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Abstract 28 

 29 

Bacteriophages play a role in the diversification and production of bacteria whithin 30 

complex communities of microbes, and are thought to influence local bacterial degrader 31 

capacities. Here, we report a joint metagenomic characterization of the bacterial and viral 32 

communities of groundwater associated with a contaminant plume, and examine the 33 

extent of their interactions. Over a year, 14 metagenomes and viromes were collected at 34 

different locations from an old gasworks site and sequenced using Illumina next 35 

generation sequencing technologies. We show that the viral community diversity 36 

mirrored the bacterial diversity found. Bacterial degraders were abundant at the site (e.g. 37 

Thermoanaerobacteriaceae, Caulobacteraceae) as were virotypes of degraders (e.g. 38 

Thermoanaerobacterium phage THSA-485A, Caulobacter phage CcrColossus). Host 39 

assignment of the viral communities revealed that interactions were limited to few 40 

classes of bacteria (e.g. Clostridia and Proteobacteria) and that these were discrete 41 

across the site. Putative viral generalists infecting multiple species of degraders were 42 

identified. Overall, findings reported support the need of phage research while designing 43 

bioremediation strategies.  44 

 45 
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1. Introduction 48 

 49 

Since the advent of industrialization, a range of anthropogenic activities have led to an 50 

abundance of contaminants in the environment. As of now, at least 127,000 51 

contaminated sites have been identified in Europe and more than 342,000 sites have 52 

been extrapolated to be polluted in the whole continent (Panagos et al., 2013). 53 

Groundwater contamination may occur from various point sources due to accidental 54 

spills, landfills, oil pipelines and land misuse, or from widespread application of 55 

contaminants due to agriculture and sewage treatments (Brandon, 2013; Meckenstock 56 

et al., 2015). Groundwater contamination not only leads to the depletion of pristine fresh 57 

water reserves, but also impacts the total environment and poses serious risks to 58 

human health (Danielopol et al., 2003). The management and remediation of 59 

contaminated sites in Europe is thought to cost around 6 billion Euros annually and 60 

bioremediation strategies have gained wide interest as an environmentally friendly and 61 

cost-effective way to remediate groundwater and sediment (Majone et al., 2015; 62 

Panagos et al., 2013). 63 

 64 

Bioremediation strategies are based on the exploitation of the extensive metabolic 65 

versatility of microbes, particularly bacteria, to clean-up environmental contaminants that 66 

function as nutrient or energy sources for bacterial cells (Aracic et al., 2015). Different 67 

strategies of bioremediation exist. Particularly, metagenomic-based bioremediation 68 

approaches provide a comprehensive and detailed knowledge of endemic uncultured 69 

bacterial populations and allow scientists to describe, exploit and monitor the local 70 

biodegradative capacity of the local microbial communities (Devarapalli and Kumavath, 71 

2015). 72 

 73 

In 2015, Meckenstock et al. suggested that bacteriophages, i. e. viruses that infect 74 

bacteria, may play important roles in bioremediation processes.  Bacteriophages (or 75 
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simply, phages) are the most abundant and ubiquitous biological entities known to 76 

mankind, with an excess of 1e31 viral-like particles (VLPs) estimated to exist globally 77 

(Clokie et al., 2011; Rohwer et al., 2009). A constant ratio of 3-10 VLPs per bacterium 78 

has been found in aquatic ecosystems (Wommack and Colwell, 2000). Bacteriophages 79 

require obligatory host infection to complete their life cycles (Clokie et al., 2011) and, 80 

due to this, dynamic interactions between phages and bacteria are observable in nature, 81 

often determining the success of distinct bacterial populations within complex 82 

communities of microbes (Clokie et al., 2011). Viral-bacterial interactions can range from 83 

predatory to mutualistic (Weinbauer and Rassoulzadegan, 2004). During lytic infections, 84 

phages keep in check the dominant bacteria, allowing the co-existence of other bacterial 85 

species, (known as the “kill-the-winner” hypothesis) and contributing to the Earth’s 86 

carbon cycling by the release of organic matter from lysed cells (also known as viral 87 

shunt) (Rohwer et al., 2009; Weinbauer and Rassoulzadegan, 2004). Phages have also 88 

been described as important for genetic diversity by mediating the horizontal transfer of 89 

genes within microbial communities through generalized and specialized transduction 90 

(Canchaya et al., 2003).  Moreover, the occurrence of auxiliary metabolic genes within 91 

phage genomes can reprogram the metabolism of bacterial cells and increase the 92 

fitness of bacterial populations (Breitbart, 2012). This may lead to the reshaping and 93 

diversification of prokaryotic degrader communities and, thus, influence in situ 94 

biodegradation rates (Meckenstock et al., 2015). 95 

 96 

Up till now, only few studies have been published on viruses of groundwater (Eydal and 97 

Jägevall, 2009; Kyle and Eydal, 2008; Pan et al., 2017; Smith et al., 2013) and, to our 98 

knowledge, no metagenomic study of viral diversity in this environment has been 99 

reported. Moreover, there have only been limited studies of viral diversity and viral roles 100 

in polluted waters (Marie and Lin, 2017; O’Brien et al., 2017). 101 

 102 
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Here, we present a metagenomic characterization of viral communities around a 103 

contaminated groundwater plume, and study the dynamics of their interactions with local 104 

populations of bacteria. A year-long metagenomic study was carried out at an old 105 

gasworks site in Northern Ireland. The site suffers from typical hydrocarbon pollution 106 

and has a heterogeneous contaminant distribution. Bacterial and viral community 107 

structures and bacteriophage host populations were characterized at different locations 108 

at the site during the sampling period. The impact of our findings on natural attenuation 109 

and design of bioremediation strategies was hypothesized. 110 

 111 

2. Materials and Methods 112 

 113 

2.1 Site of study and sampling design 114 

 115 

The gasworks site studied here operated for 163 years (1822-1985) in an urban area 116 

of Northern Ireland and has undergone remediation by excavation over several 117 

phases during the mid-1990s. Its land has been repurposed since. Permit to access 118 

and sample the site was given by the local council. Six sampling stations were 119 

selected and their groundwater chemistry is in Supplementary Data A. Three of the 120 

sampling stations selected had access to hydrocarbon-contaminated groundwater 121 

(“C”) and three of the sampling stations had access to groundwater showing no 122 

previous traces of hydrocarbon contamination. Samples from these stations were 123 

hereby referred to as non-contaminated groundwater samples (“NC”).  124 

 125 

Over one year (May 2016-May 2017), groundwater was collected every three months 126 

from two sampling stations (C1 and NC1) in order to characterize temporal changes 127 

within complex communities of microbes at the site. During this period, additional 128 

groundwater sampling was done at other stations at the site in order to evaluate 129 

spatial variations of bacterial and viral community structures and interactions. The 130 



6 
 

location of the sampling stations used in this study and the timeline of sampling is 131 

presented in Figure 1. 132 

 133 

At each sampling event, a minimum of 15 L of groundwater were collected with a 134 

bailer. Different bailers were used at each sampling station. Any stagnant 135 

groundwater in the boreholes was purged before sampling. During sampling, 136 

groundwater collected with bailers was mixed in large sterile containers and kept at 4 137 

ºC until processing. Processing occurred within 24 hours of sample collection. 138 

 139 

2.2 Sample processing and DNA Isolation 140 

 141 

Large particles of sediment were removed from groundwater samples using sterile 142 

GF/A glass microfiber filters (Whatman/GE Healthcare, UK). Isolation of total 143 

metagenomic DNA and viral metagenomic DNA followed. 144 

 145 

Five litres of groundwater per sample were used for isolation of total metagenomic 146 

DNA. Microbial cells were recovered using 0.45 µm mixed cellulose ester membrane 147 

filters (Whatman/GE Healthcare, UK). Total metagenomic DNA was extracted and 148 

purified using the PowerWater DNA Isolation kit (MO BIO, USA). 149 

 150 

Ten litres of groundwater per sample were used for isolation of viral metagenomic 151 

