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Abstract  

A wide variety of contaminants have been introduced into the environment by human 

activity, through processes such as the manufacture and use of chemicals, petroleum 

products, herbicides and pesticides. Pollution not only affects human and animal health 

but also severely hampers the ecosystem by altering and destroying the habitats of flora 

and fauna. Globally, many environments including surface water, subsurface aquifers, 

sediments and soils have been affected. Contaminants such as hydrocarbons and 

halogenated compounds are significant because they have been identified as mutagenic, 

carcinogenic and teratogenic.  

Bioremediation can be successfully employed in the sustainable and harmless clean-up 

of many contaminated environments. The attenuation of pollutants can be achieved under 

aerobic or anaerobic conditions using bacteria present in the impacted site or by the 

introduction of organisms capable of biodegradation. Successful bioremediation has been 

achieved in the aerobic degradation of petroleum hydrocarbons. However, relatively little 

is known about the potential for using bacteria in the clean-up of halogenated aliphatic 

compounds. Consequently, this study investigated the isolation and identification of 

bacterial and fungal strains that could degrade 3-chloropropionic acid (3-CP) as well as 

profiles of bacterial communities degrading 3-CP. 

Three pure 3-CP degrading bacteria were isolated from Oxley Creek in Brisbane and 

designated strains O1, O2, and O3. Analysis of 16S rRNA gene sequences showed that 

the strain O1 was most related to Lysinibacillus fusiformis (99.8% similarity), strain O2 

matched 100% with both Curtobacterium luteum and Curtobacterium 

oceanosedimentum, while strain O3 was equally related to Cytobacillus firmus and 

Cytobacillus oceanosediminis (both 99.3% similarity). One 3-CP degrading bacterium, 

designated strain CX, was isolated from a bioremediation facility at Caltex Oil Refinery 

in Brisbane and was most related to Rhodococcus zopfii (99.8%). Two 3-CP degrading 

fungi isolated from Toohey Forest also in Brisbane and were designated as M1 and M2. 

Analysis of ITS/18S rRNA gene sequences, revealed that strain M1 was most related to 

Mucor variicolumellatus (99.1% similarity), and strain M2 to Trichoderma 

afroharzianum (99.4% similarity). 
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Bacterial strains O1, O2, O3, and CX all grew well with 20 mM 3-CP as a sole source of 

carbon. High-performance chromatography (HPLC) revealed that the 3-CP was being 

degraded as the cells grew. All strains grew steadily over the first 2 days and reached 

maximum growth after 2-4 days incubation. With each strain, 3-CP had been almost 

completely degraded after 6 days incubation. Concomitant dechlorination of the 3-CP, 

the initial stage of degradation, was confirmed over a similar time period using ion 

exchange chromatography. Optimal 3-CP degradation occurred with 10-20 mM 

concentrations. In addition, strains O2, O3 and CX were able to grow anaerobically, while 

strain O1 did not. Fungal strains M1 and M2 grew much slower with 3-CP as sole carbon 

source than the bacterial strains. Maximum growth levels were not achieved until around 

12 days for both fungal isolates and complete degradation of 3-CP took 20 days for strain 

M1 and slightly longer for strain M2. 

While the pure bacteria were isolated and tested for 3-CP degradation in single substrate 

laboratory tests, it would be expected that in situ mixed consortia would largely contribute 

to degradation in natural environments. Here, target contaminants would be mixed with 

many other organic compounds and soil particles making degradation more difficult. 

Oxley Creek and Caltex microcosms spiked with 3-CP were established to replicate 

natural environments. Degradation and microbial communities were tracked over time. 

As expected, degradation was much slower than with the pure bacteria in liquid medium, 

taking up to 4 weeks before most of the 3-CP was degraded. Bacterial profiles changed 

significantly while the 3-CP was degraded. In both Oxley Creek and Caltex microcosms, 

there was a substantial reduction in diversity over time while degrading population 

established. Dominant populations in the later stages of the microcosms were 

Sphingomonadaceae family members in the Oxley Creek microcosms and 

Alicyclobacillus, Dyella, Cellulomonas genera in the Caltex microcosms. 

Whole genome sequencing (WGS) was done to provide a deeper understanding of 

bacteria and insights into the link between physiological and genomic properties of the 

two best 3-CP degrading bacterial isolates, strains O2 and CX. WGS is an approach to 

give a more definitive identification of isolates and also is used to identify key genes of 

interest that a specific organism possesses, including antibiotic resistance, metabolic 

pathways and excretory system. From average nucleotide identity (ANI) analyses, both 

strains were determined as novel strains of Curtobacterium (strain O2) and Rhodococcus 

(strain CX) which differed to the single gene 16S rRNA phylogeny. Potential metabolic 
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pathways were proposed and predicted dehalogenases genes within the isolates were 

identified and investigated. A number of dehalogenases were revealed in both isolates, 

eleven in strain O2 and six in strain CX. The common genes in the isolates were 

haloalkanoic acid (haloacid) dehalogenases and haloalkane dehalogenases. The amino 

acid sequences in the dehalogenases of both isolates shared homology with corresponding 

genes in Rhodococcus species suggesting common evolutionary origins. 

Information provided in the current study have built upon our understanding of the 

degradation of chlorinated alkanoic acids, particularly 3-CP. The research has shown that 

there is clear potential in using microorganisms in the bioremediation 3-CP contaminated 

environments.  
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Chapter 1: Introduction  

 

1.1 General introduction 

Anthropogenic activities have resulted in the creation of a wide variety of contaminants, 

such as toxic hydrocarbons and halogenated compounds, which have been released into 

the environment over many years. Such pollution harms humans, animals and adversely 

affects the ecosystem. Pollution of the environment, especially soils and water bodies 

such as lakes, oceans, rivers and groundwater has consequences for individual species 

and populations in impacted ecosystems. Removal of pollutants can be difficult, complex 

and very expensive. Dispersants, surfactants, hot water and solvent mixtures have been 

used with limited success to clean up contaminants. These treatments may have the 

additional consequences of destroying the marine food chain and disrupting bacterial 

communities that may be capable of biodegradation. Therefore, bioremediation 

represents a more natural and possibly more effective means of cleaning up 

contamination. 

Bioremediation is the process used to treat contaminated environments, including water, 

soil and subsurface material, by altering environmental conditions to stimulate the growth 

of microorganisms that degrade the target pollutants. Moreover, bioremediation is less 

expensive and more sustainable than other remediation treatments, such as incineration 

or washing of the soil. Bioremediation processes involve oxidation-reduction reactions 

where either an electron acceptor (commonly oxygen) is added to stimulate oxidation of 

a pollutant (e.g., hydrocarbons), or an electron donor (commonly an organic substrate) is 

added to reduce pollutants (e.g., nitrates, perchlorate, heavy metals, and chlorinated 

solvents) (Sihag et al., 2014). Many studies have investigated the effectiveness of 

bioremediation on a bench scale and under ideal laboratory conditions, such as circum-

neutral pH and mesophilic temperatures. However, environmental factors that vary from 

site to site (such as soil pH, nutrient availability and the bioavailability of the 

contaminant) can impact the process of bioremediation by inhibiting the growth of the 

pollutant-degrading microorganisms. In addition, this can affect the extent and rate of 

degradation of contaminates, including halogenated aliphatic compounds (Sihag et al., 

2014). 
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Microorganisms can metabolise a wide range of organic compounds. These compounds 

can range from simple sugars to more complex aromatic and halogenated compounds. 

Consequently, microorganisms have real applications in bioremediation for the clean-up 

of many environmental contaminants (Lin et al., 2011). Bacteria and fungi are the most 

common biological agents used in the bioremediation of contaminated waters and soils.  

Many researchers have isolated bacteria from both water and soil which are capable of 

using chemical contaminants as their sole source of carbon sources and energy (Janssen 

et al., 2005; Olaniran et al., 2001; Schwarze et al., 1997). Researchers have found certain 

species of bacteria and fungi that can biodegrade even more recalcitrant pollutants such 

as xenobiotic solvents, creosotes, coal tar, and hydrocarbon fuels (Parvizpour et al., 

2013). Bacteria, in particular, comprise a group of metabolically and environmentally 

diverse organisms that play a vital role in many significant ecological processes (Paul, 

2014). The divergence of bacteria from the earliest anaerobes into a metabolically and 

environmentally diverse group of organisms means that they universally thrive in nature, 

including in environments that are contaminated or unsuitable for eukaryotic life (Brock, 

1969). Aerobes have been mostly investigated for bioremediation processes; however, 

many contaminants end up in anoxic environments such as sediments, soils and 

groundwaters. Therefore, it is likely that anaerobic bacteria play a key role in the 

degradation of organic compounds in natural environments. Under anoxic conditions, 

many bacteria are able to oxidise organic compounds, such as sugars, hydrocarbons or 

even halogenated compounds, either as an energy-generating mechanism or in a 

metabolically independent process. Anaerobes oxidise organic compounds generally 

linked to a non-oxygen terminal electron acceptor, which can be one of a variety of 

inorganics such as sulfate, metals, or organics such as halogenated compounds. The use 

of halogenated compounds as terminal electron acceptors is a metabolic process that 

offers an insight into the movement of chlorinated aliphatic compounds within 

ecosystems and their microbial impact (White et al., 1997). 

Halogenated aliphatic compounds are one of the most important groups of xenobiotics, 

and are often introduced into the environment as pesticides, herbicides and insecticides. 

The widespread manufacture of chloroaliphatic compounds has resulted in extensive 

pollution of industrial environments and groundwater  (Fliermans and Balkwill, 1989; 

Sihag et al., 2014). The chlorinated aliphatic compounds, 3-chloropropionic acid and 2, 

2-dichloropropionic acid, are common herbicides and precursors in pharmaceutical 

manufacture and are responsible for significant contamination of soils and waters (Jing et 
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al., 2008).  In particular, 3-chloropropionic acid (3-CP) is categorised as chlorinated 

monocarboxylic acid or β-chlorosubstituted haloalkanoate. This compound is toxic, an 

irritant and is potentially carcinogenic. The current study will investigate microorganisms 

such as bacteria and fungi which are capable of degrading 3-CP. At present there are no 

reports of bioremediation processes being used to treat 3-CP contamination. 

 

1.2    Problem statement 

The common usage of chloroaliphatic hydrocarbon compounds in industry and as 

herbicides has resulted in wide pollution of the environment, water and ground water. 

The expansion of agricultural areas, crop production, and subsequent use of pesticides 

and herbicides results in the liberation of high concentrations of the xenobiotic 

compounds that pollute the environment. The major environmental pollutants, namely the 

xenobiotic halogenated compounds such as β-substituted chloroalkanoic acids, are 

weakly degradable chemicals. Presently, the tendency of such environmentally hazardous 

compounds towards bioaccumulation is harmful to human health and hygiene (Birnbaum 

and Fenton, 2003; Li, 2006; Qing Li et al., 2006; Hayes et al., 2006) and also, their 

intractability remains a global concern. Consequently, dedicated efforts are needed to 

develop safe, economic and effective strategies to eliminate such toxic substances from 

the environment. 

Many of these compounds degrade very slowly naturally in the environment. Several 

studies have shown that aerobic bacteria and fungi can degrade chlorinated aliphatic 

compounds such as 3-CP (Huyop, 2008; Hamid et al., 2010; Parvizpour et al., 2013). 

However, detailed understanding of degradation pathways and the physiology of the 

bacteria involved remains largely unknown. Also, nothing is known about the possibility 

of degradation by anaerobic respiratory processes or the interactions between bacteria in 

communities during degradation. This is important because many contaminated 

materials, for example ground water, are likely to be anaerobic and inhabited by 

communities of bacteria. Whole genome sequencing (WGS) is used to provide an inmost 

understanding of bacteria, and to gain insights into the link between physiological and 

genomic properties of organisms. Genome sequencing allowed the dehalogenases in the 

bacteria to be investigated further. Bacteria that possess dehalogenases  may be essential 

to the bioremediation of an environment contaminated with various halogenated 
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compounds (Jugder et al., 2016).  Dehalogenases were detected in the curent study are 

haloalkane dehalogenases or haloacid dehalogenases. The haloacid dehalogenases were 

particularly significant as they were more likely to catalyse dehalogenation of 3-CP 

(Hamid et al., 2013). 

1.3 Halogenated organic compounds 

Halogenated organic compounds constitute one of the largest groups of environmental 

and industrial chemicals. The production of new halogenated organic compounds 

increased throughout the last century. Although organohalide compounds are typically 

considered to be anthropogenic industrial compounds, there are also abundant natural 

biogenic and geogenic organohalides. Halogenated organics consist of a wide range of 

compounds containing one or more halogen atoms linked to a carbon backbone.  The 

structure and relationships between the atoms are important in the biological activity of 

the compound and in the potential for reactions to occur, such as in biodegradation 

(Commandeur and Parsons, 1994). The number of halogen atoms and their position in the 

organic carbon chain may be a crucial factor regarding how certain halogenated 

compounds are resistant.   

Generally, halogenated compounds are divided into two main groups: halogenated 

aliphatic and halogenated aromatic compounds. Aromatic halogen groups are far less 

reactive than aliphatic halogen groups, which can exhibit considerable chemical 

reactivity.  The most common halogen substitutions are the fluorine and chlorine groups. 

Numerous studies have reported degradation of halogenated compounds by a variety of 

microorganisms (Janssen et al., 1985; Slater et al., 1997; Satpathy et al., 2017; Jugder et 

al., 2016).  Generally, the greater the number of halogens per organic molecule, the more 

difficult the degradation (Commandeur and Parsons, 1994). Halogenated compounds as 

contaminants can also be accompanied by other contaminants such as hydrocarbons, 

which can complicate degradation. 

Halogenated organic compounds are commonly encountered in everyday life. They are 

used in a wide range of industries as solvents, pesticides, herbicides and pharmaceutical 

precursors (Huang et al., 2014). As a result, these compounds are often common 

environmental contaminants.  Over 3,800 natural organohalides have been identified in 

the environment (Gribble, 2003). Haloaliphatic compounds are the most commonly used 
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group of halogenated compounds and have been applied in agriculture as herbicides and 

pesticides, and in other industries, for many years.  

Environmental contamination by these compounds can be harmful to animals and humans 

because of their toxicity and carcinogenicity (Song et al., 2003). Heavy industrial and 

agricultural activities consume many halogenated aliphatic compounds, which are 

constantly discharged as pollutants into the environment (Jing et al., 2008). Many of the 

hazardous halogenated aliphatic compounds released from industrial, commercial, and 

agricultural sources are chlorinated or brominated alkane and alkene derivatives that have 

one to three carbon atoms; for example, chlorinated alkanoic acids, ethylene dibromide 

and trichloroethane. Their apparent hazard to human health has encouraged investigations 

concerning their effect and fate in subsurface waters and soils (Chaudhry and 

Chapalamadugu, 1991).  

 

 

1.4 Environmental contamination  

1.4.1 Haloaliphatic compounds  

In both natural and synthetic chemicals, organic halogen compounds are the foremost 

categories of bioactive compounds found in herbicides. Halo-aliphatic compounds, e.g., 

3-CP and trichloroacetic acid, are generally used as herbicides (Guo et al., 2012). Other 

types of haloalkanoic acids found in herbicides include polychlorinated phenols, 

polychlorinated biphenyls (PCBs), chlorinated benzoates and other insecticides (e.g., 

methoxychlor, aldrin and dichlorodiphenyltrichloroethane (DDT)). These are compounds 

often found as environmental pollutants (Ritter and Scarborough, 1995). Aside from the 

synthetically produced β-haloalkanoic acids or halogenated compounds, naturally 

occurring ones are also very common. Over the years, more than 2,000 halo-organic 

compounds have been listed as naturally produced halogenated substances (Gribble, 

1994), liberated into the biosphere by diverse marine organisms, higher plants and insects, 

ferns, fungi, bacteria, and mammals. Table 1.1 summarises the commonly used chloro-

halogenated compounds used in pesticides and herbicides in the agricultural sector. 
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The environmental issues with 3-CP are not only its toxicity but also its solubility and 

mobility in water, which means that contamination of groundwater can result from 

excessive use or spillage (Ahmadi et al., 2017). The chemical is categorised as toxic, 

highly oxidising, and corrosive. Toxicity is associated with causing severe damage and 

burns to the digestive tract. In addition, it can cause severe irritation to the respiratory 

tract, resulting in a sore throat, coughing, shortness of breath, and delayed lung oedema 

which is specifically related to exposure to 3-CP. Finally, skin and eye burns and other 

harmful effects of this chemical substrate have been reported as well. 

 

1.4.3   Impact of pesticide and herbicide contamination on environment and 

human health  

Pesticides are extensively used throughout the entire agriculture sector and concomitant 

with their usage is the pollution of the environment through agricultural run-offs viz. 

through irrigation, rain, groundwater movement, and storm water that can flow into water 

bodies and pollute sources of potable water. Worryingly, the highly toxic haloalkanoic 

acids from herbicides have high tendencies to bio-accumulate into the food chain and 

make their way into the bodies of higher mammals including humans (Lewis et al., 2008). 

There have been numerous reports of herbicides used for cultivation to control weeds 

being accumulated in the soil, in water bodies and eventually into the ecosystem, thereby 

harming aquatic life and plants (Farrington and Takada, 2014; Thomas et al., 2012).  

The widespread contamination of the environment is a matter of serious global concern 

because food sources largely depend on marine environments (Duarte et al., 2009). The 

omnipresence of such environmental pollutants (chloroaromatic, β-haloalkanoic acids 

and chloroethanes) is mainly due to the appearance of incomplete pathways and random 

accumulation of toxic intermediates (Hardman, 1991). Crucially, pollution of such 

ecosystems with man-made effluents enhances the risk of food contamination (Chua et 

al., 2014). It has been observed that food tainted with pesticides may cause children to 

suffer neurodevelopmental problems (Damalas and Eleftherohorinos, 2011).  
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1.5 Biodegradation of halogenated organic compounds 

1.5.1 Requirements for biodegradation 

There are an array of microbial enzyme systems that influence the cleavage of carbon-

halogen bonds. Such systems allow the microorganism to metabolise and use the 

halogenated compounds as carbon sources for their growth or as alternative electron 

acceptors. The general requirements for successful biodegradation/utilisation of 

halogenated compounds are described in the following sections. 

i. Accessibility of a compound to microorganisms  

Certain organic compounds are sometimes not immediately available for utilisation by 

microorganisms. This is because such compounds are adsorbed to a particulate matter in 

the soil (e.g., clays) and form stable chemical complexes resistant to microbial attack. 

