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Abstract
Ammonia oxidation is mainly performed by ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB).
Allylthiourea (ATU) has been found to specifically inhibit ammonia oxidation. However, the effect of ATU on AOA and
AOB transcription has been infrequently studied. In the present study, we examined the responses of AOA and AOB activity
and DNA/cDNA community structure to ATU exposure. The ammonia oxidation activity in the 100-mg/L ATU group was 4.3%
of that in the control group after 7 days. When exposed to ATU, the gene abundance of AOAwas favored compared with that of
AOB, and there were no statistically significant differences in the abundance of AOB amoA in DNA and cDNA between the two
groups. Compared with the control group, the gene abundance of AOA significantly increased by 5.23 times, while the tran-
scription of AOA significantly decreased by 0.70 times. Moreover, the transcriptional ratio of AOA in the ATU group was only
0.05 times as high as that in the control group. ATU selectively affected AOB and completely inhibited Nitrosomonas europaea
and Bacterium amoA.22.HaldeII.kultur at the genetic level. Under ATU exposure, all AOA clusters were transcribed, but three
AOB clusters were not transcribed. Our results indicated that the ammonia oxidation potential of the soil of water level fluctuation
areas, based on ATU inhibition, was associated mainly with AOA amoA gene abundance and AOB community shifts in DNA
and cDNA.
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Introduction

The ammonia oxidation process is the first and rate-limiting
step of nitrification, which is an important part of the global
nitrogen cycle (Shen et al. 2012). Ammonia oxidation is main-
ly performed by two kinds of microorganisms, ammonia-
oxidizing archaea (AOA) and ammonia-oxidizing bacteria
(AOB) (You et al. 2009). These two groups of microorgan-
isms are abundant in the environment and play a vital role in

the removal of ammonia. In recent years, it has been found
that the abundance of AOA is much higher than that of AOB
in oceans (Wuchter et al. 2006; De Corte et al. 2009), soils
(Leininger et al. 2006), and estuaries (Caffrey et al. 2007) and
that AOA might play an important role in nitrification.

The water level fluctuation zone is a special wetland eco-
system. It is the transitional region between terrestrial and
aquatic ecosystems. Because of periodic fluctuations in water
level, soil in the water level fluctuation zone experiences al-
ternating oxygenation and hypoxia. Microorganisms are the
main drivers of nitrogen transformation in the soil of the water
level fluctuation zone. The alternation of oxygenation and
hypoxia in the water level fluctuation zone will affect the
abundance and community of ammonia-oxidizing microor-
ganisms (Pett-Ridge et al. 2013; Liu et al. 2015). Therefore,
it is important to study ammonia-oxidizing microorganisms in
the soil of the water level fluctuation zone. Many articles have
researched AOA and AOB in environments such as oceans
(Newell et al. 2011; Beman et al. 2012), soils (He et al. 2007;
Zhang et al. 2012; Jung et al. 2014), sediments (Beman and
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Francis 2006; Yang et al. 2016), and wetlands (Molina et al.
2018). Nevertheless, there are few studies on AOA and AOB
in the water level fluctuation zone.

Soil in the water level fluctuation zone is very suitable for
cultivation and farming. The Three Gorges water level fluctu-
ation zone is covered by plants such as maize (Zhang et al.
2016; Liu et al. 2017). From the perspective of agriculture,
maintaining ammonium nitrogen is beneficial to plant growth,
while nitrification might lead to a large loss of ammonia
(Abbasi and Adams 1998). Nitrification inhibitors can selec-
tively inhibit the activity of nitrifying microorganisms and
effectively slow down the transformation from ammonia to
nitrate. Therefore, nitrification inhibitors are commonly used
in agricultural soil (Moir et al. 2007; Clough et al. 2007).
Allylthiourea (ATU) is a widely used nitrification inhibitor
that selectively inhibits the oxidation of ammonia (Shen
et al. 2012). Ammonia monooxygenase (AMO), the key en-
zyme for ammonia oxidation by AOA and AOB, contains
copper. ATU is a copper-chelating agent that can consume
copper ions from AMO and thus inhibit ammonia oxidation
(Shen et al. 2013). There are many molecular and cellular
differences between AOA and AOB, which might lead to
different responses of AOA and AOB to ATU. Many studies
have reported the effects of ATU on AOA and AOB activities
(Taylor et al. 2010; Jung et al. 2011; Yu et al. 2014; Srithep
et al. 2018). In recent years, with the development of sequenc-
ing technology, researchers have studied the influence of ATU
on the community structure of AOA and AOB by high-
throughput sequencing. Wang et al. (2017) reported that the
AOB-related genera Nitrosomonas and Nitrosococcus were
the genera most affected by ATU according to high-
throughput pyrosequencing analysis.

