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Abstract : To investigate the effects of silver nanoparticles ( Ag
NPs) and low temperature double-pressure on the wastewater
treatment efficacy and the microbial community structure of
constructed wetlands, a pilot-scale vertical flow constructed
wetland was set up to treat synthetic wastewater under
laboratory conditions. By measuring the effluent concentration
of ammonia nitrogen (NH, -N), total nitrogen ( TN), total
phosphorus (TP) , chemical oxygen demand (COD) , and the
diversity, richness, and community
microorganisms of the upper and lower soil layers in the
wetland, the nutrient removal effect of the constructed wetland
and the changes in the microflora of the soil layer were
studied. The results reveal that the correlation coefficients
between the removal rates of TN and NH,-N and the
temperature are 0. 463 and 0. 692, respectively, indicating a
significant positive correlation. From the warm to the cold
season, both the diversity and richness of microorganisms in

structure  of

the lower soil layer of wetlands are inhibited under the double-
pressure of Ag NPs and low temperature, and the abundances
of the denitrogenation functional bacteria such as Candidatus
nitrososphaera, Sulfuritalea, Anaeromyxobacter, Candidatus
solibacter, Nitrospira, and Zoogloea are altered. Low
temperature and Ag NPs exposure can thus affect the
wastewater treatment performance of constructed wetlands,
possibly because of the seasonal changes of the microflora.
Key words: silver nanoparticles; constructed wetland;
wastewater treatment; low temperature; microbial community
structure ; water quality
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wing to its excellent antimicrobial activity, silver
nanoparticle ( Ag NP) is one of the most widely
used nanomaterials with the highest degree of commer-

cialization'"’. The widespread use of Ag NPs products
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has inevitably resulted in the release of Ag NPs into the
land and water environment, most of which end up in the
wastewater treatment systemsm. Among these, construc-
ted wetlands (CWs) are widely used because of their de-
centralized and cost-effective nature and environmentally
friendliness that allow efficient removal of pollutants with
the assistance of plants, microorganisms, and substrates
through biological , physical, and chemical processes ™ .
Therefore, the application of Ag NPs inevitably leads to
their appearance in CWs, which further inhibits some mi-
croorganisms and reduces the efficiency of biological
wastewater treatment .

Despite the knowledge of this problem, only a few
studies have evaluated the effect of Ag NPs on the
wastewater treatment performance of CWs in cold sea-
sons. Especially in cold seasons, low temperature affects
plant growth, physiology, and rhizosphere environmental
condition as well as slows down the reaction rate for soil
and aquatic microorganisms, thereby reducing both physi-
cal and biological activities in CWs, which lower the
wastewater treatment ability’”™ . With the aim of probing
the feasibility of CWs for Ag NPs advanced wastewater
treatment in cold seasons, the CW continued to be opera-
ted with synthetic wastewater containing 20 wg/L Ag NPs
for approximately 300 d. The objectives of the present
study were to probe the feasibility of CW for Ag NPs ad-
vanced wastewater treatment in the cold season and clarify
the changes in the microbial community from the warm
season to the cold season after long-term exposure to Ag
NPs. The present long-term experiment results provide
deep insights into the feasibility of CW for Ag NPs in the
cold seasons and the changes in the microbial community
to evaluate the performance and operation of CWs.

1 Materials and Methods

1.1 The experimental vertical flow CW system

The pilot-scale vertical flow CW ( VFCW) was set up
in the laboratory of Southeast University in Nanjing, Jian-
gsu Province, China. The diameter of the experimental
wetland was 0. 60 m, and the height was 1. 00 m, of
which the substrate height was 0. 75 m. Meanwhile, the
substrate frame structure of the wetland consisted of four
layers. The upper layer contained 0.20 m soil, acquired
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from the nature environment of Nanjing. In the case of
the plant in this wetland, Iris pseudacorus was planted,
considering its greater capacity to remove pollutants. As
for the operation of the wetland, the peristaltic pump
(BT100-1F, Longer Pump Co., Ltd, China) was ap-
plied to provide continuous inflow, and the hydraulic
loading rate was maintained at 0. 1 min/d. Meanwhile,
the hydraulic residence time was 59 h, and the water level
was controlled at 2 cm below the soil layer. The other de-
tails of the CW mesocosm are available in our previous
study .

