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Abstract

Complete ammonia oxidizing bacteria coexist with canonical ammonia and nitrite oxidizing bacteria in awide range of environments.
Whether this is due to competitive or cooperative interactions, or a result of niche separation is not yet clear. Understanding the fac-
tors driving coexistence of nitrifiers is critical to manage nitrification processes occurring in engineered and natural ecosystems.
In this study, microcosm-based experiments were used to investigate the impact of nitrogen source and loading on the population
dynamics of nitrifiers in drinking water biofilter media. Shotgun sequencing of DNA followed by co-assembly and reconstruction of
metagenome assembled genomes revealed clade A2 comammox bacteria were likely the primary nitrifiers within microcosms and
increased in abundance over Nitrosomonas-like ammonia and Nitrospira-like nitrite oxidizing bacteria irrespective of nitrogen source
type or loading. Changes in comammox bacterial abundance did not correlate with either ammonia or nitrite oxidizing bacterial
abundance in urea-amended systems, where metabolic reconstruction indicated potential for cross-feeding between strict ammo-
nia and nitrite oxidizers. In contrast, comammox bacterial abundance demonstrated a negative correlation with nitrite oxidizers in
ammonia-amended systems. This suggests potentially weaker synergistic relationships between strict ammonia and nitrite oxidizers
might enable comammox bacteria to displace strict nitrite oxidizers from complex nitrifying communities.
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Introduction
Nitrification, the biological transformation of ammonia to nitrate
via nitrite, is an important process in engineered and natural
ecosystems. While nitrification mediated by ammonia oxidizing
microorganisms (AOM; Kowalchuk and Stephen 2001, Stahl and
de la Torre 2012), including ammonia oxidizing bacteria (AOB) and
archaea (AOA), and nitrite oxidizing bacteria (NOB; Daims et al.
2016) has been extensively investigated, complete ammonia oxi-
dation (comammox) performed by comammox bacteria is under-
studied in large part due to its recent discovery. All known co-
mammox bacteria belong to Nitrospira sublineage II (Daims et al.
2015, van Kessel et al. 2015, Pinto et al. 2016), and are currently di-
vided into two clades, A and B, with clade A further separated into
subclades A1 and A2 (Palomo et al. 2019). Due to close phyloge-
netic relatedness, comammox-Nitrospira cannot be distinguished
from Nitrospira-NOB based on the 16S rRNA gene sequence or
the marker genes for nitrite oxidation (nxrA and nxrB; Daims et
al. 2015). Thus, characterization of comammox bacteria has been
largely enabled by shotgun DNA sequencing followed by recon-
struction of assembled genomes (Palomo et al. 2016, Pinto et al.
2016, Camejo et al. 2017,Wang et al. 2017, Annavajhala et al. 2018,
Poghosyan et al. 2019) and the development of primers targeting
subunits of comammox bacterial ammoniamonooxygenase (amo)

gene (Bartelme et al. 2017, Pjevac et al. 2017, Fowler et al. 2018,
Wang et al. 2018, Beach and Noguera 2019, Cotto et al. 2020).

Within the engineered water cycle, clade A1 comammox bacte-
ria have been primarily detected in wastewater treatment plants,
while clades A2 and B have been associated with drinking wa-
ter treatment and distribution systems (Palomo et al. 2019). It is
unclear if this translates into physiological differences between
the clades/subclades, since there is only one comammox isolate
and an enrichment whose kinetic parameters have been reported.
To date, kinetic parameters of comammox bacteria are confined
to two clade A representatives, cultured Candidatus Nitrospira in-
opinata and an enrichment of Candidatus Nitrospira kreftii (Kits et
al. 2017, Sakoula et al. 2020). Both demonstrate a high affinity
for ammonia, with half-saturation constants orders of magnitude
lower than strict AOB. Comparatively, the Candidatus N. kreftii en-
richment exhibited a higher affinity for nitrite compared to Can-
didatus N. inopinata and demonstrated partial inhibition of ammo-
nia oxidation even at low ammonia concentrations (Sakoula et al.
2020). Further at the genome-level, the two clades exhibit differ-
ences in terms of ammonia transporters, acquisition of alterna-
tive ammonia sources (cyanate), and potential use of alternative
energy sources (Palomo et al. 2018, Spasov et al. 2020, Yang et al.
2020, Xu et al. 2022). This suggests that clade-specific comammox
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bacterial niche, if applicable, may be arise from any one or com-
bination of several factors. Beyond clade specific traits, identify-
ing the potential environmental and physiological factors driving
the coexistence of comammox bacteria with canonical nitrifiers is
also important to better understand comammox bacteria role in
complex nitrifying communities (Gulay et al. 2019, Liu et al. 2019,
Wang et al. 2019a,b, Zheng et al. 2019, Gottshall et al. 2020, Wang
et al. 2020, He et al. 2021, Shao and Wu 2021). Comammox bacte-
ria have been detected along with their canonical nitrifying coun-
terparts in wastewater treatment plants (Gonzalez-Martinez et al.
2016, Roots et al. 2019, Zheng et al. 2019, Cotto et al. 2020, Yang
et al. 2020), drinking water systems (Pinto et al. 2016, Tatari et al.
2017, Wang et al. 2017, Fowler et al. 2018, Poghosyan et al. 2020),
and soils (Prosser and Nicol 2012, Shi et al. 2018, Liu et al. 2019,
He et al. 2021) at varying abundances over a wide range of am-
monium concentrations. While there is currently no quantitative
estimate of the contribution of comammox bacteria to nitrifica-
tion compared to AOB and NOB, several studies have investigated
comammox bacterial dynamics in the context of mixed nitrifying
communities. For instance, DNA/RNA stable isotope probing pro-
vided support for comammox Nitrospira contributing to ammonia
oxidation in lab-scale biofilters exposed to very low ammonium
concentrations (Gulay et al. 2019). Soil microcosms amended with
high ammonia concentrations were enriched in AOB compared to
those with lower ammonia concentrations where clade B comam-
mox bacteria proliferated (Wang et al. 2019a, He et al. 2021). Inter-
estingly, in a lab-scale partial nitrification-anammox reactor op-
erating with incrementally increased ammonia loadings, comam-
mox bacteria initially dominated over strict AOB, but its abun-
dance significantly declined as loadings were further increased
(Shao and Wu 2021).

Comammox bacteria may also acquire ammonia via urea
degradation. Specifically, genes encoding for urea transport and
the urease enzyme are distributed among many Nitrospira popu-
lations (Koch et al. 2015), including most comammox populations
(Palomo et al. 2018). While this may diversify potential nitrogen
sources for comammox bacteria (Daims et al. 2016), this could
be a potential advantage for canonical nitrifiers involved in a re-
ciprocal feeding strategy as observed with co-cultured Nitrospira
moscoviensis converting urea to ammonia for N. europaea (Koch et
al. 2015). The tight interplay between canonical nitrifiers is well
established; however, our understanding of comammox compe-
tition (or lack thereof) with AOM and its impact on strict NOB in
mixed communities is limited.

