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Nitrogen loss by anaerobic 
ammonium oxidation in  
unconfined aquifer soils
Shanyun Wang1, Dirk Radny2, Shuangbing Huang3, Linjie Zhuang1, Siyan Zhao1, 
Michael Berg2, Mike S. M. Jetten4 & Guibing Zhu1,5

Anaerobic ammonium oxidation (anammox) is recognized as an important process for nitrogen cycling, 
yet little is known about its role in the subsurface biosphere. In this study, we investigated the presence, 
abundance, and role of anammox bacteria in upland soil cores from Tianjin, China (20 m depth) and 
Basel, Switzerland (10 m depth), using isotope-tracing techniques, (q)PCR assays, and 16 S rRNA & hzsB 
gene clone libraries, along with nutrient profiles of soil core samples. Anammox in the phreatic (water-
saturated) zone contributed to 37.5–67.6% of the N-loss (up to 0.675 gN m−2 d−1), with anammox 
activities of 0.005–0.74 nmolN g−1 soil h−1, which were even higher than the denitrification rates. By 
contrast, no significant anammox was measured in the vadose zone. Higher anammox bacterial cell 
densities were observed (0.75–1.4 × 107 copies g−1 soil) in the phreatic zone, where ammonia-oxidizing 
bacteria (AOB) maybe the major source of nitrite for anammox bacteria. The anammox bacterial 
cells in soils of the vadose zone were all <103 copies g−1 soil. We suggest that the subsurface provides 
a favorable niche for anammox bacteria whose contribution to N cycling and groundwater nitrate 
removal seems considerably larger than previously known.

Nitrogen (N) is an essential nutrient for all organisms, and it is fundamental to the biochemical processes that 
define life. The global N cycle has historically been considered a “linear” process: N in the form of atmospheric 
nitrogen gas (N2) is fixed and transferred as ammonium (NH4

+) to the Earth’s surface, oxidized to nitrate (NO3
−), 

and finally reduced and returned back to the atmosphere as N2 gas. The various steps in this process are mediated 
by microbial activity1. Much has been learned about these steps and many of the microorganisms involved2,3. In 
today’s consideration of the N cycle, the surface ecosystem is still emphasized, while much less attention is paid 
to the subsurface biosphere4,5.

For decades, the conversion of fixed nitrogen to dinitrogen gas by heterotrophic bacteria, termed hetero-
trophic denitrification, was considered the main pathway of N loss in natural ecosystems6. The discovery of 
anaerobic ammonium oxidation (anammox) mediated by autotrophic anammox bacteria, which were able to 
oxidize ammonia directly to N2 without nitrous oxide (N2O) emission, greatly changed our view of the marine 
and terrestrial N cycles7–9. Anammox has been detected worldwide in natural ecosystems. In marine systems, it 
may be responsible for up to 50% of the marine N loss10,11, with hotspots occurring in oxygen minimum zones 
(OMZ)12–14. Anammox has also been detected in many freshwater systems with hotspots occurring in riparian 
sediments15–18. Overall, the available data indicates that anammox may be present in many environments, includ-
ing surface aquatic ecosystems, and that anammox may be responsible for a significant proportion of N2 pro-
duction. However, the prevalence of anammox in upland fields has not been identified yet19. We speculated that 
anammox would not occur significantly in the surface soil system but would occur in the subsurface biosphere, 
especially in the phreatic groundwater-saturated subsurface20,21.

Aquifer soils include soils in the vadose, phreatic, and aquitard zones. The phreatic zone stores groundwater, 
which plays a central part in drinking water production, agricultural irrigation, ecosystem sustenance, human 
adaptation to climate change, and global food security22,23. The contribution of anammox to N loss in groundwater 
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was first observed in Massachusetts, USA using isotope tracers24. Subsequently, anammox in groundwater was 
investigated at several sites, such as Mansfield, UK25, Waterloo, Canada26, and in an in situ experiment at Cape 
Cod, MA, USA27 where the activity and contribution of anammox varied significantly due to groundwater mobil-
ity and allochthonous pollution. Interestingly, anammox in aquifer soils has not been examined to date. Prior 
studies have not determined whether anammox occurs only in fluent groundwater or whether it occurs in local 
aquifer soils, where the mechanism of anammox N loss appears different because of the interacting forms.