1.2 Ag NPs suspension and synthetic wastewater

The Ag nanoparticles with the size of 10 to 40 nm coa-
ted with polyvinylpyrrolidone ( PVP) were purchased
from Huzheng Nano Technology Co., Ltd. in Shanghai.
Based on the manufacturer’s instructions, the purity of Ag
NPs was greater than 99.99% . The average particle size
of Ag NPs was (24.4 +8.2) nm. Meanwhile, dynamic
light scattering analysis revealed that the average hydrated
particle size of Ag NPs in dispersion was (58.1 +2.4)
nm, indicating that the Ag NPs were dispersed in the sus-
pension without aggregation and were completely uni-
form.

The synthetic wastewater was designed to represent the
effluent from a secondary biological reactor according to
the actual effluent water quality. The theoretical concen-
trations of chemical oxygen demand (COD), total nitro-
gen ( TN ), ammonia nitrogen ( NH,-N), and total
phosphorus ( TP) in synthetic wastewater were 50, 10,
7, and 1.5 mg/L, respectively. The details of the syn-
thetic wastewater are described in our previous study'” .

1.3 Sampling and analysis

Before starting the experiment, the CW was fed with
synthetic wastewater without Ag NPs for 6 months until
the CW operation stabilized. During the last 30 d of this
phase, the water quality parameters were measured.
Then, the CW was continuously fed with synthetic
wastewater containing 20 ug/L Ag NPs. The water quali-
ty parameters from March to July in the spring and sum-
mer seasons were measured, and this period was regarded
as Phase SS'”/. In Phase SS, the average temperature of
the water was 21.5 C. Next, the wetland continued to
operate with synthetic wastewater containing 20 ng/L Ag
NPs from November to January until the end of the exper-
iment; the average temperature of the water during this
time was 15. 3 C. All water quality parameters were
measured approximately once a week, according to the
standard methods ( APHA, 2005 ) during the period
called Phase FW.

The actual contents of silver in the upper and lower soil
layers were investigated at the later stage of the different
phases in order to better understand the effect of Ag NPs

on the soil microorganisms. Three sampling points were
set up in the upper and lower soil layers to analyze the
distribution of Ag NPs with a special wetland matrix sam-
pler. After air-drying, the samples were filtered through
20-mesh sieves, mixed, and digested according to the US
EPA method 3050B. The total Ag contents of different
soil samples were detected through inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (ICAP
6300; Thermo Fisher Scientific, Waltham, MA, USA).

1.4 Microbial community

To understand the changes in the bacterial communities
from the warm to cold seasons under the exposure of Ag
NPs, the bacterial communities in the upper and lower
soil layers were investigated at the end of Phase SS and
Phase FW through Illumina high-throughput sequencing.
The specific sampling time of Phases SS and FW was July
5th and January 24th, respectively. The upper soil sam-
ples were collected from 0 to 10 cm of the wetland soil
layer, and the lower samples were collected from 10 to 20
cm. The genomic DNA extraction was performed using
the Powersoil DNA Isolation Kit ( Mobio Laboratories,
Carlasbad, USA), according to the manufacturers’ in-
structions. Meantime, the extracted DNA was stored at
—20 C until further use. PCR amplification was conduc-
ted as previously described®’. Pyrosequencing of differ-
ent samples’ amplifications was conducted on the Illumina
MiSeq platform by Shanghai Personalbio Technology
Co., Ltd., China.
(OTUs) were used to cluster sequences by setting a 97 %
similarity using the QIIME software package, followed by
the generation of the rarefaction curves, diversity indexes
(Shannon and Simpson ), and richness indexes ( Chaol
and observed species) for each sample. Meantime, the
relative abundances of the bacterial communities in differ-
ent samples at different taxonomic ranks were revealed by
the QIIME software package. Potential transformations of
the bacterial community structure in different soil layers
during the warm to cold seasons were illustrated using the
principal coordinate analysis (PCoA) and the Unweight-
ed Pair Group Method with Arithmetic Mean (UPGMA )
methods.

