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Abstract  
 

Currently, one-quarter of the Canadian population depends on groundwater for daily activities. 

However, the growing economy, the increase in anthropogenic activities, and the rising demand for 

petroleum hydrocarbons have led to the prevalence of high-risk pollutants such as Benzene-Toluene-

Ethylbenzene-Xylene (BTEX), in the environment (Haiying et al., 2021). Various physical, thermal, 

and chemical methods have been employed in the remediation of BTEX in groundwater and soil, as 

they can break them down into smaller molecules (Hernández-Ospina et al., 2024). Conventional 

thermo-physical methods, such as incineration and pump-and-treat are often costly and energy-

intensive (Soleimani, 2014). Chemical methods, like advanced oxidation processes (AOPs) based on 

peroxide oxidation and ultraviolet radiation, are often limited in their accuracy as they are not 

pollutant specific (Alori at el., 2022). Contrary to these methods’ bio-based approaches such as 

bioremediation, offer biodiversity protection, cost-effectiveness, and reliability in meeting the clean-

up requirements. Bioremediation employs bacteria to target BTEX compounds, converting them into 

safer substances like carbon dioxide, pyruvate or acetyl CoA (Wongbunmak et al., 2020). Particularly, 

certain strains from the Pseudomonas, Streptomyces, Microbacterium, Bacillus, Acinetobacter, 

Serratia and Rhodococcus genera have been proven as successful BTEX degraders (Chicca et al., 

2020; Hocinat et al., 2020; Kaur et al., 2023; Yavas & Icgen, 2018).  In this study, a microbial 

coculture of Serratia fonticola and Microbacterium esteraromaticum was employed to degrade BTEX 

compounds.  

Bacterial coculture, when appropriate, can improve the slow degradation of aromatic hydrocarbons 

compared to chemical and physical approaches without disrupting the ecological balance. 

Coculturing BTEX-degrading bacteria creates a robust system that can be applied in different aquatic 

environments; a co-metabolism between BTEX compounds can improve the degradation and increase 

the tolerance to these compounds by the microorganism (Mukherjee et al., 2012). Coculture provides 

a green alternative for sensitive sites like conservation and urban areas. The obtained results show a 
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total BTEX degradation of 47%, 45% and 42% by the coculture, M. esteraromaticum and S. fonticola, 

respectively. Furthermore, the bacterial coculture showed a high ability to degrade individually 

benzene (99%) toluene (71%), ethylbenzene (85%) and xylene (62%) compared to the individual 

strains over 42 hours of cultivation. Likewise, M. esteromaromaticum achieved an individual 

degradation of 20%, 68%, 92% and xylene 87%, respectively. Furthermore, the individual compound 

degradation achieve by S. fonticola was 38%, 57%, 97%, and 54%, respectively. This study shows 

an improvement of BTEX degradation as well as for benzene and toluene (individually). Further 

studies focused on the use of inducers to produce BTEX-degrading enzymes and to induce the co-

metabolism among BTEX compounds are recommended to enhance the degradation of BTEX. 

Finally, the microbial coculture can be a promising tool for in-situ bioremediation in contaminated 

water bodies. 
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Chapter 1: Background  
 

1.1 Introduction 
 

Petroleum oil has been extensively used worldwide since the Industrial Revolution in the 

18th century. The global aromatic hydrocarbon (AHs) market was worth hundreds of millions 

of dollars in 2022 and is expected to have an annual growth rate in the next years. AHs 

pollution occurs from a variety of sources, including logistic oil operations such as 

transportation, industrial and municipal wastewater, and accidental spills from oil and gas 

activities. However, accidental oil spills are the most severe cases. Benzene-toluene-

ethylbenzene-xylene (BTEX) are oil-derived aromatic compounds primarily produced 

through the catalytic cracking of light-phase oil, like naphtha. Therefore, spills and leaks 

from the supply chain of the oil and gas industry, including storage tanks, pipelines, and 

transportation are of high importance. For example, according to the U.S. National Oceanic 

and Atmospheric Administration (NOOA), an average of eleven oil spills per month occur 

only in the United States. Other sources of BTEX contamination may include diesel leakage 

from gas stations and effluents of pharmaceuticals, agrochemicals, polymers, dyes, 

plasticizers, and automotive resin industries (Boll et al., 2018a). 

One of the main concerns regarding BTEX pollution is its relatively high solubility in water 

and its capacity to infiltrate porous rocks reaching underground aquifers and water 

ecosystems, which are the primary sources of drinking water (DW) (Huang et al., 2021; 
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Lueders, 2017). Mono AHs compounds are well known for their negative effects on human 

and animal health due to their high toxicity (Wang et al., 2016). Several reports have shown 

that BTEX-contaminated sites are a potential source of neurotoxicity, anemia, and respiratory 

and cardiovascular illnesses, as well as impairments in the reproductive and immune systems 

of humans and animals (Latif et al., 2019). As a result, BTEX has emerged as a focal point 

in public health concerns and is designated as a hazardous pollutant according to the 

regulations set by the US Environmental Protection Agency (EPA) (Aburto-Medina and Ball, 

2015; Busca, 2021; Huang et al., 2021). Another important concern is around the high 

volatility of BTEX. This property allows these compounds to spread further in the 

environment including soil and groundwater. BTEX compounds have the capacity to 

transition between phases, impacting their removal difficulty regardless of the cleaning 

strategy adopted. Currently, various physical, thermal, and chemical methods are used to 

remediate BTEX in groundwater and soil by breaking them down into smaller molecules like 

carbon dioxide and water (Ron & Rosenberg, 2014). Conventional thermal-physical 

techniques, such as incineration and thermal desorption, are costly, energy-intensive, and 

environmentally harmful, disrupting ecosystems and emitting greenhouse gases (Soleimani, 

2014). Chemical approaches, including advanced oxidation processes (AOPs), often lack 

precision and may leave secondary pollutants or excess chemicals that harm ecosystems 

(Alori et al., 2022). Exothermic chemical reactions can also hinder on-site bioremediation by 

diffusing volatile compounds like BTEX. These methods are not permanent solutions and 

may merely transfer pollutants (Alori, 2015).  In contrast, bioremediation offers sustainable, 

cost-effective, and reliable alternatives. Microorganisms can utilize BTEX as electron donors 

under specific environmental conditions. Aerobic bacteria like Pseudomonas, Bacillus, 

Acinetobacter, and Rhodococcus demonstrate significant BTEX-degrading capabilities, with 
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differentiation between aerobic and anaerobic processes depending on oxygen and other 

electron acceptors (Wongbunmak et al., 2020; Zhou et al., 2016)  

Despite the capability of single bacteria to degrade BTEX, their use present important 

challenges such as limited activity and production of competent enzymes, and low tolerance 

towards environmental changes (temperature, pH, and oxygen concentration).  Single strain 

degradation can be restricted to concentration of BTEX below actual environmental pollution 

levels (EPLs) in heavily polluted aquifers (>200 ppm), where the microbial growth and 

performance are compromised. Moreover, time is an important constraint when it comes to 

bioremediation, as it can take several days (up to 21 days) to degrade stable compounds in 

groundwater such as benzene. A potential alternative to address these challenges altogether 

is with the use of a coculture-based degradation. Bacterial coculture, can improve the slow 

degradation of AHs and creates a robust system that can be applied in different aquatic 

environments in sensitive sites like conservation and urban areas.  

This dissertation studies a bacterial coculture of S. fonticola and M. esteraromaticum for the 

biodegradation of benzene, toluene, ethylbenzene and xylene (BTEX). The first chapter 

includes a literature review which describes the different activation mechanisms, pathways 

and intermediates involved in the biodegradation of BTEX as well as the research gaps and 

outlook in the field. In chapter 2, a detailed methodology is presented with all steps and 

considerations for the microorganisms growing conditions, biodegradation test and the 

enzyme assays.  

In chapter 3, A discussion on the coculture degradation ability and tolerance towards the 

BTEX compounds is presented.  Additionally, the chapter offers a comprehensive discussion 
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of the coculture performance for single-compound (SCD) and multi-compound (MCD) 

BTEX degradation.  

In chapter 4, the thesis provides an evaluation on the effect of benzyl alcohol in the activity 

of catechol 1,2-dioxygenase (C12O) and catechol 2,3-dioxygenase (C23O) using the 

bacterial coculture. Particularly, the stress-induced activity of BTEX-degrading enzymes and 

stress-induced BTEX co-metabolism after the supplementation of homologous 

monoaromatics such as benzyl alcohol is studied. Finally, Chapter 5 presents innovative 

hybrid approaches including different materials in which coculture can be immobilized to 

enhance its single-compound BTEX degradation performance while making it a promising 

and sustainable solution for the on-site degradation. In summary, this thesis enhances the 

knowledge and strategies for the decontaminating BTEX in sensitive aquatic environments.   

 

 

 

 

 

 

 

1.2 Literature Review 
 



5 
 

New perspectives on the anaerobic degradation of BTEX: mechanisms, pathways, and 

intermediates  

(Review Article published in Chemosphere) 

1.2.1 Types of biodegradation: Aerobic and Anaerobic 
 

Depending on the compartment, budget constraints, the target compound, and the technical 

and environmental features of the contaminated site, BTEX biodegradation can have 

different approaches. Under common atmospheric conditions, aerobic degradation occurs 

naturally in the site until oxygen is gradually depleted in any hydrocarbon-contaminated site 

providing an opportunity for an anaerobic process. Moreover, the occurrence of metals and 

organic and inorganic nutrients in the contaminated site could determine the growth and 

thriving of anaerobic and aerobic BTEX-degrading microorganisms. Likewise, the ability of 

these microorganisms to utilize nutrients, and various molecules as electron acceptors 

including oxygen, or metals such as iron oxide and manganese dioxide, will make the 

difference between an aerobic and an anaerobic degradation process (Hidalgo et al., 2020; 

Kalantary et al., 2014). 

Table 1 outlines crucial distinctions between aerobic and anaerobic biodegradation of BTEX.  

Factors like flexibility, versatility, and operational challenges, which are pivotal in choosing 

the most suitable option are essential to make an informed decision between aerobic and 

anaerobic degradation. It's important to grasp the feasibility, ease of process monitoring, 

maintenance needs, environmental and social impact, technology maturity, and available 

alternatives. 
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 Table 1. Aerobic and Anaerobic Biodegradation of BTEX (permission obtained from Chemosphere)Ta ble 1  

 Aerobic Anaerobic 

Advantages Disadvantages Advantages Disadvantages 

Versatility 

Use of atmospheric oxygen.   

Appropriate for sites with multiple 

contaminants (e.g. different 

hydrocarbons)   

Combined with multiple 

technologies: Biostimulation, 

bioaugmentation, in-situ 

bioventing, air sparging, oxygen-

releasing substances (ORSs), pump 

and treat, ozone injection, soil 

vapor extraction.  

 

Not suitable for volatile and 

light-weight petroleum 

hydrocarbons such as BTEX 

 

Its use of electron acceptors is 

limited to only oxygen.  

 

Reliance on dissolved oxygen for 

the degradation of BTEX in 

water bodies.  

Enhancement mature 

technologies available: 

Bioaugmentation, bioventing 

and biostimulation.  

Use of multiple electron 

acceptors:  nitrate, sulfate, 

metals, humic, etc. 

Anaerobes can growth in wide 

ranges of pH (5 – 9).  

 

 

 

Reduce enzymatic capabilities. 

 

Anaerobes such as methanogens 

are quite sensitive towards pH 

changes (7 – 7.5).  

  

Some activation mechanisms of 

degradation are not as well-

understood. 

Technology maturity 

 

A high mature alternative with 37 

active patents created during the 

last 10 years, with 30% involving 

 

Only 3 patents are focused on 

groundwater BTEX 

bioremediation 

 

 

With 18 active patents during the 

last century. Anaerobic BTEX 

bioremediation technology has 

 

Important gaps on anaerobic 

pathways, involved enzymes and 

applicability.  
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 Aerobic Anaerobic 

Advantages Disadvantages Advantages Disadvantages 

physical, chemical or hybrid 

bioremediation systems.  

 

Likewise, 50% of the patents are in 

a pilot or industrial stage, mainly 

focused on BTEX removal from 

wastewater and soil.  

 several opportunity areas to 

improve. 

 

In summary: 

- 20% combined bioremediation 

with bioventing or 

biostimulation.  

- 33% are chemical approaches   

- 47% are biological approaches.   

 

  

62.5% of the existing patents are 

currently in the bench scale 

stage, with no patent reported at 

industrial scale.    

 

Used mainly for soil and 

groundwater BTEX 

biodegradation.  

Feasibility 

Feasible in surface-sensitive and 

urban areas 

 

Feasible in cold and surface-

contaminated areas 

 

 

Inadequate to address free 

mobile products and petroleum 

hydrocarbons (PHs) in low 

permeability soil (e.g. clay)   

 

Good for remote and difficult to 

access sites (e.g. contaminants 

buried underground). 

Less energy intensive than 

aerobic processes 

Feasible in surface-sensitive and 

urban areas 

  

Lower biodegradation rates and 

lower energy yield per molecule 

of BTEX degraded. 

 

Less feasible for urgent clean up 

operations.  



8 
 

 Aerobic Anaerobic 

Advantages Disadvantages Advantages Disadvantages 

Heavily contaminated areas and 

recalcitrant pollutants  

Feasible in inaccessible 

underground areas 

Maintenance and 

monitoring 

Requires high maintenance.  

 

 

Easy monitoring is easier:  

Contaminated areas being often 

open access.  

 

Multiple regulated field and 

analytical methods developed 

Clean-up progress can be 

directly track by monitoring 

oxygen levels in soil or water.  

 

Measurable degradation 

products such as carbon dioxide 

can facilitate real-time 

monitoring.  

 

Monitoring techniques are well-

established and easier to 

implement.  

Low maintenance compared to 

aerobic systems. 

More appropriate for sites with 

limited access or where 

monitoring is more challenging. 

 

Multiple alternatives of stable in 

situ indicators specific to BTEX 

anaerobic degradation. (e.g. 

benzylsuccinates 

/phenylitaconates and 

benzoates).  

Monitoring relies on advanced 

tools such as molecular probes, 

proteomic analysis and stable 

isotope probing and  

 

 

Moreover, its monitoring relies 

on more the identification of 

bacterial strains and complex 

anaerobic microbial 

communities. 

Operation 

 

Optimal temperature between 20 – 

45 °C 

 

 

 

 

Optimal temperature between 28 

°C and 40 °C  

 

Slow metabolic rates compared 

to aerobes.  
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 Aerobic Anaerobic 

Advantages Disadvantages Advantages Disadvantages 

Faster process with higher 

degradation rates and intrinsically 

facilitated with a more robust 

degradation to target different 

levels of pollution.  

Works well for BTEX when it is 

present with diverse contaminants.  

Require human labour and 

demand logistics. 

  

Improved by natural attenuation 

such as sorption and 

volatilization from groundwater.  

Anaerobes have a great 

resistance to changes in pH. 

Prone to nutrient limitation in 

soil.  

 

 

Environmental and 

social impact 

 

 

Less formation of harmful 

intermediates with a direct 

conversion to CO2 and H2O.  

 

Accepted by Regulatory authorities 

and the public.  

 

Create employment and improve 

local economies, and it is aligned 

 

 

Less contaminant-specific 

 

 

Can disrupt the ecosystem and 

native microbes.  

 

 

More intermediate by-products 

compared to aerobic due to 

slower metabolism. 

 

Requires minimal equipment and 

labour work and it is accepted by 

regulatory authorities and the 

public. 

 

 

 

Anaerobic pathways are not 

clearly understood.      

 

 Public acceptance is not as good 

as it is for aerobic.  

 

No knowledge about the toxicity 

of anaerobic intermediates  
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 Aerobic Anaerobic 

Advantages Disadvantages Advantages Disadvantages 

with indigenous traditions and land 

rights. 

Requires more equipment and 

labour work than anaerobic 

biodegradation. 

 

More sustainable with less 

carbon footprint and energy 

demands. 

 

Create employment and improve 

local economies, and it is aligned 

with indigenous traditions and 

land rights. 

 

 

It might result in methane 

emissions, a greenhouse gas.  

CO2: Carbon dioxide H2O: Water 

 



11 
 

Aerobic biodegradation surpasses anaerobic biodegradation in versatility. Its capability to 

concurrently address a broad spectrum of contaminants in complex mixtures and at varying 

concentration levels sets it apart. The microbial diversity in aerobic microorganisms outpaces 

that of the anaerobic counterparts, primarily because bacteria utilize molecular oxygen in 

aerobic biodegradation—a process prevalent in surface water. Likewise, aerobic 

biodegradation boasts enzymes with significant potential for BTEX degradation. Some of 

these enzymes include monooxygenases like toluene monooxygenase (ToMO), benzene 

monooxygenase and xylene monooxygenases (XMO), dioxygenases such as catechol 1-2 

dioxygenase (C12O), ethylbenzene dioxygenase and catechol 2,3-dioxygenase (C23O), 

among others (Olajire and Essien, 2014). 

