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The recent discovery of complete ammonia oxidation (comammox) has increased our understanding of nitrifi
cation. Although comammox has been shown to play an important role in plain wetland ecosystems, studies of
comammox contribution are still limited in plateau wetland ecosystems. Here, we analyzed the abundance,
activity, community and biogeochemical mechanisms of the comammox bacteria in Yunnan-kweichow and
Qinghai-Tibet plateau wetlands from elevations of 1000-5000 m. Comammox bacteria were widely distributed in
all 16 sediment samples with abundances higher than 0.96 ± 0.26 × 107 copies g− 1 (n = 16). Comammox
showed high activity (1.18 ± 0.17 to 1.98 ± 0.08 mg N kg− 1 d− 1) at high-elevation (3000-5000 m) and
dominated the nitrification process (activity contribution: 37.20 - 60.62%). The activity contribution of
ammonia-oxidizing bacteria (1.07 ± 0.08 to 2.79 ± 0.35 mg N kg− 1 d− 1) dominated the nitrification process
(44.55 - 64.15%) in low-elevation (1000-3000 m) samples. All detected comammox Nitrospira belonged to clade
A, while clade B was not detected. Elevation always had a strongest effect on key comammox species. Thus, we
infer that elevation may drive the high relative abundance of the species Candidatus Nitrospira nitrificans (avg.
12.40%) and the low relative abundance of the species Nitrospira sp. SG-bin2 (avg. 4.75%) in high-elevation
samples that showed a high comammox activity (avg. 1.62 mg N kg− 1 d− 1) and high contribution (avg.
46.08%) to the nitrification process. These results indicate that comammox may be an important and currently
underestimated microbial nitrification process in plateau wetland ecosystems.

1. Introduction
Nitrification plays an important role in the biogeochemical nitrogen
cycle (Wuchter et al., 2006; Hayatsu et al., 2008; Li et al., 2018), ac
counting for 330 Tg of nitrogen flux from terrestrial ecosystems
(Kuypers et al., 2018). Since it was discovered in 1890s (Winogradsky.,
1890), the generally accepted canonical nitrification process consists of
two steps (Winogradsky., 1890; Costa et al., 2006; Tourna et al., 2008;
Vlaeminck et al., 2011), which are driven by ammonia-oxidizing arch
aea/bacteria (AOA/AOB; NH4+ → NO2− ) and nitrite-oxidizing bacteria
(NOB; NO2− → NO3− ) respectively. A previous study predicted that
complete oxidation of ammonia to nitrate (complete ammonia oxida
tion; comammox) in one organism is energetically feasible (Costa et al.,
2006). In 2015, comammox was first confirmed in metagenomic se
quences from enrichment cultures containing the genus Nitrospira
(Daims et al., 2015; van Kessel et al., 2015). All currently known

