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Abstract: Excess nitrogen in agricultural drainage poses a serious threat to the water quality safety of the
Yellow River basin. Utilizing aquatic plants to modify the rhizosphere microbial community structure and
facilitate nitrogen transformation is a crucial strategy for mitigating regional water eutrophication. Our results
revealed that the denitrification rate (DR), dissimilatory nitrate reduction to ammonium rate (DNRAR) and
nitrogen fixation rate (NFR) of rhizosphere sediments exhibited a significant increase in artificially cultivated
ditch. Compared with those in natural ditches, the richness of the bacterial community and the relative
abundances of Bacteroidota, Verrucomicrobiota, Firmicutes, Anaeromyxobacter and Geobacter, which are involved
mainly in the nitrogen cycle, in the rhizosphere sediments of artificially cultivated ditch were significantly
greater due to improvements in environmental conditions. In artificially cultivated ditch, the dominant
functional genes affecting DRNARSs in the rhizosphere sediments of P. australis were nrfC and nrfA, while DRs
were driven mainly by norB and napA, which were influenced by the nitrogen and carbon levels; and the
dominant functional genes affecting NFRs in the rhizosphere sediments of T. orientalis were nifD, nifK and nifH.
Our results provide a scientific basis for the use of aquatic plants for mitigating excess nitrogen levels in
agricultural drainage.

Keywords: denitrification;, DNRA; functional gene of nitrogen transformation; rhizosphere
sediments; Phragmites australis; Typha orientalis

1. Introduction

The oasis irrigation area in Northwest China is an arid inland region that plays a pivotal role in
the economic development and food security of the Yellow River Basin [1,2]. The Ningxia Yellow
River Irrigation Area is a significant agricultural irrigation region and commodity grain base in
Northwest China. Grain crops and agricultural outputs account for more than two-thirds of the
overall economic value in Ningxia Province, thereby driving regional economic development [3].
However, extensive agricultural practices, such as the excess use of fertilizers and pesticides, as well
as the overdischarge of irrigation water, have resulted in excess nitrogen in the water and sediment
of irrigation areas [4]. The discharge of agricultural runoff into the Yellow River has led to water
eutrophication in the Yellow River Basin. The third drainage ditch in Ningxia, which is a significant
inflow ditch into the Yellow River in Ningxia, exhibits concentrations of ammonium nitrogen (NHas*-
N) and total nitrogen (TN) ranging from 7.4 mg/L to 25.4 mg/L and from 17.7 mg/L to 28.2 mg/L,
respectively, and has long been classified as a severely polluted class V water body [5]. Therefore, the
effective control and reduction of the nitrogen concentration in the water and sediment of farmland
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drainage ditches in the Yellow River irrigation area of Ningxia is crucial for preventing and
controlling eutrophication in irrigation areas and in the Yellow River [6], and it is also a new frontier
in watershed ecological environment research and pollution prevention and control technology [7,8].

The drainage ditch system serves as the primary conduit for field drainage and has developed
into a dual-function system that not only facilitates water drainage but also supports a unique “plant—
sediment-microorganism” wetland ecosystem [9,10]. This system plays a crucial role in the
purification of nitrogen, phosphorus, and organic pollutants in field runoff water, thereby enhancing
the water quality within the irrigation area. As depicted in Figure 1, in the anaerobic environment of
wetlands, the principal processes of the nitrogen cycle, such as denitrification, dissimilatory nitrate
reduction to ammonium (DNRA), nitrogen fixation, nitrification, and ammonia oxidation, are
predominantly driven by microorganisms [11,12]. Denitrifying microorganisms convert active
nitrogen (NOs, NHs*) into N2 or N2O and then fix it, which is an important way to remove nitrogen
from farmland drainage [13]. The nirS, nirK and nosZ genes serve as crucial indicators for assessing
the structure and function of denitrifying microbial communities [14,15]. DNRA microorganisms can
convert NOs into NH4*, a more biologically available form of nitrogen. NHs* can then participate in
nitrogen cycling pathways such as ammonia oxidation to produce Nz or N20 [16,17]. Therefore, these
microorganisms also have the potential to effectively remove nitrogen from water bodies. The nrfA
gene serves as a functional gene marker that accurately reflects the activity of DNRA [18]. Nitrogen
fixation is the process through which microorganisms fix nitrogen and sequester it in sediments,
thereby supplying water-dwelling organisms with accessible nitrogen [19]. The nifH, nifD and nifK
genes serve as pivotal gene markers for nitrogen fixation [20]. Plants play a crucial role in shaping
the diversity and composition of microbial communities and in mediating nitrogen transformation
in the rhizosphere [21]. Specifically, they influence the structure of nitrogen-transforming microbial
communities through root-zone organic carbon [22], thereby impacting the nitrogen cycle.
Conversely, the diversity and composition of rhizosphere microbes also have implications for plant
health and biochemical processes in rhizosphere soil [23].
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Figure 1. Conceptual model for the N cycle in aquatic ecosystems. Arrows represent the key N cycling
processes.

Aquatic plants primarily eliminate pollutants from water and sediments through processes such
as plant absorption and rhizosphere microbial degradation [24]. The physiological and ecological
processes of photosynthesis, respiration, and transpiration in aquatic plants drive nutrient absorption
[25]. As aquatic plants release oxygen through photosynthesis, they not only satisfy their own needs
but also elevate the DO levels in the water body [26]. Additionally, they create a microenvironment
favorable for microbial metabolism in the rhizosphere [27], thereby promoting the microbial
conversion and decomposition of nitrogen in the aquatic environment [28]. Therefore, the
rhizosphere effect of aquatic plants enhances the nitrogen cycle process of drainage ditches, thereby
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facilitating water purification and ecological restoration [29]. Studies have demonstrated that
emergent plant roots facilitate the transfer of oxygen from the atmosphere to sediments, thereby
regulating the DO concentration in the rhizosphere [30] and providing habitats for microorganisms
[31]. The concentration of DO in the rhizosphere is directly correlated with the diversity, abundance,
and metabolic activity of nitrogen cycle functional bacteria [30]. Furthermore, emergent plants alter
the abundance and composition of ammonia-oxidizing microbial communities in sediments through
root oxygen secretion [26]. The functional microorganisms that accumulate in the rhizosphere of
Phragmites australis facilitate the degradation and transformation of pollutants, thereby enhancing the
purification efficiency and ecological stability of wetland ecosystems [32,33].

Plants have been shown to significantly decrease the electrical conductivity (EC) and nutrient
content of sediment in ditches, resulting in a notable increase in the abundance of nitrifying bacteria,
nitrifying spiral bacteria and denitrifying a-Proteobacteria in sediments [34], which effectively
mitigates nitrogen pollution in water [35]. Drainage ditches with floating plants exhibit a greater
denitrification rate (DR) than those without vegetation or those with only submerged vegetation [36].
Compared to natural wetlands, artificial wetlands exhibit greater biomass production, greater
nutrient content in plant tissue, greater shoot/root ratios, greater transport velocity [37], easier
fixation of organic carbon from plants, and more stable microbial metabolic functions [38]. Compared
with those in naturally growing P. australis wetlands, the a diversity of the bacterial community in
the P. australis rhizosphere of artificial wetlands was greater, the similarity of the bacterial community
composition was greater, and the interactions between bacterial groups were more intricate.
Although the rhizosphere of P. australis in natural wetlands is significantly enriched in functional
bacterial communities related mainly to nutrient cycling and promoting plant growth, the bacterial
groups enriched in the rhizosphere of P. australis in artificial wetlands exhibit greater potential for
biodegradation [39]. The artificial wetlands in the Dongping Lake Basin exhibit a significant
advantage over the natural wetlands in terms of nitrogen metabolism-related gene abundance
predicted by PICRUSt, indicating their potential for more complex nitrogen cycling functions and
metabolic capabilities [38]. Tax4Fun analysis and prediction revealed a significantly greater
abundance of denitrification (napA, norB, nosZ), dissimilatory nitrate reduction (nirB), and nitrogen
fixation (nifD, nifK) genes in the artificial wetland of Ximen Island in Yueqing Bay than in the natural
wetland, suggesting that the biological activity involved in nitrogen transformation processes may
be more active in the artificial wetland [40]. The variations in rhizosphere microbial abundance
among different plant species may be attributed to disparities in gas exchange characteristics and
oxygen conditions. Compared to Typha orientalis, P. australis exhibits a greater microbial abundance
and ammonia-oxidizing bacteria count, as well as a greater removal rate of NH+-N [41]. The
rhizosphere microorganisms P. australis and T. orientalis in artificial wetlands may play crucial roles
in regulating nutrient cycling in the sediment by influencing the metabolism of active carbon and
nitrogen [42].

