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A B S T R A C T   

Ammonia-oxidizing microorganisms (AOMs, archaea (AOA) and bacteria (AOB)) are primarily responsible for 
the ammoxidation in constructed wetlands (CWs). However, little is known about evaluating the response of 
AOA and AOB to engineered nanomaterials (ENMs) and quantifying the shift of their contribution to ammox
idation. Herein, we operated a series of CWs exposing to silver nanoparticles (Ag-NPs), single-walled carbon 
nanotubes (SWCNTs), and polystyrene nano-sized plastics (PS-NPs) with the wastewater-accumulating concen
tration of ENMs for 180 days. The results showed that the abundance of AOA amoA gene in situ was far lower 
than that of AOB, while the abundance ratio of AOA to AOB increased by 15 folds after 180-day experiment. 
Using DNA stable isotope probing (DNA-SIP) experiment, we found that the active AOB microbiota varied 
substantially but the AOA was more stable across different groups. Furthermore, the co-occurrence analysis 
proved that ENMs stress increased the negative coexistence pattern of AOA and AOB; predictive functional 
profiling showed that the ENMs enhanced the functional advantage of AOA by inhibiting AOB (mainly hy
droxylamine oxidation process). Finally, the contribution of AOA increased under exposing to SWCNTs 
(18.35%), PS-NPs (24.92%), and Ag-NPs (32.14%) compared with control group (0.03%) for 180 days. Despite 
this, AOB was still the primary executant of ammoxidation in CWs. Overall, in our study, the differences in 
activities and contributions of AOMs were quantified in CWs, and a significantly negative coexistence rela
tionship between AOA and AOB was revealed when exposed to emerging nanomaterials.   

1. Introduction 

In recent years, using engineered nanomaterials (ENMs, 1–100 nm in 
size) to solve environmental issues has become an inexorable trend [26]. 
For example, applications of ENMs in green chemistry, photocatalytic 
degradation of organic pollutants, remediation of polluted soils, water, 
or sediment, pollutant sensing, and detection, have been regularly re
ported. Additionally, the potential risks of ENMs have also been briefly 
discussed. Evaluating environmental concentration is a challenge for 
ENMs including metal, inorganic carbon, and plastics nanomaterials, 
which presently are estimated to occur in the environment and 

wastewater at low (ng/L to mg/L) concentrations [15,18,19,25,31,38]. 
The ENMs are so stable that their degradation is not easily achievable, 
leading to many environmental toxicities. 

Constructed wetlands (CWs) are an ecological water-treatment sys
tem and shore buffer zone that can effectively intercept 87%–98% of 
ENMs in wastewater [4,9,34]. However, with the accumulation of 
ENMs, the nitrogen-removing performance of CWs is gradually deteri
orating, especially ammonia (NH4

+-N) removal efficiency that has 
declined by approximately 50%–70% under more than a 60-day expo
sure [33,56,57]. NH4

+-N heavy loading in CWs effluent can result in a 
series of environmental problems (e.g., eutrophication and ammonia 
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poisoning) [11,53]. Microbial nitrification is a mainstream dissimilatory 
pathway that oxidizes NH4

+-N to hydroxylamine (NH2OH) to nitrite 
(NO2

–-N) via ammonia-oxidizing microorganisms (AOMs, including 
archaea (AOA) and bacteria (AOB)) and finally to N2 via denitrification 
[14,28]. However, when CWs are exposed to ENMs accumulation, who 
is the victim and what contributes to the shift in their ammonia- 
oxidation is still unclear. 

Previous studies have reported that AOA had more contribution to 
ammonia-oxidizing process than AOB in natural wetlands [46]). On the 
one hand, AOA generally outnumbers AOB by approximately an order of 
magnitude [55,61]. On the other hand, the half-saturation constant of 
most of AOA for NH4

+ (about 0.133 μM) was 2–4 orders of magnitude 
lower than other AOB strains [44], indicating AOA has a more intense 
affinity for NH4

+-N and has competitive edges over AOB, particularly in 
infertile environments. However, unlike natural wetlands, in CWs, a 
high concentration of NH4

+-N in influent creates an ideal condition for 
AOB growth. Furthermore, AOB had a much higher cell-specific 
ammonia-oxidizing activity and gene (i.e., amoABC) abundance 
compared to AOA [6,17,51]; therefore, AOB was generally thought to be 
more a significant contributor than AOA in CWs. However, several 
groups of cell-specific activity data were used in research without 
rigorous consideration of the microbiota structure, which might cause 
unreliable results [55]. Some scientists have revealed the contribution 
differences of AOMs just using the inhibition experiments (e.g., acety
lene, 1-octyne, sulfadiazine, dicyandiamide and antibiotics) [12,39,49]. 
In these experiments, AOA had a more ideal survival condition without 
the competition of AOB while it suffered a stronger inhibitory effect. 
Therefore, it could give a rough estimate of AOA and AOB activities but 
not accurately enough to clarify the difference in their activities and 
functions only using the inhibition experiment [54]. More progressive 
DNA-based stable isotope probe (DNA-SIP) technology has been utilized 
to explore active AOMs under exposing to ENMs. It is effective for 
differentiating the active AOMs while high-throughput sequencing re
sults can obtain a clearer recognition of the community structures of 
active AOAs and AOBs [40,41]. The active cell-specific numbers and 
activities for AOMs can be reflected by effective gene abundance and 
microbiota structure, respectively. Based on this assumption, AOMs’ 
ammonia-oxidizing capabilities can be comprehensively evaluated 
when exposing to the accumulation of the different ENMs in CWs. 

