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Abstract Both ammonia-oxidizing bacteria (AOB) and ar-
chaea (AOA) might be the key microorganisms in ammonia
conversion in ecosystems. However, the depth-related change
of AOA and AOB in sediment ecosystem is still not clear. The
relative contribution of AOA and AOB to nitrification in
wetland sediment remains also unclear. Moreover, informa-
tion about ammonia-oxidizing microorganisms in high-
altitude freshwater wetland is still lacking. The present study
investigated the relative abundances and community struc-
tures of AOA and AOB in sediments of a high-altitude fresh-
water wetland in Yunnan Province (China). Variations of the
relative abundances and community structures of AOA and
AOBwere found in the wetland sediments, dependent on both
sampling site and sediment depth. The relative abundances of
AOA and AOB (0.04–3.84 and 0.01–0.52 %) and the AOA/
AOB ratio (0.12–4.65) showed different depth-related change
patterns. AOB community size was usually larger than AOA
community size. AOB diversity was usually higher than AOA
diversity. AOA diversity decreased with the increase of sedi-
ment depth, while AOB diversity showed no obvious link
with the sediment depth. Pearson’s correlation analysis
showed that AOA diversity had a positive significant correla-
tion with available phosphorus. Nitrosospira-like sequences,
with different compositions, predominated in the wetland
sediment AOB communities. This work could provide some
new insights toward nitrification in freshwater sediment
ecosystems.
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Introduction

Nitrification, the biological conversion of ammonia to nitrate
via nitrite, has been regarded as one important process for
global nitrogen cycling. Ammonia oxidation, as the first and
rate-limiting step in nitrification process, was usually consid-
ered to be exclusively carried out by ammonia-oxidizing
bacteria (AOB), mainly belonging to genera Nitrosomonas,
Nitrosospira, and Nitrosococcus (Li et al. 2012; Wang et al.
2014). These microorganisms harbor the ammonia
monooxygenase (amoA) gene, which is responsible for am-
monia oxidation. However, after the identification of the ar-
chaeal amoA gene and isolation of ammonia-oxidizing ar-
chaea (AOA) (Könneke et al. 2005; Venter et al. 2004), the
abundance of AOA has been found in various terrestrial and
aquatic ecosystems, suggesting the importance of AOA in
ammonia oxidation (Erguder et al. 2009; Feng et al. 2012;
Sims et al. 2012; Wang et al. 2014). Both AOA and AOB
might be the key microorganisms in ammonia oxidation in the
environment (He et al. 2007; Wang et al. 2014).

Aquatic sediment harbors a complex microbial ecosystem
consisting of huge amounts of viable microorganisms, which
might be involved in a variety of biogeochemical processes
(Cheng et al. 2014). AOA could usually outnumber AOB in
estuary sediment (Caffrey et al. 2007; Cao et al. 2011a), salt
marsh sediment (Moin et al. 2009), and marine sediment (Cao
et al. 2011a; Park et al. 2008; Sakami 2012). Few investiga-
tions regarding the abundances of AOA and AOB in fresh-
water sediment ecosystems have also been carried out. Wang
et al. (2014) reported the higher abundance of AOA thanAOB
in freshwater reservoir sediment. Zhao et al. (2013) found that
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AOA abundance was higher than AOB abundance in
sediments of Lake Taihu (China). Hou et al. (2013) also
indicated that AOA usually predominated over AOB in
sediments of Lake Taihu and Lake Chaohu (China). These
previous studies suggested that AOA could usually make
more contribution to nitrification than AOB in both saline
and freshwater sediment ecosystems. However, the lower
abundance of AOA than AOB was found in the subsur-
face sediments of the northern South China Sea (Cao
et al. 2012). Liu et al. (2013) showed that, although
AOA outnumber AOB in the sediment of the upstream
reaches of the Qiantang River, AOB dominate over AOA
in downstream sediment. Therefore, the relative contribu-
tion of AOA and AOB to nitrification in sediment eco-
systems remains still unresolved.

