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Abstract 18 

Elevated concentrations of ammonium and methane in groundwater can cause severe problems 19 

during drinking water production. To avoid their accumulation, raw water in the Netherlands, 20 

and many other countries, is purified by sand filtration. These drinking water filtration systems 21 

select for microbial communities that mediate the biodegradation of organic and inorganic 22 

compounds. In this study, the active layers and wall biofilm of a Dutch drinking water treatment 23 

plant (DWTP) were sampled at different locations along the filtration units of the plant over 24 

three years. We used high-throughput sequencing in combination with differential coverage 25 

and sequence composition-based binning to recover 56 near-complete metagenome-assembled 26 

genomes (MAGs) with an estimated completion of ≥70% and with ≤10% redundancy. These 27 

MAGs were used to characterize the microbial communities involved in the conversion of 28 

ammonia and methane. The methanotrophic microbial communities colonizing the wall 29 

biofilm (WB) and the granular material of the primary rapid sand filter (P-RSF) were 30 

dominated by members of the Methylococcaceae and Methylophilaceae. The abundance of 31 

these bacteria drastically decreased in the secondary rapid sand filter (S-RSF) samples. In all 32 

samples, complete ammonia-oxidizing (comammox) Nitrospira were the most abundant 33 

nitrifying guild. Clade A comammox Nitrospira dominated the P-RSF, while clade B was most 34 

abundant in WB and S-RSF, where ammonium concentrations were much lower. In 35 

conclusion, the knowledge obtained in this study contributes to understanding the role of 36 

microorganisms in the removal of carbon and nitrogen compounds during drinking water 37 

production. We furthermore found that drinking water treatment plants represent valuable 38 

model systems to study microbial community function and interaction. 39 
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Introduction 40 

About 97% of all available water on earth is saline. The remaining 3% is freshwater, of which 41 

more than two-thirds is frozen in ice sheets. Thus, only a small fraction of the global freshwater 42 

exists as ground and surface water that is available for drinking water production. According 43 

to the European Commission (EC, 2016), about 50% of drinking water in Europe is produced 44 

from groundwater and 37% from surface water.  45 

Groundwater has a relatively constant composition and may contain high concentrations of 46 

iron (Fe2+; 0.9-7.8 mg/L), manganese (Mn2+; 0-0.56 mg/L), ammonium (NH4+; 0.1-0.5 mg/L), 47 

and some organic compounds such as methane (CH4; 0-37 mg/L) (Albers et al., 2015; Li and 48 

Carlson, 2014; Osborn et al., 2011). Elevated concentrations of these compounds in 49 

groundwater can cause severe problems during drinking water production and distribution 50 

(Okoniewska et al., 2007; Rittmann et al., 2012; Sharma et al., 2005). Biofiltration (e.g., rapid 51 

(RSF) or slow (SSF) sand filtration, granular activated carbon filters) are widely applied 52 

methods for the removal of the above-mentioned compounds. Biofilters harbor complex 53 

microbial communities that are introduced via the source water (Yang et al., 2016) and are 54 

shaped by the configuration of the treatment process (Li et al., 2017; Pinto et al., 2012). In the 55 

filtration units microbial growth is stimulated on filter material, mediating the biodegradation 56 

of organic and inorganic compounds (Proctor and Hammes, 2015). Gases such as methane, 57 

hydrogen sulfide, carbon dioxide, and other volatile compounds are removed from the 58 

groundwater through gas exchange systems (Trussell et al., 2012). The increased dissolved 59 

oxygen in the water caused by this mechanical aeration step serves as an electron acceptor in 60 

microbially mediated oxidative reactions, which may ensure the near-complete nutrient 61 

removal in the biologically active layer of the sand filters. 62 

One of the main groundwater contaminants is ammonium. Excess ammonium in raw water is 63 

often associated with microbiological, chemical and sanitary problems in drinking water 64 
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distribution systems, such as excessive biofilm growth, pH decrease, pipe corrosion, and 65 

elevated nitrite and nitrate levels (Beech and Sunner, 2004; Camper, 2004; Rittmann et al., 66 

2012). In engineered systems, such as drinking water treatment plants (DWTP), ammonium 67 

removal is achieved by the activity of nitrifying microorganisms that oxidize ammonia to 68 

nitrate via a series of intermediates. While canonical nitrifying guilds perform ammonia- and 69 

nitrite-oxidation in a tight interplay, complete ammonia-oxidizing (comammox) bacteria of the 70 

genus Nitrospira possess all proteins necessary to perform nitrification on their own (Daims et 71 

al., 2015; van Kessel et al., 2015). Nitrifying microbial communities of rapid sand filters have 72 

been studied before and seem to be represented by different groups of nitrifiers (Albers et al., 73 

2015; Fowler et al., 2018; Gülay et al., 2016; Oh et al., 2018; Palomo et al., 2016; Pinto et al., 74 

2015; van der Wielen et al., 2009). In these systems, nitrification can be limited by the 75 

availability of vital nutrients for this process, such as phosphate and copper. This can cause 76 

incomplete nitrification (de Vet et al., 2012; Wagner et al., 2016), leading to incomplete 77 

ammonium removal and/or nitrite accumulation (Wilczak et al., 1996), and microbial after-78 

growth in the distribution network (Rittmann et al., 2012). 79 

Methane is a colorless and odorless gas that usually does not present a health risk in drinking 80 

water. However, methane gas is highly flammable and can be explosive at elevated 81 

concentrations, and it also can serve as substrate for growth of microorganisms in distribution 82 

systems. Most of the methane is removed by the mechanical aeration step and remaining 83 

amounts are oxidized by aerobic methanotrophs within the sand beds of the filter units. 84 

Correspondingly, a number of studies reported methane-oxidizing bacteria colonizing the 85 

granular material of the sand filters (Albers et al., 2015; Gülay et al., 2016; Palomo et al., 2016). 86 

However, in contrast to nitrifying microbial communities, methanotrophs in these engineered 87 

systems are traditionally less well studied. Methane is a potent greenhouse gas, with a global 88 

warming potential of 34 CO2 equivalents over 100 years (Stocker et al., 2013) and the removal 89 
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of most methane from the drinking water via aeration causes methane emissions to the 90 

atmosphere, contributing to global warming and climate change (Maksimavičius and Roslev, 91 

2020).  92 

Like in many European countries, groundwater is the primary source (65%) for drinking water 93 

production in the Netherlands (Dutch Drinking Water Statistics 2017). In this study, we used 94 

genome-resolved metagenomics and gene-centric approaches to analyze microbial 95 

communities in a Dutch DWTP, with a special focus on ammonia- and methane-oxidizing 96 

microorganisms. The groundwater entering this DWTP contains elevated concentrations of 97 

organic (CH4, 5.2 mg/L) and inorganic (NH4+, 0.66 mg/L; Fe2+, 8.4 mg/L; Mn2+, 0.18 mg/L) 98 

nutrients, which are removed in two sequential rapid sand filters. Thus, this DWTP represents 99 

an interesting model system to study microbial communities involved in the conversion and 100 

removal of these compounds. Metagenomic analysis of samples taken at different stages within 101 

this DWTP revealed the key microorganisms involved in ammonia- and methane-oxidation, 102 

including novel methanotrophic bacteria from the Methylophilaceae family, which were 103 

assumed previously to comprise only methylotrophic bacteria. 104 

Materials and Methods 105 

Sample collection and trace element analysis 106 

Samples were obtained from the pumping station Breehei, a drinking water treatment facility 107 

located in Venray, the Netherlands (51°28'54.6"N; 5°59'10.2"E), operated by NV Waterleiding 108 

Maatschappij Limburg. Drinking water is produced from groundwater. Samples from the 109 

active layers of primary and secondary rapid sand filters (P-RSF and S-RSF) were collected in 110 

50 ml sterile falcon tubes in June 2016 and September 2018. Samples from the biofilm formed 111 

on the walls of the primary sand filter (WB) were taken in June 2016, May 2017 and September 112 

2018 (Figure 1). All samples were transferred to the laboratory within 4 h, and were stored at 113 
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4°C for further analysis. Water quality parameters were determined by Aqualab Zuid 114 

(https://www.aqualab.nl) over the period 2000-2016 (Table 1). 115 

 116 

Figure 1. Schematic illustration of DWTP Breehei. Sampling locations are indicated by colored dots, 117 
sampling timepoints (in years only) for each location are indicated.  118 

Table 1. Average water quality parameters of the incoming groundwater and at different stages along 119 
the treatment train. 120 

* Not applicable or were not analyzed 121 
- No standards 122 
aDefined by Waterleiding Maatschappij Limburg 123 

Methane uptake 124 

Methane-oxidizing capacity was determined for the P-RSF and WB samples collected in 2016. 125 

For the P-RSF, 2.5, 5, 10, and 20 g of sand material were mixed with 20 ml top water. After 126 

