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ABSTRACT 

Toluene is one of the most frequent volatile organic compounds (VOCs) in contaminated 

groundwater due to its intensive use in industry, improper disposal, and accidental spills. 

Microbial bioremediation is a suitable and environmentally friendly technology for 

degrading organic contaminants frequently present in aquifers. However, polluted sites 

are often contaminated by a mixture of VOCs, which can hinder bioremediation activities 

since some compounds can adversely affect the biodegradation processes of the 

microorganisms. These effects include extended acclimation periods, reduced 

biodegradation rates, and failures of target compound biodegradation. In this study, 

different concentrations of chloroform (CF), dichloromethane (DCM), and 1,2-

dichloroethane (1,2-DCA) were added to a stable anaerobic toluene-degrading culture 

containing Aromatoleum sp. derived from a BTEX-contaminated aquifer, to assess their 

potential inhibitory effects. The results showed that the culture was able to degrade 

toluene in presence of CF at 1000 µM, but higher concentrations of CF (3000, 5000, and 

10000 μM) strongly inhibited the toluene degradation activity. Therefore, the recovery of 

toluene degradation activity after CF inhibition was evaluated in the Aromatoleum-

enriched culture, showing a concentration-dependent recovery of toluene-degrading 

activity. On the other hand, no inhibition of toluene degradation was observed when DCM 

and 1,2-DCA were added at 500, 1000, 3000, and 5000 μM to the Aromatoleum-enriched 

culture. These results suggest that the toluene-degrading culture has significant potential 

to anaerobically biodegrade toluene in groundwaters in presence of DCM and 1,2-DCA 

as co-contaminants. In case of environments where CF is found as a co-contaminant, it 

must be treated prior to toluene degradation to ensure bioremediation depending on its 

concentration. The findings of this study may provide a better understanding of the effects 

of co-contaminants on anaerobic toluene degradation in aquifers, being of high relevance 

for developing effective strategies for the bioremediation of groundwater contaminated 

with multiple contaminants, such as applying two or more synergetic technologies to fully 

remediate an entire site.  

 

 

Keywords: Toluene; Chlorinated compounds; Anaerobic degradation; Bioremediation; 

Co-contamination; Inhibition. 



1. Introduction 

Volatile organic compounds (VOCs) are a large group of chemicals that have low water 

solubility and high vapor pressure. These substances are defined by the European Union 

(EU, 2004) as having an initial boiling point less than or equal to 250 ⁰C, measured at 

standard pressure of 101.3 kPa. VOCs are categorized based on their molecular structure 

or functional group such as chlorinated, aromatic hydrocarbons, oxygenated, nitrogenous, 

alcohols, sulphur compounds, etc (Katsikantami and Tzatzarakis, 2022).  

Because of their chemical characteristics, VOCs are widely applied in both urban and 

industrial processes, including petroleum refining, the pharmaceutical industry, electronic 

products manufacturing, textile and paper treatment, and pesticide manufacturing, among 

other industries (Shahzad et al., 2016).  

Toluene, a natural aromatic hydrocarbon that belongs to VOCs, is an important 

component of petroleum and its related products, such as gasoline and diesel (Deng et al., 

2017), and is widely used as industrial solvent (Pelletti et al., 2018). Natural sources of 

toluene include volcanoes, forest, bushfires, and crude oil (DCCEEW, 2022).  

Toluene is included in the 75th position out of 275 pollutants in the priority pollutants list 

of the U.S. Agency for Toxic Substances and Disease Registry (ATSDR, 2022). This 

aromatic hydrocarbon is not classifiable as carcinogenic to humans, but it can enhance 

carcinogenesis by other compounds (Dean, 1978). Toluene has high toxicity and 

mutagenicity, affects the nervous system and damages organs (e.g., liver, kidneys, and 

lungs) (ATSDR, 2017). Because of its potential adverse health effects in exposed people, 

toluene is also regulated by the drinking water standards set by the U.S. Environmental 

Protection Agency (EPA) with a maximum contaminant level (MCL) and a maximum 

contaminant level goal (MCLG) of 1 mg/L. The Food and Drug Administration (FDA) 

also set a limit for toluene of 1 mg/L in bottled water (2013) and the World Health 

Organization (WHO) has established a health-base drinking water guideline for toluene 

at 0.7 mg/L (2011). 