Although previous studies have analyzed the structure and function of microbial communities
in the rhizosphere sediments of aquatic plants, reports on the nitrogen transformation rate and the
composition of key microbial functional communities, including their primary environmental impact
factors, are limited. The process of nitrogen removal from agricultural runoff by aquatic plants and
their rhizosphere microorganisms is a complex phenomenon that is influenced by a multitude of
factors, such as climate, soil composition, hydrological characteristics, and plant species [43].

The Yellow River irrigation area in Ningxia is located in the arid region of the middle temperate
zone in Northwest China and is characterized by unique climate, soil and hydrological conditions.
This region experiences ample sunshine, significant temperature fluctuations, drought, minimal
precipitation, and high evaporation rates. Rivers and lakes in this region exhibit elevated salinity
levels, while the ecological attributes of aquatic plants are distinguished by their distinct growth
patterns and nutrient absorption mechanisms. No research has reported on whether there are
significant differences in rhizosphere nitrogen transformation rates, microbial community structure,
or related functional microorganisms between artificially planted aquatic plant communities and
naturally occurring aquatic plant communities in agricultural drainage ditches. It is also unknown
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whether artificially cultivated ditches are more effective at promoting nitrogen transformation and
have a stronger nitrogen removal capacity in water bodies.

Therefore, the aim of our study was to investigate the nitrogen transformation rates in
rhizosphere sediments of artificial planting and natural farmland drainage ditches and their
influencing mechanisms, especially the diversity and structural composition of bacterial
communities and key functional genes of the nitrogen cycle, to provide a scientific basis for using
aquatic plants to reduce nitrogen pollution in water bodies. Rhizosphere sediments of P. australis and
T. orientalis were collected from three drainage ditches in the Yellow River Irrigation Area of Ningxia,
including ditches of artificially cultivated P. australis, T. orientalis and Nymphaea tetragona; ditches of
naturally growing P. Australis; and ditches of naturally growing T. orientalis. The nitrogen
transformation rate, bacterial community diversity, structural composition and key functional genes
of the nitrogen cycle in all ditches were determined. We propose the following two hypotheses: (1)
Compared with those in rhizosphere sediments in natural ditches, the nitrogen transformation rates
in rhizosphere sediments in artificially cultivated ditches are greater, and (2) compared with those in
rhizosphere sediments in natural ditches, the bacterial community diversity index of rhizosphere
sediments in artificially cultivated ditches is greater, with a more complex composition and greater
abundance of nitrogen transformation-related functional bacterial communities and functional genes,
particularly for P. Australis rhizosphere soil.

2. Materials and Methods

2.1. Research Site and Sediment Sampling

The study site is located in Changxin township (38°32'64"N, 106°25'74"E), Helan County,
Yinchuan city, Ningxia Hui Autonomous Region, China (Figure 2). The research area is a typical
Yellow River irrigation area, with an altitude of 1106 m, and has a typical mid-temperate continental
arid climate. The mean annual precipitation is 138.8 mm, the mean annual temperature is 9.7 °C, the
cumulative temperature is 3280 °C, the mean annual sunshine is 2935.5 hours, and the total annual
solar radiation is 140.9 kcal cm2.
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Figure 2. The geographical location and distribution of the sample plots in various restored stands.
A-Phr, artificially cultivated ditch with P. australis rhizosphere sediment; A-Typ, artificially cultivated
ditch with T. orientalis rhizosphere sediment; N-Phr, natural ditch with P. australis rhizosphere
sediment; N-Typ, natural ditch with T. orientalis rhizosphere sediment.
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The farmland drainage ditches in the experimental area are trapezoidal earth ditches, and the
soil type is irrigation-silted soil. The drainage ditches are dredged every 3-5 years. The three
independent drainage ditches chosen for our investigation underwent cleaning in the spring of 2020,
and their basic hydrological conditions were consistent: the water surface width was 1.55+0.16 m, the
water depth was 0.41+0.27 m, the flow velocity was 0.14+0.073 m s?, and the ditch length was
220+11.42 m.

For the artificially cultivated drainage ditch, after clearing the weeds in the ditch, according to
our previous research results, combined with purification effect, adaptability, and landscape
research, P. australis and T. orientalis plants were cross-planted on both sides of the ditch, and N.
tetragona was planted in the middle of the ditch, with a row spacing of 30 cm, a spacing of 30 cm, and
a density of 16 plants m2. P. australis, T. orientalis and N. tetragona were purchased from local aquatic
plant companies. The other two ditches were P. australis and T. orientalis natural growth drainage
ditches. In the P. australis natural growth drainage ditch (natural ditch 1), the dominant species was
P. australis, the companion species were Scirpus triqueter and Echinochloa crusgali, and the planting
densities were 13 plants m?, 4 plants m? and 1 plant m?, respectively. In the T. orientalis natural
growth drainage ditch (natural ditch 2), the dominant species was T. orientalis, the companion species
were P. australis and S. triqueter, and the densities were 10 plants m?, 3 plants m?, and 2 plants m?2,
respectively. The basic vegetation conditions of the 3 drainage ditches are shown in Table 1.

Table 1. Composition of aquatic plant species in agricultural drainage ditches.

Relati Abbreviati
Type of ditch Principal species Associated species elative Sample location reviati
coverage on

Phragmites australis-

Phragmites australis, Typha A-Phr

Artificial Rhi h
. i raa orientalis, Nymphaea - 57% 1zosphiere
cultivated ditch tetracona Typha orientalis - AT
J Rhizosphere yp
Natural ditchl Phragmites australis Sc%rp us Iriqueter, . 37.5% Phragn?ztes australis- N-Phr
Echinochloa crusgali Rhizosphere
P . . T . .
Natural ditch2 Typha orientalis hmgmztes E'mstmlzs, 30% yph{l orientalis N-Typ
Scirpus triqueter Rhizosphere

Note: A-Phr, artificially cultivated ditch with P. australis rhizosphere sediment; A-Typ, artificially cultivated
ditch with T. orientalis thizosphere sediment; N-Phr, natural ditch with P. australis rhizosphere sediment; N-Typ,
natural ditch with T. orientalis rhizosphere sediment.

On July 28, 2022, three small quadrats (i.e., three replicates) with an area of 1 mx4 m were
randomly set up in representative areas of each drainage ditch, and the spatial distance between the
two small quadrats was at least 50 m. Five well-growing P. australis and T. orientalis plants were
selected for collecting rhizosphere sediments in each quadrat. The sediments attached to the roots
and within 5 cm of the roots of 5 plants were collected as rhizosphere sediments, and the rhizosphere
sediments of the 5 plants in the same quadrat were mixed uniformly in equal proportions as a single
sample. Each sediment sample was divided into 3 parts: the first sample was immediately sealed in
a freezer tube, placed in liquid nitrogen for transport, and then stored in an ultralow temperature
freezer at -80°C for microbial community analysis; the second sample was immediately placed in a
portable refrigeration unit, and the nitrogen transformation rates were determined by culturing
within 24 hours of collection; and the third sample was placed indoors to air dry naturally for the
determination of the physical and chemical properties of the sediment.

