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Abstract
Bioremediation of contaminated soils by a combinational approach using specific bacterial species together with ryegrass is a
promising strategy, resulting in potentially highly efficient degradation of organic contaminants. The present study tested the
combination of strain DXZ9 of Stenotrophomonas sp. with ryegrass to remove DDT and DDE contaminants from soil under
natural conditions in a pot experiment. The strain DXZ9 was successfully colonized in the natural soil, resulting in removal rates
of approximately 77% for DDT, 52% for DDE, and 65% for the two pollutants combined after 210 days. Treatment with ryegrass
alone resulted in slightly lower removal rates (72 and 48%, respectively, 61% for both combined), while the combination of strain
DXZ9 and ryegrass significantly (p < 0.05) improved the removal rates to 81% for DDT and 55% for DDE (69% for both). The
half-life of the contaminants was significantly shorter in combined treatment with DXZ9 and ryegrass compared to the control.
The remediation was mostly due to degradation of the contaminants, as the net uptake of DDT and DDE by the ryegrass
accounted for less than 3% of the total amount in the soil. DDT is reductively dechlorinated to DDD and dehydrochlorinated
to DDE in the soil; the metabolites of DDE and DDD were multiple undefined substances. The toxicity of the soil was
significantly reduced as a result of the treatment. The present study demonstrates that the bioremediation of soil contaminated
with DDT and DDE by means of specific bacteria combined with ryegrass is feasible.
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Introduction

In the past, the insecticide DDT (1,1,1-trichloro-2,2-bis(4-
chlorophenyl) ethane) was widely used in a variety of agricul-
tural applications for pest control, as well as to control and

reduce the mosquito vector of malaria. The active ingredient
of DDT is p,p′-DDT, while its primary metabolites are DDE
(1,1-dichloro-2,2-bis (4-chlorophenyl) ethylene) and DDD
(1,1-dichloro-2,2-bis (4-chlorophenyl) ethane). Both DDT
and its metabolites DDE and DDD pose potential health risks
due to their high hydrophobicity, toxicity, persistence, and
accumulation in natural food chains. For these reasons they
were classified as priority pollutants (Sayles et al. 1997) and
persistent organic pollutants (Sudharshan et al. 2012). Though
the use of DDT has been prohibited for decades, the residual
concentrations of DDT and DDE in the environment remain
high (Qiu et al. 2004; Qiu et al. 2005; Wang et al. 2016; Ma
et al. 2016). Although abiotic degradation has an effect on in a
lot of cases for its removal from contaminated soils, the bio-
degradation by microorganisms is usually the most dominant
process. The biological approaches include bioaugmentation,
biostimulation, and attenuation; bioaugmentation is the most
promising for the removal of pesticides and its metabolites
from soil (Miyazaki et al. 2006; Gao et al. 2015; Cycoń
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et al. 2017). It should be taken into account that the appropri-
ate strains of bioaugmentation have the ability to withstand
higher concentrations of pollutants and to survive in a wide
range of environmental conditions. The potential application
of microorganisms in the biodegradation of other organochlo-
rine pesticides using bioaugmentation technology has been
confirmed (Arshad et al. 2008; Kataoka et al. 2011; Fuentes
et al. 2011; Sáez et al. 2012). The promising results of bioaug-
mentation caused an increasing interest in searching for more
effective bioremediation approaches (Raina et al. 2008;
Bhalerao 2012; Cao et al. 2013; Cycoń and Piotrowska-
Seget 2016; Odukkathil and Vasudevan 2016). For its removal
from contaminated soils, bioremediation is considered a more
cost-effective technical method compared to physical and
chemical removal strategies (Fang et al. 2010; Purnomo
et al. 2011; Fan et al . 2013; Chattopadhyay and
Chattopadhyay 2015).

Bioremediation by means of specific plant species
(phytoremediation) is simple to operate in situ on a large scale,
at costs of only a fifth of conventional technology.
Phytoremediation is particularly suitable for large areas of
contaminated sites with relatively low concentration levels.
Plants absorb and partly degrade organic contaminants, while
root exudates also degrade the pollutants in the soil (Ahmad
et al. 2012; Rostamia et al. 2016; Mitton et al. 2012). In addi-
tion, plant roots improve the aeration of the soil, which stim-
ulates the growth of aerobic microorganisms in the rhizo-
sphere (Moubashera et al. 2015). These bacteria further con-
tribute to the degradation of organic pollutants. Thus, the main
mechanism involved in phytoremediation is based on the
combined effects of absorption and accumulation of pollutants
by plants, degradation by root exudates, and degradation by
the rhizobia. Ryegrass is a perennial herbaceous plants which
can be repeatedly harvested; studies have shown that several
types of pollutants, amongst others petroleum products and
polyaromatic hydrocarbons, can be efficiently degraded in soil
in the presence of ryegrass (Huang et al. 2004; Tang et al.
2010; Yu et al. 2011; Rostamia et al. 2016).

