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ABSTRACT 

Bioremediation is considered an effective environmental remedial strategy when compared 

with physical and chemical techniques. Microorganisms can remove and detoxify pollutants 

by transforming or degrading them. A large portion of these toxic pollutants are heavy 

metals that are present naturally or due to anthropogenic activities. Bacteria inhabiting areas 

that have high levels of heavy metals have adapted to resist and reduce these pollutants. In 

the current, study heavy metal transforming bacteria have been isolated, characterised and 

investigated for bioremediation and biodegradation capabilities.   

The Great Artesian Basin (GAB) in Australia is a unique thermal site that harbours diverse 

microbial communities. Anaerobic and facultative anaerobic, thermophilic and 

thermotolerant bacteria were isolated from groundwaters and run-off waters from the GAB 

region. A total of 6 bacteria were isolated and identified as belonging to Anoxybacillus, 

Thermobrachium, Caloramator, and Virgibacillus genera using the 16S rRNA.  

Heavy metal reduction capacity was tested on all of the isolates. Strain VY was best at 

reducing vanadium(V), up to 10mM. Strain COY reduced up to 8 mM of cobalt(III). Strain 

SEY showed the most significant reduction of selenium(III). Strain FEY had the highest 

extent of iron(III) reduction. Strains CRG and CRL could reduce chromium(VI) most 

efficiently. Additional tests were done to fortify the selection of an optimal candidate for 

heavy metal bioremediation. These tests included biosurfactant production, for which all 

strains exhibited at least a 32% reduction in surface tension after 24 hours. The second test 

was biofilm formation where strains SEY and CRG performed best forming a medium rated 

biofilm under aerobic conditions but a poor biofilm under anaerobic conditions. A third test 

was to measure the chemotactic ability of the strains and strain SEY demonstrated the 

ability to possess a chemical attraction towards iron(III).  

From the characterisation tests and regarding bioremediation potential, strain SEY, an 

Anoxybacillus sp., was the most promising. This isolate had improved vanadium(V) and 

iron(III) reduction rates of over 50% in co-cultivation symbiosis tests with strains CRL and 

FEY, respectively.    
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I SIGNIFICANCE OF THE STUDY 

Increased industrial and anthropogenic activities over the last century have resulted in 

increased levels of pollution. These pollutants can be organic such as hydrocarbons or 

inorganic sources such as heavy metals. With newer environmental policies and better green 

awareness, polluted sites around the world have been in the spotlight during the last four 

decades (De Lorenzo, 2018). Technological advancements have led to new ways of pollution 

detection and remediation which have resulted in a healthier environment for many humans, 

flora and fauna. Nevertheless, pollutants still represent a significant problem globally, 

particularly in developing countries. 

Remediation strategies are grouped according to their primary mode of action, (I) Physical, 

(II) Chemical and (III) biological. Physical remediation processes include dilution of the 

contaminant with soil or water, isolation through the building of barriers, vitrification by 

applying high temperatures and electrokinetic remediation. However, physical processes are 

considered a non-cost-efficient strategy where the planning, building and maintaining the 

process can be very costly (Khalid et al., 2017, Mani and Kumar, 2014).  

Utilising a chemical clean up approach is considered a faster alternative to physical 

remediation. Chemical clean-up uses different chemicals to degrade the target pollutant or 

encapsulate the hazardous compound by mixing with products such as concrete to immobilise 

the hazard (Khalid et al., 2017). Even though useful, it has practical limitations, where the 

use of a chemical(s) in the process of remediating the pollutant can introduce further 

unwanted contaminants in the environment. 

The last type of remediation is biological remediation termed as ‘Bioremediation’. 

Bioremediation uses a biological agent or the metabolic by-products in removing a target 

pollutant. The best place to find a microbial catalyst that can transform the target pollutant is 

in contaminated sites (De Lorenzo, 2018). Bioremediation is considered a better alternative 

compared to physical and chemical processes as it is safer without introducing any unwanted 

by-products and considered a cost-efficient method concerning pollution clean-up (Khalid et 

al., 2017, De Lorenzo, 2018). 
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Biological agents that can be used include plants, fungi, algae, archaea, and bacteria. In the 

current study, bacteria capable of reducing heavy metal(s) were investigated. Heavy metals 

are considered a high priority pollutant, according to the Agency for Toxic Substances and 

Disease Registry (ATSDR, https://www.atsdr.cdc.gov/spl/), where the top three substances are 

metallic/heavy-metals in nature. In natural environments, there is usually a range of 

contaminants present. Therefore, in this study, bacteria capable of organic compounds 

degradation linked to the reduction of heavy metals were investigated. 
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II  RESEARCH GAP 

Some anaerobic respiring bacteria are known to reduce heavy metals from toxic to less or 

non-toxic forms. The main purpose of this study is to find bacterial isolates from a high-

temperature region that can reduce heavy metals. Due to a lack of research on metal reduction 

in high-temperature groundwaters, it is possible that novel bacteria with potential 

applications in bioremediation could be found. 

 According to literature, different characteristics can be tested, which serve as indicators to 

choose a bacterium for bioremediation. In the current study, known culture dependent tests 

concerning heavy metal bioremediation were applied to bacterial isolates, such as 

biosurfactant production, chemotaxis/motility, and biofilm formation. Furthermore, the 

conditions that optimise the growth and metal reduction by these bacteria were also 

investigated (pH, temperature and oxygen as an electron acceptor). 

The primary research that has been done so far in the bioremediation field is looking at a 

single strain to serve the purpose of bioremediation/biodegradation (De Lorenzo, 2018). 

There is a lack of studies that address bacterial consortia in the field of heavy-metal 

bioremediation especially with the thermophilic anaerobic bacteria. This study will 

investigate the effect of using multiple bacterial strains.  

III AIMS 

• Isolate and identify viable bacteria in high-temperature groundwaters that can reduce 

one or more type of heavy metal(s) (Fe, Cr, V, Se, and Co). 

• Investigate bacteria capable of metabolising selected volatile hydrocarbons 

(hexadecane and xylene) 

• Select bacterial strains to be potential candidates with suitable traits to serve in heavy 

metal bioremediation and to test the symbiotic relationship with the other isolates. 
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CHAPTER ONE: INTRODUCTION 

1.1 THERMOPHILIC BACTERIA 

Microorganisms are known to be ubiquitous entities found living in almost every place 

known, from hydrothermal vents to frozen Antarctic ice. The availability of liquid water is 

seen as the most crucial factor to determine the presence of life as it is a requirement of 

metabolic processes (Robb et al., 2007). Extreme environments, in particular, epitomised the 

physical and chemical extremities of cellular living. Microorganisms in these environments 

are termed extremophiles, which have evolved with often unique methods to survive and 

adapt to such conditions (Koga, 2012).  

Microorganisms can be grouped according to the temperature ranges at which they live and 

grow optimally (Figure 1.1). Thermophiles are microorganisms that can survive and grow 

above the mesophilic range of 25oC to 40oC and generally have optima around 55°C -80°C. 

These microbes inhabit thermal environments such as deep subsurface aquifers, hot springs, 

oil reservoirs, and hot water tanks. Other types of microorganisms that can be present in these 

environments are hyperthermophiles (optima above 80°C), particularly in the warmer 

regions, and thermotolerant microbes which can grow up to 60-80°C but grow better at lower 

mesophilic temperatures.  

The structures of thermophiles have adapted to withstand the elevated temperatures, from the 

molecular structure to the outer surface cell wall (Zeikus, 1979), cytoplasmic membrane, and 

metabolic enzymes and intermediary metabolites (Robb et al., 2007). Thermophilic bacteria 

are significant for researchers to study as they have been used in a variety of industrial and 

biotechnological practices (Naik et al., 2016, Bohacz, 2018).  
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Figure 1.1: Graph shows the growth rate of bacteria based on temperature. Highlighted are the thermophilic group in which this 

study will focus on (ranging between 40oC to 80oC). Taken from Courses.lumenlearning.com (2019) 

 

1.2 THERMOPHILIC BACTERIA ADAPTATION 

Bacteria living in high-temperature environments have adapted to survive such harsh 

environments. Most thermophiles require high temperatures to be able to grow. Adaptation 

occurs over time where shifts in temperatures can induce genomic evolution, often achieved 

through horizontal gene transfer (HGT) (Wang et al., 2015). Several genes acquired through 

HGT can confer thermophilic traits essential for survival. Reverse gyrase, for example, is 

considered one of the essential characteristics transferred through HGT from archaea to 

bacteria (Forterre et al., 2000). 

The genomic structure of thermophiles is considered to be more stable than mesophilic 

organisms (Wang et al., 2015). A study by Nakashima et al. (2013) compared the guanine: 

cytosine (G:C) ratio between mesophilic bacteria and thermophilic bacteria. Results showed 

that thermophilic bacteria possess a higher G:C ratio, which is needed to retain thermal 

stability due to the increase of hydrogen bonds.  

1.3 ANAEROBIC THERMOPHILE 

Oxygen is considered a requirement of growth for many organisms, especially aerobes. The 

different categories based on oxygen requirements are shown in Table 1.1. Anaerobes are 

microorganisms that can metabolise and grow without oxygen. Obligate anaerobes are killed 

by oxygen, and many fermentative organisms do not carry out oxidative phosphorylation to 

produce energy. Facultative anaerobes can grow with or without oxygen depending on their 
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environment, though if oxygen is present, they will grow aerobically in preference to 

anaerobic growth (Rosenblatt, 1985). 

Anaerobic thermophiles produce energy either through anaerobic respiratory processes or 

fermentation. Thermophilic anaerobic heavy metal-reducing bacteria can reduce an oxidised 

metal ion directly in respiration or indirectly.  Most anaerobic thermophiles are heterotrophic 

in nature using organic substrates such as carbohydrates, organic acids and polypeptides 

(Ogg, 2011). Also, some are chemolithotrophic, oxidising inorganic compounds for energy.  

Thermophilic anaerobes are of interest as they are found living in habitats previously 

considered inhospitable to life. Numerous studies have researched sites with extreme thermal 

conditions, such geothermal vents (Beatty et al., 2005),  volcanic craters (Fujimura et al., 

2012) and hydrothermal vents with very high pressure and temperatures exceeding 100 °C 

(Blochl et al., 1997). There are also human-made sites with elevated temperatures such as 

compost piles and water heaters, where abundant thermophiles are found living (Oshima and 

Moriya, 2008).  

 

Table 1.1: shows the different classes of bacteria according to oxygen requirement 

Classification Characteristics 

Obligate aerobes Requires oxygen for growth. Lacks the 

fermentative pathway. 

Microaerophilic Requires a low amount of oxygen for growth 

Aerotolerant anaerobes Can grow on the presence of oxygen, but have 

fermentative  metabolism 

Facultative anaerobes Can grow in the presence of oxygen through 

respiration and grow in anaerobic respiration in 

the absence of oxygen or go through 

fermentation. 

Obligate anaerobes Cannot use oxygen as an electron acceptor, use 

non-oxygen compounds as electron acceptors 

or are fermenters and generally lack 

superoxide dismutase and catalase. 
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1.4 GEOTHERMAL ENVIRONMENTS  

Geothermal regions on Earth are home for diverse and substantial communities of 

microorganisms including archaea, fungi, and bacteria (Li et al., 2015). Due to the specific 

nature of geothermal regions with temperatures reaching more than 100oC the primary 

inhabitants are thermophilic organisms (Mohammad et al., 2017).  

The recognised areas and those most studied are in Iceland, United States, New Zealand, 

Japan, Italy, Indonesia, Central America, and Australia (Maugeri et al., 2001, Baltaci et al., 

2017, Ogg and Patel, 2011). Figure 1.2 shows several of these regions which are of 

importance to science and other industries (Mohammad et al., 2017). 

 

Figure 1.2: Geothermal regions around the world. A) Frying pan lake in New Zealand. B) Water borehole in The Great Artesian Basin 

Australia. C) The Biancane, Italy. D) Geothermal borehole outside the Reykjanes Power Station, Iceland (Wikipedia: Public domain)  

 

 

 

 

A B 
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1.5 THE GREAT ARTESIAN BASIN  

The Great Artesian Basin (GAB) underlies 22% of Australia and is the largest artesian 

freshwater supply in the world. The groundwaters stretch more than 1.7 million kilometers2 

and can be up to 3 kilometres deep (Ogg, 2011). With an estimated 64 thousand cubic meters 

of groundwater, this aquifer serves as a major water resource to the semi-arid regions. The 

accessibility of water in the dry and semi-arid sites has a substantial influence on the 

biodiversity of the flora, fauna and outback communities (Habermehl, 2006). Much of rural 

Australia relies on this water supply for domestic, industrial and agricultural use. However 

increased mining, oil and coal seam gas industries in the vicinity of GAB have dramatically 

increased usage of the water and led to areas of contamination. 

The GAB is multi-layered composed of porous sandstone and shale (Ogg and Patel, 2011). 

The groundwaters are rich with chlorides, sulphate, and bicarbonates. The Earth’s magma 

heats the water and temperatures can reach up to 100oC depending on depth.  

Due to the rich nutrients, high temperatures and the anthropogenic activities (Habermehl, 

2006) within the region, thriving and distinct microbial communities have been isolated. A 

list of some of the thermophiles isolated are in Table 1.2. 

 

Table 1.2: List of different bacteria isolated from the GAB 

Name of microorganism Characteristic feature(s) Reference 

 Desulfotomaculum australicum  thermophilic sulphate-

reducing  

(Love et al., 1993) 

Desulfovibrio longreachii  sulphate-reducing 

bacterium 

(Redburn and Patel, 1994) 

Fervidobacterium gondwanense thermophilic, 

carbohydrate-fermenting, 

obligate anaerobe 

(Andrews and Patel, 1996) 

Caloramator australicus  dissimilatory iron(III)-

reducing micro-organisms 

(Ogg and Patel, 2009) 

Thermobrachum clere Heavy metal reducer (Greene et al., 2016) 

Anoxybacillus flavithermus Heavy metal reducer (Greene et al., 2016) 
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Phylogenetic analyses have been conducted previously of the GAB microbial mats that are 

associated with bore runoff water (Byers et al. (1998). The sequenced data indicated the 

presence of a wide range of bacteria such as cyanobacteria, Thermus species, thermophilic 

oxidisers and actinomycetes. The study also reported the difficulties in isolating and 

maintaining many thermophilic microorganisms, a problem that relies on the microbial 

habitat being accurately reproduced in a laboratory. Challenges associated with the growth 

of thermophiles has also been documented (Andrade et al., 1999, Singh et al., 2013, 

Reysenbach et al., 1994, Weller et al., 1992). Further phylogenetic analyses of GAB bore 

run-off waters have revealed that communities are dominated by Proteobacteria and 

Firmicutes (Greene et al., 2016).  

The most recent studies by Greene et al. (2016) and Ogg (2011) that were done on the GAB 

were mostly based on culture-independent methods to identify the resident microbes within 

the region through phylogenetic studies. In this study, it focuses on culture-dependent tests 

to enrich the targeted heavy metal reducing bacteria. 

