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Abstract 20 

Microbial communities in groundwater ecosystems generally develop the capacity to degrade 21 

complex mixtures of chemicals resulting from pollution by landfill leachate. Monitoring this 22 

natural attenuation requires better insight in the metabolic potentials of microbial communities and 23 

their expression. We contrasted the metagenomes and metatranscriptomes of leachate polluted 24 

groundwater sampled 6 to 39 meters down along the gradient of the Banisveld landfill (Boxtel, the 25 

Netherlands), with a reference pristine groundwater sample taken upstream of the landfill, which 26 

revealed clear differences. In the contaminated groundwater, active microbial functions were the 27 

ones involved in degradation of complex carbon substrates and organic pollutants. We found that 28 

benzylsuccinate synthase genes –involved in the catabolism of toluene- were highly expressed in 29 

wells close to the source of contamination, confirming the ongoing natural attenuation of organic 30 

contaminants in this aquifer. Additionally, metatranscriptomes were indicative of P limitation that 31 

can constrain total microbial activity and agree with the low P concentrations (< 0.4 mol/L) in 32 

the aquifer, whereas N is abundant (NH4
+ ~ 5.9-10.5 mmol/L). Our results show that in 33 

management of leachate-contaminated groundwater sites natural attenuation of pollutants should 34 

be assessed with…. 35 

 36 

  37 
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Introduction 38 

The major potential environmental impact related to landfill leachate is the pollution of 39 

surrounding groundwater and surface water resources. Historically, landfills were operated 40 

without any lining preventing percolation of leachate into the subsurface and these unlined landfills 41 

provide a major threat to groundwater resources (Christensen et al., 2001, Kjeldsen et al., 2002). 42 

Rainwater facilitates the transport of landfill leachate, containing complex mixtures of pollutants, 43 

into the underlying water bodies creates anoxic contaminant plumes (Christensen et al., 2001, 44 

Bjerg et al., 2003, Brad et al., 2008). The most common type of landfill receives a mixture of 45 

municipal, commercial, and mixed industrial waste, where landfill leachate may be characterized 46 

as a water-based solution of salts, dissolved organic matter, ammonium, heavy metals, and 47 

xenobiotic organic compounds (Christensen et al., 1994, Kjeldsen et al., 2002). Natural attenuation 48 

has been shown to be a strategy for remediating landfill-leachate contaminated groundwater 49 

resources (Christensen et al. 2001). Indigenous groundwater microbial communities can degrade 50 

contaminants depending on presence of favorable geochemical conditions (Christensen et al., 51 

1994, Christensen et al., 2001, Richnow et al., 2003, van Breukelen et al., 2003, Botton, 2007). 52 

Thus, understanding the microbial functional potential and the environmental factors shaping 53 

microbial community functioning are important to understand the drivers of biodegradation of 54 

contaminants and to develop advanced strategies for bioremediation and management of old 55 

landfills. 56 

 The aquifer downstream of the Banisveld landfill in the Netherlands is one of the best 57 

studied landfill-leachate contaminated aquifers in terms of hydrochemistry and microbiology 58 

(Röling et al., 2000, van Breukelen et al., 2003, van Breukelen et al., 2004, Lin et al., 2005, Mouser 59 

et al., 2005, Lin et al., 2007, Brad et al., 2008, Staats et al., 2011, Brad et al., 2013, Bjerg et al., 60 
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2014). Its leachate contains high amounts of ammonium (19.8 mmol/L), carbon (8.2-10.3 mmol/L 61 

dissolved organic carbon) and a broad range of xenobiotic compounds (Röling et al., 2001, van 62 

Breukelen et al., 2003). Despite the lack of any active bioremediation effort, concentrations of 63 

monoaromatic hydrocarbons [i.e. benzene, toluene, ethylbenzene and xylene (BTEX)] in the 64 

leachate plume decreased significantly over time, where BTEX oxidation coupled to iron reduction 65 

was proposed to be the major biodegradation pathway (van Breukelen et al., 2003, Botton, 2007, 66 

Botton et al., 2007). Downstream of the pollution source, fermentative and iron-reducing 67 

conditions and members of the Clostridiaceae and Geobacteraceae were encountered. 16S rRNA 68 

gene-based detection revealed that not yet uncultured  Geobacteraceae were abundant in this 69 

contaminated aquifer (Lin et al., 2005), however, further functional screening of groundwater 70 

samples for genes involved in BTEX degradation suggested that Georgfuchsia species 71 

(Deltaproteobacteria) were more likely the key organisms in BTEX degradation under iron-72 

reducing conditions at Banisveld (Staats et al., 2011). 73 

Even though the aquifer polluted by the Banisveld landfill is one of the most extensively 74 

investigated aquifers, our knowledge about the metabolic functioning of this aquifer is limited to 75 

few functional marker genes relating to anaerobic BTEX degradation (Botton et al., 2007, Staats 76 

et al., 2011). BTEX compounds constitute only 0.1% of the available dissolved organic carbon 77 

(DOC) in this system where DOC from the landfill leachate may support a wide range of 78 

biochemical reactions. Lu et al. (Lu et al., 2012) employed functional gene arrays to study 79 

microbial functional potentials in a leachate contaminated aquifer in a broader functional 80 

perspective (Norman landfill, OK, USA). While such studies unequivocally provide novel insights 81 

into potential microbial metabolism, they are limited to selected genes and functions that they are 82 

designed for, and employed DNA as target. The advent of high-throughput sequencing 83 
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technologies provides a direct access to environmental genomes. Metagenomics offers novel 84 

insights into the functional potential of microbial communities (Shi et al., 2010) whereas 85 

metatranscriptomics facilitates insight into the potential expression of genes at the time of the 86 

sampling (Moran et al., 2012). An important payoff of combining the power of these two meta-87 

omics technologies is the insights gained in both microbial metabolic potential and functioning as 88 

response to changing environmental conditions. Recently Jewell et al. applied metagenomics and 89 

metatranscriptomics to resolve microbial community responses to nitrate injection at a field site in 90 

Rifle, Colorado (Jewell et al., 2016). The authors demonstrated that use of metatranscriptomics 91 

was pivotal to detect functioning of diverse chemolithoautotrophic bacteria in the Rifle aquifer and 92 

provide evidence for nitrate-dependent iron and sulfur oxidation.   93 

We employed pyrosequencing of environmental genomic DNA and mRNA on 94 

groundwater samples collected from three wells positioned along the central flow path of the 95 

leachate plume and a reference well upstream of the Banisveld landfill (Fig.1S) representing 96 

pristine conditions, 1) to gain knowledge on the overall genomic potential and metabolic activity 97 

in this system, 2) to test whether the functional gene composition and expression are indicative for 98 

intrinsic bioremediation of pollutants through anaerobic processes.  99 

Materials and Methods 100 

Groundwater Sampling 101 

The study location, the Banisveld aquifer, is located in the southeast of the Netherlands (Fig. S1). 102 