The advantages of bioremediation by combination of mi-
croorganism with phytoremediation are obvious, as it com-
bines low operation costs and high safety with the absence
of secondary pollution. Nevertheless, when it is dependent
on indigenous microorganisms present in the soil, its effectiv-
ity may be limited. By inoculation of the soil with specific
microorganisms that have a high potential for organic pollut-
ant removal, the efficiency can be enhanced (Yu et al. 2011;
Tang et al. 2010; Lu and Zhang 2014; Zhu et al. 2012). This
integrated application of microbial remediation and
phytoremediation is a promising direction, but the inoculum
must be specifically targeted to the nature of the contaminants.

Apart from efficacy of the method, the toxicity of the var-
ious metabolites produced during the process need to be care-
fully considered in a safety evaluation. Unfortunately, the

relevant research into this aspect is limited (Kong et al.
2014). Earthworms can be used as key indicator organisms
by means of a standardized ecological toxicity test. An assay
based on single cell gel electrophoresis (SCGE) using
coelomocytes extracted from exposed earthworms can be
used to evaluate the toxicity of the remediated soil (Khan
et al. 2012; Gandolfi et al. 2010).

A pilot study conducted in our lab had indicated that
Stenotrophomonas sp. strain DXZ9 was a suitable candidate
for biodegradation of DDTand DDE: in experiments conduct-
ed with pure cultures in culture media, removal rates of re-
spectively 55 and 39% were obtained within 5 days. These
observations led to the present study, in which strain DXZ9
was combined with ryegrass to degrade DDT from artificially
contaminated soil in pot experiments under natural conditions.
The colonization of the bacteria in the soil was confirmed by
denaturing gradient gel electrophoresis (DGGE).
Bioremediation of DDT and DDE was determined and the
metabolites that were produced were characterized by gas
chromatography/mass spectrometry (GC/MS). Their toxicity
was evaluated by the SCGE assay using earthworms.

It has been reported that the strain Stenotrophomonas sp. can
degrade HCH and methyl parathion (Zhang et al. 2009),
acetamiprid (Tang et al. 2012), and chlorothalonil (Zhang et al.
2014a, 2014). However, there has been no report degrading
DDT bacterium, which would be a better bioremediation tech-
nology for DDT contaminated sites than the present methods.
The objective of the present study was thus to test the suitability
of combined microbial- and phytoremediation for the degrada-
tion of DDT from contaminated soils.

Materials and methods

Supplies and chemicals

The chemicals DDE (99% pure) and DDT (99% pure) were
purchased from Shenyang Research Institute of Chemical
Industry, China. Acetone, petroleum ether (60–90 °C), and
n-hexane of analytical grade were used; they were distilled
prior to use. Acetone was distilled at 56 °C, a petroleum ether
distillate was collected at 60~75 °C, and n-hexane was dis-
tilled at 69 °C. Anhydrous sodium sulfate (analytical grade)
was dried for 6 h at 130 °C and kept in a desiccator before use.

Stenotrophomonas sp. strain DXZ9 was isolated by enrich-
ment culture fromDDT-contaminated sludge originating from
a pesticide factory; the isolation procedure was according to
the reference (Xie et al. 2011). Seeds of ryegrass (Lolium
perenne) were commercially purchased. The soil used was
sampled from the topsoil of an experimental plot in the
South Campus of Shandong Agricultural University, Taian,
China (36° 09′ 58.1 N: 117° 09′ 36.6 E). The brunisolic soil
contained 17.6-mg kg−1 organic matter, 31.9% sand, 57.7%
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silt, and 10.4% clay; additional parameters of soil such as pH,
organic nitrogenous, readily available phosphorus; CEC was
7.6, 132.3 mg kg−1, 18.4 mg kg−1, and 43.39 cmol kg−1.

