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Evidence for anaerobic ammonium oxidation in a paddy field was obtained in Southern China using
an isotope-pairing technique, quantitative PCR assays and 16S rRNA gene clone libraries, along
with nutrient profiles of soil cores. A paddy field with a high load of slurry manure as fertilizer was
selected for this study and was shown to contain a high amount of ammonium (6.2–178.8 mg kg�1).
The anaerobic oxidation of ammonium (anammox) rates in this paddy soil ranged between 0.5 and
2.9 nmolN per gram of soil per hour in different depths of the soil core, and the specific cellular
anammox activity observed in batch tests ranged from 2.9 to 21 fmol per cell per day. Anammox
contributed 4–37% to soil N2 production, the remainder being due to denitrification. The 16S rRNA
gene sequences of surface soil were closely related to the anammox bacteria ‘Kuenenia’,
‘Anammoxoglobus’ and ‘Jettenia’. Most of the anammox 16S rRNA genes retrieved from the deeper
soil were affiliated to ‘Brocadia’. The retrieval of mainly bacterial amoA sequences in the upper part
of the paddy soil indicated that nitrifying bacteria may be the major source of nitrite for anammox
bacteria in the cultivated horizon. In the deeper oxygen-limited parts, only archaeal amoA sequences
were found, indicating that archaea may produce nitrite in this part of the soil. It is estimated that a
total loss of 76 g N m�2 per year is linked to anammox in the paddy field.
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Introduction

For decades, ‘heterotrophic denitrification’ was the
only known pathway for nitrogen loss to the atmo-
sphere. The discovery of anaerobic oxidation of
ammonium (anammox) coupled to nitrite reduction
with N2 as the end product in natural ecosystems
challenged this view (Thamdrup and Dalsgaard,
2002; Dalsgaard et al., 2003; Kuypers et al., 2003).

The anammox process is mediated by bacteria
affiliated to order the Brocadiales, which are part of
the phylum Planctomycetes (Jetten et al., 2010).
At present, five genera of anammox bacteria have
been described, ‘Brocadia’, ‘Kuenenia’, ‘Anammoxo-
globus’, ‘Jettenia’ and ‘Scalindua’. In addition to
biodiversity, much of the research into anammox in
natural environments was focused on its role in the
oceanic nitrogen cycle. Anammox activity and

biomarkers are found in many marine ecosystems,
including continental margin sediments (Engström
et al., 2005; Trimmer and Nicholls, 2009), estuarine
sediments (Risgaard-Petersen et al., 2004; Rich et al.,
2008) and anoxic marine waters (Kuypers et al.,
2003, 2005). Presently, up to 67% of N2 production
in marine sediments may be attributed to the
anammox process (Dalsgaard et al., 2005). However,
few studies have addressed the anammox process in
freshwater wetland ecosystems (Zhang et al., 2007;
Fan et al., 2010; Humbert et al., 2010), and until now
there has been no report on anammox activity or
biodiversity in paddy fields, which are one of the
most significant nitrogen sinks in terrestrial ecosys-
tems (Kögel-Knabner et al., 2010).

Rice is the globally most important food grown on
almost 155 million hectare of the Earth’s surface for
more than 50% of the world population. With the
rapid increase of the application of various nitrogen
fertilizers, the rice grain yield has also increased
substantially over the last decades (Nicolaisen et al.,
2004). However, use of large amounts of fertilizer
has also resulted in large amounts of nitrogen
loss through NH3 volatilization, N2O emission and
leaching (Xing and Zhu, 2000). Whether anammox
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bacteria exist and have a role in paddy field nitrogen
cycling is unknown at the moment.

Hence, the aim of the present study was to investi-
gate the activity, biodiversity, and qualitative and quan-
titative importance of anammox bacteria in the nitrogen
cycle of a selected paddy field in Southern China.

