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Abstract 
During the initial stages of the Bayer process, humic and fulvic materials that are associated with 

bauxite are co-digested to produce a large range of organic impurities, including oxalate. If not 

removed from the process stream, oxalate co-precipitates with alumina precursors, reducing the 

quality and yield of the alumina produced by Bayer processing. Traditional treatment methods and 

storage of oxalate are typically expensive and environmentally detrimental due to costs associated 

with the construction and maintenance of storage facilities and the potential release of volatile 

organic compounds and CO2 into the atmosphere.  

Investigations into the use of pilot-scale bioreactors as a more economically feasible and 

environmentally friendly way to manage oxalate wastes have previously been carried out. However, 

studies have not focused on the characterisation of the microorganisms involved in the biological 

degradation of oxalate or their physiological requirements for optimal growth and activity. 

Following the successful demonstration of continuous-flow oxalate degradation in bioreactors at 

laboratory-scale, the Technology Delivery Group at Alcoa Australia (Kwinana, WA) commissioned 

and implemented pilot- and full-scale bioreactors for the treatment of oxalate-containing wastes. 

The study presented here aimed to improve the fundamental understanding of the biological 

degradation of oxalate in bioreactors operating at Alcoa Australia by: 

1. Characterising the microbial ecology of pilot- and full-scale oxalate-degrading bioreactors; 

2. Isolating, identifying and characterising the key microbial members from the oxalate-

degrading microbial communities within these bioreactors; 

3. Defining the physiological requirements of the oxalate-degrading microbial communities to 

promote optimal growth and activity and; 

4. Identifying the critical and optimal operating parameters of the full-scale process. 

The study was completed using a combination of molecular biology, traditional microbiology and 

analytical chemistry to ensure a complete picture of the microbial ecology, physiology and 

community dynamics of the oxalate-degrading bioreactors was achieved. 
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Analysis of the microbial ecology of the pilot- and full-scale bioreactors showed that the microbial 

communities in all processes were conserved and that the biodiversity was low. Members of the α-, 

β- and γ-Proteobacteria were consistently detected. However, members belonging to the α-

Proteobacteria were only detected in the attached biomass on beads in the moving bed biofilm 

bioreactor processes. The analysis also showed that microbial communities detected in all processes 

were indigenous to the refinery and residue environments. An analysis of the abundance and 

distribution of the full-scale bioreactor microbial community showed that the β- and γ-Proteobacteria 

members were the most numerically dominant, indicating that they played an important role in the 

degradation of oxalate. 

Two isolates belonging to the β-Proteobacteria subgroup were obtained from the full-scale process 

and shown by phenotypic and physiological analyses to represent a novel species of a novel genus 

of β-Proteobacteria. These isolates were able to utilise oxalate as a sole source of carbon and energy. A 

novel isolate of the Halomonas genus was also isolated, but was unable to utilise oxalate as a sole 

source of energy and carbon. 

Early in the study, the temperature of the bioreactor process was identified as a critical operating 

parameter, when a loss of activity was observed in the first 7 d of operation after process 

temperatures exceeded 40 °C. Characterisation of the bioreactor isolates showed that all isolates 

had an optimum temperature for growth of approximately 35 °C, which confirmed that the growth 

and activity of the bioreactor microbial community would be severely impacted at temperatures 

exceeding this level. In times of bioreactor failure, it was believed that the biomass growth on the 

beads within the moving bed biofilm reactors prevented completed biomass washout and enabled 

the bioreactor to recover activity efficiently. 

Assessment of the fate of carbon, nitrogen and phosphorous in the full-scale bioreactor at steady 

state showed that significant nutrient wastage occurred in the bioreactor process, which indicated 

that the form, availability and/or concentration of nutrients delivered to the process were not 

optimal. Results demonstrated the ability of the bioreactor process to remove all of the oxalate fed 

into the bioreactor from the influent despite the nutrient oversupply.  

The successful establishment and operation of pilot- and full-scale, continuous-flow, oxalate-

degrading moving bed biofilm reactors has substantial advantages to the bauxite refining, alumina 

and aluminium industries by decreasing the overall economic and environmental costs associated 

with the production and storage of oxalate-containing wastes. All facets of this study have 

expanded the fundamental knowledge of the microbial degradation of oxalate, and provided an 

insight into the roles of the key oxalate-degrading microbial groups within the bioreactor processes. 

This study has further enhanced bioreactor operations at Alcoa‟s Bayer refineries, and contributed 

to reducing the environmental impact of Bayer processing and the aluminium industry. However, 

further studies into process optimisation, the roles of individual microbial species and the 

biochemistry of oxalate degradation would provide a more complete picture of biological oxalate 

degradation and improve these processes further.  
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Chapter 1  

Introduction and Scope of Research 

1.1 The Growing Aluminium Industry 

Aluminium constitutes approximately 8 % of the Earth‟s crust, making it the most abundant 

metallic element and the third most abundant element on Earth (Driscoll & Schecher, 1990). More 

aluminium is consumed worldwide than all other non-ferrous metals combined, including nickel 

and tin (Hind et al., 1999). Because of its unique properties and versatility, aluminium is often added 

to other metals in alloy to improve the physical properties and produce stronger and more durable 

products. Aluminium is also commonly used in numerous industries including transport (road, rail, 

air and sea), food and medicine, packaging, construction and building, electronics and electricity 

transmission (Hind et al., 1999; Alcoa 2006 Annual Report, 2007). As the world‟s population grows, 

the demand for aluminium and alumina increases and as a result, the sustainability of the 

aluminium, alumina and bauxite industries, including waste management, has become a primary 

concern for producers and industry leaders such as Alcoa. 

1.2 Bayer Processing of Bauxite 

Aluminium is found as hydrates in large deposits known as bauxite, which is commonly associated 

with other minerals such as silicates and sulphides. The three most common types of bauxite 

refined to produce alumina, and subsequently aluminium metal, are gibbsite (aluminium 

trihydroxide; Al(OH)3), boehmite and diaspore (aluminium oxyhydroxides; (AlO(OH)). Bauxite ore 

is refined and purified to produce alumina by the Bayer process (Figure 1.1). The Bayer process has 

four distinct stages: digestion, clarification, precipitation and calcination.  
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Figure 1.1 Graphical overview of the Bayer process highlighting the major stages of alumina 

production (Source: Alcoa Australia Ltd). 

1.2.1 Digestion 

During the digestion stage of the Bayer process, a hot concentrated solution of sodium hydroxide is 

added to crushed bauxite ore to release aluminium containing materials (Thè et al., 1990; Hind et al., 

1999; Smeulders et al., 2001). Digestion conditions vary depending on the composition of the 

bauxite ore. Bauxite composed mainly of gibbsite (aluminium trihydroxide; Al(OH)3) is digested at 

145 °C [Reaction 1.1]. Bauxites composed of boehmite and diaspore (aluminium oxyhydroxides; 

AlO(OH)) require temperatures up to 255 °C and high pressures for digestion [Reaction 1.2], and 

are therefore more expensive to refine than the more common gibbsite-containing ores (Hind et al., 

1999). 

Al(OH)3 (s) + NaOH (aq) → NaAl(OH)4 (aq)      [1.1] 

AlO(OH) (s) + NaOH (aq) + H2O (l) → NaAl(OH)4 (aq)     [1.2] 

1.2.2 Clarification 

After digestion with sodium hydroxide, insoluble inorganic material such as iron oxide, quartz, 

sodium aluminosilicate, calcium carbonate, calcium aluminate and titanium dioxide (collectively 

known as red mud) are separated from the process liquor by a series of settling and filtration steps 

(Hind et al., 1999; Paramguru et al., 2005; Liu et al., 2007). Red mud is stacked and irrigated to 

recover and recycle any remaining caustic. The stacks are allowed to dry naturally and are stored. 

Much research has focused on industrial applications of red mud as a raw material, including use as 

an addition to nutrient-depleted soils, a lime substitute for acid soils and for use as road base 

(Hamdy & Williams, 2001; Lin et al., 2004; Paramguru et al., 2005; Liu et al., 2007). 
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1.2.3 Precipitation 

After red mud removal, the alumina is precipitated from the green liquor (liquor containing alumina 

precursors). Heat transfer to cooled spent liquor (liquor no longer containing aluminium species) 

aids the precipitation of alumina precursors from the green liquor [Reaction 1.3]. The newly-heated 

spent liquor is recycled to the digestion process, combined with fresh hot caustic and used to digest 

more bauxite. Aluminium trihydroxide crystals are added to the cooled green liquor to promote the 

formation of crystallisation nuclei to further precipitate aluminium trihydroxide from the liquor. 

The precipitated aluminium trihydroxide is then washed and classified according to size prior to 

calcination. Fine particles are thickened and used as seeding crystals during precipitation. Coarse 

particles are circulated to the calcination stage of the process. 

NaAl(OH)4 (aq) → Al(OH)3 (s) + NaOH (aq)      [1.3] 

1.2.4 Calcination 

During the calcination step of the Bayer process, hydrates are driven off the aluminium 

trihydroxide precipitate at temperatures of up to 1000 °C [Reaction 1.4]. The fine, sand-like alumina 

produced at the end of the Bayer process is then smelted to produce primary aluminium metal, 

rolled to produce fabricated aluminium products or used in alloy with other metals to improve 

physical properties. 

2Al(OH)3→ Al2O3 + 3H2O        [1.4] 

1.3 Production and Management of Bayer Organic Impurities 

Digestion of bauxite with hot caustic produces a large range of organic impurities including 

malonate, succinate, formate, acetate and oxalate. The impurities produced depend on the 

composition of the host rock and the associated soils (Hind et al., 1999; Paramguru et al., 2005; Liu 

et al., 2007). Most insoluble impurities produced during the digestion of bauxite are easily removed 

from the process stream during clarification. However, oxalate (C2O4
2-) remains soluble in the  

process liquor and co-precipitates with alumina precursors at the precipitation stage of the Bayer 

process (Brassinga et al., 1990). 

If not removed from the process liquor, the oxalate concentration reaches the point of saturation 

with each Bayer cycle and forms acicular crystals that prevent the agglomeration of the alumina 

precursors during precipitation. This results in the production of fine alumina particles, which 

contribute to alumina loss and the production of poor quality alumina that is not suitable for 

further processing. The crystallisation of oxalate also contributes to caustic losses in the process 

stream. The loss of alumina and caustic and the poor quality alumina produced both contribute to 

an increase in operating costs associated with the Bayer process.  
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It is necessary to remove oxalate from the Bayer liquor to avoid saturation and prevent the 

detrimental and expensive effects on the yield and quality of alumina produced by the Bayer 

process. Oxalate removal is achieved by diverting a portion of the process stream and seeding it 

with oxalate to initiate its crystallisation and precipitation. The precipitated oxalate is removed by 

filtration and stored as solid oxalate cake. Oxalate can be converted to other less environmentally 

detrimental compounds by physical and chemical means. However, traditional treatment methods, 

including combustion, are often expensive and detrimental to the environment resulting in the 

release of excess CO2 and other volatile organic compounds (VOCs). Storage of oxalate removed 

from the Bayer liquor requires the construction and maintenance of expensive infrastructure. The 

treatment of oxalate when storage facilities reach maximum capacity still presents a major 

environmental and economic issue for alumina refineries. 

Western Australian bauxite deposits are typically low grade and the host rock is associated with a 

high concentration of humic and fulvic materials. Alcoa‟s Kwinana alumina refinery (Western 

Australia, Australia) can produce 40 T/day of oxalate, which requires treatment or storage to 

prevent alumina and caustic losses. The use of microorganisms to biologically degrade oxalate is a 

more economically-viable and environmentally-friendly option for the treatment of oxalate 

produced by Bayer processing, avoiding the need to chemically convert the compound, the release 

of excess CO2 and VOCs, and reducing the costs associated with long-term storage. 

1.4 Biological Destruction of Oxalate 

1.4.1 Oxalate-Degrading Microorganisms 

Oxalate is ubiquitous in the environment and accumulates as the product of plant or fungal 

metabolism in soils, or is produced in the liver of humans and other animals as a result of amino 

acid metabolism (Allison et al., 1985; Zaitsev et al., 1998; Duncan et al., 2002; Şahin et al., 2002; 

Tamer et al., 2002; Şahin, 2003). A number of microorganisms with the ability to degrade oxalate 

(oxalotrophs) have been isolated from the rhizosphere of oxalate-producing plants including 

rhubarb (Rhuem rhabarbarum) and in the gastrointestinal tract of humans and animals (Table 1.1) and 

the major oxalate-degrading genera are discussed in Sections 1.4.1.1 and 1.4.1.2. 
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Table 1.1 Oxalotrophic microorganisms (modified from: Şahin, 2003). 

Taxon 
Strain or 
Former Name 

Characteristics Source Reference 

Acinetobacter sp.  
Gram negative, non-motile, strictly aerobic, 
non-fermentative, bacillus 

Terrestrial 
environments 

Naseema et 
al., 1998 

Agrobacterium  bv 1 Gram negative, bacillus, plant pathogen 
Root nodules 
of legumes 

de Lajudie et 
al., 1999 

Ammoniphilus 
oxaliticus sp. 

Bacillus oxaliphilus 
Gram variable, bacillus, ammonium-
dependent, oxalotrophic, haloalkalitrophic 

Sorrel 
rhizosphere 

Zaitsev et al., 
1998  

Ammoniphilus 
oxalativorans sp. 

 
Gram variable, bacillus, ammonium-
dependent, oxalotrophic, haloalkalitrophic 

Sorrel 
rhizosphere 

Zaitsev et al., 
1998  

Bacillus 
licheniformis 

Sp7 
Gram positive, bacillus, moderate 
thermophilic, spore-forming, human pathogen 

Soil 
Morris & 
Allen, 1994 

Burkholderia 
glathei 

Pseudomonas glathei 
Gram negative, bacillus, acidotolerant, 
mesophilic 

Maize and 
wheat 
rhizosphere 

Viallard et al., 
1998  
Zolg & 
Ottow, 1975 
Palleroni, 
1984  

Carbophilus 
carboxydus 

Alcaligenes 
carboxydus 

Gram negative, bacillus, mesophilic, 
carboxidotrophic 

Soil 
Meyer et al., 
1993  

Enterococcus 
faecalis 

 
Gram positive, cocci, commensal, anaerobic, 
pathogenic 

Animal 
gastrointestinal 
tract 

Hokama et 
al., 2000 

Moorella 
thermoacetica 

Clostridium 
thermoaceticum 

Gram positive, bacillus, anaerobic, spore-
forming, thermophilic 

Horse manure 

Daniel et al., 
2004  
Collins et al., 
1994  
Fontaine et 
al., 1942 

Moorella 
thermoautotrophica 

Clostridium 
thermoautotrophicum 

Gram variable, bacillus, anaerobic, spore-
forming, thermophilic, chemoorganotrophic,  

Hot spring 
water, mud 
and soil 

Daniel et al., 
2004  
Collins et al., 
1994  
Wiegel et al., 
1981 

Oligotropha 
carboxydovorans 

Pseudomonas 
carboxydovorans 

Gram negative, bacillus, carboxidotrophic Sewage pond 
Meyer et al., 
1993 

Oxalicibacterium 
flavum 

TA17 
Gram negative, small bacillus, poly-β-
hydroxybutyric acid particles, mesophilic, 
neutrophilic 

Soil litter close 
to ice plant 

Tamer et al., 
2002  

Oxalobacter 
formigenes 

OxB 
Gram negative, curved bacillus, 
chemoorganotrophic, anaerobic, mesophilic,  
neutrophilic 

Human 
gastrointestinal 
tract 

Allison et al., 
1985 

Oxalobacter 
vibrioformis 

WoOx3 
Gram negative, motile vibrio-bacillus, 
anaerobic, chemoorganotrophic, mesophilic, 
neutrophilic 

Fresh and 
brackish water 

Dehning & 
Schink, 1989  

Oxalophagus 
oxalicus 

Clostridium 
oxalicum 

Gram positive, bacillus, spore-forming, 
anaerobic, chemoorganotrophic, mesophilic, 
neutrophilic 

Anoxic fresh 
water 

Dehning & 
Schink, 1989  

Ralstonia eutropha 
Alcaligenes 
eutrophus 

Gram negative, short bacillus, motile, aerobic  Soil 

Friedrich et 
al., 1979 
Jenni et al., 
1988 

Ralstonia 
oxalatica 

Pseudomonas 
oxaliticus 

Gram negative, short bacillus, mesophilic, 
alkaliphilic 

Earthworm 
intestinal tract 

Khambata & 
Bhat, 1953  
Şahin et al., 
2000 

Starkeya novella Thiobacillus novellus 
Gram negative, short bacillus, 
chemolithoautotrophic, mesophilic, 
neutrophilic 

Soil 

Chandra & 
Shethna, 
1977 
Kelly et al., 
2000  

Xanthobacter 
flavus 

 
Gram variable, bacillus, chemoorganotrophic, 
microaerophilic 

Turf podzol 
soil 

Malik & 
Claus, 1979 
Jenni et al., 
1987 
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Despite the ubiquity of oxalotrophic microorganisms, few bacteria that have the ability to utilise 

oxalate as a sole source of carbon and energy have been isolated from environments closely 

associated with the Bayer process or bauxite processing wastes. Oxalotrophic microorganisms are 

often capable of diauxic growth, preferentially utilising other simple organic acids including acetate, 

formate, succinate and malonate for carbon and energy (Dijkhuizen et al., 1980). The standard free 

energy (ΔG0) from the oxidation of each of these organic acids with oxygen as a terminal electron 

acceptor is shown in Reactions 1.5 – 1.9. The energy released by the oxidation of oxalate is less 

than that of the other simple organic acids, with the exception of formate. This indicates that 

acetate, malonate and succinate would be preferentially metabolised based on the yield of energy 

produced by their oxidation. 

 

Oxalate         

2C2O4
2- + 4OH- + O2 → 4CO3

2- + 2H2O       [1.5] 

ΔG0  = [4ΔG0
f(CO3

2-) + 2ΔG0
f(H2O)] – [2ΔG0

f(C2O4
2-) + 4ΔG0

f(OH-) + ΔG0
f(O2)] 

 = [4(-527.81) + 2(-237.13)] – [2(-674.04) + 4(-157.24) + 0] 

 = -608.46 kJ mol-1 

Acetate        

C2H3O2
- + 3OH- + 2O2 → 2CO3

2- + 3H2O      [1.6] 

ΔG0 = [2ΔG0
f(CO3

2-) + 3ΔG0
f(H2O)] – [2ΔG0

f(C2H3O2
-) + 3ΔG0

f(OH-) + 2ΔG0
f(O2)] 

 = [3(-527.81) + 3(-237.13)] – [2(-369.41) + 3(-157.24) + 0] 

 = -925.88 kJ mol-1 

Formate         

2CHO2
- + 2OH- + O2 → 2CO3

2- + 2H2O      [1.7] 

ΔG0 = [2ΔG0
f(CO3

2-) + 2ΔG0
f(H2O)] – [2ΔG0

f(CHO2
-) + 2ΔG0

f(OH-) + ΔG0
f(O2) 

 = [3(-527.81) + 2(-237.13)] – [ 2(-351.04) + 2(157.24) + 0] 

 = -513.32 kJ mol-1 

Succinate       

C4O4H4
2- + 6OH- + 3.5O2 → 4CO3

2- + 5H2O      [1.8] 

ΔG0 = [4ΔG0
f(CO3

2-) + 5ΔG0
f(H2O)] – [ΔG0

f(C4O4H4
2-) + 6ΔG0

f(OH-) + 3.5ΔG0
f(O2)] 

 = [4(-527.81) + 5(-237.13)] – [(-690.23) + 6(-157.24) + 0] 

 = -1663.22 kJ mol-1 

Malonate        

C3O4H2
2- + 4OH- + 2O2 → 3CO3

2- + 3H2O      [1.9] 

ΔG0 = [3ΔG0
f(CO3

2-) + 3ΔG0
f(H2O)] – [2ΔG0

f(C3O4H2
2-) + 4ΔG0

f(OH-) + 2ΔG0
f(O2)] 

 = [3(-527.81) + 3(-237.13)] – [(-693.46) +4(-157.24) + 0] 

 = -972.40 kJ mol-1 
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1.4.1.1 Anaerobic Oxalotrophic Microorganisms 

1.4.1.1.1 Oxalobacter spp. 

Oxalobacter spp. are the best characterised group of anaerobic oxalotrophic microorganisms and the 

type strain, O. formigenes, has been implicated in human disease. When patients are required to take 

large amounts of antibiotics, members of the natural gut microflora are suppressed resulting in the 

possible occurrence of hyperoxaluria (Duncan et al., 2002), which favours the growth of Oxalobacter 

spp. in the gastrointestinal tract. Originally isolated from sheep rumen, O. formigenes is a strictly 

anaerobic, chemoorganotrophic, rod-shaped bacterium belonging to the beta subgroup of 

Proteobacteria. O. formigenes utilises oxalate as its main source of carbon and energy by fermentation 

(Allison et al., 1985). 

1.4.1.1.2 Morella thermoacetica 

M. thermoacetica is a thermophilic (56–58 °C), anaerobic microorganism that is able to metabolise 

oxalate to acetate via the acetyl-CoA pathway (Collins et al., 1994; Daniel et al., 2004). These 

organisms are capable of utilising a number of other substrates including formate, methanol, CO2 

and H2 for acetate synthesis (Şahin, 2003). The rate of metabolism of oxalate by this microorganism 

is generally low, unless supplemented with CO2, KNO3 or Na2S2O (Collins et al., 1994; Daniel et al., 

2004). 

1.4.1.1.3 Other Anaerobic Oxalate-Degrading Microorganisms 

Şahin et al., (2003) described a number of anaerobic microorganisms isolated from the human 

gastrointestinal tract that were able to metabolise oxalate. These included Eubacterium lentum (Ito et 

al., 1996; Kageyama et al., 1999) and Enterococcus faecalis (Hokama et al., 2000). These microorganisms 

are mostly isolated from human faeces and make up the indigenous human gastrointestinal flora. 

They are able to metabolise oxalate that is accumulated in the liver during amino acid, glyoxylate 

and ascorbate metabolism and excreted into the gastrointestinal tract.  

1.4.1.2 Aerobic Oxalotrophic Microorganisms 

A number of aerobic microorganisms with the ability to utilise oxalate as a sole source of carbon 

and energy have been described (Şahin, 2003). Starkeya novella (Chandra & Shethna, 1977; Kelly et 

al., 2000), Methylobacter extorquens (Bassilik, 1913; Bousfield & Green, 1985) and some species of 

Pseudomonas (Palleroni, 1984; Meyer et al., 1993) are all capable of diauxic growth in the presence of 

other simple organic acids. For these microorganisms, oxalate degradation is often the non-

preferred pathway of metabolism. 
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1.4.1.2.1 Ralstonia oxalatica 

Originally isolated from the intestinal tract of earthworms, Ralstonia oxalatica (formerly Pseudomonas 

oxaliticus) is the best characterised of the aerobic, oxalotrophic microorganisms (Khambata & Bhat, 

1953). This microorganism is a Gram negative, non-spore forming, aerobic, motile, rod-shaped 

bacterium with the ability to assimilate oxalate by the glycolate pathway (Şahin et al., 2000). R. 

oxalatica grows well at 28-37 °C, is able to tolerate a maximum 2 % (w/v) oxalate and shows good 

growth with other organic acids such as acetate, formate, malonate, citrate and lactate (Khambata & 

Bhat, 1953; Şahin, 2003).  

1.4.1.2.2 Ammoniphilus spp. 

Ammoniphilus spp. are aerobic, ammonium-dependent and obligately oxalotrophic bacteria 

belonging to the phylum Firmicutes, isolated from the rhizosphere of oxalate-producing sorrel 

(Rumex acetosa) and decaying wood (Zaitsev et al., 1998). This genus of bacteria is able to grow 

optimally at pH 6.8-9.5 and temperatures of 28-30 °C. A. oxaliticus and A. oxalivorans are the two 

described species of bacteria belonging to this oxalotrophic microbial genus. They are straight or 

slightly-curved rods and motile by peritrichous flagella. Both species of Ammoniphilus are 

chemoorganotrophic, can utilise oxalate as a sole source of carbon and energy, and require high 

concentrations of ammonium (≥ 0.07 M NH4
+) for growth. 

1.4.2 Patents for the Biological Destruction of Oxalate 

Bioreactors have previously been used for the biological degradation of oxalate produced during 

Bayer processing. However, the microbial communities responsible for the destruction of oxalate in 

these processes have not been characterised and the optimal process conditions required for the 

growth and oxalate-degrading activity of these communities have not been defined. In each of the 

processes described, no known species of oxalate-degrading bacteria were identified and little focus 

was centred on the characterisation of the microbial communities associated with the biological 

degradation of oxalate.  

1.4.2.1 Alcan International Ltd. Australian Patent No. AU-B-39465/89 

Australian Patent No. AU-B-39465/89 described a method for the biological destruction of oxalate 

from the Bayer process using a continuous, aerobic, four-chamber, rotary biological contactor 

(Brassinga et al., 1990). Operating with a hydraulic retention time of approximately 5 h at neutral 

pH and at temperatures between 25-30 °C, this process was able to remove 99 % of the oxalate 

from a pre-neutralised (pH 7) Bayer waste stream. The microorganisms used in this process were 

isolated from the rhizosphere of oxalate-producing plants including rhubarb (Rheum rhaponticum) 

and were described as Pseudomonas or Pseudomonas-like microorganisms. The species of bacteria 
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responsible for the removal of oxalate in this process was not characterised further by the 

inventors. 

1.4.2.2 Worsley Alumina Pty. Ltd. International Patent No. WO 91/12207 

This patent describes the isolation of an oxalate-degrading Bacillus species from an aerobic, 

continuous-flow bioreactor designed for the biological removal of oxalates from Bayer waste liquor 

(Morton et al., 1991). In comparison to Alcan Australian Patent No. AU-B-39465/89, this process 

does not require treatment to neutralise the pH of the waste stream prior to addition into the 

reactor. Approximately 100 % oxalate destruction was reported to occur in this process with a 

retention time of approximately 50 h. Characterisation of the Bacillus sp. involved was not further 

investigated by the inventors. 

1.4.2.3 Alcan International Ltd. United States Patent No. 5 271 844 

United States Patent No. 5 271 844 (Chinloy et al., 1993) described improvements to the original 

Alcan International Ltd. Australian Patent No. AU-B-39465/89. The oxalate was metabolised by a 

previously described Pseudomonas sp. B1 (ATCC 53883) (Thè et al., 1992), which was isolated from 

the rhizosphere of oxalate-producing plants including rhubarb. Pseudomonas sp. B1 was able to 

degrade oxalate from a variety of industrial waste streams including the Bayer waste liquor, but 

further characterisation of the bacterium was not undertaken. 

1.5 Profiling Unknown Microbial Communities 

The microbial communities and the key oxalate-degrading microorganisms in the previously 

described and patented aerobic, oxalate-degrading bioreactor processes are largely uncharacterised. 

In this study, a combination of traditional culture-dependent microbiology methods, molecular 

biology techniques and chemical analyses were used to define the microbial ecology of bioreactors 

treating oxalate, identify the key oxalate-degrading microbial groups in the system and provide 

insight into their roles in the biological oxidation of oxalate. The use of traditional culture-

dependent microbiological methods has only been successful in the isolation and characterisation of 

less than 10 % of the total microorganisms in some environments (Lindahl & Bakken, 1995; 

Kehrmeyer et al., 1996). The limited success of culture-dependent characterisation of unknown 

microbial communities can give rise to false impressions of the abundance, diversity and 

distribution of microorganisms within a given environment (Johnson, 2001). Molecular biology-

based, culture-independent profiling of microbial communities, complimented with traditional 

microbiology and wet chemical analyses often provide a more complete picture of the microbial 

ecology within that environment. Here, methods that were employed to characterise the unknown 

microbial consortium responsible for the biological degradation of oxalate produced during Bayer 

processing of low-grade bauxite are discussed. 
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1.5.1 Full Cycle 16S rRNA Gene Analysis 

The characterisation of unknown microbial species and strains is limited by the availability of 

suitable culturing techniques (Goebel & Stackebrandt, 1994; Johnson, 1995; Frostegård et al., 1999). 

Analysis of microbial DNA extracted from environmental samples can be used to determine the 

genetic diversity within uncharacterised microbial communities. This approach can then be used to 

assess the microbial community structure and to identify individual members of the community 

with great specificity. Full-cycle rRNA analysis (Figure 1.2) using culture-independent molecular 

techniques including the polymerase chain reaction (PCR) and fluorescent in situ hybridization 

(FISH) are routinely used to profile mixed microbial communities and for the analysis of 

community structure and distribution of individual microorganisms in situ (Johnson, 2001).  

Community Community 
ProfilingProfiling

PyrosequencingPyrosequencing

Molecular Molecular 
FingerprintingFingerprinting

Community Community 
ProfilingProfiling
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Molecular Molecular 
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Figure 1.2 Full cycle 16S rRNA gene analysis for the molecular biology-based, culture-

independent profiling of unknown microbial communities in environmental samples 

(Modified from http://genomebiology.com/2002/3/2/reviews/0003). 

 

The 16S rRNA gene is commonly the focus of culture-independent studies for profiling unknown 

microbial communities. The rRNA genes are the key components for protein synthesis and are 

necessary for the survival of all microorganisms. For this reason, rRNA genes are highly conserved 

across all domains of life; Archaea, Bacteria and Eukarya (Jerez, 1997). Techniques used for full cycle 

16S rRNA gene analysis include PCR, denaturing gradient gel electrophoresis (DGGE), FISH and 

metagenomic analysis. 

Culture-independent molecular biology-based methods are affected by biases caused by inefficient 

DNA extraction and preferential amplification. However, when used in conjunction with traditional 

http://genomebiology.com/2002/3/2/reviews/0003
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culture-dependent microbiology methods, they can provide a better understanding of the microbial 

ecology of various environments, including the oxalate-degrading bioreactors that are the focus of 

this study.  

1.5.1.1 16S rRNA Gene Sequence Analysis 

The quality and quantity of nucleic acids extracted from an environmental sample is crucial to 

obtaining representative data reflecting the entire community of microorganisms within that 

environment (Hurt et al., 2001; de Lipthay et al., 2004). The quality and representativeness of the 

extracted DNA directly influences the results obtained from any subsequent molecular biology-

based method, especially if quantitation of microbial community members is being sought. One 

drawback in nucleic acid extraction is that the differential lysis of cells of different microbial species 

may influence the recovery of DNA and result in DNA samples that are not representative of the 

whole community. If the bias from the nucleic acid extraction process cannot be avoided, 

techniques such as PCR and DGGE will be impacted and information obtained about the 

microbial community composition and species distribution will be inaccurate and incomplete. 

PCR is commonly used in environmental microbial ecology studies to amplify DNA fragments for 

separation, visualisation and analysis after extraction of DNA from cells (Volossiouk et al., 1995). 

Specific segments of the 16S rRNA gene can be amplified using oligonucleotide primers 

complementary to a target DNA sequence. These primers are designed to be domain-, genus-, 

group-, species-, or strain-specific. Sequencing of the 16S rRNA gene PCR-products allows 

identification and characterisation of microorganisms within a sample.  

Techniques including DGGE can be used to separate the amplified fragments derived from 

individual species within the community. DGGE is based on the separation of nucleic acid 

fragments of the same length but of different sequence composition (Muyzer et al., 1996). 

Separation of fragments occurs via electrophoresis on a polyacrylamide gel containing a linearly 

increasing denaturing gradient of urea and formamide. The electrophoretic mobility of the 

fragments through the gel decreases as they reach the point in the gradient at which the DNA helix 

partially denatures, which depends upon the base composition of the fragment. Once separation 

has been achieved, the bands can be excised and reamplified and the 16S rRNA fragments 

sequenced. Using BLAST (Basic Local Alignment Search Tool; Altschul et al., 1990), the sequences 

are compared to published sequences in public databases, such as GenBank (Benson et al., 2008) to 

determine the identity of microorganisms.  

Analysis of PCR-amplified and DGGE-separated 16S rRNA gene fragments from different 

microorganisms facilitates the identification of the species in the microbial community (Muyzer et 

al., 1996). PCR-DGGE has been used to identify microorganisms inhabiting a wide variety of 

environments such as sediments and soils (Vetriani et al., 1999; Teske et al., 2000; Kandeler et al., 

2002; Cui et al., 2008), fresh water and seawater (Ferris et al., 1996; Murray et al., 1998; Cytryn et al., 
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2000; Casamayor et al., 2002), drinking water and wastewater (Zhang et al., 2008), and municipal 

wastes (Roling et al., 2001; Cherif et al., 2008). PCR-DGGE has also been used to characterise 

microbial communities in industrial processes (Dar et al., 2005; Hiibel et al., 2008; Jun et al., 2008) 

and sites undergoing remediation (Barragan et al., 2008). This technique can be significantly affected 

by biases obtained during nucleic acid extraction (Carrigg et al., 2007). Despite biases associated 

with nucleic acid extraction, this technique has been proven an effective and efficient method for 

characterization and monitoring of microbial communities within most environmental samples. In 

this study, PCR-DGGE was used to characterise the microbial communities in pilot- and full-scale, 

continuous-flow, oxalate-degrading bioreactors and the surrounding refinery and residue 

environmental waters and soil. 

1.5.1.2 Metagenomics and Clone Library Analysis 

An alternative to analysing the variable region of the 16S rRNA genes of microorganisms as occurs 

in PCR-DGGE, is the application of large-scale sequencing of PCR-amplified DNA extracted from 

environmental samples. Metagenomic analysis involves extracting and amplifying the total microbial 

DNA from a sample and either performing high throughput pyrosequencing, in which all of the 

DNA contained within the sample is sequenced to produce largely redundant sequence data, or by 

cloning the DNA into vectors (such as plasmids and phages). In the latter approach, the cloned 

vector is then introduced into a cultivable microbial host such as Escherichia coli (E. coli). DNA from 

the transformed microbial hosts can then be sequenced randomly and screened for phylogenetic 

markers such as 16S rRNA gene. Other functional genes such as genes that convey antibiotic 

resistance or specific enzyme activity can also be analysed (Handelsman, 2004). Metagenomic 

analysis can provide a link between the phylogeny and functionality of microbial communities and 

has been used to characterise microbial communities associated with sites of interest such as acid 

mine drainage (Tyson et al., 2004), seawater (Venter et al., 2004) and soil (Rondon et al., 2000). 

Metagenomic analyses have also been used to detect and identify genes that code for new natural 

products such as microbially-produced antibiotics (Sosio et al., 2000; Brady et al., 2001). In the 

current study, 16S rRNA gene targeted clone libraries were used to characterise the abundance, 

diversity and species distribution within the microbial community of the full-scale, continuous-flow, 

oxalate-degrading bioreactor.  

1.5.2 Phospholipid Fatty Acid Analysis 

Microbial biomass can be measured quantitatively by the analysis of specific cellular components 

such as total adenosine triphosphate (ATP) or adenylates, muramic acid or phospholipids extracted 

from environmental samples (Findlay et al., 1989). Phospholipid fatty acid (PLFA) analysis is a wet 

chemistry technique based on the detection and quantification of microbial PLFA by gas 

chromatography (Rutters et al., 2002; Steger et al., 2003). PLFA are a major component of the 

microbial cell membrane and the PLFA composition of cells is unique for individual microbial 
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species. The concentration of PLFA in a sample is also a good indicator of viable biomass within a 

sample as they are rapidly turned over after cell death (Kehrmeyer et al., 1996). Following the 

extraction, separation and identification of the PLFA, a profile can be generated for the microbial 

community in a sample. These profiles are often unique and are useful for monitoring changes in 

microbial communities both over time and in response to various chemical and physical variables, 

without the need to culture the microorganisms involved. Unlike traditional culturing and molecular 

biology methods, PLFA analysis provides a quantitatively reproducible measure of viable biomass 

because of the robustness of the wet-chemistry techniques used to extract the PLFA. In this study, 

PLFA analysis was assessed as a potential tool to characterise and monitor the bioreactor microbial 

communities involved in the biological destruction of oxalate during process start up and operation 

and in response to process fluctuations and flaws. 