The Banisveld landfill was used for the deposition of household and industrial wastes between 103 

1965-1977. This sandy area lacks artificial or natural liners. Additionally, most of the waste is 104 

located below the groundwater table (van Breukelen et al., 2004). As a result, the groundwater in 105 
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this location is polluted with landfill leachate where water flow is directed towards a nature reserve. 106 

Groundwater flow velocity is estimated to be around 4 meters per year (van Breukelen et al., 2004). 107 

Groundwater samples were taken in May 2009 (Fig. S1). All sampling wells were flushed for 15 108 

– 20 min (>3 well volumes pumped out) before sample retrieval. One reference and three 109 

contaminated wells were sampled at a depth of 4-5 meters below surface level, corresponding to 110 

the center line of the plume. Sampling from the center of the plume enables us to collect samples 111 

representative of anaerobic conditions in the plume. Contaminated wells are located 6, 21, 39 112 

meters downstream of the source of contamination. The reference well is approximately 200 113 

meters upstream of the point of contamination. A total volume of 8-10 L groundwater for each 114 

well was filtered through 0.22 μm Sterivex filter (Milipore, Bedford, MA) (<12 minutes per 115 

sample, 0.4-0.6 L groundwater per filter). Filters were immediately frozen in liquid nitrogen and 116 

stored at -80°C until extraction. The hydrochemistry of groundwater samples was characterized as 117 

described previously (van Breukelen et al., 2003). Samples used in this study represent microbes 118 

that were planktonic as a result the degree to which they represent microbes attached to sediment 119 

matrix in aquifer is uncertain. 120 

Metagenome and metatranscriptome sequencing 121 

Metagenome libraries were created from DNA that was extracted from individual filters with the 122 

MoBio PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA). Several DNA 123 

extracts were pooled together (approximately 2.1-5.0 L groundwater) and 5 g of genomic DNA 124 

per sample was sequenced using 454 Roche GS-FLX Titanium technology (Macrogen, Korea). 125 

Four metagenomes were multiplexed in a single GS-FLX run that generated a total of ~480Mbp 126 

data (Table 2) where 91-96% of bases had quality scores of 40 or above. Metatransciptome 127 

libraries were created from RNA extracted from approximately 3.0-5.0 L filtered groundwater with 128 
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an acid phenol based method (Zoetendal et al., 2006). Extracted RNA was purified with Qiagen 129 

RNeasy mini kit (Qiagen, Valencia, CA) and treated with DNaseI (Roche, Mannheim, Germany) 130 

to remove possible DNA contamination. Integrity and concentration of purified total RNA was 131 

checked with the BioRad Experion RNA StdSens kit (Bio-Rad, Hercules, CA). 0.54-1.20 g total 132 

RNA was obtained. rRNA was depleted from the RNA template by enzymatic treatment with the 133 

mRNA-ONLY Prokaryotic mRNA Isolation Kit (Epicentre Biotechnologies, Madison, WI) 134 

followed by subtractive hybridization with the MICROBExpress kit (Ambion, Austin, TX), prior 135 

to mRNA amplification with the MessageAmp-II Bacteria Kit (Ambion, Austin, TX) using the 136 

T7-GsuI-(dT)16VN (Frias-Lopez et al., 2008) primer. cDNA was synthesized from this amplified 137 

mRNA with Superscript Double-Stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA) and the 138 

polyA tail in the cDNA was removed with GsuI (Fermentas, St. Leon-Rot, Germany) digestion for 139 

16 h at 30 ºC. Subsequently, approximately 5.5 g cDNA per metatrascriptome was sequenced 140 

with 454 Roche GS-FLX instrument (Macrogen, Korea) (Table 2). 141 

Sequence annotation 142 

454-Titanium sequencing reads were assembled into contiguous sequences (contigs) using 143 

Newbler (454 Life Sciences, Roche Applied Sciences, Branford, CT, USA). After quality filtering 144 

(average quality score value of 21, minimum read length of 50 bp reads, removing reads 145 

containing more than 5 ambiguous bases and/or homopolymers longer than 10 bases), the data set 146 

was analyzed to detect replicated sequences (Gomez-Alvarez et al., 2009). This analysis resulted 147 

in removal of 0.01-0.03% of the sequences. The remaining sequences from mRNA sequencing 148 

were screened for rRNA by BLASTN against the SILVA database (Quast et al. 2013) and were 149 

removed from the dataset (not used in this study). Non-replicate, non-rRNA sequences were 150 

characterized by BLASTX searches against NCBI’s non-redundant Protein Database (ncbiP-nr) 151 
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using BLAST 2.2.22 (Altschul et al., 1997) with default settings, except an e-value threshold of 152 

10-5 and reporting a maximum of five hits per query. KEGG orthology (KO) annotations were 153 

obtained via BLASTX against KEGG database (max e-value = 10-5 and minimum alignment length 154 

was 100 bps) and assignments were mapped onto KEGG pathways. Sequences were deposited in 155 

the Short Read Archive of the NCBI (BioProject ID: PRJNA217310).  156 

Statistical Analyses  157 

BLASTX output files were binned according to the NCBI taxonomy in MEGAN 5 (Huson & 158 

Mitra, 2012) with default LCA-parameters (min Score: 35, top percent: 10.0 and min support: 5). 159 

All taxa were enabled. To correct for the differences in sequencing depth all samples were 160 

randomly subsampled to an equal sequence depth in MEGAN. Rarefaction analysis of annotated 161 

species richness was performed in MEGAN. The curves plot the number of distinct species 162 

annotations for the subsamples (n=144,279 sequences) of the complete dataset (Fig S2). A de novo 163 

comparative metagenomic approach, Compareads, was used to compute the pairwise similarity 164 

measures between metagenomics and metatranscriptomic reads (Maillet et al. 2012). Two reads 165 

were assumed to be similar if they share at least 2 k-mers of 33 nucleotides. Compareads approach 166 

is sensitive to the number of reads used in the analysis, where imbalance between number of 167 

sequences in the samples results in false similarity estimates. Therefore, at first metagenomes and 168 

metatranscriptomes were analyzed separately to use as much reads as possible. All metagenome 169 

reads were compared by using a minimum of 2x105 reads for each metagenome and similarly 170 

metatranscriptomes were compared separately by using 1.5x105 reads for each metatranscriptome. 171 

Additionally, to relate the metatranscriptomes to their corresponding metagenomes, pairwise 172 

comparisons were made for metagenomes and transcriptomes originating from the same well 173 

based on a minimum of 1.5x105 reads. Changes in the relative abundance of genes and transcripts 174 
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were presented as relative abundance of a gene or a gene/functional category in contaminated 175 

groundwater with respect to the reference, and were calculated as: 176 

Gene enrichment (Relative enrichment) =   
Reads of gene (category)A in contaminated well