The aim of the present study was therefore to investigate the distribution, activity, contribution and microbial 
mechanism of anammox in soil profiles that represent both the vadose water-unsaturated zone and the phre-
atic zone of two unconfined aquifers in China and in Switzerland, in order to determine whether anammox is 
significant in subsurface environments. In addition, the potential interspecies relationships among anammox, 
nitrifiers (ammonia-oxidazing bacteria (AOB) and archaea (AOA)), and even denitrifying anoxic methane oxi-
dizing population (n-DAMO, the fourth oxygen-producing biological pathway28) were also analyzed to find out 
whether these microorganism could form a novel pathway of anammox synergism in the subsurface biosphere. 
In this study, the term “aquifer” is defined as the phreatic water-saturated zone below the groundwater table of an 
unconfined aquifer, while the term “non-aquifer” is used to describe the vadose water-unsaturated zone above 
the groundwater table.

Results
Identification and quantification of anammox bacterial abundance in soil cores. For the Tianjin 
and Basel core samples, the aquifers were located at a depth of 8–16 m and less than 7.2 m, respectively. The aqui-
fer in Tianjin had characteristics of ammonium and nitrate pollution, containing up to 8.9 and 15.1 mg N kg−1, 
respectively. The NH4

+ and NO3
− concentrations in the Basel soil samples were all below 2 mg N kg−1 (Fig. 1). The 

presence of anammox bacteria was established by amplification of the hzsB and 16 S rRNA gene using primers 
specific for anammox. The positive PCR products of anammox bacterial gene were only obtained in aquifer soils. 
Samples from other depths generated no positive PCR results. The BLAST analysis of the gene sequences con-
firmed that all the clones represented anammox-like sequences.

The anammox bacteria abundance was then estimated with qPCR targeting the hzsB gene, which is diagnos-
tic for anammox bacteria. In Tianjin soil cores, the anammox numbers were all below 103 copies g−1 above the 
aquifer. A significant peak of anammox was detected in the aquifer (8–16 m bgl) where abundance ranged from 
9.0 ×  105 to 1.3 ×  106 copies g−1 dry soil. Below the aquifer, the anammox abundance decreased to the detectable 
level (~103 copies g−1).

The same trend was obtained in the Basel soil core. The peak of anammox bacteria was only distributed in the 
aquifer (7.2 m bgl) and ranged from 3 ×  104 to 1.2 ×  106 copies g−1 dry soil. At other depths, no anammox abun-
dance was detectable.

Activities, contribution, and role of anammox in the soil cores. The anammox activity and the 
potential role of anammox as a source of N loss in the soil cores were determined by performing incubations with 
homogenized soil under in situ temperatures using a 15N-labeled isotope-tracing technique. The depth profiles of 
Tianjin upland soils containing activated anammox were only in aquifer soils at rates of 0.23–0.74 nmol N g−1 h−1 
(Fig. 2I), which were in agreement with molecular results. Strikingly, some samples showed anammox rates for 

Figure 1. The vertical distribution of ammonium, NOx
−, total Kjeldahl nitrogen, total organic matter, pH, 

water content, and anammox bacterial abundance in deep soil cores for Tianjin (I) and Basel (II) aquifers. 
The aquifer zone is indicated in light blue.
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N loss that were even higher than those of denitrification (n =  5). The specific cellular anammox activities were 
then calculated based on total anammox activity and abundance. In the Tianjin aquifer, the specific anammox 
activity ranged from 4.5–16.0 fmol cell−1 d−1 based on analysis of the anammox hzsB gene9, and this activity is 
at the upper end of reported values (2–20 fmol cell−1 d−1 refs 8 and 29). Here, moisture content of soil samples 
seemed to be the key positive factor influencing anammox rates (r =  0.844, p =  0.000, Supplementary Table S2). 
The other samples of the Tianjin soil profile showed no significant anammox activity. In the Basel aquifer, the 
measured anammox ranged from 0.005–0.68 nmol N g−1 h−1 with 37.5–58.3% N loss (Fig. 2II). At other depths, 
no significant anammox activity was measured. The specific activity ranged from 4.5–13.3 fmol cell−1 d−1. These 
data indicate that denitrification is not the only significant pathway for N loss in the aquifer. In the Basel aquifer 
samples, the water content also had a significant positive correlation with the anammox rate (r =  0.826, p =  0.000, 
Supplementary Table S3).