1.5.3 Phenotypic Characterisation of Microbial Communities 

In addition to characterisation by 16S rRNA gene analysis, microorganisms can be characterised 

according to their phenotypes. The growth conditions of the key microorganisms involved in 

oxalate destruction need to be defined so as to optimise the operating conditions in the engineered 

oxalate bioremoval process. Physical and chemical variables such as pH, temperature, O2 and CO2 

availability, and trace element and nutrient requirements affect microbial growth and the rate of 

oxalate destruction. By investigating these variables, an optimal operating window and critical and 

optimal operating parameters for the bioremoval process can be defined. Traditional 

microbiological methods involving biochemical and physiological analyses such as Gram and Sudan 

B black staining, oxidase, catalase and indole production, gas production, motility staining and 

substrate utilization tests were performed to determine the phenotypic characteristics of 

microorganisms isolated from the bioreactor processes.  

1.6 Scope of Research 

Research into the treatment of oxalate removed from the Bayer process has shifted to more 

economically-viable and environmentally-friendly methods, including microbial degradation in 

bioreactors, to reduce the economic and environmental costs associated with the treatment or 

storage of this organic impurity. Bioreactors for the destruction of oxalate produced by the Bayer 

process have previously been described (Chinloy et al., 1993; Morton et al., 1991; Thè et al., 1990), 

but little research has been conducted to characterise the microbial communities responsible for 

oxalate degradation in these processes or to establish the optimum process operating conditions.  

The aim of the current study was to characterise the microbial ecology of pilot- and full-scale, 

continuous-flow, oxalate-degrading bioreactors operating at Alcoa‟s Kwinana alumina refinery 

(Western Australia, Australia) and to isolate, identify and characterise the key microorganisms 

involved in the degradation oxalate. The study used a combination of molecular biology-based, 
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culture-independent and traditional microbiological methods to improve the understanding of the 

microbial processes associated with the treatment system, and identify critical and optimum 

operating parameters for the bioreactor process based on the physiological requirements of the 

microorganisms isolated from the process. By understanding the microbial ecology and identifying 

the key players in these bioreactors, an assessment of the ability of engineers to replicate the 

process at different refineries can be made. This project has significantly contributed to the 

economic and environmental sustainability of Alcoa‟s Australian and international operations. The 

research presented here has also expanded the fundamental knowledge on the microbiology of 

oxalate degradation. 
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Chapter 2  

Molecular Characterisation of Microbial Communities in Oxalate-
Degrading Bioreactors and Refinery Operations 

2.1 Introduction 

Following the success of laboratory-scale systems for the continuous biological destruction of 

oxalate (not published), pilot- and full-scale moving bed biofilm reactors (MBBR) were 

commissioned at Alcoa‟s Kwinana alumina refinery in Western Australia. Bioreactors for the 

biological destruction of oxalate produced by the Bayer Process have previously been described 

(Thè et al., 1990; Morton et al., 1991; Chinloy et al., 1993). However, this is the first instance of the 

implementation of a continuous-flow, full-scale MBBR configuration for oxalate degradation.  

Little research has been directed at characterising the microbial communities that are involved in 

the biological destruction of oxalate in aerobic bioreactor processes. Microorganisms capable of 

degrading oxalate have previously been described (Şahin, 2003), but these microorganisms have 

mostly been isolated from the gut of animals or associated with the rhizosphere of oxalate-

producing plants (Allison et al., 1985; Zaitsev et al., 1998; Duncan et al., 2002; Şahin et al., 2002; 

Tamer et al., 2002; Şahin, 2003). Microorganisms indigenous to Bayer refinery process waters have 

not been described, nor have the microorganisms that are able to degrade the oxalate produced by 

alumina refineries. The work presented here aimed to characterise the microbial communities in 

both pilot- and full-scale bioreactors using PCR-DGGE. A survey of the Alcoa refinery and residue 

areas were also performed to determine if the key oxalate-degrading microorganisms detected in 

both pilot- and full-scale oxalate-degrading bioreactors could be found elsewhere in these 

environments. The microbial communities detected in the pilot- and full-scale bioreactors were also 

compared to determine if the diversity of oxalate-degrading populations was conserved in each of 

the bioreactor processes.  
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2.2 Materials and Methods 

2.2.1 Residue and Refinery Site Descriptions and Sampling Procedures 

Samples were obtained from the run off water storage (ROWS) ponds at Alcoa‟s Kwinana, 

Wagerup and Pinjarra residue areas and H Lake at the Kwinana residue area. ROWS ponds are used 

for storage of excess process and bore water. At the Wagerup and Pinjarra residue areas the pH of 

the ponds was approximately 12. The Kwinana ROWS pond had previously been carbonated and 

had a pH closer to neutral (pH 8). H Lake stored excess process water and liquor containing caustic 

and had a pH of approximately 13. Five samples were taken from various safe locations at the edge 

of each lake and transported to the laboratory at 4 °C, where they were combined to make a 

representative sample for each lake.  

2.2.2 Physico-Chemical Measurements 

For each representative lake sample, laboratory measurements of pH and redox potential (ORP; Eh) 

were made using a WTW pH 330i meter with a SenTixH pH electrode (reference electrolyte; 3 M 

KCl, Ag+ frei) and a SenTixORP electrode (reference electrolyte: 3 M KCl) following a two-point 

calibration (pH 4 and 7) as per the manufacturer‟s instructions. The conductivity of the refinery and 

residue water samples was measured on site at the time of sample collection using a handheld 

WTW 330i Cond conductivity meter with a standard Tetracon 325 conductivity cell (electrode 

material: graphite) as per the manufacturer‟s instructions. 

2.2.3 Pilot-Scale Bioreactor Configurations and Operating Parameters 

The microbial communities of two pilot-scale, oxalate-degrading bioreactors were investigated and 

compared. A simplistic flow schematic of all pilot-scale bioreactors is shown in Figure 2.1. 
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Figure 2.1 Flow schematic of pilot-scale, oxalate-degrading bioreactors. The MBBR was 

operated with 50 % (w/v) polyethylene beads as a growth support whilst the aerobic 

suspended growth bioreactor configuration was not. Aeration was provided by a diffuser. 

Samples were taken from influent (A) and bead biomass (B) of the MBBR and the effluent 

(C) of the MBBR and the ASGB configurations. 
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2.2.3.1 Pilot-Scale MBBR  

A pilot-scale MBBR with influent feed consisting of carbonated process liquor and oxalate slurry 

was commissioned at Alcoa, Kwinana (Western Australia). The MBBR contained approximately 50 

% (w/v) of high-density polyethylene beads with protected surface area (300 m2/m3) for biofilm 

growth (AnoxKaldnes; Natrix model O) and was aerated using an EDI MaxAir Diffuser 

(Environmental Dynamics). Samples for microbial community analysis were obtained at two time 

points (MBBR 1 and MBBR 2) reflecting significantly different operating conditions. Initially, the 

reactor was fed with influent that contained approximately 13.8 g/L oxalate and had an average 

hydraulic retention time (HRT) of 11.4 h. Samples obtained at this time were designated MBBR 1. 

After 9 months of stable operation the reactor influent oxalate concentration was increased to 34.3 

g/L and the reactor HRT was also increased to 20 h. Samples obtained at this time were designated 

MBBR 2.  

2.2.3.2  Pilot-Scale Aerobic Suspended Growth Bioreactor  

An aerobic suspended growth bioreactor (ASGB) was commissioned as an alternative configuration 

to the MBBR. It had a higher hydraulic retention time (35.4 h) and a greater concentration of 

oxalate in the influent feed (70 g/L). The same air diffuser was implemented for this reactor as 

described for the MBBR (Section 2.2.3.1). As this reactor was operated as a suspended growth 

reactor, no beads were used for biomass retention. 

2.2.3.3 Sampling from Pilot-Scale Bioreactors 

Temperature, dissolved oxygen, pH, and influent and effluent oxalate concentrations were 

measured on site by Alcoa staff at the time of sampling for 16S rRNA gene analysis. The HRT and 

flow rates for each reactor were also recorded on site. Samples for 16S rRNA gene analysis were 

taken from the MBBR influent, effluent and bead biomass sampled at both the time points MBBR 

1 and 2 and the effluent of the ASGB configuration. The samples for 16S rRNA gene analysis were 

stored at –80 °C prior to DNA extraction.  

2.2.4 Full-Scale Bioreactor Operating Parameters at Start Up 

The full-scale oxalate-degrading bioreactor process consisted of two units (BU1 and BU2), each 

comprising of three MBBR tanks of 150 m3 (Figure 2.2). In both units, tank 3 contained the 

combined effluents of tanks 1 and 2. No oxalate-degrading activity was observed in these tanks. 

Tanks 1 and 2 of both bioreactor units were each inoculated with 12.5 kL of activated sludge from 

the Woodman Point wastewater treatment plant (WPWTP; Kwinana, Western Australia) and were 

aerated (5-10 m3/m3/h). Each tank contained high density polyethylene beads for biomass 

retention (50 % w/v; AnoxKaldnes, Natrix model O), providing a protected surface area of 300 

m2/m3 for biofilm growth. Each unit was fed with carbonated process liquor (pH 9.5) containing 
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approximately 6.57 g/L oxalate at a flow rate of 40 kL/h, with the feed split equally to tanks 1 and 

2. The resulting oxalate loading rate was approximately 9.6 T/d. The bioreactors were maintained 

in batch mode for approximately 48 h and were then switched to continuous flow. The total HRT 

of the treatment system was 12 h. The treated effluent was recycled back to tanks 1 and 2 at a 

recycling ratio of 4:1 (effluent:influent). The temperature in the bioreactor tanks during operation 

fluctuated between 3045 °C because of heat generation associated with organic acid oxidation, 

atmospheric temperature fluctuations, and the absence of refrigerative temperature control. 

Nitrogen was provided in the form of liquid fertiliser (Flexi-N; CSBP, Kwinana), which contained 

33 % (w/w) nitrogen in the form of ammonium nitrate and urea. Phosphorous was provided in the 

form of a phosphoric fertiliser (AgStream; CSBP, Kwinana), which contained approximately 11.8 % 

(w/w) phosphorous in the form of mono- and di-ammonium phosphate (MAP and DAP, 

respectively).  

 

Figure 2.2 Full-scale bioreactor process schematic diagram. The full-scale bioreactor consisted 

of two units each comprising of three MBBR tanks. Samples were taken from influent (A) 

tank liquid (B, D) and bead biofilm (C, E), combined effluent of Tanks 1 and 2 (F) and final 

effluent (G). 

2.2.4.1 Sampling from the Full-Scale Bioreactor 

Liquid samples were obtained from sample ports at the base of tanks 1 and 2. Beads with biomass 

were obtained from the open top of the tanks 1 and 2 using a bead catcher. Samples from tank 3 

containing the combined effluent of tanks 1 and 2 from each unit were taken from ports at the base 

of the tanks. To track shifts in the microbial communities throughout operation of the bioreactors 

and in response to process fluctuations, samples were taken at start up, prior to and after the 
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addition of activated sludge, at 24, 48 and 72 h, and at 7, 14 and 21 d after start up. A representative 

final effluent sample was taken from the edge of H Lake (process end point; pH 13) at Kwinana 

residue area was taken on day 7 of operation. All samples were kept on ice and transported to the 

laboratory, where pH, Eh, the number of cells, microbial activity and oxalate concentrations were 

measured. Samples were stored at –80 °C for 16S rRNA gene analysis, and for bacterial isolation 

and enrichment.  

2.2.4.2 On Site Measurement of Physico-Chemical Variables 

In addition to measuring physico-chemical variables in the laboratory the following variables were 

measured on site at Alcoa. 

2.2.4.2.1 Temperature 

Temperature was measured in the bioreactor using platinum resistance temperature detector (RTD) 

probes (Integrated Process Automation Controls, Marleston, South Australia).   

2.2.4.2.2 Dissolved Oxygen 

Dissolved oxygen was measured using optical dissolved oxygen sensors (OXYMAX-W COS61; 

Endress & Hauser, Switzerland). The probes were immersed approximately 300-400 mm below the 

liquor surface.   

2.2.4.2.3 pH 

The pH in the bioreactor tanks was measured using gel type Orbipore CPS91D probes with built-in 

temperature sensors for temperature compensation (Endress & Hauser, Switzerland) by immersion 

of the probe approximately 300-400 mm below the liquid surface. 

2.2.4.2.4 Organic Acid Quantification 

Total carbon and malonate, acetate, formate, succinate and oxalate concentrations were measured 

by Alcoa staff using gas chromatography-flame ionisation detection (GC-FID). 

2.2.5 Routine Microscopy  

All bioreactor samples were initially observed by phase contrast microscopy (CX41; Olympus, 

Germany) using a 100X oil immersion objective. 
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2.2.6 Physiology of Bioreactor Microorganisms 

2.2.6.1 Gram Staining 

The Gram stain is a differential stain used to broadly distinguish between bacteria based on the 

composition of their cell walls (Dussault, 1955; Bartholomew & Finklestein, 1958; Gregersen, 

1978). Gram staining was performed on heat fixed cell smears using the BioChemika Gram staining 

kit (Sigma) as per the manufacturer‟s instructions. Slides were examined by bright field microscopy 

using a 100X oil immersion objective (AxioImager; Zeiss, Germany).  

2.2.6.2 Sudan B Black Staining 

Sudan B black is a lysochrome diazo (fat-soluble) dye that is used as a presumptive indication of the 

presence of neutral triglycerides and lipids, including poly-β-hydroxybutyrate (PHB) (Burdon, 

1946). PHB can be used as an alternative energy source by bacteria growing in carbon-rich but 

nutrient-deficient environments. Cell smears were prepared on slides and were immersed in a 

filtered solution of 0.3 % (w/v) Sudan B black (0.45 µm pore size syringe filter; Chromocol) in 

ethylene glycol. The slides were stained for 5-15 min and air dried. The slides were then immersed 

several times in xylene and blotted dry with absorbent paper. The slides were counterstained for 5–

10 s in 0.5 % (w/v) aqueous safranin, rinsed gently with tap water and blotted dry with absorbent 

paper. Slides were examined by bright field microscopy (AxioImager; Zeiss, Germany) using a 

100X oil immersion objective. 

2.2.7 Growth and Activity of Bioreactor Microorganisms 

2.2.7.1 Direct Cell Counts 

Direct cell counts were performed in triplicate in a Helber counting chamber (ProSciTech, 

Australia) using phase contrast microscopy (100X oil immersion lens; CX41; Olympus, Germany). 

These counts enabled calculation of the total concentration of cells (viable and non-viable). 

2.2.7.2 Optical Density Measurements  

Growth of cells in cultures and during time course experiments was measured by optical density at 

590 nm in a spectrophotometer (HEλIOS ε; Unicam, Cambridge, UK).  

2.2.7.3 Adenosine Triphosphate (ATP) Assay 

2.2.7.3.1 Theory 

The ATP biomass and activity assay is based on luciferin-luciferase mediated bioluminescence. The 

luciferin and luciferase used for this assay are derived from the firefly Photinus pyralis. Light is 
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produced by the oxidation of luciferin and the reaction is slow until catalysed by luciferase 

[Reaction 2.1] (Karl, 1980). The light produced as a result of this reaction has a characteristic blue-

green appearance and is directly proportional to the initial concentration of ATP in the sample 

(McElroy, 1947). 

Luciferin + ATP + O2   Oxyluciferin + AMP + PPi + CO2 + Light  [2.1] 

2.2.7.3.2 Assay Testing 

The reagents used to measure the ATP concentration in samples were provided in the Biomass 

Test Kit in Tube Format (Promicol, Netherlands). The first reagent (“reagent one”) contained an 

extractant used to lyse cells and extract ATP. The second reagent (“reagent two”) comprised a 

lyophilised luciferin/luciferase preparation. Both reagents were stored at 4 ºC and were brought to 

ambient temperature before use.  

The optimum pH for luciferase activity is approximately 7.5 (Karl, 1980), so the effect of high pH 

and the presence of alumina fines in bioreactor and refinery/residue water samples was assessed 

prior to using the assay to measure the activity of microorganisms in these samples. The suitability 

of the assay was assessed using neutral pH water, high pH water and high pH water that contained 

1 M Al(OH)3. The control samples were tested simultaneously with an effluent sample from the 

pilot-scale ASGB process. An ASGB effluent sample was also pre-treated with a low speed 

centrifugation step (3000 x g, 1 min) to determine the effect of fines removal on the assay. The 

presence of alumina fines and high pH did not affect the assay performance, which was therefore 

considered suitable for use with bioreactor and refinery water samples. 

2.2.7.3.3 Standards 

Standards of 1000, 500, 100 and 50 ng/mL of ATP were prepared in sterile 

RNase/DNase/ATPase-free water. This water was used as a blank (0 ng/mL ATP). Standard 

curves were constructed prior to every assay as reagents tended to lose activity over time following 

rehydration. 

2.2.7.3.4 Sample Preparation 

The concentration of ATP was determined in bioreactor samples diluted 1:100 to ensure that the 

concentration was in the optimal measurement range of the assay and the luminometer. 

2.2.7.3.5 Measurements of Standards and Samples 

A 100 µL aliquot of standard or sample was added to a glass luminometer tube. To this tube, 100 

μL of “reagent one” from the Promical biomass test kit was added, mixed gently and left for 10 s to 

extract ATP from lysing cells. A 100 µL aliquot of “reagent two” was added to each tube and the 

Luciferase 

Mg2+ 
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resulting light signal was measured and recorded in relative light units (RLU) with a luminometer 

(Lumac 1500 Sm Series). The RLU measurement was converted to ATP concentration (ng/mL) 

using standard curves constructed from known concentrations of ATP standards. Measurements of 

ATP in samples were performed in triplicate.  

2.2.7.4 Oxalate Assay 

2.2.7.4.1 Theory 

The concentration of oxalate in bioreactor samples was measured using an enzymatic assay based 

on the oxidation of oxalate by oxalate oxidase [Reaction 2.2]. The reaction results in the production 

of hydrogen peroxide, which reacts with the assay reagents 3-methylbenzthiazoline-2-hydrozone 

(MBTH) and p-dimethylaminobenzaldehyde (DMAB) to produce an indamine dye [Reaction 2.3]. 

The amount of dye produced is directly proportional to the concentration of oxalate in the original 

sample. 

Oxalate + O2     2CO2 + H2O2    [2.2] 

H2O2 + MBTH + DMAB     Indamine Dye + H2O  [2.3] 

The assay kit (Sigma Diagnostics) consisted of two lyophilised reagents that were rehydrated with 

sterile water. “Oxalate reagent B” contained oxalate oxidase and peroxidase. The oxidase catalysed 

the conversion of oxalate into carbon dioxide and hydrogen peroxide in the primary reaction. In 

the secondary reaction, the peroxidase in turn catalysed the conversion of hydrogen peroxide, 

MBTH and DMAB to produce the indamine dye (blue colour change). “Oxalate reagent A” 

contained the MBTH and DMAB for the secondary reaction. 

The assay had an upper concentration limit of 2 mM, so dilution of bioreactor samples was 

necessary as oxalate concentrations were expected to exceed this limit. The reagents were stored at 

4 °C and brought to room temperature prior to use. 

2.2.7.4.2 Oxalate Reagent A 

DMAB 3.2 mM 

MTBH 0.22 mM 

Buffer* pH 3.1 ± 0.1 

 
* Components of the buffer are not commercially available 
 

2.2.7.4.3 Oxalate Reagent B 

Oxalate oxidase (barley) 3,000 U/L 

Peroxidase (horseradish) 100,000 U/L 

Oxalate Oxidase 

Peroxidase 
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2.2.7.4.4 Sample Diluent 

Samples were diluted in 10 mM EDTA, which was prepared by dissolving 0.1861 g of EDTA in 50 

mL double distilled water (ddH2O). The solution was sterilised by filtration through a 0.2/ 0.8 µm 

gradient syringe filter (PALL). 

2.2.7.4.5 Assay Testing 

The optimum pH for the oxalate oxidase and peroxidase enzymes is 5.7 and 6-6.5, respectively, so 

the efficacy of the assay was assessed when tested on samples that had a high pH. This was 

achieved by comparing the oxalate assay results to the oxalate concentrations as determined by GC-

FID (performed in-house at Alcoa). An end-point assay was performed using a 1 mM oxalate 

standard and was allowed to occur over 70 min to enable the reaction to reach completion. The 

absorbance at 590 nm was measured every 5 min. After 5 min, no change was observed in the 

absorbance (Figure 2.3), which indicated that the samples should be incubated with assay reagents 

for at least 5 min, and could be left for up to 70 min. 
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Figure 2.3 End point assay for the oxalate assay kit. Absorbance was not affected by time 

following the initial 5 min reaction time. 

2.2.7.4.6 Standards 

Standards of 2, 1, 0.5 and 0.25 mM oxalate were prepared in sterile RNase/DNase/ATPase-free 

water, which was also used as the blank (0 mM oxalate). Standard curves were constructed prior to 

every assay to determine the concentration of oxalate in the samples. 

2.2.7.4.7 Sample Preparation 

For assays expected to have higher concentrations of oxalate than the upper limit of detection, the 

samples was diluted with sterile double distilled water to ensure that the oxalate concentration was 

below 2 mM. For influent samples, this was usually no more than a 1 in 200 dilution. If the 
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concentration of oxalate measured was very low, the dilution factor was reduced and the assay 

repeated. Standards and diluted/undiluted samples were then mixed with an equal volume of 10 

mM EDTA diluent and filter sterilised using a 0.45 µm syringe filter (Chromocol). 

2.2.7.4.8 Measurement of Standards and Samples 

In order, 500 µL of “oxalate reagent A”, 25 µL of sample/standard and 50 µL of “oxalate reagent 

B” were added to a sterile 1.5 mL tube and left to stand at room temperature for at least 5 min 

prior to measurement. The absorbance of the samples was measured spectrophotometrically at 590 

nm. 

2.2.8 Total DNA Extractions from Residue Lakes and Bioreactor Samples 

2.2.8.1 Reagents and Stock Solutions 

Buffers and reagents were sterilised at 121 °C and 15 psi for 20 min and stored at room 

temperature unless otherwise stated. 

2.2.8.1.1 2X Buffer A 

2X Buffer A was made using the following components and made up to 1000 mL with ddH2O: 

NaCl 11.688 g 

Tris-Base 24.22 g 

Sodium citrate 0.58 g 

CaCl2 1.48 g 

EDTA 18.62 g 

 

The pH was adjusted to 8.0 with 1 M HCl and the buffer was sterilised and stored at 4 °C until 

used.  

2.2.8.1.2 Polyadenylic Acid 

Polyadenylic acid solution was prepared by dissolving 10 mg polyadenylic acid in 1 mL sterile 

ddH2O and stored at -20 ºC until used. 

2.2.8.1.3 Sodium Pyrophosphate Stock Solution 

A 10 % (w/v) stock solution of sodium pyrophosphate was prepared by dissolving 1.5 g of sodium 

pyrophosphate in 15 mL of ddH2O. The stock solution was sterilised through a 0.2/0.8 µm 

gradient syringe filter (PALL) and stored at room temperature. 
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2.2.8.1.4 Lysozyme 

A 10 % (w/v) stock solution of lysozyme was prepared by dissolving 100 mg of lysozyme in 1 mL 

sterile ddH2O. The lysozyme solution was prepared immediately before use and kept on ice until 

used. 

2.2.8.1.5 Sodium Dodecyl Sulphate Stock Solution 

A 20 % (w/v) stock solution was prepared by dissolving 10 g sodium dodecyl sulphate (SDS) in 40 

mL of ddH2O. The solution was sterilised through a 0.2/0.8 µm gradient syringe filter (PALL) and 

stored at room temperature. If the SDS precipitated following storage, it was redissolved by 

incubation in a warm water bath. 

2.2.8.1.6 Proteinase K 

A stock solution of proteinase K was prepared by adding 20 mg of proteinase K to 1 mL of sterile 

ddH2O. The solution was stored at -20 °C prior to use. 

2.2.8.1.7 3 M Sodium Acetate 

 A 3 M sodium acetate solution was prepared by dissolving 24.6 g of sodium acetate in 100 mL of 

ddH2O. The pH was adjusted to 5.2 with acetic acid and the solution was sterilised and stored at 4 

°C prior to use. 

2.2.8.1.8 0.5 M EDTA 

A 0.5 M solution of EDTA was prepared by dissolving 9.306 g of EDTA in 50 mL of ddH2O. The 

pH was adjusted to 8.0 with 1 M NaOH and the solution was sterilised through a 0.2/0.8 µm 

gradient syringe filter (PALL). 

2.2.8.1.9 50X TAE for Electrophoresis 

A 50X TAE stock solution was prepared by dissolution 121.6 g in tris-base to 250 mL of ddH2O. 

EDTA (50 mL; 0.5 M) was added and the volume was adjusted to 500 mL with ddH2O. The pH 

was adjusted to 8.0 with concentrated NaOH. A 1 in 50 dilution was performed to prepare a 1X 

TAE solution for preparation of agarose and polyacrylamide gels. 

2.2.8.1.10 Ethidium Bromide for Agarose Gel Staining 

Ethidium bromide solution was prepared by dissolving 0.5 g ethidium bromide in 50 mL of sterile 

ddH2O. The solution was stored in the dark at room temperature. 
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2.2.8.1.11  Agarose Gel 

A 1 % (w/v) agarose gel was prepared by adding 1 g of agarose (Sigma-Aldrich) to 100 mL of 1X 

TAE buffer. The solution was heated until the agarose was dissolved and allowed to cool. Ethidium 

bromide (0.02 % v/v) was added to the gel solution before it solidified. The solution was mixed 

gently and poured into the gel mounting block and allowed to set for 20-30 min. 

2.2.8.1.12 Molecular Weight Marker and Loading Buffer 

Hyperladder I molecular weight marker and 6X loading buffer (Bioline) were used for agarose 

electrophoresis.  

2.2.8.2 DNA Extraction Protocol 

2.2.8.2.1 Sample Preparation 

Reactor fines were separated from liquid bioreactor samples by low speed centrifugation (3,000 x g, 

1 min). Biofilm was removed from each bead collected from the MBBR pilot- and full-scale 

bioreactors using sterile spatulas and pooled in 50 mL sterile ddH2O. Lake, bioreactor influent, 

effluent and bead samples were then centrifuged (12, 000 x g, 8 min) to pellet cells. DNA 

extractions were also performed on residue and refinery waters following vacuum filtration of 200 

mL of pooled lake water through a 0.45 µm filter (PALL).  

2.2.8.2.2 Cell Lysis 

Samples were kept on ice between incubations to prevent degradation of extracted DNA. Pelleted 

cells were resuspended in 500 µL of 2X Buffer A. Polyadenylic acid (20 µL), sodium pyrophosphate 

(20 µL) and lysozyme (30 µL) were added sequentially to samples to lyse cells. Samples were 

incubated in a water bath at 37 °C for 40 min, after which SDS (10 µL) and Proteinase K (60 µL) 

were added. Samples were incubated at 50 °C for 30 min. Samples were transferred to bead-beating 

tubes containing 0.2 g of acid-treated silica beads (1 mm; Daintree Scientific) and bead-beated for 1 

min at low speed to further disrupt the cells.  

2.2.8.2.3 Extraction and Precipitation 

Cellular and other organic material was removed using a SDS (200 µL) and phenol:chloroform: 

isoamyl alcohol (500 µL; 25:24:1, pH 8; Sigma) wash at 4 °C (12,000 x g, 3 min). Genomic DNA 

was extracted from the lake and bioreactor samples using an additional phenol:chloroform:isoamyl 

alcohol extraction, and sodium acetate and isopropanol precipitation as described previously 

(Plumb et al., 2002). Briefly, DNA was extracted from samples with an equal volume of 

phenol:chloroform:isoamyl alcohol and were centrifuged (12,000 x g, 2 min) to further separate the 

organic and solvent phases. Nucleic acids were precipitated with an equal volume of absolute 
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isopropanol and 0.1 volume of sodium acetate and incubated on ice for 20 min. Nucleic acids were 

pelleted by centrifugation (12,000 x g, 20 min, 4 ºC). The supernatant was decanted and DNA 

pellets were washed with 70 % (v/v) ethanol (Sigma-Aldrich). The samples were air-dried for 

approximately 30 min and the pellets were then resuspended overnight in sterile ddH2O. Extracted 

DNA product (5 µL) was mixed with 2 µL loading buffer and analysed by electrophoresis for 30 

min at 90 V on an agarose gel stained with ethidium bromide. Hyperladder I (Bioline) was used as a 

molecular weight marker to confirm fragment size and provide a visual estimate of concentration. 

The crude extracts were then purified before amplification using UltraClean PCR Clean-Up Kit 

(MO BIO Laboratories Inc.). 

2.2.9 Polymerase Chain Reaction for the Amplification of 16S rRNA Genes 

2.2.9.1 PCR Master Mix 

Reagents used for the amplification of the 16S rRNA gene of microorganisms in lake and 

bioreactor samples were provided with the HotStarTaq Kit (Qiagen) and used as described by the 

manufacturer‟s instructions. Reactions (50 µL) were prepared as described in Table 2.1. All primers 

used for PCR, PCR-DGGE and sequencing are listed in Table 2.2. 

 

Table 2.1 Polymerase chain reaction mastermix. 

Reagent  Volume Added 

HotStarTaq Polymerase 25 µL 
RNase/ DNase-free water 22 µL 
Forward Primer (5 µM) 1 µL 
Reverse Primer (5 µM) 1 µL 

Template 1 µL 

 

Table 2.2 Primers used for the amplification and sequencing of the full-length and variable 

region of the 16S rRNA gene. 

Primera Sequence (5′ to 3′) Target Reference 

27Fb GAGTTTGATCCTGGCTCAG Bacteria Lane, 1991 

25F TCYGGTTGATCCYGCCRG Archaea Lane, 1991 
357F  CCTACGGGAGGCAGCAG  Bacteria Muyzer et al., 1996 
357F-GCc CCTACGGGAGGCAGCAG Bacteria Muyzer et al.,  1996 
530Fd GTGCCAGCMGCCGCGG Universal Lane, 1991 
518Rd GWATTACCGCGGCKGCTG Universal Muyzer et al., 1996 

907Rb GTGCTCCCCCGCCAATTCCT Universal Lane, 1991 
1492Rb,e ACGGdITACCTTGTTACGACTT Prokaryotes Lane, 1991 
a
The number corresponds to the E. coli position to which the 3’ end of the primer anneals. F and R correspond to 

forward and reverse primers, respectively. 
b
Modified from the original primer. 

c
GC is a 40 nucleotide GC-rich sequences attached to the 5’ end of the primer. The GC sequence is 5’-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG. 
d
Primer mixed base codes (Geneworks): K (GT); M: (AC); W (AT); Y (CT). 

e
dI denotes a deoxyinosine modification.  
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2.2.9.2  Amplification of the Full Length 16S rRNA Gene 

The 16S rRNA genes were amplified using the HotStarTaq Taq PCR kit using bacterial 27F 

forward primer and the universal 1492R reverse primer (5 µM; Table 2.2) with the following 

thermal cycling program: 15 min at 94 °C; 35 cycles of 95 °C for 1 min, 48 °C for 1 min and 72 °C 

for 2 min and; 10 min at 72 °C. Amplification of the 16S rRNA gene was also carried out with 

archaeal 25F forward primer and the universal 1492R primer. PCR products were analysed by 

electrophoresis on a 1 % agarose gel and purified using the UltraClean PCR Clean-Up Kit. 

2.2.9.3 Amplification of the 16S rRNA Gene Variable Region  

The purified PCR products were used as templates for a second amplification round targeting the 

variable region of the 16S rRNA gene, using bacterial 357F-GC forward primer and bacterial 907R 

reverse primer (5 µM; Table 2.2) with the following thermal cycling program: 95 °C for 15 min; 94 

°C for 1 min, 63 °C for 1 minute and 72 °C for 2 min. The annealing temperature of 63 °C was 

decreased by 1 °C every second cycle until it reached 53 °C (22 cycles), followed by a final 

extension step at 72 °C for 10 min. Products were analysed by electrophoresis on a 1 % agarose gel 

and purified with the UltraClean PCR Clean-Up Kit. 

2.2.10 Denaturing Gradient Gel Electrophoresis for the Separation of 16S rRNA 
Genes 

2.2.10.1 DGGE Reagents and Stock Solutions 

2.2.10.1.1 Denaturing Polyacrylamide Gel 

Denaturant stock solutions were prepared in ddH2O to a final volume of 100 mL and sterilised 

through a 0.2/0.8 µm gradient syringe filter (PALL). The amounts of deionised formamide and 

urea used in each denaturing gradient stock to make a 7 % (w/v) polyacrylamide gel (40 % 

acrylamide: bis; 37.5:1; Sigma-Aldrich) are shown in Table 2.3. 

 

Table 2.3 Ingredients required to make up various denaturing stock solutions for denaturing 

gradient gel electrophoresis. 

Reagent 0  % 30  % 40  % 60  % 80  % 100  % 

40  % Acrylamide: bis 17.5 mL 17.5 mL 17.5 mL 17.5 mL 17.5 mL 17.5 mL 

50 X TAE 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 
Formamide (deionised) 0 mL 12 mL 16 mL 24 mL 32 mL 40 mL 
Urea 0 g 8.4 g 16.8 g 25.2 g 33.6 g 42 g 
H2O make up to 100 mL 
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2.2.10.1.2 Ammonium Persulphate 

A 10 % (w/v) stock solution of ammonium persulphate (APS) was prepared by adding 100 mg of 

APS to 1 mL of sterile ddH2O. As APS is moisture sensitive and loses activity over time the 

solution was made immediately prior to the pouring of each gel. 

2.2.10.1.1 TEMED 

N,N,N′,N′-tetramethylethylenediamine (TEMED; Sigma) was used as the polymerising agent for 

the denaturing gel reagents. 

2.2.10.1.2 Molecular Weight Marker and Loading Buffer 

Hyperladder IV molecular weight marker and 6X loading buffer (Bioline) were used for DGGE.  

2.2.10.2 DGGE Gel Preparation 

Denaturing gel reagents were prepared by adding 128 µL of APS and 12.8 µL of TEMED to 16 mL 

of denaturant stock solution. Reagents were mixed by gentle inversion to prevent the formation of 

air bubbles. Gradient gel solutions were delivered to the space between the two glass plates using 

the Model 475 Gradient Delivery System (Biorad). Gradient gels were set with a water overlay at 25 

°C for 1-2 h. The water overlay was replaced with a 0 % denaturing gel and the gel was allowed to 

set at 25 °C for 1 h. 

2.2.10.3 DGGE Protocol 

Purified variable region 16S rRNA gene fragments were obtained as per Section 2.2.9.3 and were 

subjected to electrophoresis on a denaturing gradient gel to separate the 16S rRNA fragments 

derived from the various members of the microbial community in lake and bioreactor samples. 

