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Abstract

Nitrification is a common concern in chloraminated drinking water distribution systems. The
addition of ammonia promotes the growth of nitrifying organisms, causing the depletion of
chloramine residuals and resulting in operational problems for many drinking water utilities.
Therefore, a comprehensive understanding of the microbially mediated processes behind
nitrogen metabolism together with chemical water quality data, may allow water utilities to
better address the undesirable effects caused by nitrification. In this study, a metagenomic
approach was applied to characterise the microbial nitrogen metabolism within chloraminated
drinking water reservoirs. Samples from two geographically separated but connected
chloraminated reservoirs within the same drinking water distribution system (DWDS) were
collected within a 2-year sampling campaign. Spatial changes in the nitrogen compounds
(ammonium (NH4"), nitrites (NO,) and nitrates (NO3')) across the DWDS were observed,
where nitrate concentrations increased as the distance from the site of chloramination
increased. The observed dominance of Nitrosomonas and Nitrospira-like bacteria, together
with the changes in the concentration of nitrogen species, suggests that these bacteria play a
significant role in contributing to varying stages of nitrification in both reservoirs.
Functionally annotated protein sequences were mined for the genes associated with nitrogen
metabolism and the community gene catalogue contained mostly genes involved in
nitrification, nitrate and nitrite reduction and nitric oxide reduction. Furthermore, based on
the construction of Metagenome Assembled Genomes (MAGs), a highly diverse assemblage
of bacteria (i.e., predominately Alpha- and Betaproteobacteria in this study) was observed
among the draft genomes. Specifically, 5 MAGs showed high coverage across all samples
including two Nitrosomonas, Nitrospira, Sphingomonas and a Rhizobiales-like MAGs. The
role of these MAGs in nitrogen metabolism revealed that the fate nitrate may be linked to

changes in ammonia concentrations, that is, when ammonia concentrations are low, nitrate
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may be assimilated back to ammonia for growth. Alternatively, nitrate may be reduced to
nitric oxide and potentially used in the regulation of biofilm formation. Therefore, this study
provides insight into the genetic network behind microbially mediated nitrogen metabolism
and together with the water chemistry data improves our understanding nitrification in

chloraminated DWDSs.
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1. Introduction

Disinfection of the drinking water in some DWDSs is often considered key in the
management of microbial growth and the maintenance of water quality in most parts of the
world, with the exception of a few countries in Europe where microbial growth in drinking
water distribution systems (DWDSs) can be managed through nutrient limitation (van der
kooij et al., 2002; Hammes et al., 2008). Chlorine and chloramine have long been
successfully used to control microbial growth within DWDSs and although chlorination
(primary disinfectant) is successful at initially reducing bacterial growth, distribution system
management often now includes chloramination as a secondary disinfectant. Chloramines are
typically used to provide disinfectant residuals when free chlorine residuals are difficult to
maintain. Chloramines show greater stability as compared to chlorine in the DWDS over long
distances, increased efficiency in reducing biofilm growth, and they also produce lower
concentrations of regulated disinfection by-products (Norton and LeChevallier, 1997;

Vikesland et al., 2001; Regan et al., 2003; Zhang et al., 2009).

However in chloraminated systems, the introduction of ammonia provides an alternative
source of nitrogen and growth substrate for ammonia-oxidising microorganisms (AOM),
either due to the presence of excess free ammonia or through ammonia released due to
chloramine decay (Regan et al., 2003; Zhang et al., 2009). This promotes the growth of
nitrifying bacteria and archaea, leading to increased nitrification (Belser, 1976; Nicol and
Schleper, 2006). Nitrification is an essential process in the biogeochemical nitrogen cycle and
links the aerobic and anaerobic pathways of the nitrogen cycle by delivering nitrite and
nitrate as electron acceptors for dissimilatory nitrate reduction, denitrification, respiratory
ammonification, and anaerobic ammonia oxidation (Kraft et al., 2014; Koch et al., 2015).

Traditionally microbial nitrification was considered as a two-step process: firstly, ammonium
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101 (NHy") is oxidised to nitrite (NO,") by chemolithoautotrophic ammonia-oxidizing bacteria
102 and archaea (AOB and AOA, respectively) (van der Wielen et al., 2009) and secondly nitrite
103 is oxidised to nitrate (NOj3") by chemolithoautotrophic nitrite-oxidising bacteria (NOB)

104  (Wolfe et al., 1990; Cunliffe, 1991; Francis et al., 2005). NOB are often the principle

105  biological source of nitrate, which is not only an important source of nitrogen for other

106  microorganisms but can also serve as an electron acceptor in the absence of oxygen. In

107  contrast to AOB/AOA and NOB, complete ammonia oxidising bacteria (i.e., comammox) can
108  completely oxidise ammonia to nitrate (Daims, ef al., 2015; Pinto et al., 2015; van Kessel et
109 al., 2015). Unlike AOB, AOA, and NOB, which are phylogenetically diverse, all known

110 comammox bacteria, belong to the genus Nitrospira (Phylum: Nitrospirota) (Daims, ef al.,
111 2015; Pinto et al., 2015; van Kessel et al., 2015; Fowler et al., 2018; Palomo et al., 2018).
112 Furthermore, reciprocal feeding has been described where NOB from the genus Nitrospira
113 initiate nitrification by supplying ammonia oxidisers lacking urease and/or cyanase with

114  ammonia from urea or cyanate (Liicker et al., 2010; Koch et al., 2015; Palatinszky et al.,

115 2015).

116

117  Bacterial nitrification in the DWDS causes depletion of chloramine residuals and disinfection
118  decay. The resulting formation of nitrite in the system is problematic as it can rapidly

119 decrease free chlorine and is also further oxidised leading to an accelerated decrease in

120  residual chloramine (Wolfe ef al., 1990; Cunliffe, 1991). In addition, due to its toxicity, the
121 regulated concentration of nitrite is typically very low. While ammonia, nitrites and nitrates
122 can serve as an energy source for AOB and NOB (Kirmeyer et al., 1995; Pintar and Slawson,
123 2003), the loss of chloramine residuals can also lead to heterotrophic bacterial growth and

124 biofilm accumulation, which potentially causes operational problems for many drinking
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125  water utilities (Kirmeyer et al., 1995; Norton and LeChevallier, 1997; Pintar and Slawson,
126 2003).

127

128  In a previous study by Potgieter et al. (2018), Nitrosomonas spp. were observed to be

129  dominant in the chloraminated sections of the DWDS, suggesting that ammonia oxidation
130 and potentially nitrification may be important processes in this DWDS. Therefore, the

131  principle goal of this study was to understand the metabolic potential of microbial

132 communities that might impact the fate of nitrogen in a chloraminated DWDS. Here, the

133 organisms and genes involved in the nitrogen cycle, using a genome resolved metagenomics
134 approach, was investigated. The use of shotgun metagenomic sequencing allowed us to: (i)
135  overcome primer bias, (ii) assemble large operons through de novo assembly and (iii) to

136  pinpoint functions to genomes through binning, which can then be phylogenetically

137  identified. Therefore, using this approach, the study aims to explore nitrogen metabolism in
138 chloraminated drinking water reservoirs by (i) investigating the taxonomic profile of the

139  microbial community and the specific genes involved in nitrogen metabolism, (ii) identifying
140  the processes that can drive nitrogen transformation in chloraminated drinking water, and (iii)

141  identifying the role of dominant reconstructed draft genomes in nitrogen metabolism.

142 2. Materials and methodology

143 2.1 Site description and sample collection

144  Sampling was conducted at two geographically separated but connected chloraminated

145  reservoirs within a large South African DWDS previously described by Potgieter et al.

146 (2018). Briefly, the process for treating surface water includes coagulation with polymeric
147 coagulants, flocculation, sedimentation, pH adjustment with CO, gas followed by filtration

148 (rapid gravity sand filters) and finally initial disinfection with chlorine. Filter effluent is
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149 dosed with chlorine to achieve total residual chlorine concentrations varying between 1 and
150 1.5 mg/L at the outlet of the drinking water treatment plant (DWTP). Chlorinated drinking
151  water is then dosed with chloramine (0.8 to 1.5 mg/L) at a secondary disinfection boosting
152 station approximately 23 km from the DWTP. Here, monochloramine residuals vary

153 seasonally between 0.8 and 1.5mg/L. Within the chloraminated section of the DWDS, the
154 first of the two reservoirs (RES1) sampled is located approximately 32 km from the

155  secondary disinfectant boosting station. The second reservoir (RES2) is located

156  approximately a further 88 km downstream from the first reservoir (Fig. 1). Samples were
157  collected within 2 years (October 2014 to September 2016). Further details on a range of
158  chemical parameters, including temperature, disinfectant residual concentrations (i.e., free
159  chlorine, total chlorine, and monochloramine) and nitrogen species concentrations (i.e.,

160  ammonium, nitrite and nitrate) were obtained from the utility (Table S1A and S1B).

