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• Nitrogen removal from nitrite pathway
was achieved in constructed wetlands.
• Enhanced ammonium and total nitrogen removal were achieved.
• Nitrite pathway was established by free
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a b s t r a c t
Despite of low operation costs and convenient maintenance, the application of natural systems for swine
wastewater treatment has been limited by large construction area and unsatisfactory efﬂuent quality. Introducing ammonium high uptake aquatic plants and shifting nitrogen removal pathway from nitrate to nitrite
in constructed wetlands (CWs) has been regarded as promising approach to promote their performances.
This study aimed to establish nitrite pathway and enhance N removal via free nitrous acid (FNA)-sediment
treatment and Myriophyllum aquaticum vegetation in the CWs treating anaerobically digested swine wastewater. Nitrite pathway was successfully and stably achieved in the M. aquaticum CW with FNA-treated
sediment. The overall removal efﬁciencies of ammonium nitrogen and total nitrogen were 42.3 ± 10.2%
and 37.7 ± 9.3% in the planted CWs with FNA-treated sediment, which were 76.3% and 65.4% higher than
those in the conventional oxidation pond system, respectively. Microbial community analysis (qPCR and
metagenomics) suggested that the nitrite pathway established through FNA-sediment treatment was
based on the inactivation of nitrite oxidizing bacteria (lower nxrA gene abundance) and the reduction of
relative abundances of NOB (especially Nitrobacter and Nitrospira). During the denitriﬁcation processes,
the integration of M. aquaticum vegetation with FNA-sediment treatment can lower the nitrate reduction
by decreasing narG gene abundances and decreasing the relative abundances of napA afﬁliated bacteria
(especially Bradyrhizobium), while strengthening reduction of nitrite and nitrous oxide by increasing nirK
and nosZ gene abundances and enriching the corresponding afﬁliated microbial taxa, Mycobacterium and
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Bacillus, respectively. Our ﬁndings suggest that applying FNA-based technology in CW systems is technically and economically feasible, which holds promise for upgrading current CW systems treating swine
wastewater to meet future water quality requirements.
© 2021 Elsevier B.V. All rights reserved.

Wang et al., 2016). Several strategies have been developed to achieve
nitrite pathway in CWs, such as pH, temperature control and intermittent aeration (He et al., 2012; Hou et al., 2017). These strategies are all
targeting to inhibit the activities of nitrite-oxidizing bacteria (NOB)
while retaining the activities of ammonia-oxidizing bacteria (AOB)
(Sinha and Annachhatre, 2007). However, it would require a long time
to achieve nitrite pathway via these strategies alone. In addition, these
systems would become unstable or destroyed if subjected to process
disruptions or remaining a high NOB population (Jiang et al., 2019b; Li
et al., 2011; Ma et al., 2009).
Free nitrous acid (FNA, HNO2), as a biocide to cause extracellular
polymeric substances disruption and cell lysis (Wu et al., 2018), exhibits
a stronger biocidal effect against NOB than AOB and is widely used in activated sludge systems to establish nitrite pathway (Wang et al., 2014).
For instance, Wang et al. (2014) reported that 22% of the sludge was extracted and treated under an FNA concentration of 1.35 mg N/L every
day, the nitrite pathway was rapidly established in a sequencing batch
reactor. Moreover, Jiang et al. (2018) found that 100% of NOB in the activated sludge was inactivated while over 50% of AOB activities
remained upon exposure to 1.2 mg N/L of FNA for 18 h. Although FNA
or combined FNA treatment with other operation parameter control
has been widely employed to establish nitrite pathway in activated
sludge systems, there is little information on the application of FNAbased technology in CWs. Besides, it is also unclear how microbial communities would shift during the establishment of nitrite pathway via
FNA with M. aquaticum planted in CWs.
Therefore, this study aimed to assess the feasibility of improving the
performances of the CW systems for anaerobically-digested swine
wastewater treatment by integrating the beneﬁcial aspects of both nitrite pathway established by FNA technology and M. aquaticum vegetation. Four mesocosm three-stage CWs with different conditions were
operated in parallel for over 300 days, with digested swine wastewater
as feed. The overall N removal performances of different systems were
monitored. Quantitative polymerase chain reaction (qPCR) was applied
to determine the responsive changes in corresponding nitrifying and
denitrifying genes abundances. Moreover, the shifts of microbial community composition related to N transformation processes in different
CWs were investigated using a metagenomics approach. The economic
potential of the FNA-wetland in practical applications was also evaluated. By depicting a more comprehensive and detailed picture of nitrite
pathway with the help of FNA sediment treatment and wetland plants,
this study can potentially expand novel operation strategies for advanced biological N removal process in CWs.

