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a b s t r a c t
Constructed wetlands (CWs) have been widely applied in mariculture effluents disposal, however, 
the pollutants removal performance of mariculture wastewater with different salinity, especially 
the effect of different halophytes in CWs is rarely discussed. In this study, the nutrients removal 
efficiencies and absolute abundance of nitrogen (N) transformation microbes in CWs microcosms 
were investigated. With the increase of the salinity, both Phragmites australis (P. australis) and Suaeda 
salsa (S. salsa) planted CWs showed a significant reduction in chemical oxygen demand removal 
performance (p < 0.05), while no significant restriction on the nitrogen removal rates of all groups 
was obtained. The N removal efficiency was even promoted under 1.4% in these two kinds of CWs, 
respectively. And total phosphorus removal efficiency declined at the salinity of 1.4% and 2.1% for  
P. australis and S. salsa planted CWs, respectively. Further analysis showed that the presence of nitrifi-
cation and denitrification was the major approaches of N removal. The absolute abundance of genes 
related with N transformation genes was significantly influenced by fluctuation of salinity, which 
affected the treatment efficiency of wastewater. The two different CWs presented high possibility of 
application on mariculture treatment in proper salinity.
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1. Introduction

Mariculture is a kind of production way breeding and 
reproducing marine economic animals and plants, which 
mostly based on shallow sea, beach, harbor, etc. It is one of the 
most significant ways to utilize marine living resources and 
develop oceanic fishery with the advantages of short produc-
tion cycle and high output per unit area. Recent estimations 

showed that the world aquaculture production by marine 
environment has increased at an average annual growth 
rate of 3.81%, from 15.2 million tons in 2005 to 21.3 million 
tons in 2014 [1]. At the same time, the rapid development of 
mariculture leads to a large amount of salinity wastewater 
discharge, which contains high concentrations of suspended 
solids, inorganic nitrogen (N), and phosphate (P) pollutants, 
and need high oxygen demand due to low utilization rate of 
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feeds [2]. The high nutrient in mariculture effluent has direct 
and serious influences on the marine environment, especially 
inorganic N and active P, exceeding more than 31.2% and 
14.6% of upper limit in nearshore sea areas, respectively [3]. 
Extra N and P pollutants have been shown to be capable of 
promoting algae growth rapidly, which result in the decrease 
of dissolved oxygen (DO) concentration and light necessary 
for other organisms [4]. 

Nutrients in mariculture wastewater can be removed 
by the physical precipitation and adsorption, and chemical 
technologies, such as catalytic ozonation [5], foam separation 
[6], and poly(allylamine hydrochloride) (PAA·HCl) polymer 
hydrogel methods [7]. However, those physical and chemi-
cal methods still have problems of bad maneuverability, high 
operation, and maintenance cost, as well as some secondary 
pollution. Constructed wetlands (CWs), as an ecological 
wastewater treatment system, have been shown to remove 
the main pollutants in mariculture wastewater successfully 
[8] and realized high efficiencies with low cost since 1980s. 
Previous studies [9–11] demonstrated satisfactory pollutant 
removal efficiency have been achieved in different types of 
CWs treating mariculture wastewater only with low concen-
tration of salinity (below 1%). Therefore, studies are needed 
to address the challenges of increasing salinity, and improve 
the treating performance of CWs through utilizing adaptive 
plants and microorganisms.

