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Simple Summary: This study focuses on plants in riparian zones that are very vulnerable due
to water stress and anthropogenic disturbances, which are particularly important regarding their
ecological and environmental role. Although plants and microbiome interactions are necessary for
plant nutrient acquisition, relatively little is known about the responses of roots, bulk, and rhizosphere
soil microbial communities of different artificial vegetation types in riparian areas of massive dams
and reservoirs. Therefore, this study aims to assess the responses of woody and herbaceous plants
in the riparian zones of the Three Gorges Dam Reservoir, China. Results revealed that the weight
of dominant soil bacteria in different periods, including Proteobacteria, Acidobacteria, Actinobacteria,
Chloroflexi, and Cyanobacteria, was higher, and their composition was different in the rhizosphere,
bulk soil, and endophyte. In the soil co-occurrence networks, the weight of soil physical properties
was higher than chemical properties in the early emergence stage. The current study provides
knowledge about bacteria in bulk, rhizosphere soils, and within roots in different emergence phases.
Additionally, these results provide valuable information to inoculate the soil with key microbiota
members by applying fertilizers, potentially improving plant and soil production and health.

Abstract: Plant and microbiome interactions are necessary for plant nutrient acquisition. However,
relatively little is known about the responses of roots, bulk, and rhizosphere soil microbial communi-
ties in different artificial vegetation types (woody and herbaceous) in riparian areas of massive dams
and reservoirs. Therefore, this study aims to assess such responses at elevations of 165–170 m a.s.l. in
the riparian zones of the Three Gorges Dam Reservoir, China. The samples were collected containing
the rhizosphere soil, bulk soil, and roots of herbaceous and woody vegetation at different emergence
stages in 2018. Then, all the samples were analyzed to quantify the soil properties, bacterial com-
munity characteristics, and their interaction in the early and late emergence phases. In different
periods, the weight of dominant soil bacteria, including Proteobacteria, Acidobacteria, Actinobacteria,
Chloroflexi, and Cyanobacteria, was higher, and their composition was different in the rhizosphere,
bulk soil, and endophytes. Moreover, the soil co-occurrence networks indicated that the weight of
soil physical properties was higher than chemical properties in the early emergence stage. In contrast,
the weight of chemical properties was relatively higher in the late emergence stage. Furthermore, the
richness and diversity of the bacterial community were mainly affected by soil organic matter. This
study suggests that these herbaceous and woody vegetation are suitable for planting in reservoir
areas affected by hydrology and human disturbance in light of soil nutrients and soil microbial
communities, respectively. Additionally, these results provide valuable information to inoculate the
soil with key microbiota members by applying fertilizers, potentially improving plant health and
soil production.
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1. Introduction

The soil has substantial heterogeneity in the riparian zones of dams [1], and its nutrient
levels depend on many factors. The riparian soil is affected by such key factors as water
stress, anthropogenic disturbance, and vegetation cover [2,3]. The flora of the reservoir
is usually affected by the seasonal water level regulations [4]. As a result, soil types in
the riparian zone present seasonal changes and decrease natural vegetation diversity and
biomass [5]. For example, water stress reduced the riparian vegetation’s total biomass
accumulation, nitrogen, and phosphorus uptake, seriously affecting plant growth and
development [6]. Water content changes in the riparian soils could potentially affect plant-
microbial interactions already in existence under different water conditions [7]. Similarly,
anthropogenic disturbances deteriorate the riparian zones [8], often through agricultural
non-point source pollution and waste discharge, leading to abnormal changes in soil pH,
nitrogen, organic matter, and iron content, and even other soil properties [9]. Additionally,
agricultural systems, land use, and other factors also significantly impact riparian health [8].
Former studies have found that human activities also affect aboveground biomass, dead
matter, underground biomass, carbon storage, and other indicators [10]. Therefore, the soil
in the riparian zone is affected by these hydraulic gradients and anthropogenic disturbance,
which would change the balance of vegetation-soil-microorganisms.

Soil microorganisms are sensitive indicators of microenvironmental changes in soil [11].
In the vegetation-soil-microbial cycle system, soil microorganisms participate in the soil
nutrient cycle and energy transfer. They also indirectly affect the growth of aboveground
vegetation by improving soil aeration, decomposition, and increasing organic matter
content, thus directly impacting the function of the soil ecosystem [12,13]. Studies have
reported that microorganisms have various properties, directly or indirectly increasing
the soil content of nitrogen, phosphorus, potassium, iron, and other minerals [9,10]. It can
also promote mineral utilization for plants to grow, develop, and increase crop yield [14].
Furthermore, microorganisms in the rhizosphere and the root plane contribute to plant
acquisition of minerals, organic matter, and other small-molecule metabolites. The interac-
tion between microorganisms and plants can directly or indirectly promote plant growth,
provide biological control over biotic and abiotic stresses, and improve biogeochemical cy-
cles in natural ecosystems [15,16]. Moreover, substances such as organic matter, auxin, etc.,
when transported from plants to the soil, can also affect soil microorganism activity [17].
When soil organic matter is mineralized, it can provide a food source for participating in
microbial nutrient cycling [18,19]. In addition, microbial activity is also related to other soil
properties, such as soil pH, nitrogen, and phosphorus [20].

In the riparian zones, plant roots also play a crucial role in stabilizing riparian soil
ecosystems. Plant roots can form a network during plant growth and development to
improve soil retention capacity through winding and reinforcement [21]; on the other hand,
plant roots can secrete and form many cementing substances, using chemical action to
bond soil particles and affect soil properties and microflora [22]. Literature has proven
that riparian vegetation can also regulate soil nutrients through absorption, decomposition,
and deposition of alluvial materials [23]. It can indirectly control the rhizosphere microbe
through the rhizosphere secretions of secondary plant metabolites [24]. Additionally,
such compounds as nematocides and flavonoids, which are conducive to microorganisms
establishing a symbiotic relationship or resistance to pests and diseases, release sediments,
including low-molecular compounds (sugars, amino acids, organic acids, etc.), polymeric
sugars (mucus, etc.), and root margin cells [25,26]. Dead root cap cells are used as carbon
sources by soil microorganisms. While serving as carbon sources and nutrients for microbial
growth, root exudates and rhizosphere sediments will also affect soil properties. Therefore,
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the vegetation-soil-microbe balance is essential in the riparian zones under anthropogenic
disturbance and flooding stress [27].

With the implementation of the Three Gorges Dam (TGD) Project in 2008, the water
level of the reservoir fluctuated from 145 m a.s.l. in summer (May to September) to 175 m
a.s.l. in winter (October to April) [28], resulting in the formation of the riparian zones
with a total area of 350 km2 in the reservoir [29]. This unique hydrological rhythm makes
plants and soil suffer from long-term water flooding stress [30]. However, riparian zones
above 167.5 m a.s.l. are mainly affected by human disturbance [31], while below 167.5 m
a.s.l. are mainly affected by hydrological disturbance. Thus, the changes in soil properties
along an elevation gradient from 160 m to 170 m a.s.l. are caused by both water flooding
stress and human disturbance [1,29]. Yet, flooding stress and human disturbance have
significantly degraded native plants’ habitats, reduced riparian biodiversity and ecological
function, and brought other environmental problems [1,8]. Still, many studies have shown
that Cynodon dactylon, Hemarthria altissima, Taxodium distichum, and Salix matsudana can
adapt to the habitat of this area to improve soil quality [32] and are now widely planted
in this area. In the riparian zones of the TGD region, many studies have focused on
the changes in soil properties and plant community composition under the altitudinal
distribution pattern [33]. However, soil microhabitat changes caused by plant root activity
are still poorly understood in the riparian zones affected by both human disturbance and
flooding stress.

Therefore, the responses of microbial communities in roots, bulk, and rhizosphere soil
under different artificial vegetation plantations in the riparian zones of the TGD region in
different periods were investigated in this research. Such studies are critical for managers to
understand those biotic and abiotic interactions in order to maintain environmental stability
and provide valuable information for inoculating the soil with important microbiota
members. Moreover, applying fertilizers can be handy for further vegetation restoration
in the affected riparian zones from anthropogenic disturbance and flooding stress. The
following questions are thus hypothesized in our research: in different emergence periods,
(1) how do the roots, bulk, and rhizosphere soil microbial community characteristics
respond to artificial vegetation plantations; (2) which soil properties have a more significant
influence on the bacterial microbial community; and (3) what is the complexity of the co-
occurrence networks between soil properties and the soil bacterial community?