Before collecting sediment samples, in situ measurements were conducted for water
temperature (T-W), dissolved oxygen concentration (DO-W), pH (pH-W), and oxidation-reduction
potential (ORP-W) near the roots of 5 plant species. Additionally, water samples were obtained for
the measurement of total nitrogen (TN-W), ammonium nitrogen (NH4+*-W), and nitrate nitrogen
(NOs-W) concentrations.
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2.2. Nitrogen Transformation Rate in Sediment

The potential denitrification, DNRA, and nitrogen fixation rates were determined using a
combination of slurry cultivation experiments and *N isotope tracing techniques [44-46].

1. In the slurry preculture experiment, fresh sediment (20 g) was mixed thoroughly with in situ
overlying water (1:7 w/v). The mixture was homogenized by rinsing with high-purity helium
(purity >99.999%) for 30 minutes and transferred to a 200 mL hermetic vial (Exetainer, Labco,
UK). The vial was sealed with a butyl rubber septum and incubated for 24 hours in the dark.

2. For the ®N isotope tracing experiment, after the precultivation experiment, the vials were
divided into two groups, and '*N-labeled sodium nitrate solution (Na'>NOs, 99% *N, Cambridge
Isotope Laboratories, Inc., Tewksbury, USA) was added to achieve a final *N-labeled solution
concentration of 100 uM. One group of vials was injected with 0.2 mL of ZnCl:solution at a 50%
w/v concentration, which was the initial sample. Another group of vials was placed in a
constant-temperature incubator for further cultivation for 8 hours. After the cultivation was
completed, the groups of vials were injected with ZnCl: solution as the final samples.

3. For the analysis of potential DRs, the concentrations of 2Nz and *N2 were analyzed using a
membrane inlet mass spectrometer (MIMS, Hiden Analytical Ltd., Warrington, UK) [47,48].

4.  For the analysis of potential DNRA rates (DNRARs), after the slurry precultivation experiment
and N isotope tracing experiment were completed, 200 pL of hypobromic acid oxidant was
added to the initial and final sample vials. Subsequently, the difference in the concentration of
15’NH4*-N in the initial and final sample vials was analyzed using MIMS to calculate the potential
DNRARs [48,49].

5.  For the analysis of potential nitrogen fixation rates (NFRs, after the slurry precultivation
experiment was completed, the vials were divided into two groups. One group of vials was
injected with 0.2 mL of ZnClzsolution at a 50% w v-! concentration, which was the initial sample.
Another group of vials was injected with 0.5 mL of 99 atom% '*N-N2 (Campro Scientific,
Germany), sealed and cultured at in situ temperature for 24 h. After cultivation was completed,
the group of vials was injected with ZnCl: solution, which was the final sample. Subsequently,
all the vials were washed with He for 30 minutes to remove N2, and iodine hypobromide
solution was injected to oxidize the N label produced by fixing N into Nz. Subsequently, the
difference in the >N concentration between the initial and final sample vials was analyzed via
MIMS to calculate the potential NFRs [50].

The detailed calculation formulas for the potential DRs, DNRARs and NFRs are listed in the
supplementary material.

2.3. Analysis of Sediment and Water Physical and Chemical Properties

The EC of the sediment samples was measured using a conductivity meter (DDS-307, Raymon,
Shanghai, China). The total organic carbon (TOC) content in the sediments was determined by the
potassium dichromate-concentrated sulfuric acid titration method. The dissolved organic carbon
(DOC) content in the sediment was extracted using a 2 mol L' KCl solution at a fresh sediment-to-
solution ratio of 1:5 and quantified using a TOC analyzer (TOC-L, Shimadzu, Kyoto, Japan). The TN
content was determined by the semimicroKjeldahl method. The NHs*-N and NOs-N in the sediments
were extracted with 2 mol L' KCl at a soil:water ratio of 1:4, and the contents were determined by
continuous-flow autoanalyzer measurements (AA3, Seal, UK). The sizes of sediment sand particles
and clay particles were determined through a combination of sieving and sediment gravity meter
analysis [51].

The T-W, DO-W, pH-W, and ORP-W values were determined using a multiparameter water
quality probe (HACH HQ40d, HACH, USA). The TN content in the water samples was determined
by alkaline potassium persulfate oxidation and ultraviolet spectrophotometry. The NH4+-W and
NOs=W contents in the water samples were measured using a continuous-flow autoanalyzer (AA3,
Seal, UK).
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2.4. High-Throughput Sequencing and Metagenomic Sequencing

Microbial community genomic DNA was extracted using a soil DNA kit (DP812, Tiangen
Biochemical Technology (Beijing) Co., Ltd.) according to the manufacturer’s instructions. The full-
length bacterial 16S rRNA gene was amplified wusing primers 27F_(16S-F) (5-
AGRGTTTGATYNTGGCTCAG-3') and 1492R_(165-R) (5-TASGGHTACCTTGTTASGA CTT-3') [52]
by a PCR instrument (Veriti9%well 9902, ABI, USA). After amplification, the PCR products were
recovered through 2% agarose gel electrophoresis, purified, detected, and quantified. Subsequently,
library construction was performed using the SMRTbell Template Prep Kit. Following the standard
protocol of Biomarker Technologies (Beijing, China), sequencing of the samples was conducted on
the PacBio Sequel II platform. Usearch software was used to cluster reads at a similarity level of 97.0%
and obtain OTUs. Sample alpha diversity indices were evaluated using QIIME2 2020.6 software [53].
Taxonomic annotation was performed using the Silva 138 database (Release 138, https://www.arb-
silva.de/documentation/release-138/) [54].

Metagenomic sequencing was performed using the paired-end sequencing method to construct
small fragment libraries, which were sequenced on the Illumina Nova Seq 6000 (Illumina, USA)
platform. MMseqs2 software (https://github.com/soedinglab/mmseqs2, Version 12-113e3) was used
to remove redundancy, with the similarity threshold set at 95% and the coverage threshold set at
90%. By utilizing multiple databases, such as KEGG, for sequence alignment, the predicted gene
protein sequences were annotated with functional information. The abundance of related bacteria
involved in the nitrogen cycle was analyzed via the KEGG database (https://www .kegg.jp/) [55]. The
abundance of functional genes involved in the nitrogen cycle was analyzed via the NCycDB database
(https://github.com/qichao1984/NCyc) [56].

2.5. Statistical Analysis

The differences in nitrogen transformation rate and physical and chemical properties between
different treatments were determined to be statistically significant at a level of p<0.05 using one-way
ANOVA and LSD tests. Pearson correlation analysis was employed to examine the associations
among the nitrogen transformation rate, microbial abundance, and environmental factors.
Redundancy analysis (RDA) was employed to examine the relationships among the rate of nitrogen
transformation, microbial abundance, and environmental factors. All the statistical analyses were
carried out using R software (version 3.1.2; R Development Core Team 2016).

3. Results

3.1. Nitrogen Transformation Rates in Rhizosphere Sediments

The DRs of artificially cultivated ditch P. australis (A-Phr) and natural ditch P. australis (N-Phr)
were significantly greater than those of artificially cultivated ditch T. orientalis (A-Typ) and natural
ditch T. orientalis (N-Typ) (p<0.05), reaching 3.06 and 3.08 pmol N kg h-, respectively, which were
17.67-22.70% and 18.31-23.36% greater than those of N-Typ and A-Typ, respectively (Figure 3a). The
DNRAR of A-Phr was significantly greater than that of A-Typ and N-Typ (p<0.05), reaching 2.14 umol
N kg h!, which was 31.56%, 29.96%, and 11.07% greater than those of A-Typ, N-Typ, and N-Phr,
respectively (Figure 3b). The NFR of A-Typ was significantly greater than that of N-Phr (p<0.05),
reaching 0.93 umol N kg h', which was 46.60% and 28.44% greater than those of N-Phr and N-Typ,
respectively (Figure 3c).
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Figure 3. Nitrogen denitrification rate (a), dissimilatory nitrate reduction to ammonium rate (b), and
nitrogen fixation rate (c) in all sediment samples. DR is the nitrogen denitrification rate, DNRAR is
the dissimilatory nitrate reduction to ammonium rate, and NFR is the nitrogen fixation rate.

