The dark green solid was then dried 

under air for 18 h at 80 °C or lyophilised depending on the experiment. 

2.4.3 BIOX Reduction Reactions 

To a stirring suspension of BIOX in dH2O (10 ml) was added reducing agent (25 mM). 

Reducing agents used were DTT, BME, TCEP, sodium dithionite and NaBH4. These 
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stirred at RT for 10 mins or until a visible change had occurred to the BIOX. Reaction 

mixtures were quenched with ethanol and isopropanol and the sediment collected via 

centrifugation. The sediment was then washed with dH2O and dried under air at 80 °C or 

lyophilised depending on the experiment. 

2.4.4 Preparation of L1 Ligand 

To a stirring solution of semicarbazide hydrochloride (0.911 g, 0.5 M) in MeOH (20 ml) 

was added salicylaldehyde (1.220 g, 0.5 M) in MeOH (20 ml). The mixture was refluxed 

for 4 h at 65 °C, concentrated to 10 ml in vacuo and stored at 4 °C for 18 h. A white 

precipitate was then collected, washed with MeOH and dried under vacuum. (Yield = 

1.616 g, 80 %) 

NMR data for (L1): ŭH (400 MHz, DMSO-d6) 6.77ï6.89 (2H, m), 7.17ï7.25 (1H, m), 7.85ï

7.96 (2H, m), 8.09 (1H, s), 8.36 (1H, s), 9.86 (1H, s), 11.36 (1H, s); ŭC (101 MHz, DMSO-

d6) 116.0 (CH), 119.2 (CH), 120.3 (C), 126.7 (CH), 131.0 (CH), 139.6 (C), 156.4 (CH), 

177.7 (C). Mass spectrometry data: m/z (ESI) 218.0354 (MNa+. C8H9N3NaO requires 

218.0359). 

2.4.5 Preparation of MS1 Complex 

To a stirring solution of FeCl3 (0.0838 g, 0.103 M) in EtOH (5 ml) was added L1 (0.2018 g, 

0.207 M). Once dissolved the stirring was turned off and the solution was stored in the 

dark at room temperature for 18 h to crystallize. (Yield = 0.185 g, 75 %). 

2.5 BIOX EPS Extraction 

Extraction protocols were based on work by Boleij et al. and were adjusted appropriately.3 

2.5.1 NaOH Extraction 

BIOX (5 g wet) was collected by centrifugation (5000 rpm, 10 mins, 4 °C), centrifugally 

washed with dH2O twice and suspended in NaCl (25 mM, 10 ml). This suspension was 

shaken for 10 mins and the BIOX was collected using the same centrifugation method. 

NaCl washing was repeated three times after which the BIOX pellet was suspended in 

NaOH (10 ml, 200 mM, 4 °C) for 4 h with occasional shaking. BIOX was collected by 

centrifugation (20000 RPM, 20 mins, 4 °C) for further extraction. The dark red/brown 
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supernatant was collected, neutralised with HCl (1 M), then either precipitated with cold 

EtOH or had sodium dithionite (50 mM) added and was combined with a DOWEXÊ 

MARATHONÊ C (Na form) resin and shaken for 1 h to remove any soluble Fe (II). 

Soluble Fe (II) was also removed via dialysis against oxalic acid (1 l, 1 %) The resulting 

solution was then filtered under vacuum over a 0.45 ɛm cellulose filter and dialysed 

against dH2O using the appropriate molecular weight cut-off (MWCO) tubing, this was 

typically SpectrumÊ Spectra/PorÊ 3 RC Dialysis Membrane Tubing with a 3.5 kDa 

MWCO. The dialysed sample was then lyophilised and stored at 4 °C until needed.  

2.5.2 Dithionite Extraction 

NaOH extracted BIOX was suspended in sodium dithionite (10 ml, 200 mM, 4 °C) for 4 h 

with occasional shaking. BIOX suspensions were then centrifuged (20000 RPM, 20 mins, 

4 °C) and the supernatant was collected and incubated on a shaker at room temperature 

with a DOWEXÊ MARATHONÊ C (Na form) resin for 1 h to remove any soluble Fe (II). 

The resulting pale yellow solution was filtered under vacuum over a 0.45 ɛm cellulose 

filter and dialysed against dH2O using the appropriate MWCO tubing, this was typically 

SpectrumÊ Spectra/PorÊ 3 RC Dialysis Membrane Tubing with a 3.5 kDa MWCO. The 

dialysed sample was then lyophilised and stored at 4 °C until needed. 

2.6 Bacterial Isolation 

All equipment used during isolation protocols was sterilised prior to use. Single use sterile 

loops were used when transferring bacteria between media and plates and when 

streaking bacteria on plates. Sterile pipette tips were also used when handling growths 

and media. Appendix II contains the 16S rRNA sequences of all bacteria isolated during 

this study. 

2.6.1 Growth Media 

A variety of both liquid and solid growth media were used to isolated bacteria from 

environmental samples. Solid growth media containing agar (3.75 g/l) is denoted ï A and 

solid growth media containing gellan gum (6 g/l) is denoted ï G. A cycloheximide (100 

mg/ml, 60 % EtOH) stock solution was prepared and added to all growth media at a 

concentration of 1 ml/l. An ATCC MD-VS TM vitamin supplement was also added to all 

media at a concentration of 1 ml/l. The composition of this supplement can be found in 

Table 5. These supplementary solutions were filter sterilised (0.2 ɛm) and added once the 
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media had cooled to prevent heat degradation of the supplements. Sodium pyruvate and 

glucose were also added in this manner to prevent the Maillard rection from occurring. 

Solutions of phosphate salts were autoclaved separately from agar and gellan and added 

afterwards to prevent the formation of hydrogen peroxide in the media. All media was 

prepared by dissolving components in either dH2O or 0.2 ɛm filtered sample site H2O, 

adjusting to pH 7 with NaOH and autoclaving. 
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Component Concentration (mg/l) 

Folic Acid 2 

Pyridoxine hydrochloride 10 

Riboflavin 5 

Biotin 2 

Thiamine 5 

Nicotinic Acid 5 

Calcium Pantothenate 5 

Vitamin B12 0.1 

p-Aminobenzoic acid 5 

Thioctic acid 5 

Monopotassium phosphate 900 

Table 5 - Composition of ATCC vitamin supplement. 

2.6.1.1 Groundwater Phosphate (GP) Medium 

GP medium was prepared in accordance with Sawayama et al.4 GP media contained the 

following components in 0.2 ɛm filtered sample site water. 
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Component Concentration (g/l) 

Na2HPO4.12H2O 0.076 

KH2PO4.12H2O 0.02 

HEPES 2.383 

FeSO4 (10 mM) 1 ml 

Table 6 - Composition of GP medium. 

2.6.1.2 FW70 Medium 

FW70 medium was prepared in accordance with Imazaki and Kobori and was 

supplemented with iron salts when appropriate.5 FW70 media contained the following 

components in 0.2 ɛm filtered sample site water. 

Component Concentration (g/l) 

Tryptone 1 

Sodium Pyruvate 0.02 

Fe Lactate (100 mM) 1 ml 

Table 7 - Composition of FW70 medium. 

2.6.1.3 Silicon Glucose Peptone (SGP) Medium 

SGP media was prepared in accordance with Sawayama et al. and was supplemented 

with iron salts when appropriate.4 SGP media contained the following components in 

dH2O. 
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Component Mass (g/l) 

Glucose 1.000 

Soy Peptone 1.000 

NaSiO3.9H2O 0.200 

CaCl2.2H2O 0.044 

MgSO4.7H2O 0.041 

Na2HPO4.12H2O 0.076 

KH2PO4.2H2O 0.020 

HEPES 2.383 

Table 8 - Composition of SGP medium. 

2.6.1.4 Minerals Salts Vitamins Pyruvate (MSVP) Medium 

MSVP medium was prepared in accordance with Emerson and Ghiorse and 

supplemented with iron salts when appropriate.6 MSVP media contained the following 

components in dH2O. 
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Component Mass (g/l) 

Sodium Pyruvate 1 

(NH4)2SO4 0.24 

MgSO4.7H2O 0.06 

CaCl2.2H2O 0.06 

KH2PO4 0.02 

Na2HPO4 0.03 

HEPES 2.383 

Table 9 - Composition of MSVP medium. 

2.6.2 Single Colony Isolation 

Freshly collected BIOX was diluted 1:10 and 1:100 with either 0.2 ɛm filtered sample site 

water or with PBS (10 mM). Diluted BIOX (20 ɛl) was then streaked on the appropriate 

solid media and allowed to grow until distinct colonies formed. Single colonies were 

picked, added to appropriate media (20 ml) in 25 ml plastic universals with loose caps, 

and allowed to grow either statically or with shaking until appreciable growth could be 

seen. This was then repeated until plates contained only one colony type. Aliquots (1 ml) 

of single strains were frozen in liquid nitrogen, both with and without 10 % glycerol, and 

stored at ï 80 °C. 

2.6.3 Single Filament Isolation 

Dr Mathis Riehle and Dr Adrian Lapthorn kindly assisted with the set-up of the 

micromanipulator and helped develop the protocol used. 

All microscope slides were sterilised under UV light for 15 minutes prior to use and gloves 

and facemasks were worn throughout the experiments.. 



67 

 

Single filaments of cells were isolated from BIOX using a Leica DMIRB microscope with a 

mounted micromanipulator attached (Figure 12). Objective lens magnifications were 10 ×, 

20 × and 40 × and samples were viewed in brightfield, darkfield and phase contrast 

modes. Images and videos were captured using a Qimaging camera with Qcapture 

software. 

