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Abstract: In the present study, the changes in the microbial populations, enzyme activity and bacterial
community structure in contaminated soils were investigated during the bioremediation of using
Stenotrophomonas sp. strain DXZ9 and ryegrass. The results showed that the removal rates were 81%
for DDT and 55% for DDE (69% for DDTs) with ryegrass-microbe. Microbial activity was remarkably
improved, and the number of bacteria increased sharply from 7.32 × 106 to 2.56 × 108 cells/g in the
10 days due to successful colonization of the strains and effects of the ryegrass rhizosphere. There was
significant difference in fungi number with ryegrass when comparing the 30th and 90th days with the
210th day: The actinomycete number in the soil with ryegrass was higher than without ryegrass, and
it indicated that the number of microorganisms significantly increased under the action of ryegrass.
The activities of polyphenol oxidase, dehydrogenase and catalase were significantly activated by
the combination of ryegrass and microbe, and urease activity was less affected: It has influence
on the diversity of bacterial community structure in the soil, but its influence gradually decreased
by denaturing gradient gel electrophoresis with an extension in time. The activities represented
promising tools for decontaminating and restoring the ecosystem in sustainable ways, and proposing
new approaches and technological bottlenecks to promote DDT biodegradation is very significant.

Keywords: phytoremediation; biodegradation; microbial remediation; bacterial community;
organochlorine pesticide

1. Introduction

Organic chlorinated pesticide such as 2,2-bis(4-Chlorophenyl)-1,1,1-trichloroethane
(DDTs) has been widely used in anti-malarial drugs, and it is one of the typical 12 persistent
organic pollutants. Due to its physicochemical properties and its persistence related
with a half-life up to 30 years, broad-spectrum toxicity and bioaccumulation, it was
prohibited in many countries, and it was banned in China in 1983. However, due to
its residues and its usage as antimalarial agents and raw materials for the production
of dicofol, DDT has been detected widely in environment and biological samples [1,2].
2,2-bis (4-chlorophenyl)-1,1,1-dichloroethylene (DDE) is the main aerobic metabolite of
DDT in the environment, which has been detected in environmental samples [3,4]. The
maximum residual concentrations of DDT and DDE in soil in China are 1.92 mg·kg−1 and
0.84 mg·kg−1, respectively [5,6]. Although the residue of DDT and DDE in soil is low, it still
poses a risk to plants, animals and humans due to its bioaccumulation. In this study, the
enhanced remediation of DDT and its metabolites in contaminated soil by microorganism
and plant was proposed.

The environmental remediation of toxic pollutants that harm the structure and func-
tion of the ecosystem has been a point of controversy in the world. The plant–microbe
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combined remediation of soil has become a hot topic in the field of soil remediation. The
technique has advantages of phytoremediation and microbial remediation to enhance the
degradation of organic pollutants in the rhizosphere. Phyto-microbial joint remediation of
organic pollutants contaminated soil was promising [7–11]. Inoculation of high-efficiency
degrading bacteria can effectively improve bioremediation efficiency. In order to highlight
the advantage of plants and microorganisms, it is necessary to explore the interactions
of plant–microbe and microbe–microbe so that the remediation system can be effectively
controlled. Therefore, it is of great significance to investigate the effects of plant-microbial
remediation on soil microbiology.

Soil microbes are an important component of soil ecosystem. Studies have shown
that the introduction of xenobiotic pollutants or exogenous microbes has an impact on soil
microbial diversity and activity [12–14]. Fragoeiro reported that the activity of cellulose,
dehydrogenase and laccase in inoculated soil significantly increased in the degradation
of simazine and dieldrin by white rot fungi [15]. Tejada [16] studied that the application
of chlorpyrifos inhibited dehydrogenase, urease, phosphatase and arylsulfatase activities
in soil, and the inhibition of the dehydrogenase, phosphatase and arylsulfatase activities
decreased in the bioremediation of municipal organic solid wastes and cattle manure.
Megharaj et al. [17] investigated soils with long-term contaminations of DDT where viable
counts of bacteria and algae declined with increasing DDT contamination; fungal counts,
microbial biomass and dehydrogenase activities increased in 27 mg·kg−1 contaminated soil;
and various indicators in soil microbiology were inhibited in 34 mg·kg−1 contaminated
soil. Species composition of algae and cyanobacteria was altered, and sensitive species
were eliminated in the contaminated soils: It is indicated that these organisms could be
useful as bioindicators of pollution.

Although there are some studies on soil microbial diversity and activity, there are
few reports on the impact of plant-microbial joint remediation on soil microorganisms,
especially DDT and DDE contaminated soils. In the previous study, Stenotrophomonas
strain DXZ9 successfully colonized in the soil, and the bioremediation of soil contaminated
with DDT and DDE by means of specific bacteria combined with ryegrass is the best and
most feasible. In the present study, the effects of plant–microbe joint remediation on soil
microbial quantity, enzyme activity and diversity of bacterial community structure have
been studied. These were represented as promising tools for decontaminating and restoring
the ecosystem in a sustainable manner and without causing much harm to biodiversity. It
is very significant to raise new approaches and technological bottlenecks to promote DDT
bioremediation. The theoretical basis was established to evaluate the bioremediation of soil
contaminated with organic pollutants.