comammox bacteria belong to Nitrospira sublineage II (van Kessel et al.,
2015; Pinto et al., 2016), which can be further classified into clade A
(including subclade A1 and A2) and clade B (Daims et al., 2015; Xia
et al., 2018).
Comammox widely distributed in both artificial and natural eco
systems, such as biological wastewater treatment systems (Xia et al.,
2018), agricultural soils (Wang et al., 2019), comammox enrichment
reactor (Zhao et al., 2021) and synthetic communities in reactor (Gott
shall et al., 2021); forest soils (Li et al., 2020), lake sediments (Shi et al.,
2020), riparian zone soils (Wang et al., 2021a) and salt marshes (Wang
et al., 2021b). Except comammox enrichment-reactor (5.81 × 108 to
9.04 × 109 copies g− 1), the abundance of comammox bacteria in these
natural ecosystems (1.84 × 105 to 3.19 × 108 copies g− 1) is usually
higher than that in these artificial ecosystems (1.16 × 103 to 6.31 × 105
copies g− 1). Moreover, a similar trend was observed in the limited ac
tivity data of comammox (agricultural soils: 0.03 to 0.40 mg N kg− 1 d− 1
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(Wang et al., 2020a); riparian zones soils: 0.04 to 0.86 mg N kg− 1 d− 1
(Wang et al., 2021a)). Compared with the natural ecosystems, artificial
ecosystems are always confronted with a heavy nitrogen load (Kuschk
et al., 2003; Amador et al., 2018; Zhou et al., 2019). Therefore,
comammox may play a more important role in natural ecosystems with
less human disturbance and a light nitrogen load.
Wetlands, which are important ecosystems for biogeochemical cy
cles, have received increasing attention on a regional and global scale
(Marton et al., 2015; Zedler and Kercher, 2005; Schuerch et al., 2018).
The nitrification process has been confirmed to regulate the ecological
functions of natural wetlands, including removing pollutants, purifying
water and reducing greenhouse gases globally (McClain et al., 2003;
Morse and Bernhardt, 2013; Zak and Grigal, 1991). Previous studies
have analyzed the abundance, activity and community structure of
comammox bacteria in natural wetland (Liu et at., 2020; Wang et al.,
2021a; Wang et al., 2021b). However, with the rapid development of
human society, the nitrogen load of natural wetlands in gradually
increasing (Saunders and Kalff, 2001; Verhoeven et al., 2006; Zhou
et al., 2014). Therefore, it is necessary to apply the research of
comammox to plateau wetlands with less human disturbance and light
nitrogen load. It can be expected that comammox may play an important
role in the plateau wetland ecosystem. Furthermore, elevation can drive
biogeochemical factors, leading to different distributions of microor
ganisms (Bryant et al., 2008; Shen et al., 2014; Mod et al., 2021).
Elevation has been shown to significantly affect community structure of
nitrifier (AOA and AOB) in plateau soils and rivers (Zhang et al., 2009;
Zhao et al., 2017; Zhang et al., 2019). These results indicate that
elevation can drive AOA species to show different adaptation patterns to
environmental factors, and the differences of these patterns lead to the
changes of AOA community in plateau soils (Zhao et al., 2017). The
similar results were also found in AOB of plateau rivers (Zhang et al.,
2019). At present, there are few reports about the distribution patterns
of comammox bacteria in elevated plateau wetland ecosystems.
Two major plateaus in China, the Yunnan-kweichow and QinghaiTibet plateaus, are located in the southwest of the country. The com
plex environmental conditions give them different characteristics. The
Qinghai-Tibet Plateau is the highest and most extensive highland in the
world, and is known as the “roof of the world” with an average elevation
over than 4000 m (Cui and Graf, 2009; Liu et al., 2017). The
Yunnan-kweichow Plateau is one of the most developed typical karst
areas in the world. Accordingly, there are obvious climatic and
geological differences (Pan et al., 2020). These two plateaus contains
abundant and diverse wetlands that are of great significance to global
terrestrial ecosystems (Liu et al., 2017; Ma et al., 2020; Pan et al., 2020).
Compared with eastern China, the low population and backward eco
nomic development result in a relatively light nitrogen load into these
plateau wetlands (Li et al., 2019a; Pan et al., 2020). Here, it can be
expected that comammox may have an important contribution to
nitrification, and that there may be a unique biogeochemical-driven
pattern of the comammox community.
In summary, the objectives of this research were to: 1) investigate the
abundance, activity and community composition of comammox bacte
ria, and compare the contribution of comammox to the nitrification
process with canonical nitrifiers (AOA and AOB) in the plateau wet
lands; and 2) reveal the biogeochemical-driven mechanisms of the
comammox community in the plateau wetlands. For this research, 16
sediment samples from the plateau wetlands were collected in the
Guizhou province (4 samples, 1000 – 2000 m), Yunnan province (4
samples, 2000 – 3000 m), Xizang province (4 samples, 3000 – 4000 m; 2
samples, 4000 – 5000 m) and Qinghai province (2 samples, 4000 – 5000
m).

2. Materials and methods
2.1. Sampling
Elevation of our research area ranged from 1020 to 4601 m above sea
level. Four sampling sites were selected for every 1000 m of the eleva
tion range (Fig. 1a): 1000-2000 m (1.GZ-QX, 2.GZ-NY, 3.GZ-ZJ, 4.GZDF), 2000-3000 m (5.YN-YX, 6.YN-BSX, 7.YN-JX, 8.YN-CS), 30004000 m (9.XZ-ZG, 10.XZ-BB, 11.XZ-LL, 12.XZ-MK), 4000-5000 m (13.
XZ-LWQ, 14.QH-BT, 15.XZ-YJ, 16.QH-NQ). In total, a 16 sediment
samples were collected in Yunnan-kweichow and Qinghai-Tibet plateau
wetlands. All samples were collected in September 2020. Moreover,
these wetlands are rarely disturbed by human activities.
At each sampling site, three parallel linearly equidistant surface
sediments (0-10 cm) were collected and then mixed into a composite
sample. All composite samples were stored in individual sterile plastic
bags and immediately transported to the laboratory on ice (0-4◦ C). In
the laboratory, the sediment samples were divided into three portions.
The first portion was incubated to determine the activities of nitrifiers
(comammox bacteria, AOA and AOB) immediately after arrival. The
second portion was used to determine physicochemical properties
within 72 h. The final portion was stored at -80◦ C for molecular biology
analysis.
2.2. Environmental parameters
Elevation, longitude and latitude were measured and recorded at
each sampling site. The mean annual temperature (MAT) and mean
annual precipitation (MAP) of each sampling site was obtained from the
nearest meteorological station of the China Meteorological Adminis
tration. Annual heat-moisture (AHM) is a relevant environmental vari
able for microbial communities, and it is calculated as the ratio of heat to
precipitation (Van Gestel et al., 2011; Wang et al., 2012):
(MAT+10)/(MAP/1000). A low AHM represents cooler and wetter
conditions, while a high AHM represents hot and dry environments.
NH4+, NO2− and NO3− were extracted from 5 g of fresh sediment
with 25 mL 2 M KCl (1:5 w/v). The supernatant was filtered through a
0.45-µm membrane and then the filtrate was measured with a flow in
jection analyzer (San++, SKALAR, the Netherlands). The moisture
content was measured by oven-drying of 2 g fresh sediment at 105◦ C
until constant weight. Total organic matter (TOM) was measured via the
LOI550 (loss on ignition at 550◦ C) method using air-dried sediment.
Total carbon (TC) and total nitrogen (TN) contents were determined
with a Vario EL III Analyzer (Elementar Analysensysteme GmbH, Lan
genselbold, Germany). The pH was determined using a DELTA 320 pH
Analyzer (Mettler Toledo, USA) in a sediment/water suspension ratio of
1:2.5 (w/v). The physicochemical properties of each sample were
measured in triplicate. All environmental parameters are listed in the
Supporting Information Table S1.
2.3. DNA extraction and qPCR of nitrifiers (comammox bacteria, AOA
and AOB)
The fresh sediment samples were freeze-dried and then homogenized
through a 100-mesh sieve. Subsequently, DNA was extracted from each
sample using 0.33 g of freeze-dried sediment and the FastDNA Spin Kit
for Soil (MP Biomedicals, Cleveland, OH, USA) according to the manu
facturer’s protocol. DNA was obtained in triplicate for each sampling
site. Quantitative PCR (qPCR) was conducted using an ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster City, CA, USA)
to assess the abundance of comammox bacteria, AOA and AOB. The
following primers were used in this study: CA377F/C576R and CB377F/
C576R targeting the amoA gene of comammox Nitrospira clade A and
clade B, respectively (Jiang et al., 2020); archea-amoAF and arche
a-amoAR targeting the AOA amoA gene (Francis et al., 2005); and
amoA-1F and amoA-1R targeting the AOB amoA gene (Wang et al.,
2