BIOX samples were loaded on to 50 ɛm mesh netting and then spotted on a droplet of 

water to pull through any large particulates. The loaded netting was then flipped over so 

the BIOX side was face down and gently washed with 600 ɛl dH2O on to a microscope 

slide with a rubber gasket attached. No coverslip was added, and these samples were 

then left for 1 h to allow filamentous bacteria to begin extending from the BIOX 

aggregates. Once individual filaments could be seen without satellite bacteria surrounding 

them a glass capillary mounted on a micromanipulator was used to extract the filament 

from the sample. The filament was then ejected onto a fresh microscope slide with rubber 

gasket attached and extracted again to remove satellite bacteria. This step was repeated 

to ensure that no satellite bacteria were captured. The isolated filament was then ejected 

into a droplet of sterile PBS (10 mM) in a PCR tube and processed to extract the DNA and 

amplify it for sequencing. 
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Figure 12 - A & B ï Micromanipulator set up, C ï Preparing to load sample onto mesh, D ï 

Sample loaded onto mesh, E ï Loaded mesh flipped, F ï Sample ready to be washed onto 

sterilised slide and G ï Filtered sample ready to have filamentous bacteria extracted. 
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2.7 DNA Extraction and Sequencing 

DNA for sequencing was extracted from axenic cultures, single filaments and from fresh 

BIOX samples.  

2.7.1 Axenic Cultures 

Single colonies of axenic cultures were streaked on the corresponding plates to produce a 

lawn of bacteria. The lawns were then harvested, placed in a collection tube, and sent to 

MicrobesNG for high-throughput Illumina MiSeq sequencing. 

2.7.2 Single Filaments 

Isolated single filaments had their genomic DNA extracted and amplified using a REPLI-g 

Single Cell Kit supplied by Qiagen following the provided protocol.7 Genomic DNA was 

amplified by PCR, washed on a 10 kDa spin column and eluted in Tris.HCl (10 mM, 500 

ɛl, pH 8). A NanoDrop spectrophotometer was used to estimate the quantity and purity of 

the DNA, making sure that the concentration was greater than 10 ng/ɛl in 30 ï 100 ɛl. 

Purified genomic DNA was then sent to MicrobesNG for high-throughput Illumina MiSeq 

sequencing. 

2.7.3 BIOX 

Prof Cindy Smith and Mr Dominic Quinn kindly assisted with the extraction of genomic 

DNA from BIOX samples. 

Freshly collected BIOX samples were transported to the laboratory within 1 h and were 

stored at ï 80 °C until needed. 0.5 g samples had their genomic DNA extracted using a 

FastDNA TM SPIN Kit for Soil supplied by MPBio following the provided protocol.8 

Extracted genomic DNA was run on a gel to confirm that there had been little or no 

fragmentation. Samples were then sent to GENEWIZ for high-throughput Illumina MiSeq 

sequencing. Appendix III contains the 16S rRNA sequences and abundance data of the 

ten most abundant bacteria from each sample as well as the abundance data for the 

following forty most abundant bacteria from these sites respectively. 
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2.8 Bioinformatics 

Data relating to extracted DNA was processed using a variety of software packages. 

Procedures specific to experimental requirements will be discussed further in the related 

chapters. 

2.8.1 R 

R is an open-source software package primarily used for statistical analysis. For this 

research it was used as a means of converting CSV files to FASTA files and vice versa. 

Pipelines such as DADA2 were utilised, along with the Silva nr99 v138 train set, to 

analyse sequencing data. This allowed the generation of amplicon sequence variants 

(ASVs) and assignment of taxonomy.9, 10 The relevant R-scripts used for these 

experiments can be found in Appendix 1. 

2.8.2 Jalview 

Jalview is an open-source software package used for the visualisation and alignment of 

sequencing data.11 Jalview was used in this study to truncate and align 16S rRNA 

sequencing data from FASTA files via the ClustalO method, calculate percentage 

sequence similarity between selected sequences and remove duplicate sequences from 

datasets. Manipulated sequences were then further analysed using MEGA-X per Section 

2.8.3. 

2.8.3 MEGA-X 

MEGA-X was used to generate maximum likelihood phylogenetic trees of 16S rRNA 

sequences that had been accurately truncated and aligned as described in Section 

2.8.2.12 Relevant sequences for outgroups were chosen and included, as were sequences 

of closely related found via a BLAST search. 

The evolutionary history was inferred by using the Maximum Likelihood method and 

Tamura-Nei model. The bootstrap consensus tree inferred from 1000 replicates is taken to 

represent the evolutionary history of the taxa analyzed. Branches corresponding to 

partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage 
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of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches. Initial tree(s) for the heuristic search were 

obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 

pairwise distances estimated using the Tamura-Nei model, and then selecting the topology 

with superior log likelihood value. This analysis involved 62 nucleotide sequences. There 

were a total of 429 positions in the final dataset. Evolutionary analyses were conducted in 

MEGA X and bootstrap values <70 were removed from the trees. 

 

2.8.4 Genome Analysis 

Metagenomes were split into their constituent parts using the dereplication, aggregation 

and scoring strategy (DAS) tool.13 The individual genome qualities were assessed using 

CheckM, Figure 13 and were then given individual taxonomic assignments using the 

genome taxonomy database GTDB-Tk.14, 15 These bioinformatics programs are part of 

KBase, an online platform that integrates a variety of data and analysis tools from the 

DOE and other public services into an easy-to-use platform coupled with computing 

infrastructure.16 

 

Figure 13 ï Example of CheckM genome quality assessment. 
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3 Biogenic Iron Ochre Characterisation 

3.1 Hypotheses 

Prior to commencing work on this chapter, the following hypotheses were developed. 

Firstly, it was hypothesised that samples collected would contain microtubular filaments of 

2-Fh and that these should be consistent with those seen in Leptothrix related literature. It 

was also assumed that twisted stalks consistent with Gallionella related literature may be 

present and that the elemental composition of these materials would be predominantly 

iron, oxygen and carbon. Secondly, it was hypothesised that by reducing ferric iron to 

ferrous iron it would be possible to separate the inorganic material from the organic 

material and subsequently characterise repeat units found within any organic backbone 

that is present. Finally, it was hypothesised that the interactions responsible for the 

formation of dark green aggregates between BIOX and DTT could be described through 

the development of a model system and utilisation of known dark green iron-thiol 

complexes. 

3.2 Introduction 

FeOB are found in a variety of freshwater and marine environments around the world. 

These environments may vary in pH, being either acidic or circumneutral, and in dissolved 

oxygen concentration, being either oxic or anoxic.1, 2 The common environmental 

condition found in all areas where FeOB thrive is a continual source of dissolved ferrous 

iron typically in excess of 100 ɛM. At circumneutral pH in ferrous rich freshwater 

neutrophilic FeOB such as Leptothrix spp., Gallionella spp are the dominant FeOB 

present, while acidophiles such as Sideroxydans spp. can also be found.3 These bacteria 

are known for their production of copious amounts of BIOX, which is often a thick 

gelatinous sludge comprising iron oxides/oxyhydroxides and bacterial exopolymeric 

secretions (EPS) (Figure 14). 

A

 

B 
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Figure 14 - Photographs of BIOX taken in Glasgow and surrounding areas. A and B - River 

Allander, C - Kelvinbridge subway station and D - Disused coalmine in Allanton. 

This material has been known to clog irrigation systems, wells and pipes and contribute to 

the biocorrosion of steel of ships and nuclear plants leading to these bacteria being called 

nuisance bacteria and their BIOX production being known as biofouling.4-6 These BIOX 

are typically seen as a waste material and an environmental contaminant however current 

research has shown that they possess interesting properties and may have applications 

for materials science.7 The bulk material is amorphous and is composed of unique 

microstructures that Leptothrix spp. and Gallionella spp. produce. Leptothrix spp. such as 

Leptothrix ochracea are known to produce hollow microtubular filaments of BIOX while 

Gallionella spp. such as Gallionella ferruginea are known to produce twisted stalks of 

BIOX. There are also other FeOB such as Toxothrix spp. which are known to produce 

complex trichomes of BIOX (Figure 15) however these bacteria are less commonly found. 

These BIOX microstructures are formed under ambient conditions making them of interest 

to study as iron oxide microstructures are typically synthesised using energy intensive 

methods such as microwave assisted reactions or thermal oxidation.8, 9 A final notable 

genus of FeOB that is commonly found in BIOX mats is the Sideroxydans spp.1 This 

genus of FeOB differ with the previously described examples in that they do not produce 

C D 
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iron oxide microstructures, instead they contribute to the production of particulate iron 

oxides to which they become associated.  

 

Figure 15 - SEM images of A - L.ochracea filament and G.ferruginea stalk, B - Higher 

magnification of a G.ferruginea stalk, C - Higher magnification of a L.ochracea filament and 

D - Toxothrix trichome. 

Both L.ochracea filaments and G.ferruginea are typically ~ 1 - 2 ɛm in diameter and tens 

to hundreds of microns in length. These microstructures are not smooth but are highly 

porous with typical surface areas ~ 280 m2/g and can be thought of as an 

inorganic/organic hybrid consisting of iron oxide/oxyhydroxide nanoparticles precipitated 

on an organic backbone.10 To produce these microstructures, FeOB release EPS into the 

environment. When characterised, these secretions contain carboxylic acid, aldehyde, 

amino and occasionally sulfhydryl functionalities which chelate aqueous ferrous iron and 

allow a site of precipitation for insoluble iron oxides/oxyhydroxides.11, 12 Environmental 

inorganics such as silicates and phosphates may also be included in the microstructure in 

lesser quantities (Table 10) making it a composite of the aforementioned compounds. 
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Element EDX Relative Quantity 

Fe 80 

Si 15 

P 5 

Table 10 ï EDX relative elemental quantities of BIOX, not including carbon or oxygen, 

measured by Hashimoto et al.13 

The combination of structure, composition, porosity and surface area makes BIOX 

desirable for applications such as catalysis, where it could be used as a pre-catalyst for 

the cracking of methane or as a catalyst for organic reactions such as the Baeyer-Villiger 

oxidation.14, 15 Hashimoto et al. have shown that it is possible to reduce the iron 

oxyhydroxide to metallic iron and remove it from the structure by acid leaching yielding a 

skeleton of high surface area (500 m2
/g) silica when can be used as a catalyst support.16 

As iron oxides/oxyhydroxides have tuneable magnetic properties and are non-toxic in vivo 

there is the potential for BIOX to be used for targeted drug delivery and biosensing. 