1. Introduction
Since the late 1990s, intensive pig farming in China has developed
rapidly (Xu et al., 2012b). The annual slaughtered fattened pigs have
reached over 650 million heads in recent years, accounting for approximately 56% of the worldwide supply (Zhang, 2020). Therefore, pig
farming is receiving more and more attention because of its economic
importance. However, the booming development of pig farms in China
also triggers many unpleasant environmental consequences, such as
water pollution and harmful/greenhouse effect gas emissions (Waki
et al., 2018).
Solid-liquid separation is usually the preliminary waste treatment
process on most farms in China, subsequently followed by different
treatments for the liquid fraction (hereafter referred to as swine wastewater) and solid fraction (Waki et al., 2018). So far, small-scale pig
farms still dominate the Chinese swine industry, most of which are located in rural areas. Even though the swine wastewater from smallscale pig farms is of low- or medium-strength, its characteristics vary
in quantity, quality and spatial distribution while most of the farms
are only equipped with anaerobic digester (Sui et al., 2014). Kim et al.
(2016) reported that the efﬂuent discharged from anaerobic digester
still contained high levels of pollutants and required post-remediation
strategies. Currently, approximately 0.16 billion tons of swine wastewater is generated annually in China (Yu et al., 2020). Therefore, it is of
prime importance to develop effective and low-cost systems for swine
wastewater treatment.
Constructed wetlands (CWs) are gradually gaining popularity in
treating various types of wastewater because of low operation and
maintenance requirements, compared to other biological wastewater
treatment systems (Afzal et al., 2019; Feng et al., 2020; Li et al.,
2020b). However, aquatic plants hardly play a role in such systems
treating swine wastewater due to the toxicity of high levels of ammonium (NH+
4 ) (Xu et al., 2012a). An equivalent term for the CWs without
aquatic plants is “oxidation pond”, which has been widely applied for
swine wastewater treatment in many rural areas of China, particularly
in the southern regions with a warm climate (Li et al., 2019; Wang
et al., 2017b). Recently, Wang et al. (2018) reported Myriophyllum
aquaticum, a perennial ﬂoating or submerged plant, effectively assimilated N from wastewater and tolerated NH+
4 up to 648 mg/L. This
holds the promise to vegetate and prosper in the CWs treating swine
wastewater. In some engineering cases, raw or anaerobically-digested
swine wastewater was directly injected into M. aquaticum CWs while
their pollutant removal performances were compelling (Sun et al.,
2017). Moreover, M. aquaticum contributed to the abundances of facultative anaerobic denitriﬁers and further promoted the denitriﬁcation
process (Sun et al., 2019). Despite of this, large construction area is
still a bottleneck among natural treatment system application, the efﬂuent quality of these systems nowadays cannot keep pace with the increasingly stringent environmental regulations in China.
On the other hand, lack of biodegradable organics (i.e. low C/N ratio)
makes the treatment of swine wastewater more challenging, especially
after solid-liquid separation and anaerobic digestion (Chen et al., 2009).
Limited nitriﬁcation and denitriﬁcation rates are another important
issue that impede the application of natural treatment systems. There−
fore, shifting from nitrate pathway (NH+
4 → NO3 → N2) to nitrite path−
way (NH+
4 → NO2 → N2) in these systems appears a promising choice.
In theory, establishing nitrite pathway can reduce 40% of organic carbon
demand and 25% of oxygen consumption (Turk and Mavinic, 1989;

2. Materials and methods
2.1. Experimental setup
2.1.1. Mesocosm wetlands setup
Four mesocosm three-stage surface ﬂow CWs (without replication)
were placed outdoors at the Changsha Agricultural and Environmental
Monitoring Research Station, Chinese Academy of Sciences. Stainless
steel containers were used to mimic the artiﬁcial CWs, with the dimensions of 150 cm long (50 cm for each stage), 55 cm wide and 48 cm high
(23 cm for sediment layer) as shown in Fig. 1. These containers were set
in a transparent plastic shed to eliminate the interference of precipitation with most parts buried underground to simulate the natural temperature regime. Throughout the experiment, the air temperature
2
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Fig. 1. Schematic diagram of the mesocosm constructed wetlands in this study.

being transferred into CWFU and CWFM, the soil suspension was left
standing for 1 h for settling, then the supernatant was drawn off and
the residual sediment was washed twice (30 min each time under agitation) to remove remaining N. Similar procedures were also applied
for the sediment of CWUU and CWUM, but no additional FNA was
applied.

inside the shed approached the temperature outside. The CWs differed
from each other in terms of sediment or vegetation conditions, which
are illustrated in Fig. 1 and brieﬂy described as follows: CWUU was
unplanted and paved with untreated sediment, which is analogous to
a conventional oxidation pond system; CWUM was paved with untreated sediment but planted with M. aquaticum; CWFU was unplanted
but paved with FNA-treated sediment, while the M. aquaticum was
transplanted into CWFM containing FNA-treated sediment. Healthy
M. aquaticum with a length of 40–60 cm was harvested from an uncontaminated pond, rinsed to remove epiphytic algae, and then
transplanted into CWUM and CWFM at an initial density of
2.7 kg m−2. Bafﬂes and overﬂow weirs were set between stages to direct
the wastewater in a continuous down-and-up ﬂow mode to avoid the
channeling effect, and a slit was opened on each bafﬂe to allow the
wastewater to enter the next CW stage (Fig. 1). The CWs were fed
with anaerobically-digested swine wastewater from a small-scale pig
farm using peristaltic pumps, while all efﬂuents were collected and
injected into an engineered wetland for further treatment. According
to HJ 2005–2010 (Chinese standard: Technical speciﬁcation of constructed wetlands for wastewater treatment engineering), the hydraulic
retention time of CWs was set at 12 days (the inﬂuent ﬂow velocity
was approximately 12 mL/min). In addition, intermittent aeration device was installed at the ﬁrst-stage of each CW with an aeration time
setting as 1 min every 90 min, and air ﬂow was set at 1.5 L/min, providing an aerobic/anoxic time ratio as 40 min/50 min. The CWs were
started up in October 2018 and operated for over two months prior to
sample collection and laboratory analysis.

