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Abstract: The plant dormancy period in the riparian zone affects the activity of microorganisms and
their related nitrogen (N) process, which necessitates an investigation of the influence of the dormancy
period on the microbial community. This study sampled two groups of soils (ashore and offshore
soils) of two typical plants (Acorus calamus, Canna indica) in rhizosphere soils and bulk soils during
the dormancy period to study the microbial communities. The results suggested that in ashore soils,
especially in Canna indica soils, there was a lower abundance of N-related genes (4.79 × 106 copies/g)
due to relatively competitive ecological niche competition because of possible sufficient substrate.
Therefore, microbial communities still play a major role in the removal of N-related nutrients during
plants’ dormancy period. In addition, the results also showed that during the plant dormancy period,
the cell necrosis processes accounted for relatively lower proportions (15.75%, 7.54%, 21.46%, and
5.23% in ashore and offshore Canna indica and ashore and offshore Acorus calamus, respectively),
suggesting an unexpected fairly strong microbial survival ability in the dormancy period compared
to the commonly expected weak microbial state. This high microbial vitality provides us insight into
the restoration of riparian soils during the plant dormancy period.

Keywords: dormancy period; microbial livability; nitrogen removal; wetness and dryness; microbial
functional gene

1. Introduction

The riparian zone refers to the riverbed between the high and low water levels of
the river, and the area above the highwater level until the influence of the river water
completely disappears [1]. The riparian zone is the key intersection of the water and
terrestrial ecosystems [2]. The riparian zone plays an important role, especially in the
current situation of water pollution control in China, to control pollution and restore
ecosystems [3–5]. It also embodies rich biodiversity and unique edge effects, which render
the riparian habitats dynamic, complex, and diverse, where the environmental effects
are significant [6]. The environmental effects of the riparian zone are regulated by the
interplay of internal factors, including soil, vegetation, microorganisms, and other biological
factors [7–9]. Moreover, the environmental effects of the riparian zone are also affected
by external factors, such as seasonal changes in temperature [10], various precipitation
patterns [11], and changes in the hydrology and water quality of rivers [10–13].

Soil microorganisms mediate various biological processes and regulate the soil en-
vironment where the microorganisms reside [14]. In particular, they play a vital role in
nitrogen(N)-related processes, such as denitrification [15], anaerobic ammonium oxidation
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(anammox) [16], and dissimilatory nitrate reduction to ammonium (DNRA) [17]. In the soil
system, rhizosphere forms a unique microenvironment with high soil microbial activity
and nutrient turnover rate due to its rhizosphere effect [18], which provides important
growth substances and surface for microorganisms [19]. In return, the microbial commu-
nity accelerates nutrient cycling and plant growth [20]. The biogeochemical cycle of N is
closely related to the ecological restoration of rivers. In brief, microorganisms within the
rhizosphere have a positive effect on the N cycle. For instance, the abundance of AOA-amoA
(a key enzyme in the limiting step of nitrification in the oxidation of ammonia nitrogen to
nitrite) in the rhizospheres of aquatic plants was higher than in the bulk soils, meaning
more active N cycling in the plant rhizosphere [21]. The higher bacterial diversity and
N-fixing bacteria found in the rhizosphere soil can be explored further regarding their
role in N cycling in environment management [22]. Microorganisms in soils of different
hydrological conditions have distinct performances and activity due to variations in factors
such as the water content, availability in substrates, and oxygen [23,24].

In riparian zones, plants play an important role in the process of nutrient cycling [25].
Differences in hydrological conditions can significantly affect the growth state of plants [26]
and, consequently, the activity and function of rhizosphere microorganisms [27]. Previous
studies involving plants and microorganisms usually exposed them to optimal experimental
conditions for their rapid growth [28,29]. In addition, the plant growth period is more
commonly employed for studies related to the N removal mechanism involving rhizosphere
microorganisms of aquatic plants [29,30]. There is a lack of research on the dormant
period of plants in the natural environment. For instance, during the winter period, harsh
environmental factors, such as low temperature and drought, may severely impact on
the plants and microorganisms in rhizosphere soils [31,32]. There are also some studies
on the seasonal changes of soil bacteria communities in Suaeda wetland, the anaerobic
ammonium oxidizing bacterial community in mangrove sediments, and rhizosphere soil
microbial abundances under different vegetation types [33–35]. Few studies have reported
the survival states of microbes and the microbial activities during plant dormancy in the
winter. In this study, we chose two naturally growing plants (Acorus calamus and Canna
indica) in the riparian zone, which are typically and commonly used in the ecological
restoration of the riparian zone in China [36,37]. The two plants chosen in our study play
an important role in riparian zone restoration during their growing periods, but there is
little knowledge about the role during their dormancy period. When plants are in their
dormancy period, the species, structure, and nitrogen cycling function of microorganisms
in rhizosphere soil may change, which is worth studying. In addition, considering the
significant effects of the hydrological conditions on the biogeochemical properties and
processes [2,38], the rhizosphere’s effect in different hydrological zones during the dormant
period is worthy of being studied.

In view of this, our study aimed (1) to compare the soil microbial community structure
of two macrophytes’ (Acorus calamus vs. Canna indica) rhizosphere in various hydrological
zones (ashore vs. offshore) during the plant dormancy period; (2) to investigate the changes
in the functional genes in three N-related pathways within rhizosphere microorganisms;
(3) to explore how environmental factors affect the structure and functional genes of
rhizosphere microorganisms; and (4) to illuminate the roles of microbial survival states in
ecological restoration during the plant dormancy period by flow cytometry analysis.

2. Materials and Methods
2.1. Study Area and Description

This study was conducted in the riparian zone of a tributary of Wangyu River, called
Gushiqiao River, that belongs to Taihu Lake Basin, which is located in Wuxi City, Jiangsu
Province, China (31◦27′27′′ N, 120◦29′51′′ E, and 21.5 m a.s.l.), representing a typical river
with riparian geographic characteristics (Figure 1). The water level varied between 1.55 and
1.82 m, and the average flow rate was 0.03 m s−1 [39]. The annual mean rainfall was
1121 mm, mainly between May and September [40]. A typical subtropical monsoon climate
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influenced the study area in four distinctive seasons. The mean annual temperature was
18.6 ◦C, with the highest temperature of 38 ◦C occurring in July and the lowest temperature
of 0 ◦C occurring in January. We conducted our sampling on 3 January 2022. The average
temperature on the sampling day was approximately 3 ◦C.
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Figure 1. Sampling site in the riparian zone of a tributary of Wangyu River.

The riparian zone is vital to riverbank restoration, and the study area was included in
the restoration project Water Diversion from Yangtze River to Taihu Lake. The previously
bare riparian zone, since 2019, has been planted with several species to rehabilitate the
riverbank. All plants naturally grow on the riverbank after plantation without any anthro-
pogenic activities. In this study, we chose two typical riparian plants (Acorus calamus and
Canna indica). These species are semi-aquatic plants, whose habitat is relatively far from
the river rather than in the river channel [41]. Acorus calamus and Canna indica were evenly
scattered on the riverbank in our study site.