Experimental procedures

Soil samples and background
In many anammox bioreactor studies, a high oxidant
ammonia concentration was reported to stimulate
anammox bacteria (Kartal et al., 2008). Therefore, a
paddy field with long-term fertilization was selected
for this study. The sampling site is located close to
Jiaxing city (Zhejiang Province, China; E120141054.700

N30145051.400) and represents a typical agricultural
region of subtropical Southern China. It has a sub-
tropical monsoon climate with an annual rainfall of
1300mm and annual average temperature of 18 1C. The
soil has been planted with a rice/wheat rotation and
supplied with a high load of slurry manure containing
substantial amounts of ammonium (Supplementary
Table S1) for more than 25 years. The feeding frequency
of the slurry application is about two times per month
from April to October and one time per month from
November to March. The total rate of ammonia
fertilization is about 320g Nm�2 per year. Five soil
cores (5-cm diameter and 100-cm depth) were collected
from the plot in November 2008. The soil cores were
placed in sterile plastic bags, sealed and transported
to the laboratory on ice. Later, they were sliced every
10 cm and mixed at every depth to form one
composite sample. One part was incubated to
determine nitrification and anammox activities im-
mediately after arrival, and another part was sieved
through 2.0 mm for analysis of chemical compo-
nents, and subsamples were stored at �80 1C for later
DNA extraction and molecular analysis.

Chemical analytical procedures of soils
Ammonium, nitriteþnitrate were extracted from the
soil with 2 M KCl and measured using a Continuous
Flow Analyzer (SAN plus, Skalar Analytical B.V.,
Breda, the Netherlands). The total nitrogen, total
phosphorus and Mn (II–IV) content of the soil
samples was also measured according to standard
methods (Bao, 2000). Soil pH was determined after
mixing with water at a ratio (soil/water) of 1:2.5, and
soil organic matter was determined by K2Cr2O7

oxidation method. All analyses were performed on
triplicate soil samples. The oxygen concentration in
fresh soil was measured using OXY Meter S/N 4164
with stainless electrode sensor (Unisense, Aarhus,
Denmark), according to Gundersen et al. (1998).

Measuring anammox and denitrification rate
with 15N-labeled ammonium and nitrate
The presence, activity and potential of anammox and
denitrifying bacteria were measured as described in

Risgaard-Petersen et al. (2004) and Engström et al.
(2005). Soil samples of known weight and density
were transferred to the He-flushed, 6.6-ml glass vials
(Exetainer, Labco, High Wycombe, Buckinghamshire,
UK), together with N2-purged media water from the
paddy field. The resulting soil slurries were then
preincubated for 24 h to remove residual NOx

� and
oxygen. Subsequently, 100ml of N2-purged stock
solution of each isotopic mixture, that is, (1) 15NH4

þ

(15N at 99.6%), (2) 15NH4
þ þ 14NO3

� and (3) 15NO3
� (15N

at 99%) was injected through the septa of each vial,
resulting in a final concentration of about 100mM N.
Incubation of the slurries was stopped at hourly
intervals by injecting 200ml of a 7 M ZnCl2 solution.
The rate and potential contribution to N2 formation of
either anammox or denitrification were calculated
from the produced 29N2 and 30N2, measured by
continuous flow Isotope Ratio Mass Spectrometry
(MAT253 with Gasbench II and autosampler
(GC-PAL), Bremen, Thermo Electron Corporation,
Finnigan, Germany) as described by Thamdrup and
Dalsgaard (2002).

Measuring potential nitrification rate
Potential nitrification rates were measured using
the chlorate inhibition method (Kurola et al., 2005).
Briefly, 5.0 g of fresh soil was added to 50-ml
centrifuge tubes containing 20 ml of phosphate
buffer solution (NaCl, 8.0; KCl, 0.2; Na2HPO4, 0.2;
NaH2PO4, 0.2g l�1; pH 7.4) with 1 mM (NH4)2SO4.
Potassium chlorate was added to the tubes with a
final concentration of 10 mM to inhibit nitrite
oxidation. The suspension was incubated in the
dark at 18 1C for 24 h; after that, nitrite was extracted
with 5 ml of 2 M KCl and determined spectrophoto-
metrically at 540 nm with N-(1-naphthyl) ethylene-
diamine dihydrochloride.

DNA isolation and PCR
DNA was extracted from 0.25 g of soil using the Fast
DNA SPIN Kit for Soil (QBIOgene Inc., Carlsbad,
CA, USA), with a beating time of 20s and a speed
setting of 5.5 m. A nested-PCR assay was conducted
to detect anammox 16S rRNA genes. The initial
amplification was carried out using the PLA46f-630r
primer combination with a thermal profile of 96 1C
for 10 min, followed by 35 cycles of 60 s at 96 1C,
1 min at 56 1C, 1 min at 72 1C (Juretschko et al., 1998;
Neef et al., 1998). After the first step, a 500-times
diluted (1 ml) PCR product was used as temp-
late for the second amplification with Amx368f-
Amx820r primers using a thermal profile of 96 1C for
10 min, followed by 25 cycles of 30 s at 96 1C, 1 min
at 58 1C, 1 min at 72 1C (Schmid et al., 2005).

