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Abstract Ammonia oxidation is performed by both
ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB). Few studies compared the adaptability of
AOA and AOB for oxygenated/hypoxic alternant conditions
in water-level-fluctuating zones. Here, using qPCR and 454
high-throughput sequencing of functional amoA genes of
AOA and AOB, we examined the changes of abundances,
diversities, and community structures of AOA and AOB in
periodically flooded soils compared to the non-flooded soils
in Three Gorges Reservoir. The increased AOA operational
taxonomic unit (OTU) numbers and the higher ratios of abun-
dance (AOA:AOB) in the periodically flooded soils suggested
AOA have better adaptability for oxygenated/hypoxic
alternant conditions in the water-level-fluctuating zones in
the Three Gorges Reservoir and probably responsible for the
ammonia oxidation there. Canonical correspondence analysis
(CCA) showed that oxidation-reduction potential (ORP) had
the most significant effect on the community distribution of
AOA (p < 0.01). Pearson analysis also indicated that ORPwas
the most important factor influencing the abundances and di-
versities of ammonia-oxidizing microbes. ORP was

significantly negatively correlated with AOA OTU numbers
(p < 0.05), ratio of OTU numbers (AOA:AOB) (p < 0.01), and
ratio of amoA gene abundances (AOA:AOB) (p < 0.05). ORP
was also significantly positively correlated with AOB abun-
dance (p < 0.05).
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Introduction

Nitrification, a two-step process in the oxidation of ammonia
to nitrate, begins with the aerobic oxidation of ammonia to
nitrite (Gorman-Lewis et al. 2014). Betaproteobacteria and
Gammaproteobacteria were long thought to be the only two
clades to perform ammonia oxidation (Prosser and Nicol
2008). However, the theory of ammonia oxidation changed
significantly since the first ammonia-oxidizing archaea
(AOA) Nitrosopumilus maritimus was discovered (Konneke
et al. 2005). Since then, several other strains of AOA were
enriched or isolated from various ecosystems (de la Torre
et al. 2008; Hatzenpichler et al. 2008; Blainey et al. 2011;
Laura et al. 2011). So far, a series of environmental factors
such as ammonia concentration (Verhamme et al. 2011), oxy-
gen concentration (Molina et al. 2010), and pH (Gubry-
Rangin et al. 2011) seemed to influence the relative contribu-
tions of AOA and ammonia-oxidizing bacteria (AOB) and
lead to the niche segregation of the two kinds of ammonia-
oxidizing microbes.

Ammonia as an electron donor and oxygen as an electron
acceptor were necessary for AOA and AOB to perform am-
monia oxidation. However, the affinities of AOA and AOB
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for the two substrates were quite different. The half-saturation
constant (Km = 133 nM total ammonium) of Nitrosopumilus
maritimus SCM1 is much lower than that of Nitrosomonas
europaea (Km = 553 μM) (Martens-Habbena et al. 2009).
The other strains of AOA enriched from soils, such as
Candidatus Nitrososphaera sp. JG1 and Candidatus
Nitrosoarchaeum koreensis MY1, also have very low half-
saturation constant for ammonia (2.15 and 0.69 μM) (Jung
et al. 2011; Kim et al. 2012). That is the reason why AOA
has competitive advantages over AOB in the oligotrophic en-
vironments like open seas or in soils with relative low ammo-
nia concentrations (Beman et al. 2008; Verhamme et al. 2011).
As for oxygen, AOA also have competetive advantages over
AOB. TheKm values for oxygen ofNitrosopumilus maritimus
SCM1, Candidatus Nitrososphaera sp. JG1, and Candidatus
Nitrosoarchaeum koreensis MY1 were 3.90, 4.67, and
10.38 μM, separately (Martens-Habbena et al. 2009; Jung
et al. 2011; Kim et al. 2012). AOB have relative lower affin-
ities for oxygen. The Km value for oxygen of Nitrosomonas
oligotropha NL7 and Nitrosomonas europaea C-31 is 76.3
and 183.3 μM, respectively (Park and Noguera 2007; Park
et al. 2010). The fact that AOA could live better in hypoxic
environments was also demonstrated by a series of ecological
studies. Nitrosopumilus maritimus SCM1 that dominated the
transcriptome in 80-m depths suggested a substantial role for
archaeal nitrification in the upper OMZ (Stewart et al. 2012).
In the Arabian Sea, both thaumarchaeotal 16S rDNA and
amoA gene abundances and gene expression had peaks in
the upper OMZ transition zone (200 m) where oxygen con-
centrations were around 5 μM (Pitcher et al. 2011). In the
Black Sea, thaumarchaeotal amoA expression could explain
nearly 80 % of the nitrite variations in the lower oxic zone
(Lam et al. 2007). In soil ecosystem, the AOA amoA genes
and the ratio of AOA/AOB increased along with the soil depth
(Leininger et al. 2006).

