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Abstract 25 

Three types of contaminated soil from three geographically different areas were 26 

subjected to a constant supply of benzene or benzene/toluene/ethylbenzene/ 27 

xylenes for a period of 3 months. Different to the soil from Brazil (BRA) and 28 

Switzerland (SUI), the Czech Republic (CZE) soil which was previously 29 

subjected to intensive in-situ bioremediation displayed only negligible changes 30 

in community structure. BRA and SUI soil samples showed a clear succession 31 

of phylotypes. A rapid response to benzene stress was observed whereas the 32 

response to BTEX pollution was significantly slower. After extended incubation, 33 

actinobacterial phylotypes were increasing in relative abundance, indicating 34 

their superior fitness to pollution stress. Commonalities, but also differences in 35 

the phylotypes were observed. Catabolic gene surveys confirmed the 36 

enrichment of actinobacteria by identifying the increase of actinobacterial genes 37 

involved in the degradation of pollutants. Proteobacterial phylotypes were 38 

increasing in relative abundance in SUI microcosms after short-term stress with 39 

benzene, where catabolic gene surveys indicated metabolic routes enriched. 40 

Interestingly, CZE soil, despite staying constant in community structure, showed 41 

a change in the metabolic net, indicating that a highly adapted community has 42 

been enriched, which had to adapt its gene pool to meet novel challenges. 43 

  44 
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Introduction  45 

Benzene, toluene, ethylbenzene and the isomers of xylene (BTEX) are of major 46 

concern for human health, and are classified as priority pollutants 47 

(http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm) 48 

(1). It is primordial to avoid that these chemicals enter the environment. 49 

Nevertheless, losses of contaminants during industrial and commercial 50 

operations, municipal and industrial waste treatment, oil extraction and 51 

derivatives production, retail distribution of petro products, inadequate storage 52 

and sale are the main sources of BTEX environment contamination (2).  53 

Several microorganisms have evolved specialized pathways to use aromatic 54 

compounds like BTEX as their sole carbon and energy source (3). The analysis 55 

of aromatic degradation by isolates gives a valuable understanding of metabolic 56 

pathways, where the key steps are the ring activation and the ring cleavage (4, 57 

5). Some important monoaromatic degradation pathways described are the 58 

TOD pathway of P. putida F1, where the aromatic ring is activated by a Rieske 59 

non-heme iron oxygenase (6), the TOM pathway of B. cepacia G4, where the 60 

aromatic ring is activated by two hydroxylations catalyzed by toluene 2-61 

monooxygenase (7) and the TOL pathway encoded on plasmid pWW0 of  P. 62 

putida mt2, where the degradation is initiated by the oxidation of the methyl 63 

substituent by a xylene monooxygenase (8, 9) (see Fig. 1). However, even 64 

though a huge set of information has been generated using microorganisms 65 

enriched in the laboratory, it is known that they often do not play an important 66 

role in in situ biodegradation of pollutants (10, 11).  67 

Studying complex communities and their involvement in bioremediation is 68 

challenging and requires multifaceted approaches. Several experimental 69 
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designs and various techniques have been applied for identifying key players in  70 

pollutant degradation in the environment or for profiling specific contaminated 71 

environments. However, experiments often focused either on isolating the 72 

bacteria responsible for degradation after contaminant depletion, usually after 73 

short term incubation (12). Various studies tried to identify key players in situ 74 

using stable isotope probing through incorporation of labeled atoms into 75 

metabolically active microorganisms (13-15), however, community structure 76 

analysis usually was performed through small scale clone libraries of relatively 77 

low resolution fingerprinting methods. Others studied focused on the long-term 78 

monitoring of contaminated ecosystems in situ through profiling microbial 79 

communities and targeting specific catabolic genes assume to be important 80 

(16). As a matter of fact, most research has been focused on describing 81 

degradation rates of pollutants and degrading organisms through clone libraries 82 

or fingerprinting methods. Moreover, very little is known on the microbial 83 

community response during experimental long-term contamination and pollutant 84 

pressure. 85 

Recent studies have characterized microbial communities from 86 

contaminated environments using next generation sequencing (17, 18) and the 87 

applicability of the Illumina technology for high throughput affordable amplicon 88 

deep-sequencing has been reported (19-21), allowing to identify key players at 89 

contaminated sites (22). Molecular techniques also allow studying the microbial 90 

diversity and key catabolic genes in situ. Whereas primer-based approaches 91 

typically target only a few groups of genes assumed to be important based on 92 

information from cultured organisms (23), functional microarrays are reported to 93 

target a huge set of genes involved in important environmental processes (24)  94 
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Recently, a novel catabolic array was described and successfully applied to 95 

environmental samples (25). The array is based on upgraded and manually-96 

curated databases of key aromatic catabolic genes (26, 27), avoiding massive 97 

amounts of misannotations. The array comprises 1500 probes, where the 98 

design facilitates to assign positive signals to the respective protein subfamilies, 99 

therefore directly inferring function and substrate specificity. Thus, this array is a 100 

powerful genomic technology that generates massive information from single 101 

organisms but also from environmental samples, and it solves the limitations of 102 

former fingerprinting techniques based on primer-based approaches. 103 

The era of next generation sequencing, in particular via the Illumina platform 104 

and the microarray technology have provided us with the necessary tools to 105 

study the communities as a whole (28). The aim of this work was to analyze 106 

microbial community structure and catabolic gene diversity in contaminated 107 

soils of different origins under constant and specific long-term contamination 108 

with benzene and BTEX in microcosm experiments over time and to identify 109 

shifts in community structure and prevalence of key genes for catabolic 110 

pathways. To reach this aim, the concentration of the contaminants was 111 

considered as a fixed parameter instead of a variable during the complete 112 

experiment. 113 
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MATERIALS AND METHODS 114 