The operational taxonomic units

1.5 Statistical analysis

The removal efficiencies and the mass removal rates of
various pollutants were calculated using the following for-
mula.

Cin Coul
RE :Cix 100% (1)

M,=0.1(C, -C,,) (2)
where R is the removal efficiency of pollutants; M, is
the mass removal rate of pollutants; C,
concentration of pollutants; C_, is the effluent concentra-

is the influent
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tion of pollutants.

All data were expressed as the mean standard devia-
tion. Software SPSS 23.0 was used to analyze the vari-
ance (ANOVA) to test the significant difference between
the results; p <0.05 was considered to indicate a statisti-
cally significant difference between the results. The linear
regression relationships between the nutrient removal effi-
ciencies of the soil layer and temperature were conducted
with Software Origin 2017.

2 Results and Discussion

2.1 Nutrient removal effect of the VFCW

The influence of Ag NPs (20 pwg/L) in low tempera-
ture on COD removal was evaluated. As shown in Fig. 1
(a), the maximum effluent concentration of COD was
12.33 mg/L in the cold seasons, indicating that the COD
concentrations under the double-pressure could reach Lev-
el 1A of the People’s Republic of China’s Discharge
Standard of Pollutants for municipal wastewater treatment
plant ( GB 18918—2002 ), according to the discharge
limit value (50 mg/L). As shown in Tab. 1, the average
soil layer COD removal efficiency increased slightly from
(73.6 £4.5) % in warm seasons to (77.8 +11.3)% in
cold seasons, while the average soil layer COD mass remov-
al rate increased slightly from (3.30 £0.22) g/(m’ - d) in
warm seasons to (4.44 +0.96) g/(m’ - d) in cold sea-
sons. The difference analysis (p >0.05) and linear re-
gression relationship ( R* = 0. 390 ) indicated that cold
temperature had little effect on the removal capacity of
COD in the soil layer under the exposure of Ag NPs.

The average TN-removal efficiency and the mass re-
moval rate of the soil layer, and the average NH, -N re-
moval efficiency and mass removal rate in cold seasons
were significantly lower than those in the warm seasons
(p<0.05) (see Tab.1). Meantime, as shown in Figs. 1
(b) and (c), the capacity of nitrogen removal continued
to decrease conspicuously in cold seasons, indicating that
low temperature could obviously reduce the capacity of
nitrogen removal under long-term exposure to Ag NPs.
Furthermore, the nitrogen removal efficiencies of the soil
layer were positively correlated with temperature. The
squared multiple correlation coefficients ( R° ( TN) =
0.463, p<0.05; R*(NH, -N) =0.692, p <0.05) were
higher than those of COD (R’> =0.390) and TP (R’ =
0.220), indicating that the reduction of the nitrogen re-
moval capacity was mainly due to the temperature. It has
been reported that the processes of ammonification, nitri-
fication, and denitrification were found to be temperature-
dependent in the wetlands'™® . In addition, the decay and
dormancy of the plants at low temperatures could inhibit
the assimilation of inorganic nitrogen'®’. As shown in
Figs.1(b) and (c), the maximum effluent concentra-
tions of TN and NH, -N in the cold seasons were 7. 84
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Fig.1 Nutrient removal effect of the constructed wetlands in
Phase FW. (a) COD; (b) TN; (¢) NH; -N; (d) TP