2.2. Sample collection and analytical methods
Water samples from overﬂow weirs, representing the inﬂuent
and efﬂuent of each CW stage, were collected every six days and
−
−
immediately analyzed. The NH+
4 -N, NO3 -N, NO2 -N and TN concentrations in the water samples were determined colorimetrically by
a continuous ﬂow analytical system (AA3, Seal Analytical,
Germany). Dissolved oxygen (DO) and wastewater temperature in
the CWs were monitored around noon (± 30 min) on a daily basis
using a portable electrochemical probe (Multi 3630 IDS, MultiLine,
WTW Company, Germany). For molecular analysis, sediment
samplings were performed over 300 days after startup (on August
20th, 2019) since the N removal reached steady state. Brieﬂy, ﬁve
sediment cores of each CW stage (from depths of 0 to 10 cm) were
randomly harvested, mixed thoroughly, freeze-dried, and then
stored at −80 °C until further analysis.
2.3. DNA extraction and qPCR
Sediment DNA was extracted from triplicate subsamples using the
FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, USA) as per the
manufacture's protocol, and its concentration was quantiﬁed by a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientiﬁc,
Wilmington, USA). The extracted DNA was stored at −20 °C prior to
downstream analysis.
qPCR was used to quantify seven target genes within N cycling,
including bacterial ammonia monooxygenase (AOB amoA) gene,
archaeal monooxygenase (AOA amoA) gene, nitrite oxidoreductase
(nxrA) gene, nitrate reductase (narG) gene, nitrite reductase (nirK and
nirS) genes, and N2O reductase (nosZ) genes, on a CFX Connect RealTime PCR detection system (Bio-Rad Laboratories, CA, USA). The SYBR
Premix Ex Taq II (TAKARA, Dalian, China) was applied as the ﬂuorescent
dye, and each 20-μL qPCR reaction mixture contained 10 μL of SYBR
Green, 0.5 μL of each primer, 7 μL of nuclease-free water and 2 μL of
sample DNA as the template. The speciﬁc primer sets for functional
marker genes mentioned above are listed in Table S1. All of the qPCR assays were performed with negative controls, while results with a

2.1.2. Sediment treatment
In the present study, the CW sediment was derived from a paddy
ﬁeld (28°55′40″N, 113°34′80″E) where Oryza sativa L. was cultivated
for years. Shallow soil (5–20 cm) in the paddy ﬁeld was collected,
mixed evenly, and archived in the shade (< 25 °C) to await subsequent
treatment. Based on our previous work (Jiang et al., 2018), the soil was
treated with FNA at a concentration of 1.2 mg HNO2-N/L following an
18 h exposure to eliminate NOB. Nitrite stock solution (50 g N/L) was
added into soil suspension (1:9 w/v soil-to-water ratio, pH = 4.70 ±
0.02) to provide predeﬁned FNA concentration, which was calculated
using the formula as shown in Eq. (1) (Anthonisen et al., 1976).
FNA ¼

NO2 − N
e−2300=ð273 þ Tð CÞÞ  10pH

ð1Þ

A mechanical agitator (at a rotating speed of 1420 rpm) was applied
to keep the slurry in suspension during the sediment treatment. Prior to
3
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3. Results and discussions

correlation coefﬁcient over 0.98 and an ampliﬁcation efﬁciency
between 95% and 110% were regarded as positive detection. The results
of qPCR were expressed in the unit of copy numbers per gram of dry
sediment.

3.1. CWs performances
Throughout this study, inﬂuent NH+
4 -N and TN concentration were
maintained in the range of 172.4–191.7 and 178.6–197.7 mg N/L, respectively (Fig. 2a). The average inﬂuent COD was 247.1 ± 17.4 mg/L
with a peak at 279 mg/L. This means that the CWs were fed with wastewater with a low C/N ratio ranging from 1.07 to 1.53, which is in line
with the inﬂuent of many swine wastewater treatment systems (Chen
et al., 2009). Based on the wastewater temperatures in the CWs, the experimental period was divided into inactive period (with
temperature ≤ 10 °C) and active period (with temperature > 10 °C). Besides, the proﬁles of DO in different CW stages throughout the experiment are illustrated in Fig. S1 in the supplementary materials.
The CW performances were largely associated with temperature
changes as low temperatures presented unique challenges for the application of CWs (Chouinard et al., 2015). The average NH+
4 -N conversion
efﬁciency for CWUU, CWUM, CWFU and CWFM during inactive period
was only 15.5%, 23.5%, 20.8% and 25.4%, respectively (Table 1 and
Fig. 2b). Although some M. aquaticum withered in the inactive period,
the NH+
4 -N removal efﬁciencies of the planted CWs (CWUM and
CWFM) were signiﬁcantly higher (P < 0.01) than those of the unplanted
CWs (CWUU and CWFU), indicating that wetland plants contributed
extra nutrient removal during winter time. As expected, noted and
gradual improvements in NH+
4 -N conversion were observed with the
weather getting warmer. During the active period, considerable removal of NH+
4 -N was observed in all ﬁrst-stage CWs, but the efﬁcacy
of the following stages declined (Fig. S2). This is because the conversion
of NH+
4 tightly depended on nitriﬁcation and was associated with DO

2.4. Metagenome analysis
Sediment samples were performed on an Illumina HiSeq platform
with the whole genome shotgun strategy to produce 2 × 150 base pair
(bp)-long paired-end sequences. The sequencing services were provided by a commercial company (Personal Biotechnology Co., Ltd.
Shanghai, China). Raw and paired-end sequences were quality ﬁltered
and processed prior to further analysis. In brief, Cutadapt (v1.2.1) was
ﬁrst applied to trim the adapter (AGATCGGAAG) ligated to the 3′ ends
of sequences with a maximum allowed error rate of 20% (Martin,
2011), while trimmed sequences shorter than 50 bp were discarded.
Clean data set was obtained with a window size setting as 5 and a
Phred score setting as 20. To effectively map the reads to their true location, Kaiju program was employed to compute the annotation of
metagenomic reads based on comparisons against the NCBI-nr protein
reference database (Menzel et al., 2016). The run mode was set as
Greedy with ﬁve allowed mismatches and a cutoff value of E < 0.00001.
The protein sequences were screened for redundancy by CD-HIT
program at the 90% similarity (Fu et al., 2012), and were annotated
with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa et al., 2004) using a web server KAAS (Moriya et al., 2007).
The afﬁliated microbial taxa of the key functional genes (i.e. the KEGG
orthologous groups) related to different N metabolism pathways was
future extracted through MEGAN software (Huson et al., 2011; Li
et al., 2020a).