Soil samples. Three different contaminated soil samples were used in this 115 

study. The Czech soil sample (CZE) was provided by AECOM CZ s.r.o., 116 

Prague, Czech Republic and derived from a former army airbase Hradcany 117 

(CZE) (29). The CZE soil had been under bioremediation treatment and 118 

contained residual concentrations of alkanes (C10-C40, 96 mg/kg) benzene 119 

(0.02 mg/kg) TEX (toluene/ethylbenzene/xylenes, 330.6 mg/kg) and polycyclic 120 

aromatic hydrocarbons (PAHs, 0.22 mg/kg). A second soil sample (SUI) was 121 

provided by Belair Biotech S.A., Geneva, Switzerland. It was collected in a soil 122 

treatment station in Geneva city and was heavily contaminated with industrial 123 

waste and comprised mainly alkanes (C10-C40, 9500 mg/kg) and PAHs (2300 124 

mg/kg) besides minor concentrations of benzene (3.3 mg/kg) and TEX (22 125 

mg/kg). The third soil (BRA) was provided by Braskem S.A.. it was collected in 126 

the south of Brazil in a petrol station, where the ground soil was contaminated 127 

with fuel, mainly gasoline. No quantitative data were available from this soil. For 128 

more information on soil characteristics see Table S1. 129 

Experimental design. Soil samples (4 g) were deposited in Erlenmeyer 130 

flasks (150 ml total volume), where benzene or a BTEX mixture were supplied 131 

via the vapor phase by evaporation from a glass tube placed through the screw 132 

caps closing the Erlenmeyer flasks. Benzene, toluene, ethylbenzene and xylene 133 

isomers were obtained from Sigma -Aldrich Chemie (Steinheim, Germany). The 134 

amount of contaminants inside the flasks was kept constant during the whole 135 

experiment. To do this, either benzene (26.6 μl) or BTEX (26.6 μl of each 136 

benzene, toluene and ethylbenzene and 8.9 μl of each xylene isomer) were 137 

added to the glass tubes in a volume of 500 μl using heptamethylnonane as a 138 
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solvent. The amount of pollutant in the gas phase corresponded to 0.7 mM of 139 

benzene, 0.2 mM of toluene, 0.2 mM of total xylenes and 0.1 mM of 140 

ethylbenzene as compared to authentic standards. Due to evaporation, glass 141 

tubes were exchanged every 4 days. One control microcosm from each soil, for 142 

each time point, was incubated in the exactly same conditions, without benzene 143 

or BTEX treatment. 144 

BTEX components in gas phase were determined by Capillary GC, on a 145 

6890N GC from Agilent Technologies gas chromatograph equipped with a 146 

capillary column Optima5 (5% diphenylpolysiloxane 95% dimethylpolysiloxane; 147 

length, 50 m; inner diameter of 0.32 mm and 0.25 µm film thickness). Carrier 148 

gas was hydrogen with a flow of 70 ml/min. The oven temperature was 149 

maintained at 60°C for 1 min, then increased 3°C/min until 80°C and finally 150 

25°C/min until 150°C. A 10 µL gas tight syringe was used to inject 2.5 µL 151 

volume directly through the GC septum. The injector temperature was set at 152 

220°C and the detector temperature at 300°C (FID). 153 

The microcosms were incubated at 15°C for a period of 90 days and 154 

samples taken after 2, 4, 10, 20, 30, 60 and 90 days of incubation. Original soils 155 

were used as time 0.  156 

Catabolic gene analysis using microarray. DNA was extracted, amplified, 157 

digested and labeled and samples were hybridized and slides washed as 158 

previously described (25). After scanning using a High Resolution Microarray 159 

Scanner (Agilent Technologies, Life Sciences and Chemical Analysis Group, 160 

Santa Clara, CA), spots corresponding to the internal controls 50 mers A–D 161 

were used to generate a standard curve (25) and those samples where a linear 162 

curve could not be observed were discarded. Finally, 35 out of 63 microarrays 163 
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were further analysed. Signal Intensities were normalized against the 164 

background using the formula NI=(probe intensity-background 165 

intensity)/background intensity and the average intensity and standard deviation 166 

of three experimental replicas determined. Only probes with a standard 167 

deviation < 10% of the average intensity were considered for further analysis. 168 