Unit (mg L-1) Ground-
water 

After 
aeration 

P-RSF 
effluent 

S-RSF 
effluent 

Drinking 
water 

WML  
standarda 

Methane (CH4) 5.2 1.2 0.012 0.012 0.012 0.5 

Ammonium (NH4+) 0.66 0.65 0.0145 0.039 0.039 0.1 

Nitrite (NO2-) 0.0046 * 0.063 0.0082 0.0041 0.05 

Nitrate (NO3-) 0.13 * * * 1.64 40 

Oxygen (O2) 0.4 9.1 5.0 10.2 10.2 - 

Carbon dioxide (CO2) 42.38 * 18 6.16 6.95 - 

Iron (Fe) 8.4 * 0.11 0.053 0.043 0.1 

Manganese (Mn) 0.18 * 0.022 0.0079 0.0052 0.025 
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settling of the sand, overlaying water samples (20 ml) were transferred into 120 ml serum 127 

bottles with ±14.5 mg/L CH4 in the headspace and incubated at room temperature in a shaking 128 

incubator (200 rpm). For the WB sample, the incubations were conducted in triplicates using 129 

1 and 2.5 g of biomass. CH4 concentrations were determined by sampling 300 µL headspace, 130 

which were injected in triplicates into a HP 5890 gas chromatograph (Hewlett Packard, Palo 131 

Alto, CA). 132 

DNA extractions 133 

DNA from samples for Illumina sequencing was extracted using two different methods to 134 

obtain differential abundance information. DNA from 2016 samples was extracted with 135 

DNeasy Blood & Tissue Kit (Qiagen Ltd., West Sussex, United Kingdom) and PowerSoil DNA 136 

Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). Samples (0.5 g) were mechanically 137 

disrupted using a TissueLyser (Qiagen) for 2 x 30 seconds at 30 Hz, followed by DNA 138 

extractions according to the manufacturer’s instructions. For the extraction of DNA from 139 

samples collected in 2017 and 2018, the DNeasy Blood & Tissue kit was replaced by 140 

ammonium acetate (Kowalchuk et al., 2004) and CTAB (Zhou et al., 1996) based extraction 141 

methods, respectively. 142 

For long read Nanopore sequencing, DNA was extracted from P-RSF samples collected in 143 

2016 and 2018 using the CTAB-based extraction method. To avoid shearing of genomic DNA, 144 

all bead-beating and vortexing steps were replaced by carefully inverting the tubes several 145 

times, and all the pipetting steps were performed using cut-off pipette tips. Genomic DNA was 146 

purified twice by phenol:chloroform:isoamyl alcohol (25:24:1) phase extraction (Zhou et al., 147 

1996). Extracted DNA was resuspended in nuclease-free water and stored at 4°C. 148 
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Illumina library preparation and sequencing 149 

For Illumina library preparation, the Nextera XT kit (Illumina, San Diego, CA, USA) was used 150 

according to the manufacturer’s instructions. Enzymatic tagmentation was performed using 1 151 

ng of DNA per sample, followed by incorporation of the indexed adapters and library 152 

amplification. After subsequent purification using AMPure XP beads (Beckman Coulter, 153 

Indianapolis, IN, USA), libraries were checked for quality and size distribution using the 2100 154 

Bioanalyzer with the High Sensitivity DNA kit (Agilent, Santa Clara, CA, USA). Library 155 

quantitation was performed by Qubit using the Qubit dsDNA HS Assay Kit (Thermo Fisher 156 

Scientific, Waltham, MA, USA). After dilution to 4 nM final concentration, the libraries were 157 

pooled, denatured, and sequenced on an Illumina Miseq. Paired-end sequencing of 2 x 300 158 

base pairs was performed using the Illumina MiSeq Reagent Kit v3 according to the 159 

manufacturer’s protocol.  160 

Nanopore library preparation and sequencing 161 

For Nanopore library preparation, 1 - 1.5 µg of DNA, measured by Qubit with the Qubit 162 

dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), was used. The input 163 

DNA was quality-checked by agarose gel electrophoresis to contain only high molecular DNA 164 

and show no degradation. For sequencing, DNA Library construction was performed using the 165 

Ligation Sequencing Kit 1D (SQK-LSK108) in combination with the Native Barcoding 166 

Expansion Kit (EXP-NBD103 or EXP-NBD104) according to the manufacturer’s protocol 167 

(Oxford Nanopore Technologies, Oxford, UK). Fragments were end-repaired using the 168 

NEBNext® FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA, USA), with 169 

subsequent fragment purification using AMPure XP beads (Beckman Coulter Life Sciences, 170 

Indianapolis, IN, USA). End repair and dA-tailing was done using the NEBNext® Ultra™ II 171 

End Repair/dA-Tailing Module (New England Biolabs) followed by a cleanup of the fragments 172 
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using AMPure XP beads. Selected barcodes for each sample were ligated using the Blunt/TA 173 

Ligase Master Mix (New England Biolabs) and the resulting fragments were purified using 174 

AMPure XP beads. The DNA concentration of all libraries was measured by Qubit using the 175 

dsDNA HS Assay Kit and pooled to a maximum of 700 ng DNA. Subsequently, adapters were 176 

ligated using the NEBNext® Quick Ligation Module (New England Biolabs). After purification 177 

using AMPure XP beads, the pooled libraries were quantified again using Qubit. The libraries 178 

were loaded on a Flow Cell (R9.4.1) and run on a MinION device (Oxford Nanopore 179 

Technologies, Oxford, UK), according to the manufacturer’s instructions. Base calling after 180 

sequencing was done using Albacore v2.1.10, (Oxford Nanopore Technologies) for the 2016 181 

and guppy_basecaller in combination with guppy_barcoder (Oxford Nanopore Technologies, 182 

Limited Version 2.3.7+e041753) for the 2018 sample. 183 

Assembly 184 

Raw Illumina sequence data were processed for quality-trimming, adapter removal, and 185 

contamination-filtering, using BBDUK (BBTOOLS v37.17; http://jgi.doe.gov/data-and-186 

tools/bbtools/bb-tools-user-guide/bbduk-guide/). All sequencing reads from the same sampling 187 

location were co-assembled using metaSPAdes v3.10.1 (Nurk et al., 2017) with the following 188 

parameters: k-mer sizes 21, 33, 55, 77, 99 and 127, minimum contig length 1500 bp. Raw 189 

Nanopore reads were quality trimmed using Filtlong v0.2.0 190 

(https://github.com/rrwick/Filtlong) with minimum read length 1000 bp and error rate <20%. 191 

Porechop v0.2.4 (https://github.com/rrwick/Porechop) was used to remove adapters and split 192 

chimeric reads with default settings. Trimmed reads were assembled using Canu v1.8 (Koren 193 

et al., 2017) with minimum read length 1000, corrected read error rate 0.105, and genome size 194 

5m. To correct error rates, the trimmed Nanopore reads were mapped to the assembly using 195 

Minimap2 v2.16-r922 (Li, 2018), which then was polished with Racon v1.3.1 (Vaser et al., 196 
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2017). Subsequently, Racon v1.3.1 was used to further polish the assembly twice with Illumina 197 

reads obtained from the 2018 P-RSF sample.  198 

Metagenome binning 199 

Differential coverage information was determined by separately mapping the sequencing reads 200 

from each sample and DNA extraction method against the obtained co-assemblies, using 201 

Burrows-Wheeler Aligner v0.7.15 (BWA) (Li and Durbin, 2010) and employing the “mem” 202 

algorithm. For Canu assembly, only the Illumina reads from P-RSF 2018 samples were 203 

mapped. The generated sequence alignment map (SAM) files were converted to binary format 204 

(BAM) using SAMtools (Li et al., 2009). Metagenome binning was performed using anvi¢o 205 

v5.3 (Eren et al., 2015). Anvi¢o¢s Snakemake-based (Koster and Rahmann, 2012) contigs 206 

workflow was used to generate contig databases from each Illumina and Nanopore 207 

assembly. Shortly, anvi¢o employs Prodigal v2.6.3 (Hyatt, 2010) to identify open reading 208 

frames (ORFs) and HMMER v3.2 (Eddy, 2011) to identify archaeal (Rinke et al., 2013) and 209 

bacterial (Campbell et al., 2013) single-copy core genes. The Cluster of Orthologous Groups 210 

of proteins (COG) database (Tatusov et al., 1997) together with Centrifuge v1.0.3-beta (Kim 211 

et al., 2016) was used to annotate genes in the contig databases. Each BAM file was profiled 212 

to obtain differential coverage and statistical information based on mapping results and to 213 

generate merged profile databases. The contigs were then automatically clustered with 214 

CONCOCT (Alneberg et al., 2014), followed by manual binning and bin refinement using 215 

the anvi¢o interactive interface (Delmont and Eren, 2016; Eren et al., 2015). Completeness 216 

and contamination (referred to as redundancy in this study) of bins was assessed by CheckM 217 

v1.01.11 (Parks et al., 2015), which uses pplacer v1.1 alpha 19 (Matsen et al., 2010) to 218 

identify and quantify single-copy marker genes. Based on the suggested standards (Bowers 219 

et al., 2017), the bins were defined as high-quality (>90% complete and <5% redundancy, 220 
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complete small subunit rRNA operon, ³18 tRNAs) and medium-quality (³70% complete 221 

and <10% redundancy) metagenome-assembled genomes (MAGs). 222 

Dereplication and taxonomic classification of MAGs 223 

MAGs were dereplicated using dRep v2.2.3 (Olm et al., 2017) at 99% average nucleotide 224 

identity (ANI) for clustering. Within each cluster, the best MAG was selected based on 225 

completeness (³70%), redundancy (<10%), N50 of contigs, and fragmentation. GTDB-Tk 226 

v0.3.2 (Parks et al., 2018) was used for taxonomic assignment of the final MAGs. Phyla are 227 

named according to the recently suggested nomenclature (Whitman et al., 2018) using 228 

standardized phylum suffix -ota. 229 

Abundance estimation of MAGs 230 

To calculate the relative abundance of the dereplicated MAGs in each sample, reads from 231 

all samples were individually mapped to each co-assembly using BWA v0.7.15 (Li and 232 