3.2. Diversity and Composition of the Bacterial Community in Rhizosphere Sediments and Their Driving
Factors

A total of 144,287 high-quality sequences were obtained through 165 rRNA sequencing, with
each library containing a varying number of sequences ranging from 10,177 to 14,218. The coverage
rate for all the samples exceeded 96%. Utilizing a sequence similarity threshold of >97%, high-quality
reads were grouped into 5,411 microbial operational taxonomic units (OTUs), resulting in a total of
109,493 sequences (Figure S1). The Chaol and ACE richness indices of the A-Phr and A-Typ bacterial
communities were significantly greater than those of the N-Phr and N-Typ bacterial communities
(Figure 4a, 4b). In contrast, the Shannon diversity index of N-Typ was notably greater than that of N-

Phr (Figure 4c).
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Figure 4. Alpha diversity indices, including Chaol (a), ACE (b), and Shannon (c) indices; relative
abundance at the phylum level of bacteria (d); and functional and relative abundance at the genus
level of bacteria involved in the nitrogen cycle (e) in different rhizosphere sediment samples.

The results of the RDA (Figure 5a) indicate that the first and second principal axes account for
59.14% and 23.85% of the variation, respectively, resulting in a cumulative explanatory rate of 82.99%.
The Chaol and ACE richness indices exhibited significant positive correlations with ORP and NHa*-
N values, while the Shannon diversity index showed a significant positive correlation with EC and
TOC content. The main environmental factors influencing the richness and diversity of the bacterial
communities were ORP-W and NH4*-N and TOC contents (Table S3).
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Figure 5. Redundancy analysis (RDA) was used to identify the relationships among nitrogen
conversion rates and microbial and environmental factors. (a) The alpha diversity index of bacteria
and environmental factors; (b) the phylum level of bacteria and environmental factors; (c) the genus
level of bacteria and environmental factors; (d) the nitrogen cycling pathways and environmental
factors; (e) the nitrogen conversion rates and their environmental and microbial factors. DO is the
dissolved oxygen in water; ORP is the oxidation-reduction potential in water; EC is the electrical
conductivity of the sediments; TOC is the total organic carbon in the sediments; DOC is the dissolved
organic carbon in the sediments; TN is the total nitrogen in the sediments; NH4*-N is the ammonium
nitrogen in the sediments; NOs-N is the nitrate nitrogen in the sediments; DOC/NOs-N is the ratio of
dissolved organic carbon to nitrate nitrogen in the sediments; Sand is the sand content (the sediment
particle size fraction is 2~0.02 mm) in the sediments.

According to the 165 rRNA sequencing results, a total of 37 bacterial phyla were identified, 27
of which exhibited a relative abundance exceeding 1%. Among these, Proteobacteria (18-31%),
Bacteroidota (17-28%), Acidobacteriota (3-14%), Verrucomicrobiota (5-10%), and Patescibacteria (2-10%)
emerged as the predominant phyla in rhizosphere sediments, displaying a mean relative abundance
surpassing 5% and collectively representing 67-70% of bacterial sequences (Figure 4d).

The RDA results (Figure 5b) indicated that the explanatory rates of the first and second axes
were 55.82% and 15.38%, respectively, with a cumulative explanatory rate of 71.20%. The
predominant bacterial phyla in A-Phr were Bacteroidota, Verrucomicrobiota, Patescibacteria, and
Firmicutes; those in A-Typ were Bacteroidota and Firmicutes; those in N-Phr were Proteobacteria and
Acidobacteriota; and that in N-Typ was only Acidobacteriota (Figure 4d). The main environmental
factors affecting the composition of the bacterial community structure were the sediment DOC, TN,
TOC, and sand contents and water DO-W content (Table S3).
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The microbial genera involved in the N cycle primarily consisted of Amnaeromyxobacter,
Pseudomonas, Nitrospira, Geobacter, and Thiobacillus, with relative abundances ranging from 0.26% to
3.66%, 0.22% to 2.22%, 0.22% to 1.69%, 0.14% to 2.01%, and 0.11% to 1.65%, respectively. The relative
abundances of Anaeromyxobacter, Geobacter, and Sulfuritalea were significantly greater in the A-Phr
group than in the control group (p<0.05), while the relative abundances of Thiobacillus,
Hydrogenophaga, and Sulfuritalea were significantly greater in the A-Typ group than in the control
group (p<0.05) (Figure 4e). All these microbial genera belong to the Proteobacteria phylum, which is a
predominant genus in the denitrification or DNRA pathway.

The RDA results (Figure 5c) demonstrated that the first and second ordination axes accounted
for 52.73% and 23.34% of the variation, respectively, resulting in a cumulative explanation rate of
76.07%. Specifically, Anaeromyxobacter and Geobacter exhibited significant positive correlations with
the DOC/NOs~-N ratio and the NHs-N content (p<0.05) and a significant negative correlation with
the NOs-N content (p<0.05) (Figure 5c). The primary environmental factors influencing the
composition of bacterial genera involved in the N cycle are sediment the NH4*-N and DOC contents
and the DOC/NOs-N ratio (Table S3).

3.3. Relative Abundance of Nitrogen Transformation Functional Genes in Rhizosphere Sediments and Their
Driving Factors

According to the annotation results of the Ncyc database, a total of 68 gene (sub)families were
identified, encompassing 8 processes related to the nitrogen cycle. The relative abundances of
functional genes involved in organic degradation and synthesis pathways ranged from 57.01% to
61.12%, while those involved in denitrification ranged from 13.89% to 18.61%, those involved in
assimilatory nitrate reduction ranged from 8.23% to 12.76%, those involved in dissimilatory nitrate
reduction ranged from 8.84% to 10.46%, those involved in nitrogen fixation ranged from 0.58% to
10.05%, those involved in nitrification ranged from 0.10% to 1.62%, those involved in nitrification
ranged from 0.19% to 0.60%, and those involved in anammox ranged from 0.003% to 0.07% (Figure
6a).
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Figure 6. The relative abundance of nitrogen cycling pathway genes (a); functional genes involved in
denitrification, dissimilatory nitrate reduction and nitrogen fixation pathways (b); and functional
genes involved in nitrification and anammox pathways (c) in different rhizosphere sediment samples.

The results of the RDA (Figure 5d) indicated that the first and second principal axes accounted
for 49.71% and 33.76% of the data variation, respectively, resulting in a cumulative explanatory rate
of 83.47%. The key environmental factors influencing participation in the N cycle include NH4-N
content, DOC/NOs-N ratio, and NOs-N content (Table S3).

The relative abundances of genes involved in A-Phr denitrification (napA, norB), dissimilatory
nitrate reduction (n+fC, nrfA), nitrification (hao), and anammox (hzsA, hzsC) were significantly greater
in A-Phr than in A-Typ, N-Phr, and N-Typ (p<0.05). Among these genes, the norB, nrfC, nrfA, hao,
hzsA, and hzsC genes were all significantly positively correlated with the NHs*-N content and
DOC/NOs-N ratio (p<0.01) but negatively correlated with the NOs-N content (p<0.01) (Figure 6b, 6c;
Table S4). The relative abundances of nitrogen fixation genes (nifD, nifK, nifH) in A-Typ were
significantly greater than those in A-Phr, N-Phr and N-Typ (p<0.05) and showed a significant positive
correlation with the ORP-W and DO-W content (p<0.05). The relative abundances of denitrification
(nirK, nosZ, nirS) genes in N-Phr were significantly greater than those in A-Phr, A-Typ and N-Typ
(p<0.05) and displayed a significant negative correlation with the TOC and TN contents, ORP-W and
DO-W content (p<0.05), among which the nirK and nosZ gene abundances were significantly
positively correlated with the DOC content (p<0.05) (Figure 6b, Table 54).