On the other hand, the anaerobic biodegradation process has less microbial diversity with 

reduced enzyme capabilities. The BTEX-degrading reported anaerobes are limited. Table 2 

shows some studies performed with anaerobic microorganisms able to utilize BTEX along 

with the operational conditions, and their degradation ability. These studies have been limited 

to a few families of bacteria and archaea include Desulfobulbaceae, Rhodocyclaceae, and 

Peptococcaceae (Lueders, 2017). Even though most of the microorganisms employed in 

research are found as a consortium, single strains like the metal-reducing microbes (DMRM); 

Aromatoleum aromaticum EbN1 and Georgfuchsia toluolica G5G6 are capable of degrading 

toluene and ethylbenzene after the reduction of iron (Fe (III)) and manganese (Mn (IV)) as 

electron acceptors (Dorer et al., 2016; Tremblay and Zhang, 2020). Studies of BTEX 

biodegradation have been limited to contaminated soil and groundwater and innovative 

approaches have been proposed. For example, Rahman et al., (2018) who used glucose and 

acetate as co-substrates to enhance the benzene biodegradation and increase CO2 and CH4 
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production during anaerobic digestion. Table 3 highlights the genes and enzymes encoded 

for some BTEX biodegradation tests under anaerobic conditions. The number of enzymes 

and genes reported for anaerobic degradation is as limited as the microbial diversity of 

anaerobes. Genes encoding benzylsuccinate synthase (K07540), 4-hydroxybenzoyl-CoA 

(K01075) and benzoyl-CoA reductase (K04114) are often most reported. However, these 

genes are more specific to toluene and ethylbenzene anaerobic degradation and are often 

focused only on microbial community analysis. Overall, anaerobic bioremediation is an 

emerging area of exploration that demands important advancements in metagenomics and 

enzyme-based technologies to assess its potential for in situ application for all the compounds 

including benzene and xylene which are known to a lesser extent (Miri et al., 2019). 
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 Table 2. Studies of BTEX biodegradation under anaerobic conditions (permission obtained from Chemosphere) Ta ble 2  

Microorganism Compartment Contaminant Initial Concentration 

(µM) 

Electron 

Acceptor 

Conditions:  

time (days), Temperature (°C) 

Total Degradation 

(%) 

Reference 

Bacterial 

consortium 

Soil Toluene 900 Humic 

Substances 

15 days, 

25 °C 

55 (Jiang et al., 2023) 

Bacterial 

consortium  

Soil Benzene 120  

Sulfate 

 

Nitrate  

 

Iron 

210 days, 

28 °C 

50 (Wu et al., 2022) 

Toluene 90 90 days, 

28 °C 

100 

Ethylbenzene 100 90 days, 

28 °C 

100 

p-xylene 100 210 days 

28 °C 

30 

m-xylene 100 210 days, 

28 °C 

30 

o-xylene 200 210 days, 

28 °C 

55 

Bacteria 

consortium 

Groundwater Toluene  

500 

Iron  

10 days, 

20* °C 

100 (Huang et al., 2021) 
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Microorganism Compartment Contaminant Initial Concentration 

(µM) 

Electron 

Acceptor 

Conditions:  

time (days), Temperature (°C) 

Total Degradation 

(%) 

Reference 

Benzene-

Degrading 

Culture 

 DGG-B 

Groundwater Benzene 18 Methane 70 days, 23°C 100 (Toth et al., 2021) 

 

Bacteria 

consortium 

Sludge Benzene and 

glucose 

205 Acetic Acid 

 

Carbon Dioxide 

22 days, 35 °C 75 (Rahman et al., 2018) 

 

Benzene and 

acetate 

Bacteria 

consortium N3 

 

Soil and 

Groundwater 

 

Benzene 

 

1000 

Nitrate 

 

Sulfate 

 

30* days, 20°C 

 

77* 

 

(Keller et al., 2018) 

Bacteria 

consortium N4 

35* days, 20°C 80* 

Aromatoleum 

aromaticum 

EbN1 

Surface Water Toluene 170 Nitrate 

 

Manganese 

22 days, 25°C  

 

 

100 

 

 

 

(Dorer et al., 2016) 

Ethylbenzene 150 7 days, 25°C 

Georgfuchsia 

toluolica G5G6 

Groundwater Toluene 190 Nitrate 

 

3 days, 25°C 

 140 7 days, 25°C 
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Microorganism Compartment Contaminant Initial Concentration 

(µM) 

Electron 

Acceptor 

Conditions:  

time (days), Temperature (°C) 

Total Degradation 

(%) 

Reference 

Ethylbenzene Manganese 

 

 

Bacteria 

consortium 

 

 

Soil 

Toluene 170 Nitrate 

 

Manganese 

2 days, 25°C 

Ethylbenzene 

 

 

150 

 

7 days, 25°C 

 

Bacteria 

consortium 

 

Soil 

 

 

Benzene 

 

 

760 

 

Sulfate 

 

 

180 days, 22°C 

 

100 

 

 

(Herrmann et al., 2010) 

 

Bacteria 

consortium 

 

 

 

Soil 

 

 

Benzene & 

Toluene 

 

 

 

350 

 

Iron 

 

 

 

49 days, 30°C 

100 (Laban et al., 2010) 

Bacteria 

consortium 

Soil Benzene 4.5  

Manganese 

80 days, 30°C 100 (Villatoro-Monzón et 

al., 2008) 

Bacteria 

consortium 

Soil Benzene 

 

104  

 

 

Nitrate 

60 days, 20°C  

 

 

100 

 

 

(Dou et al., 2008) 
Toluene 103 35 days, 20°C 

Ethylbenzene 103 48 days, 20°C 



16 
 

Microorganism Compartment Contaminant Initial Concentration 

(µM) 

Electron 

Acceptor 

Conditions:  

time (days), Temperature (°C) 

Total Degradation 

(%) 

Reference 

m-xylene 98  

Sulfate 

62 days, 20°C 

o-xylene 101 69 days, 20°C 

p-xylene 97 67 days, 20°C 

Bacteria 

consortium  

Groundwater Benzene 25  

 

 

 

 

Iron 

230 days, 20°C 100 (Botton and Parsons, 

2006) 

 

Toluene 100 160 days, 20°C 

o-xylene 60 600* days, 20°C 

p-xylene 60 600* days, 20°C 

*Average values  
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Table 3. Genes and enzymes in BTEX biodegradation tests under anaerobic conditions (permission obtained from Chemosphere) Table 3  

Microorganism Contaminant Gene Enzyme Encoded Reference 

Bacteria consortium Toluene K07540  

K01075  

K01560  

benzylsuccinate synthase  

4-hydroxybenzoyl-CoA  

Thioesterase-2-haloacid dehalogenase 

 (Jiang et al., 2023) 

Bacteria consortium Benzene  

Toluene  

Ethylbenzene 

p-xylene  

m-xylene  

o-xylene 

K07540 

bssA/bamA 

benzylsuccinate synthase 

6-oxocylcohex-1-ene-1-carbonyl-CoA hydrolase 

(Wu et al., 2022) 

Bacteria consortium Toluene K07540  

K07543+K07544  

K07545  

K07546  

K07547+K07548 

K07549, K07550  

benzylsuccinate synthase  

benzylsuccinate CoA-transferase (R)-benzylsuccinyl-CoA dehydro genase  

E-phenylitaconyl-CoA hydratase (2S)-[(R)-hydroxy(phenyl)methyl]-succinyl-CoA  

dehydrogenase benzoylsuccinyl-CoA thiolase  

benzoyl-CoA reductase  

cyclohexa-1,5-dienecarbonyl-CoA hydratase  

(Huang et al., 2021) 
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Microorganism Contaminant Gene Enzyme Encoded Reference 

K04112, K04113, K04114,  

K04115  

K07537  

K07538  

K07539  

K07535  

K07534  

K04117  

K04116  

K07536 

6-hydroxycyclohex-1-ene-1-carboxyl-CoA dehydrogenase  

6-oxo-cyclohex-1-ene-carbonyl-CoA hydrolase  

2-hydroxycyclohexanecarboxyl-CoA dehydrogenase cyclohex-1-ene-1-carboxylCoA 

hydratase  

cyclohexanecarboxyl-CoA dehydrogenase cyclohexanecarboxylate-CoA ligase  

2-ketocyclohexanecarboxyl-CoA hydrolase 

Bacteria consortium 

N3 

Benzene  K04114  benzoyl-CoA reductase  (Keller et al., 2018) 

Bacteria consortium 

N4 

Aromatoleum 

aromaticum EbN1 

Toluene 

Ethylbenzene  

bamA  

Bss 

Ring opening hydrolase  

Benzylsuccinate synthase  

(Dorer et al., 2016) 

Georgfuchsia 

toluolica G5G6 

Bacteria consortium 

DD-Anox1 

Toluene 

Ethylbenzene 

bamA  

Bss 

Ring opening hydrolase  

Benzylsuccinate synthase 
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Microorganism Contaminant Gene Enzyme Encoded Reference 

Bacteria consortium Benzene & Toluene  K25932 K04110  

UbiD/UbiX  

UbiD/UbiX  

phenylphosphate carboxylase  

benzoate-CoA ligase  

3-octaprenyl4-hydroxybenzoate carboxy-lyase benzene carboxylase  

(Laban et al., 2010) 
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Aerobic degradation exhibits remarkable versatility in addressing contamination, whether in 

proximity to or distant from the source zone, as well as in both saturated and unsaturated 

zones. In heavily contaminated sites (saturated), especially with a higher concentration of 

hydrocarbons, the aerobic zone may transition rapidly into an anaerobic state due to oxygen 

depletion. Despite its reliance on oxygen, aerobic degradation offers several alternatives to 

augment oxygen levels, thereby enhancing its efficiency. These alternatives can be used in 

both areas with high saturation and those with lower saturation and include using substances 

that release oxygen, injecting ozone, or oxygen, or using a combination of techniques like air 

sparging, bioventing or pump and treat. For aerobic biodegradation in soil, the process can 

be combined with vapor extraction or biopiling (US EPA, 2014). Moreover, biostimulation 

and bioaugmentation are the most important alternatives for boosting the aerobic 

biodegradation of petroleum hydrocarbons, both of which significantly contribute to 

enhancing versatility. Biostimulation is a strategy involving the supplementation of nutrients, 

electron acceptors (such as oxygen), or electron donors (co-metabolism) to boost the 

microbial activity and growth of aerobic degraders (Gieg and Toth, 2017; Haleyur et al., 

2019). This approach not only fosters the growth of aerobic degraders but can also stimulate 

the production of enzymes and induce specific degradation pathways in the microbial 

community at the site. 

Similarly, bioaugmentation is an effective strategy for accelerating biodegradation rates. It 

entails the injection of cultivated degraders into the contaminated environment. Overall, the 

application of aerobic biodegradation for hydrocarbons has reached the implementation stage 

with various alternatives that offer significant advantages and adaptability to specific 

biodegradation goals. The technology readiness level (TRLs) for technologies compatible 
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with and capable of enhancing aerobic degradation typically ranges between 7 and 8 for soil 

and between 7 and 9 for water, according to the European Space Agency’s (ESA) scale. This 

indicates a high level of maturity and feasibility for these technologies in real-world 

applications. Technologies that include excavation, thermal treatment, landfill disposal, 

pump and treat and bioventing are mature enough to make aerobic processes highly reliable. 

However, aerobic degradation is not suitable for lightweight hydrocarbons such as BTEX 

due to their volatilization.  

In contrast, anaerobic degradation offers a better option for the removal of such AHs taking 

into account its environmental fate. Compounds such as BTEX in the saturated zone tend to 

volatilize to the atmosphere; however, in the unsaturated zone, they can be transported and 

infiltrated into soil and groundwater (Khalid et al., 2021). BTEX compounds can be easily 

absorbed in clay, minerals and organic matter in the soil due to their high soil partition 

coefficient (Koc). In another type of soil, BTEX can infiltrate faster and contaminate the 

water of aquifers where oxygen is usually scarce and organic matter derivates, metals and 

minerals are abundant.   

The presence of multiple alternative electron acceptors in environments, such as nitrate, 

methane, sulfate, manganese dioxide, iron oxide, humic substances, and heavy metals 

provides the anaerobic processes a significant versatility. Despite being acknowledged as a 

lengthier process, attributed to the comparatively slow metabolic activity of anaerobic 

microorganisms, it remains a dependable method for the removal of BTEX in groundwater 

across diverse geological and geographical locations. 

Conversely, the strategies available to expedite hydrocarbon removal from aquifers under 

anaerobic conditions are fewer compared to aerobic processes. Primarily, only surfactants 
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and bioaugmentation have been explored as technologies to enhance biodegradation rates. 

Bioaugmentation holds the potential to significantly increase biodegradation rates by several 

orders of magnitude beyond naturally occurring, non-stimulated rates. However, the 

application of biosurfactants is more pertinent and specific to the biodegradation of alkanes. 

(Crisafi et al., 2016; Nikolopoulou and Kalogerakis, 2008; Roy et al., 2018) 

As of now, these enhancement technologies have not progressed to the application stage for 

BTEX-contaminated subsurface, including groundwater and subsoil. Their technology 

readiness levels (TRLs) are still fluctuating between 4 and 5, having been validated in lab-

scale but only preliminarily tested in relevant environments.  However, since anaerobic 

biodegradation processes pose an important interest in future research such as scale-up 

studies, its TRL levels are expected to increase in the next decades. Moreover, the inadequate 

understanding of anaerobic biodegradation mechanisms, including pathways, intermediates, 

and enzymes, is impeding the integration of these technologies. In contrast, aerobic 

biodegradation understanding is more advanced. For example, aerobic degradation of BTEX 

is more mature with a clearer picture of the central catabolic routes involved such as the 

addition of hydroxyl groups and the intermediates such as catechol derivates found in the 

biodegradation pathways (Lueders 2017).  

Additionally, the feasibility of applying aerobic and anaerobic biodegradation for BTEX 

involves significant economic, logistic, and regulatory implications, depending on the site 

conditions. Additionally, the feasibility of aerobic and anaerobic biodegradation is assessed 

based on energy requirements, and in terms of economic feasibility, both degradation 

processes show high viability in sensitive and urban areas where strict compliance with 

policies is essential, and sustainable options are preferred.  



23 
 

In cases where BTEX contamination is located in surface areas and highly saturated zones, 

aerobic degradation emerges as a cost-effective solution due to the rapid oxidation of 

compounds and the ready availability of atmospheric oxygen. Nevertheless, if BTEX 

pollution is concentrated in low-permeability soils like clay, aerobic degradation becomes 

ineffective as it becomes inaccessible, and oxygen is quickly depleted. In contrast, anaerobic 

biodegradation of BTEX proves to be a better alternative for challenging contaminated sites, 

particularly when they are buried underground and distant from operational centers in larger 

cities. The degradation of BTEX in remote and cold sites, such as the northern tundra of 

European Siberia or Canada, may require the provision of electricity, transportation, 

logistical operations, and the supply of chemicals, personal protective equipment, and 

working tools. Meeting these operational requirements can be cost-prohibitive, contradicting 

the goal of biodegradation to provide cost savings while offering an environmentally friendly 

and practical solution for addressing BTEX contamination.  

Anaerobic biodegradation offers a more practical approach in these cold and remote areas 

that are often part of conservation areas also, and where biodiversity and water resources 

protection are prioritized (Dias et al., 2012). Moreover, anaerobic is an approach that requires 

low maintenance and monitoring in areas of limited access. Once the microbial culture is 

inoculated into the site it can be monitored on a monthly or yearly basis as it progresses 

slower. In contrast, aerobic degradation requires more maintenance as the chain of reactions 

occurs faster and the oxidation of BTEX compounds may also imply a sequence of various 

redox zones is established moving in the downstream direction from the location of the 

contaminant. In terms of monitoring, aerobic biodegradation has the advantage of the 

contaminated site being open access. Moreover, monitoring has been well established by the 
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United States (US) - EPA, with several regulated field methodologies, parameters determined 

and analytical methods. For example, methods such as EPA SW-846: 8260B which is widely 

used along with field Gas chromatography (GC) and Gas Chromatography Mass 

Spectrometry (GC-MS) to determine organic volatile compounds such as BTEX. Likewise, 

since the mechanism of aerobic biodegradation is well understood so is the formation of 

intermediate compounds after the breaking down of BTEX, which could offer insights into 

the monitoring of the removal progress. Although not at the same level of understanding of 

aerobic, anaerobic biodegradation also has intermediates like benzylsuccinates/E-

phenylitaconates that can be employed as in situ indicators of the degradation progress. More 

intermediates have also been reported as indicators such as benzoates derivates; however, 

employing benzylsuccinates proves to be a more dependable and distinctive indicator of 

anaerobic conditions due to their absence from commercial and industrial sources. Despite 

the existence of anaerobic intermediates, a major disadvantage for the monitoring of 

anaerobic biodegradation lies in the scarce metagenomic studies and the underdeveloped 

molecular tools such as proteomic analysis and stable isotope probing which limit its 

understanding (Boll et al., 2018b; Ladino-Orjuela et al., 2016).   