Sediment is a stratified habitat. The sediment depth-related
chemical features can provide niches for metabolically diverse
microorganisms (Zhao et al. 2008). Previous studies have
shown the depth-related changes of archaeal and bacterial
community compositions in lake sediments (Liu et al. 2010;
Shivaji et al. 2011; Zhao et al. 2008, 2013). The abundances
and community structures of AOA and AOB can be influ-
enced by habitat type and many environmental factors (Chen
et al. 2010; Wang et al. 2014). Long et al. (2012) revealed that
niche properties could have a significant impact on genotype
distribution of the two ammonia-oxidizing groups.
Unfortunately, there has been very limited information on
the depth-related changes of the abundances and community
structures of AOA and AOB (Li et al. 2011; Zhao et al. 2013).
The links between sediment ammonia-oxidizing community
and environmental conditions remain unclear.

Wetlands play important roles in ecosystems and environ-
mental sustainability, such as storm and flood control, sedi-
ment retention, offering habitats, supporting abundant life,
possessing high diversity, and nutrient control (Sims et al.
2012; Wang and Gu 2013). Ammonia-oxidizing organisms
can be key microorganisms in wetland water purification and
nitrogen cycling (Sims et al. 2012). However, little is known
about ammonia-oxidizing microorganisms in wetland ecosys-
tems. The Luoshijiang Wetland is a freshwater wetland in the
Yunnan-Kweichow Plateau (China). The high-altitude wet-
land ecosystem is adjacent to Rrhai Lake (Daili City,
Yunnan Province) and is annually inundated. It covers
an area of about 1 km2 with an elevation of about
2,000 m (Zhang et al. 2013). The input water of the
wetland consisted of runoff from adjacent agricultural
field and hills mixed with wastewater from nearby vil-
lages. To date, information about ammonia-oxidizing mi-
croorganisms in high-altitude freshwater wetland is still
lacking. Therefore, the objective of the present study was
to investigate the depth-related change of the abundance
and community structure of AOA and AOB in sediments
of the Luoshijiang Wetland.

Materials and methods

Description of sites and sampling

Sediment samples in triplicate were collected using a core
sampler at four different sites of the Luoshijiang Wetland
(Fig. S1): A (25° 57′ 25″ N–100° 06′ 06″ E; nonvegetated
zone), B (25° 57′ 12″N–100° 05′ 59″ E; reed-vegetated zone),
C (25° 57′ 4″ N–100° 06′ 00″ E; densely water lily-vegetated
zone), and D (25° 56′ 55″ N–100° 05′ 59″ E; sparsely water
lily-vegetated zone). Sediment samples were sliced into
layers. During this study, the upper layer (0–5 cm) and the
lower layer (10–15 cm) were used for further analyses. These
sediment samples were immediately transported back to the
laboratory after collection. The chemical parameters of the
sediment samples are shown in Fig. 1.

Molecular analyses

Wetland sediment DNA was extracted using the Powersoil
DNA extraction kit (Mobio Laboratories, USA). DNA con-
centration was quantified using Nanodrop® ND-1000 UV-vis
spectrophotometry (USA). Each replicate sediment DNA
sample was individually subjected to quantitative PCR assays.
For quantitative PCR assays, the specific primers for amplifi-
cation of the archaeal and bacterial amoA genes were as
previously described (Wang et al. 20134): Arch-amoAF (5′-
STAATGGTCTGGCTTAGACG-3′), Arch-amoAR (5′-
GCGGCCATCCATCTGTATGT-3′), AmoA-1F (5′-GGGG
TTTCTACTGGTGGT-3′), and AmoA-2R (5′-CCCC
TCKGSAAAGCCTTCTTC-3′). The primers for amplifica-
tion of the archaeal and bacterial 16S ribosomal RNA
(rRNA) genes were selected according to the literature (Jung
et al. 2011): Arch 349F (5′-GYGCASCAGKCGMGAAW-
3′), Arch 806R (5′-GGACTACVSGGGTATCTAAT-3′),
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Fig. 1 Chemical properties of the collected wetland sediment samples.
Samples AU and AL, BU and BL, CU and CL, and DU and DL represent
the upper layer and lower layer sediments in sampling sites A–D, respec-
tively. TN total nitrogen, TP total phosphorous, AP available phosphorus,
TOC total organic carbon
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341F (5′-CCTACGGGAGGCAGCAG-3′), and 534R (5′-
ATTACCGCGGCTGCTGGCA-3′). Standard curves ranging
from 104 to 108 gene copies/mL were obtained using serial
dilutions of linearized plasmids (pGEM-T, Promega) contain-
ing cloned bacterial amoA gene, archaeal amoA gene, bacterial
16S rRNA gene, and archaeal 16S rRNA gene amplified from
sediment. The amplification efficiency and coefficient (r2) for
the archaeal and bacterial amoA genes and the archaeal and
bacterial 16S rRNA genes were 95 % and 0.998, 92 % and
0.997, 92 % and 0.998, and 101 % and 0.995, respectively.