Similar observations have been reported for other chemical complexes (Copley, 1998). 

ii. Entry of a compound into microorganism  

Most microorganisms evolve specific transport mechanisms to allow the entry of 

naturally occurring compounds into their cells. However, it is most likely that 

microorganisms are unable to uptake certain unnatural halogenated molecules produced 

by human activities. The uptake machinery in these microbes is not well equipped to carry 

out transportation of unnatural compounds into the cells. When a compatible uptake 

mechanism is not present in the microbe, such compounds become resistant to biological 

attack (Copley, 1998). 

iii. Induction of catabolic enzymes  

The presence of a particular compound must induce the synthesis of specialised enzymes 

within the cells of the microorganisms. Such induction is crucial to enable the 

biodegradation/utilisation of the very compound that triggered the production of the 

enzymes (Copley, 1998). However in many cases, 3-CP in herbicides is not readily 

utilised as substrates for microbial growth; hence the compound can become recalcitrant. 

The chlorine atom in 3-CP is too far removed or different from the structure of the natural 

substrates that the catabolic pathways of the microorganisms are accustomed to. This 

subsequently reduces the rate of substrate utilisation/conversion, and slows the 

metabolism of 3-CP (Hughes, 1988). 
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iv. Suitable environmental conditions  

According to Alexander (1981), environmental factors are a key influence on the rate and 

extent of halogenated compound degradation, especially haloalkanoic acids. To date, 

there are three primary biodegradative mechanisms reported for β-haloalkanoic acid 

compounds. The first mechanism involves the complete breakdown of an organic 

compound into an inorganic state, which is converted into the carbon-skeleton of 

intermediary metabolites and CO2. The second mechanism involves the partial 

degradation of halogenated compounds 

The third mechanism involves a co-metabolism that alters the structure of a chemical, 

without the microorganism deriving energy from the catabolism (Alexander, 1981; Baggi 

et al., 2005). The population of microorganisms involved in co-metabolism is assumed to 

grow on another substrate while performing the transformation. The mechanism via co-

metabolism of halo-organic compounds does not lead to their complete mineralisation 

into inorganic halide, CO2 and H2O, but helps to reduce the toxicity of halo-organics in 

the environment. It is notable to highlight here that co-metabolism is responsible for the 

degradation of several pesticides which do not sustain microbial growth (Alexander, 

1981). 

There are several studies on co-metabolism and degradation of compounds such as 1, 1,1-

trichloro-2, 2-bis(p-chlorophenyl) ethane (DDT) and related molecules (Aislabie et al., 

1997). Although complete mineralisation does not occur, the toxic effect of the insecticide 

in the environment is reduced. Thus, establishing a physiological explanation is quite 

significant considering several synthetic chemicals that are apparently metabolised. The 

most likely hypothesis is related to enzyme specificity. Many enzymes present in the cells 

microbes catalyse a myriad of reactions, especially those involving various chemically 

related substrates and enzymes with broad substrate specificities. It is pertinent to indicate 

that products which are formed from such chemically related compounds are 

accumulated, preventing further mineralisation and generation of energy for microbial 

growth. This suggests that the toxicity of the haloalkanoic acid compounds can be 

somewhat reduced by co-metabolism but not eliminated (Aráoz and Viale, 2004). 

Bioremediation is an applied biodegradation process which occurs via bacterial 

biogeochemical processes, preferably in situ. It exploits the ability of microorganisms to 

reduce the concentration and/or toxicity of a large number of pollutants. The approach of 

bioremediation has been described as economical, versatile, environmentally friendly and 
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constitutes an efficient treatment strategy for environmental restoration. The technique 

exploits the microbial capability to analyse and/or detoxify chemical compounds such as 

petroleum products, industrial solvents, aliphatic and aromatic hydrocarbons (such as 

polycyclic aromatic hydrocarbons and polychlorinated biphenyls), pesticides and their 

metabolites, and metals. The presence of various bacterial species in nature allows the 

search for effective degradation microbial agents to degrade and neutralise several 

chemical pollutants from the environment (Singh and Walker, 2006).  

v. Appropriate chemical structure  

The determination of the correlation between the molecular structure and biological 

activity of a reaction is significant. The three-dimensional configuration of the molecule 

itself, the position of the halogen attached and the numbers of halogen groups present in 

an organic carbon chain, are decisive factors in the effectiveness of degradation by 

microorganisms. Although many halogenated compounds are shown to be degradable by 

various microorganisms (Janssen et al., 1989; Slater et al., 1995), others are resistant to 

biological attack (Janssen et al., 1989). 

The degree of the recalcitrance of halogenated compounds corresponds to the number, 

kind, and position of the halogen substituents. The carbon-halogen bond is often 

considered to be a more recalcitrant (a strong bond preventing an attack) compound with 

increased electronegativity of the substituent. This implies that the compound with 

fluorine as substituent is often more recalcitrant compared to a compound possessing 

bromine as its substituent. Halogenated substances with one or few substituents are 

thought to be more readily degradable than polyhalogenated compounds, which often 

cause stearic hindrance (Fetzner and Lingens, 1994; Wade Jr., 2009). Generally, the 

higher the number of halogens per organic molecule the more difficult the degradation by 

microbes, either alone or in ensemble as part of a microbial community (Commandeur 

and Parsons, 1990). 

Another factor that affects degradation of halogenated compounds microorganisms is the 

acidic properties of the compound itself. This is associated with the halogen which is 

bound to the parent molecule, such as a carboxylic group. If the halogen substituent is 

situated further away from the –COOH group, the acid is weaker, as shown in Table 1.3.  
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atom from the halogenated aliphatic compounds via enzymes known as dehalogenases 

(which will be discussed later). However, this ability is limited by the number of halogen 

atoms and the structure of the compound (Huang, 2014).  

In general, the larger the number of halogens per organic molecule, the more difficult it 

is to show degradation and find microbes capable of dehalogenating the compound, either 

alone or in consortia as part of a microbial community (Commandeur and Parsons, 1994). 

Figure 1.2 shows several chlorinated aliphatic compounds and how likely they are to be 

degraded by microorganisms. The more chlorine atoms and more stable the compound, 

the less likely it is that microbial degradation will occur. Hence, many of these 

compounds persist in the environment.  For those that are more biodegradable, 

microorganisms have metabolic pathways to metabolise these xenobiotic compounds 

(Huyop, 2008). 

  

 

Figure 1.2: Biodegradability of a number of chlorinated aliphatic compounds (from highly possible to impossible) 
(Commandeur and Parsons, 1994) 
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Since the first report by Penfold (1913), many investigations into the biodegradation of 

chlorinated compounds have been carried out. The most common approach has been to 

enrich for the degraders in the presence of chlorinated compounds (Kerr and Marchesi, 

2006). Several significant degraders of chloroaliphatic compounds, Xanthobacter 

autotrophicus strain GJ10 and Pseudomonas putida strain PP3, have been isolated by 

enriching the cultures using chlorinated hydrocarbon compounds (Kerr and Marchesi, 

2006). Historically, most research has focused on the selection and isolation of microbes 

or microbial communities, which grow on halogenated compounds under aerobic 

conditions. Commonly encountered microbes, such as Pseudomonas, Alcaligenes, 

Arthrobacter, Rhodococcus, Hyphomicrobium, have the metabolic ability to degrade a 

wide range of halogenated compounds (Slater et al., 1995; Hamid et al., 2010). 

Fortunately, these microorganisms have shown high adaptability to various toxic 

substances, which are often present in contaminated sites, and so help in slowly reducing 

these substances naturally (Timmis and Pieper, 1999).  

The vast majority of studies have looked at oxidative degradation, since aerobic culture 

methods are relatively simple compared to anaerobic culture methods. Also, aerobic 

methods are considered the most efficient and energetically favourable (Chaudhry and 

Chapalamadugu, 1991). As many chlorinated compounds are even difficult to degrade 

aerobically, most attempts at anaerobic degradation have been unsuccessful. Widdel et 

al. (2010) achieved some success when using several chlorinated compounds as electron 

acceptors in anaerobic respiration processes. However, the rates and extent of degradation 

have been far inferior to aerobic processes. 

Some of the chlorinated compounds and the bacteria capable of degrading them are listed 

in Table 1.6. A diverse variety of microorganisms particularly from soil and marine 

environments participate in biodegradation reactions (Chaudhry and Chapalamadugu, 

1991).  

Many chloroaliphatic compounds can serve as substrates and sole sources of carbon and 

energy to support the growth of aerobic bacteria. As mentioned, the scale of resistance of 

chlorinated aliphatic compounds to aerobic degradation normally increases with 

increasing numbers of chlorine substitutions and position of substitution. Efforts to isolate 

organisms that grow on compounds with three or more halide groups, such as 

trichloroethene, tetrachloroethene, chloroform and 1,1,1-trichloroethane, have been 

largely unsuccessful (Reineke, 2001). Moreover, additional interest was generated in this 
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Many dehalogenase-producing microorganisms have the capability to utilise halogenated 

aliphatic compounds as a sole source of their carbon and energy. Studies conducted on 

the degradation of chloroaliphatics have been performed using cultures growing on 

hydroxylated or carboxylated chloroaliphatics. These include microorganisms arising on 

2-chloroethanol, chloroallyl alcohols, epichlorohydrin, 2-chlorocarboxylic acids, 3-

chloroacrylic acid, and different chloropropanols. Microorganisms which are able to 

degrade 2-chlorocarboxylic acids can easily be isolated from soil and used as hydrolytic 

dehalogenases (Reineke, 2001). Through the process of hydrolytic–dehalogenation of 

chloroaliphatic compounds, the chlorine substituent, which is frequently responsible for 

the toxic and xenobiotic characters of the compounds, is substituted with a hydroxyl 

group originating from a water molecule under aerobic conditions (Song et al., 2003).  

For example, the degradation of monochloroacetic acid is stimulated with 2-haloacid 

dehalogenases, which can hydrolytically break down the carbon–chloride bond of 

chloroacetic acid to yield glycolic acid (Field and Sierra-Alvarez, 2004; Little and 

Williams, 1971). Ellis et al. (2001) also reported glycolic acid as an intermediate during 

the degradation of chloro- and fluoroaliphatic acids. 

The significance of, and increased interest in, dehalogenases and chlorocarboxylic acids 

arose with studies of herbicide degradation by bacteria (Kerr and Marchesi, 2006). All 

earlier studies concerning bacterial degradation of haloacids focused on saturated α-

halogenated acids. A study by Mesri et al. (2009) demonstrated the importance of halogen 

substituent position in determining the susceptibility of a halogenated compound to be 

degraded by microorganisms. Here, the dehalogenase of Pseudomonas sp. B6P isolated 

from paddy soil was found to be specific for beta-substituted aliphatic acid, hence the 

interest in 3-CP degradation, herbicide and -substituted chlorocarboxylic acid (Hamid 

et al., 2011a). 

In the earliest studies of degradation of β-halocarboxylic acids, Bollag and Alexander 

(1971) isolated a strain of Micrococcus denitrificans able to use 3-CP as sole carbon and 

energy sources from soil enrichment.  Bacterial suspensions derived from cultures grown 

in a medium containing 3-CP readily metabolised this compound without a lag phase. 

Yokota et al. (1986) subsequently described several bacterial species isolated using a soil 

enrichment technique that was able to degrade β-chlorinated compound as a sole source 

of carbon and energy.  The organisms were identified as Corynebacteria species. When 

tested, the cell-free extracts of the Corynebacteria strains did not liberate chloride ions 
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from 3-CP, although resting cells grown in 1-chlorobutane were informed to dechlorinate 

3-CP. Jing et al. (2008) characterised the dehalogenase of Rhodococcus in cell-free 

extracts when grown on 3-CP.  In contrast to many other isolates, an Alcaligenes sp. was 

able to utilise  α-chlorinated aliphatic acids (2-chlorobutyrate, 2-chloropropionate) as well 

as the β-chlorinated four carbon aliphatic acids (trans-3-chlorocrotonate, cis-3-

chlorocrotonate, and 3-chlorobutyrate) as the sole sources of carbon and energy, which 

suggested several dehalogenases or a multi-functional dehalogenase. However, 3-CP was 

demonstrated not to be a substrate for the growth of this bacterium (Kohler-Staub and 

Kohler, 1989). Further, the proposed pathways for catabolism of trans-3-chlorocrotonate 

and 3-chlorobutyrate by the Alcaligenes strain showed that the dechlorination of β-

chlorinated four-carbon fatty acids relied on a prior reaction of the aliphatic acids with 

CoA, which led to results in the formation of the corresponding CoA esters. This 

esterification led to the removal of the chlorine substitute, allowing the four-carbon acids 

to be further catabolised using a β-oxidation pathway.  

In the last few decades, research on microbial degradation of halogenated aliphatic 

compounds has increased exponentially. Most of the research fundamentally described 

the aerobic and anaerobic bacteria assisted degradation of various haloalkanes, α-

haloalkanoic acids and aromatic halogenated compounds. A majority of the studies were 

focused on bacterial degradation of haloalkanoic acids, particularly on saturated α-

haloalkanoic acids especially 2,2 DCP, and far fewer reports on β-halogenated acids such 

as 3-CP. As such, very few studies so far have been carried out to isolate 3-CP degrading 

bacteria. The only studies on dehalogenases from full genome sequences have been on 

the β-haloalkanoic acid dehalogenase DehWh2 in a Bacillus cereus strain KU721999 

(Muslem, 2017), and dehalogenase Deh4a and permease Deh4p genes in the haloacid–

degrading Burkholderia caribensis strain MBA4. Table 1.8 summarises the works carried 

out analysing 3-CP bacteria degradation (Pan et al., 2015). 
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they can be divided into the following five mechanistic groups in terms of their 

biochemistry properties: 

Group 1: Dehalogenase in this group are active towards L-isomer of 2-

monochloropropionic acid, yielding D-lactate as a product. These enzymes are insensitive 

to the sulfhydryl-blocking agent owing to their simple displacement of halide by –OH 

ion. The carboxyl group of enzyme acts as a nucleophile to displace the halide, with the 

subsequence hydrolysis of the ester (Goldman et al., 1968).  

Group 2: These enzymes remain unaffected by sulfhydryl-blocking agents and catalyse 

halide hydrolysis with inverted product configuration. Moreover, these enzymes are 

active toward both L-2-monochloropropionic acid and D-2-monochloropropionic acid. 

Senior et al. (1976) isolated Pseudomonas putida PP3 from a microbial community 

growing on the herbicide Dalapon (2,2-DCP). It was shown to produce two completely 

different halidohydrolases in terms of their reaction mechanism. Furthermore, the DehII 

from P. putida PP3 produced L- and D-lactate from D- and L-2-monochloropropionic 

acid, respectively. 

Group 3: The fraction I enzyme (DehI) from P. putida PP3 belongs to this group. This 

also uses both D- and L-2-chloropropionic acid as a substrate. However, the product of 

the reaction retains the same optical configuration as the substrate. DehI is more sensitive 

to sulfhydryl-blocking agents than DehII (Weightman et al., 1982).  

Group 4: Rhizobium sp. comprising of three 2-haloacid halidohydrolases belongs to this 

category (Allison et al., 1983; Leigh et al., 1988). The HIlI or HadD dehalogenase 

specifies a unique type of 2-haloacid halidohydrolase. This is active only towards the D-

isomer of 2-monochloropropionic acid where the reaction results in inversion of product 

configuration. 

Group 5: Enzymes with elevated activity toward trichloroacetate catalyse completely. 

The hydrolytic dechlorination of this substrate belongs to this group (Hardman, 1991).  

Subsequently, Slater et al. (1995) proposed a different classification system based on the 

substrate specificity of the dehalogenase. Since then, Hill et al. (1999) suggested 

categorisation on the nucleotide sequences and  recommended that conserved nucleotide 

regions among dehalogenases are better used as the guideline rather than substrate 

specificity (Nardi-Dei et al., 1999). 

Hill et al. (1999) systematically categorised various dehalogenase depending on the 

comparison of sequence conserved residue reported by Janssen et al. (1994) and Nardi-
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Dei et al. (1999) as displayed in Figure 1.3. These dehalogenases are assembled into two 

groups (Group I and Group II). Group I dehalogenase are able to dehalogenate D-2-

monochloropropionic acid, whereas Group II dehalogenases lack this activity (Janssen et 

al., 1994). In terms of DNA or deduced amino acid sequence, Group I dehalogenases do 

not share any features similar to Group II. Using the information of conserved residues 

reported by Janssen et al. (1994) and Nardi-Dei et al. (1999), Hill et al. (1999) designed 

degenerative primers for amplifying the active cryptic or silent enzymes. Dehalogenase 

genes deh are found particularly in a range of Proteobacteria (Hill et al., 1999). 
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Figure 1.3: Part of alignment of deduced amino acid sequences of the Group I deh proteins (Hill et al., 1999). The 
conserved residues are underlined and in bold (Nardi-Dei et al., 1997). The conserved amino acid motif (YGNPKY) is 
shown in boldface. The designed Group I dehalogenase gene PCR priming sites (only dehIforI and dehIrev1) are shaded. 

