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Ammonia oxidation, performed by both ammonia oxidizing bacteria (AOB) and archaea (AOA), is an important
step for nitrogen removal in constructedwetlands (CWs). However, little is known about the distribution of these
ammonia oxidizing organisms in CWs and the associatedwetland environmental variables. Their relative impor-
tance to nitrification in CWs remains still controversial. The present study investigated the seasonal dynamics of
AOA andAOB communities in a freewater surface flowCW(FWSF-CW)used to ameliorate thequality of polluted
river water. Strong seasonality effects on potential nitrification rate (PNR) and the abundance, richness, diversity
and structure of AOA and AOB communitieswere observed in the riverwater treatment FWSF-CW. PNRwas pos-
itively correlated to AOB abundance. AOB (6.76 × 105–6.01 × 107 bacterial amoA gene copies per gram dry sed-
iment/soil) tended to be much more abundant than AOA (from below quantitative PCR detection limit to 9.62
× 106 archaeal amoA gene copies per gram dry sediment/soil). Both AOA and AOB abundance were regulated
by the levels of nitrogen, phosphorus and organic carbon. Differentwetland environmental variables determined
the diversity and structure of AOA and AOB communities. Wetland AOA communities weremainly composed of
unknown species and Nitrosopumilus-like organisms, while AOB communities were mainly represented by both
Nitrosospira and Nitrosomonas.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Constructed wetlands (CWs) have been applied worldwide to re-
move nitrogen pollutants in municipal and domestic wastewaters
(Barco and Borin, 2017; Hua et al., 2017; Tan et al., 2017), industrial
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wastewaters (Bakhshoodeh et al., 2017a; Hussein and Scholz, 2017),
leachate (Bakhshoodeh et al., 2017b; He et al., 2017a), and polluted sur-
face water (Chyan et al., 2016; Zheng et al., 2016). In CWs, microorgan-
ism-mediated processes (especially nitrification and denitrification) are
mainly responsible for nitrogen removal (Chen et al., 2017; Sims et al.,
2012). Biotransformation of ammonia to nitrite, as the key step in nitri-
fication process, can be performed by both ammonia oxidizing bacteria
(AOB) and archaea (AOA). Both of these two ammonia oxidizingmicro-
organisms harbor amoA gene encoding ammonia monooxygenase
(Yang et al., 2016a; Zhang et al., 2016; Zhao et al., 2017). To date, nu-
merous previous studies have revealed the distribution of AOA and
AOB in various natural wetlands (Chen and Gu, 2017; He et al., 2017b;
Hofferle et al., 2010; Lee et al., 2014; Moin et al., 2009; Zheng et al.,
2013), however, little is known about their distribution in CWs. The rel-
ative importance of AOA and AOB to nitrification in CWs remains still in
debate. Numerical advantage of AOA over AOB has been found in an in-
tegrated CW(ICW) for swinewastewater treatment (Zhang et al., 2017)
and a freewater surface flowCW(FWSF-CW) for advanced treatment of
municipal wastewater (Liu et al., 2017). Fan et al. (2016) suggested that
AOA was more critical than AOB for ammonia removal in FWSF-CWs
treating river water. In contrast, AOB outnumbered AOA in horizontal
subsurface flow CWs (HSF-CWs) treating raw domestic sewage (Chen
et al., 2017), a vertical subsurface flow CW (VSF-CW) treating urban
wastewater (Pelissari et al., 2017), and FWSF-CWs treating swine
wastewater (Li et al., 2018). In a FWSF-CW treating river water, AOA
was more abundant than AOB in plant-bed soils but less abundant in
ditch sediments, however, AOB contributedmore to ammonia oxidation
than AOA in both plant-bed soils and ditch sediments (Wang et al.,
2013a). In addition, the influential factors regulating the distribution
of AOA and AOB in CWs remain elusive, although several previous stud-
ies suggested that AOA and AOB communities might be influenced by
the presence and type of vegetation (Hu et al., 2016; Zhang et al.,
2017), soil/sediment ammonia level (Wang et al., 2013a), soil/sediment
oxidation–reduction potential (Wang et al., 2013a), sampling season
(Sims et al., 2012; Yin et al., 2009), and substrate type (Huang et al.,
2013). Fan et al. (2016) pointed out that a variety of environmental var-
iables might collectively shape AOA and AOB communities in FWSF-
CWs treating river water.