Microarray data, including the sequence of the probes and the intensity 169 

recorded, are publicly available in Dataset S1. 170 

Community analysis using 16S rRNA gene amplicon preparation. The 171 

community analysis was performed by a modification of a previously described 172 

method (21). The V5 and V6 regions of the 16S rRNA gene were amplified 173 

using primers 807F and 1050R (30) (Table 1) with 1 µL soil DNA as template in 174 

a total volume of 20 µL 5x PrimeSTAR TM buffer, containing each 175 

deoxynucleoside triphosphate at a concentration of 2.5 mM, each primer at a 176 

concentration of 0.2 µM, 1 µL of template DNA and 0.2 µL of PrimeSTAR TM 177 

HS DNA polymerase (2.5U). An initial denaturation step of 95°C for 3 min was 178 

followed by 20 cycles of denaturation at 98°C for 10 sec, annealing at 51°C for 179 

10 sec and extension at 72°C for 45 sec. One µL of the first reaction mixture 180 

served as template in a second PCR performed under the same conditions as 181 

above described, but for 15 cycles, where the 807F forward primer contains a 6 182 

nucleotides (nt) error correcting barcode. Both primers comprised sequences 183 

complementary to the Illumina specific adaptors to the 5´ends. In a third 184 

amplification reaction (10 cycles), 1 µL of the second reaction mixture was used 185 

as template using PCR primers designed to integrate the sequence of the 186 

specific Illumina multiplexing sequencing primers and index primers.  PCR 187 

amplicons were verified by agarose gel electrophoresis, purified using 188 
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Macherey-Nagel 96-well plate purification kits (Macherey-Nagel, Düren, 189 

Germany) following the manufacturer’s instructions and quantified with the 190 

Quant-iTPicoGreendsDNA reagent and kit (Invitrogen). Libraries were prepared 191 

by pooling equimolar ratios of amplicons (200 ng of each sample) derived from 192 

each time sample from each soil, all having been tagged with a unique barcode. 193 

To remove single nucleotides and concentrate the sample, each library (626–194 

1169 µl of volume) was precipitated on ice for 30 min after addition of 20 µl of 195 

NaCl (3M) and 3 volumes of ice-cold 100% ethanol. The precipitated DNA was 196 

centrifuged at 13,000 x g for 30 min at 4°C. The supernatant was removed, the 197 

pellet air dried, resuspended in 30 µL of double-distilled water and separated on 198 

a 2% agarose gel. PCR products of the correct size were extracted and 199 

recovered using the QIAquick gel extraction kit (Qiagen). Negative controls 200 

using water as template were performed and were free of any amplification 201 

products after all rounds of PCR. 202 

Bioinformatic analysis of Illumina data. For this study, only the forward 203 

end sequence reads were processed. In total 2.003.786 sequence reads were 204 

obtained. A quality filter program that runs a sliding window of 10% of the read 205 

length over the read and calculates the local average score based on the 206 

Illumina quality line of the fasta file, trimmed 3’-ends of the reads that fall below 207 

a quality score of 10 (http://wiki.bioinformatics.ucdavis.edu/index.php/Trim.pl). 208 

Only reads of a minimum of 115 nt in length (29 nt of primer and barcode 209 

sequence and 86 nt of 16S rRNA gene sequence) were further analyzed. All 210 

truncated reads that had an N character in their sequence, any mismatches 211 

within primers and barcodes or more than 8 homopolymer stretches were 212 
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discarded. All sequences from each sample were split into different files 213 

according to their unique barcode. 214 

A total of 61 samples were further processed, totaling to 1,367,917 215 

sequence reads. This data-set was collapsed into unique representative reads. 216 

These reads were clustered into unique representative reads allowing one 217 

mismatch using mothur (31). A representative read was further considered if: a) 218 

it was present in at least one sample in a relative abundance >0.1% of the total 219 

sequences of that sample or b) it was present in at least 3 samples or  c) it was 220 

present in a copy number of at least 10 in at least one sample. This reduced the 221 

number of representative reads to 486 phylotypes. All phylotypes were 222 

assigned a taxonomic affiliation based on naive Bayesian classification (RDP 223 

classifier) (32). All 486 phylotypes were then manually analyzed against the 224 

RDP database using the Seqmatch function as well as against the NCBI 225 

database to define the discriminatory power of each sequence read. For read 226 

annotation, a species name was assigned to a phylotype when only 16S rRNA 227 

gene fragments of previously described isolates of that species showed ≤ 2 228 

mismatches with the respective representative sequence read. Similarly, a 229 

genus name was assigned to a phylotype when only 16S rRNA gene fragments 230 

of previously described isolates belonging to that genus and of 16S rRNA gene 231 

fragments originating from uncultured representatives of that genus showed ≤ 2 232 

mismatches. 233 

Further analyses were performed in R with the vegan (33) and the phyloseq 234 

packages (34). Only samples with more than 7643 reads (50 samples out of 61) 235 

were considered for calculating environmental indices (phylotype richness S, 236 

Pielou`s evenness J´ and Shannon diversity H´). Indices were calculated after 237 
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normalization to the minimum sequencing depth (7643 reads). A total of 460 238 

phylotypes remained after normalization. 239 

 240 

 241 

RESULTS AND DISCUSSION 242 

Soil community structure as revealed by 16S rDNA amplicon 243 

sequencing. Three different contaminated soils originating from former army 244 

airbase contaminated with petroleum hydrocarbons (CZE), a soil contaminated 245 

with industrial waste (SUI) and a soil contaminated with fuel, mainly gasoline 246 

