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basis for the application of vermiculite in aquatic ecological restoration. Results of growth
indexes demonstrated that 5% and 10% vermiculite treatment groups statistically promote
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oxide dismutase (SOD), and catalase (CAT) activity of 5% and 10% group were increased
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site result (p < 0.05), which illustrated that vermiculite can improve the resistance of plants

indicators
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ponent Analysis) demonstrated 5% and 10% group has improved the sediment physical conditions and create more ecological niche for microorganisms directly, and then promoted
the growth of plants. The dissolution results showed that vermiculite can dissolve the constant and trace elements needed for plant growth. Furthermore, the addition of vermiculite
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increased the diversity of microorganisms in the sediments, and promoted the increase of
plant growth-promoting bacteria and phosphorus-degrading bacteria. This study could provide a technique reference for the further application of vermiculite in the field of ecological
restoration.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In recent years, with the development of economy and society, ecological problems such as eutrophication have become
more prominent (Abell et al., 2019). The exogenous nutrients have been effectively reduced with the implementation
of various control measures (Kopacek et al., 2005), while the
lake eutrophication problems were not effectively improved,
the main cause of this phenomenon is through the accumulation of a long time stored in the lake sediment nitrogen
and phosphorus and other nutrients release from sediment
(Huang et al., 2015). Therefore, reducing phosphorus load of
sediment has been considered as one of the key technologies
to control eutrophication (Chen et al., 2018).
Submerged macrophyte act as the main primary producers of shallow lakes, occupy the main interface of water and
sediment in lakes, and regulate the material, energy cycle and
transfer of lake ecosystems (Zhen et al., 2020). The plants
can absorb phosphorus and regulate the migration and transformation of phosphorus in sediments and overlying water
during the growth process (Zhao et al., 2012; Li et al., 2020).
Therefore, the transformation of eutrophic lakes into healthy
grass-type lakes usually requires the reconstruction of aquatic
vegetation dominated by submerged macrophyte (Gao et al.,
2017). Aquatic vegetation restoration has gradually become
the research hotspot of ecological remediation technology due
to its low cost, environmental friendliness, and lasting effect
(Song et al., 2018).
Sediment of shallow lakes is an important factor that affect
the normal growth and reproduction of submerged macrophyte. It is the basic condition for rooting and stable growth
of aquatic plants, and provides a large amount of nutrients
for plants (Xie et al., 2005). However, the sediments in many
eutrophic lakes are not suitable for the growth of submerged
macrophyte, which results in the global decline of submerged
macrophyte in many eutrophic lakes (Zhu et al., 2016). Thus,
improving the physical and chemical conditions of sediment
to promote the growth of submerged macrophyte has the vital
significance in the ecological restoration process of eutrophic
lakes (Tang et al., 2014; Human et al., 2015).
Sediment restoration techniques mainly include sediment
dredging, aeration, and chemical addition (Devesa-Rey et al.,
2011; Egemose et al., 2010). These methods often have problems such as consuming a lot of manpower and material resources and easily causing secondary pollution (Zhong et al.,
2008). Therefore, the in-situ improvement technology of sediments has received more and more attention. Natural minerals such as bentonite (Liu et al., 2021), zeolite (Yang et al.,
2014), and attapulgite (Yin and Kong, 2015) are common substrate improving materials, and environmental friendliness is
a common feature of these materials.

Vermiculite is a natural clay mineral that is widely distributed all over the world. And it has a strong adsorption
capacity and cation exchange capacity due to the special
layered structure (Rama et al., 2019). Vermiculite has been
widely applied as adsorbing material in sewage treatment due
to the characteristics of inexpensive, environment friendly,
high cation exchange capacities and strong sorption properties. Some studies reported that vermiculite can adsorb nitrogen, phosphorus, and heavy metal elements in sewage
(Moraes et al., 2019; Da Silva et al., 2003). However, reports of
its application as a sediment modifier to aquatic ecological
restoration are relatively rare. The knowledge about the effect of vermiculite on submerged macrophyte ecophysiological characters and sediment microecological environment is
limited.
In this study, we proposed hypothesis that vermiculite
could promote the growth process of Vallisneria spiralis, and
performed from the following contents: (1) compare the effect
of different vermiculite mixing ratio on the growth of Vallisneria spiralis; (2) investigate the effect of different vermiculite
mixing ratio on ecophysiological characters of Vallisneria spiralis; (3) determine the effect of vermiculite on microorganisms and sediment environment; (4) determine the relationship between ecophysiological characters of Vallisneria spiralis,
vermiculite mixing ratio and environmental variables. The results of this study are expected to provide technical foundation for the application of vermiculite to ecological restoration
project in eutrophic lakes.