2. Materials and Methods
2.1. Microorganism Strain DXZ9

The microorganisms were isolated from the sludge of the pesticide factory, which was
contaminated by DDT with an enrichment culture technique; the culture was regularly
transferred to a fresh medium at weekly intervals in a 500 mL Erlenmeyer flask. After
many such transfers, the consortium was gradually acclimated to increasing concentrations
of DDE from 50 to 100 mg·L−1, and the individual microbial strains in the acclimated
consortium were isolated on solid media by appropriate plating. The strains were then
grown with 50 mg·L−1 of DDE. Strain DXZ9 has been deposited in the China Center
for Type Culture Collection, and its strain number is CCTCCM2013304. The enrichment
culture and inoculation amount of bacterial strain DXZ9 in the soil were described in
Reference [18]. The degradation rate of Stenotrophomonas sp. strain DXZ9 for DDT and
DDE was 55.0% and 39.4%, respectively, in 5 d (the isolation procedure was performed
according to Reference [19]).
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2.2. Soil Sample

The soil is brunisolic soil, and it was sampled from the topsoil of an experimental plot
in the Panhe campus of Shandong Agricultural University, Taian, China (36◦09′58.1′′N:
117◦09′36.6′′E). The soil contained 17.6 mg kg−1 organic matter, 31.9% sand, 57.7% silt and
10.4% clay, and the additional parameters of soil such as organic nitrogenous, available
phosphorus, pH and CEC were 132.3 mg kg−1, 18.4 mg kg−1, 7.6 and 43.39 cmol kg−1,
respectively. The background concentration of p,p′-DDE in the soil used in this experiment
was 0.193 mg·kg−1, and p,p′-DDT was not detected in the soil.

2.3. Experimental Design

The experiment consisted of six treatments with 5 replicates each, namely S (Control),
S + D (soil with DDT/DDE), S + D + B (soil with DDT/DDE and DXZ9 bacteria), S + G
(soil with ryegrass), S + G + D (soil with DDT/DDE and ryegrass) and S + G + D + B (soil
with DDT/DDE, ryegrass and DXZ9), respectively. DDT/DDE dissolved in acetone, the
detailed experimental design and photo were showed in the Figure 1.

Figure 1. Experimental design and photos of the experiment on day 10th.

2.4. Collection of Soil Samples

The soil was collected with auger boring with length of 25 cm and 1.5 cm in diameter
by five points sampling method, and soil was collected in each pot on 2 h, 5 d, 10 d, 30 d,
60 d, 90 d, 150 d and 210 d. Soil samples measuring 200 g were collected by the quarter
sampling method. DDT and its metabolites in soil were analyzed after pretreatment of soil
samples. The residual determination method can be found in Reference [18].
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2.5. Microbial Enumeration and Community Structure and Enzymatic Activity of Tested Soil

The dilution plate counting method was used to detect changes in the number of soil
microorganisms, and LB, PDA and Gause’s No.1 culture medium were used to culture
bacteria, fungus and actinomycete [20], and the number is expressed as colony-forming
units (CFU) g−1 dry soil.

The activity of polyphenol oxidase in soil was determined by using the pyrogallic acid
colorimetric method; purpurigallin (PPG) was measured at 430 nm; and the activities are
expressed as g PPG g−1 soil. The determination of urease activity in soil was determined by
phenol sodium colorimetry [21]; catalase activity was measured by titrating residual H2O2
with KMnO4 [22]. The reacted amount of 0.02 mol·L−1 KMnO4, calculated per gram of dry
soil, was used to show the activity of catalase (mL·g−1). Dehydrogenase activities in soil
were determined by 2,3,5-triphenyltetrazolium chloride (TTC) [23], and it was determined
by measuring the quantity of TF, which was the reduced product of TTC per gram of dry
soil (mg·g−1).

The denaturing gradient gel electrophoresis (DGGE) method was used to study the
effects on microbial community diversity in soil.

2.6. DGGE Analysis

DNA in the soil was extracted by using the Power Soil DNA Isolation Kit (MO
BIO LAB). The isolated DNA was used as a template to amplify the 16S rDNA gene by
polymerase chain reaction (PCR) using the primers, and then the variable V3 region of
Stenotrophomonas was specifically amplified using primers [24]. A PCR-DGGE analysis
was used to determine the bacterial community’s composition, and the samples of the
V3 area PCR product for domain bacteria were evaluated by using the D-code mutation
detection system (Bio-Rad Laboratories, Inc., Shanghai, China). The PCR-DGGE analysis
was described in the previous study, and the number and brightness of bands in the DGGE
map reflect the kinds of microorganisms and the number of certain types of microorganisms
in polluted soil in a certain extent [24]. The diversity of bacterial community structure in
soils was researched by denaturing gradient gel electrophoresis method; soil samples at
four times were selected by plate counting method; and the four times were 0 d, 30 d, 90 d
and 210 d.