DNA. Isolation and concentration of VLPs from groundwater samples was done as 152 

described by Skvortsov et al. (2016) and Thurber et al. (2009). Briefly, bacterial cells 153 

were removed, and VLPs were concentrated to a final volume of 35-50 mL. 154 

Epifluorescence microscopy was performed at every step to monitor the absence of 155 

bacterial contamination in the final concentrates and DNAse I reactions were 156 

performed to further ensure that VLP concentrates were free of any contamination 157 
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with environmental DNA. For DNA isolation, formamide/CTAB extractions followed by 158 

phenol/chloroform purifications were performed (Thurber, 2011).  159 

 160 

Quantification of total metagenomic and viral metagenomic DNA was performed with 161 

a Quantus fluorometer using the QuantiFluor dsDNA system (Promega, USA). 162 

 163 

2.3 Next Generation Sequencing  164 

 165 

16S rRNA amplicon sequencing. Total metagenomic DNA from groundwater 166 

samples was used for amplification and sequencing of bacterial 16S rRNA genes at 167 

Molecular Research LP (USA). Amplicons of the 16S rRNA gene were generated 168 

using primers targeting the V4 variable region (515/806) (Soergel et al., 2012) with a 169 

barcode on the forward primer. A 30 cycle PCR reaction was performed using the 170 

HotStarTaq Plus Master Mix Kit (Qiagen, USA). Briefly, DNA was denatured at 95°C 171 

for 5min, amplified with 28 cycles of denaturation at 94°C for 30s, annealing at 53°C 172 

for 40s and extension at 72°C for 1min, and finally extended for 5min at 72°C. PCR 173 

products were purified with calibrated AMPure XP Beads (Beckman Coulter Inc, 174 

USA) and DNA libraries were prepared using an Illumina TruSeq DNA library 175 

protocol (Illumina Inc, USA). Sequencing of 2 x 300 bp (PE) amplicon libraries was 176 

performed on the Illumina MiSeq System using MiSeq Reagent Kit v3 chemistry 177 

(Illumina Inc, USA).  178 

 179 

Shotgun sequencing. Total metagenomic DNA and viral metagenomic DNA 180 

isolated from groundwater samples were used for whole metagenome shotgun 181 

sequencing at the Centre for Genomic Research of the University of Liverpool (UK). 182 

Prior to library preparation, DNA was bead-purified and quality-controlled by capillary 183 

electrophoresis with a Fragment Analyzer (Advanced Analytical Technologies Inc, 184 

USA). The Nextera XT DNA Library Prep Kit (Illumina Inc, USA) was used for 185 
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metagenomic library preparation. DNA libraries of 2 x 150 bp (PE) were sequenced 186 

with Illumina HiSeq 2500/HiSeq 4000 Systems using the latest SBS chemistry 187 

(Illumina Inc, USA). 188 

 189 

2.4 Bioinformatic analysis 190 

 191 

Bacterial community diversity analysis. 16S rRNA gene amplicon read pairs were 192 

trimmed (Q25) on both ends and merged at the sequencing facility. Quantitative 193 

sequencing analysis was carried out using QIIME 1.9.1 (Caporaso et al., 2010a). 194 

Sequences were demultiplexed and barcodes were removed. Clustering of 195 

sequences into OTUs was performed using open-reference OTU picking based on 196 

97% similarity with USEARCH v6.1.544 (Edgar, 2010). Sequence alignment was 197 

done with PyNAST 1.0 (Caporaso et al., 2010b) and taxonomy assignment was done 198 

using the most recent Greengenes reference database (August 2013) (DeSantis et 199 

al., 2006) with the UCLUST algorithm (Edgar, 2010). Core diversity analysis was 200 

performed after sample BIOM table rarefaction for sampling depth normalization. 201 

OTUs were used for estimation of sample diversity. Sample diversity analysis and 202 

sample cluster analysis were performed using the vegan v2.5-2 R package (Oksanen 203 

et al., 2018). Bray-Curtis as was used as dissimilarity method. 204 

 205 

Viral community diversity analysis. Virome shotgun reads were trimmed and 206 

quality filtered at the sequencing facility using Cutadapt (Martin, 2011) and Sickle 207 

v1.200 (Joshi and Fass, 2011). Read pairs were quality controlled using FastQC 208 

(Andrews, 2010) and merged using PEAR v0.9.8 (p-value = 0.01, min. overlap size = 209 

10 bp, min length = 50 bp. Q = 33) (Zhang et al., 2014). Processed reads were 210 

assembled into contigs using metaSPAdes (SPAdes v3.9.0; k-mer sizes = 21, 33, 211 

55,77 bp) (Nurk et al., 2017). Metagenome assemblies were quality assessed using 212 

MetaQUAST (Mikheenko et al., 2016). Identification of ORFs in contigs was done 213 
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with Prodigal v2.6 (-g 11 -p meta) (Hyatt et al., 2010) and proteins files were blasted 214 

against the Viral RefSeq database (accessed 11 January 2017) using DIAMOND 215 

v0.8.34.96 (BLASTp, e-value = 0.001) (Buchfink et al., 2014). DIAMOND blast files 216 

were imported into MEGAN6 (Huson et al., 2016) and taxonomic analysis was 217 

performed using the LCA algorithm after sample rarefaction (min. percent identity 218 

score = 50, top percent hits = 10, min. taxon assignment percent = 0.01). Sample 219 

cluster analysis was performed using annotated virotypes and using Bray-Curtis as 220 

dissimilarity method. Sample diversity analysis was performed at different taxonomic 221 

levels. 222 

 223 

Viral-bacterial interaction analysis. For host assignment of bacteriophages, 224 

contigs ≥ 2.5 kb were considered. Taxonomic assignment of larger contigs was 225 

performed with CAT v1.0 (Cambuy et al., 2016) using annotation results of protein 226 

alignments against the Viral RefSeq database. Contigs assigned under viral domain 227 

(VCs) were kept and unassigned contigs were filtered out. Host assignment was 228 

performed using multiple computational approaches. For CRISPR spacer, tRNA and 229 

bacterial genome (BG) homology-based analyses, the RefSeq database of 230 

sequenced bacterial genomes was used (accessed 19 February 2018). For endemic 231 

bacterial population contig (BC) homology, total metagenomes were QCed, 232 

processed and assembled as mentioned earlier and only bacterial-assigned contigs ≥ 233 

2.5 kb were kept for downstream analysis (RefSeq-based assignment, accessed 11 234 

January 2017). For (A) CRISPR spacer homology: CRISPR spacers were extracted 235 

from RefSeq bacterial genomes using MinCED v0.2.0 (Skennerton, 2013) and 236 

queried against VCs using BLASTn v2.2.31+ (task = blastn-short, qcov_hsp_perc = 237 

100, 2 mismatches/gaps allowed) (Altschul et al., 1990); (B) tRNA homology: tRNAs 238 

were extracted from RefSeq bacterial genomes using Aragorn v1.2.36 (-t) (Laslett 239 

and Canback, 2004) and queried against VCs using BLASTn (qcov_hsp_perc = 90, 240 

perc_identity = 90); (C) BG homology & (D) BC homology: VCs were queried against 241 
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BGs/BCs using BLASTn (perc_identity = 80, hits ≥ 1,000 nucleotides considered). 242 

BLASTn parameters used were based on parameters by Arkhipova et al. (2018), 243 

Paez-Espino et al. (2016) and Coutinho et al. (2017). Only the best BLAST hit was 244 

considered and collapsing of multiple CRISPR spacer, tRNA and BG hits per viral-245 

bacterial assignment was performed. Taxonomic classification of hits obtained by (A), 246 

(B) and (C) was retrieved from NCBI using the taxonomizr v0.2.2 R package (Sherrill-247 

