
Research Article s

Volume 7 • Issue 5 • 1000496
J Environ Anal Toxicol, an open access journal
ISSN: 2161-0525

            Open AccessResearch Article

Journal of
Environmental & Analytical Toxicology

Jo
ur

na
l o

f E
nv

iro
nmental &Analytical Toxicology

ISSN: 2161-0525

Xie et al., J Environ Anal Toxicol 2017, 7:5
DOI: 10.4172/2161-0525.1000496

Keywords: Biodegradation; Organochlorine pesticides; Persistent
organic pollutants; Toxic metabolites; Bioremediation

Introduction
DDT is listed as a priority persistent organic pollutant (POP) by the 

United Nations’ Environment Program in the Stockholm Convention 
[1]. DDT was classified in the precedent-controlled product directory 
as a compound with high pollutant and high environmental risk in 
China. DDT is an environmental endocrine disruptor and its residue 
and associated risk are still an issue of great contention due to its toxicity, 
persistence and bioaccumulation [2]. Dichloro-2,2-bis(4-chlorophenyl)
ethylene (DDE), which is one of the toxic and primary metabolites of 
1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane DDT [3,4], is stable, 
easily bioaccumulated [5] and difficult to biologically degrade in nature. 
The literature has reported that DDE residue was detected in agricultural 
workers from Bolivia. The concentration of DDE in the serum and in 
their lipids was 19.7 ng/ml and 4788.7 ng/(g lipid), respectively, and 
it was shown to induce proinflammatory molecules in the human 
peripheral blood mononuclear cells due to its toxicity [6]. Furthermore, 
DDE was shown to cause serious environmental problems [7]. Because 
DDT is persistent and degraded extremely slowly in the natural 
environment, the enhancement of its degradation by microorganisms 
has been popular in recent decades. Some bacteria and fungi were 
isolated from the environment, such as Clostridium sp. BXM [8], 
Pseudoxanthomonas jiangsuensis sp. Nov. [9], two white rot fungi [10], 
wood rot fungi [11] and litter-decomposing basidiomycetes [12]. Though 
there has been some studies in the literature that use microorganisms for 
the degradation of DDT, DDE has been reported to be more persistent 
than DDT in the environment and has caused serious environmental 
problems worldwide. Furthermore, the conversion of DDT to DDE by 
microorganisms has been termed a ‘dead-end side reaction’ [13], and 
there have been few reports on the biodegradation of DDE. A study of 
the bacterial degradation system of DDE is useful for the development 
of effective bioremediation technologies for DDE. Four degrading DDE 
strains have been reported, including three bacteria, Pseudomonas 
acidovorans M3GY [14], Terrabacter sp. DDE-1 [15], and Janibacter sp. 
TYM3221 [7,16], and one wood-rotting basidiomycete Phanerochaete 
chrysosporium [13]. p,p′-DDE is the predominant degradation product 
of DDT in soils, but it can also cause serious environmental problems. 

To cope with this problem, it is very important to conduct studies on the 
biodegradation of DDE. The aim of the present study was the isolation 
and characterization of a Stenotrophomonas sp. DXZ9, which could not 
only degrade DDE but also degrade DDT. To our knowledge, this study 
is the first report of DDE degradation by Stenotrophomonas sp. It has 
been reported that the strain Stenotrophomonas sp. can degrade HCH 
and methyl parathion [17], acetamiprid [18] and chlorothalonil [19]. 
However, there has been no report of a Stenotrophomonas sp.-degrading 
DDE bacterium, which would be a better bioremediation technology for 
DDE contaminated sites than current methods.

Materials and Methods
Media and chemicals

DDE (99% pure) and DDT (99% pure) were purchased from 
Shenyang Research Institute of Chemical Industry, China. Acetone, 
petroleum ether (60-90°C), n-hexane and ethyl acetate were analytical 
grade and were redistilled before being used in experiments.