and 5. 19 mg/L, respectively. This result indicated that
TN concentrations at low temperature were less than 15
mg/L and could reach Level 1A (GB 18918—2002) , but
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Tab.1 Average R; and M of the constructed wetlands
Average removal efficiency/ % Mass removal rate/(g + m =2 - d~")
Parameters Soil layer System Soil layer System
Phase SS Phase FW Phase SS Phase FW Phase SS Phase FW Phase SS Phase FW
COD 73.6 £4.5 77.8 +11.3 84.9 1.7 83.9+5.9 3.30+0.22  4.44+0.96  3.81+0.18 4.80 +0.85
TN 70.2 £8.7 50.1+11.6 75.5+3.6 57.8 5.3 0.83+0.13 0.62+0.17  0.90+0.08 0.71 £0.11
NH, -N 56.8+16.8 24.7+12.3 63.3 +3.5 39.3+7.2 0.41+0.13  0.19+0.09 0.45+0.03 0.30 +0.06
TP 74.6 £3.6 62.1+13.1 81.0+4.0 82.2+9.5 0.10+0.01  0.09+0.02 0.11+0.01 0.12 +0.02

the NH," -N concentration slightly exceeded the discharge
standard (5 mg/L). As a result, under long-term Ag
NPs exposure and at low temperature, the use of CW as
an advanced water treatment is feasible in terms of nitro-
gen removal.

The average TP-removal efficiency of the soil layer and
the mass removal rate in cold seasons were lower than
those in warm seasons ( see Tab. 1). Obviously, the ca-
pacity of phosphorus removal was inhibited under the
double pressures of low temperature and Ag NP’s long-
term exposure. However, the relatively low squared mul-
tiple correlation coefficient (R* =0.220, p <0.05) of
TP revealed that temperature had only a slight effect on
the TP-removal capacity from the soil layer. As shown in
Fig.1(d), the TP effluent in the fall and winter was less
than 0. 5 mg/L of the limitation of Level 1A ( GB
18918—2002) , except for once exceeding (0.56 mg/
L). As a result, under long-term Ag NPs exposure and
low temperature, the use of CW as an advanced water
treatment is feasible in terms of phosphorus removal.

2.2 Seasonal changes in bacterial richness and diver-
sity in CWs

The actual contents of silver in the upper and lower soil
layers were estimated at the later stage of Phases SS and
FW to better understand the effect of Ag NPs on soil mi-
croorganisms. In warm seasons, the Ag concentrations in
the upper and lower soil layers were (1.42 +0.10) and
(0.29 £0.03) pg/g, respectively. In cold seasons, the

Ag concentrations were (2. 61 0. 10) and (0. 14 +
0.03) wg/g, respectively.

The richness and diversity indexes of the microbial
communities are shown in Tab.2. SS. U and SS. L repre-
sented the upper and lower soil samples at the end of the
SS operation phase of the wetlands, respectively. Simi-
larly, FW. U and FW. L represented the upper and lower
soil samples at the end of Phase FW, respectively. The
observed species (2 003 ), Chaol index (2 636.30),
Shannon index (8.156) , and Simpson index (0.986) of
the sample SS. U were lower than those of the sample
FW.U (2 351, 2 967.35, 8.446, and 0. 987, respec-
tively ) , suggesting that the richness and diversity of the
microbial community in the upper soil layer enhanced
from warm seasons to cold seasons. However, the ob-
served species (2 406), Shannon index (8.815), and
Simpson index (0.991) of Sample SS. L was higher than
those of sample FW. L (2 340, 8.452, and 0.987, re-
spectively ) , suggesting that the richness and diversity of
the microbial community in the lower soil layer declined
from warm seasons to cold seasons under the long-term
exposure of Ag NPs. As a result, the low temperature
probably had a slight influence on the richness and diver-
sity of the microbial community in the upper soil layer
under the exposure of Ag NPs, albeit it could inhibit the
richness and diversity in the lower soil layer. In conclu-
sion, the richness and diversity of the bacterial communi-
ty were altered from the warm seasons to the cold sea-
sons, both in the upper and lower soil layer.

