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The abundance and diversity of anaerobic ammonium oxidation (anammox) bacteria were assessed in 152 groundwater
samples in the Kathmandu Valley, Nepal. Anammox bacterial 16S rRNA genes were detected in 54% (37/68) of samples
collected in the dry season at 1.6×105–8.8×106 copies L–1, and in 60% (50/84) of samples collected in the wet season at
4.3×104–1.2×107 copies L–1. The 16S rRNA genes of “Candidatus Brocadia”, “Candidatus Anammoxoglobus”, and five
new deduced anammox bacterial phylotypes were detected in the shallow groundwater samples. Diverse anammox bacteria
were broadly distributed in the shallow groundwater aquifer of the Kathmandu Valley.
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Anaerobic ammonium oxidation (anammox) is a key
microbe-driven nitrogen (N) cycle process, in which ammo‐
nium (NH4

+) is oxidized with nitrite (NO2
–) to produce

nitrogen gas (N2) under anoxic conditions (Jetten, 2008).
Anammox has been observed in various natural environ‐
ments, including marine (Babbin et al., 2014), estuarine
(Hou et al., 2013), freshwater (Yang et al., 2017), soil (Shen
et al., 2013), and freshwater sediment (Osaka et al., 2012).

Groundwater is an important resource for domestic and
drinking water; however, the contamination of groundwater
by NH4

+-N is a serious issue in some parts of the world
(Nguyen et al., 2009; Groeschke et al., 2017). Anammox
bacteria play an important role in the N cycle and N removal
in freshwater aquifers (Moore et al., 2011). Nevertheless,
limited information is currently available on the distribution
and diversity of anammox bacteria in groundwater and, to
the best of our knowledge, their distribution and diversity in
the groundwater basin has not yet been examined.

We selected the Kathmandu Valley (area 664 km2;
approximately 25 km long from north to south and 30 km
wide) in Nepal as a case study location because its ground‐
waters are widely contaminated by NH4

+-N (Shakya et al.,
2019). The objective of the present study was to assess the
distribution and diversity of anammox bacteria in order to
obtain a more detailed understanding of the contribution of
anammox to N removal in the groundwater basin. The shal‐
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low groundwater samples and groundwater-extracted DNA
samples used in the present study were the same as those
previously prepared and reported by Malla et al. (2018). In
the dry season (February and March), groundwater samples
(n=68) were collected from shallow dug wells in the gravel
subsurface (n=24) and clay subsurface (n=44). In the wet
season (August and September), shallow groundwater sam‐
ples (n=84) were collected in the gravel subsurface (n=29)
and clay subsurface (n=55) (Fig. S1, Table S1 and S2). To
quantify the 16S rRNA genes of anammox bacteria and total
bacteria, qPCR was performed using the primer sets
AMX-368F (Schmid et al., 2003) and Amx-667R (van der
Star et al., 2007) for the former and the primer set Eub-515F
and Eub-806R (Caporaso et al., 2011) for the latter. The
thermal conditions of PCR are shown in Table S3. DNA
samples extracted from groundwater at Khumaltar (Table
S4), a clay subsurface area, and Nayachok (Budhanilkantha)
(Table S4), a gravel subsurface area, were used in the phylo‐
genetic analysis. Anammox bacterial 16S rRNA genes were
amplified using the Pla46F (Neef et al., 1998) and
Amx820R primers (Schmid et al., 2000). The Pla46F and
Amx 820R primers were previously reported to be an effec‐
tive primer set that widely detected anammox bacteria
(Nakajima et al., 2008). Amplified DNA fragments were
cloned into Escherichia coli strain DH5α using a pMD19 T-
vector system (Takara Bio). A PCR-Restriction Fragment
Length Polymorphism (RFLP) analysis and clone library
analysis were performed as previously reported (Tanaka et
al., 2012). The phylogenetic tree was constructed using
Clustal X (http://www.clustal.org/clustal2/). The DDBJ/
EMBL/GenBank accession numbers of the 16S rRNA gene
sequences of clones are LC553643 to LC553674.

As shown in Table 1, in the dry season, the 16S rRNA
genes of anammox bacteria were detected in 58% (14/24) of
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Table 1. Detection and abundance of 16S rRNA genes of anammox bacteria and total bacteria in groundwater samples from shallow dug wells
Samples with the Anammox bacterial 16S rRNA gene Total bacterial 16S rRNA gene abundance
gene relative to abundance (copies L–1) (copies L–1)Season Sample type all samples
(detection %) Min Max Avea Min Max Avea