For clone library analysis of community structures of AOA
and AOB, the PCR amplification was conducted using the
above-mentioned primer pairs Arch-amoAF/Arch-amoAR
and amoA1F/amoA2R (Wang et al. 2014). Triplicate PCR
products for each sediment sample were pooled and purified
with a QIAquick PCR purification kit (Qiagen Inc.). The
purified fragments were cloned into pMD19-T vector
(Takara Corp, Japan) and the clones containing the correct
size were sequenced. Chimera-free sequences with ≥98 %
similarity were assigned as the same operational taxonomic
units (OTUs) using the DOTUR program (Schloss and
Handelsman 2005). OTU-based community diversity indices
and rarefaction curves were also obtained using the DOTUR
program (Schloss and Handelsman 2005). Phylogenetic anal-
yses of AOA and AOB communities in all the sediment
samples were performed using MEGA software version 4.0
(Tamura et al. 2007). Pearson’s correlation analysis of the
relative abundances and community structures of AOA and
AOB with the sediment chemical parameters (ammonia nitro-
gen, total nitrogen, total phosphorous, available phosphorus,
and total organic carbon) was carried out using SPSS 20.0
software. The amoA gene sequences obtained in this study
were submitted to GenBank under accession numbers
KF618627–KF618889 for AOA and KF618890–KF619241
for AOB, respectively.

Results

Relative abundances of AOA and AOB

In this study, the densities of archaeal and bacterial amoA and
16S rRNA genes were determined using real-time PCR.
Ratios of archaeal amoA gene to archaeal 16S rRNA gene
and bacterial amoA gene to bacterial 16S rRNA gene were
used to estimate the relative abundances of AOA and AOB in
each sediment sample, respectively. Figure 2 shows large
variations in the relative abundances of both AOA and AOB
in the eight sediment samples. The relative abundance of
AOA ranged between 0.04 and 3.84 %. The AOA proportion
in sampling site A was much higher than that in other sam-
pling sites. In sampling site A, the AOA proportion in the
upper layer sediment was much lower than that in the lower

layer. Conversely, in sampling sites B and C, the upper layer
had a much higher AOA proportion. In addition, in sampling
site D, the upper and lower layers had a similar AOA
proportion.

The relative abundance of AOB ranged between 0.01 and
0.52 %. The AOB proportion in sampling site D was much
higher than that in other sampling sites. In sampling sites A
and B, the upper layer had a higher AOB proportion than the
lower layer. However, an opposite trend was found in the
other two sampling sites. Moreover, the AOA proportion
was much higher than the AOB proportion in sites A, B, and
C, but lower in sampling site D.

Figure 3 shows a large variation in AOA to AOB ratio in
the eight sediment samples. The highest value of AOA/AOB
ratio was found in sample CU (4.65) followed by sample AL
(1.71). However, for the other samples, the values of AOA/
AOB ratio ranged between 0.12 and 0.54. In addition, the
upper layer had a lower AOA/AOB ratio than the lower layer
in sampling sites A and B, but a higher one in sampling sites C
and D. In this study, Pearson’s correlation analysis was ap-
plied to investigate the relationships between the determined
chemical properties and the AOA and AOB proportions, or
the AOA/AOB ratio (Table 1). The results indicated that the
AOA and AOB proportions or the AOA/AOB ratio did not
show significant correlations with the measured sediment
chemical parameters (p>0.05).