The effects of ATU on AOA and AOB have been studied
mostly based on the quantification of AOA and AOB amoA
genes (Lehtovirta-Morley et al. 2013; Wang and Gu 2014).
However, there is no obvious causal relationship between the
gene abundance of AOA and AOB and the activity of ammo-
nia oxidation (Prosser and Nicol 2008). Theoretically, the
functional gene amoA could represent the potential for micro-
bial ammonia oxidation. However, the presence of functional
genes does not indicate whether nitrification occurs because
these genes might not be transcribed or their mRNA/enzymes
might be inactivated. Furthermore, previous research has sug-
gested that amoA gene transcription has a quicker re-
sponse (1–2 h) to the recovery of ammonia oxidation
activity compared with its copy numbers in DNA (Aoi
et al. 2004). The transcription of DNA can reflect the
activities of microorganisms more directly than the
DNA itself, so RNA-based studies could solve this
problem more effectively. At present, researchers mainly
study the effects of ATU on AOA and AOB at the genetic
level but rarely study the response of AOA and AOB to
ATU at the transcriptional level.

Many studies have reported the effects of ATU on enzymes
and genes of AOA and AOB, but the effects on transcription
have been less studied. It has been reported that the gene
abundance of AOA and AOB is altered during ATU exposure
(Lehtovirta-Morley et al. 2013; Wang and Gu 2014). ATU
inhibits ammonia oxidation activity, while AOA and AOB
amoA genes have been detected in DNA. In this case, the
transcriptional activity of AOA and AOB has rarely been
discussed. There are few studies on the responses and mech-
anisms of AOA and AOB to ATU at the transcriptional level.
This study intended to explore the transcriptional activity of
AOA and AOB when ATU inhibited ammonia oxidation
activity, that is, when AMO was inactivated, to study
the responses and mechanisms of AOA and AOB tran-
scription to ATU exposure. In the present study, we
investigated the responses of AOA and AOB activity
and community structure to ATU exposure in the soil
of the Three Gorges water level fluctuation zone at the
genetic and transcriptional levels. We explored the re-
sponse of ammonia-oxidizing microorganisms to ATU expo-
sure by quantitative polymerase chain reaction (qPCR) and
high-throughput sequencing of the AOA and AOB amoA
genes in DNA and cDNA.

Methods

Culture experiment

The original soil (OS) was soil from the Three Gorges water
level fluctuation zone. An experimental group and control
group were set up. In the two groups, 20-g soil samples and
100-mL culture medium were put into 200-mL conical flasks.
The culture medium contained 0.4-gMgCl2·6H2O, 0.5-g KCl,
0.2-g KH2PO4, 1.0-g NaCl, and 0.1-g CaCl2·2H2O. Potassium
chlorate (10 mM) was added to each group to inhibit the
oxidation of nitrite (Jung et al. 2014). The experimental group,
named ATU, was treated with 100-mg/L ATU, and the un-
treated group was the control group (CON). All experiments
were run in triplicate.

The culture experiment was carried out on the shaking
table. Conical flasks were put on the shaking table and pre-
cultured for 24 h at 30 °C and 150 rpm. Then, 1.0-mM am-
monium chloride was added to each group at time zero of the
culture experiment. The culture experiment was carried out for
7 days. Water was sampled during the course of the experi-
ment (days 0, 1, 3, 5, and 7), whereas soil was taken only at the
end of the experiment. The ammonia and nitrate concentra-
tions of the water samples were measured by a spectropho-
tometer. The nitrite nitrogen concentrations of the water sam-
ples were measured by a spectrophotometer, and the detection
limit was 0.003 mg/L. A schematic representation of the ex-
periment is shown in Fig. S1.
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Extracting DNA and RNA

DNA and RNAwere extracted with an E.Z.N.A.® Soil DNA
kit and RNA kit (Omega, USA), respectively, according to the
manufacturers’ instructions. Extracted DNA and RNA were
stored at − 20 °C and − 80 °C, respectively, until further use.
The concentrations and purity of DNA and RNA were mea-
sured by a NanoDrop 2000. A PrimeScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time) kit (TaKaRa) was used
for reverse transcription of RNA.

