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ABSTRACT 
Aims: To isolate benzene-degrading strains from neutral and alkaline groundwaters 

contaminated by BTEX (benzene, toluene, ethylbenzene, xylenes; SIReN aquifer, UK), and to 

test their effective pH range and ability to degrade TEX. 

Methods and results: The 14 isolates studied had an optimum pH for growth of 8, and could 

degrade benzene to below detection level (1 μg l-1). Five Rhodococcus erythropolis strains were 

able to metabolise benzene up to pH 9, two distinct R. erythropolis strains to pH 10, and one 

Arthrobacter strain to pH 8.5. These Actinobacteria also degraded benzene at least down to pH 

5.5. Six other isolates, a Hydrogenophaga and five Pseudomonas strains had a narrower pH 

tolerance for benzene degradation (pH 6 to 8.5), and could metabolise toluene; in addition, the 

Hydrogenophaga and two Pseudomonas strains utilised o- m- or p-xylenes. None of these strains 

degraded ethylbenzene.  

Conclusions: Phylogenetically distinct isolates able to degrade BTX compounds were obtained, 

and some degraded benzene at high pH.  

Significance and impact of the study: High pH has previously been found to inhibit in situ 

degradation of benzene, a widespread, carcinogenic groundwater contaminant. These benzene-

degrading organisms therefore have potential applications in the remediation or natural 

attenuation of alkaline waters. 
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INTRODUCTION 
Alkaliphilic microorganisms inhabit many environments, even locations with a bulk pH that is 

neutral or acidic (Grant et al., 1990; Horikoshi, 1999). These organisms provide an important 

resource for biotechnology: extensive domestic and industrial applications include alkaline 

enzymes for use in detergent additives, wood-pulp treatment, and dehairing of hides (Grant et al., 

1990; Horikoshi, 1999). In addition, biocatalytic alternatives are presently sought for industrial and 

chemical processes. The particular properties of alkaliphiles also offer great potential for the 

treatment of waste or the bioremediation of hydrocarbons, both in naturally alkaline environments 

and in areas where the pH has been increased by industrial activities. Recently, the degradation 

of polyaromatic hydrocarbons (PAHs) was reported in the alkaline-saline soil of Lake Texcoco in 

Mexico (Betancur-Galvis et al., 2006), and a soot-contaminated alkaline soil in Italy (Moretto et 

al., 2005). In addition, alkaliphiles have been isolated, that are able to metabolise alkanes 

(Yumoto et al., 2002), pyrene and various PAHs (Gerbeth et al., 2004; Habe et al., 2004), phenol 

(Kanekar et al., 1999), or benzene and its derivatives (Li et al., 2006).  

 Such metabolism of benzene under alkaline conditions has rarely been reported. In a 

previous study we observed degradation of benzene in two groundwater communities from the 

SIReN aquifer, at the ambient pH of 8.9 and 9.4 (Fahy et al., 2006), however, in a groundwater of 

pH 12.1, benzene degradation did not occur (Aburto et al., submitted; Fahy, 2003). Because of its 

high toxicity and relatively high solubility, benzene is an important pollutant in groundwater, and 

organisms able to metabolise this compound in atypical conditions may have an important role in 

bioremediation and natural attenuation. The aim of the present study was to isolate benzene 

degraders from alkaline groundwaters of SIReN, and test their effective pH range as well as their 

ability to metabolise toluene, ethylbenzene and xylenes.  

 

MATERIALS AND METHODS 
Site description 
The SIReN aquifer (Site for Innovative Research in Natural Attenuation) is situated below an 

operational petrochemical manufacturing plant in NW England. The upper shallow aquifer has 

been subjected to long-term impact by BTEX (benzene, toluene, ethylbenzene and xylenes), 

predominantly benzene, and the geochemical characteristics of groundwaters from monitoring 

wells show large variations, including in pH and in the concentrations of contaminants (Jones et 

al., 2001). Further details of the site can be found in Jones et al. (2001) and Fahy et al. (2005). 

Isolation of benzene-degrading strains 
Groundwater from monitoring wells Ri and Rs was collected on 15 April 2003. Extinction dilutions 

were prepared in liquid minimal medium (Fahy et al., 2006), adjusted to a nominal pH of 7.2, 8.5 

or 10 with NaHCO3, Na2CO3 and/or NaOH, with benzene as a sole carbon source. Colonies were 

isolated from the highest dilution where growth occurred on pH-adjusted minimal medium plates 

 3



prepared with washed agar, and supplying benzene vapour as a sole carbon source. The 

isolates’ ability to degrade benzene was then verified in liquid minimal medium. The isolates were 

grouped by RFLP of the 16S rRNA. For each RFLP group, a representative of each groundwater 

sample and each isolation pH were chosen for this experiment: one strain isolated at pH 10, four 

at pH 8.5 and two at pH 7.2. 