Reads of gene (catogory) A in the reference well
  [Eq.1]    177 

The relative transcriptional activity (expression level) of each expressed gene was normalized to 178 

account for variations in gene abundance in (DNA):  179 

Expression level of gene (category) A =  
RNA reads of gene (category) A

Total RNA reads matching NCBI−nr⁄

DNA reads of gene (category)A
Total DNA reads matching NCBI−nr⁄

 [Eq. 2]  180 

All statistical analyses were performed with R software using the vegan (Oksanen et al., 2007) and 181 

ade4 (Chessel et al., 2012) packages. Due to lack of biological replication in our sampling design 182 

statistically significant differences (p<0.05) in the NCBI nr-designated relative abundances of 183 

DNA and mRNA reads or derived taxonomic assignments were determined in pairwise 184 

comparisons (99% confidence level by two-tailed Fisher exact test) between reference and 185 

contaminated wells.  p-values were adjusted using a false discovery rate correction where 186 

appropriate.  187 

Results 188 

Site hydrochemical properties 189 

Groundwater hydrochemical parameters are detailed in Table 1. Compared to the upstream 190 

reference, all downstream samples were much higher in electrical conductivity (EC), ammonia 191 

(NH4
+), total iron (Fe), and higher in pH. However, dissolved organic carbon (DOC) concentration 192 

was not significantly different between upstream and downstream wells. SO4
+

 concentrations were 193 

on average 100 times lower in leachate-contaminated groundwater in comparison to the reference 194 
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and when compared to previous measurements in 1999 and 2004 (van Breukelen et al.. 2004). 195 

Moreover, low nitrate (NO3
-; 1.8-10.7 mol/L) and high Fe (0.8-0.9 mmol/L) concentration further 196 

supports the earlier studies on this aquifer, identifying Fe-reduction as the driving redox process. 197 

Phosphate levels were low both in contaminated plume (PO4
3-; 0.2-0.4 mol/L) and in the 198 

reference well (<0.1 mol/L). In this region of the Netherlands phosphate concentrations in 199 

aquifers are shown to be significantly lower (<0.15 mmol PO4
3-/L) than the rest of the country 200 

(0.40–3.04 mmol PO4
3-/L) (Griffioen et al., 2013). BTEX concentrations in leachate contaminated 201 

wells were below detection limit. Overall these findings are in-line with previous hydrochemistry 202 

surveys (van Breukelen et al. 2004, Brad et al. 2013) conducted on this aquifer, and confirmed 203 

that the downstream wells still sampled from the contaminant plume.  204 

Metagenome and metatranscriptome characteristics 205 

Quality filtering and removal of artificially replicated reads from our sequences resulted in  206 

205,763-437,913 (average length 431-648 bp) reads in metagenome (MG) and 145,200-381,787 207 

(average length 343-408 bp) reads in metatranscriptome (MT) libraries (Table 2). MG libraries 208 

had a GC content of 48-54%, whereas the GC content of MT libraries was lower and within the 209 

range of 43-47%. The mRNA amplification and cDNA synthesis methods applied here are not 210 

known to be biased towards low GC microorganisms (Francois et al., 2007). Analysis by 211 

Compareads (a de novo comparative metagenomic approach not requiring annotation; Maillet et 212 

al. 2012) showed that the pollution had a clear impact on genomic content where the reference was 213 

different from the other samples, in both DNA- and mRNA-based analysis (Fig. 1A). Both MGs 214 

and MTs from contaminated groundwater were highly dissimilar to the pristine reference well 215 

indicating an ongoing influence of leachate plume on microbial functions. The MG of the upstream 216 

reference had 0.2% sequence similarity to MGs from the plume of leachate. Likewise, its MT was 217 
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0.4-4.4% similar to contaminated groundwater. MGs from polluted samples had a higher 218 

resemblance and were 27-34% similar to each other. Moreover, their MTs were also highly similar 219 

to each other (28-62%). Sample-wise comparison of the MT to the MG revealed a 1.1% similarity 220 

for the reference whereas it was higher for samples from the plume of pollution (2.2-13.1% 221 

similarity). 222 

Taxonomic profiling of metagenomes and metatranscriptomes  223 

The majority of the DNA (91-92%) and cDNA reads (79-90%) that were annotated via BLASTX 224 

and MEGAN, originated from Bacteria, revealing the presence of 17 phyla (Fig. 1B). Archaea 225 

comprised 5-8% of sequences of the MG and 7-20% of the MT reads. Eukarya and viruses 226 

contributed less than 1% of the sequences in each MG. The low amounts of eukaryotic reads in 227 

the MTs are likely to be result of the prokaryotic mRNA enrichment step applied during 228 

sequencing library preparation. However, it should be noted that eukaryotes are known to comprise 229 

only a small part of the microbial community (<1% of microbial cells) in the investigated aquifer 230 

(Brad et al., 2008.). Rarefaction analysis showed that a sizeable coverage of species richness was 231 

achieved in all eight libraries, with the richness based on the MT libraries always being lower than 232 

the corresponding MG library. No obvious difference in richness between the reference and 233 

landfill-leachate impacted groundwater was observed (Fig. S2).  234 

In all MG libraries, 16S rRNA genes were low in abundance (0.03-0.09%) and either of 235 

unclassified or proteobacterial origin. Pair-wise comparisons (p<0.001, Fisher’s exact test) and 236 

cluster analysis conducted between reference and contaminated groundwater showed that all 237 

plume samples were different from the reference, for both MG and MT libraries (Fig. 1B). 238 

Moreover, MG and MT libraries cluster separately, supporting the low similarities observed 239 
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between raw MG and MT reads in Compareads analysis (Fig. 1A). MTs of plume samples revealed 240 

more variation than MGs. 241 

MEGAN analysis of MG sequences showed that reads affiliated with Alpha- Beta- and 242 

Deltaproteobacteria and Firmicutes were abundant in all samples. We detected phylum and order 243 

level changes in taxonomic distribution of the reads between reference and plume samples. In 244 

contaminated groundwater Euryarchaeota, Betaproteobacteria, Deltaproteobacteria, 245 

Bacteroidetes and Actinobacteria had higher relative abundances compared to the reference. 246 

Especially genes from Rhizobiales, Burkholderiales (Betaproteobacteria), Desulfuromonadales (in 247 

particular members of Geobacteraceae) and Syntrophobacterales (Deltaproteobacteria) were 248 

significantly more abundant (p<0.001). In MTs, reads belonging to Alpha-, Beta- and 249 

