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• Denitrification widely dominate N-loss
on the Qinghai-Tibet Plateau above
5000 m.

• Anammox contribute 5.5–17.4% N-loss
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− levels initiate anammox-related N
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• Damo bacterial abundance and activity
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Soil nitrogen (N) deficiency is themajor factor contributing to lowprimary productivity on the Qinghai-Tibet Pla-
teau. However, most of our understanding of N cycling is still based on human disturbed environments, and the
microbial mechanisms governing N loss in low primary productivity environment remain unclear. This study ex-
plores threemicrobial N loss pathways in eight wetland and dryland soil profiles from the Qinghai-Tibet Plateau,
at an elevation of above 5000 m with little human activity, using 15N isotopic tracing slurry technology, quanti-
tative PCR, and high-throughput sequencing. No denitrifying anaerobic methane oxidation was detected.
Anammox occurred in two of thewetland (n=4) and dryland (n=4) soil profiles, while denitrification widely
occurred andwas the dominant N loss pathway in all samples.Where denitrification and anammox co-occurred,
both abundance and activitywerehigher inwetland than in dryland soils andhigher in surface than in subsurface
soils. In comparison with non-anammox sites, nitrate levels initiate anammox-related N cycling. High-
throughput sequencing and network analysis of nirK, nirS, nosZ, and hzsB gene communities showed that
Bradyrhizobiaceae (a family of rhizobia) may play a dominant role in N loss pathways in this region. Given the
geological evolution and relatively undisturbed habitat, these findings strongly suggest that denitrification is
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the dominant N loss pathway in terrestrial habitats of the Qing-Tibet Plateau with minimal anthropogenic
activity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Over the past century, human activities such as fossil fuel burning
and intensified agricultural practices have drastically disrupted the
global N cycle, with significant impacts on terrestrial environments
(Canfield et al., 2010). Microbial activity plays an important role in bio-
geochemical N cycling; however, microbial processes are sensitive to
environmental changes as a consequence of anthropogenic activities
(Jetten, 2008). Nitrogen loss pathways play a key role in regional pri-
mary productivity and nutrient cycling; however, to date, most studies
have focused on microbial N loss pathways in terrestrial ecosystems
that have been greatly affected by anthropogenic activities (Falkowski,
1997; Jetten, 2008).

Denitrification involves a stepwise reduction of nitrate (NO3
−) and

nitrite (NO2
−) to gaseous nitric oxide (NO), nitrous oxide (N2O), and

dinitrogen (N2) under oxygen-limited conditions (Zumft, 1997).
Nitrate-reducing bacteria comprise a large group of microorganisms,
while the reduction of NO2

− to NO by the enzyme nitrite reductase
(Nir) could distinguish denitrifying bacteria from other nitrate-
respiring bacteria (Zumft, 1997; Braker et al., 2000). Nir has two func-
tionally equivalent forms with differing structures, cytochrome cd1
encoded by nirS and Cu-containing enzyme encoded by nirK
(Philippot et al., 2007). The reduction of N2O to N2 is another crucial
step in the denitrification pathway and is catalyzed by nitrous oxide re-
ductase, encoded by the nosZ gene. The anammox process is another N
loss pathway, where NH4

+ is directly oxidized to N2 under oxygen-
limited conditions, without the emission of N2O, using NO2

− or NO3
− as

electron acceptors (Strous et al., 2006; Kartal et al., 2011). The discovery
of the anammox pathway has greatly changed our understanding of the
microbial N cycle, and it has since been observed in various marine
(Thamdrup and Dalsgaard, 2002; Dalsgaard et al., 2003, 2012; Kuypers
et al., 2003, 2005) and terrestrial ecosystems (Trimmer et al., 2003;
Dale et al., 2009; Zhou et al., 2014; Wang et al., 2012a, 2012b; Yang
et al., 2015). Furthermore, denitrifying anaerobic methane oxidation
(DAMO) has also been discovered, in which nitrite or nitrate is anaero-
bically reduced by Methylomirabilis bacteria or Methanoperedens ar-
chaea, which use methane (CH4) as an electron donor (Raghoebarsing
et al., 2006; Ettwig et al., 2010; Haroon et al., 2013). Previous studies
consider DAMO to be themissing link between the biogeochemical car-
bon and nitrogen cycles, occurring in inland water and wetland ecosys-
tems (Deutzmann and Schink, 2011; Deutzmann et al., 2014; Hu et al.,
2014; Zhu et al., 2015a, 2015b, 2018a, 2018b). Most of our current
knowledge of N loss pathways in terrestrial ecosystems is based on en-
vironments with significant anthropogenic influence, while few studies
have assessed N losses in terrestrial habitats with minimal anthropo-
genic disturbance, which is, however, to expand our understanding of
the complexities of the N cycle.

The Qinghai-Tibet Plateau, also referred to as the “third pole” of the
earth, is a unique and naturally protected ecosystem (Qiu, 2008). With
an elevation of above 5000m, low temperatures, oxygen-deficient envi-
ronments, and little anthropogenic input, this region has been charac-
terized as an N-limited area, albeit with a large soil carbon storage
capacity (Yang et al., 2008; Xie et al., 2011). Nitrate plays an important
role as a preferred oxidant for microbial respiration under oxygen-
limited conditions. In this process, the nitrite produced from nitrate re-
duction and the ammonium released from anaerobic respiration of or-
ganic compounds can sustain denitrification, anammox, and DAMO, as
reported for estuaries sediments (Risgaard-Petersen et al., 2003;
Risgaard-Petersen, 2004), freshwater sediments (Zhu et al., 2015a,
2015b), and paddy field soils (Zhu et al., 2011b; Wang et al., 2012a;
Shen et al., 2014). Under oxygen-limited conditions, denitrification,
anammox, and DAMO can co-occur, but compete with each other
under conditions of limited substrate availability (Füssel et al., 2012).
Another nitrate reduction process, dissimilatory nitrate reduction to
ammonium (DNRA), also uses NO3

− and NO2
− under anoxic/anaerobic

conditions. Here, NH4
+ is generated as an end product and represents

the substrate for anammox; it is subsequently oxidized to NO3
− by

ammonia-oxidizing archaea (AOA) and bacteria (AOB) as well as
nitrite-oxidizing bacteria (NOB), allowing the recycling of substrates
necessary for these processes. The discovery of novel microbially medi-
ated N transfer mechanisms, along with new taxa and functions, chal-
lenges the existing knowledge about N cycling on the Qinghai-Tibet
Plateau; against this background, further research is needed to better
understand these dynamics. Different soil types on the Qinghai-Tibet
Plateau, above an elevation of 5000 m, are therefore highly suitable en-
vironmental matrices for the assessment of N loss pathways in the ab-
sence of significant anthropogenic activity.