Mix, 2017). Results of (D) were used to quantify and describe bacteriophage host 248 

population structures within sampled groundwater communities. Results of (A) and 249 

(C) were used to describe specific viral-bacterial interactions and investigate the 250 

occurrence of viral generalists in sequenced viromes. Viral-bacterial interactions 251 

were visualized using Cytoscape (Shannon et al., 2003). Representative viral 252 

generalists across samples were identified using cd-hit v4.6 (sequence identity 253 

threshold = 0.98, word_length = 11) (Li and Godzik, 2006). Only one duplicate contig 254 

was removed. The putative circularization of contigs of viral generalists was 255 

evaluated using VICA (Crits-Christoph, 2015). Closest relatives to viral generalists 256 

found were queried by aligning the contig subset against the viral nucleotide ‘NR’ 257 

database (taxid:10239) with the NCBI BLASTn tool (Johnson et al., 2008), using 258 

standard parameters and including regions of low complexity. Quantification of viral 259 

generalist abundance and occurrence on multiple samples was evaluated by aligning 260 

merged reads against contigs with BBMap v36.20 (% nucleotide identity = 0.99, 261 

random best mapping site selected) (Bushnell, 2016). 262 

 263 

3. Results and Discussion 264 

 265 

In total, 14 total metagenomes, 14 viromes and 14 16S rRNA amplicon datasets were 266 

generated using Illumina next generation sequencing technologies. Sequencing data 267 

corresponds to sampling events of contaminated groundwater (‘C1 May 2016’, ‘C1 Aug 268 

2016’, ‘C1 Nov 2016’, ‘C1 Feb 2017’, ‘C1 May 2017’, ‘C2 Mar 2017’, ‘C3 Apr 2017’) and 269 
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non-contaminated groundwater (‘NC1 May 2016’, ‘NC1 Aug 2016’, ‘NC1 Nov 2016’, 270 

‘NC1 Feb 2017’, ‘NC1 May 2017’, ‘NC2 Mar 2017’, ‘NC3 Apr 2017’) from an old 271 

gasworks site. Results of the analysis of the next generation sequencing data and 272 

evaluation of community dynamics and viral-bacterial interactions follows below. 273 

 274 

3.1 Groundwater Chemistry 275 

 276 

Chemical data was collected at selected sampling stations by the local council in 277 

September/November 2015 and September 2016 (Supplementary Data A). In 278 

November 2015, the C1 sampling station showed the presence of polycyclic aromatic 279 

hydrocarbons (PAHs), benzene, toluene, ethylbenzene and xylene compounds 280 

(BTEX), and 1,2-dichloroethane (EDC) in its groundwater. Furthermore, C1 281 

groundwater registered a pH of 9.52. The C1 sampling station was the closest to the 282 

predominant source of the contaminant plume, while C2 and C3 groundwater 283 

stations were located downstream and upstream of the majority of the plume, 284 

respectively. At the C2 sampling station high values of PAHs and BTEX were 285 

registered in September 2015 (e.g. 17,000 µg/mL total aromatic hydrocarbon 286 

compounds), however no EDC was found. Like C1, groundwater sampled at C2 also 287 

registered an alkaline pH (8.4). PAHs and BTEX were found in groundwater of the 288 

C3 station in September 2016. Here, concentrations were lower than those at C2 and 289 

lower/comparable to those at C1 (e.g. 390 µg/mL total aromatic hydrocarbon 290 

compounds), due to C3’s upstream location in relation to the centre of the 291 

contaminant plume. The pH at C3 was registered at 6.85 and this value was closer to 292 

values registered for stations where no hydrocarbon groundwater contamination was 293 

found (6.96-7.23 for NC1, NC2 and NC3). Groundwater from the NC1 station was 294 

sampled twice by the local council and both in September 2015 and September 2016 295 

no groundwater contamination was found. The pH at NC1 did not vary greatly (6.96 296 

in September 2015 and 7.28 in September 2016). Other variations occurred 297 
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however, such as changes in groundwater redox potential, levels of dissolved oxygen 298 

and concentration of sodium ions (Supplementary Data A).  299 

 300 

3.2 Bacterial and Viral Community Diversities 301 

 302 

3.2.1 Bacterial Communities 303 

 304 

To study the bacterial diversity found at the gasworks site, amplicons of the 16S 305 

rRNA gene were generated and sequenced. A total of 1,107,323 amplicons with an 306 

average size ranging 475-504 bp per sample were obtained. Upon 16S amplicon 307 

data processing and OTU picking, 744,126 counts were assigned taxonomy and 308 

23,573 OTUs were found. Amplicon counts ranged from 27,161 to 84,400 across 309 

samples and normalization by least sequencing depth was done. A total of 21297 310 

OTUs were retained in the BIOM table (≈ 90%) and core diversity analysis was 311 

performed.  312 

 313 

Principle coordinate analysis of OTUs showed that bacterial communities sampled 314 

from C1 and NC1 sampling stations clustered closely together while bacterial 315 

communities sampled from other stations across the site were placed further apart in 316 

the graph (Figure 2A). This suggested that groundwater bacterial community 317 

variation was greater across areas of the site than over time at the same sampling 318 

location. The C2 bacterial community was the one that most resembled the C1 319 

sample group whilst NC3, NC2 and C3 bacterial communities most resembled those 320 

of the NC1 sample group. The variance was primarily explained by the x-axis (43%), 321 

likely relating to contaminant presence and pH variation. Only a small variance was 322 

observed in the y-axis (13%). C3, NC1, NC2 and NC3 samples had the most diverse 323 

bacterial communities (Shannon index H’ = 6.62-7.21) when compared to C1 and C2 324 

samples (H’ = 3.84-5.22) (Supplementary Table B.1). Particularly, the bacterial 325 
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community of C1 Aug 2016 had the lowest OTU richness (R = 2206) and evenness 326 

(E = 0.50) when compared to other C1 samples taken over the year (R = 2206-3174, 327 

E = 0.50-0.65), a deviation noticeable in Figure 2A. The lowest OTUs richness 328 

across the site was registered for the C2 Mar 2017 sample (R = 2130) despite its 329 

larger evenness (E = 0.63) when compared to C1 Aug 2016. The most diverse 330 

bacterial community was present at the NC2 Mar 2017 sampling station (R = 5596, E 331 

= 0.84).   332 

 333 

Groundwater aquifers are not static and plumes of contamination may expand, 334 

migrate and mix (American Water Works Association, 2002). In light of this, and 335 

evidence that chemical changes have been actively occurring in groundwater at the 336 

site of study, we hypothesize that the local bacterial community at C1 was likely 337 

influenced by possible changes in groundwater chemistry or flow during August 338 

2016. Over other time points, bacterial communities in C1 and NC1 were unlikely 339 

affected by any possible occurring variations in groundwater chemistry and/or 340 

migration of contaminant plumes. 341 

 342 

The effect of pH as a critical influencer of microbial communities is well-established 343 

(Cho et al., 2016; Fierer and Jackson, 2006; Hartman et al., 2008; Lauber et al., 344 

2009) and alkaline solutions were commonly used many decades ago in 345 

manufacturing gas plants (Thomas and Brinckerhoff, 2014).  Foul lime, a rock solid 346 

material of high pH, is also commonly excavated from old gasworks sites (Thomas 347 

and Brinckerhoff, 2014). We hypothesize here that pH was likely to be the most 348 

important factor of bacterial community diversity in our site of study. This would 349 

explain why C3 bacterial communities were closer related to those of non-350 

contaminated samples despite previous observations of PAH and BTEX 351 

contamination at this location. Furthermore, it would explain why the C1 sample 352 

group encompassed the most isolated group of samples in the PCoA (Figure 2A), 353 
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with its closest bacterial community being that of C2 (registered pH of 9.52 and 8.4, 354 

respectively). 355 

 356 

3.2.2 Viral Communities 357 

 358 

To study the viral diversity found at the gasworks site, VLPs were isolated and 359 

viromes were sequenced. An excess of 51.6-150.8 M reads was generated per 360 

virome and 291,714-828,829 contigs were obtained per sample using metaSPAdes. 361 