161 2.2 Sample processing

162 Bulk water samples were collected in 8L sterile Nalgene polycarbonate bottles and

163  transported to the laboratory on ice where they were kept at 4 °C for 24 to 48 hours until

164  further processing. Samples were filtered to harvest microbial cells by pumping the collected
165  bulk water through STERIVEX™ GP 0.22 pm filter units (Millipore) using a Gilson®

166  minipuls 3 peristaltic pump. The filters were kept in the dark and stored at -20 °C until

167  processing and DNA extraction. A traditional phenol/chloroform extraction method

168  optimised by Pinto ef al. (2012) modified from Urakawa et al. (2010) was used for the

169  isolation of DNA from cells immobilised on filter membranes. Following extraction, 8

170  samples from RES1 and 10 samples from RES2 were selected for shotgun metagenomic

171  sequencing (Table S2).
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172 2.3 Metagenomic sequence processing, de novo assembly, functional annotation,

173 and reference mapping

174  Paired end sequencing libraries were prepared using the Illumina TruSeq Nano DNA Library
175 Preparation kit. Metagenomic sequencing was performed using the Illumina HiSeq 2500

176  sequence platform at the Agricultural Research Council — Biotechnology Platform (ARC-
177  BTP), Gauteng, South Africa, resulting in 250 nt paired—end reads (13,267,176 + 3,534,751
178  reads per sample). Prior to assembly, the metagenomic reads were subject to adaptor removal
179 and quality filtration using Trimmomatic (Bolger ef al., 2014) with a minimum sliding

180  window quality score of 20 and reads shorter than 100 bp were discarded. Following quality
181  filtering, the level of coverage of each metagenome was assessed using Nonpareil, a

182  statistical program where read redundancy is used to estimate coverage (Rodriguez and

183  Konstantinidis, 2013). Prior to assembly, metagenomic reads were pooled and de novo

184  assembly of quality trimmed reads into contiguous sequences (contigs) followed by

185  scaffolding using metaSPAdes assembler version 3.9.0 (Nurk et al., 2017) was performed
186  with kmers list of 21, 33, 55, 77, 99, 127. The resulting assembly consisted of 1,007,176

187  scaffolds (> 500 bp) and an N50 and L50 of 1638 bp and 42230 bp, respectively. Reads were
188  mapped to the scaffolds greater than 500 bp, bam files were filtered to retain mapping reads
189  (samtools view —F 4), and the number of reads mapping to the scaffolds in the metagenomics
190  assembly were counted using awk script. An average of 13,092,168 + 3,561,160 reads per
191  sample (> 500 bp) were mapped to scaffolds (i.e., 99 + 1.6% of reads mapped to scaffolds)
192 (Table S3).

193

194  Open reading frames (ORFs) on scaffolds were predicted using Prodigal (Hyatt et al., 2010)
195  with the meta flag activated. The resulting predicted ORFs were annotated against KEGG

196  (Kyoto encyclopaedia of genes and genomes) (Kanehisa et al., 2015) using DIAMOND
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197  (Buchfink ef al., 2015). Genes involved in the nitrogen cycle were identified based on KEGG
198  orthology (KO) numbers assigned to predict ORFs based on the KEGG nitrogen metabolism
199  pathway (Table S4). The abundance (as reads per million kilobase (rpkm)) of genes was

200  determined across all samples by dividing the number of reads mapping to scaffold

201  containing the gene by the scaling factor (i.e., millions of reads per sample) and the length of
202  the scaffold in kilobases. The quality filtered paired end reads were mapped to a database of
203 44 high quality complete and draft genomes of nitrifying organisms, AOA (n=11), AOB

204  (n=19), comammox bacteria (n=4), NOB (n=5), and anammox bacteria (n=5) (Table S5).

205  Reads were competitively mapped to reference genomes using bwa and properly paired reads
206  (samtools view —f 2) mapping to each reference were counted using awk script. The

207  abundance of reference genomes in the samples was calculated by dividing the number of
208  reads mapping to reference genomes by the scaling factor (i.e., millions of reads per sample)
209  and the total length of the reference genome in kilobases. All raw sequence data have been
210  deposited with links to BioProject accession number PRINA524999 in the NCBI BioProject

211  database (https://www.ncbi.nlm.nih.gov/bioproject/).

212 2.4 Metagenome Assembled Genome (MAG) reconstruction

213 Assembled scaffolds (>2000 bp) from the co-assembly of all samples were used to generate
214  metagenomic assembled genomes (MAGs) using CONCOCT (Alneberg et al., 2014). This
215 resulted in the construction of 115 CONCOCT clusters. A total of 60 CONCOCT clusters
216  with completeness greater than 50%, based on the occurrence of 36 single copy genes used
217 by CONCOCT to estimate completeness, were selected for further examination/refinement.
218  The completeness and redundancy of these 60 CONCOCT clusters was checked with

219  CheckM (Parks et al., 2015) with 47 clusters selected for further analysis based on 75%

220  completeness. Of these, three had redundancy estimates greater than 10% and were manually
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221  refined using Anvi’o (Eren ef al., 2015). This resulted in 47 high quality Metagenome

222 Assembled Genomes (MAGs) (>70% complete, less than 10% redundancy). Bins were

223 functionally annotated and taxonomically classified using GhostKOALA (Kanehisa et al.,
224 2016), where predicted ORF’s were assigned KO numbers using KEGG’s set of

225  nonredundant KEGG genes. In addition, the abundance of all MAGs was calculated similar
226  to that of the reference genomes (i.e., rpkm). Taxonomic annotation of the final MAGs was
227  conducted using MiGA (Rodriguez and Konstantinidis, 2014). Taxonomic inference and
228  characteristics of MAGs are detailed in Table S6. Genome-level inference of the 47 MAGs

229  was then used to construct a phylogenomic tree using GToTree described by Lee (2019).

230 2.5 Marker gene based taxonomic and phylogenetic analysis

231  Small subunit (SSU) rRNA gene sequences were identified using a Hidden Markov Model
232 (HMM) search using the Infernal package (Nawrocki et al., 2009) with domain specific

233 covariance models and corrected as outlined previously (Brown et al., 2015). Detected SSU
234 rRNA genes greater than 500 bp were classified using SILVA taxonomy and the relative

235  abundance of each SSU rRNA gene was estimated by dividing the total coverage of the

236  scaffold containing the SSU rRNA gene by the coverage of all scaffolds containing SSU

237  rRNA genes within each domain (i.e., bacteria, archaea, and eukaryota). Reference databases
238  of ammonia moonooxygenase subunit A (amoA4, KO: K10944) and nitrite oxidoreductase
239  subunit A (nxr4, KO: K00370) genes were created using corresponding reference sequences
240  obtained from NCBI GenBank Database with additional nxr4 reference sequences obtained
241  from Kitzinger et al. (2018). An alignment was created for each gene using MAFFT (version
242 7) online multiple alignment tool with the iterative refinement method L-INS-i (Katoh ez al.,
243 2002). Resulting alignments were examined and trimmed by removing all overhangs using

244  BioEdit Sequence Alignment Editor v 7.2.6.1 (Hall, 2011), resulting in sequences of equal
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245  length. Aligned datasets were subjected to Maximum Likelihood analysis (Felsenstein, 1981)
246  in MEGA7 (Molecular Evolutionary Genetic Analysis) (Kumar et al., 2016) using the best-fit
247  substitution models as determined in MEGA7 model tests. For all Maximum Likelihood

248  phylogenetic trees, branch support was estimated using non-parametric bootstrap analyses
249  based on 1000 pseudoreplicates under the same model parameters and rooted with

250  appropriate outgroups. Amino acid sequences of genes annotated as amoA and nxr4 were

251  then placed on the respective reference phylogenetic tree using pplacer (Matsen et al., 2010).

252 3. Results
253 3.1 Changes in ammonium, nitrite, and nitrate concentrations in the
254 chloraminated section of the DWDS

255  Spatial changes in the concentrations of ammonium, nitrite and nitrate were observed as the
256  chloraminated bulk water moved through the DWDS (Fig. S1). Here, ammonium

257  concentrations decreased as the bulk water moved away from the chloramination sites

258  towards the end of the DWDS (i.e., average NH4 " concentrations decreased from 0.30 + 0.12
259  mg/L following chloramination to 0.05 + 0.09 mg/L at the end of the DWDS). The decrease
260  in ammonium concentrations was associated with an increase in nitrite concentrations, which
261  reached its highest concentrations at sites before RES2 (i.e., average NO,™ concentrations

262  increased from 0.005 £ 0.01 mg/L to 0.21 +.033 mg/L) after which they decreased.

263  Interestingly, both nitrite and nitrate levels increased in RES1, while increases in nitrate

264  concentrations directly corresponded to decreases in nitrite concentrations after RES2. Nitrate
265  concentrations peaked at locations after RES2 where ammonium and nitrite concentrations
266  are the lowest (i.e., average NOs™ concentrations increased from 0.18 + 0.12 mg/L following
267  chloramination to 0.40 + 0.23 mg/L at the end of the DWDS).