Experimental design

The experiment consisted of six treatments with five replicates
each: a control of soil treated with distilled acetone solvent
only (S), soil spiked with a DDT/DDE mixture dissolved in
acetone (S +D), soil with DDT/DDE and DXZ9 bacteria
added (S +D + B), soil with ryegrass (S +G), soil with DDT/
DDE and ryegrass (S +G +D), and finally soil treated with
DDT/DDE, ryegrass, and DXZ9 combined (S +G +D + B).
The 30 pots were divided into the six treatment groups, each
containing 8-kg soil. The experiment was performed outdoors
for 210 days, while the pots were sheltered only during heavy
rains. The experiment was conducted from May 29 to
December 25, 2012. Because the time period is very long
from summer to winter, the temperature was varied from 35
to 8 °C, and the moisture content of the soil commonly
remained 11.28~13.50%.

Prior to the experiment, the collected topsoil was passed
through a 20-mesh sieve, after which 2% (g/g) fermented
cow’s manure was added and thoroughly mixed, to simulate
conventional fertilization. Eighty-kilogram soil was mixed
with 80-ml acetone for the S and S +G treatments. One hun-
dred sixty-kilogram soil was mixed with 160-ml acetone con-
taining of 2.0-mg ml−1 DDTand 1.0-mg ml−1 DDE to be used
for treatments S +D, S +D + B, S +G +D, and S +G +D + B.
This resulted in approximate initial soil concentrations of 2-
mg kg−1 DDTand 1-mg kg−1 DDE; their exact concentrations
were determined in each pot as described below.

The bacterial strain DXZ9 was cultured in MSM (4.0-g
NaNO3, 1.5-g KH2PO4, 0.005-g FeCl3, 0.01-g CaCl2, 0.2-g
MgSO4, and 0.5-g Na2HPO4 in 1 l of distilled water (pH 7.0))
at 30 °C for 3 days in the experiment, and which were har-
vested by centrifugation at 8000 r min−1 for 10 min. The
bacterial pellet was weighed and 100 g was suspended into
2000-ml sterile water, to be used as inoculum (200ml per pot);
the final concentration (cfu g−1) with an average value of the
bacterial strain was of around (2.0 ± 1.0) × 106 cfu per gram of
soil. A 5.0 g ryegrass seed was planted per pot. At the end of
the experiment, the cultured ryegrass was harvested, dried and
weighed, and analyzed for residue content.

Colonization of DXZ9 in the soil

Colonization of DXZ9 bacteria in the soil was determined by
denaturant gradient gel electrophoresis (DGGE); the PCR-
DGGE analysis was described in the previous study (Zhang
et al. 2014, 2014). At days 10, 30, 90, and 210, soil samples
were collected (0.5 g) and analyzed as previously described.
Briefly, DNA was extracted from the soil using the PowerSoil

DNA Isolation Kit (MOBIO LAB) The isolated DNAwas used
as a template to amplify the 16S rDNA gene by polymerase
chain reaction (PCR) using the primers, after which the variable
V3 region of Stenotrophomonas was specifically amplified
using primers. The amplicon was analyzed by DGGE, and band
intensity was compared using strain DXZ9 as a control, to esti-
mate the relative abundance of Stenotrophomonas in the various
treatments soils. The ability of inoculated microorganisms to
survive in the contaminated soil is vital; it competes with indig-
enous microbes for nutrients and niches. Studies have shown
that the number of microorganisms commonly decreases during
the first few days after inoculation (Hong et al. 2007), and the
number of inoculants seldom significantly increases; the optimal
inoculum size is of great importance to the pesticide degradation
(Ramadan et al. 1990; Karpouzas and Walker 2000a), and the
inoculum size at a level of 106–1010 cells/g of soil is suitable for
the efficient degradation of pesticides by the microorganisms
inoculated into the soils (Comeau et al. 1993; Duquenne et al.
1996; Singh et al. 2006). In the present study, the final concen-
tration of inoculum size was of around (2.0 ± 1.0) × 106 cfu per
gram of soil; the strain DXZ9 was successfully colonized in the
soil.