Quantitative real-time PCR

Quantitative PCR was performed on the amoA of archaea and
bacteria. The specific primers for amoA functional genes in
AOA and AOB (amoA-26F/amoA-417R and amoA-1F/
amoA-2R, respectively) were used to quantify the abundances
of AOA and AOB in the samples (Rotthauwe et al. 1997; Park
et al. 2008). Plasmid standard samples containing the AOA
amoA (amoA-26F/amoA-417R) or AOB amoA (amoA-1F/
amoA-2R) gene were diluted with ddH2O to yield a series of
tenfold concentrations and subsequently used as standards for
qPCR standard curves. The R2 value for each standard curve
exceeded 0.99, indicating linear relationships over the concen-
tration ranges used in this study. The efficiencies of AOA and
AOB amoAwere 0.995 and 0.998, respectively. The absolute
quantification of the samples was performed by aMyiQ2 real-
time PCR Detection System (Bio-Rad, USA). A 20-μL reac-
tion system was used: 10.0-μL FastStart Universal SYBR
Green Master (2 ×) (ROX, Roche), 0.5-μL forward primer
(10 μM), 0.5-μL reverse primer (10 μM), 1.0-μL DNA tem-
plate (standard/sample), and 8.0-μL sterile water. qPCR was
performed in a three-step thermal cycling procedure, and the
protocol and parameters for each target gene are presented in
Table S1 (Supporting Information). Each qPCR amplification
was performed in 40 cycles.

High-throughput sequencing

PCR amplification of the amoA functional genes of AOA and
AOB was performed for DNA and cDNA. The specific
primers for the amoA functional genes of AOA andAOBwere
the same as the primers used in quantitative real-time PCR. A
25-μL PCR system was prepared: 5 × reaction buffer 5 μL,
5 × GC buffer 5 μL, dNTP (2.5 mM) 2 μL, forward primer
(10 μM) 1 μL, reverse primer (10 μM) 1 μL, DNA
template 2 μL, ddH2O 8.75 μL, and Q5 DNA polymerase
0.25 μL. The following protocol was performed: an initial
denaturation cycle (98 °C for 2 min), 25 cycles of denaturation
(98 °C for 15 s), annealing (55 °C for 30 s), extension (72 °C
for 30 s), and a final extension cycle (72 °C for 5 min). High-
throughput sequencing was performed with the Illumina
MiSeq platform at Shanghai Personal Biotechnology. The

raw data in this study have been deposited in the GenBank
Sequence Read Archive database with accession number
SRP187919.

We used Quantitative Insights into Microbial Ecology
(QIIME) software to identify unknown sequences (Caporaso
et al. 2010). The obtained sequences were merged and classi-
fied into operational taxonomic units (OTUs) according to
97% sequence similarity by the sequence alignment tool
UCLUST (Edgar et al. 2011). By comparing the representa-
tive OTU sequences with template sequences in the NCBI
database, taxonomic information for the OTUs was obtained.
OTUs whose relative abundances were less than 0.001%were
removed (Bokulich et al. 2013). Bioinformatics information is
provided in Table S2. The rarefaction curves of AOA and
AOB indicated that the sequencing depth was sufficient, as
shown in Fig. S2.

Statistical analysis

The co-occurrence networks were analyzed according to the
relative OTU abundances of samples. There were two types of
nodes in the network diagram: OTU nodes and sample nodes.
If an OTU appeared in a sample, there would be an edge
between the OTU node and the sample node. Gephi was used
for network visualization.

Results

Ammonia oxidation activity

The variations in nitrogen concentration are shown in Fig. 1.
Ammonia oxidation led to an accumulation of nitrite; thus, the
addition of 10-mM potassium chlorate inhibited nitrite oxida-
tion, and the concentration of nitrate did not increase (Fig. 1b).
Therefore, the concentration of nitrite in the system reflected
the activity of ammonia oxidation. When exposed to 100-mg/
L ATU, the concentration of nitrite had no obvious changes
from 0 to 7 days (Fig. 1a). The ammonia oxidation activity in
the ATU group on days 1, 3, 5, and 7 was 1.4%, 2.6%, 2.5%,
and 4.3%, respectively, of that in the control group. Under
100-mg/L ATU exposure, over 95.7% of the ammonia oxida-
tion activity was inhibited.

Gene abundance of AOA and AOB

The amoA gene abundances of AOA and AOB in DNA and
cDNA are shown in Fig. 2a. For DNA, the abundances of
AOA amoA and AOB amoA in the ATU group were 6.23
times and 1.40 times as high as those in the control group,
respectively. For cDNA, the abundances of AOA amoA and
AOB amoA in the ATU group were 0.30 times and 0.93 times
as high as those in the control group, respectively. The ATU
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group had more AOA and AOB amoA in DNA but less in
cDNA compared with the control group. The T test results
showed that there were significant differences in the abun-
dance of AOA amoA in DNA (P < 0.05) and cDNA (P <
0.01) between the two groups.