Based on the anammox rates and bulk density of all soils (2.6–2.8 g cm−3), the N loss flux attributed to the anam-
mox in the aquifers was estimated. In the soil core samples from the Tianjin aquifer, the N loss via anammox was 
0.214–0.675 g N m−2 d−1, while the contribution of denitrification to the N loss was 0.187–0.408 g N m−2 d−1. It indi-
cated that the anammox contributed a significant percentage (41–67%) to microbial N2 production and N removal 
in the aquifer. In the soil core samples from the Basel site, the N loss via anammox was 0.005–0.634 g N m−2 d−1,  
while the contribution of denitrification to the N loss was 0.008–0.453 g N m−2 d−1. These data indicate that anam-
mox is an important but overlooked alternative process to denitrification for microbial N loss.

Biodiversity and community of anammox bacteria in the aquifers. The biodiversity and commu-
nity composition of anammox bacteria in the aquifers were investigated by analyzing the hzsB and 16 S rRNA 
gene sequences retrieved from clone libraries using rarefaction analysis, the Chao1 estimator, and Shannon index 
calculations (Fig. 3). Phylogenetic analyses of anammox bacterial hzsB and 16 S rRNA gene sequences and related 
sequences deposited in the GenBank showed that all sequences obtained from soils from the Basel aquifer and 
Tianjin aquifer were most closely related to “Candidatus Brocadia” (similarity 94.6–97.6%) (Fig. 3I). The analyses 
of the hzsB and 16 S rRNA gene sequences showed that a total of 10 and 4 OTUs, respectively, were obtained from 
the Basel aquifer based on the hzsB (98% cut-off) and 16 S rRNA gene sequences (97% cut-off). Nevertheless, the 
anammox bacteria from the Tianjin aquifer showed a very limited anammox bacterial diversity with a total of 
6 and 2 OTUs respectively obtained for the hzsB and 16 S rRNA gene sequences. The hzsB and 16 S rRNA gene 
sequences both showed a higher biodiversity in soil samples from the Basel aquifer (with little human activity and 
good groundwater quality) than from the Tianjin aquifer (Fig. 3II).

Quantitative analysis of related N cycle processes with anammox in aquifer soils. The biogeo-
chemical mechanism of anammox in the aquifer was investigated in the Tianjin soil cores, and the potential rates of 
nitrification and denitrification were determined to assess the source of nitrite for anammox. The nitrification and 
denitrification rates decreased from the surface to the aquifer, and denitrification rates (0.2–0.47 nmol N g−1 h−1)  
were all higher than nitrification rates (0.02–0.13 nmol N g−1 h−1) in the vadose zone (Fig. 4). This situation was 
completely reversed in the aquifer, where both the nitrification and denitrification rates increased, and nitri-
fication rates (0.29–0.66 nmol N g−1 h−1) were all higher than denitrification rates (0.21–0.45 nmol N g−1 h−1). 
Therefore, in the aquifer, both partial denitrification and nitrification may provide anammox with nitrite, but 
nitrification may be the main nitrite source for anammox.

Figure 2. The vertical distribution of anammox bacterial rate, specific anammox cellular activity, 
denitrification rate, and the contribution of anammox and denitrification for N loss in soil cores for 
Tianjin (I) and Basel (II) aquifers. The aquifer zone is indicated in light blue. ‘ND’ indicates the abundance of 
anammox below the detection limit (< 103 copies g−1), meanwhile, no positive rate of anammox was detected.
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The potential of a combined nitrification–anammox process in aquifer soils was further explored by per-
forming qPCR assays on bacterial and archaeal amoA genes in the soil core (0–20 m). The qPCR data for the 
soils above the aquifer showed higher gene numbers for the archaeal amoA gene (6.7 ×  104–2.2 ×  106 copies g−1 
dry soil) than for the bacterial amoA copies (2.6 ×  103–1.1 ×  106 copies g−1 dry soil). However, in the aquifer, the 
abundance was higher for AOB (4.4 ×  104–9.1 ×  104 copies g−1) than for AOA (7.1 ×  103–2.8 ×  104 copies g−1 dry 
soil). Multiple linear stepwise regression analysis also identified the AOB abundance to be the most determining 
variable regarding nitrification activity (Supplementary Table S5). Furthermore, the n-DAMO bacteria, which 
conduct the fourth biological pathway that produces oxygen28, were also detected in the samples where AOA, 
AOB, and anammox bacteria were present. A potential interaction among AOA (‘Nitrososphaera’ dominant), 
AOB (‘Nitrosomonas’ dominant), n-DAMO (‘Methylomirabilis’), and anammox bacteria (Brocadia) would form a 
new pathway of anammox synergism in the subsurface biosphere (Fig. 5, Supplementary Figure S4).