1.

Materials and methods

1.1.

Study site and sediment collection

In May 2019, approximately 10 cm thickness surface sediment samples were collected 3 times randomly using a Peterson grab sampler from the center location of Xiaonanhu Lake
(30° 13 45 N, 120° 8 32 E), one sub-lake of West Lake located in
Hangzhou, Zhejiang Province, China, and then mixed for subsequent experiment. The ORP (oxidation reduction potential)
and pH of sediment samples were measured in situ by ORP
depolarization automatic analyzer (FJA-6, Nanjing Chuan-Di
Instrument & Equipment Co., Ltd, China). The sediment samples were sealed in plastic bags and transported to the laboratory, dried at 55°C for 24 hr, and then sieved with a stand
100-mesh sieve for further testing and cultivating submerged
macrophyte (Liu et al., 2017). The basic physical and chemical properties of sediment that collected from Xiaonanhu lake
are: pH 6.86 ± 0.02, OM 13.1% ± 0.26%, TN 7750 ± 32.25 mg/kg,
TP 1313 ± 24.79 mg/kg, Eh 52.6 ± 3.48 mV. Nutrient content
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of sediment exhibited a high level and the pollution degree is
serious.

1.2.

Experimental materials

Vallisneria spiralis is a perennial and common submersed
macrophyte species, thrives in most shallow lakes in China,
and has been widely used as an ecological engineering species
of aquatic ecosystem restoration due to the uptake of plant
tissue for excess nutrients in the water body (Han et al., 2018).
The Vallisneria spiralis in this experiment was purchased from
Hangzhou, China, and washed with deionized water to remove impurities. The purchased submerged plants were incubated in a constant temperature room with a temperature of
25°C, a light intensity of 4000 lx, and a light-dark ratio of 14:10
for 7 days. When transplanting into the prepared aquariums,
the healthy and equal-size plant were selected and approximately pruned with uniform standard that keep the length of
leaves and root were 15 cm and 3 cm, respectively. The vermiculite rough used in the experiment is produced in Lingshou
County, Shijiazhuang City, Hebei Province, China, and its particle size is 2–4 mm. After washing with pure water and soaking for 24 hr, the vermiculite was mixed into Xiaonanhu lake
sediments for incubating submerged plant later.

1.3.

Batch experiments

1.3.1.
ralis

Effect of vermiculite on the growth of Vallisneria spi-

The experiment was carried out in aquariums (20 cm in diameter, 30 cm in heigh, 15 cm in width). 30 plants Vallisneria
spiralis were planted in each aquarium, filled the aquariums
with water and keep the water level constant during the experiment. A total of 7 different types of sediments were set
up, including a control group (0%) that only containing West
Lake sediments, and 6 treatment groups. The mass proportions of vermiculite in the sediments were 1%, 5%, 10%, 20%,
50%, and 100%, respectively, set three replicates in each group.
The experimental devices were placed in a constant temperature room in Wuhan, China, from June 25, 2019 to November
15, 2019. The indoor temperature was about 25° C, indoor atmospheric pressure was about 101.325 Pa. All the data were
the average of three independent replicates in this experiment.
The experiment was carried out for half a year. The growth,
ecophysiological indexes of plants were measured once every
half a month in the early stage, and once a month in the later
stage after stabilization. During the experiment, three plants
were sampled at random. After washing, the height of the
plant was measured with a tape measure, and the biomass
was weighed using a scale. 2 g leaves were collected to measure ecophysiological indicators, the chlorophyll content of
leaves was detected by the Lichtenthaler-Arnon method, malondialdehyde (MDA) content was determined by the thiobarbituric acid method, superoxide dismutase (SOD) and catalase (CAT) activity were determined by guaiacol method, soluble sugar content is determined by the anthrone colorimetric
method (Yang et al., 2011).