 

1.6 HEAVY METAL TOXICITY  

The term heavy metal is given to metal with the density more than 5g/CC and includes 

transitional elements such as vanadium, chromium, iron, cobalt, nickel and cobalt (Prasad et 

al., 2005). .Also, there are metalloids such as arsenic and selenium that share similar chemical 

properties and metabolic fate (Sun et al., 2014). There are a total of 53 heavy metals and 21 

non-metals or metalloids (Prasad et al., 2005). 

The rapid industrialisation and globalisation have led to an increase in pollution worldwide. 

The discharge of pollutants due to anthropogenic activities have resulted in wastes containing 

about 10% heavy metals (Araújo et al., 2013). These contaminants harm not only humans 

but also the fauna, flora and the microbial biota within the affected regions.  

Heavy metal toxicity represents a high risk to humans since the heavy metals can 

bioaccumulate and biomagnify throughout the food chain, which increases the toxic potency. 

Several diseases have been linked to heavy metal toxicity such as kidney disease, 

neurological damage and other major organs (Singh and Kumar, 2017). Table 1.3 shows the 

list of heavy metals that were used in the current study with their harmful effect.  
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Table 1.3: list of toxic heavy metals and their negative health effects 

Metal Toxic-

naturally 

occurring 

state / toxic 

waste 

Permissible 

concentration 

(parts per 

million) 

Impact on human 

health 

Reference(s) 

Iron Iron oxides 4.5 ppm Altering various 

metabolic and 

signalling pathways 

(Odukudu et 

al., 2014) 

(Tchounwou 

et al., 2012) 

Vanadium Vanadium 

pentoxide 

0.5 ppm Lung cancer, Increased 

blood pressure and 

lung damage 

(ATSDR, 

2012) (Imtiaz 

et al., 2015) 

Selenium Selenite 

Selenite 

15-20 ppm chronic intoxication 

including, diarrhoea, 

fatigue, hair loss and 

joint pain 

(Spallholz, 

1997) 

(MacFarquhar 

et al., 2010) 

Chromium Chromate 0.05 ppm carcinogenic (Mohanty and 

Patra, 2011) 

Cobalt Radioactive 

cobalt, as 

60Co 

0.038 ppm Trouble breathing. 

Severe effects on the 

lungs, including 

asthma, pneumonia, 

(ATSDR, 

2004) 

 

According to Tchounwou and colleagues (2012), arsenic and chromium have a significant 

role in cancer development, whereas vanadium, cobalt and iron can have the ability to aid the 

toxigenic effect of heavy metals, through interfering of cellular metabolic activities and 

damaging neural signalling pathways (Valko et al., 2005, Tchounwou et al., 2012).  

The inorganic contaminants (heavy metals) are naturally found in nature, however, due to 

anthropogenic activities, it elevated their toxicity and can be introduced in the food chain that 

can cause the health problems mentioned above. Nevertheless, there are several methods used 

to remove or reduce these contaminants that are further explained in sections 1.7 and 1.8. 
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1.7 BIOREMEDIATION  

Bioremediation processes have potential in using the natural ability of some microbes to 

degrade toxic organic compounds (e.g. aromatic hydrocarbons, pesticides, herbicides) and 

detoxify heavy metals that contaminate many industrial sites and groundwaters throughout 

the world. A distinctive feature of bioremediation techniques is that it removes the pollutants 

directly using the indigenous microbial community. Thermal environments such as 

groundwaters are readily contaminated with heavy metals during industrial activities and 

mining processes. These environments are most suitable to isolate a bacterial candidate for 

heavy metal bioremediation such as anaerobic bacteria that can reduce toxic metals to less or 

non-toxic states (Dvořák et al., 2017). Numerous remediation processes are available to 

remove metal contaminants. Different techniques are used to remove these pollutants 

including physical techniques, chemical removals and biological agents or by-products (Peng 

et al., 2018, Wu et al., 2017). Figure 1.3 shows a flow chart with the different strategies 

adopted for heavy metal bioremediation. The bioremediation process can happen In-situ, ex-

situ or in bioreactors. In situ bioremediation is considered the less destructive and is cost 

effective by comparison (Das and Dash, 2017, Bolan et al., 2014). Mani and Kumar (2014) 

reported that microbial In-situ bioremediation costs were 50% less than the chemical and 

physical remediation techniques.  
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 The distinctive feature of bioremediation techniques is that it removes the pollutants 

Generally, In-situ bioremediation can be classified into three groups. Bioattenuation or 

intrinsic bioremediation relies on the natural microbial processes to reduce contaminants 

through biotransformation. Biostimulation is where the pollutants are degraded through the 

stimulation of the microbial flora through the addition of nutrients (electron donor and 

acceptors). A third process is bioaugmentation, where a microbe with a known degrading or 

transforming characteristic(s) is added to the site (Adams et al., 2015).   

The complex nature of the environment and the increase in anthropogenic activities has 

resulted in a wide range of toxic contaminants. Environmental pollutants are categorised into 

two types, organic and inorganic. Organic compounds include chlorinated compounds, 

pesticides and petroleum hydrocarbons. Inorganic compounds include a diversity of toxic 

heavy metals such as chromium, vanadium, iron, selenium and cobalt (Bharagava, 2017). A 

key difference in the use of microorganisms is that organics can be completely biodegraded 

or transformed into a less toxic compound, while heavy metals cannot be degraded only 

Figure 1.3: A flow chart of the remediation strategies used in remediating heavy metals in contaminated soils. Adapted from 

(Bolan et al., 2014, Das and Dash, 2017, Verma et al., 2017) 
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transformed to a less toxic state. Table 1.4 shows the list of these pollutants used in the current 

study. The ATSDR ranks all toxic substances according to toxicity and priority 

(https://www.atsdr.cdc.gov/spl/). 

 

Table 1.4: ATSDR 2017 Substance Priority Ranking list of the selected substances used in this study   

 

1.8 HEAVY METAL RESISTANCE AND REMEDIATION  

Some heavy metals are required for biological activities in cellular metabolic processes. 

However, elevated concentrations of heavy metals can be highly toxic to bacteria. As a result, 

some bacteria develop resistance mechanisms to cope with higher heavy metal concentrations 

(Nies, 1999). These mechanisms are used to regulate the metal concentration inside the cell 

and hence lower the toxicity. These mechanisms include: efflux pumps with high substrate 

affinity that expel high level of heavy metals outside the cell; compartmentalizing the heavy 

metals within the cell and reducing the availability in the cytoplasm; extracellular binding by 

the production of polysaccharides, proteins and humic substances to immobilize the heavy 

metals; and enzymatic transformation of heavy metals reducing their toxicity (Nies, 1999, 

Ahemad, 2014).  

Bacteria can be used to remediate heavy metals in one of six ways depending on the toxic 

state of the heavy metals as shown in section 1.7, Figure 1.3. All are listed as follows: (I) 

YEAR RANK SUBSTANCE NAME COMPOUND CHARACTERISTICS 

2017 17 Chromium, Hexavalent Inorganic, heavy metal 

2017 51 Cobalt Inorganic, heavy metal 

2017 65 Xylenes Organic hydrocarbon, dimethylbenzene 

2017 146 Selenium Inorganic, metalloid 

2017 197 Vanadium Inorganic, heavy metal 

2017 612 Ferric chloride Inorganic, heavy metal 

2017 794 Hexadecane Organic hydrocarbon, alkane 
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Bioleaching:  a simple and effective way to extract heavy metals from low-grade ores and 

mineral concentrates and recovery from the soluble state. (II) Bio-precipitation: conversion 

of heavy metals from an aqueous phase into a solid state. (III) Biotransformation: oxidation 

or reduction of heavy metals from a toxic state to a less or non-toxic state. (IV) 

Bioaccumulation: heavy metals are taken into the bacterial cell thereby decreasing the 

concentration in the environment. (V) Bio-sorption:  the attachment of heavy metals 

externally on bacterial cell wall via complexation and chelation. (VI) Bio-assimilation: heavy 

metals are bound to proteins ‘metallothionein’ in the cytoplasm and lower its toxicity (Das 

and Dash, 2017, Lancaster et al., 2014, Suthee Janyasuthiwong and Rene, 2017). 

 

1.9 SYMBIOSIS AND SYNERGY  

In nature, microorganisms live in communities and continuously interact with each other and 

the surrounding environment. The interactions in microbial communities or consortia can be 

essential for survival, such as in a natural habitat with multiple barriers and limited nutrients 

(Ben Said and Or, 2017). Microbe to microbe relations are complex, combining both positive 

and negative or antagonistic relationships (McCullough et al., 1999).  

In positive symbiotic relationships, two or more species benefit, and the most common type 

is mutualism. Commensalism is another positive relationship were between two species one 

partner benefits while the other is neither harmed nor benefits (McCullough et al., 1999). In 

both mutualistic and commensalistic existence, both species can work together in 

metabolising the substrate or contaminant to a lesser state or form (McCullough et al., 1999) 

Syntrophy or crossfeed is a form of a positive relationship between bacteria where the 

metabolic product of a bacterial species is a constituent substrate of another bacterium, 

forming highly dependent consortia (Waite et al., 2016). Many of the positive relationships 

in communities are synergistic where microbes work together to metabolise substrates, which 

can be important in bioremediation processes. Syntrophic relation that are based on the 

degradation of carbon compounds mainly occurs in anaerobic conditions, involving one or 

two steps of fermentation (Morris et al., 2013). Therefore, in most cases, syntrophy is 

occurred within the organism’s phylum (Morris et al., 2013). Stams and Plugge (2009) 

defined syntrophy where two or more organisms combine their metabolic capabilities to 

break down a substrate where either one of them cannot catabolise it alone. 
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In a bacterial consortium, where a larger gene pool is available that can result in better 

performance compared to a single organism (Ben Said and Or, 2017). The diversity of 

multiple pathways will allow better utilisation of substrates in the environment,  resulting in 

a higher biotransformation efficiency (Ben Said and Or, 2017). 

1.10 BIOFILM AND QUORUM SENSING 

A classic type of bacterial consortium is the community within a biofilm. Biofilms are created 

by microorganisms that attach to a surface, releasing polysaccharides which help in forming 

a self-sustaining polymeric matrix (McCullough et al., 1999). In the biofilm, there are small 

niches with variable nutrients and oxygen concentrations, which supports the growth of both 

aerobic and anaerobic microorganisms with different metabolic processes. Therefore, within 

the biofilm microbes will have a variety of syntrophic and symbiotic relationships. In the 

process of these relationships, the bacteria will communicate with each other through 

mechanisms such as quorum sensing.  

Quorum sensing is a term used to describe the intracellular communication system used in 

bacteria. The two most known described systems are the acyl-homoserine lactone system 

available in most Gram-negative species and the polypeptide based system in most Gram-

positive bacteria (Parsek and Greenberg, 2005). Bacteria use quorum sensing to regulate a 

wide range of biological functions. These processes include the symbiotic relation, motility, 

spore formation and biofilm formation (Miller and Bassler, 2001).  

Bacteria that can congregate in a biofilm possess an advantage compared to the free-living 

planktonic bacteria. The biofilm structure serves as not only protection from the surrounding 

environment but also facilitates the quorum sensing mechanism and enhances the symbiotic 

bacterial relationship (Edwards and Kjellerup, 2013). 

Biofilms can consist of a single bacterial strain but more often multiple species. Species 

living in a biofilm can create a suitable environment for other species living with varying 

environmental conditions and nutritional requirement particularly concerning electron 

donors and acceptors (Edwards and Kjellerup, 2013). The living community within the 

biofilm reach a coexisting state due to the complex structure of the biofilm.  

Bacteria that form biofilm are well suited for bioremediation of recalcitrant compounds since 

it supports a balanced community with high biomass density and maintains optimal growth 
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conditions such as pH and availability of oxygen and a suitable substrate concentration. The 

members of the community will work together to detoxify their surrounding environment 

such as taking up or transforming heavy metals (Singh et al., 2006). White and Gadd (2000) 

investigated heavy metal bioremediation by using bacterial biofilm in continuous culture; the 

result was a considerable accumulation of the heavy metals in the biofilm. 

1.11 CHEMOTAXIS 

Chemotaxis is the movement of the unicellular organism due to a chemical gradient. One of 

the critical steps to bioremediation is the bioavailability of the target pollutant (Singh et al., 

2006) since it can be a limiting factor for efficient bioremediation (Pandey and Jain, 2002).  

Bacterial cells that are motile and possess a chemotactic sense towards a chemical can be 

exploited in bioremediation. A bacterium with a positive chemotactic effect will swim 

towards a chemical signal, such as those contaminants that may be closely absorbed by soil 

particles.  

Not only can chemotaxis allow the bacteria to reach a particular nutrient, but also it can play 

an essential role in adhesion (Singh et al., 2006). According to Stelmack et al. (1999), a motile 

bacteria with chemotactic effect might be necessary for it to grow and spread in the 

environment. 
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RESEARCH OUTLINE 

This thesis identifies the thermophilic bacteria that are found in the Great Artesian Basin and 

their potential in reducing heavy metals. Sedimentary and water samples were used for 

isolating these bacterial species using culture-dependent techniques. The chemical analysis 

of the sample was tested to know the heavy-metal present within. Pure bacterial isolates were 

tested on selected heavy metals (Fe, V, Cr, Se and Co) and hydrocarbons (hexadecane and 

xylene) to test their ability to reduce and degrade these substrates, as well as assessing their 

bioremediation potential. The symbiotic relation between bacterial isolates was compared to 

determine their “cooperative” potential against the pure isolate state. In Figure 1.4 a flowchart 

has been designed to outline the main research components and the course of the conducted 

tests in this study. 

. 

 

HYPOTHESIS: 

1. Anaerobic thermophilic bacteria isolated from high temperature/contaminated sites 

can reduce heavy metals 

2. Bacteria can biotransform heavy-metals more efficiently when working together 

compared to a single species 

3. Bacteria producing extracellular metabolites (biosurfactants) can be a candidate for 

bioremediation of hydrocarbons (degradation) and biotransform/bioaccumulate 

heavy metals 
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Test hydrocarbon degradation 

Analysis of the GAB sample site 

 

Samples collected from GAB 

Measure the pH and salinity 

of the samples 

Screening for thermophilic bacteria 

Culture dependent studies and 

characterization of bacterial 

isolates 

Culture dependent studies 

Symbiosis test (co- cultivation 

tests) 

Choosing a bioremediation 

candidate 

Analyze the core chemical component and 

heavy metals present in the selected samples 

Electron acceptors and donors for biochemical characterization 

Maximum metal reduction tests and metal assays Growth pattern test 

and optimization 

Co-contamination 

Biofilm formation 

16S rRNA sequence identification 
Gram staining and microscopy 

Motility tests and 

chemotaxis 

Choose the best bacterial species for bioremediation based on the results from previous section 

Co-contamination 

using co-cultivation 

Metal assays Hydrocarbon utilization 

Figure 1.4: Flow chart of the proposed plan used in this study 
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Figure 2.2: Shows the GAB region in Australia. The star represents he approximate location of bore RN4022. 

