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To  overcome  the  poor  survival  and  low  activity  of the  bacteria  used  for  bioremediation,  a plasmid-
mediated  bioaugmentation  method  was  investigated,  which  could  result  in  a persistent  capacity  for
the degradation  of  chlorpyrifos  in  soil.  The  results  indicate  that  the  pDOC  plasmid  could  transfer  into  soil
bacteria,  including  members  of  the  Pseudomonas  and  Staphylococcus  genera.  The  soil  bacteria  acquired  the
ability  to  degrade  chlorpyrifos  within  5  days  of  the  transfer  of  pDOC.  The  efficiency  of the  pDOC  transfer  in
the soil,  as  measured  by  the  chlorpyrifos  degradation  efficiency  and  the  most  probable  number  (MPN)  of
lasmid transfer
oil
hlorpyrifos
reen fluorescent protein (GFP)
ioaugmentation

chlorpyrifos  degraders,  was  influenced  by  the  soil  temperature,  moisture  level  and type.  The  best  perfor-
mance  for  the  transfer  of  pDOC  was  observed  under  conditions  of 30 ◦C and  60%  water-holding  capacity
(WHC).  The  results  presented  in  this  paper  show  that  the transfer  of pDOC  can  enhance  the  degradation
of  chlorpyrifos  in  various  soils,  although  the  degradation  efficiency  did  vary  with  the  soil  type.  It  may  be
concluded  that  the  introduction  of  plasmids  encoding  enzymes  that can  degrade  xenobiotics  or  donor
strains  harboring  these  plasmids  is  an  alternative  approach  in  bioaugmentation.
. Introduction

A useful approach to enhance degradation and/or detoxifica-
ion of xenobiotics in the environment is bioaugmentation which
nvolves introduction of microorganisms capable of degrading
arget chemicals. However, the bacteria introduced into the con-
aminated sites or soils usually fail to degrade the pollutants due to
he poor survival or low activity of these bacteria caused by abiotic
nd biotic stresses [1–7].

The genes involved in the degradation of synthetic xenobi-
tics are usually contained on broad host-range plasmids, such as
MCP424 for organophosphorus insecticides [8,9], pRC1 for car-
aryl [10], pJP4 for 2, 4-dichlorophenoxyacetic acid (2, 4-d) [11],
nd pADP-1 and pEST4011 for atrazine [12,13].  These transmissi-
le plasmids can disseminate among soil microorganisms through
ransformation, transduction and conjugation [14,15]. For example,
spray et al. [16] observed the transfer of the pJP4 plasmid, which
ncodes enzymes that can degrade 2, 4-d, from the donor, Pseu-
omonas putida SM1443, to members of the Burkholderia genus,

nd the Burkholderia transconjugant was able to degrade 2, 4-d.
oreover, the mpd gene encoding the organophosphorus hydrolase
as cloned from chlorpyrifos-degrading bacterium (strain YC-1)

∗ Corresponding author at: Institute of Pesticide and Environmental Toxicology,
ollege of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058,
R  China. Tel.: +86 571 88982433; fax: +86 571 88982433.
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.024
© 2012 Elsevier B.V. All rights reserved.

and expressed in Escherichia coli (E. coli), which resulted in the suc-
cessful degradation of chlorpyrifos in soil by strain YC-1 [17]. The
horizontal transfer of plasmids could induce the dissemination and
subsequent recombination of catabolic genes in soil microbial com-
munities and thus increase the metabolic potential of the natural
microbial communities for bioremediation [18–20].  Therefore, the
introduction of plasmid-borne genes for the degradation of xeno-
biotics into well-established and competitive indigenous bacteria
might be an alternative approach to overcome the poor survival and
low activity of introduced bacteria used for bioaugmentation. The
introduction of a degradative plasmid donor as a method of gene
bioaugmentation or plasmid-mediated bioaugmentation has been
attempted [21–23].  However, most of the reports focus on the fre-
quency of plasmid transfer in the soil, and little attention has been
devoted to the important endpoints (the degradation efficiency
and the size of plasmid transfer) of plasmid transfer in the soil in
bioaugmentation. It is also necessary to assess the performance of
plasmid transfer in bioaugmentation under various environmental
conditions.

