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Organophosphorus pesticides (OPs) cause serious environmental problems, and bioremediation using
bacterial enzymes may provide an efficient and economical method for their detoxification. Green
fluorescent protein (GFP) is a stable and easily detectable marker in monitoring genetically engineered
microorganisms (GEMs) in the environment. In our research, the methyl parathion hydrolase gene
(mpd) and enhanced green fluorescent protein gene (egfp) were successfully coexpressed using
pETDuet vector in E. coli BL21 (DE3). The coexpression of methyl parathion hydrolase (MPH) and
enhanced green fluorescent protein (EGFP) were confirmed by determining MPH activity and
fluorescence intensity. The recombinant protein MPH showed high enzymatic degradative activity of
several widely used OP residues on vegetables determined by GC analysis. Subsequently, a dual-
species consortium comprising engineered E. coli and a natural p-nitrophenol (PNP) degrader
Ochrobactrum sp. strain LL-1 for complete mineralization of dimethyl OPs was studied. It could
completely mineralize methyl parathion (MP) via MP through PNP and hydroquinone and eventually
through the TCA cycle as determined by HPLC analysis. The accumulation of PNP in suspended
culture was prevented. The consortium could be further utilized for complete mineralization of PNP-
substituted OPs in a laboratory-scale bioreactor and easily monitored by fluorescence of EGFP for
its activity and fate.
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INTRODUCTION

Synthetic organophosphorus compounds are used extensively
in agricultural and domestic pest control. However, mass
application of these compounds in the environment causes
serious environmental problems. Organophosphorus pesticides
(OPs) cause enormous damage to nontarget organisms because
acetylcholinesterase is present in all vertebrates (1).

Bioremediation of organophosphate compounds in the envi-
ronment using bacterial enzymes may provide an efficient,

convenient, and economical method for detoxification. Orga-
nophosphorus hydrolase (OPH), isolated from both FlaVobac-
terium sp. ATCC 27551 (2) and Pseudomonas diminuta MG
(3), is capable of hydrolyzing a wide range of oxon and thion
OPs. However, OPH has already been shown to lack any
hydrolytic activity toward numerous dimethyl OPs (4). The mpd
gene encoding an organophosphate degrading protein was
isolated from a methyl parathion (MP) degrading Plesiomonas
sp. and showed no homology to the opd genes (5). Changes in
substrate specificity have been reported for MPH, which exhibits
higher Kcat/Km values for dimethyl OPs such as MP (6, 7).

Enumerating and assessing of genetically engineered micro-
organisms (GEMs) in polluted soil and aquatic environments
can be assisted by using stable marker systems with an easily
detectable phenotype. The green fluorescent protein (GFP) is a
unique marker that can emit bright green fluorescence after UV
light or visible light excitation (8, 9). GFP was introduced into
microbes without influencing the metabolism of the various
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hosts (10-12). As a marker for ecological studies, GFP requires
no cofactors but O2 for fluorescence (13), making it ideal for
monitoring GEMs in the environment (14-17).

p-Nitrophenol (PNP) is an environmental pollutant and the
major metabolite from dimethyl OPs (e.g., MP, parathion) (2, 18).
In order to completely mineralize OPs, a strategy is to target
OPH or MPH onto the outer membrane of a natural PNP
degrader, which results in a bacterium with both OPH or MPH
activity and PNP mineralization capability (7, 18-20). While
the engineered strain was endowed with MP mineralizing
activity, the use of displayed OPH or MPH may increase the
metabolic burden of the host strain. The other feasible way of
constructing a complete degradation pathway in a single microbe
is to combine bacteria with complementary metabolic pathways
into functional assemblages in coculture. Several xenobiotic
pollutants, including chlorinated dibenzofurans (21), 9-fluo-
renone (22), parathion (23), and chlorpyrifos (24), have been
reported to be completely mineralized using this approach.