1.3.2.

Sediment sampling and laboratory analysis

In order to investigate the influence of vermiculite on the
physical and chemical properties, oxidation reduction potential (ORP), pH, organic materials (OM), total phosphorus
(TP), total nitrogen (TN) were measured in this study. Sediment samples for determining sediment physical and chemical were collected once every half a month in the early stage,
and once a month in the later stage after stabilization. The
sediment ORP and pH of sediment samples were measured in
situ by ORP depolarization automatic analyzer (FJA-6, Nanjing
Chuan-Di Instrument & Equipment Co., Ltd, China). Sediment
organic materials (OM) content was measured by an ignition
method. The sediment total nitrogen and total phosphorus
were measured by the alkaline potassium persulfate digestion
method and molybdenum blue method, respectively.

1.3.3.

Microcosm experiments

The sediment samples used for microcosm analysis were collected with improved medical syringes (3 cm in diameter;
12 cm in length) at the initial and final period of the experiment, respectively. The samples were placed in sterile centrifuge tubes (10 mL) and stored in an ultra-low temperature
refrigerator at -80° C. Afterwards, Shanghai Bioengineering Co.,
Ltd. was commissioned to detect the microbial community
structure based on the Illumina MiSeq high-throughput sequencing method. The specific process is that after extracting genomic DNA from the sample, amplify the V3-V4 region
of 16S rDNA with barcode-specific primers. The primer sequences are 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). Then the PCR amplified product
was cut and recovered, and quantified with a QuantiFluor TM
fluorometer. The purified amplified products were mixed in
equal amounts, and the sequencing adapters were connected
to construct a sequencing library, which was sequenced on
Hiseq2500 PE250.

1.3.4.

Material dissolution test

200 g of vermiculite samples were placed in 350 mL tissue culture bottles, then added 300 mL deionized water, placed these
bottles in a greenhouse at 25° C. Aqueous solution was taken
out for determination of the dissolved elements on day 1, 3, 5,
10, 15, 20, and 30, respectively. The Prodigy 7 ICP-OES/ICP-AES
(Leeman Labs Inc, USA) for analytical detection has a continuous coverage of wavelengths ranging from 165 nm to 1100 nm,
with an optical resolution of 0.007 nm (at 200 nm), the degree
of precision is 2%.

1.4.

Data analyses

The obtained data was calculated by Microsoft excel, and all
graphics were manufactured by Origin 2018 except PCA (Principal Component Analysis) graphic by CANOCO 5.0. The statistical significance level was set to p < 0.05, and the Tukey HSD
test method of two-way ANOVA was used to determine the
differences of each treatment group. Significant differences of
ecophysiological characters of Vallisneria spiralis among different vermiculite content group, and among different sampling
days were showed in Appendix A Tables S1–S3. The mean values of data and standard deviation were expressed as mean
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Fig. 1 – Effect of vermiculite on growth index of Vallisneria spiralis (Mean value ± SD, n = 3). a: height, b: biomass. 1%, 5%,
10%, 20%, 50%: groups with different the mass proportion of vermiculite in the sediment; 0%: control group.

± SD and the sample number was three. The above statistical analyses were performed using SPSS 19.0 software (SPSS
Inc., Chicago, IL, USA; Version 19.0). PCA (Principal Component Analysis) was carried out to determine the relationship
between ecophysiological characters of Vallisneria spiralis, vermiculite mixing ratio and environmental variables.

trol group (p < 0.05), while the 20%, 50%, and 100% groups were
significantly lower than the control group (p < 0.05).

2.2.
Effect of vermiculite on ecophysiological indexes of
Vallisneria spiralis
2.2.1. Effect of vermiculite on chlorophyll content of Vallisneria spiralis

2.