Durbin, 2010) as described above. The coverage of each MAG was calculated using CheckM 233 

v1.01.11 (minimum alignment length 0.95) (Parks et al., 2015) and was normalized by 234 

multiplying this coverage with a normalization factor (sequencing depth of the largest 235 

sample divided by the sequencing depth of each individual sample). The distribution of 236 

MAGs was calculated as percentages by dividing a MAG’s coverage in each sample by the 237 

total coverage of the respective MAG in all samples. 238 

Functional analysis 239 

For the gene-centric approach, co-assembly across all samples was performed using 240 

MEGAHIT v1.1.1-2 (Li et al., 2015). Open reading frames (ORFs) in the MAGs obtained 241 

above and the new co-assembly were predicted using Prodigal v2.6.3 (Hyatt, 2010), which was 242 

set to include partial ORFs. Custom-build hidden Markov models (HMMs) (Eddy, 2011) of 243 
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specific marker proteins were used (Supplementary material and methods) to annotate all ORFs 244 

using hmmsearch (HMMER v3.1b2; http://hmmer.org). The HMM for RNA polymerase 245 

subunit beta (RpoB) was downloaded from FunGene (Fish et al., 2013). Remaining ORFs in 246 

the MAGs were annotated using Prokka v1.12-beta (Seemann, 2014). The annotations of all 247 

genes discussed in this study were confirmed by BLAST against the TrEMBL, Swiss-Prot and 248 

NCBI nr databases. Subcellular localization of the proteins was predicted by SignalP 5.0 249 

(Armenteros et al., 2019) and TMHMM 2.0 (Krogh et al., 2001). 250 

Functional gene-based abundances of ammonia- and methane-oxidizing microorganisms were 251 

estimated using competitive metagenomic read recruitment to ensure unique mapping. For this, 252 

reads from each metagenomic sample were mapped using bowtie2 v2.3.1 (Langmead and 253 

Salzberg, 2012) in ‘-very-sensitive’ mode against extracted partial and complete sequences of 254 

rpoB and the ammonia as well as the particulate and soluble methane monooxygenase subunit 255 

A/alpha genes (amoA, pmoA and mmoX, respectively). SAMtools flagstat v1.6 (Li et al., 2009) 256 

was used to obtain the number of mapped reads. Reads per kilo base per million mapped reads 257 

(RPKM)-values were used to correct for differences in sequencing depth and gene length. To 258 

estimate the relative abundance of microorganisms encoding ammonia and methane 259 

monooxygenases in each sample, the normalized read counts were calculated as fraction of 260 

the normalized read counts of the identified rpoB genes.  261 

Phylogenomic and phylogenetic analyses 262 

The up-to-date bacterial core gene (UBCG) pipeline (Na et al., 2018) with default parameters 263 

was used to extract and concatenate bacterial core gene sets.  To infer the phylogeny of the 264 

archaeal MAGs, the anvi’o phylogenomic workflow 265 

(http://merenlab.org/2017/06/07/phylogenomics) was used to individually align and 266 

concatenate 162 archaeal single-copy genes. Maximum-likelihood trees were calculated using 267 

RAxML version 8.2.10 (Stamatakis, 2014) on the CIPRES science gateway (Miller et al., 268 
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2010). For details, see Supplementary Methods. Amino acid sequences of type II DMSO 269 

reductase-family enzymes, and of ammonia and methane monooxygenases were aligned using 270 

ARB v5.5 (Ludwig et al., 2004). The maximum-likelihood trees were calculated using RAxML 271 

HPC-HYBRID v.8.2.12 on the CIPRES and IQ-tree webserver (Trifinopoulos et al., 2016) as 272 

described in Supplementary Methods. All phylogenetic trees were visualized in iTOL (Letunic 273 

and Bork, 2016). 274 

Data visualization 275 

Manuscript figures were generated using ggplot2 (Wickham, 2016), Rstudio (Racine, 2012) 276 

and the anvi¢o interactive interface (http://merenlab.org/2016/02/27/the-anvio-interactive-277 

interface).  278 

Results 279 

DWTP performance 280 

The produced water quality analyses (Table 1) showed that methane, ammonium, nitrite and 281 

nitrate were well below the required quality standards. Most of the methane in the raw water 282 

was removed during the aeration step and the remainder was oxidized in the P-RSF. 283 

Pronounced ammonia oxidation in P-RSF resulted in nitrite accumulation in the effluent of this 284 

filter, which was subsequently removed in the S-RSF. Similarly, the Fe2+ and Mn2+ removal 285 

efficiency of the system was very high (>99%). In addition, we determined methane uptake 286 

rates in the P-RSF and WB samples. Complete methane oxidation was achieved in all samples 287 

within 5 to 8 days of incubation, except for the control containing only raw water (Figure S1). 288 

Methane consumption in P-RSF samples increased with an increasing amount of sand material, 289 

whereas no significant difference in methane uptake was detected between the incubations with 290 

1 and 2.5 g of WB biomass (Figure S1). The identical oxidation rates in the incubations with 291 
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WB biomass seem counterintuitive, but may be caused by sample inhomogeneity and uneven 292 

distribution of methanotrophic bacteria within the biofilm. 293 

Recovery of metagenome-assembled genomes 294 

Over the period 2016 to 2018 a total of 7 samples from DWTP Breehei were collected (Figure 295 

1) and sequenced. This resulted in a total of 125 million paired-end Illumina sequencing reads. 296 

For each sample location more than 70% of the respective reads could be co-assembled into 297 

~413, 184, and 249 Mb sequencing data for WB, P-RSF, and S-RSF, respectively (Table S1). 298 

In addition, P-RSF samples were also sequenced using the Oxford Nanopore long-read 299 

platform to improve the assembly of the most abundant microorganisms. Overall, binning of 4 300 

individual metagenome assemblies based on sequence composition and differential coverage 301 

patterns resulted in 78 near-complete Illumina and 7 Nanopore MAGs (Table S2). All MAGs 302 

obtained from Illumina co-assemblies as well as the Nanopore assembly were dereplicated at 303 

strain level (99% ANI), which yielded 50 medium and 6 high-quality (MIMAG standards; 304 

Bowers et al., 2017) non-redundant MAGs (Table 2, Table S2) that were used for downstream 305 

analyses. Given the high number of single nucleotide variants observed during bin refinement 306 

using the anvi¢o interactive interface, 15 MAGs were categorized as population-level genomes 307 

(Table 2). All MAGs were classified at the lowest possible taxonomic level using GTDB-tk 308 

(Parks et al., 2018), indicating affiliation with 1 archaeal and 12 different bacterial phyla 309 

(Figure 2, Table 2). 310 
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 311 

Figure 2. Overview of the distribution, coverage and classification of 56 dereplicated medium- and 312 
high-quality MAGs recovered from the DWTP Breehei metagenomes. MAGs are organized based on 313 
their relative distribution in the DWTP sample locations using Euclidean distance and Ward linkage as 314 
implemented in the anvi¢o interactive interface. The phylogenetic affiliation of the MAGs based on 315 
GTDB classification is indicated by colored boxes. The heatmap indicates the percent coverage of each 316 
MAG in a given metagenome. The bar plots show the total normalized coverage of each MAG per 317 
sampling site.  318 

Table 2. General characteristics of MAGs recovered from DWTP Breehei metagenomes. 319 