Diversity of AOA and AOB communities

In this study, a total of 263 archaeal and 352 bacterial amoA
sequences were retrieved fromAOA and AOB clone libraries,
respectively (Table 2). The number of OTUs and OTU-based

Fig. 2 Relative abundance of archaeal and bacterial amoA genes in the
different samples. Samples AU andAL, BU andBL, CU and CL, and DU
and DL represent the upper layer and lower layer sediments in sampling
sites A–D, respectively. Each replicate sediment sample was individually
subjected to quantitative PCR assays. Error bars represent standard
deviation of mean (n=3)
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community Shannon diversity index and rarefaction curves
were obtained using the DOTUR program at a 2 % difference
level (Schloss and Handelsman 2005). Table 2 shows that the
number of AOA OTUs in each sediment sample ranged
between 4 and 14, while the AOB clone libraries were com-
posed of 9–26 OTUs. The rarefaction curves for AOA and
AOB clone libraries nearly leveled off (Fig. 4a, b), suggesting
that these communities were well sampled.

A large difference in AOA community diversity was ob-
served in the different sampling sites. The values of AOA
Shannon index ranged between 0.82 and 2.23. Samples AU
and BU have much a greater AOA diversity than the other
samples. Moreover, at each sampling site, the upper layer had
a greater AOA diversity than the lower layer. A marked
variation in AOB community diversity (Shannon index=
1.52–2.63) was also found. The highest and lowest AOB
diversities occurred in the upper layer and the lower layer in
sampling B, respectively. In sampling site C, the upper layer
had a much lower AOB diversity, compared with the lower
layer. However, in sampling sites A and D, the two sediment

layers had a similar AOB diversity. In addition, the Shannon
diversity index value of AOAwas higher than that of AOB in
sample AU, but lower in the other seven sediment samples.
AOA Shannon diversity was positively correlated with avail-
able phosphorus (AP; p<0.05) (Table 1). No significant cor-
relation was found between AOB Shannon diversity and the
determined chemical parameters.

Phylogeny of AOA and AOB communities

In this study, the representative AOA and AOB sequences
used for phylogenetic analysis were selected from the OTUs
that had two or more sequence members. Figure 5 shows that
all of the archaeal amoA sequences of the eight AOA clone
libraries could be grouped into five clusters. There was no

Fig. 3 Ratios of archaeal amoA gene to bacterial amoA gene in the
different samples. Samples AU and AL, BU and BL, CU and CL, and
DU and DL represent the upper layer and lower layer sediments in
sampling sites A–D, respectively. Error bars represent standard deviation
of mean (n=3)

Table 1 Statistical analysis of AOA and AOB abundance and community structure with the chemical parameters

Community index TN NH4
+-N TP AP TOC

AOA Shannon index 0.55 0.46 0.242 0.77* 0.53

AOB Shannon index 0.54 0.44 −0.64 −0.19 0.60

Bacterial amoA/bacterial 16S rRNA 0.66 0.13 −0.70 −0.15 0.43

Archaeal amoA/archaea16S rRNA −0.12 0.20 0.44 0.45 −0.04
AOA/AOB ratio −0.58 −0.54 0.68 −0.12 −0.60

TN total nitrogen, TP total phosphorous, AP available phosphorus, TOC total organic carbon

*Correlation is significant at the 0.05 level

Table 2 Diversity of each clone library of archaeal and bacterial amoA
genes in the different samples