2.2. Sample Collection

We collected soil samples from two hydrological zones, i.e., ashore and offshore, to
investigate the effects of the hydrological conditions. The offshore samples were collected
at the locations where roots were able to contact the water from the adjacent river while the
ashore soils were sampled at least 3 m away from the river where roots were in the opposite
condition compared to ashore soils. Three plots (1 m × 1 m) were randomly selected in
the rhizosphere of both Acorus calamus and Canna indica in each hydrological zone [42].
The rhizosphere soils were acquired in accordance with the protocol described [9]. Briefly,
the entire plant was removed from the soil and gently shaken to remove soil not tightly
attached to the roots, Then, the roots were washed in 2 L of physiological solution (9 g L−1

NaCl) to obtain the more tightly attached rhizosphere interface soil. The resulting water-soil
mixture was vortexed for 5 min and centrifuged at 4000 rpm (2683.2× g) for 5 min; the
supernatant was discarded. The remaining soil fraction was merged with the soil obtained
by shaking, which together constituted the rhizosphere soil. Three bulk soils (0–20 cm)
were also randomly sampled in comparison with the rhizosphere soils in both the ashore
and offshore zones. In the ashore zone, we sampled three Acorus calamus plant and three
Canna indica plants in each plot, then randomly collected three subgroups of rhizosphere
soils from each plant. Then, each plant’s rhizosphere soil that was from the same species
was combined into one sample soil, obtaining three samples for each species. We used the
same method in the offshore zone. For bulk soils, we randomly collected three samples in
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each hydrological zone. All these samples were kept on ice and brought to the laboratory
to conduct physical and chemical experiments.

2.3. Soil Physiochemical Analysis

Soil water content (SWC) was measured as gravimetric weight loss after drying at
105 ◦C for 24 h [43]. Soils for physiochemical analysis were passed through a 2-mm sieve to
remove stones and plant fragments. Approximately 10 g of fresh soil was mixed with 2 M
KCl solution (50 mL) and then was shaken for 1 h, followed by filtration using a 0.45-µm
filter. Then, the soil ammonium (NH4

+-N) and nitrate (NO3
−-N) in the KCl extracts were

measured by continuous flow analysis technology (Skalar San, Netherlands). In short,
NH4

+-N reacted with hypochlorite (ClO-) in alkaline solution and formed chloramine,
which reacted with salicylate under certain conditions and presented a blue-green color
(ISO 11732). Nitrate-N was first reduced to nitrite (NO2

−-N), then reacted with the acid
chromogenic agent to produce a red dye, and the obtained result was the content of NO2

−-
N and NO3

−-N in the original extracts. The same steps were carried out on a separate
subsample of the soil [15].

2.4. DNA Extraction, Quantitative PCR, and Illumina MiSeq Sequencing

Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (D5625-01)
(Omega Bio-Tek, Norcross, GA, USA) and stored at −20 ◦C prior to further analysis.
The quantity and quality of extracted DNA were measured using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel elec-
trophoresis, respectively.

In this study, the reaction mixtures were: 2×SYBR real-time PCR premixture, primer
F (10 µ M) 0.4 µL, primer R (10 µM) 0.4 µL, DNA template 1 µL, and ddH2O 14.75 µL.
The PCR conditions were 95 ◦C pre denaturation for 5 min, followed by 40 cycles of
95 ◦C denaturation, and 56 ◦C for the nirS gene. Negative controls with no template
DNA, but all other reaction mixtures were added in parallel to exclude the possibility of
contamination. The standard curve coefficients of the variation and efficiencies were as
follows: narG (R2 = 0.9986, efficiency = 91.64%), nirS (R2 = 0.9971, efficiency = 92.35%),
nirK (R2 = 0.9949, efficiency = 92.70%), hzsB (R2 = 0.9969, efficiency = 88.57%), and nrfA
(R2 = 0.9953, efficiency = 90.57%) and the dissolution curves were a single peak.

For high-throughput sequencing, the barcode primer set 338F (5′-ACTCCTACGGGAG
GCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the
V3-V4 region of the 16S rRNA gene [44]. PCR amplicons were purified with Vazyme
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-
iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual
quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 250 bp
sequencing was performed using the Illlumina MiSeq platform with a MiSeq Reagent Kit
v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

2.5. Flow Cytometry Analysis

We used multicolor fluorescence FCM combined with a dual-staining procedure to
distinguish the different physiologic status of bacteria. By staining cells with a combination
of fluorescein annexin V-FITC and PI, it is possible to distinguish and quantitatively analyze
non-apoptotic cells (Annexin V-FITC negative/PI negative), early apoptotic cells (Annexin
V-FITC positive/PI negative), late apoptotic/necrotic cells (Annexin V-FITC positive/PI
positive), and dead cells (Annexin V-FITC negative/PI positive) through flow cytometry
and fluorescence microscope.

To test the physiologic status of soil microorganisms, the soil and PBS buffer (1:1 ratios)
were centrifuged at 1000× g for 10 min at 4 ◦C after aspirating the supernatan along with
passing through 0.45 mm and 0.22 mm membranes in turn. The following procedure was
conducted according to the manual protocol of the Annexin V-FITC Apoptosis Detection
Kit (Beyotime). In brief, the cell deposit was added to 195 µL Annexin V-FITC buffer with
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10 µL PI for the single-staining procedure and 5 µL Annexin V-FITC with 10 µL PI for
the dual-staining procedure. The left supernatant was used as a blank control. Then, the
cells showed four different cell populations marked as follows: PI positively and FITC
negatively stained cells showing dead cells (upper left), FITC and PI double-stained cells
showing late apoptosis (upper right), double-negative cells showing the live cell population
(lower left), and FITC positively and PI negatively stained cells showing early apoptosis
(lower right).

2.6. Data Analyses

Sequence data analyses were mainly performed using QIIME2 and R packages. ASV-
level alpha diversity indices, such as the Chao1 richness estimator, Shannon diversity index,
and Simpson index, were calculated using the ASV table in QIIME2, and visualized as
box plots. Beta diversity analysis was performed to investigate the structural variation
of microbial communities across samples using Bray–Curtis metrics [45]. The taxonomy
compositions and abundances were visualized using MEGAN [46] and GraPhlAn [47]. A
Venn diagram was generated to visualize the shared and unique ASVs among samples or
groups using R package “VennDiagram”, based on the occurrence of ASVs across samples
regardless of their relative abundance [48]. Microbial functions were predicted by PICRUSt2
(phylogenetic investigation of communities by reconstruction of unobserved states) [49] on
the MetaCyc and KEGG databases.

The means and standard deviations of the soil physicochemical properties and abun-
dance of N-related functional gene abundances were calculated (n = 3). The effects of
hydrologic zones (ashore and offshore), plant species (Acorus calamus, Canna indica, and
no plant (i.e., bulk soil)), and their interactions on soil biogeochemical properties were
firstly analyzed by a one-way ANOVA. Duncan’s multiple range test was applied for
multiple comparisons of the means. Statistical analyses of the data were performed using
Origin 2018.