Taken from GABCC (2019). 

CHAPTER TWO: ISOLATION, CHARACTERIZATION AND IDENTIFICATION 

OF THERMOPHILIC BACTERIA (METHODOLOGY) 

2.1 SAMPLE SITES AND SAMPLE COLLECTION TECHNIQUE 

The current study mainly focused on thermophilic bacteria isolated from the Great 

Artesian Basin. The samples used in this project were waters collected from bore RN 

4022 which is located between Eromanga and Quilpie in Western Queensland (Figures 

2.1 and 2.2). The samples were collected using sterile containers and stored in glass 

vessels. The vessel was filled to the top with water to prevent air and capped. The 

samples were stored in the lab at ambient temperature. Three samples were used in the 

study with the details shown in Table 2.1 and photos of the samples in Figure 2.3. 

 

 

Figure 2.1: Location of bore RN4022 on Google maps© 

 



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

20 
 

 

Table 2.1: List of the GAB samples used in the study 

Lab 

Sample ID 

 

Registered 

Bore number 

 

Sample 

Temperature(°C) 

 

Depth (m) Sample 

Description 

Geographical 

location & 

latitude longitude 

A 4022 89 990 Source 

water 

Naretha 

-26.587 

143.948 

 

B 4022 56 0.5 Runoff 

sediment 

250m 

downstream 

Naretha 

-26.587 

143.948 

C 4022 82 1.0 Water 

source 

sediment 

Naretha 

-26.587 

143.948 

 

 

Figure 2.3: GAB samples A, B and C from the GAB used in this study 

 

 

B C 

B 

 

A 
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2.2 BUFFERS AND MICROBIAL MEDIA 

2.2.1 Buffers  

Buffers used in this study and their composition are listed in Table 2.2. 

Table 2.2: List of buffers used in various experimentation. All buffers were prepared under sterile conditions and buffers containing 

sensitive compounds stored at -20OC until used. 

Buffer  Composition  

6x loading buffer  0.25% bromophenol blue, 40% sucrose  

TAE buffer  40mM Tris-acetate, 2mM EDTA  

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

8.0)  

Saline buffer (neutral) 0.9% NaCl dissolved in distilled water 

(pH 7)  

PE buffer  10mM Tris-Cl (pH 7.5), 80% ethanol  

P1 buffer  50mM Tris-Cl (pH 8.0), 10mM EDTA, 

100μg/mL RNAse A  

Phosphate buffer 1M of KH2PO4, 1M NaOH 

2.2.2 Solutions 

Wolin’s vitamin solution 

Wolin’s Vitamin Solution was made according to Wolin et al. (1963), contents dissolved 

in 1 litre of distilled water: 2 mg biotin, 2mg folic acid, 10 mg pyridoxine-HCl, 5mg 

riboflavin, 5mg thiamine, 5mg nicotinic acid, 5mg pantothenic acid, 0.1mg vitamin B12, 

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

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

Ziekus’ trace element solution 

Ziekus’ Trace Element Solution was made according to Zeikus (1979), contents 

dissolved in 1 litre of water: 0.2 g FeCl3.4H2O, 0.1 g MnCl2.4H2O, 0.017g CoCl2.6H2O, 

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

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

adjusted to 7.5 and was sterilised for 30 min at 121oC and 1-1.5 kg/cm2 pressure. The 

solution was stored at 4°C. 
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2.2.3 Metal stock solutions (electron acceptors) and electron donors  

All metal stock solutions and electron donors were prepared using the anaerobic 

technique (described in section 2.2.4) unless specified otherwise. The stocks were 

prepared in serum bottles and sterilised either by filtration (Millex GS 0.22μm 

microfilter) or heat (autoclaved). The concentration of the electron acceptor stock 

solutions are listed in Table 2.3. Stock solutions were stored in ambient temperature in 

a dark cabinet.  

Table 2.3: List of the electron acceptors used in the study with the molarity of the stock solution, also the technique of sterilisation 

ELECTRON 

ACCEPTOR 

STOCK SOLUTION 

CONCENTRATION 

AND MOLARITY 

STERILIZATION 

TECHNIQUE 

CHEMICAL 

COMPOUND 

USED IN 

STUDY 

Fe(III) 1 M autoclave Ammonium 

ferric chloride 

V(V)  200 mM autoclave Sodium 

metavandate 

Co(III) EDTA 100 mM filtration Cobalt (III) 

EDTA 

Se(III) 100 mM filtration Sodium 

selenite 

Cr(VI) 100 mM filtration Sodium 

chromate 

2.2.4 Medium preparation 

Media was prepared as described in Ogg (2011). All the required ingredients were 

dissolved in distilled water to the appropriate volume (Tables 2.4 and 2.5). The pH was 

measured and adjusted using 1M solutions of either NaOH or HCl to pH 7.5.  

For anaerobic medium, the (liquid /broth) was dispensed in equal volumes either in 

serum bottles (ranging from 30ml to 140ml) or in Hungate tubes (9ml to 15ml). When 

solid aerobic media was required, 1.5 % of bacteriological agar was added as a 

solidifying agent before autoclaving and sterile molten agar dispensed into sterile Petri 

dishes. 

Anaerobic medium (liquid/broth) was prepared by dissolving components in distilled 

water, adjusting pH and boiling (to remove oxygen) in a microwave. The medium was 

then cooled to 50oC-60oC temperature through a stream of nitrogen gas. The medium 



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

23 
 

was dispensed in 10 ml aliquots into either Hungate tubes or serum bottles that were 

purged with nitrogen gas for 1 second/cm3 (20 seconds for a 20ml Hungate tube).  For 

a solid anaerobic medium, the liquid was fortified with 1.5% agar and dispensed either 

through pour plate or in glass tubes and later sealed with paraffin wax to prevent oxygen 

to enter. All anaerobic medium was inoculated using sterile syringes and needles. 

Appropriate volumes of stock solutions of heat labile components, electron donors and 

electron acceptors were added after the media was prepared and autoclaved. All media 

and stock solutions were sterilised in an autoclave for 30 minutes at 121oC between 100 

to 150 kPa. Heat-labile solutions were filter sterilised as in section 2.2.3. 

GAB medium 

GAB medium was used to grow thermophilic bacteria with minimal nutrient 

requirements. The media was used for anaerobic and aerobic enrichments and contained 

the following constituents in deionised water (Table 2.4). Additional substrates (electron 

donors and acceptors) were variable and added after GAB medium preparation. 

Table 2.4: Chemical composition of GAB medium 

Chemical  Concentration (g/L)  

NH4Cl  1.00  

KH2PO4  0.30  

K2HPO4  0.60  

MgCl2.6H2O  0.50  

CaCl2.H2O  0.10  

NaHCO3  3.20  

NaCl  2.00  

Modified GAB medium 

Modified GAB (MGAB) medium was made to enrich the microbial growth. The 

medium contained similar salts to GAB medium and with added substrates (carbon 

sources and electron donors) and vitamins and trace elements (Table 2.5). The media 

was used in anaerobic enrichments. 
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Table 2.5: Chemical composition of MGAB medium 

 Chemical  Concentration (g/L)  

NH4Cl  1.00  

KH2PO4  0.30  

K2HPO4  0.60  

MgCl2.6H2O  0.10  

NaCl  1.00  

Arabinose 1.00 

Glucose 0.50  

Yeast extract  1.00  

Wolin’s vitamin solution  2mL  

Zeikus’ trace element solution  2mL  

 

2.3 ENRICHMENT AND ISOLATION  

2.3.1 Aerobic enrichments and purification  

Aerobic bacterial enrichments were performed by adding 1ml of GAB samples to 9ml 

of GAB medium supplemented with 1% yeast extract. The enrichment tubes were left 

in the 60oC and 50oC incubator until growth/turbidity occurs (between 3 days to 7 days). 

Purification of the isolates was done on agar plates by streaking and through dilution to 

extinction with the appropriate medium.  

2.3.2 Anaerobic enrichments and purification  

Anaerobic enrichments were performed by adding 1mL of GAB samples to 9mL of 

anoxic GAB medium in Hungate tubes as described in section 2.2.3.  The medium was 

amended with 1% yeast extract and selected electron acceptors (Fe(III), V(V), Se(III), 

Cr(VI) and Co(III)). Enrichments were left to incubate until electron acceptor reduction 

occurs (between 7 days up to 14 days). Purification of the isolates was done using agar 

plates in a sealed deoxygenated system (Oxoid), agar tubes and through dilution to 

extinction with an appropriate medium. 



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

25 
 

2.3.3 Isolate purity identification and storage  

From the 3 GAB samples, a total of 72 (both aerobic and anaerobic, and including 

negative controls) tubes were tested to check for turbidity and positive heavy metal 

reduction for the selected heavy metals Fe(III), V(V), Se(III), Cr(VI) and Co(III).  

Culture purity was determined through light microscopy by staining, and 16S rRNA 

gene sequencing also confirmed isolates purity. Pure isolates were stored at -20oC in a 

1:1 glycerol-growth medium and in 4oC in the growth medium. Cultures stored were in 

log phase when frozen. This test was done in duplicates. 

2.4 GROWTH CHARACTERISTICS  

2.4.1 Electron donor and acceptor utilisation 

Electron donor utilisation tests were determined by inoculating 1 ml of bacterial culture 

to 9ml GAB medium in Hungate tubes. Selected electron donors and acceptors were 

added. The different electron donor and electron acceptor molarity concentration were 

added to the medium listed in Table 2.6 and Table 2.7 respectively, unless stated 

otherwise. Electron acceptor reduction and growth were recorded over an incubation 

period of 1 week (3 weeks for chromium reduction). The pH and electron donor known 

to support the growth of each isolate was used. The tubes were incubated at 50oC. All 

electron donor and acceptor utilisation were done in duplicate in two independent 

studies. The best electron donor and acceptor utilisation were used for the growth pattern 

study (section 2.4.3).  

Table 2.6: List of electron donor concentration and volume used in this study 

Electron 

Donor 

concentration Volume/ml 

Acetate 100mM 0.2ml 

Arabinose 100mM 0.2ml 

Benzoate 1% 0.1ml 

Citrate 100mM 0.2ml 

Formate 100mM 0.2ml 

Glucose 100mM 0.2ml 

Glycerol 100mM 0.2ml 

Heaxadecane 1% 0.1ml 

lactate 100mM 0.2ml 

L-Tyrosine 100mM 0.2ml 

Phenathrene 1% 0.1ml 
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Salicylate 100mM 0.2 ml 

Tryptone 100mM 0.2 ml 

Xylene 1% 0.1 ml 

Yeast 

Extract 
2% 0.2 ml 

 

Table 2.7: List of electron acceptor concentration and volume used in this study 

Electron 

acceptor 

Molarity 

concentration 

Volume/ml 

Nitrate 10mM 1 ml 

Sulphate 10mM 1 ml 

Vanadium 2mM 0.2 ml 

Selenium 1mM 0.1 ml 

Chromium 1mM 0.1 ml 

Cobalt 1mM 0.1 ml 

Iron 2mM 0.2 ml 

Manganese 2mM 0.2 ml 

2.4.2 Oxygen requirement  

Oxygen requirement test was determined by inoculating 1ml of bacterial culture into 

9ml of GAB medium and incubated aerobically in test tubes and anaerobically in 

Hungate tubes. The pH and electron donor known to support the growth of each isolate 

was used. Electron acceptors for anaerobic tests were added before incubation. Growth 

and reduction were measured within 1 week and incubated at 50oC. Oxygen requirement 

tests were done in duplicates in two independent studies. 

2.4.3 Temperature and pH optimisation (Growth pattern studies)  

Temperature and pH optima were determined by inoculating 1mL of fresh culture into 

9mL of GAB medium modified appropriately for the pH study. Appropriate electron 

donors and acceptors were added to the media prior to inoculation. Cultures were 

incubated at 45oC, 50oC, 60oC and 70oC to determine temperature range and optimum. 

The medium was adjusted to pH 5.5, 6.5, 7.5, 8.5 and 9.5 for pH range and optimum. 

The growth pattern was determined by measuring the reduction of the electron acceptor 

and growth through optical density (OD) at 600nm using a Novaspec UV LKB Biochem 

spectrophotometer.  
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2.4.4 Microscopy and gram staining  

For visualising and distinguishing the bacterial cell wall structure, the Gram stain 

method was used (Harvey et al., 2007). The bacterial smear was made on a sterile glass 

microscope then air dried and heat fixed. Slides are flooded with Crystal violet solution 

for 1 minute and then washed with distilled water. Gram’s iodine solution was then 

applied for another one minute, and then washed with distilled water. The slides were 

then rinsed briefly with a decolourising agent (ethanol), and then rinsed with distilled 

water. The slides were then counterstained with safranin for 30 seconds. After, the slides 

were rinsed with water and blot dried. The samples are examined under the light 

microscope (Olympus Bx40) under 100x magnification. Violet-stained cells were 

considered Gram-positive while pink cells were Gram-negative. 

2.5 HEAVY-METAL REDUCTION STUDIES AND ASSAYS 

2.5.1 Effect of Heavy-metal concentration on reduction  

Metal-reducing strains were grown in GAB medium in 10ml Hungate tubes. Each 

culture was inoculated with the selected heavy metals ((Fe(III), V(V), Se(III), Cr(VI) 

and Co(III)) in increments 1mM-15mM. Cultures were incubated at 50oC and observed 

for colour changes every 24 hours up to 7 days. After the end of the test, the metal assay 

was done for each corresponding metal. 

2.5.2 Iron assay  

Qualitative Fe(III) reduction (as ferric ammonium citrate) was observed when the 

medium changed from a reddish-brown colour to black Fe(II). The reduction was 

measured quantitatively using the ferrozine assay (Sørensen, 1982). A 3ml aliquot of 

ferrozine reagent (1g/L ferrozine in 50mM HEPES buffer) was mixed with 100µl of 

culture. The OD of the mixture was measured at 562nm with Shimadzu UV-2500 

spectrometer. A standard curve was done using different dilutions of Fe(III) (Appendix 

1). Fe(III) was measured using the ferrozine assay which measures the Fe(II) magenta 

complex, therefore the more the reduction of Fe(III) equates to a denser colour, 

therefore, a higher absorbance (Berker et al., 2010).  

2.5.3 Cobalt assay  

Co(III) (as cobalt-EDTA) reduction to Co(II) was observed through a colour change in 

the medium from violet to a clear. The reduction was measured quantitatively using a 
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modified ferrozine assay as described in (Kundra et al., 1974). A 2ml aliquot of ferrozine 

reagent (1g/L ferrozine in 50mM HEPES buffer) was added to 2ml of phosphate buffer 

mixed with 2ml of culture. The OD of the mixture was measured at 500nm with 

Shimadzu UV-2500 spectrometer. A standard curve was done using Co(III) dilutions 

(Appendix 1). 