2. Materials and Methods
2.1. Site Description

Our study was conducted in the riparian zone of the Ruxi River in Zhong County
(107◦32′~108◦14′ E, 30◦03′~30◦35′ N), Chongqing, China (Figure 1). This region is part
of the subtropical southeast monsoon zone, and the annual mean temperature is 18.2 ◦C.
The frost-free period is 341 d. The sunshine duration remains at 1327.5 h with a daily
illumination rate of 29%. The total solar radiant energy is 3.5 × 105 J·cm−2 in the area. The
annual precipitation is 1200 mm, and there is a relative humidity of 80%. This area is a
typical hilly landform with an average slope of 20~25◦. The primary soil type is calcareous
purple soil (Regosols in FAO Taxonomy). Due to the unique hydrological changes in
the reservoir area, water loss and soil erosion in the hydro-fluctuation zone are more
serious [34]. In this study, perennial woody plants (S. matsudana and T. distichum) and
perennial herbs (C. dactylon and H. altissima) were selected as experimental materials. The
woody and herbaceous species selected in this experiment were planted in the vegetation
restoration demonstration area in the mid-to-high-altitude area. Field survey results
showed that after repeated flooding for six years, these four leading plant species still
displayed rapid growth and development, recovered rapidly from the outcrop stage of the
fluctuation zone, and quickly occupied a particular spatial ecological niche [35].
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2.2. Soil Sampling

Soil samples were collected in July (early emergence phase-T1) and September (late
emergence phase-T2) of 2018, when the plants in the riparian zone (165–170 m a.s.l.) were
growing well. According to the growth and distribution of plants, the S-shaped sampling
zone was delineated in the riparian zone. Three 1 m × 1 m quadrats were randomly set
on the S-shaped transect in the herbaceous vegetation. Then, in each quadrat, five soil
blocks (15 cm × 15 cm × 20 cm) were placed in the shape of a quincunx. Herbaceous
rhizosphere soil was collected by referring to the shaking method of Riley [36], while
bulk soil samples were collected by the quartering method. Under woody vegetation,
three plants with similar growth were randomly selected for destructive sampling. Woody
rhizosphere soil samples were collected using the clod method [37,38]. After removing
visible stone and plant residues from the soil surface, four sections (20 cm long, 20 cm wide,
and 20 cm high) of the trunk were excavated with a shovel along the east, south, west, and
north directions of the trunk, and soil samples were collected. The soil within 0~4 mm of
the root system is regarded as the rhizosphere soil [39]. The roots mixed in the soil were
picked out. The soil samples from four directions were mixed into a frozen foam box and
immediately transported back to the laboratory for subsequent analysis and determination
of experimental indicators.

2.3. Determination Method

The rhizosphere and bulk soil samples were divided into three parts. One part of the
soil sample was naturally air-dried. After grinding, the fine roots were separated, and then
the soil was used to determine soil physical and chemical properties. Some soil samples
were stored at 4 ◦C for the determination of soil enzyme activity. The other parts were
stored at −80 ◦C for subsequent extraction of soil bacterial DNA.

2.3.1. Determination of Soil Nutrients

The electrode potential method was used to measure the soil pH value (1:2.5 ratio of
soil to water). The external heating method with potassium dichromate determined the
soil organic matter (SOC). An elemental (Germany) analyzer computed total soil nitrogen
(TN) (Elementar, Hanau, Germany). The alkaline hydrolyzed nitrogen diffusion method
quantified the soil alkali hydrolyzed nitrogen (AN). The Mo-Sb colorimetric method cal-
culated total phosphorus (TP) and available phosphorus (AP). The inductively coupled
plasma emission spectrophotometry (ICP-OES) determined the total potassium (TK) and
available potassium (AK) [40].

The drying method measured soil water content (SWC), and the ring knife method
measured bulk density (BD). Soil porosity (SP) was calculated from soil density and
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measured bulk density [32]. Using a REDOX potentiometer, we measured soil temperature
(ST) and oxidation-reduction potential (ORP).

The 3,5-Dinitrosalicylic acid colorimetry determined sucrose (INV) activity, expressed
as 1 g glucose mass (mg) generated by 1 g soil cultured at 37 ◦C for 24 h. The urease (URE)
activity was determined using sodium phenol colorimetry, expressed as the mass (mg)
of NH3-N generated by 1 g soil cultured at 37 ◦C for 24 h. The acid phosphatase (ACP)
activity was determined using the colorimetric method of phenyl disodium phosphate,
which was expressed as the mass of phenol released in 1 g soil after 24 h (mg). Each sample
had three replicates and was set up with no matrix control and soilless control.

2.3.2. Soil Microbial Community Determination

Sample DNA extraction was conducted using the Mobo Power Soil Isolation Kit
according to the instructions. The concentration of the extract was determined by 1.2%
agarose gel electrophoresis, and the extracted DNA was cryopreserved at −20 ◦C. The
bacterial 16S V4–V5 region universal primer was used to amplify each sample three
times and mix the same sample amplification products. The primers used were 515F
(5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′). PCR
products were purified by gel-cutting, qubit quantification, and equal-molar mixing to
establish the sequencing library. The soil bacterial community diversity was analyzed
by IlluminaHiSeq sequencing. The coarse quality sequences of the sequencing machine
were split according to BarcodeMisMatch = 0. The double-ended sequences were split
by Flash software, and the front-end primers were removed by Cutadapt software. The
quality control of the sequences was carried out according to the quality score Q20 to obtain
high-quality sequences [41]. Then the UPARSE algorithm was used to cluster OTUs of
high-quality sequences and obtain representative sequences. In the clustering process,
RDP gold. fa was used as a template to remove chimeric sequences, and a RDP classifier
was used to annotate the OTU representative sequences [42]. According to the number
of sequences contained in each sample, the OTU table was randomly sampled, and the
sampling results were used for downstream analysis.

2.4. Statistics Analysis

A one-way analysis of variance (ANOVA) was performed for multiple comparisons
to determine the significant differences between soil nutrient properties and between
soil enzyme activities. Then, a two-tailed unpaired test was performed. All statistical
tests performed using SPSS 23.0 software (SPSS Inc., Chicago, IL, USA) concluded their
significance at p < 0.05. Gephi software was used to establish the co-occurrence networks of
soil nutrients and microorganisms. The R platform (version 4.0.3) ran the following analyses
and generated plots using the “ggplot2” package. To compare the difference in bacterial
community structure with the overall difference in plant-soil nutrient content, principal
coordinate analysis (PCOA, based on the Bray-Curtis distance measure) and principal
component analysis (PCA, based on the Euclidean distance measure) were performed.
Additionally, Pearson correlation analysis was calculated in the “Corrplot” package to
reveal the correlation between the selected soil bacterial community abundance and soil
nutrients. The “RandomForest” package was used to evaluate the weight of soil properties
on microbial community diversity and richness.

3. Results
3.1. The Soil Physical and Chemical Properties in Different Periods

When compared between different emergence periods (Table 1), all the soil physical
properties in C. dactylon were significantly different (* p < 0.05, ** p < 0.01), except SWC.
Conversely, all the soil physical properties in S. matsudana showed no significant difference,
except for ST (** p < 0.01). There were significant differences in the ST and SWC in
H. altissima and T. distichum (* p < 0.05, ** p < 0.01, respectively). The variation trend in
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different periods of soil physical properties in C. dactylon and H. altissima was consistent;
likewise, T. distichum and S. matsudana were consistent.

Table 1. The contents of soil physical properties under different emergence phases (T1 for early
phase and T2 for late phase) within the Three Gorges Dam Reservoir, China. The values of soil water
content (SWC), bulk density (BD), soil temperature (ST), oxidation-reduction potential (ORP), and
soil porosity (SP) measure in bulk soil for selected plants.

Plant/p-Value SWC/% BD/g cm−3 SP/% ST/◦C ORP/mv

C/T1 12.29 ± 2.71 1.76 ± 0.06 33.76 ± 2.19 26.87 ± 0.25 326.33 ± 4.51
C/T2 8.01 ± 0.83 1.54 ± 0.01 41.96 ± 0.51 24.17 ± 0.12 375.00 ± 4.58

p ns * * ** **
N/T1 14.5 ± 2.93 1.89 ± 0.04 28.63 ± 1.38 29.47 ± 0.76 296.00 ± 10.58
N/T2 10.00 ± 0.61 1.55 ± 0.16 41.48 ± 5.99 24.37 ± 0.23 307.67 ± 13.65

p * ns ns ** ns
T/T1 13.25 ± 1.12 1.8 ± 0.10 32.03 ± 3.94 29.03 ± 0.85 380.00 ± 14.53
T/T2 7.21 ± 1.19 1.81 ± 0.15 31.7 ± 5.74 22.70 ± 0.26 369.00 ± 21.52

p * ns ns ** ns
S/T1 14.99 ± 0.60 1.83 ± 0.08 31.07 ± 2.99 31.23 ± 0.49 399.67 ± 13.32
S/T2 9.08 ± 2.27 1.77 ± 0.05 33.19 ± 2.05 23.40 ± 0.10 378.33 ± 19.66

p ns ns ns ** ns
Note: The significant differences at p < 0.01 (**) or p < 0.05 (*) according to the paired t-tests. Abbreviations in the
table define as Cynodon dactylon (C), Hemarthria altissima (N), Salix matsudana (S), Taxodium distichum (T).