Finally, the environmental and social impact are critical aspects to differentiate the best 

alternative between aerobic and anaerobic. For example, aerobic biodegradation possesses 

the advantage of having less formation of toxic and harmful intermediates. Aerobic 

conditions are thus safer, considering that BTEX compounds can likely achieve complete 

mineralization with carbon dioxide and water as end products. Despite the rapid 

mineralization of BTEX and other petroleum hydrocarbons, aerobic biodegradation is not 

contaminant-specific and can disrupt the ecological balance and biogeochemical cycles. On 
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the contrary, anaerobic degradation relies often on the natural attenuation which is slow due 

to the anaerobe metabolism (Reitzel, 2005). This slow transformation of BTEX compounds 

could lead to higher levels of intermediates. However, there are no studies suggesting that 

any of these intermediates might be having a negative impact on aquifers and other sub-

surface ecosystems. Overall, anaerobic biodegradation can be considered a more sustainable 

alternative compared to aerobic when it comes to the large-scale biodegradation of petroleum 

hydrocarbons such as BTEX. Anaerobic is less disruptive as it provides sufficient time for 

microbial ecosystems to prepare for the biodegradation process. As a result of this 

stimulation, natural cycles such as nitrification, ammonification and methanogenesis are 

stimulating, while enriching the soil and protecting biodiversity. Likewise, anaerobic has 

fewer energy demands without the use of fuel-operated technologies such as pumps, and 

therefore, a significant reduction in its carbon footprint and climate change impact. In 

addition, both types of biodegradation alternatives correspond to a process in which nature 

repairs itself and thus, they are safe to protect water bodies, groundwater and soil during a 

BTEX cleanup process. 

1.2.2 BenzylCoA Reduction  
 

Benzoyl-CoA, a central metabolite found after the breakdown of AHs like BTEX, is present 

in several alternative pathways. During the breaking down of BTEX, the biochemical energy 

demands, terminal electron acceptor preference and the degradation pathway depend on the 

microorganism. However, all the biodegradation pathways seem to converge on the benzoyl-

CoA pathway.  
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In this pathway, the benzoyl-CoA ring is anaerobically reduced to form a non-aromatic 

cyclohexene carboxyl CoA, specifically the intermediate cyclohex-1,5-diene-1-carboxyl-

CoA (I), by benzoyl-CoA reductase (BCR) (Durante-Rodríguez et al., 2018). Figure 1 

displays the benzoyl-CoA reduction pathway, showing that it can be activated either via ATP-

dependent enzyme (Class I BCR) or ATP-independent reductase (Class II BCR). During the 

activation, Class I BCR is responsible for both the de-aromatization of benzoyl-CoA and the 

hydrolysis of two ATP molecules (Ghattas et al., 2017). Two types of Class I BCR have been 

identified and characterized with their subunits in species from the Tahuera, 

magnetospirillum, azoarcus, and aromatoleum genus; Bcr-type (BadDEFG) and Bzd-type 

(BzdNOPQ), whereas for Class II BCR, eight subunits had been reported (BamBCDEFGHI) 

with its respective active site (BamB) (Boll et al., 2014; Tremblay and Zhang, 2020). 

Different authors suggest that class I BCR and class II BCR catalyze the de-aromatization 

depending on the microorganism. Class I BCR is often found in facultative anaerobic bacteria 

that utilize terminal electron acceptors with high energy yields, such as denitrifying bacteria 

(e.g. Tahuera, Azoarcus, Aromatoleum), while Class II BCR is commonly found in obligate 

anaerobes, including some iron (e.g Geobacter metallireducens) and sulfate reducers (e.g 

Desulfococcus). (Boll et al., 2018b; Tiedt et al., 2018).  

Additionally, Figure 1 illustrates the subsequently modified beta-oxidation of cyclohex-1,5-

diene-1-carboxyl-CoA (I) that involves the addition of a water molecule by a 

cyclohexadienoyl-CoA hydratase (Carmona et al., 2009). The resulting 6-hydroxycyclohex-

1ene-carboxyl-CoA (II) is oxidized and hydrated, producing 3-hydroxy-pimelyl-CoA (IV) by 

hydroxyenoyl-CoA dehydrogenase and a ring-opening oxoenoyl-CoA hydrolase, 

respectively. Glutaryl-CoA (V), crotonyl-CoA (VI), 3-hydroxy-butanoyl-CoA (VII) and 
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acetoacyl-CoA (VIII) are further intermediates formed after the steps of beta-oxidation, 

hydration, decarboxylation, and coenzyme A addition. The enzymes responsible for these 

transformations include acetoacyl-CoA reductase, glutaconyl-CoA decarboxylase, 3-

hydroxy-pimeyl-CoA dehydrogenase, the b-ketopimeyl-CoA thiolase, and glutaryl-CoA 

dehydrogenase. 

Acetoacyl-CoA (VIII) cleavage produces two acetyl-CoA molecules that, along with a 

molecule of acetyl-CoA produced after the hydrolytic ring fission step, enter the Krebs cycle, 

which ultimately produces carbon dioxide, NADH, FAHD2, and guanosine triphosphate 

(GTP). Although the benzoyl-CoA degradation pathway has no major differences for 

different strains or terminal electron acceptors, two independent enzymes were identified as 

responsible for the decarboxylation in the last step under sulfate-reducing conditions whereas 

one single enzyme-catalyzed this reaction under iron-reducing conditions. 
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Figure 1  

Figure 1. Metabolic pathway from benzoyl-CoA to acetyl CoA. All the metabolite 

intermediates in the benzoyl CoA degradation are shown including the Krebs cycle final 

products: I. cyclohex-1,5-diene-1-carboxyl-CoA II. 6-hydroxycyclohex-1ene-1-carboxyl-

CoA III. Oxoenoyl-CoA IV. 3-hydroxy-pimeloyl-CoA V. glutaryl-CoA VI. crotonyl-CoA VII. 

3-hydroxy-butanoyl-CoA VIII. Acetoacyl-CoA  (permission obtained from Chemosphere). 
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1.2.3 Benzene biodegradation pathway  
 

Even though the understanding of benzene biodegradation is still in an intermediate stage in 

the absence of oxygen, three pathways for benzene anaerobic degradation are proposed: (1) 

hydroxylation to phenol, (2) carboxylation to benzoate, and (3) methylation to toluene 

(Castro et al., 2022; Edwards et al., 2021; Gieg and Toth, 2017). 

Figure 2 shows that during the hydroxylation of benzene (1), the hydroxyl group from water 

is introduced into a carbon-hydrogen bond, and a subsequent series of reactions to produce 

benzoyl-CoA follows this. Initially, benzene is hydroxylated to phenol by a benzene 

hydroxylase. Then, the resulting phenol is converted into phenyl phosphate (I) by an ATP-

dependent phenyl phosphate synthase (PpsABC) with subunits (α, β, γ).  Subsequently, 

phenyl phosphate is converted into 4-hydroxybenzoate (II) through carboxylation mediated 

by the phenylphosphate carboxylase (PpcBD) comprised of the subunits (d, α, β, γ). 

Following this, a 4-hydroxybenzoate-CoA ligase (PpcBD) transforms 4-hydroxybenzoate 

into 4-hydroxybenzoyl-CoA (III). The final step involves the conversion of 4-

hydroxybenzoyl-CoA into the central intermediate, benzoyl-CoA, through the activity of 4-

hydroxybenzoyl-CoA reductase (PcmRST). An enzyme comprised of three subunits referred 

to as (α2β2γ2) (Netzer et al., 2020).    

On the other hand, benzene biodegradation via carboxylation to benzoate (2) is likewise an 

important pathway considered the primary mechanism of the benzene activation pathway 

(Gieg and Toth, 2017).  

Carboxylation serves as an activation mechanism for benzene, and it results in the 

transformation of benzoate catalyzed by benzene carboxylase (UbiD-like) in the presence of 
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carbon dioxide. Subsequently, benzoate is transformed to benzoyl-CoA by a proposed 

benzoate-CoA ligase (Bcl1) that is composed of a single protein in the presence of a 

Coenzyme-A and adenosine triphosphate (ATP) (Tremblay and Zhang, 2020). Moreover, 

multiple authors have reported this activation step for the biodegradation of benzene under 

different anaerobic conditions. For example, Ghattas et al., (2017) suggested that the 

carboxylation of benzene to form benzoate likely occurred under methanogenic, iron, and 

sulfate-reducing conditions. However, nitrate-reducing microbial consortia have also shown 

a potential degradation via benzene carboxylation. For instance, (Atashgahi et al., 2018) 

observed gene transcripts for key enzymes on the biodegradation pathway such as benzoate-

CoA ligase and UbiD/UbiX-related carboxylases suggesting the benzoate formation and 

highlighting the carboxylation to benzoate step as the main activation reaction for the 

benzene biodegradation pathway in denitrifying enrichment cultures. Similarly, other authors 

such as (Dong et al., 2017) reported benzoate presence using a sulfate-reducing member of 

the genus Pelotomaculum that converts benzene to carbon dioxide. Nevertheless, certain 

aspects such as the high energy dissociation of the C-H bond in benzene (473 kJ/mol), the 

difficulty of benzene to diffuse into cells, and the lack of benzoate-CoA ligase can make it 

more difficult for direct carboxylation with other enrichment cultures (Meckenstock et al., 

2016). Thus, further research is required to clarify and demonstrate whether benzene 

carboxylation may occur in other cultures and under reducing conditions and tackle these 

challenges.  

Alternatively, benzene methylation to toluene (3) is another proposed metabolic pathway as 

a potential activation mechanism that remains unknown in certain aspects. Biologically, 

benzene methylation to toluene was first observed in human bone marrow incubated with S-
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adenosylmethionine (Flesher and Myers, 1991). Later, evidence found in benzene 

biodegradation studies suggested that benzene methylation can be carried out using nitrate, 

sulfate, and methanogenic enrichment cultures (Chakraborty and Coates, 2005; Ghattas et 

al., 2017; Ulrich et al., 2005; Vogt et al., 2011). However, authors such as (Atashgahi et al., 

2018) stated that further research is required to prove benzene methylation to toluene as the 

activation step of this anaerobic biodegradation pathway after conducting a meta 

transcriptomic analysis in different benzene nitrate-reducing enrichment culture. For 

example, this study could not find transcripts such as bssA genes that encode benzyl succinate 

synthase, a key enzyme for the metabolism of toluene (Acosta-González et al., 2013). 

Moreover, these studies explained that no proteins involved in benzene methylation have 

been found in proteomic studies, still, some benzene degrading consortia had not been able 

to degrade toluene. A better understanding of the enzymes present is essential to suggest 

whether this can be an alternative pathway in the anaerobic degradation of benzene 

considering that benzene is converted to toluene by a methyltransferase whose identity is not 

yet clear (Wartell et al., 2021). Other studies indicated that the benzene methylation to toluene 

and benzene hydroxylation to phenol pathways were activated simultaneously, thereby 

further research is required to better understand this possibility (Chen et al., 2023; Wartell et 

al., 2021). 

Overall, certain metabolic steps in the anaerobic pathways of benzene have not been well 

characterized and more research is required. Likewise, the mechanism of action and identity 

of certain enzymes and genes participating in the benzene hydroxylation to phenol is still 

unclear. For instance, information about benzene hydroxylase and 4-hydroxybenzoate-CoA 

ligase, enzymes that catalyze the formation of phenol and 4-hydroxybenzoyl-CoA, need 
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more research (Meckenstock et al., 2016; Tremblay and Zhang, 2020). Further research is 

also required to explore benzene carboxylation and methylation with 𝑆𝑆𝑆𝑆4−2, 𝑁𝑁𝑁𝑁3−,

𝐻𝐻𝐻𝐻𝐻𝐻3−3,𝑀𝑀𝑀𝑀+4, and 𝐹𝐹𝐹𝐹+3 as the electron acceptors in newly found benzene enrichment 

cultures. These benzene enrichment cultures were isolated from natural ecosystems 

contaminated with benzene such as the benzene enrichment culture N3 (Sulfuritalea and 

Desulfosporosinus abundant) and N4 (Thiobacillus abundant), and microbiota Nitrate 

supplemented (NS) (Pseudomonas, Petrimonas, Achromobacter, Intrasporangium, 

Comamonas), WE (Without exogenous electron acceptors) and the microbiota Ferric Iron 

supplemented (FS) (Sedimentibacter, Pseudomonas, Annwoodia, Mycetohabitans, 

Desulfoprunum, Ornatilinea, Methanobacterium, Desulfobutbus, Acetobacterium) that were 

able to interact and form intricate networks in a metabolic cooperation and therefore is it 

necessary to discard the possibility of them to use multiple electron acceptors to overcome 

energetic barriers (Keller et al., 2018; Wu et al., 2022). 
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Figure 2 

Figure 2. Proposed pathway of benzene degradation via hydroxylation to phenol, methylation 

to toluene, and carboxylation to benzoate.). PpsABC, ATP-dependent phenylphosphate 

synthase; PpcBD, phenylphosphate carboxylase; PcmRST, 4-hydroxybenzoyl-CoA 

reductase; UbiD-like Benzene carboxylase; Bcl1, Benzoate-CoA ligase; BssABC, 

benzylsuccinate synthase; BbsEF, succinyl-CoA (E)-benzylsuccinate CoA transferase; Bbs 

(R)-benzylsuccinyl-CoA dehydrogenase; BbsH, phenylitaconyl-CoA hydratase; BbsCD, 2-

[hydroxy(phenyl)methyl]-succinyl-CoA dehydrogenase; BbsB, benzoylsuccinyl-CoA 
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thiolase.  Intermediates according to the number shown in the figure in Roman numerals: I. 

Phenylphosphate II. (4)-hydroxybenzoate III. 4-hydroxybenzoyl-CoA IV. Fumarate V. (R)-

benzylsuccinat VI. (R)- benzylsuccinyl-CoA VII. (E)-phenyl-itaconyl-CoA VIII. 2-

[hydroxy(phenyl)-methyl]-succinyl-CoA IX. Benzoyl-succinyl-CoA (permission obtained 

from Chemosphere). 

1.2.4 Toluene biodegradation pathway  
 

Several studies have revealed that the toluene degradation pathway is primarily activated 

through fumarate addition (1), specifically the benzyl succinate synthase pathway. This 

mechanism has been widely observed in the anaerobic biodegradation of toluene by different 

bacteria with the ability to degrade toluene in the presence of various terminal electron 

acceptors (TEAs), including nitrate, sulfate, iron, and methane (Blázquez et al., 2018; Gieg 

and Toth, 2017; Johnson et al., 2023; Tremblay and Zhang, 2020). Figure 3 illustrates the 

transformation steps that toluene undergoes following the addition of fumarate through a 

glycyl-radical-driven reaction that targets the central bond of fumarate (VI). Initially, 

benzylsuccinate (I) is formed by the enzyme benzylsuccinate synthase (bssABC) (Gieg and 

Toth, 2017; Tremblay and Zhang, 2020). Subsequently, benzylsuccinate CoA transferase 

(BbsEF) and benzylsuccinyl-CoA dehydrogenase (bbsG) catalyze the formation of 

benzylsuccinyl-CoA (II) and (E)-(phenyl)itaconyl-CoA (III), respectively (Tremblay and 

Zhang, 2020). Next, (E)-phenylitaconyl-CoA (III) undergoes hydration and transformation 

into 2-[hydroxy(phenyl)-methyl]-succinyl-CoA (IV) catalyzed by a phenylitaconyl-CoA 

hydratase (bbsH) in the presence of a water molecule (Blázquez et al., 2018; Lueders, 2017). 

The resulting product is then oxidized by a 2-[hydroxy(phenyl)methyl]-succinyl-CoA 

dehydrogenase (bbsCD), resulting in the formation of benzoylsuccinyl-CoA (V). 
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Subsequently, a reaction catalyzed by a benzoylsuccinyl-CoA thiolase (bbsB) replaces the 

succinyl-CoA moiety of benzoylsuccinyl-CoA with CoA, leading to the formation of 

benzoyl-CoA (Heider et al., 2016; Lueders, 2017; Tremblay and Zhang, 2020). 

Additionally, as it is shown in figure 3, toluene conversion can be activated via two 

alternative proposed pathways: hydroxylation to benzyl alcohol (2) and para-hydroxylation 

to cresol (3). In the hydroxylation pathway, toluene metabolism is initiated by the 

hydroxylation of its methyl group, catalyzed by toluene methyl hydroxylase, resulting in the 

formation of benzyl alcohol (VII). After that, the transformation of benzyl alcohol (VII) to 

benzaldehyde (VIII) by the action of a benzyl alcohol dehydrogenase, and after that, the 

benzaldehyde (VIII) is converted to benzoate (IX) by a benzaldehyde dehydrogenase. Lastly, 

the synthesis of central aromatic intermediate benzoyl CoA is facilitated by a benzoyl-CoA 

synthetase.  

