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Abstract Subsurface flow garden constructed wet-
land (SFGCW) is a type of constructed wetland with
garden characteristics. This study explores the effi-
ciency of SFGCW in the removal of ammonia nitro-
gen (NH,*-N) and total nitrogen (TN) from domestic
sewage and examines the structure of the rhizosphere
microbial community and prevalence of nitrify-
ing and denitrifying bacteria. An L4(23) orthogonal
experiment was conducted using different factors
such as substrates, plants, and hydraulic retention
times (HRT). The results of range and variance anal-
yses revealed that HRT and substrate considerably
influenced nitrogen removal by SFGCWs, with plant
factors playing a notable role. The use of fluidized
bed slag as the substrate enhanced nitrogen removal,
particularly when HRT was set at 3 or 6 days. At the
phylum level, Proteobacteria predominated the rhizo-
sphere microbial abundance, comprising 42.58%—
55.38% of the microbial population, followed by
Chloroflexi (7.19%—-17.16%). It exhibited higher
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counts in winter than in autumn. Anaerolineaceae,
which belongs to Chloroflexi, was predominant in
each wetland group. Seasonal variations significantly
impacted the abundance of ammonia-oxidizing and
nitrite-oxidizing bacteria among nitrifying bacteria
in the rhizosphere microbial community, with higher
levels observed in autumn than in winter, and played
a crucial role in NH,*-N transformation. Addition-
ally, a correlation was observed between the nitrogen
removal effectiveness and abundance of rhizosphere
microbial nitrifying bacteria, providing technical
insights for further optimization of the structure and
operational parameters of SFGCW.

Keywords Subsurface flow garden constructed
wetland - Nitrogen removal effect - Rhizosphere
microorganisms - Abundance

Abbreviations

AOB Ammonia-oxidizing bacteria

Cw Constructed wetland

HRT Hydraulic retention time

NOB Nitrite-oxidizing bacteria

OTU Operational taxonomic units

SFGCW  Subsurface flow garden constructed
wetland

NH4+-N ammonia nitrogen

TN total nitrogen

NO2-N  nitrite nitrogen

nitrate nitrogen

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-024-07243-w&domain=pdf

428 Page?2 of 14

Water Air Soil Pollut (2024) 235:428

1 Introduction

A constructed wetland is a type of sewage biological
treatment technology. Microorganisms in wetland are
primarily attached to the substrate and surface of plant
roots. The presence of plants creates favorable condi-
tions for microbial growth in the rhizosphere (Choi
et al., 2021). This interaction between substrate and
plant renders the wetland system crucial for nutrient
cycling and the removal of nitrogen, phosphorus, and
heavy metals (Zeng et al., 2014). Nitrogen removal
efficiency of constructed wetlands has been a focus
of research. The mechanisms of nitrogen removal in
wetlands include volatilization, ammonification, nitri-
fication, denitrification, plant uptake, and substrate
adsorption. Microbial nitrification and denitrification
cooperatively eliminate nitrogen from wastewater
(Al-Saedi et al., 2018; Inamori et al., 2007). Specifi-
cally, under aerobic conditions, ammonia-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB)
convert ammonia nitrogen (NH,*-N) to nitrite nitro-
gen (NO,-N) and nitrate nitrogen (NO;-N) , while
denitrifying bacteria subsequently reduce nitrate to
nitrogen (N,) under hypoxic conditions. The func-
tion and structure of microbial communities are influ-
enced by plants, especially in the rhizosphere (Her-
rmann et al., 2008).