Deltaproteobacteria were significantly less (within a range of 21-96% ) abundant in contaminated 250 

groundwater when compared to the reference. In the reference MT, sequences of Euryarchaeota, 251 

Bacteroidetes and Firmicutes were more abundant than in the MG. In comparison to their MGs, 252 

MTs of plume samples contained significantly less Actinobacteria (27-58%), Betaproteobacteria 253 

(−) Deltaproteobacteria (40-68%) and more Firmicutes (9-57%), Gammaproteobacteria 254 

(13-81%) and Archaea (34-79%) reads. There were no large differences in the phylogenetic 255 

distribution in the MTs of the contaminated groundwater (Fig. S3) besides the high relative 256 

abundance of Betaproteobacteria and Thaumarchaeota reads in the plume 39 meters downstream 257 

of the landfill. Sequences annotated to Thaumarchaeota were mostly belonging to an uncultured 258 

marine Crenarchaeota. 259 

Metabolic functional categories and their expression  260 
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Despite the observed taxonomic differences (Fig. 1B) and differences observed through 261 

Compareads analysis, annotated sequences in both MGs and MTs revealed a rather similar 262 

distribution amongst the KEGG metabolic function categories (Fig. S4). The majority of these 263 

genes, 22.1±0.3% in MGs and 21.3±0.6% in MTs, belonged to the category Carbohydrate 264 

Metabolism. Metabolism of Cofactors and Vitamins (17.3±0.9% in MG and 16.3±0.9% in MT), 265 

Amino Acid Metabolism (15.0±1.1% in MG and 16.2±0.7% in MT) and Energy Metabolism 266 

(11.4±0.1% in MG and 12.1±1.1% in MT) showed subtle differences between MGs and MTs. 267 

Genes involved in Nucleotide Metabolism comprised on average 10.5±1.6% of the MG and 268 

13.0±1.2% of the MT reads. Xenobiotics Biodegradation and Metabolism genes were detected in 269 

5.8±0.9% of MG and 3.6±0.2% MT reads.  270 

To better reveal the impact of leachate pollution on functional properties of microbial 271 

communities, we first compared the relative enrichment of each KEGG category within MGs and 272 

MTs of each plume sample to that of the reference (according to Eq. 1) (Fig. 2, Fig. S5). For MGs, 273 

there were no large differences between the reference and contaminated groundwater.  In contrast, 274 

genes belonging to the Carbohydrate and Xenobiotics Metabolism categories were significantly 275 

more abundant in MTs derived from contaminated groundwater, while the opposite was observed 276 

for the Nucleotide and Amino Acid Metabolism categories (p<0.001, Fisher’s exact test). Next, 277 

we calculated the relative transcriptional activity (as expression level) in each sample by 278 

normalizing the transcript counts to gene abundance in the metagenome of the same sample (Eq. 279 

2). Nucleotide metabolism category had its highest expression in the reference well (Fig. 2). 280 

Expression levels for Amino Acid, Energy, Carbohydrate, Lipid, Co-Factor and Vitamin 281 

Metabolism categories in contaminated groundwater were not largely different from the reference 282 

(Fig. 2). Conversely, genes belonging to the Xenobiotics Metabolism category had lower 283 
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expression levels than other categories. However, the Xenobiotics Metabolism expression level in 284 

plume samples was significantly higher than in the reference (p<0.05, Fisher’s exact test) (Fig. 2).  285 

Genes involved in organic contaminant degradation and their expression 286 

The KEGG pathway “Benzoate degradation via CoA ligation” was the most abundant pathway in 287 

MGs amongst all detected organic contaminant degradation pathways (Fig. S6). Benzoyl-CoA is 288 

a central intermediate in the anaerobic metabolism of a range of aromatic compounds (Fuchs et 289 

al., 2011). The key genes encoding benzylsuccinate synthase (bss) in the catabolism of toluene 290 

were detected only in contaminated groundwater MGs, corresponding to 0.026-0.047% of all 291 

detected genes. Detected genes were closest related (BLASTX max identity 68-74%, e-value < 10-292 

50) to those from toluene degrading anaerobic isolates belonging to Beta- (Georgfuchsia toluolica, 293 

Azoarcus aromaticum EbN1) and Deltaproteobacteria (Desulfobacula toluolica Tol2, Geobacter 294 

sp. TMJ1 and Geobacter sp. FRC-32). However, expression of the genes coding for bssA was 295 

detected only at 6 meters and 21 meters downstream of the landfill (Fig. 3) and these genes were 296 

closest related (BLASTX max. identity 72-86%, e-value < 10-50) to those of Betaproteobacteria. 297 

Metabolic pathways leading to the production of benzoyl-CoA were present and expressed both in 298 

reference and contaminated groundwater but their expression was lower compared to bssA. 299 

Benzoyl-CoA reductase initiating the degradation of benzoyl-CoA to cyclohex-1,5-diene-1-300 

carboxyl-CoA were found in all samples and had relatively high expression levels in contaminated 301 

wells (Fig. 3). However, although all MGs contained genes belonging to the 4-hydroxybenzyl-302 

CoA degradation pathway (from phenol degradation), they were only expressed in contaminated 303 

groundwater. Furthermore, both MGs and MTs contained genes involved in cyclohex-1,5-diene-304 

1-carboxyl-CoA conversion to acetyl-CoA via 6-hydroxycyclohex-1-ene-1-carboxyl-CoA, 305 

suggesting this pathway to be the most prominent in aromatic ring opening. Benzoate degradation 306 
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can also be achieved via hydroxylation (Chakraborty and Coates, 2005.). However, this pathway 307 

was not detected (Fig. 3)  308 

Besides anaerobic toluene degradation pathway genes, transcripts of several genes from 309 

intermediary pathways were found in high relative abundance (Table S2). 4-oxalocrotonate 310 

tautomerase (EC:5.3.2.6), 4-hydroxybenzoate decarboxylase (EC:4.1.1.61), 2-haloacid 311 

dehalogenase (EC:3.8.1.2) and phenol 2-monooxygenase (EC:1.14.13.7) are examples for those 312 

highly abundant transcripts. Genes belonging to degradation of complex compounds such as 313 

haloalkane dehalogenase (EC:3.8.1.5) for the initial transformation of β-hexachlorocyclohexane 314 

and cyclohexanone monooxygenase (EC:1.14.13.22) were found to be expressed 6m downstream 315 

of the landfill. 316 

Other catabolic processes and their expressions  317 

We aimed at revealing those genes with higher mRNA transcript abundances in the plume in 318 

comparison to the reference. Most of these genes belonged to Carbohydrate and Energy 319 

metabolism categories and involved in gluconeogenesis, TCA cycle, galactose, fructose, starch, 320 

pyruvate and propanoate metabolism (Fig. 4A). Several genes involved in the oxidation of sugar 321 

monomers (fructose, sucrose and mannose) were detected, however, their expression was not 322 

significantly different between reference and contaminated groundwater. The Banisveld landfill 323 

mainly received municipal waste. Among the genes involved in the release of monomers from the 324 

type of complex organic polymers one would expect in household waste, chitinases and lipases 325 

showed high expression levels in the plume of pollution, whereas expression of xylosidases, 326 

cellobiosidases and amylases were lower (Fig. 4B). 327 
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We detected high expression levels in pathways involved in production and consumption 328 

of intermediate metabolites, such as pyruvate and acetate (Table. S1). These include the expression 329 

of genes encoding pyruvate-oxidoreductase complex (EC:1.2.7.1), aldehyde dehydrogenase 330 