Discussion
In the present study, the activity, contribution, and role of anammox in subsurface deep upland soils were 
investigated. Results showed that anammox spieces in the upland soil cores were low biodiversity but highly 
region-heterogeneous. Below the groundwater level, anammox bacterial abundance and activity were detected at 
all depths of each soil core. In contrast, above the groundwater level, anammox bacterial abundance was below the 
detection limit (~103 copies g−1). Anammox in the phreatic zone contributed 37.5–67.6% of the N loss with activ-
ities of 0.005–0.74 nmol N g−1 soil h−1 that were even higher than the denitrification rates (0.337 ±  0.092 nmol N 
g−1 soil h−1, t - test, p =  0.000). The discovery indicate that anammox process actually occurred in local aquifer 
soils, and significantly contribute in subsurface soil biospheres, especially in the aquifers zone.

The anammox process showed distinct biogeochemical features in aquifer soils and in groundwater. Anammox 
activity has been reported in groundwater at several sites24,27,29,30. Due to groundwater mobility and allochtho-
nous pollution, the activity and contribution of anammox in groundwater were significantly different at each site. 
Böhlke et al.24 first detected anammox in groundwater with isotope tracers, with a rate of up to 0.027 μ mol L−1 d−1, 
indicating that anammox played only a minor role in the N cycle. Clark et al.26 also provided 15N evidence for 
anammox in anoxic groundwater, and Moore et al.30 reported bacterial activity of anammox at study sites where 
groundwater was contaminated by ammonium, with a contribution of 18–36% N loss. In a recent report by Smith 
et al.25, anammox was found to contribute 39− 90% of potential N2 production in wastewater-derived contaminated 
groundwater. These results suggest the possibility of site-specific heterogeneity in anammox bacterial distributions 
in groundwater systems. In contrast to the fluidity of groundwater, aquifer soils were stationary, and anammox in 
aquifers also showed much less fluctuations. In Tianjin aquifer soils, anammox rates were stable at 0.49 ±  0.21 nmol 
N g−1 soil h−1 (t - test, p =  0.000) and contributed 41− 67% of the potential N2 production with little variation.

Figure 3. Phylogenetic and rarefaction analysis of anammox bacterial communities using the hzsB 
gene and 16 S rRNA gene at the Tianjin and Basel aquifer zones. An evolutionary distance dendrogram 
(constructed by the neighbor-joining method using the maximum composite likelihood distance with a 
1,000 bootstrap in a MEGA 4.0 software package) shows the affiliations of the anammox bacterial hzsB gene 
sequences (above) and the 16 S rRNA gene sequences (below) retrieved from the aquifer soils in Tianjin 
and Basel. The OTUs are identified in bold with the number of sequences identified in brackets from the 
Tianjin aquifer (41 hzsB and 23 16 S rRNA gene sequences in total) and the Basel aquifer (53 hzsB and 43 16 S 
rRNA gene sequences in total). The known anammox bacterial sequences are identified with solid circles. 
The designators [J], [K], [S], and [A] indicate the anammox bacteria “Jettenia,” “Kuenenia,” “Scalindua,” and 
“Anammoxoglobus,” respectively. The details for the anammox clone sequences of each OTU and for the 
accession numbers in the Genbank are listed in Supplementary Tables S3 and S4. The DOTUR program was 
used with 2% sequence variation (for hzsB gene sequences) and 3% sequence variation (for 16 S rRNA gene 
sequences) for OTU determination.
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While a high anammox bacterial diversity was reported for groundwater, the aquifers soils of our study 
exhibited an almost uniform pattern. Anammox bacteria, “Candidatus Brocadia anammoxidans” and 
“Candidatus Kuenenia stuttgartiensis,” were detected at an ammonium-contaminated site in Mansfield, UK31. 

Figure 4. The vertical distribution of nitrification and denitrification activities and the relevant archaeal 
and bacterial amoA gene copy numbers retrieved from deeper soils (20 m bgl) of the Tianjin aquifer. The 
percentages of nitrification to denitrification and ammonia-oxidizing archaea to ammonia-oxidizing bacteria 
are shown in the right-hand columns of panel a and panel b, respectively.