The Three Gorges Reservoir was completely built in 2009
in southwestern part of China to produce electric power. The
area of the zone is 348.93 km2, and a total of 22 cities or
counties were included. It is being operated between a high
water level of 175 m and a low water level of 145 m. As a
result, the water-level-fluctuating zone of the reservoir has an
annual fluctuation up to 30 m and the soils in the zones are
half-year inundated and half-year exposed (Fang et al. 2011).
All the nitrogen transformation processes (including nitrifica-
tion, anammox, denitrification, DAMO) and the fluxes of ni-
trogen cycle in these zones might be quite specific since the
physicochemical properties (moisture, oxygen concentration,
ammonia, nitrite, nitrate, etc.) of the soil would change a lot
even during a single year. To date, no survey focusing on the
ammonia-oxidizing microorganisms in the water-level-
fluctuating zone in Three Gorges Reservoir has been per-
formed. So, the primary objectives of the present study are
as follows: (1) to investigate the abundances, diversities, and

communities of AOA and AOB in the water-level-fluctuating
zones in the Three Gorges Reservoir, finding the most impor-
tant environmental factors affecting the abundances, diversi-
ties, and communities of ammonia-oxidizing microbes; (2) to
explore whether AOA or AOB has better adaptability to live
in the water-level-fluctuating zones in the Three Gorges Res-
ervoir and is responsible for the ammonia oxidation there.

Materials and methods

Sampling sites description, soil collection,
and physicochemical properties analysis

The soil samples were collected from the water-level-
fluctuating zones in Three Gorges Reservoir. Sampling sites
from two counties (Kaixian and Yunyang) (Fig. 1) were locat-
ed in the main stream of Yangtze River, with Baijia creek from
Kaixian county and Yanglu lake from Yunyang county. Three
Gorges Reservoir has a high water level of 175 m from Octo-
ber to April and has a low water level of 145 m in the rest of
the year, so the water-lever-fluctuating zones about 30 m were
formed in these areas (Zhang et al. 2012). The four periodi-
cally flooded soil samples (PXH3 and PXH9 from Baijia
creek; PXH5 and PXH11 from Yanglu lake, Table 1) from
water-level-fluctuating zones were collected in April in the
year 2010 and 2011 immediately after the water level went
down to 145 m, and the soils were exposed to air. The four soil
samples (PXH3, PXH5, PXH9, and PXH11) were flooded by
the impoundment for more than 6 months with a water depth
about 30 m. The other four non-flooded soil samples (PXH2
and PXH8 from Baijia creek; PXH4 and PXH10 from Yanglu
lake, Table 1) over the 175-m water-level line were collected
as control. At each sampling site, five soil samples (5 cm
diameter and 5 cm depth) were collected within an area of
20 m2 and were mixed together. Each of the eight samples
was sectioned into two subsamples: one was stored at 4 °C
for the soil physicochemical analysis, and the other one was
frozen at −80 °C for the molecular analysis. The latitude and
longitude, pH, temperature, oxidation-reduction potential
(ORP), conductivity, and moisture content of all the eight
samples were measured in situ. Total nitrogen (TN), total
phosphorus (TP), organic matters (OM), and the inorganic
nitrogen contents (including ammonium (NH4

+-N), nitrite
(NO2

−-N) and nitrate (NO3
−-N)) were measured as previously

described (Zhang et al. 2012; Liu et al. 2013).