A total of 84,974-719,249 ORFs per sample were predicted and annotated by 362 

homology to the Viral RefSeq protein database (9,401-  55,324 ORFs assigned). 363 

Virome annotations were normalized to 9,398 hits/sample and taxonomic assignment 364 

of virotypes found was performed.  365 

 366 

Virotypes assigned by MEGAN’s LCA algorithm (Huson et al., 2007) were used for 367 

viral diversity analysis (see Materials and Methods section 2.4 for cut-off values). 368 

Here, we found that viral diversity dissimilarities were consistent with bacterial 369 

diversity variations observed earlier (Figure 2B). Again here, the C2 viral community 370 

most resembled that of C1, and C3, whereas NC2 and NC3 most resembled viral 371 

communities of the NC1 sample group, with NC3 found to be highly similar to NC1 372 

samples of May 2016, August 2016 and May 2017. NC1 samples from November 373 

2016 were located further away from other NC1 samples on the y-axis of the graph 374 

(7.4%). Nonetheless, the majority of the variance was explained by the x-axis 375 

(67.4%). The dissimilarity of the viral community of C1 August 2016 from other C1 376 

sample groups was visible along the x-axis. It has been previously shown that, next 377 

to temperature and nutrient availability, microbial diversity is the most important 378 

driver of viral abundance and production in ocean waters, as changes in the 379 

availability of hosts affects viruses that can survive in specific environments (Rowe et 380 

al., 2012). Overall, our results suggest that viral diversity found here mirrored the 381 
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bacterial diversity found in groundwater, shaped by groundwater chemistry. Virotype 382 

diversity showed similar diversity metrics across samples (R = 689-813, E = 0.90-383 

0.92, H’ = 5.91-6.08) (Supplementary Table B.2). The highly similar evenness of 384 

virotypes at the site pointed out a low dominance of (previously-sequenced) viruses 385 

within the sampled microbial communities. 386 

  387 

3.3 Bacterial and Viral Community Structures 388 

 389 

3.3.1 Bacterial Communities 390 

 391 

A total of 57 different phyla were found in sampled bacterial communities across the 392 

site. Unknown/unclassified bacterial amplicons represented 5-22% of counts across 393 

samples (Supplementary Figure B.1). In NC1, NC2, NC3 and C3 samples, 394 

Proteobacteria was the most abundant phyla throughout, representing 25-36% of 395 

assigned bacterial communities. Other abundant phyla at these stations included, for 396 

example, OD1 (2.2-9.1% in NC1), GN02 (6.5-21% in NC1, 13.7% in NC2, 11.2% in 397 

C3), Actinobacteria (5.3-11.3% in C1), Acidobacteria (18.2% in NC3), Chloroflexi 398 

(9.9% in NC3) and OP3 (14.6% in C3). In C1 groundwater communities, the most 399 

abundant phyla found was Bacteriodetes, representing up to 40% for majority of most 400 

sampled time points. In C1 Aug 2016 however, this was not the case. Instead, 401 

Proteobacteria represented 65.9% of the bacterial community.  This was reflected in 402 

the dissimilarity of C1 Aug 2016 when compared to other C1 samples. Other 403 

abundant phyla at the C1 sampling station included Firmicutes (7.1-18.0%) and 404 

Chloroflexi (0.5-10.7%). The C2 bacterial community was most composed by a mix of 405 

Bacteriodetes (36.4%) and Proteobacteria (30.9%). This supported its location in the 406 

PCoA of Figure 2A. 407 

 408 
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Among the most abundant bacterial members at the site (Figure 3), a number have 409 

been linked to hydrocarbon biodegradation processes and/or hydrocarbon-410 

contaminated environments. These include the  Actinobacterial order iii1-15 (Morais 411 

et al., 2016), Anaerolineaceae (Kümmel et al., 2015; Liang et al., 2015; Rosenkranz 412 

et al., 2013), the Chloroflexi class GIF9 (Alfreider et al., 2002), the Elusimicrobiales 413 

order (Wright et al., 2017), Thermoanaerobacteraceae (Marozava et al., 2018), 414 

Caulobacteraceae (Martirani-Von Abercron et al., 2017; Morais et al., 2016; Yang et 415 

al., 2014, 2016), Rhodospirillaceae (Cui et al., 2008; Viñas et al., 2005), 416 

Comamonadaceae (Mattes et al., 2010; Morais et al., 2016; Yang et al., 2014), 417 

Rhodocyclaceae (Táncsics et al., 2018) and Pseudomonadaceae (Wald et al., 2015). 418 

The Actinobacterial order iii1-15 was particularly abundant in NC1 Feb 2017 (7.68%), 419 

NC1 May 17 (5.04%), NC2 (3.43%) and NC3 (12.81%) bacterial communities. 420 

Rhodospirillaceae was most abundant in NC1 (3.47-22.54%), NC2 (3.30%) and in 421 

NC3 (10.35%) bacterial communities. Anaerolineaceae and 422 

Thermoanaerobacteraceae families were most abundant in C1 (6.36-12.54% and 423 

2.25-4.51%, respectively), and Caulobacteraceae and Comamonadaceae were most 424 

abundant in C2 (7.51% and 9.30%, respectively).  425 

 426 

Tight ecological niches may oxidize organic pollutants to carbon dioxide by 427 

conducting aerobic respiration, denitrification and sulfate reduction at contaminant 428 

plume fringes, or by conducting iron and manganese reduction, and methanogenesis 429 

at the plume core (Meckenstock et al., 2015). Amongst the most abundant bacterial 430 

families at the site, some were associated with both hydrocarbon degradation and 431 

aforementioned processes. Anaerolineaceae has been described associated with 432 

methanogenesis and sulfate-reduction (Kümmel et al., 2015; Liang et al., 2015), 433 

Thermoanaerobacteraceae and Caulobacteraceae have been associated with sulfate 434 

reduction (Bagi et al., 2017), and, recently, Comamonadaceae has been implicated 435 
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in a new mechanism of sulfur-driven iron reduction coupled to ammonium oxidation 436 

(Bao and Li, 2017).  437 

 438 

Desulfobulbaceae members have been well-characterized as a sulfate-reducers 439 

(Mckew et al., 2013; Müller et al., 2009) and this family was abundant in C3 and NC1 440 

May 2016 bacterial communities. Geobacteraceae, a family with sulfur and iron-441 

reducing members (Caccavo et al., 1994; Lin et al., 2005), was also found abundant 442 

at the site (3.32% abundance in C3). Both Geobacteraeae and Desulfobulbaceae 443 

bacteria are able to perform long distance extracellular electron transport (Müller et 444 

al., 2016; Reguera et al., 2016). The abundance of Desulfobulbaceae and 445 

Geobacteraceae at the C3 sampling station could indicate an enhanced 446 

biodegradation capacity next to the putative plume fringe, based on sulfur cycling and 447 

long distance extracellular electron transport. 448 

 449 

Sulfur oxidizers were abundant at the site. These include Halothiobacillaceae 450 

(Táncsics et al., 2018), Hydrogenophilaceae (Táncsics et al., 2018), Rhodocyclaceae 451 

(Táncsics et al., 2018), Helicobacteraceae (Ihara et al., 2017) and Spirochaetaceae 452 

(Zhang et al., 2017). Halothiobacillaceae was abundant at the C1 sampling station 453 

(0.56-4.21%) and Spirochaetaceae was most abundant in C3 bacterial communities. 454 

Hydrogenophilaceae and Helicobacteraceae families were highly abundant within the 455 