3.4. Influence of Environmental and Microbial Factors on the Nitrogen Conversion Rate of Sediment

The relative abundances of DR-related and functional genes involved in the denitrification
pathway exhibited a significant positive correlation (p<0.01), primarily with the relative abundance
of norB (p<0.01). Similarly, the relative abundances of DNRAR-related and functional genes involved
in the DNRA pathway showed a significant positive correlation (p<0.01), mainly with the relative
abundances of nrfC and nrfA (p<0.01). Additionally, the relative abundances of NFR-related and
functional genes involved in the nitrogen fixation pathway demonstrated a significant positive
correlation (p<0.05), primarily with the relative abundances of nifD, nifK, and nifH (p<0.05) (Table S5).

DR showed significant positive correlations with the DOC/NOs~N ratio, NOs-W content, and
DOC content (p<0.05) and significant negative correlations with the NOs-N, TN, and DO-W contents
(p<0.05); DNRAR exhibited significant positive correlations with the DOC/NOs-N ratio and NH4+-N
content (p<0.05) and a significant negative correlation with the NOs-N content (p<0.01); and NFR
demonstrated significant positive correlations with the ORP-W and TOC content (p<0.05) and a
significant negative correlation with the DOC content (p<0.05) (Table S5).

The RDA results (Figure 5e) indicated that the first and second principal axes accounted for
67.19% and 29.43% of the data variance, respectively, accounting for a cumulative 96.62% of data
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variance. The key environmental and microbial factors influencing the nitrogen transformation rate
include NOs-N content, DOC/NOs-N ratio, n#fC expression, nrfA expression, DOC content, NH4*-N
content, nosZ expression, norB expression, TN content, and nirK expression (Table S3).

4. Discussion

4.1. Differences in Nitrogen Transformation Rates in Rhizosphere Sediments between Artificially Cultivated
Ditches and Natural Ditches

The potential DR of sediments reflects the capacity of microorganisms to remove nitrogen [70];
the DNRAR indicates the ability to convert nitrate to NH+-N, which plays a crucial role in
maintaining nitrogen cycle balance [49]; and the NFR signifies the availability of nitrogen in
sediments, which is essential for sustaining plant productivity, microbial metabolism, and ecosystem
health and stability [71]. Our study revealed that the DRs of A-Phr and N-Phr were significantly
greater than those of A-Typ and N-Typ (Figure 3a), and the DNRAR of A-Phr was significantly
greater than that of N-Phr (Figure 3b), while the NFR of A-Typ was notably greater than that of N-
Typ (Figure 3c). These results are consistent with those of Cheng and White [72] and confirm our first
hypothesis, which suggests that artificially planted aquatic plants promote nitrogen transformation
in sediments. This can be elucidated from the following perspectives: (1) In artificial planting, to
ensure high survival rates, the roots are enveloped in soil rich in nutrients at the nursery to guarantee
an ample supply of organic matter and nitrogen [73]; concurrently, the vegetation coverage rate of
artificial planting ditches is relatively high, reaching 57% (Table 1), which mitigates water flow
velocity and its erosive impact, thereby reducing nutrient loss [74]. The TOC and NH4*-N contents of
A-Phr and A-Typ were significantly greater than those of N-Phr and N-Typ (Table S2), providing
sufficient substrates for microorganisms to promote nitrogen transformation. The DR and DNRAR
were significantly positively correlated with the NHs-N content, and the NFR was significantly
positively correlated with the TOC content (Table S5), further confirming this observation. (2)
Management measures for artificially planted ditches, such as weeding and transplanting, have been
show to lead to increased sediment disturbance, promote internal nutrient release, and improve the
oxygen conditions and water-holding capacity of sediments [75]. This optimization of sediment
structure provided more suitable oxidation-reduction environments for microorganisms. A-Phr and
A-Typ exhibited significantly greater ORP-W values than did N-Phr and N-Typ (Table S1), with a
significant positive correlation between the NFR and ORP-W (Table S5), consequently leading to an
increase in the NFR. (3) Various plant species can alter the physical and chemical properties of
sediments and microbial communities, thereby facilitating plant growth through nutrient provision
and alleviation of environmental stress [76]. In our investigation, the combination of artificially
planted P. australis, T. orientalis and Nymphaea species could form a dense root network in the
sediment, increasing the diversity and quantity of functional microorganisms and promoting
functional microbial activity [77]. The degradation of root exudates by microbial activity can improve
the physicochemical properties of sediments, increase nutrient availability, and impact the structure
and function of microbial communities [78], ultimately leading to an increase in nitrogen
transformation rates [79]. However, it should be noted that the nitrogen transformation rate of
artificially cultivated ditches may not always exceed that of natural ditches, as the biogeochemical
process of sediments is inherently complex and dynamic. The nitrogen transformation rate is
influenced by various factors, including the physical and chemical properties of sediments,
vegetation status, microbial species and activities [80-82].

4.2. Diversity and Composition of the Bacterial Community in Rhizosphere Sediments and Their Driving
Factors

The diversity and composition of the rhizosphere sediment bacterial community serve as a
unique functional conduit at the interface between plants and sediment, facilitating ecological
functions such as sediment material cycling and energy flow while also contributing to sediment
stability [83,84]. In this investigation, it was observed that the Chaol and ACE richness indices of the
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A-Phr and A-Typ bacterial communities were significantly greater than those of the N-Phr and N-
Typ bacterial communities (Figure 4a, 4b), with a notably elevated relative abundance of the nitrogen-
transforming bacteria Bacteroidota and Firmicutes in the A-Phr and A-Typ when contrasted with their
counterparts in the natural ditches (Figure 4d). These findings are largely consistent with previous
studies by Hu et al. [39], Fang et al. [38], and Xiao et al. [85], thereby providing support for our second
hypothesis.

The high a diversity of the A-Phr and A-Typ bacterial communities may be attributed to the
following reasons: (1) Cultivated reeds, cattails, and lotuses release oxygen through their roots,
creating an oxidizing environment for microorganisms and resulting in a high ORP [86]. This
environment interacts with pH and temperature [87], providing diverse aerobic or anaerobic
environments and effective carbon sources for nitrifying/denitrifying bacteria [88,89]. The ORP serves
as a fundamental indicator influencing the dynamics of the sediment microbial community [90], and
redox processes in sediments are closely associated with the oxygen concentration and vegetation
[91,92]. Sediment carbon and nitrogen increase the abundance and diversity of rhizosphere sediment
bacteria [93], while nutrient input weakens the competition for resources, which is conducive to
maintaining high bacterial alpha diversity [94]. In this study, the primary environmental factors
influencing bacterial community richness and diversity were ORP-W and the NH4*-N and TOC
contents (Table S3), which supported our hypothesis and was largely consistent with the findings of
Wang et al. [95] and Song et al. [40]. (2) There are interspecific differences in nutrient uptake between
emergent and floating aquatic plants, which is beneficial for nutrient cycling and water purification
in eutrophic wetlands [96,97], reducing water pollutants, improving water clarity and DO
concentration, and promoting bacterial growth and reproduction [98,99]. Therefore, the combination
of different aquatic plants provides microenvironments with different aerobic/anaerobic and carbon-
nitrogen interactions through root oxygen release, root exudates, and nutrient uptake, which are
crucial for maintaining sediment microbial diversity and health [77,100]. The ORP-W and NH+-N
and TOC contents in A-Phr and A-Typ were significantly greater than those in N-Phr and N-Typ
(Table S1, S2). The Chaol and ACE richness indices exhibited a significant positive correlation with
the ORP-W and NH4*-N content (Figure 5a). These findings collectively support that the Chaol and
ACE richness indices of the bacterial community in the rhizosphere sediments of A-Phr and A-Typ
are markedly greater than those in N-Phr and N-Typ carbon, nitrogen and DO in the rhizosphere
sediments of emergent plants are the most important factors affecting the structure of the rhizosphere
microbial community [38]. When P. australis, T. orientalis and N. tetragona were artificially planted,
the introduction of rhizosphere soil significantly increased the TOC and NH4+-N contents of A-Phr
and A-Typ (Table S2). Moreover, human management activities have led to dynamic changes in
water bodies, causing nutrient release from sediments in a suspended state and enhancing the
availability of nutrients [75]. The roots of emergent and floating aquatic plants in the artificially
cultivated ditch secreted carbon-rich metabolites and significantly increased the DO-W concentration
in the water around the rhizosphere of A-Phr and A-Typ through root oxygen release [26,101] (Table
52). DO is the core component of rhizosphere microbial life activities. Microorganisms utilize organic
metabolism to generate energy, which is then converted into carbon and nitrogen nutrients essential
for organisms through respiration [102]. Therefore, artificially cultivated ditches can offer more
abundant carbon and nitrogen sources for microorganisms. Under appropriate carbon-nitrogen
conditions, the rhizosphere sediments of P. australis and T. orientalis promote the enrichment of
nitrogen-cycle bacteria such as Proteobacteria, Bacteroidetes, Verrucomicrobiota, and Firmicutes, which
are differentially regulated between microhabitats and species [103]. The Proteobacteria phylum
harbors a multitude of widely distributed nitrogen-transforming bacteria in various sedimentary
environments, including those found in rice fields [104], rivers [105], and lakes [106].