MAG ID* Classificationb Complete-
ness (%)c 

Redun-
dancy (%)c 

Length 
(Mb) N50 Number 

contigs 
MIMAGd 

quality 
P-RSF-IL-03 g_Methylotenera 99.57 0.43 2.48 204,148 20 Medium 
P-RSF-IL-04 o_Bacteroidales 95.70 1.09 4.38 46,595 154 Medium 
P-RSF-IL-05 g_Methyloglobulus 99.25 0.82 3.87 67,388 99 Medium 
P-RSF-IL-06 f_Kiritimatiellaceae 93.41 1.38 2.21 572,251 7 High 
P-RSF-IL-07 g_Ferruginibacter 96.50 1.72 3.05 104,094 43 Medium 
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P-RSF-IL-11a g_Methylotenera 98.18 0.96 2.48 30,410 142 Medium 
P-RSF-IL-12 o_Bacteroidales 98.57 3.28 5.54 156,716 53 Medium 
P-RSF-IL-13 f_Methylomonadaceae 95.12 1.33 3.91 14,718 373 Medium 
P-RSF-IL-14a g_Methyloglobulus 76.88 6.08 3.76 6,341 643 Medium 
P-RSF-IL-15a g_Novosphingobium 90.61 0.92 2.43 12,194 277 Medium 
P-RSF-IL-16 g_Gallionella 85.00 2.45 2.00 12,610 203 Medium 
P-RSF-IL-17 f_Polyangiaceae 85.52 6.71 9.19 8,612 1283 Medium 
P-RSF-IL-18 g_Sideroxydans 97.36 5.02 2.47 19,722 202 Medium 
P-RSF-IL-20 g_Nitrospira 90.17 3.45 3.85 9,698 498 Medium 
P-RSF-IL-21 f_Hyphomicrobiaceae 83.07 1.45 3.92 8,625 562 Medium 
P-RSF-IL-22a g_Nitrospira 74.42 1.95 2.60 5,252 519 Medium 
P-RSF-IL-23a g_Gallionella 73.19 5.24 1.91 6,356 338 Medium 
P-RSF-IL-24 f_Methylomonadaceae 91.70 2.96 3.55 13,253 354 Medium 
P-RSF-NP-01 g_Lysobacter 99.95 1.45 4.15 4,155,120 1 High 
P-RSF-NP-02a f_Methylophilaceae 97.86 1.71 3.20 2,013,186 4 High 
P-RSF-NP-03 g_Ferruginibacter 94.09 0.00 5.44 2,880,874 5 Medium 
P-RSF-NP-04a g_Methylotenera 91.45 0.88 2.48 542,553 11 High 
P-RSF-NP-05 f_Bacteriovoracaceae 90.62 1.84 3.58 236,271 21 High 
P-RSF-NP-06 f_Cyclobacteriaceae 98.36 0.55 4.64 3,263,186 2 Medium 
P-RSF-NP-07a g_Hyphomicrobium 94.04 2.42 3.94 80,300 69 Medium 
S-RSF-IL-01 f_Chitinophagaceae 98.03 0.25 3.85 72,704 83 Medium 
S-RSF-IL-02 f_Saprospiraceae 98.77 0.64 3.97 34,568 196 Medium 
S-RSF-IL-03 p_Eisenbacteria 96.15 1.10 3.80 25,445 215 High 
S-RSF-IL-04 c_Alphaproteobacteria 94.77 2.33 4.03 18,338 319 Medium 
S-RSF-IL-05 o_Luteitaleales 75.98 0.85 3.27 6,665 554 Medium 
S-RSF-IL-06 p_Planctomycetota 81.72 4.15 4.12 6,813 693 Medium 
S-RSF-IL-07 o_Luteitaleales 94.25 4.27 4.86 35,344 183 Medium 
S-RSF-IL-10 o_Pyrinomonadales 74.62 1.28 3.49 7,085 579 Medium 
S-RSF-IL-11 c_Deltaproteobacteria 84.08 3.36 5.77 9,024 795 Medium 
S-RSF-IL-17 o_Pyrinomonadales 70.36 3.42 6.08 5,250 1235 Medium 
WB-IL-01 g_Sulfuriferula 97.63 0.24 2.17 89,907 40 Medium 
WB-IL-03 g_Methylotenera 98.72 2.14 2.61 26,003 159 Medium 
WB-IL-04 f_Nitrospiraceae 96.76 3.18 3.58 54,739 105 Medium 
WB-IL-06 f_Methylomonadaceae 99.88 0.45 4.27 93,669 82 Medium 
WB-IL-08 g_Sideroxydans 98.57 2.30 2.50 25,161 145 Medium 
WB-IL-09a g_Methylotenera 88.16 1.96 2.16 16,133 197 Medium 
WB-IL-10a g_Methylotenera 90.61 1.71 2.11 17,763 172 Medium 
WB-IL-11a o_Anaerolineales 90.91 0.91 3.93 42,863 132 Medium 
WB-IL-12 o_Gemmatimonadales 93.41 2.75 3.81 15,101 349 Medium 
WB-IL-13 o_Phycisphaerales 94.89 2.27 5.04 34,488 268 Medium 
WB-IL-14 f_Cyclobacteriaceae 93.03 1.74 4.77 12,449 498 Medium 
WB-IL-15 c_Ignavibacteria 89.05 1.38 3.73 10,944 428 Medium 
WB-IL-16a g_Nitrospira 88.52 5.00 3.54 11,765 422 Medium 
WB-IL-17 f_Pedosphaeraceae 95.83 6.76 5.57 27,453 284 Medium 
WB-IL-18 f_Peribacteraceae 77.59 2.42 1.51 15,391 130 Medium 
WB-IL-19 f_Methylomonadaceae 85.23 4.06 3.60 8,377 507 Medium 
WB-IL-20a g_Nitrospira 92.44 2.32 3.78 41,484 143 Medium 
WB-IL-21 g_Methyloglobulus 83.76 5.07 3.38 6,990 545 Medium 
WB-IL-22a g_Nitrosoarchaeum 84.63 3.64 1.21 6,275 213 Medium 
WB-IL-23a c_Gracilibacteria 85.39 1.12 1.36 116,994 25 Medium 
WB-IL-24 f_Cyclobacteriaceae 76.45 2.08 3.03 6,398 532 Medium 

* ID indicates from which co-assembly (assembly) the MAGs were recovered. IL – Illumina co-assemblies, NP – Nanopore 320 
assembly  321 
aPopulation level genome  322 
bBased on GTDB classification (Parks et al., 2018) 323 
cBased on lineage-specific marker sets determined with CheckM (Parks et al., 2015) 324 
dDefined by (Bowers et al., 2017) 325 
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Distribution and taxonomic composition of the DWTP microbiome  326 

The influence of sampling location, sampling time, and DNA extraction method on the 327 

distribution of recovered MAGs was analyzed by hierarchical clustering using Euclidean 328 

distance metrics with a Ward linkage algorithm, allowing grouping of the MAGs based on their 329 

occurrence patterns in the different samples (Figure 2). Overall, the choice of a DNA extraction 330 

method had no pronounced influence on the distribution of MAGs across samples, except for 331 

the samples from P-RSF in 2016. In this specific sample, the normalized coverage values 332 

indicated a strong extraction bias for DNA extracted using the Power soil (P-RSF16_PS) 333 

compared to the Blood and Tissue kit (P-RSF16_BT; Table S2). Notably, this bias was not 334 

observed for the 2016 S-RSF samples extracted with the same kits, or for any other DNA 335 

extraction performed using the Power soil kit. It thus is difficult to conceive that the extraction 336 

method was affecting specific members only in the 2016 P-RSF microbial community, and the 337 

reason for the observed bias remains unclear. Overall, the sampling location had the most 338 

substantial effect on microbial diversity and abundance. While some MAGs recovered from 339 

WB and P-RSF were also present in S-RSF, the overall community of the S-RSF community 340 

clearly differed from the other sampling locations (Figure 2). The microbial communities of 341 

WB and P-RSF were generally more similar, but sampling location and time influenced the 342 

relative abundance of MAGs across all samples.  343 

To gain insights into the overall microbial community structure and diversity of the DWTP 344 

Breehei, 16S rRNA gene sequences were retrieved directly from the metagenomic assemblies. 345 

Both full-length and partial 16S rRNA gene sequences were used for further analyses, since 346 

only 21 to 32% of 16S rRNA reads were assembled into full-length sequences (Figure S2). 347 

Subsequently, microbial community composition was analyzed at the phylum and family levels 348 

(Figure S3). Although changes in abundance were observed, phylum level classification 349 

revealed no differences in microbial community composition between the sampling locations 350 
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(Figure S3-A). At the family level, the S-RSF microbial community was clearly distinct from 351 

the WB and P-RSF community (Figure S3-B), corroborating the MAG co-occurrence pattern-352 

based observations when samples were organized using Euclidian distance and Ward 353 

ordination (Figure 2). 354 

16S rRNA gene-based taxonomic profiling identified 14 phyla with relative abundances ≥1% 355 

(Figure S3A). Gammaproteobacteria (17-67%), Bacteroidota (5-17%), Acidobacteria (2-356 

15%), Alphaproteobacteria (4-12%), Planctomycetota (2-10%) “Ca. Patescibacteria” (CPR; 357 

1-7%), and Nitrospirota (2-6%) were the most dominant phyla identified in all samples (Figure 358 

S3-A). In most cases, this 16S rRNA gene-based analysis corresponded well to the taxonomic 359 

affiliation of the recovered MAGs. Additionally, one MAG belonging to the candidatus phylum 360 

“Ca. Eisenbacteria” and one Crenarchaeota (Thaumarchaeota) MAG were obtained from WB 361 

and S-RSF (Figure 1), but were of low abundance in the 16S rRNA datasets.  362 

Genome functional profiling 363 

Iron, manganese, reduced sulfur species, ammonium and methane are removed during the 364 

drinking water treatment process. However, our understanding of the microbial and 365 

geochemical processes contributing to removal of these compounds during sand filtration is 366 

still limited. Although iron (Fe2+) oxidation pathways in bacteria are not fully understood, it is 367 

known that certain autotrophic bacteria are responsible for this process. Four Gallionellaceae 368 

MAGs (2 Gallionella, 2 Sideroxydans) were present only in WB and P-RSF metagenomes 369 

(Figure 2), indicating that complete iron removal may already occur in P-RSF. The potential 370 

to use reduced sulfur compounds as electron donor was encoded in Hyphomicrobiaceae (P-371 