(BRA) were analyzed in the current study for their catabolic gene structure and 247 

microbial community shifts during long-term contamination with benzene or 248 

BTEX. Analysis of the V5 hypervariable region of the 16S rRNA gene indicated 249 

the presence of a total of 486 phylotypes, out of which 457 could be identified to 250 

the phylum level, 426 to the class level, 374 to the order level and 336 to the 251 

family level.  252 

Regarding the class/phylum level composition, the BRA and the SUI soils 253 

are dominated by β- and γ-Proteobacteria. Members of these classes were also 254 

observed in the CZE soil, however, specifically γ-Proteobacteria were present in 255 

lower abundance. The bioremediated CZE soil differs from the other soils by its 256 

low diversity (see below), where members of the α- and β-Proteobacteria, 257 

accounted for more than 97% of sequence reads (Fig. 2).  258 

Microbial community and catabolic gene shifts upon benzene and 259 

BTEX stress in CZE soil. Analysis of the community based on normalized 260 

sequence read data showed a relatively low phylotype richness in the CZE soil, 261 

which never exceeded 74 phylotypes (see Fig. S1). Also the diversity as 262 
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assessed by the Shannon index H´ was the lowest of all three soils (H´ < 1.61). 263 

The diversity slightly decreased in the untreated soil over the first 30 days 264 

(H´30days = 1.35) of incubation, but recovered towards the end of the experiment 265 

(H´90days = 1.50). Incubation in the presence of benzene or BTEX had only a 266 

negligible effect on diversity and similar to what was observed in untreated soil 267 

microcosms, a slight decrease in diversity was observed over the first 30 – 60 268 

days of incubation (see Fig. S1).  269 

Analysis of the community structure over time on the phylotype level also 270 

showed only a slight effect of the incubation conditions on the community 271 

structure. After 10 days of incubation an increase of one phylotype (Phy108) 272 

indicating the presence of Acidobacteria was observed in the benzene treated 273 

microcosms. After 90 days this unique phylotype reached roughly 13% of the 274 

relative abundance (Fig. 2A). 275 

According to molecular studies, Acidobacteria are among the most 276 

abundant bacterial phyla in soil (35) and may represent up to 20% of total 277 

bacteria in soil communities (36). Recent genomes sequencing projects 278 

targeting bacteria belonging to this group promoted insights into their life-style 279 

and revealed them to be best suited to low-nutrient conditions (37-39). 280 

Holophaga foetida TMBS4T was even capable to degrade several aromatic 281 

compounds such as gallate, phloroglucinol, or pyrogallol under anaerobic 282 

conditions (37, 40) and Acidobacteria have also been identified as abundant in 283 

a gasoline spill (41) and even discussed as benzene degraders (15). In how far 284 

Acidobacteria may be involved in the degradation of pollutants under analysis 285 

here remains to be elucidated.  286 
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The high stability of the microbial community in the CZE soil was expected 287 

given that it has been under bioremediation since years (29, 42) and 288 

consequently the community in this soil should have been adapted to the 289 

degradation of aromatic compounds. In agreement, catabolic genes detected on 290 

the microarray are related to those observed in Proteobacteria (Fig. 3) and 291 

signals were observed in the benzene/toluene/isopropylbenzene dioxygenase 292 

encoding genes as well as those encoding enzymes of the EXDO-D branch of 293 

catechol 2,3-dioxygenases as previously described (42-44). In addition, signals 294 

of probes indicating the presence of proteobacterial catechol 1,2-dioxygenases 295 

and soluble diiron monooxygenases supported the taxonomic results of a 296 

community dominated by Proteobacteria.  297 

A comparison to the control microcosms incubated without additional 298 

pollutant suggests that the BTEX stress results in the selection of genes 299 

encoding benzene/toluene/isopropylbenzene dioxygenases related to α-300 

subunits of biphenyl dioxygenases from Burkholderia xenovorans LB400 301 

(YP556409), Pandoraea pneumenusa B-356 (Q46372) and from Comamonas 302 

testosteronI TK102 (BAC01052) (Fig. 3) (45). However, after long-term 303 

contamination no signals could be recorded from this subfamily of genes, 304 

suggesting that other catabolic genes encoding enzymes capable of aromatic 305 

activation, which are not represented on the array, have been selected. 306 

Supporting this hypothesis one probe (BAH90326) encoding a catechol 2,3-307 

dioxygenase related to those of γ and β Proteobacteria including WP019451462 308 

extradiol dioxygenase from Cupriavidus sp. BIS7 (46) showed a hybridization 309 

signal 10 fold the intensity in the microcosm supplemented with benzene and of 310 

12 fold the intensity in the microcosms supplemented with BTEX after long term 311 
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contamination, compared to the control microcosm. This extradiol dioxygenase 312 

encoding gene in BIS7 is preceded by genes encoding a phenol 313 

monooxygenase, which in turn are preceded by genes encoding a toluene 314 

monooxygenase in the same operon (WP019451463-75). Since this gene 315 

information was just recently available, probes covering the respective 316 

monooxygenases were not printed on the array. Thus, even though the 317 

taxonomical composition of the soil kept constant, the hybridization pattern 318 

suggests an adaptation of the catabolic route responsible for benzene or BTEX 319 

degradation. None of the probes targeting genes encoding proteins involved in 320 

anaerobic metabolism of aromatics (benzylsuccinate synthases and benzoyl 321 

coenzyme A reductases) showed hybridization. This was also true for 322 

experiments using distinct soils described below. 323 

Microbial community and catabolic gene shifts upon benzene and 324 

BTEX stress in BRA soil. Compared to the CZE soil, the BRA soil exhibited a 325 

higher phylotype richness, which, independent on the incubation conditions 326 

remained constant at S = 156 ± 18, 159 ± 15 and 163 ± 6 in untreated 327 

microcosms and microcosms incubated in the presence of benzene or BTEX, 328 

respectively. The diversity of the BRA soil was also higher as indicated by a 329 