Tab.2 Richness and diversity indexes of the microbial communities

Sample No. Effective sequences OTUs Chaol index Observed species Shannon index Simpson index
SS.U 28 779 2 037 2 636.299 2 003 8.156 0.986
FW.U 31 535 2 459 2 967.351 2 351 8.446 0.987
SS.L 27 466 2 406 2983.713 2 406 8.815 0.991
FW.L 33 430 2 487 2 995.237 2 340 8.452 0.987

2.3 Changes in the bacterial community structure in
CWs

Potential transformation of the bacterial community
structure in different soil layers from the warm to cold
seasons under the exposure of Ag NPs was demonstrated
using the PCoA and UPGMA methods. As shown in Fig.
2(a), the principal components 1 and 2 were explained
for 47.98% and 28.31% of the total community varia-
tions. The sample SS. U and sample FW. U were dis-

tributed in various areas of the data space by PCoA analy-
ses. As shown in Fig. 2 (b), the UPGMA tree went
along well with the results of PCoA, indicating that the
bacterial community structure in the upper soil varied sig-
nificantly by season under the exposure of Ag NPs.
Meanwhile, the samples SS. L and FW. L were distribu-
ted in separate areas of the data space and the UPGMA
tree, which conformed to the results of PCoA as well
(see Fig.2(a) ). In conclusion, the bacterial community
structure in different soil layers varied greatly from the
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Fig.2 Transformations of the bacterial community structure.
(a) Principal coordinate analysis (PCoA); (b) UPGMA cluster analysis

warm to cold seasons under the treatment of Ag NPs.

To further probe the variation in the bacterial communi-
ty in different soil layers from the warm to cold seasons
by exposure to Ag NPs, the relative abundance of the
phylotypes was analyzed at the phylum, class, and genus
taxonomic levels by high-throughput sequencing 16S
rRNA. The 14 dominant phyla were categorized into two
groups: abundant phyla and rare phyla.
abundance of the abundant phyla was greater than 1. 0%
in each sample (see Fig.3(a) ), while the relative abun-
dance of the rare phyla was less than 1. 0% in at least one
sample and > 0. 1% in each sample (see Fig.3(b)).
The main phyla in the warm seasons included Proteobac-
teria (37.6% to 56.87% ), Acidobacteria (10.03% to
19.77% ) , Bacteroidetes (7.77% to 15.85% ), and the
main phyla in the cold seasons were Proteobacteria
(27.52% to 38. 01% ), Bacteroidetes ( 18. 03% to
15.88% ), and Spirochaetes (5.23% to 12.46% ). From
these results, it can be seen that the phyla types may be in-

The relative

fluenced by the change of seasons under the treatment of
Ag NPs. Interestingly, different variation trends were de-
tected by different phyla with the change of the seasons un-
der the treatment of Ag NPs in different soil layers.

To determine the specific phyla in different soil layers,
the net differences between the relative abundance of each
phylum in the cold seasons and that in the warm seasons
of two soil layers were calculated ( results demonstrated in
Fig.3(c)). In the upper soil layer, some phyla were
obviously promoted from the warm to the cold seasons,
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Fig. 3 Relative abundance of the individual samples at the

phylum level. (a) Abundant phyla; (b) Rare phyla; (c) Differences
between the abundant and rare phyla

which included Bacteroidetes, Spirochaetes, and Chlo-
roflexi. Bacteroidetes can hydrolyze and acidify macro-
molecular organics under anaerobic conditions'"’. Chlo-
roflexi can form a specialized group of filamentous bacte-
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ria, and they remain active only under aerobic conditions
by primarily consuming carbohydrates'>’. In contrast,
the relative abundance of some phyla decreased obvious-
ly, including Acidobacteria and OD1. The relative abun-
dance of Acidobacteria significantly correlated with the

activity of C-cycling enzymes'"'.