Quantitative PCR (qPCR) assay
Anammox bacterial abundance was quantified with
the TaqMan fluorogenic PCR method developed by
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Hamersley et al. (2007). qPCR was performed with
the primers AMX-808-F and AMX-1040-R, and the
TaqMan probe AMX-931 under the same condition
described by Hamersley et al. (2007) using an ABI
7500 Real Time PCR System (Applied Biosystems,
Carlsbad, CA, USA). Standard plasmid carrying
anammox 16S rRNA genes was generated by cloning
16S rRNA genes from surface soil as described
above. Standard curves were obtained with serial
dilutions of 1 ng ml�1 of the plasmid DNA containing
anammox bacterial 16S rRNA genes.

Cloning, sequencing and phylogenetic analysis
The purified PCR products were ligated and cloned
using the pGEMT-easy (Promega, Madison, WI,
USA). In all, 100 clones were picked for each of
the PCR products. The inserts were analyzed with
restriction endonucleases HaeIII and RsaI. The
clones of representative digestion patterns were
sequenced with an ABI PRISM 3730XL automated-
sequencer (Biomed Co., Beijing, China). The se-
quences obtained in this study for anammox
bacteria are available in the under Accession
numbers GU083863–GU083952.

Results

Identification and quantification of anammox bacterial
abundance in paddy soil cores
The vertical distribution profiles of ammonium,
nitrite, nitrate, total nitrogen, total phosphorus, total
organic matter, pH and oxygen in every 10 cm of the
soil core are shown in Figure 1. The simultaneous

decrease of both ammonium and nitrate with
depth indicated the occurrence of denitrification,
dissimilatory nitrate reduction to ammonium or
nitrate reduction coupled to anammox.

To detect the presence of anammox bacteria, 16S
rRNA genes from soil core samples were amplified
every 10 cm, and a positive PCR product was obtained
for all depth samples. The number of anammox 16S
rRNA genes was then estimated from 8.6� 105 to
1.1� 107 copies per gram of soil with qPCR (Figure 2).
The abundance of anammox cells in the surface soil
was determined as 4.4� 106 copies per gram of soil.
The highest abundance was recorded in the soil
horizon at 50–60 cm.

Biodiversity and community of anammox bacteria in
surface and deep soil
To investigate the biodiversity of anammox bacteria
in the paddy soil core, the 16S rRNA gene sequences
retrieved from the clone libraries were analyzed
using rarefaction analysis, Chao1 estimator and
Shannon index calculations. A total of 11 opera-
tional taxonomic units (OTUs) (97% cutoff) was
obtained from surface (four OTUs) and deep soil
(seven OTUs) (Supplementary Figure S1). Phyloge-
netic analyses of anammox 16S rRNA bacterial
sequences and related sequences deposited in
GenBank showed the OTU #1 and OTU #2 in the
surface soil were most closely affiliated to Ana-
mmoxoglobus and Jettenia, respectively (Figure 3).
The other two OTUs in the surface soil were most
closely related to Kuenenia (similarity 94.6–95.6%).
A great change in the community structure of

Figure 1 Vertical distribution of ammonia nitrogen (a), nitrite þ nitrate nitrogen (b), total nitrogen (c), total phosphorus (d), total
organic matter (e), Mn(II–IV) (f), pH (g) and oxygen (h) in paddy field soil core.
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anammox bacteria was observed with soil depth.
The seven OTUs in the deeper soil section all had a
maximum similarity (95.4–96.6%) to Brocadia.

Role and contribution of anammox bacteria in the
paddy soil core
To determine anammox activity and the potential
role of anammox as a N2 producer in the paddy soil,
incubations were performed with homogenized soil
under in situ temperature using a 15N-nitrogen
isotope-pairing technique. The results showed that
in the case of the slurries amended with 15NH4

þ only,
no significant accumulation of 15N2-labeled gas (29N2

and/or 30N2) could be observed at any depth of the
soil core (Supplementary Figure S2A), indicating
that all ambient 14NOx

� had been consumed during
the 24-h preincubations. When both 15NH4

þ and
14NO3

� were added, 29N2 accumulated at every soil
depth with no accumulation of 30N2 (Supplementary
Figure S2B). This pattern was reproducible, and the
results showed that the anammox process was
detectable in the soil core. In the case of the slurries
amended with sole 15NO3

� incubations, significant
anammox and denitrification rates were observed.