Results

2.1.
Effect of vermiculite on the growth indexes of
Vallisneria spiralis
The tissue height and biomass of submerged plant were measured during the experimental period, which can directly represent growth status of plants.
Fig. 1 showed that the growth variation of Vallisneria spiralis along with incubation time. July to September is a period of vigorous growth of Vallisneria spiralis, and the fastest
growth rate from 25th August to 15th September, and the plant
height and biomass of groups reached the highest value in
15th September, and then declined gradually. From Fig. 1a and
Appendix A Table S1, the plant height of the treatment group
with 5% vermiculite mixing ratio was higher than that of the
control group (0%) during the whole experimental period, and
was significantly higher than the control group in the later
period of the experiment (p < 0.05). In 15th September, the
plant height of the 5% group was the largest, and the height
was 122.2% of the control group and the increase was 266.7%
compared with 20th June. When the vermiculite mixing ratio
exceeds 20% during 20th June to 10th August, the growth improvement of vermiculite on plant was not significant, but the
improve effect has lost, and the plant height of the 50% and
100% groups declined faster than the control after 10th August.
Fig. 1b showed that the change of biomass has the same
trend as the change of plant height. In 15th September, the
biomass of 5% and 10% groups were 121% and 119.3% of the
control group, which were significantly higher than the con-

It can be seen from Fig. 2 that the variation trend of chlorophyll a (Chl-a), chlorophyll b (Chl-b) and total chlorophyll (Chla+Chl-b) content is consistent throughout the experiment cycle, and the content in August and September was higher than
that in other periods. But in 15th October, chlorophyll was reduced and the plants entered the stage of senescence, which
is consistent with the change of growth index. In the stage of
plant senescence, the chlorophyll content in the 5% and 10%
groups were higher than that in the control group, while the
chlorophyll content in the 20%, 50%, and 100% groups were
significantly lower than that in the control group (p < 0.05).

2.2.2. Effect of vermiculite on malondialdehyde content of Vallisneria spiralis
From Fig. 3a, the MDA content of plants reached the maximum in 20th July, the possible reason is that submerged plant
was not fully adapted to the new environment as planted.
Compared with the control group, the mixing ratio of 1%, 5%,
and 10% groups were lower, and the groups with the vermiculite mixing ratio more than 10% were significantly higher
(p < 0.05). The MDA content of 20%, 50%, and 100% groups were
153.2%, 164.0%, and 140.9% of the control group, respectively.

2.2.3. Effect of vermiculite on the enzyme activity of Vallisneria spiralis
Fig. 3c showed that although the content of MDA in plants has
increased, CAT was also produced in plants to resist the damage, CAT activity in 5% was the highest. In 20th July, the CAT activity of the 5% group was 118.9%, 145.3%, 139.3%, and 180.9%
of the control group, 20%, 50%, and 100% group, respectively.
During the whole experiment period, MDA content in 5% and
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Fig. 2 – Effect of vermiculite on chlorophyll content of Vallisneria spiralis (Mean value ± SD, n = 3). a: Chl-a, b: Chl-b, c:
Chl-a+Chl-b, d: Chl-a/Chl-b. 1%, 5%, 10%, 20%, 50%: groups with different the mass proportion of vermiculite in the
sediment; 0%: control group.

10% groups were always lower than that in other groups, and
the activity of SOD and CAT was always higher. In November,
the plant produces a lot of SOD to resist the decay process,
and Fig 3b also showed that the SOD activity of 5% and 10%
groups were significantly higher than that of the control group
(p < 0.05).

ond axis were 51.12% and 68.27%, respectively. All submerged
plant ecophysiological indexes except for MDA, and sediment
chemical properties were negatively correlated with vermiculite mixing ratio, while all of sediment physical properties
exhibited positive correlation.

2.4.
2.2.4. Effect of vermiculite on the soluble sugar content of Vallisneria spiralis
In Fig. 3d, the soluble sugar content of each group has decreased significantly in the first month after the plant was
planted. The content of each group has increased to a certain
extent after August, indicating that Vallisneria spiralis is gradually adapting to the new sediment environment. During the
whole experimental period, the soluble sugar content of the
1%, 5%, and 10% groups were always higher than that of the
control group, and the content of the 5% group increased significantly in October (p < 0.05).

2.3.