In our earlier experiments, a bacterial strain capable of degrad-
ing chlorpyrifos, Bacillus laterosporus DSP, was isolated from the soil
for the biodegradation and/or detoxification of chlorpyrifos, and
the pDOC plasmid in the DSP strain was  found to be responsible for
the degradation of chlorpyrifos. The main goal of the present study

was  to develop a plasmid-mediated bioaugmentation method that
could result in the persistent capacity for the degradation of chlor-
pyrifos in the soil. Specific aims of this study were: (1) to introduce
plasmid pDOC for bioaugmentation of chlorpyrifos in soil and

dx.doi.org/10.1016/j.jhazmat.2012.04.024
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ylyu@zju.edu.cn
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onitor the transfer of pDOC to the indigenous community using
FP fluorescence; (2) isolate transconjugants using GFP fluores-
ence; and (3) assess the effects of key environmental factors on
lasmid-mediated bioaugmentation of chlorpyrifos in soil.

. Materials and methods

.1. Chemicals, soils, bacterial strains and plasmids

The chemicals and soils used in this study are described in detail
n Supplementary Material S1 and Table S1.  The bacterial strains
nd plasmids used in this work and their relevant characteristics
re listed in Table S2.

The pDOC plasmid from strain DSP was determined to be
esponsible for chlorpyrifos degradation [24]. Small- and large-
cale extractions of the plasmid were performed using the
xyPrepTM Plasmid Miniprep Kit (AXYGEN Biotechnology Co.,
angzhou, China) according to the manufacturer’s instructions and
sing the alkali lysis method [25], respectively. The obtained lysates
ere stored at −20 ◦C until use. The approximate size of the plas-
id  DNA was determined by comparing its mobility with that of a

tandard molecular marker (�DNA/HindIII (TaKaRa Biotechnology
o. Ltd., DaLian, China)) on a 1% agarose gel electrophoresis.

.2. Construction of the gfp-tagged plasmid and its donors

The insertion of gfp into the pDOC plasmid was performed by tri-
arental mating in which the Escherichia coli HB101 helper strain
as used to mobilize the gfp segment from the Escherichia coli
H5� donor strain into the DSP recipient strain. The DSP, DH5�,
nd HB101 strains were incubated separately at 30 ◦C overnight
n 5 mL  of Luria-Bertani (LB; 5 g Bacto tryptone, 3 g yeast extract,

 g NaCl, and 1 L distilled water, pH 7.0) medium, and then the
ells were collected by centrifugation (8000 × g, 10 min), washed
ith sterile, double de-ionized water, re-centrifuged (8000 × g,

0 min), and re-suspended in 1 mL  of sterile, double de-ionized
ater. Suspensions (200 �L) of the DSP, DH5�, and HB101 strains
ere mixed in a 1.5 mL  sterile microcentrifuge tube, centrifuged

5000 × g) for 10 min  and re-suspended in 1 mL  LB. After incuba-
ion at 30 ◦C overnight, the mixture was plated onto basal medium
upplemented with 50 mg/L of kanamycin sulfate (Km), spectino-
ycin (Sm), and chlorpyrifos and incubated at 30 ◦C for two days.

he DSP strain (pDOC-gfp)  was selected based on its resistance to
ntibiotics (Km and Sm), its ability to utilize chlorpyrifos as the sole
arbon and energy sources, and the observation of GFP expression
y microscopy.

The gfp-tagged plasmid donor strains, JM109 (pDOC-gfp) and
lebsiella sp. TZ (pDOC-gfp), were obtained by transformation with
he pDOC-gfp plasmid according to the method proposed by Sam-
rook and Russell [25].

