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Introduction: Through the combined use of two nitrification inhibitors, 
Dicyandiamide (DCD) and chlorate with nitrogen amendment, this study aimed 
to investigate the contribution of comammox Nitrospira clade B, ammonia 
oxidizing bacteria (AOB) and archaea (AOA) to nitrification in a high fertility 
grassland soil, in a 90-day incubation study.

Methods: The soil was treated with nitrogen (N) at three levels: 0 mg-N kg-1 soil, 
50 mg-N kg-1 soil, and 700 mg-N kg-1 soil, with or without the two nitrification 
inhibitors. The abundance of comammox Nitrospira, AOA, AOB, and nitrite 
oxidising bacteria (NOB) was measured using qPCR. The comammox Nitrospira 
community structure was assessed using Illumina sequencing.

Results and discussion: The results showed that the application of chlorate 
inhibited the oxidation of both NH4

+ and NO2
- in all three nitrogen treatments. 

The application of chlorate significantly reduced the abundance of comammox 
Nitrospira amoA and nxrB genes across the 90-day experimental period. Chlorate 
also had a significant effect on the beta diversity (Bray-Curtis dissimilarity) of 
the comammox Nitrospira clade B community. Whilst AOB grew in response 
to the N substrate additions and were inhibited by both inhibitors, AOA 
showed litle or no response to either the N substrate or inhibitor treatments. In 
contrast, comammox Nitrospira clade B were inhibited by the high ammonium 
concentrations released from the urine substrates. These results demonstrate 
the differential and niche responses of the three ammonia oxidising communities 
to N substrate additions and nitrification inhibitor treatments. Further research 
is needed to investigate the specificity of the two inhibitors on the different 
ammonia oxidising communities.
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1 Introduction

Excessive fertiliser inputs along with the application of excess 
nitrogen (N) via the deposition of animal urine (Di and Cameron, 
2000; Di et al., 2009) render grazed dairy pastures as the subject of 
scrutiny and concern due to nitrate (NO3

−) leaching into waterways 
and the emission of nitrous oxide (N2O), a potent greenhouse gas and 
the leading cause of ozone depletion (Ravishankara et  al., 2009). 
Additionally, these N-inputs, coupled with agricultural practices, are 
known to strongly affect the abundance and structure of soil microbial 
communities (Domeignoz-Horta et al., 2015; Hartmann et al., 2015).

Nitrification, the microbial oxidation of ammonia (NH3) via nitrite 
(NO2

−) to nitrate (NO3
−), is an integral part of the terrestrial N cycle, as 

it contributes to the production of two environmentally significant 
products, nitrous oxide (N2O), and (NO3

−). Typically, ammonia 
oxidising archaea (AOA) are found in oligotrophic, acidic and 
N-depleted environments (Könneke et  al., 2005), while ammonia 
oxidising bacteria (AOB) are found in eutrophic, N-rich environments 
(Costa et  al., 2006; Di et  al., 2009). Traditionally, nitrification was 
thought to be  a two-step process which involved the oxidation of 
ammonia to nitrite (by AOA and/or AOB) and the oxidation of nitrite 
to nitrate by nitrite oxidising bacteria (NOB). This notion was 
challenged when the term comammox (complete ammonia oxidiser) 
was coined by Costa et  al. (2006) based on the kinetic theory of 

optimum pathway length. Following the hypothetical possibility of such 
microbe(s) existing, comammox Nitrospira bacteria were discovered in 
two independent studies (Daims et al., 2015; van Kessel et al., 2015).

Comammox Nitrospira and canonical Nitrospira can 
be distinguished by the presence of the genes encoding the ammonia 
monooxygenase (AMO) enzyme. Previous results have suggested that 
comammox Nitrospira has a competitive advantage in low ammonium 
environments and are preferentially adapted to oligotrophic 
environments (Kits et al., 2019; Yang et al., 2020; Sakoula et al., 2021). 
Furthermore, comammox Nitrospira can be separated into clade A 
and clade B based on the phylogeny of the amoA gene, a subunit of 
AMO. Since their discovery, extensive research has been conducted 
on the ecology and abundance of comammox Nitrospira in terrestrial 
ecosystems worldwide (Shi et al., 2018; Zhao et al., 2019; Xu et al., 
2020; Li et al., 2021; Sun et al., 2021; Wang et al., 2021; Hsu et al., 2022; 
Chisholm et  al., 2023). Some studies suggest that comammox 
Nitrospira actively contributes to the nitrification process in a nutrient 
rich environment (Li et  al., 2019; Xu et  al., 2020). However, the 
comammox Nitrospira community in these ecosystems is dominated 
by clade A, with clade B typically being undetectable. To date, the 
comammox Nitrospira community found in New  Zealand soils 
consists almost entirely of clade B (Hsu et  al., 2022; Chisholm 
et al., 2023).