Enrichment and isolation of DDE-degrading bacteria

The microorganisms were isolated from the sludge of a pesticide 
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factory, which was contaminated with DDT during the enrichment 
culture technique, i.e., 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 liter of distilled water 
(pH 7.0)) supplemented with 0.5% peptone was used in the experiment. 
The solid medium used for growing the consortium and the individual 
isolates consisted of 15 g of agar in 1 liter of distilled water (pH 7.0). 
The media was sterilized by autoclaving at 121°C for 20 min [20] and 
contained 50 mg/l of DDE, which was used as the training bacterium 
material. The culture was regularly transferred to fresh medium at weekly 
intervals and incubated on a 500 ml Erlenmeyer flask on a rotary shaker 
(160 r/min) at 30°C. After many transfers, a mixed microbial population 
system was established. This consortium was gradually acclimated to 
increasing concentrations of DDE from 50 to 100 mg/l. The microbial 
consortium was maintained on an agar plate containing 50 mg/l of 
DDE. Six morphologically distinct bacterial strains were isolated from 
the sample, and the strain DXZ9 showed the highest degradation rate.

Identification and classification of the strain DXZ9

Physiological and biochemical identification of DXZ9 was achieved 
by referencing the "Common Bacterial Identification Manual" [21], 
examining its phenotypic morphology characteristics and comparing 
the 16S rDNA of the sequence in GeneBank (NCBI). According to a 
homology comparison, the strain could be identified and classified.

Biodegradation of DDE

The strains were tested for their ability to degrade DDE. The strains 
grown in the minimal salts medium were harvested by centrifugation 
at 8,000 r/min for 10 min, washed twice with sterile water, and 
resuspended in sterile water. For all experiments, a concentration of 
106 cells/l was used. Individual isolates were inoculated into replicate 
test tubes (tube culture) containing 5 ml of MSM with 10 mg/l of DDE. 
The controls consisted of uninoculated medium. The samples were 
incubated at 30°C by shaking in the dark (160 r/min). After incubation 
for 3,5,7 and 10 days, the liquid medium cultures and bacterial colony 
were extracted with 5 ml hexane for analysis by Shimadzu GC-14 gas 
chromatography; all experiments were replicated three times under the 
same condition. The method of research for studying the effect of pH 
and temperature on the biodegraded proportion of DDE (10 mg/l) and 
biomass determination was in accordance with the reported references 
[22]. To confirm the effect of different concentrations of DDE on the 
biodegraded proportion, the acclimated cells were inoculated into a 
basal medium containing different concentrations of DDE, ranging 
from 1 to 20 mg/l. The test tubes were incubated at 30°C on a rotary 
shaker for 5 days.

Analysis of residual DDE

The external calibration method was used for the quantified 
determination of DDE, and the correlation coefficients of the calibration 
curves were all 0.999. The standard solution of DDE was added in the 
culture solution of the minimal salts medium, and the concentrations 
of DDE were 1.0, 5.0, 10.0 and 20.0 mg/l. Every added concentration 
was repeated six times and then analyzed using gas chromatography 
with GC-ECD. The recovery proportion of DDE in the culture solution 
of the minimal salts medium was 92.74%-93.38%. Residual DDE was 
determined by gas chromatography equipped with a 63Ni electron 
capture detector (ECD) and a 14% cyanopropyl phenyl polysiloxane 
wide capillary column (OV-1701, 30 m × 0.53 mm × 1.0 µm, Australia). 
The initial GC operating conditions included an injector temperature 
of 230°C, a detector temperature of 280°C, and an oven temperature of 
160°C. The oven temperature was first increased to 220°C at a rate of 

40°C/min and then was increased to 250°C at a rate of 5°C min. The 
temperature was then maintained at 250°C for 2 min. The samples (1 μl 
each) were injected in the splitless mode.