.3. Degradation of chlorpyrifos by pDOC plasmid donors

To examine the ability of the plasmid donors to degrade chlor-
yrifos, each donor was inoculated at a biomass of OD415 nm = 0.20

nto 20 mL  of mineral salt medium (MSM;  0.4 g MgSO4·7H2O,
.002 g FeSO4·7H2O, 0.2 g KH2PO4, 0.2 g (NH4)2SO4, 0.08 g CaSO4,
nd 1 L distilled water, pH 7.0) supplemented with chlorpyrifos as

he sole source of carbon and energy at level of 10 mg/L in a 100 mL
ask. After 0 and 5 days, the entire culture was sampled for the
etermination of the chlorpyrifos concentration, as described in
upplementary Material S2.  The control experiment, which did not
nclude inoculation with the plasmid donor, was carried out under
he same conditions. Each treatment was replicated three times.
terials 221– 222 (2012) 178– 184 179

2.4. Development of chlorpyrifos degradation capacity in the soil
by plasmid transfer

To explore the development of the chlorpyrifos degradation
capacity in the soil by plasmid transfer, Hangzhou soil (1200 g dry
weight equivalent) was mixed with a solution of chlorpyrifos in ace-
tone to reach a final concentration of 200 mg/kg of dry soil. The soil
samples were left for 1 h in a laminar flow bench for solvent evap-
oration and subsequently mixed thoroughly using sterile plastic
spoons and passed through a 2 mm mesh to ensure the uniform
distribution of the added pesticide. The purified pDOC plasmid,
extracted from 5 mL  of the suspension of the DSP strain with cell
density of 1.0 × 107 CFU/mL, was  inoculated into the soil, and the
soil was homogenized by sieving through a 2 mm mesh twice with
the addition of the appropriate amount of sterile, distilled water
for moisture content adjustment (60% WHC). The treated soil was
placed in a 2 L flower pot and incubated at 25 ◦C in the dark. Chlor-
pyrifos was  applied successively 22 and 37 days after the first
treatment. At time intervals of 0, 7, 14, 21, 22, 29, 36, 37, 44, and 51
days, soil samples (25 g dry weight equivalent) from each treatment
were collected using a soil auger (2 cm diameter) for the determi-
nation of the residual chlorpyrifos concentration, as described in
Supplementary Material S2.  In addition, 10 g dry weight soil was
sampled for the counting of potential degraders by the method
described by Alexander [26] using chlorpyrifos as the sole organic
substrate. Controls without inoculation were carried out under the
same conditions. Each treatment was  replicated three times.

2.5. Effect of the plasmid donor, temperature, moisture, and soil
type on plasmid transfer

To assess the transfer of the pDOC plasmid from various donors
into indigenous bacteria, a similar experiment to confirm the degra-
dation capacity was conducted with the plasmid donor strains DSP
(pDOC-gfp), JM109 (pDOC-gfp), and TZ (pDOC-gfp)  at an initial cell
density of 1.0 × 105 CFU/g of soil. To test the influence of the tem-
perature, soil samples treated with the JM109 (pDOC-gfp)  strain as
the donor and chlorpyrifos at level of 10 mg/kg were incubated at
20 ◦C, 30 ◦C, or 40 ◦C. To confirm the effect of the soil moisture, the
experiment was  carried out at three different soil moisture equiv-
alents: 40%, 60%, and 80% WHC. Soils from Hangzhou (HZ), Jiaxing
(JX), Xiaoshan (XS), and Jinhua (JH) were used for the determina-
tion of the effect of the soil properties. All of the treatments were
replicated three times.

2.6. Microscopy analysis of bacteria harboring pDOC-gfp

To analyze the microorganisms in the soil using fluorescence, a
soil sample (5 g dry weight equivalent) was  weighed in a 20 mL
glass tube and mixed thoroughly with 3 mL  sterile, double de-
ionized water on a vortex oscillator for 30 s. One drop of the
suspension and two  drops of fixing solution (glycerol: phosphate
buffer [pH 7.0], 1:1, v/v) were placed onto a glass slide and cov-
ered with a coverslip. The fluorescence imaging was  performed
using a confocal laser scanning microscope (Leica DMI  6000 CS,
Leica Microsystems, Wetzlar, Germany) with the Leica Application
Suite Advanced Fluorescence (LASAF) program. The wavelength of
excitation ranged from 500 to 530 nm.

