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The present study was developed to explore nitrogen removal performance and
associated microbial mechanisms of action in vertical flow constructed wetlands
(VFCWs) when using external carbon sources. These analyses ultimately revealed
that alkali-soaked Phragmites australis (P. australis) could serve as an effective
plant carbon source, exhibiting the lower levels of total nitrogen (TN) release and
the highest chemical oxygen demand (COD) of all tested carbon sources.
Nitrogen removal efficiency improved following the addition of plant carbon
sources, and under carbon/nitrogen (C/N) rations of 2, 4, 5, and 7, the VFCW
system was able to remove 43.69%–75.76% TN, with the highest removal rate
being observed at a C/N of 5. The abundance of denitrifying microorganisms such
as Thiobaillus and Halomonas were also more enriched in VFCW1 than VFCW0,
with stronger correlations in the microbial network community. A qPCR approach
was used to analyze functional genes involved in denitrification, revealing that the
addition of plant carbon sources was associated with increases in total gene
abundance and the abundance of the denitrifying gene nirS, whereas no
corresponding increase in amoA or nxrA abundance was observed. Higher
total gene, amoA, and nxrA abundance were observed in the upper levels of
these VFCW systems as compared to the lower layers, whereas nirS exhibited the
opposite abundance pattern. Overall, these findings suggested that short-range
denitrification is likely to be the primary denitrification process active in this VFCW
system.
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1 Introduction

Agricultural production efforts generate large volumes of rainfall-runoff derived from
farmlands that (Leng et al., 2021), owing to the excessive application of chemical fertilizers
and pesticides, carry large amounts of nitrogen (N) that can cause serious surface water
pollution (Butkovskyi et al., 2021). Nutrient levels in surface bodies of water that are derived
from such receding farmland water runoff can rise as high as 60%–80% (Hu, Yang, Han and
Wang, 2019), making these waters the primary non-point source of agriculture-associated
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pollution (Lavrnić et al., 2018; Jabbar and Grote, 2019; Kaandorp
et al., 2021; Sandström et al., 2021). China is a large nation with an
extensive agricultural system that relies on the use of large quantities
of chemical fertilizers, posing a major risk to Chinese surface water
quality owing to the potential for farmland-derived runoff pollution.
Agricultural sources are thought to account for 85%–93% of the N
found in surface waters (Li et al., 2018), so it is vital that decrease the
N levels in the water as much as possible before farmland-derived
runoff mixes with surface waters, as the purification of these water
sources will yield both environmental and economic benefits by
mitigating water pollution.

Constructed wetlands (CWs) are a relatively recent sewage
treatment strategy that are increasingly deployed to help treat
farmland runoff as they exhibit good purification efficacy, are
well suited to sewage with a low carbon/nitrogen (C/N) ratio,
and provide an array of economic and environmental benefits
(Gordon et al., 2021). CW technologies have developed steadily
throughout much of China where they can now be used to treat over
20 kinds of wastewater (Zhang et al., 2012). However, the use of
CWs to treat farmland runoff can be limited by their relatively low
denitrification efficiency as they are a carbon-poor system,
hampering effective denitrification in traditional forms of this
system (Zhou et al., 2017). The addition of external carbon
sources, however, can augment microbial denitrification activity,
thereby improving the ability of CWs to decontaminate N-rich
wastewater (Chand, Kumar and Suthar, 2022). Traditional carbon
sources for CW applications such as glucose, sucrose, acetic acid,
and methanol are not appropriate for use in the processing of
farmland runoff owing to their toxicity and costs (Wu et al.,
2018). Given its ease of access, low cost, and high organic matter
content, plant biomass has been increasingly employed as a carbon
source capable of enhancing denitrification activity in CWs (Sun
et al., 2019; Xiong et al., 2020). However, adding this plant biomass
results in the initial release of large quantities of N, C, phosphorus,
and organic matter followed by a much more gradual C release at
later time points. In an effort to overcome this issue, researchers
have employed acidic or alkaline treatments to modify plant
biomass. Alkaline treatment can disrupt lignin structural integrity
and promote cellulose hydrolysis while also promoting the
formation of more irregular polygonal fiber cross-sections and
increasing plant porosity and specific surface area, with all of
these effects ultimately benefiting the release of organic matter
from these plants for their use as a carbon source, Therefore,
alkali treatment was more suitable as a pretreatment method for
the preparation of the plant carbon source than acid treatment
(Zheng et al., 2021).