In this context, the objectives of this study were (i) to examine how
N loss occurs on theQinghai-Tibet Plateau above an elevation of 5000m
and to investigate N loss-related microbial abundance, activity, and
community compositions in different soil types and profiles; and (ii)
to investigate the interactions among different N cycling pathways
and the underlying mechanisms.
2. Materials and methods

2.1. Soil sampling and background

The Qinghai-Tibet Plateau is located in southwest China or the east-
ern section of the Tethys Himalaya tectonic zone and covers an area of
2.5 million square km, nearly a quarter of the total land area of China.
It is the highest plateau on earth, known as “the roof of the world”,
with an average elevation of N4000 m. Surrounded and traversed by
several snow-capped mountain ranges, the Qinghai-Tibet Plateau is
the origin of a large number of rivers. Its climate is characterized by a
strong solar radiation (3000–6000 MJ/m2), low temperatures (the an-
nual average temperature of most regions is below 5 °C, with −15 to
−2 °C in winter and 8 to 18 °C in summer), and a low precipitation (an-
nual average value is 360 mm). Diverse soil types, including river wet-
land, lake wetland, grassland, and permafrost soil, have developed in
this region along an elevational gradient, and anthropogenic activities
are rare above an elevation of 5000 m.

For this study, we selected four alpine sites on the Qinghai-Tibet Pla-
teau, namely Naqu (5011 m), Dangxiong (5021 m), Bangda (5024 m),
and YangBajing (5033 m) (Table 1). These sites are characterized by
longwinters (N7months) and anoxic habitats, with amean annual tem-
perature below 0 °C and a sub-frigid monsoon semi-humid climate on
the plateau. For this study, we collected both wetland (river, stream)
and upland (wheat, grass land) soils in June. In each site, soil samples
were collected from three plots (10 × 10 m, about 100 m away from
each other) as three independent replicates. In each plot, five soil pro-
files (7 cm diameter × 40 or 30 cmdepth × 10 cm interval; the four cor-
ners and the center within the plot) were collected. Visible roots and
residues were removed, and the fresh soil profile samples were sieved
through 2-mmmeshes and subdivided into three subsamples. In a por-
tion of the fresh subsample,we immediately determinedmicrobial rates
after arrival at the laboratory, while another portion was used for anal-
ysis of physico-chemical properties. A small fraction of the sample was
stored at −80 °C for subsequent molecular analysis. All samples were



Table 1
Physico-chemical characteristics of the sampled soils on the Qinghai-Tibet Plateau above 5000 m. Data were expressed in mean value ± standard deviation (S.D., n = 3).

Samples Depths
(cm)

MC (%) NH4
+-N (mg

kg−1)
NO3

−-N (mg
kg−1)

NO2
−-N (mg

kg−1)
pH SOM (%) CH4

(mg/m3)

Naqu 31°04′17″N, 92°22′2″E (5011 m) Wetland 0–10 42.1 ± 4.2 4.75 ± 0.38 4.28 ± 0.68 0.05 ± 0.01 8.21 ± 0.17 70.8 ± 7.1 118.3 ± 14.6
10–20 38.0 ± 4.6 1.20 ± 0.14 4.08 ± 0.53 0.06 ± 0.01 8.17 ± 0.23 69.9 ± 7.9 95.1 ± 11.7
20–30 45.0 ± 3.6 2.95 ± 0.47 3.81 ± 0.44 0.02 ± 0.00a 7.48 ± 0.19 49.5 ± 3.5 70.1 ± 8.6
30–40 42.4 ± 2.1 2.31 ± 0.32 4.15 ± 0.39 0.03 ± 0.00a 7.41 ± 0.14 30.7 ± 3.7 53.2 ± 6.5

Dryland 0–10 12.2 ± 1.8 2.25 ± 0.19 6.12 ± 0.59 0.04 ± 0.00a 8.55 ± 0.26 82.5 ± 8.8 58.3 ± 7.2
10–20 15.7 ± 0.5 2.34 ± 0.29 5.16 ± 0.18 0.02 ± 0.00a 8.32 ± 0.22 78.4 ± 8.7 45.1 ± 5.6
20–30 16.5 ± 1.2 2.11 ± 0.31 4.23 ± 0.29 0.03 ± 0.00a 8.24 ± 0.25 62.3 ± 4.1 40.1 ± 4.9
30–40 18.6 ± 1.7 2.23 ± 0.09 5.33 ± 0.79 0.02 ± 0.00a 8.26 ± 0.33 52.5 ± 5.5 33.2 ± 4.1

Dangxiong 30°25′40″N, 91°5′50″E (5021 m) Wetland 0–10 33.8 ± 4.1 3.80 ± 0.26 1.13 ± 0.14 0.04 ± 0.00a 6.87 ± 0.16 31.4 ± 3.1 98.2 ± 12.1
10–20 29.0 ± 1.7 1.05 ± 0.09 0.72 ± 0.04 0.03 ± 0.00a 7.06 ± 0.21 21.5 ± 1.5 78.6 ± 9.7
20–30 21.5 ± 1.7 1.96 ± 0.24 0.96 ± 0.08 0.03 ± 0.00a 6.37 ± 0.15 47.9 ± 7.9 56.5 ± 8.1
30–40 21.5 ± 2.8 0.90 ± 0.05 0.36 ± 0.05 0.03 ± 0.00a 7.06 ± 0.19 21.8 ± 2.8 57.4 ± 8.2

Dryland 0–10 18.0 ± 2.7 1.85 ± 0.15 1.91 ± 0.11 0.10 ± 0.02 7.49 ± 0.21 43.0 ± 1.9 68.1 ± 9.7
10–20 14.0 ± 1.3 1.09 ± 0.14 1.38 ± 0.18 0.06 ± 0.01 7.71 ± 0.28 80.1 ± 6.7 34.1 ± 4.9
20–30 20.0 ± 2.1 1.04 ± 0.16 1.01 ± 0.12 0.04 ± 0.01 7.72 ± 0.10 51.1 ± 4.9 41.7 ± 6.0
30–40 13.7 ± 1.6 0.76 ± 0.08 1.64 ± 0.21 0.04 ± 0.00a 7.85 ± 0.11 57.3 ± 6.7 33.1 ± 4.7

Bangda 30°15′20″N, 97°10′2″E (5024 m) Wetland 0–10 35.9 ± 2.2 3.19 ± 0.26 1.23 ± 0.15 0.04 ± 0.01 7.80 ± 0.14 66.6 ± 4.8 159.2 ± 22.8
10–20 29.8 ± 2.7 5.36 ± 0.68 0.96 ± 0.08 0.05 ± 0.01 7.90 ± 0.18 40.4 ± 3.4 114.8 ± 16.4
20–30 25.9 ± 3.1 1.75 ± 0.22 0.92 ± 0.05 0.04 ± 0.00a 8.21 ± 0.29 41.1 ± 5.8 78.2 ± 11.2