3. Results and discussion

3.1. The pDOC plasmid and the degradation of chlorpyrifos
To determine the involvement of the plasmid-encoded genes of
the DSP strain in chlorpyrifos degradation, a plasmid-eliminated
DSP strain (DSP−), a plasmid-recovered DSP− strain (DSP+), and a
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ig. 1. Agarose gel electrophoresis of the plasmid DNA extracted from B. laterosporus
SP (A), B. laterosporus DSP− (B), B. laterosporus DSP+ (C), E. coli JM109 (D), and E.
oli JM109 (pDOC) (E).

lasmid-transformed JM109 strain (pDOC) were constructed. The
lasmids extracted from the DSP+ and JM109 (pDOC) strains were

dentical to that from the original DSP strain (Fig. 1). The degra-
ation of chlorpyrifos in MSM  by the DSP, DSP−, DSP+, JM109,
nd JM109 (pDOC) strains was assessed and is shown in Table S3.
pproximately 61.8%, 49.6%, and 55.5% of the added chlorpyri-

os was degraded by the DSP, DSP+, and JM109 (pDOC) strains,
espectively, after 5 days of incubation. In contrast, the dissipation
fficiencies of chlorpyrifos by the DSP− and JM109 strains were
pproximately 5.5% and 4.0%, respectively, which was similar to
hat of the control without inocula. These results clearly indicate
hat the pDOC plasmid in the DSP strain was responsible for the
egradation of chlorpyrifos.

.2. Development of the degradation capacity in
DOC-inoculated soil

To assess the development of the capacity for the degradation
f chlorpyrifos in soil induced by plasmid transfer, the degrada-
ion of chlorpyrifos after repeated applications to the control and
DOC-inoculated soils was monitored (Fig. 2). The concentration of

hlorpyrifos in control soil increased from 161.2 mg/kg on day 14
fter the first addition to 200.9 mg/kg on day 14 after third addition,
ndicating that chlorpyrifos accumulation in the soil with repeated
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ig. 2. Degradation of chlorpyrifos after repeated applications to the control and
DOC-inoculated soils.
Days after treatment

Fig. 3. MPN  of chlorpyrifos degraders in soil treated with or without pDOC.

applications. On contrary, the degradation efficiency of chlorpyrifos
in the pDOC-treated soil was greatly enhanced, and appeared to be
accelerated after the second and third additions of chlorpyrifos. The
pDOC plasmid itself is unable to degrade chlorpyrifos, and expres-
sion of the encoded gene(s) in indigenous bacteria is required for
the development of degradation capacity for chlorpyrifos. There-
fore, the chlorpyrifos degradation capacity in the pDOC-inoculated
soil indicated that the plasmid was  transferred into indigenous
soil bacteria. This transfer was confirmed by the variation in the
MPN  of the microorganisms capable of degrading chlorpyrifos in
the pDOC-treated soil (Fig. 3). The MPN  in the pDOC-treated soil
increased gradually from almost none (29 CFU/g of soil) on day 0 to
approximately 130,952 CFU/g of soil on day 14 after the first addi-
tion of chlorpyrifos and maintained at a stable high level with the
following applications of the chemical.