Ulansuhai is a representative lake in the Yellow River Basin and
an important component of the hydraulic engineering system in the
Hetao Irrigation Area, receiving over 90% of farmland drainage
from this area such that agricultural and rural region-derived waste
has become the primary source of pollution in the Ulansuhai Lake.
Increases in nitrogen and phosphorus levels have driven the
eutrophication of this lake water and associated reductions in
overall water quality. Nuen et al. (2020) found that the total
nitrogen (TN) intake in the Ulansuhai basin has risen annually
such that the region now faces a severe pollution load, although the
among of total phosphorus (TP) inflow remains relatively limited
(Nuen et al., 2020). Given this issue, it is critical that strategies be

developed to remove or mitigate nitrogen pollution of farmland
runoff before this water enters the lake ecosystem. Phragmites
australis (P. australis) and Schoenoplectus tabernaemontani (S.
tabernaemontani) are plants that are frequently found in CWs
and are the dominant aquatic plant species in Ulansuhai Lake.
As such, they were chosen as the plant carbon sources for use in the
present study.

The present study was thus designed to explore the use of
modified plant biomass as an external carbon source with the
goal of improving the performance of vertical flow constructed
wetlands (VFCWs) when used to treat receding waters from
Ulansuhai farmland and to explore the denitrification efficiency
of these CW systems. To better understand the mechanistic basis for
observed nitrogen removal, differences in the composition of
microbial communities and the abundance of important
functional genes (amoA, nxrA, nirS, and 16S rDNA) were
analyzed. These findings provide a theoretical foundation for
subsequent research focused on the use of artificial wetland
technologies to control water pollution in Ulansuhai, while also
offering general guidance for efforts to use VFCWs to manage lake
eutrophication.

2 Materials and methods

2.1 The preparation of plant carbon sources

Following the collection of P. australis and S. tabernaemontani
specimens, they were rinsed using ultrapure water, dried to a
constant weight in a 50°C oven, cut into 1–2 cm pieces,
and separated into three different pretreatment sample groups.
For P. australis, one group was left untreated (UN-P), while
another was soaked for 24 h in 2% NaOH as an alkali-soaked
treatment condition (AS-P), and the third was soaked in 2%
NaOH for 1 h in a 90°C water bath as an alkali-heat treatment
group (AH-P). S. tabernaemontani was treated using these three
same approaches, yielding untreated, alkali-soaked, and alkali-heat
treated samples (UN-S, AS-S, and AH-S, respectively). After

FIGURE 1
Static release experimental approach.
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treatment, these plant materials were rinsed with water, adjusted to a
neutral pH, and dried to a constant weight at 50°C for subsequent
utilization (Figure 1).

2.2 Static immersion experiments

A 2 g aliquot of each of these pretreated samples was added to
Erlenmeyer flasks in triplicate, with 250 mL of deionized water then
being added to these flasks followed by incubation at 30°C in a
100 rpm incubator. Over the course of a 20-day experiment, the total
nitrogen (TN), ammonium (NH4

+-N), nitrate (NO3
−-N), nitrite

(NO2
−-N), and chemical oxygen demand (COD) concentrations

in this original soaking solution were analyzed every other day via
the use of standard methods (State Environmental Protection
Administration of China, 2002), followed by replacement of the
removed volume with deionized water (Figure 1).

2.3 Constructed wetland experiment

Figure 2 provides a schematic overview of the vertical flow
constructed wetland (VFCW) system used for this study. Prior to
VFCW construction, farmland water from the Ulansuhai region was
used for 2 months to facilitate microbial colonization. Water was fed
into the system through intermittent inflow facilitated by a peristaltic
pump sequence beginning in July 2020, the water residence period in
VFCW is 3d. This water was treated to simulate the receding water of
Ulansuhai farmland (C/N = 2) by adding C6H12O6, KNO3, NH4Cl, and
KH2PO4 to tap water. The mass concentrations for each pollutant after
configuration were as follows: COD = 28.00 mg/L, TN = 12.00 mg/L,
NH4

+-N = 1.50 mg/L, NO3
−-N = 10.50 mg/L, and TP = 1.50 mg/L. To

evaluate the purifying abilities of this CW system at different C/N
values, 30 g (VFCW1), 35 g (VFCW2), or 60 g (VFCW3) of alkali-heat
treated P. australiswas added to these VFCWs for respective C/N values
of 4, 5, and 7, with the control condition without a plant carbon source
exhibiting a C/N value of 2 (VFCW0).