Previous studies demonstrated that plants absorb
nitrogen from sewage through their roots, converting
it into plant nitrogen for purification purposes (Wei
et al., 2019). Abbasi et al. (2019) highlighted a sig-
nificant correlation among the nitrogen removal, plant
roots, and biomass. The unique biological-physi-
cal-chemical environment of the plant rhizosphere
influences the microbial community, resulting in a
very specific rhizosphere microbial community (Hein
et al.,, 2008). (Xu et al., 2022) proposed that plant
roots enhance microbial nitrification and denitrifica-
tion , while rhizosphere microorganisms facilitate
nitrogen removal via these processes (Lu et al., 2018).
Zhai et al. (2013) showed that organic carbon exuded
from plant roots substantially contribute to the carbon
source required for microbial denitrification in wet-
lands. Furthermore, Guo et al. (2023) demonstrated
that the enhancement in the plant photosynthetic
capacity would significantly affect the metabolic
activities of microorganisms, and total nitrogen (TN)
removal rate was 63.32% in the appropriate photo-
period (15h). The dominant microbial communities in
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constructed wetland ecosystems comprise microbes
such as Proteobacteria, Chloroflexi, Bacteroidetes,
and Firmicutes, which typically prevail in wetland
sediments. However, factors such as water pollution
levels, plant species, and wetland types can induce
variations in their abundance and diversity (Ansola
et al., 2014; Cao et al., 2017; Micallef et al., 2009).
Each phylum comprises various nitrifying and deni-
trifying bacteria including Nitrosomonas and Nitroso-
coccus (nitrifying bacteria) and Thauera and Denit-
ratisoma (denitrifying bacteria), which are all related
to the Proteobacteria phylum (Gu et al., 2023).

The distribution of nitrifying and denitrifying bac-
teria in constructed wetlands is influenced by various
wetland configurations, particularly wetland plants
(Chi et al., 2021; Zhang et al., 2022). Deeper wetland
areas, often characterized by anoxic/anaerobic envi-
ronments, provide favorable conditions for denitrify-
ing bacteria, thereby facilitating denitrification (Pelis-
sari et al., 2017). Salvato et al. (2012) demonstrated
that Pseudomonas, a genus of denitrifying bacteria,
showed a higher abundance on the root surface of
Phragmites australis and Phalaris arundinacea L.,
and their roots secreted more dissolved organic car-
bon, resulting in the denitrification rates of 38% and
34%, respectively. Fu et al. (2016) employed quantita-
tive PCR to study the abundance of functional genes
related to nitrogen removal and concluded that both
AOB and denitrifying bacteria are predominant in the
nitrogen removal process. Therefore, the structure of
the constructed wetlands presents distinct advantages
for nitrogen removal.

Subsurface flow garden constructed wetland
(SFGCW) is a specific type of constructed wetland
designed for sewage resource conversion, employ-
ing garden trees/shrubs and wetland substrates (Wen
et al., 2015). Willow is a woody plant that is favored
in wastewater treatment because of its rapid biomass
growth rate, nutrient and trace element absorption
and accumulation capabilities, and high transpiration
rate (Frédette et al., 2019; Listosz et al., 2018). Con-
sequently, willow is selected as the wetland plant for
the construction of SFGCW. Research has indicated
that greater biomass of wetland plants, such as in reed
wetland sewage treatment systems, enhance the nitro-
gen removal capacity in sewage purification (Wang
et al., 2021). Considering the association between
plant nitrogen and phosphorus accumulation and
biomass, this study aimed to examine the nitrogen
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removal efficacy of willow-based constructed wet-
lands. Additionally, this study sought to investigate
the rhizosphere microbial community structure of
wetland plants and its impact on nitrogen removal,
thereby providing a theoretical foundation for the
development of SFGCWs with enhanced nitrogen
removal capabilities.

2 Materials and Methods
2.1 Experimental Facility

Figure 1 illustrates the experimental device used for
designing the SFGCW. It comprised a plexiglass
pool, measuring 1.8 m X 0.4 m X 0.7 m and remained
operational for 3 years (Wen et al., 2015). Substrate
layer has a depth of 50 cm, and on the substrate layer
separated by permeable nonwoven covering 5 cm
sand layer. Seedlings were purchased from the local
market and planted at a density of 2 saplings/pool. As
the structure of wetland primarily comprised willow
trees and a matrix, Salix babylonica L. and S. matsu-
dana Koidz. were selected as willow trees and fluid-
ized bed slag (bottom slag of the circulating fluidized
bed waste incinerator, 0.2-8mm, BET surface area of
8.16m%/g) and gravel (0.2-8mm, BET surface area

Fig. 1 Schematic of experi-
mental equipment

of 3.30m?%g) were used as substrates. The designed
hydraulic retention time (HRT) was set at 3 and 6
days. A peristaltic pump was used for water intake
and the level gauge was set for automatic drainage,
enabling the maintenance of continuous inflow and
outflow throughout the device operation.