Shannon diversity H´ roughly double that observed in the CZE soil. No influence 330 

of the incubation conditions (H´= 3.14 ± 0.21, 3.04 ± 0.18 and 3.27 ± 0.14 in 331 

untreated microcosms, microcosms incubated in the presence of benzene or 332 

BTEX, respectively) was observed. However, in contrast to the absence of an 333 

effect of benzene or BTEX treatment on the diversity, the community structure 334 

of the BRA soil, as analyzed on the phylotype level, reacted dramatically to 335 

incubation with benzene, and a clear increase in the relative abundance from 1 336 
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to 54% of Actinobacteria was observed, which correlates with a decrease in the 337 

relative abundance from 69 to 22% of β-Proteobacteria, specifically of members 338 

of the Comamonadaceae and Hydrogenophilaceae families. A similar trend was 339 

observed during BTEX incubation, where actinobacterial phylotypes were also 340 

enriched from 1 to 37% and β-proteobacterial phylotypes decreased from 69 to 341 

36% (Fig. 2B). 342 

A detailed analysis of phylotypes being enriched (Fig. 4A) during incubation 343 

with benzene showed six actinobacterial phylotypes which increased in relative 344 

abundance, four belonging to the Micrococcineae suborder and two to the 345 

Nocardiaceae family. Phy18, indicative for the presence of bacteria from the 346 

Micrococcaceae family, was present in the original soil at a relative abundance 347 

as low as 0.006% but increased to a relative abundance of >20% after 90 days 348 

of incubation with benzene. Members of the Arthrobacter genus inside the 349 

Micrococcaceae family have been described to degrade pollutants like 350 

methylpyridine (47) and benzene (48). Phy30, indicative for the presence of 351 

Rhodococcus spp., present in the original soil even at a relative abundance of 352 

0.003%, increased to a relative abundance of >10% of the total community. 353 

Various Rhodococcus strains are well documented for their outstanding 354 

capabilities to degrade aromatics, among them, Rhodococcus jostii RHA1, a 355 

versatile biphenyl degrader (49). Phy 30 shows a 16S rRNA gene sequence 356 

identical to that of R. jostii RHA1. Phy13, indicative for the presence of Nocardia 357 

spp., increased in abundance from 0.02% to roughly 19% and Phy4, which 358 

could only be classified to the suborder as Micrococcinae bacterium, increased 359 

in abundance from 1% to roughly 6% in 30 days and from then on diminished 360 

slightly. 361 
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Similarly, actinobacterial phylotypes were also enriched in microcosms 362 

treated with BTEX. Specifically, Phy4 mentioned above and Phy18, both 363 

indicative for the enrichment of organisms of the Micrococcineae suborder, 364 

increased constantly in relative abundance from 1 to 21% and from 0.006% to 365 

2.4%, respectively. Phy35, indicative for the presence of Cellulomonas sp., was 366 

also enriched in the benzene microcosm and increased from 0.4% to 8%. 367 

Cellulomonas sp. has also been previously indicated as capable to degrade 368 

aromatic compounds and even biphenyl (50). The enrichment of Actinobacteria 369 

during incubation of soil with benzene or BTEX was also reflected in the 370 

catabolic gene content (Fig. 5). According to this, probes indicating the 371 

presence of genes encoding enzymes related to naphthalene dioxygenase of 372 

Rhodococcus sp. NCIMB 12038 (AAD28100) (51) and catechol 2,3-373 

dioxygenase (BAC00792) of the dibenzofuran degrader Rhodococcus sp. YK2 374 

(52) were enriched in both types of microcosms, those supplemented with 375 

benzene and those supplemented with BTEX.   376 

Moreover, during extended incubation with benzene, genes encoding 377 

actinobacterial biphenyl or isopropylbenzene dioxygenases, related to R. jostii 378 

RHA1 (YP707265) and Rhodococcus erythropolis BD2 (NP898768), were 379 

highly enriched suggesting that additional dioxygenases were recruited to attack 380 

benzene. Furthermore, various catabolic gene probes indicating the presence of 381 

central metabolic routes of Actinobacteria showed increased levels of 382 

hybridization in microcosms supplemented with benzene or BTEX. For instance, 383 

two probes (CAA67941 and AAT40306) indicating the enrichment of genes 384 

encoding catechol 1,2-dioxygenases related to those of Rhodococcus opacus 385 

1CP and R. erythropolis SK121, respectively were enriched, as well as probe 386 
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NP601604, indicating the enrichment of genes encoding benzoate 387 

dioxygenases related to the enzyme of Corynebacterium glutamicum (53), 388 

probe AAX40648, indicating the enrichment of genes encoding hydroxyquinol 389 

1,2-dioxygenases related to the enzyme of Arthrobacter chlorophenolicus A6 390 

(54) and probe ABA61848, indicating the enrichment of genes encoding 391 

maleylacetate reductases related to the enzyme of Pimelobacter simplex strain 392 