2.5.4 Vanadium assay  

V(V) reduction (as sodium metavanadate) to V(IV) was observed through a change in 

the medium from colourless medium to a blue-green soluble or precipitated solution as 

V(IV). The reduction was measured quantitatively using diphenylcarbazide (DPC) 

assay (Carpentier et al., 2003). A 250µl aliquot of 1% (wt./vol) DPC was dissolved in 

acetone, added to 250µl of 2M H2SO4, and then mixed with 500µl of culture. After 

setting for 10 minutes, OD was measured at 320nm with a Shimadzu UV-2550 UV. A 

standard curve was done using different dilutions of V(V) by using the DPC assay 

(Appendix 1). 

2.5.5 Chromium assay 

Cr(VI) reduction (as Potassium chromate) was observed through a colour change from 

yellow to green Cr(III). The reduction was measured using the carbazide method 

described in section 2.5.4. The OD was read at 540nm (Wang et al., 2018). A standard 

curve was done using dilutions of Cr (VI) by using the DPC assay (Appendix 1). 

2.5.6 Selenium assay  

Se(III) reduction (as sodium selenite) was observed through a change from colourless 

medium to a red precipitate of elemental selenium (Se(0)). The reduction was measured 

according to a method by Biswas et al. (2011). After incubation, the culture was 

centrifuged at 4500rpm which collected cells and reduced Se (III). The pellet was 

washed twice with 0.1M Tris-HCl buffer, pH8. To remove non-reduced selenite, the 

pellets were subsequently washed twice with 2ml of 1M NaCl. The collected elemental 

selenium was measured at 500nm with Shimadzu UV-2550 UV. The absorbance 

increases the more reduction of Se(III) to Se(0). A standard curve was done using 

different dilutions of chemically reduced sodium selenite using 

hydroxylamine hydrochloride with different concentrations of Se (III) (Appendix 1). 
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2.6 BIOFILM FORMATION 

2.6.1 Tube biofilm method  

For the qualitative test for biofilm formation, a modified method of Christensen et al. 

(1982) was used. Aerobic and anaerobic GAB medium was inoculated with bacterial 

suspensions and incubated for one week under optimal conditions. The medium was 

discarded, and the tubes were washed twice with 1M NaCl buffer. The tubes were air 

dried for 15 minutes after stained with 0.1% crystal violet and set for 1 minute. The stain 

was decanted, and the tubes were washed twice with distilled water and left to dry in an 

inverted position. The adherence of the biofilm was scored against a negative control. 

The amount of biofilm formation was positive if there was a visible line on the walls of 

the tubes, biofilm formation was scored -= none, +=weak, ++= moderate and +++= high 

or strong. 

2.6.2 Quantitative testing for biofilm  

Quantitative testing of biofilm formation was measured using a modified method by 

Christensen et al. (1985). 30µl of fresh bacterial enrichments of positive biofilm formers 

(from the qualitative test in section 2.7.1), were inoculated in 270µl MGAB medium in 

sterile 96 well plates. The test also comprised of studying the effect of heavy metals on 

biofilm formation, the wells were supplemented with 1mM of heavy metal(s) that are 

used in this study ((Fe(III), V(V), Se(III), Cr(VI) and Co(III)). Plates were incubated in 

aerobic and anaerobic conditions at 50oC for 48 hours. The negative control comprised 

of fresh sterile medium supplemented with the heavy metal(s). After incubation, the 

contents of the wells were carefully decanted by gently tapping the plate and washed 

four times with 200µl of phosphate buffer. The biofilm formed was fixed with 2% 

sodium acetate and stained with 0.1% crystal violet. Excess stain was removed, and the 

wells were washed with distilled water and left to dry. The stained plates are read using 

Biolog MicroStation reader at wavelength 590nm. The tests were done in triplicate. The 

interpretation of the results of biofilm formation was made according to (Stepanovic et 

al., 2007) in Table 2.8. 
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Table 2.8: Interpretation of the result for biofilm production according to (Stepanovic et al., 2007)  

(Average) OD value  Biofilm production 

Less than or equal to 2x SDOD Weak 

Between 2x SDOD and 4x SDOD Moderate 

More than 4x SDOD Strong 

SDOD = the average of the negative control + 3x standard deviation of negative control 

 

2.7 BACTERIAL MOTILITY 

2.7.1 Swimming assay 

The swimming assay was conducted according to Barrionuevo and Vullo (2012), with 

minor modifications. Five ml of GAB medium fortified with 0.5% agar was added to 

glass tubes. Each tube was supplemented with 1mM of the selected heavy metals 

((Fe(III), V(V), Se(III), Cr(VI) and Co(III)) and mixed well before solidification. The 

tubes were left to solidify at room temperature. A 1µl loopful of a fresh log phase 

bacterial cultures were injected into the agar. The tubes were incubated at 45°C for 48 

hours. Tubes that showed growth away from the stabbed zone of the agar was deemed 

positive for swimming motility. The tests were done in triplicate. 

2.7.2 Swarming test 

The swarming assay was conducted according to Barrionuevo and Vullo (2012), with 

minor modifications. Twenty ml of MGAB medium fortified with 0.7% agar was 

supplemented with different heavy metals ((Fe(III), V(V), Se(III), Cr(VI) and Co(III)) 

and poured in sterile Petri dishes. The plates were left at ambient temperature to 

completely dry before starting the test. 0.1 ml of fresh bacterial culture was injected in 

the middle of the agar plate using sterile pipette microtip. The plates were incubated at 

45oC for 72 hours. The strain was deemed motile when the bacterial colony shape gives 

a filamentous like edge. The strain was considered as non-motile if both tests (section 

2.7.1 and 2.7.2) failed to detect signs of motility. 
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2.7.3 Chemotaxis  

The chemotaxis assay was again done according to Barrionuevo and Vullo (2012), with 

modifications. 15 ml of GAB medium fortified with 2% agarose was autoclaved and 

allowed to cool to 50oC. A 1.5 ml aliquot of the fresh bacterial culture was added to the 

medium, mixed well and poured in sterile Petri dishes. The plates were left to solidify 

for 15 minutes and then wells were cut using 45mm sterile glass borer. The plates were 

labelled for each metal as shown in Figure 2.4. The wells were filled with 100µl of 1mM 

of heavy metals ((Fe(III), V(V), Se(III), Cr(VI) and Co(III)). The heavy metals were left 

to seep in the agar for 30 minutes, and then 10ml of sterile agar was added as an overlay 

to the plate. The plates were incubated at 45oC for 24 hours. The plates were done in 

duplicate in two independent assays. Growth around the metal shows positive 

chemotactic activity while a clear zone shows a negative chemotactic activity. 

 

Figure 2.4: Petri plate design for the chemotaxis assay (A) Iron, (B) Chromium, (C) vanadium, (D) selenium, (E) cobalt and 

(X) Yeast extract 

 

2.8 BIOSURFACTANT PRODUCTION 

2.8.1 Surface tension  

Surface tension was measured using an automated ring tensiometer (JZ-200 series 

Interface tensiometer UnitedTest). 120 ml of anaerobic GAB medium was 

supplemented with 1% sodium nitrate and 1% hexadecane. A 1.5ml aliquot of the 

bacterial culture was added to the medium and incubated for 48 hours at 45oC in a water 

bath. Measurements were taken at 0, 24- and 48-hour intervals by taking 30 ml with a 

sterile syringe and dispensed in glass plate within the tensiometer chamber. The readings 

were taken as soon as the bottles were taken out of the water bath to minimise error and 

expressed in mN/m. The readings were taken in duplicate, and the test was done in two 

independent studies. 

 

A 

D 

X 

B 

C 

E 
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2.8.2 Hydrocarbon degradation  

Bacterial hydrocarbon degradation and utilisation were tested using Bushnell-Hass 

(BH) medium (Bushnell and Haas, 1941). The technique by Miles et al. (1938) was used 

to estimate bacterial viability, where 20µl of freshly cultivated bacteria were inoculated 

on BH agar poured in sterile glass Petri-dishes. After the inoculum was dry the Petri 

dish was inverted, and a sterile Whatman® filter paper was placed on the lid, and 100µl 

(1% wt./v) of hydrocarbon (hexadecane or xylene) was added and absorbed on the filter 

paper. The dishes are then sealed and incubated at 50oC for one week. 

The second part of the test was to measure the degradation ability of the bacteria. One 

ml of an overnight-cultivated bacterial culture was inoculated in 9ml of BH broth with 

100µl of hydrocarbon and mixed. The growth of the isolate was measured using UV 

spectrometer (Shimadzu Japan) at 600nm. A hydrocarbon removal assay was carried 

out according to Hassanshahian et al. (2012). Residual hydrocarbon was collected by 

centrifuging the tubes at 7500rpm for 10 minutes at 4oC. The hydrocarbon was then 

dissolved in 1ml of dichloromethane; the absorbance was measured against a blank at a 

wavelength of 420nm. The measurements were taken in triplicate at 0, 2, 4, 6 and eight 

days. 

2.9 MICROBIAL CO-CULTIVATION (SYMBIOSIS)  

For testing the best consortium for metal reduction, each bacterial strain was grown until 

it reached the mid-log phase. The cultivated bacteria were then centrifuged at 7500 rpm 

for 15min. The bacterial pellet was washed twice with PBS buffer, and the bacterial 

suspension was adjusted to 0.3 OD at 600nm. The bacterial isolates were inoculated as 

pairs (Table 2.9). The bacterial suspensions were mixed and vortexed for 5 seconds. A 

30µl aliquot of the bacterial mixture was inoculated 270µl of GAB medium in a 12 well 

microplate. The heavy metals were added at concentrations from 1mM to 12mM to the 

wells. The tests were done in triplicates in two independent tests. The co-cultivars were 

compared to the single cultivar. The negative control was used with no bacterial 

inoculum and a positive control as the bacterial inoculum with alone. The measurement 

was read every 24 hours for a total of 4 days. The average of each test was taken, and 

two-way analysis of variance was done with p=0.05. 
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Table 2.9: Shows the tests combination of the bacterial strain in the co-cultivation test 

 

 

2.10 MOLECULAR TECHNIQUES  

2.10.1 Bacterial DNA extraction and purification  

DNA extraction of bacterial samples was achieved using Marmur (1961) with some 

modification. After successful heavy metal reduction from bacterial samples, 

enrichments are transferred in 50ml tubes and centrifuged at 7500rpm for 15 minutes at 

4oC, using Allegra 25R™ centrifuge (Beckman Coulter). The supernatant was decanted 

and left to air dry. Pellets were re-suspended with 467µl of P1 buffer and transferred 

content to the sterile 1.5ml tube. 8µl of lysozyme and 16µl of achromopeptidase was 

added and mixed gently; tubes were incubated at 37oC for 1 hour. After incubation 30µl 

of 10% SDS and 3µl of proteinase K were added, tubes were incubated at 50oC for one 

more hour. The impurities were dissolved using a mixture of 25:24:2 phenol: 

chloroform: isoamylalcohol added 525µl to the DNA extracts and gently inverting for 

20 minutes. The mixture was centrifuged at 12000rpm for 20 minutes, and then the 

upper phase was transferred to a sterile 1.5ml tube. An equal volume of 100% ethanol 

(kept at -20oC) was added to precipitate the DNA overnight at -20oC. Post incubation 

tubes were centrifuged at 14000 rpm for 30minutes, then the ethanol was decanted, and 

the pellets are left to thoroughly dry. The DNA pellet was re-suspended using 40µl 

DNase and RNase /free water and the DNA was assessed by gel electrophoresis. 

Consortium 

ID 

Strain 1 Strain 2 Total 

bacterial 

inoculum/ 

300µl 

A SEY CRG 30 µl 

B SEY FEY 30 µl 

C SEY CRL 30 µl 

D SEY COY 30 µl 

E CONTROL (NEGATIVE) CONTROL (NEGATIVE) 30 µl 
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2.10.2 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to examine the purity of the extracted DNA and 

PCR products. Agarose gels were prepared by weighing 0.4g agarose in 50ml of 1xTAE 

buffer. Agarose was dissolved by boiling and cooled down to 45oC. 0.5µl of SYBR 

safe™ was added and gently swirled thoroughly before pouring the gel in a suitable cast. 

The gel was set to solidify and then transferred to the electrophoresis instrument 

submerging the gel in 1xTAE buffer. λHindIII ladder was used as a standard for 

determining the DNA fragment size. 5μL of each DNA sample and ladder was mixed 

with 2μL of 6x loading dye and loaded in the agarose gel wells. The Electrophoresis 

(Pharma Biotech) was run for 40 minutes at 120V, 80mA and gels were then visualised 

under UV imaging machine (Biorad).   

2.10.3 PCR amplification of 16S rRNA  

The Polymerase Chain Reaction (PCR) method was used to amplify extracted DNA 

fragments. PCR was achieved using GoTaq® polymerase system and reactions prepared 

in 49μL aliquots of reagents containing (Table 2.10):  

 

Table 2.10: PCR reaction mix  

 Reagent  Volume per reaction (μL)  

GoTaq® reaction buffer  25.00  

Forward Primer FD1  1.00  

Reverse Primer RD1 1.00  

sdH2O  22.00  

 

1μL of each bacterial DNA sample was added to each reaction and a negative control 

containing sterile distilled water was incorporated to ensure the accuracy of results. In 

total PCR was achieved in 32 cycles of the following times/temperatures (Table 2.11):  
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Table 2.11: Cycling criteria for amplification of 16S rRNA of bacterial samples 

Step Temperature  Time  

1 95oC 2 minutes 

2 50oC  1 minute  

3 70oC  2 minutes  

4 94oC 55 seconds  

5 50oC 1 minute 

6 72oC 1 minute 

7 Go to step 4 x24 times 

8 4oC ∞ 

2.10.4 Purification of PCR products  

Sureclean© protocol was utilised to ensure the removal of any impurities that are left in 

the PCR tube (removes primers, primer-dimers, dNTPs and proteins). The procedure 

was followed same as the one from the manufacturer (BIOLINE). 

2.10.5 Molecular analysis  

The sequenced results from AGRF were cleaned and aligned together using BIOEDIT. 

The aligned contig was used to search against other bacterial species through 

EZBioCloud (https://www.ezbiocloud.net/). The FASTA file from EZBioCloud is used 

to construct the nearest neighbouring phylogeny tree, made through MEGA X. 

2.11 ICP-OES 

Inductively coupled plasma atomic emission spectroscopy (ICP-OES) was used to 

estimate the heavy metal concentration in the GAB samples. Samples were analysed by 

the assistance from Mr James Cameron from Griffith University of the School of 

Chemistry.  

2.12 CONTROLS 

Two controls were used in all the experiments. 1) Blank which consists of the medium 

used with no bacteria and no electron acceptor (heavy metal) which indicates if there is 

any contamination or the change of colour is resulting from other variables. 2) The 
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negative control, which consists of the bacterial inoculum and the medium without the 

electron acceptor (heavy metal) this will indicate if the bacteria can grow without the 

target electron acceptor and only the medium used.  

There are no positive controls used since the study focuses on newly isolated bacteria 

and with multiple tested characteristics. Even though there are multiple tests done on 

thermophiles, there are limited studies done on heavy metal bioremediation with 

thermophilic anaerobic bacteria (Radwan et al., 2017).  