Extraction and analysis of DDT and DDE residues
in the soil and ryegrass biomass

Residual DDT and DDE were extracted from the soil by
Soxhlet extraction (EPA 3540C) using sulfuric acid (EPA
3665). The extracted DDT and DDE were quantitatively ana-
lyzed by gas chromatography equipped with a 63Ni electron
capture detector. An OV-1701 capillary column was used
(cross-linked with 14% cyanopropyl phenyl polysiloxane,
sized 30 m × 0.53 mm× 0.25 μm) (Australia). The oven tem-
perature was increased from initially 160 to 220 °C at a rate of
40 °C min−1, and then to 250 °C with 4 °Cmin−1, to finally be
kept constant for 2 min. The injector port was maintained at
230 °C and the detector at 280 °C.

The content of DDT and DDE in the dried biomass of
harvested ryegrass was extracted using the same method as
described for soil.

Mathematical modeling of the dynamics
of contaminant removal

Four different degradation models can typically be applied to
mathematically describe the dynamics of contaminant remov-
al from an environment: the exponential model (describing a
first-order degradation kinetic model, C =C0 · e

−kt), a double
chamber degradation model (C = A · e−αt + B · e−βt), a first-
order absorption model (C = A · (e−αt − e−βt)), and the mathe-
matical model of removal of multiple pesticides (Queyrel et al.
2016). In these equations, C0 is the initial concentration, k is a
constant, t is the time, β and α are the degradation constants
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for the substance, and parameters A and B are its concentra-
tions at the different times. The double chamber degradation
model was used here to calculate the half-life of DDT and
DDE under the experimental conditions applied.

Detection of the metabolites of DDT and DDE

The extracts obtained as described in BExtraction and analysis
of DDT and DDE residues in the soil and ryegrass biomass^
were analyzed by GC/MS (PE Clarus 500) equipped with an
Elite-5MS capillary column (cross-linked with 5% phenyl-
methyl silicone, 30 m × 0.25 mm × 0.25 μm) to determine
the nature of metabolites. The oven temperature was increased
from initially 70 (1.0-min hold) to 180 °C at a rate of
20 °C min−1 (5-min hold), and then to 260 °C at a rate of
5 °C min−1 (5 min hold). The injector was maintained at
250 °C. Helium was used as the carrier gas at a flow rate of
1 ml min−1. Electron ionization was used at 70 eV. The ion
source temperature of the mass spectrometer was 200 °C.
Scanning was performed from 40 to 550m/z. The transfer line
temperature was 250 °C. Quantitative analysis was performed
by using the selected ion monitoring (SIM) mode.

Toxicity evaluation

At three time points (days 5, 30, and 210), 100-g soil was
sampled to test the remaining toxicity. The soil samples were
mixed with 30-ml deionized water in conical flasks, and after
addition of three earthworms (Eisenia fetida) per sample, the
flasks were incubated in the light under atmospheric condi-
tions under constant humidity at 23 ± 2 °C for 48 h. The earth-
worms were then collected and kept onto filter paper moist-
ened with saline solution (4 °C) for 12 h to clean their diges-
tive tract. The coelomocytes of the animals were collected
using a non-invasive extrusion method described elsewhere
(Song et al. 2009). These cells were placed on ice and mixed
with 1-ml PBS prior to the comet assay, based on SCGE,
performed according to the literature (Kong et al. 2014;
Song et al. 2009). The extent of DNA damage of the
coelomocytes was evaluated by olive tail moment (OTM),
which is given by the distance between the tail regions and
the centers of the comet head.

Statistical analyses

The mean values of all data were compared using the
Statistical Package for Social Sciences (SPSS 20.0 for
Windows) package by a multiple comparison test at the 5%
probability level. The results were analyzed by variance
(ANOVA test). Figures were produced using Sigmaplot
10.0. The removal rate of contaminants was calculated as:

x ¼ Cinitial−Cresidue
Cinitial

:

With Cinitial being the initial concentration and Cresidue the
concentration determined at a particular time point for each
contaminant.