3E (55). 393 

Microbial community and catabolic gene shifts upon benzene and 394 

BTEX stress in SUI soil. Overall the SUI soil showed the highest phylotype 395 

richness (S = 283 ± 11) and diversity (H´ = 3.72 ± 0.28) in untreated control 396 

microcosms. However a drastic decrease ´in phylotype richness (S10days = 184), 397 

phylotype diversity (H´10days = 2.73) and phylotype evenness (J´10days = 0.46) 398 

was observed in microcosms incubated with benzene (see Fig. S1). Both 399 

diversity and evenness increased again during extended incubation conditions 400 

(H´90days = 3.74; J´90days = 0.65) wheras phylotype richness still declined S90days = 401 

154).  402 

The overall changes at the phylum/class level (Fig. 2C) in SUI soil over time 403 

are as rapid as the reactions observed in the BRA microcosms. However, in 404 

contrast to BRA benzene treated microcosms, there was an extensive increase 405 

in the relative abundance of γ-Proteobacteria from 18 to 70% during the first 10 406 

days of the experiment. Subsequently, similarly to what was observed in the 407 

BRA microcosms, actinobacterial phylotypes increased from 6 to 54% in the 408 

first 30 days, whereas β-proteobacterial phylotypes decreased from 45 to 17%.  409 

In the benzene treated microcosms, an interesting succession of phylotypes 410 

could be observed (Fig. 4B). Phylotypes indicating the presence of 411 
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Pseudomonas spp. were enriched during the first days of incubation and 412 

reached more than 70% of the total abundance in 10 days. This enrichment in 413 

Pseudomonas phylotypes correlated with the decrease in species richness, 414 

diversity and evenness described above. Phy8, indicating the presence of 415 

Pseudomonas strains related to P. pseudoalcaligenes was the most abundant 416 

phylotype and accounted for 49 and 32% of sequence reads after 10 and 20 417 

days of treatment, respectively. Members of the Pseudomonas genus are in fact 418 

widespread in BTEX contaminated sites (43, 44) and different BTEX metabolic 419 

pathways have been described (9, 56, 57). 420 

Although the overall relative abundance of β-proteobacterial phylotypes 421 

decreased from 45 to 17% in benzene microcosms, a detailed analysis showed 422 

that 3 phylotypes were enriched during the incubation with benzene (Fig. 4B). 423 

These phylotypes indicate the presence of members of the Alcaligenaceae 424 

(Phy23), and Comamonadaceae (Phy11 and Phy32) families. Members of 425 

these families have previously been described as degraders of pollutants such 426 

as naphthalene, biphenyl or chlorobenzene or even as key players in the 427 

degradation at contaminated sites (5, 58, 59). As examples, Hydrogenophaga, 428 

a genus of the Comamonadaceae family, was identified by stable isotope 429 

probing as one of the phylotypes assimilating carbon from benzene in a 430 

contaminated site (13) and Achromobacter of the Alcaligenaceae family as a 431 

predominant biphenyl mineralizer (60). 432 

After 10-20 days, actinobacterial phylotypes started to increase in relative 433 

abundance. Even though some of those phylotypes were shared between BRA 434 

and SUI soils, such as a Phy30 and Phy13 indicating the presence of 435 

Rhodococus sp. and Nocardia sp., respectively, the soil communities being 436 
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enriched were clearly different. The most abundant actinobacterial phylotypes 437 

(Phy4), also being enriched in BRA microcosm treated with BTEX, belongs to 438 

the Micrococcinae suborder. It increased more than 100 times in 30 days (from 439 

0.3% to 38%). Other phylotypes increasing in relative abundance also belong to 440 

the Micrococcineae suborder, but could be classified as belonging to the 441 

Microbacteriaceae family and sum up to > 15% of relative abundance after 90 442 

days of incubation with benzene.  443 

Compared to the benzene treatment, the response of the SUI soil 444 

community to BTEX stress seems to be slower. Phy8 indicated the presence of 445 

microorganisms related to P. pseudoalcaligenes, increased in abundance over 446 

time in the BTEX treated microcosms and after extended incubation for 90 days 447 

accounted for 14% of the community. The same phylotype increased in relative 448 

abundance after 10 days in the microcosm incubated with benzene. A distinct 449 

phylotype (Phy28) indicating the presence of members of the Pseudomonas 450 

fluorescens group was observed to increase exclusively during BTEX treatment. 451 

These organisms increased in relative abundance from <0.1% to 16% in 60 452 

days, and thereafter started to decline. Interestingly, P. veronii strains belonging 453 

to this group were described as abundant in a BTEX contaminated area 454 

previously (11). Actinobacterial phylotypes started to increase only after 455 

extended incubation.  456 

Analysis of the catabolic gene landscape also indicated Pseudomonas 457 

strains to become abundant after 10 days of incubation with benzene, as 458 

evidenced by the high abundance of signals indicating the presence of genes 459 

encoding proteins similar to catechol 1,2-dioxygenase of Pseudomonas stutzeri 460 