3.3. Plasmid pDOC transfer events

To confirm the transfer of the pDOC plasmid into indigenous soil
bacteria, soil containing chlorpyrifos at 50 mg/kg was treated with
pDOC-gfp and incubated at 30 ◦C in the dark. Soil samples were
collected 0, 5, 10, and 30 days after the treatment for the moni-
toring of GFP expression by the indigenous soil bacteria. The GFP
expression in the indigenous soil bacteria clearly illustrated that
pDOC was transferred into the soil bacteria and that the encoded
genes were expressed (Fig. 4). Fluorescent cells in the soil repre-
sent transconjugant cells carrying gfp-tagged pDOC because GFP
is only expressed in the case of successful transfer. No fluores-
cent cells in the pDOC-treated soil were observed within 1 h after
the treatment. The transfer of the pDOC plasmid to the soil bac-
teria occurred within 5 days. Haagensen et al. [27] also found that
transconjugants of the TOL plasmid formed within 4 days after inoc-
ulation. Furthermore, Musovic et al. [28] found that the transfer of
the pRP4-gfp conjugal plasmid from Pseudomonas putida KT2442
into the soil bacteria occurred under all test conditions. It is likely
that the rapid degradation of chlorpyrifos in the pDOC-gfp-treated
soil was  induced by the transfer of pDOC into the soil bacteria.

More interestingly, four of GFP-positive strains, ZQ1, ZQ2, ZQ3,
and ZQ4, were isolated from the pDOC-gfp-treated soil 30 days
after treatment (Fig. S1)  and were extracted and identified by elec-
trophoresis (Fig. 5). By comparing the relative mobilities of the
plasmids, all were found to be identical to that in the initial strain,
DSP, suggesting that new chlorpyrifos degraders were formed
by the transfer of pDOC. The 16S rDNA sequences of the ZQ1–4
isolates were determined and have been submitted to the NCBI

GenBank databases under accession numbers JN541207, JN541208,
JN541210 and JN541209, respectively. The isolates were identified
as members of Pseudomonas (ZQ1 and ZQ2) and Staphylococcus
(ZQ3 and ZQ4). These isolates possess the capacity to degrade
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Fig. 4. GFP expression in indigenous bacteria in pDOC-gfp-inocula

Fig. 5. Agarose gel electrophoresis of plasmid DNA. (A) �-HindIII-digested DNA
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However, no significant difference was  observed in the MPN  of
the degraders in the treated soils (Table 1). The microbial degra-
dation efficiency of a chemical in the soil is largely governed by
both the number and the activity of the microorganisms capable of
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B. latersporu s DSP (pDOC)  inoculated
arker, (B) Staphylococcus sp. ZQ3, (C) Staphylococcus sp. ZQ4, (D) Pseudomonas sp.
Q1, (E) Pseudomonas sp. ZQ2, (F) B. laterosporus DSP, and (G) B. laterosporus DSP
pDOC-gfp).

hlorpyrifos, and approximately 59.5%, 62.6%, 58.9%, and 52.2% of
he added chlorpyrifos in the MSM  was degraded by the ZQ1, ZQ2,
Q3, and ZQ4 strains, respectively (Fig. S2).

.4. Effect of pDOC donors
The transfer of a plasmid from the donor strain into other bac-
eria may  be influenced by the type of donor. To test the influence
f the donor, the DSP, DSP (pDOC-gfp), JM109 (pDOC-gfp), and
Z (pDOC-gfp)  strains were all used as the donor to assess their
ted soil 0 (A), 5 (B), 10 (C), and 30 (D) days after treatment.

performance. At 5 days after treatment, no significant difference
was  observed in the degradation efficiency of chlorpyrifos among
the samples containing the different strains (Fig. 6). Thereafter,
the degradation of chlorpyrifos in the JM109 (pDOC-gfp)- and TZ
(pDOC-gfp)-treated soils appeared to be more rapid than the degra-
dation in the DSP- and DSP (pDOC-gfp)-amended soils (Fig. 6).
 B. latersporu s DSP (pDOC-gfp )  inoculated

Klebsiell a sp. TZ (pDOC-gfp )  inoculated

E. coli JM109 (pDOC-gfp )  inoculated

Fig. 6. Degradation of chlorpyrifos in soil treated with different pDOC donors.



182 Q. Zhang et al. / Journal of Hazardous Materials 221– 222 (2012) 178– 184

Table 1
MPN  of chlorpyrifos (at 50 mg/kg) degraders in soil treated with different pDOC-gfp
plasmid donors.