2.13 STATISTICAL ANALYSIS 

All tests were done in triplicate, along with two independent tests, unless specified. The 

results are according to the mean of the data also unless specified otherwise. ANOVA 

was used to determine the best consortium with regards to heavy metal reduction ((α= 

0.05) and (p ≤ 0.05)), and the Pearson correlation coefficient was done to measure the 

correlation between bacterial growth and heavy metal reduction. The statistical analysis 

and standard error were done using Microsoft Excel 2010 Toolpak. 
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CHAPTER THREE: RESULTS & DISCUSSION 

   3.1 ANALYSIS OF THE GREAT ARTESIAN BASIN WATERS 

The Great Artesian Basin is considered a site of interest for microbiologists. This 

interest is due to its physical, geochemical and geological makeup which has given rise 

to a plethora of microbial diversity (Ogg, 2011, Wright, 2014). Most of the isolates are 

thermophilic due to the high temperatures of the source waters. Other physical and 

chemical characteristics of the waters will also influence the types of microbes present.  

The three samples used in the current project were shown previously in Figure 2.3. Each 

sample has different physical characteristics. Sample A was taken directly from the 

water discharge of the bore and was purged with sterile nitrogen gas to maintain the 

anaerobic conditions. Sample B and C were collected with associated sediments from 

250m downstream from the bore and from the source water collection pool. Sample B 

had brown sediment whereas sample C had greenish-brown soil sediment. 

Broad chemical composition and micronutrients in the waters were measured shortly 

after the initial sampling of bore 4022 water (Table 3.1). In addition, heavy metal 

concentrations were assessed using ICP-OES after subsampling (Table 3.2), sample A 

was not used in the analysis since there were no viable bacteria to be isolated, as results 

shown in section 3.2. The heavy metals were chosen based on the ability of bacteria to 

reduce them in respiratory processes. The pH of the water was neutral to weakly 

alkaline, pH 7.78 for sample A, 8.08 sample B and 7.97 sample C. These results were 

used to determine the optimum pH for isolating bacteria. 

According to the metal analysis, iron was present in high concentrations with more than 

70000 ppm (Table 3.2). The other heavy metals registered much lower concentrations 

with approximately 200 to 300 ppm for V and Cr, while Co was measured at 50 ppm 

and selenium was not detected. Concentrations of sodium and magnesium salts were 

determined to optimise the growth medium, 0.5% of Na salts and 0.05% of Mg detected. 

Higher Mg levels in the medium resulted in an unwanted precipitate that interfered with 

the turbidity results. 
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Table 3.1: GAB Bore 4022 chemical analysis data 

Element Amount 

mg/L 

salinity  588.5 

Na 248 

K  3.6 

Ca  3.6 

 Mg   0.4 

HCO3  509 

CO3  13.1 

Cl  85 

F  3.2 

NO3  0.2 

SO4  7 

 

Table 3.2: Heavy metal concentrations in GAB bore 4022 waters 

Element Sample – B (ppm) Sample- C (ppm) 

Iron 77416 73057 

Vanadium 274 217 

Manganese 230 279 

Chromium 208 178 

Cobalt 50 58 

Selenium Not Detected Not Detected 

Magnesium 13405 10251 

Sodium 12056 14966 
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3.2 MICROBIAL SCREENING 

3.2.1 Anaerobic Bacterial Isolation  

Enrichment cultures were used to screen for bacteria capable of heavy metal reduction 

linked to growth. After one week of incubation (excluding Cr(VI) which took 3 weeks), 

visual growth were observed in 28 tubes out of 72 tubes showed, and 6 tubes (in 

duplicates) with showed visible reduction which comprised of the three GAB samples 

supplemented with heavy metals ((Fe(III), V(V), Se(III), Cr(VI), Co(III)). The six 

isolates were purified by dilution to extinction from enrichments that had scored positive 

for growth and heavy metal reduction. Four strains were isolated from sample C, two 

from sample B, and none from sample A (Table 3.3). Only bacteria capable of using 

yeast extract (2%) were isolated, as this was the sole electron donor used. It was 

interesting that no isolates were obtained from source water emanating directly from the 

bore. It is possible that bacteria in source waters are more likely to use simple electron 

donors such as hydrogen and short chain fatty acids. Also, they may be involved in 

synergistic relationship with each other. 

All six isolates were able to link growth to the reduction of heavy metals. Sulphate and 

nitrate were included because of the link between sulphate/nitrate reduction bacteria to 

heavy metal-reducing bacteria as all are potential electron acceptors in anaerobic 

respiration (Sitte et al. 2010). The concentration of the metals used for enrichment and 

isolation was based on the methodology of Ogg (2011), where comprehensive bacterial 

isolation techniques have been set for GAB samples. Metal reduction was deduced 

based on the colour change (see Table 3.12). The colour change of the metals from one 

state to another was a quick indicator of reduction. As mentioned in section 1.8 there 

are different techniques that the bacteria use in the remediation of heavy metals and this 

study mainly focuses on the reduction process. 

Negative control tubes containing manganese oxides showed a reduction, possibly due 

to a medium component. The test was repeated three times in triplicate with the same 

result in each. Further tests with manganese were ceased due to the inconsistency in the 

negative control. 
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Table 3.3: Growth and reduction of electron acceptors in GAB medium enrichment cultures inoculated with sample A, B & C 

waters and incubated at 50OC 

Electron Acceptors  Heavy metal Reduction  Negative control 

Acceptor  Molarity 

Concentration 

A B C  

Nitrate  10mM - + + - 

Sulphate  10mM - + + - 

Vanadium (V) 2mM - - + - 

Selenium (III) 1mM - - + - 

Chromium (VI) 1mM - - + - 

Cobalt (III) 1mM - + + - 

Iron (III) 2mM - + + - 

Manganese (III) 2mM - + + + 

Key: - no turbidity (growth visible), + growth/turbidity; A, B, C = Samples A, B and C 

 

3.2.2 Phylogenetic Analysis of Isolates  

As mentioned, bacteria capable of reducing heavy metals were isolated from only two 

samples (B and C). There was no bacterial growth from sample A which may be due to 

unsuitable media or the lack of viable bacteria in the sample. 

After the purification stage, the six bacteria were chosen for future studies. The 16S 

rRNA genes were sequenced and compared with databases to determine the phylogenic 

placement of the isolates and the closest relatives (Table 3.4). The phylogenetic tree for 

each strain was constructed based on the database comparison and sequence alignment 

and are shown in Figures 3.1 to 3.6. 
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Table 3.4: List of identified bacterial isolates from the GAB  

Strain 

ID 

Closest relative Sample 

number 

EZBioCloud 

Match 

percentage 

FEY Thermobrachium 

clere 

C 73.42 % 

COY Caloramator 

australicus 

C 94.26 % 

CRG Virgibacillus 

marismortui 

B 99.80 % 

CRL Virgibacillus salarius C 88.90 % 

SEY Anoxybacillus 

pushchinoensis 

C 96.98 % 

VY Virgibacillus 

marismortui 

B 95.40 % 

 

Strain SEY was most closely related to Anoxybacillus pushchinoensis with 96.98% 

similarity (Figure 3.1). Anoxybacillus species are readily isolated from many anaerobic 

environments such as the GAB. In fact, numerous Anoxybacillus species were isolated 

in a comprehensive study of thermophilic microbial mats from the GAB (Ogg (2011). 

Anoxybacillus have been recognised as possessing a strong potential in bioremediation, 

particularly based on the results that will be discussed later in the study. (Goh et al., 

2013) list several applications of Anoxybacillus in the field of bioremediation such as 

the removal of dyes in wastewater effluents, mercury removal, chromium reduction, 

heavy metal removal by a biosorption system from aqueous solutions and the production 

of biohydrogen.  
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Figure 3.1: Phylogenetic tree of SEY isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 0.35930543 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 31 nucleotide sequences. All ambiguous positions were removed 

for each sequence pair (pairwise deletion option). There were a total of 1543 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

Figure 3.2 shows that strain COY was most related to Calaromator australicus with 

94.26% similarity. C. australicus was also isolated from GAB, though from RN17263 

the New Lorne bore (Ogg and Patel, 2009). Strain COY was found to be a strictly 

anaerobic thermophilic, endospore-forming bacterium. In contrast, no spores were 

observed with C. australicus though cells showed significant heat resistance (Ogg and 

Patel, 2009). However, other Calaromator species have been shown to form spores 

(Ogg, 2011). Subject to further characterisation tests, the isolate could well be a novel 

species. 

STRAIN SEY 
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Figure 3.2: Phylogenetic tree of COY isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 1.27534367 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 31 nucleotide sequences. All ambiguous positions were removed 

for each sequence pair (pairwise deletion option). There were a total of 1680 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

Strain FEY was 73.42% similar to Thermobrachium celere according to EZBioCloud 

search engine (Figure 3.3). Again, the isolate was found to be a strictly anaerobic, 

endospore-forming thermophilic bacterium. While no endospores were observed in 

Thermobrachium celere (Engle et al., 1996), spores have been found in other closely 

related bacteria such as Caloramator sp. Previous metagenomic analysis revealed that 

Thermobrachium sp. are readily present within GAB microbial mats (Ogg, 2011). Since 

the strain had a lower match percentage with T. celere, further characterisation tests may 

reveal a novel species. 

Strain 
STRAIN COY 
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Figure 3.3: Phylogenetic tree of FEY isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 0.97289607 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 22 nucleotide sequences. There were a total of 1174 positions in 

the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

Strain VY was 95.4% similar to Virgibacillus marismortui (Figure 3.4) a facultative 

anaerobe. This is consistent with Virgibacillus sp. which all are either facultative or 

aerobic. No Virgibacillus sp. have been isolated previously from the GAB, and not even 

from thermal environments. However, there have been studies on their bioremediation 

potential. According to Sabdono et al. (2012), a Virgibacillus sp. was isolated from 

marine environments with multiple heavy metal resistance capabilities.  

 

STRAIN FEY 
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Figure 3.4: Phylogenetic tree of VY isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 0.74328425 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 47 nucleotide sequences. All ambiguous positions were removed 

for each sequence pair (pairwise deletion option). There were a total of 1505 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

STRAIN VY 
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The identification of strains CRG and CRL was tentative as a sequence could only be 

gained from one primer and therefore a contig could not be made. This was due to 

problems with molecular methodology such as DNA extraction and primers.  

Strains CRG and CRL had similar morphological characteristics and, like strain VY, 

both matched tentatively to the same genus of Virgibacillus according to the 16S rRNA 

sequence. Strain CRG especially had a shorter base pair due to weak DNA extraction 

and matched to 99% V. marismortui while strain CRL matched to (88%) V. salarius 

(Figure 3.5 and Figure 3.6) 

 

Figure 3.5: Phylogenetic tree of CRL isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 0.20975657 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 19 nucleotide sequences. All ambiguous positions were removed 

for each sequence pair (pairwise deletion option). There were a total of 1515 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

STRAIN CRL 
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Figure 3.6: Phylogenetic tree of CRG isolated from the GAB 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree 

with the sum of branch length = 0.75367110 is shown. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number 

of base substitutions per site. This analysis involved 41 nucleotide sequences. All ambiguous positions were removed 

for each sequence pair (pairwise deletion option). There were a total of 1504 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

 

 

 

 

 

 

 

STRAIN CRG 
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3.4 BACTERIAL CHARACTERISTICS 

3.4.1 Morphology 

All six bacterial isolates (strains FEY, SEY, VY COY, CRG and CRL) were rod-shaped, 

endospore forming and stained Gram-positive (Table 3.5 and Figure 3.7) According to 

the phenotypic and molecular results, all strains belong to the phylum of Firmicutes. 

Endospore-forming Firmicutes have a survival advantage over many other bacteria. 

Abecasis et al. (2013) claim that endospores are the most resistant cell type known to 

human. All the bacterial strains were isolated from run-off waters from the Naretha bore. 

The runoff waters experience variable conditions such as temperature fluctuations, 

contact with oxygen, variable nutrients and flowing conditions. Hence spore-formers 

would have a selective advantage over less resistant bacteria. 

 

Table 3.5: Cell and colony characteristics of isolates 

Bacterial strains Gram reaction Cell and colony 

morphology 

Endospores 

SEY POSITIVE Short Rods, creamy 

white, irregular 

undulated colonies 

+ 

COY POSITIVE Rods * + 

FEY POSITIVE Rods * + 

CRG POSITIVE Rods, small white, 

round and entire 

colonies 

+ 

CRL POSITIVE Rods, small white, 

round and entire 

colonies 

+ 

VY POSITIVE Rods, white, round 

and entire colonies 

+ 

* strains did not grow on agar plates.  
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Figure 3.7: Gram stains of the bacterial isolates at 100x magnification using light microscope 

 

3.4.2 Oxygen requirement 

Following anaerobic isolation, the bacterial isolates were tested to determine if they 

could utilise oxygen as an electron acceptor. Three of the six isolates (strains SEY, CRG 

and CRL) were able to grow in aerobic media. Hence they were facultative anaerobes. 

Furthermore, they grew better in the presence of oxygen rather than its absence, which 

is consistent for what is generally known for facultative organisms (Stieglmeier et al., 

Strain FEY Strain CRL 

Strain VY Strain CRG 

Strain COY Strain SEY 
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2009). The remaining isolates (strains COY, FEY, and VY) were solely anaerobic 

bacteria.  

3.4.3 Electron donor and acceptor utilisation 

The isolates were tested for their capability of using different electron donors and 

acceptors. For electron donor utilisation, the tubes were scored positive if there was 

visible growth with an added donor. The tubes were compared to two types of negative 

control tubes one had the bacterial isolate with no added electron donor in the medium 

and the other had the electron donor without any bacterial inoculum. Tables 3.6 to 3.11 

shows the electron donor profile for each isolate. A selection of extracts, organic acids, 

aromatics, sugars, and amino acids were used to test the optimal growth of the bacteria. 

All strains grew well in the presence of yeast extract, arabinose, and glucose in the 

medium. Strains CRG and CRL grew particularly well with glucose and lactate 

respectively. Strain VY was the most versatile, using all of the carbon compounds 

except glycerol and benzoate.    

For electron acceptor utilisation, the tubes were scored positive if there was a visible 

reduction of the acceptor (Tables 3.6 - 3.11). For growth without reduction, isolates 

were deemed just resistant to the heavy metal (at the concentration provided). After one 

week of incubation, the specific electron donor dependency for heavy metal reduction 

was not observed. In contrast, Madden et al. (2009) and Akob et al. (2008), concluded 

that some heavy metals (especially uranium) are reduced based on the electron donor 

used by the bacteria. As with the electron donors, controls had either no added acceptor 

or no added bacteria. No growth or reduction occurred in any controls when varying 

electron donors, acceptors and bacteria. 

The heavy metal electron acceptors tested in this study were Fe, Cr, V, Co and Se, other 

potential electron acceptors also selected were nitrate and sulphate. All strains grew well 

with nitrate as an electron acceptor. Nitrate was used in the growth pattern tests as an 

electron acceptor, and reduction could be measured using turbidity as nitrate does not 

change its colour or precipitate after reduction. As for sulphate reduction, only strain 

FEY was positive, forming a black insoluble precipitate.  