Figure 5. The potential interspecies relationships among anammox bacteria, AOB&AOA, n-DAMO 
and denitrification, and the related dominated genera of anammox bacteria, AOB&AOA, and n-DAMO, 
respectively. The affiliation of AOA&AOB amoA gene and n-DAMO pmoA gene sequences were shown in 
Supplementary Figure S3.
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In wastewater-derived contaminated groundwater (USA), Brocadia-like bacteria and “Ca. Kuenenia spp.” were 
also detected27. Most interestingly, in the ammonium-contaminated aquifer, four of the five known genera of 
anammox sequences were present, i.e. “Ca. Scalindua,” “Ca. Jettenia,” “Ca. Kuenenia,” and “Ca. Brocadia” genus30. 
Yet in aquifer soils, only one genus, “Candidatus Brocadia,” was identified in both Tianjin and Basel aquifer soils 
based on phylogenetic analysis of the anammox bacterial 16 S rRNA and hzsB genes. The anammox bacterial 
biodiversity in the subsurface biosphere was significantly different from that commonly found in the surface 
biosphere. In surface aquatic systems, the anammox bacteria consistently showed a very low biodiversity11,32. For 
example, only bacteria of the “Scalindua” genus were detected in marine ecosystems, while “Candidatus Scalindua 
brodae”’ and “Candidatus Brocadia anammoxidans” were detected in Lake Tanganyika33 and river sediments17, 
respectively. In wastewater treatment systems, the biodiversity was also low34. In contrast, different anammox 
genera co-existed in various wetland soils ecosystems. In paddy field soils, four genera of anammox bacteria, 
“Brocadia,” “Kuenenia,” “Anammoxoglobus,” and “Jettenia” were detected21. In addition, a high biodiversity was 
observed in various soil ecosystems, such as peat soil, permafrost soil, and agricultural soil19,35. Hence, the mech-
anism of anammox N loss in local aquifer soil appears to be different from that of fluent groundwater and needs 
further investigation.

In contrast to numerous reports on the widespread distribution of anammox in aquatic ecosystems, there has 
been no report about the prevalence of anammox in surface upland fields19 until now. Hence, in the present study, 
we investigated anammox in deep upland soils. Both the molecular and isotope results showed that anammox 
did not occur in upland surface soils, but was only mediated in water logged aquifer soils. In aquifer soils, the 
anammox abundance (above 105 copies g−1 soil) and rate (above 0.01 nmol N g−1 soil h−1) were significantly above 
the detection limit compared with the non-aquifer zone where anammox bacterial abundance and rate were 
undetectable (below 103 copies g−1 soil). In the Tianjin aquifer, the increases in NH4

+ and NOx
− were considerably 

higher than those in non-aquifer soils and were also higher than those in Basel soils. However, the biogeochemi-
cal correlation analysis showed that the substrate (ammonia or nitrate) had little positive influence on anammox 
rates in either the Tianjin or Basel aquifers. In the Basel aquifer, by contrast, the NH4

+ and NOx
− levels were as 

low as 1–2 mg kg−1, and were at the same levels as in the non- aquifer samples. Biogeochemical correlation anal-
ysis showed that the water contents had the most positive influence on anammox abundance in the Basel aquifer 
(r =  0.977, p =  0.000). Therefore, the substrate contents may not be the key limiting factors for anammox, while 
water contents showed a positive relation with anammox occurrence. Our previous studies demonstrated that 
ubiquitous anammox occurs in freshwater at various levels of substrate concentration18, indicating that water con-
tent controls are important for the anammox reactions. Previous studies, including ours, have clearly shown that 
abundant anammox bacterial cells exist in upland soils after flooding where no anammox bacteria were detected 
before flooding18,36. It may due to higher material mobility and electron transport caused by water. We speculated, 
therefore, that as the direct substrate of anammox bacteria, ammonia and nitrate contents in soils were the most 
influential factors determining anammox rate, whereas the water content was the key factor controlling anammox 
occurrence. After oxygen was consumed in the water-limited diffusion process, an potential anoxic niche for 
anammox bacteria was created. This was likely responsible for the observed patterns of occurrence, which need 
to be further investigated.