Plants have important structural and biological compo-
nent of CWs and play a key role in obtaining better treatment 
efficiency of contaminants. Because plants not only assim-
ilate the inorganic compounds in wastewater, but they can 
also provide oxygen and organic compounds (such as sugars 
and vitamins) for microorganisms in rhizosphere [12]. Several 
researchers reported that the activity and quantity of nitrate 
reducers and denitrifiers were stimulated by rhizosphere effect 
[13–16]. However, mariculture is conducted with low salinity 
of 3 parts per thousand (ppt) in the inland areas and high 
salinity of 30 parts per thousand (ppt) in coastal areas [17,18]. 
High-salt stress in mariculture effluents could restrict the 
growth and productivity of plants by decreasing the amount 
of water and increasing concentrations of salts in the cyto-
sol [19,20]. Some studies indicated that, Phragmites australis 
(P. australis), Suaeda salsa (S. salsa), and Salicornia europaea (S. 
europaea) have great potential for disposal of mariculture 
wastewater in CWs [9,21,22]. Especially, S. salsa can grow 
well with high salinity with 400 mM NaCl due to its superior 
salt tolerance [23]. Whereas, S. salsa is still less extensively 
applied to treat mariculture wastewater in CWs in compari-
son with other halophytes such as P. australis and cattail spe-
cies [24]. The lack of mariculture treatment performance of 
S. salsa planted CWs limits our ability to optimize treatment 
processes and to reliably predict specific effluent quality.

Despite the fact that the CWs are effective and environ-
mentally friendly process with low operating and main-
tenance costs [25], poor N removal performance caused by 
different requirements for oxygen and organic carbon for 
nitrification and denitrification has been described in many 
studies [26–29]. Lack of DO is one of the most common issues 
in CWs on account of short oxygen transfer efficiency of the 
surface air and substrate [27]. Diverse and complex microbial 
community plays a key role in the degradation performance 
of nitrogen removal in CWs, such as nitrifiers, denitrifying 

bacteria, and anaerobic ammonium oxidation (anammox) 
bacteria [30]. NH4–N is converted to NO2–N or NO3–N by 
nitrifiers with O2 as the electron acceptor, while NO2–N 
or NO3–N are converted to gaseous N by denitrifiers with 
NH4–N as the electron donor under anoxic conditions [31]. 
Furthermore, anammox is also one of the most important 
biological nitrogen removal technologies, in which NH4–N 
is anaerobically converted to N2 using NO3–N as an oxidant 
[32]. However, it is so difficult to apply practically due to 
its requirement of a long start-up period and strict anaero-
bic conditions [33]. Salinity may cause cell plasmolysis and 
death of bacteria due to its biotoxicity in conventional waste-
water treatment process [34]. Therefore, the effect of salinity 
on microbe, especially nitrogen related microbe, need further 
study.

This study explored the operational adaptability and fea-
sibility of two different halophytes planted CWs for treating 
mariculture wastewater under different salinity, as well as to 
quantitatively understand their underlying molecular mech-
anisms. The objective of this study was to evaluate the chemi-
cal oxygen demand (COD), N, and P treatment performance, 
and to quantify the absolute abundance of the functional 
genes involved in nitrogen removal. 

2. Materials and methods

2.1. Microcosms setup

Twelve lab-scale CW microcosms were established under 
a transparent rain shelter in Bai Hua Park, Jinan, Shandong 
province. As shown in Fig. 1, each microcosm was a plastic 
drum with 34 cm in diameter and 45 cm height. The bottom 
of the CWs was covered with 22 cm thick layer of sand and 
15 cm depth of water. The hydraulic loading of each system 
was 0.287 m3/(m2·batch), and hydraulic retention time was 6 d. 
Those microcosms were divided into four groups: S (S. salsa), 
SS (S. salsa + salt), P (P. australis), and PS (P. australis + salt), 
and each group contained three parallels.

Fig. 1. Simulated diagram of the constructed wetlands.



257J. Hu et al. / Desalination and Water Treatment 99 (2017) 255–265

2.2. Experimental design

The experiment was carried out from April 2016 to 
October 2016. S. salsa and P. australis were cultivated with 
freshwater for 2  weeks once planted and then cultivated 
with simulated wastewater for 2  weeks before the begin-
ning of the experiments. To minimize variability of mari-
culture wastewater, artificial wastewater (Table S1) was 
prepared according to the artificial seawater formulated by 
Kester et al. [35]. Artificial wastewater was made from tap 
water (Jinan groundwater) and the concentration of COD, 
NH4–N, NO3–N, and total phosphorus (TP) was 60, 20, 5, 
and 10 mg/L, respectively [36–38]. As shown in Table 1, after 
stabled for more than 3 weeks, the salinity of simulated mari-
culture effluents was increased. And there was only one con-
trol group data and named S and P of S. salsa and P. australis 
CWs, respectively. 