Other VOC category comprises the chlorinated volatile organic compounds (Cl-VOCs), 

a group of volatile compounds such as chloroform (CF), dichloromethane (DCM), and 

1,2-dichloroethane (1,2-DCA), widely used as solvents, degreasing agents and a variety 

of commercial products (Huang et al., 2014). Cl-VOCs may be generated via chlorination, 

one of the most frequent methods for water disinfection where chlorine reacts with natural 



organic matter in water to form large amounts of disinfection by-products (DBPs), among 

which, chlorinated methanes like CF are the most abundant (U.S. EPA, 2020). CF could 

be also a source of DCM emissions when degraded by anaerobic bacteria (Duhamel et 

al., 2010). In addition, most chlorinated solvents may occur as dense-non-aqueous phase 

liquids (DNAPLs) (Grindstaff, 1998), percolate through groundwater to the aquitard, and 

pool at substantial depth (Lewis et al., 2009). 

Cl-VOCs possess more severe environmental toxicity than other VOCs categories and 

are considered to be persistent, xenobiotics, and very resistant to biodegradation in the 

environment (Huang et al., 2014). Considering their cytotoxic properties, most Cl-VOCs 

have been listed as potential human carcinogenic and priority pollutants by European 

Commission and the WHO. CF, DCM, and 1,2-DCA are ranked in the 11th, 91st and 92nd 

position on the ATSDR priority list of hazardous substances (2022). Concurrently, Cl-

VOCs have been regarded as the precursors of secondary PM2.5 and destroyers of the 

ozone layer (Tsai, 2017).  

The large-scale use of products and materials containing some VOCs has resulted in the 

release of considerable quantities of VOCs into the environment (EPA, 2023). Due to 

improper use and disposal practices, VOCs are common organic contaminants in North 

America, Europe, and other industrialized areas of the world (di Lorenzo et al., 2015). In 

addition, they can be transported over long distances once released to the environment 

and migrate vertically under the influence of gravity up to the water table (Fig. 1A) 

(Huang et al., 2014). 

 

Fig 1. Schematic representation of the fate of VOCs released into the environment (A); and the primary 

routes of human exposure to VOCs (B). Modified from Huang et al. (2014). 



When VOCs are spilled or dumped on land, they usually occur at trace levels in surface 

water. On the contrary, they can be found at high concentrations in groundwater, where 

they form a separate phase (non-aqueous phase liquid: NAPL) that tends to persist for 

decades after the original spillage and, whether lighter (light non-aqueous phase liquid: 

LNAPL) or denser (dense non-aqueous phase liquid: DNAPL) than water, it may 

continue to slowly dissolve from the residual phase to the groundwater for ages 

(Rajbhandari, 2010). Hence, VOCs are considered the main contaminants of this resource 

(Falcó and Moya, 2007).  

Among VOCs, toluene, a LNAPL, is one of the most prominent groundwater 

contaminants (Meckenstock, 1999), because of widespread occurrences of leakage from 

underground petroleum storage tanks and rampant spillages of petroleum products 

(Weelink et al, 2010). When a toluene spill occurs, the contaminant reaches the water 

table and then forms a layer on it that moves in the direction of groundwater flow (Pinder 

and Celia, 2006). Toluene-contaminated sites are coincident with several local and 

persistent secondary residual sources, which may influence their heterogeneity, leading 

to a very complex and widespread distribution scenario in the aquifer (Balderacchi et al., 

2014).  

When groundwater is impacted by VOCs, bioremediation is a promising option that uses 

microbial abilities and other biological resources to remediate and detoxify these organic 

pollutants (Chaudhary et al., 2023). Several microorganisms capable of degrading 

different types of VOCs in these environments have been documented, where degradation 

relies largely on anaerobic processes due to limited oxygen in the saturated subsurface. 