The discovery of anammox in aquifer soils provides a new perspective on the N cycle and groundwater N 
pollution. Since the 1970 s, NO3

− contamination (> 10 mg L−1, USA EPA) of groundwater has become a sig-
nificant environmental problem with many parts of the world now reporting groundwater nitrate pollution37. 
Denitrification has been emphasized as the dominant nitrate attenuation process in the phreatic water-saturated 
zone with minor roles played by other nitrate depletion mechanisms, such as dissimilatory nitrate reduction to 
ammonium (DNRA), assimilation of nitrate into microbial biomass, and nitrate removal via phreatophytes38. In 
the present study, our use of isotopic tracing technology revealed that up to 37.5–67.6% of aquifer soil N2 produc-
tion, with rates of 0.005–0.74 nmol N g−1 soil h−1, was contributed by anammox. At some depths in the aquifer 
soils, we found that anammox contributed even more than denitrification. The different metabolic pathways in 
anammox and denitrifying bacteria may give rise to different contributions of anammox and denitrification to 
nitrate removal. Denitrifiers were mostly facultative anaerobic heterotrophs, which obtain both their energy and 
carbon from the oxidation of organic compounds39. Oxic aquifers often contain low concentrations of dissolved 
organic matter37, limiting the energy needed by denitrifying bacteria that use organic carbon as the electron 
donor. However, the anammox process is catalyzed by the autotrophic anammox bacteria40. Hence, when organic 
compounds were limited, the anammox bacteria were favored, as has been widely documented in anammox bio-
reactor research3,20,39. An estimated 0.005–0.675 g N m−3 d−1 was lost via anammox in the aquifer soils, indicating 
that the anammox process is an effective and feasible way to counteract nitrate pollution in groundwater.

Potential interactions have been suggested between particle-associated anammox bacteria and archaeal part-
ners with n-DAMO bacteria in the deep soils. In these oxygen-limited aggregates, cooperation between AOA 
and AOB can provide nitrite to anammox bacteria39,41 in a partnership similar to those reported for marine snow 
particles13,14,42. Simultaneous nitrite-dependent anaerobic methane and ammonium oxidation processes have also 
been reported in various bioreactors with efficient nitrogen removal loadings and rates43,44. Although the oxygen 
production rates by damo bacteria were still not available, the affinity (Ks) value of AOA was very low (133 nM45), 
and AOA would be operative at low oxygen to oxidize the ammonia to nitrite for anammox bacteria. The coex-
istence of ammonia-oxidizing archaea, ammonia-oxidizing bacteria, n-DAMO bacteria, and anammox has been 
reported in populations ranging from the lab scale41 to the natural systems16.

Methods and Materials
Soil Samples and Background. Two kinds of unconfined aquifers were selected as sampling sites: a 
Tianjin aquifer in China (N40°07′  E116°28′ ), which experiences human activity disturbance, and a Basel aqui-
fer in Switzerland (N47°31′  E7°43′ ), which has little human disturbance. The Tianjin aquifer is located in the 
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North China Plain, which plays a central role in China’s food production by supplying more than half of China’s 
wheat and one-third of its maize. Agricultural production in the region has grown markedly in the past decades, 
strongly benefiting from the fast-growing groundwater exploitation. The strong increase in the regional evapo-
transpiration has led to an imbalance in the groundwater budget46. Moreover, the nitrate pollution here is becom-
ing another difficult issue. By contrast, the Basel aquifer, located in the Canton Basel-Landschaft of northwest 
Switzerland, has groundwater of drinking water quality with little to moderate human activity near the sampling 
site.

Depth-dependent soil cores were collected using PowerProbe (at the Tianjin site) and GeoProbe direct push 
drill rigs (at the Basel site) in June 2013. The aquifer of the Tianjin sampling site is between 8 and 16 m below 
ground level (bgl) with overlying permeable, but unsaturated, soils. Three parallel soil cores (0–20 m bgl) were 
collected and sectioned at 1 m intervals based on the model of PowerProbe drill rigs. The aquifer of the Basel 
sampling site is below 7.2 m bgl, and three parallel soil cores (0–10 m bgl) were collected and sectioned at 1.2 m 
intervals based on the model of GeoProbe drill rigs. The collected soil cores were sealed and transported to the 
laboratory at 4 °C as soon as possible. One part was immediately incubated to determine anammox activities, and 
another part was sieved through 0.5 mm for chemical component analysis; subsamples were stored at − 80 °C for 
DNA extraction and subsequent molecular analysis. The groundwater samples for incubation media were also 
collected, and measured for dissolved oxygen (DO) concentration (Fig. 1I) and in situ temperatures (T, 13 ±  2 °C 
and 10 ±  2 °C in Tianjin and Basel aquifers, respectively), sterilized through 0.22 μ m filter, and finally stored at 
4 °C.