Chemical nitrification inhibitors (NIs) have been used as a 
mitigation technology to limit nitrate leaching and N2O emissions. 
They work by disrupting the oxidation of NH3 to NO2

−, mainly 
through the deactivation of the microbial AMO enzyme (Subbarao 
et al., 2006; Shen et al., 2013). To date, several different NIs have been 
used to evaluate their ability to inhibit the AMO enzyme, such as 
3,4-dimethylpyrazole phosphate (DMPP) (Zerulla et al., 2001; Di and 
Cameron, 2011), nitrapyrin (Abbasi and Adams, 1998), allylsulfide 
(Juliette et al., 1993), and dicyandiamide (DCD) (Amberger, 1989; Di 
and Cameron, 2002, 2003, 2004; Di et al., 2010). Chlorate, however, 
specifically inhibits the second step of nitrification, the oxidation of 
NO2

− to NO3
− (Hynes and Knowles, 1983). Although not currently 

used as an NI in agricultural settings due to its phytotoxic effects on 
plants (Hofstra, 1977; Borges et al., 2004), chlorate can be used in vitro 
to reveal the contribution of different nitrifying microorganisms to the 
overall soil nitrification process. The effect of chlorate and other NIs 
on nitrifying bacteria has been previously studied in liquid cultures 
(Shen et al., 2013; Sun et al., 2022) and soil (Li et al., 2020).

To investigate the contribution of DCD and chlorate to the 
nitrification process, a double inhibitor incubation experiment was 
devised. Two nitrogen application rates were used to determine the 
effect of different rates of nitrogen inputs on comammox Nitrospira 
growth. The rates applied were selected to represent common N 
inputs found in New Zealand pasture based-dairy systems. These 
were urea-N applied at 50 kg N ha−1 and urine-N, a concentrated 
localised application of N equivalent to 700 kg N ha−1 to simulate a 
dairy cow urine deposition (Cameron et al., 2013). Depending on 
the stocking rate, cow urine patches are typically the primary 
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Graphical abstract showing the main components of the genes 
involved in the nitrification pathways. Chlorate application caused 
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+ and NO2
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source of nitrate leaching in New  Zealand pasture-based dairy 
farms (Cameron et al., 2013). We hypothesized that application of 
NIs to soil samples treated with different rates of nitrogen will (i) 
change the nitrogen dynamics of ammonium, nitrite, and nitrate in 
the treated soils throughout the experiment; (ii) alter the abundance 
of key microbial communities involved in nitrification in soil 
(AOA, AOB, and comammox Nitrospira); and (iii) change the 
community structure (abundance and composition) of 
comammox Nitrospira.

2 Materials and methods

2.1 Soil sampling

Soil samples were collected in Autumn 2021 from the Lincoln 
University Research Dairy Farm (LURDF) (43°38′26″ S,  
172°26′37″ E) located on the South Island of New Zealand. This was 
the same study site used by Hsu et al. (2022). The area was excluded 
from grazing for at least 6 months before the sample collection. The 
soil type is Templeton silt loam [Typic Immature Pallic soil (Hewitt, 
2010); USDA: Udic Haplustept, (Soil Survey, 2014)]. Soil samples 
(0–100 mm depth) were taken 5 m apart, randomly from six locations 
within the farm. Care was taken to avoid areas that were not 
representative, such as laneways, fence lines and animal campsites. 
After combining and mixing the six soil samples, organic debris, 
grass roots and loose gravel were removed, and the soil was sieved 
through a 5 mm sieve. A sub-sample weighing approximately 100 g 
was sent to Analytical Research Laboratories (ARL), Napier, 
New  Zealand, to analyse the physicochemical properties 
(Supplementary data S1).

2.2 In vitro soil microcosm experiment

Soil microcosms were set up similarly to those described in Hsu 
et al. (2022). Briefly, 585 g of soil (500 g dry soil equivalent) was placed 
into polypropylene plastic containers (1 L volume). Following this, the 
microcosms were treated with either no nitrogen (control; N0), urea 
(50 mg N kg−1 of soil; Urea50), or synthetic urine (700 mg N kg−1 of 
soil; Urine700) (Clough et  al., 1998), and either no nitrification 
inhibitor, DCD (10 mg kg−1 of dry soil), chlorate (500 mg kg−1 of dry 
soil, applied as NaClO3), or DCD + chlorate. All treatments were 
applied in solution. In total there were 12 treatments (Control, 
Control+DCD, Control+chlorate, Control+DCD + chlorate, Urea50, 
Urea50 + DCD, Urea50 + chlorate, Urea50 + DCD + chlorate, Urine700, 
Urine700 + DCD, Urine700 + chlorate, Urine700 + DCD + chlorate), 
and four biological replicates per treatment. The lid of each microcosm 
had two holes (10 mm in diameter) to allow for sufficient gas exchange. 
The containers were randomly placed in an incubator (Binder GmbH, 
Germany) at a constant temperature of 12°C for 90 days to simulate 
autumn/winter local soil temperatures. Soil samples were taken 1, 7, 
14, 30, 60, and 90 days after treatment application. Gravimetric soil 
water content was maintained at 40% w/w throughout the experiment 
and measured at each sampling date. Concentrations of NH4