Associate with anaerobic conditions, microorganisms such as Dehalobacter sp., 

Desulfovibrio sp., Desulfitobacterium sp., Clostridium sp., Dehalococcoides sp., 

Geobacter sp., and a Dehalobacterium-containing culture, have been described to 

metabolize chlorinated compounds (e.g., CF, 1,1,1-trichloroethane, trichloroethylene, 

perchloroethylene, DCM) (Justicia-Leon et al., 2014; Grostern and Edwards, 2006; 

Ciampi et al., 2022; Tueba-Santiso et al., 2020). Under nitrate-reducing conditions, a 

number of Betaproteobacteria and Alphaproteobacteria are known to degrade toluene 

and/or ethylbenzene or xylene: Azoarcus, Thauera, Aromatoleum, and other closely 

related Rhodocyclaceae genera; and members of the genus Magnetospirillum 

(Rhodospirillaceae) (Lueders, 2017; Shinoda et al. 2005). Above all, Aromatoleum genus 

has the capacity to anaerobically degrade a wide range of recalcitrant organic compounds, 



and interestingly, some bacterial strains such as EbN1T, ToN1T, pCyN1 and TT, share the 

capacity to grow anaerobically with toluene (Rabus et al., 2019). 

The anaerobic catabolism pathway of toluene for denitrifying bacteria begins with the 

addition of fumarate to the methyl group of toluene to form (R)-benzyl-succinate by the 

strictly anoxic glycyl radical enzyme benzyl-succinate synthase (BSS) (Fig. 2). (R)-

benzyl-succinate is then transformed by successive reactions to benzoyl-CoA, a central 

aromatic metabolite that subsequently undergoes ring reduction, cleavage, and oxidation 

to CO2 (Kube et al., 2004). 

 

Fig 2. Anaerobic toluene degradation pathway via fumarate addition according to Kube at al. (2004) 

BssABC, benzylsuccinate synthase; BbsEF, succinyl-CoA:(R)-benzylsuccinate CoA-transferase; BbsG, 

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

[hydroxy(phenyl)methyl]-succinyl-CoA dehydrogenase; BbsAB, benzoylsuccinyl-CoA thiolase. 

Bioremediation of co-contaminated sites with chlorinated organic compounds is 

challenging, due to the inhibitive nature of these compounds (Grostern and Edwards, 

2006; Justicia-Leon et al., 2014), the high concentrations reached in the environment 

(Arjoon et al., 2012) and the fact that microorganisms have a high substrate specificity, 

which can result in a limitation when a mixture of pollutants is found in the environment. 

In particular, CF is described to be toxic to diverse microbes and inhibit several microbial 

processes (e.g., methanogenesis) and the reductive dichlorination of other chlorinated 

aliphatic compounds (Chan et al., 2012; Cappelletti et al., 2012; Justicia-Leon et al., 

2014).   

In the present study, toluene consumption by a stable anaerobic Aromatoleum-enriched 

culture was assessed in the presence of chlorinated pollutants. Thus, the aims of this study 

were: i) to assess the inhibitory effects of chloroform, dichloromethane and 1,2-



dichloroethane on the toluene-degrading activity at different concentrations, and ii) to 

study the recovery of toluene degradation when co-contaminant inhibition was observed. 

2. Materials and methods 

2.1 Inoculum source, culture medium preparation and growth conditions 

An initial BTEX-degrading culture derived from a contaminated aquifer located in 

Montornès del Vallès (Barcelona, Spain) was enriched with toluene under anaerobic 

conditions in order to achieve a stable toluene-degrading bacterial consortium. This 

anaerobic enriched consortium predominantly composed by the proteobacterial genus 

Aromatoleum (87.26 ± 2.21 %) (Vega et al., 2022) was used as inoculum in this study.  

The composition of the synthetic anaerobic mineral medium for 1L of distilled water was 

the following: 1.01 g of KNO3 and 1.3 g of NH4Cl as nitrate and nitrogen sources; 1.36 g 

of KH2PO4, 1.42 g of Na2HPO4·2H2O and 0.2 MgCl2·6H2O as a buffer and phosphate 

source; 0.07 mg of ZnCl2, 0.039 mg of CuSO4·5H2O, 5 mg of FeSO4·7H2O, 10 mg of 

CaCI2·2H2O, 1.54 mg of MnSO4·H2O, 0.036 mg of Na2MoO4·2H2O, 0.19 mg of 

CoCl2·6H2O, 2.86 mg of H3BO3 as trace metals and 12.8 mg of nitrilotriacetic acid (NTA) 

as a chelating agent. Nitrate medium had an initial concentration of 10 mM nitrate, and it 

was adjusted to a pH of 7.2 using 1 M NaOH. The anaerobic conditions were obtained by 

applying vacuum pump for 45 min and then bubbling with N2 for 20 min.  