D. Yuan et al.

Water Research 206 (2021) 117774

Fig. 1. The distribution of three nitrifiers (comammox bacteria, ammonia-oxidizing bacteria (AOB) and archaea (AOA)) abundance and activity in 16 wetland
sediment samples of Yunnan-kweichow and Qinghai-Tibet Plateau. (a) Sampling sites of plateau wetland sediments. Sampling sites (numbers with gray fill) are
numbered sequentially according to elevation, and specific name are listed in the lower left corner. (b) Abundance (copies g− 1), activity (mg N kg− 1 d− 1) and
contribution (%) to nitrification of three nitrifiers in 16 plateau wetland sediments. Gray bars and black squares represent the abundance and activity, respectively.
Dark gray bars (ammonia-oxidizing archaea), purple bars (ammonia-oxidizing bacteria) and yellow bars (comammox bacteria) represent the activity contribution to
nitrification. Error bars indicate standard deviation (n = 3).

2011). The primers, qPCR mixture, and thermocycling protocols used in
this study are listed in the Supporting Information Table S2. “copies/g”
is the unit of gene abundance, which represents the gene copies number
of per gram sediment. “g” is the abbreviation of “gram”.

2.5. Activities of nitrifiers (comammox bacteria, AOA and AOB)
The activities of canonical nitrification (AOA, AOB, NOB) and
comammox were measured via the double-inhibition method using
KClO3 and 1-octyne, which has also been reported in our previous study
(Wang et al., 2020a; Wang et al., 2021a). First, 5 g of homogeneous fresh
sediment was added to each 60-mL serum bottle, which was then sealed
with a rubber stopper and aluminum cap. Three treatments were per
formed for each sediment sample as follows. For the control group
(treatment I), 1.5 mL of ddH2O was added to each serum bottle using a
sterile syringe to form sludge. For the nitrite oxidation-inhibition group
(treatment II), 1.5 mL of 0.13 M KClO3 was added to the serum bottles.
For the nitrite and ammonia oxidation-inhibition group (treatment III),
1.5 mL of 0.13 M KClO3 and 2 kPa of 1-octyne were sequentially added
to the serum bottles. Three parallels measurements were taken for each
treatment on days 0, 1, 2, and 4 after the beginning of incubation. In this
study, the toxicity of nitrite accumulation on microorganisms was
ignored, and the comamox process was considered not to accumulate
nitrite. The principle, incubations, analysis and calculations are detailed

2.4. High-throughput sequencing of comammox bacteria
Three DNA extracts from three replicates were pooled in equimolar
concentrations in preparation for gene sequencing. From the 16 pooled
DNA samples, the comammox Nitrospira amoA gene was amplified by
PCR using the barcoded primer set CA377F/C576R and CB377F/C576R
(Supporting Information Table S2). The PCR amplicons were sequenced
on the MiSeq platform (Illumina, San Diego, CA, USA) at Majorbio
(Beijing, China). The raw sequences were quality-filtered using Mothur
(Schloss et al., 2009) and Quantitative Insights in Microbial Ecology
(QIIME) (Caporaso et al., 2010). The trimmed sequences were grouped
into operational taxonomic units (OTUs) at 97% identity. The resulting
sequences of the comammox Nitrospira amoA gene were deposited in
GenBank under the accession numbers PRJNA738660.
3
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samples (1.07 ± 0.08 to 2.79 ± 0.35 mg N kg− 1 d− 1, 44.55 - 64.15%,
paired t-test, p < 0.05, n = 6). The comammox activity (1.18 ± 0.17 to
1.98 ± 0.08 mg N kg− 1 d− 1) accounted for 37.20 - 60.62% to the
nitrification process, which was obviously higher than AOB and AOA in
7 of the 8 high-elevation samples (paired t-test, p < 0.05, n = 7). The
activity of AOA (0.19 ± 0.04 to 1.35 ± 0.03 mg N kg− 1 d− 1) was lower
than that of comammox bacteria and AOB in all samples except for
samples 1 and 7. The activities of the three nitrifiers significantly
correlated with elevation and the substrate NH4+ (Spearman, p < 0.05,
n = 16; Supporting Information Table S4). These results indicate that
comammox is widely distributed in all samples and dominates the
nitrification process in the 3000-5000 m samples. Furthermore, eleva
tion and NH4+ are key factors affecting the activity of nitrifiers.