The soil pH and TK in the four-plant species did not change significantly, but the other
indicators changed to various degrees (Figure 2). The soil pH was lower in T1 than in T2
(Figure 2A). The SOC of herbaceous plants was higher in T1 than in T2, except for NB,
while the SOC of woody plants was contradictory (Figure 2B), and the SOC (8.59 g kg−1)
of NR was relatively higher. Overall, AK in the rhizosphere and bulk soil of all plants
was lower in T2 than in T1 (Figure 2C). The AK (28.53 mg kg−1) of CB was higher in
T1. The TK of C. dactylon was lower in T1 than in T2 (Figure 2D); TK of H. altissima was
significantly higher in T1 than in T2 (* p < 0.05). The TK of woody plants fluctuated slightly
at different stages (Figure 2D). In T2, the AN (27.91 mg kg−1) of CR was higher than in other
plants. The AN of herbaceous plants was significantly higher at T2 than at T1 (Figure 2E)
(** p < 0.01). The TN (1.33 g kg−1) of CR in T1 was higher than that of others (Figure 2F).
The content of AP in the rhizosphere soil of herbaceous plants was significantly higher at
T1 than at T2 (Figure 2G) (** p < 0.01), and the AP (8.58 mg kg−1) of NB in T1 was higher
than that of others. TP was lower in T2 than in T1 (Figure 2H), except for C. dactylon. The
TP (1.05 g kg−1) of NR in T1 was higher than that of others. In general, the soil nutrient
contents of C. dactylon and H. altissima were higher among the four plants.

The ACP activity was significantly different in all the measured soils in different
periods. Except for CB (Figure 3A), ACP enzyme activity was significantly higher in the
late emergence phase than in the early emergence phase. The soil INV enzyme activity was
substantially different in herbaceous plants and woody plants. The INV enzyme activity of
herbaceous plants in the late emergence phase was significantly higher than in the early
emergence phase, except for CB and CR (Figure 3B). There was no significant difference
in URE activities between the rhizosphere and bulk soils for woody plants in different
periods, except for TB (Figure 3C). The URE enzyme activity of herbaceous plants in the
late emergence phase was significantly higher than in the early emergence phase, except
for CB (Figure 3C).
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Figure 2. The soil chemical properties measured in different emergence phases (T1 for early phase
and T2 for late phase) within the Three Gorges Dam Reservoir, China. The values of pH, soil organic
contents (SOC), available potassium (AK), total potassium (TK), alkali hydrolyzed nitrogen (AN),
total nitrogen (TN), available phosphorus (AP), total phosphorus (TP) available in the rhizosphere
and bulk soil measured for selected plants in (A–H). Note: bars indicate significant differences at
p < 0.01 (**) or p < 0.05 (*) according to the paired t-tests. Abbreviations in the figure define as
bulk soil (B), rhizosphere soil (R), Cynodon dactylon (C), Hemarthria altissima (N), Salix matsudana (S),
Taxodium distichum (T).
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Figure 3. The soil enzyme activities measured in different emergence phases (T1 for early phase and T2 for late phase)
within the riparian zones of the Three Gorges Dam Reservoir, China. The values of acid phosphatase (ACP), invertase
(INV), and urease (URE) were available from the rhizosphere and bulk soil of selected plants in (A–C). Note: bars indicate
significant differences at p < 0.01 (**) or p < 0.05 (*) according to the paired t-tests. Abbreviations in the figure define as bulk
soil (B), rhizosphere soil (R), Cynodon dactylon (C), Hemarthria altissima (N), Salix matsudana (S), Taxodium distichum (T).

Among the soil properties of the four plants, we observed the general variation of the
bulk and rhizosphere soils (Figure 4A). We discovered that the bulk and rhizosphere soil
properties of C. dactylon and H. altissima differed significantly over time, but H. altissima’s
soil properties varied greatly over time compared to those of other plants (Figure 4B,C). In
the bulk soil, the soil properties of woody plants were significantly different in different
periods (Figure 4B), but there was no significant difference in rhizosphere soil (Figure 4C).
Overall, the differences in the bulk soil properties of selected herbaceous and woody
plants were significant. Only herbaceous plants showed significant differences between
time periods in the rhizosphere. In different periods, the variations in the trends of soil
chemical properties in C. dactylon and H. altissima were consistent. Likewise, T. distichum
and S. matsudana were consistent.
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Figure 4. The heat map showed the combinations of soil enzyme (M) and soil properties (S) under different emergence
phases (T1 for early phase and T2 for late phase) within the riparian zones of the Three Gorges Dam Reservoir, China (A).
Principal component analysis (PCA) showed the difference in soil properties in T1 and T2. The factor loading of PCA axes 1
and 2 explained 59.22% and 61.31% of the total variation for the bulk soil and rhizosphere soil in (B,C), respectively. Note:
Abbreviations in the figure define as pH value (pH), available potassium (AK), total potassium (TK), alkali hydrolyzed
nitrogen (AN), available phosphorus (AP), soil organic contents (SOC), total nitrogen (TN), total phosphorus (TP), acid
phosphatase (ACP), invertase (INV), and urease (URE), bulk soil (B), rhizosphere soil (R), Cynodon dactylon (C), Hemarthria
altissima (N), Salix matsudana (S), Taxodium distichum (T).

3.2. The Soil Bacterial Community Characteristic in Different Periods

The dominant bacteria in the rhizosphere and bulk soil of the selected plants were
Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi (Figure 5A). Still, the dominant
bacteria in the endophyte were Proteobacteria, Acidobacteria, Actinobacteria, and Cyanobacteria.
Moreover, the abundance of Proteobacteria, Actinobacteria, and Cyanobacteria in endophytes
was much higher than in the rhizosphere and bulk soils. Conversely, the abundance of
Acidobacteria was depleted in the endophytes. The relative abundance of Acidobacteria and
Chloroflexi decreased from bulk soil to rhizosphere soil to endophytes, but the relative
abundance of Proteobacteria and Actinobacteria decreased from the endophytes to the rhizo-
sphere to bulk soil. Other bacteria, such as Bacteroidetes and Planctomycetes, and Nitrospirae,
in abundance, have little difference across bulk, rhizosphere soil, and endophytes. For
the dominant bacteria enriched in endophytes, the Cyanobacteria abundance of SE was
much higher than that of other selected plants. For the dominant bacteria enriched in the
rhizosphere and bulk soil, the Acidobacteria abundance of SR was also higher than that of
other plants (Figure 5B).
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Figure 5. The relative abundance of soil microbial communities was shown with a bar chart and
a clustering diagram responding in different emergence phases (T1 for early phase and T2 for late
phase) within the riparian zones of the Three Gorges Dam Reservoir, China. Note: Abbreviations
in the figures define as T1 (1), T2 (2) for (A) only, bulk soil (B), rhizosphere soil (R), endophyte (E),
Cynodon dactylon (C), Hemarthria altissima (N), Salix matsudana (S), Taxodium distichum (T).

The Chao1 Index, Shannon Index, Simpson Index, and goods_coverage were used
for quantifying bacterial diversity and richness. The Chao1 Index (Figure 6A–C) and
Shannon Index (Figure 6D–F) of T. distichum were higher than those of other plants. The
differences between the Chao1 index and goods_coverage (Figure 6G–I) of herbaceous
plants in different periods were smaller than those of woody plants, and their values in T2
were relatively higher than in T1. The Shannon index in T2 was higher than in T1, except
for NE (Figure 6F). The Simpson Index (Figure 6J,K) was similar to different periods, except
that of SE in T1 was higher than in T2 (Figure 6L). The Chao1 index and Shannon index
fluctuated more than the Simpson and goods_coverage indices in the same periods. On the
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whole, we found that the Chao1 Index, Shannon Index, and goods_coverage of the bacteria
community in the late emergence phase were higher than in the early emergence phase
(Figure 6).
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Figure 6. The diversity and richness of bacterial communities were shown with line charts for different emergence phases
(T1 for early phase and T2 for late phase) within the riparian zones of the Three Gorges Dam Reservoir, China. The values
of bacterial communities were shown by Chao1 Index (A–C), Shannon Index (D–F), Goods_coverage (G–I), and Simpson
Index (J–L). Note: Abbreviations in the figure define as bulk soil (B), rhizosphere soil (R), endophyte (E), Cynodon dactylon
(C), Hemarthria altissima (N), Salix matsudana (S), Taxodium distichum (T), the early emergence phases (the red line in the
figures), the late emergence phases (the green line in the figures).

In the different emergence periods, the soil bacterial community characteristics for
the four plant species differed significantly in bulk soil (Figure 7A). On the contrary, the
soil bacterial community characteristics had no significant difference in endophyte and
rhizosphere soil in different periods (Figure 7B,C). However, in the rhizosphere (Figure 7B),
the soil bacterial community characteristics of S. matsudana were significantly different
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from those of other plant soils in T1. Similarly, in the endophyte (Figure 7C), only the
bacterial community characteristics of S. matsudana were significantly different from those
of other plants in T2. On the whole, there was no significant difference in the soil bacte-
rial community characteristics among other plants in rhizosphere soil and endophytes
(Figure 7B,C).
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Figure 7. Principal coordinates analysis (PCoA) showed the abundance and diversity of bacterial microbial communities
under different emergence phases (T1 for early phase and T2 for late phase) within the riparian zones of the Three Gorges
Dam Reservoir, China. The factor loading of PCoA axes 1 and 2 explained 59%, 70.55%, and 61.77% of the total variation
for bulk soil in (A), rhizosphere soil in (B), and endophyte in (C). Note: Abbreviations in the figure define as bulk soil (B),
rhizosphere soil (R), endophyte (E), Cynodon dactylon (C), Hemarthria altissima (N), Salix matsudana (S), Taxodium distichum (T).