C1 bacterial communities over August 2016, representing 12.34% and 46.11% of the 456 

total bacterial community structure. This suggested that the decrease of bacterial 457 

diversity at C1 during August 2016 was due to an enrichment of two families involved 458 

in sulphur oxidation. 459 

 460 

Abundant members found within sampled bacterial communities that have been 461 

linked to methanogenesis include, the actinobacterial order OPB41 (Robbins et al., 462 

2016), the Methylophilales order (Redmond et al., 2010), Porphyromonadaceae 463 
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(Wang et al., 2016), Hyphomicrobiaceae (Beck et al., 2013; Karwautz et al., 2018; 464 

Osaka et al., 2008) and Syntrophaceae (Gray et al., 2011). Porphyromonadaceae 465 

was found particularly abundant in C1 (4.29-15.49%) and C2 communities (23.44%) 466 

and Syntrophaceae was found particularly abundant in C3 (7.71%) and NC2 (3.86%) 467 

communities. 468 

 469 

A number of members of uncultured phyla were found abundant in sampled bacterial 470 

communities (Figure 3). These include members of candidate phyla GN02, OD1, 471 

OP3, OP11, TM6 and TM7. For example, the GKS2-174 class of GN02 was found 472 

highly abundant in C3 (10.83%), NC1 (4.36-19.48%), NC2 (13.14%) and NC3 473 

sample communities (3.89%), and the TM7-3 class was most abundant in NC1 474 

sample group (1.08-6.48%). Overall, ‘NC’ and C3 bacterial communities either 475 

presented similar or larger values for members of these phyla when compared to C1 476 

and C2 communities. Some of these members have been associated with microbial 477 

denitrification, particularly OD1 classes ABY1 and ZB2, GN02, and koll11 class of 478 

OP3 (Hiller et al., 2015).  Nitrospiraceae, a family of nitrite-oxidizers (Koch et al., 479 

2015) was also found abundant in samples collected at the site. ML635J-40, an 480 

uncharacterized family previously found in extreme alkaline conditions, was found 481 

particularly abundant at the C1 sampling station (1.82-5.96%). 482 

 483 

Sulfate and ammonia are known wastes of the gasworks production processes 484 

(Thomas and Brinckerhoff, 2014). The abundance of bacteria associated with sulfur 485 

and nitrogen metabolism at the site could be a result of this. The presence of not only 486 

sulfate-reducers but also methanogens in sampled groundwater communities, is 487 

further supported by redox values registered for groundwater at the site (-318 – 89 488 

mV) (Supplementary Data A). The presence of sulfate-reducers, methanogens and 489 

several degraders at multiple sampling stations across site proposes that (A) bacteria 490 

found at the site were well-adjusted to environmental changes and that (B) the 491 
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occurrence of dynamic groundwater flows and/or previous natural attenuation 492 

processes could be occurring over the decades. 493 

 494 

With the availability of total metagenomics data, the presence of Archaea and 495 

Eukarya was inferred via SSU rRNA analysis and protein analysis. Archaeal 496 

members represented only up to 8.82% of total microbial communities at the site and 497 

most were methanogenic members of Euryarchaeota (data not shown). Lower 498 

eukaryotes represented only up to 0.64% of all microbes across samples (data not 499 

shown). 500 

 501 

 502 

3.3.2 Viral Communities 503 

 504 

Across the site, and over the yearlong sampling period, taxonomic assignments of 505 

viral communities were most represented by the Caudovirales bacteriophage 506 

families: Siphoviridae was the most abundant viral family in groundwater at the site 507 

(31-38%), followed by Myoviridae (16-20%), and Podoviridae (9-17%) 508 

(Supplementary Figure B.2). Research previously published by our group in a 509 

eutrophic freshwater lake in Northern Ireland showed Podoviridae populations as 510 

high as Siphoviridae (34.3% and 32.8%, respectively) (Skvortsov et al., 2016).  In 511 

groundwater viral communities sampled here, distinct distributions were observed 512 

instead. 513 

 514 

A total of 28-36% of Siphoviridae, 13-16% of Myoviridae and 8-15% of Podoviridae 515 

protein sequences were attributed to viruses yet to be classified (Supplementary 516 

Table B.3). Other unassigned and unclassified members of the Caudovirales order 517 

represented 13-15% and 1-2% of sequences, respectively (Supplementary Figure 518 

B.2). For remaining sequences, 3% were assigned to unclassified dsDNA phages, 519 
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≈ 1% to unclassified dsDNA viruses, 1-2% to unclassified bacterial viruses, and 4-5% 520 

remained unassigned at viral level. A small portion aligned to Mimiviridae (0.43-521 

0.94%), Phycodnaviridae (1.16-2.49%) and others (0.42-0.76%). Some hits against 522 

ssDNA viruses (≤ 0.01%) were observed, despite exclusion of ssDNA viruses during 523 

metagenomic library preparation. 524 

 525 

The diversity analysis of viruses with genera assigned revealed T4virus and 526 

Lambdavirus to be highly abundant across all samples (1.10-1.92% and 1.14-1.80%, 527 

respectively) (Figure 4A). T4virus were particularly abundant in C3 and ‘NC’ samples 528 

while Lambdavirus was particularly abundant in C1 and C2 samples. Pamxvirus were 529 

very abundant in C2 (1.68%) and Chlorovirus, predators of microscopic algae, were 530 

particularly enriched in NC3 (1.51%). Bcep22virus were most abundant in NC2 531 

(1.00%) and NC1 samples (1.23-1.68%), and Bpp1virus widely abundant in ‘NC’ 532 

samples (1.16-1.68%), C2 (1.05%) and C3 (1.57%). Bpp1virus was also abundant in 533 

C1 during August 2016 (1.49% assigned sequences vs. 0.55-0.75% in other time 534 

points collected). Other genera that like Bpp1virus could explain C1 viral community 535 

dissimilarity during August 2016 include, for example, Pamx74virus (0.65% vs. 0.23-536 

0.31%), Slashvirus (0.71% vs. 0.87-1.01%) and Yuavirus (0.98% vs. 0.48-0.57%). 537 

Similarly, genera variation that could explain the dissimilarity observed in the local 538 

NC1 community during November 2016 (Figure 2B) were, for example, D3virus 539 

(0.25% vs. 0.45-0.69%), M12virus (0.23% vs. 0.52-0.59%), Prtbvirus (0.61% vs. 540 

0.82-0.91%) and Xp10virus (0.36% vs 0.72-0.85%).  541 

 542 

Virotype dominance within local groundwater viral communities was investigated 543 

(Figure 4B). Pelagiphages have been described as the most abundant type of 544 

viruses across oceans and even the biosphere (Zhao et al., 2013). Pelagiphages 545 

were highly abundant in groundwater from this study, especially in ‘NC’ (1.96-2.26%), 546 

C2 (1.93%), C3 (2.24%), NC2 (2.00%) and NC3 (2.36%) viral communities. In 547 
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groundwater form the C1 sampling station, Pelagiphages weren’t as abundant 548 

however (0.92%-1.25%). Four Pelagiphages virotypes were found. Particularly, the 549 

Pelagibacter phage HTVC010P was highly abundant in ‘NC’, C2 and C3 550 

communities, (1.43-1.67%). The Pelagibacter phage HTVC010P represented 0.74-551 

0.90% of virotypes found over the year in C1.  552 

 553 

Abundant virotypes found in groundwater samples from the C1 sampling station 554 

include the Rhizobium phage 16-3 (0.88-1.65%), Bacillus virus G (1.28-1.73%), 555 

Bordetella virus BBP1 (0.50-1.25%), Cellulophaga phage phi14:2 (0.58-1.32%), 556 

Thermoanaerobacterium phage THSA-485A (1.01-1.37%), Paenibacillus phage PG1 557 

(0.96-1.74%) and Geobacillus virus E3 (0.83-1.29%).  The increase of Bordetella 558 

virus BBP1 and Rhizobium phage 16-3 virotypes during Aug 2016 could also help 559 

explain its dissimilarity to C1 communities, along with the genera afore mentioned. 560 