268
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269 A clear decrease in ammonium concentrations was observed after RES2 (Fig. 2B) (i.e.,

270  average ammonium concentrations of 0.30 + 0.13 mg/L before RES2 and 0.16 + 0.12 mg/L
271  after RES2). In the case of RESI, increases in nitrite and nitrate concentrations were

272 generally associated with concomitant decreases in ammonium concentrations in the first 8
273  months. However, these correlations between nitrite, nitrate and ammonium concentrations
274  were not observed for the remaining months of the study period. Samples before RES2 had
275  increased nitrite and nitrate concentrations and lower ammonium concentrations as compared
276  to RES1. However, after RES2 nitrite levels dramatically decrease (i.e., average NO,

277  concentrations decreased from 0.17 £+ 0.22 mg/L before RES2 to 0.09 + 0.09 mg/L after
278  RES2), which correlated with an increase in nitrate concentrations (i.e., average NOs

279  concentrations increased from 0.27 + 0.13 mg/L before RES2 to 0.41 + 0.22 mg/L after

280  RES2).

281

282  Furthermore, ammonium, nitrite and nitrate concentrations demonstrated strong temporal
283  trends in both reservoirs associated with changes in temperature and disinfectant residual
284  concentrations with the highest ammonium concentrations in winter and spring months (~0.5
285  mg/l). Disinfection residual concentrations (i.e. total chlorine and monochloramine) were
286  generally higher in winter and spring months (peaking in July 2016 at approximately 2.0
287  mg/L) and negative correlated with water temperature as shown previously (Potgieter et al.,
288  2018) (Fig. 2C). Nitrite and nitrate concentrations were highest in summer and autumn

289  months (0.66 and 0.82 mg/L, respectively) where associated ammonium levels were low
290  (0.12 mg/L). Typically, decrease in monochloramine and ammonium concentrations were
291  associated with increased nitrite and/or nitrate concentrations at higher temperatures. It is

292  important to note that the observed trends in ammonium, nitrite and nitrate concentrations
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293 may not be the same from year to year as increased levels of nitrification were observed for

294  the first year (months 10-12) as opposed to second year (months 13-24) (Fig. S2).

295 3.2 Changes in the microbial community composition between the two reservoirs

296  Based on SSU rRNAs identified in the metagenomic data, the majority of sequences

297  identified were bacterial (i.e., the mean relative abundance (MRA) of bacterial SSU rRNA
298  genes across all samples was 90.72 + 7.23%)), followed by unclassified SSU rRNA contigs
299  (6.58 £5.29%) and eukaryota (2.70 + 2.65%) with no archaeal SSU rRNA detected (Table
300  S7). At the phylum level, Proteobacteria were the most abundant in both reservoirs (i.e.,
301  MRA of 81.60 + 13.32% in RES1 and 82.98 + 10.28% in RES2), followed by Nitrospirae
302  with an MRA of 11.25 + 13.48% in RES1, although the MRA of Nitrospirae decreased to
303 2.28 +3.83% in RES2 (Fig. S3A). The decrease in abundance of both Proteobacteria and
304  Nitrospirae in RES2 was associated with increases in both eukaryota (MRA: 2.05 + 1.26% in
305 RESI to 4.64 + 5.55% in RES2) and unclassified contigs (MRA: 3.55 + 1.17% in RES1 to
306  7.58 +£3.66% in RES2), of which 16.87% of unclassified contigs were less than 250 bp. The
307  taxonomic classification of eukaryota 18S rRNA contigs is shown in Table S8.

308

309  Further classification of the proteobacterial classes based on SILVA taxonomy revealed that
310  the abundance of Alpha- and Gammaproteobacteria (specifically order:

311 Betaproteobacteriales) varied between RES1 and RES2. In RES1 the abundance of

312 Alphaproteobacteria (MRA: 42.99 + 13.97%) was marginally higher than

313 Betaproteobacteriales (MRA: 38.05 = 14.47%). However in RES2, the abundance of

314 Alphaproteobacteria increased in dominance (MRA: 52.75 + 15.36%) and

315  Betaproteobacteriales decreased (MRA: 29.46 £ 17.14%) indicating a decrease in the

316  abundance of Betaproteobacteriales as chloraminated water moves further down the DWDS.
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317  In RES2 there was an observed increase in the relative abundance of other

318  Gammaproteobacteria from a MRA of 0.48 + 0.37% in RES1 to 0.69 + 0.35% in RES2 (Fig.
319  S3B). Furthermore, within Betaproteobacteriales, two Nitrosomonas SSU rRNAs

320 (NODE 284 and NODE 310) were highly abundant with the mean relative abundance of
321 31.44+£15.18% in RES1 and 10.10 + 10.07% in RES2, consequently making Nitrosomonas
322 the most dominant genera identified in all samples. These results correlated with 16S rRNA
323 gene profiling data previously reported by Potgieter ef al. (2018).

324

325  Alpha diversity indices [richness (observed taxa), Shannon Diversity Index and Pielou's

326  evenness] were calculated using the summary single function in mothur (Schloss et al., 2009)
327  incorporating the parameters, iters=1000 and subsampling=475 (sample containing the least
328  number of sequences). RES2 samples were more rich than RES1 samples (average number of
329  taxa for RES1 was 49 + 12, whereas for RES2 it was 69 + 28) as well as slightly more

330  diverse and even (i.e., Shannon Diversity Index: 2.91 + 0.77 and Pielou’s evenness: 0.69 +
331  0.13) than RESI (i.e., Shannon Diversity Index: 2.32+ 0.44 and Pielou’s evenness: 0.59 +
332 0.10) (Fig. S4). However, Kruskal-Wallis one-way analysis of variance and post-hoc Dunn's
333 test revealed that differences in alpha diversity measures between the two reservoirs were not
334  significant (p > 0.05). Beta diversity measures (i.e. structure based: Bray-Curtis and

335  membership based: Jaccard) between the two reservoirs for corresponding months revealed
336  that the microbial communities between the two reservoirs were on average 60% dissimilar in
337  community structure (Bray-Curtis: 0.59 + 0.16) and 74% dissimilar in community

338 membership (Jaccard: 0.74 £ 0.12). This indicated that the microbial community differs

339  significantly in both community structure and membership between the two reservoirs

340 (AMOVA, Fsy<2.12, p <0.05).
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341 3.3 Dominant genes involved in nitrogen transforming reactions

342 Genes encoding for enzymes involved multiple nitrogen transforming reactions were

343 observed across both reservoirs (Table S4). However, the coverage of some of these genes
344  was low and as a result their contribution to overall nitrogen metabolism was thought to be
345  limited in the chloraminated drinking water environment. Therefore, the dominant genes

346  driving nitrogen transformation reactions were identified as those genes with a cumulative
347  coverage of >100 reads per million kilobase (rpkm) in both reservoirs (Fig. 3). These genes
348  included amoABC and hao (ammonia oxidation), nxrAB (nitrite oxidation), nasA

349  (assimilatory nitrate reduction), nirBD (assimilatory nitrite reduction), nirK (nitrite reduction,
350  NO-forming) and norBCDQ genes (nitric oxide reduction). The cumulative coverage of these

351  dominant genes for each sample from both reservoirs in shown in Fig. 4.

352 3.3.1 Ammonia and nitrite oxidation

353  Genes encoding for the enzymes involved in nitrification were observed in all reservoir

354  samples. Specifically, the genes responsible for ammonia oxidation were observed to have
355  the highest coverage across all samples, out of all genes identified to be involved in the

356  nitrogen cycle (Fig. 4). In both reservoirs, amoC, amoB and hao genes had the highest total
357  cumulative coverage in RES1 (i.e. 4625, 2922 and 2486 rpkm, respectively) and in RES2 (i.e.
358 4807, 2166 and 2170 rpkm, respectively). The average cumulative coverage of these

359  dominant genes was higher across RES1 samples (i.e. amoC: 578 + 287, amoB: 365 = 206
360  rpkm and hao: 310 £ 150 rpkm) than across RES2 samples (i.e. amoC: 481 + 458, amoB: 217
361 £ 171 rpkm and hao: 217 + 172 rpkm). In addition, amoA genes were also observed to be

362  highly abundant with a total cumulative coverage of 1143 rpkm in RESI for all time points
363  (average cumulative coverage of 143 + 80 rpkm across all RES1 samples), which increased

364  to 1672 rpkm in RES2 (with an average cumulative coverage of 167 + 163 rpkm across all
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365  RES2 samples) (Fig. 3 and 4). Although, these genes showed high coverage, only a small
366  number of genes were identified as amoABC and hao, indicating a low level of diversity

367 among these genes (Fig. S5). Here, the four individual contigs with the highest coverage

368 across all samples (i.e. average coverage across all samples > 100 rpkm) contained the hao
369 (NODE 10017), amoC (NODE_69075), amoB (NODE 58840) and amoABC

370  (NODE 21034) genes. BLAST results revealed that the majority of amoABC and hao genes
371  represented members of Nitrosomonas genus with a small minority of genes within each

372 group were found to belong to Nitrospira species, indicating the potential presence of

373  comammox bacteria in the bacterial community.