For the lower soil lay-
er, the relative abundance of some phyla obviously in-
creased from the warm to cold seasons, which included
Verrucomicrobia (4. 36% to 8. 33% ), Spirochaetes
(0.40% to 12. 46% ), and Chloroflexi (0. 84% to
8.99% ). In contrast, Proteobacteria and Acidobacteria
showed obvious inhibition, whereas the relative abun-
dance of Proteobacteria remained steady in the upper soil
layer. It could be seen that the same phylum exhibited
different resistances to Ag NPs from the warm to cold
seasons under different soil conditions. Meantime, Pro-
teobacteria was found to be related to the biological re-
moval of organic matter, nitrogen, and phosphorus'”* ™.
The significant decrease in the abundance of Proteobacte-
ria may result in a decrease in the treatment capacity of
the CW. As a result, different phyla may show different
trends with the change in the seasons under the long-term
exposure of Ag NPs, possibly leading to the variation in
the water quality in the CW.

Further analysis was conducted to explore the relative
abundance at the class level, as shown in Figs.4(a) and
(b); the 18 dominant classes were divided into two
groups: abundant classes and rare classes. The relative
abundance of the abundant classes was greater than 1.0%
in each sample, while the relative abundance of the rare
classes was less than 1. 0% in at least one sample and
more than 0.5% in each sample. The main classes in the
warm seasons were Betaproteobacteria ( 17. 47% to
30.18% ), Chloracidobacteria (2. 95% to 12. 78% ),
and Deltaproteobacteria (9.23% to 9.76% ), while the
main classes in the cold-warm seasons were Bacteroidia
(10.73% to 16.68% ), Betaproteobacteria (12.93% to
24.52% ), and Deltaproteobacteria (6.03% to 8.91% ).
The net differences between the relative abundance of
each class in cold and warm seasons are shown in Fig. 4
(c). In the upper soil layer, some classes were promoted
obviously, including Thaumarchaeota, Bacteroidia,
Anaerolineae, and Nitrospira. Among these, Bacteroidia
and Anaerolineae are affiliated with Bacteroidetes and
Chloroflexi, respectively, both of which may be involved

") Nitrospira belongs

in the removal of organic matter'
to Nitrospirae, which was related to nitrogen removal'"”’.
In contrast, the relative abundance of some classes showed
an obvious decrease, including Alphaproteobacteria, Be-
taproteobacteria, Deltaproteobacteria, Gammaproteobacte-
ria, and Saprospirae. Betaproteobacteria microorganisms
were found to be commonly involved in phosphate remov-
al, and ammonia-oxidizing bacteria were composed of

both Beta- and Gamma-proteobacteria microorganisms ' .
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Fig.4 Relative abundance of the sample at the class level. (a)
Abundant class; (b) Rare class; (c) Differences between the abundant

and rare classes

In the case of the lower soil layer, the relative abun-
dance of some classes showed an obvious increase, which

included Bacteroidia and Anaerolineac. In contrast,
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Chloracidobacteria, Alphaproteobacteria, Betaproteobac-
teria, Saprospirae, Gemmatimonadetes, and Spartobacte-
ria showed obvious inhibition. Nevertheless, among these
decreasing classes, the relative abundance of Chlorac-
idobacteria, and Spartobacteria
remained steady in the upper soil layer. Thus, different

Gemmatimonadetes ,

soil conditions affected the same class under the long-term
exposure of Ag NPs from the warm to cold seasons.