FWSF-CWs have found increasing applications to ameliorate the
quality of polluted surface waters (Dzakpasu et al., 2015; Fan et al.,
2016; Li et al., 2017; Zhi et al., 2015), yet there was few studies about
the distribution of AOA and AOB communities and the associated envi-
ronmental factors in FWSF-CWs (Fan et al., 2016; Wang et al., 2013a).
Information about the seasonality effects on AOA and AOB communities
in the FWSF-CWused for surface water treatment is still lacking. There-
fore, the main objective of the present study was to study the seasonal
dynamics of AOA and AOB communities in a FWSF-CW used for treat-
ment of river water. The environmental factors regulating AOA and
AOB communities in the FWSF-CWwere also explored.

2. Materials and methods

2.1. Study sites and samples

The studied FWSF-CW (approximately 0.47 km2) was located in a
subtropical Dali City (southwest China) and had been continuously op-
erating to improve the water quality of an upstream river of the Erhai
Lake for more than 8 years. The local area had annual mean precipita-
tion and air temperature of 1000 mm and 15.7 °C, respectively. The av-
erage removal rates of NH4

+-N and total nitrogen (TN) by the FWSF-CW
were 55.9% and 43.2%, respectively (Li et al., 2017). In consistence with
our previous studies (Li et al., 2017; Xu et al., 2018), surface sediments
or soils (0–10 cm) in triplicate were collected at eight different sites
(A–H) (25°56′42″–25°57′11″ N, 100°6′0″–100°6′9″ E) during spring,
summer and winter in the year 2016. The sediment sampling sites A–
F were inundated throughout the year, while the soil sampling sites G
and H were inundated only during summer and autumn. These sites
were vegetated with different dominant plant species. During winter,
no sediment sample was obtained from site B due to inaccessibility.
The collected wetland sediment/soil samples were labeled as A–H, in
keeping with the sampling site, and SP, SU, or WI, in keeping with the
season (spring, summer, or winter, respectively). These collected wet-
land samples had been also used for the studies on archaeal community
and nitrite-dependent anaerobic methane oxidation (n-damo) organ-
isms (Li et al., 2017; Xu et al., 2018). The information on sampling
sites and sediment/soil physicochemical parameters (temperature, oxi-
dation and reduction potential (ORP), pH, total organic carbon (TOC),
NH4

+-N, TN, nitrate nitrogen (NO3
−-N), nitrite nitrogen (NO2

−-N), the
ratio of TOC to TN (C/N), and total phosphorus (TP)) was described in
detail in our previous studies (Li et al., 2017; Xu et al., 2018).
2.2. Potential nitrification rate

The potential nitrification rate (PNR) of each wetland sediment/soil
was assessed by the chlorate inhibitionmethod (Chen et al., 2013; Dai et
al., 2015). Briefly, for each sediment/soil, fresh wetland sediment/soil
(5 g, dry weight) was placed into a 50-mL centrifuge tube that
contained 20 mL of 1 mM (NH4)2SO4 and 1 mM phosphate buffer solu-
tion. Potassium chlorate (10 mg/L−1) was added to the centrifuge tube
to inhibit the nitrite oxidation, and then incubated at 25 °C for 24 h in
the dark. NO2

−-Nwas extractedwith 2MKCl (5mL) for further analysis.
2.3. Molecular analyses

The PowerSoil™ DNA extraction kit (MO BIO Laboratories, Carlsbad,
CA, USA) was adopted to extract sediment/soil genomic DNA. The 1.2%
(w/v) agarose gel electrophoresis was used to assess the quality of
DNA, and the quantity of DNA was further measured using a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). The primer pairs Arch-amoAF/Arch-amoAR (Francis
et al., 2005) and AmoA-1F/AmoA-2R ( Rotthauwe et al., 1997) respec-
tively were adopted for the quantitative PCR (q-PCR) assay of AOA
and AOB abundance, and for the construction of AOA and AOB clone li-
braries, following the same conditions as previously described (Wang et
al., 2014). Chimeras were discarded using UCHIME (Edgar et al., 2011).
The obtained wetland amoA gene sequences were reported in the
GenBank database under the accession numbers: MG658437–
MG659290 for AOA andMG657380–MG658436 for AOB. amoA gene se-
quences having ≥95% similarity were defined as an operational taxo-
nomic unit (OTU), and α-diversity indices (Chao1 richness and
Shannon diversity) of AOA and AOB communities were further calcu-
lated using the software MOTHUR (Schloss et al., 2009). Phylogenetic
analysis of the FWSF-CW amoA gene sequences was carried out using
the software MEGA 6.0 (Tamura et al., 2013) with the neighbor-joining
method, was further visualized with the software Interactive Tree Of
Life (iTOL) v3 (http://itol.embl.de) (Letunic and Bork, 2016). In addition,
weighted Unifrac was generated using R library GUniFrac, and then hi-
erarchical clustering of wetland AOA or AOB communitieswas achieved
using the R software (version i386, 3.3.2).
2.4. Statistical analysis