DNA Extraction, PCR, Cloning, and Sequencing Analysis. About 0.35 g of freeze-dried soil from 
each sample (20 in Tianjin and 8 in Basel) was used for DNA extraction using a FastDNA SPIN Kit for Soil 
(Bio 101, USA), following the manufacturer’s protocol. Each sample was determined reparably three times. The 
extracted DNA was checked on 1% agarose gel, and the concentration was determined with Nanodrop ND-1000 
ultraviolet-visible spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). Polymerase chain reac-
tion (PCR) was performed in a C1000 thermal cycler (BioRad, USA). The function/16 S rRNA genes of anammox 
and related microorganism used in this study was following: hydrazine synthase β -subunit (hzsB) and 16 S rRNA 
gene of anammox bacteria, ammonia monooxygenase α -subunit (amoA) gene of AOB & AOA, and particulate 
methane monooxygenase α -subunit (pmoA) gene of n-DAMO. The details of primers and corresponding reac-
tion profiles are shown in Table S1. The PCR product was gel-purified and ligated using pGEM-T Easy Vector 
(Promega, USA). The resulting ligation products were used to transform Escherichia coli JM109 competent cells, 
following the manufacturer’s instructions. In total, 96 clones were picked for each of the PCR products from each 
sampling site. PCR screens for the presence of inserts were performed using T7 and SP6 vector primers, and the 
amplicons were analyzed with restriction endonuclease Hha I, Hae III, and Rsa I (TAKARA, Dalian, China). 
Restriction digestion was carried out in a total volume of 20 μ L that included 5 U restriction enzymes and 4 μ L 
PCR products, and the system was incubated for 2 h at 37 °C. Digested DNA fragments were analyzed by fragment 
separation on a 2% (w/v) agarose gel and visualized with a GBOX/HR-E-M (Syngene, UK). Representative clones 
from each digestion pattern were selected for sequencing using an ABI 3730XL automated sequencer (Applied 
Biosystems, USA). Searches using the Basic Local Alignment Search Tool (BLAST) from the National Center 
for Biotechnology Information (NCBI) against the GenBank database verified that the PCR products were most 
closely related to the target sequences. All the sequences and their relatives obtained from the NCBI-BLAST 
were aligned using the Clustal X1.83 program47. The anammox bacterial sequences that shared 97% nucleotide 
similarity for 16 S rRNA and 98% nucleotide similarity for the hzsB gene were grouped into the same operational 
taxonomic unit (OTU) by employing the furthest neighbor approach using DOTUR software48. Biodiversity 
indicators (Shannon and Chao 1) were also calculated with DOTUR software. Phylogenetic trees were con-
structed using the neighbor-joining (NJ) mode and the maximum composite likelihood mode of the MEGA 4 
software package49. The sequences obtained in this study are available at the NCBI under the Accession numbers 
of KF905049-KF905142 (anammox hzsB gene), GU083969-GU084010 and KF896206–KF896228 (anammox 
16 S rRNA gene), KP168045–KP168078, HQ202453, and KC341050 (AOA amoA gene), KC341292–KC341300 
(n-DAMO pmoA gene), and KT005575–KT005589 (AOB amoA gene).

Quantitative Real-Time PCR. SYBR-Green I- based real-time qPCR assays were carried out in a volume 
of 20 μ L containing 10 μ L SYBR Premix Ex Taq (TAKARA, Dalian, China), 4 pmol of each primer, and 2 μ L of 
ten-fold diluted DNA template. Each sample was determined reparably three times. Amplification and detection 
were carried out with an ABI Prism 7300 Sequence Detection System (Applied Biosystems, USA) with the primer 
set and thermal profiles compiled in Supplementary Table S1. The plasmid DNAs were extracted with a GeneJet 
Plasmid Miniprep Kit (Fermentas, Lithuania), and concentrations were determined on a Nanodrops ND-1000 
UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) for calculations of hzsB and amoA 
gene copy numbers. Ten-fold serial dilutions of a known copy number of the plasmid DNA were subjected to 
real-time qPCR in triplicate to generate an external standard curve. Melting curves were generated after each 
assay to check the specificity of amplification. PCR efficiencies were 90–103% (average =  92%) for the anammox 
bacterial hzsB and the archaeal and bacterial amoA genes. Only the results with correlation coefficients above 
0.98 were used.