In this study, we aimed to explore the contributions of AOA and AOB 
with and without exposure to different ENMs within CW systems. Three 
kinds of typical ENMs (silver nanoparticles (Ag-NPs), single-walled 
carbon nanotubes (SWCNTs) and polystyrene nanoplastics (PS-NPs)) 
were used to perform the disturbing experiments and for the first time 
answer i) how do AOA and AOB contribute to the ammoxidation in CWs, 
and how does the process change after exposure to ENMs? ii) what are 
the degrees of the effect of ENMs with different types of materials in 
regard to AOMs? and iii) how does the coexistence relationship of AOA 
and AOB change under the stress of ENMs? Answering these questions 
will provide important information needed to enhance the nitrogen 
removal in CWs and be of great significance to fully understand the ef
fects of ENMs on natural nitrogen cycling. 

2. Materials and methods 

2.1. Preparation of engineered nanomaterials (ENMs) 

Commercially produced polyvinylpyrrolidone (PVP)-coated silver 
nanoparticles (Ag-NPs) (purity: >99.99%), single-walled carbon nano
tubes (SWCNTs) (purity: >95%), and polystyrene nanoplastics (PS-NPs) 
(5% w/v) were purchased from Sigma-Aldrich (St. Louis, MO, USA), 
XFNANO (Jiangsu, China), and Aladdin (Shanghai, China), respectively. 
During the experiments, each was diluted to 1 mg/L to create synthetic 
wastewater according to previous studies [47,56,60]. The ENMs within 
the synthetic wastewater was finely dispersed and homogeneous, and 
their morphologies were visualized using a transmission electron 

microscope (TEM, JEM-1400, Tokyo, Japan) with diameters ranging 
from 50 to 80 nm (Fig. S1). The composition of synthetic wastewater 
was used to simulate the influents of WWTPs as described in the Sup
plementary Materials (Text S1). Briefly, it contained 200 mg/L of 
chemical oxygen demand (COD), 20 mg/L of NH4

+-N, and 5 mg/L of total 
phosphorus (TP). 

2.2. Experimental operation 

Twelve subsurface-flow CW microcosms (4 sets × 3 replicates, with a 
length of 30 cm, a width of 30 cm, and a height of 50 cm) were con
structed in a sequencing batch mode (hydraulic retention time = 5 
days). All CW microcosms were filled with gravel (Φ: 8–10 mm, 
porosity: 0.4) and planted with cattail (Typha latifolia) [32]. The four 
systems containing non-ENMs-fed microcosms and three ENMs (Ag-NPs, 
SWCNTs, and PS-NPs) treated microcosms with environmental con
centrations of 1 mg/L in wastewater were established in triplicate. The 
operation details are shown in the Supplementary Materials section 
(Text S2). The variations in the dissolved oxygen (DO) concentration as 
well as the pH of the synthetic wastewater in the CWs during one batch 
met the requirements needed for the experiment and are provided in 
Fig. S2. The experiment was performed for 180 days (36 batches). 
During the last batch all water samples were collected at different in
tervals from the pipe at a depth of 20 cm and were analyzed within 1 h 
after collection according to our standard methods [2]. Meanwhile, the 
assay of ammonia-oxidizing rates in all treatment groups were carried 
out by reducing NH4

+-N to NO2
–-N and NO3

––N, and the detailed processes 
are with minor modifications according to Hurley et al. [22]. 

2.3. Ammonia-oxidizing microorganisms (AOMs) assay 

2.3.1. 13C-DNA stable isotope probing incubation 
As shown in Fig. 1, after the 180-day exposure to ENMs, a total of 8 g 

of gravel was covered by a biofilm and sampled from three pre-set 
sampling columns from each CW microcosm (total of 9 samples for 
each CW microcosm, n = 9) in order to perform the DNA-SIP incubation. 
All samples were subjected to a pre-incubation to exhaust the residual 
substrates within the biofilm. Next, the wet gravel was transferred to a 
100 ml conical flask to carry out DNA-SIP incubation using 50 ml of a 
synthetic solution according to the previous study [41]. The synthetic 
solution contained the same ENM concentration and was mixed with an 
equivalent amount of NaH13CO3 as the inorganic carbon source in all 
flasks. The details of synthetic solution composition and culture process 
are described in Supplementary Materials (Text S3). At the end of the 
incubation, the biofilm was stripped and frozen at − 80 ◦C for the 
downstream analysis. 