+
Fig. 2. Mesocosm CWs performances: (a) wastewater temperature and inﬂuent NH+
4 -N, TN and COD concentrations; (b) NH4 -N removal efﬁciency, and (c) TN removal efﬁciency in
different CWs. CWUU: untreated sediment and unplanted; CWUM: untreated sediment planting Myriophyllum aquaticum; CWFU: FNA-treated sediment and unplanted; CWFM: FNAtreated sediment planting Myriophyllum aquaticum.
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Table 1
Summary of the CWs performances on NH+
4 -N and TN removal efﬁciency.
CWs

NH+
4 -N removal efﬁciency (%)
Overall

CWUU
CWUM
CWFU
CWFM

24.0
37.3
27.3
42.3

±
±
±
±

5.1
8.4
4.2
10.2

TN removal efﬁciency (%)

Inactive period

Active period

Overall

15.5
23.5
20.8
25.4

26.3
41.1
29.1
47.0

22.8
29.5
25.7
37.7

±
±
±
±

1.5
2.4
1.0
4.2

±
±
±
±

1.6
3.0
2.0
4.0

±
±
±
±

3.7
6.0
3.8
9.3

Inactive period

Active period

16.9
19.8
19.6
22.5

24.4
32.2
27.4
41.9

±
±
±
±

1.1
2.6
0.8
4.0

±
±
±
±

1.3
2.6
1.6
3.6

Data presented are means ± SD. CWUU: untreated sediment and unplanted; CWUM: untreated sediment planting Myriophyllum aquaticum; CWFU: FNA-treated sediment and unplanted;
CWFM: FNA-treated sediment planting Myriophyllum aquaticum.

level. In this study, the intermittent aeration was provided in the ﬁrststage CWs and thus enhanced the removal of NH+
4 -N, while the other
stages could mainly derive oxygen through atmospheric reaeration
and thus the conversion of NH+
4 was limited.
The removal proﬁles of TN (Fig. 2c and Fig. S3) were similar to
those of NH+
4 - N, with the highest removal efﬁciencies in all ﬁrst−
stage CWs. Our data showed that apparent NO−
x -N (mainly NO3 -N,
low nitrite accumulation ratio, NAR) accumulation occurred stage
by stage in CWUU and CWUM (Fig. S4), presumably because of
nitrate pathway, as well as carbon source limitation. CWs with
FNA-treated sediment exhibited higher NH +
4 -N and TN removal
efﬁciencies than those with untreated sediment (i.e., CWFU >
CWUU, CWFM > CWUM). Speciﬁcally, CWFM showed a signiﬁcant
(P < 0.01) additional overall NH+
4 -N and TN removal of 13.4% and
21.8%, respectively, compared to CWUM, even though M. aquaticum
both planted in the two CWs. These results provided clear evidence
for the beneﬁts of the nitrite pathway in enhancing N removal, especially under carbon deﬁcit conditions. Furthermore, we observed
that the presence of M. aquaticum vegetation exerted an additional
enhancing effect on NH +
4 and TN removal (i.e., CWUU vs. CWUM,
CWFU vs. CWFM). This is because that wetland plants can uptake nutrients and promote the coupling between nitriﬁcation and denitriﬁcation through amplifying DO gradients, and in turn, change the
abundances of key genes in sediment (Vila-Costa et al., 2016). On
the contrary, insufﬁcient microbial activity and limited N removal
were often detected in unplanted wetland (Tang et al., 2009). The
radial oxygen loss and root respiration of M. aquaticum can create
many aerobic/anoxic sediment zones, which are of beneﬁt to the
removal of both NH+
4 -N and TN (Li et al., 2019).
Despite of the enhancement of NH+
4 -N and TN removal efﬁciency by
both FNA treated sediment and M. aquaticum vegetation, there were
still around 100 mg N/L remaining in the efﬂuent of CWFM. It has long
been acknowledged that denitriﬁcation is the dominant mechanism of
NO−
x loss in CWs, while carbon source is the main limiting factor in
CWs designed for treating low C/N wastewater (Lu et al., 2009). It
should be noted that the feed of the CWs in this study had gone through
anaerobic digestion, and most of the organic carbon was recalcitrant
COD. The swine wastewater used in this study was of low C/N ratio,
and therefore, the availability of biodegradable carbon source was the
main limiting factor for the denitriﬁcation processes. It is supposed
that the carbon required for denitriﬁcation in conventional CWs largely
relies on the macrophytes in the CWs (Ingersoll and Baker, 1998; Wang
et al., 2019). It is also worth noting that the average areal TN removal efﬁciency in CWFM amounted to 1.48 g N/m2/d. This was much higher
than ever reported values in the M. aquaticum CWs treating swine
wastewater (e.g. 0.88 g N/m2/d in Sun et al. (2017) and 0.16 g N/m2/d
in Liu et al. (2016)). Compared to CWUU, the overall NH+
4 -N and TN removal efﬁciency within CWFM was enhanced by 76.3% and 65.4%, respectively. Consequently, the introduction of both FNA-sediment
treatment and M. aquaticum vegetation into the current oxidation
pond systems for swine wastewater treatment led to the improvement
of N removal performances and further reduction of the required footprint in practical applications.