Finally, BIOX may also be used in water purification as iron oxides/oxyhydroxides have 

been shown to adsorb phosphates, lead, nickel, arsenic and palladium amongst other 

water borne pollutants.17, 18 

Takeda et al. have characterised the EPS sheath material of Leptothrix cholodnii, an 

isolated cultured relative of L.ochracea, by NMR and proposed both a repeat and method 

of elongation of this sheath. Figure 16 shows their proposed repeat unit and method of 

elongation along with SEM micrographs of mats of L.cholodnii filaments with chains of 

cells inside.19-21  
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Figure 16 - A - Proposed subunit of L.cholodnii eps sheath material, B - Proposed 

mechanism of sheath elongation. GalA = galaturonic acid, GlcN = glucosamine, GalNAc = N 

acetylated galactosamine, GalN = galactosamine, Cys = cysteine, Gly = glycine and 3-HP = 

hydroxypropionic acid, C and D ï SEM micrographs of L.cholodnii mat and filament.19, 21 

The above micrographs of L.choldnii show the filaments to be similar in size to L.ochracea 

filaments however visually quite different. Image D shows a filament that appears to have 

collapsed, likely due to the vacuum in the microscope chamber. The repeat unit is a 

pentasaccharide comprising functionalised amino sugars. Functionalisation includes a 

hydroxypropionic acid sidechain and dipeptide sidechain of glycine and cysteine. The 

hydroxypropionic acid sidechain likely promotes hydrophobic interactions whereas the 
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cysteine allows the formation of disulfide bonds which promotes structural integrity of the 

material. There is also an abundance of polar moieties including carbonxylic acids, 

amines and alcohols. These groups may allow inter and intra molecular hydrogen bonds 

to form which would also promote stability of the material as well as providing suitable 

chemical groups for the chelation of metal cations such as iron and manganese. 

L.cholodnii secretes fibrils of this pentasaccharide that are ~ 6.5 nm in diameter. These 

fibrils then aggregate to form what is described as a dense inner layer and diffuse outer 

layer of material around the cells. As chains of cells are continually moving and secreting 

this material a microtubular sheath is formed.21 This type of study is possible for 

L.cholodnii as it has been isolated as an axenic culture. Takeda et al. were able to 

enzymatically remove all proteinaceous material and completely denature the micro and 

ultrastructure of the sheath with the confidence that the resulting material was EPS 

subunits produced by L.cholodnii.21 Two studies, by Chan et al. and Furutani et al. 

respectively, have shown that environmental BIOX samples produced by L.ochracea also 

contain polysaccharides however no structural characterisation has been performed.22, 23 

Chan et al. used a combination of TEM, STXM and NEXAFS to show that BIOX are 

precipitated on acidic polysaccharides while Furutani et al. used high angle annular 

darkfield SEM to show that the BIOX sheath is an organic-inorganic composite.  

3.3 Chapter Aims 

The following work looks to characterise in detail the BIOX collected from sample sites in 

Scotland near and around Glasgow. Characterisation will include confirmation that they 

contain microtubular iron oxide filaments and to compare their inorganic composition with 

literature examples from other sites. Methods for the isolation and purification of EPS 

associated with BIOX was performed to permit structural analysis by NMR. Finally, the 

interaction of BIOX with thiol containing small molecules is investigated as a means of 

characterising the accessibility and nature of iron sites of BIOX. 

3.4 Results and Discussion 

Before BIOX can be functionalised or applied to materials science it must firstly be fully 

characterised. This characterisation should include phase determination by diffraction 

methods, microscopic imaging, accessibility of iron sites and characterisation of 

associated organic material. Samples were collected from sample sites in accordance 
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with the protocol in Chapter 2 Section 1. Once returned to the laboratory, samples were 

washed and initially characterised by XRD to determine the phase of material (Figure 17). 

3.5 Initial XRD Characterisation 

 

Figure 17 - XRD patterns of BIOX collected from three different sample sites. 

All three samples characterised by XRD showed a high fluorescent background. Iron is 

known to fluoresce when irradiated with X-rays produced by a copper source meaning 

that this high background may be indicative of iron in the samples. A minimised 

fluorescence run was carried out in which the pulse height discriminator (PHD) lower 

threshold was lowered. This should filter out fluoresced X-rays as they will have a lower 

energy than the characteristic copper radiation however the samples still contained a high 

background. To produce ideal diffraction patterns the KŬ wavelength of the X-ray source 

should be longer than the K absorption edge of the sample being analysed. Copper KŬ X-

ray radiation has a wavelength of 1.542 Å which is shorter than the iron K absorption edge 

of 1.743 Å. This causes fluorescent radiation to be produced by the iron. To overcome 

this, it would be ideal to use chromium as an X-ray source as it has a KŬ wavelength of 

2.291 Å.24 Samples collected from the River Allander and Kelvin Walkway appear almost 

featureless with broad, shallow reflections around 30 ï 40Á 2ɗ and 55 ï 70Á 2ɗ. Broad 

reflections are typically indicative of amorphous materials. These reflections suggest that 

the samples contain predominantly 2-line ferrihydrite (2-Fh), an amorphous iron 

oxyhydroxide. 2-Fh shows broad reflections in these regions which can be attributed to 

the (110) and (330) crystal planes respectively.25, 26 Sample collected from the runoff of a 

disused coal mine in Allanton showed sharper features than the other two patterns. Again, 

there are broad reflections indicative of 2-Fh, however the 30 ï 40° feature appears 
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sharper. There is a reflection at ~ 22Á 2ɗ which could not be assigned along with intense 

sharp reflections at ~26Á, 28Á and 41Á 2ɗ respectively. It could be argued that the peak at 

26Á 2ɗ is from silica in the sample or perhaps the sample holder, however attempts at 

pattern matching have so for been unsuccessful. This peak may also be present in the 

Kelvin Walkway sample but is absent from the Allander sample. These three patterns 

agree with Takada et al. and Hashimoto et al. that filamentous BIOX contains 

predominantly 2-Fh.7, 13 

3.6 SEM-EDX Analysis 

Collected BIOX samples were next imaged and characterised by scanning electron 

microscopy coupled with energy dispersive X-rays (SEM-EDX) to confirm that all sample 

sites contained microstructures that could be attributed to FeOB (River Allander -Figure 

18, Allanton mine effluent - Figure 19 and Kelvin Walkway - Figure 20). 
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Figure 18 - SEM-EDX characterisation of samples collected from the River Allander. A ï E ï 

SEM micrographs with their corresponding EDX spectra. 
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Figure 19 - SEM-EDX characterisation of samples collected from the effluent of a disused 

coalmine in Allanton. A ï E ï SEM micrographs with their corresponding EDX spectra. 
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Figure 20 - SEM-EDX characterisation of samples collected from Kelvin Walkway. A ï E ï 

SEM micrographs with their corresponding EDX spectra. 
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The Kelvin Walkway sample was imaged twice. Once using unfixed samples on the 

School of Chemistryôs SEM which has EDX capabilities whilst the other imaging used the 

Glasgow Imaging Facility (GIF) SEM which does not have EDX capabilities. The GIF 

samples were fixed and prepared in accordance with the protocol in Chapter 2 Section 2.1 

then imaged at a lower energy which produced clearer images.  

It can be seen from the previous micrographs that all three sample sites contain a mass of 

filamentous material and occasionally twisted stalks indicating the presence L.ochracea 

and G.ferruginea in these sites. The sample morphology from Allanton appears far less 

homogeneous than the River Allander and Kelvin Walkway sample sites. Morphologically 

this sample contains what appears to be mats of L.ochracea filaments, far finer filaments 

and twisted stalks of differing dimensions indicating that there is potentially a greater 

variety of neutrophilic FeOB in this site. These may include Gallionella spp. other than 

G.ferruginea and Toxothrix spp. resulting in the formation of intricate mats. This is a 

positive result as it may allow the isolation of bacteria that can produce a variety of 

microstructures. The isolation of microstructure forming bacteria will be discussed 

throughout Chapter 5.  