in the Supporting Information Detailed research method and Supporting
Information Figure S1.
2.6. Statistical analysis
The equations used to calculate the contributions of comammox
bacteria, AOA and AOB to nitrification are listed in Supporting Infor
mation Table S3. To assess the correlation coefficients and differences
between groups, Spearman’s correlation analysis, one way analysis of
variance (ANOVA) and paired-sample t-test were performed using
software package SPSS v16.0 (Statistical Product and Service Solutions,
IBM, USA). A P-value < 0.05 was considered to be statistically signifi
cant. The alpha diversity of the comammox Nitrospira community was
calculated by QIIME, and included community richness (richness, Chao1
estimator) and evenness (Shannon index, Simpson index). For beta di
versity, principal coordinates analysis (PCoA) based on Bray-Curtis
distance was used to find compositional differences between groups.
Permutational multivariate analysis of variance (PERMANOVA) was
conducted to test the significance of community differences. A phylo
genetic tree was constructed by the neighbor-joining method in the
MEGA5.05 software. The “circlize” package in R was used to display the
distribution of 23 typical comammox OTUs throughout the elevation
ranges.
The “psych” package in R was using to perform network analysis, and
network visualization was conducted with the Gephi platform based on
significant (P-value < 0.05) correlations (Bastian et al., 2009). Mantel
test was employed to reveal the correlation between environmental
parameters and key comammox species, and the results were combined
using the “vegan” and“ggcor” packages in R. Variation partitioning
analysis was conducted using CANOCO v4.5 for Windows. Path analysis
based on structural equation model (SEM) was used to assess the direct
and indirect effects of environmental parameters on key comammox
species by SPSS AMOS (Ma et al., 2020). Linear regression was analyzed
and generated in Origin 2019, and all graphs were generated by the
Origin software.

3.2. Biodiversity and community composition of comammox bacteria in
the plateau wetlands
A total of 320,000 comammox Nitrospira sequences (20,000 se
quences per sample) were obtained from high-throughput sequencing.
These sequences were clustered into 300 OTUs based on a 0.97 identity
threshold value. The results demonstrate that the richness of the
comammox community increased with elevation (richness index: 143.1
to 393.2, Chao1 estimator 172.4 to 396.1; Fig. 2a), even though there
were significant differences (ANOVA, p < 0.05, n = 4) in community
richness within the same elevation range. The richness index was posi
tively correlated with the comammox activity and the contribution to
nitrification (Spearman, p = 0.049, n = 16). There was no significant
difference of community evenness (Shannon index: 2.81 to 3.54,
Simpson index: 0.87 to 0.94) in all 16 samples.
An obvious spatial clustering pattern of community structure was
revealed based on Bray-Curtis distances (Fig. 2b). The PCoA results
clearly show that the comammox community differences were obvious
between the elevation ranges (PERMANOVA, R2 = 0.84, p = 0.001, n =
16), especially between the low-elevation (1000-3000 m: samples 1-8)
and high-elevation (3000-5000 m: samples 9-16) samples (based on
PC1: 82%). High-elevation samples had a higher community richness,
activity and contribution to nitrification. All these characteristics
(richness, activity and contribution) were positively correlated with
elevation, AHM (annual heat-moisture index) and NH4+, but negatively
correlated with moisture (Spearman, p < 0.05, n = 16; Supporting In
formation Table S4).
The 23 typical OTUs constituting 80.60% of the total sequences were
used to construct phylogenetic trees and perform circlize analysis.
Comammox clade A.2 bacteria (19 OTUs, 73.43%; Fig. 2c) was the
dominant cluster when compared with clade A.1 (4 OTUs, 7.17%). The
clade A.2 cluster was affiliated with the metagenome-assembled ge
nomes (MAGs) species Nitrospira sp. SG-bin1 (35.35%), SG-bin2
(25.48%) and ST-bin4 (12.60%). The clade A.1 cluster was closely
related to the species Candidatus Nitrospira nitrificans (7.17%). Nitro
spira sp. SG-bin1 and ST-bin4 of clade A.1 were the dominant species of
each elevation range (Fig. 2d). The proportion of Nitrospira sp. SG-bin2
(OTU1 and OTU6) decreased with increasing elevation. In addition,
more than 80% of Candidatus Nitrospira nitrificans (OTU7, OTU9,
OTU12 and 32) were from high-elevation samples.