Likewise, figure 3 illustrates the metabolic pathway of the toluene hydroxylation to p-cresol 

(3), where toluene is activated by the hydroxylation of the toluene ring at the p-position, with 

the hydroxyl group derived from water. Subsequently, the oxidation of the methyl group of 

p-cresol (X) is catalyzed by p-cresol methyl hydroxylase, yielding p-hydroxybenzyl alcohol 

(XI). Similarly, the resulting p-hydroxybenzyl alcohol is converted to p-

hydroxybenzaldehyde (XII) by the same enzyme through a well-characterized reaction in 

anaerobic microorganisms (Peters et al., 2007; Rabus and Wilkes, 2020). Other proposed 

subsequent metabolites in this pathway prior to benzoyl CoA are p-hydroxybenzoic acid 

(XIII) and p-hydroxybenzoyl-CoA (XIV) catalyzed by a p-Hydroxybenzaldehyde 

dehydrogenase. Nonetheless, the transformation of p-hydroxybenzoic acid (XIII) to benzoate 



36 
 

(IX), another possible intermediate before benzoyl-CoA, may also occur in an alternative 

pathway (3) (Bonting and Fuchs, 1996).   

Although the mentioned pathways have been reviewed in the literature and some 

intermediate steps have been proposed, further research is required to improve the pathways 

knowledge. This improvement can be achieved, for example, by the study of the enzymes 

involved and their characterization. For example, while the subunits of enzymes involved in 

the fumarate addition (1) pathway, such as benzylsuccinate-CoA transferase, have been 

identified to be arranged in an α2-β2 structure, but other enzymes like benzylsuccinate 

synthase (bssABC) have been only partially characterized. Studies have indicated that the 

ultimate enzyme is structured with three subunits (αβγ)2, wherein the catalytic α-subunit 

houses a glycyl radical enzyme adjacent to both the glycyl radical cofactor and the active 

site. However, the functions of the β and γ subunits are not well elucidated. Despite these 

research gaps, the evidence supporting the existence of a fumarate addition pathway in iron-

reducing microorganisms, such as G. metallireducens, is strong due to the crucial role of 

enzymes in the pathway. For example, the importance of benzylsuccinyl-CoA dehydrogenase 

has been demonstrated by the inability of this strain to transform toluene when the gene bbsG 

was intentionally downregulated (Chaurasia et al., 2015). 

Despite that the alternative pathways 2 and 3 have not been completely proven, enzyme 

activity in cell extracts has been detected and reported, supporting the existence of the 

metabolic steps and intermediates discussed earlier. For instance, toluene is degraded via 

methyl hydroxylation to benzyl alcohol with the denitrifying strain Thauera aromatica. 

However, more research is needed to demonstrate the toluene methyl hydroxylase activity 

(Durante-Rodríguez et al., 2018).  
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Regarding evidence of toluene hydroxylation to p-cresol, the presence of small amounts of 

p-cresol has been detected under methanogenic conditions. Additionally, several studies 

support the fact that toluene can be degraded via hydroxylation to p-cresol under denitrifying 

and sulfate-reducing conditions having p-hydroxybenzoic acid as an intermediate.  

Further research is required on the three proposed pathways, as none of them can be ruled 

out. More aspects, such as the slower toluene conversion to p-cresol compared to the rapid 

toluene breakdown of toluene into benzylsuccinate via fumarate addition is worth to 

investigate. Similarly, research gaps involving the enzymes and the identification of 

intermediate compounds need to be addressed.   
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Figure 3. Proposed pathway of toluene degradation via fumarate addition and ethylbenzene 

degradation via hydroxylation. The intermediates are numbered in Roman numbers: I. 

Benzylsuccinate II. Benzylsuccinyl-CoA III.  (E)-phenylitaconyl-CoA IV. 2-

[Hydroxy(phenyl)-methyl]-succinyl-CoA V. Benzoylsuccinyl-CoA VI. Fumarate VII. benzyl 

alcohol VIII.  benzaldehyde IX. benzoate X. p-cresol XI. p-hydroxybenzyl alcohol XII.  p-

hydroxybenzaldehyde XIII. p-hydroxybenzoic acid XIV. p-hydroxybenzoyl-CoA XV. 1-

phenylethanol XVI.  Acetophenone XVII. benzoylacetate XVIII. benzoyl acetate-CoA XIX. 

Acetyl-CoA XX. Fumarate XXI. (1-phenylethyl) succinate; XXII. (2-phenylpropyl)malonate 

XXIII. 4-phenylpentanoate XXIV.  2-phenylpropanoate (permission obtained from 

Chemosphere).  

1.2.5 Ethylbenzene biodegradation pathway  
 

Although the anaerobic biodegradation pathways of ethylbenzene are still poorly 

characterized compared to those of toluene, the pathway activated via hydroxylation (1) has 

been extensively described (Heider et al., 2016; Tremblay and Zhang, 2020). This pathway 

begins with the hydroxylation of ethylbenzene, which is catalyzed by ethylbenzene 

dehydrogenase. This enzyme is situated between the outer and the plasma membrane and is 

characterized as a heterotrimeric molybdenum and heme enzyme (Ghattas et al., 2017; Said 

et al., 2021). Moreover, the subunits of the ethylbenzene dehydrogenase involved in the direct 

hydroxylation of ethylbenzene have been identified as (EbdA), (EbdB), and (EbdC) in strains 

EB1 and EbN1 (Rabus et al., 2016; Weelink et al., 2010).  

Figure 3 illustrates the different steps of the hydroxylation reaction of ethylbenzene, 

providing details such as the hydroxyl group donor (water), and the oxidation of carbon 
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number one in the methyl group of the side chain, which is facilitated by ethylbenzene 

dehydrogenase (EbdABC). This reaction produces (S)-1-phenylethanol (XV) as a metabolite 

(Gieg and Toth, 2017; Wartell et al., 2021).  The alcohol group in 1-phenylethanol (XV) is 

further converted into acetophenone (XVI) by (S)-1-phenylethanol dehydrogenase (Ped) 

(Höffken et al., 2006). This enzyme is well-documented and categorized within the NAD-

dependent alcohol dehydrogenase family, specifically identified as a member of the short-

chain alcohol dehydrogenase/aldehyde reductase family. The subsequent metabolism of 

acetophenone (XVI) is mediated by a complex called acetophenone carboxylase, which 

consists of five subunits (ApcABCDE). This complex catalyzes an ATP-dependent 

carboxylation reaction, resulting in the formation of benzoyl acetate (XVII) (Jobst et al., 

2010; Tremblay and Zhang, 2020). The presence of acetophenone carboxylase in this 

pathway was indirectly confirmed by demonstrating the dependence of ethylbenzene and 

acetophenone degradation on carbon dioxide (CO2). Further biodegradation of 

benzoylacetate is depicted in Figure 3, where the subsequent reactions leading to the 

formation of benzoylacetate-CoA (XVIII) are shown. This transformation is facilitated by a 

type of benzoylacetate-CoA ligase known as (Bal). Lastly, the benzoyl acetate-CoA is 

cleaved by thiolysis to the central metabolic intermediates acetyl-CoA (XIX) and benozoyl-

CoA (Weidenweber et al., 2017).  

Alternatively, the metabolic pathway of ethylbenzene activated via fumarate addition (2) has 

been unsuccessfully described compared to the previously discussed oxygen-independent 

hydroxylation pathway (Wartell et al., 2021). The fumarate addition pathway in ethylbenzene 

was initially documented in the strain EbS7 under sulfate-reducing conditions. This strain 

activated its ethylbenzene metabolism by introducing fumarate to its second carbon, forming 
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1-phenylethyl-succinate (XXI). The subsequent catabolism of 1-phenylethyl-succinate is 

depicted in Figure 3, where the carbon skeleton rearrangement and decarboxylation reactions 

leading to the formation of the intermediates; (2-phenyl propyl) malonate (XXII), 4-phenyl 

pentanoate (XXIII) and 2-phenylpropionate (XXIV), are illustrated (Heider and Schühle, 

2013; Weelink et al., 2010; Yoshikawa et al., 2017).  

Furthermore, authors such as Gieg and Toth, (2017) have postulated that, after the creation 

of 1-phenylethyl-succinate (XXI), the metabolic pathway resembles that of n-alkanes, 

deviating from the conventional toluene pathway.  However, evidence suggests that the 

addition of fumarate as the initial reaction in the ethylbenzene biodegradation is analogous 

to the anaerobic catabolic pathways of toluene and xylenes. For example, (R)-benzyl 

succinate has been detected as an intermediate in both m-xylene and ethylbenzene 

biodegradation, suggesting the presence of the benzyl succinate synthase (bss) and a possible 

connection to the fumarate addition pathway of toluene (Boll et al., 2018a).  

More studies are indeed required to identify the different types of benzyl succinate synthases 

isoenzymes that may catalyze intermediate steps and to understand their substrate recognition 

abilities (Heider et al., 2016). Additionally, although it is generally believed that the 

preference for either hydroxylation (in denitrifying bacteria) or fumarate addition (in sulfate-

reducing bacteria) in ethylbenzene biodegradation is determined by the physiology of the 

bacterial strain, where more research efforts are important to shed light and clarify the factors 

that determined which metabolic pathway is followed. Another remaining question in 

ethylbenzene metabolism is whether fumarate addition occurs exclusively under unfavorable 

bioenergetic conditions, especially when sulfate reducer bacteria are present, as the redox 

potential of the first intermediate, phenylethanol, becomes highly positively charged to 
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enable efficient electron transfer to the electron acceptor. This aspect requires further 

investigation to determine the specific conditions and the factors that influence the preference 

for fumarate addition in ethylbenzene metabolism. In addition, more studies are necessary to 

confirm whether the central intermediate (benzoyl-CoA) from ethylbenzene is also part of 

ethylbenzene metabolism under anaerobic conditions via fumarate addition with sulfate as 

an electron acceptor. These studies would involve investigating the intermediate reactions, 

identifying the enzymes involved, and elucidating the genes responsible for encoding these 

enzymes. Addressing these research gaps can bring more understanding of the biochemical 

processes involved in ethylbenzene metabolism and the factors that govern the choice of 

metabolic pathways. 

1.2.6 Xylene biodegradation pathway 
 

Several authors have pointed out that the anaerobic biodegradation pathways of xylenes are 

activated through fumarate addition, sharing similar reactions and enzymes with toluene 

anaerobic catabolism (Tremblay and Zhang, 2020; Yoshikawa et al., 2017). For example, the 

presence of benzyl succinate synthase (bss) has been identified in various xylene-degrading 

cultures using bssA-targeted primers, suggesting that this enzyme catalyzes the fumarate 

addition to the methyl group of xylenes. Evidence supporting the similarity between xylene 

and toluene biodegradation pathways includes the detection of methyl benzyl succinate as an 

intermediate in o-xylene-degrading cultures and the strain UKTLT, indicating that o-xylene 

is converted via a mechanism related to toluene biodegradation (Kunapuli et al., 2010). 

Additionally, different authors have reported the presence of closely related fumarate 

addition metabolites such as 4-methyl benzyl succinic acid, and 4-methyl phenyl itaconic 

acid, using diverse toluene-degrading bacteria including Thauera aromatica, Azoarcus sp. 
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and Georgfuchsia sp, which support an analogous biodegradation pathway (Rotaru et al., 

2010; Sperfeld et al., 2018). Likewise, Godin et al., (2020) reported enzymes closely related 

to benzylsuccinate synthase (bss isoenzymes) that are involved in the initial fumarate-

dependent activation of m-xylene biodegradation. In addition, the presence of this type of bss 

isoenzymes facilitates the conversion of xylenes to methyl benzyl succinic acids and the 

formation of intermediates such as m-, o-, or p-Toluic acids (Godin et al., 2020; Heider and 

Schühle, 2013). These findings suggest a common mechanism of activation for xylenes and 

toluene anaerobic biodegradation pathways through fumarate addition, although further 

research is needed to fully understand the specific enzymes involved and their genetic 

regulation in xylenes metabolism. 

Figure 4 shows the fumarate-dependent activation step in the biodegradation pathways of 

xylene isomers and the different downstream metabolites such as benzylsuccinic acids, 

phenylitaconic acids and toluic acids that ended up in the central aromatic intermediate 

benzoyl-CoA.  

The additional reaction of fumarate in the m-xylene pathway forms 3-methyl benzyl succinic 

acid (I) where degradation is initiated by a type of benzyl succinate dehydrogenase yielding 

3-methyl phenyl itaconic acid (II). The resulting 3-methyl phenyl itaconic acid (II) can be 

transformed into either 3-methyl benzoyl CoA (XXVI) or 3-methyl benzoyl succinic acid 

(III). The intermediate 3-methyl-benzoyl-CoA (XXVI) can be formed after the hypothesized 

CoA-thioesterification of methylphenylitaconic acid (II) and catalyzed by a benzyl succinate 

CoA transferase isoenzyme. Moreover, the remaining 3-methyl-benzoyl-CoA (XXVI) 

activation is carried out by an ATP-dependent 3-methyl benzoyl-CoA reductase, and then it 

breaks down until its further mineralization to carbon dioxide.  
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The methylphenylitaconic acid (II) is converted into 3-methylbenzoylsuccinic acid (III), and 

subsequently transformed into m-toluic acid (IV). Nonetheless, it may be possible for 

methylphenylitaconic acid (II) to be directly metabolized into m-toluic acid (IV). Afterward, 

m-toluic acid (IV) may follow two different pathways of transformation to form the central 

aromatic metabolite benzoyl-CoA. One of the two possible pathways consists of the 

conversion of m-toluic acid (IV) to methyl-salicylic acid (V) prior to benzoylCoA. Another 

alternative is the formation of 3-carboxy benzyl succinic acid (VI), isophthalic acid (VII) and 

benzoic acid (VIII) after its utilization.  

In addition, direct toluate conversion into benzoic acid (VIII) is also considered a significant 

step in toluate conversion into either benzoic acid (VIII) since it is a widely reported 

intermediate for the anaerobic alkylbenzene metabolism. Figure 4 illustrates the synthesis of 

2-methyl benzyl succinic acid (IX) following fumarate addition, a process mediated by a 

benzyl succinate synthase-like enzyme, particularly in the context of o-xylene. Subsequently, 

a benzyl succinate dehydrogenase isoenzyme catalyzes the conversion of 2-methyl benzyl 

succinic acid (IX) to 2-methyl phenyl itaconic acid (X), where the succinyl group is likely 

replaced by succinyl-CoA. The metabolization of 2-methylphenylitaconic acid (X) leads to 

two possible downstream intermediates: 2-methyl-benzoyl-CoA (XXV) and 2-

methylbenzoylsuccinic acid (XI).  For example, the 2-methyl-benzoyl-CoA (XXV) 

metabolite may be either converted to benzoyl-CoA or undergo a series of intermediary steps 

such as direct aromatic ring reduction, hydration-dehydrogenation, ring cleavage and β-

oxidation until carbon dioxide. Moreover, the formation of 3-o-toluyl propionic acid (XII) 

might be possible due to the decarboxylation of 2-methyl benzoyl succinic acid (XI), and this 

is followed by its transformation into o-toluic acid (XIII). However, it can be hypothesized 
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that the formation of the central intermediate o-toluic acid (XIII), which is commonly 

detected at high concentrations in contaminated sites, may be possible from the direct 

metabolization of either (XI) or (XII). Thereafter, the toluic acid biodegradation might follow 

three alternative pathways: dehydration to methyl-salicylic acid (XV), the formation of 

phthalic acid (XIV) and its transformation to benzoate (XVI). It must be clarified that it has 

also been reported a direct metabolization of toluates to benzoate prior to benzoyl-CoA is a 

possibility.   

The benzyl succinic and phenylitaconic acids derivates, such as 4-methyl benzyl succinic 

acid (XVII), 4-methylphenylitaconic acid (XVIII), and 4-methyl benzyol succinic acid 

(XIX), are formed after the activation of p-xylene through fumarate addition. Figure 4 

illustrates the downstream products found in the p-xylene biodegradation pathway, starting 

from p-toluic acid (XX) and progressing to 4-methyl-benzoyl-CoA (XXIV) until further 

degradation to benzoyl-CoA. Similarly, an analogous pathway is depicted for o-xylene and 

p-xylene, including B-oxidation steps corresponding to their methylbenzoyl-CoA 

intermediates (XXIV and XXV) before ring reduction. It should be noted that many of these 

intermediates are common for all three xylene isomers and may be dead-end products for 

certain microorganisms, while may be utilized as substrates for other strains. An example of 

this is the methyl benzyl succinic acids which are thought to be co-metabolic with xylenes 

and may contribute to their relative resistance to biodegradation under specific field 

conditions and in the presence of indigenous bacteria species. Therefore, further research on 

this matter would be important to better understand the fate of these intermediates.  
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Figure 4. Proposed pathway for anaerobic biodegradation of xylene isomers (o-xylene, m-

xylene, and o-xylene). The intermediates are numbered in Roman numbers: I. 3-

methylbenzylsuccinic acid II.  3-methylphenylitaconicacid III. 3-methylbenzoylsuccinic acid 

IV.  m-toluic acid V. methyl-salicylic acid VI. 3-carboxybenzylsuccinic acid   VII. isophthalic 

acid VIII. benzoic acid IX. 2-methylbenzylsuccinic acid X. 2-methylphenylitaconic acid   XI. 