The decrease of Cellulophaga phage phi14:2, Paenibacillus phage PG1, Geobacillus 561 

virus E3 virotypes during this time of the year could also be responsible for this. In 562 

NC1 sample groups, prominent virotypes observed included the Bordetella virus 563 

BBP1(0.93-1.37%), Myxococcus phage Mx8 (1.75-1.92%), Rhodoferax phage 564 

P26218 (2.02-2.54%), Azospirillum phage Cd (0.47-1.21%), Caulobacter phage 565 

CcrColossus (1.28-1.75%), Rhizobium phage 16-3 (0.91-2.04%), Sinorhizobium 566 

phage phiLM21 (0.69-1.38%) and Synechococcus phage S-CBS3 (1.01-1.28%). 567 

Here, the marked decrease of Azospirillum phage Cd, Sinorhizobium phage phiLM21 568 

and Rhizobium phage 16-3 virotypes during November 2016 could contribute to the 569 

dissimilarity of this population when compared to other NC1 communities sampled 570 

over the year. Most of the virotypes found in high abundance in C1 and NC1 were 571 

also present in high abundance in C2, C3, NC2 and NC3 viral communities (Figure 572 

4B). C2, however, additionally revealed a high abundance of the Ralstonia phage 573 

RSK1 (1.32%). Examples of other abundant virotypes found across the site include 574 

the Vibrio phage VvAW1, Pseudomonas phage AF and Xanthomonas citri phage 575 
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CP2 (0.38%-0.92% and 0.36%-0.80%, respectively). The Lough Neagh virome 576 

sequenced by our group (Skvortsov et al., 2016) revealed the high abundance of not 577 

only the Pelagibacter phage HTVC010P, but also the Bordetella virus BBP1, 578 

Myxococcus phage Mx8, Rhizobium phage 16-3 and Vibrio phage VvAW1 virotypes 579 

found here (Skvortsov et al., 2016). This present study sheds light into the 580 

abundance of these five virotypes not only in above ground freshwater but also in 581 

groundwater microbial communities. 582 

 583 

Rhodoferax, Rhizobium, Caulobacter, Ralstonia, Pseudomonas, Xanthomonas and 584 

Thermoanaerobacterium bacterial species have been associated with the 585 

biodegradation of aromatic hydrocarbons (Aburto and Peimbert, 2011; Chatterjee 586 

and Bourquin, 1987; Latha and Mahadevan, 1997; Manickam et al., 2018; Marozava 587 

et al., 2018; Ryan et al., 2007; Wald et al., 2015) and the degrader families 588 

Comamonadaceae (Rhodoferax), Thermoanaerobacteraceae 589 

(Thermoanaerobacterium), Caulobacteraceae (Caulobacter), Rhodospirillaceae 590 

(Azospirillum) and Pseudomonodaceae (Ralstonia, Pseudomonas) were abundant at 591 

the site employed in this of study (see above). The abundance of virotypes infecting 592 

bacteria of these families suggests the possible on-site occurrence of bacteriophages 593 

with putative sways on natural attenuation processes and biodegradation strategies 594 

by disturbing the diversity and abundance of these defined bacterial degrader host 595 

populations. 596 

 597 

 598 

3.4 Viral-Bacterial Associations 599 

 600 

A range of 3120-10288 viral contigs (VCs) from sequenced viromes were used to 601 

identify bacteriophage host populations at the site of study. Four different 602 

computational methodologies were used. Using CRISPR Spacer homology, 17-42 603 
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(median x ̃= 23) VCs were assigned hosts and, similarly, using tRNA homology 8-26 604 

(x ̃= 12) VCs were assigned hosts; using whole-contig homology against BGs from 605 

the RefSeq database, 1-21 (x ̃= 3) VCs had hosts assigned (Supplementary Table 606 

B.4). Because the RefSeq database is biased towards cultured organisms and 607 

because microbial communities from groundwater ecosystems have been marginally 608 

explored (Griebler and Lueders, 2009), total metagenomes from the site were 609 

sequenced and whole-contig homology against BCs was performed. Using this 610 

method, we were able to assigne hosts to 296-1948 VCs (x ̃= 1627) across datasets, 611 

finding putative hosts for 5.47-52.58% (x ̃ = 27.0%) of VCs across samples. Other 612 

techniques assigned hosts for only 0.01-1.2% of VCs (x ̃ =0.25%). Hence, BC 613 

homology data was used for description of broad host population structure dynamics 614 

at the site, and CRISPR Spacer homology and BG homology data was used for 615 

description of low level interactions and identification of viral generalists at the site, 616 

due to their higher fidelity of host species assignment (Edwards et al., 2016).  617 

 618 

3.4.1 Host Community Structures 619 

 620 

Inference of the host population structure at the site revealed Actinobacteria, Bacilli, 621 

Bacteroidia, Clostridia, Planctomycetia, Flavobacteriia and Proteobacteria classes as 622 

the most abundant for hosts of temperate phages (BC homology) (Figure 5A). For C1 623 

samples, Clostridia was the most abundant host class found for VCs (23.03-26.67%), 624 

followed by Bacilli (12.76-13.22%), Bacteroidia (5.71-9.19%) and Deltaproteobacteria 625 

(8.63-10.53%). During August 2016, C1 prophage host populations were noticeably 626 

underrepresented by Bacteroidia (5.71% vs. 8.63-9.19% in other time points). 627 

Instead, Betaproteobacteria hosts were more abundant (6.59% vs. 2.90-4.15% in 628 

other time points). C2 host populations were likewise best represented by Clostridia 629 

(34.85%), Bacilli (12.76%), Bacteroidia (7.52%), Betaproteobacteria (7.74%) and 630 

Deltaproteobacteria (7.74%) members. NC1 and NC3 host populations were most 631 
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abundant in Alphaproteobacteria (23.22-25.44%; 24.44%), Betaproteobacteria 632 

(13.22-15.38%; 20%), Gammaproteobacteria (11.99-16.22%; 23.70%) and 633 

Actinobacteria (9.49-10.57%; 24.44%). C3 and NC2 host populations were not only 634 

well represented by Betaproteobacteria (15.71%; 15.17%), Gammaproteobacteria 635 

(11.18%; 11.24%) and Alphaproteobacteria (15.11%; 19.10%) members, but also by 636 

Deltaproteobacteria members (19.10%; 23.56%). Other classes, such as 637 

Planctomycetia and Flavobacteriia were also somewhat abundant amongst lysogenic 638 

bacteria host populations (0.46-5.95% and 0.91-3.30%, respectively) despite families 639 

of these classes not being amongst the most abundant at the site (Figure 2). 640 

Planctomycetia represent a class of bacteria commonly found in freshwater (Fuerst 641 

and Sagulenko, 2011) and Flavobacteriia members have been associated with the 642 

degradation of PAHs (Juhasz and Naidu, 2000; Kappell et al., 2014; Trzesicka-643 

Mlynarz and Ward, 1995). By targeting Proteobacteria and Flavobacteriia members, 644 

bacteriophages could impact biodegradation rates at the site during cell lysis and 645 

viral particle release. Other classes of degraders found amongst putative prophage 646 

hosts at the site include, for example, the Anaerolineae class, although a relatively 647 

low VC assignment was observed (0.37%-1.77%). Overall, shifts in prophage host 648 

populations described here are explained by the dissimilarities observed in bacterial 649 

and viral communities reported earlier (Figure 2). 650 

 651 

The dynamics of putative bacteriophage-host interactions at the site was investigated 652 

(Figure 5B). Host sequences (BCs) assigned to viruses of the C1 sample group were 653 

most found within C1 microbial communities themselves (13.29-25.05%), totaling 654 