To better understand the comammox bacterial role within
these complex nitrifying communities, we investigated their pop-
ulation dynamics across two nitrogen sources (ammonia or urea)
at three total nitrogen dosing strategies. Thus, the objectives
of this study were (1) to determine if comammox bacteria and
canonical nitrifiers exhibit concentration and nitrogen source de-
pendent dynamics when subject to repeat nitrogen amendments
and (2) to determine if these dynamics are consistent or variable
at the clade or population within each functional guild. Charac-
terization of microbial communities in biofilters at DWTPs has re-
vealed rich nitrifier diversity (Fowler et al. 2018, Gulay et al. 2019),
making it an ideal sample source for this study. Collectively, our
microcosm-based study offers novel insights regarding the eco-
physiology of clade A2-associated comammox bacteria; informa-
tion on this clade are very limited. Further, while other micro-
cosm studies have focused on competitive interactions between
comammox bacteria and strict AOB under controlled conditions
(Wang et al. 2019b,He et al. 2021), there is only limited assessment
of NOB response to experimental treatment. This study explicitly

assesses the NOB dynamics in response to nitrogen source and
loading rates in the context of the broader nitrifying community.

Materials and methods
Experimental design and execution
Granular activated carbon (GAC) with coexisting AOB, NOB, and
comammox bacterial populations from biofilters at the drinking
water treatment plant (DWTP) in Ann Arbor, (AA) Michigan was
used as the inoculum for this experimental work (Pinto et al.
2016). Microcosms consisted of 3 g of GAC supplemented with
10 ml of filter influent from AA DWTP in 40-ml presterilized glass
vials (DWK Life Sciences—Fisher 033395C). A total of 96 glass mi-
crocosms were prepared such that two biological replicates for
each of the three nitrogen concentrations (1.5, 3.5, and 14 mg-
N/l) for the two nitrogen sources (i.e. ammonium (direct) and urea
(indirect)) were harvested weekly for analyses over the period of
the 8-week experiment. Ammonium was spiked in at 0.1, 0.25,
and 1 mM (in the form of ammonium chloride solution), corre-
sponding to final concentrations of 1.5, 3.5, and 14 mg-N/l. For
urea, 0.05, 0.125, and 0.5 mM (in the form of urea solution) were
used to ensure similar concentrations of total nitrogen as the am-
monium microcosms. Microcosms were maintained by carefully
removing approximately 10ml of spent filter influent while avoid-
ing the top layer of GAC and subsequently replenishing themwith
10 ml of fresh influent and the respective nitrogen source spike
every 2 days. The spent filter influent was filtered through 0.2
μm filters (Sartorius Minisart NML Syringe Filter—Fisher Scien-
tific 14555269) for chemical analyses. The sampled aqueous vol-
ume was replaced with fresh substrate to replenish the ammonia
and urea concentrations to microcosm specific concentrations.
Once a week, two microcosms per condition (i.e. nitrogen concen-
tration and nitrogen source) were sacrificed and two 0.5 g GAC
samples from each microcosm were transferred to Lysing Matrix
E tubes (MP Biomedical LysingMatrix E—FisherMP116914100) and
stored at −80◦C until further processing. Hach Company Test n’
Tube Vials were used to determine concentrations of ammonia-
N (Hach, Cat No. 2606945), nitrite-N (Hach, Cat No. 2608345),
and nitrate-N (Hach, Cat No. 2605345) in microcosms. All sam-
ples were analyzed on a Hach DR1900 photospectrometer (Hach—
DR1900-01H). Alkalinity of filtered liquid samples were measured
using Hach Alkalinity Total TNTplus Vials (Hach—TNT870).

DNA extraction and qPCR
GAC samples were subjected to DNA extraction using the
DNAeasy PowerSoil kit (Qiagen, Inc—Cat No.12888) on the QI-
Acube (Qiagen, Inc—Cat No. 9002160) following manufacturer’s
instructions with a few modifications. Specifically, the lysing
buffer from the PowerBead tubes were transferred to the Lysing
Matrix E tubes and C1 buffer was added. Prior to bead beating,
an equal volume of chloroform was added (610 μl). Bead beat-
ing consisted of four rounds of 40 s on a FastPrep-24 instrument
(MP Bio–116005500) with bead beading tubes placed on ice for 2
min between each bead beating. Samples were then centrifuged
at 10,000 g for 1 min and 750 μl of aqueous phase used to pu-
rify DNA using the QIAcube Protocol for the DNeasy PowerSoil Kit.
Each round of extractions included a reagent blank as a negative
control. After extraction, DNA concentration was determined us-
ing a Qubit instrument with the dsDNA Broad Range Assay (Ther-
moFisher Scientific—Cat No. Q32850; Table S1, Supporting Infor-
mation). DNA was stored in a −80◦C freezer until future use.
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qPCR assays were conducted using QuantStudio 3 Real-Time
PCR System (ThermoFisher Scientific—Cat. No. A28567). Primer
sets targeting the 16S rRNA gene of AOB (Hermansson and Lind-
gren 2001), 16S rRNA gene of Nitrospira (Graham et al. 2007), amoB
gene of clade A comammox bacteria (Cotto et al. 2020), and 16S
rRNA gene for total bacteria (Caporaso et al. 2011) were used (Ta-
ble S2, Supporting Information). Previously published primer set
for the amoB gene of clade A comammox bacteria was updated
based onmetagenomic data generated as part of this study (Cotto
et al. 2020). Based on alignments of amoB gene sequences from the
comammox MAGs assembled in this study, the previously pub-
lished forward primer for comammox clade A amoB gene from
Cotto et al. (2020) had one mismatch with a amoB gene found in
metagenome data. Thus, this forward primer was further modi-
fied by changing the 13th position from G to a degenerate base S
(seven base pairs from 3´-end). The use of the modified primers
resulted in increased abundance of comammox bacteria in this
study as shown in Figure S1 (Supporting Information), indicating
the ability to capture comammox amoB gene sequences not am-
plified by previous primer set.