Anaeromyxobacter [57], Geobacter [60], Thiobacillus [61], Hydrogenophaga [62] and Sulfuritalea [66],
which belong to the Proteobacteria phylum, are the predominant genera involved in denitrification or
the DNRA pathway. Their relative abundances in the rhizosphere sediments of the artificially
cultivated ditch exceeded those of the natural ditches (Figure 4e). Among them, Anaeromyxobacter
and Geobacter exhibited significant positive correlations with the DOC/NOs-N ratio and the NHas*-N
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concentration and significant negative correlations with the NOs-N concentration (Figure 5c),
consistent with the findings of Chen et al. [107]. NHs*-N and NOs-N serve as crucial substrates or
end products in sediment denitrification and DNRA [13,17]. Human intervention in artificially
cultivated ditches [75], plant root exudates, and nitrogen uptake and utilization [26,108] create more
suitable environments for nitrogen transformation functional microorganisms. The Bacteroidetes
phylum includes denitrifying bacteria with nirK or nirS [104], nitrogen fixation bacteria with nifH
[106,109], and DNRA bacteria [110]. The Verrucomicrobiota phylum has denitrifying or DNRA
functions [110,111]. The Firmicutes phylum plays an important role in sediment denitrification [112]
and nitrogen fixation [106,113] processes. Therefore, the dominant bacterial phyla of A-Phr were
Bacteroidota, Verrucomicrobiota, and Firmicutes, while the dominant bacterial phyla of A-Typ were
Bacteroidota and Firmicutes (Figure 4d). The main influencing factors included the DOC, TN, TOC,
Sand, and DO-W contents (Table S3). These results confirmed a significantly greater abundance of
the nitrogen cycle bacterial phyla Bacteroidota, Verrucomicrobiota, and Firmicutes in both A-Phr and A-
Typ than in N-Phr and N-Typ.

4.3. Relative Abundance of Nitrogen Transformation Functional Genes in Rhizosphere Sediments and Their
Driving Factors

Aquatic plants improve the rhizosphere environment, promote the growth of nitrogen
transformation-related microorganisms, accelerate the denitrification of eutrophic wetlands, and
optimize the effective utilization of biological nitrogen [114,115]. In this study, the primary pathways
for nitrogen transformation in rhizosphere sediments included denitrification, assimilative nitrate
reduction, dissimilatory nitrate reduction, and nitrogen fixation. The relative abundances of
nitrification and anammox were less than 1% (Figure 6a). Due to the low levels of DO ranging from
2.58 mg/L to 7.50 mg/L in the water surrounding the rhizosphere, the presence of facultative
anaerobic conditions in the sediment environment, relatively high ECs ranging from 270 us/cm to
518 ps/cm, and relatively low concentrations of NH4*-N ranging from 1.35 mg/kg to 2.90 mg/kg
(Table S1, S2), nitrification and anammox were inhibited [116,117]. The abundances of denitrification
genes (napA and norB), dissimilatory nitrate reduction genes (nrfC and nrfA), nitrification genes (hao)
and anammox genes (hzsA and hzsC) in A-Phr were significantly greater than those in N-Phr, and the
abundance of nitrogen fixation genes (nifD, nifK, and nifH) in A-Typ was also significantly greater
than that in N-Typ (Figure 6b, 6c), which is consistent with the findings of previous studies by Song
et al. [40] and Fang et al. [38], confirming part of our second hypothesis.

Under facultative anaerobic conditions, denitrifying microorganisms can reduce NOs-N to N2O
or Nz [118]. The periplasmic nitrate reductase napA, which converts NOs to NOg; the nitrite
reductases nirS and nirK, which convert NO> to NO; the nitric oxide reductase subunit B norB; and
the nitrous oxide reductase nosZ, which converts NO to N2[119,120], are widely used as marker genes
for analyzing denitrifying microbial communities [14,121]. In this study, the relative abundances of
the nirS, nirK, and nosZ genes of N-Phr involved in the denitrification pathway were greater than
those of A-Phr, A-Typ, and N-Typ, while the relative abundances of the napA and norB genes of A-
Phr were greater than those of A-Typ, N-Phr, and N-Typ (Figure 6b).

This can be attributed to the following factors: (1) In the natural ditch with P. australis, there was
minimal human interference, and the sediments remained in a prolonged anaerobic state. The nirS
gene plays a crucial role in the anaerobic denitrification pathway [122]. Our study revealed a
significant negative correlation between the denitrification pathway, nirS gene, and DO-W content
(Figure 5d, Table S4), confirming the high abundance of the denitrification functional gene nirS under
anaerobic conditions. (2) Human management has led to changes in the DO, carbon, and nitrogen
contents in the sediments of artificially cultivated ditches. A-Phr exhibited a high abundance of the
aerobic denitrification gene napA [123], which is primarily supported by DOC as an electron donor
and energy source [124]. The denitrification pathway showed a significant positive correlation with
the DOC content (Figure 5d), and the napA gene also exhibited a significant positive correlation with
the DOC/NOs-N ratio (Table S4), providing further confirmation. (3) Artificial cultivation has led to
an increase in the diversity of ecological niches in sediments, resulting in nearly equal distributions
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of nirK/nirS in the A-Phr and A-Typ sediments, which is consistent with the findings of Saarenheimo
et al. [125]. (4) Denitrifying bacteria, as heterotrophic microorganisms, tend to accumulate in
facultative anaerobic and anaerobic zones due to their distinct oxygen and nutrient requirements
[126]. These bacteria can utilize nitrogen oxides as terminal electron acceptors in cellular bioenergy
processes [127] while using carbon sources as electron donors and energy sources [123]. Anaerobic
environments with high carbon sediment are considered hotspots for denitrification [128]. The DO-
W contents of A-Phr and N-Phr were relatively low, whereas the DOC content was relatively high
(Table S1, S2). Compared to the root system of T. orientalis, the root system of P. australis secretes more
oxygen and sugary exudates, creating diverse anaerobic/aerobic environments and providing
effective carbon sources for denitrifying bacteria [26,89]. Consequently, the denitrification functional
genes of A-Phr and N-Phr exhibited higher expression levels than did those of T. orientalis (Figure
6a).