Results and discussion

Colonization of DXZ9 bacteria in the soil

First, it was assessed if the inoculated Stenotrophomonas sp.
strain DXZ9 was able to colonize the soil. It was evaluated in
all treatments by DGGE analysis, targeting the PCR fragment
of the variable V3 region of the amplified partial 16S rDNA
gene (Fig. 1). Band intensity was compared for the band spe-
cific for DXZ9 and the signal representing the dominant pop-
ulation in the soil as determined by DGGE. The target bands
of lane B (strain DXZ9) are clearly visible in Fig. 1. This
identified that DXZ9 was present during the complete test
period, though it predominated in the bacterial population on-
ly for the first 30 days. At day 210, the band was less distinct,
illustrating that the dominance of strain DXZ9 gradually de-
creased, but the bacteria were detected throughout the com-
plete experiment. These findings were consistent with results
obtained by plate counts (results were not shown), which in-
dicated that the population of bacteria was at a maximum in
the treatments with microorganism at day 10; the number of
bacteria decreased gradually to a normal level after 30 days.
The result suggested that DXZ9 successfully colonized in the
soils under the conditions applied. It is vital that the ability of
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Fig. 1 Fingerprint of DGGE from the DXZ9 and the soil with different
treatments. Indicate: B: bacterial Stenotrophomonas strain DXZ9; 10-1:
S +D +B-10, 10-2: S +G +D + B-10; 30-1: S +D + B-30, 30-2: S +G +
D + B-30; 90-1: S +D +B-90, 90-2: S +G +D + B-90; 210-1: S +D + B-
210, 210-2: S +G +D + B-210



inoculated microorganisms survive in the contaminated soil.
Inoculated microorganisms compete with indigenous mi-
crobes for nutrients and niches. Studies have shown that the
number of microorganisms commonly decreases during the
first few days after inoculation (Hong et al. 2007), and the
number of inoculants seldom significantly increases; the opti-
mal inoculum size is of great importance to the pesticide deg-
radation (Karpouzas andWalker 2000), and the inoculum size
at a level of 106–1010 cells/g of soil is suitable for the efficient
degradation of pesticides by the microorganisms inoculated
into the soils (Singh et al. 2006). In the present study, the final
concentration of inoculum size was of around (2.0 ± 1.0) ×
106 cfu per gram of soil; the strain DXZ9 was successfully
colonized in the soil.

Bioremediation of DDT and DDE in the contaminated
soil

The remediation fractions of DDT and DDE, as well as their
total amounts combined, are shown for the different treatments
in Table 1, and the dynamics of the determined degradation are
shown in Fig. 2. During the complete course of the experiment,
all three remediation treatments (S +D +B for DXZ9 only, S +
G +D for ryegrass only, and S +G +D +B for the combined
treatment of ryegrass with DXZ9) removed a larger fraction of
the pesticidemixture than was observed for the untreated control
(S +D). After 210 days of incubation, ryegrass alone had re-
moved approximately 72% DDT and 48% DDE (61% when
combined) from the contaminated soil. The inoculum with bac-
teria resulted in removal of 77% DDT and 52% DDE (65% in
combination), while bacteria combined with ryegrass removed
81% DDT and 55% DDE (69% in combination). This is a sig-
nificant increase compared to single treatments (p < 0.05).
Without inoculum, the microbes naturally present in the soil
had removed only 30% DDT and 31% DDE. Thus, the com-
bined treatment with ryegrass and bacteria removed the largest
fraction of DDT and DDE, reducing the residual concentrations
considerably after 210 days.

It could be concluded that microbial remediation was high-
ly efficient initially, but it reduced over time, possibly due to a
gradual decrease in viable Stenotrophomonas (Fig. 1). It offers
our advice that the efficiency of degradation can be increased
if bacterial inocula are repeated at regular time intervals,
though this remains to be tested.

The degradation dynamics applying to these experimental
conditions were modeled in order to predict the half-life of the
contaminants and to be able to predict the concentration of
contaminants in the soil at any given time point. Of the four
different degradation models that can typically be applied, the
dual chamber degradation model (BMaterials and methods^
section) was found to be most appropriate. The degradation
rate constant was calculated using the exponential equation
given in the methods. The parameters of the exponential decay Ta
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are presented in Table 2. The half-life of DDT was calcu-
lated as 48 days for treatment with S +G +D + B, 58.5 days
for S +D + B, 75.5 days for S +G +D, and 1055 days for
the control S +D. Likewise, the half-life of DDE was 162.5,
229, 235, and 745 days for the different treatments,

respectively. For the two compounds combined, these were
71.8, 86.5, 114.8, and 1095 days. These calculations dem-
onstrate the considerable reduction in half-life of these pol-
lutants for the combined bacterial/plant treatment compared
to the other treatments.