The qPCR reactions were carried out in 20 μl volumes, which
included 10 μl Luna Universal qPCR Master Mix (New England Bi-
olabs, Inc., Cat. No. NC1276266), 5 μl of 10-fold diluted template
DNA, primer concentrations are outlined in Table S2 (Supporting
Information) and DNAse/RNAse free water (Fisher Scientific, Cat.
No. 10977015) to make up the remaining volume to 20 μl. Each
sample per assaywas subject to qPCR in triplicate and qPCR plates
were prepared using the epMotion M5073 liquid handling system
(Eppendorf, Cat. No. 5073000205D). The cycling conditions used in
this study were as follows: initial denaturing at 95◦C for 1 min,
40 cycles of denaturing at 95◦C for 15 s, annealing temperatures
and time used are listed in Table S2 (Supporting Information) and
extension at 72◦C for 1 min. qPCR analysis proceeded with a neg-
ative control and 7-point standard curve ranging from 103 to 109

copies of 16S rRNA gene of N. europaea for total bacteria quantifi-
cation, 102–108 copies of 16S rRNA genes of N. europaea and Ca N.
inopinata for AOB and Nitrospira quantification, respectively, and
102–108 copies of amoB gene of Ca N. inopinata for the quantifica-
tion of comammox bacteria. PCR efficiencies and R2 values from
qPCR assays are provided in Table S3 (Supporting Information).
The primer used to detect the 16S rRNA gene of Nitrospira would
inclusively track both comammox-Nitrospira and Nitrospira-NOB.
Thus,Nitrospira-NOB abundancewas estimated by subtracting the
copy number of comammox bacteria amoB from the copy number
of 16S rRNA gene of Nitrospira.

Metagenomic analyses
A subset of samples were selected for metagenomic analysis in-
cluding DNA extracted from the initial GAC inoculum and sam-
ples from weeks 4 and 8 (n = 13) for all nitrogen sources and dos-
ing strategies. DNA extracts from duplicate microcosms for each
time point were pooled in equal mass proportion before sending
DNA templates for sequencing at the Roy J. Carver Biotechnol-
ogy Center at University of Illinois Urbana-Champaign Sequenc-
ing Core. A total of two lanes of Illumina NovaSeq were used
to generate paired-end reads ranging from 29 to 68 million per
sample (2 × 150-bp read length; Table S4, Supporting Informa-
tion). Raw paired-end reads were trimmed and quality filtered
with fastp (Chen et al. 2018; Table S4, Supporting Information).
Filtered reads were mapped to the UniVec Database (National
Center for Biotechnology Information) using BWA (Li and Durbin
2009) to remove potential vector contamination. Subsequent un-

mapped readswere extracted, sorted, and indexed using SAMtools
v1.3.1 (Li et al. 2009), then converted back to FASTQ using bedtools
v2.19.1 (Quinlan and Hall 2010).

Small subunit rRNA sequence reconstruction from quality
filtered short reads was carried out using the Phyloflash v3.4
(Gruber-Vodicka et al. 2020). Briefly, bbmap was used to map short
reads against the SILVA 138.1 NR99 database with the default
minimum identity of 70% followed by assembly of full-length
sequences with Spades (kmers = 99,111, 127) and detection of
closest-matching database sequences using usearch global within
VSEARCH at a minimum identity of 70%. For read pairs, taxo-
nomic classification was performed by taking the lowest com-
mon ancestor using SILVA taxonomy (Pruesse et al. 2007). Assem-
bled sequences from all samples belonging to nitrifying bacteria
were clustered at 99% identity using vsearch v2.15.2 (Rognes et al.
2016). Reference Nitrospira and Nitrosomonadaceae 16S rRNA refer-
ence sequences were obtained from ARB-SILVA and aligned with
assembled sequences using muscle v3.8.1551 (Edgar 2004). Con-
struction of 16S rRNA phylogenetic trees for Nitrospira and Nitro-
somonadaceae was performed using IQ-TREE v1.6.12 (Nguyen et al.
2015) with model finder option (Kalyaanamoorthy et al. 2017) se-
lecting TIM3+F+I+G4 and TPM2u+F+I+G4 as models for respec-
tive trees.

Quality filtered paired-end reads from all samples were co-
assembledwithmetaSPAdes v3.11.1 (Nurk et al.2017) with k-mers
lengths 21, 33, 55, 77, 99, and 119, and phred off-set of 33. Qual-
ity evaluation of the assembled scaffolds was performed using
Quast v5.0.2 (Gurevich et al. 2013; Table S5, Supporting Informa-
tion). Open reading frames (ORF) on scaffolds were predicted us-
ing Prodigal v2.6.2 (Hyatt et al. 2010) with the ‘meta’ flag and func-
tional prediction of resulting protein sequences were determined
by similarity searches of the KEGG database (Hiroyuki et al. 1999)
using kofamscan (Aramaki et al. 2020). Taxonomic classification
of scaffolds harboring nitrogen cycling genes was performed us-
ing kaiju v1.7.4 (Menzel et al. 2016) against the NCBI nr database
with default parameters. CoverM v0.5.0 (www.github.com/wwood
/CoverM) was used to calculate reads per kilobase million (RPKM)
of these scaffolds as a metric for estimating relative abundance
in each sample.

Scaffolds were binned into clusters andmanually refined using
Anvi’o (v5.1 and 5.5; Eren et al. 2015) with three binning algo-
rithms including CONCOCT (Alneberg et al. 2014), Metabat2 v2.5
(Kang et al. 2019), and Maxbin2 v2.2.7 (Wu et al. 2016). DAS_tool
v1.1.2 (Sieber et al. 2018) was used to merge bins from the three
approaches to generate final metagenome assembled genomes
(MAGs). Completeness and contamination of the final set was
determined using CheckM v1.0.7 (Parks et al. 2015) followed by
taxonomic classification using the Genome Taxonomy Database
Toolkit v1.2.0 with release 89 v04-RS89 (Chaumeil et al. 2019).
CoverM was used to calculate RPKM for each bin. Similar to
the annotation of the metagenome, functional prediction of bin
ORFs were determined by similarity searches against the KEGG
database using kofamscan. The annotation of genes of interest
were further confirmed by querying protein sequences against
the NCBI-nr database using BLASTP. MAGs were also annotated
using Prokka as a secondary annotation method (Seemann 2014).
The Up-to-date Bacterial Core Gene pipeline (UBCG; Na et al. 2018)
with default parameters was used to extract and align a set of 92
single copy core genes fromNitrospira andNitrosomonas references
genomes (Table S6, Supporting Information) and nitrifier MAGs
for phylogenomic tree reconstruction. Maximum likelihood trees
were generated based on the nucleotide alignment using IQ-TREE
with model finder selecting the GTR+F+R10 and GTR+F+R4
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models for Nitrospira and Nitrosomonas trees, respectively, with
1000 bootstrap iterations. For outgroups, two Leptospirillum and
three Nitrosospira genomes were used for Nitrospira and Nitro-
somonas trees, respectively. Pairwise alignments of comammox
amoA and hao and Nitrospira nxrA amino acid sequences were
created using muscle. Maximum likelihood trees were inferred
by IQ-TREE with model finder selecting LG+G4 for the amoA
tree and LG+I+G4 for hao and nxrA trees with 1000 bootstrap
iterations for each tree. The amoA and hao amino acid sequences
from N. europaea and Nitrosomonas oligotropha were used as the
outgroup for comammox trees. All trees were visualized using
the Interactive Tree of Life (itol; Letunic and Bork 2019). Pairwise
comparisons of average nucleotide identity of 38 Nitrospira and
15 Nitrosomonadaceae genomes (Table S6, Supporting Information)
with nitrifier MAGs obtained in this study was determined using
FastANI v1.31 (Jain et al. 2018).