Differences in PNR or gene abundance among sites and seasonswere
checked at a 0.05 significance level with one-way analysis of variance.
The links of environmental parameters with PNR and the richness, di-
versity and abundance of AOAor AOBwere characterized using the soft-
ware SPSS 20.0 (IBM, Armonk, NY, USA). Moreover, redundancy
analysis (RDA) was applied to decode the correlations of community
composition of FWSF-CW AOA and AOB communities with their sur-
rounding environmental variables, using the software CANOCO 4.5.

http://itol.embl.de
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3. Results

3.1. Potential nitrification rate

PNR is used to assess nitrifying activity in both constructed and nat-
ural wetlands (Li et al., 2018; Zheng et al., 2013). In this study, the PNR
in the FWSF-CW ranged from 0.03 to 6.36 μg NO2

—N g−1 dry sediment/
soil h−1 (Fig. 1). Among different seasons, significant differences in
PNR were detected at all sediment sites (P b 0.05). At sediment sites,
the highest PNR occurred duringwinter, while the lowest PNR occurred
during spring. The sediment PNR during spring, summer, and winter
was 0.03–0.08, 0.10–0.15, and 0.16–0.21μg NO2

—N g−1 dry sediment h−
1, respectively. At soil sites, the lowest PNR occurred during summer.
The PNR at soil site H ranged between 0.13 and 6.36 μg NO2

—N g−1-

dry soil h-1, and a significant difference was detected among different
seasons (P b 0.05). The PNR ranged between 0.1 and 0.33 μg NO2

—N g-1-

dry soil h−1 at site G, although no statistical difference was observed
among seasons (P N 0.05). Moreover, during a given season, no signifi-
cant difference in PNR was found among sediments (P N 0.05). Signifi-
cant differences in PNR between soils could be observed during spring
and winter (P b 0.05), instead of summer.
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Fig. 2. Abundance of AOA (a) and AOB (b) communities in the FWSF-CW. Values are the
average of triplicate samples. Vertical bars indicate standard deviations. Different letters
above the columns indicate significant differences (P b 0.05). The differences at a 0.05
significance level were separately checked among sediment samples or among soil
samples.
3.2. AOA and AOB abundance

In this study, the number of archaeal amoA gene in the sediments
collected at sites A, C and F during winter was below q-PCR detection
limit, while AOA abundance in other sediment/soil samples ranged be-
tween 8.54 × 103 and 9.62 × 106 archaeal amoA gene copies per gram
dry sediment/soil (Fig. 2a). Among different seasons, significant differ-
ences in AOA abundance were found at both soil sites (P b 0.05). AOA
abundance was 2.95 × 106–9.62 × 106 and 3.01 × 106–7.76 × 106 ar-
chaeal amoA gene copies per gramdry soil at sites G andH, respectively.
Among (or between) different seasons, significant differences in AOA
abundance were also found at sediment sites A, D, and E (P b 0.05).
AOA abundance was 6.89 × 104–1.43 × 105, 5.80 × 104–2.19×105, and
8.54 × 103–5.31 × 104 archaeal amoA gene copies per gram dry sedi-
ment at sites A, D, and E, respectively. During spring and summer, signif-
icant differences in AOB abundance could be found among the six
sediments (4.36 × 104–1.51 × 105 or 8.54 × 103–1.26 × 105 archaeal
amoA gene copies per gram dry sediment) and between the two soils
(3.01 × 106–9.62 × 106 or 2.95 × 106–7.76 × 106 archaeal amoA gene
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Fig. 1. Potential nitrification rates of different wetland sediment/soil samples. Values are
the average of triplicate samples. Vertical bars indicate standard deviations. Different
letters above the columns indicate significant differences (P b 0.05). The differences at a
0.05 significance level were separately checked among sediment samples or among soil
samples.
copies per gram dry soil) (P b 0.05). During winter, a significant differ-
ence in AOA abundance occurred between the sediments at sites D
and E (P b 0.05), while AOAabundancewas not statistically different be-
tween the soils at sites G and H (P N 0.05).