Redundancy analysis

Principal component analysis was carried out to determine
the correlation between vermiculite mixing ratio, Vallisneria spiralis ecophysiological indexes, and main environmental variables in Fig. 4. PCA results showed that the first and
second ordination axes of the PCA eigenvalues were 0.5112
and 0.1714, and the explained variation of the first and sec-

Vermiculite dissolution analysis

The dissolution results of vermiculite were showed in Fig. 5. In
the 30-day dissolution test, vermiculite mainly dissolves constant elements such as K, Ca, Mg. The dissolution amount of K
and Ca increased with the increase of time. 30 days later, the
dissolution amounts of the two elements reached 3.5287 mg/L
and 11.1625 mg/L, indicating that vermiculite can continuously dissolve the essential elements needed for plant growth.
It can be seen from Fig. 5b that vermiculite can also dissolve
trace elements including Fe, Mn, Zn, Cu, B, etc., which are
needed for plant growth. The amount of Fe dissolution showed
a decreasing trend with the increase of time, while the amount
of Zn increased from the 15th day, and the amount of dissolution of B maintained at a relatively stable level. Among these
dissolved elements, K and B participate in the development of
plant branches and roots, and Mg act as a significant role in
chlorophyll synthesis of plants. In addition, vermiculite also
dissolves trace amounts of heavy metals, but all dissolution
concentration of heavy metal was far below the harmful concentration.
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Fig. 3 – Effect of vermiculite on ecophysiological indexes of Vallisneria spiralis (Mean value ± SD, n = 3). a: MDA content, b:
SOD activity, c: CAT activity, d: soluble sugar content. 1%, 5%, 10%, 20%, 50%: groups with different the mass proportion of
vermiculite in the sediment; 0%: control group.

Table 1 – α diversity index of bacterial community in different vermiculite content groups.
Date

Sample

OTUs

Chao

ACE

Shannon

Simpson

Shannoneven

Coverage

2019.07.05

0%
5%
10%
0%
5%
10%

1672.0
1701.0
1796.0
2138.0
2061.0
2574.0

2135.01
2240.76
2158.65
2622.59
2509.92
2925.28

2094.58
2208.57
2208.75
2623.11
2511.67
2910.29

4.80
4.77
4.63
5.22
5.17
5.31

0.04
0.06
0.07
0.03
0.05
0.04

0.65
0.64
0.62
0.68
0.68
0.68

0.99
0.99
0.99
0.99
0.99
0.99

2019.12.15

2.5.
Influence of vermiculite on the substrate
microecological environment
2.5.1.
strate

Influence of vermiculite on microbial diversity of sub-

Through the above analysis, we can conclude that 5% and 10%
vermiculite content have a certain promotion effect on the
growth of Vallisneria spiralis compared with the control group.
In order to further explore the related causes and mechanisms, the rhizosphere microorganisms at the initial and final
period of the experiment were measured and analyzed.
The α diversity index of bacteria in different groups of vermiculite content in each stage is listed in Table 1. The microbial coverage rate of all the samples was 99%, which demonstrated that the obtained sequence library could adequately
characterize the bacterial community. In 5th July, OTUs de-

tected in 0%, 5%, and 10% groups were 1672, 1701, and 1796,
respectively, the 5% and 10% groups were significantly higher
than the control group. At the same time, Chao, and ACE indexes in 5% and 10% groups were also higher than that in the
control group. In 15th December, the Chao, ACE, Shannon index in each group increased and the Simpson index decreased
at the end of the experiment. The number of OTUs in each
group increased to 2138, 2061, and 2574, respectively.

2.5.2. Effects of vermiculite on microbial community structure
in substrate
Fig. 6 showed that the composition and abundance of dominant bacteria at the phylum level in the initial and final period
of the experiment for the control group, 5% and 10% treatment groups. There are certain differences in the composition of bacteria between different groups in the same period,
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and the same treatment also has significant changes in the
two period of the experiment, indicating that the addition of
vermiculite has a significant impact on the composition and
structure of bacteria in the sediment. Fig. 6a exhibited that
the phylum mainly has Firmicutes, Proteobacteria, Bacteroidetes,
Acidobacteria, and Actinobacteria, these dominant species occupy 0.54%–62.28% of the samples, respectively. Firmicutes and
Proteobacteria are the dominant community in all samples, accounting for 73.43%, 75.43%, and 75.33% of the total bacteria in
0%, 5%, and 10% group, as the content of vermiculite increases,
the abundance of these two bacteria also increases.

3.