In addition, five benzene-degraders previously isolated at pH 7.2 (Fahy, 2003; Fahy et 

al., 2006), and two benzene-degraders isolated at 1000 mg l-1 benzene (Fahy et al., submitted) 

were also tested in this study. Table 1 summarises the provenance of each isolate.  

 
DNA extraction, sequencing of 16S rRNA gene and phylogenetic analysis  

DNA was extracted by heating a colony in 100 μl of water at 95°C for 5 min, or with 

phenol/chloroform/isoamylalcohol as previously described (Coulon et al., 2007). Amplification and 

sequencing of the 16S rRNA gene were carried out as described in Fahy et al. (submitted). The 

primers used were: 27F and 1492R for amplification, and a combination of 27F, 121F, 357F, 

530F, 945F, 1103F, 518R and 1087R for sequencing (Lane, 1991).  

 Sequences were edited in Chromas 2.12 (Technelysium) and contigs assembled in 

BioEdit Sequence Alignment Editor 5.0.9 (Hall, 1999). The sequences were aligned with those 

from type strains in RDP-II 9 (Cole et al., 2007), and a phylogenetic analysis carried out with the 

Phylip interface (Felsenstein, 1993) using Jukes and Cantor distance, neighbour-joining method, 

and bootstrapping 1000 replicates. 

 

Cultures and BTEX measurements 
All cultures were set up in duplicates in 20 ml serum crimp-top bottles, sealed with 

polytetrafluoroethylene-lined septa (Agilent) and incubated at 12°C. Each of the 14 isolates was 

inoculated in 10 ml of minimal medium (Fahy et al., 2006), adjusted to a nominal pH of 5.5, 6, 7, 

8, 8.5, 9, 9.5, 10 and 10.5 with HCl, NaHCO3, Na2CO3 and/or NaOH. Benzene was added to 20 

mg l-1. Benzene concentration was monitored by gas chromatography of the headspace as 

described in Fahy et al. (2006).  

The 14 isolates were then tested for their ability to degrade toluene, ethylbenzene, ortho-, 

meta-, and para-xylenes. Duplicate cultures were set up in 10 ml minimal medium, pH 7, with an 

initial concentration of 5 mg l-1 toluene, ethylbenzene or xylenes. Substrate concentrations were 

measured on days 28 and 56 by gas chromatography of the headspace.  

 

Nucleotide sequence accession numbers  
The sequence data reported in this study were deposited in the EMBL database under the 

accession numbers AM110074 to AM110077 and AM905940 to AM905949. 
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RESULTS  
Identification of the novel isolates 

The fourteen benzene-degrading isolates characterised in the present study were strains of 

Hydrogenophaga (Betaproteobacteria), three Pseudomonas phylotypes (Gammaproteobacteria), 

two Rhodococcus erythropolis phylotypes and Arthrobacter (both Actinobacteria). Their 

phylogenetic affiliation based on 16S rRNA gene sequence is shown in Fig. 1. 

 
pH range for benzene degradation   

The isolates were able to utilise benzene over different pH ranges: Table 2 shows whether 

degradation occurred, and the number of days until all benzene was metabolised. The end pH 

was measured to check for acidification and was typically 0.10 to 0.15 unit below the start pH 

(data not shown).  

The Hydrogenophaga and Pseudomonas strains degraded benzene between pH 6 and 

8.5, with a clear optimum of pH 8 for the Hydrogenophaga (Table 2). The three Pseudomonas 

phylotypes displayed a slightly different pH tolerance, and Pseudomonas #3 was more efficient 

across the pH range than the other two phylotypes (Table 2). The two R. erythropolis groups 

tolerated different pH ranges: after a period of acclimation, R. erythropolis #2 grew on benzene 

up to pH 10, however the limit for R. erythropolis #1 was pH 9. Strangely, four of the five strains 

grew slowly or not at all in the medium of pH 8.5 (Table 2). Finally, Arthrobacter Pi4 utilised 

benzene up to pH 8.5. The limit for benzene degradation was not tested below pH 5.5 for the 

Actinobacteria isolates.  

Media with different pH values were used to select for alkaliphilic organisms, however 

high pH tolerance did not necessarily reflect the pH of the isolation, as shown by Pseudomonas 

strains Rs85 and Rs87, and R. erythropolis Pi3 and Ri81. 

 
Degradation of TEXs  

The isolates’ capacity to metabolise toluene and xylenes at pH 7 is summarised in Fig. 2. The 

Hydrogenophaga and all five Pseudomonas strains were able to degrade toluene. Two of these 

Pseudomonas were also able to grow on o-xylene (Fig. 2). Hydrogenophaga strain Rs71 was 

able to partially degrade m- and p-xylenes. From Fig. 2, it appears that most Actinobacteria 

metabolised a small amount of o- and m-xylenes.  