3.2. Nitrite pathway establishment
In this study, the water temperature in all CWs varied between 6.3
and 26.9 °C with pH in the range of 7.2–7.4, neither of which reached
conspicuous inhibition against NOB according to previous studies (Ma
et al., 2009; Sinha and Annachhatre, 2007). On the other hand, although
some studies reported that the inhibition limit for NOB was 0.1–1 mg
NH3-N/L (Anthonisen et al., 1976; Soliman and Eldyasti, 2016), Turk
and Mavinic (1989) explained that NOB would become less sensitive
after acclimation and could tolerate an FA concentration up to 22 mg
NH3-N/L. According to Anthonisen et al. (1976), the maximum theoretical FA concentration among CWs was around 3.0 mg NH3-N/L, which
was unlikely to inhibit the NOB activities permanently. Moreover, FNA
is absent under neutral or alkaline conditions (Sinha and Annachhatre,
2007), implying that the FNA concentration in the inﬂuent still fell
short of the level required to inhibit the NOB. Therefore, another operation strategy needed to be developed to establish nitrite pathway in the
CW system.
Table 2 and Fig. S5 summarize the NAR in this study, deﬁned as
−
the ratio between NO−
2 and NOx , which is an important parameter
to evaluate whether the nitrite pathway is established. It is evident
that the nitrite pathway was not established in CWUU and CWUM,
but in CWFU and CWFM. When comparisons were made among
CW stages, potential factors that contributed to the establishment
of the nitrite pathway included DO, M. aquaticum vegetation and
FNA-sediment treatment.
Controlling DO in low levels has been regarded as the most effective
approach to establish nitrite pathway in CWs (Uggetti et al., 2016),
while this process is based on the difference in oxygen half saturation
constant (Ko) between AOB and NOB (Ma et al., 2010). The reported
Ko values varied considerably between studies (e.g. 0.43 ± 0.08 mg/L
in Blackburne et al. (2008) and 0.17–4.33 mg/L in Laanbroek et al.
(1994)), but it is widely believed that the NOB would be washed out
at a DO level of 0.5 mg/L or lower (Ma et al., 2009). Throughout the
monitoring, the DO at 20-cm underwater in each ﬁrst-stage CW was
maintained at around 1 mg/L after aeration (CWUU: 1.15 ± 0.23;
CWUM: 1.12 ± 0.21; CWFU: 1.11 ± 0.21; CWFM: 1.14 ± 0.22, no significant differences were found between each other, P < 0.05), and gradually declined to a level of around 0.50 mg/L within 40 min (Fig. S1). Then
the aeration rate seemed to exceed the threshold for NOB inhibition in
the present study, this may also explain why the nitrite pathway cannot
be achieved via intermittent aeration alone in the ﬁrst-stage of CWUU
and CWUM. Further, NOB can also beneﬁt from the intermittent aeration strategy, because although a shifting aerobic/anoxic condition is
unfavorable to the growth of NOB, most of the NOB still remained in
sediment and would outcompete AOB under appropriate conditions
(Fan et al., 2013). On the other hand, although all the second- and
third-stage CWs remained low DO conditions in most time (see
Fig. S1; the second stages: CWUU: 0.36 ± 0.09, CWUM: 0.35 ± 0.09,
CWFU: 0.34 ± 0.09, CWFM: 0.35 ± 0.08; the third stages: CWUU:
0.34 ± 0.08, CWUM: 0.35 ± 0.09, CWFU: 0.35 ± 0.08, CWFM: 0.36 ±
0.09), nitrite pathway was still absent in these stages of CWUU and
CWUM. One possible explanation is that the native NOB in original
5

S. Zhou, S. Xu, Y. Jiang et al.

Science of the Total Environment 779 (2021) 146441

Table 2
The nitrite accumulation ratio (NAR) in different CW stages.
CW stages

NAR (%)

CWUU

CWUM

CWFU

CWFM

First

Second

Third

First

Second

Third

First

Second

Third

First

Second

Third

22.7 ± 4.2

20.4 ± 5.8

19.4 ± 5.7

32.6 ± 3.3

29.1 ± 4.9

30.7 ± 3.6

58.2 ± 2.9

54.9 ± 3.2

56.1 ± 3.7

64.4 ± 3.5

60.5 ± 3.7

60.4 ± 3.6

Data presented are means ± SD. CWUU: untreated sediment and unplanted; CWUM: untreated sediment planting Myriophyllum aquaticum; CWFU: FNA-treated sediment and unplanted;
CWFM: FNA-treated sediment planting Myriophyllum aquaticum.