The activity and contribution of anammox relative
to denitrification was investigated (Supplementary
Figure S2C). The results showed that anammox
rates in this paddy soil (0–70 cm) ranged between

Figure 3 Evolutionary distance dendrograms constructed by neighbor-joining method using Kimura two-parameter distance with 1000
bootstrap in MEGA 4.0 package (Tamura et al., 2007) and showing the affiliations of the anammox sequences from surface and deep soil
of Jiaxing paddy field. Designation of OTUs in bold includes the following information: number of sequences of surface (10–20 cm) and
deep soil (90–100 cm) in the bracket parentheses. The detailed information of anammox clone sequences of each OTU and accession
numbers in Genebank are listed in Supplementary Table S2.
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2.9 (0–10 cm) and 0.5 nmol N per gram of soil per
hour (60–70 cm) (Figure 4). The anammox may
contribute between 4% (50–60 cm) and 37% (30–
40 cm) to N2 production at different depths of the
paddy soil core. The cell-specific anammox rates
were calculated using the qPCR data in Figure 2 and
are shown in the right column of Figure 4. The
specific activity ranged from 2.9 to 21 fmol per cell
per day, which is well within the range of the
reported values (2–20 fmol per cell per day; Strous
et al., 1999a; Kuypers et al., 2003).

Quantitive analysis of various N cycle processes
The nitrification and denitrification rates were also
determined to assess the potential source of nitrite
for anammox in the paddy soil core (Figure 5a). The
highest rate of nitrification (18 nmol N g�1 h�1)
and denitrification (21 nmol N g�1 h�1) were both
recorded in surface soil. Below the surface layer,
denitrification decreased drastically to 3–10 nmol
N g�1 h�1 and the same pattern was observed
for nitrification, although the rates were higher
(14–17 nmol N g�1 h�1) in the soil horizon at
0–40 cm. The results indicated that in the top soil,
both partial denitrification and nitrification may
provide anammox with nitrite, whereas in the
deeper layers, mainly oxygen-limited nitrification
may produce nitrite for anammox.

To get more detailed information on the potential
of a combined nitrification–anammox process in the
paddy soil core, qPCR assays on bacterial and
archaeal amoA genes were performed according to
the method in reference of Wang et al. (2011). The
qPCR data showed that in the root zone, ammonia-
oxidizing bacteria dominated the nitrification pro-
cess in agreement with the nitrification rates, and
the bacterial amoA gene numbers ranged from
8.8� 105 to 3.2� 108 g�1 dry soil (Figure 5b). After
the root zone, the number of bacterial genes
decreased drastically, and they could not be detected
below 70 cm. However, the number of archaeal
amoA copies were more or less constant with soil
depth and the gene numbers ranged from 1.6� 106 to
4.8� 107 g�1 dry soil, resulting in an increase in the
ratio of archaeal to bacterial amoA numbers, up to
10-fold in the deeper layers. This indicated that in
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the deeper paddy soil (50–100 cm) the nitrite needed
for anammox may be produced by archaea.

Incubation of deep soil with elevated nitrate
In order to test the link between archaeal nitrifica-
tion and anammox, the deeper soil was incubated
with elevated nitrate concentrations (0.5 mM), accor-
ding to the method in reference of Bartlett et al.
(2008), and the archaeal amoA genes and anammox
activity were monitored. The decrease in ammonium
with time indicated that both nitrification and
anammox occurred, although the number of arachaeal
amoA genes did not change significantly (Figure 6).
The 15N-test at the end of the 42-day incubation
period showed that anammox activity had increased
from 0.7 to 1.3 nmol N per gram of soil per hour.

Discussion

The discovery of anammox bacteria and activity
in paddy fields alters our understanding of the
mechanisms responsible for N loss from paddy
fields. Our data indicate that a significant amount
of N is lost via the anammox pathway. It was
estimated that the ammonia loss attributed to
anammox was 76 g N m�3 per year on the basis of
soil density, porosity and rates obtained from slurry
incubations. This indicates that about 23% of the
applied ammonia fertilizers may be lost via the

anammox process. Slurries incubations might, how-
ever, overestimate the in situ activity because
substrates are supplied in excess. However, NH4

þ

and NOx are present at high concentrations in the
upper 40 cm of the soil (Figure 1) and anammox
contributed 46 g N per year (13% of the applied
ammonia fertilizers) in this section. This significant
loss of N due to anammox is similar to that for NH3

volatilization (up to 40%), leaching (9–15%), runoff
(5–7%) and denitrification (up to 40%) (De Datta
et al., 1991; Xing and Zhu, 2000; Zhao et al., 2009).
Moreover, the cultivation practice of paddy fields
provides favorable growth conditions for anammox
bacteria (Zhu et al., 2010), including higher tem-
peratures, water-logged oxygen-limiting conditions,
long growth periods, and the coexistence of ammo-
nia and nitrate.