In the FWSF-CW, the number of bacterial amoA gene ranged be-
tween 6.76 × 105 and 6.01 × 107 copies per gram dry sediment/soil
(Fig. 2b). AOB generally far outnumbered AOA, especially at wetland
sediment sites. Among different seasons, significant differences in AOB
abundance occurred at all sediment sites (P b 0.05). AOB abundance
was 8.18 × 105–2.14 × 106, 1.11 × 106–3.09 × 106, 6.76 × 105–4.80
× 106, 1.14 × 106–1.78 × 106, 7.01 × 105–1.73 × 106, and 9.34 × 105–
2.54 × 106 bacterial amoA gene copies per gram dry sediment at sites
A–F, respectively. Among different seasons, a significant difference in
AOB abundance occurred at soil site H (1.49 × 107–6.01 × 107 bacterial
amoA gene copies per gramdry soil) (P b 0.05), while no statistically sig-
nificant difference was found at soil site G (P N 0.05), although AOB
abundance varied from 2.82 × 106 to 7.99 × 106 bacterial amoA gene
copies per gram dry soil) . Moreover, during a given season, significant
differences in AOB abundance were found among sediments and be-
tween soils (P b 0.05). In addition, a positive correlation was observed
between PNR and AOB abundance (R2 = 0.8836, P b 0.05) (Fig. S1b),
while AOA abundance showed no significant correlation with PNR (R2

= 0.1109, P N 0.05) (Fig. S1a).
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3.3. AOA and AOB richness and diversity

In this study, the archaeal amoA gene of the sediments collected dur-
ing winter at sites A, C and F was not successfully amplified for clone li-
brary construction. Each successfully constructed AOA library was
composed of 24–59 archaeal amoA gene sequences and contained 1–
13 OTUs (Table 1). Most of AOA rarefaction curves nearly leveled off
(Fig. S2a), suggested that OTUs in these AOA libraries were well cap-
tured. The values of AOA Chao1 richness varied between 1 and 23.5 in
sediments and between 3 and 12 in soils. The values of AOAShannon di-
versity index were 0–2.1 and 0.59–2.02 in sediments and soils, respec-
tively. Moreover, each AOB library had 21–58 bacterial amoA gene
sequences and included 4–14 OTUs. A plateau appeared in the rarefac-
tion curve for most of AOB clone libraries (Fig. S2b), suggested that
the number of AOB clones in these librarieswas satisfactory to represent
AOB diversity and community structure. The values of AOB Chao1 rich-
ness and Shannon diversity index were 4–25 and 0.44–2.35, respec-
tively. Considerable seasonable changes of AOA and AOB community
richness and diversity occurred at FWSF-CW soil sites and most of sed-
iment sites. In addition, considerable site-related changes of AOA and
AOB community richness and diversity were also observed in the stud-
ied FWSF-CW.
Fig. 3. Comparisons of wetland AOA (a) and AOB (b) communities based on weighted
UniFrac.
3.4. Clustering analysis of AOA and AOB communities

Weighted UniFrac-based hierarchical clustering revealed a profound
seasonality effect on AOA communities in the studied FWSF-CW (Fig.
3a). At a given site, the samples collected during different seasons
were clearly separated. Moreover, the samples collected during a
given season were not closely clustered together, suggesting a remark-
able difference of AOA community structure among sites.

The strong seasonality effect on AOB communities also occurred in
the studied FWSF-CW (Fig. 3b). At a given sediment site, the sediment
collected during springwere clearly separated from those collected dur-
ing other seasons, and the sediments collected during summer andwin-
ter were generally not closely grouped together. At a given soil site, the
soils collected during three seasons were also clearly separated. More-
over, during a given season, the difference of AOB community structure
among sites in the studied FWSF-CWwas evident.
Table 1
Chao1 richness and Shannon diversity of wetland AOA and AOB communities.