DNA extraction and clone library construction

DNA extraction was carried out as previously described (Hu
et al. 2013). The functional genes (amoA genes) of bacteria
and archaea were amplified using the amoA-1F/amoA2-R
(Rotthauwe et al. 1997) and CamoA-19f/CamoA-616r

8588 Appl Microbiol Biotechnol (2015) 99:8587–8596



(Pester et al. 2012) primer pairs, respectively. Four hundred
fifty-four high-throughput sequencing was used to ensure the
good coverage of clone libraries. To distinguish amoA
amplicons that originated from different samples, barcode ol-
igonucleotides were ligated to each end of the two primer
pairs. The protocols used to amplify the two functional genes
were previously described (Shen et al. 2008; Pester et al.
2012). For each sample, triplicate PCR products were obtain-
ed and mixed together. The length of the PCR products was
determined by electrophoresis in a 1.5 % agarose gel. The
PCR products were purified using the UNIQ-10 purification
kit (Sangon Biotech, Shanghai) before sequencing on the GS
FLX Titanium platform.

Bioinformatic analysis

Bioinformatic analysis was performed with the Mothur soft-
ware package (http://www.mothur.org.) (Schloss et al. 2009).
Firstly, the achieved sequences were screened for their
barcodes and primers and only sequences with exact
matches were reserved for further analysis. Secondly,
sequences were trimmed and archaeal amoA sequences with
length of more than 400 nt and bacterial amoA sequences with
length of more than 450 nt were included. Thirdly, the datasets
of AOA and AOB were subsampled to equalize differences in
sampling intensity. Then, both of the functional genes were

aligned against the AOA amoA and AOB amoA databases that
were established before (Hu et al. 2014a, b). Then, the results
of alignment were screened for the chimeras and the
sequences with chimeras were removed. After all the
procedures above, we used the high-quality sequences re-
served to calculate the operational taxonomic units (OTUs)
of AOA and AOB. The high-quality sequences were filtered
and calculated using the default setting for each parameter in
the Mothur package. The cutoff for both functional genes was
set at 15 %, as previously recommended (Pester et al. 2012).
Finally, the diversity indices such as ACE, Chao, Shannon,
and Simpson diversity and coverage were calculated.

Statistical analysis

BLASTN search was used to examine the representative se-
quences for all the OTUs of AOA and AOB. Sequences that
were not AOA and AOB amoA genes were deleted, along
with their OTUs. The ecological distributions of AOA and
AOB communities and their correlations with environmental
factors were determined using Canoco software 4.5 as previ-
ously introduced (Hu et al. 2014a, b). Principal components
analysis (PCA), canonical correspondence analysis (CCA),
and redundancy analysis (RDA) analysis were carried out
using all the OTUs of AOA and AOB as previously intro-
duced (Shen et al. 2013). Pearson correlation analysis

Fig. 1 Locations of sampling sites in this study
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(significance level α = 0.05) was used to examine the corre-
lations between the diversities and abundances of AOA and
AOB and environmental factors. The representative se-
quences of all the OTUs for both AOA and AOB and were
imported into MEGA 4.1 to construct alignment files in com-
bination with the sequences of known sequences of AOA and
AOB. The representative sequences of emerging OTUs of
AOA in the periodically flooded soils combined with some
environmental archaeal amoA sequences were also used to
construct alignment files. Phylogenetic trees were constructed
as previously described (Shen et al. 2014).

Real-time quantitative PCR (qPCR)

The two primer sets mentioned above were used to determine
the copy numbers of AOA and AOB amoA genes in the soil
samples. qPCR was performed as previously described (Hu
et al. 2014a, b).

Deposited 454 read accession numbers

Sequences were submitted to the Sequence Read Archive
(SRA) at NCBI under the accession numbers SRR1046086
and SRR1047950.

Results

Physicochemical properties of the soil samples

The physicochemical properties of the collected soil samples,
including pH, temperature (T), oxidation-reduction potential
(ORP), conductivity, moisture content, organic matter content
(OM), ammonium content, nitrite content, nitrate content, to-
tal nitrogen content (TN), and total phosphorus content (TP)
are presented in Table 1. All of the soils had nearly neutral pH
values (i.e., 6.60–7.23). The ORP of non-flooded soils such as
PXH2 and PXH4 from Baijia creek and PXH8 and PXH10
from Yanglu lake were positive. On the contrary, periodically
flooded soils from the rest of the four sampling sites had
negative ORP. The conductivity, moisture content, TN, OM,
and ammonium content of periodically flooded soils were
always higher than the non-flooded soils. The temperature
and nitrate content of periodically flooded soils were relative
lower than that of the non-flooded soils. The TP went down
after the soils were inundated except for the group of PXH10
and PXH11. All the soil samples had low nitrite content as
expected.