Dryland 0–10 16.2 ± 2.4 3.06 ± 0.11 1.93 ± 0.25 0.06 ± 0.01 8.29 ± 0.33 79.0 ± 9.6 87.3 ± 14.2
10–20 18.4 ± 1.5 2.76 ± 0.19 1.19 ± 0.04 0.07 ± 0.01 8.33 ± 0.29 78.1 ± 7.0 33.8 ± 5.5
20–30 15.6 ± 1.9 2.01 ± 0.12 1.09 ± 0.09 0.04 ± 0.01 8.51 ± 0.25 47.4 ± 7.2 40.1 ± 6.5

Yangbajing 30°6′50″N, 90°34′24″E (5033 m) Wetland 0–10 34.6 ± 3.8 0.63 ± 0.03 0.71 ± 0.09 0.05 ± 0.00a 8.31 ± 0.20 22.1 ± 3.8 124.1 ± 20.2
10–20 34.4 ± 2.8 0.59 ± 0.07 0.29 ± 0.04 0.06 ± 0.01 7.27 ± 0.18 18.3 ± 0.8 89.4 ± 14.6
20–30 31.4 ± 2.6 0.90 ± 0.11 0.29 ± 0.05 0.03 ± 0.00a 7.60 ± 0.13 12.8 ± 0.9 45.1 ± 7.4

Dryland 0–10 13.7 ± 2.2 1.26 ± 0.19 2.75 ± 0.34 0.04 ± 0.00a 6.96 ± 0.09 70.3 ± 6.6 76.9 ± 12.5
10–20 14.9 ± 1.9 1.87 ± 0.27 1.99 ± 0.26 0.04 ± 0.00a 7.46 ± 0.12 59.7 ± 7.2 45.5 ± 7.4
20–30 14.8 ± 1.3 0.82 ± 0.07 0.90 ± 0.11 0.05 ± 0.01 8.10 ± 0.22 59.0 ± 3.4 23.4 ± 3.8

MC, moisture content; SOM, soil organic matter.
a The S.D. value b0.01.
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analyzed separately, and the obtained values were averaged to repre-
sent site conditions.

2.2. Analysis of soil physico-chemical properties

Soil pH was determined with the use of a DELTA 320 pH Analyzer
(Mettler Toledo, USA) in a mixture of 5 g of sieved fresh soil and
12.5 mL of ddH2O (soil/water ratio of 1:2.5). Soil NH4

+, NO2
−, and NO3

−

were extracted from 6 g of sieved soil by shaking for 1 h at room tem-
perature with 30mL 2M KCl; measurements were performed in a Con-
tinuous Flow Analyzer (SAN plus, The Netherlands) with detection
limits of 0.015mg kg−1, 0.015mg kg−1, and 0.03mg kg−1, respectively.
The soil moisture content (MC) was determined by the mass variation
after oven-drying 3 g of fresh soil at 105 °C to constant mass, with sub-
sequent combustion in a microwave muffle furnace at 550 °C, following
the LOI550measurement procedure, to determine the soil organic mat-
ter (SOM) content; the detection limit was 0.02 g kg−1. The methane
concentration profiles of the soils were determined according to a pre-
viously published method (Kojima et al., 2012), with a soil moisture
content above 25%. Briefly, approximately 2 g of soil were thoroughly
mixed with 0.4 g NaCl and 1.0 mL distilled water in a vial, and the ob-
tained slurry was heated at 60 °C for 30 min to accelerate methane re-
lease. The concentration of the methane released into the head space
was measured via gas chromatography (GC) with an electron capture
detector (ECD) (Agilent, USA) at a detection limit of 1 ppb. All analyses
were performed in triplicate for quality assurance/quality control (QA/
QC).

2.3. DNA extraction and (q) PCR

The DNA was extracted from 0.33 g of freeze-dried soil, using the
FastDNA SPIN Kit for Soil (MP Biomedical, USA), with a beating time of
45 s and a speed setting of 5.5 m. The extracted DNA was checked on
1% agarose gel, and its concentration was determined via Nanodrop
ND-2000 ultraviolet-visible spectrophotometry (Thermo, USA).
Quantitative PCR (qPCR) assays were conducted using the fluores-
cent dye SYBR-Green approach (TAKARA, Dalian, China) on an ABI
Prism 7500 Sequence Detection System (Applied Biosystems, USA).
The abundances of anammox bacteria, DAMO bacteria, and denitrifiers
were assessed by targeting the genes hzsB, 16S rRNA, and nirS/nirK
(only in Naqu). Details of the primers and thermal profiles are listed
in Table S1. All tests were performed in triplicate. The results with am-
plification efficiencies of 90–110% and those with correlation coeffi-
cients (R2) N0.98 were used for analysis.

Melting curve analyses were performed to confirm the specificity of
PCR-amplifications. All tests were performed in triplicate. The sample
would be assumed to be at the detection limit in three situations:
i) The last samplewhose Ct value showed a high standard deviation be-
tween replicates; or ii) The sample whose Ct value was more than that
of the negative control (normally, the Ct of the negative control was
around40 in this study); or iii) Themelting curvewasnot run as a single
peak.

2.4. High-throughput sequencing and network analysis

High-throughput paired end Illumina HiSeq sequencing (2 × 250 bp)
of the genes hzsB, nirS, nirK, and nosZ in Naqu was performed at
NovoGene, Beijing, China. Sequencing reads were assigned to each sam-
ple according to the unique 6-bp barcode of each sample, and subse-
quently, the barcode and primers were removed (Table S1). Raw
sequences from original DNA fragments were merged using FLASH
(Magoč and Salzberg, 2011) and thenfiltered (i.e.; sequenceswith a qual-
ity score b 25 and a read length of b200 bp were filtered using the
split_libraries command) using the QIIME software package (Caporaso
et al., 2010). Subsequently, the chimeric sequences were removed using
UCHIME (Edgar et al., 2011). To accurately detect and correct frameshifts
caused by indel sequencing errors, the FrameBot tool was used (Wang
et al., 2013). Briefly, only the sequences containing no ambiguous bases
(N), without any barcode or primer mismatches, and with the corrected
frameshifts and length were included into the downstream analysis. The
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unique sequences were obtained by Mothur from the remaining high-
quality nucleic acid sequences and then translated to protein sequences
(Schloss et al., 2009). Preprocessed sequences were clustered into opera-
tional taxonomic units (OTUs, identity = 97%) based on their sequence
similarity, using UCLUST (Edgar, 2010). A representative sequence for
each OTUs was finally aligned using the MUSCLE program (Edgar,
2004). A local alignment search was conducted using the Basic Local
Alignment Search Tool (BLAST).

Singletons were excluded, and resampling according to the mini-
mum sequence numbers across all samples was performed prior to
the calculation. A variety of alpha diversity indices, including Chao1,
Shannon, and Simpson, were calculated via the Mothur software. The
Chao 1 measures the richness of phylotypes, the Shannon index esti-
mates both richness and evenness, and the Simpson index detects dom-
inant OTUs in the samples. In this study, beta diversity was determined
byweighted andunweightedUniFrac (Lozupone andKnight, 2005). The
comparison betweenmicrobial communities was visualized using prin-
cipal coordinate analysis (PCoA) of the pairwise BrayCurtis dissimilarity
matrices of OTU similarity across the different samples. Reads belonged
to unclassified, environmental sample ranks, and groups that accounted
for b1% of the total sequences were combined into one part as “Others”
in the drafting process.