Sample AOA

Sequences OTUs Chao1 Shanno

ASP 44 13 23.5 2.1
ASU 42 7 7.5 1.35
AWI – – – –
BSP 42 8 8.5 1.65
BSU 45 11 12.2 1.85
CSP 33 2 2 0.66
CSU 37 11 21.5 1.65
CWI – – – –
DSP 40 9 12 1.7
DSU 45 9 19 1.47
DWI 52 8 18 1.06
ESP 42 6 6 1.36
ESU 37 5 5 1.12
EWI 24 1 1 0
FSP 41 10 11 1.94
FSU 44 10 11 1.75
FWI – – – –
GSP 59 6 6 1.26
GSU 43 7 8 1.65
GWI 47 3 3 0.59
HSP 46 5 6 1.06
HSU 44 12 19.5 2.02
HWI 47 4 5 0.74

“–” indicates unsuccessful amplification
3.5. Phylogenetic analysis of AOA and AOB communities

In this study, all amoA gene sequences could grouped into 33 AOA
and 49 AOB OTUs, respectively. The amoA OTUs contained at least two
AOB

n Sequences OTUs Chao1 Shannon

44 14 19 2.35
45 6 7.5 0.73
58 10 17.5 1.13
43 9 15 1.57
47 9 15 1.75
49 6 6.5 0.91
47 4 5 0.44
33 7 17 1.18
46 11 18.5 1.82
44 5 5 0.9
47 5 5.3 0.55
48 8 8.3 1.51
44 10 25 1.62
21 6 7.5 1.23
42 13 15.5 2.21
45 7 8.5 1.02
51 7 7 1.24
49 7 8.5 1.25
48 6 6 1.48
52 4 4 0.97
48 7 8.5 1.25
51 5 5.5 0.9
55 9 24 1.32



Fig. 4. Phylogenetic analysis of the representative archaeal (a) and bacterial (b) amoA gene sequences. The dots at branches indicate the support values frombootstrap test. Branch support
values of not less than 50were dotted. The digits after OTU name show the total amoA sequences from allwetland samples in the sameOTU. The bar shows 10% sequence divergence based
on neighbor-joining analysis.
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sequenceswere used for further phylogenetic analysis. The obtained ar-
chaeal amoA gene sequences could be assigned into four AOA clusters
(a, b, c and d) (Fig. 4a). Cluster a contained 13 AOA OTUs, and the 505
archaeal amoA gene sequences in cluster a could be grouped together
with those obtained from diverse soil and sediment ecosystems, lake
water, and wastewater treatment plants. Cluster a-like organisms usu-
ally dominated in the AOA communities in the studied FWSF-CW (Fig.
S3a). Cluster b had only three AOA OTUs, and the 121 amoA gene se-
quences in this cluster were grouped together with those obtained
from soil and sediment ecosystems. Cluster b-like organisms were usu-
ally a minor group in the studied FWSF-CW, but they were dominant in
sample HSP. Therewere four AOAOTUs in cluster c. The 12 sequences in
this cluster could be affiliated with some cultivated Nitrososphaera
strains (Spang et al., 2012; Tourna et al., 2011). Cluster c-like organisms,
with low proportions, were only detected in several samples. Moreover,
there were three AOA OTUs including 205 archaeal amoA gene se-
quences in cluster d. Cluster d-like organisms were the second largest
AOA group in the studied FWSF-CW, and they could be affiliated with
cultivated Nitrosopumilus strains (Brown et al., 2013). Cluster d-like or-
ganismswere almost detected in all samples, and they even showed the
dominance in sediment samples CSP, DWI, ESP and EWI.

The obtained bacterial amoA gene sequences could be assigned into
two AOB clusters, namely Nitrosospira and Nitrosomonas (Fig. 4b).
Nitrosospira cluster contained 21 AOBOTUs including a total of 756 bac-
terial amoA gene sequences. These bacterial amoA gene sequences could
be affiliated with a number of Nitrosospira strains (Klotz and Norton,
1995; Mintie et al., 2003; Purkhold et al., 2003). Nitrosomonas cluster
was composed of 13 AOB OTUs including a total of 286 amoA gene se-
quences that could be affiliated with a number of Nitrosomonas strains
(Purkhold et al., 2003; Suwa et al., 1997). Both Nitrosospira and
Nitrosomonas were the major AOB species in sediments of the studied
FWSF-CW, while Nitrosospira predominated in soils (Fig. S3b). In addi-
tion, the results of phylogenetic analysis further confirmed the seasonal
and spatial variations of AOA and AOB community structures in the
studied FWSF-CW.