374

375  Genes encoding nitrite oxidoreductase (nxrAB), required for the oxidation of nitrite to nitrate,
376  were also observed across all samples (Fig. 4). As expected, BLAST results of nxr4 and nxrB
377  genes revealed that the majority of these genes represented Nitrospira species. Although the
378  coverage of individual nxr4B genes was significantly lower than amoABC and hao genes,
379  they still maintained a cumulative coverage of >100 rpkm in both reservoirs. nxr4 genes

380  showed a total cumulative coverage of 347 rpkm in RES1 (average cumulative coverage of
381 43 £45 rpkm across RES1 samples) and decreased to 183 rpkm in RES2 (with an average
382  cumulative coverage of 18 + 16 rpkm across RES2 samples). Similarly, nxrB genes showed a
383  total cumulative rpkm of 335 rpkm in RES1 (average cumulative coverage of 42 + 46 rpkm
384  across RES1 samples) and decreased to 135 rpkm in RES2 (with an average cumulative

385  coverage of 14 £ 17 rpkm across RES2 samples) (Fig. 3 and 4). Specifically, the individual
386  contig NODE 68 containing nxr4B genes was consistently present across all samples and
387  contributed to the high cumulative coverage of nxr4B genes (with an average cumulative

388  coverage of 39 £ 48 rpkm in RES1 and 9 + 16 rpkm in RES2). The low coverage of nxrAB
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389  genes correlated with the small number of genes identified as nxrAB genes, indicating a low
390  level of diversity within this function (Fig. S5).

391

392 Although different in each reservoir, the temporal trends in the cumulative coverage revealed
393  a contrasting relationship between amoABC and nxrAB genes (Fig. S6A and S6B). In RES1,
394  nxrAB genes showed increased coverage in March (2015 and 2016) relative to amoA genes.
395  Conversely, months where nxr4B gene coverage decreased, the coverage of amoABC genes

396  increased (April 2015 and 2016). This contrasting temporal trend was also observed in RES2.

397 3.3.2 Reduction of nitrate and nitrite

398  The nitrate formed through nitrification can be potentially reduced back to nitrite through

399  nitrate reduction. Here, the cytoplasmic assimilatory nitrate reductase, nasA4 gene (encoding
400 the catalytic subunit of the NADH-nitrate reductase) was identified as the most abundant

401  nitrate reductase, indicating the capacity of certain members of the community to use nitrate
402  as an alternative electron acceptor. Dissimilatory nitrate reductase genes were also identified,
403  including respiratory membrane bound nitrate reductases (narGHLJ), although their

404  cumulative coverage of was low (<100 cumulative rpkm in both reservoirs). The total

405  cumulative coverage of all nasA4 genes identified was 455 rpkm in RES1 (average cumulative
406  coverage of 57 £ 24 rpkm across RES1 samples) and increased to 701 rpkm in RES2 (with an
407  average cumulative coverage of 70 + 22 rpkm across RES2 samples) (Fig. 3 and 4). BLAST
408  analyses revealed that the majority of nas4 genes represented members of

409  Alphaproteobacteria (6% of nasA genes) of which 34% were identified as belonging to the
410  order Rhizobiales. In addition, Gammaproteobacteria (order: Betaproteobacteriales)

411  represented another 18% of nasA genes. Here, an increased number of genes within the

412  metagenomic dataset were identified as nasA, converse to amo and nxr genes, indicating an
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413  increased level of diversity of microorganisms containing the cytoplasmic assimilatory nitrate
414  reductase (Fig. S95).

415

416  Genes encoding enzymes involved the assimilatory reduction of nitrite to ammonia (nirAB
417  genes) were also observed to have high coverage across all reservoir samples (Fig. 4). The
418  ferredoxin-nitrite reductase (nir4) showed high abundance with a total cumulative coverage
419  of 729 rpkm in RES1 (average cumulative coverage of 91 + 41 rpkm across RES1 samples)
420  and 629 rpkm in RES2 (with an average cumulative coverage of 69 + 13 rpkm across RES2
421  samples) (Fig. 3 and 4). BLAST analyses identified that 50% of nir4 genes represented

422 members of Alphaproteobacteria of which 36% were identified as Rhizobiales while 32% of
423 nirA genes were identified as belonging to Nitrospira species. The nitrate reductase (NADH),
424  large subunit (nirB gene) was also observed to have high coverage across both reservoirs (i.e.
425  cumulative coverage >100 rpkm), although the abundance of nirB genes was less than that of
426  the nird genes with the total cumulative coverage of nirB genes being 249 rpkm in RES1

427  (average cumulative coverage of 32 & 16 rpkm across RES1 samples) and increased to 438
428  rpkm in RES2 (with an average cumulative coverage of 44 + 31 rpkm across RES2 samples)
429  (Fig. 4). BLAST results revealed that the majority of nirB genes represented

430  Gammaproteobacteria (order: Betaproteobacteriales) (69% of nirB genes) of which 28%

431  were identified as Nitrosomonadales and 28% as Burkholderiales. In addition, another 21%
432 of nirB genes were found to represent Alphaproteobacteria (order: Rhizobiales). Although,
433 both nirdB genes showed moderate to low coverage across both reservoirs, the number of
434  genes identified as belonging to these functions was high, specifically nirB genes. This

435  indicates that a diverse assemblage of bacteria had the genetic potential for assimilatory

436  nitrite reduction (Fig. S5).

437
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438  However in RES1, temporal trends in the relative abundance of nasA4 and nirA genes showed
439  aconverse relationship (Fig. S6C). Increased relative abundance of nir4 genes (in February
440  and March 2015 and March 2016) was associated with decreased relative abundance of nasA
441  genes. However, this converse relationship was not observed between nas4 and nirB in

442  RES2. In RES2, the relative abundance of these genes (nasA4, nirA and nirB) generally

443  showed the same temporal trends across RES2 samples and the same converse relationship
444  with ammonia concentrations, specifically between nasA and nirA. Increases in the relative
445  abundance of both nasA and nir4 genes was observed in April and May 2015 and March

446 2016 (Fig. S6C). This suggests the potential for complete assimilatory nitrate reduction to
447  ammonia (i.e., nasA4 and nirAB) specifically in RES2 as the relative abundance of nas4 genes
448  typically showed a converse relationship to ammonia concentrations.

449

450  Lastly, nirK genes encoding nitric oxide forming nitrite reductases (reducing nitrite to nitric
451  oxide) were also observed to be highly abundant in both reservoirs (i.e. cumulative coverage
452 >100 rpkm) (Fig. 3). nirK genes were identified as the fourth most abundant gene (following
453  amoC, amoB and hao, respectively) with total cumulative coverage of 2016 rpkm in RES1
454  (with an average cumulative coverage of 252 + 92 rpkm across RES1 samples) and 2043

455  rpkm in RES2 (with an average cumulative coverage of 204 + 114 rpkm across RES2

456  samples) (Fig. 3 and 4). Furthermore, the cumulative coverage of nirK genes across all

457  samples generally showed a converse relationship with nir4 and nirB genes in both reservoirs
458  (Fig. S6C and S6D). In addition, a high number of genes were identified as nirK, indicating a
459  high diversity within this function (Fig. S5). Furthermore, BLAST results of individual nirK
460  genes revealed that 36% of these genes belonged to species of Nitrospira and 17% to

461  Nitrosomonas species. The remaining nirK genes were shown to represent a diverse group of

462  bacteria including both Alpha- and Gammaproteobacteria (order: Betaproteobacteriales).
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463 3.3.3 Nitric oxide reduction

464  The nitric oxide formed through the reduction of nitrite can be further reduced to nitrous

465  oxide by nitric oxide reductases (norBCDEQ). Genes encoding for nitric oxide reductases
466  (norBCDQ) were identified to have high coverage in this dataset, across all samples (i.e.

467  cumulative coverage >100 rpkm in both reservoirs) (Fig. 3). These genes had higher total
468  cumulative coverage in RESI (i.e. norB: 1364 rpkm, norQ: 1122 rpkm, norC: 1060 rpkm and
469  norD: 856 rpkm) than in RES2 (i.e. norB: 972 rpkm, norQ: 997 rpkm, norC: 427 rpkm and
470  norD: 700 rpkm) (Fig. 3 and 4). Interestingly, the temporal cumulative coverage of norB
471  generally showed a converse relationship to the cumulative coverage of other nor genes,

472 specifically norC and norQ (Fig. S6E). The dynamics of nor genes may be associated with
473  different members of the community therefore resulting in differences in their coverage. The
474  diversity of norBCQ genes was generally higher than that of norD genes (Fig. S5). BLAST
475  analyses revealed that norB genes represented members of Gammaproteobacteria (order:
476  Betaproteobacteriales) predominately the order Nitrosomonadales (33% of norB genes) and
477  Alphaproteobacteria, predominately the family Sphingomonaceae (23% of norB genes). The
478  majority of norQ genes were identified as Nitrospira (16% of norQ genes) and

479  Gammaproteobacteria (order: Betaproteobacteriales) predominately the order

480  Nitrosomonadales (40% of norQ genes), of which 14% was identified as Nitrosomonas

481  species. Similarly, the majority of norC genes were identified as Nitrospira (44% of norC
482  genes) and Gammaproteobacteria (order: Betaproteobacteriales) order Nitrosomonadales
483  (36% of norC genes). Lastly, as with norQ and norC genes, 55% norD genes were found to
484  represent members of Gammaproteobacteria (order: Betaproteobacteriales) order

485  Nitrosomonadales (of which 21% was identified as Nitrosomonas species) and 13% as

4386  members of the genus Nitrospira.
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487 3.3.4 Other processes involved in nitrogen metabolism

488  Briefly, genes involved in other processes in nitrogen metabolism, with very low coverage
489  across both reservoirs (< 100 cumulative rpkm) also were identified (Table S4). These genes
490  included nitrous oxide reductase (nosZ), nitrogenases involved in nitrogen fixation (nif genes)
491  as well as other genes involved in nitrite and nitrate transport (i.e. nrtABC genes encoding the
492  enzymes periplasmic substrate-binding protein, permease protein and an ATP-binding

493  protein, respectively). The presence of nrtABC often co-occurred with presence of nasA,

494  suggesting these nitrate transport enzymes are associated with assimilatory nitrate reductases.
495  In addition, the gene encoding nitronate monooxygenase (ncd2) was also identified

496  suggesting the potential to convert nitronate to nitrite and potentially provide an alternative

497  source of nitrite.