2.7. Data Analysis and Statistical Methods

The mean values of all data were compared using SPSS software program (version 21.0
for Windows) by a multiple comparison test at the 5% probability level. The results were
analyzed by variance (ANOVA test). Figures were produced using Sigmaplot 12.5. DGGE
profiles and cluster analyses were calculated with arithmetic averages (UPGMA) by Quan-
tity One software (Bio-Rad Laboratories, Inc., Shanghai, China).

3. Results
3.1. Combined Bioremediation of DDT and DDE with Ryegrass and Microorganisms in Soil

In the soil with S treatment, the concentrations of p,p′-DDE changed from 0.193 mg·kg−1

(background concentration) to 0.140 mg·kg−1, but in the soil with S + G, the concentration
reduced from 0.193 to 0.029 mg·kg−1 under the action of ryegrass.

The initial concentration of p,p′-DDT and p,p′-DDE in the soil were 2.23 and 1.26 mg·kg−1.
Table 1 shows the effects of ryegrass and microorganisms on the bioremediation of DDT
and DDE in soil.

In the soil with S+D treatment, because there is no action of microorganism and rye-
grass, degradation of p,p′-DDT and p,p′-DDE is very slow. The removal rate of p,p′-DDT
and p,p′-DDE was 77.1% and 52.4% in the soil with S + D + B, and the concentration
decreased faster in the first 90 days. In the soil with S + G + D, the concentration decreased
faster in the first 10 days because ryegrass absorbed a lot of nutrients to ensure its germi-
nation and seedling growth at the early stage of growth, and it simultaneously absorbed
p,p′-DDT and p,p′-DDE; this comment is described in the literature [25]. After 10 days,
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the concentration decreased slightly. In the soil with S + G + D + B treatment, p,p′-DDT,
p, p′-DDE and DDTs decreased the most because ryegrass contributes to the survival and
reproduction of strain DXZ9; microbial numbers and enzyme activity in soil confirmed
this effect in the later studies [26]. Ryegrass and the strain DXZ9 had synergistic effect for
bioremediation. The removal rates of p,p′-DDT and p,p′-DDE were 80.70% and 54.50%.

Table 1. The residual concentration of p,p′-DDT and p,p′-DDE in different treated soils on different days.

Time
(Day)

Treatment
Mean Concentration (mg·kg−1)

p,p′-DDE p,p′-DDD p,p′-DDT Total
Concentration

0 1.26 ± 0.18 0.16 ± 0.06 2.23 ± 0.25 3.65

5

S + G + D + B 0.75 ± 0.12 c 0.14 ± 0.04 a 1.51 ± 0.07 c 2.4
S + D + B 0.79 ± 0.09 c 0.14 ± 0.02 a 1.58 ± 0.05 c 2.51
S + G + D 0.87 ± 0.05 b 0.16 ± 0.03 a 1.70 ± 0.08 b 2.73

S + D 1.15 ± 0.07 a 0.16 ± 0.02 a 2.11 ± 0.11 a 3.42

10

S + G + D + B 0.69 ± 0.03 c 0.13 ± 0.01 a 1.32 ± 0.10 c 2.14
S + D + B 0.74 ± 0.04 c 0.13 ± 0.01 a 1.41 ± 0.12 c 2.28
S + G + D 0.84 ± 0.08 b 0.16 ± 0.03 a 1.53 ± 0.15 b 2.53

S + D 1.06 ± 0.09 a 0.16 ± 0.02 a 2.08 ± 0.17 a 3.30

30

S + G + D + B 0.70 ± 0.03 c 0.13 ± 0.03 a 1.27 ± 0.11 c 2.10
S + D + B 0.70 ± 0.02 c 0.13 ± 0.02 a 1.31 ± 0.10 c 2.14
S + G + D 0.83 ± 0.05 b 0.15 ± 0.01 a 1.45 ± 0.13 b 2.43

S + D 0.99 ± 0.07 a 0.15 ± 0.02 a 1.85 ± 0.17 a 2.99

60

S + G + D + B 0.71 ± 0.02 b 0.12 ± 0.03 a 1.06 ± 0.09 c 1.89
S + D + B 0.75 ± 0.04 b 0.13 ± 0.02 a 1.11 ± 0.08 b,c 1.99
S + G + D 0.79 ± 0.03 b 0.15 ± 0.02 a 1.16 ± 0.07 b 2.1