Abundance of AOA and AOB

In this study, the functional genes (i.e., amoA gene) of AOA
and AOB from the 8 soil samples were quantified. TheT
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number of AOA amoA genes of these sites ranged from
8.56 × 107 to 1.12 × 108 in the non-flooded soils and from
3.12 × 107 to 9.67 × 107 in the periodically flooded soils. The
AOA amoA gene copy mumbers were always lower in the
periodically flooded soils compared with the corresponding
non-flooded soils. The number of AOB amoA genes ranged
from 9.98 × 106 to 7.70 × 107 in the non-flooded soils and
ranged from 5.50 × 105 to 2.37 × 106 in the periodically
flooded soils (Fig. 2). Similar to AOA, the AOB amoA gene
copy mumbers were always lower in the periodically flooded
soils compared with the corresponding non-flooded soils.
AOA dominated numerically in all of the 8 soils, with the
ratios of AOA:AOB varying from 2.4 to 8.6 in the non-
flooded soils and from 14.1 to 56.7 in the periodically flooded
soils.

Diversities, phylogenetic analyses, and community
structures of AOA and AOB

After all the quality control procedures, normalized and high-
quality sequences of AOA and AOB were used for the diver-
sity analysis. For AOA, a total of 7942 high-quality sequences
were obtained for the 8 soil samples, with an average of 993
sequences per soil samples (Table S1). Using the 15 % cutoff
that was recommended in a previous study (Pester et al. 2012),
a total of 90 OTUs were obtained for the archaeal amoA gene.
The AOA OTU numbers of each soil sample ranged from 25
to 54, with PXH8 displayed the lowest diversity (25 OTUs)
and PXH11 displayed the highest diversity (54 OTUs). The
AOAOTU numbers obtained in the periodically flooded soils
(PXH3, PXH5, PXH9, PXH11) were always higher than the

OTU numbers obtained from the corresponding non-flooded
soils (PXH2, PXH4, PXH8, PXH10) (Fig. 3, Table S1). The
coverage of the archaeal amoA clone libraries ranged from
98.3 to 99.4 % (Table S1). According to the previously report-
ed classification of archaeal amoA genes (Pester et al. 2012),
the representative sequences of the 90 OTUs were grouped
into 4 different clusters as shown in Fig. 4a. Among all the 90
OTUs, Nitrosopumilus and Nitrosotalea clusters contained
only one OTU. OTU 57 belonging to Nitrosotalea cluster
was retrieved from periodically flooded soil sample PXH3.
OTU 80 assigned to Nitrosopumilus cluster was retrieved
from non-flooded soil sample PXH2. There was no OTU af-
filiated with thermal AOA cluster. The rest of the 88 OTUs
were all affiliated with Nitrososphaera and Nitrososphaera
sister cluster. Among the 7942 sequences, 7935 sequences
were affiliated with Nitrososphaera and Nitrososphaera sister
cluster, accounted for 99.91 % of all the sequences obtained.
All the 8 soil samples were composed dominantly by se-
quences belonging to Nitrososphaera and Nitrososphaera sis-
ter cluster.

As for AOB, after all the quality control procedures same
as for AOA, a total of 16,037 sequences were retrieved from
all the 8 soil samples. For each sample, 2005 sequences were
obtained on the average (Table S2). Using the 15% cutoff that
was recommended in a previous study (Purkhold et al. 2000),
16,037 sequences were assigned to 71 OTUs. The AOB
OTUs of each sample ranged from 13 to 32, with PXH8 from
non-flooded soil showed the highest diversity (32 OTUs) and
PXH5 from periodically flooded soil displayed the lowest
diversity (13 OTUs) (Fig. 3). The diversity of AOA was
higher than that of AOB in each sampling sites, except in

Fig. 2 Quantitative analysis of
AOA and AOB in the 8 soil
samples from water-level-
fluctuating zones in Three Gorges
Reservoir
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PXH8. Opposite to AOA, The AOB OTU numbers obtained
in the periodically flooded soils (PXH5, PXH9, PXH11) were
always lower than the OTU numbers obtained from the cor-
responding non-flooded soils (PXH4, PXH8, PXH10), except
in PXH2 and PXH3. The diversity of PXH3 from periodically
flooded soil was a little higher than PXH2 (Fig. 3, Table S2).
The coverage of the bacterial amoA clone libraries ranged
from 99.2 to 99.9 % (Table S2). The representative sequences
of the 71 OTUs were grouped into two clusters, with 3 OTUs
clustered into the Nitrosomonas cluster and the remaining 68
OTUs clustered into the Nitrosospira cluster (Fig. 4b). Only
11 sequences were affiliated with the Nitrosomonas cluster.
All the 8 AOB community structures were primarily com-
posed of Nitrosospira-related sequences.