Table 2 Parameters of
exponential decay p,p′-DDT, p,p′-
DDE, and DDTs in the soil with
different treatments

Pesticides Treatments Degradation equation C = A · e−αt + B · e−βt Correlation
coefficient (r)

Half-life
(d)

p,p′-DDT S +G +D + B C = 0.8061e−0.4021t + 1.4248e−0.0051t 0.9962 48.0

S +D + B C = 0.7530e−0.3507t + 1.4777e−0.0048t 0.9982 58.5

S +G +D C = 0.637e−0.0729t + 1.5934−0.0047t 0.9971 75.5

S +D C = 0.5232e−0.0423t + 1.7003e−0.0004t 0.9991 1055

p,p′-DDE S +G +D + B C = 0.533e−0.6257t + 0.7271 e−0.0009t 0.9911 162.5

S +D + B C = 0.5035e−0.5341t + 0.7566 e−0.0008t 0.9912 229

S +G +D C = 0.4057e−0.5935t + 0.8543 e−0.0013t 0.9990 235

S +D C = 0.2765e−0.1097t + 0.985 e−0.0006t 0.9980 745

DDTs S +G +D + B C = 1.4255e−0.4014t + 2.2255 e−0.0028t 0.9961 71.8

S +D + B C = 1.3491e−0.3462t + 2.3010 e−0.0027t 0.9972 86.5

S +G +D C = 1.0869e−0.3328t + 2.563e−0.0030t 0.9970 114.8

S +D C = 0.8008e−0.0492t + 2.8281 e−0.0004t 0.9990 1095

31900 Environ Sci Pollut Res (2018) 25:31895–31905

Fig. 2 The residue dynamic of p, p′-DDTand p, p′-DDE and DDTs in the soils with different treatments. Vertical bars represent standard deviations, S +
D: without bacteria and ryegrass; S +D + B: only bacteria; S +G +D: only ryegrass; S +G +D + B: DXZ9-ryegrass



In a previous publication, Zhu has reported that strain
DDT-1 (Pseudomonas spp.) could significantly reduce the
concentration of DDTs in soil originating from an agricultural
field in Chiqi City, Zhejiang Province, China (Zhu et al.
2012). In comparison with those results, the degraded rates
obtained in the present study suggest that strain DXZ9 (at least
in the soil tested here) resulted in higher removal rates of the
pesticide. However, differences between the experiments need
to be taken into account. For instance, the soil used by Zhu
(Zhu et al. 2012) containing aged DDT and DDE, which may
have resulted in derivatives that are less easily biodegraded.
Nevertheless, it is possible that the degrading ability of
Stenotrophomonas sp. strain DXZ9 is higher than that of
Pseudomonas sp. strain DDT-1.

A study using Sedum alfredii resulted in merely 19.9%
DDT removal after 180 days (Zhu et al. 2012), which is much
less than the removal obtained with ryegrass presented here.
Indeed, other works have shown that ryegrass is highly suit-
able to remediate soils not only containing organic pollutants
such as PCBs (Ding et al. 2013), PAH (Meng et al. 2011; Fu
et al. 2011), or phenanthrene (Li et al. 2016) but also selenium
(Tullo et al. 2015). Performance might even be better if the
biomass of growing ryegrass could be further enhanced, or if
enzyme activity of the microorganisms living in the soil could
be increased. The present results suggest that inoculation with
specific bacteria can also increase the efficiency of DDT and
DDE phytoremediation.

This interpretation is supported by theoretical consider-
ations. Of the factors affecting remediation, various physico-
chemical properties of the pollutants need to be taken into
account. In general, absorption by plants is affected by the
octanol/water partition coefficient (lg Kow) of the pollutant.
The lg Kow of DDT is 6.91 and its lg Koc is 6.59. Thus,
DDT is strongly lipophilic and undergoes stronger absorption
forces compared to the weaker migration forces. As a conse-
quence, this pollutant is less likely removed by root uptake
and subsequent metabolic activity in the shoots. In addition,
the volatility of a contaminant needs to be considered. This
can be evaluated by the Henry constant, which in the case of
DDT is 2 × 10−6. As such, DDT can be considered as non-
volatile, so that little will be released from the soil this way.
Research conducted to investigate this property reported that
the volatilization of pesticides mainly occurs in the topsoil,
whereby the release of DDT could at most account for
0.43% of the original amount (Gang Ji and Xia 1985). In the
present experiments, it may be even less, when the surface is
coved with ryegrass. Therefore, we propose that in the exper-
imental setup, DDT was mostly removed by, in order of de-
creasing magnitude: (1) biodegradation by Stenotrophomonas
in the soil, (2) biodegradation by organic secretions and en-
zymes into the rhizosphere released from the roots of ryegrass,
and (3) uptake by the plants (Ahmad et al. 2012; Fu et al.
2011; Anderson et al. 1993). Combining microbial

remediation with phytoremediation is the promising strategy;
growing hyperaccumulator can confirm a regular supply of
nutrients to the soil and thereby enhance the further multipli-
cation of the microorganism (Abhilash et al. 2011); the
rhizoremediation has great potential for the treatment of per-
sistent organic chemicals, although the productiveness of the
strategy can be influenced by a number of elements that may
require adjustment to achieve the best effect (Böltner et al.
2008).