+-N, 
NO3

−-N and NO2
−-N were determined using a Flow Injection 

Analyser (FIA) (FOSS FIA star 5,000 triple channel analyser) 
(Analytical Services Team, Lincoln University).

2.3 DNA extraction and gene quantification 
using qPCR

Genomic DNA was extracted from the soils at each sampling day 
(batch) using the NucleoSpin Soil DNA extraction kit (Macherey-
Nagel GmbH & Co., Germany), per the manufacturer’s instructions, 
using 0.25 g of soil. Each batch had 48 samples (12 treatments with 4 
replicates). DNA was eluted in 100 μL of elution buffer (from the 
NucleoSpin kit), diluted 20-fold using Ultrapure™ water 
(Invitrogen™, Thermo Fisher Scientific Inc., United  States), and 
stored at −20°C. Details of PCR primers and amplification efficiencies 
observed for all genes are listed in Table  1 (thermal profiles and 
reaction details are in Supplementary data S2). Standards for each 
gene (plasmid DNA) used in the qPCR analysis were prepared as 
outlined previously (Hsu et al., 2022). Standard curves for each gene 
quantification were generated using a series of 1:10 dilutions of 
amplicon standards over a range of concentrations from 101 to 107 
copies per microlitre. Each qPCR run included soil DNA samples (48 
samples × 6 batches = 288), corresponding standards, and no-template 
control reactions. All qPCRs were conducted on the QuantStudio™ 5 
system using a 384-well format (Applied Biosystems, Thermo Fisher 
Scientific Inc., USA). Melt curve analysis was performed at the end of 
each qPCR run to confirm the reaction specificity.

2.4 Statistical analyses

A two-way analysis of variance (ANOVA) followed by a Fishers 
LSD test was used to determine if an inhibitor or nitrogen significantly 
affected the abundance of comammox, AOA, AOB amoA, or nxrB at 
each sampling date (Genstat 22nd edition, VSN International 2022). A 
two-way ANOVA followed by a Fishers LSD was also used to 
determine if an inhibitor or nitrogen significantly affected ammonium, 
nitrite, or nitrate concentrations at each sampling date (Genstat 22nd 
edition, VSN International 2022). Graphs were plotted using the 
‘ggplot2’ package (Wickham, 2016) in R v4.2.2 (R Core Team, 2022) 
through the RStudio platform (v 2022.07.0 + 548).

2.5 Illumina sequencing

PCR amplicons for comammox Nitrospira amoA gene were 
prepared using soil genomic DNA from the Day 60 sampling point 
(thermal profiles and reaction details in Supplementary data S3). 
Primers for the PCR were: ComamoA_F 5’ AGGNGAYTGGGA 
YTTCTGG, ComamoA_R 5’ CGGACAWABRTGAABCCCAT (Zhao 
et al., 2019). The MiSeq overhang adapters were: forward adapter 5’ 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, and reverse 
adapter 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG.  
PCR products were purified using Agencourt AMPure XP magnetic 
beads (Beckman Coulter, Australia), and the final purified products 
were eluted in 20 μL of 10 mM Tris–HCl buffer (pH 8.5). PCR 
products were quantified using the Qubit™ dsDNA BR assay kit 
(Invitrogen™) on a Qubit 2.0 Fluorometer (Life Technologies, 
Invitrogen™). PCR amplicons [48 environmental, 2 no-template-
controls, and 2 positive controls (cloned plasmids)] were then sent for 
subsequent library preparation, and Next Generation Sequencing 
(NGS) using the Illumina MiSeq  2 × 300 bp paired-end platform 
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(Massey Genome Service, Massey University, New Zealand). Data was 
cleaned, and processed using the DADA2 (Callahan et  al., 2016) 
pipeline via the ‘dada2’ package in R. Alpha (Shannon’s H`, species 
richness and Pielou’s evenness) and beta diversity indices, analyses 
and plotting were conducted using functions in the ‘vegan’ package 
(Oksanen et al., 2022) in R. PERMANOVA test (Anderson, 2001) was 
performed on the Bray–Curtis dissimilarity matrix for beta diversity 
analysis, using the ‘adonis2’ function in the vegan package. Principal 
coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity 
matrix was used to perform unconstrained ordination.