EDX was used to give an indication of the elemental composition of the filaments found in 

each sample site (Table 11). 
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Average At % Kelvin Walkway Allanton Mine Allander 

Fe 3.8 

(2.6 ï 4.8) 

6.3 

(5.1 ï 6.9) 

5.0 

(4.2 ï 6.1) 

C 61.4 

(54.3 ï 69.2) 

36.1 

(31.5 ï 42.4) 

51.7 

(43.8 ï 61.1) 

O 34.5 

(27.4 ï 40.1) 

51.2 

(40.8 ï 57.3) 

42.2 

(37.1 ï 48.4) 

S 0.2 

(0.1 ï 0.3) 

0.4 

(0.1 ï 0.6) 

- 

Si 0.1 

(0.1 ï 0.2) 

0.6 

(0.3 ï 0.8) 

0.5 

(0.2 ï 0.6) 

Na - 2.4 

(1.0 ï 2.8) 

- 

K - 0.2 

(0.1 ï 0.4) 

- 

Ca - 1.1 

(0.6 ï 1.5) 

0.5 

(0.2 ï 0.7) 

Mg - 1.6 

(1.2 ï 1.9) 

- 

P - - 

 

0.1 

(0.1 ï 0.2) 

Cl - 0.1 

(0.1 ï 0.2) 

- 

Table 11 - Average EDX At % values for each sample. Upper and lower limits given in brackets.  
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This analysis shows carbon, oxygen and iron to be the dominant elements within the 

filaments found in the mats. This is consistent with the bulk material containing 2-Fh 

precipitated on an organic backbone. Trace amounts of other elements such as silicon, 

sodium, potassium, calcium, phosphorus, magnesium, chlorine and sulfur appear in the 

samples. Most of these elements are likely from salts in the water or sediment, see 

Chapter 6 for a discussion on the inorganic species present in sample sites, that have not 

been completely removed by washing prior to analysis. The silicon seen however is likely 

associated with the filaments, this may also be true for some of the phosphorus and sulfur 

seen and would agree with the results of Hashimoto et al. who showed that silicates and 

phosphates are incorporated into the structure of their BIOX samples.13, 16 The Allanton 

mine sample showed the highest average At % of iron within the filaments. This is not 

surprising as coal mines contain large quantities of pyrite, an iron sulfide mineral. When 

pyrite is oxidised it releases Fe (II) and H2SO4 into the environment meaning that any 

effluent will be rich in dissolved ferrous iron that can be incorporated into the filaments. 

The sample collected from Kelvin Walkway appeared to contain fewer contaminants than 

the other samples both visually and by EDX. The sample site itself is small and contains 

noticeably less sediment than the other sites meaning there is likely fewer sediment 

associated impurities than the other sample sites. This sample was also washed 

centrifugally by pelleting and resuspending in dH2O rather than over a filter which may 

have helped remove more water-soluble impurities. 

EDX element mapping was used to show the dispersion of the elements throughout the 

filaments. A selection of element maps can be seen in Figure 21. 
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Figure 21 - EDX elemental mapping of filaments. A and B ï Red = Iron, Green = Oxygen and 

Blue = Silicon, C and D ï Red = Iron, Green = Oxygen and Blue = Carbon. 
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From the above element maps it can be seen that iron, oxygen, carbon and silicon are 

similarly dispersed throughout the filaments and there are no areas where any particular 

element is more concentrated than the others.  

SEM was also used to image the surface film collected from Kelvin Walkway. This surface 

film is seen at all sample sites, is multicoloured like an oil slick but breaks into discrete 

fragments, and is typically found in areas surrounding BIOX clusters that indicate the 

presence of Leptothrix spp. Surface film from Kelvin Walkway was collected in 

accordance with the protocol in Chapter 2 Section 1 and imaged using the GIF SEM 

meaning that no EDX was carried out.  

 

Figure 22 - A - Photograph of surface film (arrow indicates fragmentation) and B - D SEM 

images of surface film. Images B and C have arrows indicating the edge of the surface film. 

Image C also has a surface film associated diatom circled. Image D shows a higher 

magnification image of a cluster of cells on a fragment of surface film. 
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These SEM images show that the surface film has a variety of materials associated with it. 

Microtubular filaments can be seen throughout the surface film as can fluffy looking 

aggregates which are likely clusters of 2-Fh that could be either biogenically formed by 

FeOB other than Leptothrix spp. or abiogenically formed. Canoe shaped diatoms can also 

be seen associated with the surface film. These are unicellular microalgae with a cell wall 

made of silica. Diatoms are found in silicon rich water systems throughout the world so it 

is not surprising that they appear in the same environment as BIOX. Interestingly there is 

an abundance of cells seen throughout the surface film. This surface film may provide a 

protected mode of transport for these cells to migrate to different environments. During 

periods of rain this surface film is disrupted and washed to new areas which the 

associated bacteria may then be able to colonise. The surface film may also provide 

protection for sub surface bacteria from UV radiation and may help to keep the 

environment microoxic. 

3.7 Development of a Purification Protocol of FeOB EPS 

For NMR 

To characterise the EPS sheath material associated with BIOX by NMR it must firstly be 

disrupted and solubilised to yield individual EPS filaments. A variety of reducing agents 

including dithiothreitol (DTT), tris(2-carboxyethyl)phosphine (TCEP), ɓ-mercaptoethanol 

(BME), sodium borohydride and sodium dithionite were initially added to BIOX samples to 

check for any visual degradation of material. The chemical structures of these reducing 

agents can be found in Figure 23 and the visual results of addition can be found in Table 

12. 
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Figure 23 - Structures of reducing agents added to BIOX. 

DTT, BME and TCEP were chosen as they are commonly used to reduce disulfide 

linkages within proteins. Emerson and Ghiorse have extensively studied L.cholodnii SP-6 

and their research has shown that disulfide linkages provide structural integrity within the 

organic backbone of the microtubular sheath. They have also shown that the sheath 

material is resistant to a number of chemical denaturants and lytic enzymes including, 

sodium dodecyl sulfate (5 %), urea (6 M), guanidine.HCl (6 M), lysozyme (150 ɛg/ml), 

trypsin (1000 ɛg/ml) and hyaluronidase (250 ɛg/ml). Addition of disulfide cleaving 

reagents such as DTT (5 mM) however caused rapid degradation of the microtubular 

sheaths organic backbone.27 Sodium dithionite was chosen as it is regularly used to 

solubilise iron oxide complexes (Equation 12) and is particularly effective at dissolving 2-

Fh meaning it may be able to remove the 2-Fh from the organic backbone. Sodium 

dithionite also decomposes into a mixture of sulfur containing species such as hydrogen 

sulfite and thiosulfate (Equation 13). These species further react to forum polysulfides, 

hydrogen sulfide and elemental sulfur. This is ideal as these species can be removed by 

dialysis and do not interfere with 1H or 13C NMR spectra.28, 29 Sodium borohydride was 

chosen as it is a strong general reducing agent. 
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Equation 12 - Sodium dithionite reduction of insoluble ferric species to soluble ferrous 

species. 

 

Equation 13 - Initial decomposition of sodium dithionite in H2O. 

 

Reducing Agent Reduction Potential 

(pH 7) 

Visual Result 

DTT - 0.33 V Dark green aggregates 

formed 

BME - 0.26 V Dark green aggregates 

formed 

TCEP - 0.29 V No visual change 

NaBH4 - 0.75 No visual change 

Sodium Dithionite - 0.66 V Material appeared to 

dissolve 

Table 12 ï Reducing agents added, their reduction potentials and the visual results 

produced when added. 

Addition of TCEP and sodium borohydride yielded no visual change to the material, 

however addition of thiol containing reducing agents DTT and BME caused the formation 

of dark green aggregates. This observation has not previously been reported in the 

literature and is investigated further in Chapter 3 Section 7. Addition of sodium dithionite 

caused BIOX to dissolve, another observation which has not been reported in the 

literature. This observation is likely due to the strong reducing power (- 0.66 V) of this 

reagent and solubility of the iron-sulfate/sulfite species produced. The insoluble ferric iron 

that may be providing structural integrity is reduced to a soluble ferrous species thereby 

causing the microtubular sheath to rapidly degrade. This resulted in a clear solution with 
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only sedimentary material remaining visible. Figure 24 shows micrographs of BIOX 

filaments pre and post addition of sodium dithionite (25 mM). The filaments in image C 

post dithionite appear thinner with some appearing translucent when compared with the 

pre dithionite images. Image D shows a filament that has been incubated with dithionite 

for over 30 minutes and has started to fragment and dissolve. As only dithionite had the 

effect of solubilising the 2-Fh and dissolving the microstructure it was decided that a 

preparative method using this reagent should be developed as there were no literature 

examples to follow. 

 

Figure 24 - Phase contrast micrographs of A and B - BIOX filaments pre dithionite (25 mM) 

addition and B and C - BIOX filaments post dithionite addition. 

TLC analysis in a variety of solvent systems was carried out on the dithionite treated 

material to confirm that organic compounds were in solution (Table 13). 
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Solvent System Spot Movement 

EtOAc - 

3:1 EtOAc:Heptane - 

Heptane - 

MeOH - 

4:1 MeOH:H2O - 

5:1:0.25 MeOH:H2O:HOAc + 

2:1:1 nBuOH:H2O:HOAc + 

10:1 AcN:H2O - 

Table 13 - Solvent systems tried and result. 

From these results it can be assumed that the material in solution is highly polar as there 

is only movement in a mixture of primary alcohol and water with a small amount of acetic 

acid. This type of solvent mixture appears in literature related to polysaccharide 

separation.30, 31 Staining was carried out using potassium permanganate which visualises 

oxidised functionalities, ninhydrin which visualises amine functionalities and orcinol which 

visualises saccharides. A selection of these described TLC plates can be seen in Figure 

25. 
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Figure 25 - Images of TLC plates. A (UV-irradiated as not stained) - BuOH:H2O:HOAc mobile 

phase, B ï Orcinol stained plate with MeOH:HOAc mobile phase (S = glucose standard, Pre 

= pre-reaction, post = post-reaction) and C ï KMnO4 stained plate with MeOH:DCM mobile 

phase. Spots can be seen on all three plates indicating the presence of organics. 

Ninhydrin staining was negative indicating no amine functionalities are present. 

Permanganate and orcinol staining both gave positive results indicating the potential 

presence of saccharides with oxidisable functionalities however the orcinol staining of this 

compound was much weaker than the staining of a glucose standard (10 mM) indicating a 

low concentration of material. Several attempts were made at extracting this compound 

into a variety of polar protic, polar aprotic and non-polar organic solvents at a range of pH 

values however the material consistently remained in the aqueous phase. As the 

compound remained in the aqueous phase a protocol concluding with lyophilisation was 

developed. 