amoA gene Sample Number
of clones

Number
of OTUs

Shannon
index

AOA AU 40 14 2.23

AL 43 10 1.63

BU 32 13 2.14

BL 28 4 1.03

CU 36 6 1.18

CL 32 4 0.82

DU 30 8 1.66

DL 22 7 1.51

AOB AU 46 15 1.92

AL 52 17 1.91

BU 43 20 2.63

BL 35 9 1.52

CU 46 9 1.60

CL 45 26 2.48

DU 42 22 2.58

DL 43 23 2.50

Samples AU and AL, BU and BL, CU and CL, and DU and DL represent
the upper layer and lower layer sediments in sampling sites A–D,
respectively
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sediment sample that could share all of the five AOA clusters.
The archaeal amoA gene sequences recovered from sample
AU were mainly distributed in clusters I and III and became
much less abundant in clusters II and V. The AOA sequences
recovered from sample AL were mainly present in cluster V,
with several ones in clusters I, III, and IV. TheAOA sequences
retrieved from samples BU, BL, and CU were affiliated with
clusters I, IV, and V. Members of the AOA clone libraries
constructed with samples BU and BL were mainly found in
clusters IV and V, while most of the AOA sequences from
sample CU existed in cluster V. The AOA sequences from
samples DU and DL belonged to clusters II, IV, and V.
Members of AOA clone library constructed with sample DU
were more evenly distributed in these three clusters. However,
the archaeal amoA gene sequences from sample CL were
mainly detected in cluster IV, but became much less abundant
in cluster V. These results illustrated a large variation in the
AOA community structure in the different samples. AOA
community structure could be affected by both sampling site
and sediment depth.

Figure 5 also indicates that most of the obtained AOA
sequences were distributed in clusters IV and V. Cluster I
had 31 AOA sequences that were retrieved from sampling
sites A, B, and C. These archaeal gene sequences were
grouped with the uncultured ones from West Pacific

deep-sea sediment (Dang et al. 2009), Qiantang River
sediment (Liu et al. 2013), Yangtze Estuary sediment,
Chaohu Lake sediment, stream biofilm, agricultural soil,
wastewater bioreactor, and Chongming eastern intertidal
sediment (Zheng et al. 2013). Cluster II was the smallest
cluster and only had 11 members retrieved from sampling
sites A and D. The sequences in cluster II were related to
two isolated soil AOA strains, Nitrososphaera sp. JG1
and EN76 (Kim et al. 2012; Tourna et al. 2011). The
AOA sequences in cluster III were only detected in sam-
pling site A, and they were grouped with those from
Yangtze Estuary sediment and Inner Mongolia grassland
soil. Moreover, cluster IV was the second largest AOA
group containing 74 sequences. These AOA sequences
were retrieved from all of the four sampling sites, and
they were affiliated with those from Icelandic grassland
soil, Qiantang River sediment (Liu et al. 2013), granular
activated carbon in advanced water purification plant,
land-water ecotone sediment, and King Highway landfill
(Im et al. 2011). In addition, cluster V was the largest
group with 100 AOA members which were recovered
from all of the four sampling sites. These sequences were
related to the uncultured ones from a variety of ecosys-
tems such as grassland soil, land-water ecotone sediment,
water in drinking water distribution system (van der
Wielen et al. 2009), river water, wastewater treatment
plant, estuary sediment, and river and lake sediment.

Figure 6 indicates that bacterial amoA sequences of the
eight AOB clone libraries could be grouped into three AOB
clusters, namely clusters a, b, and c. Cluster a could be further
divided into subclusters a1, a2, a3, and a4. The bacterial amoA
gene sequences recovered from sample AU were mainly
detected in clusters a1 and a4, while most of the AOB se-
quences from sample AL existed in cluster a4. The AOB
sequences from sample BU were distributed in clusters a1,
a2, a3, a4, and c. Members of AOB clone library constructed
with sample BL were mainly present in cluster c, but became
much less abundant in clusters a4 and b. The AOB sequences
from sample CU mainly belonged to cluster c, while those
from sample CL mainly to clusters a1 and a4. The bacterial
amoA gene sequences retrieved from sample DU existed in
clusters a1, a2, and a3, while those from sample DL were only
detected in cluster a1. Therefore, a large shift in AOB com-
munity structure occurred in the different samples. AOB
community structure could be affected by both sampling site
and sediment depth.

Figure 6 also illustrates that most of the obtained bacterial
amoA gene sequences were distributed in clusters a1, a4, and
c. Cluster a1 was the largest AOB group, composed of 102
bacterial amoA gene sequences. The sequences in cluster a1
were recovered from all of the four sampling sites, and they
were related to some cultivated Nitrosospira species
(TCH716, PJA1, and 9SS1). Cluster a2 was a nine-member
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group. Its members were from sampling sites B, C, and D,
grouped with the uncultured sequences from sandy loam soil.
Cluster a3 only had six AOB sequences. These sequences
were recovered from sampling sites A, B, and D and were
related to an isolated AOB strain (Nitrosospira sp. Nsp62)
(Purkhold et al. 2003). Cluster a4was the second largest group
and contained 47 AOB sequences. The AOB sequences in
cluster a4 were recovered from sampling sites A, B, and C.
They were grouped with the uncultured sequences from a
variety of soil ecosystems. Cluster b was the smallest group
and only included three AOB sequences from sample BL.
These sequences were related to an activated sludge AOB
isolate (Suwa et al. 1997). In addition, the 49 AOB sequences
in cluster c were retrieved from sampling sites A, B, and C.
They were affiliated with the bacterial amoA gene sequences