AN10 (CAE84865) or benzoate 1,2-dioxygenase of Pseudomonas sp. S-47 461 
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(AAO19113) (Fig. 6). Concomitant with the obvious enrichment of 462 

Pseudomonas strains two probes indicating the presence of genes encoding 463 

catechol 2,3-dioxygenases with similarity to those of P. stutzeri AN10 464 

(AAD02148) (61) and Pseudomonas sp. IC (AAA20982) showed hybridization, 465 

as well as probes targeting genes encoding naphthalene dioxygenases related 466 

to those of P. stutzeri AN10 (AAD02136) (62) and Pseudomonas aeruginosa 467 

PaK1 (Q51494), indicating Pseudomonas strains with the capability to degrade 468 

hydrophobic aromatic pollutants to become abundant. 469 

Similarly, the enrichment of actinobacterial phylotypes during long-term 470 

contamination with benzene is also underlined by the enrichment of 471 

actinobacterial catabolic encoding genes such as genes encoding catechol 1,2-472 

dioxygenases similar to those of R. opacus 1CP (CAA67941) (63) or Nocardia 473 

sp. H17-1 (AAT40306). However, besides such genes most probably 474 

fortuitously enriched, also genes encoding enzymes probably involved in 475 

hydrophobic pollutant degradation such as those encoding enzymes similar to 476 

2,3-dihydroxybiphenyl dioxygenase of R. jostii RHA1 (BAA06872) (49) or 477 

naphthalene 1,2-dioxygenase of Rhodococcus sp. NCIMB 12038 (AAD28100) 478 

(51) were enriched during extended incubation with benzene, indicating 479 

Actinobacteria to be active in degradation of added pollutants.  480 

Overall soil microcosm assessment. The reaction in CZE microcosms is 481 

slight when compared to BRA and SUI microcosm. Due to long-term 482 

remediation (29, 42), the community is stable and mainly composed by β- and 483 

α-Proteobacteria, however, evidence for an adaptation of the metabolic web to 484 

the novel pollutant mixtures could be given. BRA and SUI soil harboured similar 485 

bacterial communities, and in both soils extended incubation resulted in an 486 
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enrichment of Actinobacteria, which was also reflected in the enrichment of 487 

genes supposedly characterizing the core genome, but also specific 488 

oxygenases dedicated to the metabolism of hydrophobic pollutants.  489 

However, whereas in BRA microcosms, Actinobacteria obviously directly 490 

took over the lead in biodegradation, a succession of bacterial communities was 491 

clearly observed in SUI microcosms where initially γ-Proteobacterial phylotypes, 492 

related to Pseudomonas spp. were enriched which after extended incubation 493 

were substituted by β-Proteobacterial and Actinobacterial phylotypes. This 494 

observation may be, at least partially explained by the enrichment of fast 495 

growing proteobacterial strains followed by growth of strains best suited for 496 

degradation under environmental conditions. Even though different phylotypes 497 

were enriched in BRA and SUI microcosms, there were also important 498 

similarities in the enriched phylotypes and catabolic genes, probably indicative 499 

for their environmental fitness. 500 

Clearly different responses of the soil communities to stress exerted by the 501 

incubation with benzene and BTEX were observed. This may reflect on the one 502 

hand their different toxicity. It is well documented, that hydrophobic compounds 503 

dissolve in the cell membrane and disturb its integrity, with hydrophobicity of a 504 

compound as a good indicator of toxicity (64). Accordingly, benzene usually 505 

exhibits the highest toxicity of BTEX compounds (65), which can be overcome 506 

by Rhodococcus stranis (66). On the other hand, different BTEX compounds 507 

are degraded by different metabolism despite similar structures. As an example, 508 

initial oxidation of the aromatic side chain, evidenced as an important 509 

mechanism for the degradation of toluene (8) and xylenes (9) is not possible for 510 

benzene and activation through successive monooxygenations is obviously the 511 
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main mechanisms by which o-xylene is degraded (67). Interestingly, the 512 

response to benzene stress was generally faster compared to the response to 513 

BTEX stress. If this is due to metabolic interactions (68) or substrate misrouting 514 

remains to be elucidated.  515 
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FIGURE LEGENDS 803 

 804 

FIG1. Major pathways for the aerobic metabolism of toluene, benzene 805 

naphthalene and biphenyl. Activation is usually achieved by Rieske non-heme 806 

iron oxygenases typically catalyzing a dioxygenation (27). Rearomatization is 807 

then catalyzed by dihydrodiol dehydrogenases (reactions not shown). 808 

Alternatively, benzene and toluene can be activated through subsequent 809 

monooxygenations catalyzed by soluble diiron monooxygenases (toluene 810 

monooxygenase and/or phenol monooxygenase) to form the respective 811 

catechols (25). Toluene can be additionally activated through oxidation of the 812 

methylsubstituent initiated by xylene monooxygenase or through toluene 4-813 

monooxygenation with 4-methylphenol as intermediate. Central di- or 814 

trihydroxylated intermediates are subject to ring cleavage by intradiol 815 

dioxygenases (26) or extradiol dioxygenases of the vicinal chelate superfamily, 816 