2.2.10.3.1 Electrophoresis 

Purified 16S rRNA gene variable region PCR products were subjected to electrophoresis on a 

denaturing gradient gel using the DCode Universal Mutation Detection System (Biorad), as 

described by the manufacturer. The PCR product (20 µL) was mixed with 4 μL of 6X loading 

buffer (Bioline) and loaded into the wells of the gel. An initial gradient of 30 to 80 % (100 % 

denaturant: 7 M urea, 40 % deionised formamide) was used (Table 2.3). A 40 to 60 % gradient was 

then used to improve the resolution of bands. A 20 µL aliquot of Hyperladder IV molecular marker 

was run on each gel so that comparison between separate gels could be made. Gels were developed 

by electrophoresis at 150 V (60 ºC) for at least 5 h and were stained for approximately 20 min in the 
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dark with SYBR Gold (1:10,000 dilution; Molecular Probes, Eugene OR 97401, USA). The gels 

were imaged with a ChemiImager transilluminator (Alpha Innotech Corporation). 

2.2.10.3.2 Band Excision and Amplification 

Discrete bands were excised from each lane using sterile scalpel blades. The bands were 

resuspended in sterile RNase/DNase-free water for no less than 40 min. A subsequent PCR step 

was performed to amplify DNA contained in each band. Bands were amplified using 357F forward 

primer with no GC clamp and the 907R reverse primer (5 µM; Table 2.2). The PCR was carried out 

using the amplification program described in Section 2.2.9.2. Products were visualised on a 1 % 

(w/v) agarose gel stained with ethidium bromide and purified using the UltraClean PCR Clean-Up 

Kit.  

2.2.11 16S rRNA Gene Sequencing 

16S rRNA gene fragments were sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Australia). For sequencing, 1 μL of PCR product and 1 μL of 907R reverse 

primer (1 pM; Table 2.2) were added to 4 μL of BigDye sequencing premix. The final volume was 

adjusted to 10 μL with RNase/DNase-free water. The sequencing reaction was performed using 

the following thermocycler program: 25 cycles of 96ºC for 30 s, 47ºC for 30 s, and 60 ºC for 4 min. 

Products were purified by the AmPure purification system (Agencourt Biosciences Corporation) 

and sequenced by electrophoresis at the LotteryWest Biomedical Facility (Royal Perth Hospital, 

Western Australia). Alternatively, the sequencing reactions, purification and electrophoresis were 

conducted at Macrogen Inc. (Korea). DNA sequences were compared to reference sequences in the 

NCBI GenBank database using the Basic Local Alignment Search Tool (BLAST; 

http://www.ncbi.nlm.nih.gov) to determine the identity of each sequence (Altschul et al., 1990). 

2.3 Results 

2.3.1 Microbiology of Refinery and Residue Waters 

DNA extraction from residue and refinery waters was unsuccessful, probably because of the low 

concentration of biomass obtained from the pooled lake water samples. Hence, it was not possible 

to identify any of the microorganisms in these samples. 

2.3.2 Microbiology of Oxalate-Degrading Bioreactors 

2.3.2.1 Pilot-Scale Bioreactor Performance 

At the time of sampling, the MBBR and ASGB configurations degraded 58 % (MBBR 1) and 100 

% (MBBR 2) and 89 % (ASGB), respectively, of the oxalate contained within the influent feeds 

http://www.ncbi.nlm.nih.gov/
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(Table 2.4). They had HRT of 11.4 h, 20 h and 35.4 h, oxalate feed concentrations of 13.8 g/L, 34.3 

g/L and 70 g/L, average temperatures of 32.5 °C, 35 °C and 37 °C and dissolved oxygen 

concentrations of 5.8 mg/L, 3.7 mg/L and 2.3 mg/L. The pH in each reactor was 9.6.   

 

Table 2.4 Operating conditions of the two pilot-scale, oxalate-degrading bioreactors at the 

time of sampling (MBBR 1, MBBR 2 and ASGB). 

 MBBR 1 MBBR 2 ASGB 

Reactor Volume (m3) 3.8 3.8 3.8 
Flow Rate (L/h) 350 200 100 
Hydraulic Retention Time (h) 11.4 20 35.4 
Average Temperature ( °C) 32.5 35 38.5 

Average Dissolved Oxygen (mg/L) 5.8 3.7 2.3 
Average pH 9.6 9.6 9.6 
Influent Oxalate (g/L) 13.8 34.3 70 
Effluent Oxalate (g/L) 8.0 0 10 
Loading Rate (g/L.h) 1.271 1.805 1.842 

Degradation Rate (g/L.h) 0.531 1.806 1.579 

Percentage Degradation 58 % 100 % 89 % 

2.3.2.2 Cell Morphology of Pilot-Scale Bioreactor Microbial Communities 

Samples taken from pilot-scale bioreactors were viewed by phase contrast microscopy. All samples 

from all pilot-scale bioreactors contained a range of morphologically diverse microorganisms 

including short, fat (1 µm length, 1 µm width) and long, thin (3 µm length, 0.5 µm width) rods, 

single cocci and diplococci (1 µm diameter), and filamentous microorganisms.  

2.3.2.3 Physiology of Pilot-Scale Bioreactor Microbial Communities 

Microorganisms in these samples were generally motile, mostly Gram negative and stained positive 

for the presence of PHB inclusion bodies with Sudan B black. 

2.3.2.4 Full-Scale Bioreactor Start Up and Operation  

Initially, the bioreactors contained approximately 6.57 g/L oxalate and were maintained in batch 

mode for approximately 48 h until oxalate concentrations were 0 g/L, as measured by GC-FID at 

Alcoa. The bioreactors were then switched to continuous-flow. The oxalate flux was set to 2.5 

T/day initially, and gradually increased to 9.6 T/day after approximately 7 d of operation. After 

approximately 8 d, a complete loss of oxalate-degrading activity was observed in BU1 following an 

operational loss of nitrogen and phosphorous nutrients to this unit. Flow was stopped to BU1 and 

the bioreactor was switched to batch mode in an attempt to recover activity. Flow to BU1 was 

returned to a rate of 5 T/day approximately 15 d after start up. The recycled effluent from BU2 was 

added continually to BU1, and the oxalate-degrading activity was recovered approximately 21 d 

after start up. Because of this process failure no effluent was sampled on day 14 from BU1.  
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A loss of oxalate-degrading activity was also observed in BU2 when operating temperatures 

approached 40 °C. A comparison of cell number in the suspended biomass, microbial activity (ATP 

production) and temperature data in BU2 tanks 1 and 2, and the effluent was performed to 

determine the effect of temperature on biomass production and oxalate degradation. (Figures 2.4-

2.6).  
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Figure 2.4 Effect of temperature () on growth (suspended cell number,) and microbial 

activity (ATP, ▲ and oxalate concentration,) of microorganisms in BU2, tank 1. A loss of 

activity was observed after ca. 200 h, when the operating temperature exceeded 40 °C. 
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Figure 2.5 Effect of temperature () on growth (suspended cell number, ) and microbial 

activity (ATP, ▲ and oxalate concentration, ) of microorganisms in BU2, tank 2. A loss of 

activity was observed after ca. 200 h, when the operating temperature exceeded 40 °C. 
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Figure 2.6 Effect of temperature () on growth (suspended cell number, ) and microbial 

activity (ATP, ▲ and oxalate concentration, ) of microorganisms in the effluent of BU2. A 

loss of activity was observed after ca. 200 h, when the operating temperature exceeded 40 °C. 

 

In each tank and the effluent of BU2, a dramatic decrease in cell number and activity in terms of 

ATP production and oxalate degradation was observed when the temperature of the system 

approached 40 °C. The fall in activity and biomass appeared to lag behind the increase in 

temperature, and slowly recovered when the temperature was restored to below 35 °C. This 

indicated that the mixed bioreactor microbial consortium may have a maximum temperature of 

approximately 40 °C. Analyses of the cardinal temperatures of isolates obtained from the full-scale 

bioreactor were performed in Chapter 5 to confirm this. 

2.3.2.5 Cell Morphology of Full-Scale Bioreactor Microorganisms 

The cell morphology of microorganisms in the full-scale bioreactor included cocci (1 µm diameter), 

short rods (1.5 µm length), long rods (3 µm length) in chains, and helices in chains. All 

microorganisms were motile. Gram staining indicated that the bioreactor community comprised 

mostly Gram negative microorganisms, and the presence of PHB inclusion bodies was confirmed 

with Sudan B black staining. 
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2.3.2.6 Phylogeny of Oxalate-Degrading Bioreactor Microbial Communities 

2.3.2.6.1 Phylogeny of the Bacterial Communities in the Pilot-Scale 
Bioreactors 

No archaeal DNA was amplified from any bioreactor sample. DGGE fingerprints of community 

16S rRNA genes were obtained for the MBBR 1 and MBBR 2 influent and bead samples, and 

MBBR 1, MBBR 2 and ASGB effluent samples (Figure 2.7a and 2.7b). Bands were excised from 

one of the two duplicate DNA extracts of each bioreactor sample. The bands showing the same 

relative migration distances were considered to have originated from same species. For 

identification of the species detected in bioreactor samples, the eluted DNA from selected bands 

(numbered 1 to 36 in the DGGE fingerprints in Figure 2.7) were reamplified and sequenced. The 

closest relatives of the bioreactor species and their accession numbers are listed in Table 2.5. Bands 

that failed to give quality sequences are not listed in this Table. 
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Figure 2.7 DGGE fingerprints of amplified community 16S rRNA genes amplified from the 

pilot-scale MBBR samples, MBBR 1 and 2 (a) and samples from the ASGB (b). Samples were 

taken from influent (I), effluent (E) and bead biofilm (B). Bands excised for sequencing are 

indicated by numbers 1-22, 24-27 and 30-36 and closest matching relatives in the NCBI 

GenBank database are outlined in Table 2.5. MW: molecular weight marker (Hyperladder IV, 

Bioline). 



 

Table 2.5 Closest relatives of species in MBBR 1, MBBR 2 and ASGB samples of the pilot-scale, oxalate-degrading bioreactors. The DGGE profiles for these 

samples are shown in Figures 2.7a and 2.7b. 

Band(s)* and Band Source Closest Relative Proteobacteria subgroup  % Similarity† Accession No ‡ Reference 

1 – MBBR 1 influent Uncultured Marinomonas sp. clone F3C93 Gamma 92 AY794175 Unpublished 

2, 3, 4 – MBBR 1 influent 

17 – MBBR 1 bead biofilm 
Halomonas nitritophilus isolate WST3 Gamma 96-99 DQ289066 Unpublished 

5 – MBBR 1 effluent Devosia yakushimanenis Alpha 91 AB361068 Unpublished 

6, 7 – MBBR 1 effluent 

14, 15 – MBBR 1 bead biofilm 

 25, 26, 27 – MBBR 2 bead biofilm 

Rhodobaca barguzinensis strain VKM B-2406 

Rhodobaca bogoriensis strain LBB2 

Roseinatronobacter monicus strain ROS 10 

Alpha 

99 

99 

99 

EF554833 

AF384205 

DQ659237 

Boldareva et al., 2008  

unpublished 

Boldareva et al., 2007 

 8, 9 – MBBR 1 effluent 

 23 – MBBR 2 effluent 
Halomonas salina isolate LLM Gamma 99 DQ333297 Joshi et al., 2008 

13 – MBBR 1 bead biofilm Paracoccus kocurri strain JCM 7684 Beta 96 D32241 Katayama et al., 1995  

16 – MBBR 1 bead biofilm Azoarcus denitrificans tol-4 Beta 97 L33694 Zhou et al., 1995  

18, 19, 20, 21 – MBBR 2 effluent 

 31, 32, 34, 35, 36 – ASGB 
Azoarcus tolulyticus strain 4FB10 Beta 97 AF229876 Song et al., 2000  

24 – MBBR 2 bead biofilm Devosia subaequoris type strain HST3-14 Alpha 93 AM293857 Lee, 2007 

30 – ASGB Gamma proteobacterium M2-24D Gamma 95 AY730243 Unpublished 

* Bands are numbered as indicated in Figure 2.7. Bands that did not produce a readable sequence are not listed. 
† Percentage of identical nucleotides in the sequence obtained from the DGGE band and the sequence of the closest relative found in the Genbank database. 
‡ Accession number of the closest relative found by BLAST analysis. 
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DGGE analysis of 16S rRNA gene fragments obtained from samples MBBR 1, MBBR 2 and 

ASGB showed that the microbial populations in the MBBR and ASGB reactors were similar, and 

that the overall diversity within the reactors was low. Species closely related to “Halomonas (H.) 

nitritophilus” isolate WST3 (99 % 16S rRNA gene sequence similarity) and H. salina isolate LLM (99 

%) were detected in the MBBR 1 influent sample and in the MBBR 1 and MBBR 2 effluent and 

bead biofilm samples. A band representing γ-Proteobacterium M2-24D (95 %) was also detected in the 

ASGB reactor. Species related to Azoracus (Az.) denitificans tol-4 (95 % similarity) and Az. tolulyticus 

strain 4FB10 (95 %) were detected in the MBBR 2 effluent sample and the effluent of the ASGB 

reactor. Bands with closest DNA similarity to Paracoccus kocurri strain JCM 7684 (96 %) were also 

detected in the MBBR 1 bead biofilm sample. Species closely related to Rhodobaca (Rca.) barguzinensis 

strain VKM B-2406, Rca. bogoriensis strain LBB2 and Roseinatronobacter (Rb.) monicus strain ROS 10 (all 

99 %) were detected in the MBBR 1 effluent sample and the MBBR 1 and MBBR 2 bead biofilm 

samples. Analysis of the sequences from these bands did not differentiate between the three 

species. Other members belonging to the alpha subgroup of Proteobacteria and related to Devosia 

(Dva.) yakushimanenisis and Dva. subaequoris strain HST3-14 were also detected in the MBBR 1 

effluent sample and the MBBR 2 bead biofilm sample (<93 %). 

2.3.2.6.2 Phylogeny of the Bacterial Communities in the  Full-Scale 
Bioreactor 

DGGE fingerprints of both BU1 and BU2 during start up were obtained for the microbial 

communities in the suspended biomass of tanks 1 and 2, the attached biomass of tank 1 and the 

combined effluent of tanks 1 and 2 (Figure 2.8a and 2.8b, and Figure 2.9a, 2.9b and 2.9c). 

Sequences most similar to “Marinospirillum (M) alkaliphilum” [not validly published] (100 %), “H. 

nitritophilus” [not validly published] (99 %), Az. tolulyticus (94 %) (Song et al., 2000), Az. denitrificans 

(94 %) (Zhou et al., 1995), and Rb. monicus, Rca. barguzinensis or Rca. bogoriensis (98 %) (Boldareva et 

al., 2007; Boldareva et al., 2008) were routinely detected in samples throughout the full-scale system, 

including in samples taken prior to activated sludge inoculation (Table 2.6). Also detected were 

species of the genus Brumimicrobium, but the 16S rRNA gene sequence similarity was low (94 %). All 

of the detected microorganisms were moderately halophilic, alkaliphilic, chemoorganotrophic, 

denitrifying or photosynthetic bacteria, and none are known to be pathogenic to humans, animals 

or plants. The DGGE fingerprints also show that the microbial community within the bioreactor 

tanks was stable for the duration of the start up period. A poor DGGE banding profile was 

observed for the DNA extracted from activated sludge, which indicated that the sample was too 

concentrated. DGGE of PCR-amplified genes from the activated sludge was repeated using a 10-

fold serial dilution series to obtain the best banding profile. 16S rRNA gene sequence data obtained 

from bands from the activated sludge were not clear, but the sequencing was not repeated as 

DGGE profiles of the bioreactors during start up indicated that the microbial community was 

present prior to the addition of activated sludge. 
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Figure 2.8 DGGE fingerprint of the amplified 16S rRNA genes of the microbial community 

of BU1 generated by PCR-DGGE using 30-80 % (a) and 40-60 % (b) denaturing gradients. 

Samples were taken from the liquid of tanks 1 (1) and 2 (2), the combined effluent of tanks 1 

and 2 (E) and biofilm from beads in tank 1 (B). Sample times are indicated above each 

sample and are expressed in terms of h (H) or d (D) following start up. Day zero corresponds 

to the day of start up before tank 1 (and 2, data not shown) was inoculated with activated 

sludge (-AS) and after (+AS). Bands excised for sequencing are indicated on the gel (A-I) and 

the closest relatives based on BLAST analysis are listed in Table 2.6. MW: Molecular weight 

marker (Hyperladder IV, Bioline). 
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Figure 2.9 DGGE fingerprint of the amplified 16S rRNA genes of the microbial community 

of BU2 generated by PCR-DGGE using 30-80 % (a and b) and 40-60 % (c) denaturing 

gradients. Samples were taken from the liquid of tanks 1 (1) and 2 (2), the combined effluent 

of tanks 1 and 2 (E) and biofilm from beads in tank 1 (B). Sample times are indicated above 

each sample and are expressed in terms of h (H) or d (D) following start up. Day zero 

corresponds to the day of start up before tank 1 (and 2, data not shown) was inoculated with 

activated sludge (-AS) and after (+AS). Bands excised for sequencing are indicated on the gel 

(A-I) and the closest relatives based on BLAST analysis are listed in Table 2.6. MW: 

Molecular weight marker (Hyperladder IV, Bioline). 

 



 

Table 2.6. Closest relatives of species in full-scale bioreactor samples based on 16S rRNA gene PCR-DGGE and variable region gene sequencing. 

Band Closest Relative Group  % Similarity† Accession No‡ Reference 

A Halomonas nitritophilus strain WST 3 γ-Proteobacteria 99 DQ289066 unpublished 

B 

uncultured β-Proteobacterium clone Gitt-GS-125 

Azoarcus denitrificans strain tol-4 

Azoarcus tolulyticus strain 4FB10 

β-Proteobacteria 

98 

94 

94 

AJ582195 

L33694 

AF229876 

unpublished 

Zhou et al., 1995 

Song et al., 2000 

C Marinospirillum alkaliphilum strain Z4 γ-Proteobacteria 100 NR_028788 unpublished 

D 

Rhodobaca barguzinensis strain VKM B-2406 

Rca. bogoriensis strain LBB2 

Roseinatronobacter monicus strain ROS 10 

α-Proteobacteria 

98 

98 

98 

EF554833 

AF384205 

DQ659237 

Boldareva et al., 2008 

unpublished 

Boldareva et al., 2007 

G 
uncultured Brumimicrobium clone A898 

Brumimicrobium mesophilum strain YH207 
Flavobacteria 

96 

94 

EU283527 

DQ660382 

unpublished 

unpublished 

* Bands were numbered as indicated in Figures 2.8 and 2.9. Bands that did not produce a readable sequence were not included. 
† Percentage of identical nucleotides in the sequence obtained from the DGGE band and the sequence of the closest relative found in the Genbank database. 
‡ Genbank accession number of the closest relative found by BLAST analysis 
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2.4 Discussion 

16S rRNA gene analysis was used to profile the microbial communities in the refinery and residue 

process waters, two pilot-scale bioreactors and a full-scale bioreactor with the ability to degrade 

oxalate produced during the Bayer refining of low-grade bauxite. Detection of microorganisms in 

refinery and residue waters was unsuccessful probably as a consequence of limitations associated 

with the low number of microorganisms in these environments and the detection limits of the 

techniques used.  

PCR-DGGE indicated that the microbial communities within all of the bioreactor configurations 

were similar and that the diversity of species within each bioreactor was low. The most commonly 

detected microorganisms belonged to the α-, γ- and β- subgroups of Proteobacteria. The closest 

relatives were moderately halophilic, alkaliphilic, organotrophic rod-shaped bacteria. The 

morphology of the bacterial cells in the bioreactor samples was consistent with genera belonging to 

these groups. Similarity to unknown bacteria in the Cytophaga-Flavobacteria-Bacteroidetes group and 

Bacillus genus were also detected but the relatedness was very low (<91 % 16S rRNA gene sequence 

similarity). These microorganisms are probably incidental and may have originated from the process 

waters and other environments in the refinery and residue areas. 

Sequences most closely related to representatives belonging to the γ-Proteobacteria subgroup were 

commonly detected in the influent, effluent and beads of MBBR 1 samples, the effluent and beads 

of MBBR 2 samples and the effluent of ASGB samples. “H. nitritophilus” (96-99 %) [not validly 

published] and H. salina (99 %) (Caton et al., 2004) were the closest relatives to the most common 

microorganisms detected in samples taken from the MBBR pilot-scale bioreactor at the two 

operational sampling times (MBBR 1 and 2). A match to an uncultured γ-Proteobacterium clone was 

also detected in the ASGB but with only 95 % 16S rRNA gene sequence similarity. Matches to “M. 

alkaliphilum” (99 %) and “H. nitritophilus” (99-100 %) [not validly published] were commonly 

detected in the suspended and attached biomass in both full-scale bioreactor units. Both these 

species belong to the γ-Proteobacteria subgroup and are able to grow organotrophically under 

haloalkaline conditions. However, neither species is able to use oxalate without an alternative 

source of carbon for energy and growth. Members of the genus Halomonas can grow using simple 

organic acids including acetate, formate, malonate and succinate as sole sources of carbon and 

energy (Romano et al., 1996; Mormile et al., 1999; Caton et al., 2004; Joshi et al., 2008). However, 

species of the Halomonas genus have not been reported to use oxalate as a sole source of carbon and 

energy. The detection of Halomonas spp. in both pilot-scale bioreactors and the full-scale bioreactor 

indicated that they may have a key role in the biological degradation of oxalate in these processes. 

Sequences most closely related to representatives of Azoarcus spp. and Denitromonas spp., which 

both belong to the β-Proteobacteria subgroup, were detected in both pilot-scale bioreactors and the 

suspended and attached biomass of both full-scale bioreactor units. Species belonging to these 

genera are facultatively anaerobic denitrifiers and are able to grow using organic environmental 
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pollutants including toluene, indole and other aromatic hydrocarbons as a sole source of carbon 

and energy (Anders et al., 1995; Zhou et al., 1995). The 16S rRNA gene similarity of the uncultured 

isolates detected in both the pilot- and full-scale oxalate-degrading bioreactors to the described 

strains of Azoarcus spp. and Denitromonas spp. was low (<96 %), which indicated that the sequence 

may belong to a new genus of β-Proteobacteria.  

Sequences most closely related to microorganisms belonging to the α-Proteobacterium group were 

detected in the attached bead biofilm of the pilot-scale MBBR at both sampling times and in the 

attached bead biofilm of both full-scale bioreactor units, but were not detected in any of the 

suspended biomass samples obtained from the MBBR or ASGB pilot-scale or the full-scale 

bioreactors in this study. The closest matches (by % 16S rRNA gene sequence similarity) were to 

Rs. monicus, Rca. barguzinensis and Rca. bogoriensis (99 %). Microorganisms belonging to the genus 

Roseinatronobacter are able to grow at high salt concentrations (natronophilic) and are able to produce 

pigments including carotenoid and bacteriochlorophyll α under reduced light conditions (Boldareva 

et al., 2007). The species belonging to the Rhodobaca genus are purple nonsulfur bacteria capable of 

anoxygenic photosynthesis under anaerobic conditions and also produce photosynthetic pigments. 

Species belonging to both of these genera are capable of growth at high pH, are salt tolerant 

(haloalkaliphilic), and can grow heterotrophically under aerobic conditions (Milford et al., 2000; 

Boldareva et al., 2008). These microorganisms are slow growing and their absence in the suspended 

biomass in the pilot- and full-scale oxalate-degrading bioreactors indicated that they were possibly 

washed out of the system before their establishment in the bioreactor microbial community.  

The detection of a limited number of members of haloalkaliphilic genera, both pre- and post- 

addition of activated sludge in the full-scale bioreactor at start up and indicated that the 

microorganisms in the stabilised bioreactor consortium were not introduced with the activated 

sludge inoculum, but rather were indigenous to the refinery and residue environments. No new 16S 

rRNA genes were detected in the molecular fingerprints of bioreactor samples following the 

addition of activated sludge, which indicated that the microorganisms in the activated sludge were 

not retained in the bioreactor. However, it is possible that the activated sludge provided a source of 

growth factors and nutrients to promote growth of the microorganisms at start up. The specialised 

biomass generated during the pilot-scale bioreactor operations was not used to inoculate the full-

scale system, which further indicated that the microorganisms responsible for the oxalate 

degradation in both the pilot- and full-scale processes were indigenous to the refinery and residue 

environments. During the study only small changes occurred in the microbial community over 

time, and these were attributed to minor technical problems associated with the industrial scale 

process.  

The loss of activity observed in BU1 at day 8 of the full-scale bioreactor operation, was rectified 

after re-inoculation using the biomass generated in BU2. Relative to other reactor configurations, 

moving bed biofilm reactors have the benefit of limiting full wash out of biomass during times of 

stress or break down (Ødegaard et al., 1994; Buitrón et al., 2006; Ødegaard, 2006). It is considered 
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that a wash out of biomass occurred because of a disruption to the supply of nutrients at day 8 of 

operation, and that the biofilm on the beads in BU1 had not had time to sufficiently establish and 

buffer against the major fluctuations in operating conditions during the first weeks of start up. The 

operation of BU1 was initially recovered by reinoculation using the biomass from the effluent from 

BU2. Subsequent fluctuations or reductions in oxalate-degrading activity that occurred in each 

bioreactor unit after the start up period were rectified without the need to reinoculate. The ongoing 

reliability of the system was attributed to biofilm formation on the beads, which prevented wash 

out of the key oxalate-degrading microorganisms from the bioreactor tanks. 

Analysis of the production of ATP and degradation of oxalate was used to determine the effect of 

temperature on the activity of the mixed bioreactor consortium during start up of the full-scale 

oxalate-degrading bioreactor. Process temperatures fluctuated as a result of the exothermic 

oxidation of oxalate and other organic acids, heat generated by the metabolism of the bioreactor 

microbial consortium and fluctuations in ambient temperature during process start up (Dijkhuizen 

et al., 1980). Following a loss of activity at day 21 of operation, it was shown that temperatures in 

excess of 35 °C detrimentally affected the activity of the microbial communities within the process. 

However, activity was recovered without the need to reinoculate when temperatures were restored. 

This correlated well with the reported growth temperature ranges of the closest relatives to the 

microorganisms detected by PCR-DGGE, and to the cultured isolates that were subsequently 

isolated and characterised in the present study (Chapter 5). This study has prompted further 

investigation into more effective heat management strategies at Alcoa to maintain suitable growth 

conditions for the bioreactor microbial consortium. These included using a cooler water supply to 

dilute the oxalate feed or incorporating cooling towers into the design of the replicated processes. 

The initial PCR-DGGE survey of these environments and bioreactors provided a preliminary 

indication of the identity and diversity of members of the communities, and provided information 

on the required growth conditions based on the closest relatives of the species detected within the 

bioreactor microbial community. 16S rRNA gene targeted clone libraries were constructed to 

quantify the abundance and diversity of these microbial groups (Chapter 4), and isolation, 

identification and characterisation of the key oxalate-degrading microorganisms was performed to 

define both the physiological requirements of the key microbial members and the critical and 

optimal operating parameters of the biological oxalate removal process (Chapter 5). 
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Chapter 3  

Rapid Pathogen Removal in the Full-scale oxalate-degrading 
Bioreactor Inoculated with Activated Sludge 

3.1 Introduction 

Activated sludge is the biologically active flocs that result from aeration of raw sewage and/or 

organic matter, and it contains a diverse microbial community, nutrients and growth factors. Prior 

to treatment, wastewater associated with human and animal waste streams contains large numbers 

of pathogens, including enteric bacteria, viruses and parasites (Safferman & Morris, 1976; Pepper et 

al., 2006; Guzman et al., 2007; WHO, 2008; Sidhu & Toze, 2009). Treatment of municipal 

wastewater via the activated sludge process reduces the number of pathogenic bacteria by at least 

90 % (Safferman & Morris, 1976; WHO, 2008). Activated sludge was added to the pilot- and full-

scale oxalate-degrading bioreactors as a way to increase the growth and activity of the oxalate-

degrading microbial community and as a potential source of biomass to colonise the bioreactor 

processes. The fate of pathogens that may have been present in the activated sludge was 

investigated by using microbial indicators. This investigation was conducted to determine the 

potential health risk for workers associated with the process. 

Microbial indicators can be used to assess the risk of pathogen survival and persistence in 

wastewater, and can provide an indication of potential faecal contamination of water distribution 

systems and environmental waters (Rose et al., 2004; Stedtfeld et al., 2007). As it is impractical to test 

for all known human pathogens, microbial indicators are used to provide a rapid assessment of the 

potential presence of pathogens in water samples. E. coli and Enterococcus spp. are the most common 

microbial indicators of pathogenic bacteria in the environment, and have a long history of use as 

water quality standards (Leclerc et al., 2001; Rose et al., 2004; Savichtcheva & Okabe, 2006; Guzman 

et al., 2007; Stedtfeld et al., 2007). An advantage of the use of these indicators is that they can be 

detected and enumerated rapidly and efficiently (Rose et al., 2004; Savichtcheva & Okabe, 2006; 

Guzman et al., 2007; Stedtfeld et al., 2007). E. coli is commonly used to infer the presence of other 

pathogenic strains of the Enterobacteriaceae including enterohaemorrhagic strains of E. coli and 
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members of the genera Salmonella and Shigella. Detection and enumeration of Enterococcus spp. is 

commonly done in conjunction with the detection and enumeration of E. coli when assessing water 

quality. Enterococcus spp. are also enteric but tend to persist longer after wastewater treatment, and 

hence they are used as indicators for more persistent pathogenic bacteria and some enteric viruses 

(WHO, 2008). However, because of this prolonged persistence, Enterococcus spp. are not used as 

typical indicators of recent faecal contamination (McFeters et al., 1974; WHO, 2008).  

Viruses in pre-treated municipal wastewaters can persist in the environment for prolonged periods 

(Hurst, 1988; Rose et al., 2004; Jiang, 2006; Savichtcheva & Okabe, 2006; WHO, 2008). Viruses that 

cause enteric and respiratory illnesses, including norovirus, rotavirus, adenovirus and hepatitis 

viruses A, B and E, have been isolated from municipal wastewaters. Hepatitis A and B viruses are 

of major concern for workers directly exposed to wastewaters. If infection occurs, these viruses can 

cause mild to severe illness or chronic, lifelong disease. Although wastewater treatment inactivates 

the majority of enteric viruses (Hurst, 1988; Horan, 2003), it is necessary to assess the risk of 

infection in workers who come into contact with wastewater, and to organise appropriate 

vaccinations.  

In this study, the fate of pathogenic bacteria in the full-scale oxalate-degrading bioreactor was 

evaluated over time following the addition of activated sludge. The detection and enumeration of 

the common faecal bacteria E. coli and Enterococcus spp. were used as an indication of pathogenic 

bacteria presence and persistence in the process. The disappearance of pathogens and population 

shifts within the bioreactor during start up was also monitored using 16S rRNA gene analysis. The 

fate of enteric viruses in alkaline environments was used to assess the potential for viral persistence 

in the bioreactor process. The numbers of indicator organisms detected in the bioreactors were 

compared with Australian water quality guidelines to assess the potential risk of infection to 

workers associated with the bioreactor process. 

3.2 Materials and Methods 

3.2.1 Sampling for Pathogen Enumeration 

The full-scale oxalate-degrading bioreactor consisted of two units (BU1 and BU2), each comprising 

three MBBR as described in Section 2.2.4. Tank 1 and 2 of each unit were each inoculated with 12.5 

kL of activated sludge from the Woodman Point wastewater treatment plant (WPWTP; Kwinana, 

Western Australia). Samples for the enumeration of pathogenic indicator organisms were collected 

from the liquid and bead biofilm of tank 1, and from the combined effluent of tanks 1 and 2 of in 

both bioreactor units. A sample of the combined final effluents, which was pumped to H Lake (pH 

13; Section 2.2.1), was also taken 7 d after inoculation of the bioreactor with activated sludge. All 

samples were kept on ice and sent to the PathWest Water Examination Laboratory (Locked Bag 

2009 Nedlands, Western Australia 6909, Australia) within 2 h of sampling for the enumeration of 
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indicator bacteria. Samples for 16S rRNA gene analysis were stored at 80 °C prior to DNA 

extraction. 

3.2.2 Detection and Enumeration of E. coli 

E. coli were detected and enumerated in bioreactor influent, effluent, bead and end-point process 

water samples by PathWest using the Colilert method (Idexx Laboratories, Maine). The presence 

and absence of E. coli in samples was confirmed by the metabolism of 4-methyl-umbelliferyl 

(MUG) using the β-glucuronidase enzyme, which resulted in the production of the fluorescent 

indicator 4-methyl-umbelliferone. E. coli was enumerated by combining the Colilert system with 

most probable number (MPN) analysis. 

3.2.3 Enumeration of Enterococcus spp. 

Enterococci were detected and enumerated in bioreactor influent, effluent and bead samples and 

end-point process water samples by PathWest using the Enterolert method (Idexx Laboratories, 

Maine). The Enterolert method is based on the same principles as the Colilert method. However, in 

this method, enterococci utilised the β-glucosidase enzyme to metabolise the MUG nutrient 

indicator, which produced the fluorescent glow. This fluorescence is used to determine presence or 

absence. enterococci were enumerated by combining the Enterolert method with MPN analysis. 

3.2.4 16S rRNA Gene Analysis for Confirmation of Pathogen Removal 

PCR-DGGE was used to characterise the microbial diversity of the start up bioreactor samples as 

described in Section 2.2.10. BLAST analysis of the sequences from the bands excised from the 

molecular fingerprint of both bioreactor units to day 14 was used to confirm the presence or 

absence of pathogenic bacteria within the bioreactor process. 

3.3 Results 

3.3.1 Enumeration of Indicator Microorganisms 

The number of E. coli detected in the liquid of tank 1 in both bioreactor units was below the 

Colilert System detection limit (< 10 cfu/100 mL) 24 h following inoculation with activated sludge 

(Table 3.1 and 3.2).  
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Table 3.1 Removal of Escherichia coli and enterococci from BU1.  

 Escherichia coli/100 mL Enterococci/100 mL 

Sample 
Tank 1 
liquid 

Effluent of tanks 
1 and 2 

Tank 1 
bead 

Tank 1 
liquid 

Effluent of tanks 
1 and 2 

Tank 1 
bead 

Time zero < 10 nd* nd < 10 nd nd 

After AS† 

mixing 
3300 nd nd 11000 nd nd 

24 h < 10 nd nd 820 nd nd 

48 h < 10 nd nd 450 nd nd 

72 h < 10 < 10 nd 810 360 nd 

7 d < 10 < 10 < 10 20 10 < 10 

14 d < 10 < 10 < 10 < 10 < 10 < 10 

35 d < 10 < 10 < 10 < 10 < 10 < 10 

74 d < 10 < 10 < 10 < 10 < 10 < 10 

*nd: not demonstrated 
†After activated sludge (AS) mixing indicates that sample was taken immediately after the addition of AS to the full-scale 
oxalate-degrading bioreactor at the time of start up. 

 

 

Table 3.2 Removal of Escherichia coli and enterococci from BU2.  