Anaerobic cultures were grown in 100 mL glass serum bottles containing 66 mL of 

nitrate-buffered medium. The glass serum bottles were sealed inside an anaerobic 

chamber (Coy Laboratory) with Teflon-coated butyl rubber stoppers and aluminium caps, 

before medium sterilization in an autoclave for 30 min at 121 ⁰C.  

The toluene-degrading culture was maintained by transferring 3% v/v of a toluene-

degrading culture into a fresh nitrate medium during the exponential degradation phase 

of toluene. All anaerobic cultures were gassed with N2 (0.4 bar overpressure) when 

transferred and statically incubated at 25 ⁰C in the dark.  

Amendments of toluene, nitrate and chlorinated compounds were added to the fresh 

culture through the septum using a syringe. Toluene was added as a sole carbon source at 

a final concentration of 1000 M in each experimental bottle. Nitrate was supplemented 

as terminal electron acceptor (TEA) after the consumption of 2000 M of toluene from 

an anaerobic KNO3 stock solution (700 mM) to replenish the initial nitrate concentration 



of 10 mM in the bottles. Each nitrate addition from the stock solution was twice the 

theoretical concentration required for the total toluene degradation.  

2.2 Analytical methods 

The concentration of toluene and organohalide compounds was measured by withdrawing 

0.5 mL of headspace from experimental bottles, using a gas-tight syringe (Hamilton), and 

injecting into a gas chromatography (GC), model 6890N (Agilent Technologies, USA), 

equipped with a DB-624 column (30 m × 0.320 mm with 0.25 μm film thickness, Agilent 

Technologies, USA) and a flame ionization detector (FID). Helium was used as the carrier 

gas. 

The initial oven temperature was set isothermal at 45 ⁰C. Injector and detector 

temperatures were set at 250 ⁰C and 300 ⁰C, respectively. The initial temperature (45 ⁰C) 

was kept for 2 min, then increased at 10 ⁰C/min to 150 ⁰C, and finally held at 220 ⁰C for 

3.5 min. The running time to identify all the contaminants measured was a total of 16 

min. Toluene was detected after 11 min and CF, DCM, and 1,2-DCA peaks appeared at 

8.3, 6.5 and 8.9 min, respectively. Initial concentrations of VOCs were measured one day 

after their addition to the experimental bottles to ensure that gas-liquid equilibrium is 

reached in the microcosms.  

The amount of toluene and co-contaminants were quantified by the area of the peaks 

calculated with the Chromeleon software (Thermo Scientific). The results were presented 

as nominal concentrations. Calibration was based on aqueous standards under the same 

conditions of temperature, pressure, and volume as those in the microcosms. 

2.3 Co-contaminant inhibition assay 

Each co-contaminant inhibition test consisted of four sets of experimental bottles 

prepared in triplicate, amended with 1000 M of toluene as solely carbon source and 

different concentrations of the co-contaminant (Table 1). The co-contaminant 

concentration range was selected based on previous studies performed in our research 

group (Vega M., 2022).  

 

 

 



Table 1. Concentrations of chlorinated compounds. 

Co-contaminant Concentrations (µM) 

CF 1000 3000 5000 10000 

DCM 500 1000 3000 5000 

1,2-DCA 500 1000 3000 5000 

Two types of control were included for each set of experiments: (i) positive control of 

degradation, consisting of anaerobic nitrate medium plus inoculum and 1000 M toluene 

without co-contaminant addition; and (ii) negative control, an abiotic control consisting 

of anaerobic nitrate medium and toluene without inoculum. Toluene consumption in the 

experimental bottles amended with the chlorinated compounds was compared with the 

positive control, which was also used as a control for biomass production. The negative 

control helped to monitor that there are no abiotic degradation and/or volatilization losses. 

These controls were set in triplicate and duplicate, respectively. 