3.3. Relationship between Soil Microbial Community and Soil Property in Different Periods

The Chao1 index, goods_coverage, Simpson index, and the Shannon index could eval-
uate the richness and diversity of soil bacterial community characteristics. Soil properties
could significantly influence the diversity, evenness, and richness of the bacterial commu-
nity. The SOC influence on the Chao1 index and goods_coverage index was ranked fourth
in T1 (Figure 8A,C). The SOC influence on the Shannon index in T1 and the goods_coverage
index in T2 ranked second (Figure 8B,G). The SOC influence on the Simpson index in T1
and the Chao1 index in T2 ranked first (Figure 8D,E). The SOC influence on the Simpson
index ranked fifth in T2 (Figure 8H), and the influence of the Shannon Index in T2 ranked
third (Figure 8F). The other properties that influence the Chao1 index, goods_coverage, the
Shannon index, and the Simpson index, were all unstable. However, the influence of SOC
on soil bacterial community characteristics was always at the forefront. Therefore, SOC
had an important impact on bacterial community diversity and richness (Figure 8).
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Figure 8. Scattered plots of Random Forest Modeling for the soil chemical properties and soil enzyme activities impacted on
the soil bacterial communities shown by the Chao1 index (A,E), Shannon index (B,F), Goods_coverage (C,G), and Simpson
index (D,H) under different emergence phases (T1 for early phase and T2 for late phase) within the riparian zones of the
Three Gorges Dam Reservoir, China. The variables were ordered from top-to-bottom, as the most to the least important.
Note: Abbreviations in the figure define as pH, available potassium (AK), total potassium (TK), alkali hydrolyzed nitrogen
(AN), available phosphorus (AP), soil organic content (SOC), total nitrogen (TN), total phosphorus (TP), acid phosphatase
(ACP), invertase (INV), and urease (URE).

In T1, ACP, AP, and SP were more correlated with the bacterial community, while
Actinobacteria, Planctomycetes, and Proteobacteria were significantly correlated with soil
enzyme activity and chemical properties. In T2, the bacterial community abundance was
significantly correlated with pH, TN, TP, SOC, INV, and BD, while Actinobacteria, Nitrospirae,
Acidobacteria, and Proteobacteria were significantly correlated with soil enzyme activity and
chemical properties (Figure 9A,B). To sum up, Actinobacteria and Proteobacteria showed
a significant correlation with soil properties in different periods. In the co-occurrence
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networks of soil properties and bacterial communities measured in T1, the weights of
SWC, ST, BD, Proteobacteria, Firmicutes, and Actinobacteria were higher than the others
(Figure 10A). In T2, however, the weights of SOC, TK, INV, and Proteobacteria were higher
(Figure 10B). The weight of physical properties was higher in T1, but the weight of chemical
properties was higher in T2. Moreover, in T2, the average weighted degree and modularity
of co-occurrence networks were higher than in T1, indicating a higher complexity and
stability of the soil system (Figure 11A,B).

Biology 2021, 10, x  14 of 22 
 

In T1, ACP, AP, and SP were more correlated with the bacterial community, while 
Actinobacteria, Planctomycetes, and Proteobacteria were significantly correlated with soil 
enzyme activity and chemical properties. In T2, the bacterial community abundance was 
significantly correlated with pH, TN, TP, SOC, INV, and BD, while Actinobacteria, Nitro-
spirae, Acidobacteria, and Proteobacteria were significantly correlated with soil enzyme ac-
tivity and chemical properties (Figure 9A,B). To sum up, Actinobacteria and Proteobacteria 
showed a significant correlation with soil properties in different periods. In the 
co-occurrence networks of soil properties and bacterial communities measured in T1, the 
weights of SWC, ST, BD, Proteobacteria, Firmicutes, and Actinobacteria were higher than the 
others (Figure 10A). In T2, however, the weights of SOC, TK, INV, and Proteobacteria were 
higher (Figure 10B). The weight of physical properties was higher in T1, but the weight of 
chemical properties was higher in T2. Moreover, in T2, the average weighted degree and 
modularity of co-occurrence networks were higher than in T1, indicating a higher com-
plexity and stability of the soil system (Figure 11A,B). 

 

Figure 9. The relationships between soil properties, soil enzyme activities, and soil bacterial commu-
nities under different emergence phases (T1 for early phase and T2 for late phase) within the Three
Gorges Dam Reservoir, China. The Pearson correlation heat maps show the relationship strengths
among soil chemical properties, soil enzyme activities, and bacterial community abundance in (A),
and among soil physical properties, soil enzyme activities, and bacterial community abundance in
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Figure 10. The network topology diagrams showed the weighted degree of the soil properties, soil
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has, the higher the weight of the node.
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4. Discussion

The present study investigated the plant-soil-microbial interactions at different emer-
gence periods inside the riparian zones of the Three Gorges Dam Reservoir. Overall, our
study found that the variation trend of soil properties in C. dactylon and H. altissima was
consistent in different periods; likewise, T. distichum and S. matsudana were consistent
(Figure 2, Table 1). The indices indicating the soil properties of C. dactylon and H. altissima
had relatively high values among the selected plants (Figure 2). Plants with fibrous roots
were more effective than those with taproots in reducing soil detachment [43]. In the
riparian zones of the Three Gorges Dam Reservoir, high water tables have an impact on the
abundance of woody plants rather than herbaceous plants [44,45]. Therefore, herbaceous
plants have easier access to soil nutrients in the riparian zone than woody plants, thus
benefiting their survival and development [46]. Other studies have shown that the soil
nutrient content and tolerance of herbaceous plants were higher than those of woody plants
under the stress of flooding or increased rainfall [47–50]. Yet, the three enzyme activities
were highest in T2 (Figure 3), which might be attributed to the temperature that affected
soil enzyme activities [51], because the soil temperature was significantly different from
T1 and T2 (Table 1). The high temperature in the reservoir area was measured at T1, and
water evaporated more extensively at that time, resulting in soil moisture content being
one factor for the change of soil enzyme activities. Similarly, higher soil temperatures that
inhibit microorganism growth (Figure 6) might also affect soil enzyme release.
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Our study also found that only a few bacterial taxa, such as the dominant bacterial-
Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi (Figure 5A), were in the plant
rhizosphere and bulk soil. In other reports, these abundant bacterial taxa in the bulk and
rhizosphere soil were dominant as well [52,53]. Furthermore, the taxa of Cyanobacteria in
endophytes were much higher (Figure 5B). However, Acidobacteria depleted in the endo-
phyte may be put down to many metabolic pathways related to carbon fixation, aromatic
compounds, and amino acid synthesis [54–56]. It is also possible that Acidobacteria pre-
dominates in the leaching environment and are related to the soil pH. When the riparian
zone faces a flooded environment, its soil pH deviates from neutral, and the Acidobacteria
community has more robust systematic clustering [57]. The pH, dissolved nitrogen, and
orthophosphate concentrations in roots were higher than in bulk soil [58], promoting
Cyanobacteria development and growth [59]. Moreover, under flooding stress, Cyanobacteria
can produce some resistance and help the normal growth and development of plants [60].
Our study also found that bacterial community diversity and evenness were lower in T1
than in T2 (Figure 6). The reason was due to the relatively higher soil temperature in T1, as
the soil temperature was significantly correlated with the bacterial community abundance
(Figure 9B). High temperatures reduced enzyme activity and were not conducive to micro-
bial growth (Figure 3). This phenomenon happened due to reduced rainfall and water ebb
periods in the reservoir area, resulting in the change of soil properties [61]. These were not
conducive to the growth and development of microorganisms [62,63]. Additionally, the
soil bacterial community abundance of four plants was significantly different from the soil
bulk in the different periods (Figure 7A). The endophyte and rhizosphere soil, on the other
hand, demonstrated no significant change (Figure 7B,C). Soil nutrients and interactions
between endophytic bacteria and cultivars cause histochemical composition differences
which result in flora change [64]. Differences in the rhizosphere, inner root layer, and soil
microbial community in different pH ranges affected the microbiome composition. The
cation exchange capacity and endophytic fungi also dramatically influence soil microbial
community formation [65,66].