 

Dehalogenase enzymes are further categorised into three basic groups, namely hydrolytic 

dehalogenase, halo alcohol dehalogenase, and co-factor dependent dehalogenase (Slater 
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Overall, studies have been reported by Lee et al. (1998), Ferguson and Pietari (2000), and 

Yang and Zeyer, (2003) where microbial dehalogenation processes occur under anoxic 

conditions. The only study of non-aerobic degradation of 3-CP was by Mcgrath and 

Harfoot (1997) who demonstrated that 3-CP could be degraded under anoxic conditions 

by a group of phototrophic organisms from the purple nonsulfur bacteria group.  Under 

illumination, strains from the genera Rhodospirillum and Rhodopseudomonas were 

shown to grow phototrophically on chlorinated and brominated acetic and propionic acids 

by the reductive removal of the halogens and subsequent utilisation of the acids for 

growth. However, bacteria have slow growth rates, with generation times of between 36 

and 72 hours when growing on 2mM of these substrates. 

 

1.6.3 Degradation pathways 

Huyop (2008) proposed a hydrolytic dehalogenation from Rhodococcus sp for 3-CP, 

conducted by a Group II dehalogenase enzyme. Through the process of nucleophilic 

substitution, the hydroxide ion is obtained from water and attacks the electrophilic carbon 

atom linked to the chloride group. The electron pairs from the electron-rich nucleophile 

transfer to the electron-poor carbon atom of the electrophile. As carbon has the ability to 

accommodate only eight electrons in its valence shell, the carbon–chlorine bond needs to 

start breaking while the carbon-oxygen bond begins to establish. The chloride ion moves 

with the pair of electrons that once bonded it to the carbon atom. Further, the removal of 

chloride from 3-CP may be possible and can be catalysed by an enzyme system involved 

in the β-oxidation of fatty acids (Yokota et al., 1986). Hence, it will lead to forming α, β-

unsaturated acids, which are also defined as acrylic acids. The formation of acrylic acid 

is shown in Figure 1.4.  
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Figure.1.4: The formation of acrylic acid from 3-CP, a possible intermediate in degradation 

 

Satpathy et al. (2017) subsequently predicted the degradation pathway of 3-CP in aerobic 

conditions by UMBRA pathway prediction facility (http://eawag-bbd.ethz.ch/predict/), 

which is demonstrated in Figure 1.5. The thin arrow shows the neutral preference of the 

aerobic mode of reaction and the thick arrow shows the most likely aerobic reaction. Four 

basic possible pathways are available for 3-CP degradation observed from the above 

predicted result. One of the pathways is simple substitution of the hydroxyl group to the 

chloride position (1 → 2). The other possible pathways are (i) 1 → 3 → 4 → 7, (ii) 1 → 

3 → 5 → 4 → 6 to 10, and (iii) 1 → 3 → 4 → 6 to 10. Techniques such as HPLC, IC 

analysis and halide assay may confirm the pathway degradation products, whole genome 

sequences can indicate the genes responsible for degradation, and testing of the 

metabolism of different intermediates can all be used to predicted the pathway as in 

Figure 1.5.  However, the 3-CP degradation will be highly dependent on three main 

variables that can alter and control the pathways: these are the electron donors, the pH, 

and temperature  (Satpathy et al., 2017). 
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Figure 1.5: Biodegradation metabolic pathway of 3-CP obtained from http://eawag-bbd.ethz.ch/predict (Satpathy et 
al., 2017) 

 

 

1.6.4 Factors affecting degradation 

The effectiveness of degradation by microbes depends on many factors. As mentioned 

previously, key factors are the particular halogenated compound types and structures. 

However, there are also other physico-chemical and biological factors that are vitally 

important, as shown in Figure 1.6 (Satpathy et al., 2015). Obviously the presence of 

degrading populations or individuals that possess the physiological and genetic capability 

of dehalogenation and metabolism of target compounds is fundamental for degradation 
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compound as their electron acceptor and the available substrates as electron donors, 

instead of oxygen. 

 

 

1.7 Project outline 

1.7.1 Project description 

This project was divided into two stages. First, it focused on the isolation and 

identification of microorganisms able to degrade 3-CP from several environments. 

Degradation was quantitated and degradation pathways were investigated. Genes 

involved in 3-CP degradation were targeted in the whole genome sequences of bacteria. 

Bacteria were isolated from the soil found at environments around several industrial areas, 

including Oxley Creek sediments, Caltex oil refinery soil, and herbicide-treated 

agricultural soils. The genomes of the bacteria degrading 3-CP most rapidly were 

sequenced and analysed. Fungi were isolated from Toohey Forest (dead wood), adjacent 

to the Griffith University Nathan campus, Queensland, Australia. The 3-CP was used as 

the sole source of carbon in enrichment cultures. Fungi and bacteria were identified using 

phylogenetic analyses. 

The second stage of the project was to simulate contamination of soil in microcosm 

studies using naturally occurring microbial consortia or inoculating with known 

(previously isolated) 3-CP degrading isolates. The degradation capacity of the bacteria 

was optimised. With the mixed consortia, changes in the bacterial community profiles 

were tracked using next generation molecular sequencing. Figure 1.7 shows an overview 

of the research project.   
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favouring those bacteria that can tolerate and degrade the contaminant. As a result, a 

stable degrading population of bacteria will be identified using slurry phase soil 

bioreactors. The bacteria from this project will have potential applications in 

bioremediation.  Further, the study aimed to identify fungal isolates that could degrade 3-

CP as the sole source of carbon and energy as a comparison to the bacteria.  

 

1.7.3 Objectives and research aims   

The main aim of this research was to isolate and identify 3-chloropropionic acid 

degrading bacteria individually and in mixed consortia.  To attain this goal, the following 

objectives were therefore considered: 

 To isolate bacteria that were able to use, and grow aerobically on, 3-CP as the sole 

carbon source and electron donor. The use of 3-CP as an electron acceptor in 

anaerobic respiration was also tested. The characteristics of the isolates were 

determined by studying growth profiles, microscopic observation and biochemical 

tests, and by detecting the degradation rates of 3-CP using ion exchange 

chromatography (IC), halide ion assay and HPLC. Rates of degradation and 

dehalogenation of 3-CP were optimised by varying growth conditions. This study also 

clarified the identity and phylogeny of the unknown bacteria by using 16S rRNA gene 

analysis. The whole genomes of the isolates were sequenced and analysed. The 

dehalogenase genes involved in 3-CP degradation were identified. Isolates were 

investigated for pathway intermediates. 

 The degradation capacity of the pure isolates was compared with degradation by 

enriched natural consortia in a bioreactor simulating environmental contamination. 

Under different conditions, microbial communities in mixed consortia were assessed 

over time using molecular diversity profiles.  

 To distinguish and characterise the separated fungus based on their morphological 

shape and 18S/ITS rRNA, genetic sequence analysis was used to monitor the 

degradation ability of the isolated fungus. 

 Bioinformatics programs and databases including Ezbiocloud, MEGA, Galaxy and 

QIIME were used to analyse 16S rRNA and 18S/ITS rRNA genes, whole genomes 

and microbial communities. 
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1.8 Research significance 

The removal of environmental contaminants is of vital importance. The use of bacteria or 

fungi represents a potentially cost effective and natural way of remediating 

contamination. Understanding degradation, the capabilities of bacteria, biochemical 

pathways, and interactions between the bacteria are essential for successful 

bioremediation processes.  This research hopes to provide new knowledge on the safe 

remediation of environmentally hazardous xenobiotic halogenated compounds such as β-

haloalkanoic acids through the use of an exceptional dehalogenase producing bacteria or 

fungi. Furthermore, the properties of the β-haloalkanoic acid dehalogenase will be better 

understood, while production of the 3-CP degradation can be confirmed. Bacteria and 

fungi that can biodegrade 3-CP will be isolated, characterised and identified. The 

microorganisms such as (bacteria and fungi) will potentially reduce the toxicity caused 

by these compounds in the ecosystem. The bacteria will be used in bioreactors simulating 

environmental contamination by 3-CP. Degradation processes will be optimised by 

manipulating bacteria and culture conditions. It is envisaged that a stable bacterium or 

mixture of bacteria will be identified that can be used in bioremediation processes to treat 

herbicide and industrial contamination caused by chlorinated alkanoic acid compounds 

such as 3-CP. 
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Chapter Two: Materials & methods 

 

2.1 Sample site and collection 

2.1.1 Oxley Creek 

Oxley Creek is a tributary of the Brisbane River in South East Queensland. Industrial and 

residential precincts line the banks of the river and over time these have had a harmful 

effect on the creek’s quality. Healthy Waterways, a Queensland-based group that screens 

water quality, has given Oxley Creek an ‘inadequate’ grading for several years 

(Nasplezes, 2013). High numbers of pathogenic bacteria have been found in the creek 

over the years, as well an increased level of organic and metal contamination (Ahmed et 

al., 2009). The most likely sources for this contamination are seen in Figure 2.1, and they 

include heavy industrial zones (2.1a), metal management industries (2.1b), residential 

zones (2.1c) and a waste water treatment plant (2.1d). Furthermore, the contamination 

found in Oxley Creek is not uncommon around the globe; effluent from industrial and 

residential activities is often the root source (Williams et al., 2013). This contamination 

can either take place through negligence and incorrect business activities or via natural 

disasters such as flooding, which can wash loose or poorly stored contaminates into the 

waterway.  
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Figure 2.1: Overhead images of Oxley Creek: a) industrial site, b) pollution management, c) residential, and d) 
wastewater treatment plant. 

Oxley Creek was chosen for the collection of samples due to the prevalence of industry 

and commercial businesses that operate along the banks, all of which contribute metal 

and industrial organic wastes to the creek. Three sites were chosen for water and sediment 

samples. Water samples were taken at one hour either side of low tide. Fast flowing water 

was collected from the middle of the creek, and slower flowing water from near the banks. 

Sediments samples were taken from next to the waterline at low tide using a sediment-

coring device. All samples were transferred to sterile specimen containers, labelled and 

stored at 4oC until required.  

 

Figure 2.2 is a visual representation of the locations chosen for sampling. Site one is at 

the mouth of the creek as it connects to the Brisbane River. Site two is downstream of site 

one, residential estates, and directly opposite a light industrial sector. Site three is further 

downstream and is directly across from the Oxley wastewater treatment plant.  
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2.1.2 Caltex oil refinery 

Soil samples were collected from a bioremediation unit set up in the Caltex Oil Refinery 

in Lytton, Queensland, Australia. The bioremediation plant was treating waste oil and 

sludges. Figure 2.3 shows the location of the refinery and sample collection site. The 

Caltex oil sample was collected transferred to sterile containers and stored in the 

laboratory at 4oC until use. 

Figure 2.2: Watershed area and sample sites of Oxley Creek. Site 1: Mouth of the creek connection to Brisbane River. Site 
2: downstream of residential area and next to light industrial sector. Site 3: directly across from Oxley wastewater 
treatment plant.   
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Figure 2.3: Location of the Caltex Oil Refinery in Lytton, Queensland, Australia 

 

2.1.3 Toohey Forest 
 

Toohey Forest is a 260 hectare park located 10 km south of the Brisbane CBD and 

adjacent to the Griffith University Nathan campus, Queensland. There are many native 

plants and trees in the forest that have been previously exposed to herbicides, along with 

much plant debris. Different types of fungi samples were collected from dead wood. 

Fungal biomass samples were transferred into sterile containers and stored in the 

laboratory at 4oC until use. Figure 2.4 shows the different samples of the fungi. 
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Figure 2.4: The Collection of Samples from Toohey forest (dead wood), adjacent to the Griffith University Nathan 

campus, Queensland, Australia 

 

 

2.2 Media  

2.2.1 Preparation of minimal media  

Minimal media contained essential components suitable for the growth a range of 

microorganisms which use carbon containing compounds as a source of energy and 

carbon, such as bacterial and fungal species (Table 2.1). The medium was formulated for 

haloalkanoic acid-degrading bacteria according to Hareland and colleagues (1975). The 

minimal medium was prepared as two parts (basal salts and trace metals), each in 10 times 

the final medium concentration (Ng & Huyop, 2007). The final 3-CP medium was 

prepared as both liquid and solid. They are described in Tables 2.2 and 2.3. 
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Fungal dead wood samples were streaked directly onto 3-CP agar medium and incubated 

at 30˚C. A fungal growth was monitored for an appropriate time (from 10 to 18 days). 

Fungal colonies were transferred into a fresh solid 3-CP medium and then the observed 

colonies were sub-cultured at least three more times until pure cultures were obtained. 

The isolated fungus was aseptically transferred into PDA or PDB for maintenance and 3-

CP liquid medium for subsequent testing. 

More specific enrichment and isolation details from each sample and microbial type are 

described in chapters 3, 4 & 6.  

 

2.3.1 Aerobic enrichment   

Approximately 250 gram of sample was collected from either Oxley Creek, Caltex oil 

refinery or Toohey Forest. Then a 10 g subsample was added to 250 mL flasks containing 

100 mL of 3-CP medium according to method describe by (Ng and Huyop, 2007). Then 

the culture was incubated on an orbital shaker incubator for five to six days at 30ºC under 

aerobic conditions. After enrichment, microbial isolation followed. 

 

2.3.2 Anaerobic enrichment  

Anaerobic growth was tested by adding 1mL of pure isolated bacteria to 9mL 

deoxygenated 3-CP medium and 0.2mM of 3-CP in hungate tubes and were amended 

with an appropriate electron acceptor. Deoxygenated medium was prepared by boiling 

minimal medium components to remove dissolved oxygen and cooling under a stream of 

nitrogen gas. After autoclaving, 3-CP was added. Cultures were left to incubate on 30ºC 

until growth (if any) was observed (between 7 days up to 14 days).  

 



Ahmad M Hadi       Microbial degradation of 3-chloropropionoc acid 

  

Page | 63  
 

 

Figure 2.5: Purification techniques used to acquire pure cultures from enrichments depicted as a flow chart. 

 

 

2.4 Cell and growth characteristics 

2.4.1 Microscopy and gram staining 

Microbes were distinguished using microscopy and staining techniques. 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 bacteria were examined under the light microscope (Olympus Bx40) with 

the 100x objective lens. Violet-stained cells were considered Gram-positive while pink 

cells were Gram-negative. Fungi were observed after staining under the light microscope 

and using the 40x objective lens. For staining, a small portion of fungal biomass was 
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immersed briefly in lactophenol cotton blue stain, washed with distilled water and placed 

on a microscope slide prior to viewing under the microscope. 

 

2.4.2 Measurement of microbial growth 

Bacterial growth was measured using a Shimadzu UV-2550 spectrophotometer. A single 

bacterial colony or a 1% inoculum of liquid culture was added to 100 mL of 3-CP medium 

in 250 mL erlenmeyer flasks. The flasks were incubated at 30°C at 150 rpm. At 

inoculation and every 48 hours, a 1 mL aliquot was taken aseptically from each culture 

and added to 1 mL cuvette. Absorbance was then read at 600nm. Readings were continued 

up to 14 days or at least until the culture reached stationary phase of growth. Negative 

controls contained no bacterial inoculum and aliquots taken at the same time periods. All 

tests were conducted in duplicate and an average was computed for the results.  

Fungal growth was determined using dry weight measurements according to the 

procedure of Ali et al. (2018). Fungal cultures were established similarly to bacterial 

cultures. Likewise, 1 mL culture aliquots were taken initially and every 48 hours. Firstly, 

filter paper was weighed and the culture aliquots were filtered to removed culture fluids 

from fungal biomass. After separation, the filter paper was placed into oven dried at 80˚C 

for one day then weighed. To measure the biomass of fungal growth, the difference in 

weight of the filter paper with and without fungus biomass was determined. Negative 

controls contained no fungal inoculum and aliquots were taken at the same time periods. 

All tests were conducted in duplicate and an average was computed for the results. 

 

2.4.3 Bacterial growth on Different 3-CP Concentration 

Bacterial growth was monitored in 3-CP medium with amended concentrations of 3-CP 

to determine optimum concentration for growth. Eight flasks of 100 mL of 3-CP medium 

were prepared, each with a different volume of 1M 3-CP stock solution added to give 

final concentrations of either 5, 10, 20, 30, 40, 50 or 100 mM of 3-CP (Table 2.4). A 

control flask contained no 3-CP. A single bacterial colony or a 1% inoculum of liquid 

culture was added to each flask. The flasks were incubated at 30°C at 150 rpm. At 

inoculation and every 24 hours, a 1 mL aliquot was taken aseptically from each culture 

and added to 1 mL cuvette. Absorbance was then read at 600nm using the Shimadzu UV-

2550 spectrophotometer. Readings were continued up to 7 days or at least until the culture 
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2.4.5 Mixed consortia 

The degradation capacity of the pure isolates was compared with degradation by natural 

consortia in microcosms simulating environmental contamination. Consortia were 

prepared by adding 10 g of samples to 90 mL of minimal salts and mixing thoroughly for 

10 minutes. Solids were allowed to settle out and the liquid was used as an inoculum. A 

10% soil (or sediment) and liquid minimal medium (Table 2.1) slurry bioreactor amended 

with 20 mM 3-CP was used for the degradation study. Cultures were incubated at 30°C. 

Sterile soils was prepared by autoclaving at 121°C for 20 minutes. Bacterial numbers 

were determined using plate counts, and 3-CP were analyzed by HPLC at 4-day intervals 

for a 4-week period. Microbial communities were monitored by 16S rRNA diversity 

profiling (section 2.6.2) initially and after 2 and 4 weeks to determine the shift in bacterial 

population towards a degrading consortium. Testing was conducted in triplicate. 

 

 

 

2.5   Degradation of 3-CP 

2.5.1 Degradation studies 

Degradation studies were initiated by inoculation of a well isolated colony of strains or a 

1% (v/v) inoculum of liquid culture into 100 mL medium supplemented with 20 mM 3-

CP and incubating at 30oC on an orbital shaker. Duplicate samples were taken from 

cultures at time 0 and every 2-days for degradation testing and growth measurements. 

Degradation was tested using two methods. 

 

2.5.2 High pressure liquid chromatography (HPLC) analysis  

Degradation capability of the isolates was quantitated using HPLC. HPLC directly 

measures the disappearance of 3-CP. Culture fluids (1 mL aliquots) were filtered through 

0.2 µm filters or centrifuged at 25,000 g for 4 minutes to remove any particulates or cells. 