2.2 Experimental Design

The experimental design used L,(2°) orthogonal table
(Table 1) to make four groups with different combi-
nation structure: CW1, CW2, CW3, and CW4. The
experimental input was sourced from campus domes-
tic sewage produced in the dormitory area, and it was
diluted. After dilution, the TN and NH4+-N concen-
trations were 45-115 mg/L and 35-55 mg/L, respec-
tively. The detailed influent concentrations of TN and
NH,*-N for each month are shown in Fig. 3. Water
quality analysis was conducted in accordance with
relevant standards, among which NH,"-N levels were
determined using Nessler’s reagent spectrophotom-
etry and TN was quantified using the alkaline potas-
sium persulfate digestion UV spectrophotometric
method. Water samples from the inflow and outflow
of all four wetland groups were collected, with each
index of the samples replicated thrice. In addition, the
ambient temperature, water temperature and dissolved

Table 1 L4(23) Factors and

Groups Substrate (A) Plant (B) HRT (C)
levels of the orthogonal
experiment design CwW1 Fluidized bed slag (A,) Salix babylonica L. (B,) 3 days (C,)
Cw2 Fluidized bed slag (A;) Salix matsudana Koidz. (B,) 6 days (C,)
CW3 Gravel (A,) Salix babylonica L. (B,) 6 days (C,)
CWw4 Gravel (A,) Salix matsudana Koidz. (B,) 3 days (C))
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oxygen (DO) values were determined, and the results
are shown in Fig. 2. The wetland had a seasonal dura-
tion from April to December, with an average annual
ambient temperature of 23.8°C. Furthermore, an aver-
age temperature difference of 2.8°C exists between
the ambient temperature and water temperature, with
the water temperature generally being lower than
the ambient temperature in summer and autumn, but
higher in winter and spring. Rhizosphere substrate
samples (from sections where the thickness of the
filter material layer was <35 cm) of four groups of
wetlands were collected in September and December
(marked as Q and D, respectively). Following collec-
tion, high-throughput sequencing was performed on
all eight sample groups.

2.3 Microbial Sampling and Analysis of Rhizosphere

The OMEGA soil DNA kit (D5625) was used to
extract DNA from rhizosphere microorganisms,
and the integrity and concentration of the DNA was
assessed using agarose gel electrophoresis. PCR was
employed to amplify the V3-V4 region of bacterial
DNA, using forward primer 5’-ACTCCTACGGGA
GGCAGCAG-3’ and reverse primer 5’-GGACTA
CHVGGGTWTCTAAT-3". Subsequently, the PCR
products were evaluated through agarose electro-
phoresis, and DNA was extracted using the agarose
gel extraction kit (cat: SK8131). The extracted DNA
was precisely quantified using the Qubit2.0 DNA
assay kit, and all samples were mixed in a 1:1 ratio.
Thereafter, the samples were rigorously shaken,
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Fig. 2 Curves showing changes in ambient temperature, water
temperature and DO values
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and the amplified products were analyzed through
high-throughput sequencing on the Illumina Miseq
sequencing platform by Majorbio Biotech Co., Ltd
(Shanghai, China).

Based on the high-throughput sequencing results,
complete cluster analysis was used to cluster simi-
lar samples, and sequences exhibiting 97% similar-
ity were clustered into operational taxonomic units
(OTUs). Microbial diversity was assessed by estimat-
ing Alpha diversity, and the measurement indexes
were Shannon, ACE, and Chaol.

2.4 Data Analysis

The removal rates of NH,*-N and TN were deter-
mined using the chronological average method.
The impact of different factors on NH,*-N and TN
removal rates in SFGCWs was investigated using
extreme difference and variance analysis, with equa-
tions (1) serving as the computational formula for the
range of factors.

R; = max(yjp. 5 -] = min[5j1. 5, - M

In equation (1), y;. denotes the experimental result
corresponding to the j-th factor k level, y; (%) repre-
sents the chronological average value, and R; (range
value) reflects the variation in the horizontal influ-
ence of the experimental indexes of factor j.

In this experiment, Microsoft Excel and Origin
2021 software were employed for all data analysis
and chart illustration, and SPSS 22.0 was used for sta-
tistical analysis of data.