2.6 Phylogenetic analyses

Nucleotide sequences of the amoA Amplicon Sequence Variants 
(ASVs) were imported into Geneious Prime® v2022.2.1 (Biomatters 
Ltd.), and the sequences were then translated into protein sequences. 
The protein and reference sequences were aligned using MUSCLE 
alignment v3.8.425 (Edgar, 2004). Subsequently, a phylogenetic tree 
was constructed on the alignment using the MrBayes v3.2.6 
(Huelsenbeck and Ronquist, 2001) plugin within Geneious Prime®. 
The WAG substitution model (Whelan and Goldman, 2001) was used 
to build the tree, with 1 million iterations, gamma-distributed rates, a 
sub-sampling frequency of 10,000 and a final standard deviation 
of <0.01.

3 Results

3.1 Inorganic nitrogen concentration

3.1.1 Ammonium-N
Throughout the trial, soil ammonium concentrations were 

significantly higher in the Urine700 treatments than the Urea50 and 
Control treatments (p < 0.05). From day 14, both chlorate and DCD 
treated soils had higher soil ammonium concentrations than the 
respective treatments without DCD or chlorate. By day 60–90, 
almost all the urea- and urine- derived ammonium-N was depleted 
in soils without inhibitors present, compared to when chlorate and/
or DCD were added. Soil ammonium concentrations were highest in 

the Urine700 + D + C treatment (855 mg NH4
+-N kg dry soil) at day 

14. Similarly, all other Urine700 treatments peaked at this day 
(Figure 1).

3.1.2 Nitrite-N
The observed nitrite levels were at least two orders of magnitude 

lower than the ammonium and nitrate levels. Average soil nitrite 
concentrations ranged from 0 to 1.09 mg NO2

−-N kg dry soil (peaking 
on day 1 for the Urine700 treatment). From day 30 onwards in the 
Urine700 fertilised soils, the chlorate treatment contained significantly 
more nitrite than the respective non-inhibitor treatments (p < 0.05). 
Throughout the trial, the concentration of nitrite in the DCD 
treatment were either similar or less than in the respective 
non-inhibitor treatments.

In the N0 and Urea50 treated soils, the nitrite was produced over 
the first 14 days then fully consumed by day 30, followed by another 
production burst, and full consumption by day 90. Throughout the 
trial, soils that received synthetic urine had a significantly higher 
concentration of nitrite than the Urea50 and N0 soils (p < 0.05) which 
did not significantly deviate from one another (Figure 1).

3.1.3 Nitrate-N
A similar pattern of nitrate dynamics was observed across the 

three fertilizer treatments. Prior to day 14, the application of an 
inhibitor had no significant effect on the soil nitrate concentration 
(p > 0.05). In the non-fertilised soils (N0), from day 14, the Control 
and Control+DCD treatments showed a similar pattern, and by day 
90 they contained significantly more nitrate than DCD and 
DCD + chlorate treated soils. From day 14 onwards, the non-inhibitor 
treatments in the Urea50 and Urine700 fertilised soils contained 
significantly more nitrate than soils treated with either or both DCD 
and chlorate. Furthermore, from day 30 in the Urine700 fertilised 
soils, the chlorate treatments (C and D + C) contained significantly less 
nitrate than the non-inhibitor and DCD-only treatments.

Throughout the trial, the application of nitrogen had a significant 
effect on the concentration of nitrate within the soil. However, from 
days 1–14 the Urea50 treated soils had a significantly higher 
concentration of nitrate than the Urine700 soils (p ≤ 0.05). From day 
30, Urine700 contained significantly more nitrate than the Urea50 and 
Control treatments (Figure 1).

TABLE 1 Details of primers used for qPCR and the amplification efficiencies for each gene.

Target gene Primer name Sequence (5′ - 3′) Final primer 
concentration 

(nM)

Amplification 
efficiency 
(R2 >  0.99)

References

Archaeal amoA

Arch_amoAF STAATGGTCTGGCTTAGACG 500 97% Francis et al. (2005)

Arch_amoAR GCGGCCATCCATCTGTATGT 500

Bacterial amoA

amoA 1F_mod GGGGHTTYTACTGGTGGT 320 106% Hornek et al. (2006)

amoAr_i CCCCTCNGNAAANCCTTCTTC 320

Comammox 

Nitrospira amoA

ComamoA_F AGGNGAYTGGGAYTTCTGG 400 101% Zhao et al. (2019)