However, the relative abundances of AOB in the FNA-treated sediment
were all slightly lower than those in the untreated sediment. This is
probably because the FNA treatment also had a certain inhibitory effect
on AOB population (Jiang et al., 2018). Despite this, AOB activities in
FNA-treated sediment were barely affected. The NOB population in
the sediment was dominated by Nitrobacter. After being exposed to
FNA treatment, the relative abundances of the NOB genera were all decreased compared to those in untreated sediment, and the total reductions were higher than that of AOB genera. This is because NOB was
more sensitive to FNA compared to AOB, which is concordant with previous studies (Jiang et al., 2018; Wang et al., 2014).
Even though the sediment in CWFU was exposed to 1.2 mg FNA/L for
12 h, a large proportion of NOB (total relative abundances >0.40%)
remained after the FNA-treatment and continued to thrive in the sediment. One possible explanation is that the paddy soil is in a reductive
and acidic condition under long-term waterlogging, thus a certain
level of FNA may exist in these soil, while the native NOB will adapt
and become more recalcitrant towards FNA toxicity (Ma et al., 2017).
The prevalence of NOB can also explain why the accumulation of nitrite
in CWFU and CWFM was relatively low (<70%) compared to other studies that achieved nitrite pathway in the CWs. The FNA concentration
and exposure time were not optimized for soil/sediment treatment in
the present study, the nitrite accumulation would therefore probably
be further enhanced if the optimal parameters are determined and applied. Nevertheless, it seems difﬁcult to apply FNA-sediment treatment
once and for all to establish nitrite pathway in the CW systems because
of the considerations on sludge retention time (Jiang et al., 2019a), then
NOB will outcompete the AOB under improper management practices.
Therefore, combining FNA-sediment treatment with low-DO control
may be more effective in maintaining the nitrite pathway than either
of them in practical applications.

paddy soil (under long-term waterlogging) had developed a strong
adaption ability to low DO conditions (Wang et al., 2021).
Overall, the DO was actually controlled all the same among CWs and
cannot therefore explain the establishment of nitrite pathway in CWFU
and CWFM. M. aquaticum vegetation was also less likely to manage the
nitrite pathway since the nitrite pathway was absent in all stages of
CWUM. In contrast, the NAR in the CWs paved with FNA-treated sediment could be maintained above 50% even under over-high aeration
rate (DO: > 1.0 mg/L after aeration) or without M. aquaticum vegetation.
Consequently, rather than DO and M. aquaticum vegetation, FNAsediment treatment played a decisive role in the establishment of nitrite
pathway in this study, thereby conﬁrming its feasibility.
3.3. Mechanisms behind FNA-induced nitrite pathway
To reveal the underlying molecular mechanisms of the FNA-induced
nitrite pathway, comparisons were ﬁrst made between CWUU and
CWFU to eliminate potential effects caused by vegetation. After the
CWs have been operating for over 300 days, the mean copy numbers
of AOA amoA and AOB amoA gene in CWUU were 5.35 × 105 and
8.29 × 104 copies/g dry sediment, respectively (Fig. 3a, b). This is in accordance with previous study that the estimates for the copy numbers
of AOA amoA dominated numerically in soil systems (Leininger et al.,
2006). The gene abundances of AOA amoA and AOB amoA in the FNAtreated sediment (CWFU) were not signiﬁcantly different from those
in the untreated sediment (CWUU). However, the abundances of nxrA
gene targeted by NOB in CWFU were signiﬁcantly lower than that in
CWUU (reduction by 56.4%, P < 0.001, Fig. 3c). The same tendency
was also observed between CWUM and CWFM, and more details can
be found in the supplementary material (Fig. S6).
Metagenome analysis was used to investigate the nitriﬁer community composition in the sediment, and the relative abundances of the
microbial taxa belonging to AOB and NOB are plotted in Fig. 4. All
heatmaps were generated using MORPHEUS online software (Available
at https://software.broadinstitute.org/morpheus). In total, four AOB
genera including Nitrosomonas, Nitrosospira, Nitrosococcus and
Nitrosovibrio were derived from the annotation of metagenome data,
while Nitrosomonas was the dominant AOB in all sediment samples.

3.4. Enhancement of denitriﬁcation processes by integrating M. aquaticum
vegetation with FNA-treatment
In the present study, we have demonstrated the feasibility of using
FNA-sediment treatment to establish nitrite pathway in the CW systems, as well as the improvement of N removal by integrating

Fig. 3. Abundances of (a) AOA amoA, (b) AOB amoA, and (c) nxrA gene in the CWs. CWUU: unplanted and paved with untreated sediment; CWFU: unplanted and paved with FNA-treated
sediment. Mean values of the gene abundances in three stages (n = 3 for each stage) with their standard deviation are presented. Differences among means were tested using one-way
ANOVA with Duncan's tests. ***P < 0.001, NS stands for not signiﬁcant.
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gene (responsible for the reduction of NO−
2 ) between CWUU and
CWFM (Fig. 5b, c). Extensive studies have been conducted to identify
the associations between wetland plants and denitrifying gene abundances, for instance, Phragmites australis vegetation signiﬁcantly increases the abundances of nirK and nosZ due to differential niche
preferences (García-Lledó et al., 2011). Moreover, Vila-Costa et al.
(2016) revealed that nirS abundances relied on sediment porosity and
organic matter content whereas nirK abundances correlated negatively
with the NO−
2 concentrations. On the other hand, it is reported that
M. aquaticum vegetation can contribute to forming facultative anaerobic
conditions through their weak radial oxygen loss (Sun et al., 2019). The
bacteria harboring nirK genes may exhibit higher adaptability to the facultative environment than those harboring nirS genes, however, future
work is needed to elucidate how environmental drivers affected these
denitriﬁers.
It should be also noted that the CWs are signiﬁcant sources of N2O
emissions, and a surface ﬂow CW can emit up to 749.8 mg N2O m−2
d−1 when treating livestock wastewater (VanderZaag et al., 2010;
Zhang et al., 2019). Despite several studies concerning the effect of
FNA treatment on N2O emissions, the conclusion remains controversial.
Wang et al. (2013) mentioned that the biocidal effect of FNA on microbes can mitigate N2O emissions, while Duan et al. (2018) suggested
that FNA treatment posed a risk to nitrifying bacteria and may be
prone to N2O production. In this study, the nosZ to nir gene ratios in
the FNA-treated sediment were relatively higher than those in the untreated sediment (Fig. S6), implying a potential reduction in N2O emissions (Philippot et al., 2011). However, further monitoring of the N2O
emissions is needed before a ﬁrm conclusion is reached. Overall, the
quantiﬁcation results indicated that the integration of M. aquaticum
vegetation with FNA-sediment treatment accelerated the denitriﬁcation
processes, which can be reﬂected in lower narG gene abundances (reducing carbon demand for denitriﬁcation) and higher nirK and nosZ
gene abundances (strengthening the transformation towards N2). Shifts
in gene abundances may imply changes in microbial community structure (Zhou et al., 2020), thus KEGG orthology-based analysis were performed to gain insight into the denitriﬁers community composition. All
heatmaps were plotted with the most abundant ﬁve microbial genera.
Since the K number for narG incorporates the details of the nitrate reductase and nitrite oxidoreductase (K00370, including narG, narZ and
nxrA), an alternative nitrate reductase napA (K02567) was employed.
The denitiﬁer microbial community structures at the genus level
were largely divergent across the CWs. As shown in Fig. 6,
Bradyrhizobium was the most abundant genus in the napA afﬁliated microbial community, and exhibited greater relative abundances in
unplanted CWs than in planted CWs. As is reported, microorganisms
belonged to the genera Bradyrhizobium are widespread denitriﬁers in
natural ecosystems (Xu et al., 2018). In contrast, Desulfomonile dominated in the planted CWs and accounted for around 7% of the detected