Statistical analysis
The relative abundance of each nitrifier population was tested to
determine if significant differences existed between concentra-
tion or source of electron donor types using ANOVA and Welch
t-tests, respectively, with R version 4.0.4. Shapiro–Wilks tests were
used to test for normality prior to these statistical tests. Linear
regression and correlation analysis were used to examine the
relationship between the abundance of nitrifying guilds in each
of the nitrogen amendments over time.

Results
Microbial community composition in
microcosms and nitrogen biotransformation
potential
Microcosms consisting of GAC from drinking water biofilters were
subject to intermittent amendments of nitrogen using two nitro-
gen sources (ammonia or urea) across three nitrogen concentra-
tions (14, 3.5, and 1.5mg-N/l). The conditions used in these experi-
ments are denoted as 14A, 3.5A, 1.5A, 14U, 3.5U, and 1.5U,where A
or U represents ammonia or urea amendments, respectively, and
the number represents the concentration of nitrogen source spike
in mg/l as nitrogen. A total of two microcosms were sacrificed on
a weekly basis over the duration of a 8-week experiment (n = 96
total microcosms). Extracted DNA from the inocula and weeks 4
and 8 were subject to shotgun DNA sequencing (n = 13).

Initial assessment of taxonomic diversity in the samples based
on analyses of metagenomic reads mapping to the small subunit
rRNA database (SILVA SSU NR99 version 138.1) indicated that the
GAC inocula largely consisted of bacteria with archaea and eu-
karyota constituting a small proportion of the overall metage-
nomic reads (∼0.002%). The bacterial community was primarily
composed of Gammaproteobacteria (20%–30%), Alphaproteobac-
teria (25%–31%), and Nitrospirota (8%–15%; Fig. 1A).Nitrospira and
Nitrosomonadaceae were the only nitrifiers identified and consti-
tuted 9%–15% of the overall microbial community in samples.
Full length 16S rRNA gene sequences were assembled from each
sample (n = 13) resulting in a total of eight sequences with clos-
est matching SILVA database hits to uncultured Nitrospira bac-
teria (Accession numbers: MF040566, AY328760, and JN868922).
Clustering of all eight Nitrospira 16S rRNA gene sequences at 99%
identity resulted in two Nitrospira operational taxonomic units
(OTUs), with one cluster composed of six sequences (Nitrospira
OTU 1) and the other cluster with two sequences (Nitrospira OTU
2). Phylogenetic placements of these OTUs revealed both clus-

tered within Nitrospira sublineage II (Figure S2A, Supporting In-
formation). Diversity of Nitrospira was likely underrepresented as
full length Nitrospira 16S rRNA gene sequences could not be as-
sembled from some samples despite a large portion of extracted
16S rRNA gene readsmapping toNitrospira references in the SILVA
database. Limited assembly of these reads could be due to several
closely related Nitrospira species/strains coexisting in the sam-
ples making reconstruction of full length sequences difficult. For
canonical AOB, Nitrosomonas sp. AL212 (CP002552) was the clos-
est matching database hit to one assembled sequence while an-
other six had hits closet to Nitrosomonadaceae (Accession num-
bers: FPLP01009519, KJ807851, and FPLK01002446), but could not
be further classified at the genus or species level. Phylogenetic
placement of the single Nitrosomonas OTU affiliated it with Nitro-
somonas sp. AL212 and Nitrosomonas ureae (Figure S2B, Supporting
Information).

Following co-assembly of metagenomic reads, predicted pro-
tein coding genes from scaffolds associated with the nitrogen
metabolism were taxonomically classified (Fig. 1B). The major-
ity of methane/ammonia monooxygenase (pmo–amo) like genes
(KEGG orthology: K10944, K10945, and K10946) were associated
with either nitrifiers (i.e. Nitrospira or Nitrosomonas) or methan-
otrophs (i.e. Methylocystis; Fig. 1C). While some amoCAB genes
could not be classified to the genus level using kaiju software,
blastp searches against the NCBI nonredundant protein database
indicated these were closely related to Nitrosomonas. All retrieved
hao sequences (KEGG orthology: K10535) were associated with
Nitrospira, which is likely due to the low relative abundance of
Nitrosomonas-like populations and the resulting inability to as-
semble their hao genes. Potential for ureolytic activity was de-
tected across four phyla based on the urease alpha subunit (ureC).
ureC sequences associated with Nitrospirota and Gammapro-
teobacteria could be classified at the genus level as Nitrospira and
Nitrosomonas, respectively. Sequences identified as nitrate reduc-
tase/nitrite oxidoreductase alpha and beta subunits (K00370 and
K00371) were subject to further classification to differentiate be-
tween nitrite oxidoreductase genes belonging to NOB from ni-
trate reductases belonging to other community members. Phylo-
genetic placement of mostNitrospira nxrA sequences found in this
study cluster within a branch containing both comammox and
Nitrospira-NOB species (Candidatus N. inopinata, Candidatus N. ni-
trosa, and N. defluvii; Fig. 1D). While other sequences clustered on
a separate branch with Candidatus N. nitrificans, a single Nitrospira
nxrA sequence clustered closely within a branch containing only
Nitrospira-NOB belonging to sublineage II.