Biodegradation of DDT

To verify the degraded range of the strain, the acclimated cells 
were inoculated into a basal medium containing DDT with an initial 
concentration of 10 mg/l and an initial pH of 7.0; the test tubes were 
incubated at 30°C on a rotary shaker for 5 days, and the method of 
research was in accordance with the reported references [22].

Extraction and determination of metabolites

After incubation for 3, 5 and 10 days, the metabolites of p,p′-DDT 
and p,p′-DDE were isolated from the supernatant of the grown cell 
suspensions incubated with p,p′-DDT and p,p′-DDE, respectively, in the 
minimal salts medium at a concentration of 10 mg/l. The inocula were 
first extracted by 5 ml hexane and then extracted by 5 ml ethyl acetate; 
they were centrifugally separated and the organic phase was collected. 
They were then dehydrated with anhydrous sodium sulfate, the extract 
was combined, and after drying with a nitrogen blowing instrument, the 
volume was brought to 5 ml with hexane.

The metabolites were identified using the Clarus 500 GC/MS 
(PerkinElmer, USA) equipped with an autosampler, a splitless model 
injector, and an Elite-5MS (PerkinElmer) capillary column (cross-
linked 5% phenyl-95% methyl silicone, 30 m × 0.25 mm × 0.25 μm). The 
initial oven temperature was 70°C (1.0 min hold) and was increased to 
180°C at a rate of 20°C/min (5.0 min hold). The temperature was then 
increased by 5°C per minute to a temperature of 260°C. The injector 
temperatures were maintained at 250°C. An electron ionization with an 
electron energy of 70 eV was used. The ion source temperature of the 
mass spectrometer was 250°C. The scanning range was from 40 to 550 µ. 
The transfer line temperature was 280°C.

Statistical analysis

The degradation of DDE can be calculated as follows:

ck x

x

C - CX =
C

where X is the degradation percentage of DDE; Cx (mg/l) is the 
terminal concentration of DDE after adding the strain; and Cck (mg/l) 
is the concentration of chlorpyrifos in the control. All of the data were 
analyzed using variance to determine the standard deviation. The SPSS 
program (version 21.0) was used to determine the differences among all 
of the groups. Each treatment was performed in triplicate. The level of 
statistical significance was set at P<0.05.

Results
Characterization of the isolated DDE-degrading bacteria 
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, 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 of DDE. Six morphologically 
distinct bacterial strains were isolated from the sample. The biodegradation 
proportion of DDE by the strain DXZ9 at the 10 mg/l concentration was 
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over 36.7% in 5 days. Therefore, the strain DXZ9 was selected for further 
studies.

The phylogenetic tree of strain DXZ9 based on the 16S rDNA gene 
sequences analysis and its relationship with other known DDT- and 
DDE-degraders is shown in Figure 1. A scanning electronic micrograph 
of the strain is shown in Figure 2. The bacterial strain DXZ9 is short and 
rod shaped; it has a flagellum but no spores; and it is Gram-positive. 
Physicochemical and biochemical tests showed that the strain DXZ9 
is negative for amylolysis, acetyl methyl alcohol, urea salt, indole, 
mannitol fermentation, wood sugar fermentation, lactose fermentation, 
and nitrate reduction and citrate, but positive for catalase. Based on 
the phenotypic, physiological and biochemical characteristics, and 
phylogenetic analysis of 16S rDNA, the strain DXZ9 was identified 
to belong to the Stenotrophomonas sp. Previous references have 
demonstrated that Stenotrophomonas sp. could degrade some organic 
pollutants, such as HCH and methyl parathion [17], acetamiprid [18] 
and chlorothalonil [19], but this paper is the first report that the strain 
Stenotrophomonas sp. could degrade the organochlorine pesticide DDE. 
Strain DXZ9 has been deposited in the China Center for Type Culture 
Collection, and its strain number is CCTCCM2013304.