 Escherichia coli/100 mL Enterococci/100 mL 

Sample 
Tank 1 
liquid 

Effluent of tanks 
1 and 2 

Tank 1 
bead 

Tank 1 
liquid 

Effluent of tanks 
1 and 2 

Tank 1 
bead 

Time zero < 10 nd* nd < 10 nd nd 

After AS† 
mixing 

500 nd nd 5800 nd nd 

24 h < 10 nd nd 580 nd nd 

48 h < 10 nd nd 750 nd nd 

72 h < 10 < 10 nd 220 120 nd 

7 d < 10 < 10 < 10 20 20 < 10 

14 d < 10 < 10 < 10 < 10 < 10 < 10 

21 d < 10 < 10 < 10 31 52 < 10 

28 d < 10 < 10 < 10 < 10 < 10 < 10 

35 d < 10 < 10 < 10 31 31 < 10 

74 d < 10 < 10 < 10 10 < 10 < 10 

*nd: not demonstrated 
†
After activated sludge (AS) mixing indicates that sample was taken immediately after the addition of AS to the full-scale 

oxalate-degrading bioreactor at the time of start up. 
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The numbers of E. coli were below the protocol limit of detection in tank 3 (combined effluent of 

tanks 1 and 2) and in the attached bead biofilm of tank 1 in both bioreactor units 72 h and 7 d after 

activated sludge addition, respectively. Enterococci persisted for approximately 7 d in tank 1 and 

the tank 3 in both bioreactor units, after which time their numbers were below the Enterolert 

protocol limit of detection (< 10 cfu/100 mL). The number of enterococci was below the protocol 

detection limit in the tank 1 bead biofilm in both bioreactor units 7 d after the addition of activated 

sludge. The numbers of E. coli and enterococci were also detected below the Colilert and Enterolert 

protocol detection limits in the final effluent (H Lake) sample 7 d following bioreactor inoculation 

(data not shown). 

3.3.2 16S rRNA Gene Analysis  

DGGE fingerprints were obtained by amplifying and analysing the variable region of bacterial 16S 

rRNA genes extracted from tank 1 liquid and bead biofilm samples, and the combined effluent of 

tanks 1 and 2 from both BU1 (Figure 2.8) and BU2 (Figure 2.9) as described in Chapter 2.  

DGGE bands with similar migration distances were considered to belong to the same species. 

Sequences most similar to “M. alkaliphilum” [not validly published] (100 % 16s rRNA gene 

sequence similarity), Az. tolulyticus (94 %) (Song et al., 2000), Az. denitrificans (94 %) (Zhou et al., 

1995), and Rs. monicus, Rca. barguzinensis or Rca. bogoriensis (all 98 % similarity) (Boldareva et al., 2007; 

Boldareva et al., 2008) were routinely detected in samples throughout the treatment system, 

including in samples taken prior to activated sludge inoculation (Table 2.6; Section 2.3.2.6.2). All of 

the closest relatives of the microorganisms detected in the full-scale oxalate-degrading bioreactor 

were moderately halophilic, alkaliphilic, chemoorganotrophic and denitrifying or photosynthetic 

bacteria, and none were known to be pathogenic to human, animals or plants. The DGGE 

fingerprints also showed that the bioreactor microbial community was stable for the first 14 d of 

the start up period.  

A poor DGGE banding profile was observed for the DNA extracted from activated sludge which 

indicated that the DNA extracted and amplified from the sample was too concentrated. DGGE for 

the activated sludge was repeated using a 10-fold serial dilution series to obtain the best banding 

profile (Figure 3.1). Numerous bands were observed in the DGGE profile from the activated 

sludge, and were excised and sequenced as described in Section 2.2.10. Sequence data was not 

obtained from bands from the activated sludge 16S rRNA genes. The sequencing was not repeated 

as DGGE profiles of the bioreactors during start up indicated that the microbial community did 

not change after the addition of activated sludge. 
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Figure 3.1 Molecular fingerprint of a dilution series of DNA extracted from activated sludge. 

No clear banding pattern was observed for the original sample (neat). The 1/10 to 1/1000 

dilutions provided clearer banding patterns. Wells are labelled with the appropriate dilution 

(MW: molecular weight marker). 

3.4 Discussion 

The full-scale oxalate-degrading bioreactor was operated at a moderately high pH (9.5) and 

temperature (3540 °C), contained a high concentration of solids, and was subject to a high rate of 

aeration to promote mixing of the bioreactor medium and the transfer of oxygen to the bioreactor 

biomass. Although both E. coli and Enterococcus spp. are capable of growth at moderately 

thermophilic temperatures (~37 °C), the operating conditions of the bioreactor process generally 

did not favour the growth or persistence of either species. Previous studies have shown that 

Enterococcus spp. are more robust than E. coli at high temperature and pH (eg: Craig et al., 2001; Jin et 

al., 2004; Anderson et al., 2005), and this was observed in the bioreactor process following addition 

of activated sludge. The rapid disappearance of both indicator microorganisms indicated that the 

survival of other enteric pathogenic bacteria would also have been low (Leclerc et al., 2001; Rose et 

al., 2004; Savichtcheva & Okabe, 2006; Guzman et al., 2007; Stedtfeld et al., 2007). The numbers of 

both indicator microorganisms in the bioreactor rapidly fell below the guideline limits for primary 

contact of recreational waters in Australia and New Zealand (< 150 coliforms/mL and < 35 

enterococci/mL) after activated sludge addition (ANZECC, 2000). As recreational waters are 

considered safe for external contact, individuals working at the bioreactor had minimal risk of 

infection by enteric pathogens.  
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The detection of a limited number of haloalkaliphilic genera, both pre- and post- addition of 

activated sludge, indicated that the microorganisms in the stabilised bioreactor consortium were not 

introduced with the activated sludge, but were indigenous to the refinery and residue environment 

surrounding the bioreactor process. No new DGGE bands were observed in the molecular 

fingerprint of bioreactor samples following the addition of activated sludge, which further indicated 

that the microorganisms in the activated sludge were not retained in the bioreactor or were unable 

to grow because of the harsh operating conditions. Only small changes occurred in the microbial 

community during the start up period, and these were attributed to minor fluctuations in operating 

conditions during the start up of the full-scale process. 

The occurrence of enteric viruses in the treatment system was not quantitatively assessed. However, 

it was reported previously that there was a high rate of removal or deactivation of common enteric 

viruses in activated sludge because of biomass production and high biological activity. This resulted 

in physico-chemical adsorption of virus particles onto sludge flocs and microbial antagonism 

(Wellings et al., 1976; Hurst et al., 1980; Ward, 1982; Knowlton & Ward, 1987; Kim & Unno, 1996; 

Arraj et al., 2005; Pepper et al., 2006). Viruses can also be inactivated by exposure to temperatures 

greater than 35 °C, alkaline conditions (pH 9 or higher) and aeration (Safferman & Morris, 1976; 

Irving & Smith, 1981; Deng & Cliver, 1995; Roberts et al., 2000; Feng et al., 2003). It was likely 

following the addition of activated sludge, that enteric viruses would not b able to persist or 

replicate in the full-scale, continuous-flow, oxalate-degrading bioreactor because of the lack of host 

cells and wash out from the system. Based on this, it is likely that viral persistence in the bioreactor 

was absent or low, and consequently the potential for workers to be exposed to enteric viruses was 

negligible.  
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Chapter 4  

Quantification of the Bacterial Diversity in the Full-Scale Oxalate-
Degrading Bioreactor Microbial Community at Steady State 

4.1 Introduction 

The use of molecular biology-based techniques has allowed the identification and subsequent 

isolation and characterisation of a plethora of previously non-cultivable microorganisms from 

environmental samples. 16S rRNA gene targeted surveys of the microbial communities in pilot- and 

full-scale bioreactors treating oxalate produced by Bayer processing were reported in Chapter 2. 

Using PCR-DGGE and phylogenetic analysis of the variable region of the 16S rRNA genes of 

bioreactor microorganisms, it was shown that the most numerous microorganisms in the bioreactor 

communities belonged to the α, β and γ subgroups of Proteobacteria. Though this method allowed 

the preliminary identification of the major groups of microorganisms and information necessary for 

the isolation of key oxalate-degrading microorganisms from the bioreactor processes (Chapter 5), 

the technique did not provide quantitative information regarding the dominant groups within the 

full-scale bioreactor. Rather, PCR-DGGE gave an indication of the presence and absence of these 

groups within the bioreactor community over time.  

Unlike PCR-DGGE, other 16S rRNA gene-targeted methods have enabled the abundance and 

diversity of microbial groups in a given sample or environment to be assessed. Metagenomic 

analysis can provide a quantitative assessment of the abundance and diversity of microbial 

community members by targeting either taxonomic (e.g. the 16S rRNA gene for all 

microorganisms) or functional (e.g. the nif gene in nitrogen fixing microorganisms) gene markers 

(Zhang & Fang, 2006; Smith & Osborn, 2009) extracted and amplified from environmental 

samples. These analyses are generally carried out by performing high throughput pyrosequencing of 

the total DNA in an environmental sample, which produces a large amount of redundant sequence 

data, or by cloning the DNA into vectors (such as plasmids and phages). In the latter technique the 

cloned vectors are introduced into cultivable microbial hosts such as E. coli. The transformed 

microbial hosts can be selected randomly and subsequently screened for taxonomic or functional 
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gene markers (Handelsman, 2004). By simultaneously targeting functionally meaningful gene 

markers or taxonomic gene markers including the 16S rRNA gene, metagenomic analysis can 

provide a link between the phylogeny and functionality of microbial communities. These techniques 

have been used to characterise microbial communities associated with ecological sites of interest 

including acid mine drainage (Tyson et al., 2004), sea water (Venter et al., 2004) and soil (Rondon et 

al., 2000), and also used to identify natural products including  microbially-produced antibiotics 

(Sosio et al., 2000; Brady et al., 2001).  

In this part of the study, 16S rRNA gene targeted clone libraries were used to quantify the microbial 

abundance and diversity of the full-scale oxalate-degrading bioreactor at steady state, when it was 

achieving complete degradation of oxalate. A comparison of the suspended and attached biomass 

in each bioreactor unit was performed to identify differences in the microbial diversity of the tank 

liquor and bead biofilm. 

4.2 Materials and Methods 

4.2.1 Operating Conditions of the Full-Scale Bioreactor at Steady State 

The full-scale bioreactor was considered to be operating at steady state when both bioreactor units 

had operated stably and consistently for more than 3 months, with complete degradation of oxalate 

from the influent feed (~38 T/day) and no significant disruption to operation. Samples were 

transported back to the laboratory within 4 h of sampling, where direct cell counts, activity 

measurements and measures of pH were performed on all samples, as described in Chapter 2. 

Samples were stored at –80 °C prior to molecular analysis. 

4.2.2 16S rRNA Gene Targeted Clone Library Construction 

4.2.2.1 Reagents and Stock Solutions 

4.2.2.1.1 Competent E. coli cells 

XL2-Blue MRF‟ Ultracompetent cells (Genotype: Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 

supE44 thi-1 recA1 gyrA96 relA1 lac [F′ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr]) were obtained 

from Stratagene (Agilent Technologies). The manufacturer stated that the transformation efficiency 

of this strain is greater than 5 x 109 transformants/µg of pUC18 control DNA (0.1 ng/µL in TE 

buffer; supplied with the strain). β-Mercaptoethanol (1.22 M) was used to increase transformation 

efficiency and supplied with the kit. Cells were stored at –80 °C and were thawed on ice prior to 

use. 
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4.2.2.1.2 Ampicillin Stock Solution 

A 50 mg/mL stock solution of ampicillin was prepared by dissolving 2.5 g of ampicillin (Sigma) in 

50 mL ddH2O. The solution was sterilised through a 0.2/0.8 µm gradient syringe filter (PALL). The 

solution was stored at -20 °C in 10 mL aliquots. 

4.2.2.1.3  Luria Broth with Ampicillin 

The following were added to 980 mL ddH2O: 

Bacto Tryptone 10 g 

Yeast extract 5 g 

NaCl  

Agar 

10 g 

15 g 

The pH of the medium as adjusted to 7.0 and sterilised at 121 °C for 15 mins at 15 psi. The 

medium was cooled to 55 °C and 1 mL of ampicillin stock solution was added. Plates were poured 

using 15 mL of medium and allowed to drive in the laminar flow.  

4.2.2.1.4 1 M Magnesium Chloride Solution 

A 1 M solution of magnesium chloride was prepared by adding 20.33 g of MgCl2.6H2O to 100 mL 

ddH2O. The solution was sterilised through a 0.2/0.8 µm gradient syringe filter (PALL).   

4.2.2.1.5 1 M Magnesium Sulphate Solution 

A 1 M solution of magnesium sulphate was prepared by dissolving 24.65 g of MgSO4.7H2O in 100 

mL ddH2O. The solution was sterilised through a 0.2/0.8 µm gradient syringe filter (PALL).   

4.2.2.1.6 2 M Glucose Solution 

A 2 M glucose solution was prepared by adding 36.4 g of glucose to 100 mL ddH2O. The solution 

was sterilised through a 0.2/0.8 µm gradient syringe filter (PALL).   

4.2.2.1.7  NZY+ Broth 

NZY+ broth was prepared by adding the following components and the volume was made up to 

100 mL with ddH20: 

NZ amine (Amresco) 1 g 

Yeast extract 0.5 g 

NaCl 0.5 g 

The pH of the broth was adjusted to 7.5 and the solution was sterilised at 121 °C for 15 min at 15 

psi. The broth was cooled and 1.25 mL of 1M MgCl2, 1.25 mL of 1M MgSO4 and 1 mL of 2 M 

glucose were aseptically added to the broth.  
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4.2.2.1.8  X-Gal Stock Solution 

A stock solution of X-Gal was prepared by adding 400 mg of X-Gal (5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside; Sigma) to 10 mL dimethylsulfoxide (DMSO). The solution was stored at -20 

°C in the dark.   

4.2.2.1.9  IPTG Stock Solution 

A stock solution of IPTG (isopropyl-β-D-thiogalactopyranoside; Biochemika) was prepared by 

adding 1.2 g of IPTG to 50 mL ddH2O. The solution was sterilised through a 0.2/0.8 µm gradient 

syringe filter (PALL). IPTG was stored at -20 °C in 2 mL aliquots. 

4.2.2.1.10 NZY+/ X-Gal/ IPTG Mixture 

A mixture of NZY+, X-Gal and IPTG was prepared by aseptically mixing 1 mL of NZY+ broth, 7.5 

mL of X-Gal stock solution and 1.5 mL of IPTG stock solution in a Falcon tube. 

4.2.2.2 DNA Extraction, Amplification and Quantification of Sample 16S 
rRNA 

16S rRNA genes were amplified from DNA extracted and amplified from bioreactor units 1 and 2, 

tank 1 liquor and bead samples on day 254 as described in Sections 2.2.8 and 2.2.9. The 

concentrations of the amplified products were measured spectrophotometrically using a NanoDrop 

ND-1000 spectrophotometer (Biolab), following the manufacturer‟s instructions. 

4.2.2.3 Ligation  

4.2.2.3.1 Ligation Kit 

Ligation of the 16S rRNA gene products into vectors was carried out using the pGEM-T Easy 

Vector Systems kit (Promega; WI, USA) with vectors carrying the lacZ and ampicillin resistance 

(Ampr) genes.  

4.2.2.3.2 Calculation of Vector:PCR Product Ratio  

According to the manufacturer‟s instructions, the ratio of vector concentration to PCR product 

concentration required for the pGEM-T Easy Vector Systems kit was approximately 1:3. The 

amounts of PCR products added to the ligation reactions were calculated using Equation 4.1. 

 

           [4.1] 
ng of vector * kb size of insert 

kb size of vector 

1 

3 =   ng of insert required * 
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4.2.2.3.3 Ligation Protocol 

All kit reagents and samples were thawed on ice and briefly mixed prior to use. Ligation reactions 

(10 µL) for samples, a positive control and a background control were set up following the 

manufacturer‟s instructions (Table 4.1). 

 

Table 4.1 Ligation reaction mixes for the pGEM-T Easy Vector System. 

Component Standard 
Reaction 

Positive 
Control 

Background 
Control 

2X Rapid Ligation Buffer, T4 Ligase 5 µL 5 µL 5 µL 
pGEM-T Easy Vector 1 µL 1 µL 1 µL 

Control Insert DNA - 2 µL - 
PCR Product *x µL - - 
T4 DNA Ligase 1 µL 1 µL 1 µL 
RNase/ DNase-free water to a final volume 10 µL 10 µL 10 µL 
*x µL of PCR product was determined using the molar ratio calculation in Section 4.2.2.3.2. 

 

The ligation reactions were mixed by gentle pipetting and incubated in the thermocycler at 4 °C 

overnight. Ligated vectors were then stored at –80 °C prior to transformation into competent E. 

coli cells. 

4.2.2.4 Transformation 

4.2.2.4.1 Preparation of pUC-18 Control Plasmid 

The pUC-18 DNA control plasmid (0.1 ng/µL; Stratagene) was used as a transformation control. 

The control plasmid was diluted 1:10 (v/v) in RNase/ DNase-free water. 

4.2.2.4.2 Transformation Protocol 

NZY+ broth was pre-warmed to 42 °C in a water bath. Competent cells and transformation 

reagents were allowed to thaw on ice, then gently mixed and centrifuged prior to use. Falcon tubes 

were placed on ice for each sample and control prior to transformation. Thawed competent cells 

(50 µL) were added to each Falcon tube. β-Mercaptoethanol (1 µL) was added to each tube. Tubes 

were gently swirled to mix their contents. Reactions were incubated on ice for 10 min, with gentle 

swirling every 2 min. Diluted pUC-18 DNA control plasmid (0.5 µL) was added to one Falcon tube 

and 5 µL of each sample was added to the remaining tubes. Tubes were gently swirled and placed 

on ice for 30 min with occasional mixing. 

Reactions were incubated at 42 °C in a water bath for 30 s and then placed on ice. After 2 min, 450 

µL of pre-warmed NZY+ broth was added to each tube and gently mixed. Reactions were 

incubated at 37 °C for 1 h with shaking (150 RPM). 
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Thirty min prior to the plating of clone libraries, 66.7 µL of NZY+/X-Gal/IPTG mixture was 

spread onto LB+ ampicillin plates and dried. 

Following incubation, transformed cells were plated onto LB+ ampicillin plates with X-Gal and 

IPTG. A dilution series was used to ensure that single colonies could be picked at the screening 

stage. For every transformation reaction the following inocula were plated in duplicate: 25 µL; 50 

µL; 100 µL and; 156 µL. For the smaller volumes, care was taken to ensure that the inoculum was 

not absorbed into one spot on the plate. Plates were incubated at 37 °C overnight. Following 

incubation, the plates were placed at 4 °C to enhance the blue colour of negative clones (i.e. clones 

with no insert indicating a functional lacZ gene). 

4.2.2.5 Visual Screening 

Ampicillin resistance was conferred to the competent cells by the successful transformation of the 

vector, so vector transformation was initially confirmed by growth of clones on LB+ ampicillin 

plates. Clones were then screened by colony colour, which confirmed the successful ligation of the 

16S rRNA gene insert into the lacZ gene of the vector and vector transformation into the 

competent cells. Colonies that were blue in colour had a functional lacZ gene, which indicated that 

ligation of the 16S rRNA gene fragment into the vector was unsuccessful. Colonies that were white 

had a non-functional lacZ gene, which indicated successful ligation. 

White clones were picked and subcultured aseptically onto another set of LB+ ampicillin plates with 

X-Gal and IPTG to confirm the presence of the 16S rRNA gene insert in the vector. A blue clone 

was also picked from each plate to act as a negative control. A total of 150 transformed white 

clones were randomly picked for each bioreactor sample analysed. The new plates were incubated 

at 37 °C overnight and then the clones were picked further analysis. 

4.2.2.6 Storage 

White clones were picked and resuspended in 750 µL of LB+ ampicillin broth and grown at 37 °C 

with shaking for 24 h. Grown cultures were stored at –80 °C in 10 % (v/v) DMSO.  

4.2.2.7 Lysis 

Selected clones were each resuspended in 20 µL sterile RNase/DNase-free water and lysed for 15 

min at 95 °C. Lysed cells were stored at –80 °C prior to amplification of the vector and 16S rRNA 

gene insert. 

4.2.2.8 Vector Amplification 

16S rRNA gene inserts were amplified from clones as described in Section 2.2.9, using primers 

targeting the T7 and SP6 promoter regions (25 pM; Table 4.2) of the polycloning site on the 

pGEM-T Easy Vector.  
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Table 4.2 Primers used for PCR amplification and sequencing of the polycloning site of the 

pGEM-T Easy Vector (Promega; WI, USA). 

Primer ID Target Site (5′ → 3′) Target Site 

T7 TAATACGACTCACTATAGGG T7 Promoter Region 
SP6 CGATTTAGGTGACACTATAG SP6 Promoter Region 

4.2.2.9 Clone Screening and Sequencing of Partial 16S rRNA Gene Fragments 

Amplified inserts were visualised on a 1 % (w/v) agarose gel with Hyperladder I molecular weight 

marker (Bioline) to ascertain the length of amplified fragments. Clones containing inserts of the 

incorrect size were discarded. Amplified fragments of the correct size were sequenced as described 

in Section 2.2.11, using the 530F forward primer (1 pM; Table 2.6; Section 2.2.9).  

4.2.2.10 Phylogenetic Analysis of Partial 16S rRNA Gene Fragments 

Partial 16S rRNA gene insert fragments were aligned using the ClustalW function of Mega4 

(Tamura et al., 2007) using reference sequences obtained from the NCBI GenBank database 

(http://www.ncbi.nlm.nih.gov/genbank/). A phylogenetic tree was constructed for the clones 

from each bioreactor unit using the complete deletion distance matrix and neighbour joining 

method with Jukes and Cantor single parameter correction of the Mega4 software. Clone sequences 

were grouped into a single phylogenetic tree. Partial 16S rRNA gene fragments that were 99 % 

similar in sequence were grouped together in the same operational taxonomic unit (OTU). The 

OTU were used to estimate the biodiversity of the microbial communities in both bioreactor units. 

4.2.2.11 Estimation of Biodiversity 

The microbial diversity of the suspended and attached biomass in BU1 and BU2 was estimated by 

plotting the cumulative number of different OTU in each clone library versus the number of clones 

analysed. A curve was fitted using Equation 4.2. 

 y = x/(ax+b)           [4.2] 

Here, y was the cumulative OTU number, x was the number of clones analysed and a and b were 

constants (Sekiguchi et al., 1998). The constants were solved using an ordinary least squares method 

in Microsoft Excel 2003. The theoretical maximum of different phylotypes in each sample was 

estimated from the equation where y becomes 1/a as x approaches infinity. 

4.2.2.12 Phylogenetic Analysis of Representative 16S rRNA Gene Fragments 

Full-length 16S rRNA gene fragments were obtained from representative clones of each OTU by 

amplification of the polycloning site using SP6 and T7 primers (25 pM; Table 4.2). The 

amplification of the full length fragments is described in Section 2.2.9. Amplified products were 

checked on a 1 % (w/v) agarose gel to determine fragment size. Non-purified, amplified 16S rRNA 

gene fragments were sent to Macrogen Inc (Korea) for full-length sequencing using 27F, 326F and 

http://www.ncbi.nlm.nih.gov/genbank/
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518F forward primers and 800R, 906R and 1492R reverse primers (Table 2.6; Section 2.2.9). Near 

full-length 16S rRNA gene sequences were constructed using ChromasPro and aligned using the 

ClustalW function of Mega4 with reference sequences obtained from the NCBI GenBank database 

(http://www.ncbi.nlm.nih.gov/genbank/). A phylogenetic tree of representative clone near full-

length 16S rRNA gene fragments was constructed of the Mega4 software with the complete 

deletion distance matrix and neighbour joining method with Jukes and Cantor single parameter 

correction.  

4.3 Results 

4.3.1 Bioreactor Operation 

The process performance of BU1 and BU2 at the time of sampling is outlined in Table 4.3.  

 

Table 4.3 Process performance of bioreactor units BU1 and BU2 at the time of sampling for 

the construction of clone libraries. 

 BU1 BU2 

Flow Rate (kL/h) 16.2 30.5 
Hydraulic Retention Time (h) 27.7 14.7 
Average Temperature ( °C) 38.6 37.7 

Average Influent pH 9.7 9.7 
Influent Oxalate (g/L) 16.92 18.78 
Effluent Oxalate (g/L) 0.04 0 
Degradation Rates (kg/kL.d) 14.6 30.6 

Tank 1 Cell Count (cells/mL) 3.9 x 108 5.3 x 108 
Tank 1 Bead Cell Count (cells/bead) 9.7 x 1010 7.2 x 1010 

 

4.3.2 Phylogenetic Analysis of 16S rRNA Gene Clones 

Clone libraries were constructed from the suspended and attached biomass of both units of the 

full-scale bioreactor. One hundred clones from each library were randomly selected for analysis and 

the clones with incorrect insert sizes were discarded. Among the analysed clones, 13 and 15 

different OTU were detected in the suspended and attached biomass of BU1, respectively, and 13 

and 16 different OTU were detected in the suspended and attached biomass of BU2, respectively. 

The 16S rRNA gene sequence similarity between the members of each OTU was at least 99 %. The 

distribution of the different OTU in the suspended and attached biomass of BU1 and BU2 are 

shown in Tables 4.4 and 4.5.  

 

http://www.ncbi.nlm.nih.gov/genbank/
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Table 4.4 Distribution of operational taxonomic units (OTU) in 16S rRNA gene clone 

libraries constructed from the DNA extracted from suspended and attached biomass of 

MBBR 1 of BU1. 

Group 

Suspended Biomass Attached Biomass 

OTU 
Number 
of clones 

Percentage 
of total 
clones 

OTU 
Number 
of clones 

Percentage 
of total 
clones 

Proteobacteria       
α-Proteobacteria - - - 3 22 27 

β-Proteobacteria 2 22 24 2 22 27 
γ-Proteobacteria       

Halomonas 3 32 36 3 18 22 
Marinospirillum 1 21 23 - - - 

Alkalispirillum 1 1 1 - - - 
Idiomarina 1 1 1 - - - 
Natronocella 1 5 6 1 3 4 

Firmicutes       
Bacillus 1 2 2 1 4 5 

Natronobacillus 1 2 2 1 1 1 
Other 1 1 1 1 1 1 

Actinobacteria - - - 2 2 2 
CFB Group 1 3 3 1 8 10 

Total 13 90 100 15 81 100 

 

 

Table 4.5 Distribution of operational taxonomic units (OTU) in 16S rRNA gene clone 

libraries constructed from the DNA extracted from suspended and attached biomass of 

MBBR 1 of BU2. 

Group 

Suspended Biomass Attached Biomass 

OTU 
Number 
of clones 

Percentage 
of total 
clones 

OTU 
Number 
of clones 

Percentage 
of total 
clones 

Proteobacteria       

α-Proteobacteria  - - 5 29 34 
β-Proteobacteria 2 29 34 3 19 22 

γ-Proteobacteria       
Halomonas 3 34 40 1 19 22 
Marinospirillum 2 4 5  - - 
Alkalispirillum 1 1 1  - - 
Idiomarina 2 5 6  - - 

Natronocella 1 5 6 1 12 14 
Firmicutes       

Bacillus  - - 1 2 2 
Natronobacillus 1 4 5  - - 
Other 1 3 3  - - 

Actinobacteria  - - 1 1 1 
CFB Group 1 1 1 4 4 5 

Total 14 86 100 16 86 100 
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Results of the phylogenetic analyses of the clone libraries constructed from attached and suspended 

biomass of the full-scale oxalate-degrading bioreactors indicated that the biodiversity within the 

bioreactors was low and that this diversity was conserved in each unit. The most dominant 

microorganisms by percentage composition belonged to the γ-, β- and α-Proteobacteria groups. 

Species belonging to the Halomonas genus represented 35–40 % of the suspended biomass and 22 

% of the attached biomass in both bioreactor units. Matches to an unknown species of β-

Proteobacteria represented 24 and 27 % of the suspended and attached biomass of BU1, and 34 % 

and 22 % of the suspended and attached biomass of BU2, respectively. Matches to members of the 

α-Proteobacteria represented 27 % and 34 % of the attached biomass in BU1 and BU2, respectively 

but were not detected in the suspended biomass of either BU. Other matches to less dominant 

groups such as Bacillus spp., uncultured Actinobacteria and the CFB group were also detected, but 

based on their percentage composition within the attached and suspended biomass of each BU, 

these microorganisms were considered to be incidental, probably having originated from soil and 

water in the vicinity of the refinery. A phylogenetic tree was constructed after obtaining the near 

full-length 16S rRNA gene sequences of the representative clones from each group (Figure 4.1). 
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Figure 4.1 Phylogenetic trees generated using distance matrix and neighbour-joining 

methods based on 16S rRNA gene sequences of clones obtained from bioreactor units 1 and 2 

(BU1 and BU2) suspended (1S and 2S) and attached (1A and 2A) biomass, and reference 

sequences obtained from the NCBI database. Representative clones are indicated in bold. 

The total number of similar clones retrieved from each biomass sample is given in 

parentheses. A: Matches to the α-Proteobacteria subgroup; B: Matches to the γ-Proteobacteria 

subgroup; C: Matches to the β-Proteobacteria subgroup and; D: Matches to the groups 

Firmicutes, Actinobacteria and Cytophaga-Flexibacter-Bacteroidetes. Numbers at nodes 

represent bootstrap values based on 1000 iterations. Flavobacterium aquatile (AM230485) was 

used as the outgroup for trees A, B and C and Archeoglobus veneficus (AF418181) was used as 

the outgroup for tree D. The scale bars in each figure represent changes per nucleotide. 
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4.3.3 Estimation of Bacterial Diversity 

The possible number of different phylotypes was estimated theoretically by analysing the 

cumulative OTU distributions of the clone libraries constructed for both the suspended and 

attached biomass of both bioreactor units. The cumulative OTU distributions showed that the 

theoretical maximum number of different phylotypes contained within the suspended and attached 

biomass of BU1 was 16 and 20, respectively (Figure 4.2a). The theoretical maximum number of 

different phylotypes contained within the suspended and attached biomass of BU2 was 18 and 16, 

respectively (Figure 4.2b).  
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Figure 4.2 Estimation of bacterial diversity of BU1 (a) and BU2 (b) suspended and attached 

biomass based on cumulative number of operational taxonomic units (OTUs). The sequential 

detection of cumulative OTUs reflects the order of detection which was assumed to be 

stochastic relative to the distribution of clones generated from the sample library. Prediction 

of cumulative lines was performed by using the curve from the equation y=x/ (ax+b) where y 

is the cumulative number of OTUs, x is the number of clones analysed and a and b are 

constants. 

a 

b 
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4.4 Discussion 

16S rRNA gene clone libraries were used to estimate the abundance and potential diversity of the 

microbial community of the suspended and attached biomass within two units of a full-scale 

oxalate-degrading bioreactor. Analysis of the clones from each library indicated that the dominant 

members of the community belonged with the β- and γ-Proteobacteria subgroups. The detection of 

these groups in the clone libraries is consistent to the groups detected by PCR-DGGE from the 

pilot-scale (McSweeney et al., 2009) and full-scale (Chapter 2) bioreactors treating oxalate. The use 

of 16S rRNA gene clone libraries also showed that these microorganisms were numerically 

dominant, which further indicated that they were potentially key players in the biological 

degradation of oxalate.  

The closest relatives of the microorganisms detected by the clone library analysis are organotrophic, 

halophilic and neutrophilic or alkaliphilic bacteria (Anders et al., 1995; Zhou et al., 1995; Mormile et 

al., 1999; Boldareva et al., 2007; Boldareva et al., 2008). Cloned sequences grouped with members of 

the genus Halomonas and an uncultured species of β-Proteobacteria, and both groups constituted a 

large proportion of the microbial communities in both the suspended and attached biomass of both 

bioreactor units. Members of the genus Halomonas are typically organotrophic and have the ability 

to degrade most organic acids including acetate and formate, but have not previously been reported 

to utilise oxalate as a sole source of carbon and energy (Romano et al., 1996; Mormile et al., 1999; 

Caton et al., 2004; Joshi et al., 2008). Most microorganisms belonging to the β-Proteobacteria subgroup 

are involved in the cycling of nitrogen (e.g. denitrification or nitrogen fixing) and are also well 

known for their ability to degrade environmental pollutants including toluene and other 

hydrocarbons (Anders et al., 1995; Zhou et al., 1995). It is possible that the bioreactor 

microorganisms played a key role in nitrogen cycling in the bioreactor in addition to oxalate 

degradation. The isolation and characterisation of both groups of oxalate-degrading 

microorganisms and investigation of their roles in the biological destruction of oxalate is described 

in Chapter 6 of this thesis. The percentage 16S rRNA gene sequence similarity of the microbial 

members belonging to the β-Proteobacteria subgroup was low (<96 %), which again indicated that 

this represented a novel genus of this subgroup. 

Microorganisms belonging to the α-Proteobacteria subgroup were detected in the attached biomass of 

both BUs but not in the suspended biomass of either unit. This was also observed in the PCR-

DGGE analysis of the pilot- and full-scale bioreactor microbial communities (McSweeney et al., 

2009; Chapter 2). The most closely related microbial species to this group of bioreactor 

microorganisms were Rs. monicus ROS 10 and Rca. barguzinensis and Rca. Bogoriensis (98-99 % 16S 

rRNA gene sequence similarity). These microorganisms are obligately aerobic, heterotrophic and 

haloalkaliphilic and can produce pigments under light-reduced conditions, or grow 

photosynthetically (Milford et al., 2000; Boldareva et al., 2007; Boldareva et al., 2008). Under the 

operating conditions of the bioreactor, it is likely that these microorganisms were slow growing and 

required a support for growth to avoid biomass wash out.  
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Estimation of bacterial diversity using the cumulative OTU distribution showed that the theoretical 

maximum of different phylotypes contained in the suspended and attached biomass of BU1 was 16 

and 20, respectively, and 18 and 16, respectively for BU2. The total number of OTU detected in 

this analysis was 13 and 15 in the suspended and attached biomass of BU1, respectively, and 14 and 

16, respectively, for BU2. The total observed OTU number varied from the estimated maximum 

OTU numbers, which indicated that there may be some bias associated with the extraction of 

DNA, cell lysis or PCR amplification with this technique. Despite the difference in the observed 

and estimated OTU numbers, the clone library analysis was successful in detecting all of the 

phylogenetically different microbial groups in the full-scale oxalate-degrading bioreactor process as 

detected by PCR-DGGE and enabled quantitation of different groups of bacteria previously 

unattainable when solely using PCR-DGGE for bacterial characterisation. Efforts to improve the 

efficacy of the DNA extraction technique, including removing biases associated with differential 

cell lysis, will make the clone library technique more robust in the future. 

These results helped to confirm the observations of the PCR-DGGE analysis (Chapter 2), that the 

biodiversity of the oxalate-degrading bioreactor process was low and that the numbers of 

phylogenetically different microorganisms in the pilot- and full-scale bioreactors were similar. 

Moreover, the results of the clone library analysis also indicated that the process required 

specialised biomass for the removal of oxalate and that the conditions of operation were only 

suitable to a small number of microbial groups. This biomass was not actively inoculated into the 

process, which further indicated that the bioreactor microbial consortium was indigenous to the 

refinery and residue environments. 

The microbial communities responsible for the biological oxidation of oxalate in the pilot- and full-

scale bioreactors were conserved and had low diversity. Coupled with the detection of some 

common soil and water microorganisms in the PCR-DGGE analysis of the pilot- and full-scale 

bioreactors (Chapter 3; McSweeney et al., 2009), the clone library analysis of the full-scale process 

also indicated that the microorganisms involved in the oxalate-degrading bioreactors were probably 

indigenous to the water and soil environments surrounding the operating site of the bioreactors. As 

the full-scale bioreactors were not inoculated with biomass of the pilot-scale reactors, these results 

again indicated that the addition of specialised biomass may not be required to establish or maintain 

oxalate-degrading bioreactors at other refineries. 