2.3. Water parameters

Water samples were taken at the influent and effluent sites 
of the microcosms. Water temperature, DO, and pH levels 
were determined in situ using a pH analyzer (PHS-3C, Leici, 
Shanghai) and DO analyzer (HQ30d 53LEDTM, Hach, USA). 
Water salinity was measured by portable electrical conduc-
tivity meter (DDBJ-350, Leici, Shanghai). Water samples were 
taken every 2 d to test dissolved nutrients: NH4–N, NO2–N, 
NO3–N, and TP. Samples were collected in acid-washed 
500 mL plastic jars and filtered (GF/C Whatman). Triplicate 
nutrient concentration was measured according to the stan-
dard methods [39]. TP was analyzed according to Bray [40].

The calculation methods of nitrogen removal rate (NRR) 
referred to previous research [41]. 

Nutrient removal efficiency (RE) was calculated as fol-
lows [42]:

RE = (Ci – C0) × 100/Ci

where Ci is the concentration of influent (mg/L); C0 is the con-
centration of effluent (mg/L). The results were standardized 
by dividing these parameters by the surface area so as to 
define the values obtained per square meter. 

2.4. DNA extraction and real-time quantitative polymerase chain 
reaction

Three replicates of DNA for each microcosm were 
extracted from 500 mg substrate samples using the power soil 
DNA isolation kit (MoBio Laboratories, Carlsbad, CA) fol-
lowing the manufacturer’s instructions. The concentration of 
DNA was measured using microspectrophotometer (K5500, 

KAIAO Technology, China) according to the instructions. 
The value of OD260/280 measured after DNA extraction 
ranged between 1.8 and 2.0 to guarantee the quality of DNA.

To explore the effect of salinity on N removal perfor-
mance, the real-time quantitative polymerase chain reac-
tion (qPCR) was conducted with a selection of Nitrospira 
(nobL), anammox bacterial 16S rRNA (anammox), ammonia 
monooxygenase (amoA), membrane-bound nitrate reduc-
tase (narG), copper-containing nitrite reductase (nirK), and 
cd1-containing nitrite reductase (nirS). Table S2 lists the infor-
mation of the primers selected for amplification of the 16S 
rRNA fragment of Nitrospira (nobL) and anammox (anammox), 
and the target fragments of the following functional genes: 
ammonia monooxygenase (amoA). The qPCR was carried out 
in LightCycler 480 with Sequence Detection Software v1.4 
(Applied Biosystems, USA). Each qPCR mixture (20 µL) was 
composed of 10 µL of SYBR Premix Ex Taq™ II (2×), 0.4 µL of 
each forward and reverse primers, 8.2 µL ddH2O and 1.0 µL 
of template DNA (TaKaRa Biotechnology, Japan) and the 
amplification program was performed as Yun et al. [43]. The 
temperature programs of qPCR were shown in Table S3. All 
the standard curves showed very good correlations between 
the DNA template concentration and the crossing point with 
high coefficients of determination (R2 > 0.99). qPCR efficiency 
was in the range from 80.66% to 98.52%.

2.5. Data analysis

Abundance of tested genes was normalized by log trans-
formation. A one-way analysis of variance was performed 
using SPSS v20 to access the significant differences of all 
parameters between samples. The results were considered to 
be statistically significant when p < 0.05.