Biodegradation of DDE by strain DXZ9
Environmental factors such as pH and temperature in addition 

to other factors might affect the growth of microorganisms and their 
degradation abilities. Therefore, the biodegradation character of DDE 
by strain DXZ9 was investigated. The growth curve of DXZ9 and the 
degradation curve of DDE on the 3rd, 5th, 7th and 10th days are shown 
in Figure 3a. From the Figure 3a, the growth amount of DXZ9 reached 
a maximum on the third day; it then decreased gradually in the culture 
medium with extension of the culture time. Although the amount of 

growth was not increased, the strain still exerted degradation and so 
the degraded proportion of DDE increased. The highest degradation 
proportion of DDE was 39.4% on the fifth day, and the difference was 
significant among the different treatments by an analysis of variance. 
After 5 days and because of the almost complete demise of the bacterial 
strain and the reduction of the activity, the degradation curve increased 
slowly and remained relatively smooth after 7 days. The growth curve 
was reduced at all times and ultimately smooth.

The effect of pH on the DDE degradation proportion and the growth 
curve of DXZ9 within 5 days are shown in Figure 3b, and the pH values 
of the culture medium were 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0. In the pH 
value range, the effect of pH on the growth curve of DXZ9 within 5 days 
was minimal; neutral pH was optimal for strain DXZ9. In a pH range of 
4.0~7.0, the effect of pH on the DDE degradation proportion of DXZ9 
was definitive. At the acidic condition, the biodegradation proportion 
was enhanced with increasing pH and the degradation proportion of 
DDE was 39.9% at the neutral condition. At the pH range of 7.0~10.0, 
the biodegradation proportion was reduced with increasing pH, and 
the difference was significant among the different pH conditions as 
concluded by an analysis of variance. In conclusion, the biodegradation 
proportion of DXZ9 was higher in the range of 6.0~8.0. Because the 
pH value produced an effect on the growth of strain DXZ9 and the 
activity of its enzyme, the effect of pH in the initial culture on the DDE 
degradation proportion was in accordance with the general growth 
curve.

The initial concentrations of DDE were 1, 5, 10 and 20 mg/l. When 
inoculating the degrading bacterium DXZ9 and then shaking the culture 
at pH 7.0 and 30°C, the growth amount and degrading proportion of 
DXZ9 was determined after 5 days. The effects of the concentration of 
DDE on the degradation proportion and growth curve of DXZ9 are 
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Figure 1: A phylogenetic tree of strain DXZ9 based on the 16S rDNA gene sequences analysis and its relationship with other known DDT and DDE degraders. (The 
scale bars represent 0.005 substitutions per site).
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Figure 2: A scanning electronic micrograph of strain of DXZ9 (80 × 25).
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Figure 3: Effect of degradation time (a) different pH values (b), DDE concentrations(c) and temperatures (d) on DDE degradation and bacteria growth within 5 days. Each 
point represents the mean of three replicates, and the error bars represent the standard deviation (SD).
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temperature, the growth amount of strain DXZ9 has the same tendency 
as the change of the degraded proportions, and both increased with 
increasing temperature and reached a maximum at 30°C. The degraded 
proportion of DDE was 39.7%, which decreased with increasing 
temperature. The difference of the degraded proportions is significant 
among different temperatures as determined by an analysis of variance. 
Because the culture temperature affected the growth amount of the 
bacteria, and the growth amount of bacteria affected the degraded 
proportion of DDE, this tendency is consistent with the characteristics 
of the microorganism’s growth.

Biodegradation of DDT by the strain DXZ9

In the optimal condition in which the pH, concentration of DDT, 
and cultivation temperature are 7, 10 mg/l and 30°C, respectively, 

shown in Figure 3c. Under the influence of the concentration of DDE, 
the growth tendency of DXZ9 was identical; the growth of the strain 
declined along with the increasing concentration of DDE. With the 
increase of the concentration of DDE, the degraded proportions first 
increased and then decreased, and the degraded proportion reached 
39.7% at a concentration of 10 mg/l. The degraded proportions began 
decreasing as the concentration increased. At a concentration of 20 
mg/l, the difference of the degraded proportions was significant in 
terms of the different initial concentration by an analysis of variance.