Phylogenetic molecular ecological networks (pMENs) analysis was
performed based on the OTU matrix of all the samples in an open-
access pipeline (http://ieg2.ou.edu/MENA) (Zhou et al., 2010, 2011;
Deng et al., 2014). The same threshold (0.70) was applied for networks
of four genes, andmodule separationwas based on the fast greedymod-
ularity optimization. Cytoscape 3.5.1 was used to visualize networks.
The topological roles of nodes in the pMEN were identified using
within-module connectivity (Zi) and among-module connectivity (Pi).
In the network, the nodes in the peripherals may ecologically represent
specialists, whereas module hubs and connectors refer to the general-
ists, while the network hubs refers to super-generalists. The average de-
gree (avgK) indicates the complexity of the network, with a greater
avgK value for more complex networks. (Deng et al., 2014; Olesen
et al., 2007).

2.5. Measuring the potential activities anammox, denitrification, and other
N cycle processes with 15N slurry incubations

Briefly, homogenized soil samples (about 3.3 g), together with sterile
water, were transferred to 12.0-mL glass vials (Exetainer, Labco, UK) for
incubation at a shaking speed of 130–150 rpm and in situ temperature.
All stock solutions for each isotopic mixture (15NO3

− [15N at.%: 99.19],
15NH4

+ [15N at.%: 99.16], 15NO2
− [15N at.%: 98.17] or 14N, purchased from

the Shanghai Research Institute of Chemical Industry), were purged
with helium for 15 min and injected to the final concentrations of 15N
(15NO3

−, 15NH4
+ and 15NO2

−) in fresh soil as the same as in the in-situ en-
vironment. Except for ammonium oxidation (NH4

+ → NO2
−) and nitrite

oxidation (NO2
− → NO3

−) activities, all samples were purged with helium
for 15 min prior to incubation to reduce O2 concentrations.

To assess the potential dissimilatory nitrate reduction to ammonium
rates (DNRA, NO3

− → NH4
+, Process 1), 100 μL of He-purged 15NO3

− iso-
topic stock solution was added to the homogenized slurries to deter-
mine the production rate of 15NH4

+. The potential nitrite oxidation
activity (Process 2) was detected as the production rate of 15NO3

− with
100 μL of He-purged 15NO2

− isotopic stock solution added. The potential
ammonium oxidation activity (Process 3) wasmeasured as the produc-
tion rate of 15NO2

− from incubationwith 100 μL of He-purged 15NH4
+ iso-

topic stock solution added under oxic conditions. The potential nitrate
reduction rate (NO3

− →NO2
−, Process 4) was detected as the production

rate of 15NO2
− from reduced 15NO3

− (100 μL of N2-purged 15NO3
− isotopic

stock solution added). To determine the potential anammox and deni-
trification activities (Processes 5 and 6), the 15NH4

+ (control treatment)
and 15NO3

− (experiment treatment)were added to the resulting slurries
after a pre-incubation under anoxic conditions to deplete residual NOx

−

(NO3
− and NO2

−) and O2 in the soils and incubation media (Risgaard-
Petersen, 2004; Engström et al., 2005). The control treatment was
used to confirm the NOx

− depletion. The yield of 29N2 and 30N2 in exper-
iment treatmentwas used to calculate the anammox and denitrification
activity, respectively.

The incubations were stopped at defined intervals (0, 3, 6, 12, and
24 h) by injecting 100 μL of saturatedmercuric chloride solution. In Pro-
cess 1, hypobromite was added and incubated for N12 h to completely
convert the produced 15NH4

+ into 30N2 (Phyllis et al., 2009; Füssel
et al., 2012). The final concentration of hypobromite was equal to the
concentration of added 15NO2

−. For Process 2, about 1.0 g of sponge
chrome was added under alkaline conditions (pH = 7.0–8.0) to
completely re-convert the produced 15NO3

− to 15NO2
−, and subse-

quently, 16.5 mM (final concentration) of sulfamic acid were added to
reduce 15NO2

− to 29N2 (Phyllis et al., 2009; Füssel et al., 2012). Incubation
with sulfamic acid lasted for N12 h to ensure sufficient conversion (as in
Processes 3 and 4). Finally, the produced 29N2 or 30N2weremeasured by
IRMS (MAT253, Thermo Electron Corporation, USA). The coefficients of
determination (R2) for linear regression were N0.90; the detection limit
was about 0.001 nmol-N g−1 h−1.

2.6. Measuring the potential DAMO rate using the 13C-tracer technique

For this, 3.5-g soil slurries were flushed with high-purity He (99.9%)
for 15 min and pre-incubated under anoxic conditions for N24 h to
completely deplete residual NOx

− and O2 (Zhu et al., 2018b). The glass
vials were divided into two treatment groups: (i) 13CH4 (13C at 99.9%)
and (ii) 13CH4 + NO2

−. Subsequently, 0.7 mL headspace gas in each
vial of the two treatments was replaced by an equal volume of 13CH4.
The He-purged NO2

− stock solutions were injected into each vial of
treatments (ii) until reaching the in situ concentration. The incubations
were sampled at different time points (0, 12, 24, 48, 72, and 96 h) by
adding 200 μL of a 7-M ZnCl2 solution. Treatment (i) was used to ex-
clude the possibility of 13CO2 generation through aerobic methane oxi-
dation and the possibility of 15N-labelled dinitrogen gas production
through nitrification, denitrification, or anammox. Treatment (ii) was
used to calculate the potential DAMO rate by conducting a linear regres-
sion using CO2 production and incubation time. The 13CO2/12CO2 ratio
was determined using isotope ratio mass spectrometers (IRMS, Delta
V Advantage, Finnigan, Germany) with a precision of 0.00015 atom%
on 13C/12C. The linear correlation exceeded 0.90, and the ratio of 45CO2

to total CO2 in the negative controls remained consistent with atmo-
spheric air. Three parallel assays were conducted for each soil sample;
theminimumdetectable ratewas approximately 0.002nmol-C g−1 h−1.

2.7. Statistical analysis

Redundancy analysis (RDA), using the CANOCO4.5 program (Ithaca,
NY, USA), was conducted to determine the environmental factors that
explained most of the variance in the distribution of microbial abun-
dance and activity. Pearson's correlation analysis was performed to
evaluate the correlations among soil physicochemical properties,
anammox rate, denitrification rate, and the related functional gene
abundance between the soil types (wetland or dryland soils) and soil
depths (surface or subsurface soils) (SPSS, USA). The soil physicochem-
ical characteristics were used as basic candidate variables, with the
abundance and activity of anammox bacteria as dependent variables
in stepwise regression analyses (SPSS, USA). Unless specified, the signif-
icance level was set at p b 0.05.