The equilibrium quantity of DDT and DDE in the soil
during bioremediation

The success of phytoremediation highly depends on the
choice of the plant species, and their accumulation potential
of the pesticide could be considered. In the treatment with
ryegrass only, the removal rates of the pollutants were rela-
tively high during the first 10 days (the initial concentration of
2.23-mg kg−1 DDT was reduced to 1.53 mg kg−1, and 1.26-
mg kg−1 DDE was reduced to 0.84 mg kg−1), and removal
rates slowed down after this period, but it remained higher
than the treatment without ryegrass. Possibly, the initial high
rates were caused by the germination of seeds and the growth
of sprout in a short period; during this period, the uptake of
amount of pesticides coincided with the uptake of high nutri-
ent. To assess the importance of plant uptake in bioremedia-
tion, the fraction of DDTand DDE still residing in the soil was
compared to the fraction absorbed by the ryegrass. The bal-
ance of DDT and DDE in the soil is shown in Table 3. It is
obvious that the net uptake of DDE by the ryegrass exceeded
that of DDT. At the end of the experiment, approximately 400-
g dry ryegrass was harvested per pot on average, and this
amount of plant biomass was so small that the net uptake of
DDT and DDE by the ryegrass accounted for only 0.63–0.81
and 1.96–2.78% of the total amount in the soil, respectively.

A number of species have been tested for remediation of
insecticides, with variable absorption capacity. Crimson clover,
mustard, hairy vetch, and ryegrass can be considered as poor
accumulators of DDE, since they accumulated at most two to
five times the amount of pollutant present in the soil (White and
Kottler 2002). In contrast, willow species represent medium
accumulators of DDE and DDT (Mitton et al. 2012), while
zucchini and pumpkin plants accumulate high concentrations
of DDE in their roots, at levels 10–20 times that of soil (White
2001). The castor bean (Ricinus communis) was also shown to
have good potential for removing DDT, as well as cadmium
from contaminated soils (Huang et al. 2011). Other tested spe-
cies include Orychophragmus violaceus, which could remove
DDTand HCHs from aged contaminated soil (Sun et al. 2015).
Based on our results, we conclude that DDT/DDE-
contaminated soil was not significantly remediated via absorp-
tion of ryegrass, but rather by degradation under the enhancing
action of the microorganisms in the soil.
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Metabolites of DDT in the soil

For the samples receiving the combined bacterial/ryegrass
treatment, at days 30 and 210, degradation products of
DDT in the soil were determined. The results are shown
in Fig. 3. DDT is reductively dechlorinated to DDD and
dehydrochlorinated to DDE in the soil. DDE can then be
further degraded. As a consequence, the overall concentra-
tion of DDD remained more or less unchanged, though the
concentration of DDE reduced, indicative of its degrada-
tion. Nevertheless, its metabolites could not be determined.
Although many substances were detected in this analysis,
these did not represent metabolites of DDE and DDD as
deduced from database searches. Some publications report-
ed that DDE is dechlorinated to DDMU (Quensen Iii et al.
2001; Quensen Iii et al. 1998), and that DDD was convert-
ed to DDA, which was again converted to DBP and 4,4-
dichlorobenzhydrol (DBH) (Xiao et al. 2011). However,
DDMU was not detected in these experiments, so that we
have to conclude that the metabolites of DDE were other
undefined substances.