from Yangtze Estuary sediment and Chongming eastern inter-
tidal sediment (Zheng et al. 2013).

Discussion

Depth-related change of the relative abundances of AOA
and AOB

To date, there have few previous studies related to ammonia-
oxidizing microorganisms in wetland ecosystems. Sims et al.
(2012) found that AOA could outnumber AOB by at least an
order of magnitude in soils and waters of freshwater wetlands.
Cao et al. (2011b) reported higher abundance of AOA than
AOB in mangrove sediment, while Li et al. (2011) found the
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Fig. 6 Phylogenetic tree of
representative bacterial amoA
sequences and reference
sequences from GenBank. The
obtained bacterial sequences
beginning with AU and AL, BU
and BL, CU and CL, and DU and
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dominance of AOB in coastal mangrove sediment. The abun-
dance of bacterial amoA gene was greater than that of archaeal
amoA gene in wetland sediments of Chongming eastern tidal
flat (Zheng et al. 2013). Wang and Gu (2013) revealed the
different distributions of AOA and AOB in sediments of
coastal marine and freshwater wetlands. To the authors’
knowledge, this was the first report on ammonia-oxidizing
microorganisms in sediment of high-altitude freshwater wet-
land. In this study, six out of eight sediment samples had the
AOA/AOB ratio of less than 1. These results indicated that the
dominance of AOB over AOA usually occurred in the
Luoshijiang Wetland. Therefore, AOB might play a more
important role than AOA in the nitrification process in the
high-altitude freshwater wetland.

The spatial variations in the relative abundances of AOA
and AOB and AOA/AOB ratios were found in sediment
samples of the LuoshijiangWetland. Previous researches have
shown the spatial shift in the relative abundances (or abun-
dances) of AOA and AOB or AOA/AOB ratio in various
sediment ecosystems (Cao et al. 2011b; Hou et al. 2013;
Moin et al. 2009; Li et al. 2011; Park et al. 2008; Sakami
2012; Zheng et al. 2013).Wang and Gu (2013) also found that
the abundances of AOA and AOB and AOA/AOB ratio
varied significantly among the different sites in the freshwater
wetland. However, limited information exists on the depth-
related change of the abundances of AOA and AOB. Zhao
et al. (2013) revealed that the abundances of AOA and AOB
in lake sediment exhibited negative correlations with the
increased depths, while Li et al. (2011) found no relationship
between the abundances of AOA and AOB and the sediment
depth in mangrove sediment. To the authors’ knowledge, this
was the first report on the depth-related change of the AOA
and AOB abundances and AOA/AOB ratio in freshwater
wetland sediment. In this study, a rise of the relative abun-
dance of AOAwith the decreased sediment depth was found
in sampling sites B and C, while the AOA proportion in the
upper layer sediment was much lower than that in the lower
layer in sampling site A. Moreover, the relative abundance of
AOB decreased with the increased depth in sampling sites A
and B, but increased in sampling sites C and D. Conversely,
the AOA/AOB ratio increased with the increased depth in
sampling sites A and B, but declined in sampling sites C and
D. These results were in agreement with those of others’
previous study (Li et al. 2011). In addition, Wang et al.
(2013) suggested that sediment type could affect the abun-
dances of ammonia-oxidizing organisms. Therefore, the
depth-related changes of the AOA and AOB abundances
could be dependent on sampling site and sediment type.