2-methylbenzylsuccinic acid XII. 3-o-toluyl propionic acid XIII. o-toluic acid XIV. Phthalic 

acid XV. methyl-salicylic acid XVI.  benzoic acid XVII. 4-methylbenzylsuccinic acid XVIII. 

4-methylphenylitaconic acid XIX. benzyolsuccinic acid XX. p-toluic acid XXI. terephthalic 

acid XXII. benzoic acid   XXIII. salicylic acid. XXIV 4-Methyl-Benzoyl-CoA. XXV 2-

Methyl-Benzoyl-CoA XXVI 3-Methyl-Benzoyl-CoA (permission obtained from 

Chemosphere). 

1.3 Proposed Research  
 

1.3.1 Research Gaps  
 

Biological approaches like bioremediation offer an alternative less energy-intensive, and less 

costly. Likewise, bioremediation offers more specificity towards the contaminant, 

biodiversity protection and reliability during the removal of BTEX. Several studies have 

explored the use of single bacteria to target BTEX compounds, converting them into safer 

substances like carbon dioxide, pyruvate or acetyl CoA (Wongbunmak et al., 2020). 

Particularly, strains from the Pseudomonas, Streptomyces, Microbacterium, Bacillus, 

Acinetobacter, Serratia and Rhodococcus genres have been proven as successful BTEX 

degraders (Chicca et al., 2020; Hocinat et al., 2020; Wongbunmak et al., 2020). For instance, 

recent studies have reported the potential of Microbacterium esteraromaticum to degrade up 
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to 72 % of BTEX (Kaur et al., 2023). Likewise, Serratia sp. is also capable of breaking down 

BTEX up to 86% in 21 days (Yavas & Icgen, 2018). Despite the capability of single bacteria 

such as Serratia sp. and Microbacterium sp. degrades BTEX, its use presents challenges: 

• Limited production and activity of BTEX-degrading enzymes. 

• Low tolerance towards environmental changes (temperature, pH, oxygen).  

• The performance of a single microorganism for BTEX degradation can be strongly 

compromised above the average BTEX EPLs in heavily polluted aquifers (>200 mg 

of BTEX/L).  

• Time is an important constraint when it comes to bioremediation using single 

bacteria, as it can take several days to degrade stable compounds like benzene.  

• On-site degradation in polluted sites with low and high oxygen levels as single 

bacteria is limited to either aerobic or anaerobic degradation. 

A potential alternative to address these challenges during BTEX degradation, is the use of a 

coculture-based biodegradation process. Using bacterial cocultures for specific compound 

degradation can provide a more flexible alternative in bioremediation. Coculturing a 

facultative anaerobe such as S. fonticola with an aerobic such as M. esteraromaticum, can be 

an example of this flexibility. Moreover, coculture offers a more robust tolerance and 

enzymatic capacity, ultimately enhancing the degradation rates and reducing its duration. 

This is the first study of a coculture trying to enhance BTEX degradation and offering a 

competitive removal of BTEX.   

 

 



 49 

1.3.2 Objectives  
 

To screen and understand the potential of a coculture between two known BTEX-degrading 

bacteria, specific objectives have been identified as follows:    

 Objective I. Study the tolerance and degradation ability of a bacterial coculture between S. 

fonticola and M. esteraromaticum towards BTEX. 

Hypothesis 1: The coculture displays increased tolerance toward BTEX 

due to the activation of complementary oxidative stress response 

mechanisms. 

Hypothesis 2: The combined metabolism of the coculture allows for more 

efficient utilization of BTEX in single and multi degradation compound.   

 Objective II. Screen the effect of benzyl alcohol in the activity and production of 

catechol 1,2-dioxygenase and catechol 2,3-dioxygenase using the same bacterial 

coculture. 

Hypothesis 1: Benzyl alcohol upregulates specific transcription factors 

involved in the metabolism of AHs in both strains, enhancing the activity 

of competent BTEX-degrading enzymes such as catechol 1,2-

dioxygenase and catechol 2,3-dioxygenase. 
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1.3.3 Novelty  
 

This project introduces a unique microbial coculture between Serratia fonticola and 

Microbacterium esteraromaticum as a solution for the slow and ineffective biodegradation 

of benzene, toluene, ethylbenzene, and xylene (BTEX) in groundwater. Unlike traditional 

single-strain or physicochemical approaches, this coculture’s ability to degrade BTEX 

compounds more efficiently is particularly suitable for sensitive environments where 

pollutant degradation must balance speed with ecological safety. 

One novel aspect is the potential for enhanced co-metabolism, where the interaction between 

the two strains produces degradation intermediates that activate additional metabolic 

pathways. This effect is particularly significant in toluene and xylene degradation, facilitated 

by the coculture’s increased synthesis of BTEX-degrading enzymes, such as dioxygenases. 

Furthermore, the coculture's tolerance to oxidative stress induced by BTEX toxicity and 

hydrogen peroxide (H2O2) suggests a potential application in environments with fluctuating 

contaminant levels and diverse hydrocarbon pollutants. 

By advancing the understanding of microbial tolerance levels and co-metabolic interactions 

in BTEX degradation, this project opens new approaches for more effective and eco-friendly 

bioremediation techniques, providing a critical advantage in the polishing step of the 

treatment of BTEX-contaminated water bodies. 
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Chapter 2: Materials and Methods 
 

2.1 Microorganism, preservation, and inoculum preparation 
 

S. fonticola and M. esteraromaticum were isolated from the crude oil-contaminated site in 

Toronto, Canada dedicated to the generation and supply of electricity from geothermal 

energy. Both strains were preserved in Petri plates containing tryptic soy agar (TSA) (casein 

peptone 15 g/L soy peptone 5 g/L; sodium chloride 5 g/L; agar 15 g/L). Subsequently, the 

strains were grown in tryptic soy broth (TSB) after pre-culturing for three generations at 1% 

v/v as part of the inoculum preparation in a shaker incubator (Multitron Standard, 

Switzerland) at 180 rpm and 30±1°C for 12 hours. Individual inoculums were adjusted 

equally for each strain and the final inoculum was set up by combining the volumes of the 

same optical density of individual strains to achieve a consistent initial cell density (OD600nm 

of 0.5) in a 1:1 ratio. 

2.2 Flask biodegradation test  
 

To study the biodegradation ability of the coculture between S. fonticola and M. 

esteraromaticum, batch treatments were set in 100 ml serum bottles containing 15 ml of TSB 

media supplemented individually with 50 mg/L of benzene, xylene, toluene and ethylbenzene 

or with a total 200 mg/L of all the BTEX compounds (1:1:1:1 ratio). Each serum bottle was 

inoculated with 0.45 ml (M. esteraromaticum) and 0.50 ml (S. fonticola) to achieve an initial 

OD600nm of 0.1. The degradation test was performed at 30°C and 180 rpm for 42 hours. The 

coculture and the strains were grown individually without BTEX addition and considered 

positive controls. To determine the volatilization grade and culture media effect on BTEX 
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degradation, serum bottles with just culture media and culture media combined with BTEX 

(abiotic controls) were utilized as negative controls. All treatments were performed in 

duplicates. 

2.3 Enzyme Production   
 

To study the effect of benzyl alcohol as an inducer of the catabolism of the different 

individual BTEX compounds, the enzyme activity of C1,2O and C2,3O in coculture was 

measured. C1,2O and C2,3O activity were indicators of stress-induced BTEX co-metabolism 

in the coculture after supplementing with different concentrations of benzyl alcohol (0.25, 1 

and 3 mM). Batch treatments were set in 100 ml serum bottles containing benzyl alcohol, 

and 15 ml of TSB media supplemented with 200 and 500 mg/L of benzene, xylene, toluene 

and ethylbenzene. All the treatments were conducted in duplicates. 

2.3 Enzyme Extraction 
 

Cells were harvested by centrifugation at 4500rpm for 15 min. The pellet was then washed 

with 50 mM phosphate buffer (pH 7.5) and resuspended on 2 ml of the same buffer solution 

(Lee et al., 2022). Then, cells were disrupted by sonication treatment at 25 KHz with 30-s 

intervals of sonication (3 min) and 30-s intervals of interruption for a total of 6 min in an ice-

cooled bath using a vibra-cell ultrasonic cell processor (Karigar et al., 2006; Manohari and 

yogalakshmi., 2016). Pellets were removed by centrifugation at 10000rpm for 20 min at 4°C 

and the supernatant obtained was used as the cell-free extract for subsequent enzyme assays.  
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2.4  Enzyme assays: Catechol 1,2-dioxygenase and Catechol 2,3-
dioxygenase  

 

Bacterial cells were harvested by centrifugation at 5000× g, 4° for 10 min, and then washed 

twice with 20 mM phosphate buffer (pH 7.0) and resuspended in the same buffer. This 

suspension was used to assay C12O and C23O. Cells were disrupted using a sonifier at 30kHz 

for 5 min. The cellular lysates were centrifuged at 12000rpm for 5min, and the supernatant 

containing the cellular lysate was used for the enzyme assays. The reaction mixture (total 3.0 

mL) contained 2.0 mL phosphate buffer (7.5), 0.6 mL 1 mM catechol, 0.2 mL deionized water 

and 0.2 mL cellular lysates. The reaction was allowed to proceed at 22 °C for 1 min after 

preincubation in water bath and the addition of the cell lysate. C12O and C23O activities 

were determined by measuring the production of cis-cis muconic acid at 260 nm and 3-

methylcatechol at 388 nm, respectively. Protein concentration was determined according to 

Bradford method (Li et al., 2014; Fujisawa., 1970).  

One unit of dioxygenase activity (U) was defined as the amount of enzyme that catalyzed the 

formation of 1 μmol of product per min (Rodriguez-Salazar et al., 2020). All experiments 

were carried out in duplicate. Specific activity was defined as the amount of activity required 

to convert 1nmol of substrate per min per mg of protein.  

A control sample contained 0.1 ml of the buffer used for enzyme preparations, instead of 

enzyme.  
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2.5  Analytical Methods  
 

2.5.1 Microbial growth and substrate consumption 
 

The microbial growth was monitored by measuring optical density at 600nm using a 

spectrophotometer Genesys 50 (Thermo Fisher Scientific, United States). Bacterial cells 

were harvested by centrifugation (2 min at 12,000 r.p.m., room temperature), and the liquid 

supernatant was used as blank. The cell pellet was resuspended before OD600nm was 

measured. This procedure was repeated for each sample. Likewise, the microbial biomass 

was determined gravimetrically by dry cell weight (DCW). Briefly, samples were centrifuged 

at 11,260 x g for 2 minutes at room temperature. Subsequently, the supernatant was stored 

(4°C) for glucose analysis at 60±1°C, until constant weight. 

2.5.2 BTEX degradation 
 

BTEX concentrations were determined with an Agilent 7820A GC system equipped with a 

GC-MS/Clarus-500 headspace (Perkin-Elmer, United States) and an Agilent-J&W/CP-

Sil5CB column (30 m x 0.25 mm x 1.00 µm). The headspace system was maintained at 

90±1°C and 120±1°C for the needle and transfer line, respectively. The sample was heated 

for 10 minutes at 80±1°C before injection. To prepare the samples for BTEX analysis, 20 ml 

GC-headspace vials were used containing 100 μL of the sample, 5 ml of distilled water and 

30 μL of fluorobenzene-D5 (4 ppm, diluted in methanol) as internal standard. All compounds 

were identified and quantified by comparing them with a Combined Purgeable Internal 

Surrogate Mixture (Canadian Life Science, Canada). 
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2.5.3 Protein Determination  
 

 The protein content in the crude enzyme was determined by the method of Bradford using 

bovine serum albumin (BSA) as the standard and reading the absorbance at 595 nm using a 

spectrophotometer ThermoFisher (Bradford, 1976).     
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Chapter 3: Study of the biodegradation ability and 
tolerance of a coculture between S. fonticola and M. 
esteraromaticum for the single-compound and multi-
compound removal of benzene, ethylbenzene, xylene 
and toluene.  
 

(Submitted to Science of the Total Environment). 

3.1 Introduction   
 

The ever-expanding and dynamic economy has led to a consistent rise in oil-derivates 

production such as benzene-toluene-ethylbenzene-xylene (BTEX). BTEX compounds, 

commonly found in storage tanks, pipelines, and gas stations, raise environmental concerns 

due to their ability to leak and potentially contaminate soil and groundwater. While these 

compounds can evaporate, some persist in the topsoil and may migrate downwards, 

impacting subsoil and groundwater (Haiying et al., 2021). Groundwater, comprising only 2% 

of Earth's water resources, provides around 30% of the world's DW. Likewise, millions of 

people rely on it for domestic, industrial, and agricultural needs. Concerns arise from the 

potential spread of BTEX-contaminated groundwater through natural water cycles, reaching 

groundwater wells and fresh surface water bodies, such as lakes and rivers. Humans and 

wildlife can be easily exposed and negatively impacted when DW containing BTEX which 

has been classified as a serious hazardous chemical. BTEX has been the subject of studies 

during the last few years due to its significant health risks including reproductive disorders, 

anemia, neurotoxicity, and cancer (Latif et al., 2019). Multiple methods exist to address 

BTEX contamination in aquifers, including thermal (incineration), physical (pump-and-treat) 
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and chemical (AOPs) approaches (Hernández-Ospina et al., 2024). However, these methods 

have disadvantages such as being energy-intensive, incurring high cost and maintenance, lack 

of specificity, and additional costs related to the transfer, treatment, and disposal of 

contaminants. Consequently, attention has turned to more responsible nature-based solutions 

such as bioremediation. This method employs bacteria to target BTEX compounds, 

converting them into safer substances like carbon dioxide, pyruvate or acetyl CoA 

(Wongbunmak et al., 2020). Particularly, certain strains from the Pseudomonas, 

Streptomyces, Microbacterium, Bacillus, Acinetobacter, Serratia and Rhodococcus genres 

have been proven as successful BTEX degraders (Chicca et al., 2020; Hocinat et al., 2020; 

Wongbunmak et al., 2020).  Recent studies have reported the potential of M. esteraromaticum 

to degrade up to 72 % of BTEX (Kaur et al., 2023). Likewise, Serratia sp. is also capable of 

breaking down BTEX by up to 86% after 21 days (Yavas & Icgen, 2018). Despite the 

capability of single bacteria to degrade BTEX, its use presents important challenges such as 

limited activity and production of competent enzymes, and low tolerance towards 

environmental changes (temperature, pH, and oxygen concentration). Likewise, the growth 

of a single strain in degradation can be restricted to the concentration of BTEX below actual 

EPLs in heavily polluted aquifers (>200 mg L-1). Moreover, time is an important constraint 

when using single bacteria during the bioremediation process, as it can take several days (up 

to 21 days) to degrade stable compounds such as benzene in groundwater. A potential 

alternative to the challenges during BTEX degradation is the use of a coculture-based 

degradation bioprocess. Using bacterial cocultures for specific compound degradation 

provides a more robust tolerance to the contaminant and enhances enzymatic activity, 

ultimately enhancing the degradation and reducing the overall process time. This approach 

can enhance the removal through co-metabolism, where the degradation intermediates 
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produced in the process help stimulate further breakdown of BTEX compounds. Likewise, 

this alternative may offer greater flexibility for on-site degradation due  to the oxygen 

availability as single bacteria is limited to either aerobic or anaerobic degradation (Nagarajan 

and Loh, 2015).  

Studies for coculture M. esteraromaticum and S. fonticola have shown the great potential that 

these two microbes must degrade AHs. These strains can complement each other in coculture, 

as they can be specialized for BTEX compounds. For example, M. esteraromaticum has an 

important tolerance and degradation ability towards ethylbenzene and toluene, whereas 

Serratia sp. has shown a preference towards benzene (Kaur et al., 2023;  Avanzi et al., 2015). 

Likewise, a coculture between the two strains can offer a wider range of applications for 

different BTEX concentrations. Serratia sp. has been able to tolerate and degrade high 

concentrations of monoaromatic hydrocarbons (up to 500 mg/L); however, Microbacterium 

sp. seems to perform better in lower concentrations (up to 200 mg/L) (Singh et al., 2017; 

Kaur et al., 2023). Both microorganisms can produce diverse BTEX-degrading oxidases. For 

example, Microbacterium sp. produced enzymes for BTEX degradation like toluene 4-

monooxygenase, toluene dioxygenase, ethylbenzene dioxygenase and Serratia sp. produced 

catechol 1,2 dioxygenase and catechol 2,3-dioxygenase.  