3. Results and discussion

3.1. Water parameters and removal performance

There were no significant differences in DO concentra-
tion and pH among all groups. The DO concentration on 
the water surface ranged from 1.5 to 4.8 mg/L, and pH value 
averaged at 7.8 ± 0.8. And the salinity in inflow and effluent 
were almost the same in different groups (data not shown). 
Although the salinity showed no effect on those parameters, 
the pollution removal performance showed much difference 
with the increasing salinity and P. australis was more sensi-
tive than S. salsa (Figs. 2–4). 

As a common water quality, COD removal performance 
is shown in Fig. 2. At the salinity of 0.7%, COD removal 
efficiencies of P. australis planted CWs were 21.86% less 
than those of S. salsa planted CWs. However, no significant 

Table 1 
Salinity of experiment wastewater

Date S (%) SSA (%) SS (%) P (%) PSA (%) PS (%)

5 May 2015 to 5 June 2015 0 0.35 0.35 0 0.35 0.35
6 June 2015 to 20 July 2015 0 0.7 0.7 0 0.7 0.7
21 July 2015 to 25 August 2015 0 1.4 1.4 0 1.4 1.4
25 August 2015 to 8 October 2015 0 2.1 2.1 0 2.1 2.1
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difference between two different halophytes planted CWs 
were observed at salinity of 1.4%. For S. salsa planted 
CWs, as the salinity increased from 1.4% to 2.1%, the COD 
removal efficiency of SS significantly decreased from 49.12% 
to 4.53%. For P. australis planted CWs, the COD removal 
efficiencies were similar (49.15% and 50.88%) under dif-
ferent salinity. The result with the salinity of 2.1% was 
not shown due to the unsatisfactory growth of P. australis 
in CWs. Above all, COD removal efficiencies of S. salsa 
planted CWs were lower than that in P. australis plated CWs 
in control groups (P and S). The results were in accordance 
with previous study, in which, P. australis has better abil-
ity for COD removal due to its developed root system [44]. 
The well-developed root system tends to improve uptake 
of nutrients and provide an ideal habitat for the microor-
ganisms. However, the COD removal efficiency declined 
significantly with the salinity addition (p < 0.05), resulting 
in worse treatment performance in P. australis plated CWs. 
When the salinity was lower than 2.1%, the COD removal 
efficiencies maintained 40%–50%, whereas it suddenly 
dropped when salinity was higher than 2.1%. The results 

indicated that excess salt in mariculture wastewater could 
inhibit the halophytes absorption of COD [45,46]. 

Opposed to COD, all the microcosms showed high effi-
ciency in NRR. The NRR in treating wastewater under dif-
ferent salinity is shown in Fig. 3. In the main, the removal 
efficiency of N was accelerated by salinity in almost all micro-
cosms. In S. salsa planted CWs, NRR of S. salsa CWs reached 
the maximum of 5.18 g N/m2/d for SS under 1.4%. The NRR 
of SS was much higher than those of control groups without 
salinity addition and there was distinctly difference between 
group SS and S under different salinity (p < 0.05). For P. australis 
planted CWs, the elimination of N was less affected by salin-
ity and there was almost no significant difference among 
groups with and without salt. Given all that, the performance 
of N removal was promoted by S. salsa and had no effect of P. 
australis under saline environments. There were no significant 
differences in NRR under different salinity (p > 0.05), whereas 
the maximum value of NRR of S. salsa planted CWs was 
slightly higher than that in P. australis planted CWs. The dif-
ferences might be related to salt tolerance mechanism of two 
different kinds of halophytes. As the salinity increased, con-
centration of Na+ ions in P. australis roots increased [47], while 
S. salsa roots could absorb Na+ into the vacuole [48]. Genes 

Fig. 2. COD removal efficiency in treating wastewater with dif-
ferent salinity in (a) S. salsa and (b) P. australis planted CWs. Val-
ues followed by the same letter are not significantly different 
according to LSD test (p < 0.05).