3. Results

3.1. Soil characteristics

The pH of soil samples ranged from 6.37 to 8.55. With the exception
of soils from Dangxiong (6.37–7.85) and YangBajing (6.96–8.31), most

http://ieg2.ou.edu/MENA


Fig. 1. Biogeographical distribution of denitrifying and anammox bacterial abundance and
activity along the wetland and dryland soil profile in Naqu of the Qinghai-Tibet Plateau at
5011 m elevation and their correlation with the soil physico-chemical properties.
(a) Abundance and activity of denitrifying and anammox bacteria displayed by bars for
abundance (white, dark gray, and light gray for hzsB, nirS, and nirK gene, respectively),
star and circle for anammox and denitrification activity, respectively. Error bars indicate
S.D. (n = 3). (b) RDA plot showing the relationship among the abundance of functional
genes (red arrows), denitrification and anammox activity (red arrows), and the physico-
chemical characteristics (blue arrows) of the sampled soils. The letters D and W
represent dryland and wetland soils, respectively, with different depth ranges (0–10 cm,
10–20 cm, 20–30 cm, 30–40 cm). The percentage (%) indicates the interpretation of
ranking results. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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soils were slightly alkaline. SOM concentrations were in the range of
12.75–82.46 g kg−1, with significant heterogeneity according to soil
depth; in general, dryland samples had higher values than wetland
samples (t-test, t = −3.979, p = 0.001; Table 1).

The NH4
+ concentrations ranged from 0.59 to 5.36 mg kg−1, with

higher values observed in Naqu (1.20–4.75 mg kg−1) and Bangda
(1.75–5.36 mg kg−1) and lower values in Dangxiong and Yabajing.
The NOx

− concentrations were in the range of 0.32–6.16 mg kg−1, with
higher values observed in dryland soils (0.95–6.16 mg kg−1) and
lower values in wetland soils (0.32–4.33 mg kg−1) soils. Among the
soil layers, 0–10 cm surface soils had the highest NOx

− concentrations,
and the NOx

− concentrations in Naqu (3.83–6.16 mg kg−1) were signif-
icantly higher than those at the other three sites (0.32–2.79 mg kg−1)
(ANOVA, F = 46.490, p b 0.001; Table 1).

3.2. Microbial N loss pathways

• DAMO

Based on the results of the 13CH4-tracer approach, no 13CO2was pro-
duced from methane in any of the samples, even after 26 days of incu-
bation, indicating little or no DAMO activity. This finding corroborates
the results of the molecular analysis, which also did not detect DAMO
bacterial 16S rRNA genes in any of the samples.

• Anammox

According to the results of themolecular analysis, anammoxbacteria
were only detected in the Naqu wetland and dryland soils, indicating
that these bacteria are not widespread on the Qinghai-Tibet Plateau
above 5000 m (Fig. 1). The copy number of the gene hzsB in the Naqu
samples was higher in the wetland (2.28 × 103 to 2.82 × 104 copies
g−1) than in the dryland (1.37 × 103 to 1.38 × 104 copies g−1) soils.
At a depth of 0–40 cm, the copy number of hzsB decreased with depth
in both wetland and dryland soils. In accordance with the distribution
of anammox bacteria, anammox activity was only detected in the
Naqu sampling sites and was higher in wetland (0.098 to
0.542 nmol N g−1 h−1) than in dryland (0.050 to
0.231 nmol N g−1 h−1) soils. At a soil depth of 0–40 cm, anammox activ-
ities decreased with depth, consistent with the trend observed for
anammox abundance. When comparing Naqu and non-anammox
sites, the stepwise regression analysis results indicate that soil NO3

− con-
centration was the primary environmental variable, with a significant
effect on the occurrence of anammox bacteria (Table S2).

• Denitrification

Based on the isotopic tracing results, denitrification occurred widely
in all wetland and dryland soils, with rates ranging from 0.385 to
2.568 nmol N g−1 h−1 (Table S3). Except for the Naqu site, denitrifica-
tion was the only microbial N loss process observed in the soils from
Dangxiong, Bangda, and YangBajing. In Naqu, where denitrification
and anammox co-occurred, denitrification activities were also higher
in thewetland soils (0.744 to 2.568nmolN g−1 h−1) than in the dryland
soils (0.453 to 1.832 nmol N g−1 h−1) and generally decreased with
depth (Fig. 1). Denitrification was the dominant process in terms of
total N loss at each soil depth, with anammox activity accounting for
5.5–17.4% of the total N loss. The copy numbers of the genes nirS and
nirK in Naqu soil samples were higher in wetland soils [(0.36–16.3)
× 105 copies g−1] than in dryland soils [(0.33–5.69) × 105 copies g−1].
In both wetland and dryland samples, the nirS copy number
[(0.46–19.8) × 105 copies·g−1, 1.32 ± 0.57% of the total bacteria] was
significantly higher than that of nirK [(0.26–12.8) × 105 copies·g−1,
0.34 ± 0.15% of the total bacteria] (n1 = 16, n2 = 16, t = 3.5286, p b

0.01). Across the 0–40-cm soil profile in both wetland and dryland
soils, the numbers of nirS and nirK gradually decreased with soil depth.

Pearson's correlation analysis showed that the denitrification rate
was correlated with SOM (r=0.608, p=0.025). Both anammox abun-
dance and activity were positively correlatedwith NO3

− (r=0.570, p=
0.002 for abundance; r = 0.611, p = 0.001 for activity) and NH4

+ (r =
0.420, p= 0.026 for abundance; r=0.434, p=0.021 for activity) con-
centrations. TheMC and pH showed insignificant relationshipswith de-
nitrification or anammox bacterial abundance and activity (Table S4). In
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the other hand, redundancy analysis also indicated that SOM, NO3
− and

NH4
+ more importantly impacted microbial N loss processes (Fig. 1).

3.3. Driving mechanisms for N cycling

In both wetland and dryland samples, surface and subsurface soils
exhibited distinct differences in denitrification, anammox bacterial
abundance and activity, as well as physicochemical soil characteristics.
Therefore, we selected the surface (0–10 cm) and subsurface
(30–40 cm) soil layers in Naqu to further investigate the biogeochemi-
cal cycles associated with denitrification and anammox processes. The
ambient nitrite concentrations in the soils studied were relatively low
(0.02–0.06 mg kg−1), which is likely due to the high level of demand
for nitrite as an important N-cycle component. Based on a comparison
of the absolute activities of the N cycle processes, overall, N cycling
was more distinct in the surface soils than in the subsurface soils
(Fig. 2, Table S5). Nitrate reduction drove internal N circulation, as
shownbytherelativelyhighactivity level (0.421–5.296nmolNg−1h−1),
providing the dominant contribution of nitrite (55.4–100.0%). Ammo-
nium oxidation played an additional role (0.0–44.6%) in nitrite
production.