The AOA/AOB ratios inDNA and cDNAwere in the range
of 101–102 and 10−1–100, respectively (Fig. 2b). The AOA/
AOB ratios in DNA and cDNA in the ATU group were 4.45
times and 0.33 times as high as those in the control group,
respectively. The ATU group had a higher AOA/AOB ratio in
DNA but lower AOA/AOB ratio in cDNA compared with the
control group. The cDNA/DNA ratios of AOA and AOB
amoA genes were calculated as indicators of the potential
transcriptional activity of the targeted microbial groups. The
cDNA/DNA ratios in AOA and AOB were in the range of
10−4–10−1 and 10−1–100, respectively (Fig. 2b). The cDNA/
DNA ratios in AOA and AOB in the ATU group were 0.05
times and 0.66 times as high as those in the control group,
respectively. The ATU group had lower cDNA/DNA ratios in
AOA and AOB compared with the control group.

Community structure of AOA and AOB

Influence of ATU on the community structure of AOA
and AOB

The OTU sequences were compared with the NCBI database,
and the OTUs of AOA and AOB were divided into 7 clusters
and 12 clusters, respectively (Fig. 3). The initial communities
of AOA and AOB are shown in Table S3. The phylogenetic
trees for the clusters of AOA and AOB are shown in Fig. S3,
indicating the taxonomic relationship among the clusters. As
shown in Fig. 3a, exposure to ATU had no significant effect on
the relative abundance of AOA clusters in DNA. AOAmainly
consisted of Candidatus Nitrososphaera gargensis, and its
relative abundance was more than 90%. Compared with the

control group, the relative abundance of Candidatus
Nitrososphaera gargensis remained almost unchanged when
exposed to ATU (the control group was 90.7%; the ATU
group was 90.1%). The relative abundance of Candidatus
Nitrosocosmicus franklandus in the ATU group (5.1%) was
higher than that in the control group (3.4%). Candidatus
Nitrosocosmicus oleophilus had a lower relative abundance
in the ATU group (3.9%) than in the control group (4.7%).
For the AOA clusters, all clusters were detected in the control
group and the ATU group. After exposure to ATU for 7 days,
the community structure of AOAwas relatively stable.

Figure 3b shows that ATU exposure altered the relative
abundance of AOB clusters in DNA. The AOB were mainly
composed ofNitrosomonas marina and Bacterium amoA.18.V-
frei.kultur, and the total relative abundance of these two species
was 96.1% ~ 99.4%. Nitrosomonas marina had a higher rela-
tive abundance in the ATU group (47.7%) than in the control
group (39.0%), and the relative abundance of Bacterium
amoA.18.V-frei.kultur in the ATU group (51.7%) was lower
than that in the control group (57.8%). The relative abundances
of Nitrosomonas sp. A2, Nitrosomonas sp. A7, Nitrosomonas
sp. N2005, and Bacterium amoA.30.Sali.kultur in the ATU
group were 0.5%, 0.2%, 0.2%, and 0.5%, respectively, whereas
their relative abundances were below 0.01% in the control
group. In the AOB clusters, Nitrosomonas europaea (9.67E-
4) and Bacterium amoA.22.HaldeII.kultur (2.8E-5) were found
in the control group, but their relative abundances were both
zero in the ATU group. After exposure to ATU for 7 days, the
community structure of AOB changed.

Community structure of cDNA and DNA when exposed
to ATU

Comparing the relative abundance of AOA clusters in cDNA
andDNAwhen exposed to ATU, it was found thatCandidatus
Nitrosocosmicus franklandus, Candidatus Nitrosocosmicus

Fig. 1 Variations in nitrogen concentration. a Nitrite-N concentration variations. b Variations in ammonia and nitrate concentrations. CON the control
group, ATU the allylthiourea group
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oleophilus, and Nitrososphaera sp. JG1 showed higher rela-
tive abundances at the transcriptional level, while Candidatus
Nitrososphaera gargensis and Candidatus Nitrosocosmicus
sp. G61 showed higher relative abundances at the genetic
level (Fig. 3a). Candidatus Nitrososphaera gargensis was
the main cluster of AOA, and its relative abundance in
cDNA.ATU (72.4%) was lower than that in DNA.ATU
(90.1%). The re lat ive abundance of Candidatus
Nitrosocosmicus franklandus in cDNA.ATU (22.0%) was sig-
nificantly higher than that in DNA.ATU (5.1%). Candidatus
Nitrosocosmicus oleophilus had a higher relative abundance
in cDNA.ATU (3.7%) than in DNA.ATU (0.8%). The relative
abundance of Nitrososphaera sp. JG1 in cDNA.ATU (1.2%)
was significantly higher than that in DNA.ATU (0.02%).