Fig. 3. Inorganic nitrogen removal rates (NRRs) in treating 
wastewater with different salinity in (a) S. salsa and (b) P. australis 
planted CWs (no salt addition in S and P). Values followed by 
the same letter are not significantly different according to LSD 
test (p < 0.05).
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linked to salt tolerance in S. salsa may help to regulate proper 
osmotic pressure in vacuole, so that the optimum salinity for 
its growth is 200 mM NaCl [23]. Therefore, S. salsa performed 
better in enduring different salinity than P. australis, and could 
promote the N removal of saline wastewater. 

The concentrations of NH4–N, NO2–N, and NO3–N in dif-
ferent groups of a typical cycle are shown in Figs. 4 and 5. In 
different groups, the variations of the three different forms 
of nitrogen were similar. In S. salsa planted CWs (Fig. 4), the 
residual NH4–N in the effluent significantly declined and 
the NO2–N was significantly accumulated with increasing 
salinity after 2 or 4 d treatment. The first process of ammonia 
oxidation (from NH4–N to NO2–N) was attributed to NH4–N 

removal. Magalhaes et al. [49] found that nitrification rates 
(calculated by the difference between NH4–N production 
measured in treatments) were promoted when increased the 
salinity properly (from 0 to 3%) in the intertidal sandy sedi-
ments. In addition, no obvious accumulation of NO3–N was 
observed with the decline of NO2–N (Fig. 4), suggesting that 
nitrite oxidation was restrained by salinity. This was because 
nitrite oxidation process is more sensitive to salinity than 
ammonium oxidation process [50]. Ultimately, little NO2–N 
and NO3–N were accumulated in effluent, indicating that 
denitrification was sufficient to completely remove nitrogen 
from the wastewater with no obvious influence of salinity 
[49]. In P. australis planted CWs (Fig. 5), the abovementioned 

Fig. 4. Concentration variation of NH4–N, NO2–N, and NO3–N in S. salsa planted CWs with different salinity.
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variation of NO2–N was not obvious. The pollutant absorp-
tion capacity of P. australis roots might explain the result, 
which could absorb more nitrogen [44]. 

Fig. 6 shows TP removal performance in all microcosms. 
In general, the treatment efficiency of TP was roughly the 
same in two kinds of CWs. In S. salsa planted CWs, the salinity 
had little effect on TP removal at 1.4% and below. However, 
when the salinity arrived 2.1%, there showed statistic differ-
ence between two groups (p  <  0.05), in which S group had 
a higher removal efficiency, followed by SS. In P. australis 
planted CWs, the TP removal efficiencies of two groups had 
little difference under 0.7%, and TP removal efficiency of P 
was much higher than PS when the salinity increased to 1.4% 
(p < 0.05). Although salinity could decrease the removal effi-
ciency of TP, P. australis presented more obvious than S. salsa 
under much lower concentration. The two kinds of halophyte 
CWs performed likewise in TP removal. S. salsa planted CWs 
performed the best and reached the maximum value at the 
salinity of 1.4%. TP removal efficiencies of P. australis planted 
CWs were lower than those of S. salsa planted CWs, and the 
value under 0.7% and 1.4% were similar. This also indicated 

that the salt tolerance of S. salsa was better than P. australis, 
and the Na+, K+ could promote the adsorption and removal 
of P [51]. 

3.2. The absolute abundance of nitrogen transfer related gene

Given that the removal efficiency of N with different 
salinity, the absolute abundance of N related gene in the 
substrate of different microcosms was further investigated. 
Figs. 7 and 8 give the absolute abundance of six kinds of N 
transformation genes, including amoA, nobL, anammox, nirG, 
nirS, and nirK. The S and P groups represented the back-
ground values of microbes in CW sediments.