2.4 Analyses of the microbial mechanisms
governing VFCW denitrification activity

2.4.1 Sample collection and DNA extraction
Sewage was introduced into the constructed wetland pilot

system (VFCW1), with samples being collected using a sampler
at 15 cm, 30 cm, and 50 cm from the top of the system. For each
sample depth, a ~100 g sample was collected and stored at −80°C. A
FastDNA® Spin Kit for Soil (MP Biomedicals, United States) was
used to extract total DNA from these samples, after which the quality
and concentration of the resultant DNA were analyzed with a NANO
PHOTO METER P330 spectrophotometer (ShengKe, Shanghai,
China). The V3-V4 hypervariable region of the bacterial 16S rDNA
gene was amplified using the 338 F (5′-ACTCCTACGGGAGGCAGC
A-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) primer pair
(Cai et al., 2017). A 50 µL PCR reaction was prepared, and purified PCR
products were subjected to high-throughput sequencing with the
Illumina MiSeq platform by Majorbio (Shanghai, China).
Sequence data were processed using the Quantitative Insights
into Microbial Ecology (QIIME, v1.8.0) pipeline, and high-
quality sequences were clustered into operational taxonomic
units (OTUs) at 97% sequence identity via the q2-vsearch
method.

2.4.2 Quantitative analyses of functional genes
Functional genes including 16S rDNA, amoA, nirS, and nxrA

were analyzed via qPCR with a BIO-RAD CFX96 CONNECT
system (Shanghai, China) to assess their relative abundance using
primers published previously by Zhi and Ji (2014) and Ma et al.
(2019). Individual 20 μL reactionmixtures for the detection of amoA
abundance included 10 μL of Premix Ex Taq V2.0+ dye (Beijing,
China), 1 μL of template DNA, 1.6 μL of each primer (F + R), and
nuclease-free water. For the three other functional gene targets, each
20 μL reaction mixture contained 10 μL of Premix Ex Taq V2.0+ dye
(Beijing, China), 2 μL of template DNA, 1 μL of each of primer (F +
R), and nuclease-free water. All analyses were performed in
triplicate.

FIGURE 2
Schematic overview of the vertical flow constructed wetland (VFCW) system.
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2.5 Statistical analysis

Excel 2016 was used for data analyses, while SPSS 26.0 was used
for correlation analyses, and Figures were constructed in Adobe
Illustrator 2022 and Origin 2022. Spearman’s correlation network
construction was achieved by selecting those genera exhibiting an
average abundance >0.2%, with a Spearman’s correlation
p-value <0.05 being considered indicative of a significant
interaction. Gephi 0.9.2 was used to construct and visualize the
resultant network.

3 Results

3.1 Carbon and nitrogen release in static
immersion experiments

3.1.1 The release of COD from different plant
carbon sources

Initially, COD release from S. tabernaemontani and P. australis
biomass samples that had been treated under different conditions
was assessed (Figure 3). The maximum carbon release levels for the
UN-P, AS-P, and AH-P samples were 111.91, 128.72, and
143.17 mg/L, respectively, while for UN-S, AS-S, and AH-S
samples these respective values were 336.01, 340.05, and
179.41 mg/L, respectively.

3.1.2 The release of N from different plant carbon
sources

The rapid release of large amounts of N can contribute to a drop
in water quality in VFCW systems (Figure 4). The amount of
Various nitrogen release was largest during the initial phases of
this experiment, gradually decreasing until day 6. The total nitrogen
of Mugu and reeds released the most in the second day. Then, in the
next 6 days, it quickly declined and kept stable on the eighth day.
The release of ammonia nitrogen of xiangpu is also higher than the
amount of reeds. The ammonia nitrogen of Mugu and reeds was
released the second day were 3.81–6.46, 1.84–5.48. The release

volume of the next day was 3.81–6.46, 1.84–5.48. The release of
S. tabernaemontani nitrate nitrogen and nitrite nitrogen was 0–0.11,
0.01–0.06 in 20 days. The release of P. australis nitrogen nitrogen
and nitrite nitrogen nitrogen nitrogen nitrogen is 0–0.20,
0.01–0.05 in 20 days, respectively.