Candidatus Nitrosocosmicus sp. G61 had a lower relative
abundance in cDNA.ATU (0.5%) than in DNA.ATU (3.9%).
All clusters of AOAwere detected in both DNA and cDNA.

Comparing the relative abundance of AOB clusters in
cDNA and DNA when exposed to ATU, it was found that
Nitrosomonas marina, Nitrosomonas sp. A2, Nitrosomonas
sp. A7, Nitrosomonas aestuarii, and Nitrosomonas sp.
N2005 at the transcriptional level were higher than those at
the genetic level (Fig. 3b). Bacterium amoA.18.V-frei.kultur
was the main cluster of AOB in DNA.ATU (51.7%), while its
relative abundance was zero in cDNA.ATU, suggesting that it
was not transcribed at all. Another major cluster of AOB,
Nitrosomonas marina, had a higher relative abundance in
cDNA.ATU (72.0%) than in DNA.ATU (47.7%). The relative

Fig. 2 Gene abundances. a Gene abundances of AOA and AOB amoA in DNA and cDNA. b Ratio of amoA gene abundances in AOA/AOB and
cDNA/DNA. OS the original soil, CON the control group, ATU the allylthiourea group
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abundances of Nitrosomonas sp. A2 and Nitrosomonas sp. A7
were 10.9% and 13.1% in cDNA.ATU, respectively, whereas
their relative abundances were 0.006% and 0.003% in
DNA.ATU. The relative abundances of Nitrosomonas
aestuarii and Nitrosomonas sp. N2005 were 1.8% and 1.9%
in cDNA.ATU and 0.04% and 0.006% in DNA.ATU, respec-
tively. Specifically, the cDNA/DNA ratios of Bacterium
amoA.18.V-frei.kultur, Bacterium amoA.2.V-frei.kultur, and
Bacterium amoA.30.Sali.kultur were all zero when exposed
to ATU.

Co-occurrence network of AOA and AOB

There were 53 OTUs in the co-occurrence network of AOA
(Fig. 4a). Thirty-four OTUs occurred in both the control group
and the ATU group. Six OTUs only occurred in the control
group, and 13 OTUs only occurred in the ATU group. The co-
occurrence network of AOA included Candidatus
Nitrososphaera gargensis (44 OTUs), Candidatus

Nitrosocosmicus sp. G61 (4 OTUs), Candidatus
Nitrosocosmicus oleophilus (3 OTUs), and Candidatus
Nitrosocosmicus franklandus (2 OTUs). Specifically, the 6
OTUs that only occurred in the control group were all
Candidatus Nitrososphaera gargensis members. The 13
OTUs only occurred in the ATU group included Candidatus
Ni t rosocosmicus sp. G61 (1 OTU), Candidatus
Nitrosocosmicus oleophilus (1 OTU), and Candidatus
Nitrososphaera gargensis (11 OTUs). Candidatus
Nitrosocosmicus franklandus (2 OTUs) occurred in both the
control group and the ATU group.

There were 70OTUs in the co-occurrence network of AOB
(Fig. 4b). Twenty-three OTUs occurred in both the control
group and the ATU group. Twenty-seven OTUs only occurred
in the control group, and 20 OTUs only occurred in the ATU
group. The co-occurrence network of AOB included
Bacterium amoA.18.V-frei.kultur (43 OTUs), Nitrosomonas
marina (15 OTUs), Nitrosomonas sp. A7 (5 OTUs),
Nitrosomonas sp. A2 (4 OTUs), Bacterium amoA.2.V-

Fig. 3 Relative abundances of
clusters in AOA (a) and AOB (b).
The height of the column
indicates the relative abundance
of the cluster
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frei.kultur (2 OTUs), and Nitrosomonas sp. N2005 (1 OTU).
Bacterium amoA.2.V-frei.kultur (2 OTUs) occurred only in
the control group, and Nitrosomonas sp. N2005 (1 OTU) oc-
curred only in the ATU group.