ComamoA_R CGGACAWABRTGAABCCCAT 400

Nitrospira nxrB

nxrB_169F TACATGTGGTGGAACA 500 86% Pester et al. (2014)

nxrB_638R CGGTTCTGGTCRATCA 500

Thermal profiles are provided in Supplementary data S2.
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FIGURE 1

Nitrogen dynamics for NH4
+-N, NO2

−-N and NO3
−-N for each of the treatments across the 90-day microcosm study. The three fertilization 

treatments (N0, Urea50 and Urine700) are shown on separate panels for each N-species. DCD, D; Chlorate, C. Vertical bars denote the standard 
error of the mean (n = 4).
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3.2 Gene abundance

3.2.1 Comammox Nitrospira amoA
After day 14, comammox Nitrospira amoA gene abundance was 

highest in either the control or the Urea50 treatments, except for day 
60, where it was highest in the Urine700 treatment. Commamox 
Nitrospira abundance in the Urine700 treatment was significantly 
lower than the control and Urea50 treatments at days 14, 30, and 90.

From day 7, comammox Nitrospira amoA gene abundance was 
significantly lower in the chlorate treatments than both the respective 
non-chlorate and DCD treatments (p < 0.05). Comammox Nitrospira 
abundance was also lower in the DCD treatment when compared to 
the respective non-DCD treatments (p < 0.05) (Figure 2).

3.2.2 AOB amoA
AOB amoA gene abundance was highest at day 90 in the Urine700 

treatment. From days 1–14, there was no significant difference in AOB 
amoA gene abundance. From day 30 onwards, AOB amoA gene 
abundance was highest in the Urine700 treatments. This was 
calculated to be  significant (except for Urine700 + D at day 30) 
(p < 0.05).

After day 14, AOB amoA gene abundance was significantly lower 
in the chlorate and the DCD + chlorate treatments. AOB amoA gene 
abundance in the DCD treatment was only significantly lower than 
the respective non-DCD treatments at day 90 (Figure 2).

3.2.3 Nitrospira nxrB
From day 14, the application of chlorate reduced nxrB gene 

abundance to below the DCD and control levels. At day 30, DCD was 
also shown to lower nxrB gene abundance when compared to the 
control. However, this difference was non-significant for the 
remainder of the trial. nxrB gene abundance was highest in the control 
treatment at day 30 (2.34 × 108), followed by the Urea50 + D treatment 
and Urine700 treatment at day 60 (2.12 × 108 and 1.85 × 108, 
respectively). Overall, the application of nitrogen had no significant 
effect on nxrB gene abundance (Figure 2).

3.2.4 AOA amoA
Throughout the trial, the application of nitrogen or inhibitor had 

little effect on AOA amoA gene abundance. However, the Urine700 
treatment reduced AOA abundance from days 14–30 (Figure 2).

3.2.5 Gene abundance and ammonium 
concentration

Since we found that the Urine700 treatment and application of 
NIs caused ammonium concentrations to increase (Figure  1), 
we further analyzed the relationships between the concentration of 
NH4

+-N and the gene copy numbers for the nitrification genes 
(comammox amoA, Nitrospira nxrB, AOB amoA and AOA amoA) for 
each of the treatments. This was done to decipher which of the 
nitrifiers were active in the consumption of ammonium. The 
correlation test was conducted separately for the three nitrogen 
fertilization rates (Table  2; Supplementary Figures S1–S3). The 
application of chlorate caused a strong negative correlation between 
comammox Nitrospira amoA and NH4

+-N in the N0 and Urea50 
treatments. Interestingly, the abundance of AOB amoA showed a 
strong negative correlation with NH4

+-N in the Urine700 treatment, 
without NI application. The observed negative correlation implies the 

consumption of the ammonium by the growing AOB populations. The 
application of chlorate and DCD + chlorate caused a strong positive 
correlation between Nitrospira nxrB and NH4

+-N in the Urine700 
treatment. These positive correlations were a result of decreasing 
NH4

+-N levels and corresponding reduction in Nitrospira nxrB gene 
abundance. The abundance of AOA amoA gene showed no significant 
correlation with NH4

+-N for any of the treatments.

3.3 Comammox Nitrospira amoA 
sequencing results

Across the 48 environmental samples and the controls, 992 ASVs 
were obtained with 604,478 reads. Upon removing the controls and 
filtering out ASVs with <10 reads, 702 ASVs remained with 500,370 
reads. The representative nucleotide sequences were translated into 
protein sequences for further analysis. From these 702 protein 
sequences, 61 unique sequences (141 amino acids in length) were 
obtained. These 61 sequences can be found under GenBank accession 
numbers OQ604566 to OQ604626. The sequences clustered into clade 
B.1 (267 sequences making up ~38% of total reads), and clade B.2 (435 
sequences making up ~62% of total reads), as seen in the phylogenetic 
tree in Figure 3. No sequences belonging to clade A were found. There 
was no significant difference in alpha diversity (Shannon’s H`, species 
richness and Pielou’s evenness) across samples 
(Supplementary Figure S4). PERMANOVA analysis (999 
permutations) showed that there was a significant effect (p = 0.015) of 
chlorate application on the Bray–Curtis dissimilarity (beta diversity) 
between comammox Nitrospira amoA communities 
(Supplementary Figure S5).