3. Results and Discussion
3.1. Soil Physiochemical Properties

From Figure 2a, it is shown that the moisture content of offshore plants’ soil was
significantly higher than the ashore ones. The rhizosphere soil of Acorus calamus contained
a higher moisture content compared to that of the Canna indica and bulk soils. This result
may be caused by the differences in the root morphology between the two species. For
instance, Acorus calamus is a perennial plant with a creeping and extensively branched
rhizome [50]. Its roots are inclined to gather high-moisture soil. While the soil attached
to Canna indica roots, which were about 2–5 mm in diameter with numerous root hairs,
contained lower moisture due to the higher transpiration rate within this morphology at
later growth stages [51–53]. Compared with bulk soil, the rhizosphere of Acorus calamus and
Canna indica consisted of a higher moisture content in terms of offshore soil, respectively.
This occurred because of the effects of the rhizosphere on root water uptake compared
with bulk soil [54]. In the case of rhizosphere soils, with the exception of offshore Acorus
calamus, and ashore bulk soil, the concentration of NH4

+-N was significantly higher than
other forms of nitrogen (Figure 2b), in which the content of ashore Canna indica and ashore
Acorus calamus was higher than that of offshore Canna indica and offshore Acorus calamus.
The discrepancy may be attributed to lower soil moisture in the ashore Canna indica and
ashore Acorus calamus soils. One study [55] found that nitrification was slow at a soil
moisture level of almost 20% or less, resulting the accumulation of NH4

+-N. Nitrification
refers to the process of ammonia oxidation into nitrate in two steps with the participation
of ammonia-oxidizing bacteria and nitrite-oxidizing bacteria. In the first step, ammonia-
oxidizing bacteria oxidize NH4

+ to NO2
−. Ammonia-oxidizing bacteria use NH4

+ as the
only energy and CO2 as the only carbon source. Lower soil moisture may lead to a decrease
in the amount of CO2 dissolved, causing the first step of restrained nitrification, resulting
in the accumulation of NH4

+. The NO3
−-N concentration was especially highest among
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the three nitrogen forms in offshore Acorus calamus (Figure 2c). Regarding the NO2
−-N

concentration, it was the significantly lowest index among the rhizosphere and bulk soils
(Figure 2d).
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(a) Soil moisture content among rhizosphere and bulk soils; (b) Ammonium (NH4
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−-N) concentration; (d) nitrite (NO2
−-N) concentration. Letters (a, b, c, d, e and f)

above the bars were based on Waller-Duncan analysis at significance level of 0.05.

3.2. Soil Microbial Community Structures and Diversity

The alpha diversity values of the groups of the two plants’ rhizosphere soils and bulk
soils were measured using the Chao1 index, Shannon diversity index, and Simpson index
(offshore < ashore). In Figure 3a, these values reveal a reduction in the bacterial diversity of
the offshore groups of all soils as compared to the ashore groups of the soil samples. In
general, the lowered moisture content of the soil limited substrate diffusion to microbial
cells [56] and thus inhibited the activity of bacteria [57], which could lead to a reduction
in the bacterial diversity in ashore soils, containing a lower moisture content; however,
the result from this study contradicted this explanation. The reason that this happened
may be the cause of the dormant period of plants, i.e., the later growth stage. During
the dormant period of plants, which occurs in winter, when nutrient conditions in the
rhizosphere are limited and microorganisms have to obtain massive organic substrates from
plants [58], microorganisms in ashore soils can utilize senescent roots as a source of nutrient
substrates instead of leaching nutrients in the offshore soils, resulting from the cleansing
effect of the rivers. This explains why the bacterial diversity in the ashore soils was higher
than in the offshore soils. The group of ashore samples has significantly more operational
taxonomic units (OTUs) than the offshore samples as indicated by the rarefaction curves
of the detected bacterial OTUs (Figure 3b). Specifically, ashore Acorus calamus had similar
OTUs to offshore Acorus calamus while ashore Canna indica had significantly higher OTUs
compared to offshore Canna indica, indicating that the hydrological zones had little effect on
the total microbial OTUs in the rhizosphere soils of Acorus calamus but significantly affected
that of Canna indica, which is likely attributed to the root morphology discrepancy. Canna
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indica roots had numerous thin root hairs, ranging from 2–5 mm in diameter, which senesce
and become nutrient substrates for microorganisms to compensate for the nutrient shortage
within the soil during plant dormancy (i.e., the winter season of our study). The plants
on the offshore side may be influenced by the flowing river and the scrubbing effect may
take away the scarce nutrients, causing offshore Canna indica to have less microorganisms
than ashore Canna indica. Additionally, A-Ci (ashore Canna indica) had the most OTUs
while A-Ac (ashore Acorus calamus) had the lowest ones when excluding bulk soil. This
indicates that Canna indica in the ashore environment may have greater microbial diversity
compared to that of Acorus calamus during the plant dormancy period due to the different
root morphology.
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and offshore soils; (b) rarefaction curves of detected bacterial operational taxonomic units (OTUs);
(c) taxonomic composition analysis at the phylum level; and (d) taxonomic composition analysis at
the genus level. O refers to the offshore soils while A refers to the ashore soils. At the same time,
A-Ci, A-Ac, A-Bs, O-Ci, O-Ac, and O-Bs, respectively, refer to Ashore-Canna indica, Ashore-Acorus
calamus, Ashore-bulk soil, Offshore-Canna indica, Offshore-Acorus calamus, and Offshore-bulk soil;
(e) hierarchical clustering analysis of different samples, A-Ci, A-Ac, A-Bs, O-Ci, O-Ac, and O-Bs,
respectively, refer to Ashore-Canna indica, Ashore-Acorus calamus, Ashore-bulk soil, Offshore-Canna
indica, Offshore-Acorus calamus, and Offshore-bulk soil.
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In Figure 3c, insight is provided into the structural diversity of the rhizosphere micro-
bial communities in ashore and offshore soils. The six most abundant bacterial phyla in
the six samples collected from ashore and offshore soils were Proteobacteria (mean 36.1%;
A-Ci 44.4%; A-Ac 36%; A-Bs 29.5%; O-Ci 33.1%; O-Ac 43.8%; O-Bs 29.9%), Actinobacteria
(mean 30.1%; A-Ci 23.5%; A-Ac 43.4%; A-Bs 24.2%; O-Ci 41.1%; O-Ac 14.4%; O-Bs 33.7%),
Chloroflexi (mean 12.8%; A-Ci 11.5%; A-Ac 9%; A-Bs 16.8%; O-Ci 12.2%; O-Ac 15.5%; O-Bs
11.9%), Acidobacteria (mean 7.5%; A-Ci 6.7%; A-Ac 4.8%; A-Bs 14.0%; O-Ci 4.0%; O-Ac 6.3%;
O-Bs 9.3%), Bacteroidetes (mean 4.8%; A-Ci 7.9%; A-Ac 2.3%; A-Bs 1.7%; O-Ci 3.0%; O-Ac
9.5%; O-Bs 4.4%), and Gemmatimonadetes (mean 2.6%; A-Ci 1.7%; A-Ac 1.5%; A-Bs 2.9%;
O-Ci 2.0%; O-Ac 3.4%; O-Bs 3.9%). At the class level, α, γ, and δ-Proteobacteria, Actinobacteria,
Anaerolineae, Bacteroidia, KD4-96, Subgroup_6, Acidimicrobiia, Thermoleophilia, and Chloroflexia
were detected with >1% abundance in the rhizosphere sediments (Figure 3d).

A total of 423 bacterial genera were detected in the rhizosphere and bulk communities
of Acorus calamus and Canna indica. Of these, the five most abundant genera (≥1%) were
KD4-96 (3.3%), SBR1031 (3.2%), Subgroup_6 (3.0%), Ellin6067 (2.4%), A4b (2.1%), Streptomyces
(2.0%), Pseudomonas (1.8%), Ramlibacter (1.8%), and Sphingomonas (1.6%).