Purified samples and controls were then run on a Shimadzu 10Avp HPLC system using 

a C18 column and 60:40 ratio of acetonitrile: milliQ water solvent mixture. The 

concentration of 3-CP in culture samples was determined using a standard curve. Varying 
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concentrations of 3-CP were used to construct the standard curve. All testing was 

conducted in triplicate. 

 

 

2.5.3 Ion exchange chromatography (IC) analysis 

Ion exchange chromatography was used to determine chloride release from 3-CP. All 

samples were subject to the same preparation process to ensure continuity for chloride 

release testing. Prior to analysis on the IC system, samples were diluted by a factor of 100 

(e.g. 1 mL sample in 100mL volumetric flask, with MilliQ water used to fill to the line), 

drawn up into a plastic syringe, filtered (using polyethersulfone with prefilter syringe 

filter, 25mm diameter, 0.45um particle size into a sample vial and run on the instrument 

(Anion Exchange Chromatography System). Samples were run on a Dionex ICS-5000 

Ion Exchange Chromatograph with suppressed conductivity detector and using the 

following conditions.  

 Guard column: Dionex IonPac AG19 4mm ID x 50mm. 

 Analytical column: Dionex IonPac AS19 4mm ID x 250mm. 

 Eluent: potassium hydroxide (KOH/OH-). 

 Eluent Program (Mobile phase gradient): starts at 20mM eluent held isocratically for 12 

minutes, from 12 to 13 minutes a linear ramp to 60mM, held at 60mM until 20 minutes, 

from 20 to 21 minutes, decreased linearly from 60mM to 20mM, held isocratically at 

20mM until 23 minutes. 

 Injection volume: 10uL. 

All standards were made up in MilliQ water (conductivity of <0.055 uS/cm). A MilliQ 

blank was run to determine the zero point on the calibration curves (see Appendix C). 

Standards of 1, 10, 25 and 50 ppm 3-CP were run and a standard was curve generated (R2 

= 0.999504 Appendix C). Likewise, chloride standards of 1, 2.5, 5 and 10 ppm were used 

to construct a standards curve (R2 = 0.999701 Appendix C).  IC is extremely reproducible 

and as such for calibration curves only requires one standard of each concentration be 

run. Images provided in later chapters include overlayed chromatograms of each samples 

(to visibly show 3-CP degradation and a chloride release correlation), standards, control 

and some calibration curves for both the 3-CP and chloride.  
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2.6 Molecular techniques 

2.6.1   Ribosomal RNA gene analysis 

2.6.1.1 Extraction of DNA 

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

modification. After successful isolated of bacteria, actively growing cultures (10 mL) 

were transferred to 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 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. 

 

2.6.1.2 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 to 45oC. 0.5μL of SYBR safe™ was 

added and gently swirled thoroughly before pouring the gel into a suitable cast. The gel 

was set to solidify and then transferred to the electrophoresis instrument, submerging the 

gel in 1xTAE buffer. A λHindIII ladder was used as a standard for determining the DNA 

fragment size. 5μL of each DNA sample and ladder were 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 a UV imaging machine 

(Biorad). 
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2.6.1.4 PCR amplification of ITS/18S rRNA 

The ITS/18S rRNA of fungi was first amplified to enable sequencing to be done. DNA 

material of the fungus was extracted using Promega Wizard® Genomic DNA kit. PCR 

amplification of the internal transcribed spacer (ITS) region was done used the following 

forward (5’-3’), TCCGTAGGTGAACCTGCGG, and reverse (5’-3’) 

TCCTCCGCTTATTGATATGC primers (White et al., 1990) (Table 1). Briefly, 12.5µL 

reactions included 1 unit of platinum polymerase (Invitrogen), 1x PCR buffer, 1.5mM 

MgCl2, 200µM dNTPs (Bioline), 200nM of each primer and 5ng of DNA template (Table 

2). The PCR protocol consisted of a denaturing process at 94°C for 2 minutes, followed 

by 35 cycles at 94°C for 30 seconds, 52°C for 30 seconds and 72°C for 60 seconds, then 

a final extension at 72°C for 10 min.  

 

2.6.1.5 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) of bacterial 

products. The procedure was followed same as the one from the manufacturer 

(BIOLINE). Purification of the fungal PCR products was performed using ExoSAP-IT 

express (Applied Biosystems). 

 

2.6.1.6 Sequencing and analysis of the PCR products  

After PCR processing, the products were submitted to either the Griffith University DNA 

Sequencing Facility (GUDSF) or Australian Genome Research Facility (AGRF) for 

sequencing. The Bioedit Sequence Alignment Editor and MEGA X were used to 

construct contigs from the sequence results. Contigs were compared with the sequences 

in BLAST (https://blast.ncbi.nlm.nih.gov) and Ezbiocloud (https://www.ezbiocloud.net) 

databases. The most closely related sequences were downloaded and aligned using 

ClustalW. Phylogenetic trees were constructed with the neighbor-Joining method (Saitou 

and Nei, 1987) using MEGA X (https://www.megasoftware.net/). 
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2.6.2   Community 16S rRNA analysis 

Sediment and water samples were sent to AGRF for 16S rRNA community analysis to 

determine the representative population of bacteria. Community DNA was extracted from 

samples directly and sequencing was conducted using an Illumina MiSeq system 

targeting the V3-V4 region of the 16S rRNA. The forward primer was 341F 

(CCTAYGGGRBGCASCAG) and the reverse primer was 806R 

(GGACTACNNGGGTATCTAAT). The Illumina bcl2fastQ 2.20.0.422 pipeline was 

used to generate the sequence data. After sequencing, the quality of the read data was 

assessed using the FastQC software. Paired-end reads were assembled by aligning the 

forward and reverse reads using PEAR version 0.9.5 (Zhang et al. 2014). Primers were 

identified and trimmed. Trimmed sequences were processed using Quantitative Insights 

into Microbial Ecology (QIIME) version 1.8 (Caporaso et al., 2010), USEARCH version 

8.0.1623 (Edgar 2010) and UPARSE software. Operational Taxonomic Units (OTU) 

were determined using pick_openref_OTU.py script (Edgar 2010) using the greengenes 

Database (Huber et al., 2006) a 97% clustering value was set. Alpha (within sample) 

diversity and beta (between sample) diversity of was determined using QIIME alpha_ 

rarefaction.py and beta_divertity.py respectively. Microbiome taxonomic profile (MTP) 

of sequencing data was conducted using EzBiocloud (Yoon et al. 2017) enabling alpha 

diversity indices to be further evaluated. Bootstrapped tree was generated using QIIME 

script make_boootstrap_tree.py (Price et al., 2010). Bacterial abundance in terms of 

OTUs was shown in pie graphs and Krona charts.  

 

2.6.3 Whole genomic sequencing of isolates 

2.6.3.1 Construction and annotation 

The best two bacterial degraders of 3-CP were selected for whole genome sequencing. 

Figure 2.6 shows the overall processing for whole genome sequencing analysis. High 

molecular weight DNA was extracted from two bacterial isolates using the same 

extraction method described above and sent to AGRF for sequencing on an Illumina 

HiSeq Next Generation Sequencing (NGS) platform. Sequence data quality was assessed 

for quality using PRINSEQ (PReprocessing and INformation of SEQuences: 

http://edwards.sdsu.edu/cgibin/prinseq-/prinseq.cgi) and draft genomes were constructed 

from sequencing data using whole-genome shotgun assembler software: newbler (GS 

assembler), MIRA, and SPAdes (Bankevich et al., 2012, Schmieder & Edwards, 2011). 
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Assembled genomes were annotated using automated genome annotation tools PROKKA 

(Seemann 2014) and RAST (Rapid Annotation Subsystems Technology: 

http://rast.nmpdr.org/) (Overbeek et al., 2014). RAST was also used to assign OTUs to 

major subsystems in the assembled genomes. 

To identify genes related to halogenated aliphatic compound degradation, genomes were 

searched against a manually curated database using various homology search strategies 

(BLAST, HMMER) (McClure et al., 1996, Altschul et al., 1990). Comparative 

phylogenomic analysis was also be conducted on the assembled draft genomes. This 

involved comparing the genomes to their closest phylogenetic neighbours (determined by 

16S rRNA analysis) via their shared homologs (Core genomic analysis) and via non-

shared genes (Pan genomic analysis). This was conducted using ANI (average nucleotide 

identity) comparisons. The EzBiocloud OrthoANIu tool (Lee et al. 2016), a standalone 

average nucleotide identity (ANI) calculator, which uses the improved ANI algorithm 

(OrthoANI) with USEARCH, was used for the comparison and to generate similarity 

matrices. This data helps to discern how the isolates may differ from their closest 

phylogenetic neighbours (same genus/species) from different environments on a genomic 

level.  

Further, regions mapping to the 16S region (n=1) were extracted and aligned to the Silva 

database (Quast et al. 2013) The phylogeny tree was constructed using the 20 closest 

BLAST matches to the 16S region from the NCBI Genbank database in MEGA X. 

Sequences were trimmed to the same size (1283bp) and duplicated organisms were 

removed. The phylogeny tree was designed using the Maximum Likelihood method, with 

1000 bootstrap replicates. 
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Figure 2.6: Genome sequence flow diagram 

 

2.6.3.2 Identifying dehalogenase genes  

Dehalogenase genes were identified using PROKKA and RAST. The genes were 

categorized mainly as haloacid or haloalkane dehalogenases. The nucleotide and amino 

acid sequences were compared with each other and the most closely matching sequences 

in BLAST and EzBioCloud databases. Sequences were downloaded and were aligned in 

MEGA X using ClustalW.  Sequences were trimmed and duplicated organisms were 

removed. Phylogeny trees were constructed using the neighbor-joining algorithm, with 

1000 bootstrap replicates. 
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Chapter Three: 3-chloropropionic acid degrading 

bacteria from Oxley Creek  

 

3.1 Enrichment and isolation of bacteria. 

Soil and sediment samples that were contaminated with a wide range of organic 

compounds were initially screened for bacteria capable of using 3-CP as a sole source of 

carbon for growth. Three samples of approximately 200 g of sediment and 200 mL of 

water were taken from Oxley Creek are shown in Figures 2.1 and 2.2. Enrichments 

containing 10 g of the sample were added to 100 mL of minimal medium (Table 2.2), 

amended with 20 mM 3-CP as a sole source of carbon in 250 mL flasks. The culture was 

then incubated at 30°C under aerobic conditions and on an orbital shaker for five to six 

days. After enrichment, several drops of culture were spread on agar plates (Table 2.3) 

and incubated at 30˚C. After 3 days, individual pure colonies were selected and 

subcultured several times onto agar plates until purified (Appendix B). Bacteria were 

selected for further studies on the basis of the sample site and differing colony 

morphologies. Three isolates were selected and were designated strain O1, O2, and O3. 

The bacterial cultures were stored for the short term at 4oc in tubes and agar plates for 

further study.  

 

3.2 Morphological characteristics  

Colony and cell morphology were determined for strains O1, O2 and O3 on 3-CP minimal 

agar medium (Table 3.1). All three isolates were rod-shaped and stained gram positive. 

After 3 days incubation at 30˚C, colonies were white-cream in colour and were not 

particularly unusual 
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3.4 Degradation of 3-CP 

3.4.1 Aerobic degradation  

As seen in Section 3.3.1, all three isolates grew well with 3-CP as the sole carbon source. 

Here, the concentration of 3-CP was determined as well. Strain O1 grew rapidly after 48 

hours incubation and steadily reduced 3-CP levels over the first 6 days (Figure 3.6). After 

4 days, approximately 50% of 3-CP had been degraded. After 6 days, almost all the 3-

CP3-CP had been degraded, and growth had stopped, with cells starting to decline. No 

reduction in 3-CP occurred in sterile controls over the same time period. 

 

 

Figure 3.6: Time course of 3-CP3-CP degradation by strain O1 showing 3-CP3-CP concentrations in sterile controls 
(grey line) and inoculated culture (orange line), and growth of cells (yellow line). Results are averages of duplicate 
samples with standard errors.  

 

As seen previously, strains O2 and O3 grew more rapidly than strain O1. Consequently, 

strains O2 and O3 utilised 3-CP at a more rapid rate (Figures 3.7 and 3.8, respectively). 

After 4 days, the 3-CP had been reduced by 60% for strain O2 and 70% for strain O3. 

Similarly, there was good growth in cells in the first two days followed by rapid growth 

during the log phase between 2 and 4 days. However, it still took 6 days for almost all of 

the 3-CP to be degraded.  Again, no degradation was observed in sterile controls.  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

5

10

15

20

25

0 2 4 6 8 10

O
D

 (
6

0
0

n
m

)

3
-C

P
 (

m
M

)

Time days









Ahmad M Hadi       Microbial degradation of 3-chloropropionoc acid 

  

85 
 

of 3-CP (2,349 ppm) was slightly reduced to 2,001 ppm after 2 days but by 5 days was 

not detectable. Similarly, chloride increased from 230 to 330 ppm after 2 days and up to 

886 ppm after 5 days. Like strain O2, the 8 day chromatogram was very similar to that of 

5 days. 

 

Figure 3.11:The overlayed ion exchange chromatograms of 20 mM 3-CP degradation in strain O2 sample (showing 3-
CP degradation and a chloride release) at time 0, and after 2 and 5 days incubation. Concentration of 3-CP and 
chloride is shown next to the peak (nd = not detected). 

 

Figure 3.12: The overlayed ion exchange chromatograms of 20 mM 3-CP degradation in strain O3 sample (showing 
3-CP degradation and a chloride release) at time 0, and after 2 and 5 days incubation. Concentration of 3-CP and 
chloride is shown next to the peak (nd = not detected) 
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3.5 Molecular characterisation 

Polymerase chain reaction (PCR) amplification of the small subunit ribosomal RNA 

gene (16S rRNA for bacteria) is the most widely used method for identifying and 

characterising microorganisms, and it is the basis for phylogenetic analysis (Kranz 

and Ishai, 2006; Woese and Fox, 1977). Phylogenetic analysis of the 16S rRNA gene 

sequences was conducted for bacterial strains O1, O2 and O3. A consensus sequence 

of 1,236 bases for strain O1 was obtained and aligned with numerous sequences 

from representatives of the domain Bacteria. Phylogenetic analysis showed that 

strain O1 was aligned within the Bacilli class of the phylum Firmicutes and was 

most closely related to Lysinibacillus fusiformis (99.8% similarity) followed by L. 

sphaericus (98.9%). The phylogenetic tree is shown in Figure 3.13. The evolutionary 

history was inferred using the neighbor-joining method (Tamura et al., 2004).  

 

 

Figure 3.13: A dendrogram showing the phylogenetic placement of strain O1 and the closest relatives. Scale bar 
indicates 1 nucleotide changes per 200 nucleotides 
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Strain O2 had a consensus sequence of 1,096 bases and was aligned with the most closely 

related bacteria (Figure 3.14). Sequencing revealed that strain O2 was a member of the 

phylum Actinobacteria, family Microbacteriaceae and clustered very closely with 

numerous species of Curtobacterium and was a 100% match with both C. luteum and C. 

oceanosedimentum. Phylogenetic analysis of strain O3 is shown in Figure 3.15. Aligning 

the consensus sequence of 1,354 bases revealed that strain O3 was a member of the 

phylum Firmicutes most related to Cytobacillus firmus and Cytobacillus oceanosediminis 

(both 99.3% similarity). 

 

Figure 3.14: A dendrogram showing the phylogenetic placement of strain O2 and the closest relatives. 
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Figure 3.15: A dendrogram showing the phylogenetic placement of strain O3 strain and the closest relatives. 

 

 

3.6 Discussion   

Oxley Creek is a source of many varied bacteria, with most previous studies investigating 

the presence of pathogens in the waters (Ahmed et al., 2009). Over many years, pollution 

from a variety of sources has contaminated Oxley Creek. Various industries including 

chemical manufacturing, metal and automotive, an abattoir and a wastewater treatment 

facility line the Oxley Creek shoreline and this has resulted in mixed run off. While water 

quality has improved in recent years, it is still recognised as being of relatively poor 

quality (Brisbane City Council, 2020; Nasplezes, 2013). Pollutants range from 

hydrocarbons and chlorinated compounds through to metals and bacteria. The current 

study investigated the isolation and identification of bacteria that could degrade 3-CP as 

its sole carbon source. Due to the mixed contamination which included chlorinated 
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compounds, Oxley Creek was used as a source of bacteria. Three 3-CP degrading bacteria 

were successfully isolated from Oxley Creek, Brisbane, Australia, and were designated 

as strains O1, O2, and O3. Analysis of 16S rRNA gene sequences found that strain O1 

shared a sequence identity and characteristics most similar to that of Lysinibacillus 

fusiformis, strain O2 matched with Curtobacterium luteum and Curtobacterium 

oceanosedimentum, and strain O3 most similar to Cytobacillus firmus and Cytobacillus 

oceanosediminis. Strains O1 and O3 analysed a 91.1% and 92.0% completeness of the 

16S rRNA gene, respectively. However, there was only a 75.9% completeness of the 

strain O2 gene indicating that the 100% matched with two species of Curtobacterium 

may not be entirely accurate. The ANI value with both matched species (see Chapter 7) 

gives a more accurate phylogenetic assessment.  