Finally, based on the type of respiration a coculture between M. esteraromaticum (aerobic) 

and S. fonticola (facultative anaerobic) can show potential for batch injection in polluted sites 

with low and high oxygen levels, and in heavy and non-heavy contamination levels. This 

study aims to explore the BTEX degradation using a bacterial coculture of Microbacterium 

esteraromaticum and Serratia fonticola.    



 59 

3.2 Results and Discussion  
 

3.2.1 Coculture Performance  
 

3.2.1.1 Energy Consumption  
 

The glucose present in the culture media was consumed in all the treatments by M. 

esteraromaticum, S. fonticola and the coculture within the first 12 hours of fermentation 

except for toluene and ethylbenzene which took up to 18 hours to be consumed by the three 

BTEX degraders. Within the first 6 hours of cultivation, the maximum glucose consumption 

(95%) was achieved by the coculture in the BTEX mixture treatment. A rapid decrease in 

glucose concentration was also observed within the same cultivation time (6 hours) in the 

benzene and xylene treatments for coculture (76% and 90%, respectively). In the treatment 

with toluene, coculture and M. esteraromaticum had the highest glucose consumption (70% 

and 74%, respectively) which was higher compared to S. fonticola with only 8% of glucose 

consumed within the first 6 hours.    

Likewise, in the toluene treatment, S. fonticola showed an increase in glucose consumption, 

rising from 8% to 96% between 6 to 12 hours of cultivation. A similar pattern was observed 

for the ethylbenzene treatment in M. esteraromaticum, S. fonticola and the coculture, with   

81% glucose consumption within the first 12 hours. However, after 12 hours, the 

consumption rate dropped, with only 14% of the glucose being used between 12 and 18 hours 

of cultivation. 

The low glucose consumption (6%) observed in the treatment with toluene for coculture 

within the first 6 hours, and the time for M. esteraromaticum and coculture to finish the 
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glucose consumption in the treatment with toluene and ethylbenzene can be due to a 

disruption of the Krebs cycle (Cindy A et al., 2024). The formation of intermediates from the 

degradation of toluene and ethylbenzene can negatively impact the function or inhibit 

enzymes from the Krebs cycle, slowing down cellular respiration and ATP production which 

can be reflected in longer consumption times (Wang et al., 2019). Contrary to the treatments 

with toluene and ethylbenzene, the treatments with xylene and BTEX mixture had the same 

glucose consumption rate as that of the control with no alteration in the glucose consumption 

patterns.   
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Figure 5 

Figure 5. Biomass cell production during BTEX degradation compounds by A) Coculture, 

B) S. fonticola, and C) M. esteraromaticum. 
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3.2.1.2 Biomass growth    
 

Figure 5 shows the microbial growth during BTEX degradation by M. esteraromaticum, 

Serratia fonticola and the coculture. As shown in Figure 5A, the coculture exhibited the 

highest biomass production in the treatment with toluene and benzene coculture (6 ± 0.35 g 

L-1) and (5 ± 0.35 g L-1) at 12 and 36 hours, respectively. In contrast, treatments with 

ethylbenzene, xylene and the BTEX mixture resulted in similar biomass levels than 

individual strains, averaging (3.5±0.70 g L-1; 3±0.70 g L-1 and 2.5±0.70 g L-1) without 

significant changes after 24 hours.  

In Figure 5B, S. fonticola achieved the highest biomass in the treatment with benzene (6±0.41 

g/L) outperforming the positive control and the treatments with toluene, ethylbenzene, xylene 

and BTEX. Although not as high as the growth performance in the treatment with benzene, 

S. fonticola growth in the treatment with toluene (4±0.35 g L-1) was the most similar to the 

positive control (4.25±0.21 g L-1). The biomass production for S. fonticola remained lower 

for the treatments with ethylbenzene, xylene and BTEX mixture (3±0.7 g L-1, 3.5±0.7 g L-1 

and 3±0 g L-1, respectively), stabilizing after 18 hours of cultivation.  

Figure 5C shows the growth performance of M. esteraromaticum with biomass production 

in benzene of 5±1.4 g L-1 and 5±0.35 g L-1 in toluene, respectively at 12 hours, both exceeding 

the positive control (4.5±0.7 g L-1). While the treatment with ethylbenzene yielded lower 

biomass (4 ± 0.70 g/L), it still surpassed the treatments with xylene (3 ± 0.7 g L-1) and BTEX 

mixture (3 ± 0 g L-1). 

When compared to other BTEX-degrading strains, the coculture used in this study 

demonstrated a stronger growth performance than Arthrobacter ramosus S2TR-06, a strain 
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previously reported by Miri et al., (2023). For instance, the coculture achieved 24% and 8% 

higher microbial growth than A. ramosus S2TR-06 in treatments with toluene and benzene, 

respectively, at similar concentrations (50 mg L-1). However, in the xylene treatment, A. 

ramosus S2TR-06 showed 50% higher biomass production than the coculture. 

These differences in microbial growth can be also attributed to differences in metabolic 

activity and due to less formation of toxic intermediates derived from the action of BTEX 

degrading enzymes (e.g. oxygenases). A. ramosus S2TR-06 has less formation of toxic 

metabolic intermediates in the treatment with xylene, and coculture in the treatments with 

benzene and toluene.
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Figure 6 
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Figure 6. Proposed pathway of the benzene, toluene, ethylbenzene, and xylene 

biodegradation by S. fonticola and M. esteraromaticum. 

Despite the detrimental effects of BTEX metabolic intermediates, in this study, the microbial 

coculture shows tolerance to all four compounds. Figure 6 shows a proposed pathway of 

intermediate formation in S. fonticola and M. esteraromaticum after the BTEX uptake. The 

presence of toxic intermediates (catechol and benzoate) has previously been reported to cause 

growth inhibition in microorganisms such as the algae Parachlorella kessleri in BTEX 

degradation tests even at low concentrations (100 µg L-1) (Takáčová et al., 2015). In addition, 

catechol and benzoate-derivates can generate active oxygen species (AOS) like H2O2 on a 

small scale and at controlled levels within the cell. The H2O2 accumulation can result in the 

oxidation/carbonylation of amino acids (histidine, cysteine, arginine) in essential large 

ribosomal subunit protein complexes containing uL10 and bL12 proteins). UL10 proteins are 

responsible for recruiting G proteins to the ribosome, which act as molecular switches for the 

translation of proteins. Likewise, bL12 protein is part of a structural protein complex (L7/12 

stalk) in the ribosome that plays a crucial role in the activation of key translation factors 

needed for the initiation, elongation and release phases of mRNA translation into proteins. 

Moreover, bL12 protein plays an important role in the energy supply by ensuring that GTPase 

works optimally in the hydrolysis of GTP. GTPase facilitates the energy necessary for the 

elongation of the protein chain, also facilitating the transport of amino acids and the 

movement of the ribosome along the mRNA strand (Fasnacht and Polacek, 2021).   

Tolerance towards BTEX in bacteria can be observed in the growth performance and can be 

developed based on the ability of the microorganism to induce physiological and metabolic 

functions such as protein or RNA reparation in the presence of toxic compounds. For 
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example, tolerance towards benzene-derived superoxide-generating compounds in M. 

esteraromaticum can be attributed to the activation of transcription factors such as the PerP 

regulatory protein, common in Gram-positive bacteria, and responsible for the activation of 

the synthesis of BTEX-degrading enzymes that ameliorate the effect of oxidative species 

(Imlay, 2015);. In the case of Serratia fonticola, it has been reported that H2O2-induced 

transcription factors promoted by the OxyR and SoxR regulatory proteins, take part in the 

detection, modification and excretion of oxidative compounds. Likewise, OxyR and SoxR 

proteins are important in Gram-negative bacteria to induce the rRNA reparation rRNA 

involved in the synthesis of enzymes that contribute to the lesser detrimental effects of 

superoxide compounds in the bacterial cells and enhance its tolerance towards BTEX. In this 

sense, the low coculture biomass production observed (< 3.5g L-1) in the treatments with 

ethylbenzene, xylene and BTEX can be due to either an abundant presence of AOS or to less 

efficient oxidative stress response systems in the protection of ribosomal proteins (e.g. 

transcription factors PerP, OxyR and SoxR). 

The robust benzene and toluene tolerance found in coculture and S. fonticola, and the 

ethylbenzene tolerance found in M. esteraromaticum can be attributed to these oxidative 

stress response systems which allows for rapid growth rates compared to algae and fungi. 

For example, recent studies reporting the growth performance of microalgae Chlorella 

vulgaris in the presence of low concentrations of BTEX (0.5 mg L-1) achieved a maximum 

cell production (9.6e3 cells L-1) only after 3-6 days, whereas for coculture and the individual 

strains, it only took 1 day. This time gap represents a difference in the BTEX tolerance of C. 

vulgaris and coculture and can be due to a disruption to the photosynthesis process of the 

BTEX compounds. Particularly, Duan et al., (2017) showed that toxic intermediates from the 
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degradation of BTEX can interfere with the formation of the chlorophyll-protein complex 

(LHC) that captures light for energy conversion and disrupts the thylakoidal membrane as 

well as the biomass production of microalgae. Coculture growth in the presence of BTEX is 

significantly faster compared to that of fungi. For instance, Usman et al., (2020) reported the 

growth of Gliocladium sp. in minimal saline media (MSM) supplemented with BTEX (1% v 

v-1) and achieving a maximum spore production (6.3e4 spores L-1) after 15 days. The 

Gliocladium sp. similar to other fungi species such as Aspergillus terreus have a long 

exponential phase which is 10 or 12 times longer than that of the bacterial coculture (Usman 

et al., 2020). Although Gliocladium sp. was grown in extremely high concentrations of BTEX 

(>1000 mg L-1) and MSM, filamentous fungi present typically lower biomass production and 

growth rates. The fungal cell wall comprises glucan, chitin and glycoproteins in both algae 

and fungi that provide extra protection and tolerance to high BTEX concentrations (Cindy A. 

et al., 2024). Likewise, the cellular wall in microalgae acts as a barrier preventing or reducing 

BTEX toxicity and alleviating oxidative stress. In both fungi and microalgae, the cell wall 

delays the interaction between BTEX compounds reducing internal toxicity.  

Overall, a better understanding of the different levels of tolerance BTEX-degrading strains 

in the biodegradation process of toxic emerging contaminants such as BTEX and the effect 

of the oxidative stress induced by degradation intermediates in the growth performance can 

bring new insights into bioremediation technologies. 
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Figure 7 

Figure 7. BTEX degradation by A) Coculture B) S. fonticola C) Microbacterium 

esteraromaticum. 
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3.2.2 BTEX degradation 
 

3.2.2.1 Multiple Compound Degradation 
 

BTEX compounds are often found together due to their similar physicochemical properties 

and use in the formulation of fuels. Figure 7 shows the BTEX degradation profile by M. 

esteraromaticum, Serratia fonticola and its coculture. A total BTEX degradation of 47.2% 

was achieved by the coculture after 42 hours. In the case of S. fonticola and M. 

esteraromaticum (Figure 7B and Figure 7C), a total degradation of 44.6% (9.1 mg L-1) and 

41.74% (7.84 mg L-1) was achieved, respectively. For S. fonticola more than 50% of the 

degradation occurred only after 24 hours, whereas for M. esteraromaticum occurred within 

the first 12 hours. In the treatments in which the monocultures were used, the BTEX multi-

compound degradation was only 77% of the achieved in the treatment in which coculture 

was used for the same BTEX multi-compound degradation.  

Studies in which BTEX multi-compound degradation test has been performed are not as 

common as studies performing BTEX single compound degradation. Moreover, these studies 

are mainly focused on genomic and metagenomic analysis  (Banerjee et al., 2022; Wu et al., 

2023; Eze, 2021). The coculture BTEX degradation performance from this study can be 

compared to the BTEX multi-compound degradation reported by Wongbunmak et al., (2020). 

Coculture achieved a higher degradation (47%) compared with the results reported by 

(Wongbunmak et al., 2020) where only 38% of BTEX total degradation was achieved in two 

days using Bacillus amyloliquefaciens W1 growing in culture media supplemented with a 

BTEX concentration three times smaller (60 mg L-1). Likewise, coculture outperforms 
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Bacillus amyloliquefaciens W1, achieving a higher depletion of 22, 17, 20 and 7 (mg L-1) for 

benzene, toluene, ethylbenzene and xylene in the BTEX mixture, respectively.  

It is not common for bacteria to degrade all four BTEX compounds as there are challenges 

to be addressed such the BTEX toxicity, enzyme activity and inhibition. Moreover, bacteria 

often tend to specialize. For example, M. esteraromaticum showed a preference for xylene 

(88% removal) and S. fonticola for ethylbenzene (97% removal), which is evident in their 

outstanding degradation performance. This compound preference for degradation can be 

explained by the ability to produce oxygenase enzymes which are compound-specific (e.g. 

XMO)  (Miri et al., 2021). The enhanced BTEX degradation with 6 mg L-1 more depletion 

in the coculture during the multi-compound degradation test compared to the individual 

strains, can be explained by the complementary specialization of the strains. Another reason 

for this enhanced coculture BTEX degradation performance is the occurrence of induced co-

metabolism between xylene and toluene, as both compounds share the same degradation 

intermediate (3-methyl catechol) (Khodaei et al., 2017). Although coculture improved 

significantly and achieved 47% of the removal of BTEX mixture in only 42 hours, the multi-

compound presence of BTEX difficulted complete degradation. This can be due to previously 

reported inhibition of dioxygenase enzymes when the hydroxymethyl substituent of the 

benzene ring is positioned in an axial orientation (Bugg, 2003). Moreover, the aromatic 

structure between the four BTEX compounds can lead to competition for the binding site of 

BTEX-degrading enzymes.  

Interestingly, BTEX multi-compound biodegradation presented a slow degradation within 

the first 12 hours of fermentation in coculture, and the individual strains S. fonticola and M. 

esteraromaticum with only 5%, 11% and 18% of BTEX removal, respectively (Figure 7). 
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Contrary to what has been observed in single-compound BTEX degradation, BTEX multi-

compound degradation presented slow initial degradation rates which is consistent with other 

studies conducted (Wongbunmak et al., 2020; Bacosa et al., 2021). Finally, coculture 

enhanced the biodegradation of BTEX and it is a more robust alternative to degrade higher 

BTEX concentrations (200 mg L-1).            

 3.2.2.2 Single-compound degradation  
 

 3.2.2.2.1 Benzene degradation 
 

Figure 7 illustrates the coculture, S. fonticola and M. esteraromaticum single compound and 

BTEX degradation. Figure 7A shows a rapid benzene degradation by coculture, with 96% 

(25.9 mg L-1) of depletion before 24 hours. Total benzene degradation was observed at the 

end of the test at 42 hours. Figures 7B and 7C show lower benzene removal, achieving only 

37% (9.5 mg L-1) and 24% (5.5 mg L-1) degradation at 42 hours in the treatments using S. 

fonticola and M. esteraromaticum, respectively. That said, the biodegradation achieved by 

coculture in the treatment with benzene was three times and five times higher than the 

achieved by S. fonticola and M. esteraromaticum, respectively.  

The total benzene degradation achieved by coculture this study, it was 5 hours faster than the 

reported by Zhou et al., (2016) growing Acinetobacter baumannii DD1 and using benzene 

(60 mg/ L-1) as the only carbon and energy source.  Likewise, when compared to other 

studies that used Serratia sp. as a benzene-degrading strain and similar benzene 

concentrations (30 mg L-1and 50 mg L-1), the coculture used in this study was significantly 

faster (2-3 days) as they achieved 100% benzene removal until 10-14 days (Ortega-González 

et al., 2013; Avanzi et al., 2015). The difference in results can be attributed to a higher 
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enzyme production and activity of more specific and competent benzene-degrading enzymes 

such as C12O and C23O. Kaur et al., (2023) used M. esteraromaticum as a strain with the 

same benzene concentration as this study (50 mg L-1); however, it achieved only 70% of 

benzene removal in the period (30 hours) in which coculture achieved 100% of benzene 

removal.  This 30% difference in the biodegradation efficiency can be attributed to an 

enhancement in the activity of catechol dioxygenases and monooxygenases, and microbial-

substrate interaction due to the presence of S. fonticola in the coculture.  

3.2.2.2.2 Ethylbenzene degradation 
 

For the treatment with ethylbenzene, the total degradation achieved by coculture at 42 hours 

was 85% (25.3 mg/ L-1removed) which is only 12.5% (1.17 mg/ L-1) and 8% (0.7 mg/ L-1) 

less degradation than the achieved by S. fonticola and M. esteraromaticum, respectively.  