S + D 0.95 ± 0.07 a 0.15 ± 0.04 a 1.72 ± 0.10 a 2.82

90

S + G + D + B 0.69 ± 0.02 b 0.12 ± 0.03 a 0.85 ± 0.06 1.66
S + D + B 0.73 ± 0.01 b 0.12 ± 0.02 a 0.90 ± 0.03 1.70
S + G + D 0.75 ± 0.03 b 0.13 ± 0.04 a 0.99 ± 0.05 1.87

S + D 0.92 ± 0.04 a 0.13 ± 0.01 a 1.66 ± 0.09 2.71

150

S + G + D + B 0.68 ± 0.02 b 0.17 ± 0.03 a 0.75 ± 0.08 b 1.60
S + D + B 0.69 ± 0.04 b 0.16 ± 0.01 a 0.78 ± 0.06 b 1.63
S + G + D 0.70 ± 0.06 b 0.15 ± 0.02 a 0.80 ± 0.05 b 1.65

S + D 0.90 ± 0.03 a 0.14 ± 0.01 a 1.60 ± 0.12 a 2.64

210

S + G + D + B 0.56 ± 0.01 c 0.14 ± 0.02 a 0.43 ± 0.01 d 1.13
S + D + B 0.60 ± 0.02b c 0.15 ± 0.01 a 0.51 ± 0.03 c 1.26
S + G + D 0.65 ± 0.02 b 0.16 ± 0.03 a 0.62 ± 0.06 b 1.43

S + D 0.87 ± 0.03 a 0.17 ± 0.02 a 1.56 ± 0.09 a 2.60
Note: mean is expressed as X ± SD; comparison between different treatments at the same time; different letters
(a, b, c and d) mean significant differences (p < 0.05); on the contrary, having no significant differences (p > 0.05).

3.2. Effect of Bioremediation on Soil Microorganism Quantity

The populations and composition of microbes in soil are important indicators of
ecological characteristics of soil microbiology. In the experiment, the effects of inoculation
and planting ryegrass on the populations and composition of soil microbes were studied by
the dilution plate method. Figure 2a shows the change in the populations of bacteria in soil.
The population of bacteria has greatly changed during the combined remediation process
of ryegrass and bacterium. On day 5 and day 10, there was a significant difference between
S + D + B and S, and between S + G + D + B and S + G; the difference among other treatments
was not significant. The populations of bacteria in S + D + B significantly increased to
3.14 × 107 cells per gram on day 5. On day 10, the populations of bacteria in the soil
increased sharply to 2.44 × 108 cells per gram, which was 7.77 times that of the populations
on day 5. The number of bacteria increased sharply, because strain DXZ9 successfully
colonized in soil and rapidly reproduced; this trend continued until the 30th day, the
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populations were 8.53 × 106 cells per gram and the bacterial populations followed the
decrease. There was no significant difference between the 60th and 210th days. However,
the bacteria population in the soil with DXZ9 was consistently higher than the control.

In the treatment with ryegrass, the change of the bacterial populations in S + G + D + B
reflected the same trend as the treatment without ryegrass, but the increase in bacterial
populations was greater than S + D + B. This may be due to the rhizosphere effect of
ryegrass, which enhanced the increase in bacteria populations. The populations of bacteria
significantly increased to 5.2 × 107 cells per gram on day 5. On day 10, the populations
of bacteria in the soil increased sharply to 2.56 × 108 cells per gram, which was possibly
due to rapid reproduction of the strain and rhizosphere effect of ryegrass. The number
of bacteria began to decrease after a rapid increase in bacteria, and the populations were
3.09 × 107 cells per gram on day 30. Between day 60 and day 210, the populations in the
treatment with inoculated soil were significantly higher than that of the control, and the
populations in S + G + D + B were remarkably higher than the other treatments; it was
indicated that the ryegrass and inoculated bacterium played crucial roles in the process
of bioremediation.

Figure 2b shows the change in the populations of fungi in soil. In the combined
remediation of ryegrass and strain, the variation in the number of fungi was different.
There were no significant differences in the populations of fungi in the first 10 days. On
day 30, the three treatments with ryegrass were significantly different from each other, and
the fugus populations in S + G + D significantly increased, possibly due to the adsorption
of DDT and DDE by ryegrass so that the concentration of DDT and DDE decreased without
the production of other metabolites, and fungi rapidly reproduced due to the rhizosphere
effect. There was a significant difference in the treatments with or without ryegrass on
day 60. On day 90, there was a significant difference between the inoculated treatment
and other treatments. In the treatments without ryegrass, there was significant difference
between the treatments with and without inoculated on day 90 and 150. While in the
treatment of planting ryegrass, there was significant difference between the treatments
with and without strain DXZ9 on days 30, 90 and 210.