the LigB superfamily or the cupin superfamily (25, 26, 69). Ring-cleavage 817 

products are channelled to the TCA cycle via central reactions. 818 

 819 

FIG 2. Microbial community adaptation over time in (A) CZE soil samples, (B) 820 

BRA soil samples and (C) SUI soil samples, treated with benzene and BTEX 821 

and of an untreated control. The relative abundance of sequence reads 822 

representing bacterial phyla/classes is given. 823 

 824 

FIG 3. Microarray hybridization profiles of CZE soil samples. Soils were 825 

incubated for 90 days in the presence of benzene or BTEX or without the 826 

addition contaminants (control) and probes showing hybridisation in at least one 827 
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sample of the respective soil are indicated by the accession number of the 828 

target gene. Probes were sorted according to the metabolic function of the 829 

enzyme encoded by target gene as RHDO (Rieske non-heme iron oxygenase, 830 

ring hydroxylating dioxygenase), RHMO (soluble diiron monooxygenases, ring 831 

hydroxylating monooxygenase), EXDO (extradiol dioxygenase) or INDO 832 

(intradiol dioxygenase). The normalized signal intensity (NI) of probes showing 833 

hybridization after the indicated incubation time is given with “-“ indicating the 834 

absence of a hybridization signal. Grey bars show the relative intensity with 835 

the highest intensity detected per row being given as a full length bar. 836 

 837 

FIG 4. Microbial community adaptation over time of BRA (A) and SUI (B) soil 838 

samples. The relative abundance of sequence reads of selected actinobacterial 839 

(A) and proteobacterial and actinobacterial (B) phylotypes is given. 840 

 841 

FIG 5. Microarray hybridization profiles of BRA soil samples. Soils were 842 

incubated for 90 days in the presence of benzene or BTEX or without the 843 

addition contaminants (control) and probes showing hybridisation in at least one 844 

sample of the respective soil are indicated by the accession number of the 845 

target gene. The normalized signal intensity (NI) of probes showing 846 

hybridization after the indicated incubation time is given with “-“ indicating the 847 

absence of a hybridization signal. Grey bars show the relative intensity with 848 

the highest intensity detected per row being given as a full length bar. 849 

 850 

FIG 6. Microarray hybridization profiles of SUI soil samples. Soils were 851 

incubated for 90 days in the presence of benzene or BTEX or without the 852 
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addition contaminants (control) and probes showing hybridisation in at least one 853 

sample of the respective soil are indicated by the accession number of the 854 

target gene. The normalized signal intensity (NI) of probes showing 855 

hybridization after the indicated incubation time is given with “-“ indicating the 856 

absence of a hybridization signal. Grey bars show the relative intensity with 857 

the highest intensity detected per row being given as a full length bar. 858 

  859 
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SUPPLEMENTAL MATERIAL 860 

Table S1. Chemical and physical properties of soil samples used in this study. 861 

 862 

FIG S1. Rarefaction curves and ecological biodiversity indices in CZE soil 863 

samples (left), BRA soil samples (centre) and SUI soil samples (right).  (A) 864 

Rarefaction curves portraying the number of resolved phylotypes against 865 

sampling depth of each sample. Samples are indicated by the incubation time 866 

and supplement (C, untreated control; B, benzene supplemented soil samples 867 

and X, BTEX supplemented soil samples). The indices presented here are: (B): 868 

total phylotypes (S), (C): Shannon diversity (H’) and (D) :Pielou’s evenness (J’).  869 

 870 

Dataset S1. Microarray results, including probe ID, normalized signal intensity 871 

(NI) of all probes, probe sequence, gene sequence of a representative target 872 

gene, probe name (which includes the target gene name and accession 873 

number), link to the target gene and sequence of the encoded protein. 874 

 875 

Dataset S2. Nucleotide sequences of all 486 phylotypes determined using 876 

Illumina-based amplicon deep-sequencing and their phylogenetic assignment. 877 

 878 

Dataset S3. Relative abundance of phylotypes in analyzed samples. 879 















Table 1. Primers used in this study 
 
Primer Primer Sequence 
807 Fw GGATTAGATACCCBRGTAGTC 
1050 Rev AGYTGDCGACRRCCRTGCA 
Illu5-6 For 1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGATTGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAATGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 3 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCAGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 4 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGACCGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 5 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATGGAGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 6 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGTTGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 7 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGTCTCGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 8 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACTTGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 9 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTAAGTGGATTAGATACCCBRGTAGTC
Illu5-6 For 10 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTAACGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 11 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAGAGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 12 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCATAGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 13 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTCCAGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 14 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTATGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 15 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACGCAGTGGATTAGATACCCBRGTAGTC
Illu5-6 For 16 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACTGCGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 17 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGTTGGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 18 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATAACTGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 19 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATAGACGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 20 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATATTGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 21 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAAGAGGTGGATTAGATACCCBRGTAGTC
Illu5-6 For 22 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAATTCGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 23 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGGCCGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 24 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCAACGGTGGATTAGATACCCBRGTAGTC 
Illu5-6 For 25 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTCCGGTGGATTAGATACCCBRGTAGTC 
Illu Rev Adapter V5-V6 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGYTGDCGACRRCCRTGCA 
Multiplexing PCR primer 1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
Index 1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTC 
Index 2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTC 



Index 4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTC 
Index 6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTC 
Index 8 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTC 
 
 