The use of 16S rRNA gene clone libraries provided an estimation of the abundance and 

distribution of the dominant groups of bacteria previously detected by PCR-DGGE of pilot- and 

full-scale bioreactors (Chapter 2; McSweeney et al., 2009). Characterisation of the microbial 

communities involved in the destruction of oxalate provided an insight into the optimum growth 

conditions of these microorganisms, and will lead to improvements in the efficiency of full-scale 

bioreactor processes at other refineries worldwide. 
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Chapter 5  

Enrichment and Isolation of Key Microorganisms from Oxalate-
Degrading Bioreactors 

5.1 Introduction 

Alcoa‟s Kwinana alumina refinery produces approximately 40 T/day of oxalate-containing waste, 

and the Alcoa Technology Delivery Group have successfully implemented pilot- and full-scale 

bioreactors that show near-complete removal of oxalate from influent streams. The results 

presented in previous chapters have made a significant contribution to understanding of the 

previously uncharacterised microbial ecology of these bioreactors, and provided insight into the 

operating conditions required to establish and sustain the oxalate-degrading activity of the process. 

Previous studies involving the use of microorganisms to biologically remove oxalate did not 

characterise the microbial communities responsible for the treatment of oxalate wastes or define 

the physiological requirements for optimum growth and activity of the microbial communities 

involved (Brassinga et al., 1990; Morton et al., 1991; Thè et al., 1992; Chinloy et al., 1993).  

Oxalate is ubiquitous in the environment and a number of microorganisms with the ability to 

degrade oxalate (oxalotrophs) have been isolated, mostly from the rhizosphere of oxalate-producing 

plants (e.g. rhubarb) or from the gastrointestinal tract of humans and other animals (Allison et al., 

1985; Zaitsev et al., 1998; Duncan et al., 2002; Şahin et al., 2002; Tamer et al., 2002; Şahin, 2003). 

Despite their ubiquity, very few oxalotrophic microorganisms have been isolated from 

environments closely associated with the Bayer process or bauxite processing wastes. This is 

especially the case for species capable of utilising oxalate as a sole source of carbon and energy 

without an additional source of carbon for growth. A strain of Bacillus vedderi (JaH) was isolated 

from bauxite processing waste (red mud) but was unable to grow on oxalate as a sole source of 

carbon and energy (Agnew et al., 1995). A species of the genus Pseudomonas was isolated from the 

rhizosphere of rhubarb and showed the ability to utilise oxalate as a sole source of carbon and 

energy for growth. This species was used in a rotating biological contactor bioreactor for the 



76 

removal of oxalate rich Bayer wastes (Thè et al., 1992). However, no further characterisation of this 

strain was performed. Neither of these species was detected in the mixed microbial communities of 

the pilot- or full-scale bioreactor processes described in this study. 

The enrichment and isolation of uncharacterised microorganisms directly from environmental 

samples often results in the detection of less than 10 % of the microbial community (Lindahl & 

Bakken, 1995; Kehrmeyer et al., 1996). The limited success of culture-dependent methods can give a 

false impression of the abundance, diversity and distribution of certain microorganisms within the 

microbial community (Johnson, 2001). As described in Chapters 2, 3 and 4, phylogenetic analyses, 

comparison of the 16S rRNA gene profiles and estimation of the biodiversity in the pilot- and full-

scale bioreactors showed that the microbial communities were conserved and that there was little 

diversity within the communities.  These studies also indicated that both the pilot- and full-scale 

bioreactor processes were dominated by members of the α-, β- and γ-Proteobacteria, which were 

probably indigenous to the refinery and residue environments. The experiments presented in this 

chapter were aimed at isolating and characterising culturable oxalate-degrading bioreactor 

microorganisms from among those previously detected by the molecular characterisation (Chapters 

2 and 4). This will lead to a greater understanding of the physiology of oxalate-degrading species in 

the bioreactor microbial communities, which will in turn assist in process optimisation and 

establishment of a more cost effective process that can be easily and efficiently replicated at other 

refineries. 

5.2 Materials and Methods 

5.2.1 Bacteriological Media  

Enrichment media were designed to mimic the available organic carbon, total nitrogen and total 

phosphorous available in the bioreactors and to satisfy the nutritional requirements of the 

microorganisms most closely related to those detected in the bioreactor microbial communities 

using 16S rRNA gene PCR-DGGE (Chapter 2) and clone library analysis (Chapter 4).  

Nitrogen was provided to the bioreactors in the form of liquid fertiliser (Flexi-N; CSBP, Kwinana), 

which contained 33 % (w/w) nitrogen in the form of ammonium nitrate and urea. Phosphorous 

was provided to the bioreactors in the form of a phosphoric fertiliser (AgStream; CSBP, Kwinana), 

which contained approximately 11.8 % (w/w) phosphorous in the form of mono- and di-

ammonium phosphate (MAP and DAP, respectively). As AgStream could not be sourced for the 

isolation and enrichment media, a 1:1 1000X stock of MAP:DAP was made by adding 0.267 g each 

of MAP and DAP to 50 mL ddH2O and the solution was sterilised by filtration through a 0.2/0.8 

µm gradient syringe filter (PALL). This solution was then used as the phosphorous source in all 

media made for the isolation and enrichment of bioreactor microorganisms.  

Oxalate for isolation and enrichment media in was provided the form of laboratory-grade oxalate 

(disodium oxalate; Chem Supply) or oxalate slurry (undiluted bioreactor feed obtained from the 
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refinery). Undiluted oxalate slurry feed contained approximately 200-230 g/L oxalate, and the 

concentration in the bioreactor was approximately 13.2 g/L oxalate. Trace elements and vitamin 

B12 were also added to the isolation media. Enrichment media (media III and V) were 

supplemented with 0.01 % (w/v) sodium acetate as an additional source of organic carbon to 

isolate microorganisms that were able to grow in the presence of oxalate but not utilise it as their 

sole source of carbon and energy. All agar plates were poured using 15 mL of medium and left to 

dry in a laminar flow cupboard. All growth media was sterilised for 15 min at 121 °C at 15 psi 

unless otherwise stated. 

5.2.1.1 Medium I – Serial Decimal Dilution Medium 

The following components were added to the medium and the solution was made up to 1000 mL 

with ddH2O: 

NaCl 15 g 

Sodium oxalate 20 g 

KH2PO4 1 g 

MgSO4.7H2O 1 g 

Flexi N (CSBP, Kwinana) 0.668 mL 

1000X MAP/DAP Stock 1 mL 

The pH of the medium was adjusted to 9.5 with concentrated NaOH and sterilised. Trace elements 

(10 mL) and Vitamin B12 (1 mL) were added as filter sterilised solutions (0.2/0.8 µm gradient 

syringe filter; PALL). 

5.2.1.2 Medium II – Synthetic Isolation Medium 

The following components were added to the medium and the volume was made up to 1000 mL 

with ddH2O: 

NaCl 15 g 

Sodium oxalate 20 g 

KH2PO4 1 g 

MgSO4.7H2O 1 g 

Flexi N (CSBP, Kwinana) 0.668 mL 

1000X MAP/DAP Stock 1 mL 

Agar 15 g 

The pH of the medium was adjusted to 9.5 with concentrated NaOH and sterilised. Trace elements 

(10 mL) and Vitamin B12 (1 mL) were added as filter sterilised solutions (0.2/0.8 µm gradient 

syringe filter; PALL). 
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5.2.1.3 Medium III – Synthetic Enrichment Medium 

The following components were added to the medium and the volume was made up to 1000 mL 

with ddH2O: 

NaCl 15 g 

Sodium oxalate 20 g 

Sodium acetate 0.01 g 

KH2PO4 1 g 

MgSO4.7H2O 1 g 

Flexi N (CSBP, Kwinana) 0.668 mL 

1000X MAP/DAP Stock 1 mL 

Agar 15 g 

The pH of the medium was adjusted to 9.5 with concentrated NaOH and sterilised. Trace elements 

(10 mL) and Vitamin B12 (1 mL) were added as filter sterilised solutions (0.2/0.8 µm gradient 

syringe filter; PALL). 

5.2.1.4 Medium IV – Slurry Isolation Medium 

The following components were added to the medium and the volume was made up to 886 mL 

with ddH2O: 

NaCl 15 g 

KH2PO4 1 g 

MgSO4.7H2O 1 g 

Flexi N (CSBP, Kwinana) 0.668 mL 

1000X MAP/DAP Stock 1 mL 

Agar 15 g 

Following sterilisation, 114 mL of oxalate slurry feed was added to the medium to give a final 

volume of 1000 mL and a final concentration of 13 g/L oxalate. The pH of the medium was 

adjusted to 9.5 with concentrated HCl. Trace elements (10 mL) and Vitamin B12 (1 mL) were added 

as filter sterilised solutions (0.2/0.8 µm gradient syringe filter; PALL). 

5.2.1.5 Medium V – Slurry Enrichment Medium 

The following components were added to the medium and the volume made up to 886 mL with 

ddH2O: 

NaCl 15 g 

Sodium acetate 0.01 g 

KH2PO4 1 g 

MgSO4.7H2O 1 g 

Flexi N (CSBP, Kwinana) 0.668 mL 
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1000X MAP/DAP Stock 1 mL 

Agar No. 1 15 g 

Following sterilisation, 114 mL of oxalate slurry feed was added to the medium to give a final 

volume of 1000 mL and a final concentration of approximately 13 g/L oxalate. The pH of the 

medium was adjusted to 9.5 with concentrated HCl. Trace elements (10 mL) and Vitamin B12 (1 

mL) were added as filter sterilised solutions (0.2/0.8 µm gradient syringe filter; PALL). 

5.2.1.6 Trace Element Solution 

The following were added to the solution and the volume was made up to 1000 mL with ddH2O: 

H3BO3 6 mg 

CoCl2 12 mg 

CuCl2.2H2O 1.5 mg 

MnCl2.4H2O 36 mg 

NiCl2.6H2O 2.5 mg 

Na2MoO4.2H2O 2.5 mg 

ZnCl2 7 mg 

NaVO3 15 mg 

CaSO3.2H2O 3 mg 

The solution was stored at room temperature and added to isolation and enrichment media by 

sterile filtration (0.2/0.8 µm gradient syringe filter; PALL). 

5.2.1.7 1000X Vitamin B12 Stock Solution 

A 1000X stock of vitamin B12 was prepared by adding 1 mg of vitamin B12 (Sigma-Aldrich) to 50 

mL ddH2O. The solution was sterilised by filtration through a 0.2/0.8 µm gradient syringe filter 

(PALL). The solution was stored in 10 mL aliquots at -20 °C. 

5.2.1.8 DSM 1150 Medium  

A chemically defined growth medium was used to promote growth and activity of full-scale 

bioreactor isolates during physiological and biochemical testing.  

The following were added to the medium and the volume was made up to 1000 mL ddH2O: 

Na2B4O7.10H2O 4 g 

NaNO3 0.5 g 

NH4Cl 1 g 

KH2PO4 0.5 g 

Yeast Extract 1 g 

NaCl 25 g 
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The pH of the medium was adjusted to 9.5 with concentrated NaOH. Following sterilisation, 10 

mL of 100X glucose stock solution was added to give a final concentration of 5 g/L. 

5.2.1.9 100X Glucose Stock Solution 

A 100X stock solution of glucose was prepared by adding 25 g of D-glucose to 50 mL of ddH2O. 

The glucose was dissolved by stirring at 50 °C. The solution was then filter sterilised (0.2/0.8 µm 

filter syringe; PALL). 

5.2.2 Isolation Techniques 

5.2.2.1 Serial Decimal Dilution Method 

The most numerically dominant culturable oxalate-degrading microorganisms were obtained in 

pure culture from the liquid phase and bead biomass samples of the full-scale bioreactor by serial 

dilution in medium I (Section 5.2.1.1). No additional organic carbon source was available for 

growth. Attached biomass was removed from beads with a sterile spatula and suspended in 50 mL 

of sterile ddH2O prior to serial dilution. 

Briefly, 9 mL of medium I was inoculated with 1 mL of bioreactor liquid or resuspended bead 

biomass solution and mixed by inversion. One mL of this culture was subsequently used to 

inoculate 9 mL of medium for the next serial dilution. This process was continued until the original 

solution was diluted to 10-15. It was assumed that no culturable cells would be present beyond this 

dilution and the highest dilution exhibiting growth would contain a pure isolate. The highest 

dilution exhibiting growth was subcultured three times by serial decimal dilution to ensure purity of 

the isolates. 

5.2.2.2 Streak Plate Method 

Pure cultures of microorganisms were isolated from the full-scale bioreactor using the streak plate 

method on media II-V (Sections 5.2.1.2-5.2.1.5). Briefly, a 10 µL sample of bioreactor liquid or 

resuspended bead biomass solution was aliquotted onto an agar plate and streaked to obtained 

isolated colonies. Single isolated colonies were picked and subcultured three times by the streak 

plate method to ensure purity of the isolates. 

5.2.3 Genotypic Characterisation of Pure Isolates 

5.2.3.1 16S rRNA Gene Sequencing and Phylogenetic Analysis  

Colonies were picked from plates and resuspended in sterile ddH2O prior to further analysis. Cells 

from liquid cultures and resuspended colonies were collected by centrifugation (12, 000 x g, 8 min) 
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and resuspended in 500 µL of sterile water. Samples were frozen at –80 °C for approximately 20 

min and then thawed in a water bath at 50 °C for 20 min to lyse cells.  

Partial 16S rRNA sequences for isolates were obtained by PCR amplification using 27F and 1492R 

primers. Near full-length 16S rRNA gene sequences were obtained from each pure isolate by PCR 

amplification using 27F, 326F and 518F forward primers and 800R, 906R and 1492R reverse 

primers (Table 2.6; Section 2.2.9). Sequences were aligned with the ClustalW feature in the Mega4 

software (Tamura et al., 2007) with reference sequences obtained from the NCBI GenBank 

database (http://www.ncbi.nlm.nih.gov/genbank/). Phylogenetic trees were constructed for pure 

isolates with the complete deletion distance matrix and neighbour joining method with Jukes and 

Cantor single parameter correction with Mega4. Near full-length 16S rRNA gene sequences for 

pure isolates were submitted to the NCBI GenBank database. 

5.2.4 Phenotypic Characterisation of Representative Isolates 

5.2.4.1 Cell Morphology of Bioreactor Isolates 

The morphology of cells of pure isolates obtained from the full-scale bioreactor was characterised 

as described in Section 2.2.5. 

5.2.4.2 Physiological Staining 

Gram and Sudan B black staining of pure isolates was performed as described in Section 2.2.6. 

5.2.4.3 Definition of Growth Conditions 

5.2.4.3.1 Temperature 

The cardinal growth temperatures (TMIN, TOPT and TMAX) of full-scale bioreactor isolates were 

determined using a temperature gradient incubator (TGI; TerraTec) as described previously 

(Ratkowsky et al., 1983; Hawkes et al., 2006). Each isolate was grown at a range of temperatures in 

tubes equilibrated to each temperature in the TGI. In each tube, DSM 1150 medium (Section 

5.2.1.8) was inoculated (10 % v/v) and incubated with shaking. Growth of each culture was 

measured using optical density (590 nm) at 2-hourly intervals until the stationary phase of growth 

was reached. The relationship between microbial growth and temperature is described by the 

Ratkowsky equation (Equation 5.1; Ratkowsky et al., 1983). 

r = b(T-TMIN).1-e(c(T-TMAX))         [5.1] 

In this equation, T is temperature, r is the square root of the inverse of the generation time of the 

microorganisms at a given temperature, TMIN and TMAX are theoretical extrapolations of the 

minimum and maximum growth temperature, and b and c are fitting parameters. The natural log 

(Ln) of the measured optical density for each temperature was plotted against time. The slope, 

http://www.ncbi.nlm.nih.gov/genbank/
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determined by a linear fit of the data, was taken as the doubling time. Ln(2) was then divided by the 

doubling time to give the generation time (g). The square root of 1/g was calculated to give r, which 

was plotted against each respective temperature. The Ratkowsky equation was fitted to data using 

the advanced fitting tool of Origin Scientific Graphing and Analysis software (v7.0383; OriginLab, 

Northhampton MA 01060 USA). TMIN and TMAX for each isolate were determined by extrapolation 

using the equation generated from the fitted curve. 

5.2.4.3.2 pH 

The range and optimum pH for growth were determined for isolates obtained from the full-scale 

bioreactor. Each isolate was inoculated (10 % v/v) into DSMZ 1150 medium (Section 5.2.1.8) at a 

range of pH values (4-13). Growth of the isolates at 35 °C was measured using the change in 

optical density at 590 nm over time. The Ln of the measured optical density for each pH value was 

plotted against time. The slope, determined by linear fit of the data, was taken as the doubling time. 

Log(2) was divided by the slope to give the generation time (g). Ln(2) was divided by g to give the 

growth rate (µ), which was plotted against the respective pH values in Origin to determine the pH 

range of growth for each isolate.  

5.2.4.3.3 Salt Tolerance 

The range and optimum NaCl concentrations for growth were determined for isolates obtained 

from the full-scale bioreactor. Each isolate was inoculated (10 % v/v) in DSMZ 1150 medium 

(Section 5.2.1.8) containing a range of NaCl concentrations (0-20 % w/v). The growth of isolates at 

35 °C was measured using the change in optical density at 590 nm over time. The growth rate (µ) 

was calculated for each NaCl concentration was calculated as described in Section 5.2.4.3.2, and 

plotted against NaCl concentration in Origin to determine the NaCl concentration range of growth 

for each isolate.  

5.2.4.4 Biochemical Characteristics 

A range of biochemical tests was performed on pure isolates obtained from the full-scale bioreactor 

to define their biochemical characteristics. The biochemical characteristics of the isolates were 

compared with the published characteristics of the most closely related phylogenetic relative 

(Chapter 2 and 4). All biochemical testing was performed as described by Smibert and Krieg (1994) 

unless otherwise stated. Media was sterilised by autoclaving at 121 °C for 15 min at 15 psi unless 

otherwise stated. 

5.2.4.4.1 Starch Hydrolysis 

Glucose-free DSMZ 1150 medium (Section 5.2.1.8) was supplemented with 0.2 % (w/v) soluble 

starch and made into a solid medium by adding 20 g/L agarose. The medium was sterilised and 
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plates were poured and dried in a laminar flow.  Each pure isolate was thickly streaked across the 

centre of a plate and incubated at 30 °C for 7 d. Plates were then flooded with Gram‟s iodine 

solution and observed for zones of clearing, which indicated that the hydrolysis of starch had 

occurred. 

5.2.4.4.2 Gelatin Hydrolysis 

DSMZ 1150 medium (Section 5.2.1.8) was supplemented with 4 % (w/v) gelatin, sterilised and 

aseptically aliquotted into culture tubes. Cultures were inoculated (10 % v/v) and incubated at 35 

°C for 7 d. Following incubation, the cultures were placed at 4°C overnight and if the medium 

failed to solidify, it was assessed that the gelatin had been hydrolysed. 

5.2.4.4.3 Oxidase Activity 

Ashless filter paper was placed in a petri dish and wet with 1 % (w/v) tetra-methyl-p-

phenylenediamine (Sigma) in DMSO. A cottoned-tipped swab was immersed in broth culture, and 

then wiped around the edge of the tube to remove excess liquid. The swab was tapped lightly onto 

the filter paper and left for 1-2 min. Tetra-methyl-p-phenylenediamine is a redox indicator and 

produces a dark-blue/maroon colour when oxidised. A positive result was recorded on the 

development of a blue-purple colour where the swab was touched to the filter paper, which 

indicated that the reagent had been oxidised by cytochrome c oxidase produced by the test isolate. 

5.2.4.4.4 Catalase Activity 

The presence of the enzyme catalase is a common differentiation test used in the classification of 

bacteria. Its presence is assessed by adding H2O2 to a culture and observing for the production of 

oxygen bubbles. A loopful of broth culture was suspended in 3 % (v/v) H2O2 on a glass slide. A 

positive test was recorded if bubbles were observed after 5 min. 

5.2.4.4.5 Urease Activity 

The surface of a Christensen urea agar slant (Sigma) was heavily inoculated with a test isolate and 

incubated at 35 °C for 5-7 d with an uninoculated control slant. A colour change (yellow to pink-

red) indicated that ammonia was produced as a result of the breakdown of urea by urease. 

5.2.4.4.6 Aminopeptidase Activity 

Aminopeptidase is only found in Gram negative bacteria, so this test was performed to provide an 

additional differentiation to Gram staining. A loopful of broth culture was added to 0.2 mL ddH2O. 

An aminopeptidase test strip (Sigma) impregnated with L-alanine-4-nitroanilide was immersed into 

the solution and incubated at 37 °C for 10-30 min. The strip was observed for a yellow colour 

change indicating that the L-alanine had been cleaved from the test peptide.  
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5.2.4.4.7 Phenylalanine Deaminase Activity 

Phenylalanine agar was prepared by adding 23 g of phenylalanine agar powder (Sigma) to 1000 mL 

of ddH2O. The solution was sterilised and aseptically aliquotted into sterile tubes. The tubes were 

rested on an angle to create the slant. The surface of the agar slants was heavily inoculated with the 

pure isolates and incubated at 30 °C for 7 d. At the end of the incubation period, 4-5 drops of an 

aqueous 10 % (w/v) ferric chloride solution was added to the surface of the slant. The 

development of a green colour (positive reaction) resulting from the formation of phenylpyruvic 

acid. 

5.2.4.4.8 Indole Production 

Carbon- and nitrogen-free DSMZ medium (Section 5.2.1.8) was supplemented with 1 % (w/v) 

tryptone broth powder (Sigma), which was sterilised and aseptically aliquotted into culture tubes. 

Five replicate tubes for each isolate were inoculated (10 % v/v) and incubated at 30 °C for 14 d. 

The production of indole was assessed at various stages during the incubation period (1, 2, 4, 7 and 

14 d) by sacrificially sampling a replicate culture tube of each isolate. At these times 1 mL of N-

xylenes (Sigma) was added to the culture tube and the tube was agitated vigorously. The tubes were 

left for 1-2 min so that the xylenes formed a layer at the top of the culture, and with the tube at a 

slant 0.5 mL of Kovac‟s reagent (Sigma) was trickled down the wall of the tube to form a layer 

between the culture and the xylenes. The tests were left for 5 min and the development of a red 

ring in the layer between the xylenes and the culture indicated that indole had been produced. 

5.2.4.4.9 Nitrate Reduction 

A nitrate reduction broth was prepared by adding the following to 500 mL ddH2O: 

Beef extract 3 g 

Peptone 5 g 

KNO3 1 g 

The pH of the medium was adjusted to 7.0 with concentrated NaOH, and the medium was 

sterilised. Each test isolate was inoculated into the nitrate reduction broth and incubated at 35 °C 

for 7 d. Following incubation, 1 mL of 1 % (w/v) sulfanilic acid (in 1.5N HCl) and 0.02 % (w/v) α-

napthlamine (in 1.5N HCl) were added to the culture tubes. If nitrate reduction occurred, NO2 was 

converted to nitrous acid, which combined with sulfanilic acid to produce diazotized sulfanilic acid. 

The addition of the α-napthylamine to the diazotized sulfanilic acid was indicated by in a red colour 

change, and was recorded as a positive reaction for nitrate reduction. In the event that no colour 

change was observed a small amount of powdered zinc was added to the culture tube to test for 

complete denitrification. The zinc competed with the sulfanilic acid in the first reaction and induced 

the production of the red colour change. However, if no colour change was observed, the reaction 

was considered to be complete and it was assumed that denitrification resulting in the evolution of 

N2 or NH3 had occurred. 
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5.2.4.4.10 Hydrogen Sulfide Production from Cysteine 

Peptone water was prepared by adding 10 g peptone and 5 g NaCl to 1000 mL ddH2O and 

adjusting the pH to 7.2 with concentrated NaOH. The solution was sterilised and aseptically 

aliquotted into culture tubes. The tubes were inoculated (10 % v/v) and a strip impregnated with 

lead acetate was suspended in the culture tube. The cultures were incubated at 35 °C for 18-24 h. 

Blackening of the strip indicated a positive result because of the production of H2S gas, which 

reacted with the lead acetate to produce black lead sulphide. 

5.2.4.4.11 Methyl Red Reaction 

The methyl red test was performed to identify the production of stable acids by the fermentation of 

glucose. Methyl red Vogues Proskauer (MRVP) broth was prepared by dissolving 17 g of MRVP 

broth powder (Sigma) in 1000 mL of ddH2O, which was then sterilised. The solution was 

aseptically aliquotted into culture tubes. Two culture tubes were inoculated for each test isolate. 

One tube was incubated at 30 °C and the other was incubated at 37 °C. After 5 d, 5-6 drops of 0.02 

% (w/v) methyl red (in 300 mL 95 % ethanol and 200 mL ddH2O) were added to each tube. A 

colour change from yellow to bright red induced by a decrease in pH upon acid production 

indicated a positive methyl red reaction. 

5.2.4.4.12 Vogues-Proskauer Test 

The Vogues-Proskauer test is used to detect acetoin produced in bacterial cultures capable of 

glucose fermentation. MRVP broth was prepared by dissolving 17 g of MRVP broth powder 

(Sigma) in 1000 mL of ddH2O. The solution was aliquotted in 10 mL volumes to culture tubes and 

sterilised. Two tubes of MRVP broth were inoculated for each pure isolate tested. One tube was 

incubated at 37 °C and the other was incubated at 25 °C. After 48 h 1 mL of culture from each 

tube was removed and mixed with 0.6 mL of 5 % (w/v) α-napthol (in absolute ethanol) and 0.2 mL 

of 40 % (w/v) aqueous KOH. The samples were incubated at an angle to increase the surface area 

of the medium exposed to air, as the reaction is oxygen-dependent. The treated samples were 

examined 15 and 60 min after the addition of the test reagents. The production of a strong red 

colour, induced by a decrease in the pH of the medium, indicated a positive Vogues-Proskauer test. 

5.2.4.5 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) of pure isolates was carried out by Dr Kayley Usher (CSIRO 

Land and Water) at the Centre for Microscopy, Characterisation and Analysis (CMCA; University 

of Western Australia). 
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5.2.4.5.1 Sample Preparation 

For each pure isolate, double sided carbon tape was placed onto a small glass slide and immersed 

into a culture of the isolate. Cultures were left for 2 h prior to preservation for microorganisms to 

settle onto the taped slides. 

5.2.4.5.2 Sample Preservation  

Alcian Blue (0.15 % v/v; Sigma) was added to a freshly prepared solution of 2.5 % (v/v) 

glutaraldeyde (in 0.025 M of phosphate buffer, pH 7.4) and mixed well. Slides were placed into the 

Alcian Blue/glutaraldehyde solution and left at room temperature for 22 h. The slides were then 

washed with phosphate buffer (0.025 M, pH 7.4), placed in a solution of 1 % (w/v) aqueous 

osmium tetraoxide (OsO4) for 30 min, then washed again in phosphate buffer. The slides were 

passed through an ethanol dehydration series (50, 70, 90, 100 and 100 %) for 15 min each, then 

rapidly transferred to a critical point drier (CPD) sample holder containing absolute ethanol and 

dried for 30 min in liquid CO2. The slides were lastly coated in platinum prior to microscopic 

examination. 

5.2.4.5.3 Imaging of Isolates 

SEM imaging was performed on a Zeiss 1555 VP-FESEM. An „in lens‟ detector with a 30 mm 

aperture was used at an accelerating voltage of 3 kV and a working distance of 4-5 mm. 

5.3 Results 

5.3.1 Isolation of Microorganisms from the Full-Scale Oxalate-Degrading 
Bioreactor 

A total of 49 pure isolates were obtained from the full-scale oxalate-degrading bioreactor with 

media I-V (Section 5.2.1.1-5.2.1.5). The morphology, culture characteristics and phylogeny of the 

isolates were markedly different depending on the type of medium that was used for isolation and 

whether there was an additional source of organic carbon included, which could be metabolised for 

energy and growth in preference to oxalate. 

Eighteen isolates were obtained from the full-scale bioreactor with medium I. The dominant cell 

morphotype among these was long, fat rods (4-5 µm length, 1-2 µm width) that formed long chains 

in solution. Other isolates had shorter, more rounded rod-shaped cells (1-2 µm diameter) and also 

had a tendency to form long chains. All isolates obtained with medium I were highly motile and 

contained visible granules when viewed by phase contrast microscopy. Sudan black B staining 

confirmed that these particles were PHB granules. Isolates grew quickly on medium I, with cultures 

becoming turbid within 2 or 3 d at 35 °C. Isolates grown on medium I formed a cream-coloured, 

„snot‟-like biofilm that was easily disrupted. Cultures also had a concrete-like odour.  
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A total of 31 isolates were obtained by the streak plate method on media II-V. The morphology of 

cells and colonies of these isolates varied markedly between media II/III (oxalate media) and media 

IV/V (oxalate slurry media). Isolates on media II/III consisted mostly of entire, smooth, convex, 

shiny, mucoid colonies that were 1-3 mm in diameter and were white/cream in colour with a 

pink/brown/yellow-coloured granule in the centre. Isolates on media IV/V mostly formed entire, 

smooth, flat or concave, shiny, opaque colonies that were a 2-3 mm in diameter and darker 

cream/brown in colour with a dark brown centre. There appeared to be little difference in colony 

morphology between medium II (oxalate only) and medium III (oxalate and acetate) or between 

medium IV (oxalate slurry only) and medium V (oxalate slurry and acetate). Zones of clearing were 

observed around isolates grown on both media IV and V (containing oxalate slurry). However, in 

the absence of acetate, the clearing was only evident underneath picked colonies. For the cultures 

grown in the presence of acetate, clearing was observed at the inoculation point on the plate and 

also along the streak lines (zone of clearing was approximately 0.5 mm). 

5.3.2 Genotypic Characterisation of Full-Scale Oxalate-Degrading Bioreactor 
Isolates 

5.3.2.1 Partial 16S rRNA Gene Sequencing 

Partial 16S rRNA gene sequence analysis showed that all of the 49 pure isolates from the full-scale 

oxalate-degrading bioreactor belonged to two distinct phylogenetic groups of either the β- or γ- 

subgroup of the Proteobacteria (Figure 5.1). All isolates obtained using isolation media I-III 

(containing oxalate with/without acetate) belonged to the β-Proteobacteria subgroup and were related 

by 16S rRNA gene sequence similarity to an unclassified isolate of Rhodocyclacaeae (92 %). The 

exception to this was isolate 2A11, which was most similar to H. campisalis (99 %). 

All isolates cultured on media IV and V containing oxalate slurry with/without acetate were most 

closely related to members of the genus Halomonas within the γ-Proteobacteria subgroup. Isolates 

4A11, 4A12, 4A22, 4AE1, 4AE2, 4AB1, 4AB3, 4B21, 4B22, 4BB1, 5A21 and 5AE2 were most 

similar by 16S rRNA gene sequence to H. campisalis (99 %), and isolates 4BE1, 5A22, 5AB1 and 

5AB1 were most similar by 16S rRNA gene sequence to H. daqingenis (99 %). Isolates 5BB2 and 

5BB3 were most closely related to an unclassified Rhodocyclacaeae (92 %). 

Four isolates (1E1, 2B2, 5A22 and 4AB3) were chosen for further analysis as representatives of the 

two phylogenetic groups. Full-length 16S rRNA gene analysis showed that isolates 1E1 and 2B2 

were most closely related to “Denitromonas (D.) aromaticus” (96 %) and “D. indolicum” (96 %) [not 

validly published], which indicated that these isolates potentially belonged to a new genus of β-

Proteobacteria. Isolate 5A22 was most closely related to “H. nitritophilus” (99 %) [not validly 

published] and H. daqingensis (99 %), and isolate 4AB3 was most closely related to H. campisalis (99 

%). The sample origin, isolation conditions and morphology for these isolates are shown in Table 

5.1. 
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Isolate 2B21

Isolate 3A14

Isolate 3B21

Isolate 3BE3

Isolate 3A13

Isolate 2A22

Isolate U1T2.2

Isolate 2AB1

Isolate 2BE2

Isolate 2AB2

Isolate U2T2.2

Isolate 2A13

Isolate 2AE2

Isolate 2E2

Isolate 2B12

Isolate 3AB1

Isolate 1B2

Isolate 2B2

Isolate 1B1

Isolate 3B13

Isolate 3B12

Isolate 2E1

Isolate 3AE1

Isolate 2B13

Isolate U1T1.1

Isolate 2AE1

Isolate 1E1

Isolate U2T1.2

Isolate 5BB3

Isolate 5BB2
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Figure 5.1 Phylogenetic tree generated using the complete deletion distance matrix and 

neighbour-joining methods based on partial 16S rRNA gene sequences of pure isolates 

obtained from a full-scale bioreactor and reference sequences obtained from the NCBI 

GenBank database. The isolates belong to two distinct phylogenetic groups in the β- and γ-

Proteobacteria. Isolates are indicated in bold. Flavobacterium aquatile (AM230485) was used 

as the outgroup for this tree and the scale represents changes per nucleotide. Bootstrap 

values were determined from 1000 resamplings. 
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Table 5.1 Isolate designation, origin, isolation conditions and morphology of the four 

isolates obtained from a full-scale oxalate-degrading bioreactor. The isolates were 

representative of the two phylogenetically distinct isolate groups identified by 16S rRNA 

gene analysis of 49 pure isolates.  

Isolate Origin 
Isolation 

conditions 
Cell or Colony 
Morphology 

Closest Relative ( %) 

1E1 
Bioreactor unit 
1, effluent liquid 

Medium I, 
35 °C 

Rods, 1-2 x 0.5 µm, 
motile, granulated 

96  % “D. aromaticus” 
96  % “D. indolicum” 
96  % Az. buckelii 
96  % Az. Tolulyticus 

2B2 
Bioreactor unit 
2, bead biofilm 

Medium I, 
35 °C 

Rods, 1-2 x 0.5 µm, 
motile, granulated 

96  % “D. aromaticus” 
96  % “D. indolicum” 
96  % A. buckelii 
96  % A. Tolulyticus 

5A22 
Bioreactor unit 
1, tank 2 liquid 

Medium V, 
30 °C 

2 mm, entire margin, 
flat, shiny, rough, 
cream, translucent 
margin with darker 
centre granule; rods, 1-
2 x 0.5 µm, motile, 
granulated 

 
99  % H. daqingensis 
 

4AB3 
Bioreactor unit 
1, bead biofilm 

Medium IV, 
30 °C 

1-2 mm, entire margin, 
convex, smooth, shiny, 
mucoid, opaque, cream 
with darker centre; 
rods, 1-2 x 0.5 µm, 
motile, granulated 

99  % H. Campisalis 

 

5.3.2.2 Near Full-Length 16S rRNA Gene Sequencing 

Full-length sequencing was performed to characterise the 16S rRNA gene of the four isolates from 

the full-scale oxalate-degrading bioreactor, and to define their phylogenetic affiliations within the β- 

and γ-Proteobacteria subgroups.  

Analysis of the full-length 16S rRNA gene sequences of isolates showed that isolate 1E1 and 2B2 

were most closely related to “D. aromaticus” and “D. indolicum” (94 % 16S rRNA gene sequence 

similarity), which confirmed that these two isolates belonged to a novel genus of β-Proteobacteria. 