3 Results and Discussion

3.1 Seasonal Characteristics and Difference Analysis
of Nitrogen Removal

During the experiment, the removal rates for NH,*-N
and TN in the four groups of SFGCWs demonstrated
fluctuations in response to changes in influent con-
centration, as depicted in Fig. 3. Each group exhibited
distinct seasonal characteristics in terms of NH,*-N
and TN removal effectiveness. From October to
December, the average removal rates of both NH,*-N
and TN exhibited decline.
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Fig. 3 NH,*-N(a) and TN(b) removal rates and influent concentration of different combination wetlands

The maximum NH4+-N removal rates of the CW1,
CW2, CW3, and CW4 groups were 70.34%, 68.01%,
59.94% and 63.37%, respectively, which occurred
from July to August, i.e., during summer and autumn.
During winter (November and December), the
NH,"-N removal rate of the four groups of wetlands
significantly decreased, which was the lowest among
the four seasons. The highest TN removal rate in
CW1, CW2, and CW4 was observed in September
(66.63%), April (66.11%), and July (71.51%), respec-
tively, whereas the highest TN removal rate of CW3
was 54.55% in December. In spring (April-May),
summer (June—August), autumn (September—Octo-
ber), and winter (November—-December), the removal
effects of NH,*-N and TN in the four groups of wet-
lands (except the TN removal rate of CW3) in win-
ter were unsatisfactory, and their values ranged from
37.42%-43.10% and 36.76%—51.24%, respectively.

Table 2 presents the results of the range and vari-
ance analyses regarding the NH,*-N and TN removal
effects for the four SFGCW groups. The analy-
sis revealed that the type of substrate significantly
impacted the removal of NH4+—N , whereas the influ-
ence of plant species was not significant. The order
of significance for NH,*-N removal effectiveness
was substrate, HRT, and plant. The optimal SFGCW
configuration for NH,*-N removal was based on the
fluidized bed slag as the substrate, Salix babylonica
L. as the plant, and an HRT of 6 days. The influence
of SFGCW on TN removal differed from that on
NH,*-N, with both HRT and substrate having signifi-
cant impacts. The order of influence was HRT, sub-
strate, and plant. The most effective SFGCW setup
for TN removal involved fluidized bed slag as the
substrate, Salix matsudana Koidz. as the plant, and an
HRT of 3 days.

@ Springer
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Table 2 Results of the

3 Parameter Factor Level R; Estimator of  F- value Significance
range and variance analyses J variance
of nitrogen removal effect 1 2
NH,*-N A 52.85 48.03 4.82 69.70 94.02 wE
B 50.53 50.35 0.18 0.10 0.13 -
C 49.84 51.03 1.19 425 5.73 wE
N A 56.65 52.03 4.62 63.89 38.54 HHE
B 53.24 55.44 221 14.59 8.80 o
C 57.42 51.26 6.16 113.65 68.55 HEE

- : Not significant (p>0.1)

*%: More significant (0.01 <p <0.05)
*%%: Extremely significant (p <0.01)

As observed in Fig. 3a, the NH4+-N concentration
in the effluent of CW1 and CW2 was notably lower
than that of CW3 and CW4 from April to October,
indicating that the NH,*-N removal efficiency in
SFGCWs having fluidized bed slag as a substrate sur-
passed those using limestone. These findings suggest
that the NH,*-N removal efficacy in SFGCWs is pri-
marily influenced by the type of substrate, which is
consistent with the results of extreme difference and
variance analysis. However, no significant difference
in NH,*-N removal rates was observed among all
groups.

Figure 3b displays the TN removal rates for the
four SFGCW groups. Unlike NH,*-N, CW1 exhib-
ited a relatively stable removal rate, whereas CW2,
CW3, and CW4 demonstrated significant variabil-
ity, with variations in CW4 being particularly pro-
nounced. Among the four groups, CW4 had the low-
est NH4+—N removal rate of 47.34%. Nevertheless,
the TN removal rate in CW4 was 56.21%, followed
by that of CW1 (58.62%). One-way analysis of vari-
ance test conducted on the NH,*-N and TN removal
rates of the four SFGCW groups from April to Octo-
ber revealed no significant difference in NH,"-N

removal rates among the groups (p = 0.21 > 0.05).
The differences in TN removal rates were highly sig-
nificant (p = 0.0024 < 0.01). The differential analysis
results between each pair of CW1, CW2, CW3, and
CW4 groups are presented in Table 3. When com-
pared with the TN removal efficacy of CW3, CW1
and CW4 exhibited highly significant differences,
followed by CW2 (p = 0.034 < 0.05). These results
indicate that enhancing the TN removal efficiency in
SFGCWs requires not only the selection of a suitable
substrate but also an optimal setting of HRT.