(EC:1.2.1.3) and acetate kinase (EC:2.7.2.1). Expression of genes involved in metabolic pathways 331 

for fermentative growth with sugars [i.e. reversible lactate dehydrogenase (EC:1.1.1.28), pyruvate 332 

formate lyase (EC:1.97.1.4), and acetaldehyde CoA dehydrogenase/alcohol dehydrogenase 333 

(EC:1.2.1.10)] were not detected, although these genes were present in MGs. Malate 334 

dehydrogenase (oxaloacetate-decarboxylating, NADP+) (EC:1.1.1.40) that could facilitate growth 335 

with fumarate had high expression levels in the leachate plume (Table S1), whereas the expression 336 

of the genes involved in citrate metabolism were not significantly different between reference and 337 

contaminated groundwater. Succinate (EC:1.3.99.1) and NADH dehydrogenase (EC:1.6.5.3, 338 

EC:1.6.99.3) had relatively higher mRNA transcript abundances in contaminated groundwater 339 

than formate dehydrogenase (EC:1.2.1.2) and hydrogenases (EC:1.12.99.6, EC:1.12.7.2, 340 

EC:1.12.98.1) (Fig. S7). 341 

Genomic potential for terminal electron accepting processes and their expression 342 

Microbial oxidation of organic matter coupled to the reduction of Fe(III) by in particular 343 

Geobacteraceae was implicated as the major pathway for the degradation of contaminants and 344 

natural organic substrates in the Banisveld aquifer (Röling et al., 2001, van Breukelen et al., 2003). 345 

Consequently, we have attempted to investigate the expression of several c-type cytochromes that 346 

were shown to be involved in Fe(III) reduction by Geobacteraceae (Chin et al., 2004, Lovley et 347 

al., 2011). Neither ppcA and related periplasmic low-molecular-weight cytochromes nor omcB, an 348 

outer membrane c-type cytochrome (Tremblay et al., 2011), were detected in both MGs and MTs. 349 

However, mtrAB that encodes an outer membrane protein required for Fe(III) reduction in 350 
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Shewanella spp. (Beliaev & Saffarini, 1998) was found in low abundance (0.006-0.009%) and had 351 

low expression levels (1.5-1.8) in contaminated groundwater.  352 

Within the nitrogen and methane metabolism categories, which constituted a small fraction 353 

of the expressed genes (Fig. S8; resp. 0.05-0.28% and 0.03-0.11%), several genes related to 354 

electron accepting processes were expressed. Nitrate (EC:1.7.99.4) and nitrite reductases (nirK, , 355 

EC:1.7.2.1) had highest relative abundances in MTs of the contaminated groundwater (Fig. S4). 356 

Dissimilatory ammonia-forming nitrate reductase (nrfA, EC:1.7.2.2) was only expressed at 6m 357 

downstream of the landfill but was detected in all MGs. Methane production potential and the 358 

expression of the key enzyme methyl-coenzyme M-reductase (mcr) were only found in 359 

contaminated groundwater (Fig. S8). Genes coding for the sulfite reductase complex (dsrAB, 360 

EC:1.8.99.3 1.8.99.1) were detected in all MGs but  were not found in MTs.  361 

Indicators for nutrient limitation 362 

Investigation of genes involved in phosphorus acquisition showed that in the reference well, the 363 

alkaline phosphatase regulon (phoP) had a high expression level, whereas expression of alkaline 364 

phosphatase (phoD, [EC:3.1.3.1]) was not detected (Fig. 5). In contrast, alkaline phoD gene 365 

expression was higher in the plume (Fig. 5). Inorganic pyrophosphatase (ppa, [EC:3.6.1.1]) 366 

expressions levels were high in all samples but the reference had the highest expression (Fig. 5). 367 

Acid phosphatase (phoN, [EC:3.1.3.2]) expression was not detected (Fig. 5). The nifH and nifD 368 

genes relating to nitrogen fixation were detected in all MGs. Even though NH4
+ concentrations 369 

were high in the plume of pollution (5.9-10.5 mmol/L), and low in the reference (<0.1 mmol/L; 370 

Table 1), nifH transcripts were found only in contaminated groundwater (0.026% at 21 m and 371 
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0.006% at 39 m), whereas nifD transcripts were detected in all samples (0.012-0.013% of total 372 

transcripts). 373 

Discussion 374 

Genomic potential and metabolic functions in Banisveld groundwater 375 

The aquifer polluted by the Banisveld landfill has been a focal point of research on natural 376 

attenuation of landfill leachate, with emphasis on monoaromatic hydrocarbons, in the past decade 377 

(Röling et al., 2000, Röling et al., 2001, van Breukelen et al., 2003, van Breukelen et al., 2004, 378 

Lin et al., 2007, Staats et al., 2011, Brad et al., 2013). Long exposure time has been proposed to 379 

promote stability and adaptation of microbial communities to contaminants (Staats et al. 2011), 380 

however, information on relevant metabolic potentials and their expression is limited. In this light, 381 

we employed pyrosequencing of DNA and mRNA on groundwater samples retrieved from an 382 

upstream reference and three wells within the leachate plume. Our results showed that both genetic 383 

potential and microbial activity, as indicated by gene expression, were highly variable trough out 384 

the contaminant plume (Fig.1A).  Between reference and contaminated wells we detected 385 

significant differences in the taxonomic distribution (Fig. 1B) of annotated reads amongst MG and 386 

MT libraries however between functional gene categories observed differences were marginal 387 

(Fig. 2). The functional redundancy in microbial ecosystems indeed show parallels to 388 

macroecosystems. For example, even though the gut microbiota across different individuals is 389 

divergent, the functional gene profiles show similarities (Lozupone et al., 2012). On the other 390 

hand, our sampling approach focused on the center of the plume assumes a longitudinal sequence 391 

of redox processes and is likely to miss fringe processes and related variance in microbial 392 
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populations.  Plume fringes are hypothesized to control the mass transfer of electron acceptors and 393 

microbial activities creating  hot spots (Meckenstock et al., 2015).  394 

The detection of functional activity via mRNA from environmental samples presents several 395 

challenges, such as low abundance, rapid turnover (Evguenieva-Hackenberg & Klug, 2011) and 396 

instability (Moran et al., 2012). While functional gene abundances calculated from mRNA 397 

expression are not a reliable proxy for metabolic rates in naturally fluctuating environments 398 