BLAST analysis of the 16S rRNA gene sequence of isolate 5A22 and isolate 4AB3 were most 

similar to H. daqingensis (99 %) and H. campisalis (99 %) respectively, which indicated that they 

belonged to the genus Halomonas. Phylogenetic affiliations of the isolates within these groups are 

shown in Figures 5.2 and 5.3. 
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Figure 5.2 Phylogenetic affiliation of isolates 1E1 and 2B2 (bold). The phylogenetic tree was 

constructed using the distance matrix and neighbour-joining methods based on near full-

length 16S rRNA gene sequences of isolates 1E1 and 2B2 obtained from a full-scale oxalate-

degrading bioreactor and reference sequences, obtained from the NCBI GenBank database. 

Flavobacterium aquatile (AM230485) was used as the outgroup for this tree and the scale bar 

represents changes per nucleotide. Bootstrap values were determined from 1000 resamplings. 

 

 

Figure 5.3 Phylogenetic affiliation of isolates 5A22 and 4AB3 (bold). The phylogenetic tree 

was constructed using the distance matrix and neighbour-joining methods based on near 

full-length 16S rRNA gene sequences of isolates 5A22 and 4AB3, obtained from a full-scale 

oxalate-degrading bioreactor, and reference sequences obtained from the NCBI GenBank 

database. Flavobacterium aquatile (AM230485) was used as the outgroup for this tree and the 

scale bar represents changes per nucleotide. Bootstrap values were determined from 1000 

resamplings. 

Isolate 1E1 

Isolate 2B2 

Denitromonas indolicum (AY972852) 

Denitromonas aromaticus (AB049763) 

Azoarcus  communis (AF011343) 

Azoarcus  evansii (X77679) 

Azoarcus  buckelii (AJ315676) 

Azoarcus  anaerobius (NR 026438) 

Flavobacterium aquatile (AM230485) 

100 

100 

70 

70 

62 
77 

0.01 
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Azoarcus  communis (AF011343) 

Azoarcus  evansii (X77679) 
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Azoarcus  anaerobius (NR 026438) 

Flavobacterium aquatile (AM230485) 

100 

100 

70 

70 

62 
77 

0.01 

Isolate 5A22 

Halomonas daqingensis DQD2 - 30 (EF121854) 

Halomonas nitritophilus WST 3 (DQ289066) 

Halomonas  campaniensis (AJ515365) 

Halomonas  pantelleriensis AAP (X93493) 

Halomonas campisalis A4 (AF054286) 

Halomonas  chromatireducens AGD 8 - 3 (Eu44 

Halomonas  venusta JAM - GA0508 (Ab362301) 

Isolate 4AB3 

Halomonas salina GSP33 (AY505525) 

Flavobacterium aquatile (AM230485) 

70 

82 
60 

55 

43 
77 

61 

30 

0.01 

Halomonas daqingensis DQD2 - 30 (EF121854) 

Halomonas nitritophilus WST 3 (DQ289066) 

Halomonas  campaniensis (AJ515365) 

Halomonas  pantelleriensis AAP (X93493) 

Halomonas campisalis A4 (AF054286) 

Halomonas  chromatireducens AGD 8 - 3 (Eu44 

Halomonas  venusta JAM - GA0508 (Ab362301) 

Halomonas salina GSP33 (AY505525) 

Flavobacterium aquatile (AM230485) 

70 

82 
60 

55 

43 
77 

61 

30 

0.01 
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5.3.2.3 Nucleotide and Culture Collection Accession 

Near full-length 16S rRNA gene sequences obtained for isolates 1E1, 2B2, 5A22 and 4AB3 were 

deposited in the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/genbank/) under the 

accession numbers HM587243-HM587246. Cultures of isolates 1E1, 2B2, 5A22 and 4AB3 will be 

deposited in the DSMZ and another culture collection for taxonomic validation. 

5.3.3 Phenotypic Characterisation of Full-Scale Oxalate-Degrading 
Bioreactor  Isolates 

The closest phylogenetic relative to isolates 1E1 and 2B2 when analysed using BLAST was “D. 

aromaticus” (96 % 16S rRNA gene sequence similarity). However, as this species of β-Proteobacteria is 

yet to be validly published, the next closest phylogenetic relative (Az. buckelii strain U120; 96 %) 

(Mechichi et al., 2002) was used for phenotypic comparison. The characteristics of isolates 5A22 

and 4AB3 were compared to their closest relatives, H. daqingensis (Wu et al., 2008) and H. campisalis 

(Joshi et al., 2007), respectively. 

5.3.3.1 Cardinal Growth Temperatures 

The cardinal growth temperatures of the four representative isolates from the full-scale bioreactor 

were determined by temperature gradient analysis, using the Ratkowsky method (Ratkowsky et al., 

1983). Ratkowsky graphs for the cardinal growth temperatures of the isolates are shown in Figures 

5.4-5.7 and a summary is shown in Table 5.2. 
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Figure 5.4 Cardinal growth temperatures of isolate 1E1. Here, r is the square root of the 

inverse of the generation time of the microorganisms at a given temperature, TMIN and TMAX 

are theoretical extrapolations of the minimum and maximum growth temperature, and b and 

c are fitting parameters. 

http://www.ncbi.nlm.nih.gov/genbank/
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Figure 5.5 Cardinal growth temperatures of isolate 2B2. Here, r is the square root of the 

inverse of the generation time of the microorganisms at a given temperature, TMIN and TMAX 

are extrapolations of the minimum and maximum growth temperature, and b and c are fitting 

parameters. 
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Figure 5.6 Cardinal growth temperatures of isolate 5A22. Here, r is the square root of the 

inverse of the generation time of the microorganisms at a given temperature. TMIN and TMAX 

are extrapolations of the minimum and maximum growth temperature, and b and c are fitting 

parameters. 
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Figure 5.7 Cardinal growth temperatures of isolate 4AB3 as determined by temperature 

gradient analysis. Here, r is the square root of the inverse of the generation time of the 

microorganisms at a given temperature. TMIN and TMAX are theoretical extrapolations of the 

minimum and maximum growth temperature, and b and c are fitting parameters. 

 

Table 5.2 Cardinal Growth Temperatures for isolates from the full-scale bioreactor. Here, 

TMIN, TMAX and TOPT are the minimum, maximum and optimum temperature required for 

growth, respectively. Cardinal temperatures were determined using the Ratkowsky equation. 

Isolate TMIN TMAX TOPT 

1E1 10.5 41.9 35.5 

2B2 9.7 42.7 32.9 

4AB3 6.7 46.7 35.5 

5A22 9.9 46.4 34.2 

5.3.3.2 Optimum pH 

The pH range of growth for both isolates 1E1 and 2B2 was 5-12, and no growth was observed at 

pH 4 or pH 13 (Figure 5.8). Whilst the pH range of growth was similar for both isolates, the 

optimum pH of growth for isolate 2B2 (pH 9.5-10.5) was higher than that of isolate 1E1 (pH 8-9). 

The growth rate of 2B2 was also higher than that of isolate 1E1 when grown on the same medium. 

The pH range for growth of isolate 5A22 was 6-11, and no growth was observed ≤ pH 5 or ≥ pH 

12 and higher (Figure 5.9). The pH range for growth for isolate 4AB3 was 7-11, and no growth was 

observed ≤ pH 6 or ≥ pH 12. The optimum pH for growth for both isolates 5A22 and 4AB3 was 

8.5-9.5. 



95 

5.3.3.3 Salt Tolerance  

The salt tolerance of each of the four pure isolates from the full-scale bioreactor was determined by 

growing each isolate in the presence of varying concentrations of NaCl. Each isolate had the ability 

to grow in the presence of 0-20 % (w/v) NaCl, but not at concentrations ≥ 25 % (w/v) (Figure 

5.10). The optimum concentration range of NaCl for growth of all isolates was 1-2.5 % (w/v), but 

the growth rate of each isolate decreased at concentration exceeding 2.5 % (w/v) NaCl.  
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Figure 5.8 Growth of isolates 1E1 and 2B2 at pH 5-12. Here, r is the square root of the inverse 

of the generation time of the microorganisms at a given pH. 
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Figure 5.9 Growth of isolates 5A22 and 4AB3 at pH 6-11 and 7-11, respectively. Here, r is the 

square root of the inverse of the generation time of the microorganisms at a given pH. 
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Figure 5.10 Growth of isolates in the presence of 0-20 % (w/v) NaCl. The optimum range of 

NaCl for growth was 1-2.5 % (w/v). Here, r is the square root of the inverse of the generation 

time of the microorganisms at a given salt concentration. 

5.3.3.4 Biochemical Analyses 

Analysis of the isolates from the full-scale bioreactor showed that they had similar biochemical 

properties. A summary of the biochemical characteristics of isolates 1E1, 2B2, 5A22 and 4AB3 and 

their closest phylogenetic relatives is shown in Table 5.3. All isolates were Gram negative and 

contained PHB, which was presumptively confirmed by Sudan B black staining. No isolate was able 

to hydrolyse starch and gelatin, and all were catalase and oxidase positive. All isolates were positive 

for aminopeptidase activity, which is consistent with their Gram negative status. Isolates 4AB3 and 

5A22 were unable to hydrolyse urea, but isolates 1E1 and 2B2 were positive for urease activity. All 

isolates tested positive for phenylalanine deaminase activity, indole production and denitrification 

(nitrate reduction test). No isolate was able to produce hydrogen sulphide from cysteine and all 

isolates were negative in the methyl red and Vogues Proskauer tests.  



 

Table 5.3 Summary of biochemical characteristics of four pure isolates from a full-scale oxalate-degrading bioreactor and their closest phylogenetic relatives. 

Isolate/ Described  

Isolate 

4AB3 

Halomonas campisalis strain 

LL6 (Joshi et al., 2007)   

Isolate 

5A22 

Halomonas daqingenis strain 

DQD2-20  (Wu et al., 2008) 

Isolate 

1E1 

Isolate 

2B2 

Azoarcus buckelii strain 

U120 (Mechichi et al., 

2002) 

Gram stain - - - - - - - 

Poly-β-hydroxybutyric acid + + + + + + + 

Starch hydrolysis - + - - - - nt 

Gelatin hydrolysis - - - - - - nt 

Oxidase activity + + + + + + + 

Catalase activity + + + + + + + 

Aminopeptidase Activity + nt + nt + + nt 

Urease activity - + - + + + + 

Phenylalanine deaminase 

activity 
+ - + - + + nt 

Indole production - - - + - - nt 

Nitrate reduction to nitrite + + + + + + nt 

H2S production from cysteine - - - - - - nt 

Methyl red reaction - + - nt - - nt 

Vogues Proskauer test - - - nt - - nt 

 
nt: not tested in published studies 
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5.3.3.5 SEM of Isolates 

SEM of the full-scale oxalate-degrading bioreactor isolates showed that strains 1E1 and 2B2 were 

morphologically similar rods (Figure 5.11a and 5.11b). Both isolates generated a large amount of 

exopolymeric substance (EPS) that formed tendril-like structures on the outside of the cell 

membrane. The formation of such a large amount of EPS was consistent with the biofilm 

formation of these two isolates in culture. Isolate 5A22 cells were long, thin rods with a rugose cell 

surface (Figure 5.11c). Isolate 4AB3 cells were rounded rods with a dimpled cell surface (Figure 

5.11d). Isolates 5A22 and 4AB3 appeared to produce small amounts of EPS. No flagella were 

visible in the micrographs taken of the pure isolates. 
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dc
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Figure 5.11 SEM images of isolates 1E1 (a), 2B2 (b), 5A22 (c) and 4AB3 (d). The scale bars = 1 

µm. 
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5.4 Discussion 

Four pure isolates from a full-scale oxalate-degrading bioreactor were selected as representatives of 

the two most abundant microbial groups present, and were phylogenetically and phenotypically 

characterised. Two isolates (1E1 and 2B2), most closely related to “D. aromaticus” and “D. indolicum” 

[not validly published], were isolated with a medium that contained oxalate as the sole source of 

carbon and energy. Both isolates had less than 96 % 16S rRNA gene sequence similarity to all 

members within the Thauera-Denitromonas-Azoarcus assemblage of the β-Proteobacteria subgroup, 

which indicated that the isolates represented a novel genus within this subgroup. The conditions 

required for optimal growth of each isolate was variable. Isolate 1E1 had an optimum temperature 

and pH for growth of 35.5 °C and pH 9.5-10.5, respectively, whilst isolate 2B2 had an optimum 

temperature and pH for growth of 32.9 °C and pH 8-9, respectively.  The activity of each isolate 

decreased when the growth temperature exceeded its temperature optimum, which correlated with 

the loss of process activity observed when temperatures exceeded 35 °C during the start up of the 

full-scale bioreactor process (Chapter 2). Both isolates were able to respire with oxygen or nitrogen 

as the terminal electron acceptor, which were characteristics consistent with some genera of the β-

Proteobacteria subgroup (Zhou et al., 1995; Song et al., 2000; Mechichi et al., 2002). These results 

indicated that the novel genus may play an important role in the bioreactor nitrogen cycle as well as 

being a key oxalate-degrading group within the bioreactor microbial community. Further analysis of 

the genomic DNA will be carried out for taxonomic validation of the novel genus. 

As described in Chapter 3, these isolates were consistently detected by PCR-DGGE in the pilot-

scale bioreactors and full-scale bioreactor at start up and at steady state. It was also shown in 

Chapter 4 that this group of novel bacteria were numerically dominant within the full-scale 

bioreactor community. Based on their ability to utilise oxalate as a sole source of carbon and energy 

and as a result of their presence and apparent abundance as detected in other aspects of this study, 

isolates 1E1 and 2B2 were considered to be representatives of the key oxalate-degrading microbial 

group within the pilot- and full-scale oxalate-degrading processes. On the basis of phenotypic and 

phylogenetic features of isolates 1E1 and 2B2, it is probable that they represent a novel species of a 

novel genus within the β-Proteobacteria subgroup, for which the name Alkalihalobacillus oxalodevorans 

gen. nov. sp. nov. is proposed. The type strain of A. oxalodevorans is isolate 2B2.  

Two isolates of Halomonas spp. most closely related to H. campisalis (isolate 4AB3; 99  % 16S rRNA 

gene sequence similarity) (Joshi et al., 2007) and H.  daqingensis (isolate 5A22; 99  %) (Wu et al., 2008) 

were isolated in a medium containing oxalate slurry and sodium acetate as sources of carbon and 

energy. Both isolates 5A22 and 4AB3 were morphologically similar to other described Halomonas 

spp. (Romano et al., 1996; Mormile et al., 1999; Caton et al., 2004; Arahal & Ventosa, 2006; Joshi et 

al., 2007; Joshi et al., 2008). Isolate 5A22 consisted of long, thin rods, whilst isolate 4AB3 consisted 

of more rounded and shorter bacilli. Isolates 5A22 and 4AB3 were both Gram negative and stained 

positively for the presence of PHB granules, which are both characteristics of many members of 

the genus Halomonas. Optimal growth conditions were similar for both isolates. The optimal 
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temperature and pH for growth of isolate 5A22 was 34.2 °C and pH 9, respectively, and 35.5  °C 

and pH 9 for isolate 4AB3, respectively. Both of these isolates grew in the presence of oxalate or 

oxalate slurry when an additional source of carbon was provided, but did not grow using oxalate as 

a sole source of carbon and energy. This is consistent with phenotype of other species of the 

Halomonas genus (Romano et al., 1996; Mormile et al., 1999; Caton et al., 2004; Arahal & Ventosa, 

2006; Joshi et al., 2007; Joshi et al., 2008). Chemical analysis of the slurry sodium oxalate by GC-FID 

at Alcoa showed that it contained significant amounts of each acetate, malonate, succinate and 

formate (~ 1 g/L; data not supplied), which are thermodynamically more favourable carbon 

sources for growth. Previous experiments with Halomonas spp. isolates obtained from pilot-scale, 

oxalate-degrading bioreactors showed that they were able to concurrently utilise oxalate and citrate 

as their carbon source, but were unable to grow using oxalate as a sole source of carbon 

(McSweeney et al., 2009). Halomonas spp. were consistently detected by PCR-DGGE in the pilot- 

and full-scale bioreactor systems (Chapter 2; McSweeney et al., 2010) and estimation of the 

abundance of this group within the full-scale bioreactor community showed that they made up 

approximately 35 % of the microorganisms in the process community at steady state (Chapter 4; 

McSweeney et al., 2011). The abundance and detection of these microorganisms indicated that they 

have an important role in the bioremoval process, and probably utilise other organic acids that 

enter the process with the influent. The denitrifying ability of the isolates also indicates that 

Halomonas could play an important role in the bioreactor nitrogen cycle. On the basis of phenotypic 

and phylogenetic features of isolate 4AB3, it is proposed that the isolate represents a novel species 

within the Halomonas genus, for which the name Halomonas bayeris sp. nov. is proposed. The type 

strain of H. bayeris is isolate 4AB3.  

5.4.1 Description of Alkalihalobacillus gen. nov. 

Alkalihalobacillus (al.ka.li.ha‟lo.ba.cil‟lus. alkali N. L. n alkali, alkaline. halo Gr. n hals, salt. bacillus L. 

masc. n. bacillus, small staff; N. L. masc. n. Alkalihalobacillus, bacillus growing in alkaline and brine 

conditions). 

Cells are Gram negative, PHB-containing rods. Catalase, urease, oxidase and aminopeptidase 

positive. Facultatively anaerobic, denitrifying, halophilic and motile. Predominant fatty acids are 

16:0, 18:1 ω7c and cy19:0. Phylogenetically, the genus belongs to the family Proteobacteria, specifically 

in the β subgroup. The type species of this genus is Alkalihalobacllus oxalodevorans. 

5.4.2 Description of Alkalihalobacillus oxalodevorans sp. nov. 

Alkalihalobacillus oxalodevorans (ox.alo.de.vor‟ans. oxalo N. L. n. oxalas, oxalate. devorans L. masc. 

part adj. vorans, devouring; N. L. masc. adj. oxalodevorans, devouring oxalate). 

Gram negative, catalase and urease positive. Nitrate completely reduced to N2 or NH3. Cells are 

0.5-1 µM wide and 3-5 µM in length. Facultatively anaerobic. Chemoorganotrophic. Able to utilise 

oxalate as a sole source of carbon and energy. Optimum temperature for growth is 35.5 °C. Growth 
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occurs between pH 5-11. Optimum pH range for growth is 9-10. Growth occurs between 0-20 % 

(w/v) NaCl. Optimum NaCl range for growth is 1-2.5 % (w/v). Unable to hydrolyse starch or 

gelatin. The DNA G+C content is 64.0 % (HPLC). 

The type strain, 2B2T was isolated from a full-scale bioreactor that degrades oxalate produced by 

Bayer refining bauxite ore, operating in Kwinana Western Australia, Australia.  

5.4.3 Description of Halomonas bayeris sp. nov. 

Halomonas bayeris (bay.er‟is. N. L. fem. adj. from the place of isolation, Bayer refinery). 

Gram negative, catalase positive and urease negative. Nitrate completely reduced to N2 or NH3. 

Cells are 0.5-1 µM wide and 1-2 µM in length. Facultatively anaerobic. Chemoorganotrophic. 

Optimum temperature for growth is 35.5 °C. Growth occurs between pH 7-11. Optimum pH 

range for growth is 8.5-9.5. Growth occurs between 0-20 % (w/v) NaCl. Optimum NaCl range for 

growth is 1-2.5 % (w/v). PHB is present. Unable to hydrolyse starch or gelatin.  

The type strain, 4AB3T was isolated from a full-scale bioreactor that degrades oxalate produced by 

Bayer refining bauxite ore, operating in Kwinana Western Australia, Australia.    
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Chapter 6  

Phospholipid Fatty Acid Profiles of the Microbial Community and 
Key Microbial Members of the Full-Scale Oxalate-Degrading 
Bioreactor 

6.1 Introduction 

Microbial cell membranes are composed of phospholipid fatty acids (PLFA), which can be used as 

biomarkers to identify key microbial species and define the microbial community structure in given 

environments (Kehrmeyer et al., 1996; Steger et al., 2003). As PLFA are located in the microbial cell 

membrane they are subject to rapid turnover on cell death (Vestal & White, 1989; Kehrmeyer et al., 

1996). Because of this, they can provide an estimate of the viable biomass in a sample. PLFA 

analysis has commonly been used to demonstrate the effects of different variables on microbial 

communities in an array of environmental niches. Many studies have shown that PLFA profiles of 

microbial communities in soil, drinking water and seawater, subsurface sediments and other 

ecological niches can be used to quantify biomass, identify microbial communities members and 

demonstrate changes in the microbial community structure in response to disturbances in 

environmental conditions (e.g. Frostegård et al., 1993a; Frostegård et al., 1993b; Petersen & Klug, 

1994; Pennanen et al., 1996; Sundh et al., 1997; Frostegård et al., 1999; MacNaughton et al., 1999; 

Kelly et al., 2003; Steger et al., 2003; Ben-David et al., 2004; Yu et al., 2009; Li et al., 2010).  

The aim of the study described was to identify and quantify PLFA extracted from the microbial 

community of the full-scale oxalate-degrading bioreactor during start up and at steady state. PLFA 

were used to quantify bioreactor biomass and identify changes in biomass concentration over time. 

PLFA profiles generated during the bioreactor operation were compared using principle 

component analysis (PCA) to identify changes to the bioreactor signature over time and in response 

to process disturbances. The bioreactor PLFA profiles were also compared to profiles of the pure 

isolates obtained from the full-scale bioreactor (described in Chapter 5). The ease and efficiency of 

its application made PLFA analysis a good technique for monitoring changes in the microbial 
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community over time, and in response to process flaws and failures in the bioreactor process and 

could be applied to similar systems implemented at other alumina refineries in the future.  

6.2 Materials and Methods 

6.2.1 PLFA Extraction 

6.2.1.1 Reagents and Stock Solutions 

6.2.1.1.1 Bligh Dyer Reagent 

Chloroform, methanol and sterile ddH2O were mixed in a ratio of 1:2:0.8 and stored at 4 °C in the 

dark. 

6.2.1.1.2 Methanol Toluene Solution 

Methanol and toluene were mixed in a ratio of 1:1 and stored in the dark at room temperature. 

6.2.1.1.3 0.2 M Methanolic KOH 

A 0.2 M solution of KOH was made by dissolving 1.22 g of KOH in 100 mL of methanol. The 

solution was freshly made prior to use. 

6.2.1.1.4 Hexane Chloroform Solution 

Hexane and chloroform were mixed in a ratio of 4:1 and stored at room temperature. 

6.2.1.1.5 1 M Acetic Acid 

A 1 M solution of acetic acid was prepared by adding 58 mL of glacial acetic acid to sterile ddH2O 

to a final volume of 1 L. The solution was stored at room temperature. 

6.2.1.1.6 Internal Standard 

An internal standard was prepared by dissolving 3.5 g of nonadecanoic acid (19:0; Sigma) in 10 mL 

hexane and stored at 4 °C. 

6.2.1.2 Preparation of Glassware 

All glassware including bottles, tubes and pipettes were rinsed successively with Deconex 

(phosphorous-free detergent), methanol and hexane to remove organic residues and left to dry in a 

sealed fume cupboard. 
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6.2.1.3 Sample Preparation 

6.2.1.3.1 Preparation of Suspended Biomass 

Alumina fines and particulates were removed from suspended biomass samples by low speed 

centrifugation (3, 000 x g, 1 min). For each sample the supernatant was transferred to a pre-weighed 

centrifuge tube and direct cell counts were performed in triplicate. The cells were collected by 

centrifugation (12, 000 x g, 8 min) and the weight of the wet pelleted cells was recorded. The cell 

pellets were freeze-dried overnight and the weight of the dry pellet was also recorded. The freeze-

dried cells were stored at –80 °C prior to extraction. 

6.2.1.3.2 Preparation of Biofilm Beads 

Biofilm beads were weighed prior to extraction and recorded as bead total weight (total weight of 

bead and biomass combined). 

6.2.1.4 Lipid Extraction 

In preparation for extraction, freeze-dried cells from suspended biomass samples were transferred 

into clean 50 mL glass tubes with PTFE lids and freeze-dried biofilm beads were transferred into 

clean glass jars (8 oz, tall) with PTFE lids. Chloroform:methanol:water (1:2:0.8) was added to the 

freeze-dried cells (10 mL) and beads (75 mL) and the cells were extracted for 24 h in the dark with 

occasional shaking. The lipid-containing solvent layer was partitioned from the aqueous layer by 

adding chloroform and water so that the final ratio was 1:1:0.9. The total extraction volumes for 

freeze-dried cells and beads were 12.56 mL and 94.2 mL, respectively. The mixture was shaken 

vigorously for 1 min with occasional venting, and then placed overnight in the dark to ensure 

complete separation. For cell extracts not showing complete phase separation, approximately 0.2 g 

of NaCl was added to make the aqueous phase more polar and ensure complete phase separation.  

The lipid-containing chloroform bottom layer was transferred to a clean, hexane-rinsed tube. An 

additional 1 mL of chloroform was added to the upper polar layer to ensure complete removal of 

the lipids. The polar extract/chloroform mixture was vigourously shaken, allowed to stand for an 

additional 1 h at which time the bottom layer was transferred to the clean, hexane-rinsed tube 

containing the previously separated lipid fraction. The chloroform was evaporated in a fume 

cupboard and the dried samples were stored at -20 °C. Extracted dried lipid-containing samples 

were resuspended in 500 µL of chloroform and transferred to new, hexane-rinsed tubes. This step 

was repeated four times. Chloroform was evaporated in the fume cupboard and extracts were 

stored at -20 °C.  

Following lipid extraction, the biofilm beads were removed from the jars and dried separately in the 

fume cupboard. Weights of the dried bead were recorded as bead weight (bead minus the biomass).  
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6.2.1.5 Separation of Phospholipids from Total Lipid Extracts 

Solid phase extraction (SPE) cartridges were used to separate the non-polar and polar lipids in the 

extracts. SampliQ silica SPE cartridges (6 mL, 500 mg silica; Agilent Technologies) were 

conditioned with 3 mL of chloroform and capped to prevent solvent evaporation. For each sample, 

the lipid extract was resuspended and transferred to a SPE cartridge with four consecutive 250 µL 

aliquots of chloroform. The polar fraction containing sterols was eluted from the SPE cartridge 

with 5 mL of chloroform and discarded. The glycolipids were eluted from the extract with 10 mL 

of acetone and discarded. The phospholipid fraction was eluted from the SPE cartridge with 5 mL 

of methanol and captured in a clean, hexane-rinsed glass tube. Methanol was evaporated in the 

fume cupboard under N2 and stored at -20 °C in the dark. 

6.2.1.6 Transesterification  

The dried lipids extracted from each cell extract were redissolved in 1 mL 1:1 methanol:toluene and 

1 mL 0.2 M methanolic KOH. Nonadecanoic acid (19:0; 0.35 g/mL; 50 µL) was added to each 

sample as an internal standard to enable to quantification of lipids in the sample. Reagents were 

added to the bottom of the tube and vortexed briefly. Each redissolved lipid sample was incubated 

in a water bath at 35 °C for 15 min, cooled to room temperature, and two 1 mL aliquots of 4:1 

hexane:chloroform were added. The sample was neutralised with 1 mL 1 M acetic acid and 2 mL 

sterile ddH2O. The sample was vigourously shaken and then vortexed briefly and when the two 

phases had separated, the upper hexane layer was transferred to a 4 mL amber vial using a clean, 

disposable glass Pasteur pipettes, ensuring that none of the aqueous phase was transferred. An 

additional 2 mL 4:1 hexane:chloroform, 1 mL 1 M acetic acid and 2 mL sterile ddH2O was added to 

the remaining aqueous phase and vortexed, briefly. After phase separation, the upper hexane layer 

was also added to the amber vial. The solvent was evaporated under N2 and the dried lipids were 

stored at -20 °C in the dark. Each fatty acid sample was dissolved in 500 µL hexane for PLFA 

identification and quantification. 

6.2.2 PLFA Identification and Quantitation 

6.2.2.1 Gas Chromatography-Flame Ionisation Detector  

Initial identification of peaks was performed using gas chromatography-flame detection ionisation 

(GC-FID) analysis using Sherlock FAME MIDI software and protocols for RTBA06 (MIDI Inc., 

Delaware USA). The GC-FID protocols included a Hewlett Packard HP6890 gas chromatograph 

fitted with fused-silica open tubular columns coated with an Ultra 2 stationary phase (J&W, 25 m x 

0.2 mm i.d., 0.33 µm film thickness). The GC oven temperature was programmed to increase from 

170 °C to 280 °C at 28 °C/min and then to 310 °C (1.25 min) at 60 °C/min. Samples for analysis 

were injected (2 µL) into a vaporising injector (250 °C) operated in split mode (ratio 40:1) using an 

autosampler. Hydrogen was used as the carrier gas at a constant flow of 0.8 mL/min and 
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FID temperature of 250 °C. Preliminary identification of peaks was performed based on retention 

times using the Sherlock software. Peak identification was confirmed by GC-MS. The 

concentration of PLFA in each sample was determined using Equation 6.1. 

   [6.1] 

Here, the concentration of the internal standard (19:0) was divided by the area of the 19:0 peak as 

measured by GC-FID. This was then multiplied by the peak area of the PLFA and multiplied by 

the ratio of the molecular weights (MW) of 19:0 and the PLFA. The concentrations of PLFA were 

given in pM. 

The mole percentage composition of PLFA was determined by dividing the measured 

concentration of each PLFA by the total PLFA concentration in each sample and multiplying the 

result by 100. This normalised mole percentage composition was used to perform statistical analysis 

on the PLFA profiles.  

6.2.2.2 Gas Chromatography-Mass Spectroscopy  

Peak identities were confirmed using GC-mass spectrometry (GC-MS) with an Agilent 5975 inert 

mass selective detector (MSD) interfaced with an Agilent 6890 gas chromatograph fitted with 

fused-silica open tubular columns coated with an Ultra 2 stationary phase (J&W, 25 m x 0.2 mm 

i.d., 0.33 µm film thickness). The GC oven temperature was programmed to increase from 170 °C 

to 310 °C (2 min) at 15 °C/min. Samples for analysis were injected (2 µL) into a vaporising injector 

(250 °C) operated in split mode (ratio 40:1) using an autosampler. Helium was used as the carrier 

gas at a constant flow of 0.7 mL/min. MSD conditions were ionisation energy of 70 eV, source 

temperature of 230 °C, and electron multiplier voltage of 1700 V.  The mass spectrometer was run 

operated in scan mode.  

6.2.2.3 Nomenclature of PLFA 

PLFA were designated by the number of carbons:number of double bonds and then by the 

position of the first double bond from the ω (methyl) end of the molecule (where known). The 

designations for cis and trans isomers of PLFA were shown by c or t. Branched-chain fatty acids 

were indicated by the prefix i or a for iso- or anteiso-branchings, respectively. The prefix cy 

designated a cyclopropyl fatty acid, and 10Me indicated that the fatty acid had a methyl group 

attached to the 10th carbon in the chain. 

MW 19:0 

MW PLFA 

[19:0, pM] 

19:0  

Response 

PLFA 

Response 

[PLFA, pM] =  * * 
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6.2.3 Biomass Quantification 

The PLFA concentration detected in a known concentration of E. coli cells was used to estimate the 

bacterial numbers in the activated sludge, start up and steady state bioreactor samples, and pure 

isolates. The biomass estimations were given in equivalent E. coli cells/mg. E. coli was selected as a 

representative bacterium for these estimations based on its similar morphology and size relative to 

the dominant microorganisms in the bioreactor microbial community. 

6.2.4 Statistical Analysis of PLFA Profiles 

Principle component analysis (PCA) uses the first principle component (PC) to find linear 

combinations of the original variables so that maximum variance is achieved. In this case the 

variables were the PLFA profiles generated for the activated sludge, bioreactor samples and pure 

isolates. Each successive PC is uncorrelated with the previous PC, and has its own maximum 

variance.  PCA was performed on the normalised mole percentage composition of PLFA in each 

sample or isolate. The mole percentage composition matrix was selected and analysed using the 

PCA function of the XLStat software (Version 2011.1.01) in Microsoft Excel (2003).  

6.3 Results 

6.3.1 Bioreactor PLFA Profiles 

PLFA profiles were generated for samples obtained from the activated sludge, day zero to day 14 of 

start up, and day 252 of operation of the full-scale bioreactor and for isolates obtained from the 

full-scale bioreactor. Sample identification, origin and sampling times are indicated in Table 6.1 and 

the profiles generated for all samples are shown in Tables 6.2, 6.3 and 6.4. The PLFA profiles for 

the bioreactor samples obtained from day zero to 72 h of operation (samples 3-18) were consistent, 

and were mostly composed of saturated 16:0 and 18:0 fatty acids. Only cy19:0 was detected in the 

profile of BU1 tank 1 at 24 h (sample 7) and only 16:0 was detected in BU2 tank 2 at 24 h (sample 

9), BU1 tank 1 at 48 h (sample 10) and BU2 tank 1 at 72 h (sample 14). 

At day 7 of operation the PLFA profile changed slightly for both bioreactor units. The PLFA 

profiles of the suspended biomass at day 7 (samples 19, 20) mostly comprised of cy19:0, but also 

contained low levels of 16:0 and 18:0. The effluent biomass and bead biomass PLFA profiles 

obtained at day 7 were even more diverse, consisting of high levels of 16:0 and 18:0 and low levels 

of 14:0, i15:0, a15:0, 15:0, i16:0, 16:1, i17:0, a17:0, 17:1, cy17:0, 17:0, 18:1 and cy19:0. At day 8 of 

operation, there was a nutrient supply failure to BU1. The loss of biomass was reflected in the 

detection of only two PLFA (16:0 and 18:0) in BU1 tank 1 at day 14, when compared to the 

suspended and attached biomass of BU2 at the same time of operation, where high levels of 16:0 

and 18:0 and low levels of 14:0, i15:0, a15:0, 15:0, i16:0, 16:1, i17:0, a17:0, 17:1, cy17:0, 17:0, 18:1 

and cy19:0 were observed. 
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Table 6.1 Identification, origin and sampling time for samples obtained for PLFA analysis 

from the suspended and attached biomass of BU1 and BU2 during the bioreactor start up 

period and at steady state. E. coli was used as a reference standard for PLFA analysis. 

Activated sludge was added to the bioreactor as an inoculum source. The four pure isolates 

from the bioreactor are represented by their isolate designations. 

Sample Key Sample Origin Sampling Time 

E. coli E. coli standard 0 days 

Activated Sludge WWTP* 0 days 
3 BU1 Tank 1 0 days, prior to activated sludge inoculation 
4 BU2 Tank 1 0 days, prior to activated sludge inoculation 
5 BU1 Tank 1 0 days, after activated sludge inoculation 
6 BU2 Tank 1 0 days, after activated sludge inoculation 

7 BU1 Tank 1 24 h 
8 BU1 Tank 2 24 h 
9 BU2 Tank 2 24 h 
10 BU1 Tank 1 48 h 
11 BU2 Tank 1 48 h 

12 BU1 Tank 2 48 h 
13 BU2 Tank 2 48 h 
14 BU2 Tank 1 72 h 
15 BU1 Tank 2 72 h 

16 BU2 Tank 2 72 h 
17 BU1 Effluent 72 h 
18 BU2 Effluent 72 h 
19 BU1 Tank 1 7 d 
20 BU1 Tank 2 7 d 

21 BU1 Bead Biomass 7 d 
22 BU1 Effluent 7 d 
23 BU2 Effluent 7 d 
24 BU1 Tank 1 14 d 
25 BU2 Tank 1 14 d 

26 BU1 Tank 2 14 d 
27 BU2 Tank 2 14 d 
28 BU1 Bead Biomass 14 d 
29 BU2 Bead Biomass 14 d 
30 BU2 Effluent 14 d 

31 BU1 Influent 252 d 
32 BU2 Influent 252 d 
33 BU1 Tank 1 252 d 
34 BU2 Tank 1 252 d 
35 BU1 Tank 2 252 d 

36 BU2 Tank 2 252 d 
37 BU1 Bead Biomass 252 d 
38 BU2 Bead Biomass 252 d 
39 BU1 Effluent 252 d 

40 BU2 Effluent 252 d 
Isolate 1E1 Pure bioreactor isolate n/a** 
Isolate 2B2 Pure bioreactor isolate n/a** 
Isolate 5A22 Pure bioreactor isolate n/a** 
Isolate 4AB3 Pure bioreactor isolate n/a** 
*Woodman Point wastewater treatment plant 
**Not applicable 
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Table 6.2 PLFA composition of activated sludge and bioreactor samples 3 to 16. E. coli was 

the reference standard for this study. Sample designations are shown in Table 6.1. 