2.3.2. DNA extraction, isopycnic centrifugation and gradient fractionation 
DNA from the biofilm samples was extracted using a Soil FastDNA 

SPIN Kit (MP Biomedicals, Solon, OH, USA) according to the manufac
turer’s protocol. The concentration and purity of the extracted DNA 
were detected using a Nanodrop lite UV spectrophotometer (Thermo 
Scientific, Waltham, MA) and stored at − 80 ◦C. Equal masses of DNA 
from the duplicate 13C-DNA experiments were combined to achieve a 
sufficient mass DNA (approximately 5 μg) for detecting and quantifiying 
the separated DNA. Next, the 13C-labeling DNA solution was prepared 
and then subjected to centrifugation. The details of the centrifuged so
lutions composition and purification process are described within the 
Supplementary Materials (Text S3) according to Neufeld et al. [37]. Due 
to the poor concentration and quality of the obtained DNA (not shown in 
the data), the community structure and metabolic functions were 
analyzed based on the amplicon sequencing. 

2.3.3. Quantitative PCR and high-throughput sequencing 
After the 180-day experiment, quantitative PCR (qPCR) was per

formed using a MyiQ2 Real-Time PCR Detection System (Bio-Rad, USA) 
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to quantify the abundance of AOA and AOB in the original biofilm. The 
13C-labeling DNA samples, the archaeal amoA gene (GenAOAF: 5′- 
ATAGAGCCTCAAGTAGGAAAGTTCTA-3′, the GenAOAR: 5′- 
CCAAGCGGCCATCCAGCTGTATGTCC-3′), the bacterial amoA gene 
(amoA-1F: 5′-GGGGTTTCTACTGGTGGT-3′, and the amoA-2R: 5′- 
CCCCTCKGSAAAGCCTTCTTC-3′ [K = G or T; S = G or C]) were tar
geted. The details are described in previous studies [36,43]. The 
composition of the reaction mixtures and the amplification details are 
described in the Supplementary Materials section (Text S4 and 
Table S1). The 13C-labeling DNA was analyzed via the high-throughput 
sequence targeting V4-V5 regions of the archaeal/bacterial 16S rRNA 
gene using the primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 
926R (5′-CCGYCAATTYMTTTRAGTTT-3′), respectively. The raw data 
were removed barcodes and primer sequences and then imported into 
QIIME2 for the abundance table and taxonomy assignment [7]. Subse
quently, the PCR amplification and the Illumina MiSeq sequencing were 
carried out by Majorbio (Shanghai, China). 

2.4. Contribution shift of AOA and AOB 

At the end of the 180-day experiment, the net ammoxidation effi
ciency was determined using the modified methods of Ouyang et al. 
[39]. Briefly, gravel samples (60 g) were collected according to the 
abovementioned method, and equally divided into three 100 ml serum 
bottles. These bottles were treated with: i) no amendment for control, ii) 
6 μМ aqueous concentration (Caq) of acetylene, and iii) 4 μМ Caq of 1- 
Octyne. Acetylene treatment was set to block the ammonia-oxidizing 
and evaluate the acetylene-insensitive heterotrophic nitrification, and 
the 1-Octyne as the differential inhibitor acting on AOB was utilized to 
distinguish the contributions of AOA and AOB [39,50]. All serum bottles 
were incubated at 25 ◦C in the dark on a shaker at 100 rpm for 7.5 h. At 
the beginning and end of the incubation, active nitrogen (NH4

+-N, NO2
–- 

N, and NO3
–-N) concentrations were measured. Finally, we utilized the 

results of the three treatment groups to determine the ammonia removal 
efficiency and the contribution ratio of AOA during the process of 
ammonia-oxidization using the following equations: 

Ni =
C0V0 − CiVi

C0V0
× 100% (1)  

RAOA =
N3

N1− N2
× 100% (2)  

where Ni is the ammonia removal efficiency of three treatment groups (i 
= 1, 2, and 3), C0 and Ci are the initial and ending concentrations of the 
supernatant, V0 and Vi are the initial and ending volume of the super
natant, and RAOA is the contribution ratio of AOA to NH4

+-N removal in 
biotic process. 

2.5. Statistical analysis 

The data assays were conducted in triplicate (n = 3), except for qPCR 
and high-throughput sequence (n = 9). The results are presented as the 
mean ± standard deviation. Analysis of variance (one-way ANOVA) was 
used to examine the significance of the results followed by the LSD post- 
hoc t-test, in which P < 0.05 is considered statistically significant (SPSS 
v.22.0, IBM). Co-occurrence network analysis and the phylogenetic 
investigation of communities via reconstruction of the unobserved states 
was conducted to analyse the coexistence patterns [Spearman’s ρ > 0.8 
(positive) or < -0.8 (negative) and P < 0.01] and the functional pathway 
profiles (PICRUSt2) of AOA and AOB based on the high-throughput 
sequence of the 13C-labeling DNA samples. The details of script and 
database are described within our previous study [59], respectively. 