Dry Gravel 14/24 (58%) 1.7×105 7.6×106 1.4×106±1.9×106 6.3×106 1.7×1010 1.9×109±3.9×1010

season subsurface
Clay 23/44 (52%) 1.6×105 8.8×106 1.5×106±1.8×106 1.2×107 7.3×1010 3.3×109±1.1×1010

subsurface
Wet Gravel 20/29 (69%) 1.2×105 1.2×107 9.4×105±2.5×106 3.6×106 1.0×1011 5.0×109±1.9×1010

season subsurface
Clay 30/55 (55%) 4.3×104 3.1×106 5.3×105±7.3×105 3.3×106 3.0×1010 3.6×109±4.9×109 b

subsurface
Total 87/152 (57%) 4.3×104 1.2×107 3.3×106 1.0×1011

a Values are means±SD.
b Significantly higher (Student’s t-test, P<0.05) than total bacterial 16S rRNA gene abundance in dry season (gravel subsurface and clay subsur‐
face) samples and wet season (gravel subsurface) samples.

shallow groundwater samples in the gravel subsurface and
in 52% (23/44) of those in the clay subsurface (Table 1).
Anammox bacterial 16S rRNA gene abundance ranged
between 1.7×105 and 7.6×106 copies L–1 in groundwater in
the gravel subsurface and between 1.6×105 and 8.8×106 cop‐
ies L–1 in those in the clay subsurface. In the wet season, the
16S rRNA genes of anammox bacteria were detected in
69% (20/29) of shallow groundwater samples in the gravel
subsurface and in 55% (30/55) of those in the clay subsur‐
face, with 1.2×105 to 1.2×107 copies L–1 and between
4.3×104 and 3.1×106 copies L–1 in groundwater samples in
gravel and clay subsurfaces, respectively (Table 1). Anam‐
mox bacterial 16S rRNA gene abundance (copies L–1) was
as high as that in other freshwater samples (Sun et al., 2014;
Zhang et al., 2017). These results suggest that anammox
bacteria were widely distributed throughout the Kathmandu
Valley groundwater basin in the dry and wet seasons (Fig.
1). 

Water temperature, pH, and NH4
+-N concentrations have

been suggested to affect the abundance of anammox bacte‐
ria in freshwater environments (Sun et al., 2013; Sun et al.,
2014; Yang et al., 2017). However, in the present study,
anammox bacteria were widely detected in the shallow
groundwater samples with a temperature range of 15.5–
32.0°C, pH range of 5.7–7.3, and NH4

+-N concentration
range of 0–5.6 mg L–1, and their abundance did not correlate
with any of these water properties (R statistical software
version 3.6.0, P<0.05, Table S5). The dissolved oxygen
(DO) concentration was an important environmental param‐
eter. However, the relationship between the anammox bacte‐
rial 16S rRNA gene and DO was not investigated because
the DO value was not assessed (Shakya et al., 2019).
Although the underlying reasons were not elucidated in the
present study, the shallow groundwater basin in the Kath‐
mandu Valley appears to be a consistent habitat for anam‐
mox bacteria.

Based on the results of the PCR-RFLP and clone library
analyses for the anammox bacterial 16S rRNA gene, 143
clones were divided into 32 RFLP groups (Table S6). A
phylogenetic analysis identified eight groups: Brocadia,
Anammoxoglobus, Clusters 1, 2, 3, 4, 5, and 6 (Fig. S2).
The Brocadia group comprised “Candidatus Brocadia” and

two RFLP groups (three clones), while the Anammoxoglo‐
bus group consisted of “Candidatus Anammoxoglobus” and
RFLP18 (five clones). Cluster 1 comprised 16 RFLP groups
including 66 clones. Clusters 2 and 3 each consisted of a
single RFLP group, RFLP23 (46 clones) and RFLP24 (1
clone), respectively. Cluster 4 comprised three RFLP groups
(13 clones), Cluster 5 consisted of six RFLP groups (seven
clones), and Cluster 6 had two RFLP groups (two clones).
“Ca. Brocadia” is recognized as a major anammox group in
non-saline environments, such as freshwater sediments,
freshwater, soils, and groundwater, while “Ca. Anammoxo‐
globus” has also been frequently detected in non-saline
environments, including soil, freshwater, estuaries, and
groundwater (Moore et al., 2011; Sonthiphand et al., 2014).
In the present study, “Ca. Brocadia” and “Ca. Anammoxo‐
globus” were also present, but not dominant, in the shallow
groundwater samples at Nayachok and Khumaltar. Clusters
1 and 2 were the dominant groups in groundwater at both
Nayachok and Khumaltar in the dry and wet seasons (Fig.
S3). These results suggest that diverse anammox bacteria
are present in the shallow groundwater of the Kathmandu
Valley. Anammox bacteria in Clusters 1 and 2 may exhibit
better adaptability in the groundwater. Further studies are
needed to elucidate the relationships between the anammox
bacterial community and environmental factors (e.g., NH4

+-
N, NO2

–-N, temperature, pH, DO, minerals, metals, and
organic carbons) in groundwater in more detail.

In conclusion, various anammox bacteria were widely
distributed throughout the shallow groundwater basin in the
Kathmandu Valley during the wet and dry seasons. There‐
fore, anammox bacteria may contribute to N removal in this
groundwater basin.
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Fig. 1. Spatial distribution and abundance of anammox bacteria in the groundwater of shallow dug wells in the Kathmandu Valley during dry (A)
and wet (B) seasons.
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