Moreover, the degradation achieved by coculture in the treatment with ethylbenzene is better 

compared to the studies reported by Wongbunmak et al., (2017) and Wongbunmak et al., 

(2020) in which Bacillus amyloliquefaciens W1 and M. esteraromaticum were used as 

ethylbenzene-degrading strains. The ethylbenzene degradation achieved by the coculture in 

this study was higher (4.5 mg/ L-1and 2.5 mg L-1) compared to Bacillus amyloliquefaciens 

W1 and M. esteraromaticum, respectively.   

Moreover, the degradation pattern observed in Figure 7A (corresponding to coculture 

metabolism) from 12 to 24 hours follows the rapid ethylbenzene degradation observed in 

Figure 3C (corresponding to M. esteraromaticum) during the same period. Likewise, the 

degradation pattern from 24 to 42 hours in coculture follows the ethylbenzene degradation 

observed in Figure 3B within the same period. This tendency in the degradation patterns 
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suggests the action of both strains and synergistic effect in the coculture for the single 

compound degradation of ethylbenzene. The catabolism of ethylbenzene is switched on 

earlier in M. esteraromaticum playing a major role in the first 24 hours, whereas S. fonticola 

showed higher degradation rates in the last 24 hours period of the degradation. 

3.2.2.2.3 Xylene degradation 
 

In the single compound degradation of xylene, the treatment using coculture achieved a total 

removal of 14 mg L-1after 42 hours of cultivation. This xylene removal in the treatment with 

coculture was 3 mg L-1 higher than the achieved in the treatment with S. fonticola; however, 

it was 8.5 mg L-1 lower than the xylene removal achieved in the treatment with M. 

steraromaticum. Similar to the treatment with single ethylbenzene, coculture did not 

contribute to an enhanced xylene degradation, whereas M. esteraromaticum achieved 2-fold 

higher xylene degradation. M. esteraromaticum performance in this study was the same as 

the reported by Kaur et al., (2023), with 85% of xylene degradation. When compared to a 

study in which (Banerjee et al., 2022) used a xylene degrading enrichment, the coculture 

achieved 14 mg L-1 xylene removal whereas the enrichment of only 5 mg L-1 in the same 

average period (32 hours). This indicates that coculture is a better alternative in 

bioremediation for the degradation of single compounds such as xylene and that more diverse 

cultures such as enrichments guarantee a better degradation performance. Overall, the xylene 

removal achieved by coculture is better than the previously reported microbial degradation 

studies in which it took several days to achieve the same degradation reported in this study 

(Avanzi et al., 2015; Ortega-González et al., 2013).  
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3.2.2.2.4 Toluene degradation  
 

For the treatment with toluene and coculture, a total removal of 22 mg L-1 was found after 

42 hours of cultivation. These results are higher in comparison with the observed in S. 

fonticola (5.2 mg L-1) and M. esteraromaticum (2.1 mg L-1). These results were similar to 

the reported in other studies using M. esteraromaticum strain, achieving 30 mg L-1  of toluene 

degradation within the same period (42 hours) (Kaur et al., 2023).  Interestingly, the time for 

the maximum biomass production (12 hours) was the same as when 50% of toluene was 

degraded. This suggests that there is a direct relationship between biomass production with 

the degradation of this specific compound. 

The contribution to the degradation of the individual compounds of S. fonticola and M. 

esteraromaticum in the coculture can be elucidated based on the degradation patterns and the 

reported ability of M. esteraromaticum and S. fonticola to grow and assimilate BTEX. 

Likewise, Wongbunmak et al., (2017) observed the same tendency, an increase in the 

microbial growth of M. esteraromaticum when toluene and m-xylene were supplemented in 

high concentrations (>80 g L-1). Finally, when compared to the single compound degradation 

observed in the treatments with benzene, ethylbenzene and xylene using coculture, the 

toluene removal was the third highest with more than 70 % proving that the substituent 

methyl is an alternative route of attack and oxidize the benzene ring in toluene (Bacosa et al., 

2021). Moreover, (Bacosa et al., 2021)  used Burkholderia sp. B5, Pseudomonas sp. T1 and 

Cupriavidus sp. X5 to degrade 100 mg/ L-1 of toluene in a study of binary mixtures with 

octane which aimed to determine the ability and preference of the strains between aromatic 

and aliphatic hydrocarbons. Although the concentration of toluene was half of the 
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supplemented by Bacosa et al., (2021), the coculture in this study outperformed the three 

strains which took 80, 70 and 250 hours to remove toluene to the same extent, respectively. 

3.3 Conclusions 
 

This study reveals that the BTEX-degrading bacterial coculture had different tolerance levels. 

The fast glucose consumption and low biomass in xylene and BTEX treatments indicated 

higher toxicity. Likewise, according to biomass production, coculture displayed a high 

tolerance for benzene and toluene treatments. The lowest biomass production corresponded 

to the BTEX mixture, evidencing cumulative toxicity. Coculture enhanced both BTEX multi-

compound and single-compound degradation; especially for compounds such as benzene, 

toluene and ethylbenzene with more than 70% removal. Future studies should explore 

concentration effects on toxicity, tolerance towards BTEX toxicity, and mitigation of toxicity 

effects. Hybrid approaches like bioaugmentation, biostimulation and immobilization should 

be study to enhance coculture survival, activity and BTEX biodegradation efficiency. 

Likewise, biostimulation strategies involving the supplementation not only of nutrients but 

also substances that promote the stress-induced catabolism of BTEX such as the expression 

of BTEX-degrading enzymes and stress-induce co-metabolism among the BTEX compounds 

should be explored. Further work is necessary to enhance the activity of oxygenases such as 

catechol dioxygenases as enzymes which are crucial to enhanced BTEX degradation rates 

and to make the biodegradation process more BTEX-specific with the coculture.  
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Chapter 4: Benzyl alcohol as an inducer of catechol 
2,3 dioxygenase activity in a BTEX-degrading 
coculture comprising S. fonticola and M. 
esteraromaticum  
 

(to be submitted). 

 

4.1 Introduction 
 

The surge in petroleum hydrocarbons exploration has resulted in the contamination of 

fragile environments and sensitive water bodies which are a supply of DW to the population 

in several developed and underdeveloped countries. Diverse ecosystems are being 

contaminated with oil-derived toxic AHs such as BTEX due to their potential to escape from 

infrastructure and machines using oil and diesel, infiltrating in the subsoil, groundwater and 

finally in the ocean's subsurface through the submarine groundwater discharge (Huang et 

al., 2021). Once in the environment, BTEX high toxicity effect and carcinogenic nature can 

alter the delicate marine ecosystems balance like coral reefs and endangered the public 

health in coastal areas (Wang et al., 2016; Latif et al., 2019). Likewise, BTEX-associated 

diseases such as cancer represent trillion of dollars from the global gross domestic product 

(GDP), thus being considered both as an economic and health burden (Chen et al., 2023).  

Currently, alternatives to address BTEX-pollution in sensitive environments rely on 

thermophysical techniques, like incineration and pump-and-treat systems which are often 

expensive and energy-demanding (Soleimani, 2014). Similarly, chemical approaches, such 
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as advanced oxidation processes (AOPs) lack precision as they are not tailored to specific 

pollutants (Alori at el., 2022). Moreover, as environmental regulations become stricter, the 

demand for not only effective BTEX remediation solutions but greener alternatives is 

superlative. Novel approaches such as bioremediation that employs natural occurring 

microorganisms offer advantages such as contaminant specificity, cost efficiency, reliability, 

and the preservation of biodiversity and the ecological balance. Likewise, research has 

focused on utilizing individual bacterial strains to degrade BTEX compounds, breaking 

them down into non-toxic byproducts such as carbon dioxide, pyruvate, or acetyl CoA 

(Wongbunmak et al., 2020). Among the most effective BTEX-degrading bacteria are those 

from genera including Pseudomonas, Microbacterium, Bacillus, Acinetobacter, Serratia, 

and Rhodococcus (Chicca et al., 2020; Hocinat et al., 2020; Wongbunmak et al., 2020). 

Particularly, Microbacterium esteraromaticum and Serratia sp. have shown a promising 

potential to efficiently degrade BTEX (Kaur et al., 2023; Yavas & Icgen, 2018). However, 

the use of single bacteria such as Serratia sp. and Microbacterium sp. faces limitations, 

including a low production and activity of competent BTEX-degrading enzymes and low 

microbial growth due to high BTEX concentrations in heavily contaminated aquifers, 

exceeding 200 mg/L (Hocinat et al., 2020). Thus, using bacterial cocultures for specific 

compound degradation provides a more robust tolerance and enzymatic capacity 

(Mukherjee et al., 2012). Another way to ameliorate BTEX degradation, it is to explore the 

use of enzymes instead of coculture, ultimately improving the degradation rates. Despite the 

improvements seen in chapter 3, multi-compound BTEX degradation can be further 

improved using enzymes (Miri et al., 2021). 
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On the other hand, among the options to enhance biological degradation of BTEX can be 

found biostimulation, bioaugmentation, immobilization and biosurfactant addition to 

improve bioavailability and promote the microorganism survival and activity (Rahmati et 

al., 2022; Eras-Muñoz et al., 2022). Although biostimulation typically promotes the 

microbial activity of BTEX degraders after the addition of nutrients, it is also possible to 

supplement substances that can help to induce BTEX catabolism.  

Overall, few are the studies of stress-induce metabolic degradation of AHs.  For example, 

salicylate, propane, butanol, carvone, salicylic acid and limonene had been used as inducers 

based on their structure similarity to degradation intermediates in the biodegradation of 

polyaromatic hydrocarbons and polychlorinated biphenyls such as phenanthrene, 1,4 

dioxane and biphenyl (Young et al., 2006; Hand et al., 2015; Tandlich et al., 2001; Singer et 

al., 2000). With no studies so far focused on a catabolic inducer compound that is 

commercially available, affordable, naturally occurring and nontoxic for bioremediation 

processes, the proposal of supplementation benzyl alcohol in coculture is unique. Benzyl 

alcohol as the first intermediate in one of the toluene aerobic degradation pathways, can 

contribute to the enhancement of toluene degradation considering the multiple reported co-

metabolism between toluene, benzene and the xylene isomers (Wongbunmak et al., 2020; 

Miri et al., 2022).   

This study aims to explore the benzyl alcohol stress-induced activity of the potent BTEX-

degrading enzyme (C23O) activity, and it is the first of its kind to use a natural occurring 

substance combined with a coculture of two competent BTEX-degrading bacteria. 

Moreover, it is intended to use the C23O activity as indicator of BTEX degradation, and for 
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future enzymatic application using the coculture between S. fonticola and M. 

esteraromaticum. 

4.2 Results and Discussion 
 

4.2.1 Catechol 2,3 Dioxygenase Stress-induced Activity  
  
 

Figure 8 shows the results of the Catechol 2,3 Dioxygenase (C23O) after monitoring the 

formation of 3-methyl catechol (388 nm) in the treatments with different concentrations of 

BTEX (200 – 500 mg L-1) and benzyl alcohol (0.25 – 3 mM). Treatments with not C23O 

activity or a negligible C23O activity were not included in figure 8. The concentration of 

BTEX and benzyl alcohol was selected based on their water solubility at 22°C and in 

alignment with the bioavailability and tolerance reported in previous stress-induced 

degradation studies (Allen et al., 2008; Beggs et al., 1976; Handayani et al., 2019).  

The coculture cell lysate showed the presence of C12O for different benzyl alcohol 

concentration acting as inducer, as follows: 1mM > 0.25mM > 3mM. The highest C23O 

activity in coculture was observed in the treatment  (II) with 1mM benzyl alcohol and 200 

mg BTEX L-1 (4.35 U/mg) at 32 hours. This was followed by the treatment (IX) with 500 

mg BTEX L-1 (4.23 U/mg) and the treatment (VIII) with 200 mg BTEX L-1 (3.85 U mg-1), 

at 32 and 16 hours respectively. Treatments supplemented with a minimum concentration of 

benzyl alcohol (0.25 mM) showed activities of C23O above 1.3 U mg-1, whereas for the 

highest concentration of benzyl alcohol (3 mM), the presence of C23O was very less with 

values in the activity equal or below 0.6 U mg-1.  
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The presence of C23O suggests the degradation of BTEX as multiple authors reported its 

high specificity and its role after the substituents of aromatic ring are dissembled by action 

of monooxygenases for the BTEX compounds (Hassan and Aly, 2018; Wu et al., 2023).   

Likewise, an early C23O activity in treatments such as the one with 3 mM of benzyl alcohol 

and 200 mg BTEX L-1 (I) is an indicator of BTEX enhance degradation due to that C23O is 

expressed only after the activation of degradation pathway. On the other hand, inducer 

dominance was observed in coculture, M. esteraromaticum and S. fonticola. For instance, S. 

fonticola showed a preference for benzyl alcohol which is put in evidence by an earlier (16 

hours) and higher (3.16 U mg-1) maximum C23O activity in the treatment (VII) with 0.25 

mM of benzyl alcohol compared to the treatment (VIII) with 200 mg BTEX L-1 (2.91 U mg-

1 at 32 h). Likewise, M. esteraromaticum had a higher C23O activity in the treatment (VII) 

supplemented with 0.25 mM of benzyl alcohol (4.47 U mg-1) compared to the treatment 

(VIII) supplemented with 200 mg L-1 (1.67 U mg-1) of BTEX. In contrast, BTEX was the 

dominant inducer of C23O in coculture as it showed a maximum higher activity in the 

treatment (VIII) with 200 mg BTEX L-1 (3.85 U mg-1) compared to treatments in which 

only benzyl alcohol was supplemented such the treatment (VI) with 1mM Benzyl alcohol 

(1.55 U mg-1).  

This inducer dominance in C23O is in alignment with previous degradation studies in which 

M. esteraromaticum and S. fonticola showed a strong affinity for benzyl alcohol, direct 

intermediate in the toluene degradation pathway. These studies prove the use of Toluene as 

the only source of carbon and energy by both individual strains. Interestingly, the opposite 

was observed in coculture indicating an dominance of BTEX as inducer which can be due to 
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more diverse pathways and intermediates compared to the only and specific pathway known 

for benzyl alcohol in BTEX-degrading bacteria (Wongbunmak et al., 2020).  

Nevertheless, an enhanced activity (4.4 U mg-1) was observed in coculture for the treatment 

(II) with 1 mM of benzyl alcohol and 200 mg of BTEX L-1 which achieved 2-fold higher 

C23O activity than the treatment (IV) with 0.25 mM of benzyl alcohol and its control (VII). 

This demonstrates the importance of finding the optimal bacteria and contaminant-specific 

concentration of inducer to stimulate C23O activity and BTEX degradation as demonstrated 

in other literature findings demonstrating the induction effect in oxygenases activity after the 

addition of structurally similar compounds  (Hand et al., 2015; Tandlich et al., 2001). 

Moreover, co-metabolism among BTEX compounds is of great importance in the selection 

of benzyl alcohol as an inducer of BTEX catabolism. Co-metabolism between benzene and 

o-xylene, and toluene and p-xylene has been widely reported in the enhancement of 

biodegradation rates as a result of competent enzymes (Khodaei et al., 2017). Likewise, the 

occurrence of co-metabolism between BTEX compounds helps to explain the enhancement 

in C23O activity as a direct and known induction route, especially in the treatment 

supplemented with the optimal concentration of benzyl alcohol (1mM).  

Stress-induced enhanced C23O activity can be compared to other studies in which BTEX-

degrading leading microorganisms had been highlighted. For example, Miri et al., (2021)  

reported significant C23O activity (4.07 U mg-1) which is 8% lower than the achieve in this 

study. This decrease in the enzyme activity can be explain by the absence of inducer and the 

presence of only one of the xylene isomers (p-xylene) instead of all the BTEX compounds. 

At the optimal inducer concentration (1 mM), C23O activity was also superior compared to 

individual strains. For instance, it was 7% higher than the reported by Kaur et al., (2023) 
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before the stationary phase of M. esteraromaticum when grown in media supplemented with  

200 mg BTEX L-1 which is comparatively accurate with the treatment with optimal inducer 

concentration, demonstrating the robustness of coculture and effect of benzyl alcohol.   