95.84-96.94% of all matches. Matches to other communities represented only 3.46-655 

4.97% of all assignments for C1. In the NC1 sample group, most host sequences 656 

were also within the same microbial communities (9.29-42.74%), totaling 96.96-657 

98.06% of assignments. BCs of other communities accounted only for 1.95-2.92% of 658 

NC1 BC assignments. This suggests the occurrence of well-defined ecological 659 
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niches at the site. Particularly, the C1 location represents a well-defined ecological 660 

niche near the centre of the contaminant plume. 661 

 662 

Similar to C1 and NC1, most of the host sequences identified for the C3 and NC2 663 

viral communities were found at C3 and NC2 sampling stations (72.98% and 69.78%, 664 

respectively). This indicated that upstream the plume centre (C3 location) a 665 

somewhat defined ecological niche, distinct from C1, was also found. Downstream 666 

the plume centre (C2 location), however, host sequences found originated not only 667 

within-community (22.33%) but also from the C1 sampling station (9.5-12.52% 668 

across C1 time points). The same was true for the viral communities of NC3, where 669 

only 35.85% of assigned BCs were found in NC3’s own microbial community. Here, 670 

up to 11.15% of NC3 hits were found at C3, NC2, and across NC1 samples. These 671 

results could be a reflection of dynamic groundwater flow and/or dynamic 672 

groundwater mixing at the site, where some bacteriophages may be found across 673 

locations but bacterial hosts may not be able to adapt and prosper in new 674 

environmental conditions. The evidence for possible dynamic groundwater flows at 675 

the site of study could further justify the variance observed at C1 during August 2016, 676 

particularly if changes to the water table occurred. 677 

 678 

3.4.2 Broad Host Range Interactions 679 

 680 

Host-bacteriophage assignments were discriminated at bacterial species level, 681 

and interactions between VCs and putative host species across the site were 682 

projected (Figure 6). Thirty-six unique viral generalists, i.e. viruses infecting more 683 

than one bacterial species, were found and their hosts were described (Table 1). 684 

Seventeen generalists were described by CRISPR spacer homology, 17 by BG 685 

homology and two by both methods. Seventeen generalists were classified as 686 

multi-species generalists and nineteen were classified as multi-genera 687 



26 
 

generalists due to putatively infecting species from different genera (and above). 688 

Contig size ranged from 2531 bp to 78895 bp (x ̃= 5541) (Supplementary Table 689 

B.5). When possible, generalists were classified as Podoviridae (one/36), 690 

Myoviridae (two/36), Siphoviridae (8/36) and Caudovirales (11/36) members 691 

using CAT (Cambuy et al., 2016).  692 

 693 

A total of 11 generalists described here were found to putatively infect members 694 

of the Pseudomonas genus (Table 1). Particularly, BGW-G9 aligned to RefSeq 695 

genomes ranging 23 taxonomic assignments, most of which were represented by 696 

pseudomonads. These included strains of three Pseudomonas species 697 

(Pseudomonas aeruginosa, Pseudomonas denitrificans and Pseudomonas 698 

pseudoalcaligenes) and 17 unclassified Pseudomonas isolates. Other putative 699 

hosts of BGW-G9 were members of the Polycyclovorans algicola, Methylocaldum 700 

szegediense, and Candidatus Magnetobacterium casensis species. Overall, 701 

putative host species for BGW-G9 were represented by an excess of 1394 702 

CRISPR Spacer and 137 BC hits against the RefSeq database of sequenced 703 

bacterial genomes. The closest relative found for BGW-G9 in the NR database 704 

was the Pseudomonas phage JBD26 (88% query cover, 98% identity) 705 

(Supplementary Table B.6). 706 

 707 

BGW-G23 and BGW-G32 generalists were also represented by a large array of 708 

hosts ranging 20 and 23 different taxonomic assignments across the 709 

Acinetobacter genus. Contigs of both BGW-G23 and BGW-G32 represented 710 

complete circular phage genomes (Supplementary Table B.5). BGW-G23 was 711 

particularly abundant in groundwater at the C2 sampling station, with 21,413 712 

counts per million reads assigned. Other generalists at the site were only 713 

represented by up to 1,086 counts per million reads in groundwater across the 714 

site (Supplementary Figure B.3). 715 
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 716 

The occurrence of putative generalists such as BGW-G9, BGW-G23 and BGW-717 

G32 could have a marked impact in natural attenuation processes and 718 

implementation of bioremediation strategies at the site of study, as they are 719 

putatively able to singularly infect and modulate populations of several species 720 

with biodegradative capacity, i.e. Pseudomonas sp., Polycyclovorans algicola 721 

and Acinetobacter sp. (Gutierrez et al., 2013; Simarro et al., 2013; Wald et al., 722 

2015). 723 

 724 

Bacteria, with (strain-level) relatives able of biodegradation, that could also be 725 

affected by viral generalists found here include, for example, 726 

Thermoanaerobacter spp. (by BGW-G1 and BGW-20), Porphyromonadaceae 727 

spp. (by BGW-29), Burkholderia spp. (by BGW-8, BGW-11 and BGW-35), 728 

Mycobacterium spp. (by BGW-16), a Xanthomonas sp. (by BGW-35), a 729 

Comamonadaceae sp. (by BGW-10), a Flavobacterium sp. (by BWG-G5 and 730 

BWG-G7), a Raoultella sp. (by BGW-8), a Caulobacter sp. (by BGW-15), and a 731 

Hydrocarboniphaga sp. (by BGW-34) (Burback and Perry, 1993; Chatterjee and 732 

Bourquin, 1987; Manickam et al., 2007; Mattes et al., 2010; Palleroni et al., 2004; 733 

Ping et al., 2017; Poi et al., 2018; Revathy et al., 2015; Simarro et al., 2013). 734 

Thermoanaerobacteraceae, Comamonadaceae, Porphyromonadaceae, 735 

Caulobacteraceae and Pseudomonadaceae members were particularly abundant 736 

at the site of study (Figure 3) and their putative natural attenuation processes 737 

could be particularly impacted by some of the viral generalists described here. 738 

Furthermore, while putatively contributing to a wider decline in degrader’s 739 

biomass, viral generalists found here could also have a wider role in the viral 740 

shunt of microbial communities (Weinbauer and Rassoulzadegan, 2004). 741 

 742 

 743 
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4. Conclusion 744 

 745 

By conducting a yearlong metagenomic study on viruses and bacteria of groundwater 746 

from an old gasworks site, we were able to observe that community changes were 747 

greater across the site than over time at the same sampling station. We hypothesize 748 

that this could be due to the known differences in pH, and to a lesser degree, 749 

contaminants at the site. Non-surprisingly, we observed that viral communities at the 750 

site mirrored the diversity of the bacterial communities sampled. Hydrocarbon degraders 751 

were abundant within sampled microbial communities and virotypes of predators of 752 

bacterial degraders were also found. By further studying viral-bacterial interactions 753 

occurring at site we were able to pinpoint host populations and also describe where 754 

discrete host-phage interactions were taking place. A number of viral generalists with 755 

putative impact in biodegradation processes were also found. Overall, findings reported 756 

here support the employment of phage research during the development of 757 

bioremediation strategies. 758 

 759 

In this study, we shed a new light not only on the putative impact of local bacteriophage 760 

communities in natural attenuation and bioremediation processes but also onto the viral 761 

community structures of an environment not addressed before. 762 

 763 

 764 

Appendix A. Supplementary data A 765 

 766 

Chemical description of groundwater at the site of study (.xlsx). 767 

 768 

Appendix B. Supplementary data B 769 

 770 

Support tables and figures for bacterial and viral analyses presented (.docx). 771 
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Table 1. Description of host species found for viral generalists present in sequenced viromes. Host assignment based on CRISPR Spacer homology (CRISPR) and BG hits to 

the RefSeq bacterial genomes database. ‘MS’ indicates multi-species generalists and ‘MG’ indicates multi-genera generalists (and above). 