In the real-time qPCR quantitative assays targeting the hzsB gene, the detection limit of environmental sam-
ples was determined by a dilution method18. With the identical PCR procedure, the lowest anammox abundance 
was observed with the undiluted sample of CZ29-4 at ~103 copies g−1, which was the assumed detection limit in 
this environmental investigation (Supplementary Fig. S2).
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Measuring rates of anammox, denitrification and nitrification with 15N-tracer technique.  
Different 15N- amended substrates were added for the rate determinations of various N-cycling processes. The 
homogenized soil samples with known weight and bulk density were transferred to helium-flushed, 12-mL glass 
vials (Exetainer, Labco, UK) together with in situ media water at in situ soil temperature. Triplicate activity tests 
were performed for each soil sample. For anammox and denitrification, the resulting slurries were pre-incubated 
under anoxic conditions to remove residual nitrite/nitrate (NOx

−) in soils and incubation media according to the 
established protocol17. It is emphasized that, because of the different soil sample backgrounds, the pre-incubated 
times to remove the residual NOx

− varied in a wide range, from 45 h to several days, in order to ensure com-
pletely anoxic conditions in the soils slurries, which was important for the appropriate controls. Subsequently, 
100 μ L of N2-purged stock solution of each isotopic mixture was added to obtain a final concentration of about 
10% of the initial content background to avoid overestimate. The isotopic mixtures were as follows: (1) 15NH4

+ 
(15N at 99.6%, negative control), (2) 15NH4

+ +  14NO3
− (positive control) and (3) 15NO3

− (15N at 99%, for calcula-
tions). Incubation of the slurries was stopped at 0 h, 3 h, 6 h, 12 h, 24 h by 200 μ L 7 M ZnCl2 injected. The slurries 
amended solely with 15NH4

+ showed no significant accumulation of 15N2-labeled gas (29N2 and/or 30N2) in any 
sample, indicating that all ambient 14NOx

− had been consumed during the pre-incubations. When both 15NH4
+ 

and 14NO3
− were added, 29N2 accumulated in every soil sample with no accumulation of 30N2. This pattern was 

reproducible and indicated that the anammox process was detectable in the soils. Slurries amended solely with 
15NO3

− showed significant anammox and denitrification rates. For nitrification process, the rate was measured as 
the production of 15NO2

− from incubations with 15NH4
+ (100 μ L injection) via the reduction of NO2

− by sulfuric 
acid to N2 chemically. A 12 h or longer incubation was needed to achieve better NO2

− reduction efficiency, as 
described by ref. 50. All samples were incubated with 15N or 14N compounds to a final concentration that corre-
sponded to a maximum of 10% of the in situ concentrations. The possibility of overestimating the potential rate 
measurements was therefore minimized. Three parallel assays were conducted for each soil sample. Process rates 
were calculated from produced 29N2 or 30N2 as measured by gas chromatography-isotope ratio mass spectrome-
ters (GasBench-II, Elemental Analyzer FLASH 2000 HT, MAT 253, Germany).

Analytical procedures of environmental variables. The environmental variables of soils, including 
NH4

+, NOx
−, total nitrogen (TN), total phosphorus (TP), total organic matter (TOM), pH, and moisture content, 

were investigated51. A mixture of 5 g of sieved fresh soil sample and 12.5 mL of ddH2O (a soil-to-water ratio of 
1:2.5) was measured for pH value. Both NH4

+-N and NOx
−-N were extracted from 6 g of sieved soil by shaking 

for 1 h at room temperature with 30 mL 2 M KCl, and were then measured spectrophotometrically. The TN was 
determined by potassium persulfate digestion and measured spectrophotometrically. The TOM was measured 
using the potassium dichromate method. The DO and T in groundwater were monitored in-situ using a WTW 
oxi/340i oxygen probe (WTW Company, Weilheim, Germany). Triplicates were run for quality assurance (QA).

Statistical analysis. The statistical analyses were conducted using SPSS Statistics 18.0 software (Predictive 
Analytics Software Statistics). The correlations between various variables were computed by Spearman correlation 
analysis. Multiple linear regressions (stepwise regression) were used to identify the most determining variables for 
the dependent variables. Unless otherwise specified, the level of significance in this study was α  ≤  0.05.
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