Figure 2c shows changes in the populations of actinomycetes. In the treatments with-
out ryegrass, the populations of actinomycetes in S + D was higher than the control during
the first 30 days. There was a significant difference between the 10th and 30th days. In
S + D + B, the populations of actinomycetes were significantly less than the control on
day 5, because the introduction of exogenous microbes inhibited the reproduction and
growth of actinomycetes. On day 60, the populations of actinomycetes in the treatments
with pesticides were less than the control, which may be due to an inhibition of actino-
mycetes growth by DDE and other metabolites from the degradation of DDT, although the
concentration of DDT decreased. On day 90 and day 150, the populations of actinomycetes
in S + D were lower than the control, and DDT and DDE inhibited actinomycetes growth.
While the populations of actinomycetes in S + D + B were higher than the control, low con-
centrations of DDT and DDE were beneficial to actinomycete growth, and the populations
of actinomycetes in the treatments with pesticides were higher than the control on day 210.

In planting ryegrass, the change trend of actinomycetes is the same as without ryegrass,
and the populations of actinomycetes in treatments with ryegrass were higher than without
ryegrass during the 90~210th day, because ryegrass significantly improved the number of
microorganisms in contaminated soil, and the highest degradation efficiency was found in
S + G + D + B.

3.3. Effect of Bioremediation on the Activity of Soil Enzyme

Soil enzyme activity is affected by soil physical, chemical and biological factors, and it
is sensitive to environmental factors such that it reflects soil microbial activity. Polyphenol
oxidase is an oxidoreductase, which is involved in the degradation and conversion of
aromatic pollutants, and its activity reflects the level of soil contaminated by aromatic
compounds. The change of polyphenol oxidase activity in soil was shown in Figure 3a.
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Figure 2. Cont.
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Figure 2. Change of microbial quantity in the soil during the bioremediation process. The error bar
indicates standard deviation; the letters (a, b and c) in columns indicate significant differences at
p < 0.05 level among 6 treatments at the same times. (a) bacteria; (b) fungi; (c) actinomycetes.

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Change of enzyme activity in the soil during the bioremediation process. The error bar
indicates the standard deviation; the letters (a, b, c and d) in columns indicate significant differences
at p < 0.05 level among 6 treatments at the same times. (a) polyphenol oxidase. (b) urease activity.
(c) dehydrogenase. (d) catalase activity.

During the bioremediation process, the activity of polyphenol oxidase in the treatment
with ryegrass was significantly higher than treatments without ryegrass. The activity of
polyphenol oxidase was significantly different in the first 30 days, and the degradation
capability was strong. On day 5, the activity of polyphenol oxidase in the treatments with
ryegrass was 26.75%, 11.32% and 12.42% higher than S, S + B and S + D + B, respectively.
On day 30, it was 23.43%, 24.05% and 30.69% higher, respectively. The degradation rate of
pollutants was significantly higher than S + D, planting ryegrass significantly improved
the activity of polyphenol oxidase and promoted the degradation of pollutants.

Urease activity in the soil reflects the soil nitrogen status. The change of urease activity
in the combined ryegrass and strain remediation system was shown in Figure 3b. Urease
activity in the soil increased rapidly 2 h after the pesticide addition, which was 1.25 times of
that in the control, and there was significant difference between application treatment and
the control. Urease activity in treatments without ryegrass was consistently lower than the
control after day 5, and the trend continued until the end of the experiment. However, there
was no significant difference between the treatments with and without strain inoculation,
and, on day 210, there was no significant difference in the treatments with and without
xenobiotic pollutants. In the treatment with ryegrass, there was a temporal inhibitory
effect on day 5, and then urease activity increased significantly during 10~90 day, and
an inhibition effect followed after day 150. However, with the exception of day 10 and
day 210, there were significant differences between treatments with and without exogenous
microbes, and ryegrass had a certain effect on urease activity. The variation of urease
activity may be correlated to concentrations of DDT and its metabolites. In conclusion, the
combined remediation of ryegrass and strain had little effects on soil urease activity.

The change of dehydrogenase activity in soil was shown in Figure 3c. During the
bioremediation process, dehydrogenase activity increased gradually as time went by, and
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dehydrogenase activity reached the maximum on day 60, and then it gradually decreased.
During the first 60 days, a similar trend was observed for dehydrogenase activity in
treatments with and without ryegrass, and dehydrogenase activity of soil treated with
pesticides was greater than the control; it was indicating that the addition of xenobiotic
pollutants could activate dehydrogenase activity. In the treatments without ryegrass, the
activity in S + D + B was significantly higher than S + D. While in the treatments with
ryegrass, there was no significant difference between S + G + D + B and S + G + D; it was
indicated that ryegrass had great influence on dehydrogenase activity in soil. After 90 days,
the dehydrogenase activities in the soil with ryegrass were greater than those without
ryegrass, which verified that ryegrass had great effects on the dehydrogenase activities in
the soil.