(Moran et al., 2012), they can be especially informative for ongoing ecologically relevant 399 

processes in stable or low activity  environments (Moran et al., 2012) like groundwater. Indeed in 400 

our case, MTs were more informative than MGs to differentiate significant variations in metabolic 401 

functions, where Carbohydrate, Energy and Xenobiotics Metabolism categories were significantly 402 

more frequently expressed in contaminated wells (Fig. 2). MTs were indicative of carbon 403 

degradation from complex substances in DOC to pyruvate and acetate. It should also be noted that 404 

cells attached to surfaces can account for 90 to 99.99% of the microbial biomass in porous aquifers 405 

(Griebler & Lueders, 2009). As our sampling approach only access planktonic microbes or the 406 

ones associated with colloidal particles, we are unable to provide comprehensive assessment of 407 

the all microbial processes. On a geological scale relatively short time has passed since the 408 

beginning of the landfill activities in 1965 thus we expect minimal impact on microbial populations 409 

associated with the 10,000-100,000 year-old sediments (Röling et al., 2001). Additionally, a large 410 

portion of the sediment-bound microorganisms could be protected from the leachate: physically in 411 

pores and aggregates or biologically in biofilm form.  412 

Natural attenuation of organic pollutants 413 
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Aromatic hydrocarbons such as benzene, ethylbenzene, xylenes, and naphthalene were 414 

previously detected and contributed only 0.1% of DOC in leachate from the Banisveld landfill 415 

(van Breukelen et al. 2003). Therefore their impact on overall community composition and 416 

metabolic potential is likely to be low. Several other studies also showed evidence for degradation 417 

of organic compounds along the flow path of contaminated aquifers (Cozzarelli et al., 2011) and 418 

presence of a large number of functional genes that are indicative of potential for contaminant 419 

degradation (Lu et al., 2012, Abbai & Pillay, 2013). In the Banisveld aquifer, genes involved in 420 

anaerobic BTEX degradation (as a part of “Benzoate degradation via CoA ligation” category) were 421 

the most abundant in MGs and highly expressed in the MTs. We were able to detect significant 422 

differences in KEGG pathway for “Benzoate degradation via CoA ligation” and relatively high 423 

expression levels for genes coding for specialized functions, such as benzylsuccinate synthase-bss 424 

enzyme complex. In concurrence with previous work presenting the impact of toluene and xylene 425 

contamination on functional gene diversity in the Banisveld aquifer (Staats et al., 2011), we 426 

provide evidence for the expression of a key functional gene bbsA and the pathway leading to 6-427 

Hydroxycyclohex-1-ene-1-carboxyl-CoA production via benzoate Co-ligation in groundwater 428 

close to the source of contamination (Fig.3B). Besides BTEX compounds, anaerobic degradation 429 

of a diverse group of substrates such as phenol, vanillin, aniline and phenylalanine  results in 430 

production of benzoyl-CoA as an intermediate (Head et al., 2006) .  Our results suggest indigenous 431 

microbial communities are actively involved in bioremediation of organic contaminants in the 432 

center of the plume. Natural attenuation of BTEX compounds by indigenous anaerobic microbial 433 

populations was previously studied in detail for the aquifer investigated here (Lin et al., 2005, 434 

Botton, 2007, Lin et al., 2007, Staats et al., 2011) and led to the isolation of a previously unknown 435 

iron-reducing toluene degrading Betaproteobacterium Georgfuchsia toluolica (Weelink et al., 436 
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2009). A large diversity of genes involved in anaerobic BTEX degradation was detected via PCR-437 

based screening across the aquifer at different depths and distances from the landfill (Staats et al., 438 

2011). The authors proposed the Georgfuchsia species to be the dominant alkylbenzene 439 

degraders in the Banisveld aquifer due to the widespread presence of their benzylsuccinate 440 

synthase (bssA) gene and specialized substrate utilization. Georgfuchsia toluolica grows only with 441 

few aromatic compounds such as toluene, ethylbenzene and phenol, but not with benzoate, xylenes 442 

or benzene (Weelink et al., 2009). We also detected bss gene clusters from Beta- and 443 

Deltaproteobacteria in the MGs derived from contaminated groundwater, however expression of 444 

the genes coding for bssA were of betaproteobacterial origin, closest related to Azoarcus 445 

aromaticum EbN1. In line with our findings in the MGs, Staats et al. (2011) already showed that 446 

bssA-containing microbes represented only a small fraction of the total microbial community. 447 

Relatively low expression levels observed in MTs were indicative of low metabolic activity.  448 

Other microbial processes in the Banisveld aquifer 449 

In the Banisveld aquifer, indigenous microorganisms are exposed to mixtures of carbon sources 450 

originating from the landfill leachate. Accurate regulation of the uptake and metabolism of these 451 

carbon compounds is of importance for the functioning and survival of microorganisms (Görke & 452 

Stülke, 2008). We detected expression of variety of chitinases, lipases, xylosidases, cellobiosidases 453 

and amylases (Fig. 4B) in reference and contaminated wells, however, DOC concentrations 454 

remained stable throughout the plume (Table 1). In line with these findings, we hypothesize that 455 

carbon processing in this aquifer was constrained by other factors than availability of carbon, such 456 

as nutrient limitation. Exploration of the expression of P acquisition genes, as indicators for 457 

nutrient limitation, in this aquifer suggests a P limited system. Phosphatases are produced when 458 

the available P content falls to critical levels for microbial growth (Acosta-Martínez & Tabatabai, 459 
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2011). Previous studies conducted in P starved bacterial isolates showed elevated expression of 460 

phoD (Adams et al., 2008, Karl, 2014). Expression analysis and metatranscriptomics data from 461 

multiple species suggest that expression of phoD is highly regulated by phosphate concertations 462 

and induced under phosphate limitation (Apel et al. 2007, Santos-Beneit 2015, Oyserman et al. 463 

2016). This gene had a relatively high expression in leachate contaminated groundwater. Another  464 

P- accusation gene, phoP  is induced at low phosphate concentration, its expression is not strictly 465 

tied to P limitation (Karl, 2014). We detected high expression of this regulon only in the reference 466 

well. P limitation might be an important constrain on microbial growth and activity in the 467 