3.2 The impact of carbon source on VFCW
performance

A 30 g sample of alkali-heat treated P. australis was added to the
VFCW1 system, with the VFCW0 system serving as a control to
evaluate the impact of exogenous carbon source addition on the
VFCW-mediated treatment of farmland-derived water. The average
COD removal rates for VFCW0 and VFCW1 systems were 73.58%
and 63.30% (Figure 5). Effluent COD changes for these two systems
exhibited similar changes, initially rising for 9 days before slowly
decreasing and stabilizing after day 10. The average TN removal
rates for the VFCW0 and VFCW1 systems were 43.69% and 71.91%.
Average nitrate removal rates for these two VFCWs were 65.19%
and 85.27%, respectively, in line with the NH4

+-N removal rate
trends.

3.3 The impact of plant carbon sources on
COD and nitrogen removal at different C/N
ratios

The effects of different C/N ratio values on the efficacy of COD
and N removal rates for VFCWs to which alkali-heat treated P.
australis biomass had been added were next explored. Average COD
removal rates at the four tested C/N ratios were 73.58% (C/N = 2,
VFCW0), 63.30% (C/N = 4, VFCW1), 55.19% (C/N = 5, VFCW2),
and 45.68% (C/N = 7, VFCW3), respectively (Figure 6), with the
VFCW0 and VFCW1 groups exhibiting higher removal rates than
the two other groups.

Average TN removal rates for these four VFCWs were 43.69%,
71.91%, 75.76%, and 70.06%, with maximal efficacy at a C/N ratio of

FIGURE 3
COD release from S. tabernaemontani (A) and P. australis (B) under different treatment conditions.
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5. Average NH4
+-N and NO3

−-N removal rates across these four
VFCW groups were consistent with the observed TN removal
trends. NO2

−-N removal effects for this system did not differ
substantially with carbon source addition. When the C/N ratio
was increased to 7, no significant improvements in TN removal

rates were observed. From an economic perspective, increasing
carbon source levels is not advantageous when seeking to
minimize the waste of resources. Based on these results, a C/N
ratio of 5 appears to be optimal when using VFCW systems and
seeking to maximize N removal efficiency.

FIGURE 4
N release from S. tabernaemontani (A–D) and P. australis (E–H) under different treatment conditions.
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FIGURE 5
The impact of carbon source addition on COD (A), TN (B), NH4

+-N (C), NO3
−-N (D), and NO2

−-N (E) removal in different VFCW systems.

FIGURE 6
The impact of plant carbon sources on COD (A) and N (B–E) removal under different C/N ratios.
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3.4 Analyses of the structure of microbial
communities in VFCWs

3.4.1 Microbial structure analysis
Microbial nitrification and denitrification are the primary

transformative processes responsible for N removal from VFCWs
(Mesquita et al., 2017), and bacterial community composition is thus
inextricably linked to denitrification performance. Samples of soil
sediment from the VFCW0 and VFCW1 systems were thus collected
for high-throughput sequencing analyses and the evaluation of
functional gene abundance with the goal of determining how
plant carbon source addition can improve N removal efficiency.
The coverage results for these sequencing analyses indicated that the
results were likely to be representative of the actual microbial
distributions in both VFCW0 and VFCW1 (Table 1). In total,
5,002 and 5,101 OTUs were detected in the VFCW0 and
VFCW1 samples. The Shannon (7.21), ACE (4,787.36), Chao
(4,685.71), and Sobs (3,850.67) index values in VFCW1 samples
were higher than in VFCW0 samples, consistent with improved
microbial diversity and richness following plant carbon source
addition. The structure of the microbial community in
VFCW1 samples was thus more complex, having been
strengthened by the addition of alkali-heat treated P. australis
biomass as a source of carbon.

Microbial community composition at the phylum level in the
VFCW0 and VFCW1 systems is shown in Figure 7A. The most
dominant flora in these two respective systems were
Proteobacteria (24.58% and 29.32%), Actinobacteriota (18.01%
and 18.79%), Chloroflexi (14.12% and 11.27%), Acidobacteriota
(9.27% and 5.98%), Desulfobacterota (7.57% and 7.96%),
Bacteroidota (6.12% and 5.96%), and Firmicutes (5.86%
and 7.69%).