 Sample 

PLFA E.coli AS 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

10:0                 

12:0                 

i14:0                 

14:0                 

i15:0  22      38        27 

a15:0                 

15:1                 

15:0 13                

i16:0                 

a16:0                 

16:1                 

16:0 59 56 15 71 65 73  62 100 100 59 63 4 100 18 39 

10Me16:0                 

i17:0                 

a17:0                 

17:1               68 14 

cy17:0 20 3               

17:0 3                

i18:0                 

18:1                 

18:0 6 19 4 29 35 27     41 37 4  13 17 

11Me18:0                 

19:1                 

cy19:0   81    100      91   2 

20:0                 

Table 6.3 PLFA composition of bioreactor samples 17 to 32. Sample designations are shown 

in Table 6.1. 

 Sample 

PLFA 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

10:0                 

12:0             6    

i14:0                 

14:0     4 6      4     

i15:0 31    1 21 12  6 55 26   3   

a15:0      7 5  38 6 17   3   
15:1                 

15:0     2  4     1 1 1   

i16:0     1        4    

a16:0                 

16:1       2          

16:0 48 65 5 3 44 37 7 61 29 16 25 45 40 41 59 63 
10Me16:0                 

i17:0     1  3      2 2   

a17:0     3  27      1 5   

17:1       23          

cy17:0      4 8      5 5   

17:0     2       1 1 2   
i18:0                 

18:1    26  7 3  10 11 7   1   

18:0 17 35 6 3 36 18 4 39 17 11 25 43 25 24 41 37 

11Me18:0                 

19:1            1     

cy19:0 4  88 68 5  2     6 14 13   
20:0                 
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Table 6.4 PLFA composition of bioreactor samples 33 to 40 and the closest relatives of the 

microorganisms detected by PCR-DGGE (Chapter 2). Sample designations are shown in 

Table 6.1. 

 Sample 

PLFA 33 34 35 36 37 38 39 40 
H. 

campisalisa 
H.  

daqingensisa 
Az. 

tolulyticusb 
R. 

monicusc 

10:0       1  2.64 2.63   

12:0         0.86 0.85 +  

i14:0     1 1       

14:0     1 1   3.35 3.42 + 0.18 

i15:0     4 5       

a15:0     2 2       

15:1             

15:0     1 1     +/-  

i16:0     3 2       

a16:0   3          

16:1 8 12 9 9  3 8 9 8.07 2.82 + 1.27 

16:0 42 36 38 40 23 21 37 38 16.44 14.83 + 1.85 

10Me16:0     1        

i17:0     2 1       

a17:0     2 1       

17:1             

cy17:0 5 4 4 9 7 3 4 6 2.96 1.08 +  

17:0 1  1 1 3 3 1 1 0.28 0.35   

i18:0             

18:1 37 43 37 36 21 21 42 39 49.12 43.97 + 79.12 

18:0 4 2 4 3 6 7 4 4  0.56 +/- 0.52 

11Me18:0 1 1 1 1 2 3       

19:1             

cy19:0 2 1 2 1 21 22 3 3 10.28 23.37   

20:0             

a Wu et al., 2008 
b Zhou et al., 1995 
c Boldareva et al., 2007 

 

At day 252 of operation the full-scale bioreactor was considered to be operating at steady state as 

the process had been in stable operation for more than 6 months, with little or no disruption to the 

oxalate-degrading activity. The PLFA profiles obtained from the suspended biomass in the tank 

and effluent varied significantly from those obtained from the bead biomass. The suspended 

biomass had a PLFA profile consisting of high relative levels of 16:0 and low levels of a16:0, 16:1, 

cy17:0, 17:0, 18:0, 11Me18:0 and cy19:0. The bead biomass samples obtained at day 252 of operation 

consisted of high levels of 16:0, 18:1 and cy19:0 and low levels of i14:0, 14:0, i15:0, a15:0, 15:0, i16:0, 

16:1, i17:0, a17:0, cy17:0, 18:0 and 11Me18:0. The PLFA profile of the bead biomass at day 252 was 

very similar to the bead biomass PLFA profiles observed for samples obtained on day 7 and day 14 

of operation. The PLFA profiles of bioreactor samples taken on day 252, particularly those from 

the bead biomass, were consistent with the profiles of the microorganisms most commonly 

detected by PCR-DGGE (Chapter 2) and to the pure isolates (Chapter 5). 
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6.3.2 PLFA Profiles of Pure Bioreactor Isolates 

Isolates 1E1 and 2B2 had similar PLFA profiles that consisted of high relative levels of 16:0, 18:1 

and cy19:0 and low levels of 14:0, i15:0, i16:0, 16:1, i17:0, cy17:0, 17:0 and 18:0 (Table 6.5). The only 

variation in PLFA for these two isolates was the presence of the minor PLFA a17:0 in isolate 1E1. 

The phenotypic and phylogenetic characterisation of these isolates (Chapter 5) showed that their 

closest described relatives belong to the genus Azoarcus. A comparison of the PLFA profiles of 

isolates 1E1 and 2B2 with Az. tolulyticus showed that the bioreactor isolates had a more complex 

PLFA profile than this species. PLFA i15:0, i16:0, i17:0, a17:0, 17:0 and cy19:0 were detected in the 

pure bioreactor isolates 1E1 and 2B2 but not in Az. tolulyticus, and PLFA 12:0 and 15:0 were 

reported to be present in Az. tolulyticus (Zhou et al., 1995) but were not detected in the bioreactor 

isolates. 

Isolates 5A22 and 4AB3 had variable PLFA profiles (Table 6.5). The PLFA profile for isolate 5A22 

consisted of high levels of 16:0 and cy19:0 and low levels of 14:0, i15:0, a15:0, 15:0, 16:1, i17:0, 

a17:0, 17:1, cy17:0, 17:0 and 18:0. The PLFA profile for isolate 4AB3 consisted of high levels of 

16:0 and 18:1 and low levels of 14:0, a15:0, 15:0, 15:1, a16:0, 16:1, i17:0, a17:0, 17:1, cy17:0, 17:0, 

18:0 and cy19:0. Comparison of the PLFA profiles indicated that isolates 5A22 and 4AB3 had a 

significantly different PLFA composition to their closest relatives, H. daqingensis and H. campisalis, 

respectively. PLFA i15:0, a15:0, 15:0, 16:0, i17:0, a17:0 and 17:1 were detected in isolate 5A22 but 

not in H. daqingensis, and PLFA i16:0, a16:0 and 18:1 were reported to be present in H. daqingensis 

(Wu et al., 2008) but not detected in isolate 5A22. PLFA a15:0, 15:1, 15:0, a16:0, i17:0, a17:0, 17:0, 

17:1 and 18:0 were detected in isolate 4AB3 but not in H. campisalis, and PLFA 10:0 and 12:0 were 

reported to be present in H. campisalis (Wu et al., 2008) but were not detected in isolate 4AB3.  

The PLFA profiles for all pure bioreactor isolates were consistent with the bioreactor PLFA 

profiles at day 252 of operation. All of the PLFA detected in the pure isolate profiles were detected 

in the profiles generated at day 252 for the suspended and the attached biomass. 
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Table 6.5 PLFA profiles of pure isolates obtained from the full-scale bioreactor and their 

closest relatives as shown in Chapter 5. 

PLFA 
Isolate 

1E1 
Isolate 

2B2 
Isolate 
5A22 

Isolate 
4AB3 

Halomonas 
campisalisa 

Halomonas 
daqingensisa 

Azoarcus 
tolulyticusb 

10:0     2.64 2.63  
12:0     0.86 0.85 + 

14:0 1 2 1 1 3.35 3.42 + 

i15:0 1 2 2     

a15:0   1 2    

15:1    1    

15:0   1 2   +/- 
i16:0 1 2      

a16:0    1    

16:1 1 6 1 5 8.07 2.82 + 

16:0 26 25 31 21 16.44 14.83 + 

i17:0 1 5 1 2    

a17:0 3  3 4    
17:1   3 3    

cy17:0 3 7 4 5 2.96 1.08 + 

17:0 1 1 1 1 0.28 0.35  

18:1 21 35  36 49.12 43.97 + 

18:0 2 3 3 2  0.56 +/- 

cy19:0 40 13 48 15 10.28 23.37  

a Zhou et al., 1995 
b Wu et al., 2008 

6.3.3 Quantification of Biomass 

The PLFA content of E. coli was used as a conversion factor to enable PLFA-based determination 

of the biomass in the activated sludge, bioreactor start up and steady state samples, and pure 

isolates. To establish this conversion factor, 10 mL of E. coli culture containing 2.33 x 108 cells/mL 

was collected and freeze-dried, giving a cell mass of 4.8 mg that was found to contain 462 pmol 

PLFA/mg dry weight. Thus, 1 pmole of PLFA approximated 1.05 x 106 E. coli cells. This 

conversion factor was used to convert the PLFA concentrations (pmol PLFA/mg dry weight) in 

each sample to an estimate of biomass samples used for the PLFA analysis. The dry weights and 

PLFA concentrations used for calculations are given in Table 6.6. All biomass concentrations were 

given in equivalent E. coli cells/mg dry weight. 

Analysis of the biomass concentrations during start up and steady state operation (Figure 6.1) 

indicated that the samples obtained up to day 14 for suspended biomass (samples 26 and 27) and 

day 7 for attached biomass (samples 20 and 21) did not contain sufficient biomass for the PLFA 

analysis. These samples provided less diverse PLFA profiles for the suspended and attached 

biomass (Section 6.3.1). The results of this analysis indicated that minor PLFA would not be 

detected in samples containing less biomass than approximately 2.5 x 109 equivalent E. coli cells/mg 

dry weight.  
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Table 6.6 Dry weights, total sample PLFA, PLFA concentration and biomass estimates for the 

activated sludge, bioreactor start up and steady state samples, and pure isolates. Sample 

identification is as indicated in Table 6.1. Biomass estimates were calculated using the 1.05 x 

106 as the conversion factor, and are expressed in equivalent E. coli cells/mg dry weight.  

Sample 
Dry Weight 

(mg) 
Total PLFA 

(pmol) 
PLFA Concentration 

(pmol/mg) 
Biomass Estimate 

(equivalent E. coli cells x 108/mg) 

Activated 
sludge 

4.80 1200 0.18 1.88 

3 6.70 6918 2.31 24.2 

4 3.00 1188 0.41 4.31 

5 2.90 669 0.19 2.01 

6 3.50 1189 0.30 3.20 

7 3.90 2742 1.10 11.5 

8 2.50 395 0.15 1.60 

9 2.60 146 0.04 0.37 

10 4.10 70 0.04 0.37 

11 2.00 142 0.04 0.47 

12 3.20 115 0.09 0.93 

13 1.30 1437 0.32 3.36 

14 4.50 38 0.01 0.11 

15 3.70 76 0.01 0.11 

16 7.40 483 0.11 1.13 

17 4.50 410 0.13 1.39 

18 3.10 65 0.02 0.22 

19 3.10 1528 0.30 3.15 

20 5.10 2872 2.39 25.2 

21 1.20 14996 10.34 108.7 

22 1.45 844 0.19 1.97 

23 4.50 2155 0.41 4.36 

24 5.20 114 0.16 1.71 

25 0.70 17864 5.58 58.7 

26 3.20 378 0.18 1.89 

27 2.10 651 0.20 2.07 

28 3.30 1151627 1744.89 1.83 x 1012 

29 0.66 1487307 1011.77 1.06 x 1012 

30 1.47 6108 1.85 19.5 

31 3.30 265 0.27 2.79 

32 1.00 348 5.80 60.9 

33 0.06 19769 5.65 59.7 

34 3.50 25781 6.14 64.5 

35 4.20 6033 1.06 11.1 

36 5.70 160689 40.17 422 

37 4.00 20856 4.78 50.3 

38 4.36 134804 23.86 250 

39 5.65 5075 2.11 22.2 

40 2.40 12786 4.92 51.7 

Isolate 1E1 2.60 25573 3.65 38.4 

Isolate 2B2 7.00 14385 3.13 32.9 

Isolate 5A22 4.60 26405 22.00 231 

Isolate 4AB3 1.20 16536 20.67 217 
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Figure 6.1 Biomass estimates for activated sludge, bioreactor start up and steady state 

samples and, pure isolates obtained from the full-scale bioreactor process. Biomass estimates 

were determined using a conversion factor based on the concentration of PLFA extracted 

from a known concentration of E. coli cells, and hence are given in equivalent E. coli cells/mg 

dry weight. The biomass estimates for samples 28 and 29 are indicated on the graph, as these 

values were considerably higher than those from other samples. Sample identification is as 

indicated in Table 6.1. 

 

The PLFA concentrations in suspended biomass samples obtained from day 0 to 14 (samples 3-20, 

22-27 and 30) during bioreactor start up ranged from 0.01 to 5.58 pmol PLFA/mg dry weight (0.11 

x 108 to 5.86 x 109 equivalent E. coli cells/mg dry weight). The PLFA concentrations in these 

samples was very low, and may have contributed to the lack of PLFA diversity observed in the 

PLFA profiles of these samples. By comparison, the PLFA concentrations in the attached biomass 

samples during the start up period (samples 21, 28 and 29) were significantly higher, and ranged 

from 10.3 to 1.48 x 106 pmol PLFA/mg dry weight (1.08 x 1010 to 1.06 x 1012 equivalent E. coli 

cells/mg dry weight). The higher PLFA and biomass concentrations in these samples may have 

resulted in the more diverse PLFA profiles observed. Analysis of samples obtained during steady 

state operation of the bioreactor also indicated higher PLFA biomass concentrations, which ranged 

from 1.06 to 40.17 pmol PLFA/mg dry weight (1.12 x 109 to 4.22 x 1010 equivalent E. coli cells/mg 

dry weight) for the suspended biomass (samples 33-36 and 39-40) and from 4.78 to 23.86 pmol 

PLFA/mg dry weight (5.0 x 109 to 2.5 x 1010 equivalent E. coli cells/mg dry weight) for the attached 

biomass (samples 37 and 38). The PLFA profiles generated at steady state were diverse, and were 

consistently detected in all samples taken at steady state, indicating that the concentration of PLFA 

and biomass were sufficient for analysis.  
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6.3.4 PCA 

PCA was performed on the PLFA profiles generated from analysis of the bioreactor samples and 

pure bioreactor isolates. The first and second principle components (PC 1 and PC 2) only explained 

approximately 30 % of the variance among samples (Figure 6.2).  
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Figure 6.2 Scree plot showing the eigenvalues and the cumulative variability of the principle 

components in the PCA of the PLFA profiles generated from bioreactor samples and pure 

bioreactor isolates. 

 

To account for the low variability explained, PC 1 was plotted with PC 3-PC 9 which explained  

more (~80 %) of the variance in the data. As there was no more variation observed when PC 1 was 

plotted with PC 3-PC 9, it was assumed that the maximum variance was observed with PC 1 and 

PC 2, and these components were used for the remainder of the PCA (Figure 6.3).  

The PCA showed that samples obtained from the bioreactor start up period of the (0 to 72 h) 

clustered together, which indicated that these samples had similar PLFA profiles. Attached biomass 

samples from beads taken on day 252 clustered separately from the suspended biomass samples 

obtained from the tank liquor and the effluent. These results showed that the PLFA profiles of 

these groups of samples were different from each other. At approximately day 7 of operation there 

appeared to be a shift in the PLFA profiles generated from samples obtained from both the bead 

biomass and the suspended biomass samples towards the day 252 clusters. There was no apparent 

difference between the PLFA profiles generated for the suspended and attached biomass in BU1 

following the nutrient delivery failure at day 8 of operation. 
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Figure 6.3 PCA of the mole percentage composition of suspended and attached biomass 

samples obtained from the bioreactor during start up and at steady state (●), pure isolates (■) 

and E. coli (▲). Sample identification is as indicated in Table 6.1. Major clustering is 

indicated within the circles. 

6.4 Discussion 

PLFA analysis was used to generate profiles of the microbial communities in a full-scale oxalate-

degrading bioreactor. A shift was observed from simple PLFA profiles at the start up of the process 

to more complex profiles at steady state. This shift appeared to parallel the growth and stabilisation 

of the bioreactor microbial biomass over time. The detection of only a few major PLFA in samples 

obtained from day zero to 14 of operation can be explained by the low concentrations of PLFA 

and biomass present in the samples, possibly reflecting the time required for the microbial 

community to establish in the large scale bioreactor. At day 7 more diverse PLFA profiles were 

observed in the suspended and attached bioreactor biomass samples. It is assumed that the 

bioreactor biomass was established at this time, and the concentration of biomass was sufficient to 

reflect the bioreactor PLFA profiles, including the minor PLFA components. At day 7 there was 

still a significant difference in the diversity of the PLFA extracted from the attached biomass 

compared with the suspended biomass. In future analyses it will be important to consider the time 

taken for the bioreactor microbial community to establish and to ensure that larger sample volumes 

are obtained during the bioreactor start up. More sensitive GC protocols would also improve the 

measurement of minor PLFA components in samples taken at this time.  

More diverse PLFA profiles were found in both the suspended and attached biomass samples at 

day 252 of bioreactor operation, probably because by this time the members in the suspended and 
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attached biomass communities had established and become more concentrated. The PLFA and 

biomass concentrations in samples obtained during this period were higher than during the start up 

period. PCA showed that the suspended biomass PLFA profile was different from the profiles 

obtained from the bead biomass at the same sampling time. The concentration of PLFA and 

biomass in the attached biomass samples was significantly higher than in the suspended biomass 

samples, explaining the differing PLFA profiles observed for these samples. In future analyses it 

may be important to consider increasing the sample size taken for the suspended biomass to ensure 

that the complete profile of PLFA is obtained and that the analysis does not only detect the more 

abundant fatty acids. Another suggestion for the occurrence of such variable PLFA profiles 

between attached and suspended bioreactor biomass, could be the presence of slow growing 

microorganisms, such as those belonging to the α-Proteobacteria subgroup, in the attached biomass 

but not in the suspended biomass. The difference in microbial community composition was also 

commonly observed in the DGGE and clone library analyses in Chapters 2, 3 and 5 and is reflected 

in the PLFA analyses shown here.  

PCA of the PLFA profiles of samples obtained from the bioreactor over time showed that the start 

up samples were significantly different to those obtained at steady state. This indicates that the 

microbial community composition was shifting in this period, culminating in the PLFA profiles 

observed for the more stable communities at day 252. This shift may have been more evident with 

increased sampling throughout days 7 and 252 of operation. There appeared to be no significant 

difference in the PLFA profiles generated for both bioreactor units at day 14 of operation, despite 

the failure of BU1 at day 8 of operation. PLFA analysis has previously been used to map changes in 

microbial communities in response to environmental stresses, and this technique could be used to 

assess the impact of process flaws and failures. 

The PLFA profiles from the pure strains isolated from the full-scale oxalate-degrading bioreactor 

were substantially different from the profiles reported for their closest described relatives. Isolates 

1E1 and 2B2 shared similar profiles but their PLFA profiles were significantly different to the 

profile of Az. tolulyticus (Zhou et al., 1995), further indicating that these two isolates are new species 

of a new genus of β-Proteobacteria (Chapter 5). Information on the PLFA profiles of these two 

isolates will be included in the taxonomic description of “Alkalihalobacillus oxalodevorans” gen. nov. 

sp. nov. The PLFA profile for isolate 5A22 was significantly different from the profile reported for 

H. daqingensis (Wu et al., 2008). Based on the phenotypic and phylogenetic studies presented in 

Chapter 6, isolate 5A22 appears to be a new isolate of this species of Halomonas. The PLFA profile 

generated for isolate 4AB3 was significantly different from the reported profile of its closest 

relative, H. campisalis (Wu et al., 2008). The phenotypic and phylogenetic analysis presented here and  

in Chapter 5, confirms that this isolate belongs to a new species of Halomonas, and information on 

the PLFA analysis of this bacterium will be included the taxonomic description of “Halomonas 

bayeris” sp. nov. PCA of the PLFA profiles of the pure isolates showed that isolate 4AB3 was the 

only one that clustered with the steady state suspended biomass samples, indicating that these 



118 

samples may have comprised a larger proportion of this species. Furthermore, the other isolates 

(1E1, 2B2 and 5A22) did not cluster with any of the steady state samples, indicating that the PLFA 

profiles generated for the bioreactor were probably a combination of the PLFA profiles of each of 

the pure isolates obtained from the bioreactor. 

The PLFA profiles of the suspended and attached biomass of the full-scale oxalate-degrading 

bioreactor, and its most numerically dominant microbial members, could be used as a monitoring 

tool during process operation to assess the change in microbial community groups over time, or in 

response to process flaws or failures. This study has increased understanding of the microbial 

ecology of the full-scale oxalate-degrading bioreactor, and this analytical technique compliments 

other methods for monitoring microbial community changes, including PCR-DGGE (Chapter 2), 

16S rRNA gene-targeted clone libraries (Chapter 4), and the culture-dependent analyses (Chapter 

5).  

6.4.1 Amendments to Description of Alkalihalobacillus oxalodevorans gen. 
nov. sp. nov. 

The major cellular fatty acids for Alkalihalobacillus oxalodevorans strain 2B2T are 16:0 (21 %), 18:1 (36 

%) and cy19:0 (15 %). The minor cellular fatty acids are 14:0, a15:0, 15:0, 15:1, a16:0, 16:1, i17:0, 

17:1, cy17:0, 17:0 and 18:0.  

6.4.2 Amendments to Description of Halomonas bayeris sp. nov. 

The major cellular fatty acids of Halomonas bayeris strain 4AB3T are 16:0 (26 %), 18:1 (21 %) and 

cy19:0 (40 %). The minor cellular fatty acids are 14:0, i15:0, i16:0, 16:1, i17:0, cy17:0, 17:0 and 18:0. 

 

 



119 

Chapter 7  

Carbon and Nutrient Balance in the Full-Scale Oxalate-Degrading 
Bioreactor at Steady State 

7.1 Introduction 

Carbon, nitrogen and phosphorous are essential elements for the growth and activity of 

microorganisms (Hutchinson, 1970; Parton et al., 1988; Correll, 1998; Prescott et al., 1999). 

Optimisation of biological processes requires consideration of the availability of nutrient sources 

and optimal nutrient concentrations for the growth and activity of the microbial community. As 

with temperature, pH and salt concentration, microorganisms have an optimal concentration range 

for carbon, nitrogen and phosphorous for growth. Establishing the nutrient ranges that best 

support the activity of a microbial community helps to identify critical and optimal operating 

parameters in biological processes and dependent on the microbial communities, avoids growth 

limitation or nutrient wastage. 

In laboratory- and pilot-scale bioreactor studies, the Technology Delivery Group at Alcoa defined 

broad concentration ranges of nitrogen and phosphorous that supported the growth and activity of 

the oxalate-degrading microbial communities in the bioreactor processes (not published). The aim 

of the study described in this chapter was to determine the fate of total carbon, nitrogen and 

phosphorous in the full-scale bioreactor process. The incorporation of carbon, nitrogen and 

phosphorous into bioreactor biomass was estimated, and the presence of those nutrients in the 

effluent of the full-scale bioreactor was identified. Estimation of carbon, nitrogen and phosphorous 

mass balances, and biomass yields, will enable further optimisation of the conditions for growth of 

the microbial community responsible for oxalate degradation in the full-scale bioreactor process.  
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7.2 Materials and Methods 

7.2.1 Sampling 

Samples were obtained from the full-scale bioreactor at day 252 of operation, after ca. 90 days of 

relatively stable operation. The bioreactor operating conditions for day 252 are outlined in Chapter 

4 (Table 4.3; Section 4.3.1). Samples were obtained from the influent, suspended and attached 

biomass of tanks 1 and 2 and the combined effluent of both bioreactor units, and transported to 

the laboratory on ice. The flow rates and nitrogen and phosphorous concentrations and the total 

flow rate of the influent stream and diluent process water are shown in Table 7.1. The flow rates 

and the concentrations of nutrients were the same for both bioreactor units. 

 

Table 7.1 Flow rates and concentrations of nutrient in the influent stream delivered to the 

bioreactor. 

Diluent Process Water Flow Rate (L/h) 29,978 

Nitrogen Stream Flow Rate (L/h) 12.00 

Phosphorous Stream Flow Rate (L/h) 6.00 

Total Influent Flow Rate (L/h) 30,000 

Total Influent Nitrogen Concentration (g/L) 422.40 

Total Influent Phosphorous Concentration (g/L) 153.40 

 

The attached biomass was removed from bioreactor beads using a sterile spatula and resuspended 

in ddH2O. Samples were transferred into pre-weighed centrifuge tubes. Alumina fines were 

separated from the samples by low speed centrifugation (3000 x g, 1 min). The supernatants were 

transferred to clean, pre-weighed centrifuge tubes. The biomass was separated by centrifugation at 

12, 000 x g for 8 min..  

7.2.2 Analytical Methods 

The fines, biomass and liquid from each sample were submitted to the ChemCentre (South Wing, 

Building 500, Curtin University of Technology, Bentley, Western Australia) for carbon, total 

nitrogen and total phosphorous analysis. For dissolved organic carbon (DOC) analysis, the liquid 

samples were filtered through a 0.45 µm pore size membrane filter. Acid was added to remove 

inorganic carbon species (bicarbonate, carbonate and dissolved carbon dioxide), and the samples 

were purged to remove the carbon dioxide produced following acid addition. DOC was measured 

as non-purgable organic carbon (NPOC) on a TOC analyser (Shimadzu TOC-V csh). The total 

nitrogen in the liquid samples was measured following alkaline persulphate oxidation for 30 min at 

121 °C and 15 psi. Nitrogen compounds in the samples were converted to nitrates, which were 

measured colorimetrically (Lachat FIA). For total phosphorous analysis, the liquid samples were 

filtered through a 0.45 µm membrane and acidified to <pH 2 with nitric acid. Phosphorous was 
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measured using inductively coupled emission spectroscopy. Carbon and nitrogen in the solid 

samples were determined by thermal conductivity following combustion of the sample at 950 °C. 

Total organic carbon analysis and analysis of malonate, acetate, formate, succinate and oxalate were 

performed at Alcoa using gas chromatography-flame ionisation detection (GC-FID).  

7.2.3 Nitrogen, Phosphorous and Carbon Mass Balance Estimations 

7.2.3.1.1 Influent Mass Flow 

The mass flow of nitrogen and phosphorous in the bioreactor influent was estimated using 

Equations 7.1-7.3. In each equation X denotes nitrogen, phosphorous or carbon. 

ČXF  = QX . CXF          [7.1] 

ČXPW  = QPW . ČXPW          [7.2] 

ČX-TOT  = ČXF + ČXPW         [7.3] 

In these equation ČXF is the mass flow of nitrogen or phosphorous in the nutrient feed (g/h), QX is 

the nitrogen or phosphorous stream flow rate (L/h), CXF is the concentration of nitrogen or 

phosphorous in their respective nutrient feeds (g/L), ČXPW is the mass flow of nitrogen, 

phosphorous or carbon in the diluent process water feed (g/h), QPW is the diluent process water 

flow rate (L/h), CXPW is the concentration of nitrogen, phosphorous or carbon in the diluent 

process water (g/L), and ČX-TOT is the total mass flow of nitrogen in the influent stream (g/h).  

7.2.3.1.2 Effluent Mass Flow 

The mass flow of nitrogen, phosphorous or carbon in the effluent liquid was estimated using 

Equation 7.4. 

ČX-EFF  = QT . CX-EFF         [7.4] 

In this equation ČX-EFF is the mass flow of nitrogen, phosphorous or carbon in the effluent liquid 

(g/h), QT is the total flow rate of the bioreactor (L/h) and, CX-EFF is the concentration of nitrogen, 

phosphorous or carbon in the effluent liquid (g/L).  

The mass flow of nitrogen, phosphorous or carbon in the effluent biomass was estimated using 

Equations 7.5-7.7. 

SW-EFF  = B / (N .V)         [7.5] 

SB-EFF  = SW-EFF . N         [7.6] 

ŠX-EFF  = QT . (SB-EFF . SX-EFF)        [7.7] 

In these equations SW-EFF is the dry weight of a single cell in the bioreactor effluent (g/cell), B is the 

dry weight of biomass in the effluent sample (g), N is the number of cells in the effluent (cells/L), 

V is the sample volume (L), SB-EFF is the concentration of cell mass in the effluent (g/L), ŠX-EFF is 
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the mass flow of nitrogen, phosphorous or carbon in the effluent biomass (g/h), QT is the total 

flow rate of the bioreactor (L/h) and, SX-EFF is the concentration of nitrogen, phosphorous or 

carbon in the effluent biomass (g/L), as measured by the ChemCentre. 

The mass flow of nitrogen, phosphorous or carbon in the effluent fines was estimated using 

Equations 7.8-7.9. 

Z-EFF  = F/ V          [7.8] 

ŽX-EFF  = QT. (Z-EFF . ZX-EFF)        [7.9] 

In these equations Z-EFF is the concentration of fines in the effluent (g/L), F is the dry weight of 

fines in the effluent sample (g), V is the sample volume (L), ŽX-EFF is the mass flow of nitrogen, 

phosphorous or carbon in the effluent fines (g/h), QT is the total flow rate of the bioreactor (L/h) 

and, ZX-EFF is the concentration of nitrogen, phosphorous or carbon in the effluent fines (g/g). 

The total mass flow of nitrogen, phosphorous or carbon in the effluent was estimated by Equation 

7.10.  

ĚX-TOT  = ČX-EFF + ŠX-EFF + ŽX-EFF       [7.10] 

In this equation ĚX-TOT is the total mass flow of nitrogen, phosphorous or carbon (g/h), ČX-EFFL is 

the mass flow of nitrogen, phosphorous or carbon in the effluent liquid (g/h), ŠX-EFF is the mass 

flow of nitrogen, phosphorous or carbon in the effluent biomass (g/h) and, ŽX-EFF is the mass flow 

of nitrogen, phosphorous or carbon in the effluent fines (g/h). 

7.2.3.1.3 Consumption/ Retention/ Loss by Bioreactor Process 

Nitrogen, phosphorous or carbon consumed by the bioreactor process, retained in the bioreactor 

or lost to the atmosphere from the bioreactor (ŘX-RET; g/h)) was estimated by Equation 7.11.  

ŘX-RET  = ČX-TOT -ĚX-EFF        [7.11] 

In this equation X represents nitrogen, phosphorous or carbon, ČX-TOT is the total mass flow of 

nitrogen in the influent stream (g/h) and, ČX-EFF is the mass flow of nitrogen, phosphorous or 

carbon in the effluent liquid (g/h). 

7.2.4 Oxalate Loading and Degradation Rates 

The oxalate loading and degradation rates of the full-scale bioreactor were calculated using 

Equations 7.12 and 7.13, respectively. 

LRATE  = (O0 / V) . QT         [7.12] 

DRATE = [(O0 – OEFF) / V)] . QT        [7.13] 

In these equations LRATE is the oxalate loading rate (kg/kL/d), O0 is the concentration of oxalate in 

the influent (kg/kL), V is the reactor volume (kL), QT is the total flow rate of the bioreactor (kL/d), 
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DRATE is the oxalate degradation rate (kg/kL/d) and, OEFF is the concentration of oxalate in the 

effluent (kg/kL). 

7.2.5 Biomass Yield Estimation 

Biomass yields for total carbon were estimated using Equation 7.14.  

YOBS-X  = SB-EFF / (X0-XEFF)        [7.14] 

In this equation YOBS-Xias the observed dry biomass yield in the effluent for total carbon consumed 

(g/g), SB-EFF is the dry biomass concentration in the effluent (g/L), X0 is the concentration of 

carbon in the influent (g/L) and, XEFF is the concentration of total carbon in the effluent (g/L). 

The cell yields for total carbon were estimated using Equation 7.15. 

YCELL-X = N / (X0-XEFF)         [7.15] 

In this equation YCELL-X is the cell yield in the effluent for total carbon (cells/g), N is the number of 

cells in the effluent (cells/L), X0 is the concentration of carbon in the influent (g/L) and, XEFF is the 

concentration of total carbon in the effluent (g/L). 

7.3 Results 

7.3.1 Full-Scale Bioreactor Performance and Operation 

The full-scale bioreactor process was in stable operation at the time of sampling for analysis of 

carbon, nitrogen and phosphorous, and estimations of mass balances and biomass yield. The HRT, 

influent and effluent oxalate concentrations, and the loading and degradation rates of each 

bioreactor from day 55 to 300 are shown in Figures 7.1 and 7.2.  



124 

0

50

100

150

200

250

5
5

6
4

7
3

8
2

9
1

1
0
0

1
0
9

1
1
8

1
2
7

1
3
6

1
4
5

1
5
4

1
6
3

1
7
2

1
8
1

1
9
0

1
9
9

2
0
8

2
1
7

2
2
6

2
3
5

2
4
4

2
5
3

2
6
2

2
7
1

2
8
0

2
8
9

2
9
8

Days of Operation

L
o

a
d

/ 
D

e
g

ra
d

a
ti

o
n

 R
a
te

 (
k
g

/k
L

/d
)

0

20

40

60

80

100

120

140

O
x

a
la

te
 C

o
n

c
e

n
tr

a
ti

o
n

 (
g

/L
)

10

15

20

25

30

35

H
y
d

ra
u

li
c
 R

e
te

n
ti

o
n

 T
im

e
 (

h
)

□ Influent

■ Effluent

□ Loading

■ Degradation

a

c

b

0

50

100

150

200

250

5
5

6
4

7
3

8
2

9
1

1
0
0

1
0
9

1
1
8

1
2
7

1
3
6

1
4
5

1
5
4

1
6
3

1
7
2

1
8
1

1
9
0

1
9
9

2
0
8

2
1
7

2
2
6

2
3
5

2
4
4

2
5
3

2
6
2

2
7
1

2
8
0

2
8
9

2
9
8

Days of Operation

L
o

a
d

/ 
D

e
g

ra
d

a
ti

o
n

 R
a
te

 (
k
g

/k
L

/d
)

0

20

40

60

80

100

120

140

O
x

a
la

te
 C

o
n

c
e

n
tr

a
ti

o
n

 (
g

/L
)

10

15

20

25

30

35

H
y
d

ra
u

li
c
 R

e
te

n
ti

o
n

 T
im

e
 (

h
)

□ Influent

■ Effluent

□ Loading

■ Degradation

a

c

b

 

Figure 7.1 Hydraulic retention times (7.1a), influent and effluent oxalate concentrations 

(7.1b), and loading and degradation rates (7.1c) of BU1 for day 55 to 300 of operation. 