3. Results
3.1. Abundance, activities and contribution of three nitrifiers in plateau
wetlands
Based on the qPCR and double-inhibition assay, the amoA gene
abundance and activities of three nitrifiers were established (Fig. 1b).
The comammox gene abundance ranged from 0.96 ± 0.26 × 107 to 5.88
± 0.59 × 107 copies g− 1 in the plateau wetlands. The comammox gene
abundance showed a positive correlation (Spearman, p < 0.05, n = 16;
Supporting Information Table S4) with the substrate NH4+, and did not
change substantially with increasing elevation. The activity of comam
mox ranged from 0.35 ± 0.05 to 1.98 ± 0.08 mg N kg− 1 d− 1 in the
plateau wetlands. Furthermore, the comammox activity of the highelevation samples (3000-5000 m: samples 9-16, avg. 1.62 ± 0.38 mg
N kg− 1 d− 1) was significantly higher (Paired t-test, p < 0.05, n = 8) than
that of the low-elevation samples (1000-3000 m: samples 1-8, avg. 0.82
± 0.25 mg N kg− 1 d− 1). The activity of comammox was positively
correlated with elevation, AHM (annual heat-moisture index), NH4+ and
PH, but negatively correlated with moisture (Spearman, p < 0.01, n =
16; Supporting Information Table S4). Since comammox clade B bac
teria were not detected in any samples (gel electrophoresis: not detected
(Supporting Information Figure S2); qPCR: below the detection limit 1
× 103 copies g− 1), both the abundance and activities belong to
comammox clade A taxa.
The AOB abundance (0.92 ± 0.03 × 108 to 5.99 ± 0.35 × 108 copies
g− 1) was significantly higher (paired t-test, p < 0.05, n = 16) than AOA
(0.33 ± 0.08 × 107 to 1.16 ± 0.04 × 107 copies g− 1) and comammox
bacteria in all samples. However, the contribution of the AOB activity to
the nitrification process was only dominant in 6 of the 8 low-elevation

3.3. Co-occurrence of comammox bacteria in the plateau wetlands
The co-occurrence of comammox bacteria was explored using
network inferences based on 300 OTUs with significant (P-value < 0.05)
correlations. Nitrospira sp. SG-bin1 and ST-bin4 accounted for more than
80% of the total nodes in the three networks (Fig. 3). These two species
have the highest closeness centrality (avg. 0.69, 0.64) and always closely
interconnected with other species in the three networks. The main dif
ference between the low-elevation (1000-3000 m: samples 1-8; Fig. 3a)
and high-elevation (3000-5000 m: samples 9-16; Fig. 3b) networks was
that Candidatus Nitrospira nitrificans had more negative interaction
4
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Fig. 2. Diversity, phylogenetic and circlize analysis of comammox bacteria community basing on the amoA gene in 16 plateau wetland sediments. (a) Four diversityindices (richness, Chao1, shannon, simpson) and (b) PCoA analysis of comammox bacteria community. There are four samples in each elevation range, different
elevation ranges are represented by red (samples 1-4), green (samples 5-8), blue (samples 9-12) and rose red (samples 13-16). (c) Phylogenetic analysis of comammox
bacteria amoA gene. The 23 typical OTUs constituting 80.60% of the total sequences were used to construct phylogenetic trees at 97% similarity. Bootstrap values (>
50%) were indicated at branch points and generated with 1000 replicates (d) Distribution of 23 typical OTUs among different sampling sites. Sampling sites and 23
typical OTUs are represented by different colors.

links (8 to 386), more nodes (11 to 38) and a higher degree-value (19 to
136) with increased elevation, while Nitrospira sp. SG-bin2 has more
positive interaction links (108 to 314), fewer nodes (54 to 11) and a
lower degree-value (189 to 66) with increased elevation (Supporting
Information Table S5). Moreover, most interaction links of Candidatus
Nitrospira nitrificans were negative (213 of 268), while most interaction
links of Nitrospira sp. SG-bin2 were positive (251 of 314) in the 16-sam
ple network (Fig. 3c; Supporting Information Table S5). This kind of cooccurrence pattern maybe caused by interspecific competition and
symbiosis.
The relative abundance of Candidatus Nitrospira nitrificans increased
with elevation, while Nitrospira sp. SG-bin2 showed a decreasing trend
(Fig. 3d). The relative abundance of these two species were significantly
correlated with the comammox activity and contribution to nitrification
(nitrificans: positive, SG-bin2: negative; Spearman, p = 0.019, n = 16).
The high-elevation samples with a higher comammox activity and
higher contribution to nitrification, have more Candidatus Nitrospira
nitrificans (avg. 12.40%) with negative interaction links and less
Nitrospira sp. SG-bin2 (avg. 4.75%) with positive interaction links. Niche
differentiation of these key species was possibly caused by the

biogeochemical factors in the plateau wetlands.
3.4. Biogeochemical factors affect key species of comammox bacteria in
the plateau wetlands
The relationship between key comammox species with biogeo
chemical factors based on Bray-Curtis distance was analyzed by the
Mantel test (Fig. 4a). The results indicate that the relative abundances of
key species were significantly correlated with elevation, mean annual
temperature, mean annual precipitation, AHM, NH4+, PH, moisture and
TN. Although TN is a non-significant factor, it is closely related to NH4+.
Furthermore, Spearman’s correlation confirmed these results (Support
ing Information Table S4). Results of the variation partitioning analysis
demonstrated that the lone explanation of elevation-climatic factors
(elevation and AHM: 16%) on key species was higher than physico
chemical factors (NH4+, PH, moisture and TN: 2%), and that the inter
active explanation was 95% (Fig. 4b). This indicates that elevationclimatic and physicochemical factors jointly explained the niche dif
ferentiation of the two key species.
Path analysis was conducted to determine the effects of
5
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Fig. 3. Co-occurrence network analysis of comammox bacteria in (a) low-elevation (1000-3000 m: samples 1-8), (b) high-elevation (3000-5000 m: samples 9-16),
and (c) total 16 samples network (1000-5000 m: samples 1-16). Each node in the network signifies a microbial population. The sizes of the node indicate the
connections degree, and the colors of the node indicate different major species. A blue edge indicates a positive interaction between two individual nodes, while a red
edge indicates a negative interaction. (d) Relative abundance and community composition of comammox bacteria in 16 plateau wetland sediments (species level).
The colors of the bar corresponds to the node.