Phylogenomic placement of nitrifying
populations and their metabolism
MAGs were obtained from GAC microcosms after dereplication
from three binning approaches. All 204 MAGs were classified as
bacteria, with 145 MAGs exhibiting completeness greater than
70% and contamination less than 10% (Table S7, Supporting Infor-
mation). Approximately, 62% of the metagenomic reads mapped
to these MAGs. A total of nine MAGs were classified as nitrifying
bacteria belonging to Nitrosomonas and Nitrospira (Table S8, Sup-
porting Information). Genome annotation confirmed that four Ni-
trospira MAGs had key ammonia (ammonia monooxygenase and
hydroxylamine oxidoreductase) and nitrite (nitrite oxidoreduc-
tase) oxidation genes (Figure S3, Supporting Information). Qual-
ity assessment for these comammox MAGs indicated two high
(Bin_49_2_2 and Bin_49_4) and one medium quality (Bin_260; Ta-
ble S8, Supporting Information) according to Bowers et al. (2017). A
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Figure 1. (A) Proportion of metagenomic reads mapping to the SILVA SSU NR99 database (version 138.1) from the inocula and treated samples at
weeks 4 and 8. The community primarily consisted of Gammaproteobacteria, Alphaproteobacteria, and Nitrospirota. Proteobacteria is broken down by
classes, Alphaproteobacteria and Gammaproteobacteria, though a small portion of Proteobacteria reads could not be classified further. (B) Taxonomic
classification of genes for nitrogen biotransformation present in the metagenome at the phyla level with Proteobacteria presented by classes,
Alphaproteobacteria and Gammaproteobacteria. (C) and (D) Phylogenetic placement of amoA-pmoA like sequences (C), and nxrA sequences (D)
detected in the metagenomes. Both maximum likelihood trees were constructed based alignments of protein sequences of the respective genes.
Sequences identified in this study are colored according to their phylogenetic placement (red, green, blue, and orange) while references are black. AOB
= ammonia oxidizing bacteria and MOB = methane oxidizing bacteria.
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fourth comammox MAG (Bin_13) was assembled with high com-
pleteness (89%), but also possessed high redundancy (18%) that
could not be improved with further manual refinement. The re-
maining two Nitrospira MAGs (Bin_7_1 and Bin_188), which were
likely strict NOB due to lack of ammonia oxidation genes, were
less complete (38.04% and 48.25%) with low redundancy (8.76%
and 8.46%).The low completenesswas likely not due to their lower
abundance, but potentially high level of strain heterogeneity,
which may have affected the assembly of reads associated with
Nitrospira-NOB. For example,RPKM-based relative abundance esti-
mated using all reads (total RPKM) showed the twoNitrospira-NOB
MAGs exhibited similar relative abundance to comammox bacte-
ria MAGs Bin_49_2_2 and Bin_49_4 (∼7–10 total RPKM), but the
CheckM estimated strain heterogeneities for Bin_7_1 and Bin_188
were 40 and 75, respectively, compared to 0 for both Bin_49_2_2
and Bin_49_4. In total, two MAGs classifying as Nitrosomonas were
deemed high (Bin_83) and medium quality (Bin_168); however, a
third Nitrosomonas MAG was considered low quality.

A maximum likelihood tree based on 91 single copy core genes
confirmed allNitrospiraMAGs affiliatedwith sublineage II (Fig. 2A).
A total of four of the Nitrospira MAGs from this study clus-
tered within clade A comammox Nitrospira (Bin_49_2_2, Bin_49_4,
Bin_260, and Bin_13), but were separated into distinct groups on
the phylogenomic tree; namely, forming three clusters with MAGs
obtained from tap water, drinking water filters, and freshwa-
ter. amoA-based phylogenetic analysis corroborated their place-
ment into clade A (Fig. 2B); however, hao-based phylogeny dis-
tinguished three of comammox MAGs (Bin_49_2_2, Bin_49_4, and
Bin_260) as clade A2 (Palomo et al. 2019), while one clustered
within clade A1 (Bin_13; Fig. 2C). Consistent across all trees,
Bin_49_2_2 and Bin_260 cluster closely with comammoxMAGsNi-
trospira sp. SG-bin2 and ST-bin4 (ANI ∼ 92%) derived from tap wa-
ter metagenomes (Wang et al. 2017). Bin_49_4 clustered closely
with Nitrospirae bacterium Ga0074138 (ANI ∼ 99%), which was
previously detected in GAC from the same DWTP (Pinto et al.
2016), along with other tap water and groundwater-fed rapid sand
filter MAGs (Palomo et al. 2016, Wang et al. 2017). Bin_13 associ-
ated with comammox MAGs obtained from freshwater, UBA5698,
and UBA5702 (Parks et al. 2017; ANI ∼ 90%); however, its high
contamination (18%) likely renders ANI comparison less accurate.
Overall, the MAGs demonstrated less then 95% ANI to other ref-
erence comammox bacterial MAGs (Figure S4, Supporting Infor-
mation) suggesting comammox bacteria detected in GAC micro-
cosms are distinct from one another and previously published co-
mammoxMAGs; as a result, they are likely novelNitrospira species.
The two remaining Nitrospira MAGs, Bin_7_1 and Bin_188, clus-
tered with strict Nitrospira-NOB MAGs recovered from tap wa-
ter, Nitrospira_sp_ST-bin5 (Wang et al. 2017; ANI ∼ 94%), and a
rapid sand filter, Nitrospira CG24D (ANI ∼ 87%; Palomo et al. 2016;
Fig. 2A and Figure S4, Supporting Information). However, since
Bin_7_1 and Bin_188 were highly incomplete, the possibly they are
novel comammox bacteria cannot be excluded. Only two strict
AOB MAGs (Bin_83 and Bin_168) from this study were used for
phylogenomic analysis due high redundancy and low complete-
ness of the third (Bin_195). Both Bin_83 and Bin_168 originate from
Nitrosomonas cluster 6a and clustered closely with Nitrosomonas
ureae and Nitrosomonas sp. AL212 (Fig. 2D). Bin_168 shares a high
sequence similarity to N. ureae (ANI ∼ 98%), while Bin_83 shares
less than 83% ANI to any of the references on the tree including
Bin_168.

All comammox MAGs demonstrated the potential for ureolytic
activity with the presence of the ureABC operon in addition to
most genes for urease accessory proteins (Figure S2, Supporting

Information). Nitrospira-NOB MAGs did not contain genes encod-
ing for urease; however, two ureC sequences found on assembled
scaffolds thatwere classified asNitrospira butwere not binned into
any of the Nitrospira MAGs. Queries of these ureC genes against
the NCBI nonredundant database revealed one sequence shared
the highest % identity to Nitrospira lenta and N. moscoviensis, while
top hits for the second sequence belonged to an unclassified Ni-
trospira. In total, one Nitrospira-NOB MAG (Bin_7_1) did harbor
genes for the urea transport system permease proteins (urtBC),
urea transport system substrate-binding proteins (urtA), and urea
transport system ATP-binding proteins (urtDE). This suggests that
the two unbinned ureC genes likely belonged to Nitrospira-like
NOB bacteria. Nitrosomonas MAGs Bin_168 and Bin_83 each con-
tained the ureCAB operon and some genes for urease accessory
proteins and urea transport. A third ureC sequence found in the
metagenome classified as Nitrosomonas but was not binned into
any Nitrosomonas MAGs.

