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Anaerobic oxidation of ammonium (anammox) is recognized as an important process in the marine
nitrogen cycle yet nothing is known about the distribution, diversity and activity of anammox
bacteria in the terrestrial realm. In this study, we report on the detection of anammox sequences of
Candidatus ‘Brocadia’, ‘Kuenenia’, ‘Scalindua’ and ‘Jettenia’ in marshes, lakeshores, a contami-
nated porous aquifer, permafrost soil, agricultural soil and in samples associated with nitrophilic or
nitrogen-fixing plants. This suggests a higher diversity of anammox bacteria in terrestrial than in
marine ecosystems and could be a consequence of the larger variety of suitable niches in soils.
Anammox bacteria were not ubiquitously present but were only detected in certain soil types and
at particular depths, thus reflecting specific ecological requirements. As opposed to marine water
column habitats where Candidatus ‘Scalindua’ dominates anammox guilds, ‘Kuenenia’ and
‘Brocadia’ appear to be the most common representatives in terrestrial environments.
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Introduction

Anammox bacteria form a deep-branching, mono-
phyletic group within the Planctomycetes and
anaerobically oxidize ammonium to dinitrogen gas
with nitrite as an electron acceptor (Kuenen, 2008).
They are active at redox transition zones in various
aquatic environments, particularly in oceanic oxy-
gen-minimum zones (for example, Dalsgaard et al.,
2003; Kuypers et al., 2003; Stevens and Ulloa, 2008)
and in marine surface sediments (for example,
Hietanen and Kuparinen, 2008; Rich et al., 2008),
but also in sea ice (Rysgaard et al., 2008), and
meromictic lakes (Schubert et al., 2006). However,
nothing is known to date about the distribution,
diversity and activity of anammox in the terrestrial
realm.

As anammox depends on the concomitant pre-
sence of both oxidized and reduced inorganic
nitrogen compounds under anoxic conditions,
we hypothesize that oxic/anoxic interfaces in
terrestrial ecosystems provide appropriate habitats

for anammox bacteria. In ‘oxic’ soils, this may
include: the rhizosphere where the oxygen concen-
tration is reduced compared with distant soil
because of respiration of plant roots and micro-
organisms; the bulk soil where anoxic pockets exist
within soil macro-aggregates; and the soil–ground-
water table interface including its fluctuation
zone. In water-saturated soils, such conditions are
met in the rhizosphere of marsh plants, in which
oxygen is transferred through the aerenchyme
into the otherwise anoxic submersed soil (Brune
et al., 2000).

The goals of this study were (i) to test whether
anammox bacteria occur in soils, to assess their
environmental distribution, and (ii) to determine
their diversity at selected sites. A two-step molecu-
lar screening approach was established, consisting
of an initial PCR amplification of Planctomycetales
16S rRNA followed by a second PCR targeting the
16S rRNA gene of anammox bacteria. Subsequent
sequence analysis of cloned PCR products was
performed to determine their phylogenetic affilia-
tion. We show that soils are potential habitats for
anammox bacteria and harbour a greater genus-level
diversity than in marine water column environ-
ments. These results represent a first step towards a
global understanding of the anammox process and
the biogeography of anammox bacteria.
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Results and discussion

Among the 112 samples collected at nine different
geographical locations in Switzerland and France,
82 yielded PCR (for methodology, see Supplemen-
tary information) products for Planctomycetales and
60 for anammox bacteria (Table 1). Anammox PCR
products were detected in different wetlands, lake
shores, a contaminated porous aquifer, permafrost
soil, agricultural soil and in samples associated with
nitrophilic or nitrogen-fixing plants (Supplementary
Table S1). This implies that anammox bacteria are
also present in terrestrial environments and are
mostly associated with water and/or high nitrogen
contents. Although anammox bacteria may be wide-
spread, eight out of nine locations were anammox
positive, they are not ubiquitously detected. Usual-

ly, not all samples from a given location or enviro-
nment yielded anammox bacterial PCR products. As
in stratified water columns or in sediments where
anammox activity is restricted to particular layers
(Dalsgaard et al., 2003, 2005), anammox sequences
were detected at particular depths along a soil
profile (Supplementary Figures S1 and S2). More-
over, rhizosphere samples of Urtica dioica and
Alnus incana collected at different locations re-
sulted in positive as well as negative anammox PCR
results. This may suggest that the global environ-
mental conditions (for example, soil water regime,
nitrogen content), rather than the microscale envir-
onmental conditions promote the enrichment of
anammox bacteria to a detectable level. Environ-
ments where no anammox bacterial PCR products
were observed included water-saturated grassland

Table 1 PCR detection of anammox bacteria in terrestrial ecosystems

Location Sampled environment Soil
fraction

Sample
name

Total number
of analyzed
samples

Positive nested-
PCR products

Anammox
confirmed

Camargue (F)
(4312903700N, 413805700E)

Phragmition (Phragmites
australis)a

Marsh sediment

SBSb

SRS
SBS

CaPh4
CaPh5
CaMs4

6
2
2

6
2
2

�c

�
+

SWSI CaMs6 1 1 +
Water-saturated fallow field SWSI CaFf 2 1 �
Water-saturated grassland SWSI CaG 2 0
Salisodisol SBS CaS4 2 2 ND