In surface soils, the internal nitrite sink (DNRA and nitrite oxidation)
consumed avg. 37.4% and 62.6% of the produced nitrite in wetland and
dryland soils, respectively. Therefore, nitrite oxidation was themain ni-
trite consumer, especially in dryland soils (75.0%), where the nitrate re-
duction rate was relatively high. In subsurface soils, the sole internal
Fig. 2.Nitrogen cycle linked by nitrite in surface (0–10 cm) and subsurface (30–40 cm) soils of w
nitrite oxidation (light blue), ammonium oxidation (green), nitrate reduction (purple), anamm
deviation (S.D., n=3)with the unit of nmol N g−1 h−1. The N-molecules of the related substrat
the unit of mmol N kg−1. (For interpretation of the references to color in this figure legend, th
nitrite sink was DNRA in dryland soils, while nitrite oxidation in wet-
land soils. The net nitrite balance of source and internal sink showed
N losses due to anammox and denitrification. On the Qinghai-Tibet Pla-
teau above an elevation of 5000m, denitrification is the dominantN loss
pathway (82.6–90.1%), followed by anammox (9.9–17.4%) and no
DAMO, irrespective of the soil type (wetland or dryland soils) and soil
depth (surface or subsurface soils).

In surface soils, the net level of nitrite accumulation was slightly
higher in wetland soils (1.651 nmol N g−1 h−1) than in dryland soils
(1.553 nmol N g−1 h−1). Although the amount of ammonium produced
from DNRA was lower in wetland soils (0.330 nmol N g−1 h−1) than in
dryland soils (1.403 nmol N g−1 h−1), the ambient ammonium concen-
tration in wetland soils (4.75mg kg−1) wasmore than twice that of the
concentration in dryland soils (2.25 mg kg−1). Anammox activity was
also higher in wetland soils (0.542 nmol N g−1 h−1) than in dryland
soils (0.231 nmol N g−1 h−1), highlighting the important role of ambi-
ent ammonium in the supply of ammonium for anammox. In subsurface
soils, the ambient ammonium concentrations were similar in bothwet-
land and dryland samples, while the net level of nitrite accumulation
(1.316 nmol N g−1 h−1 in wetland soils; 0.170 nmol N g−1 h−1 in dry-
land soils) showed a great difference and was lower at greater soil
depths because of the lower nitrate reduction activity. Consequently,
anammox activity decreased to 0.098 nmol N g−1 h−1 in wetland soils
and to 0.050 nmol N g−1 h−1 in dryland soils according to soil depth
(Fig. 2). These results lead us to infer that nitrate reduction drives the
anammox-related N cycle as the main nitrite producer, while ambient
etland and dryland at Naqu, including six relatedmicrobial processes: DNRA (deep blue),
ox (red), and denitrification (black). Rate data were expressed in mean value ± standard
es/products were shown in italic and gray background below the related parameters, with
e reader is referred to the web version of this article.)
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ammonium concentrations affect the anammox activity as the domi-
nant ammonium supplier, which is in agreement with the results of
the correlation analysis (Table S4).

3.4. Taxonomic composition and abundances of nirK-, nirS-, and nosZ-
denitrifying bacterial communities and hzs-anammox bacteria

In N cycling, NO3
− serves as a regulatory ‘switch’, and NO2

− is an im-
portant transformation compound. Therefore, the diversities and com-
munities of denitrifying and anammox bacteria, containing the
functional genes nirK or nirS (responsible for NO2

− reduction) and
nosZ and hzsB (responsible for N2 production), were investigated by
high-throughput sequencing (Tables S6–S10). Based on the diversity
index values, both wetland and dryland soils showed that the genes
nirK and nosZ were more diverse in surface soils than in subsurface
soils, while the gene hzsB showed a reverse trend. For nirS, the diversity
in surface soils was higher than that in subsurface soils in wetlands,
while the trend of the nirS in dryland soils was reversed.

In terms of denitrifying bacteria, Proteobacteria was the dominant
phylum for the genes nirK (42.8–55.0%), nirS (36.0–44.1%), and nosZ
(24.6–68.7%) (Fig. 3). The dominant class was Alphaproteobacteria
(28.0–48.2%) for nirK, Rhodanobacteraceae (1.7–8.5%) for nirS, and
Alphaproteobacteria (12.1–27.7%) and Rhizobiales (10.2–22.6%) for the
nosZ-denitrifying bacterial community. In surface soils, Proteobacteria
dominated denitrifying bacteria. In subsurface soils, the dominant taxa
were Alphaproteobacteria (avg. 48.2% for wetland; 47.6% for dryland)
for the gene nirK, Alphaproteobacteria (27.7% for wetland) and
Proteobacteria (67.5% for dryland) for the nosZ gene, and Proteobacteria
(38.6% for wetland; 37.0% for dryland) for the nirS gene. Regarding the
Fig. 3. Diversities and relative abundances of the nirK- (a), nirS- (b), nosZ- (c), and hzsB- (d) ge
Qinghai-Tibet Plateau at 5011 m elevation.
anammox bacterial community composition, the most abundant
anammox genera were Candidatus Jettenia and Candidatus Brocadia,
with the former dominating the surface dryland and the subsurface
soil layers, and the latter dominating in the rest of soil layers.

We performed PCoA to identify differences in the bacterial commu-
nities from different soil types at the OTU level (Fig. S1). The nirS-
denitrifying bacterial communities varied according to soil depth rather
than soil type. For the genes nirK, nosZ, and hzsB, the communities var-
ied according to both soil type and depth, although a greater divergence
was observed between surface and subsurface layers than between the
different soil types.

Furthermore, based on the results of the RDA and Pearson's correla-
tion analysis, SOM, NH4

+, and NO3
− levels were the key environmental

factors impacting nirK, nirS, nosZ, and hzsB communities, respectively
(Fig. 4, Tables S11, S12). The denitrification rate was significantly corre-
lated with nirK (r = 0.883, p = 0.004) and nirS gene (r = 0.884, p =
0.004). In addition, the denitrification rate was significantly correlated
with nirS-containing Proteobacteria (r = 0.744, p b 0.05) and
Comamonadaceae (r=0.886, p b 0.01), while in significantly correlated
with the nosZ-denitrifying bacteria (p N 0.05). However, in terms of the
gene hzsB, we found a significant correlation with the total hzsB gene
copy number (r = 0.902, p = 0.002).

3.5. Co-occurrence patterns in nirK-, nirS-, and nosZ-denitrifying bacterial
communities and hzs-anammox bacteria

The high-throughput sequencing results of the four functional genes
involved inmicrobial NO3

− reduction processeswere used to construct a
Molecular Ecological Network (MEN), based on topological concepts
ne communities at family level along the wetland and dryland soil profile in Naqu of the



Fig. 4. Redundancy analysis (RDA) among the soil properties, the abundance of nirK- (a), nirS- (b), nosZ- (c), and hzsB- (d) genes, and the relatedmicrobial activities along thewetland and
dryland soil profile. Red arrows refer to the soil physico-chemical characteristics and black arrows to functional gene abundance and activity of denitrification and anammox. The
percentage (%) indicates the interpretation of ranking results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and methods (Fig. 5, Table S13). In both the nirS and nirK network,
Paracoccus had the most connections to other nodes, suggesting that
Paracoccus was the key species in denitrifying bacterial communities.