The initial concentration of DDE was 10 mg/l, the initial pH was 7.0, 
and the culture temperatures were set to 10, 20, 30 and 40°C. Next, the 
growth amount and degrading proportion of DXZ9 was determined, 
and the effects of temperature on the degradation proportion and 
growth curve of DXZ9 are shown in Figure 3d. Under the influence of 
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Figure 4: Total ion chromatogram of the metabolites of DDE.
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within 5 days based on the experimental optimization, the degradation 
proportion of DDT was 55.0%.

Confirmation of metabolites

The biodegradation of metabolites was determined based on a 
search of the MS library and GC-MS analysis (Figures 4 and 5). Figure 
5 as shown in the control sample on the tenth day, showed that DDT 
is naturally and reductively dechlorinated to DDD, and DDE was not 
detected. The result showed that DDT is dehydrochlorinated to DDE 
under the action of the bacterial strain DXZ9, but the metabolites of 
DDE were not identified. However, many substances were detected, and 
these substances were not determined to be metabolites of DDE after 
careful analysis. Some literature reported that DDE is dechlorinated 
to DDMU [23,24]. DDMU was not detected in this experimental 

condition. Perhaps the degradation products of DDE are multiple 
undefined substances; this idea has been proposed for further study.

Discussion
DDT- and DDE-degrading microorganisms

Previous publications indicate that multiple microorganisms could 
degrade DDT by the co-metabolism mode, and the co-metabolic 
degradation of DDT and DDE is involved in the utilization of growth 
substitution and the substitution specificity of degraded enzymes [25]. 
Previous literature has indicated that microorganisms might have a 
powerful enzymatic system that is responsible for the degradation of 
pollutants [26], but various microorganisms require a different substrate 
to metabolize pollutants. The results of the present research further 
confirmed the prevalence of co-metabolism in pollutant degradation 
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Figure 5: Total ion chromatogram of the metabolites of DDT.
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by microorganisms. Nadeau [20] showed that Alcaligenes eutrophus A5 
oxidizes DDT with PCB as the substrate, and Hay [14] reported that 
Pseudomonas acidovorans M3GY could degrade DDE, which is grown 
on biphenyl. Furthermore, Pseudomonas species [27] was isolated 
from insecticide contaminated soil by a biphenyl enrichment culture, 
which was capable of degrading DDT. The bacterial strain Alcaligenes 
denitrificans [28] could accelerate the degradation of DDE by adding 
1 g/l of glucose, and the strain KK could co-metabolize DDT to DDE 
with 0.5% glucose in the culture [22]. The bacterial strain Alcaligenes 
denitrificans IRTC-4 could metabolize DDT under both aerobic 
and anaerobic conditions and was further enhanced by 50.0% in the 
presence of 1.0 g/l of glucose [29]. Cladosporium sp. fungus strain 
AJR3 18501 could degrade DDT by utilizing potato dextrose broth as 
a substitution [30].

In the present study, the strain DXZ9 was identified as belonging to 
the Stenotrophomonas sp., and it is different from those microorganisms 
previously reported in the literature that could degrade DDE. The 
degradation mechanism of DDE is generally co-metabolism, and 
different strains require different substrates, such as glucose and 
biphenyl, and the substrate of the strain DXZ9 is peptone. The strain 
DXZ9 could degrade DDE by co-metabolism in the presence of peptone, 
and the degradation proportion of DDE was 39.4% at the end of 5 days. 
The proportion increased slightly and reached 41.9% at the end of 
10 days. Moreover, not only DDE but also its parent material (DDT) 
could be degraded by this strain. The optimal growing conditions were 
optimized, and the optimal initial conditions included a pH of 7, a 
substrate concentration of 10 mg/l, and a cultivation temperature of 
30°C. Within 5 days, the degradation proportion of DDT was 55.0% 
under these optimal conditions.