In Figure 3e, there are clear clusters among samples. Sample A-Ac and sample O-Ci
clustered together at the genera level. This result can explain that the rhizosphere microbes
of samples A-AC and O-CI were similar in genetic lineage. Similarly, sample O-Ac and
sample O-Bs clustered together at the genera level. However, sample A-Ci and sample
A-Bs were apparently away from other groups of samples. This result may explain the
rhizosphere microbes’ independent composition and structure.

3.3. Functional Gene Abundance of N-Reduction Pathways

Five kinds of N-related functional genes: narG, nirS, nirK, hzsB, and nrfA (narG gene
was the assimilatory nitrate reduction target gene, nirS and nirK were denitrification target
genes, hzsB was the anammox target gene, and nrfA was the dissimilatory nitrate reduction
to ammonium target gene), were qualified with qPCR (Figure 4). In general, nirK occupies
the most gene copies of the five, followed by nirS, narG, hzsB, and nrfA except for the bulk
soil. Several studies have shown that bacteria possessing the nirS gene prefer to be in an
environment with a low oxygen concentration, but nirK gene carriers are not sensitive to
oxygen [59,60]. Especially, the oxygen is transferred to the rhizosphere to support the life of
microorganisms [61,62]. There is plenty of oxygen in the microenvironment of plant roots.
Additionally, some studies also showed that nirK-denitrifying bacteria played a dominant
role in soil denitrifying communities in the riparian zone [63–65]. This probably explained
the higher proportion of nirK genes in the studied soils. In Canna indica rhizosphere soils,
the average abundance of nirK gene copies of offshore soil was 7.49 × 106 copies per gram
of dry weight sediment, which was significantly higher than 3.10 × 106 copies in ashore
soil. This appearance was also found in the Acorus calamus soils. One study explained
that the proportion of bacteria possessing nirK genes was higher in areas prone to periodic
flooding [66], such as in the transitional areas and river–riparian interface. Additionally,
the copies of the nirS gene, narG gene, and hzsB gene were much higher in the offshore
soils except for the nrfA gene in ashore soils, which were twice the copies of offshore soils.
From Figure 1b, the soil NH4

+-N content in ashore Canna indica was lower than offshore
Canna indica. In the DNRA process [67], NO3

−-N is gradually reduced to NH4
+-N under

the action of microorganism possessing nrfA genes, which is in accordance with the result
of the two-fold higher nrfA genes copies in ashore soil. In the anammox process, NO is
also reduced to N2 with NH4

+ as the electron substrate, used by the microorganism for
processing hzsB genes. Hence, the higher hzsB genes in offshore soils were consistent with
the reduced NH4

+-N content in offshore soils.
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sphere and bulk soils. (b) nirS gene abundance; (c) nirK gene abundance; (d) hzsB gene abundance;
(e) nrfA gene abundance; (f) five functional genes’ abundance in total. Letters (a, b, c, d, e and f)
above the bars were based on Waller-Duncan analysis at significance level of 0.05.

In Acorus calamus soils, the nirK, narG, nrfA, and hzsB gene copies were significantly
higher in the offshore soils. In contrast, for the nirS gene copies, the ashore soils had more
copies than the offshore soils. One study suggested that the different nir genes in soil do
not exhibit similar behaviors with some discrepancy [64], as some organisms possessing
different nitrite reductases prefer different niches, maintaining two nitrite reductase systems
of equivalent function but dissimilar structure over a long time [68]. In offshore soils, the
nirK gene copies of Acorus calamus were 7.16 × 106 copies, which is almost the same
as the copies of Canna indica, and the nirS gene copies and hzsB gene copies of Acorus
calamus. Acorus calamus had significantly more copies of nrfA genes and narG genes than
Canna indica. There was much higher NO3

−-N and NO2
−-N in the offshore Acorus calamus

soils, providing sufficient substate nutrients for the first step in denitrification, Anammox,
and the DNRA process. The higher narG genes within it also showed that it facilitated
the transformation from NO3

−-N to NO2
−-N. The much higher nrfA genes helped the

second step in the DNRA process, producing more NH4
+-N substrate in theory; however,

from Figure 1b, there was a lower NH4
+-N content, probably due to the relatively strong

Anammox process consuming NH4
+-N by the microorganism containing hzsB genes. In

ashore soils, in general, the gene copies of narG, nirS, nirK, and hzsB in Acorus calamus were
significantly higher than in Canna indica, except that the nrfA gene copies in Canna indica
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soils were twice the copies of Acorus calamus soils. In the later growth stage of the plant or
in the winter, the fine roots age and become decaying roots [69]. One study showed that
microorganisms absorb more carbon sources from decaying roots than the root exudates of a
living plant [70]. The Canna indica roots contained numerous fine root hairs with a diameter
of about 2–5 mm. Under the presence of decaying roots, its rhizosphere microbiome
was enriched with more processes, with the metabolism of carbohydrate and membrane
transporters [71]. In this scenario, some microorganisms have overlapped niches, though
in great diversity, which may cause intense competition between microorganisms, thus
leading to a decrease in N-related functional genes.

3.4. Cell Apoptosis Analysis

In Figure 5c, it shows that most bacteria underwent apoptosis and necrosis processes
in the rhizosphere of ashore Acorus calamus. In winter, the weather was usually dry, which
was not suitable for the reproduction and growth of microorganisms, especially when
the nutrients were also scarce. Meanwhile, the differences in the quantity and quality of
the rhizodeposition, soil moisture content, and root architecture were consistent with the
differences in the population densities [72]. The lower soil moisture content in ashore
Acorus calamus soil may contribute to cell apoptosis and necrosis. In terms of the proportion
of all samples, the proportion of cell necrosis processes in ashore Acorus calamus soils and
cell apoptosis processes was the largest among all samples. The proportion of cell necrosis
is two to three times that of offshore Canna indica and offshore Acorus calamus. Although, in
an adverse situation, in its rhizosphere soil, the number of bacteria apoptosis processes was
almost three times that of necrosis processes. In theory, apoptosis is defined as a controlled
type of cell death that can be induced by a variety of physiologic and pharmacological
agents [73] while necrosis is the end result of a bioenergetic catastrophe resulting from
ATP depletion to a level incompatible with cell survival [74]. The much higher apoptosis
process explained that, although in an unfavorable environment, most bacteria underwent
naturally physiologic processes during the plant dormancy period and part of them may
have experienced necrosis processes on account of the environmental stresses leading to
cell survival failure.

In Figure 5a, it illustrates that, in the rhizosphere of ashore Canna indica, most of the
bacteria underwent apoptosis and necrosis processes, as shown in Figure 5c. In terms of
the sample proportion, the proportion of cell necrosis was only less than that of ashore
Acorus calamus and the proportion of apoptosis was also only less than that of ashore Acorus
calamus, which is in alignment with the role of decaying roots in supplying carbon substrate
nutrients for microorganisms. The proportion of cell necrosis was two to three times of
that of offshore Canna indica and offshore Acorus calamus, almost the same as ashore Acorus
calamus. In rhizosphere soil, the number of bacterial apoptosis processes was almost three
times higher than the number of necrosis processes. This meant that the necrosis of bacteria
was not aimed at supporting the rhizosphere effect of the plants, which would provide
some nutrients and relatively suitable habitats for plants, but rather to help microorganisms
survive in the environment during winter.