The top 10most abundant genera in these different systems were
also evaluated, as shown in Figure 7B.

3.4.2 Microbial correlation network analysis
Ecological networks were next used to analyze the microbial

communities in these VFCW systems based on Spearman
correlations among genera (relative abundance >0.2%). In total
the VFCW1 network included 69 nodes and 741 edges, whereas
the VFCW0 network was smaller (58 nodes and 463 edges)
(Figure 8).

3.4.3 The distribution of denitrification-related
genes in VFCWs

The distributions of denitrification-related functional genes in
these VFCW systems are shown in Figure 9. Specifically, total
bacterial abundance (16S rDNA) was analyzed, as was the
abundance of nitrifying genes (amoA, nxrA) and a denitrifying
gene (nirS).

Analyses of nxrA and amoA expression were used to gauge the
abundance of microbes involved in the process of nitrification
(Dionisi et al., 2002; Hu et al., 2019). amoA encodes an
ammonia monooxygenase, which facilitates NH4

+-N conversion
to NO2

−-N (Johnston et al., 2019), while nitrite oxidase (nxrA)
facilitates nitrite oxidation (NO2

−-N→ NO3
−-N) (Poly et al., 2008).

The amoA and nxrA distributions in these VFCWs are shown in
Figures 9A, B, revealing significantly higher levels of both of these
genes in the upper layer of the VFCW0 and VFCW1 systems as
compared to the lower layer (p < 0.05), with significantly higher
levels in VFCW0 samples as compared to those from VFCW1.
Aerobic microbes express amoA and nxrA, and the abundance of
amoA and nxrA was significantly increased in the surface layer of
these VFCWs relative to the bottom layer, in line with the results

TABLE 1 Microbial diversity index values for analyzed VFCWs.

VFCWs OTUs Shannon Simpson ACE Chao Sobs Coverage

VFCW0 5,002 7.16 0.0018 4,626.18 4,537.12 3,726.33 0.9716

VFCW1 5,101 7.21 0.0016 4,787.36 4,685.71 3,850.67 0.9705

FIGURE 7
The composition of microbial communities in VFCWs. (A) Phylum level community composition (Species with a relative abundance <1% are
classified as “others”) (B) Genus level community composition, excluding unnamed and unclassified gener.
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published previously by Wang et al. (2020). The abundant plant-
derived organic matter in VFCW1 can compete with amoA and
nxrA-expressing microbes for dissolved oxygen, inhibiting the
growth and proliferation of bacteria expressing amoA and nxrA
in the system.

The nirS gene facilitates nitrite reduction and NO2
−- N

conversion into N2O and NO (Kandeler et al., 2006). The
distribution of nirS gene abundance in these VFCWs is shown in
Figure 9C, demonstrating that this gene was more abundant in the
bottom layers of both the VFCW0 and VFCW1 systems as
compared to the surface layer. The abundance of nirS was also
significantly higher in VFCW1 as compared to VFCW0 (p < 0.05),
which is because that nirS is expressed by heterotrophic
microorganisms, heterotrophic microorganisms require large
quantities of organic carbon to serve as electron donors in order
to maintain microbial viability and to facilitate denitrification
(Sukias et al., 2018). The addition of plant biomass to the
VFCW1 system as a carbon source was thus conducive to the
enhanced growth and proliferation of microbes expressing nirS in
this CW system.

Variations in total bacterial load in these VFCW systems are
shown in Figure 9D. The largest numbers of bacteria were detected
in the upper layers of the VFCW0 and VFCW1 systems, with the
total bacteria number in VFCW1 being significantly higher than in
VFCW0 (p < 0.05). The abundance of organic matter in VFCW1 can
enable rapid microbial growth and reproduction. These plants can
also serve as carriers for microbial growth, with the resultant
microbial proliferation being conducive to enhanced pollutant
transformation and degradation within these CW systems.