Under anaerobic conditions, DNRA initially reduces NOs~ to NOz and subsequently directly
converts NOz~ to biologically more available NH4, thereby enhancing nitrogen utilization [129,130].
The expression of the nitrite reductase (cytochrome c-552) nrfA is positively associated with DNRA
activity [131], and nrfA serves as a marker gene [18]. In this study, A-Phr exhibited a greater relative
abundance of the nrfA gene, which is involved in the DNRA pathway (Figure 6b). There are several
potential explanations for this observation: (1) As previously mentioned, A-Phr exhibited a higher
DOC/NOs-N ratio than N-Phr, which was advantageous for the distribution of nitrate in the DNRA
process [132], leading to the dominance of the DNRA process. Additionally, the elevated DOC/NOs
-N ratio had a positive impact on the interactions among rare microorganisms involved in the DNRA
process [133,134]. In this study, we observed a significant positive correlation between the DNRA
pathway and the DOC/NOs~N ratio, as well as a negative correlation with the NOs-N content (Figure
5d), further confirming this finding. (2) In this study, we observed a significant positive correlation
between the DNRA pathway, the nrfA gene, and DOC content (Figure 5d, Table S4), suggesting that
the higher DOC content of A-Phr serves as an important carbon source for DNRA. This increase in
DOC content has been found to enhance the presence of the nrfA gene and promote DNRA
occurrence [135,136]. (3) The exudates in the rhizosphere of P. australis provide ample carbon sources
for the DNRA process [137], leading to increased complexity and stability in microbial interactions,
thereby enhancing the DNRA process in rhizosphere sediments [138].

Nitrogen-fixing microorganisms convert N2 into NHs* to provide plants with nutrients for
absorption and utilization [139] and represent the primary source of biologically available nitrogen.
The nifH gene serves as a crucial indicator for identifying nitrogen-fixing biological species and
analyzing their nitrogen-fixing activity [140]. In this study, A-Typ exhibited a relatively high
abundance of genes involved in the nitrogen fixation pathway, including nifD, nifK, and nifH (Figure
6b). The potential factors may include the following: (1) The positive correlation between the
nitrogen-fixing gene and ORP-W (Figure 5d, Table S4) may be attributed to the exudation of oxygen
from roots, resulting in an increase in the ORP of A-Typ, thereby facilitating the acceleration of
nitrogen fixation [26]. (2) The positive correlation between nitrogen-fixing genes and DO-W (Figure
5d, Table S4) suggests a potentially abundant population of aerobic nitrogen-fixing bacteria in
rhizosphere sediments [141,142], indicating the enhancement of an aerobic nitrogen-fixing microbial
community by DO [143]. (3) The genes associated with nitrogen fixation showed a significant
negative correlation with DOC (Figure 5d, Table S4). This suggests that DOC, acting as a substrate,
may enhance the proliferation of denitrifying bacteria and DNRA bacteria [124,136] while inhibiting
nitrogen-fixing bacteria.

4.4. Influence of Environmental and Microbial Factors on the Nitrogen Conversion Rate of Sediment

Previous research has predominantly focused on the influence of environmental factors such as
carbon and nitrogen on nitrogen transformation rates, highlighting the significance of abiotic factors
[144,145]. Additionally, investigations have demonstrated that microorganisms play a central role in
driving nitrogen transformation, suggesting that both biotic and abiotic factors regulate nitrogen
transformation rates [146,147]. This study, which monitors both environmental and microbial factors
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in real time, can more effectively reveal the regulatory mechanisms of sediment nitrogen
transformation [80].

The nitrogen removal capacity of agricultural ditch systems in the Yellow River irrigation area
is primarily evaluated through the measurement of the sediment denitrification rate [148]. The
denitrification rate is influenced mainly by environmental factors such as the NOs—N, DOC/NOs~N,
TN, NOs-W, and DOC contents, while the key microbial factor is the norB gene (Table S5). (1) The
microenvironment of the rhizosphere varies among different plant species, leading to differences in
the potential denitrification rates and abundance of denitrification functional genes [13]. The
cultivation of plants in drainage ditches has been shown to increase the DR [149]. Due to the superior
competitive advantage of a single plant community in terms of nitrogen uptake, it diminishes the
available nitrate for denitrification. As a result, a multiplant community may not necessarily lead to
an increase in the DR [150]. Therefore, the difference in denitrification rates between A-Phr and N-
Phr was not statistically significant (Figure 3a). However, the root system of P. australis can secrete
more oxygen and sugar exudates than that of T. orientalis [26,89], resulting in higher denitrification
rates and abundances of denitrification functional genes in A-Phr and N-Phr than in T. orientalis
(Figure 3a, Figure 6a). (2) DOC is the most important carbon source for denitrifying microorganisms
[152]. The Weihe River in Xi’an, which is heavily influenced by agriculture, shows a significant
positive correlation between the sediment denitrification rate and DOC content, as well as a
significant positive correlation with the abundance of the nirS and nroB functional genes for
denitrification [86]. Organic carbon provides electrons and energy for nitrogen cycle microorganisms
[153,154]. Due to agricultural fertilization, the NOs-N load in rivers has increased [155], resulting in
alterations in sediment nitrogen cycling and the transformation of wetlands from active nitrogen
“sources” to “sinks”. The elevated NOs-N concentration in the overlying water and reduced TOC in
the sediments led to a decrease in the nitrogen fixation rate and an increase in the denitrification rate
[156]. (3) Agricultural rivers have a relatively high denitrification rate due to their high nitrogen load
[157]. The potential denitrification rate of sediments in the Huaihe River is positively correlated with
the abundance of the nirS, nirK, and nosZ genes, while the NH4+*-N and TN contents contribute more
to the variation in the denitrification rate [147]. However, the rate of denitrification may be affected
by the suppression of microorganisms, and the DR in river sediments influenced by agriculture is
related to changes in microbial community composition and the abundance of the nosZ gene, which
is mainly inhibited by high NOs-N concentrations [158]. Therefore, variations in denitrification rates
are driven by both denitrifying microorganisms and sediment physical and chemical properties,
potentially due to different responses of denitrifying bacteria to environmental variables (NOs-N,
TN, DOC) [159]. Furthermore, since the samples in this study were collected at only one time point,
they only reflect the denitrification activity at a specific period, which has certain limitations. Further
research is needed to study the temporal sequence changes in the structure of the denitrifying
bacterial community and the DR.

The DNRAR is primarily influenced by environmental factors such as the NOs-N content, the
DOC/NOs~N ratio and the NH«*-N content, as well as microbial factors such as nrfA and nrfC genes
(Table S5). A-Phr contains a high concentration of the electron donor DOC and a low concentration
of the electron acceptor NOs-N (Table S1, S2), creating a more favorable environment for DNRA
[160,161]. Moreover, the DOC/NOs-N ratio, organic carbon, and nitrate are important factors
affecting the bacterial community and functional genes of DNRA [81,162]. DNRA bacteria have a
high affinity for NOs-N and are adapted to environments with high carbon and limited NOs-N [163].
Therefore, environmental and microbial factors jointly promote the DNRAR; for example, the
DNRAR of sediments in the riparian zone is positively correlated with DOC/NOs-N and significantly
positively correlated with the abundance of the functional gene nrfA [86].

The primary environmental factors influencing the rate of nitrogen fixation included the ORP-
W, TOC content, and DOC content, while the key microbial factors were the nifD, nifK, and nifH genes
(Table Sb). Because A-Typ has a high ORP-W and TOC content (Table S1, S2), it provides oxidation—
reduction conditions for nitrogen-fixing microorganisms and supplements energy for heterotrophic
organisms [164,165]. Therefore, the nitrogen fixation rate of plant roots is related to the ORP, TOC
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content, and abundance of nitrogen-fixing microorganisms [26,166]. The findings of Spinette et al.
[167] suggest that the enrichment of organic matter in estuarine sediments promotes biological
nitrogen fixation. Additionally, Luo et al. [168] demonstrated a positive correlation between the rate
of sediment nitrogen fixation and the relative abundance of the nitrogen-fixing genes nifD, nifK, and
nifH.