3.6. Influential factors regulating AOA and AOB communities

Spearman's rank correlation analysis indicated that PNR was posi-
tively correlated with the levels of TOC, NO3

−-N and NO2
−-N (P b 0.05

or P b 0.01), but negatively with the level of NH4
+-N (P b 0.05) (Table

2). Both AOA and AOB abundance showed positive correlations with
the levels of NO2

−-N, TN, TP and TOC (P b 0.05 or P b 0.01) but negative
correlationswith the level ofNH4

+-N (P b 0.05 or P b 0.01). AOAdiversity
was significantly correlated with temperature, C/N and the level of TOC
(P b 0.05),while AOBdiversity showed a significant correlationwith the
level of TOC (P b 0.05). No significant correlations were found between
the determined FWSF-CW environmental variables and AOA and AOB
community richness (P N 0.05).

The environmental parameters in the first two principal RDA axes
totally explained 73.5% and 58.1% of the cumulative variances for AOA
and AOB OTU compositions, respectively (Fig. 5a,b). Sediment/soil tem-
perature (F = 3.804, P = 0.004, 999 permutations) and NO3

−-N (F =
Table 2
Spearman's rank correlation analysis of environmental variables with PNR and the richness an

NH4
+-N NO3−-N NO2−-N TN TP

PNR −0.496⁎ 0.714⁎⁎ 0.548⁎⁎ 0.195 0.19
AOA abundance −0.442⁎ 0.382 0.524⁎ 0.471⁎ 0.72
AOA richness 0.373 −0.264 −0.222 −0.126 0.14
AOA diversity 0.394 −0.389 −0.426 −0.104 0.09
AOB abundance −0.673⁎⁎ 0.340 0.531⁎⁎ 0.529⁎⁎ 0.52
AOB richness 0.208 0.132 −0.027 −0.062 −0
AOB diversity −0.048 −0.195 −0.262 −0.065 0.01

⁎ Correlation is significant at the 0.05 level.
⁎⁎ Correlation is significant at the 0.01 level.
4.309, P = 0.002, 999 permutations) significantly contributed to the
FWSF-CW AOA OTU composition–environment relationship. In addi-
tion, sediment/soil temperature (F = 2.045, P = 0.041, 999 permuta-
tions) and TP (F = 3.659, P = 0.003, 999 permutations) also had
significant contributions to the FWSF-CW AOB OTU composition–envi-
ronment relationship.

4. Discussion

4.1. Variations of AOA and AOB abundance in wetlands

A few previous studies have revealed considerable changes of sedi-
ment/soil AOA and AOB abundance with both sampling site and sam-
pling time (season) in natural wetlands (Hu et al., 2014; Wang et al.,
2013b; Xia et al., 2015; Zheng et al., 2013). Considerable variations of
sediment/soil AOA and AOB abundance with sampling site have also
been documented in FWSF-CWs treating river water (Fan et al., 2016;
Wang et al., 2013a). Moreover, several previous studies revealed a
strong seasonality effect on AOB but a weak one on AOA abundance in
FWSF-CWs used for tertiary wastewater treatment (Sims et al., 2012)
and swine wastewater treatment (Li et al., 2018). So far, information
on the seasonality effect on AOA and AOB abundance in FWSF-CW
treating surface water is still lacking. In the studied FWSF-CW treating
river water, both AOA and AOB abundance considerably varied with
season and sampling site. This suggested a strong seasonality effect on
both AOA and AOB abundance.