RSF-IL-21) and Sulfuriferula (WB-IL-01) MAGs (Table S3). To learn more about the 372 

microorganisms driving the removal of methane and ammonium in this rapid sand filtration 373 

system, a genome-resolved metagenomics approach was applied to recover high-quality 374 

genomes of the key ammonia- and methane-oxidizing microorganisms. Subsequently, all 375 
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recovered MAGs were screened for functional marker proteins involved in nitrification, and 376 

methane and other one-carbon (C1) compound oxidation (Figure 3, Table S3) using custom-377 

build HMM models.  378 

 379 

Figure 3. Metabolic potential of the 56 MAGs recovered from DWTP Breehei A. Phylogenetic tree 380 
based on the concatenated alignment of 49 ribosomal proteins (Table S3) using the anvi¢o 381 
phylogenomics workflow. Presence or absence of genes for ammonia, nitrite, methane, and C1 382 
utilization are indicated by filled or shaded colored boxes, respectively. Grey bars represent estimated 383 

genome completeness. The figure was generated using the anvi¢o interactive interface. B. Schematic 384 
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pathway models for complete nitrification, and methane and C1 oxidation, based on enzyme complexes 385 
identified in the metagenome. ALDH, aldehyde dehydrogenase; AMO, ammonia monooxygenase; 386 
COX, cytochrome c oxidase; FDH, formate dehydrogenase; FolD, methylenetetrahydrofolate 387 
dehydrogenase/cyclohydrolase; GSH, glutathione-linked formaldehyde oxidation; HAO, 388 
hydroxylamine dehydrogenase; H4MPT, tetrahydromethanopterin; HURM, hydroxylamine-389 
ubiquinone redox module; pMMO, particulate methane monooxygenase; sMMO, soluble methane 390 
monooxygenase; MDH, lanthanide and calcium-dependent methanol dehydrogenases; NAR, nitrate 391 
reductase; NXR, nitrite oxidoreductase. 392 

Ammonia and nitrite oxidation 393 

16S rRNA gene sequence analysis revealed the presence of nitrifying bacteria affiliated with 394 

the families Nitrospiraceae and Nitrosomonadaceae in the DWTP Breehei. Nitrospiraceae 395 

dominated the nitrifying microbial community in all samples, but their abundance patterns 396 

differed along the different sampling locations, with the lowest abundance in P-RSF. In 397 

contrast, canonical ammonia-oxidizing bacteria (AOB) affiliated with the Nitrosomonaceae 398 

showed very low abundance in all samples (Figure S3). Metagenomic consensus binning 399 

allowed the recovery of five Nitrospira MAGs from WB and P-RSF and one MAG of an 400 

ammonia-oxidizing archaeum (AOA) affiliated with the genus Nitrosoarchaeum. Despite the 401 

detection of Nitrosomonadaceae in WB and S-RSF samples in 16S rRNA-based analyses, no 402 

high or medium-quality metagenomic bin of this taxonomic group was recovered. 403 

All MAGs were screened for key genes of autotrophic nitrification, including the gene sets 404 

encoding ammonia monooxygenase (AMO) and nitrite oxidoreductase (NXR). The AMO 405 

complex catalyzes the oxidation of ammonia to hydroxylamine (Figure 3B) and belongs to the 406 

family of copper-containing membrane monooxygenases (CuMMOs or XMO) (Khadka et al., 407 

2018). Based on the phylogeny of AMO subunit A (AmoA), comammox Nitrospira form two 408 

monophyletic clades referred to as clade A and B (Daims et al., 2015). AmoA is often used as 409 

a functional and phylogenetic marker for ammonia-oxidizing microorganisms (Junier et al., 410 

2008; Pester et al., 2012; Pjevac et al., 2017) and thus AmoA was used to examine the full 411 
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ammonia oxidation potential in the DWTP Breehei. Phylogenetic analysis placed our 412 

metagenome-derived AmoA sequences into five divergent groups (Figure 4A). 413 

 414 

Figure 4. Diversity and abundance of ammonia and methane-oxidizing microorganisms in DWTP 415 
Breehei. (A) Phylogenetic tree of CuMMO subunit A proteins recovered from the DWTP metagenomes 416 
by gene-centric and genome-resolved approaches. Numbers in brackets indicate sequences per 417 
metagenome, number of recovered MAGs, and references datasets for each clade, respectively. Amo, 418 
ammonia monooxygenase; Emo, ethane monooxygenase; Pmo/Pxm, particulate methane 419 
monooxygenase. Bootstrap support values ≥90% are indicated by black dots; the scale bar indicates 420 
estimated amino acid substitutions. Normalized abundances of (B) ammonia and (C) methane oxidizers 421 
are shown as proportion of the recovered ammonia and methane monooxygenases, respectively, to the 422 
normalized rpoB abundance. The mmoX gene was used to calculate the abundance of sMMO-containing 423 
methanotrophs; most mmoX reads were recruited by MAG P-RSF-NP-02 (70-100%). As most available 424 
high-quality betaproteobacterial AOB genomes (n=17, comp. ³90%, number of contigs <5) contain 425 
between 2 and 3 amoA copies, and MAG P-RSF-NP-02 contained 4 mmoX copies, abundances of both 426 
genes were normalized for gene copy numbers. Sample labels correspond to Figure 2. 427 

Of the five Nitrospira MAGs recovered in this study, one (P-RSF-IL-20) contained amoA 428 

genes affiliated with clade A, and two (WB-IL-04, WB-IL-16) with clade B (Figure 3A, Table 429 

S3). In protein-based phylogenetic analyses, most of the clade A and B comammox AmoA 430 

sequences most closely clustered with sequences derived from DWTP metagenomes (Figure 431 
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S4). Clade A comammox amoA genes were detected in all samples from the DWTP Breehei 432 

and were the most abundant amoA type in P-RSF (0.1-3.6%). In general, ammonia oxidizers 433 

were more abundant in 2016 samples than in 2018 (Figure 4B). The clade A comammox 434 

Nitrospira MAG (P-RSF-IL-20) had the highest coverage in the 2016 P-RSF sample extracted 435 

with the Blood & Tissue Kit, while this coverage decreased drastically with another DNA 436 

extraction method, indicating a strong extraction bias as discussed above (Table S2). 437 

Consequently, the average coverage of this MAG was higher in S-RSF than in P-RSF. In 438 

contrast, clade B comammox amoA recruited the largest number of reads in WB (0.8-5.9%) 439 

and S-RSF samples (1.7-4.1%; Figure 6A), but none of the two clade B-affiliated MAGs was 440 

detected in S-RSF, suggesting that not all clade B comammox Nitrospira genomes were 441 

recovered. The low abundance of clade B comammox amoA in P-RSF (Figure 4B) indicates 442 

an adaptation of clade B comammox Nitrospira to specific niches. In addition to complete 443 

nitrifiers, the genus Nitrospira also contains canonical nitrite-oxidizing bacteria (NOB) (Daims 444 

et al., 2016). Both canonical as well as comammox Nitrospira employ the NXR complex for 445 

the oxidation of nitrite to nitrate (Figure 3B). Except for one MAG (P-RSF-IL-22), all 446 

Nitrospira MAGs contained a nxrAB gene cluster encoding for the alpha and beta subunit of 447 

the NXR complex (Figure 3A, Table S3). MAG P-RSF-IL-22 was of medium quality (74.4% 448 

estimated completeness; Table 2) and did not contain any of the genes required for nitrification 449 

(Table S3). Consistent with previous studies (Palomo et al., 2019; Poghosyan et al., 2019), 450 

phylogenomic analysis using a concatenated alignment of 91 single-copy core genes showed 451 

that clade A and B comammox Nitrospira formed monophyletic clades within Nitrospira 452 

lineage II, and all amoA-containing MAGs were correctly affiliated with their respective 453 

comammox clade (Figure 5A).  454 
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 455 

Figure 5. Maximum-likelihood phylogenomic analysis of (A) Nitrospiraceae based on 91 bacterial 456 
single-copy core genes and (B) Nitrosopumilaceae based on 162 archaeal proteins. DWTP genomes 457 
obtained in this study are shown in red. Bootstrap support values ³95% are indicated by black dots; the 458 
scale bars indicate estimated nucleotide (A) and amino acid (B) substitutions. The positions of the 459 
outgroups are indicated by arrows. Environmental origins of the respective genomes are represented by 460 
colored circles. Genome names correspond to NCBI RefSeq entries, while in (B) classifications at 461 
higher taxonomic levels (gray shadings) are according to the GTDB database (Table S4). In (A) 462 
Nitrospira sublineages are delineated by black bars, the comammox clades are highlighted by turquoise 463 
shadings. 464 

One MAG (WB-IL-22) affiliated with the genus Nitrosoarchaeum (AOA; Figure 5B) was 465 

retrieved from the WB metagenome; however, it lacked an amoA sequence. Since a contig 466 

(<1200 bp) containing a Nitrosoarchaeum-like amoA was identified in the metagenome, the 467 

gene most likely is missing from MAG WB-IL-22 due to the size cutoff used during binning 468 

(1500 bp). Consistent with gene-based analyses (0.1-1.7%; Figure 4B) the Nitrosoarchaeum 469 