3. Results 

3.1. Ammonia-oxidizing performance of CWs 

As shown in Fig. 2, the average removal efficiencies of NH4
+-N in CWs 

were 55.4 % (Ag-NPs), 31.3 % (SWCNTs), 40.8 % (PS-NPs), and 36.2 % 
(control) after a 180-day accumulation (Fig. 2A). The majority of the 
NH4

+-N was transformed into NO2
–-N or NO3

–-N, and the highest con
centrations of the total NO2

–-N and NO3
–-N increased to 1.46 mg/L, 0.55 

mg/L, 0.78 mg/L, and 0.80 mg/L for the control and ENMs treatments, 
respectively (Fig. 2B). The ammonia-removing efficiencies and the field 
of total NO2

–-N and NO3
–-N in all ENMs treatments were reflected in the 

TN removal. Those in the ENMs treatments were lower than those of the 
control group (Fig. 2C), which strongly indicated that the ammonia- 
oxidizing performances under ENM stress were lower than in control 

Fig. 1. The schematic diagram and objectives of experimental design concept of this study.  
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Fig. 2. Variations of removal efficiency of TN (A) and NH4 + -N (B) and the concentration changes of NO2–-N + NO3–-N production (C) and ammonia-oxidizing rate 
(D) in control and different ENMs treated CW microcosms during last batch of 180-day exposure. Asterisks (*) indicate the significant differences with control (n = 3, 
one-way ANOVA, *: P < 0.05, **: 0.01 < P < 0.01, ***: P < 0.01). 

Fig. 3. Quantitative analyses of AOA and AOB abundance (column diagram) and the abundance ratio of AOA to AOB based on the qPCR of amoA gene in situ with 
different ENMs treatment in CWs. Asterisks (*) indicate the significant differences with control (n = 9, one-way ANOVA, P < 0.01). 
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group. 
To further confirm the potential impacts of ENMs on microbial 

ammonia-oxidizing activity, a 7.5-h ammonia-oxidizing experiment was 
conducted after the 180-day feeding experiment. As shown in Fig. 2D, 
significant differences were observed between the control and the ENMs 
groups. The ammonia-oxidizing rates in the Ag-NPs, SWCNTs and PS- 
NPs treatment groups were 1.01, 1.33, and 1.13 mg⋅N⋅g-1gravel⋅h− 1, 
and showed a decrease of 37.9%, 18.4%, and 30.6% compared to the 
control group (1.63 mg⋅N⋅g-1gravel⋅h− 1) (Fig. 2D). The data demon
strated that the presence of the ENMs possessed significant negative 
impacts on the microbial ammonia-oxidizing process within the CWs, 
implying the strong sensitivity of AOMs to ENMs during a long-term 
accumulation. 

3.2. In situ abundance of AOA and AOB in CWs 

The abundance of AOA and AOB after the feeding experiment was 
determined by quantifiying the AOA and AOB amoA gene using qPCR. 
As shown in Fig. 3, compared to the control group, the copy numbers of 
the AOB amoA genes significantly decreased by 9.9-, 1.0-, and 2.2-fold in 
the Ag-NPs, SWCNTs and PS-NPs treatment groups, respectively. In 
contrast, the AOA amoA genes increased by 27.0 %, 18.8 %, and 16.7 % 
in the ENMs groups. The abundance ratio of AOA to AOB ranged from 
0.002 to 0.029 in all groups. The lowest was seen in the control and the 
highest abundance ratio was in the Ag-NPs treatment group (Fig. 3). All 
data indicated that the AOB presented slight to no resistance no to the 
ENMs stress, while the AOA was not inhibited by ENMs accumulation in 
the CWs during long-term exposure. Although the abundance of AOB 
was much higher than that of the AOA, this did not illustrate which was 
active and contributed to ammoxidation. 