Fig. 4. Dynamics of dominant, identiﬁed AOB and NOB at genus level in sediment of
different CWs. CWUU: untreated sediment and unplanted; CWUM: untreated sediment
planting Myriophyllum aquaticum; CWFU: FNA-treated sediment and unplanted; CWFM:
FNA-treated sediment planting Myriophyllum aquaticum.

M. aquaticum vegetation with FNA-sediment treatment. But how could
these two elements help in N removal?
Changes of functional genes related to denitriﬁers (narG, nirK, nirS
and nosZ) in the sediment were investigated, and comparisons were
made between CWUU and CWFM. The narG is the gene responsible
−
for the reduction of NO−
3 to NO2 , which theoretically requires 40% of
the carbon demand for full microbial denitriﬁcation. In this study, the
abundance of narG gene was signiﬁcantly lower in CWFM than in
CWUU (reduction by 74.4%, P < 0.001, Fig. 5a). The mitigation of NO−
3
reduction saved more carbon to the rest of N-reduction process and
thus improved the performance of TN removal (Jiang et al., 2019b;
Zielińska et al., 2016). This explained the higher TN removal efﬁciency
in the CWs with FNA-treated sediment. In addition, after the FNA treatment at startup, all the denitrifying gene abundances decreased
(Fig. S6). The reductions were consistent with Gao et al. (2016),
where the interpretation has been conﬁrmed that FNA has an impairing
effect on bacterial anaerobic respiration and energy production. However, after long-term operation, the narG gene abundances in the FNAtreated sediment were further decreased (Fig. S6), while the underlying
mechanisms need further elucidation.
As to other denitrifying genes, the nirK (responsible for the reduction
of NO−
2 ) and nosZ (responsible for the reduction of N2O) gene abundances were signiﬁcantly enhanced in CWFM compared to CWUU,
while there was no signiﬁcant difference in the abundance of nirS

Fig. 5. Abundances of the (a) narG, (b) nirK and nirS, and (c) nosZ gene in the CWs. CWUU: unplanted and paved with untreated sediment; CWFM: planted with M. aquaticum and paved
with FNA-treated sediment. Mean values of the gene abundances in three stages (n = 9) with their standard deviation are presented. Differences among means were tested using one-way
ANOVA with Duncan's tests. ***P < 0.001, **P < 0.01, *P < 0.05.
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Fig. 6. Dynamics of dominant, identiﬁed denitrﬁers at genus level in sediment of different CWs. CWUU: untreated sediment and unplanted; CWUM: untreated sediment planting
Myriophyllum aquaticum; CWFU: FNA-treated sediment and unplanted; CWFM: FNA-treated sediment planting Myriophyllum aquaticum.

farms to treat digested swine wastewater especially in places with
year-round mild to warm climates (Butler et al., 2017), yet these systems require large land areas. Based on the results obtained in this
study, the combination of FNA-sediment treatment and M. aquaticum
vegetation would be highly beneﬁcial for the overall performances of
conventional oxidation ponds, with the increase of 76.3% in the NH+
4 N removal efﬁciency and 65.4% in TN removal efﬁciency, respectively.
Therefore, on the premise of maintaining treatment efﬁciency,
transforming conventional oxidation ponds into FNA-wetland could reduce the required area by over 37.5%, while this case was chosen for the
subsequent economic evaluation.
A desktop scaling-up study in a pig farm with 5000 live pigs on hand
was conservatively conducted, and the results of economic analyses are
summarized in Table S2. If a large area of farmland is requisitioned, the
land requisition compensation for the conventional oxidation ponds is
much higher than that for other mechanically based units. However,
the FNA-wetland will largely save the construction cost, compared to
the conventional oxidation ponds, even though the costs for purchasing
M. aquaticum and FNA-sediment treatment are considered. As reported
in Wang et al. (2017a), the operation and maintenance costs for a
wastewater treatment plant were estimated at US$5.6 per population
equivalent (PE) per year. This means that CNY 0.59 million would be required for the pig farm every year (see the annotation of Table S2) by
employing mechanically based units. In turn, the natural treatment systems provide greater advantages over mechanically based units in
terms of operation cost saving on aeration energy, methanol for N removal and sludge disposal. The economic beneﬁts of the natural treatment systems would be even larger if considering the potential
ecological values, e.g. the harvested plant biomass can be further used
as organic fertilizers or feed for livestock (Liu et al., 2018). Therefore,
the FNA-wetland is economically favorable in the long run, compared
to conventional oxidation ponds or mechanically based units, especially