The diversity of anammox bacteria has been
studied in various ecosystems with molecular tools,
and it has been shown that anammox bacteria
exhibit apparently low biodiversity in marine
ecosystems, where the diversity is restricted to the
Scalindua genus only (Schmid et al., 2007). Also a
low biodiversity has been observed in fresh water
ecosystems (that is, Candidatus ‘Scalindua brodae’
in Lake Tanganyika (Schubert et al., 2006); Candi-
datus ‘B anammoxidans’ in river sediments (Zhang
et al., 2007)). However, our findings are in agree-
ment with recent studies in various soil ecosystems
(Humbert et al., 2010; Hu et al., 2011) that have
shown a high biodiversity in soil ecosystems, and in
the present studies, no less than four genera of
anammox bacteria, ‘Brocadia’, ‘Kuenenia’, ‘Ana-
mmoxoglobus’ and ‘Jettenia’ were detected. Appar-
ently, in this paddy soil, many microniches exist
that support the various ecophysiologies of the
different anammox bacteria (Schmid et al., 2003;
Kartal et al., 2007; Quan et al., 2008).

In addition to the biodiversity, the isotopic tracing
experiments showed that the rate and contribution
of anammox to N2 production were 0.5–2.9 nmol
N per gram of soil per hour and 4–37% to N2

production, respectively. This is in the same range
as other reported values in freshwater and estuarine
environments (Risgaard-Petersen et al., 2004; Schu-
bert et al., 2006; Erler et al., 2008; Dale et al., 2009;
Hu et al., 2011). Moreover, the specific cell ana-
mmox rates (2.9–21 fmol per cell per day) were
comparable to anammox rates found in bioreactors
and marine water columns (2–20 fmol per cell per
day; Strous et al., 1999a; Kuypers et al., 2003). The
possible reasons for the substantial anammox rate
and contribution in paddy fileds may be the high
concentrations of ammonia introduced by slurry
application manure. In these water-logged ecosys-
tems, oxygen availabilty and production of nitrite
and/or nitrate may be the controlling factors.
Incubations with relatively high nitrate (0.5 mM)
stimulated anammox activity in the deeper soil
layers from 0.7 (0 days) to 1.3 nmol N per gram of
soil per hour (42 days).
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The potential interactions between particle-asso-
ciated anammox bacteria and bacterial/archaeal
partners in the present study have some similarity
to those reported for marine snow particles (Lam
et al., 2007, 2009; Woebken et al., 2007). In such
oxygen-limited aggregates, cooperation between the
ammonia-oxidizing prokaryotes can provide nitrite
to anammox bacteria (Sliekers et al., 2002; Zhu
et al., 2008; Yan et al., 2010). In this study, the
nitrification rates in the deeper soil layers were
always higher than the denitrification rates, indicat-
ing that partial nitrification processes might be
the main source of nitrite for anammox, because
10 units of anammox need 10 units of nitrite
and nitrification could supply 10, 12 or enough to
sustain our measured rates. Kuypers et al. (2005)
and Lam et al. (2007) also suggested that aerobic
ammonium oxidation, rather than nitrate reduction,
may be the source of nitrite for anammox in the
Namibian OMZ and the Black Sea. The linking of
archaeal and bacterial nitrification to anammox has
also been demonstrated in marine systems, for
example, the Black Sea (Lam et al., 2007) and
Peruvian OMZ (Lam et al., 2009). The coexistence
of ammonia-oxidizing archaea, ammonia-oxidizing
bacteria and anammox has so far not been reported
in terrestrial ecosystems.

Taken together, our results indicate that the
anammox bacteria are present throughout the Jiax-
ing paddy field soil layer, and a loss of 76 g N m�2

per year linked to anammox was estimated for the
paddy field, representing about 23% of the nitrogen
fertilization rate. The possible link between archaeal
and bacterial nitrification with anammox is now
extended to terrestrial ecosystems. Future studies
will need to address how tightly archaeal nitrifica-
tion and anammox are coupled and if this inter-
action is also occurring and contributing to N loss in
other oxygen-limited terrestrial ecosystems.
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