3.3. DNA-SIP analysis of AOA and AOB 

3.3.1. ENMs altered microbiota structure of AOA and AOB 
In this study, DNA-SIP technology was used to determine who was 

primarily responsible for the ammoxidation between AOA and AOB as 
well as how much and what their contribution to ammoxidation was. 
After ultracentrifugation, the genes from the heavy fractions represented 
the active microbes, which might be responsible for ammoxidation 
[23,42]. Through the qPCR analysis, the ratios of the gene copy numbers 
of AOA amoA in 13C-labeling DNA to AOB amoA were 0.0036 %–0.30 % 
in all treatments (Fig. S3). The ratio in the Ag-NPs treatment group was 
83-fold higher than that in the control group. In the other treatment 
groups the ratios were also higher by 2.7- and 2.4-fold for the SWCNTs 
and the PS-NPs treatment groups compared to control, respectively 
(Fig. S3). Furthermore, the high-throughput sequencing of the 13C-la
beling DNA provided a clear understanding of the community structure 
of both the active AOAs and AOBs. For AOA, 11 species of AOA were 
detected and identified, and all of the species except Nitro
sopumilus_maritimus showed higher community abundance in the ENMs 
treatment groups compared to the control group (Fig. 4A). Among them, 
Nitrososphaera_gargensis, Nitrosopumilus_sp._NF5, Nitrososphaera_ever 
gladensis, Thaumarchaeota_archaeon_SCGC, and Thaumarchaeota_arch
aeon_MY3 showed the highest abundance under Ag-NPs exposure. 
Moreover, under SWCNTs stress, the Nitrosoarchaeum_limnia had the 
most apparent increase. The growth of Nitrososphaera_viennensis and 
Nitrosopumilus was more significant under PS-NP stress. In contrast, for 
the AOB species, the presence of ENMs significantly inhibited all 14 AOB 
community species. Moreover, the abundance of the AOB species 
decreased by 1.0%–93.4% (Fig. 4B). This data suggests that under ENMs 
stress the activity of AOB was more sensitive when compared to AOA. 

Fig. 4. Average sequence numbers of AOA (A) and AOB (B) at species level, co-occurrence networks (C: Control, D: Ag-NPs, E: SWCNTs, and F: PS-NPs), proposed 
AOA and AOB respiratory pathway (G), and functional predicted profiles (H) based on the high-throughput sequence of 13C-labeling DNA samples. For each co- 
occurrence network, a connection between two nodes stands for a strong (ρ > 0.9) and significant (n = 9, P < 0.01) Spearman’s rank correlation, and the size of 
each node is proportional relative weight (degree). For function predicted profiles, text indicates the described possible hydroxylamine (orange) and nitroxyl (gray) 
pathways, and asterisks (*) indicate the significant differences with control (n = 9, one-way ANOVA, ***: P < 0.01 and *: 0.05 < P < 0.01). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Compared to the abundance ratios of the AOA to AOB in situ biofilm 
samples (Fig. 3), the higher ratios of AOA to AOB were detected after the 
13C-labeling DNA-SIP incubation experiment, indicating that only one 
tenth of the AOBs were involved during the ammonia-oxidizing process 
while under ENM stress; therefore, the contribution of low abundance 
AOA might be underestimated. 

3.3.2. ENMs reshaped the co-occurrence relationship of AOA and AOB 
The overall non-random and ENMs-differentiated microbiota as

sembly patterns are demonstrated in the CW biofilm; thus, we further 
utilized the network model to uncover the underlying AMOs’ co- 
occurrence patterns in all groups. Additionally, the three treatment 
groups, and their subnetworks contained 66 (Ag-NPs), 65 (SWCNTs), 
and 60 (PS-NPs) edges. All of edges in ENMs subnetworks were much 
higher than the subnetwork of the control group (28 edges) (Fig. 4C-4F). 
This pattern is consistent with the comparative profiles of the average 
degree as following: Control (1.68) < SWCNTs (2.89) < Ag-NPs (3.00) 
< PS-NPs (3.41) groups, reflecting that the ENMs affluxing into CWs 
promoted the frequency of AOMs’ co-occurrence relationships. 
Furthermore, the co-occurrence patterns of all treatment groups were 
visually coloured according to AOMs of the network nodes (Fig. 4C-4F), 
facilitating the linking of associated AOMs’ ecological niches to their 
taxonomic and functional profiles. Furthermore, compared with the 
control, various groups of positive and negative interactions among AOA 
or AOB thrived under various niches (as represented by the edge num
ber) in different ENMs-treatment groups, indicating that niche differ
ences between AOMs results from the ENMs stress influenced the 
community assembly and resulted in significant competition between 
AOA and AOB. Combined with the above results and based on the 
relative abundance and co-occurrence analysis of the 13C-labeling DNA- 
SIP incubation, further consideration must be made regarding the actual 
contribution of AOA and AOB during the ammonia-oxidizing process 
when ENMs accumulation occurs in CWs. 

3.3.3. ENMs selected for divergence in the functional profiles of AOA and 
AOB 

The function potentials of ammoxidation of AOMs were predicted 
using PICRUSt2. In the ammonia metabolism pathway (Fig. 4G), the key 
genes (identified by EC number) coding key enzymes including 
ammonia monooxygenase (AMO, EC: 1.14.99.39), hydroxylamine 
oxidoreductase (HAO, EC: 1.7.2.6) for AOB [30], and nitroxyl oxidore
ductase (NXOR, EC: 1.7.3.6) for AOA [52] were comparatively analyzed 
at the third-level of metabolic pathway in the KEGG dataset (Fig. 4H). 
The results showed that the three kinds of key enzymatic genes in all 
treatment groups decreased under ENMs stress over 180 days. Addi
tionally, the AMO (EC: 1.14.99.39) enzymatic genes showed a signifi
cant decrease in Ag-NPs (31.3% of control, P < 0.01) and the PS-NPs 
(51.2% of control, P < 0.05) treatment groups (Fig. 4H). A significant 
decrease was observed in the HAO (EC:1.7.2.6) enzymatic genes, an 
AOB enzyme that decreased by 12.1% of control in the Ag-NPs group, 
32.0% in the PS-NPs group, and 35.7% in the SWCNTs group, respec
tively. In contrast, NXOR, is a key AOA ammonia-oxidizing enzyme and 
had a slight decrease in all treatment groups. These results suggest that 
the accumulation of ENMs weakened the ammonia-oxidizing efficiency 
of CWs primarily through the inhibition of the AOB NH2OH oxidizing 
process. Meanwhile no significant effect on the HNO oxidizing process of 
AOA was observed. 