In the nosZ network, the proportion of positive correlations reached
88.2%, which may reflect the symbiotic relationship between bacteria
(Fig. 5, Table S13). The maximum degree of connection and two nodes
identified as key connectors were both annotated as Bradyrhizobiaceae
(a family of rhizobia). Although this family was not dominant in terms
of relative abundance (0.04%), it played an important role in the bacte-
rial community structure.

The hzsB gene network had the largest total number of nodes and
links and a greater avgK value (Fig. 5, Table S13), indicating a complex
microbial community structure. The maximum connection degree was
found in Candidatus Jettenia. In addition, some nodes belonging to
Candidatus Brocadia sp.a and Candidatus Jetteniawere identified as con-
nectors. Overall, these findings illustrate that Candidatus Brocadia sp.a
and Candidatus Jettenia were the key bacteria in the anammox
community.

In the total network, bacteria containing the nosZ gene were clus-
tered in module 1 and had strong internal connections.
Bradyrhizobiaceae had the highest level of connection degrees and also
contained the nosZ gene. According to the Pi and Zi values, a small num-
ber of nirK and nosZ gene nodes belonged to connectors and module
hubs (Fig. S2). These results suggest that bacteria containing the nosZ
gene may have a dominant function among anammox, denitrifying,
and DNRA bacterial communities.

4. Discussion

Our study provides valuable information onmicrobial N-cycling, soil
N management, and global anthropogenic impacts, focusing on the
Qinghai-Tibet Plateau at an elevation of above 5000 m, which is rela-
tively unaffected by anthropogenic activities. From the perspective of
microbial ecology, this is, to our knowledge, the first study to simulta-
neously investigate microbial N loss and the associated N cycle on the
Qinghai-Tibet Plateau. Data on bacterial abundance and the activities
of denitrification, anammox, and DAMO bacterial pathways suggest
that denitrification is the dominant N loss pathway in terrestrial habi-
tats with minimal anthropogenic activity.

Substrate availability and soil temperature have been established as
key drivers for soil N and C cycles (Fissore et al., 2009; Niklińska and
Klimek, 2007;Wang et al., 2010). The interaction between biological ac-
tivity and SOM is critical in maintaining ecosystem productivity and
sustainability (Liang et al., 2017), with the activity of some heterotro-
phic microbes being greatly impacted by the quantity and quality of
SOM (Shan et al., 2016). In Naqu, SOM was considerably accumulated



Fig. 5. Interaction and network analysis of the nirK- (a), nirS- (b), nosZ- (c), hzsB- (d), and the whole N loss bacterial (e) communities (OTU level) of the dryland and wetland samples on
theQinghai-Tibet Plateau above 5000m. The networks aremarked by species color and shape; the size of each node is proportional to the number of connections. The red edge indicates a
positive interaction between two individual nodes, while the gray edge indicates a negative interaction. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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in both wetland and dryland soils and decreased with soil depth. Ac-
cording to previous studies, denitrification rates are related to pH,
total N, organic matter, C/NO3

− ratio, and soil C/N ratio (Risgaard-
Petersen et al., 2003; Chen et al., 2015). Similarly, in the present study,
denitrification rates were positively correlated with the soil SOM levels.
In comparison with surface soils, subsurface soils showed a lower bio-
logical activity. Soil temperature stratification is extremely likely in
the alpine soils of the Qinghai-Tibet Plateau, and a previous study has
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shown that in June, the soil temperature at the Naqu site is generally
higher in surface soils (Zhang et al., 2008), favoring biological activity
and soil carbon mineralization (Bakermans et al., 2003; Dirk et al.,
2007; Dawes et al., 2017).

The 15N-isotopic tracing technology is the key tool for distinguishing
and quantifying the anammox, denitrification, and other related N-
transformation processes in various ecosystems, i.e. marine (Dalsgaard
et al., 2003; Risgaard-Petersen, 2004; Engström et al., 2005; Phyllis et al.,
2009; Füssel et al., 2012), freshwater (Trimmer et al., 2006; Zhu et al.,
2011a; Wang et al., 2012b; Zhu et al., 2015a, 2015b; Wang et al., 2018),
and upland soils (Zhu et al., 2011a, 2011b; Yang et al., 2015; Zhu et al.,
2018a, 2018b). In the 15N slurry approach, the chemical microenviron-
ment of bacteria has been totally changed due to the disruption of natural
substrates and redox gradients in sediments/soils, whichwould underes-
timate anammox andDNRA, but overestimate denitrification. By contrast,
the intact core, as another dominant 15N-incubation technology, could ef-
fectivelymaintain the in-situ condition. (Trimmer et al., 2006;Wang et al.,
2018). However, the use of slurries incubation was essential in discover-
ing N-cycles in the environment, due to its convenient operation and
wide application range. In addition, some revised technologies have
been developed to correct the slurry incubation and reduce errors in the
estimate of activities (Trimmer et al., 2006). The studies basing on 15N
slurry approach so far has increased our knowledge about both the bioge-
ography and regulation of the N-cycles.

It should be noted that the contribution of denitrification may be
underestimated, while anammox may be overestimated under the 15N
isotope pairing conditions. Pre-incubation might consume or exhaust
the liable organic matter, thus creating more favorable conditions for
anammox than for denitrification. The detected abundance of functional
genotypes and their correlations with other detected N cycle processes
suggest that anammox bacteria, at certain times, may be active on the
Qinghai-Tibet Plateau and play a considerable role in N loss. But,
anammox abundance and activity were low, and they were only de-
tected in two out of eight soil samples. In contrast, we did not detect
DAMO in any of the tested samples. This strongly suggests that in our
study area, denitrification is the dominant microbial N loss pathway in
both wetland and dryland soils. DNRA, as a competing process with
the N-loss processes，produces NH4

+ rather than N2 and N-loss al-
though it also undergoes NO3

− reduction. Therefore, DNRA is helpful to
improve soil fertility and productivity. DNRA were usually considered
to be significant only in anoxic/anaerobic environments. But in this
study, the rates of DNRAwere relatively high, and the highest contribu-
tion to NO3

− reduction reached 40.5%. However, these values were still
lower than the contribution of denitrification to nitrate reduction
(52.9–88.4%). This strongly suggests that in our study area, denitrifica-
tion is the dominant microbial NO3

− reduction and N loss pathway in
both wetland and dryland soils.