Degraded mechanism of DDT and DDE by microbial 
degradation

There were some reports regarding the metabolic pathway 
of DDT, and a number of these concerning DDT metabolism by 
microorganisms were discussed. From this research, it was determined 
that the dominant reaction was dehydrochlorination of DDT to DDE, 
which is predominant under aerobic conditions, whereas there is a 
reductive dechlorination to DDD under anaerobic conditions [31,32]. 
Some researchers believed that DDE could not further degrade but 
that it could be metabolized into DDMU by reductive dechlorination 
with methanogens and biological sulfide available in the submarine 
sediment [23,24]. DDE could be degraded by the dechlorination 
enzymes, dioxygenase and hydrolase in the appropriate conditions 
[33]. Sari [25] reported that dioxygenase and lignin peroxidase levels 
were higher with the addition of DDT, and these two enzymes play 
important roles in the degradation of DDT. Further research is needed 
to prove whether the extracellular enzyme or intracellular enzyme 
systems take part in the process of DDE degradation and confirm the 
type of enzymes in our prospective study. The further metabolism of 
DDE could mostly continue under aerobic conditions because there is 
a double bond structure of the relative instability in the molecule of 
DDE, and DDE is able to undergo oxidation [34]. In this research, DDT 
is dehydrochlorinated to DDE first by this strain, but the metabolites 
of DDE are not identified. Previous studies have also reported that the 
fungal strain Fusarium solani was able to metabolize DDT, DDD and 
DDE in the soil, but its products were not clear [35].

There are some reports regarding the metabolic system of DDE, in 
which the degradation gene of DDE was studied. The bphAaAbAcAdBC 
genes in the TYM3221 are involved in DDE degradation, and they 

are regulated by the bphST-coded two-component regulatory system 
[16]. The enzyme and regulatory genes responsible for the initial steps 
of DDE degradation in TYM3221 were characterized to elucidate 
the bacterial enzyme system involved in the aerobic degradation of 
DDE, and they provided a molecular biological basis for revealing the 
regulation mechanism of degradation bacteria of DDT and DDE. This 
result provides a theory for the biological treatment of the pollutants 
and the bioremediation of the polluted environment.

Evaluation of the detoxification of pesticides by 
biodegradation

Because there are possibly toxic intermediate products during the 
biodegradation of pesticides, an evaluation criterion of biodegradation 
was not utilized when measuring the reduction of pesticides; thus, the 
chemical structure and toxicity of intermediate products that should 
be taken into account. The toxicity of the degradation product of the 
pollutants should be confirmed by the experiment. Su [36] reported the 
toxicity test of the degradation product of Atrazine by a micronucleus 
test of the root tip (Vicia faba). Kong [37] studied the toxic bioassay 
of the degrading product of endosulfan through the coelomocyte of 
the earthworm by single cell gel electrophoresis (SCGE) by measuring 
the soil microbial biomass carbon and enzymatic activities. The 
detoxification of endosulfan by the JBW4 strain was evaluated, and it has 
been verified that the genotoxicity and ecotoxicity of endosulfan in the 
soil were effectively reduced after biodegradation by the JBW4 strain. 
The detoxification of DDE by the DXZ9 strain has been researched in 
our laboratory with a pot experiment simulating bioremediation; the 
results are presented in another paper.

Conclusions
A bacterial strain capable of degrading DDE and its parent 

compound were simultaneously isolated from the sludge from the 
pesticide factory, which was contaminated with DDT by an enrichment 
culture technique, and identified as a Stenotrophomonas sp. The results 
showed that the Stenotrophomonas sp. DXZ9 not only has the ability 
to metabolize DDE but also to degrade its parent compound, and 
the result showed that DDT is dehydrochlorinated to DDE under the 
action of the bacteria DXZ9, and the metabolites of DDE are multible 
undefinedsubstances.
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