The present study also found that Actinobacteria and soil properties showed the
strongest correlation (Figures 9A and 10A). Actinobacteria are abundant in terrestrial and
aquatic ecosystems, especially in soils with highly influenced physiological and metabolic
properties. They can decompose humus and play an important role in biogeochemical
cycles [67,68], such as the increasing function of Actinobacteria as the soils become warmer
and drier throughout the world [69]. Actinobacteria can also be successfully applied to
bioremediation of metal-contaminated soil and water remediation. Its reproduction mode
was closely related to chemical and environmental characteristics [70]. We also found that
SOC was the main index affecting bacterial community richness and diversity (Figure 8).
The SOC mainly comes from vegetation litter, soil microorganisms, soil fauna, and plant
root residues [71]. However, all microbial residues contribute to SOC, and bacterial residual
carbon contributes more to organic matter than fungus [72]. The addition of organic matter
can significantly change the soil microbial community structure and carbon-degrading
enzymes, depending on soil improvement and depth. However, the SOC is not affected
by the season [73,74]. Moreover, the SOC in the soil can be preserved for a long time,
affecting the microbial community by impacting the physical and chemical properties of
the soil [75]. In T1, the weight of soil physical properties in the soil co-occurrence networks
was higher than that of chemical properties (Figure 10A). In T2, the weight of chemical
properties was higher, which led to the soil co-occurrence networks having a higher com-
plexity (Figure 10B). Such phenomena may be because of the change in riparian water level
that was reduced slowly in T1. Soils that experience water stress convert NO3

− to NO2
−,

Fe3+ to Fe2+; the soil pH fails to return to neutral [76–78]. The soil chemistry properties
are still unstable. On the contrary, after flooding, physical properties such as soil water
content, bulk density, and others change [79,80], and high temperatures in T1 control the
plant-soil-microbial system.
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While this study provided these plants’ comprehensive bacterial community charac-
teristics and soil property analysis, such research is still in its early stages [81–83]. Many
studies have shed light on aspects of the plant rhizosphere and bulk soil microbial com-
munities [84–86]. However, only by better understanding the soil microbial communities
of roots, bulk, and rhizosphere in different artificial vegetation types can we thoroughly
investigate a microbiome assembly mechanism for the sustainable management of massive
dams and reservoir riparian zones [87–89]. In the long term, a better understanding of the
relationship between plant microbiota characteristics and soil properties will contribute to
microbial strains or consortia and fertilizer to improve the vegetation and soil health and
productivity in the riparian zones.

5. Conclusions

Our results demonstrated that variations in soil physical and chemical properties in
C. dactylon and H. altissima were steady during different periods. The indices indicating
soil properties of C. dactylon and H. altissima had higher values than those of others. The
Chao1 Index and Shannon Index in the soil bacterial communities of T. distichum were
higher than those of other plants. The richness, evenness, and diversity of the bacterial
community were mainly affected by soil organic matter. In the early emergence phase, the
weight of soil physical properties in the plant-soil-microbial system was higher than that of
chemical properties. In contrast, the importance of chemical properties increased in the late
emergence phase, and the composition of soil co-occurrence networks was more complex.
In different periods, the weight of dominant soil bacteria, including Proteobacteria, Acidobac-
teria, Actinobacteria, Chloroflexi, and Cyanobacteria, was higher than in other species, and
their composition was different in the rhizosphere, bulk soil, and endophyte. Overall, our
research has increased the knowledge of bacteria in bulk and rhizosphere soils, and within
roots in different emergence phases. This study suggests that these herbaceous and woody
vegetation are suitable for planting in reservoir areas affected by hydrology and human
disturbance in light of soil nutrients and soil microbial communities, respectively. These
results will help to utilize key microbiota members and fertilizer to improve vegetation
and soil health and productivity in the riparian zones of massive dams and reservoirs.

Author Contributions: Conceptualization, J.L. and M.A.; data curation, J.L., M.A., D.D., X.H., J.Z.
and Z.Y.; formal analysis, J.L., L.L., M.A., X.H., J.Z. and Z.Y.; investigation, J.L., L.L., M.A., D.D., X.H.,
J.Z. and Z.Y.; methodology, J.L., M.A., D.D., X.H., J.Z. and Z.Y.; project administration, C.L.; resources,
C.L.; software, M.A.; supervision, M.A. and C.L.; validation, C.L.; writing—original draft, J.L. and
M.A.; writing—review and editing, M.A. and C.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Chongqing Municipality Housing and Urban Construc-
tion Committee (No. Chengkezi 2019-1-4-2), Chongqing Municipality Key Forestry Research Project
(No. 2021-9; No. TD2021-2; No. TD2020-2), Forestry Extension Project of China Central Finance
(No. Yulinketui 2020-2), Ningxia Key Research and Development Project (No. 2020BFG03006), and
Ningxia Natural Science Foundation Project (No. 2020AAC03107).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the figure and table.

Acknowledgments: We wish to thank all partners in the research team and all people who helped
with the fieldwork throughout the experiments.

Conflicts of Interest: The authors declare that the research was conducted with no conflicts of interest.



Biology 2021, 10, 819 19 of 22

References
1. Arif, M.; Zheng, J.; Wokadala, C.; Zhang, S.L.; Yuan, Z.X.; Chen, Z.T.; Dong, Z.; He, X.R.; Li, C.X. Assessing riparian zone changes

under the influence of stress factors in higher-order streams and tributaries: Implications for the management of massive dams
and reservoirs. Sci. Total Environ. 2021, 776, 146011. [CrossRef] [PubMed]

2. Yan, L.; Xie, C.; Xu, X.; Che, S. The influence of revetment types on soil denitrification in the adjacent tidal urban riparian zones. J.
Hydrol. 2019, 574, 398–407. [CrossRef]

3. Firmiano, K.R.; Castro, D.M.; Linares, M.S.; Callisto, M. Functional responses of aquatic invertebrates to anthropogenic stressors
in riparian zones of Neotropical savanna streams. Sci. Total Environ. 2021, 753, 141865. [CrossRef]

4. Choudhury, B.U.; Ferraris, S.; Ashton, R.W.; Powlson, D.S.; Whalley, W.R. The effect of microbial activity on soil water dif-fusivity.
Eur. J. Soil Sci. 2018, 69, 407–413. [CrossRef]

5. Zunzunegui, M.; Boutaleb, S.; Barradas, M.C.D.; Esquivias, M.P.; Valera, J.; Jáuregui, J.; Tagma, T.; Ain-Lhout, F. Reliance on deep
soil water in the tree species Argania spinosa. Tree Physiol. 2017, 38, 678–689. [CrossRef]

6. Zhang, Z.; Tariq, A.; Zeng, F.; Graciano, C.; Sun, F.; Chai, X.; Ahmed, Z. Nitrogen and water addition regulate fungal com-munity
and microbial co-occurrence network complexity in the rhizosphere of Alhagi sparsifolia seedlings. Appl. Soil Ecol. 2021,
164, 103940. [CrossRef]

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. Arif, M.; Zhang, S.; Jie, Z.; Charles, W.; Mzondi, P.S.; Li, C. Evaluating the Effects of Pressure Indicators on Riparian Zone Health
Conditions in the Three Gorges Dam Reservoir, China. Forests 2020, 11, 214. [CrossRef]

9. He, X.; Wang, T.; Wu, K.; Wang, P.; Qi, Y.; Arif, M.; Wei, H. Responses of Swamp Cypress (Taxodium distichum) and Chinese
Willow (Salix matsudana) Roots to Periodic Submergence in Mega-Reservoir: Changes in Organic Acid Concentration. Forests
2021, 12, 203. [CrossRef]

10. Jiang, Z.; Zhong, Y.; Yang, J.; Wu, Y.; Li, H.; Zheng, L. Effect of nitrogen fertilizer rates on carbon footprint and ecosystem service
of carbon sequestration in rice production. Sci. Total Environ. 2019, 670, 210–217. [CrossRef]

11. Wang, L.; Chang, Q.; Dong, J.W.; Sun, R.X.; Yang, S.S.; Fu, J.W.; Feng, C.C.; Yang, L.L.; Zhang, Y. Effects of di-(2-ethylhexyl)
phthalate on microbial biomass carbon and microbial community structural diversity in a Mollisol. Eur. J. Soil Sci. 2017,
68, 897–908. [CrossRef]

12. Bais, H.P.; Weir, T.L.; Perry, L.; Gilroy, S.; Vivanco, J.M. The Role of Root Exudates in Rhizosphere Interactions with Plants and
Other Organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [CrossRef]

13. Kotroczó, Z.; Juhos, K.; Biró, B.; Kocsis, T.; Pabar, S.A.; Varga, C.; Fekete, I. Effect of Detritus Manipulation on Different Organic
Matter Decompositions in Temperate Deciduous Forest Soils. Forests 2020, 11, 675. [CrossRef]

14. Zhang, Y.; Huang, K.; Zhang, T.; Zhu, J.; Di, Y. Soil nutrient availability regulated global carbon use efficiency. Glob. Planet. Chang.
2019, 173, 47–52. [CrossRef]

15. Compant, S.; Samad, A.; Faist, H.; Sessitsch, A. A review on the plant microbiome: Ecology, functions, and emerging trends in
microbial application. J. Adv. Res. 2019, 19, 29–37. [CrossRef]

16. Kocsis, T.; Kotroczó, Z.; Kardos, L.; Biró, B. Optimization of increasing biochar doses with soil–plant–microbial functioning and
nutrient uptake of maize. Environ. Technol. Innov. 2020, 20, 101191. [CrossRef]

17. Ye, C.; Cheng, X.; Zhang, Y.; Wang, Z.; Zhang, Q. Soil nitrogen dynamics following short-term revegetation in the water level
fluctuation zone of the Three Gorges Reservoir, China. Ecol. Eng. 2012, 38, 37–44. [CrossRef]