Banisveld aquifer and contribute to the persistence of contaminants. 468 

Fe(III) was identified as the major redox process in the aquifer polluted by the Banisveld 469 

landfill (van Breukelen et al., 2003) with members of the iron-reducing Geobacteraceae 470 

dominating microbial communities and widespread throughout the plume of pollution (Röling et 471 

al., 2001, Lin et al., 2005). Both MGs and MTs contained anaerobic species that could potentially 472 

perform Fe(III) reduction. Based on the low expression of important genes for Fe(III) reduction 473 

such as Geobacter spp. genes ppcA and omcB, it is tempting to speculate that besides Geobacter 474 

spp. other microbial populations are of importance to Fe(III) reduction in this aquifer. For example, 475 

we also detected the expression mtrAB gene from Shewanella spp. However, it should be noted 476 

that Geobacter spp. contain hundreds of genetically different cytochromes (Lovley et al., 2011) 477 

that are potentially involved in Fe(III) reduction. 478 

We detected genes involved in methanogenesis only in contaminated groundwater. It is 479 

likely that methanogenic populations originate from the landfill itself and are not part of the 480 

indigenous populations (Röling et al., 2001). Banisveld landfill leachate contains high 481 

concentrations of methane, whereas δ13C–CH4 studies indicated that methanogenesis did not occur 482 
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in the plume (van Breukelen et al., 2003). Genes involved in methanogenesis, especially the key 483 

mcr gene, were not highly expressed. It should be noted that the mcr gene can also be employed 484 

in methane oxidation (Knittel & Boetius, 2009). Therefore, its expression cannot be directly 485 

interpreted as a source for methane production. Moreover, it had been previously shown that 486 

nitrite-dependent anaerobic methane oxidation potential is present in the Banisveld aquifer 487 

(Luesken et al., 2011) and δ13C–CH4 studies suggested that anaerobic methane oxidation occurred 488 

(van Breukelen & Griffioen, 2004). As a result, methane is likely to be a carbon source rather than 489 

end product in this system. In addition to methanogenesis, sulfate reduction potential was present, 490 

however, its expression was not detected. Previously, δ34S measurements suggested that sulfate 491 

reduction is not occurring within the contaminant plume (van Breukelen et al., 2003).  492 

Conclusions 493 

Application of two omics approaches enabled us to investigate the impact of landfill leachate 494 

contamination both on microbial functional diversity and activity in detail. Genes encoding 495 

monoaromatic hydrocarbon degradation were active   and indicative of ongoing natural attenuation 496 

of organic contaminants in this system; however, they constitute a small fraction of ongoing 497 

microbial processes. Strikingly MGs did not resolve the functional differences between reference 498 

and contaminated wells. Even though metagenomics is an increasing popular tool to access 499 

microbial metabolism, it is likely to fall short in detecting critical processes in slowly evolving 500 

systems such as aquifers. MTs, on the other hand, provided new insights into ongoing microbial 501 

processes in Banisveld. We found evidence for expression of genes that are potentially involved 502 

in DOC degradation in all wells and identified nutrient limitation –specifically P limitation– as a 503 

potential constraint for microbial activity in contaminated wells. These findings brings further 504 
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concerns on management of contaminated groundwater sites where besides impact of the 505 

contamination lack of necessary nutrients might limit the success of natural attention of pollutants. 506 
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Figure Legends 651 

Figure 1. A) Similarity matrix resulting from the comparison of MG and MT reads with 652 

Compareads between different samples from the Banisveld aquifer. Color levels correspond to 653 

similarity levels; red-high similarity, blue-low similarity (see scale, 0 dissimilar – 1 similar). Based 654 

on both DNA and mRNA analyses, the reference was highly dissimilar to the contaminated wells. 655 

The table shows the similarity calculated between DNA and mRNA reads in each well. B) Cluster 656 

analysis based on Euclidean distance and generated with the MEGAN software with the UPGMA 657 

algorithm for Banisveld MG and MT read annotations from BLASTX results. Pie charts show the 658 

phylogenetic distributions of the reads. 659 

Figure 2. Differences in expression levels (relative transcriptional activity) of KEGG metabolism 660 

classifications among sampling wells.  Expression levels were calculated in Eq.2 for each well.  661 

Figure 3. Expression levels (y-axis) of genes belonging to toluene, benzoate and 4-hydroxybenzyl-662 

CoA degradation pathways. Expression of the key genes converting toluene to benzylsuccinate 663 

(benzylsuccinate synthase, bss) was detected only at 6 meters and 21 meters downstream of the 664 

landfill. Benzoyl-CoA reductase involved in the degradation of benzoyl-CoA to cyclohex-1,5-665 

diene-1-carboxyl-CoA were found in all MGs and had relatively high expression levels in 666 

contaminated wells.  667 

Figure 4. A) Changes in the relative abundances of expressed genes involved in Carbohydrate and 668 

Energy metabolism, as derived from MT analysis. B) Expression levels of several genes encoding 669 

carbon degradation such as chitinases and xylanases were higher in contaminated groundwater 670 

wells. Expression levels were calculated in Eq.2 for each well. 671 
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Figure 5. Expression levels of several genes encoding for phosphate accusation in Banisveld 672 

aquifer.  673 
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Table.1 Groundwater geochemistry in Banisveld aquifer. EC: Electrical conductivity; DOC: Dissolved organic carbon 

 

 

 

 Reference well 6-meters 21-meters 39-meters 

pH 5.5 6.5 6.1 6.5 

Temperature (°C) 9.1 12.2 11.0 11.0 

EC (S/cm) 129 2150 2046 2640 

Alkalinity (mmol/L) 0.1 24.7 26.3 27.0 

O2 (mmol/L) 0.0 0.0 0.0 0.0 

NH4 
+(mmol/L) <0.1 5.9 7.0 10.5 

NO3
- (mol/L) 31.9 10.7 7.7 1.8 

Total Fe (mmol/L) 0.1 0.8 0.9 0.8 

SO4
2- (mol/L ) 230 1.5 1.1 2.3 

PO4
3- (mol/L ) <0.1 0.2 0.4 0.2 

CH4 (mol/L) 1.3 1395.7 1600.7 1656.8 

DOC (mg C/L) 54.8 52.0 52.0 70.1 

Total cations (meq/L) 0.9 25.3 26.9 28.5 

Total anions (meq/L) 0.7 25.7 27.5 29.1 



34 
 

34 
 

 

 

Table.2 Sequencing output 

 

 

 

 

 

 

 

 

 

 

 Metagenome  Metatranscriptome 

 Reference 6-meters 21-meters 39-meters  Reference 6-meters 21-meters 39-meters 

Number of sequences 205,763 222,781 437,913 236,215  373,596 282,244 145,200 381,787 

Average length (bp) 431 438 648 425  397 405 343 408 

GC content 0.54 0.54 0.48 0.55  0.46 0.47 0.46 0.43 

% 16S rRNA genes 0.03 0.04 0.09 0.04  20.2 13.5 4.5 15.5 
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Table S1. Expression levels of significantly (p<0.05) expressed genes belonging to Carbohydrate and Energy metabolism (KEGG 

categories: Fructose and Mannose metabolism, Pyruvate metabolism, Gluconeogenesis, TCA cycle, Propanoate metabolism, Amino 

acid and nucleotide sugar metabolism) in contaminated wells. 