In contrast, Figure 5b,d shows that only part of the bacteria went through apoptosis
and necrosis processes in the rhizosphere soil of offshore Canna indica and offshore Acorus
calamus. In offshore Canna indica, the number of apoptosis processes and necrosis processes
was not high. Additionally, the number of bacterial necrosis processes was almost the same
as offshore Acorus calamus. In offshore Acorus calamus, the number of bacteria apoptosis
processes was much greater than that of necrosis processes. Additionally, the number of
bacteria apoptosis processes was much higher than that of offshore Canna indica.



Diversity 2022, 14, 611 11 of 15

Diversity 2022, 14, x FOR PEER REVIEW 12 of 15 
 

 

 

Figure 5. Cell apoptosis analysis for (a) ashore Canna indica, (b) offshore Canna indica, (c) ashore 

Acorus calamus, and (d) offshore Acorus calamus. Each of the sectors in the presented diagrams (a−d) 

stands for: PI positively and FITC negatively stained cells showing dead cells (upper left), FITC and 

PI double−stained cells showing late apoptosis (upper right), double−negative cells showing the live 

cell population (lower left), and FITC positively and PI negatively stained cells showing early apop-

tosis (lower right). 

4. Conclusions 

Plants species and their geographic location have a substantial effect on the diversity 

and structure of microorganisms and their associated populations in plant rhizosphere 

soils. Especially, during plants’ dormancy period, the outer environment and plants’ soil 

micro-environment also have a crucial influence on microbes. To investigate the potential 

effect of plants’ dormancy period on microbes, we used the high-throughput sequencing 

method along with flow cytometry analysis to explore the microorganisms’ physiologic 

status and its community composition and function. The results showed that the ashore 

Figure 5. Cell apoptosis analysis for (a) ashore Canna indica, (b) offshore Canna indica, (c) ashore
Acorus calamus, and (d) offshore Acorus calamus. Each of the sectors in the presented diagrams (a–d)
stands for: PI positively and FITC negatively stained cells showing dead cells (upper left), FITC and
PI double−stained cells showing late apoptosis (upper right), double−negative cells showing the
live cell population (lower left), and FITC positively and PI negatively stained cells showing early
apoptosis (lower right).
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4. Conclusions

Plants species and their geographic location have a substantial effect on the diversity
and structure of microorganisms and their associated populations in plant rhizosphere
soils. Especially, during plants’ dormancy period, the outer environment and plants’ soil
micro-environment also have a crucial influence on microbes. To investigate the potential
effect of plants’ dormancy period on microbes, we used the high-throughput sequencing
method along with flow cytometry analysis to explore the microorganisms’ physiologic
status and its community composition and function. The results showed that the ashore
rhizosphere soils, especially in Canna indica soils, had great microbial diversity. However,
there were relatively fewer N-related genes, which may be due to competition for an
ecological niche driven by more available substrates. This indicates that microorganisms
removed less nitrogen. The results also showed that the process of cell necrosis made up a
relatively lower proportion during plants’ dormancy period. This meant that the expected
process of mass necrosis of bacteria did not occur. It is most likely that some of the bacteria
went through this process during the late period of plant growth.

In conclusion, microbial communities within the riparian plant soils during plants’
dormancy period still play a major role in the removal of N-related nutrient and maintain
unexpected vitality, which provides insight for the management of riparian zone soils in the
winter during plants’ dormancy period. It can guide managers through a better planting
strategy, instructing them to plant the species Acorus calamus and Canna indica to improve
the environment in the riparian zone throughout the year.

Author Contributions: Conceptualization, J.Q. and C.Z.; software, J.H. and Y.H. (Yuanyuan Huang);
investigation, B.L. and Y.H. (Yuxuan He); writing—original draft preparation, C.Z.; writing—review
and editing, J.Q. and C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
51779078), the Six Talent Peaks Project in Jiangsu Province (No. JNHB-012), the National Major
Projects of Water Pollution Control and Management Technology (No. 2017ZX07204003), and Priority
Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nilsson, C.; Berggren, K. Alterations of riparian ecosystems caused by river regulation. Bioscience 2000, 50, 783–792. [CrossRef]
2. Naiman, R.J.; Decamps, H. The ecology of interfaces: Riparian zones. Annu. Rev. Ecol. Syst. 1997, 28, 621–658. [CrossRef]
3. Lyu, C.J.; Li, X.J.; Yuan, P.; Song, Y.H.; Gao, H.J.; Liu, X.L.; Liu, R.X.; Yu, H.B. Nitrogen retention effect of riparian zones in

agricultural areas: A meta-analysis. J. Clean. Prod. 2021, 315, 128143. [CrossRef]
4. Chen, F.X.; Lu, S.Y.; Hu, X.Z.; He, Q.; Feng, C.P.; Xu, Q.J.; Chen, N.; Ngo, H.H.; Guo, H.M. Multi-dimensional habitat vegetation

restoration mode for lake riparian zone, Taihu, China. Ecol. Eng. 2019, 134, 56–64. [CrossRef]
5. Xia, H.J.; Kong, W.J.; Zhou, G.; Sun, O.J. Impacts of landscape patterns on water-related ecosystem services under natural

restoration in Liaohe River Reserve, China. Sci. Total Environ. 2021, 792, 148290. [CrossRef]
6. Xia, J.H.; Yan, Z.M. Advances in research of ecological riparian zones and its trend of development. J. Hohai Univ. 2004,

32, 252–255.
7. Ye, F.; Ma, M.H.; Wu, S.J.; Jiang, Y.; Zhu, G.B.; Zhang, H.; Wang, Y. Soil properties and distribution in the riparian zone: The

effects of fluctuations in water and anthropogenic disturbances. Eur. J. Soil Sci. 2019, 70, 664–673. [CrossRef]
8. Guo, E.; Chen, L.; Sun, R.; Wang, Z. Effects of riparian vegetation patterns on the distribution and potential loss of soil nutrients:

A case study of the Wenyu River in Beijing. Front. Environ. Sci. Eng. 2015, 9, 279–287. [CrossRef]
9. Martin, T.L.; Trevors, J.T.; Kaushik, N.K. Soil microbial diversity, community structure and denitrification in a temperate riparian

zone. Biodivers. Conserv. 1999, 8, 1057–1078. [CrossRef]
10. Greet, J.; Cousens, R.D.; Webb, J.A. Seasonal timing of inundation affects riparian plant growth and flowering: Implications for

riparian vegetation composition. Plant Ecol. 2013, 214, 87–101. [CrossRef]

http://doi.org/10.1641/0006-3568(2000)050[0783:AORECB]2.0.CO;2
http://doi.org/10.1146/annurev.ecolsys.28.1.621
http://doi.org/10.1016/j.jclepro.2021.128143
http://doi.org/10.1016/j.ecoleng.2019.05.002
http://doi.org/10.1016/j.scitotenv.2021.148290
http://doi.org/10.1111/ejss.12756
http://doi.org/10.1007/s11783-014-0667-8
http://doi.org/10.1023/A:1008899722286
http://doi.org/10.1007/s11258-012-0148-8