4 Discussion

4.1 The choice of plant carbon sources

COD release from both untreated and alkali-treated P. australis
and S. tabernaemontani reached maximum levels on day 1 before
decreasing rapidly within 4 days and then stabilizing. This is
attributable to the fact that water-soluble compounds including
sugars, organic acids, and soluble inorganic salts on plant
surfaces dissolve relatively rapidly, releasing carbon sources. COD
release from S. tabernaemontani samples was initially significantly
higher than from P. australis (p < 0.05), likely as the surface of S.
tabernaemontani contains higher levels of organic carbon and other
organic particles that are readily shed (Chang et al., 2016). Less
carbon was released from AH-S samples as compared to UN-S
samples, potentially because the relatively soft and fragile nature of
S. tabernaemontani samples results in carbon loss upon exposure to
high temperatures and alkaline conditions. Conversely, for P.
australis samples, greater COD release was observed for alkali-
treated samples, with the best release being evident for AH-P
samples. Alkali treatment can result in cellulose swelling and
reduced cellulose crystallinity, resulting in the breakdown of the
structural links between lignin and carbohydrates. Alkaline
conditions can also eliminate components that can interfere with
cellulose accessibility including acetyl groups, lignin, and furfural
acid substitutes (Zheng et al., 2021). The highest and lowest
cumulative release levels were observed for AH-P and UN-P
samples, respectively, suggesting that alkali-heat treatment can
improve carbon source release, making the resultant plant

FIGURE 8
Network interactions for the 16S rDNA gene-based bacterial communities in the VFCW0 (A) and VFCW1 (B) system.
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biomass more suitable for addition to VFCWs as an external carbon
source.

TN release from these two plant sources occurred in two main
phases. Initially, soluble substances from the surface layer are rapidly
dissolved, contributing to the release of large quantities of N. During
later stages, insoluble substances dissolve more gradually to release
N at a steady rate. NH4

+ and TN exhibited similar release patterns,
with NH4

+ exhibiting the highest release ratio in the context of TN
release such that it is the primary pollutant of concern. NO3

− and
NO2

− release was limited, and they are not major pollutants of
concern when using external carbon sources. N release from alkali-
heat treated samples was lower than that from other samples,
making these plant biomass samples the most appropriate
exogenous carbon source for VFCWs.

4.2 The removal effect after adding plant
carbon sources

Effluent COD levels for these two systems were lower than those
in the inlet water and relatively stable. VFCW1 exhibited better
COD removal, thus confirming that alkali-heat treated P. australis
can be added as a plant carbon source in VFCW systems without
resulting in any decline in water quality.

During the later stages of the experiment, microbes proliferated
substantially and were able to absorb and transform organic matter,

with effluent COD concentrations gradually decreasing and
stabilizing in line with data published previously by Jia et al.
(2020). While VFCW0 also exhibited COD removal activity, the
effluent COD concentrations were lower than those for
VFCW1 owing to the addition of a plant carbon source to the
VFCW1 system. As cellulose and hemicellulose derived from plant
biomass are gradually hydrolyzed, organic matter is released and
cannot be completely degraded by aerobic microorganisms, leading
to higher effluent COD concentrations (Jin et al., 2021).

TN concentrations for VFCW0 remained largely unchanged
over the study period, whereas the effluent concentrations for
VFCW1 gradually declined, demonstrating that plant carbon
source addition significantly improved TN removal efficacy. The
C/N ratio for the VFCW0 system was low such that insufficient
electron donors were available, suppressing microbial denitrification
activity and reducing NO3

−-N and NO2
−-N removal rates in this

system, thus contributing to reductions in TN removal efficiency.
The average ammonia nitrogen rates for these two VFCWs were

60.36% and 71.89%, respectively. Such NH4
+-N removal in CW

systems primarily results from microbial transformation, plant
absorption, substrate adsorption, and volatilization. When the
water in these systems has an alkaline pH value, NH4

+-N will
undergo volatilization, whereas this effect will be negligible at
neutral pH values. The higher NH4

+-N removal rate in
VFCW1 is thus attributable to microbial transformation and
utilization. The addition of alkali heat-treated P. australis to

FIGURE 9
Denitrifying microorganism distributions in the VFCWs. (A) amoA, (B) nxrA, (C) nirS, (D) 16S rDNA.
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VFCW1 was beneficial to the ability of microbes to remove
ammonia nitrogen (Lyu et al., 2017; Li et al., 2018), and these
alkali-treated plants are also able to remove some NH4

+-N from the
water via adsorption (Fu et al., 2017), thus yielding overall better
ammonia nitrogen removal activity than that observed for VFCW0.