4 Discussion

This study focussed on how two nitrification inhibitors; DCD and 
chlorate, with and without the addition of nitrogen, affected AOA, 
AOB and comammox Nitrospira abundance and community 
composition. A comprehensive soil microcosm study across 90 days 
(six time points), with four replicates across 12 treatments was 
conducted. Shortly after the treatment application, chlorate was shown 
to significantly deter the growth of comammox Nitrospira. It is 
theorised that chlorate acts as a nitrite oxidiser inhibitor (Tatari et al., 
2017). However, in this experiment, chlorate was also shown to inhibit 
AOB. Furthermore, high-throughput sequencing (using Illumina 
Miseq) revealed that only comammox Nitrospira amoA clade B 
sequences were present in the soil and that chlorate application 
affected the beta diversity of comammox Nitrospira clade B.

Traditionally, chlorate has been used to specifically inhibit the 
oxidation of nitrite to nitrate (Belser and Mays, 1980; Bauhus et al., 
1996; Xu et al., 2011; Sun et al., 2022). This inhibitory effect is caused 
by reducing chlorate to chlorite, which inhibits NOB, thereby wholly 
blocking the oxidation of nitrite to nitrate, but does not affect 
ammonia oxidation to nitrite (Xu et al., 2011). Throughout this study, 
the application of chlorate significantly reduced comammox Nitrospira 
amoA and Nitrospira nxrB gene copy numbers, irrespective of 
ammonium concentration. Several studies have indicated that 
comammox Nitrospira may prefer a low nitrogen environment (Kits 
et al., 2017; Wang et al., 2019; Xu et al., 2020; He et al., 2021), partly 
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FIGURE 2

Microbial population dynamics for the gene abundance (copy numbers/g of dry soil) of comammox Nitrospira amoA, AOB amoA, Nitrospira nxrB, and 
AOA amoA (nitrification genes) across the 90-day microcosm experiment. The three fertilization treatments (N0, Urea50 and Urine700) are shown on 
separate panels for each N-species. DCD, D; Chlorate, C. Vertical bars denote the standard error of the mean (n  =  4).
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due to MEP-type ammonia transporters (Palomo et al., 2018) and an 
extra non-operon amoC gene in their genome which are responsible 
for adaptation to low ammonia conditions (Palomo et al., 2018; Koch 
et al., 2019). An enrichment culture of comammox Nitrospira (clade 
A) was reported to exhibit a very high affinity towards ammonium 
and was inhibited by high ammonium levels (Sakoula et al., 2021). 
Although we  did not find any clade A comammox Nitrospira 
sequences, our results also suggest that comammox Nitrospira clade B 
may be inhibited by high ammonium levels, since its abundance had 
a strong negative correlation with ammonium concentration, 
particularly when chlorate was applied (Table 2). In contrast, canonical 
Nitrospira were shown to be inhibited by relatively low concentrations 
of free ammonia (Anthonisen et  al., 1976; Park and Bae, 2009). 
Therefore, it is possible that ammonia has a similar effect on 
comammox Nitrospira, thereby implying that comammox Nitrospira 
clade B may also behave like canonical Nitrospira.

From days 1–60, the abundance of comammox Nitrospira in the 
Urine700 treatment was significantly lower than the control. This may 
have been due to the accumulation of ammonia, or the rapid increase 
in soil pH due to the hydrolysis of urea (Curtin et al., 2020), both of 
which have been shown to be negatively associated with comammox 
Nitrospira abundance (Shi et al., 2018; Sun et al., 2021; Hsu et al., 
2022). However, at day 60, comammox Nitrospira abundance 
increased in the Urine700 treatment. This may be  because of the 
significant decrease in soil pH and reduction in soil ammonium 
concentrations associated with nitrification, both of which would 
reduce available ammonia to levels that are theoretically more suited 
to comammox Nitrospira (Kits et al., 2017; Palomo et al., 2018; Koch 
et al., 2019). This suggests that comammox Nitrospira may play a small 
role in the production of nitrate from urine deposition. Further 
research is needed to confirm or reject this hypothesis.