Furthermore, the proportion of OTUs that occurred in both
the control group and the ATU group in the co-occurrence
network of AOA and AOBwas 64.2% and 32.9%, respective-
ly (Fig. 4). When exposed to ATU, AOA OTUs had a higher
co-occurrence than AOBOTUs. In the co-occurrence network
of AOA, 6 OTUs only occurred in the control group (Fig. 5).
The relative abundances of the 6 OTUs in DNA.CON were
10−3 ~ 10−2. The relative abundance of one OTU in
DNA.ATU was zero, and those of the other 5 OTUs were
10−4 ~ 10−3. In the co-occurrence network of AOB, 27
OTUs only occurred in the control group (Fig. 5). The relative
abundances of the 27 OTUs in DNA.CON in AOBwere 10−3

~ 10−2. The relative abundances of 5 OTUs in DNA.ATU
were zero. The relative abundances of 6 OTUs in DNA.ATU
were 10−5 ~ 10−4, and those of the other 16 OTUs were 10−4 ~
10−3. Among the 6 OTUs of AOA and the 27 OTUs of AOB,
one OTU of AOA and 5 OTUs of AOB were not detected in
the ATU group. The relative abundances of 21OTUs (5 OTUs
of AOA and 16 OTUs of AOB) in the ATU group were one
order of magnitude lower than those in the control group. The

relative abundances of 6 OTUs (6 OTUs of AOB) in the ATU
group were two orders of magnitude lower than those in the
control group. The relative abundances of AOB OTUs
changed more than those of AOA OTUs. Accordingly, expo-
sure to ATU had a greater influence on AOBOTUs than AOA
OTUs.

Discussion

Effect of ATU on ammonia oxidation activity

The ammonia oxidation activity in the 100-mg/L ATU group
was 4.3% of that in the control group after 7 days, indicating
that nitrification was significantly inhibited by 100-mg/L
ATU. Previous studies have reported the inhibition of ammo-
nia oxidation by ATU. A 10-mg/L concentration of ATU se-
lectively inhibited ammonia oxidation without affecting the
activity of other microorganisms, completely inhibited the
ammonia oxidation of activated sludge and enriched nitrifying
bacteria (Ginestet et al. 1998; Ali et al. 2013). In our study,
although 100-mg/L ATU was higher than the ATU concentra-
tion (10 mg/L) that completely inhibited nitrification, there
was still 4.3% ammonia oxidation activity in the ATU group.

Fig. 4 Co-occurrence networks of DNA-based AOA (a) and AOB (b) at the OTU level in the control group and the ATU group. The samples are
connected to OTUs whose relative abundances were more than 0.1% in the samples
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It was obvious that the ammonia-oxidizing microorganisms in
the Three Gorges water level fluctuation zone were more tol-
erant to ATU. From the perspective of agriculture, 100-mg/L
ATU could not completely inhibit the oxidation of ammonia
nitrogen in the soil of the water level fluctuation zone.

Santoro’s research showed that 100-mg/L ATU could in-
hibit nitrification completely (Santoro and Casciotti 2011).
However, exposure to 100-mg/L ATU failed to completely
inhibit ammonia oxidation activity in the present study, prob-
ably because AOA were more abundant in the water level
fluctuation zone. ATU had different inhibitory effects on
AOA and AOB, which has been reported previously. ATU
only partially inhibited ammonia oxidation by AOA at the
concentration that completely inhibited ammonia oxidation
by AOB. Some studies have reported that 11.6-mg/L ATU
completely inhibited the activity of AOB but only partially
inhibited AOA (Hatzenpichler et al. 2008; Santoro and
Casciotti 2011). The effective concentration of ATU (EC50)

in AOA culture was 1000 times higher than that in AOB
(Shen et al. 2013). Compared with AOB, AOA were less
sensitive to ATU and more difficult to affect (Taylor et al.
2010; Lehtovirta-Morley et al. 2013). There were more
AOA than AOB in the water level fluctuation zone, because
AOA might be more adaptive to anoxic environments than
AOB (Pett-Ridge et al. 2013; Liu et al. 2015). The copy num-
ber of AOA amoAwas 1–2 orders of magnitude higher than
that of AOB amoA (Fig. 2a), which might be the reason for the
existence of ammonia oxidation activity.

Exposure to 100-mg/L ATU failed to completely inhibit
ammonia oxidation activity, possibly due to the protection
by the soil structure. Inhibitors diffuse through soil, resulting
in a weakened effect. Lehtovirta-Morley’s research showed
that ATU in liquid culture could completely inhibit ammonia
oxidation but ATU in soil did not inhibit ammonia oxidation
(Lehtovirta-Morley et al. 2013). Therefore, it might also be the
presence of soil that weakened the effectiveness of ATU.