The initial protocol involved collecting and washing BIOX extensively with dH2O and PBS 

(25 mM) over Whatman 1 filter paper. The filter cake was then washed with sodium 

dithionite (50 mM, 250 ml) with a visible loss to its orange colour, becoming darker brown 

and mud-like in appearance. The orange filtrate was collected, concentrated to 10 ml, 

dialysed against dH2O (1 l) for 18 h and lyophilised yielding an orange/brown solid. Two 

fundamental problems arose. Firstly, the solubility of the resulting material. As the sample 

was concentrated a precipitate began to form and the resulting orange/brown solid was 

found to be poorly soluble in all solvents tried, including H2O, D2O, DMSO and DMSO + 

LiCl. LiCl was added to the DMSO as this mixture is used to solubilise lignin and other 

cellulose based polymeric substances.32, 33 Secondly the resulting NMR spectrum showed 

broad indistinguishable peaks indicating that dialysis against dH2O was inefficient at 

completely removing paramagnetic iron from the sample.  

A B C 
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To enhance the removal of the iron from the filtrate two approaches were investigated. 

Firstly, incubating the orange filtrate with a DOWEXÊ MARATHONÊ C (Na form) cation 

exchange resin for 18 h on a rotary shaker and secondly by dialysing against a 1 % 

solution of oxalic acid. A ferrozine assay was carried out, in accordance with the protocol 

in Chapter 2 Section 3.4, to monitor the total iron concentration throughout the treatments. 

Total iron concentrations decreased using both methodologies. Concentrations decreased 

from tens of millimolar to consistently around 10 ɛM for each 10 ml sample. It was not 

possible to remove all iron in solution. After this procedure the samples were lyophilised to 

dryness and the resulting NMR spectra can be seen in Figure 26. 

 

Figure 26 - Overlayed 1H NMR spectra of DOWEX resin and oxalic acid treated samples. Red 

- DOWEX resin treated sample and Blue ï Oxalic acid treated sample. 

Both spectra contain sharper signals than the untreated sample (not shown) indicating 

that the concentration of iron in the samples is adequate, however both spectra appear 

different from each other suggesting that the procedures are not equivalent. The oxalic 

acid treated sample shows a higher abundance of intense signals in the 3 ï 4 ppm range 

which is where saccharide signals are typically found. However, as the dialysis membrane 

is made from regenerated cellulose it is possible that the oxalic acid may have degraded 

it. This could produce glucose oligomers that would show signals in the 3 ï 5 ppm range. 

The DOWEX cation exchange resin treated sample shows fewer signals. This could 

indicate that material is being lost on the resin via non-specific interactions. The intense 

singlet at 8.35 ppm is assigned to formate that has not been sufficiently removed from the 

resin during pre-treatment washing. The doublet at 1.23 and quartet at 4.02 ppm of the 
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oxalic acid treated sample are assigned to lactate. It is unclear where lactate 

contamination could come from. Both spectra also contain broad singlets. The broad 

singlet at 5 ppm of the DOWEX sample is likely from residual water however the broad 

singlet in the oxalic acid treated sample is at 5.7 ppm which may be indicative of an amide 

functionality. These experiments were repeated however the resulting spectra differed to 

those shown above. This is likely due to the heterogeneous nature of the starting material 

as it comes from an environmental source rather than a single bacterial culture. 2D HSQC 

NMR was also carried out on similarly treated samples, however the resulting spectra 

were inconclusive and provided no insight to any potential coupling that may be occurring. 

While researching methods of biofilm characterisation it became apparent that BIOX may 

be similar in nature to activated sludge flocs found in effluent from wastewater plants as 

this material is a mixture of bacteria, EPS and inorganic material found within sewage 

systems and wastewater plants.34, 35 EPS is typically extracted from activated sludge by 

incubating with NaOH. It was decided that extracting BIOX first with NaOH may act as a 

purification step by removing some of the biofilm that holds the mats of BIOX filaments 

together. This can then be followed with dithionite incubation of the purified filaments.  

Extraction with NaOH produced a dark orange/brown solution that contained both Fe (II) 

and Fe (III) when assayed with ferrozine. This is surprising as at basic pH values iron 

typically exists as Fe (III). The remaining BIOX was then extracted with dithionite as 

previous also yielding a dark orange/brown solution however this contained predominately 

Fe (II) as expected. These were treated with a DOWEX resin to remove the iron, 

lyophilised and analysed by NMR. The NaOH extract was partially soluble in D2O. The 

resulting precipitate was collected by centrifugation and dissolved in NaOH (10 mM) 

prepared in D2O for NMR analysis. The resulting spectra can be seen in Figure 27.  
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Figure 27 ï 1H NMR spectra of EPS extracts. Blue - Dithionite extract, Green - NaOH Extract 

and Red ï NaOH dissolved material. 

All three spectra contain broad, poorly resolved signals. This may either be indicative of 

insufficient paramagnetic iron removal or of potentially polymeric material. As polymeric 

molecules are larger and tumble more slowly in solution, they can produce broad poorly 

resolved signals. All three spectra have consistent signals at 4.75 ppm. These are likely 

from residual water in the samples. There are also signals at 0.8 and 1.4 ppm that are 

consistent in all three spectra. These lie in the region where greasy aliphatic compounds 

typically produce signals and have not been assigned. These spectra are inconsistent with 

previous results and the poor resolution makes assignment challenging. 

As the original extraction experiments showed more signals when dialysed against oxalic 

acid rather than treating with a DOWEX resin a final set of extraction experiments were 

carried out with oxalic acid. Samples were extracted as previously, initially with NaOH 

followed by sodium dithionite. The resulting brown filtrates (15 ml) were then dialysed 

against oxalic acid (1 l, 1 %) for 18 h. The resulting dialysate was light brown while the 

colour of solution within the membrane was paler. These samples were lyophilised and 

dissolved in D2O. There was again insoluble material from the NaOH extraction that could 

be dissolved in NaOH (10 mM) prepared in D2O. A blank extraction of H2O dialysed 
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against oxalic acid was also carried out. Figure 28 contains the 1H NMR spectra for these 

extractions. 

 

Figure 28 - 1H NMR spectra of EPS extracts. Blue ï NaOH extract, Red ï sodium dithionite 

extract, Green ï NaOH dissolved material and Magenta ï Oxalic acid blank. 

The resulting spectra are again inconsistent with previous examples. There appears to be 

a similar profile between the three extracts, especially the NaOH and sodium dithionite 

extracts however it is not possible to make any assignments nor comment on the 

composition of the samples. It is therefore reasonable to say that these extracts contain a 

complex mixture of organic molecules. 

This work has highlighted the difficulties of NMR characterisation of environmental 

biofilms that are associated with paramagnetic compounds. Takeda et al. encountered 

similar solubility issues when characterising the L.cholodnii EPS sheath.19 To resolve their 

solubility issues they enzymatically removed all proteinaceous and lipid material from the 

EPS, denatured the resulting material with TCEP (10 mM) and then either alkylated free 

sulfhydryls or oxidised them and acetlylated the resulting sulfonates. A similar strategy 

may need to be applied here, however this would be aided significantly if an axenic culture 

of L.ochracea was produced. Further work is also required at this stage to optimise the 

extraction protocol and a more thorough sampling protocol must be developed to ensure 

that each BIOX samples being analysed are as consistent as possible.  
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3.8 BIOX-Thiol Interaction 

Iron-thiol complexes are common in the literature. Examples include iron-sulfur clusters 

which are essential cofactors of proteins, iron oxide nanoparticle functionalisation by thiol 

containing ligands and heme iron interactions with thiol containing ligands such as 

cysteine.36-38 Coloured complexes of aqueous ferric iron and cysteine have been reported 

in the literature for over 100 years.39 Blue complexes have been noted to form under 

acidic conditions, pH < 1.8, and red complexes noted to form at pH 7.4. These complexes 

form instantly and degrade rapidly. The blue complex has been attributed to an FeRSH 

containing compound whereas the red complex has been attributed to an Fe(RSH)3 

containing compound whose extinction coefficient and absorption spectrum is analogous 

to that of ferric isothiocyante.40 There is also some literature investigating the phase 

transformation of 2-Fh in the presence of cysteine.41, 42 This research carried out by 

Cornell and Schneider has shown that varying the concentration of cysteine promotes the 

formation of haematite, lepidocrocite and goethite from ferrihydrite at pH values of 6 ï 9. 

At the time of Cornell and Schneiderôs publication, cysteine was the only known organic 

ligand to promote the formation of goethite from ferrihydrite, with all other previously 

studied organic ligands suppressing this transformation.41, 42 The influence of organic 

ligands on iron oxide phase transformations has been more recently studied by Colombo 

et al. and Violante et al.43, 44 Both studies have shown that the presence of organic 

molecules in soils such as humic and fulvic acids promotes the formation of ferrihydrite 

and inhibits the formation of more crystalline phases such as goethite and haematite. 

Interestingly, none of the searched literature returned any information on green iron oxide 

thiol complexes or more specifically green ferrihydrite thiol complexes, nor did any of the 

literature provide images or descriptions to match what has been described in this study. 

3.8.1 Initial Complexation Reaction and Characterisation 

As mentioned in 2.3, addition of thiol containing reducing agents namely, DTT and BME to 

suspensions of BIOX caused the samples aggregated and turned dark green. The 

Cambridge Structural Database (CSD) was searched for compounds with containing an 

iron-sulfur bond and dark green colour. This returned only a few results indicating that this 

is an unusual observation. Further experimentation was required to characterise the 

chemical nature of this colour change. To investigate this reaction further, a variety of 

experimental conditions were tried including altering the pH, the thiol used, the solvent 

and comparing BIOX to different phases of iron oxide. Figure 29 shows a 30 minute time 
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lapse of the reaction between a suspension of BIOX and DTT followed by a selection of 

light micrographs pre and post reaction. These images clearly show the colour change of 

the sample from pale orange to dark green along with the formation of an amorphous 

looking aggregation adhering to the mats of BIOX sheaths. Identical results were seen 

upon addition of BME to BIOX suspensions.  