The bacteria grew well aerobically at 30°C in minimal media at a maximum concentration 

of 20 mM 3-CP, however, higher concentrations (50-100mM) were inhibitory.  Strains 

O2 and O3 grew anaerobically at 30oC although, as expected, grew much slower than 

aerobic growth. Degradation was tested using two methods. First by directly measuring 

3-CP removal by HPLC, which revealed that the strains O1, O2, and O3 all effectively 

degraded close to 100% of available 20mM 3-CP after 6 days. The second test measured 

dehalogenation of chloride and release using ion exchange chromatography. The results 

showed that the samples on day zero had a higher concentration of 3-CP and a lower 

concentration of chloride compared to day two, which had a lower 3-CP concentration 

and higher chloride, and after day 5, this was most likely due to the degradation of 3-CP 

moving to completion by this time. This is the first report detailing a Lysinibacillus 

fusiformis, Curtobacterium luteum, and Cytobacillus firmus strains able to utilize 3-CP 

as their sole carbon source with aerobic and/or anaerobic conditions. A few studies have 

reported the degradation of chlorinated compounds by current bacteria such as 

degradation of polycyclic aromatic hydrocarbons (PAHs), such as phenanthrene by 

bacteria strain Lysinibacillus fusiformis (Ifeoluwa et al., 2020), degradation of tetradecane 

by Curtobacterium sp. and producing several monocarboxylic acids using this substrate 

(Mikolasch et al., 2019). Bacillus firmus (since reclassified to Cytobacillus firmus) 

utilises chlorpyrifos as a sole source of carbon and energy (Sabdono, 2008), and 

bioremediation of fipronil by a Bacillus firmus isolate from soil (Mandal et al., 2014). 
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Chapter Four: 3-chloropropionic acid degrading 

bacteria from Caltex Oil Refinery  

 

4.1 Introduction  

Soils, sediments and wastewaters from around oil production and refinery facilities are 

commonly contaminated with a wide range of hydrocarbons, heavy organic and 

halogenated compounds (Xu et al., 2019). Consequently, these environments are a source 

of bacteria that can degrade these and related compounds (Smułek et al., 2019). Caltex 

Oil Refinery in Brisbane had an onsite bioremediation plant treating soils and wastes from 

in and around the facility. Mixed organic contaminants have been successfully treated at 

the plant over a number of years. Active hydrocarbon-degrading bacteria have been 

isolated previously from the plant (Farooqui, 2013), however, no screening for 

halogenated compounds had been undertaken prior to the current study.   

Halogenated aliphatic compounds are one of the most important groups of xenobiotics, 

and are introduced into the environment as pesticides, herbicides and insecticides. The 

chlorinated aliphatic compounds, such as 3-CP, are common herbicides and precursors in 

pharmaceutical manufacture and are responsible for significant contamination of soils 

and waters (Jing et al., 2008).  3-CP is categorised as chlorinated monocarboxylic acid or 

β-chloro substituted haloalkanoate. This compound is toxic, an irritant and is potentially 

carcinogenic. The current study isolated and identified a haloalkanoic acid degrading 

bacterium from the bioremediation plant at the Caltex Oil Refinery at Lytton, Queensland, 

Australia, with a view to potential applications in the dehalogenation of β-haloalkanoic 

acid in bioremediation programs. 

 

4.2 Enrichment and isolation of bacteria 

Three soil samples of approximately 200 g each were taken from Caltex oil refinery at 

Lytton QLD. Enrichment cultures were established by adding 10 g of soil sample to 100 

mL minimal medium (Table 2.2), amended with 3-CP as a sole source of carbon and 

energy. The culture then was incubated on a shaker incubator for six days at 30°C under 

aerobic conditions. After enrichment, several drops of culture were spread on agar plates 







Ahmad M Hadi       Microbial degradation of 3-chloropropionoc acid 

  

93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Anaerobic growth of strain CX at 30oC 

 

 

4.4 Degradation of 3-CP in strain CX 

4.4.1 Aerobic degradation 

As seen in Section 4.3.1, strain CX grew well under aerobic conditions with 3-CP as a 

sole carbon source. Figure 4.4 shows the degradation of 3-CP with concomitant growth 

in the isolate. The degradation was observed over the first two days. However, after 4 

days, 3-CP was being degraded rapidly and had been reduced by 60%. Similarly, there 

was little growth in cells in the first two days, followed by rapid growth during the log 

phase after 4 days. This result was consistent with 3-CP being used as a growth source 

for the bacteria. After 6 days, almost all the 3-CP had been degraded, and growth had 

ceased, with cells starting to decline. No reduction of 3-CP occurred in sterile controls 

over the same time period.  
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substantially to 895 ppm. The 8 day chromatogram is not shown because it was very 

similar to 5 days, with no 3-CP detected.  

 

 

 

Figure 4.6: The overlayed ion exchange chromatograms of 20 mM 3-CP degradation in strain CX (showing 3-CP 
degradation and a chloride release) at time 0, and after 2 and 5 days incubation. Concentration of 3-CP and chloride 
is shown next to the peak (nd = not detected) 

 

 

4.5 Molecular analysis 

Phylogenetic analysis of the 16S rRNA gene sequences was conducted for strain CX. A 

consensus sequence of 1,319 bases was obtained and aligned with numerous sequences 

from representatives of the domain Bacteria. Phylogenetic analysis showed that strain 

CX was aligned within the Nocardiaceae family of the phylum Actinobacteria and was 

most closely related to Rhodococcus zopfii (99.8%) and Rhodococcus phenolicus 

(99.5%). The phylogenetic tree is shown in Figure 4.7. The evolutionary history was 

inferred using the neighbor-joining method (Tamura et al., 2004).  
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Figure 4.7: Phylogenetic tree of strain CX showing the closest relatives and percentage of similarity based on 16S 
rRNA gene sequences. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). The evolutionary 
history was inferred using the neighbor-joining method 

 

 

4.6 Discussion  

This study investigated the isolation and identification of a bacterial strain from a 

bioremediation unit in Caltex Oil Refinery (Lytton, Queensland, Australia) that could 

degrade 3-CP. The isolate was identified as a Rhodococcus species, most closely related 

to R. zopfii. Members of the genus Rhodococcus have long been recognised for the 

capability of degrading a wide range of environmental contaminants, including 

chlorinated compounds (Bell et al., 1998). Consequently, Rhodococcus species are 

recognised as having great potential for use in bioremediation of surface and subsurface 

environments contaminated with xenobiotics, pesticides, herbicides, hydrocarbons and 

chlorinated compounds (Kuyukina and Ivshina, 2019). In fact, R. zopfii was first isolated 

as a toluene and chlorinated benzene degrading bacterium (Stoecker et al., 1994). The 

degradation capacity of Rhodococcus is believed to be due to an abundant and diverse 
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range of catabolic genes in the genome (Larkin et al., 2005). The genome of strain CX 

will be discussed in Chapter 7. 

Members of the Rhodococcus genus are found in a wide variety of environments. There 

have been numerous reports of Rhodococcus isolates from oil refinery soils, sludges and 

wastewaters (Roy et al., 2018; Goswami et al., 2019). Their hydrophobic cell surface 

containing mycolic acids, enables the cells to adhere to organic pollutants to initiate 

degradation processes. This is similar to Mycobacterium and Corynebacterium which are 

close relatives of Rhodococcus and other ecologically significant bacterial genera.  

Rhodococcus species have also been shown previously to degrade chlorinated aliphatic 

compounds including 3-CP. Jing and Huyop  (2007) isolated a Rhodococcus sp. HJ1 that 

degraded 3-CP rapidly, with 80% of a 20 mM concentration being degraded in 24 hours. 

By comparison, strain CX degraded 20 mM 3-CP slower with only around 10%-15% 

being degraded after 24 hours and total degradation not occurring until 5-6 days. Jing and 

Huyop (2007) also described the involvement and activity of a dehalogenase catalysing 

the release of chloride. Likewise, strain CX showed a concomitant release of chloride as 

3-CP levels declined and dehalogenase genes were detected (Chapter 7). However, strain 

CX was less related to strain HJ1 (98.1% similarity) than numerous other Rhodococcus 

species. 

While the genus Rhodococcus is regarded as an aerobic, there are some members that 

grow under microaerophilic to anaerobic conditions. Strain CX was able to degrade 3-CP 

under anaerobic conditions though it was much slower than aerobically. Uotila et al. 

(1992) reported that Rhodococcus chlorophenolicus PCP-1 dehalogenated 

polychlorophenols under aerobic and anaerobic conditions. Rhodococcus ruber Z25 was 

able to degraded hydrocarbons both aerobically and anaerobically (Zheng et al., 2012). 

However, reports of microaerophilic degradation are far more common than strictly 

anaerobic degradation. While in the current study, the medium was prepared 

anaerobically, it is possible that small amounts of oxygen entered the tube through the 

septum during preparation and transfer. Without a reducing agent in the medium, 

microaerophilic conditions would have been possible. 
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Chapter Five: 3-chloropropoinic acid 

degradation by mixed consortia of bacteria from 

Oxley Creek and Caltex Oil Refinery  

 

 

5.1 Introduction 

Natural environments contain many microbes that constantly interact. To examine the 

microbial community structure in complicated environments, a suite of phylogenetic 

probes have traditionally been used to perform analysis of the population using 

hybridisation assays. In these experiments, broad-spectrum (e.g., domain-level) probes 

hybridising to nucleic acids acquired from the environment are detected, where the 

community structure is expressed in following hybridisation assays via probes with 

increasing greater specificity. Nevertheless, since phylogenetic probes do not directly 

assay function, their advantages for defining the potential activities of the targeted 

organisms can be strengthened when combined with physical–chemical analysis of the 

microbial activity, and conditions within an environment which facilitate the relation of 

phylo-type to eco-type. More recently community profiles have been examined more 

rapidly and completely using next generation sequencing such as the Illumina MiSeq 

system.  

Phylogenetic probe analysis has been applied to study microbial communities in a variety 

of environments (Wagner et al., 1993). Fry et al. (1997) applied this method to analyse 

groundwater from two deep aquifers (300 m below ground) and found that the populations 

were identical in that they were dominated by bacteria, with Eukarya comprising a smaller 

but significant fraction (5% to 14%). Archaea were detected at low levels (2%), and also 

were more abundant in methanogenic groundwater. Hess et al. (1997) showed that 

microbial community structure varied with electron acceptor gradients in fuel-

contaminated (FC) aquifer material and that the β-Proteobacteria seemed to predominate 

under denitrifying conditions. Dojka et al. (1998) presented a phylogenetic survey of a 

contaminated aquifer. They studied partial 16S rRNA gene sequences from 104 clones 

and identified representatives of established phylogenetic groups as well as a number that 
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were of unknown lineage. Moreover, some gene sequences were encountered more 

commonly in areas with a particular redox condition. In addition, determinants of the 

microbial community structure of eutrophic, hyporheic river sediments polluted with 

chlorinated aliphatic hydrocarbons (CAHs) have been previously conducted by 

(Hamontset al. 2014). A high diversity of bacteria, particularly Geobacteraceae, sulfate-

reducing bacteria, methanogenic archaea, and CAH-respiring Dehalococcoides was 

found. Depth in the riverbed, organic carbon content, pore water temperature and 

conductivity, and concentrations of toluene, CAH content and texture of the sediment, 

and methane significantly contributed to the variance in the microbial community 

structure. Therefore, the objectives of this experiment were first to determine the 

environmental factors shaping the community structure of organohalide-respiring 

bacteria (OHRB) and potential competitors of OHRB for electron resources in CAH-

polluted river sediments. Second, to assess whether changes in the distribution of these 

communities in the sediments could explain differences in CAH-respiring activity. 

Community analysis of sediment and water samples from Oxley Creek has been done 

previously in our laboratory (McManus, 2015). Oxley Creek has been contaminated from 

a number of sources over recent years (Nasplezes, 2013). Figure 5.1 shows the 16S rRNA 

results for different phyla recorded operational taxonomic units (OTUs) in three separate 

sediment (OxS1S, OxS2S, OxS3S) and associated water (OxS1W, OxS2W, OxS3W) 

samples. Each colour section represents a single phylum and the percentage of recorded 

OTUs that fit. These OTUs can be used to identify taxonomic locations for each sequence 

for organisation into phylum, class, order, family, genus and species. The phyla profiles 

were fairly similar in all samples, with Proteobacteria dominating in each. The strictly 

anaerobic Bacteroidetes phylum was much higher in the sediments as these samples 

would be more anoxic than in water. Interestingly, Firmicutes were low in all of the 

samples. A significant number of unknown OTUs were also detected.  Classifying the 

members of a microbial community in terms of molecular function could provide even 

more insight into microbial communities than looking at taxonomic profiles, because 

these profiles are extremely variable in cases where functional profiles are more stable 

(Turnbaugh and Gordon, 2008). 

So far, pure bacteria have been isolated and tested for 3-CP degradation in laboratory 

single substrate tests. In situ, mixed consortia would contribute to degradation, and target 

contaminants would be mixed with many other organic compounds and soil particles. The 
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expectation is that biodegradation would be much slower. An objective of the current 

project is to provide a systematic overview of the degradation of 3-CP, linking 

degradation to changes in the community structures of the main microbial groups. The 

work was to ‘contaminate’ soil with 3-CP in microcosm studies, and to track the 

degradation and the changes in microbial community structure over time. There will be a 

shift in the bacterial populations while this is occurring, and the shift can be tracked by 

analysing the communities over time as the 3-CP degrades. The tracking may help to find 

the dominant population that is carrying out the degradation. 

 

 

 

 

 

 

5.2 Microcosms  

Microcosms were established to simulate soil/sediments contaminated with 3-CP. 

Degradation of 3-CP and bacterial numbers were tracked over time. Natural mixed 

Figure 5.1: 16S rRNA Community profile analysis of sediment and water samples from Oxley Creek. Representative 
phyla are displayed as total percentage of the total sample operational taxonomic units (OTU). Each colour section 
represents a single phyla and the percent of OTU’s recorded that belong to it. (McManus 2015) 
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consortia from Oxley Creek sediment and Caltex oil refinery soils were prepared from 

samples mixed with a minimal salts medium (Section 2.4.5). Sterile pristine soil or 

sediment (10 g) was added to 100 mL minimal salts medium spiked with 20 mM 3-CP, 

and inoculated with the mixed consortia. Controls were uninoculated. Cultures were then 

incubated on a shaking incubator for 4 weeks at 30°C under aerobic conditions.  

 

 

5.3 Bacterial growth and degradation 

Microcosms were sampled weekly and in duplicate for bacterial growth and 3-CP 

degradation over a four week period. Figure 5.2 shows the time course profile in the Oxley 

Creek microcosm. A slow rate of degradation was observed over the first week. However 

by 3 weeks, the 3-CP was being degraded more rapidly and had been reduced by 50%. 

However, there was rapid growth in cells in the first week and highest growth during the 

log phase after 3 weeks. After 4 weeks, almost all the 3-CP had been degraded, and 

growth had ceased, with cells starting to decline. The growth and degradation profiles for 

the Caltex microcosm are shown in Figure 5.3. Degradation was steady over the first 

week and more rapid than in the Oxley Creek microcosm. After 2 weeks, the 3-CP was 

being degraded more rapidly and had been reduced by 60%. Similarly, there was rapid 

growth in cells in the first week followed by highest growth during the log phase after 3 

weeks. After 4 weeks, almost all the 3-CP had been degraded, and growth had ceased, 

with cells starting to decline. 
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sequences were matched with the identity of 16S rRNA gene sequences and again a 

substantial number of species level reads were achieved for all samples. These were 

clustered into OTUs which ranged from 3,058 to 1,437 in Oxley Creek and 1,410 to 624 

in Caltex microcosms. The lowest number of species reads was 12,500 for the 1 week 

Oxley Creek sample. The rarefaction curves plotting the bacterial OTUs against reads are 

shown in Figure 5.4. The average read length varied only slightly (around 2%) between 

all sample times in both microcosms, ranging from 449.0 to 459.9 in Oxley Creek and 

448.2 to 458.7 in Caltex microcosms. The Good’s coverage was high for all samples, 

particularly the Caltex microcosm samples, which indicated a large percentage of the 

entire species was captured. The lowest result was 97.4% for the 1 week Oxley Creek 

sample, which corresponded to the lowest number of reads. The Chao1 index was used 

to estimate species richness, a measure of abundance, in the samples. All samples in the 

Oxley Creek microcosm were higher than in the Caltex microcosm, where the species 

richness clearly decreased over time. The Shannon index for species evenness showed an 

interesting trend; the species diversity increased over time in the Oxley Creek microcosm. 

However in contrast, diversity reduced significantly over time in the Caltex microcosm.   
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Table 5.1: Alpha diversity indices of bacterial communities in Oxley Creek and Caltex microcosms 

Sample Time (weeks) Total valid 

reads 

Reads at 

species level 

Average 

read length 

OTUs found Species 

richness 

(Chao1) 

Species 

evenness 

(Shannon) 

Goods 

coverage (%) 

Oxley Creek 

0 48650 40044 459.9 2522 2697 4.540 98.8 

1 15630 12500 457.5 1437 1595 4.922 97.4 

2 34234 26729 456.8 2341 2539 5.131 98.3 

3 70123 46558 449.0 3058 3209 5.520 99.2 

Caltex 

0 80928 41070 451.3 1410 1412 5.590 99.9 

1 57884 34272 448.2 1373 1380 5.060 99.8 

2 68319 51252 458.7 1088 1091 3.652 99.9 

3 48483 43042 456.4 624 636 2.831 99.8 
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(b) 

 

Figure 5.4: Rarefaction curves showing number of OTUs in relation to sequence reads in (a) Oxley Creek microcosm 
samples and (b) Caltex microcosm samples 

 

5.4.2 Oxley Creek microcosms 

Diversity of bacterial phyla was compared weekly in the Oxley Creek 3-CP degradation 

microcosms (Figure 5.5). A total of 25-30 phyla were detected throughout the degradation 

experiment. The dominant phylum at all times was Proteobacteria. This is not unexpected 

as Proteobacteria is by far the largest and most diverse bacterial phylum. Initially, 

members of Proteobacteria represented around 53% of the population which increased 

over the first week of incubation to 72%. There was then a decline in Proteobacteria 
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members for the remaining time, 65% after 2 weeks and 30% at 3 weeks. The reverse 

occurred with Firmicutes, where there was an initial reduction (13% to 0.3% after the first 

week) and a slow increase over the time of the experiment (3% up to 30% over weeks 2 

to 3). Bacteroidetes was well represented to start with (18%) but quickly declined to 3% 

after 1 week and remained at similar proportions over the remainder of the testing period. 