SWSI CaS6 1 1 �
Rice field SRS CaR 4 4 �

Grande Cariçaie (CH)
(4615803200N, 710203600E)

Phragmition (Phragmites
australis)
Cladietum (Cladium
mariscus)

SBS
SRS
SBS
SRS

GcPh4
GcPh5
GcC4
GcC5

3
3
1
3

3
2
1
1

�
�
ND
+

Fraxinion (Alnus incana) ORS GcA 2 0
Cadagno (CH)
(4613205300N, 814200400E)

Rumicion alpini (Rumex
alpinus)

ORS CadR 3 1 �

Caricion fuscae /
Rhododendro-Vaccinion
(Sphagnum sp.)

SRS CadS 3 3 �

Alnenion viridis (Alnus virids) ORS CadA 1 1 +
Caricion davallianae
(Carex davalliana)

ORS
OBS

CadC1
CadC2

1
2

0
0

Wallis (CH)
(4611705200N, 715501200E)

Porous aquifer (2m60–16m50) OGSI WaA 22 9 +

Shore Lake Neuchâtel
(CH) (4615506000N, 615002100E)

Fraxinion (Alnus incana)
Convolvulion (Urtica dioica)

OBS
ORS

LnA
LnU

6
1

6
1

+
�

Boudry (CH)
(4615704800N, 615000400E)

Agricultural field (Zea mays) ORS
OBS

BoZ1
BoZ2

2
1

1
1

ND
�

Planted grassland OBS BoPg 2 0
Creux-du-Van (CH)
(4615601500N, 614302800E)

Permafrost OBS CdvP 7 6 +

Shore Lake Loclat (CH)
(4710100700N, 615905700E)

Fraxinion (Fraxinus
excelsior)

OBS LlF 5 1 +

Reductisol (0–35 cm) OBS LlR 4 1 +
Phragmition (Phragmites
australis)

SRS LlPh 2 2 �

Convolvulion (Urtica dioica) ORS LlU 1 0
Filipendulion (Filipendula
ulmaria)

ORS LlFu 1 0

Morteratsch glacier forefield
(CH) (4612601900N, 915600700E)

Glacier forefield (Epilobium
fleischeri)

ORS
OBS

MoE1
MoE2

10
6

0
0

aThe sampled plant species in the respective plant association is given in parenthesis.
bSampled soil fraction: In oxic soils: rhizosphere fraction (ORS), bulk soils (OBS), groundwater table-soil interface (OGSI). In water-saturated
soils: rhizosphere fraction (SRS), bulk soils (SBS), water–soil interfaces (SWSI).
c+ confirmed, that is, retrieved 16S rDNA sequences fall into anammox cluster; �: not confirmed; ND: not determined.
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in the Camargue, planted grassland in Boudry and
rhizosphere soil of Epilobium fleischeri in the
Morteratsch glacier forefield where the environmen-
tal conditions were not sufficiently maintained to
provide a stable ecological niche.

Phylogenetic analysis revealed that 29% of the
clone sequences were closely related to the known
anammox bacterial genera Candidatus ‘Brocadia’,
‘Kuenenia’, ‘Scalindua’ and ‘Jettenia’ (Figure 1). The
remaining environmental clone sequences were
related to Planctomycetes 16S rDNA sequences
branching outside the ‘anammox bacterial cluster’
(Supplementary Figure S3). This cluster was de-
fined on the basis of a limited number of available
sequences from described anammox enrichment
cultures, which were obtained from a narrow range
of environments (for example, Schmid et al., 2003;
Kartal et al., 2007b, 2008). Furthermore, the ‘ex-
ternal’ sequences have no close representatives
among cultivated organisms. It is thus not possible
to exclude that at least part of them belong to so far
uncultivated anammox bacteria, which could well
exist in soils with their inherent heterogeneity and
diversity of niches. If they are not, it means that the
primer sets used in this study, which were primarily
developed as FISH probes (Schmid et al., 2005) are
not narrowly specific for anammox bacteria. Increas-
ing the number of certified anammox 16S rDNA

sequences from enrichment cultures from a variety
of soils or metagenomic studies could ultimately
lead to a wider definition of the ‘anammox bacteria
cluster’, and aid developing better-adapted primers.
In this study, we considered only clones branching
within the present ‘anammox bacteria cluster’ as
representative of anammox bacteria.