Diversity 2022, 14, 611 13 of 15

11. Neilen, A.D.; Chen, C.R.; Parker, B.M.; Faggotter, S.J.; Burford, M.A. Differences in nitrate and phosphorus export between
wooded and grassed riparian zones from farmland to receiving waterways under varying rainfall conditions. Sci. Total Environ.
2017, 598, 188–197. [CrossRef]

12. Kolbjørn Jensen, J.; Engesgaard, P.; Johnsen, A.R.; Marti, V.; Nilsson, B. Hydrological mediated denitrification in groundwater
below a seasonal flooded restored riparian zone. Water Res. 2017, 53, 2074–2094. [CrossRef]

13. Welsh, M.K.; Vidon, P.G.; McMillan, S.K. Changes in riparian hydrology and biogeochemistry following storm events at a restored
agricultural stream. Environ. Sci. Process. Impacts 2019, 21, 677–691. [CrossRef]

14. Torsvik, V.; Øvreås, L. Microbial diversity and function in soil: From genes to ecosystems. Curr. Opin. Microbiol. 2002, 5, 240–245.
[CrossRef]

15. Knowles, R. Denitrification. Microbiol. Rev. 1982, 46, 43. [CrossRef]
16. Kuenen, J.G. Anammox bacteria: From discovery to application. Nat. Rev. Microbiol. 2008, 6, 320–326. [CrossRef]
17. Rütting, T.; Boeckx, P.; Müller, C.; Klemedtsson, L. Assessment of the importance of dissimilatory nitrate reduction to ammonium

for the terrestrial nitrogen cycle. Biogeosciences 2011, 8, 1779–1791. [CrossRef]
18. Reinhold-Hurek, B.; Bünger, W.; Burbano, C.S.; Sabale, M.; Hurek, T. Roots shaping their microbiome: Global hotspots for

microbial activity. Annu. Rev. Phytopathol. 2015, 53, 403–424. [CrossRef] [PubMed]
19. Shelef, O.; Gross, A.; Rachmilevitch, S. Role of plants in a constructed wetland: Current and new perspectives. Water 2013, 5,

405–419. [CrossRef]
20. Mohanram, S.; Kumar, P. Rhizosphere microbiome, revisiting the synergy of plant-microbe interactions. Ann. Microbiol. 2019, 69,

307–320. [CrossRef]
21. Yin, X.; Liu, G.; Peng, L.; Hua, Y.; Wan, X.; Zhou, W.; Zhao, J.; Zhu, D. Microbial community of nitrogen cycle-related genes in

aquatic plant rhizospheres of Lake Liangzi in winter. J. Basic Microbiol. 2018, 58, 998–1006. [CrossRef]
22. Chaudhary, D.R.; Gautam, R.K.; Yousuf, B.; Mishra, A.; Jha, B. Nutrients, microbial community structure and functional gene

abundance of rhizosphere and bulk soils of halophytes. Appl. Soil Ecol. 2015, 91, 16–26. [CrossRef]
23. Li, J.; Chen, Q.; Zhao, C.S.; Feng, Y. Influence of plants and environmental variables on the diversity of soil microbial communities

in the Yellow River Delta Wetland, China. Chemosphere 2021, 274, 129967. [CrossRef]
24. Drenovsky, R.E.; Vo, D.; Graham, K.J.; Scow, K.M. Soil water content and organic carbon availability are major determinants of

soil microbial community composition. Microb. Ecol. 2004, 48, 424–430. [CrossRef] [PubMed]
25. Zhang, M.Y.; O’Conner, P.J.; Zhang, J.Y.; Ye, X.X. Linking soil nutrient cycling and microbial community with vegetation cover in

riparian zone. Geoderma 2021, 384, 114801. [CrossRef]
26. Veihmeyer, F.J.; Hendrickson, A.H. Soil moisture in relation to plant growth. Annu. Rev. Plant Physiol. 1950, 1, 285–304. [CrossRef]
27. Barriuso, J.; Solano, B.R.; Lucas, J.A.; Lobo, A.P.; García-Villaraco, A.; Gutiérrez Mañero, F.J. Ecology, genetic diversity and

screening strategies of plant growth promoting rhizobacteria (PGPR). J. Plant Nutr. 2008, 4, 1–17.
28. Lu, B.; Qian, J.; Wang, P.; Wang, C.; Hu, J.; Li, K.; He, X.; Jin, W. Effect of perfluorooctanesulfonate (PFOS) on the rhizosphere soil

nitrogen cycling of two riparian plants. Sci. Total Environ. 2020, 741, 140494. [CrossRef]
29. Lu, B.; Xu, Z.; Li, J.; Chai, X. Removal of water nutrients by different aquatic plant species: An alternative way to remediate

polluted rural rivers. Ecol. Eng. 2018, 110, 18–26. [CrossRef]
30. Chaparro, J.M.; Badri, D.V.; Vivanco, J.M. Rhizosphere microbiome assemblage is affected by plant development. ISME J. 2014, 8,

790–803. [CrossRef] [PubMed]
31. Frey, S.D.; Lee, J.; Melillo, J.M.; Six, J. The temperature response of soil microbial efficiency and its feedback to climate. Nat. Clim.

Chang. 2013, 3, 395–398. [CrossRef]
32. Vilchez, S.; Manzanera, M. Biotechnological uses of desiccation-tolerant microorganisms for the rhizoremediation of soils

subjected to seasonal drought. Appl. Microbiol. Biotechnol. 2011, 91, 1297–1304. [CrossRef] [PubMed]
33. Zhang, X.; Ji, Z.; Shao, Y.; Guo, C.; Zhou, H.; Liu, L.; Qu, Y. Seasonal variations of soil bacterial communities in Suaeda wetland of

Shuangtaizi River estuary, Northeast China. J. Environ. Sci. 2020, 97, 45–53. [CrossRef] [PubMed]
34. Li, P.; Li, S.; Zhang, Y.; Cheng, H.; Zhou, H.; Qiu, L.; Diao, X. Seasonal variation of anaerobic ammonium oxidizing bacterial

community and abundance in tropical mangrove wetland sediments with depth. Appl. Soil Ecol. 2018, 130, 149–158. [CrossRef]
35. Zhang, L.H.; Song, L.P.; Xu, G.; Chen, P.; Sun, J.N.; Shao, H.B. Seasonal dynamics of rhizosphere soil microbial abundances

and enzyme activities under different vegetation types in the coastal zone, shandong, China. CLEAN–Soil Air Water. 2014, 42,
1115–1120. [CrossRef]

36. Qian, J.; Lu, B.; Chen, H.; Wang, P.; Wang, C.; Li, K.; Tian, X.; Jin, W.; He, X.; Chen, H. Phytotoxicity and oxidative stress of
perfluorooctanesulfonate to two riparian plants: Acorus calamus and Phragmites communis. Ecotoxicol. Environ. Saf. 2019, 180,
215–226. [CrossRef] [PubMed]

37. Yang, C.M.; Cai, W.J.; Li, J.H. Effects of saltwater incursion on the microbiological characteristics and denitrification in a riparian
rhizosphere soil in Chongming Island of Shanghai, East China. Ying Yong Sheng Tai Xue Bao. 2012, 23, 1083–1089.