2.4 Recovery of toluene degradation activity after inhibition 

When inhibition by the presence of the chlorinated compound was observed, these 

cultures were purged with nitrogen to remove the co-contaminant, transferred into fresh 

medium (3% v/v), and spiked only with 1000 M of toluene. The concentration of toluene 

was monitored in order to assess the ability of the enriched culture to recover the 

degradation activity after inhibition. Experiments were set in triplicate. 

3. Results and discussion 

3.1 Effect of co-contaminants on toluene degradation 

In this study, we assessed the effects of different chlorinated compounds as co-

contaminants on the toluene degradation activity of a mixed culture using nitrate as TEA. 

The results obtained in the microcosms showed that toluene degradation by 

Aromatoleum-enriched culture was not inhibited by CF at a concentration of 1000 μM 

(Fig. 3 A).  



 

Fig. 3. Time course degradation of toluene in the anaerobic Aromatoleum-enriched culture in presence of 

different concentrations of CF. The concentration of toluene (⬤) and CF (◼) in experimental bottles, and 

the concentration of toluene (○) in the positive control are represented as μM. Bars indicate standard 

deviation for triplicate bottles. Arrows indicate toluene additions. 

After one day, toluene was considerably reduced from the media (from 777.43 ± 5.85 to 

62.06 ± 91.25 μM) at a concentration of 1000 μM CF without an observable lag phase, 

with a degradation rate of 715.37 ± 91.25 μmol·L-1·d-1 in these conditions. A similar 

degradation rate (757.02 ± 25.25 μmol·L-1·d-1) was observed in the positive control after 

one day of the first toluene amendment (773.43 ± 5.85 μM). Removal of toluene was not 

observed in the abiotic control indicating that the reaction was biotically mediated (data 

not shown). This is in agreement with a previous study in which exposure to 50, 500 and 

1000 μM of CF does not have an adverse effect on toluene degradation rate (Vega et al, 

2022).  

A second amendment of toluene in the experimental bottles with 1000 μM CF was 

significantly consumed (88.81 ± 8.33 %) after two days, however, toluene was not 

entirely depleted, suggesting a possible interference in the long-term toluene degradation.  



It is interesting to note that CF at a concentration of 1000 μM is already higher than that 

commonly found in groundwater. For instance, di Lorenzo et al. (2015) found that CF 

contamination was severe and widespread in an alluvial aquifer of Abruzzo Region 

(Southern Italy), with a maximum average concentration of 94900 μg/L (~795 μM).  

In contrast, the addition of CF caused a potential reduction of the toluene degradation rate 

at concentrations above 1000 μM (3000, 5000 and 10000 μM), with inhibition being 

higher as CF concentration increased, suggesting a concentration-dependent toxic effect 

of CF on the toluene degradation. Particularly, at 3000 μM of CF, toluene concentration 

was reduced, albeit slightly, after two days. This is probably due to the Aromatoleum-

enriched culture being so active that it attempted to consume toluene at the beginning, but 

was then inhibited by the presence of CF (Fig. 3 B). In the case of 5000 and 10000 μM 

of CF, the toluene consumption was negligible and the concentration in these 

experimental bottles maintained similar to the abiotic control (Fig. 3 C and D).  

To our knowledge, there are no other studies available that have assessed the inhibitory 

effects of CF on anaerobic toluene biodegradation to date than the previously mentioned 

study performed by Vega et al. (2022) in our research group. Previous studies in aerobic 

conditions reported three toluene-oxidizing bacterial strains that were able to mineralize 

CF to CO2 and Cl-: Pseudomonas mendocina KR1, Pseudomonas sp. strain ENVPC5, 

and Pseudomonas sp. strain ENVBF1 (McClay et al., 1996). However, in this study, no 

degradation of CF was observed by the Aromatoleum-enriched culture. Similarly, Vega 

et al. (2022) did not detect CF degradation by the mixed culture for concentrations < 1000 

μM after 16 days of incubation. 

Cultures previously exposed to CF (1000, 3000, 5000 and 10000 μM) were then used as 

inoculum in fresh medium without CF and amended with 1000 μM toluene, in order to 

evaluate the capability to recover the toluene-degrading activity after CF exposure (Fig. 

4). 