Discussion

3.1.
Effect of vermiculite on the growth index of
Vallisneria spiralis

Fig. 4 – PCA results of the impact of vermiculite mixing ratio
on Vallisneria spiralis ecophysiological indexes and main
environmental variables. Gray, light blue, reseda, green,
orange, purple and red represent 0%, 1%, 5%, 20%, 50%, and
100% mixing ration, respectively (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.).

The growth rate results of plant indicates that a certain
amount of vermiculite content can promote the growth of
plants, but when it exceeds 20%, it has no promotion effect
on the growth of plant. Addition of vermiculite with 5% and
10% mixing ratio also can delay the senescence of submerged
plant.

3.2.
Effect of vermiculite on ecophysiological indexes of
Vallisneria spiralis
Chlorophyll is the most important pigment for photosynthesis
in higher plants (Zhang et al., 2019), and its content reflects the

Fig. 5 – Results of dissolution of vermiculite along with time.
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Fig. 6 – Distribution of bacterial 16S rRNA gene sequence in different vermiculite content groups at the phylum in different
period. a: Sampling time on 2019.07.05; b: Sampling time on 2019.12.15.

photosynthetic capacity and growth status of plants to some
extent (Bartwal et al., 2013). Excessive content of vermiculite is
not conducive to promoting the growth of submerged plants,
and 5% and 10% vermiculite content are the most suitable for
plant growth.
Malondialdehyde (MDA) is one of the most important products of membrane lipid peroxidation (Pilarska et al., 2017). Its
production may increase membrane damage. High content indicates that the environment is not suitable for the growth
of the plant. The MDA results showed that the environment
with less than 10% vermiculite mixing ratio is more suitable
for plant growth. On the stage of senescence, the MDA mixing ratio of 5% group was lower than that of the control group,
indicating that adding a certain amount of vermiculite could
slow down the aging of plants.
Superoxide dismutase (SOD) and catalase (CAT) are antioxidant enzymes produced by plant leaves during senescence. They can remove excess oxygen radicals in plants and
thus reduce the damage to plants (Singh et al., 2020). Furthermore, the soluble sugar content can reflect the carbon nutritional status of plants. When the content is higher, the osmotic potential and freezing point can be reduced, to better adapt to changes in external environmental conditions
(Passaia and Margis-Pinheiro, 2015). The soluble sugar content
of the 1%, 5%, and 10% groups were always higher than that of
the control group during the whole experimental period, and
the content of the 5% group increased significantly in October (p < 0.05), which demonstrated that Vallisneria spiralis in
the group can better adapt to that environment and has the
strongest resistance to cope with changes in the growth environment. The results of SOD and CAT of Vallisneria spiralis also
support the conclusion that 5% and 10% vermiculite mixing
ratio alleviate the stress from environment and its senescence
of Vallisneria spiralis.

3.3.

Principal component analysis

Vermiculite mainly affects the growth of plants by changing
physical properties of the sediment. This result could be contributed to that vermiculite has a layered structure with water molecules and exchangeable cations between the layers,
which affect the pH and ORP of the sediment to a certain extent. In addition, the sample sites have an obviously heterogeneous distribution among every treatment with different vermiculite mixing ratio, especially the treatment with 5% and
10% mixing ratio exhibited the higher improvement of substrate on Vallisneria spiralis ecophysiological indexes, and sediment chemical properties, next the treatment with 0%, 1%,
and 20% mixing ratio stood transition period, but the treatment with 50% and 100% mixing ratio exhibited the opposite
effect. The results are consistent with the preceding results in
this study.

3.4.

Vermiculite dissolution analysis

The main sources of nutrients needed by submerged macrophyte during the growth process are the overlying water and
sediment, and the sediment plays a more important role. The
addition of vermiculite not only increases the content of constant elements such as K, Ca, Mg in the sediment, but also dissolves trace elements such as B, Fe, and Zn needed for plant
growth. Mg is a cofactor of many enzymes and an important
part of plant chlorophyll and vitamins (Dalcorso et al., 2013).
The addition of vermiculite can enhance the photosynthesis
ability of plants, this is the main reason why the chlorophyll
content of the 5% and 10% groups is higher than that of the
control during the vigorous growth period. Fe directly participates in the processes of electron transport and hormone synthesis (Hamner et al., 2017), K and B can promote the growth of
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plant branches and roots, and Zn can promote the synthesis of
protein, and improve the resistance of plants to high temperature, high salt, frost, and drought (Gupta et al., 2019), therefore,
the stress resistance of plants in the 5% and 10% treatment
groups were stronger. While the promotion effect is negligible
as the mixing ratio exceeds 10%. This may be due to the fact
that high concentrations of major and trace elements may not
have a positive effect on plant growth.