The lower carbon levels and insufficient electron donors
available in the VFCW0 system inhibit microbe-mediated
denitrification and lower the NO3

−-N removal efficiency of CW
systems (Ma et al., 2020).

Yan et al. (2022) demonstrated that in the absence of a carbon
source, the denitrification process stalls at the NO2

−-N stage such
that NO2-N accumulates, as NO3

−-N can inhibit denitrification,
bacterial intracellular nitrite reductase activity and NO2

−-N
reduction rates decline. Insufficient carbon availability is thus a
key driver of NO2

−-N accumulation. In the VFCW1 system, NO2
−-N

accumulation was minimal owing to the abundance of available
carbon, with the alkali-heat treatment of P. australis strengthening
microbial denitrification and nitrite removal efficacy for the
VFCW1 system. NO2

−-N accumulated at significantly higher
levels in VFCW0 relative to VFCW1 (p < 0.05), suggesting that
plant carbon source addition was conducive to complete
denitrification, with the majority of the NO2

−-N in the
VFCW1 system undergoing conversion and removal.

4.3 Microbial community analysis

Proteobacteria were thus the most abundant in both of these
systems, as has also been shown in prior studies of denitrification in
VFCWs (Chen et al., 2015; Sánchez et al., 2017; Qiu et al., 2021).
Members of the Proteobacteria phylum can facilitate C and N
transformation and their relatively high levels of abundance can
improve COD and N removal rates when the influent C/N ratio is
relatively low (Chen et al., 2019; Sun, et al., 2019; Guo et al., 2020). Most
β-Proteobacteria are capable of degrading macromolecular organic
matter (Jiang et al., 2020), and many α-, β-, and γ-proteobacteria
are involved in denitrification (Lu et al., 2013). The second most
abundant bacterial phylum in these VFCW systems was

Actinobacteriota. Ward et al. (2009) demonstrated that
Acterinobacteriota species can utilize carbon sources and reduce
nitrate to nitrite, thus facilitating nitrogen removal. Chloroflexi was
the third most dominant phylum in these samples, and He et al. (2016)
demonstrated that Chloroflexi species are dominant in VFCWs,
suggesting that they may be key mediators of pollutant removal in
these systems. Significant increases in the relative abundance of major
denitrifying bacteria including Proteobacteria and Firmicutes were
observed in VFCW1 as a result of plant carbon source addition
relative to VFCW0 (p < 0.05). Increases in Proteobacteria
abundance can enhance nitrogen removal efficiency and reduce N2O
emissions. As Firmicutes species are capable of decomposing cellulose
and hemicellulose into smaller components of organic matter (Chu and
Wang, 2016), increased Firmicutes abundance in the VFCW1 system is
conducive to organic matter removal. Plant biomass can thus be
effectively broken down in VFCWs, accelerating N transformation
and removal through nitrification and denitrification processes.

Man et al. (2021) found demonstrated that Halomonas
microorganisms can achieve removal efficiency rates of over 85%
for a single nitrogen source in sewage samples, with removal rates of
45% for various nitrogen sources. Thiobacillus species have been
shown to be capable of simultaneously eliminating both nitrogen
and sulfur (Zhang et al., 2022). Halomonas and Thiobacillus were
detected in both of these VFCWs and were more abundant in
VFCW1, indicating that carbon source addition can enrich the
abundance of genera associated with denitrification. MND1 is an
enriched member of the Nitrosomonas family, corresponding to a
taxonomic unit that contains ammonia-oxidizing bacteria (Yu et al.,
2021). Pseudarthrobacter are often present in environments with
high levels of dissolved oxygen (Lennon et al., 2012), likely
explaining the observed reduction in Pseudarthrobacter
abundance in VFCW1 owing to the fact that carbon source
addition resulted in competition for dissolved oxygen.