 

 

 

 



Fig. 4. Time course degradation of toluene in the anaerobic Aromatoleum-enriched culture transferred to 

fresh medium without co-contaminant after exposure to different concentrations of CF (1000, 3000, 5000 

and 10000 μM). The concentration of toluene (⬤) in experimental serum bottles is represented as μM. 

Bars indicated the standard deviation for triplicate bottles. Arrows indicate toluene additions. 

After the first amendment of toluene, it was fully consumed in all cases (1000, 3000, 5000 

and 10000 μM of CF). The recovery of the toluene-degrading activity was similar for 

1000 and 3000 μM of CF, but the higher concentrations (5000 and 10000 μM) required 

more days to deplete toluene (Fig. 4). As observed in Fig. 5, higher CF concentrations 

(5000 and 10000 μM) exerted greater toxic effects on the cultures, as their degradation 

rates decreased, showing a concentration-dependent and this inhibitory effect on the 

metabolism of the consortium. 



 

Fig. 5. Toluene degradation rate in the anaerobic Aromatoleum-enriched culture transferred to fresh 

medium without co-contaminant after exposure to concentrations of 1000, 3000, 5000 and 10000 μM of 

CF. Toluene was always amended at a concentration of 1000 μM. Bars indicate the standard deviation for 

triplicate bottles. 

Toluene-degrading activity was also evaluated in presence of DCM and inhibition was 

not observed at any concentration tested (500, 1000, 3000 and 5000 μM) (Fig. 6). First 

dose of toluene (858.18 ± 4.21 μM) was consumed even slightly faster than the positive 

control, at all the DCM concentrations tested, and the toluene-degrading culture was able 

to further degrade toluene in presence of DCM, regardless the initial concentration of this 

co-contaminant.  

 



Fig. 6. Time course degradation of toluene in the anaerobic Aromatoleum-enriched culture in presence of 

different concentrations of DCM. The concentration of toluene (⬤) and DCM (◼) in experimental bottles, 

and the concentration of toluene (○) in the positive control are represented as μM. Bars indicate standard 

deviation for triplicate bottles. Arrows indicate toluene additions. 

The culture exhibited similar toluene degradation rate independently of the concentration 

of DCM tested as co-contaminants (500, 1000, 3000 and 5000 μM). Moreover, when 

amended from the first to the third toluene dose, the toluene degradation activity was not 

affected even at the highest concentration (5000 μM), regardless of the number of toluene 

doses added. Consistently, there were no significant variations among the degradation 

rates for the positive control and DCM concentrations, except for the first dose, whose 

positive control describe a lower degradation rate (Fig. 7).  

 

 

 

 

 



Fig. 7. Toluene degradation rate in the anaerobic Aromatoleum-enriched culture with DCM as co-

contaminant when toluene was added in a first (A), second (B) and third dose (C). Positive controls (C) 

correspond to cultures that contained toluene but no co-contaminant. Toluene was always amended at a 

final concentration of 1000 μM. Concentrations of DCM in the x-axis are represented in μM. Bars indicate 

the standard deviation for triplicate bottles. 

As far as we know, no research has been conducted to explore the anaerobic degradation 

of aromatic compounds in presence of DCM. In aerobic conditions, Yoshikawa et al. 

(2017) conducted a study of the degradation of DCM, toluene, and benzene using an 

enriched culture with soil taken from a contaminated site, with maxi. In this study, 

Hyphomicrobium sp. NDB2Meth4 demonstrated to be tolerant to coexisting benzene and 

toluene, and kept the degrading capacity for DCM, where the degradation order was 

DCM, benzene, and toluene.  

The absence of inhibitory effects of DCM on Aromatoleum-enriched culture is of special 

relevance for CF, as DCM can derive from the organohalide respiration of CF. In this 

respect, the anaerobic bioremediation of aquifers contaminated with both, CF and toluene, 

may require a sequential treatment strategy, where bioaugmentation efforts are needed to 

first transform CF into DCM, allowing subsequent toluene degradation.  