In contrast, representatives of Actinobacteria and Gemmatimonadetes steadily increased 

over time, from 4% to 15% and 3% to 12%, respectively. To date, the 3-CP degrading 

bacteria identified have come from just three phyla, Firmicutes, Actinobacteria and 

Proteobacteria. By comparison, Gemmatimonadetes was extremely well represented, and 

considering the steady increase in the proportion relative to other phyla and low numbers 

of species in this phylum, there may be some important 3-CP degraders not yet identified 

belonging to the phylum.  

 

 

Figure 5.5: Distribution of bacterial phyla over time in the Oxley Creek microcosms 
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The focus on bacterial phyla can give only limited information. Therefore, it was 

important to examine more specific taxa. Genus diversity was looked at and analysed. In 

some cases, it was difficult to discern OTUs to a genus level; these genera may have been 

to an order or family level but coded as distinct genus level OTUs so they could be 

compared e.g., Rhodobacteraceae DQ811851_g. Table 5.2 shows the distribution of 

genera in the weekly samples from the Oxley Creek microcosms. A large number of 

genera were found at all four sample times. Some 807 genera were detected initially at 

time 0, 546 after 1 week incubation, up to 895 at 2 weeks and back to 715 after 3 weeks. 

In each case, the majority of phyla (around 30%) were present in low numbers below 

0.5% of the population. Therefore it was unlikely that these genera would have had much 

influence on the degradation of 3-CP. The most abundant genus for the first week was 

Pseudomonas, being 29% initially and going up to 36% after 1 week. After that time, 

Pseudomonas proportions reduced dramatically down to around 1-3% for the remainder. 

It is possible that Pseudomonas may have carried out 3-CP degradation over the first 

week as Pseudomonas have been found to degrade 3-CP previously (Hamid et al., 2011a). 

In fact, several species of Pseudomonas were dominant (see Krona diagrams in Figure 

5.6). The Krona diagrams show that P. sagittaria and P. flavescens increased substantially 

over the first week of incubation while P. borbori reduced in the same time period. The 

increases in Sphingomonas and Bacillus, well known chlorinated organic contaminant 

degraders, at later stages in the microcosms suggest that they may assist in 3-CP 

degradation and metabolising degradation products. In fact, most rapid degradation 

occurred after week 1 in the microcosms. The genus Pontibacter represented a relatively 

large proportion of the time 0 community (17%) but reduced to almost non-detectable 

levels thereafter, indicating no role in degradation. Given the wide diversity, it is likely 

that a multitude of bacterial species had roles as part of a community degrading 3-CP. 
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Figure 5.6: Krona diagram illustrating taxa distributions within Oxley Creek microcosms 
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5.4.3 Caltex microcosms 

Diversity of bacterial phyla was compared weekly in the Caltex 3-CP degradation 

microcosms (Figure 5.7). A total of 32 phyla were detected at time 0 and following 1 

week incubation but the number of phyla dropped to 15-16 for the last 2 weeks of the 

experiment. Like the Oxley Creek microcosms, the dominant phylum at all times was 

Proteobacteria. Initially, members of Proteobacteria represented around 51% of the 

population, which then declined over the first week of incubation to 26%. Proportions 

then rose steadily again to 38% at 2 weeks and 63% after 3 weeks. Firmicutes had steadily 

increased by 2 weeks, with only 1% of the population initially, then 18% by 1 week and 

38% after 2 weeks.  They then declined substantially to just 0.8% by the end of the 

experiments. The proportions of Bacteroidetes remained similar over the first week (3%) 

and increased to 8% at 2 weeks and 11% after 3 weeks. Representatives of Actinobacteria 

increased from 8% initially to 21% after 1 week and remained at similar proportions for 

the rest of the experiment. Chloroflexi was another phylum with a substantial number of 

representatives over the first week, 10% at time 0 and 15% after 1 week, but reduced to 

3% by 3 weeks. Interestingly, Chloroflexi contains some dehalogenating bacteria, e.g., 

the class Dehalococcoidia. With these bacteria increasing over the first week, it suggests 

that dehalogenation occurred over that time.  

As with the Oxley Creek microcosms, observing deeper taxa may give a better 

understanding the role of bacteria in the degradation process. Table 5.3 shows the 

distribution of genera in the weekly samples from the Caltex microcosms. Again, some 

OTUs were difficult to discern to a genus level and were coded accordingly, e.g., 

Chitinophagaceae PAC002331_g. However, the community structure trends across the 3 

weeks of incubation were quite different to Oxley Creek microcosms. Around 500 genera 

were found in time 0 and 1 week Caltex samples, but the diversity dropped off 

substantially in the 2 and 3 week samples with 169 and 197 genera respectively. 

Correspondingly, at time 0 and 1 week the number of genera at a proportion of less than 

0.5% of the population was substantial at 35% and 26% (similar to Oxley Creek), though 

at 2 and 3 weeks it was much lower at 5% and 7 %. Clearly major changes occurred to 

the population between weeks 1 and 2 when most rapid 3-CP degradation occurred. With 

a diverse, even spread of genera over the first week of the microcosm, there did not appear 

to be a dominant degrading population. It is likely that a smaller 3-CP degrading 

population became more important after the first week. From the second week, several 
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genera emerged from low numbers in previous weeks to dominate the population for the 

remainder of the experiment, including Dyella, Cellulomonas, Alicyclobacillus, a 

Chitinophagaceae genus and Phenylobacterium. All of these genera contain species that 

can degrade organic environmental contaminants. In particular, Dyella represented the 

highest proportion of the population (22% at 2 weeks and 42% at 3 weeks) and contains 

species that can degrade the antimicrobial chlorinated compound triclosan and other 

chlorinated compounds (Wang et al. 2018). Krona diagrams indicate that the dominant 

species was D. thiooxydans, Figure 5.8.  

 

 

 

Figure 5.7:  Distribution of bacterial phyla over time in the Caltex microcosms 
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Figure 5.8: Krona diagram illustrating taxa distributions within Caltex microcosms. 
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5.5 Discussion  

Assessing microbial diversity is currently considered one of the best methods to analyse the 

community structure within a sample. Combining metagenomic and cultural dependent 

methodology enhances knowledge about the degradation of the halogenated compounds. Based 

on previous work, the bacteria present in both Oxley Creek and Caltex demonstrated the ability 

to degrade the 3-CP contaminant. Using culture dependent techniques, four isolated bacteria 

were identified. Two of these bacteria belonged to the Firmicutes phylum (most closely related 

to Lysinibacillus fusiformis and Cytobacillus firmus) and two belonged to the Actinobacteria 

(Curtobacterium and Rhodococcus). However, there are likely to be many other bacteria that 

could degrade 3-CP directly or contribute to degradation in the Oxley Creek and Caltex 

samples. The isolation of the pure degraders in Chapters 3 & 4 enriched only those bacteria that 

grew fastest and most abundant under the conditions provided. The conditions in natural 

environments and even microcosms differ substantially to those under which the pure cultures 

were isolated.  

Based on the results obtained from the community analysis of the Oxley Creek and Caltex 

samples, it was shown that the microbial diversity decreased after the introduction of 3-CP and 

as it was degraded. These results were also similar in previous studies conducted by Ravit et al. 

(2005) showing that halogenated compounds have a negative effect on microbial diversity. 

According to Garbeva et al. (2004) the higher the microbial diversity the healthier the soil could 

potentially be, since the microbes maintain the nutrient cycles within the soil and participate in 

climate control (Ingram et al., 2005). The 3-CP addition declined the microbial diversity and 

thereby actively selected for microbes that could tolerate it and degrade it.  

Within the Oxley Creek samples, Sphingomonadaceae sp. and Sphingomonas dominated with 

approximately 9% and 7% of the 2-week population, respectively. Although in the first week 

Pseudomonas sp. were the most dominant, however Pseudomonas sp. could not tolerate the 

halogenated compounds for a long period, and this resulted in their decline. It appears that the 

halogenated compounds have a direct effect on the biofilm formation of the Pseudomonas and 

can make it susceptible to its toxic effect (Ding et al., 2011). On the other hand 

Sphingomonadaceae showed some tolerance towards 3-CP. Previous studies have shown that 

Sphingomonadaceae degrade the halogenated compounds (Vaz-Moreira et al., 2011), which 

may account for their increase in the first two-week period in the current study. The final week 

showed an increase of Firmicutes especially Bacillus sp. This may be due to the fact that 



Ahmad M Hadi       Microbial degradation of 3-chloropropionoc acid 

  

122 
 

Bacillus are endospore formers (Galperin, 2013). Endospore forming bacteria tend to dominate 

during more unfavourable environmental conditions (Setlow, 2003). So by 3 weeks, conditions 

were unfavourable as total bacteria had reached maximum density and were starting to die off 

as in Figure 5.2. Possible toxic metabolites or over-crowding may have favoured endospore-

formers. 

Using culture independent assays revealed that results that could not be explained using culture 

dependent methods. The use of chlorinated compounds in a long term assay showed that 

microbial diversity is highly affected by these compounds. Interestingly, similar characteristics 

were displayed when comparing the Caltex microcosms to the Oxley Creek. Initially the Caltex 

microcosm had diverse microbial populations which reduced over time. Proteobacteria were 

dominant initially but decline over the first few weeks only to increase again by week 3. The 

reverse occurred with Firmicutes, which increased over weeks 1 and 2 due to the establishment 

of spore-formers. However by the third week, Firmicutes has again declined relative to 

Proteobacteria. This was due to one genus in particular, Dyella sp., increasing significantly and 

dominating the population (>42%). Dyella sp. belongs to the phylum Proteobacteria and 

according to Wang et al. (2018) can persist and flourish in halogenated soils possibly feeding 

on metabolites as well.  
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Chapter Six: Degradation of 3-chloropropionic acid 

by fungi isolated from Toohey Forest 

 

6.1 Introduction 

Fungi are well known as decomposers, responsible for the oxidation and recycling of organic 

material in the environment. In particular, dead trees, leaves and more complex organics are 

readily decomposed by a range of terrestrial fungi (Rittman and McCarty, 2001). Previous 

chapters in this thesis have focused on bacterial degradation of 3-CP. In this chapter, the 

potential of degradation by fungi isolated from Toohey Forest in Brisbane is investigated.  

There are more than 120,000 known fungi species that represent between 3% and 7% of total 

life on Earth (Larsen et al., 2017). Consequently, they have a major role in biogeochemical 

cycles and removing organic matter in the environment. Fungi are eukaryotic microorganisms 

that derive their energy from the decomposition of organic matter. Furthermore, fungi are 

known to decompose a large variety of organic compounds including xenobiotics and industrial 

organic chemicals such as halogenated compounds (Rittman and McCarty, 2001). Fungi are 

morphologically diverse and can be single or multicellular, consisting of hyphae and spores 

(Rittmann and McCarty, 2001).  Figure 6.1 shows some examples of fungal morphologies. 

Halogenated compounds pose both environmental and health concerns due to their persistence, 

toxicity and hazardous metabolites. (Bachas-Daunert et al., 2009). The continuing use of 

halogenated organic compounds in industries and agriculture has been noted, and their use has 

resulted in an increase in toxic compounds such as industrial chemicals and haloaliphatic 

hydrocarbon compounds as pesticides, herbicides and solvents in the environment (Rasul-

Chaudhry and Chapalmadugu, 1991). The removal of pollutants can be difficult, complex and 

very expensive. Microbial degradation of hazardous chemical compounds, such as 

chloroaliphatic compounds, can assist in eliminating these chemical contaminants from the 

environment (Lin et al., 2011; Bachas-Daunert et al., 2009). Microbial growth on 

trichloroacetate, flouroacetate, monochloroacetate, 2-chloropropionate and 2,2-

dichloropropionate (2,2-DCP) has been reported (Allison et al., 1983; Hardman and Slater, 

1981; Kurihara et al., 2000; Kurihara et al., 2003). There are numerous reports of 

microoganisms capable of degrading halogenated substances, e.g., Burkholderia xenovorans 
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LB400, Pseudomonas aeruginosa strain 142, Rhodococcus sp. RR1, Acetobacterium sp. strain 

AG  (Tsoi et al., 1999; Peng and Shih, 2013). Those microbes capable of degrading 3-CP were 

discussed more specifically in Section 1.4.3. Of these, there have only been two species of fungi 

that have been reported to degrade 3-CP, and these are Mucor indicus and Trichoderma 

asperellum (Parvizpour et al., 2013; Edbeİb, 2020). These studies isolated the fungi from 

agricultural land and subsequently characterised 3-CP degradation. As fungi are important 

environmental decomposers and are often associated with organic contaminants, it is likely that 

there are more chloroaliphatic compound degrading fungi in the environment. This chapter 

describes the isolation and identification of fungal species isolated from dead wood in Toohey 

Forest which were able to degrade 3-CP.  

 

 

  

Figure 6.1: Morphology of fungi (Rittman and McCarty, 2001) 
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6.2 Identification of fungi 

There are several ways to determine the characteristics of fungi. Primarily, the use of light 

microscopy has been used traditionally to examine the fungi morphology. The use of electron 

microscopy is more accurate in determining the taxonomic characteristics of fungi, as it uses 

multiple functions such as scanning electronic (SEM) and transmission electronic microscopy 

(Guarro et al., 1999). However, it is far more expensive and time-consuming than light 

microscopy. Figure 6.2 shows the key phyla within the fungal kingdom. 

 

 

Figure 6.2: Diagnostic features of the Fungi Phyla. Zygomycota, Basidiomycota, Ascomycota, Deuteromycetes, and 
Oomycota (Okafor, 2011). 

 

 

The other main way of identifying fungi is by molecular sequencing. The 18S rRNA of the 

fungal ribosome, shown in Figure 6.3, is used for comparative sequencing and differentiating 

between broad taxa (Carlile et al., 2001). The internal transcribed space (ITS) between 28S and 

18S genes can also be sequenced and differentiated sufficiently between species. In 

addition,non-transcribed intergenic spacer (IGS) between RNA copies has been used at a sub-
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specific level to identify species. The primary locations in the ribosomal cassette are shown in 

Figure 6.4. 

 

  

Figure 6.3: The component of ribosome in a Eukaryotic cell.. 

 

 

Figure 6.4: Identification of the ribosomal DNA in fungi (Carlile et al., 2001) 
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6.3 Sample screening 

6.3.1 Sample collection 

Ten samples were collected from Toohey Forest, adjacent to the Griffith University Nathan 

campus (Queensland, Australia). Toohey Forest is a 260 hectare park located 10 km south of 

the Brisbane CBD. There are many native plants and trees in the forest. Threatening weeds such 

as lantana and ochna have been controlled and treated with herbicides in the past. Samples were 

taken from dead decaying wood in areas exposed to herbicides and pesticides. Samples were 

collected in sterile containers and stored in the laboratory at 4oC until use.  

 

6.3.2 Media preparation 

The minimal salts liquid media was prepared according to Section 2.2. In addition, potato 

dextrose agar (PDA) and potato dextrose broth (PDB) were used specifically to grow fungi. 

PDA (Oxoid) was prepared by dissolving 39g of powder in 1L of purified water, and PDB 

(Oxoid) was prepared through dissolving 24g of powder in 1L of purified water. Both PDA and 

PDB were autoclaved at 121˚C for 15 minutes and stored at 4˚C (Ali et al., 2018).  

 

6.3.3 Enrichment and isolation  

Enrichment cultures were established with a 10% inoculum where a 10 g sample was added to 

100 mL of minimal salts medium (Table 2.2) amended with 20mM 3-CP as a sole carbon source 

of energy and incubated on an orbital shaker at 30˚C. After 7 days, the 1 mL was subcultured 

into 100 mL of PDB. Fungal growth was observed after appropriate incubation time (from 3 to 

7 days). Segment of isolated mycelium were streaked on to PDA. The plates were incubated at 

30˚C until colonies were apparent. Colonies were picked and subcultured on PDA until pure 

cultures were isolated. Several pure isolates were obtained but two were selected to identify 

and study the degradation based on how well they grew on the agar. A dry weight method of a 

culture was used. The liquid culture and the fungus body were filtered by using filter paper. 

After separation, the body and filter paper was oven dried at 80˚C for 24 hours. The difference 

in weighing between filter paper with and without fungus body was used to measure the 

biomass. Readings have been taken every 2 days and the reading stopped at the stationary phase. 

The curve of the dry weight measure was plotted against time. 
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 The two isolates were designated strains M1 and M2, and are shown growing on PDA in Figure 

6.5.  

 

 

 

 

Figure 6.5: Fungal isolates grown on PDA plates, a. strain M1 ,b. strain M2 

 

 

6.4 Identification of isolates 

After 7 days of incubation, strains M1 and M2 showed visible growth on 20 mM 3-CP minimal 

media plate. Colonies showed typical filamentous fungal morphology. Molecular sequencing 

was conducted to provide definitive identification. Sequencing of the ITS region of the 18S 

rRNA gene revealed that strain M1 was most closely related to Mucor variicolumellatus (99.1% 

similarity), while strain M2 was most closely related to Trichoderma afroharzianum (99.4% 

similarity). The phylogenetic trees of both isolates are shown in Figure 6.6. Strain M1 clustered 

with soil inhabiting Mucor species which belong to the Mucoraceae family of the fungal 

phylum Zygomycota. Strain M2 was most related to Trichoderma typically associated with 

soils and decaying plant vegetation, which are classified in the hypocreaceae family of the 

phylum Ascomycota (Appendix F). 
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Figure 6.6: Phylogenetic trees of two fungal isolates: strain M1 and strain M2 
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6.5 Degradation of 3-CP by fungal isolates  

Degradation studies were initiated by inoculation of strains M1 and M2 into 100 mL minimal 

medium supplemented with 20 mM 3-CP and incubating at 30oC on an orbital shaker at 150 

rpm. Duplicate samples were taken from cultures at time 0 and every 2 days for degradation 

testing and growth measurements. Degradation of 3-CP was determined using HPLC analysis 

(Section 2.5). Growth was assessed by measuring fungal biomass every second day over the 20 

day incubation period.     