18. Ruehlmann, J. Soil particle density as affected by soil texture and soil organic matter: 1. Partitioning of SOM in conceptional
fractions and derivation of a variable SOC to SOM conversion factor. Geoderma 2020, 375, 114542. [CrossRef]

19. Veres, Z.; Kotroczó, Z.; Fekete, I.; Tóth, J.A.; Lajtha, K.; Townsend, K.; Tóthmérész, B. Soil extracellular enzyme activities are
sensitive indicators of detrital inputs and carbon availability. Appl. Soil Ecol. 2015, 92, 18–23. [CrossRef]

20. Adhikari, D.; Jiang, T.; Kawagoe, T.; Kai, T.; Kubota, K.; Araki, K.S.; Kubo, M. Relationship among Phosphorus Circulation
Activity, Bacterial Biomass, pH, and Mineral Concentration in Agricultural Soil. Microorganisms 2017, 5, 79. [CrossRef] [PubMed]

21. Zhu, J.; Wang, Y.; Wang, Y.; Mao, Z.; Langendoen, E.J. How does root biodegradation after plant felling change root rein-forcement
to soil? Plant Soil. 2020, 446, 211–227. [CrossRef]

22. Chen, F.; Zhang, J.; Zhang, M.; Wang, J. Effect of Cynodon dactylon community on the conservation and reinforcement of riparian
shallow soil in the Three Gorges Reservoir area. Ecol. Process. 2015, 4, 3. [CrossRef]

23. Chen, Z.; Chen, X.; Wang, C.; Li, C. Foliar Cellulose and Lignin Degradation of Two Dominant Tree Species in a Riparian Zone of
the Three Gorges Dam Reservoir, China. Front. Plant Sci. 2020, 11, 11. [CrossRef]

24. Tian, P.; Razavi, B.S.; Zhang, X.; Wang, Q.; Blagodatskaya, E. Microbial growth and enzyme kinetics in rhizosphere hotspots are
modulated by soil organics and nutrient availability. Soil Biol. Biochem. 2020, 141, 107662. [CrossRef]

25. Haichar, F.E.Z.; Marol, C.; Berge, O.; Rangel-Castro, J.I.; Prosser, J.; Balesdent, J.; Heulin, T.; Achouak, W. Plant host habitat and
root exudates shape soil bacterial community structure. ISME J. 2008, 2, 1221–1230. [CrossRef]

26. Tang, Q.; Collins, A.L.; Wen, A.; He, X.; Bao, Y.; Yan, D.; Long, Y.; Zhang, Y. Particle size differentiation explains flow regulation
controls on sediment sorting in the water-level fluctuation zone of the Three Gorges Reservoir, China. Sci. Total Environ. 2018,
633, 1114–1125. [CrossRef] [PubMed]

http://doi.org/10.1016/j.scitotenv.2021.146011
http://www.ncbi.nlm.nih.gov/pubmed/33647660
http://doi.org/10.1016/j.jhydrol.2019.04.071
http://doi.org/10.1016/j.scitotenv.2020.141865
http://doi.org/10.1111/ejss.12535
http://doi.org/10.1093/treephys/tpx152
http://doi.org/10.1016/j.apsoil.2021.103940
http://doi.org/10.1111/ejss.12756
http://doi.org/10.3390/f11020214
http://doi.org/10.3390/f12020203
http://doi.org/10.1016/j.scitotenv.2019.03.188
http://doi.org/10.1111/ejss.12471
http://doi.org/10.1146/annurev.arplant.57.032905.105159
http://doi.org/10.3390/f11060675
http://doi.org/10.1016/j.gloplacha.2018.12.001
http://doi.org/10.1016/j.jare.2019.03.004
http://doi.org/10.1016/j.eti.2020.101191
http://doi.org/10.1016/j.ecoleng.2011.10.005
http://doi.org/10.1016/j.geoderma.2020.114542
http://doi.org/10.1016/j.apsoil.2015.03.006
http://doi.org/10.3390/microorganisms5040079
http://www.ncbi.nlm.nih.gov/pubmed/29207532
http://doi.org/10.1007/s11104-019-04345-x
http://doi.org/10.1186/s13717-014-0029-2
http://doi.org/10.3389/fpls.2020.569871
http://doi.org/10.1016/j.soilbio.2019.107662
http://doi.org/10.1038/ismej.2008.80
http://doi.org/10.1016/j.scitotenv.2018.03.258
http://www.ncbi.nlm.nih.gov/pubmed/29758863


Biology 2021, 10, 819 20 of 22

27. Ye, C.; Butler, O.; Chen, C.; Liu, W.; Du, M.; Zhang, Q. Shifts in characteristics of the plant-soil system associated with flooding
and revegetation in the riparian zone of Three Gorges Reservoir, China. Geoderma 2020, 361, 114015–114026. [CrossRef]

28. Zhang, Q.; Lou, Z. The environmental changes and mitigation actions in the Three Gorges Reservoir region, China. Environ. Sci.
Policy 2011, 14, 1132–1138. [CrossRef]

29. Arif, M.; Tahir, M.; Zheng, J.; Li, C.X. Impacts of riparian width and stream channel width on ecological networks in main
waterways and tributaries. Sci. Total Environ. 2021, 792, 148457. [CrossRef]

30. Liu, J.; Jiang, T.; Wang, F.; Zhang, J.; Wang, D.; Huang, R.; Yin, D.; Liu, Z.; Wang, J. Inorganic sulfur and mercury speciation in the
water level fluctuation zone of the Three Gorges Reservoir, China: The role of inorganic reduced sulfur on mercury methylation.
Environ. Pollut. 2018, 237, 1112–1123. [CrossRef]

31. Wang, C.; Li, C.; Wei, H.; Xie, Y.; Han, W. Effects of Long-Term Periodic Submergence on Photosynthesis and Growth of Taxodium
distichum and Taxodium ascendens Saplings in the Hydro-Fluctuation Zone of the Three Gorges Reservoir of China. PLoS ONE
2016, 11, e0162867. [CrossRef]

32. Ren, Q.; Song, H.; Yuan, Z.; Ni, X.; Li, C. Changes in Soil Enzyme Activities and Microbial Biomass after Revegetation in the
Three Gorges Reservoir, China. Forests 2018, 9, 249. [CrossRef]

33. Colombi, T.; Braun, S.; Keller, T.; Walter, A. Artificial macropores attract crop roots and enhance plant productivity on compacted
soils. Sci. Total Environ. 2017, 574, 1283–1293. [CrossRef]

34. Chen, Z.; Arif, M.; Wang, C.; Chen, X.; Li, C. Effects of Hydrological Regime on Foliar Decomposition and Nutrient Release in the
Riparian Zone of the Three Gorges Reservoir, China. Front. Plant Sci. 2021, 12, 661865. [CrossRef]

35. Zheng, J.; Arif, M.; Zhang, S.; Yuan, Z.; Zhang, L.; Dong, Z.; Tan, X.; Charles, W.; Li, C. The convergence of species composition
along the drawdown zone of the Three Gorges Dam Reservoir, China: Implications for restoration. Environ. Sci. Pollut. Res. 2021,
28, 42609–42621. [CrossRef]

36. Riley, D.; Barber, S.A. Bicarbonate Accumulation and pH Changes at the Soybean (Glycine max (L.) Merr.) Root-Soil Interface. Soil
Sci. Soc. Am. J. 1969, 33, 905–908. [CrossRef]

37. Yan, L.; Xie, C.; Xu, X.; Che, S. Effects of revetment type on the spatial distribution of soil nitrification and denitrification in
adjacent tidal urban riparian zones. Ecol. Eng. 2019, 132, 65–74. [CrossRef]

38. Gottel, N.R.; Castro, H.F.; Kerley, M.; Yang, Z.; Pelletier, D.; Podar, M.; Karpinets, T.; Uberbacher, E.; Tuskan, G.A.; Vilgalys,
R.; et al. Distinct Microbial Communities within the Endosphere and Rhizosphere of Populus deltoides Roots across Contrasting
Soil Types. Appl. Environ. Microbiol. 2011, 77, 5934–5944. [CrossRef]

39. Ren, Q.; Li, C.; Yang, W.; Song, H.; Ma, P.; Wang, C.; Schneider, R.L.; Morreale, S.J. Revegetation of the riparian zone of the Three
Gorges Dam Reservoir leads to increased soil bacterial diversity. Environ. Sci. Pollut. Res. 2018, 25, 23748–23763. [CrossRef]

40. Manoharan, L.; Kushwaha, S.K.; Ahrén, D.; Hedlund, K. Agricultural land use determines functional genetic diversity of soil
microbial communities. Soil Biol. Biochem. 2017, 115, 423–432. [CrossRef]

41. Bishara, A.; Moss, E.L.; Kolmogorov, M.; Parada, A.E.; Weng, Z.; Sidow, A.; Dekas, A.E.; Batzoglou, S.; Bhatt, A.S. High-quality
genome sequences of uncultured microbes by assembly of read clouds. Nat. Biotechnol. 2018, 36, 1067–1075. [CrossRef] [PubMed]

42. Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [CrossRef]
43. Wang, B.; Li, P.-P.; Huang, C.-H.; Liu, G.-B.; Yang, Y.-F. Effects of root morphological traits on soil detachment for ten her-baceous

species in the Loess Plateau. Sci. Total Environ. 2010, 754, 142304–142313. [CrossRef]
44. Löbmann, M.T.; Geitner, C.; Wellstein, C.; Zerbe, S. The influence of herbaceous vegetation on slope stability—A review. Earth-Sci.