498 3.4 Nitrifier diversity based on phylogenetic inference of amoA and nxrA genes.

499  Given the high abundance of Nitrosomonas and Nitrospira, the phylogenetic diversity of
500  amoA and nxr4 genes (marker genes for ammonia and nitrite oxidation, respectively) was
501 investigated. Consistent with BLAST results, the phylogenetic placement of amoA genes

502  revealed that nearly all amoA genes clustered with Nitrosomonas species indicating that the
503  majority of amoA genes are associated with strict ammonia oxidisers (Fig. 5A). Of these

504  genes, three grouped closely with Nitrosomonas oligotropha, one with Nitrosomonas sp.

505  AL212 and one with Nitrosomonas sp. Is79A3. The clustering of the remaining contigs

506  remained within the Nitrosomonas but did not group closely with specific species (Fig. SA).
507 Interestingly, a single amoA contig (NODE_6011) grouped within the Nitrospira comammox
508  cluster. Furthermore, BLAST results confirmed that amoA contig (NODE 6011) represented
509  a Nitrospira species, indicating the potential presence of a comammox bacteria within the

510  microbial community.


https://doi.org/10.1101/655316

bioRxiv preprint doi: https://doi.org/10.1101/655316; this version posted June 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

511

512 Also consistent with BLAST results, phylogenetic placement of the nxr4 genes revealed that
513  the majority of nxr4 genes belonged to the widely distributed lineage II of the genus

514  Nitrospira grouping with the canonical nitrite oxidisers, N. lenta and N. moscoviensis and Ca.
515  Nitrospira sp. ST-bin5 described by Wang et al. (2017) (Fig. 5B). In addition, some nxr4

516  genes grouped closely with known comammox Nitrospira, including Ca. Nitrospira nitrosa,
517  Ca. Nitrospira inopinata and Ca. Nitrospira nitrificans. However, identification and

518  taxonomic resolution of comammox bacteria based on nxr4 gene phylogeny is not possible.
519  Lastly, a single nxr4 gene grouped closely with the anammox Ca. Scalindua brodae although
520  no other evidence of anammox bacteria was found in the metagenomic data. Furthermore, no

521  nxrA genes were found to be associated with Nitrobacter species (Fig. 5B).

522 3.5 The nitrogen metabolic potential of dominant Metagenome Assembled

523 Genomes (MAGS)

524  Following metagenomic binning, the 47 high quality MAGs constructed included 25

525  Alphaproteobacteria, 15 Betaproteobacteriales, 2 Nitrospirae as well as another 5 MAGs
526  identified as Bacteroidetes, Gammaproteobacteria, Gemmatimonadetes and 2

527  Planctomycetes, respectively (Fig. 6). MAGs were genetically compared to their closest

528  related reference genomes based on average amino acid identity (AAI). The complete

529  description of the 47 MAGs and their coverage across the two reservoirs are shown Fig. S7
530  and described in Table S6. This analysis suggested that the majority of MAGs constructed
531  represent genomes that are not yet represented in public database. However, the classification
532 of'these MAGs identified members of several abundant taxa identified in this chloraminated
533  DWDS described by Potgieter et al. (2018). The 47 constructed draft genomes were screened

534  for key functional genes involved in nitrogen metabolism described in Table S4 and the
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535  genetic potential for nitrogen transforming reactions within these MAGs was found to be

536  diverse (Fig. 6).

537

538  Of the 47 MAGs, 5 MAGs were observed to dominate the community with a cumulative

539  rpkm of >100 rpkm across both reservoirs (Fig. 7). These MAGs were identified as two

540  Nitrosomonas-like MAGs (C58 and C107), a Rhizobiales-like MAG (C103.2), a

541  Sphingomonas-like MAG (C70) and a Nitrospira-like MAG (C51). Furthermore, the relative
542  abundance of these top 5 most abundant SSU rRNAs in the metagenomic dataset were

543  correlated with the rpkm based abundance of these MAGs showing the same trends across
544  both reservoirs (Fig. S8) and the contigs containing these SSU rRNAs were observed in their

545  corresponding MAGs.

546 3.5.1 Nitrosomonas-like MAGs (C58 and C107)

547  Contigs containing the Nitrosomonas SSU rRNAs were found to be associated with the two
548  dominant Nitrosomonas-like MAGs [i.e. contig NODE 284 with the Nitrosomonas-like

549  MAG (C58) and contig NODE 310 with the Nitrosomonas-like MAG (C107)]. Phylogenetic
550  analysis, of these Nitrosomonas spp. SSU rRNA contigs revealed that they both clustered
551  with Nitrosomonas oligotropha, with good bootstrap support (Fig. S9). The classification of
552  the Nitrosomonas SSU rRNAs as Nitrosomonas oligotropha correlates with the high

553  coverage observed of the Nitrosomonas oligotropha reference genome across all samples
554  (i.e., average coverage of 47 £ 23 rpkm in RES1 and 29 + 24 rpkm in RES2) (Fig. S11).

555  Thus, there may be two separate populations of Nitrosomonas responsible for the first step in
556  nitrification.

557
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558  Of the dominant MAGs, Nitrosomonas-like MAG (C107) exhibited the highest abundance in
559  the metagenomic dataset. Although the two Nitrosomonas-like MAGs were potentially

560 identified as the same species (based on SSU rRNAs), differences in the average coverage of
561  these MAGs across the two reservoirs indicated that they may exhibit competitive dynamics
562  (Fig. S7 and S8). Here, the coverage of Nitrosomonas-like MAG (C58) increased from RESI
563 (7 £ 10 rpkm) to RES2 (22 + 27 rpkm), whereas Nitrosomonas-like MAG (C107) decreased
564  in coverage from RES1 (43 + 26 rpkm) to RES2 (12 + 6 rpkm) (Fig. 7). Spearman

565  correlations revealed that there was a moderate negative correlation between these two

566  MAGs in RES1, however this was not statistically significant (Spearman correlation: -0.40, p
567  =0.3268).

568

569  Within both the Nitrosomonas-like MAGs, genes required for ammonia oxidation, i.e.,

570  ammonia monooxygenase (amoABC) and hydroxylamine oxidoreductase (hao) were

571  observed. More specifically, the dominant genes in the metagenomic dataset, hao

572 (NODE _10017) and amoABC (NODE 21034) could be linked to the Nitrosomonas-like

573  MAG (C107). Furthermore, the amoA contig (NODE 21034) was observed to group closely
574  with N. oligotropha (Fig. 5A). However, an amoA gene was not recovered from

575  Nitrosomonas-like MAG (C58) and this may be due to its overall lower abundance. In

576  addition, both Nitrosomonas-like MAGs also contained nirK genes (nitrite reductase, nitric
577  oxide forming) and nor genes (nitric oxide reductases) (Fig. 6). More specifically,

578  Nitrosomonas-like MAGs (C107) contained multiple nor genes including norBCDQ, whereas
579  Nitrosomonas-like MAGs (C58) only contained norQ, suggesting that these dominant MAGs
580  may play a role in regulating the concentrations of nitric oxide.

581
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582  Spearman correlations between Nitrosomonas-like MAG (C107) and other dominant MAGs
583  revealed strong correlations specifically in RES2. Strong positive correlations were observed
584  with Sphingomonas-like MAG (C70) (Spearman correlation: 0.76, p < 0.05) and Rhizobiales-
585  like MAG (C103.2) (Spearman correlation: 0.72, p < 0.05). In addition, Nitrosomonas-like
586  MAG (C58) showed a strong positive correlation with Rhizobiales-like MAG (C103.2)

587  (Spearman correlation: 0.81, p < 0.05) (Fig. S8).