biogeochemical factors on key species through structural equation
pattern (SEM) (Fig. 4c). For Candidatus Nitrospira nitrificans, there were
significant direct effects from elevation (λ= 1.58, p < 0.001), AHM (λ=
-0.71, p < 0.001), NH4+ (λ= 0.33, p < 0.05), PH (λ= -0.45, p < 0.05),
moisture (λ= 0.41, p < 0.01) and TN (λ= -0.21, p < 0.001). Moreover,
elevation also had a significant direct effect (λ= -1.23, p < 0.001) on
Nitrospira sp. SG-bin2. The effects of physicochemical factors on Nitro
spira sp. SG-bin2 was less than Candidatus Nitrospira nitrificans. The
results of total effects showed that elevation was the most important
factor, as it always had the strongest direct and indirect (via climatic and
physicochemical factors) effects on the key species (Fig. 4d). Elevation

could drive environmental factors and affect niche differentiation of key
species in the plateau wetlands. The niche difference of key species
probably to led to a higher comammox activity and higher contribution
to nitrification in the high-elevation (3000-5000 m: samples 9-16)
samples.
3.5. Linear relationship between key species of comammox bacteria and
biogeochemical factors in the plateau wetlands
The SEM results showed that elevation, climatic and physicochem
ical factors jointly affected the key comammox species, with elevation as
6
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Fig. 4. Biogeochemical factors of plateau
wetland sediments influencing key comammox
species. (a) Pairwise comparisons of biogeo
chemical factors are shown, with a color
gradient denoting spearman’s correlation coef
ficient. Edge width corresponds to the Mantel’s
r statistic for the corresponding distance corre
lations, and edge color denotes the statistical
significance based on 9999 permutations. (b)
Variation partitioning analysis differentiating
the effects of elevation-climatic factors and
physicochemical factors on key comammox
species. The variation partitioning analysis only
include significant factors from Mantel’s r sta
tistic: elevation, AHM, TN, moisture, PH and
NH4+. Although TN is a non-significant factor,
it is closely related to NH4+. (c) Path analysis
based on structural equation models (SEM)
showing the direct and indirect effect on key
comammox species from six significant factors.
Continuous and dashed arrows indicate positive
and negative relationships respectively. Signif
icance levels are indicated as follows: * p <
0.05, ** p < 0.01 and *** p < 0.001. Numbers
adjacent to the path arrows are path coefficients
(standardized regression weights), and the
arrow width is proportional to the strength of
path coefficients. The parameter of hypothetical
models as follows: Chi-square = 4.954, P =
0.550, NFI = 0.977, CFI = 1.00, AIC = 64.954,
RMSEA = 0.000, RFI = 0.892, IFI = 1.005, TLI
= 1.026, NCP = 0.000. (d) Stacked column
chart showing the standardized direct effect,
indirect effect and total effect on key comam
mox species.

the most important factor. Thus, the relative abundances of key species
were regressed against biogeochemical factors in order to understand
their response (Fig. 5). The response of key species to each factor in
dicates that they have different subsistence patterns with the change of
environment because the linear association of the two key species was

completely opposite. Elevation had a significant positive (y = 0.01x 9.31, R2 = 0.83, p < 0.05, n = 16) and negative (y = -0.01x + 31.68, R2
= 0.87, p < 0.05, n = 16) linear association with key Candidatus
Nitrospira nitrificans and Nitrospira sp. SG-bin2, respectively. The linear
association between NH4+ and the relative abundances of Candidatus
7
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Fig. 5. Biogeochemical drivers of niche separation among key comammox species Candidatus Nitrospira nitrificans and Nitrospira sp. SG-bin2. The ordinary least
square linear regressions between relative abundance of key comammox species (Candidatus Nitrospira nitrificans, Nitrospira sp. SG-bin2) and six significant factors
(elevation, AHM, TN, moisture, PH and NH4+). The shaded grey area representing 95% confidence intervals, and p < 0.05.

Nitrospira nitrificans (y = 2.60x - 5.59, R2 = 0.75, p < 0.05, n = 16) and
Nitrospira sp. SG-bin2 (y = -3.02x + 26.17, R2 = 0.77, p < 0.05, n = 16)
was the most significant among the physicochemical factors. However,
AHM, pH, moisture and TN also show a linear relationship with relative
abundance.

tolerance. The main reason is that elevation can affect microbial activity
by affecting the climatic and physicochemical factors, which is consis
tent with previous research (Lanzén et al., 2016; Frindte et al., 2019).
The low NH4+ concentration (1-10 mg kg− 1) of plateau wetlands is
beneficial to the survival comammox bacteria. Previous studies have
shown that comammox bacteria are widely distributed in low NH4+
environments, such as freshwater sediments (11.95 mg kg− 1 (Zhang
et al., 2020)), activated sludge (8.75 mg kg− 1 (Wang et al., 2021c)) and
rapid sand filters (0.53 mg kg− 1 (Fowler et al., 2018). Furthermore, our
results are consistent with a previous study showing that comammox
bacteria favored growth in a slightly alkaline environment (Wang et al.,
2021b).