AOA is known for higher specific affinity for ammonia and
preference for living in low ammonium nitrogen environ-
ments (Erguder et al. 2009). However, high ammonium nitro-
gen environments can favor the AOB abundance (Di et al.
2009). It has been commonly accepted that ammonia

concentration is one of the important factors contributing to
the definition of distinct ecological niches of AOA and AOB
in the environment (Verhamme et al. 2011; Wang et al. 2014).
The abundances of AOA and AOB can be influenced by
ammonia availability (Hu et al. 2012). However, the impact
of ammonia concentration on the abundances of AOA and
AOB in sediment ecosystems remains unclear. Li et al. (2011)
showed that the abundance of archaeal amoA sequences was
significantly correlated with the ammonia concentration in
mangrove sediments. Cao et al. (2011b) reported that the
AOA/AOB ratio was correlated with the concentration of
ammonium in mangrove sediments. Wu et al. (2010) found
that the AOA abundance and the AOA/AOB ratio were neg-
atively related to ammonia concentration in sediment of Lake
Taihu. Hou et al. (2013) also indicated the AOB abundance
was positively correlated with the ammonia concentration in
lake sediment, while the AOA abundance was negatively
correlated with the ammonia concentration. However, in this
study, the AOA and AOB proportions or the AOA/AOB ratio
did not show significant correlations with the ammonia con-
centration (p>0.05). Zheng et al. (2013) also indicated that no
significant correlations were observed between the abun-
dances of AOA and AOB and the ammonia concentration in
Chongming eastern intertidal sediments (Zheng et al. 2013).
In addition, no significant relationship was observed between
the amoA abundance and the ammonium concentration in the
surface sediments of Matsushima Bay (Sakami 2012). In this
study, Pearson’s correlation analysis indicated that the AOA
and AOB proportions or the AOA/AOB ratio did not show
significant correlations with the other measured sediment
chemical parameters (p>0.05). This suggest that the factors
regulating AOA and AOB abundances in sediments of the
Luoshijiang Wetland were quite complex. Multiple factors
might be involved in shaping the dynamics of AOA and
AOB in sediment ecosystem (Cao et al. 2011b).

Depth-related change of AOA and AOB community
diversities

There have been numerous reports on the AOA and AOB
community diversities in sediment ecosystems. AOA commu-
nity diversity was higher than AOB diversity in salt marsh
sediment (Moin et al. 2009), intertidal wetland sediment
(Zheng et al. 2013), beach sediment (Santoro et al. 2008),
and estuary sediment (Cao et al. 2011a), but lower in man-
grove sediment (Cao et al. 2011b; Li et al. 2011) and reservoir
sediment (Wang et al. 2014). Moreover, Wang and Gu (2013)
revealed that AOA diversity was much higher than AOB
diversity in sediment of freshwater wetland, but AOB diver-
sity was higher in sediment of coastal marine wetland. Wang
et al. (2013) suggested that sediment type could affect com-
munity structures of ammonia-oxidizing organisms. These
previous studies also showed the spatial shift in the AOA
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and AOB community diversities in various sediment ecosys-
tems. To date, information about the sediment depth-related
change of the AOA and AOB community diversities is still
very limited. Zhao et al. (2013) indicated that diversities of
both the AOA and AOB amoA genes increased with the
elevated depth in lake sediments. Li et al. (2011) showed the
rise of AOB diversity with the increased depth in mangrove
sediments, while they found no relationship between the AOA
community diversity and the sediment depth. However, there
has been no report on the depth-related change of the AOA
and AOB community diversities in freshwater wetland sedi-
ment. In this study, large differences in the AOA and AOB
community diversities were observed in the different sampling
sites in the Luoshijiang Wetland. The AOB diversity was
higher than the AOA diversity in most of the sediment sam-
ples (seven out of eight). This result was different from that of
others’ previous study on the AOA and AOB community
diversities in sediment of freshwater wetland (Wang and Gu
2013). In addition, in the Luoshijiang Wetland, the AOA
diversity always decreased with the elevated depth, while no
relationship was found between the AOB diversity and the
sediment depth. These results were not in agreement with
others’ previous studies on the AOA and AOB community
diversities in lake and mangrove sediments (Li et al. 2011;
Zhao et al. 2013). Therefore, the depth-related change of the
AOA and AOB community diversities could be dependent on
sediment type.