napA afﬁliated microbial taxa. Comamonas was enriched in CWUU and
CWUM but was absent in the FNA-treated sediment.
For the afﬁliated microbial taxa of nirK gene, Bradyrhizobium was
also the most dominant genus in CWUU and CWUM, whereas Mycobacterium and Roseiarcus were the main genera in the FNA-treated sediment. The microbial taxa of nirS gene showed a distinct difference
among the CWs. Acidovorax had the highest relative abundance in
CWFM, followed by Bradyrhizobium, which was dominant in the other
three CWs. It should be also noted that Piscinibacter was only detected
in the untreated sediment. Lastly, the nosZ afﬁliated microbial community was also investigated. Both Bacillus and Archangium were found to
be more abundant in the FNA-treated sediment, but the former genera
was enriched in CWFM while the latter one was enriched in CWFU.
Some heterotrophic Bacillus strains were reported to possibly occur aerobic denitriﬁcation (Joong et al., 2005), which may play a crucial role in
CWs holding aquatic plants or suchlike microaerophilic environment. In
contrast, the nosZ afﬁliated Bradyrhizobium and Mesorhizobium were
enriched in the untreated sediment. From the obtained results it was
noticed that the FNA treatment and M. aquaticum vegetation largely altered the related microbial taxa. Further studies are ongoing to characterize the interactions of microbial communities to better understand
the effect of M. aquaticum vegetation and FNA treatment on the microbial interactions in the soil/sediment systems.
3.5. Implications of FNA-wetland for practical application
The most obvious ﬁnding to emerge from this study is that FNAbased technology is also applicable to natural treatment systems
where the nitrite pathway was achieved through FNA-sediment treatment. The presence of M. aquaticum vegetation provided additional
beneﬁts to the TN removal owing to the denitrifying bacteria community change. So far, oxidation ponds have been widely used in pig
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(3) The integration of M. aquaticum vegetation with FNA-sediment
treatment can accelerate the denitriﬁcation processes by lowering
narG gene abundances (saving carbon sources) while increasing
nirK and nosZ gene abundances (strengthening microbial N transformations towards N2). In addition, the presence of M. aquaticum
vegetation and FNA treatment largely altered the denitriﬁer community compositions.
(4) The application of FNA-wetland for swine wastewater treatment
is economically feasible. Although the FNA-wetland still requires
a large land area, it can provide greater advantages over mechanically based units in terms of operation and maintenance costs.

in areas where land prices are inexpensive and wastewater treatment
infrastructures are insufﬁcient. Nevertheless, the economic analysis
should depend on the local markets while the results presented here
are for reference only.
The efﬁcacy of treatment in CWs is often limited by nitriﬁcation because of insufﬁcient reaeration rates (Hou et al., 2017), while the application of aeration devices in CWs can reduce problems related to
periodic low DO levels. It is worth restating, though that intermittent
aeration is reported as an effective approach to induce nitritation in
many studies, we found it was not a decisive factor for nitrite pathway
establishment in the present study, thus the aeration energy for the operation in FNA-wetland was not taken into account in the economic
analysis. Considering that intermittent aeration can also provide extra
oxygen, a part or front part of the FNA-wetland can be designed to be
conﬁgured with intermittent aeration devices to accelerate the conver−
sion of NH+
4 to NO2 . Still, achieving stable nitrite pathway in CWs is the
key bottleneck for its wider practical applications, while the nitrite
pathway established only by FNA-based technology or by regulating
DO level is prone to be fragile, thus use of integrated techniques
(i.e., coupling multiple nitritation selection factors such as FNA, DO
and pH) would be recommended. Future studies should also focus on
achieving nitrite pathway via different intermittent aeration regimes
(e.g., low or high aeration frequency) in CWs, and reveal the differences
and advantages between FNA- and DO-driven systems, so that the intermittent aeration regimes can be better incorporated into FNA-based
systems.
Another issue should be pointed out in the practical application is
the re-treatment of FNA-sediment. The major barrier for achieving satisfactory N removal is the suppression of NOB in the systems (Wang
et al., 2017a), while our results indicated that a portion of NOB still
remained in sediment after the FNA treatment. The FNA treatment condition (1.2 mg FNA-N/L for 18 h), as reported in our previous study on
activated sludge systems (Jiang et al., 2018), seemed insufﬁcient to
eliminate 100% of the NOB in the soil/sediment once and for all. Along
with the application of FNA-wetland, the reactivation of NOB under appropriate conditions is unavoidable and would lead to the breakdown of
nitrite pathway if uncontrolled. Factors, e.g., the quantity of sediment
used for FNA re-treatment and the time interval between treatments,
are insufﬁciently known and thus require further research. On the
other hand, recent evidence suggest that the addition of activated
sludge will bring several beneﬁts to the CW systems, such as improving
their biological activity and wastewater treatment efﬁciency and providing extra carbon sources (Guo et al., 2019; Wu et al., 2019). This provides a feasible option that incorporating FNA-treated activated sludge
into CWs periodically might be an alternative way to maintain the nitrite pathway, since FNA-sludge treatment is a relatively welldeveloped technique. Lastly, it should also be pointed out that, a longer
operation period in pilot-scale or full-scale tests are more convincing for
the stability and feasibility of these FNA-wetland systems.
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