The newly emerging AOA species in the periodically
flooded soils

The diversity of AOA in the periodically flooded soils (PXH3,
PXH5, PXH9, PXH11) was higher than that in the corre-
sponding non-flooded soils (PXH2, PXH4, PXH8, PXH10)
(Fig. 3, Table S1). A total of 23 OTUs (based on 15 % cutoff)
were newly emerged in the periodically flooded soils com-
pared to the non-flooded soils. The 23 OTUs contained 142
sequences and were clustered into three clusters (Figure S3).
Nitrososphaera cluster contained 8 OTUs and 69 sequences,
Nitrososphaera sister cluster contained 14 OTUs and 67 se-
quences and Nitrosopumilus cluster contained only 1 OTU
and 6 sequences. The environmental sequences that showed

Fig. 3 OTU numbers of AOA
and AOB in the 8 soil samples
from water-level-fluctuating
zones in Three Gorges Reservoir

 64 OTUs|7485 seqs

 5 OTUs|68 seqs

 Nitrososphaera gargensis (EU281319.1)

 (OTU68|3 seqs)

 (OTU48|9 seqs)

 Nitrososphaera sp.JG1(JF748723.1)

 Nitrososphaera sp.EN76 (FR773159.1)

 (OTU64|4 seqs)

 16 OTUs|366 seqs

Nitrososphaera and Nitrososphaera sister cluster

Thermal AOA Candidatus Nitrosocaldus yellowstonii(EU239961.1)

 (OTU80|1 seq)

 Nitrosotalea devanaterra(JN227489.1)
Nitrosotalea cluster

 Cenarchaeum symbiosum A(NC_014820.1)

 (OTU57|6 seqs)

 Nitrosopumilus maritimus SCM1(EU239959.1)

 Nitrosoarchaeum koreensis(HQ331117.1)

 Nitrosoarchaeum limnia SFB1 (NZ_CM001158.1)
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 (OTU13|59 seqs)

 Nitrosospira briensis(AY123821.1)

 (OTU19|38 seqs)

 (OTU64|1 seqs)

 (OTU52|1 seqs)

 (OTU21|34)

 (OTU20|37)

 (OTU4|721)

 (OTU63|1)

 (OTU7|205)

 (OTU10|162)

 (OTU9|162)

 Nitrosospira multiformis(AY177933.1)

Nitrosospira cluster(16026 seqs)

 (OTU46|3 seqs)

 Nitrosomonas eutropha(AY177932.1)

 (OTU36|5 seqs)

 (OTU43|3 seqs)

Nitrosomonas cluster(11 seqs)

 Nitrosococcus oceani(AB473817.1 )

 Nitrosococcus oceanus(U96611.1)
Nitrosococcus cluster

0.1

a b

Fig. 4 Neighbor-joining phylogenetic tree showing the phylogenetic
affiliations of the representative sequences of each AOA (a) and AOB
(b) OTU recovered from water-level-fluctuating zones in Three Gorges

Reservoir. The numbers at the nodes are percentages that indicate the
levels of bootstrap support from 1000 replicates. The scale bar
represents 0.1 nucleic acid substitutions per nucleotide position
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the highest similarities with the representative sequences of
the 23 OTUs were also included in the phylogenetic analysis.
The most similar environmental sequences were retrieved
from hot springs, estuary sediments, intertidal sediments, lake
or river sediments, reservoir sediments, wetland sediments,
deep-sea sediments, and calcareous fluvo-aquic soils. In order
to determine which AOA species the 23 OTUs belonged to,
the similarities were compared between the representative se-
quences of the 23 OTUs and some of the known AOA strains
from different clusters (Table S3). The similarities between
OTU30, OTU41, OTU47, OTU64, OTU65, OTU70, and
Nitrososphaera gargensis were 90.8, 85.8, 86.0, 86.2, 88.2,
and 90.2 %, separately. All the similarities were more than
85 %. As previously recommended that amoA sequences with
less than 85 % nucleic acid sequence identity are likely to
represent two different AOA species (Pester et al. 2012), the
6 OTUs were belonged to the species of Nitrososphaera
gargensis. The rest of the 17 OTUs might be new AOA spe-
cies since their similarities with the known AOA strains were
all below 85 %.