A neighbour-joining phylogenetic tree was con-
structed with environmental and 16S rRNA gene
sequences of the described anammox bacterial
genera (Figure 1). Four of the five candidate genera
were represented in our samples; (1) clone sequ-
ences from rhizosphere soil from Fraxinus excelsior
(shore of Lake Loclat), Alnus viridis (Cadagno) and
Alnus incana (shore of Lake Neuchâtel) were related
to Ca. Kuenenia with more than 99% of similarity;
(2) sequences from the ammonium-contaminated
porous aquifer and Cladium mariscus rhizosphere
from ‘La Grande Cariçaie’ clustered with Ca.
Brocadia with more than 96% of similarity; (3)
sequences from marsh sediment from the Camargue
were associated with Ca. Scalindua with 94%
similarity; and finally (4) sequences from permafrost
from the Creux-du-Van were affiliated to Ca. Jettenia
with 97% similarity. Two groups of clones could not
be affiliated unambiguously to any described ana-
mmox genera yet formed distinct clusters within
the anammox group (Figure 1). Cluster I uniquely

Gemmata obscuriglobus - X85248

CaMs4-SBS (2/18)

CaMs6-SWSI (5/13)

Ca. Scalindua wagneri - AY254882

525

Ca. Scalindua brodae - AY254883

869

CdvP-OBS (1/5)

Ca. Jettenia asiatica - DQ301513

Ca. Anammoxoglobus propionicus - DQ317601

999

LlR-OBS (9/11)

Uncultured planctomycetes - AJ871743

WaA-OGSI-A (9/17)
WaA-OGSI-B (13/18)

GcC5-SRS (7/15)

Ca. Brocadia fulgida - DQ459989

Ca. Brocadia sp. - AM285341

996

564

Ca. Brocadia anammoxidans - AF375994

897

999

836

CaMs4-SBS (9/18)

CaMs4-SBS (5/18)

CadA-ORS (18/18)

LnA-OBS (11/20)

LlF-OBS (12/12)

Ca. Kuenenia stuttgartiensis - CT573071

1000

1000

736

877

860

685

998

957

0.02

Figure 1 Neighbour-joining tree showing the relationship between known anammox bacterial and closely related 16S rRNA gene
sequences retrieved from the different terrestrial environments. Clone names are composed as follows: Sample name, followed by soil
fraction according to Table 1. The number of times a sequence was detected among all tested clones of a sample is indicated in
parentheses. For the WaA samples clone names are complemented with abbreviations for the reverse primers used for the sequential PCR
(A: Amx820r, B: BS820r). Bootstrap values (1000 replicates) higher than 50% are shown and the scale bar represents 2% of sequence
divergence.
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consisted of sequences obtained from a salt marsh in
southern France (Figure 1, CaMs4-SBS), whereas
Cluster II contained sequences from a reductisol
(Figure 1, LIR-OBS) and an ammonium-contami-
nated aquifer (AJ871743; Smits et al., 2009).
Sequences from both clusters shared equal simila-
rities of B95% with both Ca. Kuenenia and Ca.
Brocadia and could represent so far undescribed
anammox bacterial genera. Brocadia and Kuenenia
species are traditionally found in wastewater treat-
ment plants and bioreactors (Schmid et al., 2005). It
has thus been suggested that the presence of these
two genera in estuarine sediments might be because
of urbanization (Dale et al., 2009). We show here
that particularly Ca. Brocadia and Kuenenia are
frequently detected in soils unaffected by any
human activity.

In most cases, only one anammox taxon was
detected in a sample; but as only a limited number
of clones have been tested per environment this
result must be interpreted cautiously. The only
exceptions among the sampled locations were the
Camargue marsh sediments, which harboured both
Ca. Scalindua-related representatives and members
of Cluster I. The finding of Ca. Scalindua in this
saline ecotone that links the marine and the
terrestrial realm is consistent with the previous
observation that Ca. Scalindua predominates the
marine anammox guild (for example, Penton et al.,
2006; Schmid et al., 2007; Woebken et al., 2008).
Similarly, studies on the biogeography of anammox
bacteria in river estuaries revealed that Ca. Scalin-
dua was the most abundant anammox genus at
higher salt contents whereas Ca. Brocadia and
Kuenenia were negatively correlated with salinity
(Amano et al., 2007; Zhang et al., 2007; Dale et al.,
2009). These findings might be interpreted as a
continental signal of anammox bacteria in an
environment typically dominated by Ca. Scalindua.

In this study, we provide evidence for the
presence of anammox bacteria in a wide range of
soil environments. The higher number of detected
anammox bacterial genera in terrestrial as compared
with the relatively homogenous marine water
column environments may reflect the larger variety
of offered anammox niches in soils. Anammox bac-
teria were not detected everywhere, showing that
they require ecological minimum conditions such
as oxic/anoxic interfaces and inorganic nitrogen
compounds. Yet, the environmental conditions that
control anammox activity in soil and determine,
which anammox phylotypes thrive in an ecosystem
are unknown. Whether soil anammox bacteria
indeed perform the classical anammox process
remains also to be shown. Recent physiological
studies suggest that their metabolism is more
versatile than presumed. They may grow hetero-
trophically and perform dissimilatory nitrate reduc-
tion to ammonium (Guven et al., 2005; Kartal et al.,
2007a, 2008). Genome analysis of Kuenenia stutt-
gartiensis further suggested the possibility for

anaerobic respiration of iron and manganese oxides
(Strous et al., 2006). Future studies will therefore
focus on the abundance and activity of anammox
bacteria in soils to better understand their quantita-
tive contribution to the terrestrial nitrogen cycle.
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