From day 30, AOB amoA gene abundance was significantly higher 
in the Urine700 treatments than the control. It has been well-
established in previous studies that AOB respond positively to the 
application of urine/high concentration of nitrogen (Nicol et al., 2008; 
Di et al., 2009, 2010; Di and Cameron, 2016; Ouyang et al., 2016). This 
was because of the drastic and significant increase in soil ammonia/
ammonium concentration, which is linked to AOB abundance 
(Ouyang et al., 2016). Interestingly, the application of DCD did not 
significantly affect AOB abundance until day 90. This is in contrast to 
previous results, which have shown that DCD significantly inhibits the 
growth of AOB (Di et  al., 2014). Sun et  al. (2022) reported that 
chlorate did not inhibit AOA and AOB, but we found that chlorate 
significantly inhibited AOB abundance from day 30, which is beyond 
the duration of their study (conducted across 28 days). This was also 
in contrast to previous results as chlorate was thought to be a specific 
nitrite oxidation inhibitor (Belser and Mays, 1980). However, some 
studies have questioned the selectivity of chlorate as a specific 
nitrification inhibitor (Hynes and Knowles, 1983; Tatari et al., 2017). 
Tatari et  al. (2017) suggest that the selectivity of chlorate may 
be compromised by the type of NOB present and may be abolished 
when comammox Nitrospira dominate ammonia oxidation in the 
system. It is thought that the extracellular ClO2

− produced by the NOB 
reduction of chlorate can inhibit AOB (Hynes and Knowles, 1983). 
This explains why AOB began to be significantly inhibited by chlorate 
23 days after comammox and canonical Nitrospira. The relatively 
quicker effect chlorate had on AOB abundance may be attributed to 
the mechanism of its inhibition. DCD is thought to bind to the 
ammonia monooxygenase active site, while chlorite (produced by the 
oxidation of chlorate by Nitrospira) is thought to inactivate the 
bacterium itself (Rungvetvuthivitaya et  al., 2014). Therefore, it is 
possible that some metabolically diverse members of the AOB 

TABLE 2 Spearman’s correlation (ρ) and corresponding p values for the relationship between nitrification gene copy numbers and ammonium 
concentration.

Gene abundance vs. ammonium concentration

N0 Comammox amoA AOB amoA Nitrospira nxrB AOA amoA

Control ρ = 0.048, p = 0.822 ρ = −0.196, p = 0.371 ρ = 0.295, p = 0.162 ρ = 0.345, p = 0.099

Control+D ρ = −0.493, p = 0.014 ρ = −0.424, p = 0.039 ρ = 0.209, p = 0.328 ρ = −0.349, p = 0.094

Control+C ρ = −0.730, p < 0.001 ρ = −0.006, p = 0.977 ρ = −0.185, p = 0.386 ρ = −0.173, p = 0.420

Control+D + C ρ = −0.614, p = 0.001 ρ = 0.094, p = 0.662 ρ = −0.207, p = 0.331 ρ = 0.035, p = 0.870

Urea50

  Urea50 ρ = 0.251, p = 0.238 ρ = −0.251, p = 0.237 ρ = −0.347, p = 0.096 ρ = −0.272, p = 0.198

  Urea50 + D ρ = −0.117, p = 0.586 ρ = 0.106, p = 0.622 ρ = 0.004, p = 0.985 ρ = 0.307, p = 0.144

  Urea50 + C ρ = −0.653, p < 0.001 ρ = −0.376, p = 0.071 ρ = −0.619, p = 0.002 ρ = −0.156, p = 0.466

  Urea50 + D + C ρ = −0.528, p = 0.008 ρ = −0.308, p = 0.143 ρ = 0.078, p = 0.715 ρ = 0.049, p = 0.821

Urine700

  Urine700 ρ = −0.398, p = 0.054 ρ = −0.729, p < 0.001 ρ = −0.339, p = 0.105 ρ = 0.080, p = 0.709

  Urine700 + D ρ = 0.206, p = 0.334 ρ = −0.138, p = 0.518 ρ = 0.157, p = 0.464 ρ = 0.164, p = 0.443

  Urine700 + C ρ = −0.173, p = 0.420 ρ = 0.056, p = 0.793 ρ = 0.579, p = 0.003 ρ = −0.100, p = 0.640

  Urine700 + D + C ρ = −0.453, p = 0.026 ρ = 0.139, p = 0.525 ρ = 0.519, p = 0.009 ρ = 0.211, p = 0.320

Results are split for each of the three nitrogen treatments (no nitrogen = N0), averaged across the 90-day experiment. Values in red are significant negative correlations, whereas those in blue 
are significant positive correlations, and values in black are non-significant correlations.
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FIGURE 3

The consensus phylogenetic tree (≥70% support threshold) from 1502 raw trees constructed using the WAG model in MrBayes. Sixty-one unique 
representative protein sequences were used in the model (numbers in parentheses refer to the number of sequences which matched the 
representative sequence). Sequences are clustered into Clade B.1, Clade B.2, and reference Nitrospira sequences (belonging to Clade A.1). The tree also 
includes reference sequences from (Chisholm et al., 2023; Palomo et al., 2022; Zhao et al., 2021) (in black boxes), and is to scale with pairwise 
distances indicated on the branches. Nitrosomonas eutropha (accession number APZ84135.1) was used as the outgroup to root the tree.
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community may have persisted under the DCD treatment, thereby 
reducing its effect on overall community abundance.