Environmental factors that influence the diversities
and communities of AOA and AOB

To assess the potential relationship between the community
structure of ammonia-oxidizing microorganisms and environ-
mental factors in soil samples from water-level-fluctuating
zones in Three Gorges Reservoir, a CCA test was performed
for AOA and a RDA test was performed for AOB using the
Canoco software based on the AOA and AOB community
structures and environmental factors (Fig. 5). Of all the 11

investigated environmental factors, ORP had the most signif-
icant effect on the community distribution of AOA
(p = 0.009). None of the environmental factors was found to
significantly influence the community distribution of AOB. In
the CCA analysis of AOA, the two axes totally explained
69.8 % of all the data. In the RDA analysis of AOB, totally
91.7 % of all the data was explained by the two axes.

Linear relationships between different environmental fac-
tors and amoA gene abundance, OTU numbers, and AOA and
AOB diversity indices were characterized using the Pearson
correlation coefficient, as shown in Table S4. Soil pH was
found to be significantly positively correlated with AOA
OTU numbers (p < 0.01) and Shannon index of AOA
(p < 0.05), negatively correlated with Simpson index of
AOA (p < 0.05). ORP was significantly negatively correlated
with AOA OTU numbers (p < 0.05), ratio of OTU numbers
(AOA:AOB) (p < 0.01), and ratio of amoA gene abundances
(AOA:AOB) (p < 0.05). ORPwas also significantly positively
correlated with AOB abundance (p < 0.05).

Discussion

The water-level-fluctuating zones in Three Gorges Reservoir
were quite special environments where the soils in the zones
were half-year inundated and half-year exposed. Compared to
the non-flooded soils, the soils in the water-level-fluctuating
zones went through oxygenated/hypoxic alternant conditions
and had lower oxidation-reduction potential (Table 1). As pre-
viously reported, the ORP was positively related with the log-
arithm of the oxygen concentration (Prosser and Nicol 2012).
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Fig. 5 a CCA ordination plots for the first dimensions, showing the relationships between AOA and environmental factors. b RDA ordination plots for
the first dimensions, showing the relationships between AOB and environmental factors
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What more, the non-flooded soils were exposed to air and the
oxygen concentration in the soils were nearly saturated. How-
ever, the periodically flooded soils were in the depth of 30 m
when reservoir started to impound water and it was difficult
for oxygen to permeate to the flooded soils. As previously
reported, the dissolved oxygen was decreasing steadily from
the surface to below the detection level at 20–25 m (Parsons
et al. 2014). So, it was reasonable that the oxygen concentra-
tions in the periodically flooded soils were relatively lower
than in the non-flooded soils when the water-level-
fluctuating zones were underwater.

The oxygenated/hypoxic alternant conditions in the water-
level-fluctuating zones did affect the abundances and commu-
nities of ammonia-oxidizing microbes. Both the results of
qPCR and diversity analysis in this study demonstrated that
AOA might be more adaptable in the hypoxic environments
compared to AOB. AOA would survive better than AOB in
the water-level-fluctuating zones. This was in accordance with
the previous study that wet tropical soil AOA are tolerant of
extended periods of anoxia (Pett-Ridge et al. 2013).

Among all the environmental factors, the oxidation-
reduction potential (ORP) was found to be significantly
positively correlated with the AOB abundance (p < 0.05)
(Table S4). The AOB abundance in the periodically flooded
soils was at least an order of magnitude lower than that in
the non-flooded soils (Fig. 2). This could be explained by
the relatively low affinity of AOB for oxygen which has
been certified by the previous study (Park and Noguera
2007). In the periodically flooded soils where the oxygen
concentration were low, some species of AOB could not
live under the hypoxic conditions and disappeared after
the soils were flooded for more than 6 months. However,
the growth of AOB in the periodically flooded soils could
not be excluded anyway. Nitrosomonas europaea was found
to be capable of nitrite denitrification in anoxic conditions,
and this had been recognized as a process of high impor-
tance for anaerobic growth (Bock 1995), but most of the
AOB sequences obtained in this study were assigned to
Nitrosospira cluster. The oxidation-reduction potential
(ORP) was also found to be significantly negatively corre-
lated with the ratio of the amoA gene abundance
(AOA:AOB) (p < 0.05) (Table S4). Although AOA abun-
dance was decreased along with decreased ORP, the decre-
ment of AOA abundance was lower than that of AOB,
leading to the higher ratio of amoA gene abundance
(AOA:AOB) in the periodically flooded soils where the
oxidation-reduction potential was lower. The fact that the
ratio of amoA gene abundance (AOA:AOB) increased in
the periodically flooded soils indicated that AOA was more
tolerant or adaptable to the hypoxic environments compared
to AOB. This could be explained by the higher affinity of
AOA for oxygen compared to AOB. The Km value of
Nitrosopumilus maritimus SCM1 for oxygen was