Finally, the effect of benzyl alcohol showed enhancement in C23O activity and further studies 

are suggested in order to explore the potential of coculture to degrade other AHs to which 

degradation is specific to the C23O action. Moreover, it is important to explore the use of 

more inducers and their effect in the activity of other crucial enzymes such as toluene 

monooxygenase, xylene monooxygenase, xylene dioxygenase and ethylbenzene 

dioxygenase.   
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Figure 8 

Figure 8. Catechol 2,3 dioxygenase (C23O) determination in the coculture between M. 

esteraromaticum and S. fonticola, and the individual strains in the presence of benzyl alcohol 
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(0, 0.25, 1 and 3 mM) and BTEX mixture (0, 200 and 500 mg L-1). The enzyme production 

in the different treatments is display for A) Coculture B) M. esteraromaticum C) S. fonticola 

as follows:  I). 3 mM Benzyl Alcohol and 200 mg BTEX L-1 II). 1 mM Benzyl Alcohol and 

200 mg BTEX L-1 III). 0.25 mM Benzyl Alcohol and 500 mg BTEX L-1 IV). 0.25 mM 

Benzyl Alcohol and 200 mg BTEX L-1 V). 3 mM Benzyl Alcohol, 0 mg BTEX L-1 VI). 1 

mM Benzyl Alcohol, 0 mg BTEX L-1 VII). 0.25 mM Benzyl Alcohol, 0 mg BTEX L-1 

VIII). 0 mM Benzyl Alcohol, 200 mg BTEX L-1 IX). 0 mM Benzyl Alcohol, 500 mg BTEX 

L-1. 

4.2.2 Total Soluble Protein  
 

Figure 9 displays the Total Soluble Protein (TSP) in coculture, S. fonticola and M. 

esteraromaticum growing in the different treatments containing benzyl alcohol (0.25, 1 ad 3 

mM) and BTEX (200 and 500 mg L-1). Figure 9A and 9B, show a relatively high TSP in the 

treatments supplemented with 0.25 mM and 1 mM, which can correspond to optimal inducer 

concentration for the activity of BTEX-degrading enzymes other than C23O for coculture 

(0.12 mg ml-1) and M. esteraromaticum (0.08 mg ml-1) respectively. Enzymes including but 

not limited to monooxygenases such as ToMO and XMO which facilitate the incorporation 

of an oxygen atom to BTEX compounds initially and can occur extracellularly (Sathesh-

Prabu et al., 2023). In figure 9C, it can be observed the TSP produced by S. fonticola 

throughout the experiment (48 hours) and illustrating an outstanding TSP production (>0.4 

mg ml-1) in the treatment containing the maximum benzyl alcohol (3 mM) and BTEX (500 

mg L-1) concentration. This can be explained by the numerous reports of Serratia sp. ability 

to produce a wide group of degradative hydrolytic enzymes (e.g. lipase, nuclease, laccase, 

esterase) and its variety in secretory systems to transport them extracellularly. Interestingly, 
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Elistratova et al., (2022) investigated the presence of extracellular protective proteins in 

Serratia marcescens SM6 which were expressed as a stress response to H2O2-derivated 

oxidative stress.  It was particularly reported the presence of a low molecular weight 

DUF1471-containing protein which is specific to the resistance to the oxidative stress from 

toxic compounds such as catechol and benzoate, intermediates in the BTEX biodegradation 

pathways. S. fonticola can thus be attributed to produce similar group of these type of proteins 

extracellularly, explaining its outstanding TSP production in this experiment.                   
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Figure 9
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Figure 10 

Figure 9. Total Soluble Protein in the treatments with a major production in the supernatant 

for A) Coculture B) M. esteraromaticum C) S. fonticola after 48h as follows: I). 3 mM Benzyl 

Alcohol and 500 mg BTEX L-1 II). 3 mM Benzyl Alcohol and 200 mg BTEX L-1 III). 1 

mM Benzyl Alcohol and 200 mg BTEX L-1 IV). 0.25 mM Benzyl Alcohol and 500 mg 

BTEX L-1 V). 0.25 mM Benzyl Alcohol and 500 mg BTEX L-1.  

4.3 Conclusions  
 

This study demonstrated the potential of benzyl alcohol as an effective inducer of C23O 

activity using a BTEX-degrading coculture of S. fonticola and M. esteraromaticum. The 

optimal benzyl alcohol concentration as an inducer of the enhanced C23O activity was 1 mM, 

which was twice the activity achieved in the controls. Future work should include purification 

of BTEX-degrading enzymes, and the exploration of alternative affordable and sustainable 

inducers to maximize other crucial dioxygenases and monooxygenases for the enzyme 

application using the coculture. Further research efforts should be focused in obtaining a 

better understanding on how stress-induced oxygenase activity can be employed as an 

indicator of BTEX degradation and other AHs. Likewise, recommendations include 

investigating the use of immobilization materials and carriers such as biochar or chitosan 

beads for enzyme application and its effectiveness when combined with stress-induced 

BTEX degradation. Finally, it is necessary to explore the potential use of coculture for either 

the biological or enzymatic degradation of other POPs such as polyaromatic hydrocarbons.  
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Chapter 5: Conclusions and Future 
Recommendations 
 

5.1 Conclusions    
 

5.1.1 Treatments with ethylbenzene and toluene showed a low glucose consumption after 12 

hours, consuming only 4% and 14% of the glucose from 12 to 18 hours, respectively. The 

slow glucose consumption observed, especially when compared to other treatments between 

12 to 18 hours, indicated a significant disruption in the glucose metabolism in coculture and 

the single strains. This highlights the metabolic challenges posed by ethylbenzene and 

toluene, which could guide further optimization of metabolic pathways in future studies. 

5.1.2 The coculture achieved an outstanding biomass production in the treatment with toluene 

(6 ± 0.35 g L-1) and benzene (5 ± 0.35 g L-1) which can be attributed to its tolerance to the 

compounds and its oxidative stress response systems. These findings underscore the 

coculture's potential as a robust candidate for biotechnological applications in environments 

with high toluene and benzene concentrations.  

5.1.3 The lowest biomass production corresponded to the treatment with the BTEX mixture 

(2.5±0.70 g L-1) which is 62 % less production than the observed in toluene, evidencing 

cumulative toxicity of the compounds. This result emphasizes the need for tailored strategies 

to mitigate compound-specific and cumulative toxic effects in mixed BTEX environments.  

5.1.4 Coculture displayed an outstanding single compound degradation for benzene with 

99% removal within 42 hours. Likewise, coculture showed a high ability compared to the 

individual strains for single toluene (72%) and ethylbenzene (85%) and xylene (62%) 
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degradation. These results demonstrate the coculture's superior degradation efficiency, 

reinforcing its applicability for targeted bioremediation of BTEX-contaminated 

environments.  

5.1.5 An enhanced BTEX catabolism was observed in coculture for multi compound 

degradation, outperforming the individual strains, S. fonticola (44.6%) and M. 

esteraromaticum (41.74%) with 47.2% removal. This suggests the synergistic advantage of 

the formulated combined bacterial metabolism by potentially inducing co-metabolism among 

the BTEX compounds (e.g., shared intermediate 3-methyl catechol for xylene and toluene 

degradation) and as a tool for future bioremediation applications  

5.1.6 The potential of benzyl alcohol as a natural occurring inducer of C23O activity in the 

coculture was demonstrated at an optimal supplementation of inducer (1 mM benzyl alcohol) 

and BTEX (200 mg BTEX L-1), achieving twice the C23O activity (4.35 U/mg) that of the 

controls. This highlights benzyl alcohol's role as enhancer of enzymatic activity of C23O, 

paving the way for its use in the production BTEX-degrading enzymes and as part of future 

bioremediation strategies for BTEX-contaminated environments. 

5.2 Future Recommendations    

 

5.2.1 Expand Field Trials: Conduct tests in varied natural settings, including differing 

salinities, temperatures, and contaminant concentrations, to assess the coculture's real-world 

applicability and resilience. 
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5.2.2 Integrate Soil Studies: Study the coculture performance in different types of soil 

through column test and the potential improvements in bioavailability using amendments 

(e.g., biochar). Likewise, explore how the coculture could be adapted for in situ 

bioremediation of BTEX-contaminated soils.  

5.2.2 Explore Metabolic Pathways: Further research on the metabolic pathways and 

enzyme systems involved in BTEX degradation will provide insight into optimizing the 

coculture’s effectiveness and targeting specific BTEX compounds. 

5.2.3 Develop Improved Bioaugmentation Techniques: Investigate the formulation of the 

coculture for bioaugmentation, including the use of protective carriers (e.g., biochar) or 

immobilization techniques, to enhance stability and effectiveness in field applications. 

5.2.4 Regulatory and Environmental Impact Studies: Evaluate the coculture’s regulatory 

feasibility and long-term environmental impacts to find market pathways and its 

implementation in ecologically sensitive and regulated areas. 

5.2.5 Investigate Broader Hydrocarbon Applications: Assess the coculture's ability to 

degrade other persistent organic pollutants (POPs) or hydrocarbon derivatives beyond BTEX, 

especially in environments prone to mixed-contaminant exposure. 
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APPENDIX A:  Supplementary information for chapter 3  
 

 

 

 

Figure A1.  Calibration curve for Glucose consumption using the DNS method  

 

 

 

 

y = 0.8665x + 0.0197
R² = 0.9995

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5 3

Ab
so

rb
an

ce
 (5

40
 n

m
)

Glucose Concentration (g/L)



 112 

 
Figure A2. Methodology for the formulation of BTEX-degrading bacterial cocultures  
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Figure A3. Biomass cell production and sugar consumption of S. fonticola, M. 

esteraromaticum, and coculture Strains in TSB Media Supplemented with BTEX compounds 

(50 mg L-1) individually and collectively (200 mg L-1). 

 

 

Figure A4. Maximum Microbial Growth in the presence of BTEX (50 mg L-1) 
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Figure A5. Biodegradation achieved by the single strains and coculture after 42 hours. 
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APPENDIX B:  Supplementary information for chapter 4 

  
 

Stress-Induced Catechol 1,2 Dioxygenase Activity 

 

The enzyme production for Catechol 1,2 dioxygenase (C12O) was monitored based on the 

product formation of cis-cis muconic acid (260 nm) in the reaction mixture during the 

enzyme assay. Likewise, the C12O production in the coculture and the individual strains was 

monitored based on the activity of C12O at different supplemented concentrations of BTEX 

mixture (0, 200 and 500 mg L-1) and benzyl alcohol (0, 0.25, 1 and 3 mM), which is 

displayed in figure B1.  

C12O in coculture, M. esteraromaticum and S. fonticola presented a maximum activity in all 

the treatments between 16 and 32 hours of fermentation. Moreover, all the treatments 

supplemented with benzyl alcohol presented a C12O maximum activity in coculture at 16 

hours except for the treatments (I, V)) supplemented with 3 mM of benzyl alcohol, which 

presented a maximum C12O activity at 32 hours. The highest C12O activity in coculture was 

observed either in the presence of benzyl alcohol or BTEX, specifically, in the treatments 

supplemented with 0.25 mM of benzyl alcohol and 200 mg BTEX L-1 (0.026 U mg-1); 0.25 

mM of benzyl alcohol with no BTEX (0.027 U mg-1); and 200 mg BTEX L-1 with no benzyl 

alcohol (0.027 U mg-1). In the other treatments the activity of C12O in coculture was 

between (0.017 – 0.021 U mg-1), with the lowest activity observed in the treatments 

supplemented with 3mM of benzyl alcohol.  

On the other hand, the C12O in M. esteraromaticum and S. fonticola achieved a maximum 

activity at 32 hours except for the treatments in which benzyl alcohol was the only inducer 
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supplemented (0.25, 1 and 3 mM) and taking about 16 hours to achieve the maximum activity. 

The maximum C12O activity was achieved faster in the treatments with lower concentrations 

of benzyl alcohol. Another exception was the treatment with 500 mg BTEX L-1 and no 

benzyl alcohol (0.019 U mg-1), in which the individual strains achieved the C12O maximum 

activity before 32 hours.  

Moreover, the C12O highest activity was observed to be in the treatment (VIII) containing 

200 mg BTEX L-1 with no benzyl alcohol (0.0189 U/mg) and treatment (IV) 200 mg BTEX 

L-1 with 0.25 mM of benzyl alcohol (0.023 U mg-1) for M. esteraromaticum and S. fonticola, 

respectively. Figure B1,B and B1,C. This represents 53 % and 16% less than the maximum 

for coculture in the same treatments for M. esteraromaticum and S. fonticola, respectively.  

The role of benzyl alcohol as inducer in the expression of BTEX-degrading enzymes such as 

C12O is sensitive to the concentration of benzyl alcohol supplemented. That said, a high 

concentration of benzyl alcohol can negatively impact and result in the C12O expression. For 

example, the treatments with the highest concentration of benzyl alcohol (3 mM) presented 

a delay of 16 hours to achieve the maximum C12O activity compared to the treatments with 

a lower concentration of benzyl alcohol in the coculture (1 and 0.25 mM).    

This can be explained by benzyl alcohol having an additional contribution to the BTEX-

derived oxidative stress given the accumulation of catechol and benzoate, important 

intermediates during toluene, benzene, xylene and benzyl alcohol biodegradation pathways 

(Wongbunmak et al., 2020).        

A higher oxidative stress can result in the suppression of C12O enzyme activity by disrupting 

amino acids such as arginine and cysteine prone to oxidation, which ultimately inhibit its 
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function and alter the C12O structure (Fasnacht and Polacek, 2021). This can be 

demonstrated by comparing the treatment (I) with 3 mM of benzyl alcohol and 200 mg BTEX 

L-1, with the treatment (V) supplemented only with 3mM of benzyl alcohol, in which the 

first had 39% less C12O activity in coculture.  Likewise, the toxic effect of benzyl alcohol it 

is evident in the coculture performance parameters such as the microbial growth and the 

glucose consumption. When compared the treatment with only 200 mg of BTEX L-1 with 

the treatment containing the same concentration of BTEX and 3mM of benzyl alcohol, the 

growth is 4e8 cells ml-1 higher. The rapid microbial growth disruption caused by Benzyl 

alcohol can help explain this phenomenon. Such disruption in the growth can be due to its 

adverse effect in the fluidisation phenomena in the bacterial membrane structure or 

membrane anisotropy – A disorder on the membrane fatty acids levels (Konopásek et al., 

2000). The glucose consumption also revealed the toxicity of benzyl alcohol at high 

concentrations (3mM) with only 28% of the glucose consumed in 48 hours, whereas the 

control consumed 100% in less than 8 hours. As catechol-derivates such as 3-methylcatechol 

from the degradation of benzyl alcohol can also inhibit enzymes in the Krebs cycle, slowing 

down cell respiration and C12O production (Wang et al., 2019).  

Based on the results from this experiment, it can be stated that either BTEX (200 mg L-1) or 

benzyl alcohol (0.25 mM) induce C12O activity (0.026 U mg-1) at low concentrations. 

However, when compared to other studies, the C12O activity induced was significantly low. 

Studies reported 5-6 times higher C12O activity for Serratia sp. (0.134 U mg-1) and 

Microbacterium sp. (0.140U mg-1) in the presence of phenol and naphthalene (Olukunle, 

2023; Pradhan and Ingle, 2007). This difference is similar when compared to other BTEX-
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degrading strains such as P. synxantha with a high C12O (0.12 U mg-1) after 48 hours (Miri 

et al., 2021).  

Likewise, the literature demonstrates that relevant parameters such as pH, temperature should 

be optimized for a higher activity of C12O. Importantly, the optimal pH values (7-8) as well 

as temperature (22-30)°C for the maximum C12O activity are contradictory with the 

conditions for the enzyme assay (Nadaf, 2011; Setlhare et al., 2019). Thus, strain-specific 

optimization studies in addition to a purification step of the enzyme can be explored to 

improve C12O activity in the coculture.   
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Equation 1  

 

 

Figure 11 

Figure B1. Catechol 1,2 dioxygenase (C12O) determination in the coculture between M. 

esteraromaticum and S. fonticola, and the individual strains in the presence of benzyl alcohol 

(0, 0.25, 1 and 3 mM) and BTEX mixture (0, 200 and 500 mg L-1). The enzyme production 

in the different treatments is display for A) Coculture B) M. esteraromaticum C) S. fonticola 
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as follows:  I). 3 mM Benzyl Alcohol and 200 mg BTEX L-1 II). 1 mM Benzyl Alcohol and 

200 mg BTEX L-1 III). 0.25 mM Benzyl Alcohol and 500 mg BTEX L-1 IV). 0.25 mM 

Benzyl Alcohol and 200 mg BTEX L-1 V). 3 mM Benzyl Alcohol, 0 mg BTEX L-1 VI). 1 

mM Benzyl Alcohol, 0 mg BTEX L-1 VII). 0.25 mM Benzyl Alcohol, 0 mg BTEX L-1 

VIII). 0 mM Benzyl Alcohol, 200 mg BTEX L-1 IX). 0 mM Benzyl Alcohol, 500 mg BTEX 

L-1. 

 

Table B1. Experimental design for the supplementation of Benzyl alcohol as an inducer of 

catechol 1,2 dioxygenase (C1,2O) and catechol 2,3 dioxygenase (C2,3O) activity in a BTEX-

degrading coculture between S. fonticola and M. esteraromaticum. 
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Figure B2. Calibration curve for the Total soluble protein using the Bradford Method 

 

Figure B3. Calibration curve for the C23O assay based on the formation of 3-Methyl catechol 
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Figure B3. Calibration curve for the C12O assay based on the formation of Cis-cis Muconic acid 
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