To determine the specific bacterial species influenced
by Ag NPs under seasonal variation at a finer taxonomic
level, the relative abundance was further analyzed at the
genus level. Among the taxonomically identified genera,
some main types are presented in Fig. 5. The relative
abundance of Geobacter decreased obviously in the upper
and lower soil layers from the warm to cold seasons
(from 3.54% t00.73% and from 1.15% to 0.85% , re-
spectively ) ; this genus belongs to the Proteobacteria phy-
la that can degrade organic pollutants'”'. Meanwhile, the
relative abundance of Treponema significantly increased
in both the soil layers, which is a chemoheterotrophic mi-
croorganism, showing an ability to degradate complex
compounds'"*'. The relative abundances of Gallionella in-
creased significantly in both the soil layers, which is an
aerobic chemolithoautotroph that belongs to the group of

psychrotolerant iron- and sulfur-oxidizing acidophiles with
19-20]

the capacity to resist heavy metals" Candidatus ni-
trososphaera, Sulfuritalea, Anaeromyxobacter, Candida-
tus solibacter, Nitrospira, and Zoogloea played an essen-
tial role in nitrogen removal in the wetland. The relative
abundance of Sulfuritalea was the highest among all gene-
ra and decreased in both the soil layers (from 7.55% to
14-
12t
10

8

6

4_

Al

0 [N =%

Relative abundance/%

|

3.10% and from 1.49% to 1.38% , respectively) , indi-
cating the ability to oxidize sulfur compounds and hydro-
gen and simultaneously dissimilatory reduce nitrate >’ .
Moreover, Candidatus nitrososphaera is a part of the am-
monia-oxidizing archaea and plays an important role in
the nitrogen cycle'” . This genus increased in the upper
soil (from 2.32% to 4.54% ) but decreased in the lower
soil layer ( from 3.70% to 2.82% ). Nitrospira played
an important role in the nitrification process and the bio-
geochemical nitrogen cycle'”’. The relative abundance of
Nitrospira increased in the upper soil layer ( from 0.53%
to 4.99% ) but decreased in the lower soil layer ( from
1.38% t0 0.25% ). The relative abundance of Candida-
tus solibacter and Zoogloea increased slightly in the upper
soil layer and declined in the lower soil layer. Candidatus
solibacter is known as a denitrifying bacteria >’ | and Zo-
ogloea possesses the ability to form flocs and reduce ni-

trate content in wastewater“b].

Anaeromyxobacter is re-
garded as the denitrifying bacteria, and its relative abun-
dance remained steady in the upper soil and increased
from 0.59% to 1.97% in the lower soil layer'™’. Re-
garding phosphate removal, Pseudomonas and Dechlo-

: [16]
romonas play an important role .

The relative abun-
dance of these two genera obviously decreased in both the
soil layers from the warm to cold seasons, possibly reduc-
ing the efficiency of phosphate removal in the studied
wetland. In conclusion, the different genus may exhibit
different trends with the change of seasons under the long-
term exposure of Ag NPs, which in turn lead to variation
in the water quality in the CW, especially in terms of ni-

trogen and phosphate removals.

S8S.U; RXNFW.U; ESSL; BXIFW.L

el

Candidatus ~ Candidatus Treponema Nitrospira ~ Zoogloea
Nitrososphaera ~ Solibacter

Geobacter Pseudomonas Gallionella Sulfuritalea Anaeromyxo Dechloromonas

-bacter

Fig.5 Relative abundances at the genus level

3 Conclusions

1) The effluent of the CW can reach the Standard of
Level 1A (GB 18918—2002) under the double-pressure
of low temperature and Ag NPs exposure.

2) The nutrient removal capacities were severely affect-
ed by Ag NPs with the change of seasons. Through the
regression relationship, the reduction of the nitrogen re-
moval capacity was mainly attributable to temperature.

3) High-throughput sequencing revealed that the varia-
tion in the water quality in the CW, especially those of

nitrogen and phosphate, may result from some specific
microorganism species with the change of seasons, inclu-
ding Candidatus Nitrososphaera, Sulfuritalea, Anaero-
myxobacter, Candidatus Solibacter, Nitrospira, Zoogloea,
Pseudomonas, and Dechloromonas.
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