Soil treatment Chlorpyrifos degraders (×105 CFU/g of soil)

0 d 5 d 10 d

Control NDa 0.03 ± 0.01 0.55 ± 0.17
B.  laterosporus DSP 0.80 ± 0.40 1.30 ± 0.50 5.70 ± 2.50
B.  laterosporus DSP (pDOC-gfp) 0.90 ± 0.54 2.00 ± 0.50 8.87 ± 3.87
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Contro l    E. coli JM109 (pDOC- gfp) -  inocu lated

Days after treatment

80% WHC60% WHC40% WHC
E.  coli JM109 (pDOC-gfp) 0.90 ± 0.20 2.73 ± 0.63 6.29 ± 2.37
Klebsiella sp. TZ (pDOC-gfp) 0.70 ± 0.30 1.36 ± 0.54 6.29 ± 1.73

a Not determined.

egrading the chemical. It has been reported that extrinsic bacteria
ould encounter severe competition with indigenous bacteria in

oil [29]. Moreover, indigenous isolates would be better adapted
o the soil environment for bioremediation [30]. In this study,
he DSP strain was isolated from the soil collected from Cixi,
hangjiang, China, whereas TZ was isolated from the soil used
n this experiment. Thus, the strains JM109 and TZ are niche-
daptable and might be more active in the tested soil than the
xtrinsic strain DSP. The difference in the niche-adaptable of donor
trains resulted in the difference in the degradation efficiency of
hlorpyrifos in the treated soils. The results indicated that niche-
daptable donor strains are more effective than extrinsic donors in
lasmid-mediated bioaugmentation.

.5. Effect of temperature

It is probable that the temperature can affect the plasmid trans-
er in soil because the plasmid donor strain and soil bacteria may
ave different optimal temperatures for their growth and activity.
he effect of the temperature on the degradation of chlorpyrifos in
he JM109 (pDOC-gfp)-inoculated soil is shown in Fig. 7. Approxi-

ately 34.3%, 65.0%, and 56.5% of the introduced chlorpyrifos was
egraded 5 days after the treatment at the temperatures of 20 ◦C,
0 ◦C, and 40 ◦C, respectively. The degradation efficiency of chlor-
yrifos at 30 ◦C was much faster than those at 20 ◦C and 40 ◦C.
imilarly, the efficiencies at 20 ◦C, 30 ◦C, and 40 ◦C determined on
ay 10 were 54.1%, 92.3%, and 65.9%, respectively. The MPN  of the
otential degraders in the soil incubated at 30 ◦C was found to be
reater than those at 20 ◦C and 40 ◦C (Table S4).  This suggested that
he optimum temperature for chlorpyrifos degradation by JM109
pDOC-gfp) was 30 ◦C. In agreement with our results, Xu et al. [31]
ad reported that the optimum temperature for chlorpyrifos degra-
ation by the mixed culture of the bacterium Serratia sp. and the
ungus Trichosporon sp. was 30 ◦C. According to Johnsen and Kroer

32], the transfer of the pRO103 plasmid increased with increas-
ng temperature to reach a maximum at 29 ◦C and then decreased

arkedly at 35 ◦C. Similarly, the transfer of blaNDM-1 plasmids
nto E. coli, Salmonella enterica serotype enteritidis, and Shigella
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ig. 7. Effect of temperature on the degradation of chlorpyrifos in soil with or with-
ut E. coli JM109 (pDOC-gfp)-inoculated.
Fig. 8. Effect of soil moisture on the degradation of chlorpyrifos in soil with or
without E. coli JM109 (pDOC-gfp)-inoculated.

sonnei at higher frequencies at 30 ◦C than at 25 ◦C or, particularly, at
37 ◦C [33]. Therefore, these results may  be attributed to the optimal
growth temperature of 30 ◦C for chlorpyrifos-degrading bacteria
and the most efficient transfer of the pDOC plasmid at 30 ◦C. The
results indicated that temperature has greatly effect on transfer
frequencies and thus affect the degradation efficiencies.