3.2 Rhizosphere Microbial Community Structure
Response

3.2.1 a-diversity Analysis

Based on high-throughput sequencing data, the rhizo-
sphere microbial abundance and diversity in eight
groups of SFGCW samples were analyzed, with the
results including Shannon, ACE, and Chaol indices.
These results are presented in Table 4. The species
richness and diversity indices for CW1, CW2, CW3,
and CW4 indicated no significant seasonal variation

Table 3 Difference

; CW1 CW2 CW3 CW4
analysis of the TN removal
rate in the four groups of F P-value F P-value F P-value F P-value
constructed wetlands
CW1
CW2 1411 0.258
CW3 17.709 0.001 5.685 0.034
Cw4 0.033 0.859 1.255 0.285 12.760 0.004
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Table 4 Rhizosphere microorganism abundance and diversity
in the four groups of wetlands

Sample Index
Shannon ACE Chaol

CW1Q 5.83 17131.20 10459.96
CWI1D 7.25 30430.88 20056.64
CW2Q 6.92 22707.86 14905.66
CW2D 6.93 21908.66 14553.04
CW3Q 7.16 25835.00 16395.42
CW3D 7.32 25434.43 17638.94
CW4Q 7.07 25690.65 16631.41
CW4D 7.30 24241.05 16563.87

between winter and autumn. The a-diversity analysis
results based on ACE and Chaol indices revealed the
highest species richness in the microbial community
of CW1D, whereas CW1Q exhibited the lowest spe-
cies richness. The Shannon index showed that the
microbial community a diversity was notably higher
in SFGCWs using limestone as a substrate (CW3,
CW4), and significantly different from HRT and plant
species in fluidized bed slag as substrate for SFGCW's
(CW1, CW2).

3.2.2 Species Composition Analysis

The rhizosphere microbial communities of the four
SFGCW groups in autumn and winter underwent

principal component analysis at both phylum and
genus levels. As depicted in Fig. 4, CWID and
CW2D exhibited similar microbial community
structures, similar to CW3D and CW4D. CW2Q,
CW3Q, and CW4Q were closely related, whereas
CWI1Q was considerably different from the other
three groups. These findings indicate that season
and substrate types are key factors influencing the
bacterial community structure of SFGCWs. OTU
cluster analysis revealed that rhizosphere micro-
organisms in SFGCW encompassed 30 phyla
(Fig. 5a). The predominant microorganism across
all eight sample groups was Proteobacteria, with
an average abundance of 55.38% and 50.12% in
autumn and winter, respectively.

Phyla with relative abundances exceeding 1% in
the SFGCWs include Chloroflexi (9.065%, 17.04%),
Bacteroidetes (9.15%, 5.55%), Planctomycetes
(5.14%, 5.55%), Actinobacteria (5.59%, 3.63%),
Firmicutes (2.98%, 3.74%), Acidobacteria, Cyano-
bacteria, Chlamydiae, Nitrospirae, Verrucomicro-
bia, and Gemmatimonadetes. Numerous studies
have established Proteobacteria’s significant role
in TN removal, with most denitrifying bacteria cat-
egorized as Proteobacteria (Miao et al., 2015; Wer-
ner et al., 1994). Across the four SFGCW groups,
Proteobacteria maintained a consistent abundance
within the rhizosphere microorganisms; however, a
marginal decrease was observed in CW1 and CW2
during winter.

2 2
@ @0 (b) @0
20 Q
@cwio CW4Q
1 1
cw2Q
D cwiQ @ cw4p dwsQ
@ cw2Q
— @cw3p o
g, § 0 CW4D
&
& 2 cwiQ CW3D
S <
« : B (o)
2 @ CcwID @cw2p (n'f ¢ cwip
1 -1
, ocwio » @lcw2p
-1 0 1 -2 -1 0 1 2
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Fig. 4 Principal component analysis of four groups of wetland microorganisms at (a) phylum and (b) genus in autumn and winter
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Fig. 5 Relative abundance of the different microbial (a) phylum and (b) genus in different wetland groups

The abundance of Chloroflexi was higher in
winter than in autumn, which is potentially linked
to the dissolved oxygen levels in wetlands. Certain
research indicates that Chloroflexi are characterized
by anoxic photosynthesis and unique carbon fixa-
tion metabolism (Shih et al., 2017). Conversely, the
abundance of Bacteroidetes was higher in autumn
than in winter. Despite Bacteroidetes being typi-
cal denitrifying bacteria, the autumnal trend of
TN removal rate did not correlate with their higher
abundance in CW3 and CW4. Therefore, the TN
removal efficacy in SFGCWs was influenced by
HRT and substrate and significantly associated with
the microbial community structure.