Although some strains were able to utilise toluene, o- and p-xylene, no further 

degradation occurred after 28 days. m-xylene was the only compound whose concentration 

diminished after that time, albeit slowly (Fig. 2). In contrast, benzene was metabolised below the 

detection limit of 1 μg l-1 (data not shown) in ten days or less at pH 7.  

Ethylbenzene was not metabolised by any of the isolates tested (data not shown). 
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DISCUSSION 
Our results show that the strains isolated by microcosm enrichments are better suited to benzene 

degradation than methylated aromatics: these organisms have been subjected to long-term 

selective pressure in an environment where benzene is the main carbon source. Nevertheless 

some of these benzene-specialists were able to partly degrade toluene and xylenes. 

Pseudomonas strains Rs81 and Rs87 had identical 16S rRNA gene sequences but different 

metabolic properties.  

Strain Rs71 clusters with Hydrogenophega taeniospiralis and Malikia spinosa. 

Hydrogenophaga spp. have been found in groundwater at an oil-remediating site (Kämpfer et al., 

1993), and a strain of H. flava has been used for the remediation of MTBE (Streger et al., 2002). 

In addition, strain IA3-A is able to utilise biphenyl and co-metabolise polychlorinated biphenyls 

(Lambo and Patel, 2006), but to date, this genus has not been specifically associated with the 

degradation of BTEX compounds. In contrast, Pseudomonas species are renowned for their 

metabolic versatility, and five novel strains were isolated in the present study. The three strains 

originating from groundwater Rs share the same 16S rRNA gene sequence, which is similar to 

that of P. stutzeri (Sikorski et al., 2005).Two distinct Pseudomonas strains were obtained from 

discrete samples of Ri groundwater collected in 2001 and 2003. These were closely related to P. 

borbori, a new species isolated from a nitrifying inoculum (Vanparys et al., 2006), and strain PC1 

from phenol-contaminated water (Merimaa et al., 2006). Close relatives of our strain Pi4 were 

Arthrobacter sp. FB24, a chromium-resistant strain isolated from soil chronically polluted with 

heavy metals and BTEX (Joynt et al., 2006), and several Arthrobacter isolates from BTEX-

contaminated soil from an oil refinery (Hendrickx et al., 2006). Lastly, seven Rhodococcus strains, 

forming two groups based on 16S rRNA gene sequences, were isolated from SIReN 

groundwater. Remarkably, representatives of phylotypes #1 and #2 were isolated respectively 

from four and two different wells, in 2000, 2001 and 2003, suggesting that Rhodococcus spp. are 

a constant element of benzene-impacted communities across the site. Each phylotype had an 

identical 16S rRNA gene sequence (1439 bp long) respectively with 27 and 11 R. erythropolis 

strains obtained from soils, sediments, fresh or marine waters, pristine or contaminated by 

hydrocarbons (Brandão et al., 2002). Phylotypes of this cosmopolitan species include: R. 

erythropolis EK5 obtained from a biofilm reactor treating industrial waste water; (Katsivela et al., 

1999), and R. erythropolis DCL14, isolated from sediment from a ditch water (van der Werf et al., 

1999), and the subject of much research since. 

As a consequence of industrial activities, well Pd is particularly alkaline (pH >12), and 

there is no evidence for natural attenuation in situ at that specific location (Jones et al., 2001; 

Lethbridge et al., 2003). The dominant phylogenetic group from Pd groundwater community has 

been identified as a close relative of Hydrogenophaga spp. and M. spinosa by culture-

independent methods (Aburto et al., submitted). A representative of this organism has been 
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isolated (Fahy, 2003): strain Pd1 was able to grow in R2A liquid medium adjusted to pH 10, but 

could not metabolise benzene (data not shown). This strain is closely related (99.2% over 478 bp) 

to organisms detected in slag-fill groundwaters of similar pH (Roadcap et al., 2006), suggesting 

that these might be alkaliphiles. In contrast, R. erythropolis strain Pd3, also isolated from the 

alkaline well Pd, could utilise benzene up to pH 10 in microcosms, but not at the higher pH found 

in situ. Similarly, a benzene-degrading strain isolated from Australian soil, Rhodococcus sp. 33, 

had a wide pH tolerance (2-10) when grown on nutrient agar (Paje et al., 1997), but was not 

reported to utilise benzene in alkaline conditions.  