Fig. 5 Relative abundances of 6
OTUs that only occurred in the
control group in the co-
occurrence network of AOA and
27 OTUs that only occurred in the
control group in the co-
occurrence network of AOB
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Effects of ATU on AOA and AOB

When exposed to ATU, the gene abundance of AOA was
affected more than that of AOB. There were statistically sig-
nificant differences in the abundance of AOA amoA between
the two groups in DNA and cDNA, but not in the abundance
of AOB amoA in DNA and cDNA (Fig. 2a). Furthermore,
AOA transcriptional activity decreased significantly in the
allylthiourea-containing microcosms compared with the con-
trol, whereas no significant difference was observed for AOB
transcriptional activity (Fig. 2b). Consequently, the ammonia
oxidation potential of the soil of water level fluctuation areas,
based on ATU inhibition, was associated mainly with AOA
amoA gene abundance shifts in DNA and cDNA. ATU at
100 mg/L could inhibit the growth of AOA and AOB within
5–10 days, and ATU had a more obvious inhibition on the
growth of AOA (Wang and Gu 2014). Our results indicated
that exposure to ATU stimulated the growth of AOA (Fig. 2a).
Similarly, it has been found that ATU stimulated rather than
inhibited Nitrosotalea devanaterra, which is an ammonia-
oxidizing archaea (Lehtovirta-Morley et al. 2013).

Exposure to ATU had a greater influence on AOB cluster
composition than AOA cluster composition. Figure 3a shows
that all AOA clusters were detected in DNA.CON,
DNA.ATU, and cDNA.ATU. However, for AOB clusters in
DNA, Ni t ro somonas eu ropaea and Bac t e r i um
amoA.22.HaldeII.kultur were detected in the control group
but not in the ATU group (Fig. 3b). Moreover, for AOB clus-
ters in the ATU group, three AOB clusters (Bacterium
amoA.18.V-frei.kultur, Bacterium amoA.2.V-frei.kultur, and
Bacterium amoA.30.Sali.kultur) were detected in DNA but
not in cDNA (Fig. 3b). When exposed to ATU, the commu-
nity structure of AOB in DNA and cDNAwas affected more
than that of AOA. In addition, AOA OTUs had a higher co-
occurrence than AOB OTUs under ATU exposure (Fig. 4). In
the OTUs that only occurred in the control group in the co-
occurrence network of AOA and AOB, the relative abun-
dances of AOB OTUs changed more than those of AOA
OTU (Fig. 5). This observation was also confirmed by the
results from PCA analysis (Fig. S4). Figure S4 illustrates that
the distance between the OTUs of AOB under different treat-
ments was greater than that of AOA. That is, the community
structure of AOB was affected more than that of AOA when
exposed to ATU.

At the genetic level, exposure to ATU altered the commu-
nity structure of AOB and had a slight impact on the commu-
nity structure of AOA in the Three Gorges water level fluctu-
ation zone soil, which was consistent with results for man-
grove soil (Wang and Gu 2014). The community structure of
AOAwas relatively stable (Fig. 3a), and ATU had poor selec-
tivity to AOA. However, exposure to ATU had a greater im-
pact on the community structure of AOB and completely
inhibited Nitrosomonas europaea and Bacterium

amoA.22.HaldeII.kultur (Fig. 3b). Nitrosomonas europaea is
one of the most studied AOB, and many reports have con-
firmed that ATU completely inhibits the ammonia oxidation
activity of Nitrosomonas europaea (Ginestet et al. 1998; Ali
et al. 2013; Martens-Habbena et al. 2015). A low concentra-
tion of ATU significantly inhibited the ammonia-oxidizing
activity of Nitrosomonas europaea (Martens-Habbena et al.
2015), indicating that Nitrosomonas europaea is sensitive to
ATU. The results showed that different AOB responded dif-
ferently to ATU and that ATU affected AOB selectively.