Rev. 2020, 209, 103328. [CrossRef]
45. Xavier, R.D.O.; Leite, M.B.; Dexter, K.; Matos, D.M.D.S. Differential effects of soil waterlogging on herbaceous and woody plant

communities in a Neotropical savanna. Oecologia 2019, 190, 471–483. [CrossRef]
46. Skelton, R.P.; Brodribb, T.J.; Choat, B. Casting light on xylem vulnerability in an herbaceous species reveals a lack of seg-mentation.

New Phytol. 2017, 214, 561–569. [CrossRef] [PubMed]
47. Wang, Y.; Lyu, T.; Luo, A.; Li, Y.; Liu, Y.; Freckleton, R.P.; Liu, S.; Wang, Z. Spatial Patterns and Drivers of Angiosperm Sexual

Systems in China Differ Between Woody and Herbaceous Species. Front. Plant Sci. 2020, 11, 1222. [CrossRef] [PubMed]
48. Wang, P.; Huang, K.; Hu, S. Distinct fine-root responses to precipitation changes in herbaceous and woody plants: A me-ta-

analysis. New Phytol. 2020, 225, 1491–1499. [CrossRef] [PubMed]
49. Luo, Z.-B.; He, J.; Polle, A.; Rennenberg, H. Heavy metal accumulation and signal transduction in herbaceous and woody plants:

Paving the way for enhancing phytoremediation efficiency. Biotechnol. Adv. 2016, 34, 1131–1148. [CrossRef]
50. Anchang, J.Y.; Prihodko, L.; Kaptué, A.T.; Ross, C.W.; Ji, W.; Kumar, S.S.; Hanan, N.P. Trends in woody and herbaceous veg-etation

in the savannas of West Africa. Remote Sens. 2019, 11, 576. [CrossRef]
51. Razavi, B.S.; Zarebanadkouki, M.; Blagodatskaya, E.; Kuzyakov, Y. Rhizosphere shape of lentil and maize: Spatial distribution of

enzyme activities. Soil Biol. Biochem. 2016, 96, 229–237. [CrossRef]
52. Zhu, R.; Liu, J.; Wang, J.; Han, W.; Shen, Z.; Muraina, T.O.; Chen, J.; Sun, D. Comparison of soil microbial community between

reseeding grassland and natural grassland in Songnen Meadow. Sci. Rep. 2020, 10, 16. [CrossRef] [PubMed]
53. Yeoh, Y.K.; Dennis, P.G.; Paungfoo-Lonhienne, C.; Weber, L.; Brackin, R.; Ragan, M.A.; Schmidt, S.; Hugenholtz, P. Evolutionary

conservation of a core root microbiome across plant phyla along a tropical soil chronosequence. Nat. Commun. 2017, 8, 215–224.
[CrossRef]

http://doi.org/10.1016/j.geoderma.2019.114015
http://doi.org/10.1016/j.envsci.2011.07.008
http://doi.org/10.1016/j.scitotenv.2021.148457
http://doi.org/10.1016/j.envpol.2017.11.045
http://doi.org/10.1371/journal.pone.0162867
http://doi.org/10.3390/f9050249
http://doi.org/10.1016/j.scitotenv.2016.07.194
http://doi.org/10.3389/fpls.2021.661865
http://doi.org/10.1007/s11356-021-13774-0
http://doi.org/10.2136/sssaj1969.03615995003300060031x
http://doi.org/10.1016/j.ecoleng.2019.04.005
http://doi.org/10.1128/AEM.05255-11
http://doi.org/10.1007/s11356-018-2333-3
http://doi.org/10.1016/j.soilbio.2017.09.011
http://doi.org/10.1038/nbt.4266
http://www.ncbi.nlm.nih.gov/pubmed/30320765
http://doi.org/10.1038/nmeth.2604
http://doi.org/10.1016/j.scitotenv.2020.142304
http://doi.org/10.1016/j.earscirev.2020.103328
http://doi.org/10.1007/s00442-019-04423-y
http://doi.org/10.1111/nph.14450
http://www.ncbi.nlm.nih.gov/pubmed/28124474
http://doi.org/10.3389/fpls.2020.01222
http://www.ncbi.nlm.nih.gov/pubmed/32849756
http://doi.org/10.1111/nph.16266
http://www.ncbi.nlm.nih.gov/pubmed/31610024
http://doi.org/10.1016/j.biotechadv.2016.07.003
http://doi.org/10.3390/rs11050576
http://doi.org/10.1016/j.soilbio.2016.02.020
http://doi.org/10.1038/s41598-020-74023-x
http://www.ncbi.nlm.nih.gov/pubmed/33037306
http://doi.org/10.1038/s41467-017-00262-8


Biology 2021, 10, 819 21 of 22

54. Xu, J.; Zhang, Y.; Zhang, P.; Trivedi, P.; Riera, N.; Wang, Y.; Liu, X.; Fan, G.; Tang, J.; Coletta-Filho, H.D.; et al. The structure and
function of the global citrus rhizosphere microbiome. Nat. Commun. 2018, 9, 4894. [CrossRef]

55. Trivedi, P.; Anderson, I.C.; Singh, B.K. Microbial modulators of soil carbon storage: Integrating genomic and metabolic knowledge
for global prediction. Trends Microbiol. 2013, 21, 641–651. [CrossRef]

56. Naumova, N.; Belanov, I.; Alikina, T.; Kabilov, M. Undisturbed Soil Pedon under Birch Forest: Characterization of Microbiome in
Genetic Horizons. Soil Syst. 2021, 5, 14. [CrossRef]

57. Jones, R.T.; Robeson, M.; Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. A comprehensive survey of soil acidobacterial diversity
using pyrosequencing and clone library analyses. ISME J. 2009, 3, 442–453. [CrossRef]

58. Hamza, I.S.; Biegala, I.; Zouari, A.B.; Akrout, F.; Keskes, F.A.; Hamza, A.; Hassen, M.B. Diversity and abundance of diazotrophic
cyanobacteria in the central coastal area of the Gulf of Gabès (South-eastern Tunisia). Reg. Stud. 2021, 42, 101653.

59. Maltseva, I.A.; Maltsev, Y.I. Diversity of cyanobacteria and algae in dependence to forest-forming tree species and properties
rocks of dump. Int. J. Environ. Sci. Technol. 2021, 18, 545–560. [CrossRef]

60. Qi, D.; Wieneke, X.; Tao, J.; Zhou, X.; DeSilva, U. Soil pH Is the Primary Factor Correlating With Soil Microbiome in Karst Rocky
Desertification Regions in the Wushan County, Chongqing, China. Front. Microbiol. 2018, 9, 1027. [CrossRef]

61. Li, R.; Dörfler, U.; Schroll, R.; Munch, J.C. Biodegradation of isoproturon in agricultural soils with contrasting pH by exog-enous
soil microbial communities. Soil Biol. Biochem. 2016, 103, 149–159. [CrossRef]

62. Xia, Q.; Rufty, T.; Shi, W. Soil microbial diversity and composition: Links to soil texture and associated properties. Soil Biol.
Biochem. 2020, 149, 107953. [CrossRef]

63. Hsiao, C.-J.; Sassenrath, G.F.; Zeglin, L.H.; Hettiarachchi, G.M.; Rice, C.W. Vertical changes of soil microbial properties in claypan
soils. Soil Biol. Biochem. 2018, 121, 154–164. [CrossRef]

64. Guo, J.; McCulley, R.L.; Phillips, T.D.; McNear, D.H. Fungal endophyte and tall fescue cultivar interact to differentially affect bulk
and rhizosphere soil processes governing C and N cycling. Soil Biol. Biochem. 2016, 101, 165–174. [CrossRef]

65. Lopes, L.D.; Hao, J.; Schachtman, D.P. Alkaline soil pH affects bulk soil, rhizosphere and root endosphere microbiomes of plants
growing in a Sandhills ecosystem. FEMS Microbiol. Ecol. 2021, 97. [CrossRef] [PubMed]

66. Ju, Y.; Zhong, R.; Christensen, M.J.; Zhang, X. Effects of Epichloë gansuensis Endophyte on the Root and Rhizosphere Soil Bacteria
of Achnatherum inebrians Under Different Moisture Conditions. Front. Microbiol. 2020, 11, 747. [CrossRef]

67. Ventura, M.; Canchaya, C.; Tauch, A.; Chandra, G.; Fitzgerald, G.F.; Chater, K.F.; van Sinderen, D. Genomics of Actinobacteria:
Tracing the Evolutionary History of an Ancient Phylum. Microbiol. Mol. Biol. Rev. 2007, 71, 495–548. [CrossRef]