Catalase activity is related to respiration intensity and life activity of soil microor-
ganisms, and catalase activity reflects the intensity of soil microbial processes to a certain
extent. The change of catalase activity in soil was shown in Figure 3d. During the combined
ryegrass and strain remediation process, the comprehensive effect of various factors had
little effects on catalase activity in the soil. At the initial stage of the experiment, due to
the stimulation of added xenobiotic pollutants, catalase activity slightly increased, but the
difference was not significant. From the 10th day, compared with the control, the catalase
activity of the treatment added with pesticides decreased slightly, and it was possible
that DDT could activate catalase activity, while DDE could inhibit catalase activity at the
beginning of the experiment, DDT was dominant and it had great impacts on catalase
activity. With the degradation of DDT into DDE and other metabolites, the advantage
gradually weakened, and on the 90th day, there were significant differences among the six
treatments. At the end of the experiment, there was a significant difference among the three
treatments without ryegrass, and there was no significant difference between S + G + D
and S + G, but there was significant difference between S + G + D + B and S + G + D, which
showed that planting ryegrass and inoculating strains increased catalase activity.

3.4. Effect of Bioremediation on Soil Bacterial Community Structure Diversity

A PCR fragment of 16S rDNA V3 region in the soil bacteria was carried out by
denaturing gradient gel electrophoresis (DGGE), and the number and brightness of bands
in the DGGE map reflect the types of microorganisms and the number of certain types of
microorganisms in polluted soil in a certain extent. Bacterial DGGE mapping and result
analysis of 10 days soil with six treatments are shown in Figure 4; the similarity matrix
analysis results are shown in Table 2. Compared with the control, the numbers and position
of the band of the treatment with added pesticide and strain DXZ9 changed on day 10, and
it showed that strain DXZ9 and added pesticides had an impact on the bacterial community
structure of the soil microorganism.

From Table 2, the similarities of the bacterial community structure were 40.5% and
41% when comparing S + G + D and S + G + D + B with S + G, and the similarities were
59.7% and 70.1% when comparing S + D and S + D + B with the control; this indicated that
the bacterial community structure in soil was greatly affected by the addition of pesticides
and not the inoculation of DXZ9. The similarity of the bacterial community structure was
only for 1.4% between treatments S + G + D + B and S + D + B, and the similarity was
merely 2.5% between treatments S + G + D and S + D; it showed more diversity, and it was
fully explained that planting ryegrass at early stages had great influences on soil bacterial
community structure. The bands represent the genetic similarities and differences in each
lane, which indicates the diversity of soil microorganisms and their relationship (Figure 4c).
The results also showed that planting ryegrass and adding pesticides had greater effects on
soil bacterial community structure by UPGAMA cluster analysis of each treatment.

From Figure 5, on day 90, the bacterial community structure in soil was greatly affected
by pesticide and inoculation with the DXZ9 strain. From Table 2, the similarity of the
bacterial community structure was 35% and 54.8% comparing S + G + D and S + G + D + B
with S + G, respectively, and the similarity was 38.1% and 76.9% comparing S + D and
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S + D + B with the control, respectively. The bacterial community structure in soil was
greatly affected by the pesticide. The similarity was 78.2% between S + G + D + B and
S + D + B, and the similarity was merely 31.9% between S + G + D and S + D; the results
showed that ryegrass had little effects on bacterial community structure in the treatment
with the DXZ9 strain, but it had great effects in the treatment without DXZ9. By UPGAMA
cluster analysis of S + G + D + B and the control, planting ryegrass and pesticide had little
effects on bacterial community structure.

From Figure 6, on day 210, comparisons with the control, pesticide and strain DXZ9
had little effects on the bacterial community structure in soil, and the similarity was more
than 74.4%. The similarities were 66.1% and 71.2%, respectively, between S + G + D + B
and S + D + B, and between S + G + D and S + D. Planting ryegrass had little effect on the
bacterial community structure. By UPGAMA cluster analysis, it was further proved that
planting ryegrass had little effects on soil bacterial community structure.

Microbiol. Res. 2021, 12,  12 

3.4. Effect of Bioremediation on Soil Bacterial Community Structure Diversity 
A PCR fragment of 16S rDNA V3 region in the soil bacteria was carried out by dena-

turing gradient gel electrophoresis (DGGE), and the number and brightness of bands in 
the DGGE map reflect the types of microorganisms and the number of certain types of 
microorganisms in polluted soil in a certain extent. Bacterial DGGE mapping and result 
analysis of 10 days soil with six treatments are shown in Figure 4; the similarity matrix 
analysis results are shown in Table 2. Compared with the control, the numbers and posi-
tion of the band of the treatment with added pesticide and strain DXZ9 changed on day 
10, and it showed that strain DXZ9 and added pesticides had an impact on the bacterial 
community structure of the soil microorganism. 
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Figure 4. Fingerprint of DGGE and analyzed result in the bacterial from the soil with six treatments
on the 10th day. (a) DNA electrophoresis fingerprint of DGGE; (b) diagram of compared lane images;
(c) UPGAMA of phylogenetic tree. 10-1~10-6: S + G + D + B, S + G + D-10, S + G-10, S + D + B-10,
S + D-10, S-10.
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Table 2. Calculation method dice coefficient of similarity matrix on 10 d, 90 d and 210 d (%).