588 3.5.2 Nitrospira-like MAG (C51)

589  The Nitrospira-like MAG (C51) was dominant across all samples showing the 5th highest
590 average coverage (10 £ 15 rpkm). The coverage of Nitrospira-like MAG (C51) was higher
591  across RES1 samples (17 + 20 rpkm) but decreased in RES2 (4 + 69 rpkm) (Fig. 7). This

592 same trend was observed with the Nitrospira SSU rRNA contig (NODE _2) as the contig was
593  identified in Nitrospira-like MAG (C51). Following phylogenetic analysis of Nitrospira SSU
594  rRNAs, it was observed that Nitrospira spp. SSU rRNA NODE 2 grouped closely with

595  Nitrospira lenta (lineage II) (Fig. S10). The classification of the dominant Nitrospira SSU
596  rRNA as Nitrospira lenta correlated with the observation of high coverage of the Nitrospira
597  lenta reference genome across all samples with an average coverage of 14 + 15 rpkm in

598 RESI and 4 £+ 5 rpkm in RES2 (Fig. S11). Although the SSU rRNA (NODE 2) was

599 identified as Nitrospira lenta and this Nitrospira-like MAG (C51) does not contain amoABC
600  or hao genes, further investigation into the potential that this MAG was a comammox

601  revealed that it does contain genes for cytochrome c biogenesis, ccmEFGH genes, thought to
602  be specific to comammox Nitrospira. However, BLAST results revealed that these

603 ccmEFGH genes represented Nitrospira lenta species and these genes were present in

604  Nitrospira lenta reference genome, which was consistent with the taxonomy associated with

605  the SSU rRNA gene in the Nitrospira-like MAG (C51).


https://doi.org/10.1101/655316

bioRxiv preprint doi: https://doi.org/10.1101/655316; this version posted June 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

606

607  In addition to the highly abundant nitrite oxidoreductase genes (nxr4B) (NODE _68), this
608  dominant Nitrospira-like MAG (C51) had the potential for other nitrogen transforming

609  reaction as it contained genes involved in assimilatory nitrate and nitrite reduction (nasA4 and
610  nird, respectively) as well as the nitric oxide forming nitrite reductase (nirK) (Fig. 6). This
611  suggests that this MAG has the potential for complete assimilatory nitrate reduction to

612  ammonia (i.e., nas4 and nirA4).

613

614  Correlations with other dominant MAGs revealed that within RES2, Nitrospira-like MAG
615  (C51) had a strong negative correlation with Nitrosomonas-like MAG (C107) (Spearman
616  correlation: -0.98, p < 0.001). Interestingly, Nitrospira-like MAG (C51) showed a strong
617  negative correlation to another Nitrospira-like MAG (C56) in RES1 (Spearman correlation: -
618  0.79, p <0.05), although this other Nitrospira-like MAG (C56) was present at very low

619  coverage across all samples. Additional correlation analyses revealed strong negative

620  correlations between Nitrospira-like MAG (C51) and Sphingomonas-like MAG (C70) and
621  Rhizobiales-like MAG (C103.2) (C70: Spearman correlation: -0.73, p < 0.05 and C103.2:

622  Spearman correlation: -0.64, p < 0.05) (Fig. S8).

623 3.5.3 Rhizobiales-like MAG (C103.2)

624  The Rhizobiales-like MAG (C103.2) showed high coverage across both RES1 (25 + 12 rpkm)
625 and RES2 (20 £ 10 rpkm) constituting the second most abundant MAG across all samples
626  (Fig. 7). The genetic potential of this MAG in terms of the nitrogen cycle included

627  assimilatory nitrate and nitrite reduction (nasA4 and nirAB, respectively) also indicating the
628  potential of this MAG for complete assimilatory nitrate reduction to ammonia (i.e., nas4 and

629  nirA) (Fig. 6). The poor taxonomic resolution of this MAG could not be improved based on


https://doi.org/10.1101/655316

bioRxiv preprint doi: https://doi.org/10.1101/655316; this version posted June 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

630  the contig containing the SSU rRNA (NODE 1241) as it was also only identified as

631  Rhizobiales. However, BLAST results of the nas4 and nirAB genes revealed a close relation
632  to Proteobacteria bacterium ST bin 15 reported by Wang et al. (2017). Furthermore,

633  assessment of additional correlations between Rhizobiales-like MAG (C103.2) and other
634  dominant MAGs showed a strong positive correlation with Sphingomonas-like MAG (C70)

635  (Spearman correlation: 0.76, p < 0.05) (Fig. S8).

636 3.5.4 Sphingomonas-like MAG (C70)

637  Lastly, Sphingomonas-like MAG (C70) showed consistent coverage across both reservoirs
638  (i.e. RES1: 11 + 18 rpkm and RES2: 12 + 18 rpkm) constituting the fourth most abundant
639  MAG within the community (Fig. 7). However, the genetic potential for the involvement of
640  this MAG in nitrogen transformations was limited as it was observed to only contain the
641  nitric oxide reductase norB gene (Fig. 6). This corresponds to the increased number of norB
642  genes identified (through BLAST analysis) as members of the family Sphingomonaceae.
643  Further taxonomic classification of both the SSU rRNA contig and norB gene identified in
644  this MAG, confirmed its taxonomy as Sphingomonas. The dominance of this MAG within
645  the community suggests that it may be involved in other important metabolic capabilities
646  within the microbial community that extend beyond the nitrogen cycle, such as biofilm

647  formation.

648 4. Discussion

649  This study represents an in-depth investigation into the microbial nitrogen metabolism in
650  chloraminated drinking water reservoirs. In doing so, we provide insight into the genetic
651  potential of a chloraminated drinking water microbial community to transform nitrogen

652  species and identify the dominant members responsible for specific pathways within the
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653  nitrogen cycle. Previous studies have generally concentrated on the relationship between
654  chloramination and nitrification (Regan et al., 2003; Zhang et al., 2009; Sawade et al., 2016;
655  Moradi et al., 2017). However, this study comprehensively explores nitrogen metabolism,
656  where changes in the microbial community composition as well as the genetic potential in

657  terms of nitrogen metabolism is revealed in two linked chloraminated reservoirs.

658 4.1 Varying stages of nitrification between the two reservoirs

659  The chemical monitoring data indicated differing patterns in the concentrations of nitrogen
660  species and spatial changes in disinfectant residuals in the two reservoirs, suggesting different
661 nitrification regimes in the two reservoirs. Varying stages of nitrification in different sections
662  of a chloraminated DWDS was also previously observed by Shaw et al. (2015). Nitrification
663  was observed, specifically in RES2, as decreases in ammonium concentrations were

664  associated with concomitant increases in nitrite and nitrate concentrations. An increase in the
665  concentrations of both nitrite and nitrate were observed following RES1, although their

666  concentrations were low and did not consistently correlate to changes in ammonium

667  concentrations. While nitrification occurred in both reservoirs, it did not occur to a significant
668  extent in RES1 for all sampled time points. This may be a consequence of increased

669  monochloramine concentrations, as months with increased monochloramine concentrations
670  showed reduced nitrification rates. In addition, ammonium concentrations were consistently
671  higher in RES1 compared to RES2, as expected as these samples were closer to the site of
672  chloramination. Conversely, following RES2, samples typically had elevated nitrate

673  concentrations with reduced nitrite and ammonium concentrations, suggesting that with

674  increasing distance from the site of chloramination, samples nearing the end of the DWDS

675  undergo complete nitrification. Here it is more likely that the depletion of nitrite may be the
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676  result of tight coupling of canonical ammonia and nitrite oxidation (Shaw et al., 2015; Daims

677 etal., 2016).

678 4.2 Changes in bacterial community composition between the two reservoirs

679  The majority of annotated proteins were bacterial and the taxonomic profiles based on SSU
680  rRNA genes were in agreement with previous descriptions of the microbial community

681  within chloraminated DWDS, in which Proteobacteria and Nitrospira (to a lesser extent)

682  were the dominant phyla (Bautista-de los Santos et al., 2016; Giilay et al., 2016: Potgieter et
683  al, 2018). The change in dominance between Alphaproteobacteria and

684  Betaproteobacteriales in RES1 and RES2 was also observed by Potgieter et al., 2018, where
685  Betaproteobacteriales were more abundant closer to the site of chloramination and an

686 increase in Alphaproteobacteria correlated to decreased disinfectant residual concentrations
687  in RES2. The variation in dominance between Alphaproteobacteria and Betaproteobacteria
688  (now classified as the order Betaproteobacteriales in the phylum Gammaproteobacteria) has
689  been well documented, where their dominance varies depending on multiple factors including
690  disinfectant residual concentrations (Gomez-Alvarez et al., 2012; Wang et al., 2014) and

691  seasonal trends (McCoy and VanBriesen, 2014; Pinto et al., 2014; Prest et al., 2016;

692  Zlatanovic et al., 2017). Therefore, in this study, the increased retention time in the reservoirs
693  may have an effect on the microbial community composition and function in terms of

694  nitrogen transformation.