Assessment of the functions and interactions of bacteria present in
soils and the evaluation of the importance of each process provides
key information on the underlying mechanisms of nitrate removal.
The abundance and activity of anammox bacteria were lower than
those of denitrifying bacteria. Network analysis identified close relation-
ships between anammox bacterial communities, although they played a
minor role in the network of total nitrate removal and N loss. This is re-
lated to the inherent soil characteristics of the Qinghai-Tibet Plateau
ecosystem, with low temperatures, low nitrogen loading, and high con-
centrations of organic carbon (Yang et al., 2008; Devol, 2015), resulting
in an unfavorable habitat for autotrophic anammox bacteria. Con-
versely, in the present study, heterotrophic denitrifying bacteria acted
as connectors and module hubs within the bacterial community. Previ-
ous studies have shown exponential cell growth in denitrifying bacteria
and rapid nitrate and nitrite depletion following the addition of small
amounts of carbon (Kandeler et al., 2006; Ward et al., 2008). Therefore,
nirK-denitrifying and nosZ-denitrifying bacteria cooperated in driving
the nitrate removal process on the Qinghai-Tibet plateau region,
which has high levels of organic matter.
Recent studies have shown that nirS- and nirK-type denitrifying bac-
terial communities respond differently to environmental parameters,
with nirS denitrifying bacteria being more active in flooded environ-
ments (Yuan et al., 2012). In another recent study on the nirS gene on
the Qinghai-Tibet plateau, the nirS denitrifying bacterial communities
from different soil types were divided into separate groups, and water
content was identified as the major factor in determining the nirS
denitrifying bacterial community composition (Gu et al., 2017). In the
present study, nirS-denitrifying bacterial communities varied according
to soil depth rather than soil type, indicating that other key factors may
have influenced the nirS community on the plateau. For the nirS gene,
the denitrification rate was correlated with the relative abundance of
Comamonadaceae. This finding is supported by a previous study on alka-
line permafrost-affected soils of the Tibetan Plateau, where
Comamonadaceae was one of the top five families identified (Zhang
et al., 2014). Ginige et al. (2005) have proposed that the family
Comamonadaceae plays a major role in denitrification in the presence
of acetate. Therefore, in environments with high organic matter levels,
such as the Qinghai-Tibet Plateau, in particular in the presence of high
biodegradable organic matter levels (26.1–35.5 mg L−1, Luo et al.,
2009), Comamonadaceae may play a leading role in soil denitrification.

According to the results of the total network analysis, the nosZ gene
plays a dominant function in anammox and denitrifying bacteria. Previ-
ous studies including bothmechanistic and processmeasurements have
clearly shown that anammox bacteria do not produce N2O (Kartal et al.,
2011; Zhu et al., 2011a, 2011b). Although several microbial processes
(denitrification, nitrification, and DNRA) can produce N2O, denitrifica-
tion is the only known pathway responsible for N2O reduction (Kelso
et al., 1999). The N2O reduction is catalyzed by nitrous oxide reductases
which are encoded by the nosZ clade I or the newly reported clade II
gene (Sanford et al., 2012), while the nosZ II-type denitrifiers tend to re-
duce N2O without producing it (Sanford et al., 2012; Jones et al., 2013).
Such result highlights the potential role of nosZ II in N2O mitigation
(Zhao et al., 2018). In the total network analysis Bradyrhizobiaceae
was the maximum connection node for all bacteria containing the
nosZ gene. In addition, Bradyrhizobiaceae was the most abundant deni-
trifiers in the nosZ-bearing communities in sediments (Correa-Galeote
et al., 2017) and agricultural soils (Guo et al., 2011). Bradyrhizobiaceae
is a family of rhizobia associated with some legumes, with the simulta-
neous functions of N fixation and denitrification, making them able to
achieve a complete N cycle. This phenomenon has also been observed
in N-limited marine waters, where N fixation by heterotrophic bacteria
is a main N source (Fulweiler et al., 2013). Studies have also shown that
nosZ gene sequences are closely related to Bradyrhizobiaceae, with a
high abundance in fertilized rice paddy soil, while nosZ-containing
Betaproteobacteria are dominant in fertilized plots (Chen et al., 2012).
These findings indicate that long-term fertilization or pollutant input
have a major effect on Bradyrhizobiaceae variations and its key role in
the Qinghai-Tibet Plateau.

Anammox bacterial activity was only detected at the Naqu site at an
elevation of 5011 m. In contrast, in areas heavily affected by anthropo-
genic activities, such as paddy fields (Zhu et al., 2011b; Shen et al.,
2014; Nie et al., 2015) and constructed wetlands (Zhu et al., 2011a),
anammox bacteria are widely abundant and responsible for 0.6 to 37%
of the total N loss. In Naqu, the contribution of anammox ranged from
5.54 to 17.44%, which is consistent with the levels reported for marine
environments (Dalsgaard et al., 2005). This indicates that anthropo-
genic activities positively impact the anammox process in terrestrial
ecosystems, while the dominant role of denitrification in N loss was rel-
atively unchanged with anthropogenic input.

Among the four sites tested, Naqu had the highest nitrate concentra-
tions, which may sustain nitrate reduction, providing the necessary ni-
trite for anammox processes. Nitrate reduction participates in organic
matter decomposition, thereby generating energy and releasing dis-
solved inorganic nitrogen (including ammonium and nitrite) to fuel
the anammox pathway. The results of N-isotope calculations suggest
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that this may balance the deficit between nitrite sources and sinks,
which is supported by previous results found for some marine oxygen
minimum zones (OMZs; Füssel et al., 2012; Jensen et al., 2011;
Codispoti et al., 2001). However, anammox and the related N-cycle pro-
cesses varied in different soil types and depths, with NH4

+ and SOM
being the key environmental variables affecting anammox bacterial
abundance and activity. This indicates that a sufficient nitrate concen-
tration threshold is the most important factor dictating the occurrence
of anammox in the study region, while it only plays a minor role in
the subsequent regulation of anammox. Based on correlation analysis
results, in environments with low nitrogen-loading, ambient ammo-
nium concentrations play an important role in the subsequent regula-
tion of the anammox process.

The distribution and activity of DAMO in natural environments are
associated with environmental factors such as methane, nitrate, nitrite,
organic carbon, and temperature (Hu et al., 2014; Shen et al., 2014;
Chen et al., 2014). Notably, both DAMO and denitrification pathways
use NO2

− as electron acceptor, and therefore, competition between
both pathways would also affect DAMO bacterial abundance, distribu-
tion, and activity. The sampling site is N-limited, with a large capacity
for soil carbon storage. Sufficient organic substrate levels for denitrifier
activity enhance the contribution of denitrification as compared to
DAMO. Furthermore, the methane concentrations were extremely low
(b150 mg m−3) in all examined samples and way beyond those re-
ported for paddy fields (8.7 × 102 to 1.0 × 105 mg m−3) and wetlands
(3.1 × 103 to 5.5 × 104 mg m−3 at Xiazhuhu wetland and 3.2–8.9
× 104 mg m−3 at Xixi wetland, Hu et al., 2014). In addition, the nitrite
concentration was below 0.8 mg kg−1 at all depths tested. Conse-
quently, the combined effects of insufficient substrate for the DAMO
pathway and competition with denitrification may regulate the distri-
bution of DAMO in the studied soil profiles of the Qinghai-Tibet Plateau,
which was consistent with our previous research results for global up-
land soil (Zhu et al., 2018a, 2018b).
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