The mechanisms allowing alkaliphilic bacteria to maintain a near-neutral cytoplamic pH 

encompass several strategies, including increased numbers of transport proteins, metabolic 

changes leading to increased acid production, and changes in the cell surface layers (Padan et 

al., 2005). It would be informative to investigate whether these pH homeostasis mechanisms 

present some incompatibility either with the presence of benzene, or with reactions in the 

benzene-degradation pathways. To the authors’ knowledge, only one truly alkaliphilic benzene-

degrader has been reported to date, a Planococcus strain able to utilise 16 mg l-1 benzene as a 

sole carbon source between pH 8.5 and 11 (Li et al., 2006). The Actinobacteria discussed in the 

present study could metabolise benzene efficiently across a wide pH range; in addition, the ability 

of all 14 SIReN strains to degrade benzene to below the detection level makes them potentially 

valuable organisms for bioremediation. 
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Table 1. Provenance of isolates: the organisms used in this study were isolated from groundwater 
collected from four monitoring wells (two depths at each of two locations) between 2000 and 2003.  
 
sampling 
date 

well (1) well 
code(2) 

groundwater 
pH 

isolates 

6 Apr 2000 W18d Pd 12.3 Pd3 
12 Feb 2001 W18i 

308i 
308s 

Pi 
Ri 
Rs 

7.6 
8.9 
9.4 

Pi3, Pi4(3), Pi71 
Ri71 
Rs71, Rs73 

15 Apr 2003 308i 
308s 

Ri 
Rs 

8.4 
10.2 

Ri81, Ri82, Ri83, Ri84 
Rs81, Rs85, Rs87 

 

(1) Well names used in Jones et al., 2001 and Aburto et al. (submitted). The relative depth of the wells is 
indicated by the terminal letter: s=shallow, i=intermediate, d=deep 
(2) Well codes used in Fahy et al., 2005; Fahy et al., 2006 
(3) Pi3 and Pi4 were isolated at 1000 mg l-1 benzene, all other strains at 80 mg l-1 
 
 
 
 
Table 2. Number of days for complete benzene degradation to occur, for isolates from SIReN groundwater 
growing at different pHs. 
 
 
strain 

GW 
pH 

isol. 
pH 

phylogenetic 
affiliation 

pH 
5.5 

pH 
6 

pH 
7 

pH 
8 

pH 
8.5 

pH 
9 

pH 
9.5 

pH 
10 

pH 
10.5 

Rs71 9.4 7.2 Hydrogenophaga - 10 10 5 21 - - - - 
Ri71 8.9 7.2 Pseudomonas #1 - 14 5 5 5 - - - - 
Ri83 8.4 8.5 Pseudomonas #2 - 14 7 7 10 - - - - 
Rs81 10.2 8.5 - 7 5 3 5 - - - - 
Rs85 10.2 7.2 - 5 3 3 3 - - - - 
Rs87 10.2 8.5 

Pseudomonas #3 

- 7 5 5 7 - - - - 
Pi71 7.6 7.2 5 5 5 5 - 5 - - - 
Rs73 9.4 7.2 3 5 7 5 - 7 - - - 
Pd3 12.3 7.2 5 5 5 5 21 5 - - - 
Ri82 8.4 8.5 5 5 5 5 10 7 - - - 
Ri84 8.4 7.2 

R. erythropolis #1 
 

5 5 5 5 5 5 - - - 
Pi3 7.6 7.2 3 3 3 3 3 3 5 14 - 
Ri81 8.4 10 

R. erythropolis #2 
 3 3 3 5 5 5 5 31 - 

Pi4 7.6 7.2 Arthrobacter 3 3 3 3 7 - - - - 
- indicates no benzene degradation 
The numbers indicate the time in days for complete benzene degradation to occur. The duplicates 
generated identical results. 
GW pH: groundwater pH at time of sampling 
isol. pH: pH of minimal medium used during isolation 
Pseudomonas and R. erythropolis strains have been grouped according to their 16S rRNA gene 
sequences. 
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Fig. 1. Phylogenetic relationship between fourteen benzene-degrading isolates from the SIReN aquifer 
and type strains, based on sequences of the 16S rRNA gene (positions 27-1492). Jukes and Cantor 
distance, neighbour-joining method. The dotted lines represent the phylogenetic distance of each cluster 
to the outgroup Flavobacterium aquatile M62797 (not shown); bootstrap values > 60% are indicated (1000 
replicates); scale bar = average nucleotide substitution per base. 
 
 
Fig. 2. Degradation of toluene, ortho-, meta- and para-xylenes by the fourteen benzene-degrading isolates 
in minimal medium at pH 7. The vertical scale indicates the percentage of substrate remaining (initial 
concentrations = 5 mg l-1).  represents sterile controls. Error bars show the standard deviation (n=2). 
For clarity, only strains showing the largest extent of degradation have been labelled. 
The Hydrogenophaga and all five Pseudomonas strains were able to metabolise toluene to 15% of the 
initial concentration or below. Two Pseudomonas strains metabolised 40% of o-xylene. Hydrogenophaga 
Rs71 partially metabolised m- and p-xylenes.  
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