Figure 6.7A shows that strain M1 grew rapidly for the first 8 days of incubation and continued 

growth, although at a slightly slower rate, up to 14 days reaching 0.19 g of fungus per 100 mL 

of culture. Growth declined after that time. Degradation of 3-CP was slow for the first 2 days 

then declined at a more rapid constant rate until there was no 3-CP detected by the 20 day point. 

Figure 6.7B shows that the growth of strain M2 was slow for the first 2 days then rapid for the 

next 8 days and, like strain M1, reached a peak at 14 days incubation, 0.18 g of fungus per 100 

mL of culture.  Overall, strain M1 grew at 135 mg/L/day while strain M2 at 128 mg/L/day. 

Degradation was slow for the first 4 days then 3-CP declined at a more rapid constant rate, until 

at 20 days there was just 1 mM remaining. Even though growth and degradation profiles of the 

two isolates were similar, strain M1 was quicker in the degrading 3-CP than strain M2 (50% 

after 10 days compared with 50% after 12 days). It is worth noting that while growth of both 

isolates was strong at 3-CP concentrations of 20 mM, growth at 30 mM 3-CP was inhibited. 
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6.6 Discussion  

Fungi have a great capacity to degrade complex organic matter, from natural plant debris such 

as lignin through to environmental contaminants like hydrocarbons and pesticides. The current 

study isolated two fungi, the Mucor strain M1 and the Trichoderma strain M2, both capable of 

degrading 3-CP. They were enriched using 3-CP as the sole carbon source in minimal media 

and degraded the 3-CP at similar rates. Early studies reported that numerous fungi including 

Trichoderma and Mucor species were well known for their ability to catalyse the degradation 

of halogenated compounds (Katayama and Matsumura, 1993; Bumpus and Aust, 1987; 

Anderson et al., 1970). More recent studies have shown that strains of both Mucor (strain SP1) 

and Trichoderma (strain SP2) were able to degrade 3-CP (Parvizpour et al., 2013; Edbeİb, 

2020). Comparing strain M1 from the current study with strain SP1 indicated that they were 

quite different with only a 90.8% ITS similarity. Furthermore, morphologically both strains 

appeared different as well. Likewise, the two Trichoderma strains (strain M2 and SP2) were 

similarly unrelated according to both ITS sequencing and morphology.  

Species of Mucor are commonly found in soil and decaying plant matter, with M. 

variicolumellatus (most related to strain M1) being isolated from rainforest soils. M. 

variicolumellatus has been found previously to degrade the chlorinated compound, 

pentachlorophenol (Carvalho et al., 2011). Trichoderma species are also common inhabitants 

of soil and plant debris. Trichoderma afroharzianum (most closely related to strain M2) was 

previously classified as T. harzianum which has been shown to degrade the chlorinated 

pesticide, chlorpyrifos (Bisht et al., 2019). T. afroharzianum has also been used in the 

suppression of plant disease through the production of wall–degrading enzymes and 

antimicrobial secondary metabolites (Zhang et al., 2015). The utilization of these organic 

pollutants by microorganisms follows several phases of extracellular emulsification, 

periplasmic dehalogenation, and intracellular degradation of the residual carbon skeleton. The 

activity of fungi is mainly due to the action of extracellular oxidoreductase enzymes, which are 

released from fungal mycelium into their nearby environment. Being filamentous, fungi can 

reach the soil pollutants more effectively than bacteria. (Rubilar, 2008).  

The isolation of the same two genera as Parvizpour et al. (2013) that are 3-CP degraders is 

likely due to the same enrichment medium being used. Therefore, related fungi were selected 

and grew best, even though strains M1 and M2 were quite different species to those in the 
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literature review. A modification of the minimal medium may allow different, wider genera of 

3-CP degrading fungi to be isolated in future.  
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Chapter Seven: Whole genome sequencing analysis 

of Curtobacterium sp. strain O2 and Rhodococcus 

sp. strain CX  

 

 

7.1 Introduction 

Whole genome sequencing (WGS) is done to provide a deeper understanding of bacteria, and 

to gain insights into the link between physiological and genomic properties of organisms. 

Bacteria are ideal candidates for genome sequencing projects because of their relatively small 

genome size, low complexity and coding feature richness. Many bacterial genomes have now 

been sequenced providing an extensive database of reference sequences. However, sequencing 

and analysis of even bacterial genomes is complex, using numerous software tools and 

requiring an understanding of bioinformatics. Next generation sequencing (NGS) has enabled 

great advances to be made in the speed and accuracy of sequencing projects and has helped to 

reduce costs. After sequencing, the genome is assembled into contiguous sequences which are 

further assembled using algorithms in genome assembly software (Zhang et al., 2011). Genome 

scaffolds need to be produced using software to enable the genome to be completed (Hernandez 

et al., 2013).  

Once assembled, the genome can be annotated, which locates open reading frames (ORFs), 

compares them to databases and determines the gene functions. In most bacterial genomes, this 

means thousands of comparisons, so appropriate software, tools and databases are required. 

These include, amongst others, BLAST (Basic Local Alignment Search Tool) for database 

comparisons (Mount, 2007), RAST (Rapid Annotation using Subsystem Technology) a server 

which is a fully automated service for annotating bacterial and archaeal genomes (Brettin et al., 

2015), and BUSCO for quantitative assessment of genome assembly and annotation 

completeness (Simão et al., 2015). This allows protein-encoding, rRNA and tRNA genes, 

assigns functions to the genes, predicts which subsystems are represented in the genome, and 

uses this information to reconstruct the metabolic network (Aziz et al., 2008). 
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Comparative genomics can be undertaken to determine phylogenetic relationships between 

bacteria. This offers more information and accuracy compared to single gene 16S rRNA 

analysis and alignments. Core genes important in protein translation and DNA replication are 

often used as the basis of comparison.  Average nucleotide identity (ANI) is a standard method 

used in comparative genomics and is regarded as an analogous replacement for DNA-DNA 

hybridisation. ANI divides the genome into fragments and compares them to those of another 

genome using comparative pair-wise alignment. The ANI is the average of the sequencing 

identity values of matching fragments (Richter and Rosselló-Móra, 2009). 

In prokaryotic analysis, WGS is a key approach used to identify genes of interest that a specific 

organism possesses, including antibiotic resistance, metabolic pathways and the excretory 

system. In this chapter, the genome sequencing results from Caltex and Oxley Creek isolates, 

strains CX and O2, will be presented. Predicted dehalogenases genes within the isolates will be 

identified and investigated. In addition, the isolates will be compared with closely related 

bacteria and ANI determined. Bioinformatics analysis comparing whole genome samples 

(Caltex and Oxley). Whole genome sequence analysis and annotation were performed by the 

Australian Genome Research Facility (AGRF). 

 

 

7.2 Quality of DNA 

The quality of the datasets was assessed using Icarus, a visualiser for the assessment and 

analysis of de novo genomic draft assemblies (Mikheenko et al., 2016). The analysis showed 

that the sequencing data was of an acceptable quality. The parameters for assembly analysis are 

shown in Table 7.1. A total of 3,839,331 and 3,949,114 reads resulted from the sequencing of 

strains O2 and CX, respectively. Data showed a sizable genome for strain O2 with a total length 

of 12,082,488 bp, while strain CX was closer to the bacterial average with a genome length of 

6,668,073 bp. Both isolates had a high percentage (> 98%) of reads mapped to the assembly 

and relatively high N50 metrics. Strain CX produced the better assembly with 181 contigs, the 

largest 658,856 bp in length, an N50 of 217,126 and L50 of only 10. The high N50 and low 

L50 indicate a good quality sequence.  
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Figure 7.1:  Mole-BLAST suggests the strain CX (Caltex 16S) belongs to Rhodococcus and strain O2 (Oxley 16S) to 
Curtobacterium 

 

ANI was conducted on both strains to produce a broader whole genome taxonomic approach. 

The two isolates were compared to their seven closest relatives and ANI was determined using 

OAT orthoANI tool version 0.93.1 (Lee et al., 2016). The current view is that an ANI value 

below 95%-96% similarity represents separate species (Chun et al., 2018). Figure 7.2 shows 

strain O2 compared with its nearest relatives. The closest relative was Curtobacterium pusillum 

at 86.93% followed by Curtobacterium flaccumfaciens (84.24%), although five of the other 

species had 83%-84% similarity including C. luteum and C. oceanosedimentum. Clearly based 

on these ANI values, strain O2 represents a novel species of Curtobacterium. This result 

differed from the 16S rRNA sequencing, where Curtobacterium luteum was clearly the most 

similar, in fact a 100% match. The discrepancy could be due to an incomplete 16S rRNA gene 

(1096 bp) being used for phylogenetic analysis. The two most closely related species to each 

other were C. albidum and C. citreum at 97.05% similarity, indicating possibly the same 

species.  C. ammoniigenes was clearly least related to all of the other species analysed with all 

pairings under 80%.   
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Figure 7.2: ANI values for strain O2 and the closest relatives 

 

 

Figure 7.3 shows strain CX compared with its nearest relatives. The closest relative was 

Rhodococcus zopfii (consistent with 16S rRNA sequencing) with 89.10% followed by 

Rhodococcus phenolicus (87.83%). Strain CX and R. zopfii were the most closely related of 

any of the eight bacteria compared, and the next closest pairing was R. zopfii and R. phenolicus 

(88.47%). All other Rhodococcus species pairings were under 80%. Clearly based on ANI 

values, strain CX represents a novel species of Rhodococcus. 
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Figure 7.3: ANI values for strain CX and the closest relatives 

 

 

7.4 Genome characteristics 

As mentioned, both strain O2 and CX yielded good quality genomes. The basic characteristics 

are shown in Table 7.2. The GC percentages were similar at around 68%, and this was 

consistent with both isolates belonging to the high GC phylum of Actinobacteria. In both cases, 

the GC percentages were similar to their closest relatives. The higher coding sequences, 

subsystems and RNAs from strain O2 reflect the larger genome size. A large number of coding 

sequences were detected for both bacteria and a substantial number were able to be identified 

through annotation using RAST and Prokka. Over 300 subsystems were detected in both 

isolates, though  a substantial amount of coding sequences still have unknown hypothetical 

proteins. Both isolates had just one 16S rRNA gene detected which indicated purity and allowed 

a more straightforward phylogenetic assessment.   
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Figure 7.4: The proportion of genes allocated to the subsystem categories as identified by RAST in strain O2 

 

 

Figure 7.5: The proportion of genes allocated to the subsystem categories as identified by RAST in strain CX 

 

7.5 Dehalogenase genes 

7.5.1 Detection of dehalogenase bacterial isolates 

As seen earlier, the first step in the degradation of halogenated compounds is dehalogenation. 

The removal of the halogen group is caused by a dehalogenase enzyme. Consequently, the 

presence and types of dehalogenase genes in the genomes of strains O2 and CX were 

investigated. Table 7.3 shows a list of the dehalogenase genes found in both isolates. A 
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Figure 7.6: The tree comparing haloacid dehalogenase amino acid sequences in strains CX and O2 

 

 

BLAST comparisons of the three haloacid dehalogenases amino acid sequences revealed that 

they were all related to those from Rhodococcus species (Figure 7.7). The haloacid 

dehalogenase from strain CX was most similar to Rhodococcus sp. BL-253-APC-6A1W 

(81.1%) and clustered most closely with numerous Rhodococcus species. Both dehalogenases 

from strain O2 (DBMEAGLP 03073 and DBMEAGLP 04094) were most closely related to 

Rhodococcus sp. T7 at 98.4% and 97.6% respectively.  
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Figure 7.7: Trees comparing haloacid dehalogenase amino acid sequences in a. strain CX, b. strain O2, and c. strain O2 

 

 

7.5.3 Dehalogenase characteristics 

NCBI-BLAST analysis against the dhaA_1, 2 and 3 proteins was utilised to find similar 

sequences in the bacteria and fungus species identified to grow on the 3-CP. The protein 

sequence for the top three hits was aligned using MUSCLE (Edgar, 2004) and clustered using 

an unweighted pair group method with arithmetic mean (UPGMA) in the MEGA-X software 

package (Kumar et al., 2018). Tree branches were trimmed to display one representative 

sequence.  NCBI Constraint-based Multiple Alignment Tool, ‘COBALT’, was used to 

determine conservation (Kubicek et al., 2011).  This program collates information from the 

conserved domains database (https://www.ncbi.nlm.nih.gov/cdd) and PROSITE 

(https://prosite.expasy.org/), to align positions of similar biological characteristics. The graphs 

below compare predicted dehalogenase genes between bacteria and fungus identified to grow 

on 3-CP media under the assumption that it is the same gene (Figures 7.8, 7.9)  This indicates 

that three dehalogenases genes (dhaA_1,2,3 ) may be responsible for the degradation of the 

chloroalkanoic acids (3-CP) or may have the same active site residues. The predicting protein 

function screening dhaA_1, 2, 3 and close cluster matches against the protein predicting 

program were used to identify the dehalogenase gene initially, HAMAP. 
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Figure 7.8: Multiple alignment of (dhaA1, 2 and 3) amino acids sequence (Rhodococcus sp. and Curtobacterium sp.) against 
other dhaA proteins of significant similarity by using CLUSTAL. Shared amino acids represent identical residues between all 
dhaA proteins. GenBank accession numbers: cytobacillus oceanesidiminis (WP 113883572), Bacillus firmus (WP 
048011707.1), and Bacillus megaterium (WP 098757716). 

 

 

Figure 7.9: Multiple alignment of (dhaA1, 2 and 3) amino acids sequence (Rhodococcus sp. and Curtobacterium sp.) against 
other dhaA proteins of significant similarity by using CLUSTAL. Shared amino acids represent identical residues between all 
dhaA proteins. GenBank accession numbers: cytobacillus oceanesidiminis (WP 113883572), Bacillus firmus (WP 
048011707.1), and Bacillus megaterium (WP 098757716), Mucor ambiguous (GAN0733.1), and Trichoderma harziaum 
(KKO99002.1).  
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7.6 Metabolic structures 

Following dehalogenation of 3-CP, the product can be further degraded by the isolates. Both 

strains contain many of the enzymes involved in propionic acid metabolism. Figures 7.10 and 

7.11 show the proposed pathway of propionic acid metabolism with the enzymes present in the 

isolates in green. It is possible that many of those not in green may still be present in the genome 

of both isolates but as unknown, hypothetical proteins. Degradation of propionic acid can occur 

using several pathways, some which may be present in the isolates.  

 

 

Figure 7.10: Metabolic pathway construction using KEGG for propionic acid degradation by strain O2. Enzymes in green 
were detected in the isolate. 
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Figure 7.11: Metabolic pathway construction using KEGG for propionic acid degradation by strain CX. Enzymes in green were 
detected in the isolate. 

 

 

 

7.7 Discussion  

Genome sequencing of the two 3-CP degrading strains CX and O2 provided a deeper 

understanding of the isolates at a molecular and phylogenetic level. ANI identified the strains 

as potentially novel isolates from the Rhodococcus and Curtobacterium genera. The ANI 

comparisons provided a more definitive identification than using 16S rRNA sequences alone. 

Genomes were of acceptable quality and enabled key subsystems to be elucidated. However, 

many hypothetical unidentified OTUs remained in both genomes. Some of these may have been 

involved in the degradation pathway of 3-CP. While Rhodococcus are well known as degraders 

of a wide range of environmental contaminants (Cappelletti et al., 2020), there remains a lack 

of understanding of both Rhodococcus  and Curtobacterium at a molecular level.   

Genome sequencing allowed the dehalogenases in strains CX and O2 to be investigated further. 

Bacteria that possess dehalogenases  may be essential to the bioremediation of an environment 

contaminated with various halogenated compounds (Jugder et al., 2016). . Numerous 

dehalogenases were detected in both strains, six in strain CX and twelve in strain O2. Of these, 
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most were either haloalkane dehalogenases or haloacid dehalogenases. The haloacid 

dehalogenases were particularly significant as they were more likely to catalyse dehalogenation 

of 3-CP (Hamid et al., 2013). The amino acid sequences of the haloacid dehalogenases in both 

isolates were compared. All three dehalogenases (two in strain O2 and one in strain CX) shared 

similarities and clustered with those from numerous Rhodococcus species. Therefore, it seems 

these dehalogenases share a common evolutionary basis. While this would be expected for 

strain CX which is identified as a Rhodococcus strain, it was less expected for strain O2, a 

Curtobacterium  strain. However, both strains are related as they are from the Actinomycetales 

order within the Actinobacteria phylum.  

Microbes can acquire rapid adaptation in new ecological niches due to environmental stress 

(Timmis and Pieper, 1999). This phenomenon is possible by horizontal gene transfer 

(Poelarends et al., 2000). Several findings were found on the importance of the mobile genetic 

elements’ importance in acquisition of new catabolic properties such as dehalogenation The 

presence of dehalogenation genes in the strains isolated may be due to the presence of 

halogenated compounds which may favour the adaption of bacterial strains. Several studies 

have reported their findings on bacteria isolated from sites that were contaminated with 

halogenated compounds (Liu et al., 2017; Oyewusi et al., 2020) 

Haloalkane dehalogenases were identified in both isolates as well. Their presence can reveal a 

common connection amongst strains, for example Weigold et al., 2016 showed a connection 

between degrading chlorinated and brominated haloalcohols in Mycobacteria, Rhodococcus, 

and Corynebacterium species. Based on the current study, the dehalogenases genes (dhaA_1, 

2 and 3) were present in both strains CX and O2. The dhaA 1, 2 and 3 amino acid sequence 

was compared against members of the isolated bacteria and fungi present in this study.  Again 

the presence of these dehalogenases showed the relationship between these isolates. Also the 

three dehalogenases genes (dhaA_1, 2 and 3 ) were found to have high similarities to those in 

related bacteria and fungi including Cytobacillus firmus, Cytobacillus oceanisediminis, Mucor 

ambiguus and  Trichoderma harzianum. It is also possible that the dehalogenase enzyme 

responsible the first stage in the metabolic breakdown of 3-CP could be due to the presence of 

expressed dhaA genes. 
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Chapter 8: General discussion and future directions  
 

8.1 General discussion 

The use of 3-CP as a herbicide and precursor in pharmaceutical manufacturing has led to 

significant environmental contamination. Relatively few studies have explored the potential of 

microbial degradation of 3-CP at physiological and molecular level. The current study 

investigated the presence of 3-CP degrading microorganisms in three distinct environments: a 

waterway with a variety of industrial, biological and agricultural contaminants (Oxley Creek), 

a petro-chemical bioremediation site (Caltex oil refinery), and a forest with some previous 

exposure to herbicides (Toohey Forest). The aims and objectives of the study were successfully 

accomplished. Microorganisms that degraded and grew on 3-CP as a sole carbon source from 

the three distinct environments were isolated and characterised. The pure isolates were 

identified using whole genome, 16S rRNA and ITS/18S rRNA sequencing. Bacterial 

community structures during degradation of 3-CP were studied as well.  