When 1,2-DCA was added to the toluene-degrading culture as co-contaminant at 

concentrations of 500, 1000, 3000, and 5000 μM, first toluene consumption was similar 

to that of the positive control at all concentrations tested (Fig. 8), as well as their 

degradation rates (Fig. 9 A). The second toluene dose amended took longer to consume 

compared to the first dose for the range of 1,2-DCA concentrations tested, however, this 

was also observed in the positive control (Fig. 9B). Moreover, the degradation rates for 

all concentrations of 1,2-DCA were also similar when the third toluene dose was added 

(Fig. 9 C). Overall, the degradation rate in the Aromatoleum-enriched culture was not 

affected by the concentration of the co-contaminant. 



Fig. 8. Time course degradation of toluene in the anaerobic Aromatoleum-enriched culture in presence of 

different concentrations of 1,2-DCA. The concentration of toluene (⬤) and 1,2-DCA (◼) in experimental 

bottles, and the concentration of toluene (○) in the positive control are represented as μM. Bars indicate 

standard deviation for triplicate bottles. Arrows indicate toluene additions. 

Fig. 9. Toluene degradation rate in the anaerobic Aromatoleum-enriched culture with 1,2-DCA as co-

contaminant when toluene was added in a first (A), second (B) and third dose (C). Positive controls (C) 

correspond to cultures that contained toluene but no co-contaminant. Toluene was always amended at a 

final concentration of 1000 μM. Concentrations of 1,2-DCA in the x-axis are represented in μM. Bars 

indicate the standard deviation for triplicate bottles. 

No specific research has assessed the effects of 1,2-DCA on anaerobic toluene 

degradation to date. However, previous studies conducted in aerobic conditions revealed 



that some strains (Pseudomonas mendocina KR1, Pseudomonas sp. strain ENVPC5 and 

strain ENVBF1), which are known to oxidize toluene, successfully demonstrated their 

ability to degrade 1,2-DCA; whereas mixed enriched cultures (toluene and phenol 

oxidizers) were not able to degrade saturated organics (i.e., CF and 1,2-DCA), these 

chlorinated compounds did not exert toxic effects on toluene and phenol oxidizers 

(McClay et al., 1996; Chang and Alvarez-Cohen, 1995). Hence, 1,2-DCA does not always 

imply inhibition of the microbial degradation activity, as also demonstrated by a recent 

study, in which the anaerobic Dehalobacterium-containing culture showed that 1,2-DCA 

did not affect the rate of DCM degradation for the range of concentrations tested (100-

850 µM) (Trueba-Santiso et al., 2020).  

The persistence of the co-contaminants in the experimental bottles indicates that the 

Aromatoleum-enriched culture did not degrade CF, DCM, and 1,2-DCA in the conditions 

assayed and it may be due to the absence of a dechlorinating metabolism in the culture or 

the lack of a suitable electron donor (i.e., hydrogen) to proceed with the dichlorination of 

the tested compounds. 

4. Conclusions 

Contaminated groundwaters typically involve complex mixtures of VOCs, including 

chlorinated and aromatic compounds, and such sites are usually difficult to remediate, as 

these two groups of pollutants have specific degradative pathways and may require 

different nutrients and microbial populations. Therefore, understanding the effects of 

heterogeneous contaminant mixtures is crucial for groundwater in situ bioremediation. 

In this study, the toluene-degrading bacterial consortium showed to be tolerant to 1000 

μM of CF but was inhibited when the CF concentrations increased up to 3000, 5000, and 

10000 μM. However, the Aromatoleum-enriched culture recovered its toluene 

degradation capability after inhibition, requiring more time for toluene consumption in 

cultures previously exposed to higher concentrations of CF, which indicates that the 

adverse effects of CF on the metabolism of Aromatoleum-enriched culture were 

concentration-dependent.  

Toluene degradation activity was not inhibited in presence of DCM and 1,2-DCA at 500, 

1000, 3000, and 5000 μM. The degradation rate for the consumption of toluene in the 



Aromatoleum-enriched culture was similar when the microcosm was amended solely with 

toluene or when it was in a mixture with DCM or 1,2-DCA as co-contaminant.  

The results suggested that this toluene-degrading culture could be a suitable 

bioremediation agent in toluene-contaminated groundwater in presence of chlorinated co-

contaminants such as DCM and 1,2-DCA, and CF when the concentration does not 

exceed 1000 μM.  
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