Time
(Day) Lane 1 2 3 4 5 6

10

1 100 72.2 41 1.4 1.6 1.7
2 100 40.5 2.2 2.5 2.5
3 100 12.2 5.8 5.9
4
5 100 59.7

90

1 100 38.2 54.8 78.2 33.2 79.1
2 100 35.0 35.0 31.9 27.3
3 100 52.5 35.2 53.9
4 100 40.8 76.9
5 100 38.1

210

1 100 75.5 74.4 66.1 61.6 62.6
2 100 81.8 68.6 71.2 70.6
3 100 71.3 73.1 71.0
4 100 77.3 77.8
5 79.8

Note: lane 1~6: S + G + D + B, S + G + D-10, S + G-10, S + D + B-10, S + D-10, S-10. If the value is greater, it means
that the similarity was greater and the impact was lower.

Figure 5. Cont.
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Figure 5. Fingerprint of DGGE and analyzed result in the soil with six treatments on the 90th day.
(a) DNA electrophoresis fingerprint of DGGE; (b) diagram of compare lane images; (c) UPGAMA of
phylogenetic tree. 90-1~90-6: S + G + D + B-90, S + G + D-90, S + G-90, S + D + B-90, S + D-90, S-90.
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Variations of bacterial community structure in soil with the same treatments at different
time are shown in Figure 7, and similarity matrix analysis results are shown in Table 3. In
the S + D soil, the bacterial community structure had changed in the test period, and the
similarity of the bacterial community structure was 20.7%, 16.4% and 38.1%, respectively,
comparing the 30th, 90th and 210th days with the 10th day, it showed that pesticides had
the greatest impact on the bacterial community structure on the ninetieth day, with minimal
impacts on the 210 days. In S + D + B soil, bacterial community structure had changed
less in the test period, and the similarities were 71.2%, 51.0% and 63.0%, respectively.
For S + G + D + B, the similarities were 53.9%, 56.1% and 57.9%, respectively. With the
extension of time, the difference with the tenth days becomes smaller. By UPGAMA
cluster analysis, there are different genetic relationship between microbial diversity in the
treatment of soil samples during the experiment period. By the combined remediation with
plants and microorganisms, it has some effects on bacterial community structure diversity,
but the influence weakened with an extension in time.

Figure 6. Cont.
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Figure 6. Fingerprint of DGGE and analyzed result in the soil with different treatments on the
210th day. (a) DNA electrophoresis fingerprint of DGGE; (b) diagram of compare lane images;
(c) UPGAMA of phylogenetic tree. 210-1~210-6: S + G + D + B-210, S + G + D-210, S + G-210,
S + D + B-210, S + D-210, S-210.
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Table 3. Calculation method dice coefficient of similarity matrix with the same treatments and
different times (%).

Lane 1 2 3 4 5 6 7 8 9 10 11 12

1 100 43.5 37.9 20.7 24.5 34.1 16.4 10.0 36.3 38.1 32.8 30.2
2 100 72.7 72.5 71.2 57.0 66.5 51.0 65.2 65.1 63.0 66.0
3 100 70.8 66.8 53.9 61.1 55.5 56.1 61.8 65.9 57.9
4 100 86.7 50.8 71.8 59.0 50.8 54.6 66.0 64.3
5 100 52.7 71.6 62.6 53.6 51.6 66.9 60.9
6 100 67.9 57.2 67.9 42.6 43.1 45.9
7 100 76.5 54.6 51.1 66.4 61.9
8 100 46.2 46.6 62.5 50.3
9 100 42.9 38.8 53.8

10 100 64.4 63.6
11 100 56.9

Note: lane 1~12: S + D-10, S + D + B-10, S + G + D + B-10; S + D-30, S + D + B-30, S + G + D + B-30; S + D-90, S + D
+ B-90, S + G + D + B-90; S + D-210, S + D + B-210, S + G + D + B-210.