AOAorganisms show relatively high specific affinity for ammonia ni-
trogen and have the preference for low levels of ammonium nitrogen
(Erguder et al., 2009), while high levels of ammonium nitrogen favors
AOB abundance (Di et al., 2009). However, the links of sediment/soil
NH4

+-Nwithwetland AOA and AOB abundance remain elusive. Previous
studies reported that the level of sediment/soil NH4

+-N was positively
correlated with AOB abundance in natural wetlands (Hu et al., 2014;
Kim et al., 2017; Wang et al., 2011), while increasing sediment NH4

+-N
level might also promote AOA abundance in natural grove wetland (Li
et al., 2011) and intertidal wetland ( Hu et al., 2014). Wang et al.
(2013a) suggested that a higher level of NH4

+-N increased AOB abun-
dance but lowered AOA abundance in a FWSF-CW treating river
water. In this study, the results of Spearman's rank correlation analysis
suggested that a higher level of sediment/soil NH4

+-Nmight have nega-
tive influences on both AOA and AOB abundance in the FWSF-CW
treating surface water. Moreover, the results of Spearman's rank corre-
lation analysis further suggested that both AOA and AOB abundance
were also collectively regulated by the levels of sediment/soil NO2

−-N,
TN, TP and TOC, as well as NH4

+-N. The results suggested that niche sep-
aration of AOA andAOBmight not clearly exist in the studied FWSF-CW.
TN, TP, TOC and NH4

+-N are the commonly known factors influencing
the AOA and AOB abundance in freshwater lake sediment (Yang et al.,
2016b). In a lake riparian freshwater wetland, TP was found to be one
of the determinants of AOB abundance, while organic matter deter-
mined both AOA and AOB abundance (Zhang et al., 2015). To the au-
thors’ knowledge, this was the first report on the potential influences
of sediment/soil NO2

−-N and TN on wetland AOA and AOB abundance.
d diversity of AOA and AOB communities in the FWSF-CW.

TOC Temperature ORP pH C/N

6 0.524⁎ −0.347 0.290 0.261 0.382
0⁎⁎ 0.581⁎⁎ −0.046 0.231 0.385 0.293
2 −0.286 0.432 −0.267 0.027 −0.206
2 −0.471⁎ 0.537⁎ −0.229 −0.092 −0.478⁎

8⁎⁎ 0.643⁎⁎ −0.294 0.281 0.271 0.267
.056 −0.321 −0.194 0.035 −0.027 −0.311
2 −0.417⁎ −0.050 −0.002 −0.031 −0.385
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Fig. 5. RDA ordination plot for the first two principal dimensions of the links of AOA (a)
and AOB (b) OTU compositions with sediment/soil physicochemical parameters in the
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Wang et al. (2013a) suggested the more critical role of AOB in am-
monia oxidation in a FWSF-CW treating river water. In contrast, Fan et
al. (2016) suggested that AOAwas themore important player in ammo-
nia oxidation in FWSF-CWs treating river water. In this study, AOB
tended to far outnumber AOA. This was in agreement with the results
reported on natural freshwater wetlands (He et al., 2017b; Kim et al.,
2017; Wu et al., 2013). Moreover, in this study, PNR showed a positive
correlation with AOB abundance, instead of AOA abundance. However,
further direct evidence would be necessary for the contribution of
AOB on the total ammonia oxidation in the studied constructed
wetlands.

4.2. Variations of AOA and AOB richness and diversity in wetlands

Although seasonal and spatial changes of sediment AOA and AOB
richness and diversity have been documented in natural wetlands (Xia
et al., 2015; Zheng et al., 2013), there was still a paucity of direct infor-
mation about the variations of sediment or soil AOA and AOB richness
and diversity in CW. In the studied FWSF-CW, AOA and AOB richness
and diversity were found to differ considerably among sites and sea-
sons. Moreover, so far, the links of AOA and AOB richness and diversity
with wetland sediment/soil environmental variables remain largely un-
clear. In this study, Spearman's rank correlation analysis suggested that
increasing TOC level could decrease both AOA and AOB diversity. How-
ever, the level of organic matter was found to be positively correlated
with AOB diversity in a lake riparian wetland (Zhang et al., 2015). In
the studied FWSF-CW, the rise of sediment/soil temperature was
found to favor AOA diversity, while the influences of temperature on
AOA and AOB diversity were not considerable in salt marsh wetland
(Xia et al., 2015) and mangrove wetland (Li et al., 2011). In addition,
the present study further provided the evidence that AOA diversity
might be influenced by wetland sediment/soil C/N.