695

696  However, due to the lack of quantitative and viability assays it is unclear what proportion of
697  the community data is from viable or active cells. Although there is a lack of absolute

698  abundance in this study, it does not detract from the observed genetic potential of the

699  microbial community to transform nitrogen. Furthermore, the coverage of the highly
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700  abundant MAGs (specifically, Nitrosomonas, Sphingomonas and Nitrospira) corresponds to
701  that found by Sakcham et al. (2019) where after removal of eDNA, Nitrosomonas was

702  present at greater coverage than Nitrospira. Furthermore, at a location with higher nitrite

703  concentrations and after eDNA removal, Sphingomonas showed and increase in relative

704  abundance, which correlated to higher abundances of Nitrosomonas at this location. This
705  positive correlation between Sphingomonas and Nitrosomonas was also observed in this

706  study. Here, Sphingomonas may act as a potential indicator for the onset of nitrification in

707  chloraminated systems (Sakcham et al., 2019).

708 4.3 Nitrification driven by co-occurring Nitrosomonas and Nitrospira species

709  The engineered oligotrophic environment of drinking water systems typically have limited
710  substrate for nitrifiers. However, in chloraminated drinking water systems, nitrogen (in the
711  form of ammonia) is available either as excess ammonia or through disinfectant decay. This
712 addition of ammonia consequently promotes the growth of nitrifying bacteria and drives

713 nitrification (Regan, 2003; Wang et al., 2017). The phylogenetic distribution of most

714  commonly occurring ammonia-oxidising bacteria and archaea has been well described with
715  AOB falling within Gammaproteobacteria (order: Betaproteobacteriales), the AOA falling
716  specifically within the Thaumarchaea (Pester et al., 2011). However, in this study

717 Thaumarchaeota was not detected. AOA are thought to play a more significant role in

718  nitrification in environments that are low in dissolved oxygen or low ammonia concentrations
719 (Schleper et al., 2010; Pester et al., 2011). In contrast, Betaproteobacteriales AOB,

720  specifically Nitrosomonas were present in high abundances, indicating that Nitrosomonas is a
721  dominant member of the microbial community and plays a significant role in the fate of

722 nitrogen in this chloraminated system. The finding of AOB dominance over AOA 1is

723 consistent with other chloraminated DWDS studies (de Vet et al., 2011; Wang et al., 2014).
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724

725  Nitrification in chloraminated drinking water systems has been well characterised with

726  Nitrosomonas and Nitrospira species often identified as the major ammonia- and nitrite-

727  oxidisers, respectively (Regan, 2003; Hoefel ef al., 2005; Zhang et al., 2009). In this study,
728  the dominance of Nitrosomonas and Nitrospira species was confirmed as these species

729  showed: (i) high abundance of their respective SSU rRNAs, (ii) high coverage of nitrifying
730  genes associated with Nitrosomonas (amoABC and hao genes) and Nitrospira (nxrAB genes),
731  (iii) high coverage of their respective Nitrosomonas and Nitrospira reference genomes and
732 lastly (iv) high coverage of constructed Nitrosomonas-like and Nitrospira-like MAGs, across
733 both reservoirs. The dominance of Nitrosomonas species in this study corresponded to the
734 high abundance of Nitrosomonas observed by Potgieter et al. (2018), where they observed
735 Nitrosomonas-like OTUs to be the most abundant OTUs, constituting 18.3% of the total

736  sequences. Furthermore, Nitrospira was identified as the second most abundant phyla in this
737  study, which correlated to the observed increase of Nitrospira in the reservoir samples

738  observed by Potgieter et al. (2018).

739

740  Here, the chemical monitoring data alone may be limited in conclusively confirming the

741  occurrence of nitrification however, the increased concentrations of nitrate together with the
742 high abundance of Nitrosomonas and Nitrospira strongly suggests that nitrification occurs
743 within both chloraminated reservoirs. Furthermore, Duff e al. (2017) reported that amoA
744  gene abundances showed significant correlations to the Potential Nitrification Rate (PNR)
745  from AOB in marine inertial bays. Here the high abundance of genes involved in ammonia-
746  oxidation correlates to the observed increase in nitrate concentrations.

747
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748  The phylogeny of the amoA gene confirmed that the majority of AOB were identified as strict
749  ammonia oxidisers (specifically Nitrosomonas) with the presence of one potential

750  comammox amoA distinct from the canonical AOBs. Some AOB representatives, such as

751  Nitrosomonas oligotropha, may have a higher affinity for ammonia (Regan, 2003). Given the
752 low concentrations of ammonia in these systems, the high affinity of Nitrosomonas

753 oligotropha may allow it to outcompete other Nitrosomonas species (Regan, 2003). This is
754 likely to be the case in RES2 where ammonium concentrations are lower than in RES1. Here,
755  where the Nitrosomonas-like MAG (C107) decreases in coverage, the other Nitrosomonas-
756  like MAG (C58) increases, indicating that C58 may have a higher affinity for ammonia when
757  ammonia concentrations are low and is therefore able to outcompete other Nitrosomonas-like
758  population.

759

760  Similarly, the phylogeny of nxr4 genes showed that the majority of nxr4 genes group within
761  Nitrospira lineage 11, which is the most widespread and diverse of the lineages, including

762  both canonical NOBs as well as all currently known comammox bacteria (Koch et al., 2015;
763 Daims et al., 2016; Daims and Wagner, 2018). The majority of nxr4 genes from this study
764  grouped closely with Ca. Nitrospira sp. ST-bin5 described by Wang et al. (2017) and the

765  grouping of Ca. Nitrospira sp. ST-bin5 with Nitrospira moscoviensis was observed in both
766  this study and the study by Wang et al. (2017). Furthermore, in their study they describe that
767  Ca. Nitrospira sp. ST-bin5 does not contain the genes responsible for ammonia oxidation

768  (amo and hao) and is therefore not a true comammox bacteria. However, it is not possible to
769  identify the presence of comammox bacteria based on nxr4 phylogeny.

770

771 It is now known that comammox and canonical AOB both use ammonia as substrate and

772 therefore may co-exist in niches with low ammonia concentrations such as drinking water
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773 (Wang et al., 2017). Therefore, investigations into the presence of comammox revealed

774  potential comammox based on amoA phylogeny and the identification of cytochrome ¢

775  biogenesis genes (ccmEFGH) in both Nitrospira-like MAGs (Palomo et al., 2018). However,
776  ccmEFGH genes were found to belong to Nitrospira lenta species, which was consistent with
777  the taxonomy of the SSU rRNA within the Nitrospira-like MAG (C51). In addition, cyanate
778  hydratase or cyanase (cynS) and assimilatory nitrite reductase (nir4) genes were observed in
779  both Nitrospira-like MAGs. These genes are typically absent in comammox and only

780  detected in canonical NOB Nitrospira, which further confirms that the Nitrospira-like MAG
781  (C51) is most likely related to Nitrospira lenta.

782

783  Furthermore, the dominance of one Nitrospira-like MAG (C51) was observed over another
784  Nitrospira-like MAG (C56) indicating its ability to outcompete other Nitrospira members
785  similar to what has been demonstrated in activated sludge systems (Maixner et al., 2006;

786  Ushiki et al., 2017). Competition and separation in ecological niches between Nitrospira may
787  be caused by physiological properties such as the affinity for nitrite and other substrates,

788  formate utilisation and the relationship with AOB (Ushiki et al., 2017). Typically,

789  nitrification occurs in a modular fashion performed by a complex network of specialised

790  microorganisms. This modularity results in the cooperative and competitive interactions

791  (Stein and Klotz, 2011; Kuypers et al., 2018). Nitrification generally occurs through a

792 cooperative interaction between ammonia and nitrite oxidisers. Competitive interactions may
793  exist within the ammonia-oxidising and nitrite-oxidising groups, which potentially compete
794  for substrates ammonia and nitrite, respectively (Kuypers et al., 2018). Here, the dominant
795  Nitrospira-like MAG (C51) showed a positive relationship with the Nitrosomonas-like MAG
796  (C107), decreasing in coverage in RES2 where disinfectant residuals and consequently

797  ammonium concentrations were lower. This relationship may involve the tight coupling of
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798  canonical ammonia and nitrite oxidation, thereby resulting in the low concentrations of nitrite

799  observed in both reservoirs (Shaw et al., 2015; Daims et al., 2016).

800 4.4 Genetic potential of the microbial community for nitrogen metabolism

801  Despite the limitations in available drinking water metagenomes, the results in this study

802  provide insight into the diversity of microorganisms involved in nitrogen transformation in
803  chloraminated drinking water. As a consequence of nitrification, concentrations of nitrate
804  increase, thereby providing an alternative form of biologically available nitrogen. The

805  increased availability of nitrate potentially promotes the growth of a highly diverse

806  assemblage of microorganisms. There is an astounding diversity of microorganisms that

807  transform nitrogen, where each microorganism has specific physiological requirements for
808  optimal growth. Nitrogen transformations in the environment are typically carried out by

809  microbial communities that recycle nitrogen more efficiently than a single microorganism.
810  These microbial communities retain their nitrogen transforming capabilities even when the
811  community composition is altered with changes in the environment. These microbial nitrogen
812  transforming reactions form complex networks in both the natural and engineered

813  environments (Kuypers et al., 2018).