3.90 μM, which was 47 times lower than the Km value of
Nitrosomonas europaea C-31 (Martens-Habbena et al.
2009; Park et al. 2010). Other than the kinetic tests for
oxygen using some isolated or enriched AOA or AOB
strains (Park and Noguera 2007; Martens-Habbena et al.
2009; Kim et al. 2012), the fact that AOA was more toler-
ant or adaptable to the hypoxic environments than AOB has
also been discovered in some previous ecological studies. In
the depth of 0–30 cm of agricultural soils, the ratio of
AOA:AOB was below 1000, while in the 30–40 cm where
the condition became hypoxic, the ratio went up to more
than 3000 (Leininger et al. 2006). In two oxygen-deficient
ecosystems of the eastern south pacific: the oxygen mini-
mum zone off Peru and northern Chile, AOA are an abun-
dant community (up to 105 amoA copies ml−1), while bac-
terial amoA genes were undetected (Molina et al. 2010). In
the two oxygen minimum zones (OMZ) in Arabian Sea and
the ETSP, the abundance of archaeal amoA gene in the core
of the OMZ was higher than that in the surface waters
(Peng et al. 2013).

As for the diversity, ORP was found to be significantly
negatively correlated with AOA OTU numbers (p < 0.05)
and ratio of OTU numbers (AOA:AOB) (p < 0.01). AOA
OTU numbers increased in the periodically flooded soils
compared to that in the non-flooded soils, while AOB
OTU numbers decreased after the soils were flooded for
almost 6 months (Fig. 3, Table S1). Similar to the results
of qPCR, the change of diversity in AOA and AOB also
suggested that AOA was more adaptable than AOB in the
hypoxic conditions. The diversity of AOA increased in the
hypoxic conditions has been proved in serious studies. In the
ESP-permanent OMZ, the AOA OTU numbers were lower
than 4 in the well-oxygenated zones where the oxygen con-
centrations were more than 164 μM; on the contrary, the
AOA OTU numbers could reach to 10 in the oxygen-
deficient zones where the oxygen concentrations were below
10 μM (Molina et al. 2010). In the Gulf of California, the
AOA OTU numbers increased from 2 in the oxygen-
deficient zones (oxygen concentrations about 10 μM) to
12 in the well-oxygen zones (oxygen concentrations about
150 μM) (Beman et al. 2008). The similar results were also
found in the Monterey Bay and the North Pacific Subtrop-
ical Gyre, where the oxygen-deficient zones (oxygen con-
centrations about 32 μM) presented higher diversity than the
well-oxygen zones (Mincer et al. 2007).

In the periodically flooded soils, 23 newly emerged AOA
species were detected. They showed high similarities
(≥98.0 %) to the sequences achieved from anoxic conditions,
such as hot springs (GQ226117.1) (Jiang et al. 2010), wetland
sediments (KJ645341.1) (Yang et al. 2014) and deep-sea sed-
iments (GU270254.1) (Dang et al. 2010). Based on the thresh-
old before (Pester et al. 2012), 6 of the 23 OTUs might be the
Nitrososphaera gargensis species which was enriched in the
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thermal spring with low oxygen concentration (Hatzenpichler
et al. 2008).

The increased AOA OTU numbers and the higher ratios of
abundance (AOA:AOB) in the periodically flooded soils
where the oxygen concentration were lower suggested AOA
have better adaptability in oxygenated/hypoxic alternant con-
ditions in the water-level-fluctuating zones in the Three
Gorges Reservoir and probably responsible for the ammonia
oxidation there. Both the AOA and AOB amoA gene copy
numbers decreased in the periodically flooded soils compared
to the non-flooded soils which might weaken the ammonia
oxidation process in the water-level-fluctuating zones.
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