38. Verhoeven, J.T.; Arheimer, B.; Yin, C.; Hefting, M.M. Regional and global concerns over wetlands and water quality. Trends Ecol.
Evol. 2006, 21, 96–103. [CrossRef] [PubMed]

39. Qian, J.; Zheng, H.; Wang, P.; Liao, X.; Wang, C.; Hou, J.; Ao, Y.; Shen, M.; Liu, J.; Li, K. Assessing the ecohydrological separation
hypothesis and seasonal variations in water use by Ginkgo biloba L. in a subtropical riparian area. J. Hydrol. 2017, 553, 486–500.
[CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.04.075
http://doi.org/10.1002/2016WR019581
http://doi.org/10.1039/C8EM00546J
http://doi.org/10.1016/S1369-5274(02)00324-7
http://doi.org/10.1128/mr.46.1.43-70.1982
http://doi.org/10.1038/nrmicro1857
http://doi.org/10.5194/bg-8-1779-2011
http://doi.org/10.1146/annurev-phyto-082712-102342
http://www.ncbi.nlm.nih.gov/pubmed/26243728
http://doi.org/10.3390/w5020405
http://doi.org/10.1007/s13213-019-01448-9
http://doi.org/10.1002/jobm.201800220
http://doi.org/10.1016/j.apsoil.2015.02.003
http://doi.org/10.1016/j.chemosphere.2021.129967
http://doi.org/10.1007/s00248-003-1063-2
http://www.ncbi.nlm.nih.gov/pubmed/15692862
http://doi.org/10.1016/j.geoderma.2020.114801
http://doi.org/10.1146/annurev.pp.01.060150.001441
http://doi.org/10.1016/j.scitotenv.2020.140494
http://doi.org/10.1016/j.ecoleng.2017.09.016
http://doi.org/10.1038/ismej.2013.196
http://www.ncbi.nlm.nih.gov/pubmed/24196324
http://doi.org/10.1038/nclimate1796
http://doi.org/10.1007/s00253-011-3461-6
http://www.ncbi.nlm.nih.gov/pubmed/21769483
http://doi.org/10.1016/j.jes.2020.04.012
http://www.ncbi.nlm.nih.gov/pubmed/32933739
http://doi.org/10.1016/j.apsoil.2018.06.009
http://doi.org/10.1002/clen.201200394
http://doi.org/10.1016/j.ecoenv.2019.04.078
http://www.ncbi.nlm.nih.gov/pubmed/31100588
http://doi.org/10.1016/j.tree.2005.11.015
http://www.ncbi.nlm.nih.gov/pubmed/16701481
http://doi.org/10.1016/j.jhydrol.2017.08.021


Diversity 2022, 14, 611 14 of 15

40. Qian, J.; Jin, W.; Hu, J.; Wang, P.; Wang, C.; Lu, B.; Li, K.; He, X.; Tang, S. Stable isotope analyses of nitrogen source and preference
for ammonium versus nitrate of riparian plants during the plant growing season in Taihu Lake Basin. Sci. Total Environ. 2021,
763, 143029. [CrossRef] [PubMed]

41. Pastor, A.; Peipoch, M.; Cañas, L.; Chappuis, E.; Ribot, M.; Gacia, E.; Riera, J.L.; Marti, E.; Sabater, F. Nitrogen stable isotopes
in primary uptake compartments across streams differing in nutrient availability. Environ. Sci. Technol. 2013, 47, 10155–10162.
[CrossRef]

42. Kenkel, N.C.; Podani, J. Plot size and estimation efficiency in plant community studies. J. Veg. Sci. 1991, 2, 539–544. [CrossRef]
43. Reddy, K.R.; Clark, M.W.; Delaune, R.D.; Kongchum, M. Physicochemical characterization of wetland soils. In Methods in

Biogeochemistry of Wetlands; DeLaune, R.D., Reddy, K.R., Richardson, C.J., Megonigal, J.P., Eds.; Soil Science Society of America:
Madison, WI, USA, 2013; Volume 10, pp. 41–54.

44. Wang, J.; Song, Y.; Ma, T.; Raza, W.; Li, J.; Howland, G.J.; Huang, Q.; Shen, Q. Impacts of inorganic and organic fertilization
treatments on bacterial and fungal communities in a paddy soil. Appl. Soil Ecol. 2017, 112, 42–50. [CrossRef]

45. Bray, J.R.; Curtis, J.T. An ordination of the upland forest communities of southern wisconsin. Ecol. Monogr. 1957, 27, 326–349.
[CrossRef]

46. Huson, D.H.; Mitra, S.; Ruscheweyh, H.J.; Weber, N.; Schuster, S.C. Integrative analysis of environmental sequences using
MEGAN4. Genome Res. 2011, 21, 1552–1560. [CrossRef]

47. Asnicar, F.; Weingart, G.; Tickle, T.L.; Huttenhower, C.; Segata, N. Compact graphical representation of phylogenetic data and
metadata with GraPhlAn. PeerJ 2015, 3, e1029. [CrossRef]

48. Zaura, E.; Keijser, B.J.; Huse, S.M.; Crielaard, W. Defining the healthy “core microbiome” of oral microbial communities. BMC
Microbiol. 2009, 9, 259. [CrossRef]

49. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langile, M.G. PICRUSt2: An
improved and customizable approach for metagenome inference. BioRxiv 2020. [CrossRef]

50. Balakumbahan, R.; Rajamani, K.; Kumanan, K. Acorus calamus: An overview. J. Med. Plants Res. 2010, 4, 2740–2745.
51. Hardie, K.A.Y.; Leyton, L. The influence of vesicular-arbuscular mycorrhiza on growth and water relations of red clover: I. In

phosphate deficient soil. New Phytol. 1981, 89, 599–608. [CrossRef]
52. Allen, M.F. Influence of vesicular-arbuscular mycorrhizae on water movement through Bouteloua gracilis (H.B.K.) Lag ex Steud.

New Phytol. 1982, 91, 191–196. [CrossRef]
53. Kothari, S.K.; Marschner, H.; George, E. Effect of VA mycorrhizal fungi and rhizosphere microorganisms on root and shoot

morphology, growth and water relations in maize. New Phytol. 1990, 116, 303–311. [CrossRef]
54. Carminati, A.; Moradi, A.B.; Vetterlein, D.; Vontobel, P.; Lehmann, E.; Weller, U.; Vogel, H.; Oswald, S.E. Dynamics of soil water

content in the rhizosphere. Plant Soil 2010, 332, 163–176. [CrossRef]
55. Reichman, G.A.; Grunes, D.L.; Viets, F.G., Jr. Effect of soil moisture on ammonification and nitrification in two northern plains

soils. Soil Sci. Soc. Am. J. 1966, 30, 363–366. [CrossRef]
56. Papendick, R.I.; Campbell, G.S. Theory and measurement of water potential. In Water Potential Relations in Soil Microbiology; Parr,