Many heavy metals form coloured complexes at different oxidation states. So, the use 

of heavy metals as electron acceptors could be assessed by observing a colour change. 

The reduced states of the selected heavy metals are shown in Figure 3.8 and Table 3.12. 
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Table 3.6: Electron donor and acceptor utilisation by strain SEY 

Strain Name: SEY 

       Electron acceptor 

 

 

  Electron Donor 

V(V) Fe(III) Cr(VI) Se(III) Co(III) NO-3 Negative 

Control 

Acetateα - - - - - - - 

Arabinoseγ * * - * * + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - - - 

Formateα - - - - - - - 

Glucoseγ + + + + + + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ + + + + + + - 

lactateα - - - - - - - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* * * * * * * - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 
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Table 3.7: Electron donor and acceptor utilisation by strain COY 

Strain Name: COY 

       Electron acceptor 

 

 

  Electron Donor 

V (V) Fe (III) Cr (VI) Se (III) Co (III) NO-3 Negative 

Control 

Acetateα - - - - - - - 

Arabinoseγ - - - * * + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - - - 

Formateα - - - - - - - 

Glucoseγ - - - + + + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ - - - - - - - 

lactateα - - - - - - - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* + - - * * + - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 
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Table 3.8: Electron donor and acceptor utilisation by strain FEY 

Strain Name: FEY 

       Electron acceptor 

 

 

  Electron Donor 

V (V) Fe (III) Cr (VI) Se (III) Co (III) NO-3 Negative 

Control 

Acetateα - - - - - - - 

Arabinoseγ - * - * * + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - - - 

Formateα - - - - - - - 

Glucoseγ - * - * * + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ - + - + + + - 

lactateα - - - - - - - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* - * - * * + - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 
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Table 3.9: Electron donor and acceptor utilisation by strain CRG 

Strain Name: CRG 

       Electron acceptor 

 

 

  Electron Donor 

V (V) Fe (III) Cr (VI) Se (III) Co (III) NO-3 Negative 

Control 

Acetateα - - - - - - - 

Arabinoseγ * - * + + + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - - - 

Formateα - - - - - - - 

Glucoseγ * - * * * + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ - - - - - - - 

lactateα + - + + + + - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* * - * * * + - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 
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Table 3.10: Electron donor and acceptor utilisation by strain CRL 

Strain Name: CRL 

       Electron acceptor 

 

 

  Electron Donor 

V (V) Fe (III) Cr (VI) Se (III) Co (III) NO-3 Negative 

Control 

Acetateα + - + + + + - 

Arabinoseγ * - * * * + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - - - 

Formateα - - - - - - - 

Glucoseγ * - * * * + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ - - - - - - - 

lactateα * - * * * + - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* * - * * * + - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 

 

 

 

 



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

56 
 

Table 3.11: Electron donor and acceptor utilisation by strain VY 

Strain Name: VY 

       Electron acceptor 

 

 

  Electron Donor 

V (V) Fe (III) Cr (VI) Se (III) Co (III) NO-3 Negative 

Control 

Acetateα * + + * + + - 

Arabinoseγ * - + + + + - 

Benzoateβ - - - - - - - 

Citrateα - - - - - + - 

Formateα - - - - - - - 

Glucoseγ * + + * * + - 

Glycerolβ - - - - - - - 

Heaxadecaneβ + - - - - + - 

lactateα * + * + + + - 

L-Tyrosineδ - - - - - - - 

Phenathreneβ - - - - - - - 

Salicylateβ - - - - - - - 

Tryptoneδ - - - - - - - 

Xyleneβ - - - - - - - 

Yeast Extractδ* * * * * * + - 

Key + growth/turbidity, - no growth, * visible reduction. Compound origin; α salts, β organic compound, γ sugars,   δ amino acids,  δ* 

Yeast extract is rich in Vitamin B complex 

 

IRON 

The metabolic redox reaction from Fe(III) to Fe(II) has an important role in the 

environment and potential for bioremediation. In comparison with mesophilic microbes, 

the reduction rate of Fe is often higher in thermophiles (Straub et al., 2001, Zhang et al., 



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

57 
 

2014). Also, Fe (III) reduction only occurs under anaerobic cultivation, since Fe (III) is 

stable and Fe(II) rapidly oxidised chemically with the presence of oxygen (Straub et al., 

2001). 

In this study ammonium Fe(III) citrate was used to detect the reduction potential of the 

strains, resulting in Fe(II) precipitates (Figure 3.8A). Strains FEY, VY and SEY could 

reduce Fe(III) from the brown to a greyish precipitate complex at 50oC and 60oC.   

 

VANADIUM 

There are two reported reduction mechanisms for V(V), either by intracellular reactions 

or membrane-associated reduction (Zhang et al., 2014). The transitional metal V is 

available in these states 1-, 2-, 2+, 3+, 4+ and 5+, where the latter four are the most 

common (Michibata et al., 2003). Vanadium is an essential trace element for bacterial 

growth but becomes toxic at high concentrations (Xu et al., 2015, Rehder, 2015, Zhang 

et al., 2014). The strains showed the ability to reduce V(V) are, strains SEY, VY, CRG 

and CRL. 

Results in the current study showed that vanadium was the most reduced heavy metal 

by the isolates. Vanadium pentoxide, V(V), was used which is reduced to vanadyl ions 

V(IV). The redox reactions turn the V(V) from light yellow to green/greenish blue 

precipitate (Table 3.12). It was likely that the green precipitate of the vanadyl ions was 

attached strongly to the bacterial cells, or possibly intracellular, as it was difficult to 

wash off the colour. This observation was consistent with previous findings of bacterial 

V(V) reduction (Wang et al., 2018).  

 

CHROMIUM 

Cr(VI) was the most toxic element used in this study and only strains CRG and CRL 

were able to reduce Cr(VI) to Cr(III). Chromium can be reduced using chromium 

reductase, with products accumulating inside cells or adsorbed to the surface (Silva et 

al., 2012). In this study, chromium took three weeks to be visually reduced from Cr(VI) 

to Cr(III) compared to other heavy metals which were as fast as three days for reduction. 

Slow Cr(VI) reduction indicates that the isolates are either weak Cr(VI) reducers, 

toxicity slows reduction or the optimal reducing conditions were not provided, for 

example, the reduction is highly dependent on pH variations (Silva et al., 2012). 
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SELENIUM 

Selenium has a complex cycle in nature due to its wide range of oxidation states, though 

the two forms predominately found are selenate Se(IV) and selenite Se(III) both of 

which are considered toxic (Nancharaiah and Lens, 2015). Selenium oxyanions are 

reduced mainly through the dissimilatory reduction cycle in anaerobic conditions and 

through metal chelation/detoxification in aerobic conditions (Nancharaiah and Lens, 

2015).  

In the current study, strains SEY, FEY, and CRL reduced Se(III) to elemental Se(0) 

which is a red insoluble precipitate (Figure 3.8D). Strain SEY showed the fastest 

reduction rate of Se after 24 hours of incubation and reduced Se under both aerobic and 

anaerobic conditions whereas strains CRL and FEY could only reduce Se under 

anaerobic cultivation. Strain FEY reduced Se at 60℃ which has not been reported 

previously. The only previous high-temperature study was a thermotolerant bacterium 

Bacillus thermoamylovorans which reduced Se at 50℃ (Slobodkina et al., 2007). Strain 

SEY reduced the Se (III) at temperatures between 35℃ to 45℃.  

 

COBALT 

Cobalt was studied as Co(III)-EDTA, which a stable toxic isotope (Hau et al., 2008). 

The Co(III) was reduced to Co(II), though the reductive mechanisms not fully 

understood (Lloyd, 2003). However, Hau et al. (2008) suggest that the reduction occurs 

through initial chelation Co(III) with metal-binding methionines. Strains SEY, COY, 

and CRL had a visible reduction of Co(III) from purple to clear Co(II) (Figure 3.8E). 

All three isolates reduced the cobalt gradually with a lighter purple shade after every 24 

hours of incubation at 50℃ until it became clear. 
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Figure 3.8: The colour of the reduced state of heavy metals used in this study. A) Fe (II) B) Cr (III) C) V (IV) D) S (0) E) Co 

(II) 

Table 3.12: A list of transitional heavy metals oxidation state colour and their colour after reduction 

Transition element / heavy 

metal 

Oxidation state and colour Reduced State and colour 

Vanadium  V5+ light yellow V4+ greenish blue (soluble / insoluble 

precipitate) 

Chromium Cr6+ yellow Cr3+ green (soluble / insoluble 

precipitate) 

Iron Fe3+ brown Fe2+ grey (soluble / insoluble 

precipitate) 

Selenium* Se3+ colourless/grey Se0 insoluble red precipitate 

Cobalt Co3+ purple Co2+ light purple to colourless  

A B C 

E 

D 
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*Se selenium is considered a metalloid however its oxidation state can be visible through colour change 

3.5 GROWTH CHARACTERISTICS 

The effect of temperature and pH on anaerobic growth by the bacterial isolates was 

tested in MGAB medium supplemented with nitrate as an electron acceptor. As seen 

previously, all isolates grew well with nitrate and growth characteristics can be easily 

quantitated by measuring turbidity. Temperature and pH have an important role in 

groundwater systems such as the GAB. Furthermore, they are seen as two of the main 

criteria affecting heavy metal bioremediation and reduction (Das and Dash, 2017). Since 

the study focused on thermophiles, a temperature range of 35℃ to 70℃ was used. The 

results for each of the isolates are shown in Figures 3.9 to Figure 3.14, and a summary 

of optimum values in Table 3.13. According to the results, only strain VY grew at the 

upper temperature limit of 70oC. This shows that all of the other bacterial strains prefer 

a lower temperature for growth.  Strains COY, FEY and VY grew optimally at 60oC. 

Strain FEY grew fastest, reaching highest turbidity after 24 hours of incubation. Strain 

CRG grew optimally at 50oC and reached the highest OD peak after 48 hours. 

Strains SEY and CRL grew best at lower temperatures and could be best described as 

thermotolerant with their optimal growth at 35oC and the highest cell division rate at 24 

hours and 72 hours respectively. 

 

 

Figure 3.9: Graph shows the optimal growth conditions based on pH and temperature for strain COY. *Nitrate was used as 

an electron acceptor. 
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Figure 3.10: Graph shows the optimal growth conditions based on pH and temperature for strain CRG. *Nitrate was used as 

an electron acceptor. 

 

 

Figure 3.11: Graph shows the optimal growth conditions based on pH and temperature for strain FEY. *Nitrate was used as 

an electron acceptor. 

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

35°C 45°C 50°C 60°C 70°C

O
D

 @
6

0
0

n
m

Temperature oC

CRG optimum growth

pH5.5

pH6.5

pH7.5

pH8.5

pH9.5

-0.05

0

0.05

0.1

0.15

0.2

0.25

35C 45°C 50°C 60°C 70°C

O
D

 @
6

0
0

n
m

Temperature oC

FEY optimum growth 

pH5.5

pH6.5

pH7.5

pH8.5

pH9.5



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

62 
 

 

Figure 3.12: Graph shows the optimal growth conditions based on pH and temperature for strain VY.    *Nitrate was used as 

an electron acceptor. 

 

 

Figure 3.13: Graph shows the optimal growth conditions based on pH and temperature for strain CRL. *Nitrate was used as 

an electron acceptor. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

35°C 45°C 50°C 60°C 70°C

O
D

 @
6

0
0

n
m

Temperature oC

VY optimum growth

pH5.5

pH6.5

pH7.5

pH8.5

pH9.5

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

35°C 45°C 50°C 60°C 70°C

O
D

 @
6

0
0

n
m

Temperature oC

CRL optimum growth 

pH5.5

pH6.5

pH7.5

pH8.5

pH9.5



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

63 
 

 

 

Figure 3.14: Graph shows the optimal growth conditions based on pH and temperature for strain SEY. *Nitrate was used as 

an electron acceptor. 

 

The optimum pH values varied between isolates, with strains CRG, CRL and VY 

preferring alkaline conditions. Strain VY, in particular, was both the most thermophilic 

(60°C) and alkaliphilic (pH 9.5). In contrast, strain SEY had both the lowest temperature 

(35°C) and pH (pH 6.5) optima but grew most rapidly out of all the isolates. 

 

Table 3.13: Summary of the optimum pH and Temperature at the time of the highest OD for each strain 

Strain ID Optimum pH Optimum Temperature Time to reach highest 

OD 

COY 7.5 50OC-60OC 3 days 

CRG 8.5 50OC 48 hours 

CRL 8.5 35OC 3 days 

FEY 7.5 50OC-60OC 7 days 

SEY 6.5 35OC 24 hours 

VY 9.5 60OC 48 hours 
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3.6 METAL REDUCTION BY ISOLATES  

The maximum concentration of heavy metal that the isolates can reduce is an important 

characteristic to determine when considering bacteria for applications in bioremediation 

of heavy metal contamination. Maximum metal reduction (MMR) concentrations were 

quantified and determined for each of the isolates with five heavy metals (Table 3.14). 

   

Table 3.14: Maximum concentration of metal reduced by the bacterial isolates  

Heavy metals FEY COY SEY VY CRG CRL 

Vanadium - - 2 mM 10 mM 2 mM 2 mM 

Chromium - - - 1 mM 2 mM 2 mM 

Iron 6 mM* - 4 mM* 2 mM* - - 

Cobalt 2 mM* 8 mM* 2 mM* 1 mM* 1 mM* 1 mM* 

Selenium 4 mM* 2 mM* 11 mM 6 mM* 2 mM 2 mM 

* only reduced in anaerobic conditions 

 

Each of the isolates showed different ranges and abilities of metal reduction. Strain FEY 

showed the highest degree of Fe(III) reduction after four days of incubation, up to 6 mM 

(Figure 3.15). Strain COY reduced Co(III) up to 8 mM (Figure 3.16). Strain SEY 

showed the greatest reduction of selenium both under anaerobic and aerobic incubation 

(up to 11mM). Strain VY showed the highest reduction in V(V) at 10 mM after 72 hours 

of incubation (Figure 3.17). Cr(VI) was reduced at the lowest concentrations of all of 

the heavy metals up to 2 mM by strain CRG and CRL  and only after 92 hours of 

incubation. Interestingly, different bacteria were found to reduce the highest 

concentration of each metal. This suggests that a consortium would be better used in 

bioremediation programs where there is mixed metal contamination.  
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Figure 3.15: Fe (III) reduction test from 1mM to 10mM by strain FEY. (Fe(III) brown, Fe(II) grey: green colour) 

 

 

Figure 3.16: Co(III) reduction from purple to clear by strain COY. This figure shows the MMR of Co (III) at 8mM  

 

 1mM          2mM           3mM            4mM         5mM          6mM          7mM          8mM        9mM        10mM       Blank 

2mM           4mM            6mM        8mM         10mM      12mM       14mM          Blank 
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Figure 3.17: V(V) reduction to V(IV) at 10mM the reduced state is shown in tubes that have blue green soluble precipitate 

 

A time course of metal reduction linked to growth was studied for the isolate that 

reduced the highest concentration of each heavy metal, Fe(III), V(V), Se(III), Co(III) 

and Cr(VI). As previous tests showed, the addition of heavy metals did not delay nor 

inhibit the growth of the bacterial strains. On the contrary, there were better growth 

results when the heavy metals were added to the bacterial cultures as the heavy metal 

was used as a terminal electron acceptor and perhaps even as a micronutrient. Also, 

more energy is gained through anaerobic respiration mechanisms that fermentation. The 

OD at 600nm was used as a good measure of the turbidity and growth of the bacterial 

strains (McBirney et al., 2016). 