4. Discussion
We found that comammox was widely distributed in the Yunnankweichow and Qinghai-Tibet plateau wetland ecosystems. To the best
of our knowledge, this is the first report showing that comammox
dominates the nitrification process in a plateau wetland ecosystem.
Elevation could drive environmental factors affecting niche differenti
ation of the key comammox species. Together, these findings contribute
to our understanding of biogeochemical cycles and ecological functions
of comammox bacteria in terrestrial ecosystems.

4.2. Unique community structures of comammox bacteria in plateau
wetland
All comammox sequences in this research belonged to clade A, with
no clade B sequences detected. This agrees with previous studies
showing a low or nonexistent abundance of comammox clade B bacteria
in other ecosystems, including agricultural soils (Li et al., 2019b, Xu
et al., 2020) and forest soils (Shi et al., 2018; Li et al., 2020). Recent
studies have shown that the Amt-type ammonia transporters of clade B
have a low uptake rate per gram biomass, which benefits their survival
in fluctuating low-ammonium conditions (Fowler et al., 2018; Koch
et al., 2019; Xu et al., 2020) and supports autotrophic growth in forest
soil without ammonium amendment (Wang et al., 2019). Therefore,
clade B maybe not suitable for life in the ammonium-stable conditions
(1-10 mg kg− 1) of the plateau wetland sediments. Moreover, comammox
clade A bacteria have more targeted functions than those of clade B,
including a close relation to reductive tricarboxylic acid (rTCA) cycle,
the ability to utilize cyanate as an alternative substrate for ammonia
oxidation and utilization of hydrogen (Poghosyan et al., 2019; Spasov
et al., 2020).
Compared with clade A.1, clade A.2 dominated the comammox
community of the plateau wetland sediments in this research. Previous
studies have shown that clade A.1 is the dominant cluster in natural

4.1. Comparison of comammox activities, abundance and influencing
factors between the plateau wetlands and other ecosystems
The activity of comammox was determined using a method devel
oped by our research group. Since this method was only recently
described, few results of comammox activities have been reported to
date. However, from the limited data, the comammox activity and
contribution to nitrification (1.18 ± 0.17 to 1.98 ± 0.08 mg N kg− 1 d− 1,
37.20 to 60.62%) observed in this study exceeded that in fringe soils
(0.19 to 0.45 mg N kg− 1 d− 1, 33.8 to 39.6%), which is the primary zone
of comammox bacteria in plain wetlands (Wang et al., 2021a). Mean
while, the comammox bacteria abundance in our research (0.96 ± 0.26
to 5.88 ± 0.59 × 107 copies g− 1) was obviously higher than that in many
other ecosystems, such as plateau rivers (highest: 1.25 × 104 copies L− 1;
Zhang et al., 2020), plain wetlands (0.11 to 2.02 × 106 copies g− 1; Wang
et al., 2021b) and plain dryland (4.14 × 104 to 1.65 × 107 copies g− 1; Xu
et al., 2020).
Our study reports that elevation and AHM promote the activity of
comammox, and that comammox bacteria have low temperature
8
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water ecosystems (freshwater and groundwater (Pjevac et al., 2017))
and engineered water systems (drinking-water systems (Wang et al.,
2017), activated sludge (Wang et al., 2021c), rapid sand filters (Fowler
et al., 2018)), while clade A2 is more frequently found in soils and
sediments (Li et al., 2020; Xu et al., 2020), which is consistent with our
results. In this study, there was more clade A.1 Candidatus Nitrospira
nitrificans (avg. 12.40%) and less clade A.2 Nitrospira sp. SG-bin2 (avg.
4.75%) in the high-elevation samples (3000-5000 m). The relative
abundance of these two key species significantly correlated with the
comammox activities (nitrificans: positive, SG-bin2: negative). So far, the
only available pure culture of clade A bacteria, Candidatus Nitrospira
inopinata, belongs to clade A.1 (Kits et al., 2017), which means clade A.1
may have a higher cultivability and activity than clade A.2 (Palomo et a.,
2018). This may be the reason that the high-elevation samples have
higher comammox activities and a higher contribution to the nitrifica
tion process.