J.F., Gardner, W.R., Elliott, L.F., Eds.; Soil Science Society of America: Madison, WI, USA, 1981; Volume 9, pp. 1–22.
57. Csonka, L.N. Physiological and genetic responses of bacteria to osmotic stress. Microbiol. Rev. 1989, 53, 121–147. [CrossRef]
58. Angst, G.; Mueller, K.E.; Nierop, K.G.J.; Simpson, M.J. Plant- or microbial-derived? A review on the molecular composition of

stabilized soil organic matter. Soil Biol. Biochem. 2021, 156, 108189. [CrossRef]
59. Desnues, C.; Michotey, V.D.; Wieland, A.; Zhizang, C.; Fourçans, A.; Duran, R.; Bonin, P.C. Seasonal and diel distributions of

denitrifying and bacterial communities in a hypersaline microbial mat (Camargue, France). Water Res. 2007, 41, 3407–3419.
[CrossRef] [PubMed]

60. Graham, D.W.; Trippett, C.; Dodds, W.K.; O’Brien, J.M.; Banner, E.B.; Head, I.M.; Smith, M.S.; Yang, R.K.; Knapp, C.W. Correlations
between in situ denitrification activity and nir-gene abundances in pristine and impacted prairie streams. Environ. Pollut. 2010,
158, 3225–3229. [CrossRef]

61. Fang, J.H.; Dong, J.Y.; Li, C.C.; Chen, H.; Wang, L.F.; Lyu, T.S.; Huan, H.; Liu, J. Response of microbial community composition
and function to emergent plant rhizosphere of a constructed wetland in northern China. Appl. Soil Ecol. 2021, 168, 104141.
[CrossRef]

62. Tanner, C.C. Plants for constructed wetland treatment systems—A comparison of the growth and nutrient uptake of eight
emergent species. Ecol. Eng. 1996, 7, 59–83. [CrossRef]

63. Dandie, C.E.; Wertz, S.; Leclair, C.L.; Goyer, C.; Burton, D.L.; Patten, C.L.; Zebarth, B.J.; Trevors, J.T. Abundance, diversity and
functional gene expression of denitrifier communities in adjacent riparian and agricultural zones. FEMS Microbiol. Ecol. 2011, 77,
69–82. [CrossRef] [PubMed]

64. Xiong, Z.; Guo, L.; Zhang, Q.; Liu, G.; Liu, W. Edaphic conditions regulate denitrification directly and indirectly by altering
denitrifier abundance in wetlands along the Han River, China. Environ. Sci. Technol. 2017, 51, 5483–5491. [CrossRef]

65. Yan, L.; Xie, C.; Liang, A.; Jiang, R.; Che, S. Effects of revetments on soil denitrifying communities in the urban river-riparian
interface. Chemosphere 2021, 263, 128077. [CrossRef]

66. Ligi, T.; Truu, M.; Truu, J.; Nõlvak, H.; Kaasik, A.; Mitsch, W.J.; Mander, Ü. Effects of soil chemical characteristics and water
regime on denitrification genes (nirS, nirK, and nosZ) abundances in a created riverine wetland complex. Ecol. Eng. 2014, 72,
47–55. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.143029
http://www.ncbi.nlm.nih.gov/pubmed/33129526
http://doi.org/10.1021/es400726e
http://doi.org/10.2307/3236036
http://doi.org/10.1016/j.apsoil.2017.01.005
http://doi.org/10.2307/1942268
http://doi.org/10.1101/gr.120618.111
http://doi.org/10.7717/peerj.1029
http://doi.org/10.1186/1471-2180-9-259
http://doi.org/10.1101/672295
http://doi.org/10.1111/j.1469-8137.1981.tb02339.x
http://doi.org/10.1111/j.1469-8137.1982.tb03305.x
http://doi.org/10.1111/j.1469-8137.1990.tb04718.x
http://doi.org/10.1007/s11104-010-0283-8
http://doi.org/10.2136/sssaj1966.03615995003000030019x
http://doi.org/10.1128/mr.53.1.121-147.1989
http://doi.org/10.1016/j.soilbio.2021.108189
http://doi.org/10.1016/j.watres.2007.04.018
http://www.ncbi.nlm.nih.gov/pubmed/17590406
http://doi.org/10.1016/j.envpol.2010.07.010
http://doi.org/10.1016/j.apsoil.2021.104141
http://doi.org/10.1016/0925-8574(95)00066-6
http://doi.org/10.1111/j.1574-6941.2011.01084.x
http://www.ncbi.nlm.nih.gov/pubmed/21385191
http://doi.org/10.1021/acs.est.6b06521
http://doi.org/10.1016/j.chemosphere.2020.128077
http://doi.org/10.1016/j.ecoleng.2013.07.015


Diversity 2022, 14, 611 15 of 15

67. Ulrich, D.E.; Sevanto, S.; Ryan, M.; Albright, M.B.; Johansen, R.B.; Dunbar, J.M. Plant-microbe interactions before drought
influence plant physiological responses to subsequent severe drought. Sci. Rep. 2019, 9, 249. [CrossRef] [PubMed]

68. Hallin, S.; Jones, C.M.; Schloter, M.; Philippot, L. Relationship between N-cycling communities and ecosystem functioning in a
50-year-old fertilization experiment. ISME J. 2009, 3, 597–605. [CrossRef]

69. Ryser, P.; Kamminga, A.T. Root survival of six cool-temperate wetland graminoids in autumn and early winter. Plant Ecol. Divers.
2009, 2, 27–35. [CrossRef]

70. Marschner, P.; Marhan, S.; Kandeler, E. Microscale distribution and function of soil microorganisms in the interface between
rhizosphere and detritusphere. Soil Biol. Biochem. 2012, 49, 174–183. [CrossRef]

71. Zhou, Y.; Coventry, D.R.; Gupta, V.V.; Fuentes, D.; Merchant, A.; Kaiser, B.N.; Li, J.; Wei, Y.; Liu, H.; Wang, Y.; et al. The preceding
root system drives the composition and function of the rhizosphere microbiome. Genome Biol. 2020, 21, 89. [CrossRef]

72. Houlden, A.; Timms-Wilson, T.M.; Day, M.J.; Bailey, M.J. Influence of plant developmental stage on microbial community
structure and activity in the rhizosphere of three field crops. FEMS Microbiol. Ecol. 2008, 65, 193–201. [CrossRef]

73. Kerr, J.F.R.; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wideranging implications in tissue kinetics.
Br. J. Cancer 1972, 26, 239–257. [CrossRef]

74. Edinger, A.L.; Thompson, C.B. Death by design: Apoptosis, necrosis and autophagy. Curr. Opin. Cell Biol. 2004, 16, 663–669.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-36971-3
http://www.ncbi.nlm.nih.gov/pubmed/30670745
http://doi.org/10.1038/ismej.2008.128
http://doi.org/10.1080/17550870802609630
http://doi.org/10.1016/j.soilbio.2012.01.033
http://doi.org/10.1186/s13059-020-01999-0
http://doi.org/10.1111/j.1574-6941.2008.00535.x
http://doi.org/10.1038/bjc.1972.33
http://doi.org/10.1016/j.ceb.2004.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15530778

	Introduction 
	Materials and Methods 
	Study Area and Description 
	Sample Collection 
	Soil Physiochemical Analysis 
	DNA Extraction, Quantitative PCR, and Illumina MiSeq Sequencing 
	Flow Cytometry Analysis 
	Data Analyses 

	Results and Discussion 
	Soil Physiochemical Properties 
	Soil Microbial Community Structures and Diversity 
	Functional Gene Abundance of N-Reduction Pathways 
	Cell Apoptosis Analysis 

	Conclusions 
	References