Responses at the genetic and transcriptional levels

The copy number of AOA amoA was 1–2 orders of mag-
nitude higher than that of AOB amoA at the genetic level.
Nevertheless, the copy number of AOA amoA was 0–1
orders of magnitude lower than that of AOB amoA at
the transcriptional level. It has been reported that AOA
are abundant at the genetic level and active at the tran-
scriptional level in soil, while AOB are abundant in sed-
iment (Zhang et al. 2018). The gene abundances and tran-
scriptional activity of AOA and AOB were closely related
to the source and environment of the samples. The results
indicated that AOA had higher gene abundance than AOB
in the water level fluctuation zone, but AOB transcribed
more than AOA. In addition, the cDNA/DNA ratios of
AOB were significantly higher than those of AOA. That
is, the transcriptional activity of AOB was higher than
that of AOA in the water level fluctuation zone. Other
studies have also shown that the cDNA/DNA ratios of
AOA were one order of magnitude lower than those of
AOB (Lipsewers et al. 2014; Ling et al. 2018), consis-
tent with our results, supporting that AOB had higher
transcriptional activity. Moreover, the gene abundance of
AOA amoA in cDNA and the cDNA/DNA ratio of AOA in
the ATU group significantly decreased compared with the
control group, suggesting that exposure to ATU significantly
reduced the transcription and transcriptional ratio of AOA.

Candidatus Nitrososphaera gargensis was the main AOA
in the Three Gorges water level fluctuation zone, although the
relative abundance varied at the genetic and transcriptional
levels (Fig. 3a). Candidatus Nitrososphaera gargensis be-
longs toNitrososphaera, and it is a main type of AOA in cattle
manure and municipal sludge compost (Yamamoto et al.
2011; Oishi et al. 2012; Yan et al. 2015). When exposed to
ATU, the relative abundances of Candidatus Nitrosocosmicus
franklandus and Candidatus Nitrosocosmicus oleophilus at
the transcriptional level were significantly higher than those
at the genetic level. Candidatus Nitrosocosmicus franklandus
and Candidatus Nitrosocosmicus oleophilus had higher tran-
scriptional activity when exposed to ATU.

When exposed to ATU, the AOB community in DNA
consisted of Nitrosomonas and unclassified bacteria, while
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the AOB community in cDNA was mainly composed of
Nitrosomonas . Six clusters of AOB belonged to
Nitrosomonas. Nitrosomonas europaea was completely
inhibited by ATU, and the relative abundances of the other
five Nitrosomonas clusters at the transcriptional level were
higher than those at the genetic level. Previous studies have
reported that Nitrosomonas might be the main AOB at the
genetic level (Burrell et al. 2001; Layton et al. 2005; Pan
et al. 2018). The results of the present study confirmed that
Nitrosomonas might play a dominant role in AOB from the
perspective of transcription. Nitrosomonas marinawas one of
the main AOB in the Three Gorges water level fluctuation
zone (Fig. 3b). Nitrosomonas marina is a marine species
(PommereningRoser et al. 1996), and it is the main type of
AOB in wastewater treatment plants and marine aquaculture
biofilms (Foesel et al. 2008; Zhang et al. 2011; Pan et al.
2018). Nitrosomonas marina was also one of the main AOB
in terms of ammonia oxidation at the transcriptional level
(Fig. 3b), and it was an active AOB (Pan et al. 2018). When
exposed to ATU, the relative abundances of Nitrosomonas sp.
A2 and Nitrosomonas sp. A7 at the transcriptional level were
significantly higher than those at the genetic level.
Furthermore, Nitrosomonas sp. A2 and Nitrosomonas sp. A7
had higher relative abundances (> 10%) than other
Nitrosomonas except for Nitrosomonas marina at the tran-
scriptional level. Therefore, Nitrosomonas sp. A2 and
Nitrosomonas sp. A7 had higher transcriptional activity than
other Nitrosomonas except for Nitrosomonas marina when
exposed to ATU.

In conclusion, the ammonia oxidation activity in the 100-
mg/L ATU group was 4.3% of that in the control group after
7 days. From the perspective of agriculture, 100-mg/L ATU
could not completely inhibit the oxidation of ammonia nitro-
gen in the soil of the water level fluctuation zone. Exposure to
100-mg/L ATU failed to completely inhibit ammonia oxida-
tion activity, possibly due to abundant AOA in the water level
fluctuation zone and the protection by the soil structure.When
exposed to ATU, the gene abundance of AOA was favored
compared with that of AOB, and there were no statistically
significant differences in the abundance of AOB amoA in
DNA and cDNA between the two groups. The gene abun-
dance of AOA significantly increased, while the transcription
and transcriptional ratio of AOA significantly decreased com-
pared with the control group. Our results indicated that the
ammonia oxidation potential of the soil of water level fluctu-
ation areas, based on ATU inhibition, was associated mainly
with AOA amoA gene abundance and AOB community shifts
in DNA and cDNA.
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