A few previous studies using Pearson’s correlation analysis
have investigated the links between the AOA and AOB com-
munity diversities and the sediment environmental factors.
The reported factors shaping the sediment AOA and AOB
community diversities include pH (Cao et al. 2011a), temper-
ature (Cao et al. 2011a), total phosphorous (Wu et al. 2010),
and ammonia nitrogen (Li et al. 2011). In this study, no
significant correlations were observed between the AOA and
AOB community diversities and the levels of ammonia and
total phosphorous. However, the AOA diversity was founded
to be positively correlated with available phosphorus
(p<0.05). To the authors’ knowledge, this was the first report
on the links between the AOA and AOB community diversi-
ties and available phosphorus. Further work is necessary in
order to elucidate the links between the sediment depth and
the abundances and diversities of AOA and AOB communi-
ties in sediment ecosystems.

AOA and AOB community structures

In this study, the obtained AOA sequences could be affiliated
with those from various ecosystems, such as marine, river,
estuary, lake, intertidal and wetland sediments, agricultural
and grassland soils, stream biofilm, drinking and wastewater
treatment, drinking water, and river water. This suggested that
AOA species detected in different ecosystems could survive in

the high-altitude freshwater wetland. Wang and Gu (2013)
suggested that AOA might adapt to a variety of habitats and
the AOA species detected in one type of habitat might occur in
other types of habitats. Moreover, although most of the ob-
tained archaeal amoA gene sequences were not related to any
known AOA strains, a few AOA sequences recovered from
sampling sites A and D could be affiliated with two soil
Nitrososphaera strains (Kim et al. 2012; Tourna et al. 2011).
Members of Nitrososphaera have been only isolated from hot
spring (Hatzenpichler et al. 2008) and soil (Tourna et al.
2011). The Nitrososphaera-like sequences have been found
in mangrove sediment (Cao et al. 2011b), intertidal wetland
sediment (Zheng et al. 2013), and freshwater wetland sedi-
ment (Wang and Gu 2013). Therefore, Nitrososphaera might
exist in various wetland sediment ecosystems. In addition,
Zhao et al. (2013) reported marked differences for the AOA
community compositions with the increase of sediment depth
in Lake Taihu. AOA community compositions were also
affected by the change of sediment depth in the Luoshijiang
Wetland.

Nitrosospira favor low ammonia environments, while
Nitrosomonas favor polluted environments of high ammonia
(Wang and Gu 2013). Nitrosospira and Nitrosomonas are usu-
ally the predominant AOB in soil and sediment ecosystems,
respectively (Wang et al. 2014). In this study, only several
Nitrosomonas-like sequences were detected, suggesting their
minor role in nitrification in the high-altitude freshwater wet-
land. In contrast, Nitrosospira-like sequences predominated in
the wetland sediment AOB community, indicating their impor-
tant contribution to ammonia oxidation. These Nitrosospira-
like sequences were closely related to the AOB sequences
recovered from soil ecosystems. This suggested that
Nitrosospira could adapt to a wider range of habitats.
Previous studies have confirmed the high abundance or pre-
dominance of Nitrosospira-like sequences in estuary and ma-
rine sediments (Cao et al. 2011a), intertidal wetland sediments
(Zheng et al. 2013), sediments of freshwater wetland, and
coastal marine wetland (Wang and Gu 2013). In addition, al-
though Nitrosospira-like sequences dominated the high-altitude
freshwater wetland, their compositions were quite different.
They could be divided into two groups (clusters a1and a3).
Cluster a1 had much more members than cluster a3. The AOB
sequences in cluster a1 were recovered from seven sediment
samples, while those in clusters a3 only from three samples.
Moreover, a marked variation of AOB community structures
with the increase of sediment depth was observed in the
Luoshijiang Wetland. However, there was no significant varia-
tion of AOB community structures among the different sediment
depths in Lake Taihu (Zhao et al. 2013). Therefore, the depth-
related change of AOA and AOB community structures could
differ in different sediment ecosystems.

In conclusion, depth-related variations of AOA and AOB
community sizes and structures occurred in sediments of the
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LuoshijiangWetland. AOB usually had higher abundance and
diversity than AOA. A few Nitrososphaera-like AOA species
were observed. Nitrosospira-like AOB species predominated
in the wetland sediments.
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