3.4. Contributions of AOA and AOB 

After the 180-day experiment, the NH4
+-N removal efficiency and 

contribution ratios of the active AOMs were determined through the 
inhibition experiment. As shown in Fig. 5, 34.5%–61.7% of NH4

+-N 
removal was got by the biotic process (AOMs), with approximately 
0.7%–1.6% being removed by the abiotic process (i.e., absorption or 
chemical process) in all treatment groups after 180-day experiment. 

Furthermore, the contribution of active AOA to NH4
+-N removal in biotic 

process increased by 18.35%–32.14%, and were 1108.3- (Ag-NPs), 
632.8- (SWCNTs), and 859.3- (PS-NPs) fold higher than the control 
group (Fig. 5) using 1-Octyne inhibiting to AOB activity. These results 
suggested that under different ENMs exposure the more significant the 
decline of AOB activity was and the more remarkable the contribution 
ratio of active AOA was, which also implied that inhibiting AOB activity 
may provide better living conditions for AOA. Overall, the conclusions 
by the inhibition and DNA-SIP experiments co-reflected the differences 
in activities and contributions of AOA and AOB when exposed to 
emerging nanomaterials in CWs. 

4. Discussion 

Our research for the first time quantified the contribution of AOA 
and AOB in regard to the ammonia oxidizing process within ecological 
wastewater treatment systems. The results proved that the interference 
of ENMs reshaped the contribution structure by influencing the abun
dance of AOB and remodelling the coexistence relationship of AOA. 
These responses may also happen in other ecological medium when 
exposed to other biotoxic contaminants or under adverse conditions. 
However, in the complex water-purifying process it remains unclear 
whether ammoxidation is irrespectively or inconsiderably linked to AOA 
as implied by their exceptionally low abundance. Our research provides 
a detailed reference of this phenomenon. 

The CW biofilm is cultured by means of feeding wastewater con
taining high level nutrients, where AOB generally outnumbers AOA 
[24]. Nevertheless, natural wetlands like the shore and marsh wetlands 
have much more AOA due to the poor nutrient concentrations [55]). In 
this study, the abundance of AOB far exceeded AOA in all CW micro
cosms during the 180-day experiment (Fig. 4A and 4B). In general, the 
ammonia-oxidizing process is completed by both AOA and AOB. In our 
study, the data showed that the microbial ammonia-oxidizing rate was 
significantly decreased under ENMs stress, resulting from the block of 
hydroxylamine oxidation process (Fig. 4H) and the decrease of the AOB 
abundance (Fig. 6A). Although the abundance of AOB decreased by 50% 
(in SWCNTs group) to 90% (in Ag-NPs group), the ammonia-removing 
efficiency only declined by an average 30% in ENMs treatment 
groups. We speculated that these results were due to (1) the surviving 
AOB has an excellent ammonia-oxidizing ability under exposing to 
ENMs [16]; (2) a colony of AOA has a huge potential to contribute to 
ammonia-oxidizing process [10]. 

To further confirm our hypotheses, the AOMs amoA genes were 
successfully labelled 13C using a Na2

13CO3 incubation. During the DNA- 
SIP experiment and the high-throughput sequencing, we found that 
the ratio of active AOA and AOB in control group was different from all 
ENMs groups with AOB being the predominant AOM in all CWs. Simi
larly, Su et al. [48] also found that stimulating AOB activity can effi
ciently drive the ammonia-oxidizing rate in CWs. Furthermore, ENMs 
exposure significantly reduced AOB abundance, while a slight increase 
in AOA amoA genes was found. Why do AOA and AOB have different 
responses to long-term ENMs exposure in CWs? Generally, when AOB 
carries out the ammonia-oxidizing process, they first need to convert 
ammonium and O2 into hydroxylamine, and then generate nitrite 
through the oxidation of hydroxylamine [32]. Half of the electrons ob
tained in this process are returned to ammonia-monooxygenase through 
cytochrome c (Cyto c) in order to complete the ammonium oxidation 
process [27]. The entire process is completed on the cell membrane, 
which is vulnerable to ENMs attack and destruction. In contrast, AOA 
lack the genes that encode Cyto c; thus, there is no transfer of electrons 
from the hydroxylamine oxidation process to the ammonia-oxidizing 
process in AOA [45]. Therefore, compared with AOB, AOA has a 
terser ammonia-oxidizing process and a shorter pathway, which might 
be the primary reason for the less (or no) impact on AOA exposing to 
ENMs accumulation. In addition, the results of the functional prediction 
based on 16S rRNA gene profiles confirmed that the genes coding to 
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HAO in AOB was severely reduced, indicating that ENMs meddling 
ammoxidation is primarily due to the inhibition of the hydroxylamine 
oxidation pathway. The current analytical methods are still relatively 
difficult to confirm the differences in the ammonia metabolic, carbon 
fixing, and electron transferring processes in different AOMs; therefore, 
more studies on the binary culture system need to be performed to 
confirm the syntrophic or competitive mechanisms combined with 
advanced characterization and analysis methods (i.e., transcriptomics or 
proteomics) in the future. 