MAG was found solely in WB, where it accounted for merely ~0.2% of all the assembled reads 470 
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in WB metagenomes (Figure 2, Table S2). The recovered archaeal AmoA sequences had high 471 

similarities to Nitrosarchaeum koreense and sequences derived from metagenomic analyses of 472 

diverse habitats (Figure S4). Betaproteobacterial amoA sequences of members of the genera 473 

Nitrosomonas and Nitrosospira were identified in all samples, but were of low abundance. In 474 

addition to the characterized ammonia-oxidizing clades, recently the unclassified 475 

Gammaproteobacteria “MBAE14” genome was found to contain putative AMO genes (Mori 476 

et al., 2019). From the DWTP Breehei metagenomes, three putative AmoA sequences clustered 477 

in this novel sequence group despite low similarities to the putative enzyme of MBAE14 478 

(Figure 4A, S4). 479 

The NXR belongs to the type II dimethyl sulfoxide (DMSO) reductase enzyme family (Lücker 480 

et al., 2010; Meincke et al., 1992), which also contains respiratory nitrate reductases (NARs) 481 

(Simon and Klotz, 2013). Consequently, many HMM profiling approaches fail to differentiate 482 

the two homologous groups. Therefore, a phylogenetic tree was constructed to classify the 483 

catalytic alpha subunits (NxrA/NarG) identified in the DWTP metagenomes (Figure 6).  484 

 485 
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Figure 6. Phylogenetic analysis of NxrA/NarG sequences and related proteins. Numbers in brackets 486 
indicate sequences per from DWTP Breehei metagenome, recovered MAGs and reference sequences 487 
used for each group. Clr, chlorate reductase; Ddh, dimethylsulfide dehydrogenase; Ebd, ethylbenzene 488 
dehydrogenase; Nar, nitrate reductases; Nxr, nitrite oxidoreductase; Pcr, perchlorate reductase; Ser, 489 
selenate reductase. Bootstrap support values ≥99% are indicated by black dots; the scale bar indicates 490 
estimated amino acid substitutions. 491 

Besides the Nitrospira genomes, six additional MAGs contained NXR/NAR gene clusters 492 

(Figure 3A). Phylogenetic analysis revealed that the sequences derived from 493 

alphaproteobacterial MAGs (P-RSF-IL-15, P-RSF-IL-21, S-RSF-IL-04) were closely affiliated 494 

with NarG sequences of known nitrate reducers (Figure S5). The sequences from a MAG 495 

affiliated with the Pedosphaeraceae (WB-IL-17) and two Planctomycetota MAGs (WB-IL-496 

13, S-RSF-IL-06) shared low similarities with known NXRs, but clustered with Nitrospira, 497 

Nitrospina and anammox bacteria (Figure S5). While the catalytic NxrA subunit of WB-IL-13 498 

contains one Fe-S domain typical for DMSO reductase family molybdoproteins (Lücker et al., 499 

2010), this binding motif for Fe-S clusters is absent from the WB-IL-17 and S-RSF-IL-04 500 

NXR-like proteins. Similar to other periplasmic NXRs (Lücker et al., 2013; Lücker et al., 2010; 501 

Spieck et al., 1998), these putative NXRs contain N-terminal twin-arginine motifs for protein 502 

translocation into the periplasmic space. Putative genes encoding the NXR gamma subunit 503 

(nxrC) were found to be co-localized with nxrAB in the WB-IL-13 and WB-IL-17 MAGs. 504 

Similar to Nitrospina gracilis (Lücker et al., 2013) and “Ca. Nitrotoga fabula” (Kitzinger et 505 

al., 2018), these putative NxrCs contain N-terminal signal peptides necessary for translocation 506 

via the Sec pathway. The Pedosphaeraceae (WB-IL-17) and one of the Planctomycetota 507 

MAGs that affiliated with the Phycisphaerales (WB-IL-13) were present in WB samples, but 508 

of low abundance (Figure 2, Table S1). The second, unclassified Planctomycetota MAG (S-509 

RSF-IL-06) was detected only in S-RSF and accounted for 0.5-2% of all assembled reads in 510 

the S-RSF metagenomes (Table S1). Additionally, some of the metagenome-derived 511 
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NXR/NAR sequences were placed into the clade containing the novel NXR type of “Ca. 512 

Nitrotoga fabula” (Figure S4B) (Kitzinger et al., 2018).  513 

Methane and one-carbon metabolism 514 

Taxonomic profiling of the extracted 16S rRNA genes (Figure S3) identified 515 

Gammaproteobacteria as the most dominant taxa in WB (40-55%) and P-RSF (61-67%) 516 

samples. On the family level, Methylomonadaceae and Methylophilaceae formed the most 517 

abundant groups in WB and P-RSF (Figure S3B). In total, 14 MAGs belonging to these two 518 

phylogenetic groups were recovered, which were mainly present in WB and P-RSF samples 519 

(Figure 2).  520 

Phylogenomic analysis of the 14 Methylomonadaceae and Methylophilaceae-affiliated MAGs 521 

using a concatenated alignment of 92 single-copy core genes showed that three of the seven 522 

Methylomonadaceae MAGs were affiliated with the genus Methyloglobulus (Figure 7A). Of 523 

the remaining MAGs, two (P-RSF-IL-13 and WB-IL-06) were distantly related to 524 

Methylobacter and one (WB-IL-19) to Crenothrix, while P-RSF-IL-24 clustered separately 525 

from the known genera within this family (Figure 7A). Six out of seven Methylophilaceae 526 

MAGs were affiliated with the genus Methylotenera, whereas P-RSF-NP-02 formed a separate 527 

branch within the Methylophilaceae family (Figure 7B).  528 
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 529 

Figure 7. Maximum-likelihood phylogenomic analysis of (A) Methylomonadaceae and (B) 530 
Methylophilaceae based on 92 bacterial single-copy core genes. MAGs from this study are shown in 531 
red. Bootstrap support values ³95% indicated by black dots; the scale bars indicate estimated nucleotide 532 
substitutions. The positions of the outgroups are indicated by arrows. Environmental origins of the 533 
respective genomes are represented by colored circles. Genome names correspond to NCBI RefSeq 534 
entries, while classifications at higher taxonomic levels are based on GTDB classification (Table S4). 535 

In P-RSF and WB metagenomes, the relative coverage of the Methylophilaceae MAGs was 536 

much higher than for the Methylomonadaceae MAGs (Figure 2, Table S1). These results are 537 

consistent with 16S rRNA gene profiling, where Methylophilaceae constituted the most 538 

abundant family in WB (6-27%) and P-RSF (28-47%) samples and disappeared in S-RSF 539 

samples (Figure S3). Particularly, the MAG P-RSF-NP-02 had extremely high coverage in WB 540 

(1.6-179×) and P-RSF (27-744×) metagenomes (Table S1). Based on 16S rRNA gene 541 

similarity, “Ca. Methylosemipumilus turicensis” MMS-10A-171 (Salcher et al., 2019) is the 542 
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closest described relative of P-RSF-NP-02 (95.7% sequence identity). This value is below the 543 

similarity cutoff for species delineation (Stackebrandt and Ebers, 2006), which, in combination 544 

with the distinct clustering in the phylogenomic analysis (Figure 7B), indicates that P-RSF-545 

NP-02 probably belongs to a novel genus within the family Methylophilaceae. The estimated 546 

genomic average nucleotide identity value (ANI; 77.26%) also indicated a novel species 547 

distinct from “Ca. M. turicensis”. The Breehei DWTP metagenomes and the recovered MAGs 548 

furthermore were screened for genes encoding the soluble (sMMO) or particulate (pMMO) 549 

methane monooxygenases (Table S3). Notably, a complete operon encoding sMMO 550 

(mmoX1X2YBZDC) was identified in the highly-covered Methylophilaceae MAG P-RSF-NP-551 

02 (Figure 3, Table S3). This was surprising as no previously described member of the family 552 

Methylophilaceae contains any methane monooxygenase (Salcher et al., 2019). P-RSF-NP-02 553 

also harbors two additional copies of the mmoX gene encoding the alpha subunit of the sMMO 554 

(Table S3). The two orphan mmoX copies share high sequence identities on amino acid level 555 

with the operonal mmoX1 (99.8-100%), while mmoX2 has ~97% identity to mmoX1 and the 556 

two orphan mmoX. A BLAST search against the NCBI RefSeq database identified that the 557 

MmoX copies of P-RSF-NP-02 share 83-84% similarity with the Methylomicrobium 558 

buryatense proteins (Kaluzhnaya et al., 2001). The abundance of methanotrophs in the total 559 

community was estimated based on pmoA, pxmA and mmoX gene coverages (Figure 4C). The 560 

sMMO-containing methanotrophs were present at high abundances in the 2018 WB (6-11%) 561 

and P-RSF (2.5-56%) samples (Figure 4C), where MAG P-RSF-NP-02 also dominated the 562 

total microbial communities (Figure 2). Other samples were dominated by pMMO containing 563 

bacteria (Figure 4C.) The gene cluster encoding the structural pMMO subunits (pmoCAB) was 564 

identified in all Methylomonadaceae genomes. Furthermore, five MAGs also harbor the highly 565 

divergent pxmABC gene cluster encoding for pXMO (Figure 3) (Tavormina et al., 2011). 566 