The impact of nitrogen amendments on
nitrifying populations
To address concentration and nitrogen source-dependent dynam-
ics of the three nitrifier populations detected in our metagenomic
analysis, qPCR-assays were used to estimate their abundances
over time in the nitrogen-amended microcosms. In the high am-
monia amendment (14A), strict AOB relative abundance increased
2.4-fold fromweeks 1 to 3 but remained below 2% of total bacteria
for the duration of the experiment, whereas comammox relative
abundance increased markedly over time reaching 2.8% of total
bacteria by end of the experiment (Fig. 3B). Similar to strict AOB,
Nitrospira-NOB relative abundance increased early on, but there-
after, reduced from 4% at its peak in week 2 to 1.8% by week 8.
Weekly measurements for nitrogen concentrations taken along-
side biomass samples indicated the presence of residual ammo-
nia and accumulated nitrite concentrations were highest during
the first 3 weeks of the experiment, but gradually reduced over
time with most inorganic nitrogen present as nitrate (Figure S5,
Supporting Information).While comammox bacteria were always
dominant, qPCR-based abundance of strict AOB as a portion of
AOM was significantly higher when ammonia and nitrite accu-
mulated in weeks 1–3 as compared to weeks 5–8 (Welch’s t-test,
P-value < .05; Fig. 3A).

The qPCR data was in concordance with metagenomic estima-
tion of MAG abundance with clade A2 comammox (Bin_49_2_2,
Bin_49_2, and Bin_260) highly abundant compared to strict AOB
(Bin_83, Bin_168, and Bin_195) and clade A1 comammox (Bin_13)
in the inocula and at weeks 4 and 8 in the high ammonia
amendment (Fig. 4). In particular, clade A2 MAGs Bin_49_2_2 and
Bin_49_4 were the most dominant comammox populations, while
strict AOB was dominated by Bin_83 at each time point.Nitrospira-
NOB MAGs had comparable abundance to clade A2 comammox
MAGs but displayed limited variation in abundance in the high
ammonia amendments. This contrasts with the qPCR data, where
Nitrospira-NOB were significantly more abundant than comam-
mox bacteria at earlier timepoints and then demonstrated a sig-
nificant decrease in abundance over time. This is likely due to the
fact that the two assembled Nitrospira-NOB MAGs do not repre-
sent the entirety of NOB diversity in the microcosms as several
nxr genes were not binned into MAGs and that metagenomic data
is only available for select timepoints as compared to qPCR data.

Nitrifier populations in mid and low ammonia amendments
displayed similar dynamics to those observed in high ammonia
with comammox relative abundance increasing to 3% and 2.2%
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Figure 2. Phylogenomic tree for Nitrospira MAGs (blue and green) obtained in this study and 34 reference genomes (black). (A) Blue label =
comammox, green label = NOB. Branch colors represent different Nitrospira sublineages. Two Leptospirillum reference genomes were used as the
outgroup for maximum likelihood tree construction. (B) Maximum likelihood tree based on ammonia monooxygenase subunit A (amoA) sequences
from comammox-Nitrospira. (C) Maximum likelihood tree based on hydroxylamine oxidoreductase (hao) sequences of comammox-Nitrospira. For (B)
and (C), blue labels represent amoA/hao gene sequences found in comammox MAGs from this study, while black labels are reference sequences.
Environment of origin is denoted with colored squares to the left of each tree. amoA and hao protein sequences from N. europaea and N. oligotropha
were used as the outgroup for comammox trees in (B) and (C), respectively. (D) Phylogenomic tree for strict AOB MAGs (yellow) obtained in this study
and 10 Nitrosomonas reference genomes (black). Three Nitrosospira genomes were used as the outgroup.
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Figure 3. (A) The relative abundance of comammox bacteria (blue) and strict AOB (red) as a proportion of all AOMs calculated using copy number of
16S rRNA and amoB genes of strict AOB and comammox bacteria, respectively and dividing by the combined copy number to represent total AOM for
each time point. Data points averaged from triplicate qPCR analyses of samples across biological duplicate microcosms. (B) Relative abundance of
comammox bacteria (blue), Nitrospira-NOB (orange), and strict AOB (red) as a proportion of total bacteria using the ratio of copy number of the
respective nitrifier genes to copy number of total bacteria averaged between duplicate samples. Panels display relative abundances of the nitrifiers
subject to varying nitrogen amendments, where data points represent the average of biological replicates (qPCR performed in triplicate) and error bars
for standard deviation.
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Figure 4. RPKM calculated for all MAGs identifying as comammox bacteria (blue), Nitrospira-NOB (orange) and strict AOB (red) at selected time points.

of total bacteria by week 8, respectively. Interestingly, Bin_260, the
least abundant clade A2 comammox MAG in the inocula, demon-
strated significant increase in abundance in the low ammonia
amendment over the course of the experiment compared to its
abundance in the other ammonia amendments. Consistent with
the ammonia-amended microcosms, strict AOB in urea-amended
microcosms increased in relative abundance only at earlier time
points followed by low but stable relative abundance (∼2% of to-
tal bacteria). In the high urea amendment, relative abundance of
comammox bacteria remained largely unchanged at earlier time
points followed by an increase in abundance. Despite this, mean
relative abundance of comammox bacteria compared to strict
AOB was still approximately 2-fold greater in all urea amend-
ments. Similar to the ammonia amendments, Nitrospira-NOB rel-
ative abundance did increase initially followed by a decline in all
urea amendments. Interestingly though, the relative abundance
of comammox bacteria and Nitrospira-NOB were similar in the
later weeks of the experiment after Nitrospira-NOB’s initial rise in
urea amendments. Clade A2 comammox MAG Bin_260 was con-
sistently lower in abundance than Bin_49_2_2 and Bin_49_2 in the
urea amendments except formid urea.Abundance of the clade A1
comammoxMAG remained lower than all clade A2MAGs and dis-
played minimal enrichment in all the urea amendments, which
was consistent with ammonia-amended microcosms. Bin_168,
which showed high sequence similarity to Nitrosomonas ureae, did

not exhibit enrichment in any of the urea amendments and re-
mained low in abundance with all other strict AOB MAGs.

There was no significant difference in the mean qPCR-based
relative abundance of strict AOB or Nitrospira-NOB between the
high ammonia (14A) and urea amendments (14U; Welch t-
test, P> .05), but themean relative abundance of comammox bac-
teria was significantly greater in high ammonia than in the high
urea amendment (Welch t-test, P < .05). Comparatively, out of all
nitrogen amendments, mean relative abundance of comammox
bacteria was the lowest in high urea (1.8% of total bacteria). Com-
parisons between themid ammonia (3.5A) and urea amendments
(3.5U) as well as the low ammonia (1.5A) and urea (1.5U) amend-
ments revealed no significant difference in mean relative abun-
dance for any of the nitrifier populations (Welch t-test, P > .05).
Additionally, no significant differences were detected when test-
ing themean relative abundance of the three nitrifier populations
between high, mid, and low concentrations within each amend-
ment type (ANOVA, P > .05).