@ Springer

Planctomycetes exhibited the highest abundance
in autumn and winter in CW2. These microorganisms
are prevalent in anaerobic environments and primar-
ily contribute to anaerobic ammonia oxidation (Zhu
et al., 2021). In CW1Q, Actinobacteria exhibited the
highest abundance, followed by CW3Q, indicating
that the rhizosphere area of Salix babylonica L. might
be more conducive to their enrichment.

In the SFGCW rhizosphere, the dominant bacte-
rial genus (Fig. 5b) was Anaerolineaceae, with an
average abundance of 5.86% and 11.83% in autumn
and winter, respectively. At the genus level, sig-
nificant differences were observed in the average
abundance of microorganisms between autumn and
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winter. Few genera with an average rhizosphere
microorganism abundance exceeding 2% in autumn
such as Pseudomonas (5.10%), Thauera (2.99%),
Blastocatella (2.38%), Chitinophagaceae (2.25%),
and Comamonadaceae (2.02%). While in winter, this
included Denitratisoma (3.87%), Thauera (3.62%),
Thiobacillus (3.1%), Acidovorax (2.88%), Anaero-
linea (2.02%), and Planctomycetaceae (2.01%).
Anaerolineaceae is a genus comprising anaerobic
microorganisms that belong to the Chloroflexi fam-
ily (Liang et al., 2015). It induces the effect of fer-
mentation and provides available carbon sources for
denitrifying bacteria to enhance the denitrification
process (Jia et al., 2023; Meng et al., 2019). Pseu-
domonas offers adequate heterotrophic nitrifica-
tion and aerobic denitrification performance, which
is crucial for the removal of NH,"-N and TN (Pang
et al., 2022). The abundance of Pseudomonas in the
four groups of SFGCWs was >1% in autumn, and
the abundance in CW1 (14.78%) was considerably
higher than that in other groups, but it decreased rap-
idly in winter. The results indicated that the appropri-
ate HRT in autumn was conducive to the enrichment
of nitrogen-removing microorganisms. Additionally,
the abundance of Blastocatella, Chitinophagaceae,
and Comamonadaceae, which tend to be in aerobic
environment, decreased to less than 1% in winters.
The abundance of Thiobacillus, Acidovorax, Anaero-
linea, and Planctomycetaceae exceeded 2%, indicat-
ing great changes in the oxygen environment of the
four groups of SFGCWs.

(@) [

TN

-0.1

NH,*-N

Nitrifying bacteria

Denitrifying bacteria

(b)

TN A

NH,*-N 4

3.3 Relationship Between Nitrifying and
Denitrifying Bacteria and Nitrogen Removal

Some studies reported that nitrifying and denitrify-
ing bacteria are key contributors to the nitrogen cycle
within constructed wetlands (He et al., 2018). Cor-
relation analysis between the relative abundance of
these bacteria in SFGCWs and nitrogen removal effi-
cacy was conducted (Fig. 6a). A significant positive
correlation was observed between the relative abun-
dance of nitrifying bacteria and the NH,*-N removal
rate (p < 0.05). However, no significant correlation
was observed between denitrifying bacteria and the
removal rates of NH,*-N and TN (p > 0.01). This
result suggests that NH,*-N removal in SFGCWs is
predominantly driven by the nitrification process of
nitrifying bacteria. The functional microflora associ-
ated with rhizosphere microbial nitrification include
AOB and NOB. It was found that there were two
AOB lineages of Nitrosomonas and Nitrosococcus.
The relative abundance of Nitrosomonas in each wet-
land ranged from 0.19% to 1.78%, and AOB showed
significant enrichment in each wetland. Additionally,
Nitrospira (0.97%—-2.15%) was the sole NOB detected
in each wetland, aligning with the findings of (Wang
et al., 2016) in subsurface flow constructed wetlands.
The correlation analysis between the detected nitri-
fying bacteria (Nitrosomonas, Nitrosococcus, and
Nitrospira) and the denitrification efficacy is pre-
sented in Fig. 6b. A significant positive correlation
was found between Nitrospira and NH,"-N removal

Fig. 6 Correlation analysis of bacteria abundance and nitrogen removal efficiency (*: significant)
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(» < 0.05), demonstrating a higher competitiveness
than the other nitrifying bacteria in NH,*-N removal.