It is known that archaea can often survive in extreme environments, 
unlike bacteria. For example, AOA can grow and successfully perform 
ammonia-oxidizing processes under a pH of <6.5, while AOB cannot 
accomplish this using its unique ammonia-oxidizing mechanism [1]; 
The growth temperature of AOA ranges from 0.2 ◦C to 97 ◦C, while AOB 

belongs to mesothermal (10–25 ◦C) bacteria and their activity will be 
significantly inhibited or they will die when exposed to high tempera
tures [5,29]. In our study, the pH ranged from 7.4 to 7.8 (Fig. S2) and the 
temperature was approximately 25 ◦C in all the CWs during the 180-day 
experiment. Therefore, pH and temperature were not the reasons for the 
specific differences observed between the AOA and AOB. Oxygen is used 
as the substrate for the ammonia-oxidizing reaction. Due to the differ
ence in oxygen affinity between AOA and AOB (AOA has better oxygen 
affinity) [62], the concentrations of the dissolved oxygen (DO) will 
affect the niche differentiation of AOA and AOB. Previous studies have 
found that the half satiation constant to the oxygen of AOA (0.3 nM −
10 μM) is far less than that of AOB (1.0 μM − 200 μM), thus AOA is more 
suitable for growth in a low oxygen environment [45]. In our study, the 
DO concentration of all wetland reactors greatly decreased from 7.5 mg/ 

Fig. 5. The ammonia removal efficiencies under biotic and abiotic processes and the contribution of AOA to total ammoxidation after 180-day exposure to different 
ENMs. Asterisks (*) indicate the significant differences with control, and different letters (a, b, c) represent the significant differences at each treatment groups (n = 3, 
one-way ANOVA, P < 0.05). 

Fig. 6. Linear relationships between ammonia oxidation rate and AOMs abundance (A) and AOA abundance and AOB abundance (B) after ENMs feeding experiment. 
Different colors represent different treatment groups, black, pink, orange, and the brown are the control, SWCNTs, PS-NPs, and Ag-NPs treatment groups, respec
tively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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L to 0.25 mg/L (7.8 μM) during the first 8 h in each batch (Fig. S2), 
which was more than the minimum half satiation constant of AOA and 
AOB. Therefore, DO was not the main factor that contributes to the low 
ammonia-oxidizing efficiency of AOMs. 