3.5.
Influence of vermiculite on the substrate
microecological environment
α diversity analysis can reflect the abundance and diversity
of the microbial community, including a series of statistical
analysis indexes such as Chao, ACE, Shannon, and Simpson
values to estimate the microbial diversity in the system. The
higher values of Chao, ACE, and Shannon and the smaller the
Simpson value, the more abundant the microbial species in
the sample (Su et al., 2015). The microbial diversity of each
group increased through the growth and reproduction of the
plants, and the Chao, ACE, and Shannon indexes of the 10%
group were higher than those of the control group, and the
microbial species were more abundant.
Firmicutes and Proteobacteria are the dominant community
in 0%, 5%, and 10% group, and the abundance of these two
bacteria also increases as the content of vermiculite increases.
Some researchers reported that Proteobacteria are widely distributed in sewage treatment systems. The genus of bacteria
related to the nitrogen and sulfur cycle plays an important role
in the biodegradation or conversion of pollutants (Guan et al.,
2015). The result of Fig. 6b showed that the dominant species
of bacteria did not change significantly at the end of the experiment. Although the abundance decreased, it was still the
main community. However, we found that Acidobacteria increased in the 5% and 10% groups, while the abundance of bacteria did not increase in the control group. Acidobacteria plays
an irreplaceable role in maintaining the stability of the ecosystem (Zhang et al., 2014). In the control group, certain phosphorus removal bacteria such as Burkholderia, GP6 and GP7 have
lower levels, while in the 5% and 10% groups, they were more
abundant. At the same time, the plant growth-promoting bacteria Bacillus was found in the 5% and 10% groups.
In aquatic ecosystems, microorganisms are not only an important part of the biomass in the system, but also affect the
material circulation and nutrient transfer process (Cotner and
Biddanda, 2002), and play an irreplaceable role in plant growth.
Rhizosphere microorganisms can synthesize many kinds of
auxin to promote plant growth. The function of microorganism enhances the degradation of organic matter, promotes the
mineralization of plant nutrient elements, and enhances the
supply of plant nutrients, some rhizosphere microorganisms
can secrete antibiotic substances to enhance the resistance
of plants (Ciurli et al., 2009). Table 1 and Fig. 5 demonstrated
that a proper amount of vermiculite mixing ratio in sediment
can promote the growth of rhizosphere microflora community and enhance the diversity of microorganisms. This may
be due to vermiculite has a special surface structure that is
scaly, the scales overlap, and the overall structure is loose and
porous. This structure makes vermiculite has a larger specific
surface area and more adsorption sites, thereby providing a

better microbial growth environment, and providing a subterranean environment more suitable for the growth of submerged macrophyte. It can also be seen from the results of
the microbial community structure, as the plant grows, the
diversity of microorganisms increases. This is because of the
growth of plant roots increases oxygen and adsorption sites
for microorganisms. Therefore, 5% and 10% vermiculite mixing ratio improve the sediment physical conditions and create
more ecological niche for microorganisms directly, which enhance the diversity and product of microorganisms that benefit to submerged plant growth.

4.

Conclusion

The growth indicators and physiological and ecological indicators of the 5% and 10% groups were better than those of the
control group. Meanwhile, the constant and trace elements
dissolved by vermiculite promoted the growth of plants and
improved the resistance of plants. In addition, the promotion
of 5% and 10% vermiculite mixing ratio on microbial diversity in the substrate was obviously. These findings attribute
to the fact that the porous structure of vermiculite provides
more living space for rhizosphere microorganisms and improves the physical properties of sediments. This research
demonstrated that 5% to 10% addition amount can promote
the growth of submerged macrophyte Vallisneria spiralis for the
sediment of Xiaonanhu Lake of West Lake in Hangzhou, Zhejiang Province. Therefore, vermiculite further applied to the
ecological restoration project has a vital significance in eutrophic lakes.
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