EC number Name 

KEGG 

KO Well 

Expression 

Level 

EC:1.1.1.14  L-iditol 2-dehydrogenase  K00008 6m 8.0 

      21m 9.5 

      39m 4.4 

EC:1.1.1.38  malate dehydrogenase (oxaloacetate-decarboxylating)  K00027 6m 3.5 

      21m 4.1 

      39m 5.5 

EC:1.1.1.40  malate dehydrogenase (oxaloacetate-decarboxylating)(NADP+)  K00029 6m 6.9 

      21m 8.9 

      39m 2.3 

EC:1.2.1.3  aldehyde dehydrogenase (NAD+)  K00128 6m 1.0 

      21m 1.4 

      39m 2.4 

EC:1.2.4.2  2-oxoglutarate dehydrogenase E1 component  K00164 6m 6.0 

      21m 1.3 

      39m 0.9 

EC:1.2.7.1  pyruvate ferredoxin oxidoreductase, alpha subunit  K00169 6m 1.3 

      21m 2.6 

      39m 2.5 

EC:1.2.7.1  pyruvate ferredoxin oxidoreductase, beta subunit  K00170 6m 1.2 
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      21m 2.4 

      39m 2.0 

EC:1.2.7.1  pyruvate ferredoxin oxidoreductase, gamma subunit  K00172 6m 1.0 

      21m 2.4 

      39m 1.0 

EC:1.2.7.3  2-oxoglutarate ferredoxin oxidoreductase subunit beta  K00175 6m 5.3 

      21m 15.7 

      39m 13.2 

EC:1.2.7.3  2-oxoglutarate ferredoxin oxidoreductase subunit gamma  K00177 6m 1.3 

      21m 2.4 

      39m 1.2 

EC:2.3.1.8  phosphate acetyltransferase  K00625 6m 1.1 

      21m 2.5 

      39m 1.0 

EC:2.3.1.54  formate C-acetyltransferase  K00656 6m 2.8 

      21m 3.4 

      39m 5.4 

EC:2.7.2.1  acetate kinase  K00925 6m 5.8 

      21m 6.0 

      39m 4.9 

EC:2.7.2.3  phosphoglycerate kinase  K00927 6m 4.5 

      21m 4.4 

      39m 2.1 

EC:2.7.7.13  mannose-1-phosphate guanylyltransferase  K00966 6m 1.0 

      21m 3.3 

      39m 1.7 

EC:2.7.7.13  mannose-1-phosphate guanylyltransferase  K00971 6m 1.9 

      21m 1.8 

      39m 0.9 
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EC:2.7.9.2  pyruvate, water dikinase  K01007 6m 18.2 

      21m 29.9 

      39m 17.9 

EC:4.1.1.3  oxaloacetate decarboxylase, beta subunit  K01572 6m 3.8 

      21m 0.9 

      39m 1.2 

EC:4.1.2.13  fructose-bisphosphate aldolase, class I  K01623 6m 1.3 

      21m 3.8 

      39m 2.2 

EC:2.5.1.56  N-acetylneuraminate synthase  K01654 6m 1.2 

      21m 2.3 

      39m 1.1 

EC:4.2.1.2  fumarate hydratase subunit alpha  K01677 6m 2.4 

      21m 1.3 

      39m 2.5 

EC:5.3.1.1  triosephosphate isomerase (TIM)  K01803 6m 2.7 

      21m 1.8 

      39m 3.4 

EC:5.3.1.9  glucose-6-phosphate isomerase  K01810 6m 1.8 

      21m 2.3 

      39m 2.6 

EC:6.2.1.1  acetyl-CoA synthetase  K01895 6m 5.4 

      21m 2.3 

      39m 2.7 

EC:6.2.1.13  acetyl-CoA synthetase (ADP-forming)  K01905 6m 6.1 

      21m 2.0 

      39m 2.2 

EC:6.4.1.1  pyruvate carboxylase subunit B  K01960 6m 1.8 

      21m 9.5 
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      39m 4.1 

EC:6.4.1.2 EC:6.3.4.14  acetyl-CoA carboxylase, biotin carboxylase subunit  K01961 6m 7.3 

      21m 6.2 

      39m 2.9 

EC:6.4.1.2  acetyl-CoA carboxylase carboxyl transferase subunit beta  K01963 6m 4.9 

      21m 3.7 

      39m 2.4 

EC:5.3.1.9  glucose-6-phosphate isomerase, archaeal  K06859 6m 1.2 

      21m 2.4 

      39m 1.1 
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Table S2. Relative abundance of mRNA transcripts belonging to organic contaminant degradation pathways 

EC Number Definition KEGG KO Reference 6m 21m 39m 

EC:3.1.1.45  carboxymethylenebutenolidase  K01061 0.010 0.052 0.026 0.022 

EC:5.3.2.6  4-oxalocrotonate tautomerase  K01821 0.000 0.026 0.004 0.012 

EC:4.1.1.61  4-hydroxybenzoate decarboxylase  K01612 0.000 0.020 0.013 0.006 

EC:1.14.13.7  phenol 2-monooxygenase  K03380 0.000 0.017 0.013 0.006 

EC:3.5.99.3  hydroxyatrazine ethylaminohydrolase  K03382 0.000 0.012 0.013 0.000 

EC:3.1.2.23  4-hydroxybenzoyl-CoA thioesterase  K01075 0.000 0.012 0.013 0.000 

EC:3.1.1.24  3-oxoadipate enol-lactonase  K01055 0.000 0.012 0.000 0.000 

EC:5.5.1.1  muconate cycloisomerase  K01856 0.000 0.012 0.013 0.006 

EC:4.1.1.44  4-carboxymuconolactone decarboxylase  K01607 0.000 0.012 0.000 0.000 

EC:1.13.11.3  protocatechuate 3,4-dioxygenase  K00449 0.000 0.008 0.013 0.000 

EC:3.8.1.2  2-haloacid dehalogenase  K01560 0.000 0.004 0.000 0.017 

EC:3.5.1.54  allophanate hydrolase  K01457 0.000 0.004 0.000 0.012 

EC:3.8.1.5  haloalkane dehalogenase  K01563 0.000 0.004 0.000 0.000 

EC:1.14.13.22  cyclohexanone monooxygenase  K03379 0.000 0.004 0.000 0.000 

EC:1.13.11.14  2,3-dihydroxy-p-cumate/2,3-dihydroxybenzoate 3,4-dioxygenase  K10621 0.000 0.000 0.039 0.006 
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