ID Group Method  Hits Taxa Status Putative Host Species  
BGW-G1 Viruses CRISPR 3 3 MS Thermoanaerobacter sp. X514, X513, X561 
BGW-G2 Caudovirales CRISPR 2 2 MG Halotalea alkalilenta; Halomonas sp. 141 
BGW-G3 Viruses CRISPR 2 2 MG Prosthecobacter debontii; Rubellimicrobium thermophilum 
BGW-G4 Caudovirales BG 2 2 MS Desulfotomaculum gibsoniae; Desulfotomaculum arcticum 
BGW-G5 Viruses BG 2 2 MG Flavobacterium cyanobacteriorum; Hydrotalea flava 
BGW-G6 Viruses BG 2 2 MS Saccharomonospora cyanea; Saccharomonospora sp. LRS4.154 
BGW-G7 Viruses BG 3 3 MG Flavobacterium cyanobacteriorum; Hydrotalea flava; Chryseobacterium sp. RU37D 
BGW-G8 Myoviridae CRISPR 10 5 MG Pseudomonas aeruginosa; Salmonella enterica; Burkholderia gladioli; Raoultella planticola; Halomonas sp. 141 

BGW-G9 Siphoviridae CRISPR / BG 1394 / 137 23 MG 

Pseudomonas aeruginosa; Pseudomonas denitrificans; Pseudomonas pseudoalcaligenes; Pseudomonas sp. P179, 
ADP, EGD-AKN5, HMSC072F09, HMSC064G05, HMSC065H02, HMSC063H08, HMSC073F05, HMSC065H01, 
HMSC057H01, HMSC058B07, HMSC059F05, HMSC060G02, HMSC061A10, HMSC070B12, HMSC058C05, 
HMSC11A05; Polycyclovorans algicola; Methylocaldum szegediense; Candidatus Magnetobacterium casensis 

BGW-G10 Caudovirales CRISPR 2 2 MG Burkholderiales bacterium GJ-E10; Comamonadaceae bacterium H1 
BGW-G11 Caudovirales CRISPR 72 3 MG Burkholderia sp. MR1; Caballeronia concitans; Pseudomonas aeruginosa 
BGW-G12 Siphoviridae CRISPR 3 3 MS Pseudomonas sp. AAC, ADP, EGD-AKN-5 
BGW-G13 Caudovirales CRISPR 2 2 MG Delftia acidovorans; Eikenella sp. NML130454 
BGW-G14 Myoviridae BG 5 4 MG Alicyclobacillus macrosporangiidus; Alicyclobacillus shizuokensis; Kyrpidia sp. EA-1; Kyrpidia tusciae 
BGW-G15 Viruses BG 3 3 MG Microvirga guangxiensis; Microvirga lotononidis; Caulobacter sp. K31 
BGW-G16 Siphoviridae BG 4 4 MS Mycobacterium novocastrense; Mycobacterium rhodesiae; Mycobacterium tusciae; Mycobacterium sphagni 
BGW-G17 Caudovirales BG 5 4 MS Pseudomonas sp. MT-1, 10B238; Pseudomonas balearica; Pseudomonas stutzeri; Pseudomonas sagittaria 
BGW-G18 Siphoviridae CRISPR 3 3 MS Acinetobacter sp. 869535, ANC 3862, CIP 102159 
BGW-G19 Siphoviridae BG 31 4 MS Pseudomonas knackmussii; Pseudomonas aeruginosa; Pseudomonas sp. HMSC063H08, CCA 1 
BGW-G20 Viruses CRISPR 3 3 MS Thermoanaerobacter sp. X514, X513, X561 
BGW-G21 Viruses CRISPR 2 2 MG Proteiniphilum saccharofermentans; Dysgonamonadaceae bacterium 
BGW-G22 Siphoviridae BG 4 3 MS Pseudomonas balearica; Pseudomonas stutzeri; Pseudomonas sp. 10B238 

BGW-G23 Caudovirales BG 27 20 MS 
Acinetobacter lwoffii; Acinetobacter johnsonii; Acinetobacter towneri; Acinetobacter celticus; Acinetobacter gerneri; 
Acinetobacter indicus; Acinetobacter baumannii; Acinetobacter schindleri; Acinetobacter sp. ANC 5324, CIP 101934, 
NIPH 889, NCu2D-2, AR2-3, 51m, HA, WCHA45, ANC 5044, MDS7A, ANC4218, Ver3 

BGW-G24 Caudovirales BG 3 3 MG Simplicispira psychrophila; Acidovorax sp. GW101-3H11, KKS102 
BGW-G25 Siphoviridae CRISPR 2 2 MG Proteiniphilum saccharofermentans; Dysgonamonadaceae bacterium 
BGW-G26 Viruses CRISPR 2 2 MS Pseudomonas stutzeri; Pseudomonas balearica 
BGW-G27 Caudovirales BG 2 2 MG Thermotalea metallivorans; Sporomusa silvacetica 
BGW-G28 Viruses BG 2 2 MG Riemerella columbina; Salinivirga cyanobacteriivorans 
BGW-G29 Viruses CRISPR 2 2 MS Porphyromonadaceae bacterium KH3R1, NLAE-zl-C104 
BGW-G30 Podoviridae BG 5 5 MS Pseudomonas stutzeri; Pseudomonas balearica; Pseudomonas sagittaria; Pseudomonas sp. MT-1, 10B238 
BGW-G31 Viruses BG 4 4 MS Pseudomonas stutzeri; Pseudomonas balearica; Pseudomonas sp. MT-1, 10B238 

BGW-G32 Caudovirales CRISPR / BG 9 / 23 22 MS 
Acinetobacter parvus; Acinetobacter haemolyticus; Acinetobacter junii; Acinetobacter lwoffii; Acinetobacter baumannii; 
Acinetobacter indicus; Acinetobacter towneri; Acinetobacter schindleri; Acinetobacter sp. CIP 102529, CIP 102143, CIP 
102082, WCHA45, ANC5324, AR2-3, 51m, ANC 4218, ANC 5044, HA, NCu2D-2, MDS7A, Ver3, YT-02 

BGW-G33 Viruses BG 4 4 MS Pseudomonas stutzeri; Pseudomonas balearica; Pseudomonas sp. MT-1, 10B238 
BGW-G34 Siphoviridae CRISPR 3 3 MG Mizugakiibacter sediminis; Hydrocarboniphaga daqingensis; Luteimonas huabeiensis 
BGW-G35 Caudovirales CRISPR 3 3 MG Xanthomonas campestris; Chitiniphilus shinanonensis; Burkholderia plantarii 
BGW-G36 Viruses CRISPR 5 4 MG Pseudomonas aeruginosa; Burkholderia gladioli; Halotalea alkalilenta; Halomonas sp. 141 
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Figure 1. Sampling site and study design. Chronological sampling was done every three months for the period of one year for two sampling stations. Additional sampling was 

performed at other stations across the site for spatial analysis of microbial community diversity. 
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Figure 2. Bacterial (A) and viral (B) cluster analysis of sampled groundwater community diversities. OTUs and 
virotypes were used to construct PCoA plots based on Bray-Curtis sample dissimilarities. 
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Figure 3. Most abundant bacterial families found in sampled groundwater communities. 
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Figure 4. Most abundant viral genera (A) and virotypes (B) found in sampled groundwater communities. 
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Figure 5.   Relative taxonomic abundance of bacteriophage hosts in sampled groundwater communities according to BC homology (A) and relative abundance of putative 

hosts in sequenced metagenomes (B). 
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Figure 6. Viral-host interaction networks based on CRISPR Spacer and BG homology. Viral generalists were 

classified as multi-species and multi-genera generalists (and above). Size of nodes and edges are proportional to 

the number of interactions between VCs and bacterial taxa identified. 