 

Figure 29 - A ï C ï BIOX + DTT over 30 mins, D & E ï Pre reaction light micrographs and F & 

G ï Post reaction light micrographs. 

Dark green aggregated samples were then imaged and analysed by SEM-EDX (Figure 

30). 
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G 
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Figure 30 ï A ï D ï SEM images of BIOX-DTT complex at different magnifications and E ï A 

comparison of the EDX analysis of BIOX and BIOX-DTT complex. EDX was carried out at 

several points to make the data statistically representative. Carbon and oxygen data is not 

shown. 

A B 
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The SEM images of BIOX-DTT appear different when compared with earlier SEM images 

of native BIOX. Aggregation can now be seen, and sheaths look to have an aggregated 

material adhered to them. The EDX analysis has had the carbon and oxygen data 

removed as the samples are mounted on graphite tape, also EDX has limitations when 

quantifying lighter elements, making these data potentially less reliable. Figure 30 shows 

that the proportion of sulfur of BIOX has increased by 144% indicating that the DTT has 

been incorporated into the material. It is therefore likely that complexation has occurred. 

A dilution of the BIOX-DTT material was suitable for spectroscopic analysis. The UV-Vis 

and FTIR spectra of the green complex are shown in Figure 31. 

 

Figure 31 - A- UV-Vis spectrum of BIOX-DTT, B - Expanded UV-Vis spectrum of more 

concentrated BIOX-DTT, C ï overlayed FTIR spectra of BIOX and BIOX-DTT and D ï 

Magnified overlayed FTIR spectra of BIOX and BIOX-DTT. 

The A284 nm absorption in the UV-Vis spectrum corresponds to the S-S bond that forms 

when DTT cyclises upon oxidation. The expanded visible spectrum shows absorptions at 

395 and 665 nm respectively. These absorptions in the visible region account were initially 

weak and difficult to discern. A more concentrated sample was prepared to in order to 
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visualise these absorptions. This absorption spectrum is typical of a dark green material 

as they tend to absorb at ca. 400 nm and ca. 700 nm. 

DTT is known to have a S-H stretching frequency at 2545 cm-1 in its FTIR spectrum which 

is not seen in the BIOX-DTT spectrum indicating that DTT may be bound through 

deprotonated thiols.45 BIOX has stretching frequencies from ca.3600 ï 3000 cm-1 due to 

surface and bulk OH moieties and a stretch at 625 cm-1 due to bulk OH deformations. The 

broadness of the surface and bulk OH band is another indicator of the 2-line ferrihydrite 

phase. Ferrihydrite doped with Si shows a stretch at ca.940 cm-1 which is seen in the 

BIOX sample. This is in agreement with the EDX analysis which confirmed the presence 

of Si.25 The overlayed BIOX and BIOX-DTT spectra show mostly similar stretches with the 

main differences being a sharp stretch at 1040 cm-1 for the BIOX-DTT sample.  

XRD analysis of BIOX-DTT was carried out however the resulting pattern contained only 

one large amorphous band, from 20 ï 40 Á 2ɗ, that did not provide any further insight to 

the complexation.  

3.8.2 Alternative Reaction Conditions 

3.8.2.1 pH Dependence 

DTT contains two thiol moieties with pKa values of 9.2 and 10.1 respectively and it is 

recommended to basify the sample to ca. pH 9 in order to provide optimal reducing 

power.46  

The previously discussed results were achieved using neat solutions of DTT which has a 

pH value of ca. 7.7. This was adjusted to 9.5 and mixed with suspensions of BIOX. The 

result of this was the formation of a dark red solution with less aggregation than the dark 

green sample. The sheaths also appear microscopically slighter than both fresh BIOX and 

pH 7.7 BIOX-DTT (Figure 32). Interestingly when filtered the filtrate remained dark red 

whereas the filtrate of the neutral reaction is clear indicating that the dark red complex is 

in solution. 

At this higher pH value a greater proportion of the thiols will be deprotonated making the 

DTT solution more reactive. This may lead to stronger complexation and the formation of 

a similar type of compound as the previously mentioned red ferric cysteine complex 

isolated by Page.40 The UV-Vis spectrum seen in Figure 32 shows the expected oxidised 



104 

 

DTT S-S bond A284 nm along with a broad A480 nm. Absorbance in this visible region is 

typical of red iron thiocyanate species.39, 40 There is also a shoulder at ca. A230 nm which is 

not seen in the spectrum of the green pH 7.7 BIOX-DTT complex. Attempts were made at 

crystallising solutions of the dark red complex. Firstly the aqueous solution was extracted 

with ethyl acetate, dichloromethane, chloroform and diethylether however the red complex 

remained in the aqueous phase. Cetyltrimethylammonium (CTMA) bromide (3 mM) 

dissolved in chloroform has been used in the literature to extract iron isothiocyanate from 

the aqueous phase.47 This methodology was applied here and the red complex was 

successfully extracted to the aqueous phase. This was left to crystallize by slow 

evaporation however yielded only a red/brown gum. Further attempts were made to 

crystallise this material by adding ethyl acetate, heptane and hexane as co-solvents 

however all attempts yielded only a dark red/brown gum. 
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Figure 32 - Images of A - pH 9.5, B pH 7.7 BIOX-DTT, C & D ï Light micrographs of pH 9.5 

BIOX-DTT and E ï UV-Vis spectrum of pH 9.5 BIOX-DTT. 

3.8.3 Thiol Dependence 

To assess the potential dependency of the formation of green aggregates on the type of 

thiol used, a selection of chemically distinct thiols (25 mM) (Table 14) were chosen and 

used to form suspensions of BIOX.  
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Surprisingly, addition of thiol containing molecules other than DTT or BME failed to 

produce the instantaneous green aggregation seen previously. This may indicate that 

steric effects play a role in the complexation. The addition of cysteine eventually yielded a 

dark green colour however this required a far higher concentration than the 25 mM 

needed for DTT and was also not rapidly produced. Instead, the sample slowly turned 

dark green over a period of days and the BIOX sheaths appeared to be structurally 

damaged and partially dissolved when observed by microscopy. 

Initially, it was assumed that steric hinderance of the thiols may be a factor in the colour 

change. When considering the thiols tested it can be seen that neither primary nor 

secondary thiols form the dark green coloured complex. Moreover, in the case of the 

primary thiols we see no differing effect between cysteine and homocysteine which is less 

sterically hindered. 

Considering the structure of both thiols that do spontaneously produce the green colour 

change, DTT and BME, it can be seen that they both contain a hydroxyl group on the 

second carbon from the thiol. This result suggests that this is an important group and is 

the only other group that may contribute to the change. It is plausible that both the thiol 

and hydroxyl groups may be involved in the complexation of iron within the BIOX. 
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Thiol Result 

Cysteine 

 

No green aggregates formed.  

Homocysteine 

 

No green aggregates formed 

Glutathione 

 

No green aggregates formed 

Tiopronin 

 

No green aggregates formed 

2-Propanethiol 

 

No green aggregates formed 

Triethylene glycol mono-11-

mercaptoundecyl ether 

 

No green aggregates formed 

Table 14 - Structures of thiols used and a brief description of visual appearance after 

addition. 



108 

 

3.8.4 Solvent Dependence 

BIOX was dried at 100 °C for three days prior to solvent experiments to remove residual 

water than may contribute to the reaction. A variety of solvents (Table 15) were used to 

dissolve DTT and suspend the dried samples. 

Solvent Result 

H2O 

 

Ethanol 

 

Methanol 

 

Acetone 

 

Acetonitrile 

 

Chloroform 

 
 

 

Table 15 - Solvents used to dissolve DTT and suspend BIOX and images of the visual 

change after 25 minutes. 
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The images in Table 15 show that only aqueous solutions of DTT cause the formation of 

dark green aggregates after 25 minutes. This formation occurred after 10 minutes which is 

slower than hydrated BIOX suspensions that typically change colour and aggregate within 

2 ï 3 minutes of mixing. This may be due to reactive sites being more easily accessible in 

the hydrated BIOX samples. All DTT solutions in non-aqueous solvents failed to yield a 

visual change to the material at a neutral pH. 

3.8.5 Iron Oxide Dependence 

The iron oxides goethite and 2-Fh were prepared synthetically while haematite was 

purchased. These iron oxides were then subjected to the same reaction conditions as 

BIOX to investigate whether or not the green aggregation was unique to BIOX. The result 

of adding DTT to suspensions of these iron oxides is shown in Table 16. 

Iron Oxide Suspension Colour Appearance after DTT 

addition 

2-Fh Orange/Brown Dark green aggregates 

formed 

Goethite 

(ŭ-FeOOH) 

Yellow/Orange Unchanged 

Haematite 

(Ŭ-Fe2O3) 

Dark Red Unchanged 

Table 16 - Colour and appearance of iron oxide suspensions pre- and post-addition of DTT. 