For S. salsa planted CWs (Fig. 7), the increase in salinity 
led to significant decrease in the absolute abundance of amoA 
and nobL comparing with control groups in all samples at all 
salinity (p < 0.05). However, the performance of anammox was 
more variable. The significant difference (p < 0.05) between 
S and SS gradually decreased as salinity continued rising, 
and even resulting in no difference under 2.1% salinity with 
the groups without salinity addition (p > 0.05). As for related 

Fig. 5. Concentration variation of NH4–N, NO2–N, and NO3–N in P. australis planted CWs with different salinity.
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genes in microbial denitrification, the absolute abundance 
of narG, nirS, and nirK showed similar trends. After a sig-
nificant decline at 0.7% salinity (p  <  0.05), the quantities of 
those three kinds of genes increased above those of S sample, 
and showed significant difference at 1.4% and 2.1% salinity 
(p < 0.05). The results indicated that the salinity would inhibit 
microbial nitrification. However, microbial denitrification 
was potentially stimulated under 1.4% and 2.1% salinity, with 
anammox presented no difference at the salinity of 2.1%.

For P. australis planted CWs (Fig. 8), the performance of 
those six types of genes showed similar trend with that of S. 
salsa planted CWs. The quantities of two genes involved in 
microbial nitrification were inhibited under all salinity. The 
quantity of three kinds of genes related with denitrification 
was also demonstrated the inhibition effect under 0.7% and 
stimulation at 1.4%. As for anammox, there showed some dif-
ference with S. salsa planted CWs, its absolute abundance 
was lower at the salinity of 0.7% and then increased and even 
kept up with those in control at the salinity of 1.4% (p > 0.05). 

According to the above results, the number of amoA 
and nobL declined with the increase of salinity. It might be 
caused by salinity stress on ammonia oxidizing bacteria 
and nitrite oxidizing bacteria in accordance with previous 
studies, in which, nitrification efficiency dropped gradually 
with increasing salt [52,53]. Especially for anammox, with the 

increasing concentration of salt stress, the numbers of salt 
addition groups gradually increased, which was due to a good 
adaptability of anammox to the salinity concentration up to 
30 g NaCl/L [54]. As for the related genes involved in denitri-
fication, our results were similar to a recent study that a pulse 
of 0.7% salinity did influenced denitrification adversely, but 
the intermediate salinity pulse (1.4%) practically promoted 
denitrification [55]. It suggested that appropriate salt addi-
tion could promote the performance of denitrification and 
anammox after a period of orientation.

Wetlands microcosms with S. salsa and P. australis per-
formed well in removing nutrient in mariculture effluents, 
especially S. salsa planted CWs. These halophytes were 
low-cost and high-efficiency, which provided the potential 
candidates for treatment of wastewater from marine farms. 

Fig. 6. Variation of TP removal efficiency in CWs with different 
salinity in (a) S. salsa and (b) P. australis planted CWs. Values fol-
lowed by the same letter are not significantly different according 
to LSD test (p < 0.05). 

Fig. 7. Microbial abundance of S. salsa constructed wetlands with 
salinity of 0.7%, 1.4%, and 2.1%. Values followed by the same let-
ter are not significantly different according to LSD test (p < 0.05). 
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Some questions should be explored in further studies such 
as enlarging the lab-scale to pilot-scale CWs, applying more 
halophytes to the CWs, and enhancing different microbes. 
We would selectively plant appropriate halophytes in CWs 
to treat mariculture effluents of different salinity and nutri-
ent concentrations in the near future.

4. Conclusions

The nutrient removal efficiency of mariculture wastewater 
with different salinity and different halophytes in CWs was 
established. In particular, it was found that two kinds of CWs 
showed a significant reduction in COD removal efficiency 
under low salinity concentration of 0.7%–1.4%. Additionally, 
our results showed that no significant differences were 
observed in NRR under different salinity. Furthermore, the 
absolute abundances of six N related genes changed con-
stantly because of different salinity. Appropriate salt addition 
could promote the absolute abundance of denitrifiers and 
anammox bacteria after a period of orientation. The two dif-
ferent CWs presented high possibility of application on mari-
culture treatment in proper salinity. S. salsa performed better 
in enduring different salinity than P. australis, and could pro-
mote the N removal of saline wastewater.
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Supplementary material