The toxicity of the soil during bioremediation

The safety of soil bioremediation must be carefully deter-
mined by measuring the toxicity of the end product, because
metabolites resulting frommicrobial degradation of pollutants
may also be carcinogenic or mutagenic. Thus, the toxicity of
the soil after bioremediation should be taken into account.
Unfortunately, there are few standardized methods available
to determine toxicity in an ecological-relevant manner. In the
literature, four exposure methods have been described to de-
termine the toxic effects of contaminated soil on earthworms.
In the most commonly used method, pollutants are extracted
by organic solvents and these are used to expose live animals
(Shen et al. 2009). The second method uses such extracts to
directly expose isolated coelomocytes of earthworms in vitro.
The third method makes use of water extracts (a water/soil
mixture of 2.5:1 is typically used) to expose live earthworms,
while in the fourth method, the mud (water/soil mixture is
made) is also used to expose earthworms; the extent of DNA
damage is detected after 48 h of exposure. According to re-
sults obtained in our laboratory (Kong 2013), the difference

Table 3 The equilibrium quantity of p,p′-DDT and p,p′-DDE in the soil with different treatments

Different
treatments

p,p′-DDT(mg) p,p′-DDE(mg)

Added amount
in the soil (mg)

Residual amount
in the soil (mg)

uptake by the
ryegrass (mg)

Dissipation
amount (mg)

Added amount
in the soil (mg)

Residual amount
in the soil (mg)

uptake by the
ryegrass (mg)

Dissipation
amount (mg)

S +D 17.84 ± 2.82 12.48 ± 1.61 – 5.36 ± 0.32 10.08 ± 1.2 6.96 ± 0.61 – 3.12 ± 0.41

S +G +D 4.96 ± 0.30 0.14 ± 0.02 12.74 ± 0.51 5.20 ± 0.42 0.28 ± 0.03 4.60 ± 0.52

S +D +B 4.08 ± 0.61 – 13.76 ± 0.61 4.8 ± 0.33 – 5.28 ± 0.32

S +G +D +B 3.44 ± 0.42 0.11 ± 0.02 14.29 ± 0.72 4.48 ± 0.22 0.21 ± 0.02 5.39 ± 0.61
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the 30th day 

the 210th day 

a

b

Fig. 3 TIC of the degradation
products of DDT in the soil with
BDXZ9-ryegrass^ treatment. a
p,p′-DDE (23.66 min). b p,p′-
DDD (26.09 min). c p,p′-DDT
(27.18 min). d 3-Undecano
(29.78 and 31.94 min). e 3,4-
Dihydro-4,5,6-trimethyl-
naphthalenone (8.15 min). f 2,2-
Oxybis(1,3-dichloro)-propane
(8.95 min). g 1,2-
Benzenedicarboxylic acid
(18.63 min)



between the control and treatment was most significant for
experiments conducted with a soil/water mixture following
48-h exposure, which was considered the most sensitive meth-
od. Using this method, all earworms survived when the con-
taminated soil contained DDT concentrations ranging from
3.11 to 23.80 mg kg−1 (Shi et al. 2016). In the experiment
presented here, the test concentration was much lower than
this, so that the model was considered appropriate.

The toxicity of soil samples taken at days 5, 30, and 210
was thus determined. The results are shown in Fig. 4. The
extent of DNA damage was evaluated by the value of
OTMs, where a longer OTM indicates a higher toxicity. The
genetic toxicity of the soil decreased by 58.1% (compared to
control) after 210 days of treatment with ryegrass and bacteria
(S +G +D + B). Likewise, a 52% reduction was observed
with bacterial treatment only (S +D + B) and a 36.9% reduc-
tion with ryegrass only (S +G +D). These result showed that
the toxicity of soil reduced significantly following microbial
remediation and phytoremediation. Thus, the method is con-
sidered safe as it reduces toxicity of the soils and does not
produce toxic metabolites.

Conclusion

The present work demonstrated that Stenotrophomonas strain
DXZ9 successfully colonized in the soil contaminated with
DDT and DDE, though inoculation with this strain in the soil
enhanced the removal efficiency of DDTand DDE, and plant-
ing ryegrass was an effective and prominent phytoremediation
in the soil polluted with DDTand DDE; the bioremediation of
soil contaminated with DDT and DDE by means of specific
bacteria combined with ryegrass is the best and feasible. The

degradation of microbes in the soil plays a decisive role in the
removal of pollutants; the rhizoremediation has great potential
for the treatment of DDT and DDE, while the absorption of
ryegrass was contributing less. The toxicity of the soil is rap-
idly reduced by combined treatment of DXZ9 and ryegrass.
However, these observations were based on the results applied
in the single soil. Further works are also needed to confirm the
degradation of DDTand DDE using soils historically contam-
inated with DDE and DDT.
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