814

815  Where nitrification is driven by a select few microorganisms (i.e., Nitrosomonas and

816  Nitrospira), the reduction of nitrate, nitrite and nitric oxide was likely performed by a diverse
817  assembly of bacteria (predominately Alphaproteobacteria, Gammaproteobacteria, order

818  Betaproteobacteriales and Nitrospira), each with their own discrete physiological

819  requirements for optimal growth (Kuypers ef al., 2018). The dominance of amoABC and hao
820  (ammonia oxidation), nxr4B (nitrite oxidation), nasA4 (assimilatory nitrate reduction), nirBD

821  (mitrite reductase), nirK (nitrite reductase, NO-forming) and norBCDQ (nitric oxide
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822  reduction) genes suggests that ammonia is oxidised and the resulting in the formation of

823  nitrite and nitrate. The resulting oxidised compounds are most likely either (i) assimilatoraly
824  reduced to nitric oxide and ultimately nitrous oxide potentially triggering biofilm formation
825  or (il) when ammonia concentrations are low, nitrite and nitrate are fixed and converted to
826  ammonia for assimilation (Fig. 8).

827

828  Bacterial nitrate reduction has been shown to be a multifaceted process, performed by three
829  distinct classes of nitrate reducing systems differentiated by their cellular location, regulation,
830  structure, chemical properties and gene organisation (Moreno-Vivian ef al., 1999). In this

831  study, all three systems (i.e., Nas, Nar and Nap) were observed within the diverse group of
832  recovered draft genomes. The diversity observed within nitrate reductases in this study

833  correlated with that observed in other studies where nitrate reductases were found to

834  phylogenetically widespread (Richardson ef al., 2001; Philippot, 2005; Smith et al., 2007). In
835  many cases in this study, a single draft genome contained genes for both assimilatory and

836  dissimilatory nitrate reduction, indicating that these pathways may be interconnected where
837  the enzymes may play different roles under different metabolic conditions (Moreno-Vivian et
838  al., 1999). The interconnection of assimilatory, respiratory and dissimilatory nitrate reduction
839  may facilitate rapid adaptation to changes in nitrogen and/or oxygen conditions thereby

840  increasing the metabolic potential for survival in the chloraminated drinking water

841  environment (Moreno-Vivian et al., 1999).

842

843  In this study, the potential for assimilatory nitrate reduction was the dominant nitrate

844  reducing pathway as nasA4 genes were highly abundant and were the only nitrate reductase
845  genes observed in the dominant MAGs, i.e. the Nitrospira-like MAG (C51) and the

846  Rhizobiales-like MAG (C103.2). Assimilatory nitrate reductases are typically cytoplasmic
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847  and enables the utilisation of environmental nitrate as a nitrogen source. This enzyme is

848  generally induced by nitrate but inhibited by ammonium, however it is not affected by

849  oxygen (Moreno-Vivian et al., 1999). This converse relationship was observed between the
850  abundance of nas4 genes and ammonia concentrations. The high abundance of genes

851  associated with assimilatory nitrate reduction in this study correlated with reduced

852  concentrations of ammonium and increased concentrations of nitrate, which is a result of
853  nitrification. In the oligotrophic environment of DWDS, where nutrients are limited,

854  utilization of nitrate as nitrogen source for biomass synthesis may be an important

855  mechanism for survival (Rivett et al., 2008).

856

857  The metabolic fate of nitrite formed through the reduction of nitrate may involve subsequent
858  reduction to ammonia (through assimilatory nitrite reduction) or to nitric oxide (Moreno-
859  Vivian et al., 1999; Smith et al., 2007; Daims et al., 2016). Both nir4 and nirB genes

860  encoding nitrite reductases were observed to have high coverage across both reservoirs. The
861  positive correlation with nas4 and nirA confirms the potential for complete assimilatory

862  nitrate reduction to ammonia, specifically in RES2. However in RES1, a converse

863  relationship was observed between nasA4 and nird genes, suggesting that nirB may potentially
864  may play a larger role in the reduction of nitrite here as nirB genes showed similar trends to
865  nasA genes in RES1, although, at a lower coverage than nir4. The NirB nitrite reductase uses
866 ~ NADH as an electron donor to reduce nitrite in the cytoplasm and typically, high nitrite

867  concentrations are needed for nirB, which is consistent with the proposed role of the NirB
868  enzyme in detoxification of nitrite. This may be the case following RES1, where nitrite

869  concentrations were generally higher as compared to RES2.

870


https://doi.org/10.1101/655316

bioRxiv preprint doi: https://doi.org/10.1101/655316; this version posted June 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

871  Genes encoding dissimilatory nitrate reduction and denitrification were identified in this

872  study, however their coverage across both reservoirs was generally very low. Both

873  dissimilatory nitrate reduction to ammonia (DNRA) and denitrification compete for the

874  nitrate and nitrite as an electron acceptor (Smith et al., 2016). It has been shown that DNRA
875  may be favoured when nitrate concentrations are low and organic electron donor availability
876 is high, whereas denitrification outcompetes DNRA when nitrate concentrations are high and
877  carbon supplies are limiting (Rivett et al., 2008; Smith et al., 2016). However, denitrification
878  typically occurs in environments where available oxygen is limited and nitrate is used in

879  respiration. Therefore, denitrification may not play a role in an aerobic drinking water

880  environment.

881

882  Alternatively, nitrite may be reduced to nitric oxide (NO) via nirK (nitrite reductase, NO-
883  forming), which showed high coverage across both reservoirs and was observed in

884  Nitrosomonas-like and Nitrospira-like MAGs. At low, non-toxic concentrations, NO can

885  potentially elicit other cellular responses other than denitrification (Arora et al., 2015).

886  Although it is difficult to separate NO signalling responses from detoxification and

887  denitrification, in Nitrosomonas europaea it was observed that low concentrations of NO

888  caused biofilm dispersal, whereas high concentrations of NO caused increased biofilm

889  formation as a defence mechanism (Arora ef al., 2015). In this study, generally a converse
890  relationship was observed between assimilatory nitrite reduction (nir4B) and NO forming
891  nitrite reduction (nirK) suggesting that potentially when ammonia concentrations are

892  increased, the need for nitrite to be assimilated to ammonia is reduced and nitrite may be

893  preferentially reduced to nitric oxide. Furthermore, nor genes were observed to have high
894  coverage across reservoir samples and were present in both Nitrosomonas-like MAGs and the

895  Sphingomonas-like MAG. Nor genes are responsible for regulating the concentration of NO
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896 by the reduction of NO to nitrous oxide (N,O). As denitrification may not be an important
897  process in this system and the observed high coverage of nirK and nor genes, suggests that
898  production of NO may act as an important molecule in regulation biofilm formation. This is
899  consistent with Sphingomonas spp. being linked to the initiation of biofilm formation and

900  resistance to monochloramine (Chiao et al., 2014).

901 4.4.1 Other nitrogen transforming processes

902  The metabolic versatility of nitrogen transforming processes included nitrogen fixation.

903  Although nif genes were observed at very low coverages, a full cascade of nif genes were

904  identified in a Sideroxydans-like MAG, which is well described as an iron-oxidising bacteria.
905  Sideroxydans, has previously been described as commonly occurring OTU in disinfectant
906  free drinking water (Bautista-de los Santos et al., 2016) however, the presence of these iron-
907  oxidisers in DWDS are typically, linked to microbial mediated corrosion of the steel and iron
908  pipes (Emerson and De Vet, 2015). Further investigations of the interactions between iron-
909  oxidation and nitrogen fixation may be needed for the optimisation of the design and

910  operations of chloraminated DWDS.

911 5. Conclusion

912  The transformation of nitrogen has been well characterised in many environments including
913  the open oceans and ocean sediments, wastewater and agricultural soils. However, to our

914  knowledge this information is limited when considering chloraminated DWDSs, where

915  nitrification is a major concern. In this study, Nitrosomonas and Nitrospira were identified as
916  the main drivers in nitrification and together with the water chemistry data (i.e., changes in
917  ammonia, nitrite and nitrate concentrations), this study improves our understanding nitrogen

918  cycling potential in chloraminated drinking water. Furthermore, the genes and bacteria
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919  responsible for the metabolic fate of nitrate and other nitrogen transforming reactions were
920  identified and were shown to be highly diverse. Here, the addition of ammonia through

921  chloramination promotes/supports the growth of nitrifying bacteria and in this DWDS, the
922  nitrate formed through nitrification may ultimately be reduced via assimilatory processes

923  either to ammonia when ammonia concentrations are low or to nitric oxide for potential

924  regulation of biofilm formation. This study therefore provides insight into the genetic

925  network behind microbially mediated nitrogen metabolism in chloraminated drinking water.
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Fig. 4: Cumulative coverage (rpkm) of the dominant genes identified to be involved in the nitrogen cycle (i.e. genes with a cumulative coverage

of >100 rpkm in both reservoirs) across all reservoir samples. This figure is complemented by Fig. S5, showing the number of genes identified

for each function.
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Fig. 8: A schematic overview of the dominant genes and MAGs involved in the major reactions of the nitrogen cycle both chloraminated

reservoirs. Reactions involved in nitrification are indicated in green, reactions involved in assimilatory nitrate reduction are indicated in blue and

the reactions involving the formation and reduction of nitric oxide are indicated in red.
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