As shown in Fig. 3, the more significantly the ENMs reduce the 
abundance of the AOBs, the higher the abundance ratio of AOA to AOB 
is. The questions are whether there is an antagonistic effect between 
AOB and AOB in wetland systems, whether the relative abundance of 
both AOMs remains balanced under this interaction, and whether this 
balanced coexistence is broken when adding ENMs needs to be 
answered. The answer to the first question has been confirmed by pre
vious studies, which reported that bacteria can make enough space and 
food to survive by releasing bacteriocins that inhibit competitors in the 
environment [3,21,58]. In this study, we also found that AOA abun
dance was negatively correlated with the ammonia-oxidizing rate. The 
AOB abundance under exposure to ENMs (R = 0.64, P < 0.01) (Fig. 6), is 
consistent with the abovementioned conclusion. Meanwhile, the 
changes in co-occurrence patterns as well as the AOA to AOB ratio in 
different treatment groups further confirmed that the balanced coexis
tence of AOA and AOB was disturbed under ENMs stress within the CWs 
(Fig. 4C-F and S3), indicating that ammonia availability is not the only 
factor determining the abundance and distribution of AOA and AOB, 
ENMs stress can also change the ecological niches of AOMs. Further
more, the ENMs could be as a selection pressure, which promoted an 
adaptive reconstruction of co-occurrence relationship between AOA and 
AOB. In the novel pattern, the more intensive co-occurrence pattern 
provided a more suitable and effective interaction relationships for 
metabolism, signal exchange and electronic transport among AOMs 
[59]. Overall, the gathering of ENMs in CWs possibly enhanced inter
specific interactions and created a novel niche for AOMs in CWs. As a 
result, the contribution of AOMs to ammoxidation was shifted while the 
coexistence was broken. Previous studies have also reported that AOA 
was the major contributor to the ammonia-oxidizing process in strongly 
acidic [63], high temperature (40 ℃) [39], or no N-fertilizing [13] 
agricultural soils. Moreover, AOB dominated the ammonia-oxidizing 
process in cultivated agricultural soils and industrial wastewater treat
ment plants [41]. In our study, the contributions of AOA and AOB to 
ammoxidation in the CW system were first quantified by adding in
hibitors. The data shows that AOA in all treatment groups were 
approximately 3000 cell⋅g− 1⋅gravel, accounting for only 0.5% 
(SWCNTs), 0.8% (NPs) and 3% (Ag-NPs) of all AOMs; however, their 
contribution to total ammonia-oxidization was as high as 18.4%–32.1%. 
These results shows that although the proportion of AOA was very low in 
all CW microcosms, their contribution to the ammonia-oxidizing process 
could not be ignored. Additionally, although the activity and abundance 
of AOB in the ENMs-treatment groups were significantly reduced, they 
were still the primary contributors of ammoxidation within the CW 
microcosms. Our results also indicated that when the CW systems suf
fered from the destruction of emerging contaminants, the degree of in
hibition of the sensitive AOB might be underestimated because the 
recalcitrant AOA largely provided part of the ammonia-oxidizing effi
ciency. With respect to the metabolism process, the genome sequencing 
confirmed two Amt-type ammonium transporters, which could have 
unusually high affinity for ammonia [35]. The mechanistic information 
for the unprecedented capacity of ammonium acquisition and the 
metabolism pathway for its oxidation is still unknown. Hence, in order 
to further elucidate the interaction between AOA and AOB and the shift 
in the response mechanisms when exposed to external interventions, 
more studies of the binary culture system regarding the metabolism and 
electron transfer processes need to be performed to confirm the syn
trophic or competitive mechanisms of AOA and AOB in the future. These 
findings extend the knowledge on the current understanding of the 
comprehensive partnerships of coordination among the AOM commu
nity in the ammonia-oxidizing process, which has broader implications 
in the fast selection and stabilization of AOMs in wastewater treatment, 
agricultural soil systems, as well as the general understanding of the 

ecology surrounding nitrogen cycling. 
Considering that our study is based on the lab-scale wetlands, the 

operating parameters of each CW are unified with the sequencing batch 
model (5-day HRT) and the slightly fluctuating DO and pH (Fig. S2). 
Therefore, the influence of operating parameters on the performance of 
CWs and the activities of AOMs may be ignored in our experiment. In 
addition, the influent using synthetic wastewater tried to fully represent 
the real situation of the actual wastewater, there should be no specially 
selective effects on AOMs [20] in the control and treated CWs. Notably, 
in our DNA-SIP experiment, the 13C-labeled inorganic carbon source 
(NaH13CO3) was used to label the genome of AOMs. Although there may 
be differences in the microbial assimilation of carbon source labelled/ 
unlabelled the 13C isotope [8], the effects resulting from those differ
ences may be ignored in the long-term feeding process compared with 
the effects of ENMs [16]. Overall, in this study, the synthetic wastewater 
and molecular experiment have far less bias on the selectivity of AOMs 
than the responses of physiological activity brought by ENMs, and the 
experimental results and conclusions are reliable. 

5. Conclusion 

In this study, using the DNA stable isotope probing (DNA-SIP) 
experiment, the accumulation of ENMs for 180 days as a deterministic 
selection pressure was confirmed to drive the decrease in active AOB 
microbiota abundance and declined certain their ammonia-oxidizing 
processes (e.g., ammoxidation and hydroxylamine oxidoreduction) in 
CWs; In contrary, most of active AOA was increased in the microbiota 
abundance and functional gene (i.e., amoA). Based on the relative 
abundance and co-occurrence analysis, the results showed that the long- 
term accumulation of ENMs had an obvious effect on the AOMs niche in 
CWs, decreased the species segregation, and enhanced the co- 
occurrence relationship between AOA and AOB, as well as reshaped 
the actual contribution of AOA and AOB. In addition, in the inhibition 
experiment, we further proved that the contribution of active AOA to 
ammoxidation in biotic process increased when ENMs inhibiting to AOB 
activity [Ag-NPs (32.14%) > SWCNTs (18.35%) > PS-NPs (24.92%) >
control group (0.03%)]. Although the possibility could not be ignored 
that the decline in nitrifying efficiency may put down to other abiotic 
mechanisms, the changes in microbiota structure, co-occurrence rela
tionship and functional definitely underlie the overall obstructive im
pacts of ENMs on the ammoxidation process. Our findings of the 
ammonia-oxidizing performance and microbial mechanisms provides a 
novel insight into the ecotoxicological impacts of ENMs in CWs and how 
functional AOMs cope with the long-term environmental accumulation 
of ENMs. 
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