Synthetic 2-Fh showed the same visual change as BIOX when combined with DTT while 

neither goethite nor haematite showed any visual change. 2-Fh is a highly hydroxylated 

iron mineral containing both bulk and surface hydroxyls. The surface hydroxyl 

configuration (SHC) influences the surface properties of oxides and oxyhydroxides.48 The 

extent of hydroxylation has not yet been confirmed for 2-Fh however it has been 

hypothesised that bulk hydroxyls occupy vacant Fe(III) sites.49 Recent modelling studies 

have shown 2-Fh to have a higher degree of surface hydroxyls that are not hydrogen 
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bonded to neighbours, and also free Fe Lewis acid sites, when compared with goethite.50, 

51 This may allow an increased reactivity towards the free thiols of DTT. To test this 

hypothesis a suspension of brucite, a highly hydroxylated mineral comprising magnesium 

hydroxide, was prepared.52 Once mixed with DTT the brucite suspension rapidly turned 

from white to light pink indicating that there may be an interaction occurring between the 

brucite and the thiols. 

These results have shown that addition of DTT and BME to BIOX suspensions cause dark 

green aggregates to form. This is likely the result of a DTT-BIOX complex forming, with 

binding occurring through the thiol moieties. This reaction is pH dependent, requiring a 

circumneutral pH to yield a dark green complex and basic pH to yield a dark red complex, 

solvent dependent, requiring aqueous suspensions and also iron oxide dependent, 

requiring 2-Fh phased materials. The amorphous nature of 2-Fh makes it difficult to 

comment on the exact nature of the complex formed, however this complex formation may 

indicate the concentration of free iron sites within 2-Fh. Further work is warranted to gain 

a better understanding of the reaction and what it tells us about iron availability within 2-

Fh. 

3.8.6 Cambridge Structural Database Comparisons 

The Cambridge Structural Database (CSD) was searched for coloured iron-thiol 

complexes. This search returned 4150 compounds of various colours. Figure 33 shows a 

pie chart divided according to the colour reported. 
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Figure 33 - Pie chart showing the colours of iron-thiol containing complexes found in the 

CSD. 

This data shows that red and black coloured iron-thiol complexes are by far the most 

common. Green compounds make up only ca. 5 % and dark green compounds make up 

only ca. 1.2 % indicating that dark green iron-thiol complexes are unusual. 

The search was refined to return only the 51 dark green coloured compounds and their 

crystal structures were checked for similarities that may be responsible for the dark green 

colour. None of the returned compounds contained only sulfur bonded to the iron centre, 

instead each compound contained other ligands including nitrogen donors, phosphorus 

donors, cyano ligands, carbonyl ligands and sandwich complexes. There was also no 

common geometry between the dark green compounds. Figure 34 shows representative 

examples from the CSD of regularly occurring crystal structures and ligands seen for the 

dark green compounds.  
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Figure 34 - Crystal structures of dark green compounds containing iron- sulfur bonds 

returned from searching the CSD. Their CSD codes are as follows: A ï EXUYON, B ï 

KAGRES, C - ATIFOZ, D ï KADCIB, E ï IXUNIY and F - LUMKUZ.53-58 

As BIOX is composed of 2-Fh, which contains Fe (III) centres octahedrally coordinated 

with oxygen atoms, the search was further refined to include only dark green compounds 

containing iron-thiol and iron-oxygen bonds.25 Interestingly this returned only two 

compounds - EXUYON and KAGRES, both of which contain Fe (III) centres.53, 54 The 
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E F 
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crystal structures of these are A and B in Figure 34. These structures show that EXUYON 

is octahedrally coordinated by two tridentate ligands that each contain sulfur, nitrogen and 

oxygen donors while KAGRES is a distorted trigonal-bipyramid containing four iron-thiol 

bonds, one iron-phosphorus bond and one iron-oxygen bond via a terminal methoxide 

ligand. It was decided that EXUYON was a suitable compound to synthesise and study 

spectrophotometrically as this may provide insight into bonding and transitions present in 

the BIOX-DTT complex. 

Synthesis of EXUYON was carried out under the authorôs supervision by Ms. Faye 

Purcell, a final year undergraduate student, in accordance with the protocol in Chapter 2 

Section 4, however this did not yield the expected structure. Instead, dark green crystals 

of a compound denoted MS1 formed. Single crystal XRD analysis was performed, and the 

structure was solved. This can be seen in Figure 35. 

 

Figure 35 - A - Crystal structure of MS1 and B - Chemical structure of MS1. 

MS1 is square pyramidal rather than octahedral with two terminal chloride ligands and one 

tridentate ligand binding through sulfur, nitrogen and oxygen atoms. This compound has 

not been reported in CSD however similar compound containing comparable ligands and 

bond lengths can be found. Bond lengths were compared to known values published by 

Allen et al. and subsequently assigned multiplicity (Table 17).59 
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Bond Measured 

bond length 

(Å) 

Assigned 

bond 

multiplicity 

Bond Measured 

bond length 

(Å) 

Assigned 

bond 

multiplicity 

Fe1-S3 2.391 Single N3-C6 1.295 Double 

Fe1-Cl4 2.220 Single  C5-C6 1.426 Single 

Fe1-Cl2 2.296 Single C5-C9 1.405 Double 

Fe1-O1 1.886 Single C5-C12 1.420 Double 

Fe1-N3 2.136 Single  C9-C10 1.371 Double 

S3-C13 1.712 Double C10-C11 1.394 Double 

C13-N1 1.319 Single C11-C4 1.378 Double 

C13-N2 1.327 Single C4-12 1.393 Double 

N2-N3 1.384 Single C12-O1 1.331 Single 

Table 17 - Bond distances between non-hydrogen atoms determined from single crystal X-

ray diffraction. 

The visible spectrum of MS1 was compared with that of BIOX-DTT and the literature 

spectrum of IXUNIY (Figure 34 ï E) as shown in Figure 36. 

 

Figure 36 - Visible spectra of A - MS1 and BIOX-DTT and B - IXUNIY (Spectrum 1) from 

Blanchard et al.55 

MS1 has a broad, weak absorption at ca. 610 nm and a stronger, sharper absorption at 

336 nm while BIOX-DTT has a sharper, more intense absorption at 665 nm and a sharp 

absorption at 395 nm. IXUNIY was chosen as a comparison as it is a dark green iron-thiol 

containing compound and its visible spectrum was included by Blanchard et al.55 IXUNIY 

has two sharp absorptions at 620 and 320 nm respectively. This spectrum was recorded 

in dichloromethane, an aprotic polar solvent, rather than water, a polar protic solvent. This 

may contribute to the shifted nature of the absorptions when compared with MS1. 

A B 
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Blanchard et al. assigned the absorption at 620 nm to a spin and dipole allowed ligand-to-

ligand charge transfer between the two planar N,N-coordinated ˊ radical ligands. Similar 

transitions have been described in other dark green iron complexes containing radical 

ligands by Ghosh et al.60 Figure 37 shows the structure of the aforementioned dark green 

radical complexes.55 

 

Figure 37 ï Diagrams of A - IXUNIY adapted from Blanchard et al. showing the radical 

nitrogen atoms. The iron centre is in the Fe (III) oxidation state and B ï Dark green iron 

complex containing radical ligands from Ghosh et al. X = P(OPh)3 and CN-. The iron centre is 

in the Fe (II) oxidation state.55, 60 

Both compounds contain aromatic stabilised radicals and have iron centres in different 

oxidation states, A is Fe (III) and B is Fe (II), indicating that the dark green colour is not 

influenced by the oxidation state of the iron. It is likely that a similar mechanism is 

occurring in the synthesised sample MS1 however electron paramagnetic resonance 

(EPR) spectroscopy and Mössbauer spectroscopy would be required to confirm this. 

A 
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Regarding the dark green BIOX-DTT complex it is more difficult to say if a radical complex 

is responsible for the dark green colour and more research is warranted. Charge transfer 

reactions however are common for iron containing samples and are known to be 

responsible for causing dark colours.61 This is true for iron containing minerals 

rockbridgeite and magnetite which are dark green and black respectively. This suggests 

that a charge transfer reaction is likely responsible for the intense dark green colour of the 

BIOX-DTT complex. This charge transfer reaction may either be ligand-metal where 

charge is transferred from an electron rich ligand to a metal centre or inter-valence charge 

transfer (IVCT) where charge is transferred between metal centres in different oxidation 

states. As BIOX contains Fe (III) centres it is possible that a fraction of them may be 

reduced to Fe (II) when complexed with the electron rich thiol moieties which could then 

lead to IVCT. 

3.9 Conclusions 

FeOB such as Leptothrix spp. and Gallionella spp. are responsible for the production of 

BIOX with distinct microstructures including hollow filaments and twisted stalks. BIOX 

were sampled from sites near and around Glasgow. SEM was used to confirm that 

sampled BIOX contained predominantly filaments likely produced by L.ochracea, 

occasionally twisted stalks produced by G.ferruginea and infrequently trichomes produced 

by Toxothrix spp. EDX confirmed that these samples were comprised of mostly iron, 

oxygen and carbon with low concentrations of inorganics such as silicon and sulfur and 

element mapping showed that these elements were distributed throughout the filaments. 

XRD showed that the phase of sampled BIOX was consistently 2-Fh. This confirmed the 

initial hypothesis for this chapter. 

SEM was used to image the surface film collected from Kelvin Walkway and showed that 

both microbial cells and BIOX filaments were associated with it. There also appeared to 

be deposits associated with the surface film that are likely also 2-Fh in nature. This 

surface film may be used by the associated species for a number of reasons including UV 

light mitigation, oxygen concentration management and as a mean of transport to colonise 

new areas upon disruption of the film. 

A variety of reducing reagents were used to try and solubilise the organic material 

associated with BIOX to be characterised by NMR. Sodium dithionite was chosen as the 

best reducing reagent to use and a protocol was developed. TLC of dithionite treated 
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BIOX confirmed the presence of polar organic material and orcinol staining indicated the 

presence of a dilute saccharide. NMR characterisation proved challenging due to both the 

paramagnetic nature of the associated iron and the poor solubility of isolated material. A 

DOWEX cation exchange resin and oxalic acid were used to reduce the iron concentration 

however the 1H NMR spectra produced after each of these treatments were inconsistent. 