Phylogenetic analysis of the pMMO alpha subunits (PmoA/PxmA) revealed that all sequences 567 
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recovered in this study, including the metagenome-derived ones, were affiliated with 568 

gammaproteobacterial methanotrophs (Figure S4). Besides pMMO, the three 569 

Methylomonadaceae MAGs (WB-IL-19, P-RSF-IL-13, P-RSF-IL-24) also possess sMMO 570 

(Figure 3, Table S3).  571 

In both methanotrophs and non-methanotrophic methylotrophs, methanol oxidation to 572 

formaldehyde is catalyzed by pyrroloquinoline quinone-dependent (PQQ) methanol 573 

dehydrogenases (MDH) (Keltjens et al., 2014). In this study, the rare earth element-dependent 574 

MDH (Ln-MDH) was detected in all Methylomonadaceae and Methylophilaceae, in one 575 

Deltaproteobacteria (S-RSF-IL-11), and one Hyphomicrobium (P-RSF-NP-07) MAGs. In 576 

contrast, the calcium-dependent MDH (Ca-MDH) was found only in some MAGs (Figure 3A, 577 

Table S2). Thus, all analyzed methanotrophs and methylotrophs can oxidize methanol either 578 

to formaldehyde by Ca-MDH, or directly to formate by Ln-MDH (Figure 3B) (Pol et al., 2014). 579 

Four formaldehyde-oxidizing pathways were identified, including oxidation by single 580 

aldehyde dehydrogenases, as well as via tetrahydromethanopterin (H4MPT), tetrahydrofolate 581 

(H4F), or glutathione (GSH)-linked pathways (Figure 3). All the MAGs contained formate 582 

dehydrogenases (FDHs), necessary for the oxidation of formate to carbon dioxide.  583 

Discussion 584 

DWTP microbiome 585 

The DWTP Breehei microbiome was followed over a time period of three years and 586 

characterized using genome-resolved and gene-centric metagenomic approaches. The 587 

microbial community structure was studied for the filter material of two sequential rapid sand 588 

filters and the biofilm formed on the walls of the primary sand filter (Figure 1). Similar to some 589 

Danish DWTPs (Gülay et al., 2016), the location within the DWTP had a strong influence on 590 

the microbial community composition. In total, 56 dereplicated near-complete MAGs were 591 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 21, 2020. ; https://doi.org/10.1101/2020.05.19.103440doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.19.103440
http://creativecommons.org/licenses/by-nc-nd/4.0/


recovered, comprising 23, 64, and 14% of the total assembled reads for WB, P-RSF, and S-592 

RSF respectively (Table S1). These MAGs expand our knowledge on the genomic inventory 593 

of the main microorganisms involved in contaminant removal from groundwater to produce 594 

drinking water. The assembly statistics also indicate that the obtained metagenomic 595 

information especially for WB and S-RSF only covers a part of the diversity. In general, the 596 

genome-centric approach is a powerful tool to analyze the functional potential of an 597 

environmental sample based on recovered MAGs. However, due to low abundance or strain 598 

diversity, it often is difficult to obtain good-quality genomes for many microorganisms 599 

(Sczyrba et al., 2017). Thus, to examine full ammonia and methane oxidation potential, we 600 

also used a gene-centric approach (see below). 601 

In groundwater, iron exists in the ferrous [Fe(II)] and ferric [Fe(III)] state (Chapelle, 2001) and 602 

its oxidation can cause severe operational problems during drinking water production, 603 

including bad taste, discoloration, staining, deposition in distribution systems leading to 604 

aftergrowth and incidences of high turbidity (Emerson and De Vet, 2015; Sharma et al., 2005). 605 

Water quality monitoring at the DWTP Breehei over 16 years indicates 99% iron removal 606 

efficiency (Table 1). Under oxic conditions and circumneutral pH, iron oxidation occurs both 607 

chemically and biologically in these systems (Tekerlekopoulou et al., 2006). Biological iron 608 

oxidation is mediated by chemolithoautotrophic microorganisms that obtain energy from 609 

oxidizing ferrous iron (Emerson and De Vet, 2015). However, the absence of an universal 610 

metabolic pathway for iron oxidation makes it challenging to identify iron-oxidizing bacteria 611 

(Emerson and De Vet, 2015). Here, we obtained four MAGs classified as Gallionella and 612 

Sideroxydans species (Figure 2), which are generally regarded as iron-oxidizing bacteria 613 

(Bruun et al., 2010; de Vet et al., 2011; Druschel et al., 2008). These microorganisms were 614 

found in WB and P-RSF (Figure 2), where the iron load was high (Table 1). It thus can be 615 
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assumed that Gallionellaceae members are the main drivers of biological iron oxidation in this 616 

DWTP.  617 

The presence of reduced sulfur compounds such as H2S, methanethiol, and dimethyl sulfide in 618 

anoxic groundwater adds yet another level of complexity to the system (Emerson and De Vet, 619 

2015; Sercu et al., 2005). These compounds serve as electron donors for sulfur-oxidizing 620 

microorganisms. For sulfide oxidation, sulfide:quinone oxidoreductases (SQR) as well as 621 

flavocytochrome c sulfide dehydrogenases (FCC) were detected in many of the recovered 622 

MAGs (Table S3). However, as sulfide reacts with cytochromes, hemeproteins, and other iron-623 

containing compounds, these enzymes are used for detoxification by many bacteria (Cherney 624 

et al., 2010; Marcia et al., 2009; Shahak and Hauska, 2008; Zhang et al., 2013). The MAGs 625 

WB-IL-01 and P-RSF-IL-21, classified as Sulfuriferulla and Hyphomicrobium, respectively, 626 

contained the heterodisulfide reductase (HdrCBAHypHdrCB) and sulfur oxidation 627 

(SoxXYZAB) enzyme complexes, as well as sulfite oxidase (SoeABC; Table S3). The Sox-628 

Hdr-Soe system is a novel pathway found in some chemolithoautotrophic sulfur-oxidizing 629 

bacteria and is involved in volatile organosulfur and inorganic sulfur compound degradation 630 

(Koch and Dahl, 2018; Watanabe et al., 2019), and also earlier studies provided evidence that 631 

the Hdr complex is involved in sulfur oxidation (Boughanemi et al., 2016; Quatrini et al., 632 

2009). Furthermore, recently it has also been shown in Hyphomicrobium that the Hdr complex 633 

is essential for oxidation of thiosulfate to sulfate (Koch and Dahl, 2018). The Sox-Hdr-Soe 634 

system is found in many Sulfuriferulla genomes and SoeABC are suggested to be crucial in 635 

sulfur oxidizers that lack SoxCD (Watanabe et al., 2019). 636 

Some microbial groups, including Chloroflexota, Acidobacteriota, Bacteroidota, and 637 

Myxococcota, which are originating from groundwater habitats (Griebler and Lueders, 2009; 638 

Wegner et al., 2019) are also frequently identified in DWTPs (Albers et al., 2015; Gülay et al., 639 

2016; Palomo et al., 2016). However, we have limited knowledge about their potential role in 640 
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drinking water treatment. Four MAGs affiliated with Acidobacteriota were dominating the 641 

microbial community in S-RSF (Figure 2, Figure S3). Acidobacteriota are often found in soil 642 

under substrate-limited conditions (Hartmann et al., 2015; Jones et al., 2009; Navarrete et al., 643 

2015; Ward et al., 2009). As discussed by Palomo and colleagues (Palomo et al., 2016), 644 

Acidobacteriota may be involved in carbon cycling in DWTPs. Members of the candidate 645 

phyla radiation (CPR) (Brown et al., 2015; Hug et al., 2016) were found only in WB samples 646 

(Figure S3). CPR members constitute a substantial fraction of the bacterial diversity (Castelle 647 

et al., 2018) and are widely distributed in many environments, including groundwater (Brown 648 

et al., 2015; Herrmann et al., 2019; Wegner et al., 2019; Yan et al., 2020) and DWTPs 649 

(Bautista-de los Santos et al., 2016; Bruno et al., 2017). One MAG affiliated with “Ca. 650 

Gracilibacteria” (WB-IL_23) was highly abundant in the WB2018 sample (1-4% of assembled 651 

reads) and might have the ability to adapt and survive under low nutrient conditions (Wegner 652 

et al., 2019). In groundwater, Acidobacteriota and CPR bacteria often co-occur with 653 

autotrophic microorganisms (Herrmann et al., 2019). Similar to interactions of nitrifying and 654 

heterotrophic bacteria in activated sludge (Okabe et al., 2005), the organic compounds 655 

produced by autotrophic bacteria may serve as substrates for Acidobacteriota and “Ca. 656 