the plateau wetlands, as genomic evidence shows that the metabolic
cycles of AOA (Thaumarchaeal HP/HB cycle) and AOB (CBB cycle) are
oxygen-tolerant (Könneke et al., 2014), while that of comammox bac
teria (reductive rTCA cycle) is oxygen-sensitive (Campbell et al., 2006).
In this study, the DO-level in sediments should be very low because it
decline sharply with sediment depth, this is caused by the limited
permeability of oxygen in sediments (Zhu et al., 2020; Liu et al., 2021).
Previous studies found that comammox process recovered under low-DO
conditions (0.5 mg/L), which is caused by increasing oxygen affinity of
comammox under the low-DO conditions (Bellucci et al., 2011; Arnal
dos et al., 2013; Liu and wang, 2013; Keene et al., 2017). However,
low-DO conditions can inhibit canonical nitrification significantly (Bae
et al., 2001; Park and Noguera, 2004). For instance, as the DO concen
tration of activated sludge decreased from 4.2 mg/L to 0.16 mg/L, the
KDO value of AOB decreased from 0.71 mg/L to 0.39 mg/L (Liu and
wang, 2015). Although the apparent oxygen affinity of the comammox
bacteria remains to be measured, both the theoretical prediction and
genomic studies indicate that they likely adapt to low-DO conditions
(Costa et al., 2006; Lawson and Lücker, 2018). Many studies of waste
water treatment systems demonstrated that the comammox bacteria
adapted well to low-DO conditions (Camejo et al. 2017; Beach and
Noguera, 2019; Roots et al., 2019; Wang et al., 2020b). Furthermore,
comammox bacteria has special functions under low-DO conditions,
such as utilizing formate (Koch et al., 2015) and symbiosis with anam
mox bacteria to promote nitrogen loss (Gottshall et al., 2021).

4.3. Special biogeochemical driven patterns of comammox bacteria in
plateau wetland
In our study, elevation, climatic and physicochemical factors
explained 95% of the effect on key comammox species. There are many
studies showing that geographical, climatic and physicochemical prop
erties are the main factors driving the differentiation of bacteria on a
spatial scale (Monroy et al., 2012; McHugh et al., 2017), which is
consistent with our results. Previous studies have shown that elevation is
an important source of stress on microbial communities on a spatial
scale (Ettema and Wardle., 2002; Fierer and Jackson., 2006; Fierer et al.,
2009), causing high fluctuations in temperature, precipitation, and
physicochemical properties. Our SEM results agree with these previous
studies, in that elevation always had the strongest direct and indirect
(via climatic and physicochemical factors) effects on key comammox
species. Of the physicochemical factors, NH4+, PH, moisture and TN had
a great effect on key comammox species in this research, these factors
also effect comammox community in other ecosystems (Xu et al., 2020;
Wang et al., 2021a; Wang et al., 2021b).
At the same time, specialized survival strategies are necessary for the
bacteria of plateau wetlands to withstand the multiple environmental
stresses imposed by elevation (Hernandez et al., 2021). The relative
abundances of the two key species showed a completely opposite linear
association with the factors, indicating they have different specialized
survival strategies under environmental stress. The specialized survival
strategy can be driven by species interactions, with positive correlations
resulting from facilitation/mutualism and negative correlations result
ing from competition (Zelezniak et al., 2015; Durán et al., 2018). It is
possible that Nitrospira sp. SG-bin2 was replaced in the high-elevation
samples by the competitive and stress-tolerant Candidatus Nitrospira
nitrificans, which showed a higher comammox activity and higher
contribution to the nitrification process.

5. Conclusions
This study investigated the abundance, activities and community of
the comammox bacteria in the Yunnan-kweichow and Qinghai-Tibet
plateau wetlands (1000 – 5000 m), highlighting that elevation is the
most important driving factor. Some detailed conclusions are as follows:
1) Comammox bacteria were widely distributed in sediments samples
of the plateau wetlands. Compared with canonical nitrifiers
(ammonia-oxidizing archaea (AOA) and bacteria (AOB)), comam
mox bacteria showed high activities (1.18 ± 0.17 to 1.98 ± 0.08 mg
N kg− 1 d− 1) and dominated the nitrification process (37.20 - 60.62%)
in the high-elevation (3000-5000 m) samples.
2) Elevation always had the strongest direct (1.58, -1.23) and indirect
(-0.67, 0.25; via climatic and physicochemical factors) effects on the
key comammox species Candidatus Nitrospira nitrificans and Nitro
spira sp. SG-bin2.
3) Elevation may drive the high relative abundance of Candidatus
Nitrospira nitrificans (avg. 12.40%) and low relative abundance of
Nitrospira sp. SG-bin2 (avg. 4.75%) in the high-elevation samples,
which showed high comammox activities (avg. 1.62 mg N kg− 1 d− 1)
and a high contribution (avg. 46.08%) to the nitrification process.
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Our results show that both AOB and comammox activities were
positively correlated with NH4+, while the AOA activity was negatively
correlated with NH4+. These correlations can be explained by kinetic
characteristics. The NH4+ substrate affinity of comammox bacteria (Ks ≈
60 nM (Kits et al., 2017)) and AOB (Ks ≈ 0.14− 1.9 mM (Dytczaket al.,
2008)) are obviously higher than AOA (Ks ≈ 0.13 µM (Sonthiphand and
Limpiyakorn, 2011). Previous studies also show that AOA are more
adapted to nitrogen-depleted environments (Leininger et al., 2006; He
et al., 2007; Lehtovirta-Morley et al., 2011) and AOB are more adapted
to nitrogen-rich environments with their eutrophic lifestyle (Di et al.,
2009; Nicol and Schleper, 2006), as supported by our results. Further
more, the higher activity of comammox bacteria compared with AOA
and AOB may be attributed to the distinctive microaerobic conditions of
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