The VFCW1 network was more modular than the
VFCW0 network, indicating greater stability for the
VFCW1 microbial communities. The dominant genera
Thiobacillus and Halomonas were connected to many other
genera in these networks, highlighting their likely importance in

FIGURE 10
VFCW nitrogen removal pathways.
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this ecological context. Both Thiobacillus and Halomonas exhibited
18 connections in the VFCW0 network, including 14 positive
correlations and 4 negative correlations. Halomonas was
associated with 24 connections in the VFCW1 network, including
13 positive correlations and 11 negative correlations. Thiobacillus
was associated with 20 connections in the VFCW1 network,
including 12 positive correlations and 8 negative correlations.
Negative correlation ratios for these two genera were larger in
VFCW1, potentially owing to a reduction in the abundance of
genera that failed to adapt to high C/N ratio values following
carbon source addition such that they were negatively correlated
with Thiobaillus and Halomonas.

4.4 Analyses of the microbial denitrification
pathways active in VFCWs

The microbe-mediated denitrification pathways active in these
VFCW systems are outlined in Figure 10. The ammonia
monooxygenase (amoA), nitrite oxidoreductase (nxrA), and nitrite
reductase (nirS) functional genes play roles in the processes of
systemic nitrification and denitrification. Ji et al. (2013)
demonstrated that in CW systems, the abundance of amoA, nxrA,
and denitrifying bacteria are largely equivalent such that this system
can facilitate both nitrification and denitrification reactions. However,
in the present study the most abundant analyzed functional gene was
nirS (2.11 × 106 copies/g), followed by amoA (1.27 × 103 copies/g),
with nxrA being least abundant (3.45 × 102 copies/g), suggesting that
denitrifying bacteria have an advantage when competing for NO2

−-N,
converting this N source into gaseous nitrogen (GN2), that is
ultimately discharged from the wetland system. Jia et al. (2021)
designed and studied a carbon self-sufficient vertical subsurface
flow CW system and observed respective amoA, nxrA, and nirS
gene abundances of 3.11 × 103, 5 × 102, and 7.23 × 106 copies/g in their
system. In their studies of VFCWs, Fu et al. (2016) observed respective
mean amoA, nxrA, and nirS gene abundances of 4.17 × 105, 6.85 × 102,
and 7.50 × 107 copies/g, in line with the present results. The amoA
gene enables NH4

+-N conversion into NO2
−-N, thereby promoting

nitrification in VFCW systems, while nirS catalyzes NO2
−-N

conversion into gaseous nitrogen, thereby mediating denitrification.
The full denitrification process is: NH4

+-N→NO3
−-N→NO2

−-N→N2.
Given the low measured abundance of nxrA, short-range nitrification
and denitrification is likely to be the dominant nitrogen removal
pathway in this VFCW system. The quantified expressions are:

NH4
+ + 1.5O2 → NO2

− + 2H+ +H2O (1)
NO3

− → NO2
− + 0.5O2 (2)

6NO2
− + 3CH3OH + 3CO2 → 3N2 + 6HCO3

− + 2H2O (3)

5 Conclusion

In summary, the present results suggest that following alkali-heat
treatment, P. australis biomass can continuously release carbon,
enhancing the denitrification effects for VFCW systems with an
average TN removal rate of up to 75.67%. The optimal C/N ratio
for such carbon source addition in this study was 5, given that this value

yielded the best denitrification activity. Additional plant carbon sources
also contributed to higher levels of microbial community diversity and
richness in these CWs. At the phylum level, the dominant microbes
included Proteobacteria, Actinobacteria, and Chloroflexi, with
Thiobaillus and Halomonas species playing important roles in the
microbe-mediated denitrification activity of VFCWs. In the presence
of sufficient carbon, these microbes exhibit robust denitrification
activity. Of the analyzed VFCW systems, VFCW1 exhibited greater
levels of microbial abundance and stronger microbial community
network correlation values. Genes associated with aerobic
microorganisms (amoA, nxrA) were primarily distributed in the
upper layer of the VFCW system whereas genes associated with
anaerobic microorganisms (nirS) were primarily detected in the
lower layer of this system, highlighting the competitive and
synergistic ecological relationships among these groups of microbes.
Various nitrogen sources in this system were ultimately removed
through short-range nitrification and denitrification. The lack of
carbon source in the constructed wetland is not conducive to
denitrification. In this study, the nitrogen removal rate increased
after adding the carbon source of alkali heat treated reed plants.
From the economic point of view, P. australis is the main water
plant of Ulansuhai, which is easy to obtain, so it is feasible to use
constructed wetland with plant carbon source to treat farmland
drainage of the upstream of Ulansuhai.
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