3.6. Effect of moisture

Plasmid transfer from donor to recipient is governed by their
direct contact, and water in the soil is the essential medium for
the microbial migration by which the contact between donors and
recipients takes place. The degradation of chlorpyrifos in the JM109
(pDOC-gfp)-inoculated soil at 60% WHC  was faster than the degra-
dation at 40% and 80% WHC  (Fig. 8). Approximately 63.8%, 74.4%,
and 60.5% of the added chlorpyrifos was removed within 5 days at
soil moisture levels of 40%, 60%, and 80% WHC, respectively. Accord-
ingly, the greatest MPN  of the potential degraders was found at a
60% WHC, followed by 40% and 80% WHC  (Table S4). The effects
of moisture on the chlorpyrifos degradation and the MPN  of the
degraders observed on day 5 were similar to those on day 10.
In general, the optimal growth of most soil microorganisms is at
approximately 60% WHC  [34]. The optimal growth of soil bacteria
at moisture of 60% WHC  promote bacterial persistence, succession,
population density and thus enhance the transfer efficiencies of
plasmid in soil [35]. Soil moisture is also an important factor affect-
ing the efficiencies at which the transfer of plasmid takes place. The
moisture level at 60% WHC  may  be more suitable for the transfer
of pDOC in soil than 40% or 80% WHC.

3.7. Effect of soil type

The soil type has been found to be an important factor that
influences plasmid transfer in the soil [36]. As shown in Fig. 9,
the dissipation of chlorpyrifos was  influenced by the soil type.
After adjustment for the natural dissipation in the soil, the
degradation efficiency of chlorpyrifos induced by the inoculation
of the JM109 (pDOC-gfp)  strain 5 days after treatment in the
HZ soil (1.26 mg/kg d) was  similar to the efficiencies in the XS
(1.07 mg/kg d) and JX (1.10 mg/kg d) soils but was significantly
greater than that in the JH (0.86 mg/kg d) soil. Similarly, the degra-
dation efficiency was measured at 10 days after treatment and was
0.64, 0.86, 0.88, and 0.71 mg/kg d in the JH, HZ, XS, and JX soils,
respectively. It is likely that the transfer of pDOC in the JH soil is
poorer than that in the other soils because the measured degrada-
tion efficiency directly reflects the efficiency of the plasmid transfer

in the soil.

The MPN  values in the JM109 (pDOC-gfp)-treated soils are given
in Table S4.  The numbers of potential chlorpyrifos degraders mea-
sured both on day 5 and 10 in the HZ and XS soils were greater
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han those in the JX and JH soils. No clear relationship between
he MPN  values, the degradation efficiency of chlorpyrifos, and the
oil characteristics was observed due to the following reasons: (1)
he transfer of a plasmid among soil bacteria is governed by the
oil physico-chemical characteristics and the bacterial composition
nd populations [37]; (2) the microbial degradation of a chemical
n the soil is affected by the number of degraders and their activity
38,39]; (3) the bioavailability of a chemical in the soil to degraders
aries with the soil type [40,41]; and (4) the MPN  value measured
n this study does not represent the entire community of degraders
ecause most soil microorganisms are unculturable [42]. Neverthe-

ess, the results obtained in this study indicate that the transfer of
DOC could occur in all of the soils used and, thus, enhanced the
hlorpyrifos degradation in the soil.

. Conclusions

In summary, the results obtained in this study indicate that the
DOC plasmid may  effectively be transferred into indigenous bacte-
ia in the soil, and the chlorpyrifos degradation capacity developed
fter the transfer of the pDOC plasmid. Although the efficiency
s affected by such environmental conditions as the temperature
nd moisture, the introduction of the pDOC donor strain into the
oil may  be an effective approach to enhance the degradation of
hlorpyrifos in soils of various types. It may  be concluded that the
ntroduction of a degradative plasmid or its donor into the soil is a
seful bioaugmentation strategy for the bioremediation of organic
ontamination because the soil degradation capacity could persist
nce the plasmid is transferred into the soil bacteria.
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Supplementary data associated with this article can be
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