The fact that no structural characterisation studies of L.ochracea EPS have been 

attempted is likely due to no axenic culture of L.ochracea existing. This means there will 

always be associated EPS that may belong to other bacteria within the BIOX mat. Also, 

the heterogeneous nature of environmental sample sites means that there may be 

variability in composition depending on location, season and other environmental factors. 

A protocol involving a NaOH extraction prior to dithionite extraction was then developed to 

try and purify the BIOX by removing associated EPS. The same problems arose as before 

and resulting spectra were inconsistent when the experiment was repeated. To properly 

characterise BIOX in this way a more thorough sampling protocol must be developed to 

ensure that all BIOX samples are consistent, and the extraction protocol must be 

optimised to effectively remove iron without losing sample and to improve the solubility of 

extracted material. This work partially proved the second hypothesis for this chapter in 

that the reduction of ferric to ferrous iron did allow some characterisation of the organic 

backbone, however further work is required to fully characterise its structure. 

Addition of thiol containing reducing agents DTT and BME caused BIOX suspensions to 

turn dark green and form aggregates. This result could only be achieved by adding neutral 

aqueous solutions of the reagents to 2-Fh phased materials. Addition to other phases of 

iron oxides did not yield any colour change or aggregation. When this reaction was carried 

out under basic conditions the samples instead turned dark red. FTIR spectroscopy and 

SEM-EDX indicates that a BIOX-DTT complex is likely forming and that DTT binds 

through its thiol moiety. 

The CSD was searched for coloured iron-thiol compounds. The returned results showed 

that dark green iron-thiol compounds represent only ca. 1.2 % of coloured iron-thiol 

compounds. A representative example, EXUYON, was chosen to be synthesised and 

studied as it contains both iron-thiol and iron-oxygen bonds which are also present in 

BIOX-DTT. Synthesis was unsuccessful, however a dark green compound, MS1, was 

synthesised instead. Its crystal structure was solved and its visible absorption profile was 

compared with that of BIOX-DTT and a literature example, IXUNIY. From this comparison 
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is it was hypothesised an aromatically stabilised radical complex may have formed and be 

responsible for the dark green colour. Furthermore, the oxidation state of the iron centre is 

not responsible for the dark green colour. To confirm this, and the final hypothesis for this 

chapter, it would be necessary to carry out EPR and Mössbauer spectroscopy on MS1. It 

is also likely that the dark green colour of the BIOX-DTT complex is due to charge transfer 

reactions that may either be ligand-metal or IVCT in nature. 
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4 Phylogenetic Analysis of BIOX Bacterial 

Communities 

4.1 Hypothesis 

Prior to commencing work on this chapter is was hypothesised that firstly, 16S rRNA gene 

sequences for Leptothrix spp., Gallionella spp., and Toxothrix spp. would be found in the 

datasets for each sample site. It was secondly hypothesised that the bacterial 

communities of the Allander sample sites would be more closely representative of each 

other than of those found in other BIOX sites found in the literature. Finally, it was 

hypothesised that the bacterial communities found within the sample sites will be 

indicative of the various redox cycles occurring due to their associated microbial 

metabolisms. For example, the presence of both iron-oxidising and iron-reducing bacteria 

would show that biogenic iron cycling is likely occurring within the BIOX mats. 

4.2 Introduction 

Phylogenetics is the study of evolutionary relationships between organisms.1 This was 

historically carried out by comparisons of morphology and analysis of fossilised materials, 

however is now typically carried out via sequencing of genetic material such as DNA, RNA 

or specific genes. The results of this are then used to construct a phylogeny, also known 

as a phylogenetic tree, which allows the visualisation of evolutionary relationships and 

taxonomic hierarchy.2 The first recorded use of a tree diagram to represent historical 

relationships between organisms was by Lamarck in 1809 and then more famously by 

Darwin from 1837 onwards.3, 4 These trees were included in his notebooks and the only 

diagram in On the Origin of Species was a tree-like diagram.5 Figure 38 contains a sketch 

of a tree-like diagram by Darwin and a diagram showing the taxonomic hierarchy of 

L.ochracea. 



123 

 

 

Figure 38 ï A ï Sketch of a tree-like diagram for Darwinôs notebook and B - Taxonomic 

ranking of L.ochracea.4 

Woese and Fox pioneered the use of the 16S rRNA gene for constructing phylogenies in 

1977.6 Since then it has been utilised in numerous studies and is one of the most 

important targets to identify environmental and clinical isolates and assign their 

phylogenetic relationships.7, 8 The 16S rRNA gene is ca. 1.5 kilobases (kb) in length, is 

ubiquitous to all microorganisms, evolves slowly and is highly conserved. However, within 

this gene there are 9 hypervariable regions (V1 ï V9) which change rapidly and range 

from 30 ï 100 base pairs (bp) in length. These hypervariable regions combined with the 

slower changing conserved regions provide a suitable marker for relatedness of 

organisms. The 16S gene is a component of the 30S small subunit of the prokaryotic 

bacterial ribosome, which acts as a structural scaffold, and interacts with the 23S rRNA of 

the 50S subunit thereby allowing the 30S and 50S subunits to bind. A diagram of this can 

be seen in Figure 39.9 

A B 
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Figure 39 - Diagram showing the 16S rRNA gene with the 9 hypervariable regions 

highlighted. Adapted from Fukuda et al.9 

The highly conserved nature of certain regions of the 16S rRNA gene has allowed the 

development of universal polymerase chain reaction (PCR) primers to target it.10 These 

universal primers can reliably generate the same sections of the 16S rRNA gene across a 

wide range of taxa. Targeting the highly conserved regions of the 16S rRNA gene is 

useful for assigning higher ranking taxa such as class or phylum whereas targeting the 

hypervariable regions allow universal primers to assign phylogeny to the genus level.11 

This is frequently carried out using second generation Illumina sequencing which 

generates short reads, of < 300 bp, making assigning taxonomic distinction below genus 

challenging. Technologies such as Oxford Nanopore sequencing can generate much 

longer reads allowing the entire 1500 bp of the 16S rRNA gene to be sequenced. This 

technology is becoming more cost effective and popular, however it can generate high 

sequencing error rates of up to 38 % and has only recently been able to accommodate 

high throughput sequencing.12  

The most commonly targeted hypervariable region of the 16S rRNA gene is the V3 ï V4 

region due to the fact it contains a high amount of base pair heterogeneity and therefore 

shows considerable discriminating power.13, 14 Other regions can be targeted including the 

V1 ï V3 region and the V4 ï V5 region. The V1 ï V3 region can produce reads of up to 

750 bp however sequencing of this has been limited to the Roche/454 pyrosequencing 

methodology which has now become outdated due to sequencing cost and throughput. 
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The V4 ï V5 region is becoming more frequently targeted and the V3 ï V4 and V4 ï V5 

regions have been shown to yield reproducible results when compared with the V1 ï V3 

region.15 

4.3 Chapter Aims 

There are currently no examples, to the authorôs knowledge, of comparable studies which 

investigate the phylogenetic diversity of BIOX sampled from the UK. This chapter aims to 

isolate genomic DNA from BIOX samples, sequence the 16S rRNA gene via high-

throughput Illumina sequencing and use the resulting data to build a phylogenetic profile 

for each of the sample sites. The 16S gene sequences should contain L.ochracea and 

other FeOB such as Gallionella spp. and confirm how similar these are to both 

environmental and characterised bacteria. The sequence profiles will be compared with 

published studies from sample sites around the world to assess whether or not 

unconnected BIOX sample sites contain similar phylogenetic profiles. 

4.4 Results and Discussion 

4.4.1 Sample Collection and Genomic DNA Extraction 

16S rRNA gene sequencing was carried out on three BIOX samples to gain a more 

thorough understanding of the bacterial ecosystem and to provide insight to the 

environmental factors that support the organisms in these mats. Based on the 

microtubular morphology present in the BIOX we can expect the presence of certain 

bacteria including Leptothrix spp., such as L.ochracea, however this sequencing will 

identify the community of bacteria and their relative abundances. Furthermore, 

understanding the bacterial ecosystem may allow a better understanding of L.ochracea 

and provide additional information on how to develop conditions in which it can thrive. 

Each sample was collected from different BIOX mats within the Allander sample site area 

using 500 ml Duran bottles. These samples are denoted Allander_1, Allander_2 and 

Allander_3. These three mats were within 10 m of one another, Allander_1 and 

Allander_2 within the same body of water, and full descriptions and physicochemical 

characterisation of them can be found throughout Chapter 6. All three samples contained 

BIOX filaments indicative of L.ochracea however the Allander_2 site appeared visually 

distinct from the other two as the source of water into the pool contains clumps of BIOX a 
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short distance (10 cm) from off white material. Images of each sample site highlighting the 

difference in BIOX can be seen in Figure 40 

 

Figure 40 - Photographs of A - Allander_1, B - Allander_2 and C - Allander_3. 

Initial BIOX samples collected on the 11/11/19 were stored at 4 °C then had their DNA 

extracted on the 21/11/19 to be prepared for sequencing. It was subsequently made 

apparent to the author that storage at 4 °C for 10 days would considerably alter the 

bacterial profile, therefore making it unrepresentative of the sample sites. To mitigate this, 

fresh BIOX samples were then collected on the 9/1/20, stored at ï 80 °C, and had their 

genomic DNA extracted on the 11/1/20. DNA was extracted in accordance with the 

protocol in Chapter 2 Section 7. Briefly, BIOX samples (500 mg) had their DNA extracted 

via a FastDNATM SPIN Kit for Soil supplied by MPBio. A workflow for this procedure can 

be seen in Figure 41. 
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