Kraiem et al. (2019) demonstrated that Nitrospira
critically influences the nitrification process of verti-
cal flow constructed wetlands. In autumn, the relative
abundance of nitrifying bacteria in CW1, CW2, CW3,
and CW4 was 2.26%, 2.71%, 2.9%, and 2.05%, respec-
tively, which decreased by 1.17%, 1.56%, 2.08%, and
1.21% in winter, respectively (Fig. 7). Higher tempera-
tures in autumn are more conducive to the growth of
nitrifying bacteria. (Li et al., 2018) investigated sea-
sonal effects on nitrification and denitrification micro-
bial activity in surface flow constructed wetlands dem-
onstrated that nitrification activity is dependent on
seasonal temperature variations. Second, the decrease
in DO during winter contributes to the reduced relative
abundance of nitrifying bacteria. Li et al. (2023) com-
pared nitrogen removal effects under different oxygen
supply modes and confirmed that regions more condu-
cive to DO transfer and reoxygenation exhibited higher
relative abundances of AOB and NOB.

The relative abundances of Nitrosomonas, Nitroso-
coccus, and Nitrospira in each wetland system during
autumn and winter are presented in Fig. 7. In autumn,
the relative abundance of nitrifying bacteria in CW3
was 0.78%-1.25% higher than that in other wetlands.

2.0

This observation corresponds with the significantly dif-
ferent TN removal rate of CW3 compared with that of
CW1, CW2, and CW4, as outlined in Table 3. The pre-
dominant nitrifying bacteria in CW3 varied seasonally,
with Nitrosomonas being more abundant in autumn and
Nitrospira in winter. Notably, CW3 exhibited the high-
est TN removal rate in winter, which was different from
the other three wetlands with unsatisfactory TN removal
in winter. Nitrosomonas was significantly enriched in
autumn and did not show superior nitrogen removal
effect. Su et al. (2018) also observed in their compre-
hensive study on constructed wetlands that enhancing
AOB activity could increase NH,*-N removal rates.
However, a high relative abundance of AOB does not
necessarily improve AOB activity, thus achieving the
purpose of increasing NH,*-N removal rate, especially
when Nitrosomonas predominated AOB. In autumn,
wetlands with different substrates comprised varying
dominant nitrifying bacteria. Nitrospira was the domi-
nant nitrobacterium in CW1 and CW2, whereas Nitros-
omonas was the dominant nitrobacterium in CW3 and
CW4. In winter, there was no difference in the domi-
nant nitrifying bacteria in each wetland, Nitrospira
being the dominant bacteria in all wetlands. Fluidized
bed slag-CWs exhibited a high NH,*-N removal rate
(58.05%), which may be attributed to the influence of

Fig. 7 Relative abundance
of four groups of wetland-
nitrifying bacteria in
autumn and winter
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Nitrospira as a nitrite oxidizer that facilitates the com-
plete nitrification of NH,*-N.

Investigations revealed the presence of heterotrophic
denitrifying bacteria such as Thauera and Denit-
ratisoma, along with autotrophic denitrifying bacte-
ria like Thiobacillus and Rhizobium, in the wetland.