68. Elbendary, A.A.; Hessain, A.M.; El-Hariri, M.D.; Seida, A.A.; Moussa, I.M.; Mubarak, A.S.; Kabli, S.A.; Hemeg, H.A.; El Jakee, J.K.
Isolation of antimicrobial producing Ac-tinobacteria from soil samples. Saudi J. Biol. Sci. 2018, 25, 44–46. [CrossRef]

69. Araujo, R.; Gupta, V.V.S.R.; Reith, F.; Bissett, A.; Mele, P.; Franco, C.M.M. Biogeography and emerging significance of Ac-
tinobacteria in Australia and Northern Antarctica soils. Soil Biol. Biochem. 2020, 146, 107805–107845. [CrossRef]

70. Raimondo, E.E.; Aparicio, J.D.; Briceño, G.E.; Fuentes, M.S.; Benimeli, C.S. Lindane Bioremediation in Soils of Different Textural
Classes by an Actinobacteria Consortium. J. Soil Sci. Plant Nutr. 2019, 19, 29–41. [CrossRef]

71. Brewer, J.S.; Souza, F.M.; Callaway, R.M.; Durigan, G. Impact of invasive slash pine (Pinus elliottii) on groundcover vegetation at
home and abroad. Biol. Invasions 2018, 20, 2807–2820. [CrossRef]

72. Guo, Z.; Zhang, X.; Dungait, J.A.; Green, S.M.; Wen, X.; Quine, T.A. Contribution of soil microbial necromass to SOC stocks
during vegetation recovery in a subtropical karst ecosystem. Sci. Total Environ. 2021, 761, 143945. [CrossRef]

73. Niva, M.; Hernesmaa, A.; Haahtela, K.; Salkinoja-Salonen, M.; Sivonen, K.; Haukka, K. Actinobacterial communities of boreal
forest soil and lake water are rich in mycobacteria. Boreal Environ. Res. 2006, 11, 45–53.

74. Ye, C.; Cheng, X.; Zhang, Q. Recovery approach affects soil quality in the water level fluctuation zone of the Three Gorges
Reservoir, China: Implications for revegetation. Environ. Sci. Pollut. Res. 2013, 21, 2018–2031. [CrossRef]

75. Chen, L.; Liao, H. Engineering crop nutrient efficiency for sustainable agriculture. J. Integr. Plant Biol. 2017, 59, 710–735. [CrossRef]
76. Vymazal, J. Removal of nutrients in various types of constructed wetlands. Sci. Total Environ. 2007, 380, 48–65. [CrossRef]
77. Schönbrunner, I.M.; Preiner, S.; Hein, T. Impact of drying and re-flooding of sediment on phosphorus dynamics of river-floodplain

systems. Sci. Total Environ. 2021, 432, 329–337. [CrossRef]
78. Arthur, E. Rapid estimation of cation exchange capacity from soil water content. Eur. J. Soil Sci. 2017, 56, 365–373. [CrossRef]
79. Seaton, F.M.; Jones, D.L.; Creer, S.; George, P.; Smart, S.M.; Lebron, I.; Barrett, G.; Emmett, B.A.; Robinson, D.A. Plant and

soil communities are associated with the response of soil water repellency to environmental stress. Sci. Total Environ. 2019,
687, 929–938. [CrossRef]

80. Shu, X.; Zhang, K.; Zhang, Q.; Wang, W. Response of soil physico-chemical properties to restoration approaches and sub-mergence
in the water level fluctuation zone of the Danjiangkou Reservoir, China. Ecotoxicol. Environ. Saf. 2017, 145, 119–125. [CrossRef]

81. Pascual, J.; Blanco, S.; Ramos, J.L.; van Dillewijn, P. Responses of bulk and rhizosphere soil microbial communities to ther-
moclimatic changes in a Mediterranean ecosystem. Soil Biol. Biochem. 2018, 118, 130–144. [CrossRef]

82. Oberholster, T.; Vikram, S.; Cowan, D.; Valverde, A. Key microbial taxa in the rhizosphere of sorghum and sunflower grown in
crop rotation. Sci. Total Environ. 2018, 624, 530–539. [CrossRef]

83. Fan, K.; Weisenhorn, P.; Gilbert, J.A.; Chu, H. Wheat rhizosphere harbors a less complex and more stable microbial co-occurrence
pattern than bulk soil. Soil Biol. Biochem. 2018, 125, 251–260. [CrossRef]

http://doi.org/10.1038/s41467-018-07343-2
http://doi.org/10.1016/j.tim.2013.09.005
http://doi.org/10.3390/soilsystems5010014
http://doi.org/10.1038/ismej.2008.127
http://doi.org/10.1007/s13762-020-02868-w
http://doi.org/10.3389/fmicb.2018.01027
http://doi.org/10.1016/j.soilbio.2016.08.022
http://doi.org/10.1016/j.soilbio.2020.107953
http://doi.org/10.1016/j.soilbio.2018.03.012
http://doi.org/10.1016/j.soilbio.2016.07.014
http://doi.org/10.1093/femsec/fiab028
http://www.ncbi.nlm.nih.gov/pubmed/33580950
http://doi.org/10.3389/fmicb.2020.00747
http://doi.org/10.1128/MMBR.00005-07
http://doi.org/10.1016/j.sjbs.2017.05.003
http://doi.org/10.1016/j.soilbio.2020.107805
http://doi.org/10.1007/s42729-018-0003-7
http://doi.org/10.1007/s10530-018-1734-z
http://doi.org/10.1016/j.scitotenv.2020.143945
http://doi.org/10.1007/s11356-013-2128-5
http://doi.org/10.1111/jipb.12600
http://doi.org/10.1016/j.scitotenv.2006.09.014
http://doi.org/10.1016/j.scitotenv.2012.06.025
http://doi.org/10.1111/ejss.12418
http://doi.org/10.1016/j.scitotenv.2019.06.052
http://doi.org/10.1016/j.ecoenv.2017.07.023
http://doi.org/10.1016/j.soilbio.2017.12.013
http://doi.org/10.1016/j.scitotenv.2017.12.170
http://doi.org/10.1016/j.soilbio.2018.07.022


Biology 2021, 10, 819 22 of 22

84. Zhao, F.; Bai, L.; Wang, J.; Deng, J.; Ren, C.; Han, X.; Yang, G. Change in soil bacterial community during secondary succession
depend on plant and soil characteristics. Catena 2019, 173, 246–252. [CrossRef]

85. Pan, X.; Zhang, S.; Zhong, Q.; Gong, G.; Wang, G.; Guo, X.; Xu, X. Effects of soil chemical properties and fractions of Pb, Cd, and
Zn on bacterial and fungal communities. Sci. Total Environ. 2020, 715, 136904. [CrossRef] [PubMed]

86. Wang, J.-T.; Cao, P.; Hu, H.; Li, J.; Han, L.-L.; Zhang, L.; Zheng, Y.-M.; He, J.-Z. Altitudinal Distribution Patterns of Soil Bacterial
and Archaeal Communities Along Mt. Shegyla on the Tibetan Plateau. Microb. Ecol. 2014, 69, 135–145. [CrossRef]

87. Ye, C.; Chen, C.; Butler, O.M.; Rashti, M.R.; Esfandbod, M.; Du, M.; Zhang, Q. Spatial and temporal dynamics of nutrients in
riparian soils after nine years of operation of the Three Gorges Reservoir, China. Sci. Total Environ. 2019, 664, 841–850. [CrossRef]
[PubMed]

88. Wang, C.; Xie, Y.; Ren, Q.; Li, C. Leaf decomposition and nutrient release of three tree species in the hydro-fluctuation zone of the
Three Gorges Dam Reservoir, China. Environ. Sci. Pollut. Res. 2018, 25, 23261–23275. [CrossRef]

89. Yuan, Z.; Ni, X.; Arif, M.; Dong, Z.; Zhang, L.; Tan, X.; Li, J.; Li, C. Transcriptomic Analysis of the Photosynthetic, Respiration, and
Aerenchyma Adaptation Strategies in Bermudagrass (Cynodon dactylon) under Different Submergence Stress. Int. J. Mol. Sci. 2021,
22, 7905. [CrossRef] [PubMed]

http://doi.org/10.1016/j.catena.2018.10.024
http://doi.org/10.1016/j.scitotenv.2020.136904
http://www.ncbi.nlm.nih.gov/pubmed/32007886
http://doi.org/10.1007/s00248-014-0465-7
http://doi.org/10.1016/j.scitotenv.2019.02.036
http://www.ncbi.nlm.nih.gov/pubmed/30769308
http://doi.org/10.1007/s11356-018-2357-8
http://doi.org/10.3390/ijms22157905
http://www.ncbi.nlm.nih.gov/pubmed/34360668

	Introduction 
	Materials and Methods 
	Site Description 
	Soil Sampling 
	Determination Method 
	Determination of Soil Nutrients 
	Soil Microbial Community Determination 

	Statistics Analysis 

	Results 
	The Soil Physical and Chemical Properties in Different Periods 
	The Soil Bacterial Community Characteristic in Different Periods 
	Relationship between Soil Microbial Community and Soil Property in Different Periods 

	Discussion 
	Conclusions 
	References