Table S1 
Nutrient and salinity composition of the influent [1]

Nutrient composition
COD (mg/L) NH4

+–N (mg/L) NO3
––N (mg/L) TP (mg/L)

60 20 5 10

Salta weighted
Salt Molecular weight (wt) Concentration G (kg)
NaCl 58.44 23.926
Na2SO4 142.04 4.008
KCl 74.56 0.677
NaHCO3 84.00 0.196
KBr 119.01 0.098
H3BO3 61.83 0.026
NaF 41.99 0.003

Salta soluted 
Salt Molecular weight (wt) Mole (kg) Concentration (M)
MgCl2·6H2O 203.33 0.05327 1.0
CaCl2·2H2O 147.03 0.01033 1.0
SrCl2·6H2O 266.64 0.00009 0.1

aSalt was diluted by water to 1,000.000 g.

Table S2 
Primers of target genes used in qPCR

Primers Amplification 
size (bp)

Primer sequences (5′–3′) Target genes Reference

338F 180 ACTCCTACGGGAGGCAGCAG Bacterial 16S rRNA [2]
518R ATTACCGCGGCTGCTGG
amo598f 120 GAATATGTTCGCCTGATTG Ammonia monooxygenase (amoA) [3]
amo718r CAAAGTACCACCATACGCAG
AMX809F 257 GCCGTAAACGATGGGCACT Anammox 16S rRNA (anammox) [4]
AMX1066R AACGTCTCACGACACGAGCTG
NSR1113f 119 CCTGCTTTCAGTTGCTACCG Nitrospira 16S rRNA (nobL) [3]
NSR1264r GTTTGCAGCGCTTTGTACCG
1960m2f 100 TA(CT)GT(GC)GGGCAGGA(AG)AAACTG Membrane-bound nitrate 

reductase (narG)
[5]

2050m2r CGTAGAAGAAGCTGGTGCTGTT
nirK583F 326 TCA TGGTGCTGCCGCGKGACGG Copper-containing nitrite 

reductase (nirK)
[6]

nirK909R GAA CTTGCCGGTKGCCCAGAC
nirScd3aF 425 GT(C/G)AACGT(C/G)AAGGA(A/G)AC(C/G)GG Cd1-containing nitrite reductase 

(nirS)
[7]

nirSR3cd GA(C/G)TTCGG(A/G)TG(C/G)GTCTTGA

IUPAC degenerate bases: R, A + G; S, G + C; Y, C + T.
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Program of target genes used in qPCR analysis [8]
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95°C for 15 s, annealing at 60°C for 1 min, and extension at 72°C for 1 min

Ammonia monooxygenase (amoA) Pre-heating at 50°C for 2 min (one cycle), pre-denaturation at 95°C for 10 min  
(one cycle), denaturation at 95°C for 15 s, annealing at 56°C for 45 s, and extension 
at 72°C for 30 s (40 cycles)

Anammox 16S rRNA (anammox) Pre-heating at 50°C for 2 min (one cycle), pre-denaturation at 95°C for 10 min  
(one cycle), denaturation at 95°C for 15 s, annealing at 56°C for 45 s, and extension 
at 72°C for 30 s (40 cycles)

Nitrospira 16S rRNA (nobL) Pre-heating at 50°C for 2 min (one cycle), pre-denaturation at 95°C for 10 min  
(one cycle), denaturation at 95°C for 15 s, annealing at 58°C for 45 s, and extension 
at 72°C for 30 s (40 cycles)

Membrane-bound nitrate reductase (narG) Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 58°C for 45 s, and extension at 72°C for 30 s
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Cd1-containing nitrite reductase (nirS) Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 57°C for 30 s, and extension at 72°C for 30 s