Throughout the experiment, AOA was shown to be unaffected by 
nitrogen, DCD, and chlorate. This may be because of the difference in 
how their ammonia monooxygenase function, metabolic diversity, or 
inactivity in a high nutrient environment (Di et  al., 2009; 
Hatzenpichler, 2012). In contrast, He et al. (2021) found that AOA 
growth ceased upon adding ammonium (i.e., high nitrogen 
environment). It is worthwhile to note that the primers He et al. (2021) 
used to detect AOA amoA were different to those used in this study, 
which may be a reason for the contrasting results.

Similar to Hsu et  al. (2022), DCD was shown to inhibit 
comammox Nitrospira (only after day 60), although its effect was not 
as strong as chlorate. It is unclear whether the inhibition observed in 
the DCD treatments was caused by inactivation of the ammonia 
monooxygenase enzyme, or indirect inhibition caused by the 
accumulation of free ammonia. When DCD and chlorate were applied 
in combination, the reduction in gene abundance of comammox 
Nitrospira amoA and Nitrospira nxrB was driven by chlorate alone. 
Notably, for comammox Nitrospira, chlorate lowered the abundance 
by 4 to 5.5-fold, whereas DCD only reduced abundance by about 
1.5-fold over controls (no NI added) across the three nitrogen 
treatments. Fu et al. (2018) found that the application of both DCD 
and chlorate significantly decreased nitrite oxidation, and that chlorate 
had a more substantial effect than DCD, which supports our findings; 
however, they only tested the impact of NIs over 7 days.

Illumina sequencing of the comammox Nitrospira amoA gene was 
conducted only on the day-60 samples, based on the qPCR results. 
Phylogenetic analysis of the comammox Nitrospira amoA gene 
revealed that only sequences belonging to clade B were found 
(Figure 3), which is consistent with previous studies on grazed pasture 
soils (Hsu et al., 2022; Chisholm et al., 2023). Beta diversity of clade B 
sequences was only affected by the application of chlorate (not DCD 
or the N-inputs), whereas alpha diversity was unaffected by any of 
the treatments.

Comammox Nitrospira harbour the genes that encode ammonia 
monooxygenase (amoA), hydroxylamine dehydrogenase (hao), and 
nitrite oxidoreductase (nxr) (Daims et al., 2015; van Kessel et al., 
2015; Palomo et al., 2018). Based on the findings of this research, 
we postulate that comammox Nitrospira may be more active in the 
second step of the ammonia oxidation pathway, which involves 
nitrite oxidoreductase, notably because the application of chlorate 
alone (not DCD) reduced the abundance of the comammox 
Nitrospira amoA gene. Yet, nitrification inhibition by chlorate is 
complex, and care is needed to interpret the pathways inhibited by 
applying chlorate (Fu et al., 2018). The results of this study raise 
some concerns regarding the use of chlorate as a specific nitrite 
oxidation inhibitor.

5 Conclusion

The results supported our first hypothesis, in that the application 
of chlorate significantly increased the amount of ammonium and 
nitrite, and significantly decreased the amount of nitrate in the soils 
compared to DCD application or no added inhibitors. Our second and 
third hypotheses were also supported, in that chlorate was shown to 
significantly inhibit comammox Nitrospira and change its community 

structure (beta diversity). DCD was also shown to inhibit comammox 
Nitrospira, although its effect was not as strong as chlorate. It is unclear 
whether the inhibition observed in the DCD treatments was caused 
by inactivation of the ammonia monooxygenase enzyme, or indirect 
inhibition caused by the accumulation of free ammonia. After the 
ammonium concentration decreased in the Urine700 treatment, 
comammox Nitrospira abundance increased. This suggests that 
comammox Nitrospira growth might also have been restricted by the 
high ammonium concentrations following urine application. 
Interestingly, AOB abundance was also significantly inhibited by 
chlorate. This may have been due to the accumulation of extracellular 
ClO2

−, which is thought to inactivate AOB. These results raise some 
concerns regarding the use of chlorate as a specific nitrite 
oxidation inhibitor.
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