In this study, the rate of nitrogen transformation was found to be significantly positively
correlated with the abundance of functional genes (Table S5), which is consistent with findings in the
Yangtze River estuary [169], the Weihe River bank [86], and high-altitude rivers [170], suggesting that
the abundance of functional genes is a good predictor of the nitrogen transformation rate [171]. This
finding also indicates that the nitrogen transformation rate in sediments is jointly regulated by
different functional microorganisms and environmental factors and that different functional
microorganisms are driven by environmental factors [146]. Therefore, the key nitrogen
transformation rate of artificially cultivated ditches in the Yellow River irrigation area is related to
microorganisms, vegetation conditions and sediment physical and chemical properties. The main
environmental and microbial factors affecting the nitrogen transformation rate were the NOs-N
content, DOC/NOs-N ratio, nrfC expression, nrfA expression, DOC content, NH+-N content, nosZ
expression, norB expression, TN content, and nirK expression (Table S3).

The reasons for this may be as follows: (1) In an artificially cultivated ditch, P. australis and T.
orientalis transfer oxygen from the air through their stems and roots, which are rich in aerated tissues,
to water-saturated sediments, controlling the DO concentration in the rhizosphere and ultimately
creating habitats for microorganisms that degrade water pollutants together with sediments [31]. N.
tetragona possesses well-developed rhizomes, which also offer an expanded surface area for the
attachment of microorganisms. The planting of different eco-types of plants in artificially cultivated
ditches maximizes the utilization of various environmental factors in the vertical space, particularly
the electron donor DOC and electron acceptor NOs-N necessary for denitrification and DNRA
[82,172]. This creates a more suitable habitat for the functional DNRA genes (nrfC, nrfA) and
denitrification genes (nosZ, norB, nirK). (2) A-Phr had a greater DNRAR and DR than N-Phr, and the
functional genes involved in denitrification (napA, norB) and dissimilatory nitrate reduction (n#fC,
nrfA) had an advantage (Figure 6b). In addition, the expression of functional genes involved in
nitrification (hao) and anammox (hzsA, hzsC) also increased (Figure 6c), mainly due to the increase in
the NOs-N content, DOC/NOs~N ratio and NH4*-N content in the rhizosphere (Table S4), which can
gradually progress through a more complete nitrogen cycle (Figure 7). Through artificial vegetation
restoration, the carbon and nitrogen effectiveness of riverbeds has significantly improved, and the
denitrification of sediment has increased [75]. Denitrification in vegetated ditches can reduce the
nitrogen load by 28-56% [173,174]. Moreover, DNRA can convert unstable nitrates into ammonium,
which plants can absorb, thereby reducing nitrogen losses in agricultural ecosystems [175] by
competing with denitrification. When the sediment carbon-nitrogen ratio is low, denitrification
processes have a competitive advantage; when the ratio is high, DNRA predominates. Therefore, a
higher abundance of DOC and a more limited NOs-N content favor the growth of DNRA bacteria
[86,129]. Other studies have shown that oxygen is an important factor affecting the competition
between denitrification and DNRA [176]. While both denitrification and DNRA prefer anoxic
environments, DNRA bacteria are more likely to survive in deposit environments with relatively high
oxygen levels [177]. The nitrification and anammox pathways, which are important links in the
nitrogen cycle, are closely coupled with other processes and play a crucial role in maintaining the
sediment nitrogen cycle and ecosystem health [148,178]. (3) A-Typ had a greater nitrogen fixation
rate, and the expression of nifD, nifK, and nifH functional genes involved in the nitrogen fixation
pathway increased (Figure 6b). This observation was mainly related to the ORP-W, DOC content,
and DO-W content (Table S4), which provide more available nitrogen for biological metabolism.
Nitrogen fixation and denitrification are two important processes for maintaining the balance of
nitrogen in sediments. To some extent, nitrogen fixation compensates for the nitrogen loss caused by
denitrification [179]. Plant roots can release oxygen and unstable carbon into sediments, stimulating
denitrification and enhancing nitrogen removal through the biological conversion of nitrate to N2
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[180]. Furthermore, aquatic vegetation has the capacity to mitigate soil erosion, stabilize sediments,
and facilitate the sequestration of carbon and nitrogen in sedimentary environments [181]. The
combination of emerged and floating aquatic plants in artificially cultivated ditches creates a unique
environment for rhizosphere microorganisms, which is conducive to nitrogen fixation and
denitrification processes, thus significantly improving water quality [179,182]. Therefore, the
establishment of drainage ditches featuring aquatic plant-dominated habitats holds significant

importance for mitigating regional water eutrophication.
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Figure 7. Schematic diagram of nitrogen cycling at the gene level in different rhizosphere sediment
samples from drainage ditches. DR is the nitrogen denitrification rate; DNRAR is the dissimilatory
nitrate reduction to ammonium rate; NFR is the nitrogen fixation rate; DO is the dissolved oxygen in
water; ORP is the oxidation-reduction potential in water; TOC is the total organic carbon in the
sediments; DOC is the dissolved organic carbon in the sediments; TN is the total nitrogen in the
sediments; NH4*-N is the ammonium nitrogen in the sediments; NOs-N is the nitrate nitrogen in the
sediments; and DOC/NOs-N is the ratio of dissolved organic carbon to nitrate nitrogen in the
sediments. The numerical values within parentheses denote the different rates, with units of pmol N
kg h'l. The numerical values within parentheses after the genes of various functions denote their
respective relative abundance. * indicates significant differences among the different rhizosphere

sediment samples (p<0.05).

5. Conclusions

The predominant pathways for nitrogen transformation in the sediments of drainage ditches
within the Yellow River irrigation area included denitrification, DNRA, and nitrogen fixation. A-Phr
exhibited a high DR and DNRAR, while A-Typ demonstrated a high rate of nitrogen fixation. The
richness indices of the A-Phr and A-Typ bacterial communities, as well as the relative abundances of
bacterial phyla (Bacteroidota, Verrucomicrobiota, Firmicutes) and bacterial genera (Anaeromyxobacter,
Geobacter, Thiobacillus, Hydrogenophaga, Sulfuritalea) involved in nitrogen cycling, were all
significantly greater than those of the natural ditches. The functional genes n+fC, nrfA, nosZ, norB, and
nirK, as well as the environmental factors NOs-N content, DOC/NOs-N ratio, DOC content, NH4*-N
content, and TN content, interact with each other to collectively influence the rates of nitrogen

transformation in rhizosphere sediments.


https://doi.org/10.20944/preprints202408.0656.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0656.v1

20

The artificial cultivation of aquatic plants primarily improves the sediment microbial
environment through human management, vegetation coverage, and root oxygen exhalation and
secretion, leading to an increase in the abundance of functional genes related to denitrification (napA,
norB), dissimilatory nitrate reduction (nrfC, nrfA), and nitrogen fixation (nifD, nifK, nifH), thereby
facilitating nitrogen transformation and enhancing the capacity to remove nitrogen loads from water
bodies while also stimulating biological metabolism and the effective cycling of nitrogen. Our
research findings demonstrate the disparities in nitrogen transformation rates between artificially
cultivated and naturally occurring aquatic plants in drainage ditches within the Yellow River
irrigation area, as well as the influential effects of microbial and environmental factors. These findings
provide a scientific foundation for utilizing aquatic plants in the restoration of agricultural runoff. In
future research, greater emphasis should be placed on monitoring the dynamic changes in nitrogen
transformation processes and functional microbial communities, as well as further exploration of the
microbial mechanisms involved in the nitrogen cycle within artificially cultivated ditch water and
sediments.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org. Detailed
calculation formulas for the potential DRs, DNRARs and NFRs. Table S1: Physical and chemical properties of
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single environmental factor difference significance (envfit test). Table S4: Pearson’s correlation coefficients
between the relative abundances of major functional genes involved in nitrogen cycling pathways and
environmental factors. Table S5: Pearson’s correlation coefficient between critical nitrogen conversion rates,
environmental factors and the relative abundance of genes involved in nitrogen cycling pathways. Figure S1:
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