Sampling for estimation of mass balances and biomass yield was performed at day 252 of 

operation, and is indicated by the vertical line.  
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Figure 7.2 Hydraulic retention times (7.2a), influent and effluent oxalate concentrations 

(7.2b), and loading and degradation rates (7.2c) of BU2 for day 55 to 300 of operation. 

Sampling for estimation of mass balances and biomass yield was performed at day 252 of 

operation, and is indicated by the vertical line.  
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The HRT of both bioreactor units remained at 15 h throughout bioreactor operation. However, at 

times of process disruption the HRT fluctuated between approximately 13 and 35 h (Figures 7.1a 

and 7.2a). The oxalate concentrations in the influent and effluent of both bioreactor units 

fluctuated throughout operation (Figures 7.1b and 7.2b). Influent oxalate concentrations ranged 

from 7.5 g/L to 50 g/L and 10 g/L to 130 g/L for BU1 and BU2, respectively. The average 

influent concentrations were 19.84 g/L and 20.70 g/L for BU1 and BU2, respectively. Effluent 

oxalate concentrations ranged from 0 g/L to 20 g/L for both bioreactor units. The average effluent 

oxalate concentrations were 3.78 g/L and 4.54 g/L for BU1 and BU2, respectively. The loading and 

degradation rates also fluctuated between day 55 and 300 of bioreactor operation (Figures 7.1c and 

7.2c). The loading rates for BU1 and BU2 ranged from 5.87 kg/kL/d to 70.99 kg/kL/d and from 

6.00 kg/kL/d to 212.39 kg/kL.d, respectively. The average loading rates were 31.77 kg/kL/d and 

33.34 kg/kL/d for BU1 and BU2, respectively. The oxalate degradation rates of BU1 and BU2 

ranged from 0.79 kg/kL/d to 56.56 kg/kL/d and from 1.44 kg/kL/d to 212.19 kg/kL.d, 

respectively. The average degradation rates were 27.18 kg/kL/d and 28.56 kg/kL/d for BU1 and 

BU2, respectively. 

The operating conditions of the full-scale bioreactor at day 252 of operation (steady state) are 

shown in Table 7.2.  

 

Table 7.2 Operating conditions of the full-scale bioreactor at day 252 when sampled for mass 

balance and biomass yield estimations.  

 BU1 BU2 

Flow Rate (kL/h) 16.2 30.5 

Hydraulic Retention Time (h) 27.7 14.7 
Average Temperature ( °C) 38.6 37.7 
Average Influent pH 9.7 9.7 

Influent Dissolved Organic Carbon (g/L) 4.27 4.72 

Effluent Dissolved Organic Carbon (g/L) 0.39 0.40 

Influent Oxalate (g/L) 16.9 18.8 
Effluent Oxalate (g/L) 0.04 0.00 
Oxalate Degradation Rate (kg/kL/d) 14.6 30.6 

Influent Acetate (g/L) 0.517 0.553 

Effluent Acetate (g/L) 0.02 0.02 

Influent Malonate (g/L) 0.105 0.116 

Effluent Malonate (g/L) 0.00 0.00 

Influent Succinate (g/L) 0.045 0.056 

Effluent Succinate (g/L) 0.00 0.00 

Influent Formate (g/L) 0.108 0.130 

Effluent Formate (g/L) 0.00 0.00 

 

At the time of sampling for mass balance analysis and biomass yield estimations, BU1 and BU2 had 

HRT of 27.7 h and 14.7 h, respectively. The flow rates to BU1 and BU2 were 16.2 kL/h and 30.5 

kL/h, respectively. The influent oxalate concentrations were 16.92 g/L and 18.78 g/L for BU1 and 

BU2, respectively. The effluent oxalate concentrations were 0.04 g/L and 0 g/L for BU1 and BU2, 

respectively. The oxalate degradation rate of BU2 (30.56 kg/kL/d) was significantly higher than 
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that of BU1 (14.60 kg/kL/d). The influent concentrations of acetate, malonate, succinate and 

formate were 0.517 g/L, 0.105 g/L, 0.045 g/L and 0.108 g/L, respectively, for BU1 and 0.553 g/L, 

0.116 g/L, 0.056 g/L and 0.130 g/L, respectively, for BU2. The effluent concentrations for each of 

these organic acids was 0 g/L, excluding acetate which had a concentration of 0.022 g/L and 0.02 

g/L in the effluent of BU1 and BU2, respectively.  

Direct cell counts were performed in triplicate for samples taken from the influent, effluent, and 

suspended and attached biomass in tanks 1 and 2 of BU1 and BU2 (Table 7.3). The weights of dry 

biomass, dry fines and volume of liquid submitted for analysis were also recorded (Table 7.3). 

 

Table 7.3 Direct cell counts, dry weights and volumes of samples submitted for total carbon, 

nitrogen and phosphorous analysis. 

 

BU1 BU2 

Sample cell 
count 

(cells/mL or 
cells/bead) 

Cell Count 
SD 

Biomass 
dry 

weight 
(g) 

Fines 
dry 

weight 
(g) 

Sample cell 
count 

(cells/mL or 
cells/bead) 

Cell Count 
SD 

Biomass 
dry 

weight 
(g) 

Fines 
dry 

weight 
(g) 

Influent 7.67 x 106 2.25 x 106 0.08 0.53 1.02 x 107 4.73 x 106 0.08 0.55 

Effluent 
Suspended 
Biomass 

5 x 108 1.56 x 106 
0.0                                                              

233 
2.99 7 x 108 1.09 x 106 0.0213 3.18 

Tank 1 
Suspended 
Biomass 

3.92 x 108 1.26 x 106 0.25 2.31 5.33 x 108 9.46 x 107 0.67 3.47 

Tank 2 
Suspended 
Biomass 

8.33 x 108 5.77 x 106 0.36 2.92 4.83 x 108 1.28 x 108 0.32 2.71 

Attached 
Biomass 
(per bead) 

9.67 x 1010 2.08 x 1010 1.48 - 7.17 x 1010 1.26 x 1010 0.81 - 

7.3.2 Estimation of Carbon, Nitrogen and Phosphorous Mass Balance 

Analysis of the mass flow of carbon, nitrogen and phosphorous from the influent to the effluent of 

the full-scale bioreactor was used to determine the fate of these compounds during steady state 

operation. Because of the low biomass obtained from all liquid samples, total phosphorous analysis 

was performed on the attached biomass samples only. The ratio of carbon to nitrogen to 

phosphorous in the attached biomass was similar for both bioreactors and it was assumed that this 

ratio would apply to all other biomass samples (Cleveland & Liptzin, 2007). It is likely that the 

carbon, nitrogen and phosphorous consumed by the process was ultimately lost to the atmosphere 

as gases. However, measurement of the compounds lost to the atmosphere was not performed in 

this study.  

 

 

At day 252 of operation BU1 was receiving 128 kg/h, 6.03 kg/h and 1.045 kg/h of carbon, 

nitrogen and phosphorous from the influent, respectively. The effluent of BU1 contained 15.97 

kg/h, 4.78 kg/h and 0.775 kg/h of carbon, nitrogen and phosphorous, respectively. These results 

indicated that BU1 was retaining 112 kg/h, 1.25 kg/h and 0.27 kg/h of carbon, nitrogen and 
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phosphorous, respectively. These results indicated that 87.5 %, 20.7 % and 25.8 % of carbon, 

nitrogen and phosphorous, respectively, was consumed by the biomass or lost to the atmosphere 

from the tanks of BU1, and that 12.5 %, 79.3 % and 74.2 % of influent carbon, nitrogen and 

phosphorous, respectively, was lost with the effluent of BU1 (Figure 7.3).   

BU2 received 141 kg/h, 5.97 kg/h and 1.07 kg/h of carbon, nitrogen and phosphorous from the 

influent, respectively. The effluent of BU2 contained 16.41 kg/h, 5.11 kg/h and 0.92 kg/h of 

carbon, nitrogen and phosphorous, respectively. These results indicated that BU2 was retaining 125 

kg/h, 0.87 kg/h and 0.15 kg/h of carbon, nitrogen and phosphorous, respectively. These results 

indicated that 88.4 %, 14.5 % and 14.0 % of carbon, nitrogen and phosphorous, respectively, was 

consumed by the biomass or lost to the atmosphere from the tanks of BU2, and that 11.6 %, 85.5 

% and 86 % of influent carbon, nitrogen and phosphorous, respectively, was lost with the effluent 

of BU2 (Figure 7.4). 

In each bioreactor unit the effluent liquid contributed the largest amount of nitrogen and 

phosphorous loss, which indicated that there was inefficient and excess nutrient supply for the 

bioreactor microbial communities in both units.  

BU1

C = 112 kg/h  (87.5 %)

N = 1.25 kg/h  (20.7 %)

P = 0.27 kg/h  (25.8 %)

INFLUENT

C = 128 kg/h 

N = 6.03 kg/h 

P = 1.045 kg/h 

TANKS

FINES

C = 1.45 kg/h (1.1 %) 

N = 0.15 kg/h (2.5 %) 

P = 0.025 kg/h (2.4 %)

LIQUID

C = 11.7 kg/h (9.1 %) 

N = 4.2 kg/h (69.2 %) 

P = 0.63 kg/h (60.3 %)

BIOMASS

C = 2.82 kg/h (2.2 %) 

N = 0.43 kg/h (7.1 %) 

P = 0.12 kg/h (11.5 %) 

ATMOSPHERE

EFFLUENT

C = 15.97 kg/h  

(12.5 %)

N = 4.78 kg/h  

(79.3 %)

P = 0.775 kg/h  

(74.2 %)
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P = 0.025 kg/h (2.4 %)
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N = 4.2 kg/h (69.2 %) 

P = 0.63 kg/h (60.3 %)
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N = 0.43 kg/h (7.1 %) 

P = 0.12 kg/h (11.5 %) 

ATMOSPHERE
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N = 4.78 kg/h  
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P = 0.775 kg/h  

(74.2 %)

 

Figure 7.3 Estimation of carbon, nitrogen and phosphorous mass balance in BU1 at day 252 of 

operation. Carbon, nitrogen and phosphorous in the tank was consumed by the biomass or 

lost to the atmosphere.  
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BU2

C = 125 kg/h  (88.4 %)

N = 0.87 kg/h  (14.5 %)

P = 0.15 kg/h  (14 %)

INFLUENT

C = 141 kg/h 

N = 5.97 kg/h 

P = 1.07 kg/h 

TANKS

FINES

C = 1.29 kg/h (0.9 %) 

N = 0.16 kg/h (2.7 %) 

P = 0.026 kg/h (2.8 %)

LIQUID

C = 12.1 kg/h (8.6 %) 

N = 4.5 kg/h (75.4 %) 

P = 0.81 kg/h (75.7 %)

BIOMASS

C = 3.02 kg/h (2.1 %) 

N = 0.45 kg/h (7.5 %) 

P = 0.083 kg/h (7.8 %) 

ATMOSPHERE

EFFLUENT

C = 16.41 kg/h  

(11.6 %)

N = 5.11 kg/h  

(85.5 %)

P = 0.92 kg/h  

(86 %)
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C = 1.29 kg/h (0.9 %) 

N = 0.16 kg/h (2.7 %) 

P = 0.026 kg/h (2.8 %)
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C = 12.1 kg/h (8.6 %) 

N = 4.5 kg/h (75.4 %) 

P = 0.81 kg/h (75.7 %)
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(86 %)

 

Figure 7.4 Estimation of carbon, nitrogen and phosphorous mass balance in BU2 at day 252 of 

operation. Carbon, nitrogen and phosphorous in the tank was consumed by the biomass or 

lost to the atmosphere. 

 

7.3.3 Biomass Yield Estimation 

The biomass yield of both bioreactor units was estimated for the amount of dissolved organic 

carbon (DOC) delivered with the influent (Table 7.4). BU2 had similar biomass and cell yields/g of 

DOC consumed as BU1. 

 

Table 7.4 Biomass yield estimations for BU1 and BU2 at day 252 of bioreactor operation. 

 BU1 BU2 

Influent DOC (g/L) 4.27 4.72 

Effluent DOC (g/L) 0.39 0.40 

Consumed DOC (g/L) 3.88 4.32 

Effluent Cell Count (cells/L) 5 x 1011 7 x 1011 

Effluent Biomass Concentration (g/L) 2.33 2.13 

Consumed DOC Biomass Yield (g/g) 0.59 0.49 

Consumed DOC Cell Yield (cells/g) 1.28 x 1011 1.62 x 1011 

7.4 Discussion 

The HRT, oxalate concentrations, oxalate loading, and degradation rates fluctuated between days 

55-300 of bioreactor operation. Samples for estimation of mass balances of carbon, nitrogen and 

phosphorous and biomass yields were taken at day 252, at which time the bioreactor was in stable 
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and efficient operation. There was no disruption to operation of the bioreactor units immediately 

prior to or after sampling for these analyses. At day 252, BU2 was operating more effectively than 

BU1, which was reflected in the higher flow rate, higher oxalate degradation rate and lower HRT of 

BU2 relative to BU1. 

Analysis of the fate of nutrients in the full-scale bioreactor showed that 79 % and 85 % of the 

nitrogen delivered to BU1 and BU2, respectively, was lost to the effluent. Only 7.1 % and 7.5 % of 

nitrogen provided with the influent was used for biomass production in BU1 and BU2, respectively. 

Nitrogen was supplied to the bioreactor in excess in the form of an ammonium nitrate:urea 

fertiliser (Flexi-N; CSBP, Kwinana, WA, Australia) containing 33 % w/w nitrogen. The use of 

excess fertiliser containing ammonia, nitrate and urea may have affected the rate of nitrification by 

the bioreactor microbial community (Anthonisen et al., 1976; Hayatsu et al., 2008; Jetten, 2008). 

Ammonification and nitrification can be described by Reactions 7.16, 7.17 and 7.18, respectively. 

Organic N → NH4
+ + OH- ↔ NH3 + H2O      [7.16] 

NH4
+ + 1.5O2 → H2O + 2H+ + NO2

- ↔ HNO3       [7.17] 

NO2
- + 0.5O2 →NO3

-         [7.18] 

The rate of nitrification can be limited by high concentrations of ammonia (NH3), ammonium 

(NH4
+) (Reaction 7.16) or nitrite (NO2

-) (Reaction 7.17) (Anthonisen et al., 1976; Hayatsu et al., 

2008; Jetten, 2008). The addition of excess Flexi-N as a nutrient source for the bioreactor 

effectively added excess NH4
+ and urea (organic N) to the process liquor, and drove the 

equilibrium of Reaction 7.16 to the right, resulting in NH3 gas as a volatile product. At the high 

operating pH of the bioreactor process (pH 9 and above), Reaction 7.16 would exceed Reaction 

7.17, further increasing the amount of ammonia produced and the inhibition of nitrification by the 

bioreactor microbial community (Anthonisen et al., 1976). The excess concentration of NH4
+ added 

to the bioreactor process appeared to exceed the amount able to be nitrified by the bioreactor 

microorganisms, which contributed to driving the equilibrium of Reaction 7.16 to the right, 

forming more NH3 gas. The excess nitrates (NO3
-) added are not toxic to microorganisms 

(Anthonisen et al., 1976; Hayatsu et al., 2008; Jetten, 2008). However, it has been reported that, the 

NO3
- is denitrified to produce nitrite in microaerophilic pockets, and the increased concentration of 

nitrite in solution affects microbial nitrification (Hayatsu et al., 2008). In the present study, it was 

shown (Chapter 5) that the microorganisms isolated from the bioreactor microbial community were 

capable of denitrification. However, as the bioreactor process is well aerated, it is unlikely that 

denitrification would occur largely. The results of this aspect of the study and the characterisation 

of the physiology of the key microbial members in the bioreactor community indicated that the 

nutrient inputs to the process could be further optimised to include a source (or combination of 

sources) of nitrogen that is more available to the microorganisms at lower concentrations. This 

would avoid nutrient wastage and improve the overall performance of the process.  
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The mass balance analysis showed that 75 % and 86 % of the phosphorous added to BU1 and 

BU2, respectively, was lost to the effluent in the liquid, biomass and fines fractions. Only 11.5 % 

and 7.8 % of the phosphorous provided in the influent was used for biomass production in BU1 

and BU2, respectively. Phosphorous was added to the bioreactor in excess in the form of a mono- 

and di-ammonium phosphate fertiliser (AgStream; CSBP) containing 11.8 % w/w phosphorous. 

The mass balance analysis indicated that the concentration range of phosphorous in the influent 

was greatly in excess of that required for optimal bioreactor operation. The primary biological 

function of phosphorous is as a component in of adenosine triphosphate (ATP), which drives 

many biochemical and biosynthetic pathways in respiration and metabolism (Prescott et al., 1999), 

and in nucleotides that form the backbone of the nucleic acids RNA and DNA. Phospholipids and 

polyphosphate storage compounds also act as reservoirs for phosphorous. As phosphorous is 

rapidly cycled, it is most commonly the limiting nutrient for microbial growth and activity (Correll, 

1998; Prescott et al., 1999). While phosphorous has not been reported to be detrimental to the 

growth or activity of microorganisms, excess phosphorous in the bioreactor effluent could 

ultimately accumulate in water storage ponds. As the phosphorous was supplied in the form of an 

ammonium phosphate, the amount of ammonium supplied with the influent is again increased and 

the same affects of NH3 production and the inhibition of nitrification could occur. In the presence 

of high concentrations of nitrogen, phosphorous accumulation could result in eutrophication of the 

water body, and increase the probability of algal growth (Correll, 1998; Pinckney et al., 2001).  

Analysis of the fate of carbon in the bioreactor indicated that at the time of sampling the process 

was achieving near complete removal of dissolved organic carbon, and complete removal of 

oxalate. The mass balance analysis indicated that 87-88 % of the carbon delivered to each 

bioreactor unit was consumed in the bioreactor process, and most probably respired as CO2. The 

biomass yield from dissolved organic carbon was 0.59 g biomass/g of DOC and 0.49 g biomass/g 

DOC for BU1 and BU2, respectively, which indicated that the bioreactors were operating 

efficiently at the time of sampling for the mass balance analyses.  

The determination of the fate of carbon, nitrogen and phosphorous, and the estimation of biomass 

yields in the full-scale bioreactor process operating at steady state provides a baseline for further 

optimisation of the process. Further analysis of the type, availability and concentration of nitrogen 

and phosphorous required by the bioreactor community is needed to optimise the activity of the 

bioreactor process, and to prevent nutrient wastage, reduce the costs associated with nutrient 

oversupply, prevent the release of volatile gases (such as ammonia) and prevent the potential 

growth of algae in receiving environments. However, even with suboptimal nutrient supply, the 

bioreactor was able to achieve complete removal of oxalate from the influent stream, and produce a 

high biomass yield/g of DOC. These results indicated that the bioreactor process was robust, but 

improvements to the nutrient supply could further improve the overall performance of the 

bioreactor process.  
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Chapter 8  

Conclusions and Summary 

Bauxite is typically low-grade and naturally associated with large amounts of humic and fulvic 

materials in the south-west of Western Australia. During the initial digestion stage of the Bayer 

process, these materials are co-digested to produce a broad range of organic impurities including 

acetate, formate, malonate, succinate and oxalate. Oxalate remains soluble in the process liquor, and 

co-precipitates with alumina during the precipitation stage, which results in the production of fine, 

non-uniform alumina crystals that are not suitable for further processing. Alcoa‟s Kwinana alumina 

refinery (Western Australia, Australia) produces approximately 40 T/day of waste containing 

oxalate. The Technology Delivery Group at Alcoa‟s Kwinana refinery has previously carried out 

investigations into the use of continuous-flow oxalate-degrading bioreactors. As a result of these 

studies, pilot- and full-scale bioreactors were implemented for the biological degradation of oxalate 

produced by the Bayer process.  

Using molecular biology-based and traditional microbiological techniques in combination with 

chemical analyses, the study presented here aimed to define and compare the uncharacterised 

microbial ecology of pilot- and full-scale continuous-flow oxalate-degrading bioreactors and to 

identify, isolate and characterise the key oxalate-degrading microbial members in the bioreactor 

communities. The studies were also designed to provide insights into the physiological 

requirements of the oxalate-degrading microorganisms and to define the critical and optimum 

operating parameters of the bioreactor process. Fundamental knowledge of the processes involved 

in the biological destruction of oxalate will enable easier and more efficient replication of the full-

scale bioreactor process at various other refinery sites, and ultimately support the economic and 

environmental sustainability of Alcoa‟s Australian and international Bayer operations. 

The microbial communities of two pilot-scale and one full-scale continuous-flow oxalate-degrading 

MBBR were characterised using 16S rRNA gene variable region PCR-DGGE, which showed that 

the microbial populations in each bioreactor were similar, and that the diversity of species in the 

microbial communities was low. Members belonging to the α-, β- and γ-Proteobacteria subgroups 
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were detected in all bioreactors. Incidental soil and water microorganisms belonging to the 

Cytophaga-Flavobacteria-Bacteroidetes group and the Bacillus genus were also detected, but were not 

considered to play an important role in the biological degradation of oxalate because of their low 

abundance in the bioreactor communities.  

Members belonging to the α subgroup of Proteobacteria were detected in the attached biomass but 

not in the suspended biomass of the pilot- and full-scale MBBR. This is probably because of the 

slow growth rate of this group of microorganisms and their inability to be retained in the suspended 

biomass in the bioreactor processes. Sequences most closely related to the organotrophic, halophilic 

and alkaliphilic genera Azoarcus and Denitromonas (β-Proteobacteria subgroup) and Halomonas (γ-

Proteobacteria subgroup) were consistently detected in the suspended and attached biomass of all 

bioreactors. Preliminary phylogenetic analysis of the variable region 16S rRNA gene fragments 

indicated the presence of a previously unidentified genus belonging to the β-Proteobacteria subgroup 

in all of the bioreactor microbial communities.  

Analysis of the microbial communities in the full-scale bioreactor prior to and after the addition of 

activated sludge showed that the sludge microorganisms did not establish in the bioreactor 

microbial community. Instead, microorganisms indigenous to the refinery and residue environment 

adjacent to the bioreactor dominated community in the full-scale bioreactor process. The full-scale 

bioreactor did not require active inoculation with the specialised oxalate-degrading biomass 

generated in the pilot-scale investigations, which further indicated that the bioreactor microbial 

community was indigenous to the refinery and residue environments. It is likely that the addition of 

activated sludge provided a concentrated source of growth factors and nutrients that promoted the 

growth and activity of the microbial community at start up of the full-scale process. Pathogens that 

may have been introduced into the bioreactor system with the activated sludge inoculum did not 

persist longer than 7 d after start up of the bioreactor process.  

16S rRNA gene targeted clone libraries indicated that the dominant members of the suspended and 

attached microbial communities of the full-scale bioreactor belonged to the β- and γ-Proteobacteria, 

which was consistent with the initial community characterisation by PCR-DGGE. Estimation of 

the bacterial diversity of the bioreactor microbial community confirmed that the diversity in both 

the suspended and attached microbial communities was low and conserved between the pilot- and 

full-scale bioreactors, and indicated that the operating conditions of the bioreactor process were 

only suitable to a small range of microbial species.  

Two novel oxalate-degrading isolates (1E1 and 2B2) were obtained from the full-scale bioreactor 

and were shown by phenotypic and genotypic analyses to belong to a novel species in a novel 

genus, for which the name Alkalihalobacillus oxalodevorans gen. nov. sp. nov. was proposed. These 

two isolates were considered to be the key oxalate-degrading microorganisms in the full-scale 

process, as they comprised approximately 30 % of the attached and suspended biomass and these 

isolates had the ability to utilise oxalate as a sole source of carbon and energy.  
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An isolate of Halomonas daqingensis (isolate 5A22) and a novel species of Halomonas (isolate 4AB3) 

were also isolated from the bioreactor process, but were unable to utilise oxalate as a sole source of 

carbon. Isolate 4AB3 was shown by phenotypic and genotypic analysis to be a novel species of 

Halomonas for which the name Halomonas bayeris sp. nov was proposed. It is likely that the species of 

Halomonas species were able to use other forms of organic carbon present in the bioreactor process, 

such as acetate, malonate, succinate and formate, as a source of carbon and energy for growth.  

Characterisation of the pure isolates from the full-scale bioreactor showed that the optimal 

temperature for growth was approximately 32-35 °C, and that at higher temperatures, their growth 

and activity rapidly decreased. This finding correlated well with the loss of bioreactor activity 

observed at start up when temperatures exceeded 35 °C. Further characterisation of the pH and salt 

concentration optimal for growth showed that these two parameters were not as critical to the0 

growth of the isolates or the performance of the bioreactor as was temperature. The isolation and 

characterisation of the key microbial members in the bioreactor community enabled definition of 

some of the critical and optimal operating parameters of the bioreactor process. In instances of 

bioreactor failure because of high temperatures and biomass wash out during start up when 

biomass concentrations on beads was very low, the full-scale bioreactor process had the ability to 

recover activity relatively quickly when the temperature was restored to below 35 °C. The bead 

biomass was thought important in restoration of bioreactor activity following biomass washout.  

PLFA analysis was used to generate a unique biomarker profile of the full-scale bioreactor 

microbial community. A shift in the PLFA profile was observed during the transition from start up 

to steady state, which mimicked the growth and establishment of the microbial biomass over time. 

Only from day 7 to 14 of operation were more complex PLFA profiles observed. During this 

period biomass concentrations were sufficiently high enough to provide a clearer profile of the 

„real‟ bioreactor communities. At steady state the suspended biomass generally had a PLFA profile 

consisting of high relative levels of 16:0 and low levels of a16:0, 16:1, cy17:0, 17:0, 18:0 11Me, 18:0 

and cy19:0. The bead biomass samples obtained at day 252 of operation consisted of high levels of 

16:0, 18:1 and cy19:0 and low levels of i14:0, 14:0, i15:0, a15:0, 15:0, i16:0, 16:1, i17:0, a17:0, cy17:0, 

11Me18:0 and18:0. The biomass attached to the beads was much more abundant than the 

suspended biomass, and as a result more complex PLFA profiles were observed. For future 

analysis, a larger sample size may be required to generate representative PLFA profiles of the 

suspended biomass in the process.  

Statistical analysis of the PLFA profiles obtained during bioreactor start up and at steady state 

indicated that they were significantly different, which probably reflected the differences in biomass 

concentrations and the time required for the microbial biomass to establish within the process. A 

shift in the PLFA profiles was also observed in the principle component analysis, but in this case 

the trend would have been clearer if more sampling had occurred over the period of bioreactor 

operation. Isolate 4AB3 was the only isolate to cluster directly with the steady state suspended 

biomass samples, indicating that this bacterium may comprise a large proportion of the suspended 
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biomass. Isolates 1E1, 2B2 and 5A22 did not cluster with any of the steady state samples, which 

indicated that the PLFA profiles generated for the bioreactor at steady state were probably a 

combination of the PLFA profiles of each of the pure isolates obtained from the bioreactor. No 

statistical differences were observed in the PLFA profiles of samples taken at times of bioreactor 

failure, probably because of the commonality of PLFA 16:0 and 18:0 in most microorganisms and 

the lower biomass concentrations in the bioreactor during start up and following process failure. As 

with established and measureable microbial biomass now established in the full-scale bioreactor 

process, it is likely that PLFA analysis could be more effectively used to monitor the impact of 

process failures and flaws on the bioreactor microbial community.  

The nitrogen and phosphorous mass balance estimations of the full-scale bioreactor showed that 

there was significant nutrient wastage from the process, and indicated that the source, availability 

and/or concentration of nutrients delivered to the process were not optimal. Despite the evidence 

of suboptimal nutrient supply, the oxalate-degrading ability of the bioreactor was excellent with all 

of the oxalate fed into the bioreactor being degraded. However, further investigation into the 

optimisation of the nutrient supply will improve the activity and stability of the process, and reduce 

the operating costs and environmental impacts associated with the loss of excess nutrients to the 

environment.  

The successful establishment and operation of pilot- and full-scale continuous-flow oxalate-

degrading bioreactors has substantial advantages for the bauxite, alumina and aluminium industries, 

by decreasing the overall economic and environmental costs associated with the production and 

storage of oxalate organic waste. All facets of this study have furthered our knowledge of the role 

of microorganisms present in bioreactors treating oxalate-containing Bayer waste. The use of 

culture-dependent and molecular biology-based microbiological techniques and chemical analyses 

ensured that a more complete picture of the microbial ecology and community dynamics of 

biological oxalate degradation were obtained. This study provides a solid foundation for further 

understanding of the microbial ecology of oxalate-degrading bioreactors. Knowledge of the 

dynamics of the oxalate-degrading microbial communities and the optimum operating parameters 

for their activity, derived from this study, will enhance future bioreactor operations and contribute 

to reducing the environmental impact of Bayer processing, and the alumina and aluminium 

industries. 
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Chapter 9  

Suggestions for Future Research 

The microbial ecology of bioreactors treating oxalate from Bayer processing operating at Alcoa‟s 

Kwinana alumina refinery (Western Australia) was characterised. Key microorganisms involved in 

the process were isolated, identified and characterised, and the optimum growth conditions of 

particular oxalate-degrading isolates were defined. Process efficiency was also investigated. 

However, investigations into the roles of individual microbial species and the biochemistry of 

oxalate degradation could provide a more complete picture of the microbiology of oxalate 

degradation in these systems, and enable optimisation of the process.  

A greater oxalate degradation rate was observed in the pilot-scale ASGB configuration relative to 

the pilot-scale MBBR. However, in the event of process failures, flaws and fluctuations, the MBBR 

configuration has the advantage of providing back up biomass on beads to prevent complete 

biomass washout and to support recovery of the community activity. Investigations into the most 

efficient bioreactor configuration for oxalate bioremoval could be conducted to assess whether 

more efficient oxalate degradation can be obtained using different bioreactor configurations, 

including anaerobic configurations inoculated with common anaerobic oxalate-degrading 

microorganisms (Chapter 1). Further research into the type of biomass carrier used in the MBBR 

configurations could allow a greater concentration of biomass to be generated in the process or 

better mass transfer of nutrient and carbon sources to the microbial members of the biofilms.  

In this study, PCR-DGGE and clone library analysis indicated that the bioreactor microbial 

communities were indigenous to the refinery and residue environments. However, preliminary 

studies of the microbial ecology residue and refinery waters were unsuccessful. Further analyses of 

the waters, sediments and associated environments in the residue and refinery areas using larger 

sample sizes and more sensitive detection methods (including real time PCR and microarray), could 

enable assessment of the source of the key microbial members. 
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It was evident from analysing the fate of nitrogen and phosphorous in the full-scale bioreactor at 

steady state that there was a need to optimise the source and concentration of the nutrients 

provided to the bioreactor microbial community. Despite the oversupply of nutrients, the 

bioreactor appeared to operate efficiently, indicating that the optimisation of nutrients supplied to 

the microbial communities was not essential to process operation. However, the environmental 

effects of nitrogen and phosphorous oversupply suggest that optimisation is beneficial to avoid 

eutrophication of water storage ponds. Laboratory-scale experiments using different sources of 

nitrogen and phosphorous in a varied concentration range should be carried out to determine the 

form and concentration required for growth of the bioreactor microbial community and to avoid 

the environmentally detrimental effects of nutrient oversupply.  

Analysis of the full-scale bioreactor performance at start up indicated that process temperatures in 

excess of 40 °C resulted in decreased oxalate-degrading activity. Fluctuations in ambient 

temperature and heat released from the exothermic oxidation of organic acids detrimentally 

affected the oxalate-degrading activity of the bioreactor microbial community. Analysis of the 

cardinal growth temperatures of pure bioreactor isolates confirmed that temperatures in excess of 

35 °C significantly affected their growth and activity. These results indicate that monitoring of heat 

generation and better management of bioreactor temperatures will be needed to ensure that the 

operating temperature remains appropriate to the bioreactor microbial community. 

The phenotypic analyses of pure isolates provided information about how the microbial community 

was affected by fluctuations in operating conditions including temperature, pH and salinity. 

However, a clearer picture of the community response to process fluctuations could be obtained in 

performing laboratory-scale temperature, pH, salinity and nutrient experiments using mixed 

communities obtained from the full-scale oxalate-degrading bioreactor. This would provide a better 

indication of the effect of fluctuations in these variables on the activity of the bioreactor microbial 

community, not just on individual microbial members. 

The effluent from the full-scale bioreactor process enters H Lake, a pH 13 water storage lake. The 

biomass generated during the oxidation of oxalate is not separated from the effluent. Studies 

focussing on the final effluent stream could be conducted to determine the fate of carbon delivered 

to this lake. Separation of biomass from the effluent stream and recycling it back to the influent 

could be investigated to determine whether the bioreactor process efficiency could be improved by 

continual inoculation with effluent biomass. Physiological staining of the bioreactor microbial 

communities and the isolates obtained from the full-scale bioreactor indicated the presence of PHB 

in most cells. PHB can be broken down by the microorganisms in times as an alternative energy 

source for growth and activity in times of nutritional stress (Ling et al., 1997). Extraction of PHB 

from the effluent biomass and its conversion into usable products (including bioplastics) could 

provide an economically-viable solution for biomass generated from oxalate degradation within the 

bioreactor process (Luengo et al., 2003).  
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Analysis indicated extraction, identification and quantitation of PLFA could be implemented on site 

to monitor changes in the microbial community over time and in response to process flaws and 

fluctuations. However, the biomass concentration in samples used for PLFA analysis need to be 

standardised to enable direct comparisons of PLFA profiles among samples. Other methods for 

monitoring the microbial community composition and activity in the bioreactor could be 

developed, including real time PCR (RT PCR) and microarray in combination with the 

development and use of species- and functional gene-specific primers.  

The present study resulted in the isolation and characterisation of a new genus of β-Proteobacteria 

and a new species of Halomonas. A comparative study showed that there were differences in the 

composition of the suspended and attached biomass within both the pilot- and full-scale MBBR 

configurations. DGGE and clone library analysis indicated that a species of α-Proteobacteria 

contributed to a significant amount of biomass in the attached bead biofilm of the pilot- and full-

scale MBBR configurations. Isolation and enrichment using growth conditions suited to the most 

closely related phylogenetic neighbour of this group failed to enable the isolation these 

microorganisms. Further attempts to isolate and characterise the species belonging to this group are 

required to comprehensively evaluate the oxalate degrading microbial communities in the 

bioreactors. Analysis of the structural composition and spatial distribution of the microbial species 

in the biofilm, would allow greater understanding of the mass transfer of nutrients and carbon 

sources through the biofilm and the spatial relationship of the microbial groups detected.  

It would also be possible to extend our knowledge of the biochemical and genetic pathways 

associated with the microbial biological oxidation of oxalate using a combination of proteomic, 

metabolomic and genetic analyses, including protein isolation, identification and crystallisation, and 

identification of the functional genes, enzymes, messengers and membrane proteins involved in 

oxalate degradation. Information on the kinetics of oxalate oxidation, including the intermediates 

produced, the occurrence of substrate inhibition of the microorganisms involved, and the energetic 

yields of oxalate oxidation within the bioreactor systems could also be gained. This would 

contribute significant novel information about aerobic microbial oxalate oxidation. 

The characterisation of microbial communities in bioreactors treating oxalate produced from Bayer 

processing of bauxite provided a solid foundation of knowledge about the growth conditions 

required for the microorganisms involved in oxalate degradation, and the optimum and critical 

operating parameters for the process. This information will be valuable in replicating the process at 

other refinery sites, and will allow for more efficient start up and operation. Studies of the microbial 

community composition among comparable systems will indentify the similarities and differences, 

and indicate whether specialised biomass may be necessary to initiate bioreactor processes 

elsewhere.
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