Fig. 8 Heatmap on relative
abundance of denitrifying ( a)
bacteria in the four groups

Additionally, various common denitrifying bacteria
were identified, such as Azospira, Comamonadaceae,
and Acidovorax. The relative abundance differences
of each bacterial genus are depicted in the heatmap in
Fig. 8a. Thauera, known for short-range denitrifica-
tion, exhibited significant enrichment in fluidized bed

of wetlands in autumn and &
winter (a) and principal 22 &
component analysis of the v '%Q&’
relationship between deni- i
trifying bacteria and CW 1.6 Qe“\
groups (b)
S
O &
¥
1 &
&
oe
0.4 >
v"oé
&
aso*
-02 ’&60"'
S
&
&
0.8
il
&
?’é'&
14
CWI1Q CW2Q CWID CW2D CW3Q CW3D CW4Q CW4D
(b) 2 cwi
1 @ CWID Denitratisoma 2 w2
; 2 CW4D
Thauera @ CW2Q Azospir o w3
°
Bacillus W2D Comamonadaceae Cwid
~ 0 = CW40Q
X ~_  —— , Acidovorax
=
=
—
~ 2 CWI1Q
~ )
@] Thiobacillus CW3D
-1+ Rhizobium
@ CW3Q
24
I ' I !
-1 0 1 2

PC1 (46.0%)

@ Springer



428 Page 12 of 14

Water Air Soil Pollut (2024) 235:428

slag-based CWs, i.e., CW1 and CW2, with the highest
relative abundances of 5.42% and 6.58%, respectively.
The gravel-CWs (CW3, CW4) exhibited high relative
abundances of Thiobacillus, Denitratisoma, and Acido-
vorax, peaking at 4.28%, 3.06%, and 3.56%, respectively
(Fig. 8a). These findings suggest that the type of sub-
strate was also a significant factor affecting the enrich-
ment of denitrifying bacteria. (Liu et al., 2020) observed
microbial communities enriched in different substrates
in tidal flow constructed wetlands and revealed that
Dechloromonas (3.25%) was significantly enriched in
shale ceramsite substrate and Acidovorax (14.53%) was
significantly enriched on the active alumina substrate.

The relative abundance changes of denitrifying
bacteria such as Azospira, Thauera, Thiobacillus,
Acidovorax, and Denitratisoma were compared across
wetland groups in autumn and winter, revealing
that lower winter temperatures did not inhibit their
growth. This suggests the presence of a weak corre-
lation between the relative abundance of denitrifying
bacteria and seasonal temperature changes, which is
consistent with the finding that temperature has no
significant effect on denitrifying bacteria communi-
ties in the environmental factors (Wang et al., 2022).
The relative abundances of Rhizobium, Azospira, and
Comamonadaceae were similar across all groups.
Notably, Denitratisoma and Acidovorax exhibited sig-
nificantly higher relative abundances in CW4 than in
the other three groups, ranging from 2.69% to 6.18%
and from 3.07% to 4.21%, respectively.

Figure 8b indicates that Denitratisoma and Aci-
dovorax were the key denitrifying bacteria in CW4,
distinctly differentiating its bacterial structure from
the other groups. This finding indicates that both the
choice of substrate and the setting of HRT critically
impacted the abundance and population structure of
denitrifying bacteria. Therefore, variations in sub-
strate types and HRT may alter the DO environment,
thereby influencing the nitrogen removal efficiency of
wetlands (Fu et al., 2020; Wang et al., 2020).

4 Conclusions

The nitrogen removal efficiency of SFGCW is a funda-
mental property. The results from the orthogonal experi-
ment indicated that the factors influencing NH,™-N
removal, in order of significance, were substrate, HRT,
and plant (optimal combination: fluidized bed slag +

@ Springer

Salix babylonica L.+ 6 days). The sequence of factors
affecting TN removal was HRT, substrate, plant (opti-
mal combination: fluidized bed slag + Salix matsudana
Koidz. + 3 days). There was a significant correlation
between plants and TN removal rate; however, no cor-
relation of plants with NH,"-N removal was observed.
The overall microbial diversity in limestone wetlands
surpassed that in fluidized bed slag wetlands. Proteo-
bacteria and Chloroflexi emerged as the dominant rhizo-
sphere microorganisms across all four groups of wet-
lands. Although the abundance of denitrifying bacteria
exhibited only a slight connection with seasonal varia-
tions, the abundance of nitrifying bacteria was strongly
correlated with seasons. There was a significant correla-
tion between the NH,*-N removal rate and type of nitri-
fying bacteria.

The influence of various factors on the plant rhizo-
sphere microbial community structure was thoroughly
analyzed, and the process of plant rhizosphere micro-
bial community formation in SFGCW was revealed,
providing theoretical and technical support for the
further optimization of sustainable nitrogen removal
in these systems.
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