The relative abundance of the nitrifying groups were used to
examine potential correlations between the different populations
in each of the nitrogen amendments. The ratio of comammox
bacteria as portion of AOM to comammox bacteria as a portion
of total Nitrospira revealed a strong positive relationship in all
amendments (Pearson R = 0.75–0.87, P < .001) (Figure S6A, Sup-
porting Information), however, the change in relative abundance

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/4/fiac032/6553816 by C
onestoga C

ollege user on 28 April 2022



10 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 4

of comammox bacteria was not directly correlated with that of
strict AOB in any of the nitrogen amendments (Figure S6B, Sup-
porting Information). Strict AOB and Nitrospira-NOB abundances
were strongly correlated for all urea amendments and high (14A)
and mid ammonia (3.5A) (Pearson r = 0.58–0.82, P < .05, Fig. 5A),
but exhibited a weaker relationship in low ammonia (Pearson r =
0.42, P > .05). Interestingly, while comammox bacteria abundance
was significantly and negatively correlated with that of Nitrospira-
NOB in ammonia amendments (Pearson r = −0.37 to −0.61; P
< .05), there was no significant association between them in the
urea amendments (P > .05; Fig. 5B).

Discussion
Key nitrifiers encompassing Nitrospira and
Nitrosomonas-like bacteria share ureolytic
potential.
16S rRNA gene sequences assembled from short reads indicated
Nitrospira and Nitrosomonas-like populations were the only nitri-
fiers present in the microcosms. The proportion of 16S rRNA gene
reads mapping to Nitrospira-like populations in this study sug-
gested that theywere highly abundant in the inocula and nitrogen
amendments. Surveys of other DWTP biofilters using 16S rRNA
gene amplicon sequencing have indicated that sublineage II Ni-
trospira account for a dominant portion of the bacterial commu-
nity (Gulay et al. 2016) with further investigation confirming high
contributions to its abundance were from comammox-Nitrospira
(Palomo et al. 2016, Tatari et al. 2017). The strict AOB OTU found
in this study was affiliated with oligotrophic Nitrosomonas cluster
6a, which exhibit maximum growth rates at ammonia concentra-
tions similar to the ones used for high and mid nitrogen amend-
ments (Bollmann et al. 2011, Sedlacek et al. 2019). Despite this,
the proportions of SSU rRNA gene reads mapping to Nitrosomonas-
like populations in all nitrogen amendments were consistently
low. Taxonomic classification of nitrogen cycling genes revealed
metabolic potential for nitrification processes were confined to
Nitrospira and Nitrosomonas-like populations corroborating with
assembled 16S rRNA gene sequences. Additionally, phylogeny of
amoA sequences found in the metagenome indicated ammonia
oxidation could be mediated by both Nitrospira and Nitrosomonas.

We assembled a total of nine nitrifier MAGs which included
comammox-Nitrospira (n = 4), Nitrospira-NOB-like (n = 2), and
Nitrosomonas-like (n = 3) populations. In total, three of the four
comammox MAGs assembled were identified as clade A2 based
on phylogenetic analyses of hydroxylamine dehydrogenase (hao),
which has previously been shown to dominate drinking water
biofilters along with comammox clade B (Palomo et al. 2019). The
remaining comammox MAG assembled from biofilter media in
this study was affiliated with clade A1 based on hao gene phy-
logeny,which while atypical for drinking water biofilters is consis-
tent with previously published metagenome from the AA drink-
ing water filters (Pinto et al. 2016). Similar coexistence of clade A1
and A2 comammox bacteria with canonical nitrifiers has been ob-
served in tertiary rotating biological contactors treating munici-
pal wastewater with low ammonium concentrations (Spasov et al.
2020). However, phylogenomic placement of clade A subgroups in
this study separated the comammox MAGs into distinct clusters
associated with freshwater (Bin_13, clade A1), groundwater biofil-
ters (Bin_49_4, clade A2), and tap water (Bin_260 and Bin_49_2_2,
clade A2). Maintenance of high functional redundancy for the
complete ammonia oxidation pathway may rely on coexisting co-
mammox populations avoiding direct competition through dis-

tinct physiological niches. Additionally, the innocula were sourced
from low substrate conditions, whichmay also allow for the coex-
istence of multiple comammox populations. Strict AOB MAGs ob-
tained in this study associated with low ammonia adapted Nitro-
somonas cluster 6a (Koops et al. 2006), which is consistent with the
inocula source being an oligotrophic environment (i.e. DWTPs).
Furthermore, close relatives of Nitrospira-NOB MAGs obtained in
this study originated from a tap water source where Nitrospira-
NOB also coexisted with strict AOB and comammox bacteria un-
der oligotrophic conditions (Wang et al. 2017). Our findings, con-
sistent with previous studies, confirm the nitrifier community en-
compassed multiple populations capable of single and two-step
nitrificationwithin a single systemwithNitrospira as the dominant
nitrifier. However, the mechanism behind high abundances of
Nitrospira-NOB in biofilters is not yet completely understood. One
possibility could be that Nitrospira-NOB have other roles in these
environments besides nitrite oxidation, as their broad metabolic
flexibility includes acquiring ammonia from cyanate or urea, aer-
obic growth on formate and hydrogen, and oxidation of atmo-
spheric hydrogen (Koch et al. 2014, 2015, Palatinszky et al. 2015,
Leung et al. 2021). Further, assessment of metabolic versality re-
vealed initiation of nitrification through urea degradation was
possible by all three nitrifying guilds. Though ureolytic activity is a
widespread trait among cultured comammox-Nitrospira represen-
tatives and curated MAGs, the capability is confined to only some
Nitrospira-NOB and Nitrosomonas species (Koch et al. 2015, Sed-
lacek et al. 2019). Here in particular, this would allow Nitrospira-
NOB to play a role in nitrite production in urea microcosms by
crossing feeding ammonia from urea degradation to strict AOB,
a mutualistic strategy, which may not be active in ammonia-
amended microcosms.