Strain COY was studied for Co(III) reduction (Figure 3.18). The isolate could grow and 

reduce the heavy metal at concentrations up to 8mM. Cells multiplied up to three days 

of incubation with about a 40% reduction in Co(III) during the same period. The strain 

could grow and reduce the heavy metal up to 8mM. The Co(III) concentration of 8mM 

used in this test is considered high. Other studies reported a reduction of Co(III) at 

1.5mM concentration or less (Hau et al., 2008, Paulo et al., 2017). Therefore, results are 

promising with regards to Co(III) reduction.  
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Figure 3.18: Growth and Co(III) reduction by strain COY. (The standard error (SE) of the mean for the results for each 

parameter studied) 

 

Strain FEY reduced 6 mM Fe(III) only under anaerobic conditions (Figure 3.19). Strong 

growth was linked to Fe(III) reduction which continued to increase after four days 

incubation. Increasing the Fe(III) concentrations from 1mM resulted in better reduction 

up to 6mM. Above the 6mM concentration, strain FEY demonstrated a lower or no 

reduction. Strain FEY reduced approximately 80% of Fe (III) at 6mM. There are some 

studies of thermophilic Fe(III) reduction in literature where bacteria can reduce 

concentrations well above 6mM, for example, Roh et al. (2002) tested a 

Thermoanaerobacter sp. were it reduced up to 50% of Fe(III) at 15mM after 48 hours 

at 60oC.  
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Figure 3.19: Graph of Fe(II) production a result of 6 mM Fe(III) reduction by strain FEY and its growth pattern given in 

OD. (The standard error (SE) of the mean for the results for each parameter studied) 

 

All the six isolates showed a visible reduction of Se(III) to the reduced state of red 

elemental selenium. Strain SEY exhibited the highest concentration of selenium that 

could be reduced, up to 11mM (Figure 3.20). There was no visible reduction of Se (III) 

above the 11mM concentration. Strain SEY produced up to 70% reduction when 

incubated in 5mM of Se (III), but less efficient when the reduction rate declined to 50% 

between 6mM and 11 mM, and no measurable reduction after 11 mM.  

As mentioned before there have been no previous studies on bacteria that could reduce 

Se (III) at high temperatures, under both aerobic and anaerobic conditions. The result of 

Se (III) reduction suggests the strain SEY may be a good candidate for the metal 

bioremediation. 
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Figure 3.20: Graph of Se(0) production a result of 11mM of Se (III) reduction by strain SEY and its growth pattern is given 

in OD. (The standard error (SE) of the mean for the results for each parameter studied) 

 

Five out of the six isolates exhibited a visible vanadium reduction. Among the five, 

strain VY showed the highest concentration of V(V) reduced being able to grow and 

reduce V(V) at concentrations from 1mM to 10mM. At 10mM, there was strong growth 

and reduction for 48 hours of incubation (Figure 3.21). Around 75% of the V(V) had 

been reduced after four days of incubation. Other bacteria have been isolated before that 

show similar reduction rates. Carpentier et al. (2003) reported Shewanella oneidensis 

could reduce V(V) anaerobically at 10mM. While Bisconti et al. (1997) reported that a 

yeast strain belonging to Saccharomyces cerevisiae could resist V(V) up to 16 mM and 

reduce it at 10mM. 
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Figure 3.21: Graph of V(V) reduction by strain VY and its growth pattern is given in OD. (The standard error (SE) of the 

mean for the results for each parameter studied) 

 

Since chromium was the most toxic metal used in this study, results showed a relatively 

low reduction rate with hexavalent chromium. Three of the six isolates exhibited a 

visible chromium reduction, and only strains CRG and CRL could reduce it up to 2 mM 

(Figure 3.22). However, all three strains were able to reduce up to 90% of the Cr(IV). 

A range of Cr(VI) reducing and tolerant bacteria have been isolated with varying 

degrees of bioremediation potential. Zhu et al. (2008), reported that an Achromobacter 

sp. strain that could reduce Cr(VI) at an extremely high 54.2mM concentration. Also, 

Ibrahim et al. (2012) isolated a Bacillus sp. that could tolerate up to 75mM Cr(VI) 

concentration, however, the reduction tests were reported only at 0.5mM. According to 

the current results, only two strains exhibited 2mM Cr(VI) reduction within 120 hours 

of incubation. However, the strains could grow at higher concentrations but, there was 

no measurable reduction. Since Cr(VI) reduction is catalysed a chromate reductase, 

optimised enzyme conditions may be needed to maximise reduction and enzyme 

production (Rath et al., 2014). 
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Figure 3.22: Graph of Cr(VI) reduction by strains CRG and CRL, and their growth pattern is given in OD. (The standard 

error (SE) of the mean for the results for each parameter studied) 

 

3.7 BIOSURFACTANT 

The surface tension was measured to screen for the secretion of biosurfactants. 

Biosurfactants reduce surface tension, making contaminant solutions more miscible 

with water and more readily metabolised by bacteria. All the bacterial isolates in the 

current study exhibited a reduction of surface tension. Strain COY showed the highest 

level with more than 48% surface tension reduction after 48 hours with hexadecane 

added as a substrate in the GAB medium. Strain SEY and CRL had the second highest 

readings with 40% and 34% surface tension reduction, respectively. Table 3.15 and 

Figure 3.23 show the surface tension reduction results for all six isolates compared to a 
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There are several techniques to measure the biosurfactant production such as 

Stalagmometric Method, Pendant Drop Shape Technique, Drop Collapse Assay, 

Microplate Assay and the Du-Nouy-Ring Method (Walter et al., 2010). For the current 

study, the most accurate Du-Nouy ring method was applied as a mean of measuring the 

surface tension using an automatic tensiometer. Willumsen and Karlson (1996) defined 

a good biosurfactant producer by being able to reduce the surface tension by ≥ 20 mN/m. 

Therefore, all strains here exhibited a good biosurfactant production, surface tension 

reduction by these strains from highest to lowest are as follows strains COY (47 mN/m) 

> CRL (37 mN/m) ≥ SEY (37 mN/m) > CRG (35 mN/m) > FEY (32 mN/m) > VY (31 

mN/m). The surface tension reduction does not equate to hydrocarbon degradation or 

metal reduction, but it is used as a good screening method for the hydrocarbon degraders 

and creating conditions for enhanced contaminant removal, which is important in 

bioremediation studies (Lawniczak et al., 2013).  

Table 3.15: Surface tension reduction for bacterial isolates after 48 hours 

Sample ID Time=0 

(mN/) 

Time=24 hours 

(mN/m) 

Time=48 hours 

(mN/m) 

Percentage reduction after 

48 hours 

Negative 

control 

107.9 106.17 105.9 1.8% 

CRL 91.1 64.51 54.38 40.3% 

CRG 89.3 65.17 57.54 35.7% 

SEY 94.2 62.05 57.07 39.4% 

FEY 90.6 59.01 59.01 34.8% 

VY 96.4 65.13 65.1 32.4% 

COY 97.7 53.61 50.18 48.6% 

*Nitrate was used as an electron acceptor and hexadecane as an electron donor 
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Figure 3.23: Surface tension reduction by bacterial strains in GAB medium supplemented with 1% hexadecane. Negative 

control contained no bacteria. 

 

Several tests have been conducted to confirm the benefits of a biosurfactant producer 

with regards to heavy metal bioremediation (Govarthanan et al., 2017, Mulligan et al., 

2001). According to Pacwa-Płociniczak et al. (2011), a biosurfactant forms a complex 

with heavy metals in heavy metal polluted regions. This leads to an increase in their 

bioavailability for heavy metal reducing organisms. 

 

3.8 BIOFILM FORMATION 

Bacteria living in biofilms have substantial advantages over free-living bacteria (Singh 

et al., 2006). Biofilms can be a thin layer ranging from a single irregular layer to a poly-

layered thick film containing multiple water channels (Donlan, 2002). They can resist 

environmental extremes, allow members to work cooperatively, and more effectively 

metabolise substrates including pollutants (Edwards and Kjellerup, 2013). Also, Chang 

et al. (2006) reported that in a pilot scale heavy metal bioremediation strategy biofilms 

helped in heavy metal adsorption of cadmium, nickel, and zinc. The same authors also 

stated that while the biofilm did not directly reduce the heavy metal, entrapping the 

heavy metal(s) allowed availability for bacteria to reduce the heavy metals. Hence the 

isolates in the current study were tested to determine if they could produce biofilms.  

The biofilm production test was measured in two stages. The first stage was to test 

qualitatively whether the bacterial strains could form a biofilm within the incubation 

time. This test was based on the scoring of stained test tubes — the more intense the 

stain, the more bacteria attached to the test tube as a biofilm. Among the six isolates, 
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four strains showed a visual biofilm stain (Table 3.16 and Figure 3.24). Strains SEY and 

CRG were best and demonstrated a moderate/strong biofilm production. Both isolates 

were selected for further biofilm studies. 

The second test was to measure the biofilm formation using the gold standard 

methodology using crystal violet staining in microtiter plates. Isolate cultivation was in 

96 well microtiter tissue culture plates (TCP) for 24 hours at 50oC. Plates were incubated 

aerobically and anaerobically, and with and without heavy metals to measure the effects 

of each variable. The results showed a difference in biofilm formation between aerobic 

and anaerobic incubation (Figure 3.25). Strain SEY showed a moderate biofilm 

production aerobically but a weak production anaerobically. This phenomenon was also 

seen in other studies by Colón-González et al. (2004), where an E.coli strain only 

produced a biofilm in aerobic conditions. 

Furthermore, many bacteria form biofilms only at the air-liquid interface. Strain CRG 

was deemed a weak biofilm producer, however, there was more biofilm production in 

anaerobic incubation. Both strains SEY and CRG scored a weak to no-biofilm 

production in the presence of heavy metals (Figure 3.26). This may be due to the fact 

that heavy metals might delay or inhibit the growth of the bacteria (Teitzel and Parsek, 

2003) and delay the onset of biofilm production (Koechler et al., 2015). Further tests 

may be needed by increasing the incubation time and testing the heavy metal reduction 

with the biofilm formation. 

Table 3.16: Qualitative analysis for biofilm formation in test tubes with different isolates 

Bacteria ID Biofilm formation 

BLANK (Negative control) - 

FEY - 

VY - 

COY + 

CRL + 

CRG ++ 

SEY +++ 

Key: The scoring of the test tubes was based on the average of the two independent tests, +++: strong staining, ++: moderate 

staining, +: light staining 
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Figure 3.24: Crystal violet stained test tubes used to determine the biofilm production.. The figure shows the duplicate tubes 

for each strain in this study, the more the intense the colour of the tube indicates a higher biofilm production  

 

 

Figure 3.25: Quantitative assay to identify the extent of biofilm production by strains CRG and SEY. Assessment was based 

on standard deviation cut-offs values (SDOD) (see Table 3.17).  Key: + aerobic incubation, - anaerobic incubation.  
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Figure 3.26: Quantitative assay to identify the extent of biofilm production by strains CRG and SEY with the addition of 

heavy. Assessment was based on standard deviation cut-offs values (SDOD) (see Table 3.17). Key: Strains ID CRG and SEY + 

heavy metals Cr=Cr(VI), Co=Co(III), Fe=Fe(III), Se=Se(III) and V=V(V) 

 

Table 3.17: Quantitative biofilm production interpretation according to Stepanovic (2007) – standard deviation cut off values 

(Average) OD value Biofilm production strength (colour presented in 

graph) 

Less than or equal to 2x SDOD Weak (Red) 

Between 2x SDOD and 4x SDOD Moderate (Grey) 

More than 4x SDOD Strong (Yellow) 

SDOD: standard deviation of optical density (590nm) 

 

3.9 MOTILITY AND CHEMOTAXIS 

A motility and chemotaxis study was done to identify the ability of the isolated bacterial 

strains to be motile and move towards a chemical gradient, in this case the metals. As 

previously mentioned, the combined ability of a chemotactic ability and biofilm 

formation enhances the bioremediation and biodegradation. Two modes of movement, 

swimming and swarming were tested for motility types by the isolates. None of the 

isolates scored a positive result in the swimming test, however, three isolates strains 

SEY, CRL and CRG recorded a positive swarming result (Table 3.18).  Specifically, the 

swarming motility of strain SEY is shown in Figure 3.28. This type of motility is defined 

as a rapid surface movement powered by rotating flagella (Kearns, 2010). 
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Table 3.18: Motility testing of bacterial motility  

Strain Swimming Swarming 

SEY - + 

FEY - - 

COY - - 

CRL - + 

CRG - + 

VY - - 

Negative control - - 

 

 

 

Figure 3.27: Strain SEY on agar plate displaying swarming motility. Swarming motility indicates the movement of the 

colony from the centre of the plate (the black dot in the middle) and zone out towards the metals added on the agar. ((A) 

Iron, (B) Chromium, (C) vanadium, (D) selenium, (E) cobalt and (X) Yeast extract) 

 

The chemotactic responses of the isolates towards selected heavy metals, Fe, Cr, V, Se, 

Co, was tested. Due to time constraints, only one concentration of the studied heavy 

metals was used. The test was done only on the strains that showed positive swarming 

motility, strains SEY, CRL & CRG Only one, strain SEY, showed a positive chemotactic 

Key: + motility observed. – no motility detected 
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effect for Fe(III) (Figure 3.29). Here, strain SEY had the ability to move towards 

(chemoattractant) Fe(III). Whereas the other two stains only grew on the control 2% yeast 

extract (no metals). The rest of the metals were deemed to be chemorepellent, meaning 

that the heavy metals at the concentration tested were toxic to the bacteria.  Therefore, 

these bacteria prefer to live in environments with either no or lower concentrations of the 

metals.  

Strain SEY was selected for symbiotic studies as it showed a positive chemotactic affect 

and biofilm formation. 

 

 

Figure 3.28: Chemotaxis by strain SEY A) Shows the plate used for chemotaxis before incubation ((A) Iron, (B) Chromium, (C) 

vanadium, (D) selenium, (E) cobalt and (X) Yeast extract). B) Shows strain SEY growing in well A (Fe(III)), which indicates 

positive chemoattraction. (the colour of the culture is reddish brown from the iron. 