Figure 7. Cont.
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Figure 7. Fingerprint of DGGE in the soil with the same treatments and different times. (a) DNA
electrophoresis fingerprint of DGGE; (b) diagram of compare lane images; (c) UPGAMA of phylo-
genetic tree. 10-1~10-3: S + D-10, S + D + B-10, S + G + D + B-10; 30-1~30-3: S + D-30, S + D + B-30,
S + G + D + B-30; 90-1~90-3: S + D-90, S + D + B-90, S + G + D + B-90; 210-1~210-3: S + D-210,
S + D + B-210, S + G + D + B-210.
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4. Discussion

Plant species and varieties are crucial in phytoremediation. The most commonly used
plants are ryegrass and alfalfa, and ryegrass is more effective. There are different species in
ryegrass, including Perennial ryegrass (Lolium perenne), Annual ryegrass (Lolium rigidum)
and Italian ryegrass (Lolium multiflorum). Italian ryegrass is more resistant to oil pollution,
and higher numbers of culturable, alkane-degrading bacteria were associated with Italian
ryegrass; they were also characterized by higher diversities, particularly in the plant
interior [25]. It was reported that there was good correlation between the removal rate
of total hydrocarbons and alkanes and the number and activity of microbes in soil in the
bioremediation of petroleum [27]. Phytoremediation (tall fescue and perennial ryegrass)
assisted by Pseudomonas can effectively remove DDTs, because plants may enhance
the rhizosphere environment for microorganisms and promote the bioremediation of
pollutants [28]. This study was consistent with these results, which was shown that
the degradation rates of DDT and DDE had good correlation with the populations and
microbial activity in soil. Results showed that the removal rate of pollutants in the soil
was relatively high during day 5 to day 10, and the number of bacteria increased the
fastest during this period. This study fully reflected that there was an obvious positive
correlation between the degradation rate of pollutants and the population of bacteria in
soil. Siciliano [29] demonstrated that, in addition to the type and number of plants, the
enrichment of hydrocarbon-degrading bacteria in petroleum was mainly dependent on
plant species. In this study, perennial ryegrass was used, and the result showed that it
could improve soil microbial activity.

The rhizosphere microorganisms of ryegrass could effectively promote the degradation
of BDE-209 in soil [30]. Xie [31] investigated the effect of root interval of ryegrass on pyrene
degradation: The rhizosphere of ryegrass was closer; biomass carbon and the activity of
polyphenol oxidase and dehydrogenase the soil were higher; and the pyrene degradation
rate was higher. It also illustrated the effect of root exudates on pyrene degradation; the root
exudates caused changes of soil microbial characteristics in rhizosphere, such as microbial
composition, soil microbial activity and enzyme activity in soil. Root secretion is the most
important factor in the occurrence of microbial changes in rhizosphere [32,33]. Ryegrass
was used to bioremediate chlorpyrifos in soil by pot experiment [34], and the density,
diversity and metabolic activities of microbes increased due to the plant root exudates and
root lysates (enzymes, amino acids, carbohydrates, carboxylic acids with a low molecular
weight, flavonoids and phenolic substances) in the rhizosphere of ryegrass [35]. Ryegrass
and a variety of microbes were used to bioremediate contaminated soil with petroleum:
The activity of polyphenol oxidase increased, and dehydrogenase activity decreased in
the bioremediation process [36]. Ryegrass could enhance phenanthrene degradation via
phytoremediation in PAH-contaminated sites, total bacterial populations was increased
and the composition of the active phenanthrene-degrader community has been shaped [6],
which was consistent with this study. Ryegrass had a beneficial effect on the production of
soil polyphenol oxidase [37]. The ecological environment of rhizosphere and soil quality
improved the metabolic activities of microbial community in the rhizosphere such that
plant roots and microbes released more polyphenol oxidase to promote the degradation of
PAHs. Joint applications of alfalfa and exogenous microorganisms significantly enhanced
the accumulation for pyrene; microbial community diversity was improved; and the ac-
tivities of dehydrogenase and polyphenoloxidase in soil increased [38]. During the first
30 days of the experiment, there was no significant difference between the treatments with
and without inoculated exogenous microbes; however, after day 30, a significant difference
in these treatments was found. The activity of polyphenol oxidase was significantly higher
than that in treatments without inoculated bacterium; this indicates that the activity of
polyphenol oxidase in the soil has been improved under the action of exogenous microbes.
Bioaugmentation significantly improved catalase activity, and the microbial community of
petroleum biodegrading bacterium in soil increased [27,39] compared with bio-stimulating,
whereas the bio-stimulating technique could not increase microbial diversity. In the biore-
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mediation of petroleum-contaminated soil, there was a good positive correlation between
microbial community and degradation characteristics in soil. Bioaugmentation includes
inoculation of bacterium and implantation of ryegrass: it could promote microorganism
numbers, improve enzyme activity and enrich the biological community in soil.

5. Conclusions

In the soil of inoculating efficient degrading strains of DXZ9 and planted ryegrass,
the removal rates of DDT and DDE reached the maximum, bacteria populations in the soil
increased sharply and microbial activity was remarkably improved in bioremediation. Rye-
grass significantly increased the microbial population and diversity, and phytoremediation
influenced more on the composition and abundance of microbial species. Bioremediation
represents a promising technology for decontaminating and restoring the ecosystem in a
sustainable manner, the characteristics of microbial community can directly display the
ecological functions of environmental systems; it could be used to evaluate the effects of
bioremediation on soil microorganisms.
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