Comammox bacterial abundance increased
irrespective of nitrogen source or loading but
may compete with NOB depending on nitrogen
source type
We tested the impact of nitrogen source and loading rates on tem-
poral dynamics of a mixed nitrifying community to determine
whether comammox bacteria are outcompeted at higher concen-
trations and/or favored in urea amendments due to their ure-
olytic activity. qPCR-based abundance tracking revealed comam-
mox bacteria demonstrated a preferential enrichment over strict
AOB in the nitrogen amendments irrespective of nitrogen source
or availability. Additionally, strict AOB abundance did not exhibit
any significant difference across the nitrogen amendment types.
This is in contrast to previous work in soil microcosms,where AOB
abundance increased in response to high ammonia amendments
(He et al. 2021). However, strict AOB populations in these soil mi-
crocosms were primarily Nitrosospira compared to oligotrophic Ni-
trosomonas cluster 6a, which were the primary AOB in this study.
Here, both comammox bacteria and strict AOB demonstrated in-
creased abundance in all amendments during the earlier weeks of
the experiment. Ultimately, while comammox bacteria were en-
riched over time our findings demonstrated this increased abun-
dance was not associated with a decrease in the abundance of
strict AOB in any of the nitrogen amendments.This suggests a lack
of direct competition between the two comammox and strict AOB,
which could be attributable to the two ammonia oxidizers occu-
pying separate nitrogen availability niches (Martens-Habbena et
al. 2009, Kits et al. 2017). Stable abundances of strict AOB com-
pared to enrichment of comammox could be due to a combina-
tion of factors ranging from (1) higher abundances of comammox
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Figure 5. (A) Significant positive correlation between changes in AOB concentration and that of Nitrospira-NOB as a proportion of total bacteria were
found in most treatments, except low ammonia (1.5A). (B) Negative associations between changes in comammox bacteria concentration and that of
Nitrospira-NOB as a proportion of total bacteria existed in ammonia amendments with statistically significance detected in 3.5A and 1.5A, while no
association existed in urea amendments.

bacteria in the inocula and (2) significantly higher biomass yields
per mole of ammonia oxidizers for comammox bacteria com-
pared to AOB (Kits et al. 2017). While the trends seen suggest in-
creased comammox bacteria abundance does not accompany a
decrease to strict AOB abundance in any of the amendments, a
longer experimental periodwould have been ideal considering the
slow growth dynamics of nitrifying bacteria.

Clade A2 associated comammox bacterial MAGs were domi-
nant in the inocula and over the course of the experiment showed
increased abundance in all amendments. In contrast, comammox
bacteria belonging to clade A1 were lower in abundance and did
not demonstrate significant change over time in any amendedmi-
crocosm. Though physiological differences between comammox
bacteria clades/subclades have yet to be established, earlier stud-
ies of DWTP biofilters have observed higher abundances of clade
B (Fowler et al. 2018) or alternatively both clades found at the
same DWTP but within separate rapid sand filters, where clade
B was more abundant in the secondary filters receiving lower am-
monia concentrations (Poghosyan et al. 2020). In this study, the
lack of clade A1 enrichment over the course of the experiment
may also indicate distinct physiological niches within clades (i.e.
subclade-level niche differentiation). Future research is necessary
to develop a clearer understanding of physiological differences be-
tween comammox bacteria at the clade/subclade level. Since cul-
tivability of comammox bacteria remains an ongoing challenge,
integrating multiple ‘omics techniques (i.e. metatranscriptomics
and metaproteomics) may be an appropriate strategy for examin-
ing ammonia utilization and the expressedmetabolisms of multi-
ple coexisting comammox bacteria populations alongside canon-
ical nitrifiers.

The negative association between comammox bacteria and
canonical NOB observed in ammonia amendments could be a
result of nitrite limitation resulting from complete nitrification
driven by comammox bacteria. The possibility of comammox bac-
teria being a source of leaked nitrite to Nitrospira-NOB seems un-
likely in this case as this would likely form a positive association
between the two. Nitrite limitation driven competition between
comammox bacteria and NOB is supported by the fact the nega-

tive associations between the groups were stronger at medium
(3.5 mg-N/l) and low (1.5 mg-N/l) nitrogen availability as com-
pared to the high ammonia amendments (i.e. 14 mg-N/l). In con-
trast, there was no significant association between the abundance
of comammox bacteria and Nitrospira-NOB in the urea-amended
systems irrespective of nitrogen loading. We hypothesize that
variable observations between ammonia and urea-amended sys-
tems likely emerge from the extent of metabolic coupling be-
tween AOB and NOB and the resultant ability of comammox to
outcompete NOB. Specifically, while the rate of nitrite availabil-
ity for NOB in ammonia-amended systems is largely dictated by
ammonia oxidation activity of AOB, it is likely that nitrite avail-
ability in urea-amended systems would be dictated by a combi-
nation of both AOB activity and indirectly by NOB. In this case,
the production of nitrite could be mediated by Nitrospira-NOB ca-
pable of ureolytic activity by cross-feeding ammonia to strict AOB,
who in turn provide nitrite at a rate at which Nitrospira-NOB can
metabolize it. This tight coupling between AOB and NOB is sup-
ported by stronger and more significant correlation between AOB
and NOB abundance in urea-amended systems as compared to
ammonia-amended systems. Thus, it appears that while comam-
mox bacteria may outcompete Nitrospira-NOB in systems where
AOB abundances are low and nitrite availability is largely dictated
by AOB activity, this competitive exclusion may be limited in sce-
narios with established AOB–NOB cross-feeding via urea where
nitrite availability is governed not only by AOB’s ammonia oxi-
dation rate but also by NOB’s ureolytic activity. Since urea is used
directly by urease-positive nitrifiers, variabilities in their affinities
for the substrate would play a role in the outcome of competi-
tion in urea microcosms, but was not assessed in this study. In
contrast to the ammonia-amended systems, comammox bacte-
rial abundance in urea-amended systems exhibited longer accli-
mation period as compared to the strict AOB; a proportion of the
AOB population demonstrated the potential for ureolytic activity.
The longer acclimation period for comammox bacteria could be a
result of highermetabolic costs of ammonia to nitrite oxidation in
comammox bacteria as compared to AOB. This could also be due
to the less efficient ammonia transport postureolytic activity in
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comammox bacteria that have low affinity ammonia transporters,
and thus ammonia availability could be transport limited. Simi-
lar mechanisms have been suggested for the slower growth rates
of Candidatus Nitrosacidococcus tergens sp. RJ19 growing on urea
as compared to ammonia (Picone et al. 2021). The longer accli-
mation period for comammox bacteria in urea-amended systems
could also potentially be a reason for the lack of an association
between comammox bacteria and NOB.

Altogether, our study demonstrates that comammox bac-
teria will dominate over canonical nitrifiers in communities
sourced from nitrogen-limited environments irrespective of nitro-
gen source type or loading rate without directly competing with
canonical AOB. Further, our study also indicates comammox bac-
teria and AOB may occupy independent niches in communities
sources from low nitrogen environments. Interestingly, we see ev-
idence of potential competitive exclusion of NOB by comammox
bacteria governed by nitrogen source dependent metabolic cou-
pling between AOB and NOB.
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