A 

B 
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3.10 SYMBIOSIS 

3.10.1  Co-cultivation  

Isolates were tested together in pairs to see if there were any increased rates of metal 

reduction and hydrocarbon degradation. As mentioned, strain SEY was selected for all 

combination studies and tested with each of the isolates. Due to time constraints, only 

one metal concentration was tested. The results showed an improved reduction for V(V) 

with strains SEY & CRL and Fe(III) with strains SEY & FEY and these combinations 

are shown in the time course studies (Figure 3.30-3.33). Co-cultivars showed that there 

were differences in heavy metal reduction and tolerance compared with single isolates. 

Strains SEY and CRL in combination had the highest V(V) reduction rate and cell 

density when compared to the strains alone (Figures 3.30 and 3.31). Likewise, strains 

FEY and SEY had a better Fe(III) reduction and improved growth compared to the 

single isolates (Figures 3.32 & 3.33). 

 

 

Figure 3.29: Growth rate comparison between single strains of CRL and SEY and in a co-cultivation test with the addition 

of 10mM of V (V). 
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Figure 3.30: V(V) reduction individually by strains CRL and SEY and when mixed. 

 

 

 

Figure 3.31: Graph shows a comparison study between strain FEY and SEY, as well as in a consortium for Fe (III) 

reduction. The graph represents the Fe(II) production a result of Fe (III) reduction by the bacterial strains 
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Figure 3.32: Graph shows the growth rate comparison between single strains of FEY and SEY and in a co-cultivation test 

with the addition of 6mM of Fe (III). 

 

3.10.2  Hydrocarbon degradation 

Hexadecane and xylene were selected for hydrocarbon utilisation testing. The first test 

done was to observe if the bacterial strain could grow in hexadecane or xylene as the 

sole carbon source. Only strain SEY was used based on previous results. 

The first test included plating the bacterial inoculum on BH agar supplemented with 

1%, 1.5% and 2% of the hydrocarbon. After 1-week incubation, the isolate could only 

grow in 1% hexadecane and no concentrations of xylene.  

The second test was to measure the hexadecane degradation using acid digestion 

method. After 1-week incubation, the results showed a weak degradation with less than 

1%.  

  3.10.3 Co-contamination (heavy metals and hydrocarbons)  

Strain SEY was tested alone and in combination with the other five isolates to determine 

the effect of exposure to two different contaminants, hydrocarbon (hexadecane) and 

metals (Fe, Se, V, Cr, Co). Metal reduction was investigated when 1% hexadecane was 

added to cultures. Table 3.18 shows that there was only visible reduction in Fe(III) at 

2mM and up to 6mM of Se(III) with strain SEY alone and in combination with strain 

CRL (Se(III) only) and strain FEY (Fe(III) only). Figure 3.33 shows 24 well plate 

containing the 6mM concentration with four replicates, as shown strain SEY reduced 

Se(III) to red Se(0). According to statistical tests, there was no significant difference 
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between the single strain SEY and the other co-cultivation bacterial groups. No 

reduction of V(V), Cr(IV) or Co(III) occurred. 

 

Table 3.19: Concentrations of metals reduced by single strain SEY and co-cultivars when supplemented with hexadecane 

 Heavy metal reduction supplemented with 1% hexadecane 

Strain(s) Fe(III) Se(III) V(V) Cr(VI) Co(III) 

SEY 2mM* 2Mm-6Mm - - - 

SEY+CRG - - - - - 

SEY+CRL - 2Mm-6Mm - - - 

SEY+VY - - - - - 

SEY+COY - - - - - 

SEY+FEY 2mM* - - - - 

* Anaerobic reduction only, - = no reduction 

 

 

Figure 3.33: Co-contamination test with strain SEY on selected heavy metals (6mM) plus hexadecane — only visible 

reduction of Se (III), and negative in the other heavy metals. Fe (III) reduction just occurred in strict anaerobic incubation.  
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  3.10.4 Co-cultivation benefits  

Most of the previous studies in the field of bioremediation focus on inoculation of single 

bacteria. De Lorenzo (2018) describes the future of bioremediation termed as 

“Bioremediation 3.0”, stating that the recognition of a consortium rather than a single 

strain in bioremediation serves a better function since the contribution between the 

strains is divided, or each strain can contribute with its unique metabolic pathway in 

degradation/transformation (Figure 3.34).  

 

 

 

 

 

 

 

 

 

A) A pathway of interest towards a target substrate within a single host, however, the catabolic reaction may not be optimal for 

each biochemical step. B) An equivalent pathway of a target substrate within a consortium (I,II,III and IV) which each member is 

contributing to the biochemical catabolism for the target substrate and the labour is divided.   

 

Past studies have shown successful heavy metal removal with bacterial consortia. 

Chowdhury et al. (2011) reported improved lead removal of up to 94.4% in 

contaminated water when a bacterial consortium was used. Lee et al. (2008), reported 

that a bacterial consortium removed 99-100% of different heavy metals including Cu, 

Ni, Cr, Pb, and Zn. 

In most cases, contaminated sites have more than just a single contaminant, often 

including both heavy metals and hydrocarbons. Very few studied have addressed 

multiple contaminants being removed by either single bacteria or consortia.  One though 

by Ma et al. (2018) cultivated a bacterial-fungal consortium that successfully reduced 

heavy metals like Mn, Cu and Ni with the presence of polycyclic aromatic 

hydrocarbons. 

A B 

Figure 3.34: Proposed bioremediation action between single strains and a bacterial consortium. Redrawn, from Victor De 

Lorenzo (2018). 
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In the current study, the best consortium identified was the strains CRG+SEY mixture 

for V(V) reduction and strains FEY+SEY for Fe(III) (section 3.10.1). The growth results 

showed that there might be a correlation in the bacterial biomass and reduction rate. 

Pearson’s correlation analysis shows that there is a strong negative correlation (> -0.8) 

when compared between V (V) reduction rate and the growth rate of the consortium, 

which is reflected through the increase of cell biomass (growth) and a higher heavy 

metal reduction. This indicates a symbiotic relationship. According to Yamagishi et al. 

(2016) cells sharing a similar metabolic network can interact, achieving a division of 

labour in which enables a higher growth rate compared to the pure strain form. This 

means that the consortium selected in this test might have a symbiotic relationship that 

was facilitated the presence of factors that increased the doubling time and the reduction 

rate of heavy metal(s) as well. The co-cultivars were plated after the test to confirm that 

both strains grew. Figure 3.35 shows that both isolates grew well and in approximately 

equal abundance, which confirmed that neither strain outcompeted the other during the 

incubation period supporting a likely symbiotic relationship.  

There are extensive studies when it comes to single strain cultures in heavy metal 

bioremediation, however, it is very limited with regards to bacterial co-cultures 

especially, and even more scarce with regards to thermophilic bacteria. Nevertheless, a 

study by Kang et al. (2016) proved that the mixed bacterial cultures are better in heavy 

metal bioremediation especially those are indigenous to the area. The mixed cultures as 

mentioned previously can divide the workload between them to produce better results 

to some extent. Bacterial co-cultures can achieve better survivability when living in 

biofilms, which appear to have greater potential in heavy metal bioremediation in large 

scale bioreactors (Benazir et al., 2010). 
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CHAPTER FOUR: DISCUSSION, FUTURE DIRECTION AND CONCLUSION 

4.1 THESIS DISCUSSION 

The study investigated anaerobic thermophilic bacteria from a high-temperature region 

(GAB) that had the capability of reducing heavy metals linked to the metabolism of 

organic compounds. There is a need for organisms to be used for bioremediation of 

heavy metals, particularly in contaminated groundwaters. The focus on anaerobic 

thermophiles was for several reasons. 1) In an In-situ or ex-situ bioremediation strategy 

usually, the levels of dissolved oxygen decrease as the depth increase whether it’s in 

soils or waters and often becomes limiting. 2) Thermophiles have a cost advantage if 

used in bioreactors when compared to their mesophilic relatives (Das and Dash, 2017). 

This is due to the constant cooling of the hot reactors to support the growth of the lower 

temperatures required for the mesophilic group. 3) Groundwaters are subsurface 

environments with either very low or no oxygen present and often at elevated 

temperatures particularly in deeper aquifers.   

In this study, all the isolated bacteria belonged to the phylum of Firmicutes. Based on a 

study by Chandra and Kumar (2017),  this phylum possesses a wide range of metabolic 

capabilities such as utilising organic and inorganic substrates as a sole carbon source 

both aerobically and anaerobically. This does not come as a surprise since previous 

studies confirm that members of this phylum are abundant in areas that are considered 

toxic (Roy et al., 2018). There are no previous studies that indicate the symbiotic 

relationship within the Firmicutes phylum, however, in the current study several isolates 

showed a positive relationship.    

The study looked at a variety of characteristics that would be desirable for a candidate 

to be used in heavy metal bioremediation. According to the results, the best candidate 

was strain SEY, which was a thermotolerant, Gram-positive, endospore-forming, 

facultative anaerobic Anoxybacillus strain. It could produce a biofilm in aerobic 

conditions, a trait that can assist in enhancing bioremediation. Also, it exhibited 

swarming mobility with the ability to be chemoattracted towards Fe(III), which could 

be because Fe is an essential microelement needed for growth (Nies, 1999). The results 

also suggested that this bacterial strain could utilise hexadecane at low concentrations. 

Furthermore, the isolate grew well and likely produced a biosurfactant when hexadecane 

Figure 3.35: Growth of strains SEY and CRL on agar following co-cultivation symbiotic test 
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was provided as the sole carbon source. However, degradation was not quantitated, and 

emulsification detection through the measuring surface tension reduction indicated 

biosurfactant production. Future work will determine degradation rates as time did not 

permit in the current study. Strain SEY was shown to reduce a number of heavy metals 

including Fe(III), V(V), Se(III) and Co(III). The isolate was able to have a symbiotic 

relationship with other strains to enhance the reduction of Fe(III) and V(V).  

Due to favourable traits, strain SEY could be a useful bacterium in heavy metal 

bioremediation. Several bioremediation studies have been conducted with an 

Anoxybacillus species such as studies on the removal of dye-contaminated wastewater 

(Goh et al., 2013), mercury resistance and removal (Chatziefthimiou et al., 2007),  high 

Cr(VI) resistance and reduction up to 30mM (Paul et al., 2012), and biohydrogen 

production as an alternative renewable energy (Hasyim et al., 2011).  

Environmental protection agencies and research organisations such as the Cooperative 

Research Centre for Contamination Assessment and Remediation of the Environment 

(CRC Care) lists contaminants and their optimal remediation method based on oxygen 

availability (Figure 4.1). It states that for hydrocarbon(s) the preferred degradation 

conditions is aerobically and for heavy metals transformation are in anaerobic 

conditions. Since SEY strain is a facultative anaerobe, it may possess a paired metabolic 

pathway that can achieve a degrading and remediating the heavy metals and 

hydrocarbons under anaerobic and aerobic conditions. Also, a combined anaerobic 

respiration pathway linking hydrocarbon degradation to metal reduction should be 

investigated in future studies.   
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Figure 4.1: Table from the CRC (edited) displays a list of contaminants and the microbial degradability with the preferred 

condition of degradation (CRC CARE, 2017). 

 

4.2 FUTURE DIRECTIONS 

All six bacterial strains isolated were able to reduce at least one heavy metal, and some 

had traits that could enhance bioremediation of heavy metals under the conditions tested. 

Future tests should be aimed at optimising the growth and heavy metal reduction 

capacity of all isolates, including the manipulation of media components, substrates, 

pH, incubation conditions. Five heavy metals were used in this study Fe(III), Cr(VI), 

V(V), Se(III) and Co(III), other higher risk heavy metals could also be tested such as 

arsenic, lead and mercury as they can cause significant contamination problems in 

groundwaters worldwide. A multitude of organic substrates could be tested to 

potentially increase metal reduction rates. Organic contaminants such as hydrocarbons 

should be examined further as part of the organic substrates. 

The study focused mainly on culture-dependent tests for characterisation. The future 

direction could include further molecular characterisation of the isolates. A complete 

genome of the strains can open a new world of discovery by identifying the key genes 
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for bioremediation and may give rise to novel genetic markers for undiscovered 

characteristics.  

Synthetic biology has come a long way where there are set of sequence standards such 

as (SEVA) The Standard European Vector Architecture, a database used for 

constructing or deconstructing complex prokaryotic phenotypes (Silva-Rocha et al., 

2013). By incorporating useful genes that can enhance the activity of the strain will 

result in a more optimal bioremediation agent to be used in environmental clean-up.    

After successful laboratory isolation and characterisation of heavy metal bioremediation 

strain, an initial scale-up of the remediation tests should be part of future work. This 

step must be done before going into an industrial or field bioremediation (Figure 4.2). 

A scale up from lab scale to a small bioreactor can indicate whether if the bacterial strain 

could be introduced into a larger scale study, by simulating a continuous reaction of 

controlled environmental conditions like the pH, dissolved oxygen, addition of nutrients 

and the measurement of metabolites.  

 

Figure 4.2: The proposed scale-up method proposed. Beginning from a small lab scale, scaling up to small bioreactors and 

finally implementing on real-life scenarios 

4.3 CONCLUSION 

In conclusion, the three aims of the study have been met. Six bacterial strains have been 

isolated from the high-temperature Great Artesian Basin region. All the isolates 

exhibited different characteristics with regards to heavy metal bioremediation. The 

study showed that there might be value in using combinations of bacteria for 

bioremediation. Strain SEY and CRG were the optimal isolates to work symbiotically 

to reduce V(V) to the greatest extent, and strain SEY and FEY isolates were found to 

work better symbiotically in reducing Fe (III). Testing the consortium against in a co-

contaminated environment resulted in low to no degradation of the organic compounds 

and only Fe (III) and Se (III) were reduced. However, there is certainly a need to test 

further.  The current study investigated a list of culture-dependent methods that reflect 

the traits desirable for a bacterial heavy metal bioremediation candidate.  
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APPENDIX 1 

Standard curve for heavy metal assays 

Figure 1: Selenium reduction standard curve 

 

Figure 2: Vanadium reduction standard curve 
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Figure 3: Cobalt reduction standard curve 

 

Figure 4: Iron reduction standard curve 

 

Figure 5: Chromium reduction standard curve 

y = 0.1527x + 0.0577

0 2 4 6 8 10 12

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Molarity concentration (mM)

A
b

so
rb

an
ce

 @
5

0
0

n
m

Co(III) reduction standard

standard

Linear (standard)

y = 0.2507x + 0.6999

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 2 4 6 8 10 12 14 16

A
b

so
rb

ac
en

 @
5

6
2

n
m

Molarity concentration (mM)

Fe(III) reduction standard

standard

Linear
(standard)



T. AlOnaizi     Heavy Metal Bioremediation by Anaerobic-Thermophilic Bacteria from the Great Artesian 
Basin 

99 
 

 

y = 0.2541x + 0.1636

0

0.5

1

1.5

2

2.5

3

3.5

0 2 4 6 8 10 12 14

A
b

so
rb

an
ce

 @
5

3
0

n
m

Molarity concentration (mM)

Cr (VI) reduction Standard

absorabance

Linear (absorabance)