Four bacterial and two fungal 3-CP degrading isolates were identified using rRNA sequencing 

in the current investigation. Of the Oxley Creek bacterial isolates, strain O1 showed a close 

similarity to Lysinibacillus fusiformis, strain O2 was identified as Curtobacterium luteum, and 

strain O3 most related to Cytobacillus firmus. Strain CX from Caltex oil refinery shared a 

sequence identity most similar to that of Rhodococcus zopfii. The fungal isolates from Toohey 

Forest were strain M1, closely related to Mucor variicolumellatus, and strain M2, most similar 

to Trichoderma afroharzianum. Even though all of the isolates displayed close matches with 

known microorganisms (> 99% similarities) using rRNA sequencing, none of the species that 

were most closely related to any of the isolates had previously been shown to degrade 3-CP or 

even any halogenated compounds. However, previous reports have identified 3-CP degrading 

species that belong to some of the genera: Bacillus (Lin et al., 2011), Rhodococcus (Jing and 

Huyop, 2007), Mucor and Trichoderma (Parvizpour et al., 2013). In addition, ANI analysis 

suggested that strains O2 and CX were actually more likely to be novel species of 

Curtobacterium and Rhodococcus respectively. Both isolates were well below the species cut 

off of 95-96% (Chun et al., 2018); strain O2 was identified as most related to Curtobacterium 

pusillum (86.93%) and strain CX most related to Rhodococcus zopfii (89.10%).  
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Characterisation of the biochemical properties and 3-CP dehalogenation efficiency of the 

isolated microorganisms was successfully carried out. It demonstrated that these isolates could 

grow well when supplied with 20 mM 3-CP as a sole carbon source. In fact, all bacterial strains 

grew optimally with 10-20 mM 3-CP with higher concentrations (50-100mM) being inhibitory. 

While most literature studies used 10-20 mM 3-CP to study degradation, only one report 

optimised the concentration. Lin and colleagues (2011) found that Bacillus sp. CGMCC no. 

4196 was able to tolerate up to 100 mM of 3-CP, though growth was not much higher than with 

20 mM.   

The consumption of 3-CP was quantitated using HPLC analysis. All bacterial and fungal strains 

effectively degraded most of the 20 mM 3-CP within 14 days. This was expected as the isolates 

were clearly able to use 3-CP as sole carbon source for growth. The initial step in 3-CP 

degradation is the removal of the chloride group. Therefore utilisation of 3-CP and 

dehalogenation can be verified via the detection of chloride ions when released by the isolated 

strains. The results from the bacterial studies showed that on day zero there was a high 

concentration of 3-CP and no chloride liberated. After 2 days, strains O2, O3 and CX all had a 

lower 3-CP concentration and higher chloride indicating dechlorination had commenced. By 

day 5 almost all 3-CP had been degraded and much higher levels of chloride has been released. 

Several studies have focused on dehalogenases produced during 3-CP degradation. Both 

haloalkanoic acid (haloacid) and haloalkane dehalogenases have been characterised (Hamid et 

al., 2011; Hamid et al., 2013; Li and Shao 2014). Further, Jing and colleagues (2008) 

characterised a dehalogenase from a 3-CP degrading Rhodococcus species. While the 

dehalogenase was specific for β-substituted halogenated aliphatic acids, the type was not 

specified nor was it investigated at a molecular level.  

Mixed bacterial consortia in Oxley Creek and Caltex degradation microcosms were tracked 

over time. Samples tested initially were screened for bacteria capable of using 3-CP as a sole 

source of carbon for growth. Both the Oxley Creek and Caltex microcosms showed rapid 

growth in the first week and maximum growth levels were achieved after 3 weeks. Over the 

same time period, there was a steady decline in 3-CP levels which indicated that degradation 

was occurring. After 4 weeks, almost all of the 3-CP had been degraded and growth had ceased 

in both microcosms. Interestingly, the 3-CP was degraded was slower in the microcosms than 

in the pure isolate studies. It is likely due to the presence of soil/sediment in the microcosms. 

The resident bacterial community in the soil/sediment would take longer to enrich on the 3-CP 

in the microcosms compared with the pure isolates which had already been enriched prior to 
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degradation studies. In addition, 3-CP is likely to have bound to the soil particles present in the 

microcosms decreasing bioavailability and therefore slowing degradation. Bioavailability is 

recognised as a key factor in the degradation of halogenated compounds, and in fact with most 

organic contaminants (Nam and Kukor, 2004).    

Until now, there have been no reports of mixed consortia degradation of 3-CP. Though the 

degradation of another haloalkanoic acid, 2, 2-dichloropropionic acid, by a mixed culture was 

reported just once, some sixty years ago (Hirsch & Alexander, 1960). The authors found 

degradation occurred at similar rates to the current study. Due to the age of the report, obviously 

the profile of the community was not investigated. In the current study, the community structure 

was examined in the microcosms weekly for the first three weeks. Substantial shifts occurred 

in the profile over that time. In particular, there was a reduction in diversity after 3-CP was 

added and as it was degraded in both Oxley Creek and Caltex microcosms. As mentioned in 

section 5.5, this was similar to other reports in that halogenated compounds have a negative 

effect on microbial diversity.  

The whole genomes of the strains O2 and CX were sequenced and analysed to determine the 

molecular structure, phylogeny and the presence of key genes e.g. dehalogenases genes. Both 

isolates possessed a number of dehalogenase genes and genes involved in further metabolism 

following dehalogenation. The presence of haloacid and haloalkane dehalogenase genes 

suggests that both isolates have the capacity of removing halogen groups from a range of 

halogenated compounds. This would not be unexpected as the isolates were from environments 

that have many varied organic contaminants, including halogenated compounds. Consequently, 

they may have applications in the bioremediation of contaminated sites particularly those with 

3-CP. The haloacid dehalogenases found in the current study all shared homology with 

Rhodococcus genes. Rhodococcus species are well known for their ability to biodegrade a range 

of organic contaminants and applications in bioremediation (Kuyukina and Ivshina, 2019).  

The current project has provided insights into the molecular characteristics of 3-CP degraders. 

Dehalogenases in particular play a key role in initiating the degradation process and degraders 

isolated possess numerous dehalogenases. The dehalogenase genes specifically expressed 

during the degradation of 3-CP was beyond the scope of this project and requires further 

understanding. Nevertheless, the microorganisms isolated in the study may have a potential role 

in future bioremediation programs. However, the community structures in the microcosms 

showed that natural environments are highly complex and influenced by variations in 
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conditions. Understanding the structure of these communities and the interactions between 

degraders in specific environments will require far more work. Likewise, the process of 

degradation in natural environments is far more complex than single isolate degradation.  

 

8.2 Future work 

In view of the large number of environmental pollutants, especially chlorinated compounds, 

contaminating a wide variety of environments, research is required to boost our understanding 

of the role of microorganisms in degradation and treatment processes. The current study 

provides a starting point for a number of future investigations. The results presented in the 

current investigation may provide beneficial insights into possible engineering specific proteins 

and amino acid sequences that can dechlorinate contaminating compounds. Computational 

methods, such as homology modelling and molecular dynamics, need to be further investigated 

to highlight the enzymatic structure and function which translates into catalytic preference 

towards a particular configuration of organohalogens. This follows site guided mutagenesis of 

the dehalogenases in order to further understand what role particular acidic amino acid residues 

may play. The dehalogenase genes from Rhodococcus sp. CX and Curtobacterium sp. O2 

identified in the current study may have potential uses in plant biotechnology and the 

production of new plants capable of tolerating herbicides. 

Future work should be done to purify the dehalogenase enzymes from the microbial cells. 

Further characterisation of enzymological properties, activities and substrate specificities could 

then be revealed.  The response surface methodology (RSM) method can be used to optimise 

the activity of dehalogenase enzyme parameters such as pH, temperature and co-factors, 

allowing the choice of the best conditions in which to obtain the enzyme with increasing 

activity. The enzymes involved in further degradation of 3-CP after dechlorination should also 

be examined in more detail. Particularly, some of the hypothetical proteins in the genomes of 

isolates that are involved in degradation. This would enable a better understanding of the full 

degradation pathways. 

The genetic profiles of 3-CP degrading communities should be examined more deeply as well. 

Metagenomic studies would provide insights into a wide range of genes present, including 

dehalogenases, and not just 16S rRNA existing in the communities. Furthermore, gene 
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expression studies would provide insight into the role of enzymes. This would be especially 

valuable in understanding the role of the dehalogenase enzymes. 
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APPENDIX A 
 

 

Calculation for the dilution of 20 mM of 3-CP 

 

 

 

 

Use the dilution equation given by: 

 

 

M1V1 = M2V2 

 

 

Where M1 is concentration of stock 3-CP, V1 is the volume of stock 3-CP needed to be 

diluted, M2 is desired concentration of 3-CP in media preparation, V2 is desired volume 

of media to be prepared. 

 

 

Hence for preparation of 20 mM (0.02 M) of 3-CP requires: 

 

(i) (1M) (V1) = (0.01 M) (100 mL) 

 

(ii) V1 = [(0.02) (100)/(1)] [(M) (mL)/M] 

 

(iii) V1 = 1mL 
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Ion exchange chromatography 

.  

 

Anion Exchange Chromatography System 

Instrument: Dionex ICS-5000 Ion Exchange Chromatograph w/ suppressed conductivity 

detector.  

Guard column: Dionex IonPac AG19 4mm ID x 50mm. 

Analytical column: Dionex IonPac AS19 4mm ID x 250mm. 

Eluent: potassium hydroxide (KOH/OH-). 

Eluent Program (Mobile phase gradient): starts at 20mM eluent held isocratically for 12 

minutes, from 12 to 13 minutes a linear ramp to 60mM, held at 60mM until 20 minutes, from 

20 to 21 minutes, decreased linearly from 60mM to 20mM, held isocratically at 20mM until 23 

minutes. 

Injection volume: 10uL.  

 

Calibration 

All standards were made up in MilliQ water (conductivity of <0.055 uS/cm). Attached is a 

chromatogram showing a MilliQ blank that was run and also used as a zero point on the 

calibration curves. 

3-Chloropropanoic acid: 1, 10, 25 and 50 ppm standards run once on system and curve 

generated. R2 = 0.999504. 

Chloride: 1, 2.5, 5 and 10 ppm standards were made from a certified reference material standard 

containing chloride. R2 = 0.999701. Please note that while the chromatograms show various 

peaks, chloride was the only peak of interest and hence the only peak that is labelled. 

 

Quality control samples were run throughout the analysis of the samples. Attached is a 

chromatogram which shows these 10 ppm 3-CPA QC samples to be almost perfectly overlayed, 

all showing almost identical response. This indicates that the system is responding consistently 

throughout the analysis and that the results obtained are reliable. Furthermore, IC is extremely 

reproducible and as such for calibration curves only requires one standard of each concentration 

be run. 

Chromatograms 

These images include overlayed chromatograms of each of sample (to visibly show 3-CPA 

degradation and a chloride release correlation), standards and some calibration curves for both 

the 3-CPA and chloride.  
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MilliQ blank chromatograms  

 

 

3-CP calibration curve  
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3-CP standard chromatogram  

 

 

Chloride calibration curve 
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Chloride standard chromatograms  

 

 

10ppm QC samples overlayed 
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Control d0-d14 overlayed chromatograms  

 

 

 

 Caltex d0-d14 overlayed chromatograms 
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Oxley d0 -014 overlayed chromatograms  

 

 

 

 

Soil d0 -014 overlayed chromatograms  

 

 

 



Ahmad M Hadi       Microbial degradation of 3-chloropropionoc acid 

  

176 
 

Appendix D 
 

Measuring 3-CP disappearance and concomitant chloride release using ion exchange 

chromatography. Strains O2 and O3 were incubated in medium with 20 mM 3-CP and 

sampled initially, after 2, 5 and 7 days.  

 

(a) 
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(b) 

 

     (c)   
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(d) 

 

Control (0 -7 days) overlayed chromatograms. (a) Initial 20mM of 3-CP (Rt: 4.851) showing 

the control and (6.061) of chloride at zero time. (b) 3-CP (Rt: 4.854) and chloride (6.067) after 

2 days incubation. (c) 3-CP (Rt: 4.824) and chloride (6.047) after 5 days incubation. (d) 3-CP 

(Rt: 4.950) and chloride (6.157) after 7 days incubation.  
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(a) 

 

 

(b) 
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(c) 

 

(d) 

 

Overlayed chromatograms of O2 sample (visibly show 3-CPA degradation and a chloride 

release correlation). (a) Initial 20mM of 3-CP (Rt: 4.901) and (6.071) of chloride at zero time. 

(b) 3-CP (Rt: 4.894) and chloride (6.117) after 2 days incubation. (c) 3-CP (Rt: 4.651) and 

chloride (6.051) after 5 days incubation. (d) 3-CP (Rt: 4.747) and chloride (6.124) after 7 days 

incubation.  
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(a) 

 

 

(b) 
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(c) 

 

(d) 

 

Overlayed chromatograms of O3 sample showing 3-CPA degradation and a chloride release 

correlation. (a) Initial 20mM of 3-CP (Rt: 5.001) and (6.214) of chloride at zero time. (b) 3-

CP (Rt: 4.997) and chloride (6.211) after 2 days incubation. (c) 3-CP (Rt: 4.651) and chloride 

(6.051) after 5 days incubation. (d) 3-CP (Rt: 4.797) and chloride (6.184) after 7 days 

incubation. 
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Appendix E 
 

Measuring 3-CP disappearance and concomitant chloride release using ion exchange 

chromatography. Strain CX was incubated in medium with 20 mM 3-CP and sampled 

initially, after 2, 5 and 7 days. 

 

(a)
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(b) 

 

 

(c) 
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(d) 

 

Overlayed chromatograms of CX sample showing 3-CPA degradation and a chloride release 

correlation. (a) Initial 20mM of 3-CP (Rt: 4.931) and (6.137) of chloride at zero time. (b) 3-CP 

(Rt: 4.924) and chloride (6.134) after 2 days incubation. (c) 3-CP (Rt: 4.647) and chloride 

(6.051) after 5 days incubation. (d) 3-CP (Rt: 4.730) and chloride (6.117) after 7 days 

incubation. 
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Agarose Gel 1.5% TBE-based agarose. 100bp ladder (BioRad) 

 

 

Reactions for samples R5, R6, R8, M2 and M1 have produced high amounts of PCR 
product. Reactions for samples R2, R3, R4 have produced low amounts of PCR 
product. Reactions for samples R1 and R7 have failed to produce product. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

  

 

 

 

 

 

 

 

 

 

 

 

 

18S rRNA gene sequence for fungi isolated M1 

 

 

 

 

 

 

 

 

 

 

 

 

18S rRNA gene sequence for fungi isolated M2 

 

 

 

 

 

 

 

GGGWTCCACCTGATTTMGATCAATTTAAAAGAGTGTTATTTGGGAGGCCCCAGCACAGTTTATCGCAAGAGCTTCTCTTT

ATATTAAAAAAAAGTTCAGGCATTCAAACAAGATCAGGCCTTTGTACATTTCAAGAGGTTCRAGATCGAAAGATCAAGAG

ACTCTCAGTCATCCTATTCAACAAAAGTTGRATAGAGGGTTTGTTTTGATACTGAAACAGGCGTGCTCATTGGAATACCAA

TGAGCGCAAGTTGCGTTCAAGACTCGATGATTCACTGAATATGCAATTCACACTAGTTATCGCACTTTGCTACGTTCTTCAT

CGATGCGAGAACCAAGAGATCCGTTGTTAAAAGTTGTTTTATAGATTTTTTACGTCTATGTTACAATATTAATTCTGAATTC

TTTTGGTAAATAATAATAGGATACCAAGCCTAAGCTTGATTATGACTCGGTTAACATTCCAATGCCTATCCTTATAGCAATG

GAACATCCCTCAAGCGTCAAGTAATAATACGATTCACAGTAAATAGATAATGATGGACAAGCCAAAATTATTGATTATTTA

ATGATCCTTCCGCAGGTACCCCCYWYMRSGGGAGAGG 

GSGGGWWTTCAWCCTGATCCGAGGTCAACATTTCAGAAGTTGGGTGTTTAACGGCTGTGGACGCGCCGCGCTCCCG

ATGCGAGTGTGCAAACTACTGCGCAGGAGAGGCTGCGGCGAGACCGCCACTGTATTTCGGAGACGGCCACCGCCAAA

GGCAGGGCCGATCCCCAACGCCGACCCCCCGGAGGGGTTCGAGGGTTGAAATGACGCTCGGACAGGCATGCCCGCCA

GAATACTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTC

GCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATTCATTTTCGAAACGCCTACGAGAGG

CGCCGAGAAGGCTCAGATTATAAAAAACCCGCGAGGGGGTATACAAAAAGAGTTTTGGTTGGTCCTCCGGCGGGCGC

CTTGGTCCGGGGCTGCGACGCACCCGGGGCAGAGATCCCGCCGAGGCAACAGTTTGGTAACGTTCACATTGGGTTTG

GGAGTTGTAAACTCGGTAATGATCCCTCCGCAGGTTCACCCTACGGAGGG 