4.3. Variations of AOA and AOB community structures in wetlands

A previous study indicated that Nitrosopumilus organisms were the
dominant AOA species in a natural freshwater wetland (He et al.,
2017b), while Zhang et al. (2015) reported thatNitrososphaera predom-
inated in another natural freshwater wetland. Moreover, Liu et al.
(2017) revealed that both Nitrosopumilus and Nitrososphaera were the
dominant AOA species in a natural freshwater wetland.
Nitrososphaera-like organisms were found to be the major AOA in
FWSF-CWs treating river water (Fan et al., 2016) and municipal waste-
water (Liu et al., 2017). In the present study, most of the retrieved ar-
chaeal amoA gene sequences were affiliated with uncultured AOA
species. In addition, a considerable proportion of archaeal amoAgene se-
quences could be affiliatedwith cultivated Nitrosopumilus strains, while
Nitrososphaera-like organisms were the minor AOA group. The results
were different from those reported in other wetland ecosystems (Fan
et al., 2016; He et al., 2017b; Liu et al., 2017; Zhang et al., 2015).
Hence, the major AOA group might be wetland-specific.

Some previous studies indicated that Nitrosomonas was the domi-
nant AOB species in natural freshwater wetlands (He et al., 2017b; Wu
et al., 2013), while other studies reported the dominance of Nitrosospira
in different natural freshwater wetlands (Lee et al., 2014; Liu et al.,
2017; Zhang et al., 2015). Moreover, Nitrosomonas dominated in
FWSF-CWs treating river water (Fan et al., 2016) and tertiary wastewa-
ter treatment (Sims et al., 2012), while Nitrosospira showed the domi-
nance in a FWSF-CW for advanced treatment of municipal wastewater
(Liu et al., 2017). In this study, although Nitrosospira predominated in
the soils of the FWSF-CW treating river water, both Nitrosospira and
Nitrosomonas were the major AOB species in sediments. This was not
in harmony with the results reported in the previous studies (He et
al., 2017b; Lee et al., 2014; Liu et al., 2017; Sims et al., 2012; Wu et al.,
2013; Zhang et al., 2015). Therefore, themajor AOBgroupmight bewet-
land-related.

A few previous studies have reported evident seasonal and spatial
changes of sediment/soil AOA and AOB community structures in natural
wetlands (Hu et al., 2014; Wang et al., 2013b; Zheng et al., 2013). Evi-
dent spatial variations of AOA and AOB community structures have
also been found in FWSF-CWs treating river water (Fan et al., 2016),
and in an integrated constructed wetland for swine wastewater treat-
ment (Zhang et al., 2017). However, the seasonality effects on AOA
and AOB community structures in CWs remain unknown. In this
study, the results of both weighted UniFrac-based hierarchical cluster-
ing and phylogenetic analysis indicated considerable season- and site-
related variations of AOA and AOB community structures in the studied
FWSF-CW. The result of RDA also suggested that sediment/soil temper-
aturewas a key factor influencing both AOA and AOB community struc-
tures in the studied FWSF-CW. This further confirmed the strong
seasonality effects on AOA and AOB community structures. NO3

−-N
was a key factor shaping AOA community structure in freshwater sedi-
ment (Yang et al., 2016b). A strong correlation between AOA commu-
nity structure and NO3

−-N have also been found in intertidal wetland
sediment/soil (Hu et al., 2014; Zheng et al., 2013). The result of RDA sug-
gested that NO3

−-N might also play an important role in shaping AOA
community structure in the studied FWSF-CW. The present study pro-
vide the first evidence for the potential links of sediment/soil NO3

−-N
with AOA community structure in CWtreating surfacewater.Moreover,
although TP was a determinant of AOB community structure in fresh-
water sediment (Yang et al., 2016b), the links of TP with sediment/soil
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AOB community structure remain unknown. In this study, TPwas found
to have an influence on AOBcommunity structure in the FWSF-CWused
for river water treatment.

5. Conclusions

Strong seasonality effects on PNR and the abundance, richness, di-
versity and structure of AOA and AOB communities occurred in a
FWSF-CW treating river water. AOB generally far outnumbered AOA,
and AOB abundance showed a positive correlation with PNR. A consid-
erable proportion of archaeal amoA gene sequences could be affiliated
with cultivated Nitrosopumilus strains. Nitrosospira and Nitrosomonas
were the dominant AOB species. AOA and AOB abundance were collec-
tively regulated by the same environmental variables, while the envi-
ronmental variables determining the diversity and structure of AOA
and AOB communities were different.
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