Gracilibacteria” in DWTPs.  657 

Ammonia and nitrite metabolism 658 

The removal of ammonium and nitrite is a vital step in drinking water treatment. Although the 659 

drinking water produced in DWTP Breehei is of high quality and free of any nitrogen 660 

compounds, intermediate nitrite accumulation is observed in the effluent of the P-RSF, which 661 

can be caused by incomplete nitrification (de Vet et al., 2012; Wagner et al., 2016). Thus, 662 

profound insights into the microbial key players and their metabolic capabilities and limitations 663 

are crucial for optimizing and stabilizing N removal in these systems. The genomic potential 664 

for nitrification was mainly identified in MAGs affiliated with the genus Nitrospira, which 665 
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however did not display as high abundances as observed in other DWTP systems (Albers et 666 

al., 2015; Gülay et al., 2016; Palomo et al., 2016). Comammox Nitrospira were the most 667 

abundant nitrifying guild in all DWTP Breehei samples (Figure 4B), corroborating previous 668 

findings of Nitrospira dominating the nitrifying microbial community in DWTPs (Albers et 669 

al., 2015; Gülay et al., 2016). Until recently, the dominance of this group was puzzling since 670 

Nitrospira were always regarded as strict nitrite-oxidizing bacteria. By now, this imbalance in 671 

abundance of Nitrospira and canonical AOB can be explained by the presence of complete 672 

nitrifying Nitrospira in many sand filtration systems (Palomo et al., 2018; Pinto et al., 2015; 673 

Wang et al., 2017). Notably, complete nitrifiers are the most abundant nitrifying group in 674 

several Danish RSFs (Fowler et al., 2018) and were identified as key drivers of ammonia and 675 

nitrite oxidation in these systems (Gülay et al., 2019). Consistent with these previous results, 676 

comammox Nitrospira also apparently outcompeted canonical AOB and AOA in DWTP 677 

Breehei. Comammox clade A was found to dominate in P-RSF samples and clade B in WB 678 

and S-RSF (Figure 4B). Thus, sampling location substantially influenced the abundance of the 679 

two comammox clades, indicating potential niche partitioning between them. The habitat 680 

preferences by different nitrifiers might be explained by their ammonia oxidation kinetics and 681 

substrate affinities (Kits et al., 2017; Martens-Habbena et al., 2009; Prosser and Nicol, 2012). 682 

Based on the kinetic theory of optimal pathway length (Costa et al., 2006) and physiological 683 

analyses of N. inopinata (Kits et al., 2017), comammox Nitrospira are K-strategists that have 684 

a competitive advantage in environments with very low ammonium fluxes. However, since no 685 

comammox clade B enrichment culture is currently available, we can only speculate about the 686 

niche defining metabolic capabilities of this group. A recent study reported that nitrification 687 

activity in forest and paddy soils when subjected to ammonium limitation is associated with 688 

clade B rather than clade A comammox Nitrospira (Wang et al., 2019). Comammox clade B 689 

appeared to dominate also in forest soil under increasing nitrogen load and decreasing pH (Shi 690 
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et al., 2018). Under acidic conditions, ammonia (NH3) is increasingly protonated to ammonium 691 

(NH4+), resulting in extremely low concentrations of bioavailable ammonia, the substrate of 692 

AMO. Correspondingly, also in Danish RSFs with influent ammonium concentrations ranging 693 

from 0.01-0.53 mg-N/L, clade B constituted up to 75% of the total comammox Nitrospira 694 

population (Fowler et al., 2018). The higher abundance of clade B comammox Nitrospira in 695 

S-RSF compared to P-RSF observed here also suggests their adaptation to ammonium-depleted 696 

environments. These results indicate that clade B comammox Nitrospira may exhibit an even 697 

lower half-saturation constant (Ks) and higher substrate affinities than clade A species and 698 

thrive at extremely low ammonium concentrations. However, it will be required to obtain clade 699 

B comammox Nitrospira in culture to ascertain the physiology of these enigmatic bacteria.   700 

In addition to comammox Nitrospira, also two canonical Nitrospira MAGs were retrieved from 701 

the Breehei DWTP metagenomes, indicating that these nitrite oxidizers can interact with 702 

canonical ammonia oxidizers as well as with complete nitrifiers. Moreover, we identified 703 

MAGs affiliated with the Verrucomicrobiota and Planctomycetota phyla (Figure 3) that 704 

contained NXR-like sequences with similarity to the enzymes of known NOBs. In phylogenetic 705 

analyses of NxrA, they clustered with Nitrospira, Nitrospina, and anammox bacteria (Figure 706 

S4B). The apparent periplasmic orientation of the NxrA and the lack of transmembrane helices 707 

in the NxrC subunit suggests that the NXR of these putative NOBs may be soluble, as has also 708 

been proposed for Nitrospina gracilis (Lücker et al., 2013) and “Ca. Nitrotoga fabula” 709 

(Kitzinger et al., 2018). However, further studies are needed to analyze the potential nitrite-710 

oxidizing capacity of these bacteria. Although in a very low abundances, Nitrobacter species 711 

are also detected in some RSFs (Tatari et al., 2017), which we however did not observe in 712 

DWTP Breehei.  713 
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Methane and one-carbon metabolism 714 

In DWTPs, methane stripping via aeration is preferred over bacterial methane oxidation since 715 

microbial activity and growth cause accumulation of extracellular polymeric substances that 716 

lead to clogging of the biofilter material (Streese and Stegmann, 2003). However, both WB 717 

and P-RSF samples showed high methane-oxidizing capacity (Figure S1). Especially the wall 718 

biofilm might counteract methane blowout by oxidizing methane before it leaves the filter and 719 

thus reduce methane emissions to the atmosphere. In the global carbon cycle, methane-720 

oxidizing microorganisms play a significant role (Cicerone and Oremland, 1988) as they 721 

represent the only known biological methane sink (Aronson et al., 2013). These organisms are 722 

able to grow with methane as sole carbon and energy source. The first step of methane 723 

oxidation, methane activation and conversion to methanol, is catalyzed either by soluble 724 

(sMMO) or particulate (pMMO) methane monooxygenases (Tavormina et al., 2011; Trotsenko 725 

and Murrell, 2008). Especially the sMMP is not universal to methanotrophs and only certain 726 

phylogenetic groups are known to encode this methane monooxygenase type (Verbeke et al., 727 

2019), usually together with pMMO. 728 

Several studies have shown that the majority of the methane-oxidizing bacteria colonizing the 729 

granular material of RSFs are affiliated with the gammaproteobacterial Methylococcaceae 730 

family (Albers et al., 2015; Gülay et al., 2016; Palomo et al., 2016). Recently, this family was 731 

reclassified and split into the Methylomonadaceae,  Methylococcaceae, and 732 

Methylothermaceae (Parks et al., 2017). Especially members of the Methylomonadaceae have 733 

been found in many natural and engineered systems (Flynn et al., 2016; Hoefman et al., 2014; 734 

Kalyuzhnaya et al., 2015; Kits et al., 2013; Ogiso et al., 2012; Oswald et al., 2017; Parks et al., 735 

2017; Svenning et al., 2011). In this study, all recovered Methylomonadaceae MAGs contained 736 

pMMO, and some of them additionally encoded sMMO (Figure 3, Table S2). In addition, 737 

several methanotrophic MAGs also contained the highly divergent pXMO enzyme complex 738 
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encoded by the pxmABC gene cluster  (Tavormina et al., 2011). Previous studies have shown 739 

that pXMO is involved in methane oxidation under hypoxic denitrifying conditions in 740 

Methylomonadaceae strains (Kits et al., 2015a; Kits et al., 2015b), but its exact function in the 741 

sand filters remains to be determined. 742 

Methane oxidation results in the production of various C1 intermediates including methanol 743 

and formate, which can be used as substrates by methylotrophic bacteria. In DWTP Breehei, 744 

the P-RSF samples were dominated by members of the Methylophilaceae family, which was 745 

assumed to accommodate only methylotrophic bacteria incapable of growth on methane. 746 

Surprisingly, one of the Methylophilaceae MAGs (P-RSF-NP-02) harbored a complete gene 747 

operon encoding a sMMO (Figure 3, Table S2), indicating a methanotrophic potential. This 748 

finding is substantiated by an earlier study, which demonstrated that a member of 749 

methylotrophic genus Methyloceanibacter can become methanotrophic by acquiring sMMO 750 

(Vekeman et al., 2016). The phylogenomic analysis and low ANI value to other members of 751 

this family (77.26%) suggest that P-RSF-NP-02 represents a novel species within the 752 

Methylophilaceae (Figure 7B) and the extremely high coverage of this MAG indicates a major 753 

role in methane removal in the DWTP Breehei. The high abundance of this potential new novel 754 

methane-oxidizing bacterium in the P-RSF will be facilitated by the high iron content of the 755 

influent water, as the sMMO contains a diiron cluster in the active site (Jasniewski and Que, 756 

2018; Wallar and Lipscomb, 1996).  757 

Conclusions 758 

• The metagenomic analyses enabled us to identify key microbial populations involved 759 

in the removal of ammonium and methane. The location within the DWTP Breehei was 760 

the most influential factor shaping the microbial community. 761 
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• Clade A comammox Nitrospira dominated the nitrifying microbial community in P-762 

RSF, while clade B was most abundant in S-RSF where ammonium concentrations are 763 

the lowest and, in the biofilm (WB), which is a predicted niche for comammox bacteria. 764 

• The methanotrophic community was dominated by sMMO-containing bacteria, 765 

particularly by one novel Methylophilaceae member, which might be facilitated by a 766 

high iron concentration in the groundwater. 767 
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