We previously cloned the mpd gene (GenBank accession
number DQ677027) from a chlorpyrifos-degrading bacterium
and expressed the gene in E. coli (25). Recently, we have
isolated an Ochrobactrum sp. named LL-1 (resistant to
ampicillin) capable of utilizing high concentrations of PNP
(up to 0.8 mM) as the sole source of carbon, nitrogen, and
energy from an activated sludge. In the present study, MPH

and EGFP were successfully coexpressed using the pETDuet
vector in E. coli. The detoxification of MP, parathion,
chlorpyrifos, and fenitrothion residues on cabbage leaves by
MPH was studied. A dual-species consortium was developed
for complete mineralization of MP. The consortium was

Figure 1. 12% SDS-PAGE analysis of recombinant proteins coexpressed in E. coli BL21(DE3). Lane 1, protein molecular weight standards; lane 2,
whole cell lysates of induced E. coli harboring plasmid pETDuet; lane 3, expression of MPH in E. coli carrying pETDM; lane 4, expression of EGFP in
E. coli carrying pETDG; lane 5, expression of MPH and EGFP in E. coli carrying pETDMG. The molecular masses of standards are shown in the left
margin.

Table 1. MPH Activity and Fluorescence Intensity of E. coli BL21 (DE3)
Harboring pETDMG Plasmid Induced by Different Concentrations of IPTG
for 8 h at 30 °Ca

sample
number

concentration
of IPTG (mM)

MPH activity
(U/mg protein)

fluorescence
intensity

1 0.05 7.52 ( 0.24 4410 ( 28
2 0.1 16.05 ( 0.33 7739 ( 25
3 0.2 16.46 ( 0.29 7644 ( 36
4 0.3 16.49 ( 0.31 7991 ( 41
5 0.4 17.02 ( 0.37 7998 ( 19
6 0.5 16.95 ( 0.41 7892 ( 22
7 0.6 16.69 ( 0.37 8032 ( 26
8 0.7 16.65 ( 0.42 7910 ( 36
9 0.8 16.53 ( 0.23 7910 ( 36
10 0.9 16.82 ( 0.39 7795 ( 35

a Error bars represent standard the deviation from three independent experiments.

Figure 2. Time course analysis of MPH activity (A) of total cellular
protein (TCP) and fluorescence intensity (B) of whole-cells of E. coli
BL21 (DE3) induced by IPTG for 24 h at 30 °C. Error bars represent
the standard deviation from three independent experiments.

Figure 3. Degradation of OP residues on cabbage leaves by MPH of
total cellular protein (TCP) of E. coli BL21 (DE3). Error bars represent
the standard deviation from three independent experiments.
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cocultured in LB medium, and the effect of PNP on growth
was studied.

MATERIALS AND METHODS

Bacterial Strains and Plasmids. E. coli strain BL-21 (DE3) (F-

ompT hsdSB (rB
- mB

-) gal dcm (DE3), Novagen, USA) was used as
the expression host throughout the experiments. Ochrobactrum sp. LL-
1, a natural PNP strain, was cocultured with E. coli. Plasmid pETDuet
(Novagen, USA) was used for coexpressing the mpd gene and the egfp
gene. Plasmids were maintained and propagated in E. coli DH5R
according to Sambrook et al. (26). Plasmid pMDQ (25) was used as
the source of the mpd gene. pEGFP-N3 (Clontech, USA) was used as
the source of the egfp gene. T4 DNA ligase, isopropyl thiogalactoside,
ampicillin, and restriction enzymes were purchased from TaKaRa
Biotechnology Co. Ltd. (Dalian, China).

Media and Culture Conditions. Strains bearing plasmids were
grown in Luria-Bertani (LB) medium supplemented with ampicillin
to a final concentration of 50 µg mL-1. Cells were grown at various
temperatures in 250 mL flasks in a shaker with vigorous agitation (260
rpm). Bacteria harboring expression vectors were grown to an OD600

) 0.6 before induction with IPTG. The cells continued to grow under
different concentrations of IPTG (0.05-1.0 mM) or different induction
times (0-24 h).

Construction of the Expression Plasmids. To construct a mature
MPH and EGFP coexpression plasmid, mpd without signal sequence
and the egfp gene were amplified using PCR. The region encoding
mature MPH was amplified from plasmid pMDQ with forward primer
5′-GGATCCCATGGCCGCACCGCAGGTG-3′ and reverse primer 5′-
AAGCTTTCACTTGGGGTTGACGAC-3′ (the HindIII and BamHI
sites, respectively, are underlined). The PCR fragment was subsequently
cloned into the BamHI-HindIII restriction sites of pETDuet to generate
the recombinant plasmid pETDuet-mpd (pETDM). The gfp gene was
amplified from plasmid pEGFP-N3 with forward primer 5′-CATAT-
GATGGTGAGCAAGGGCGAG-3′ and reverse primer 5′-GGTAC-
CCT- TGTACAGCTCGTCCAT-3′ (the NdeI and KpnI sites, respec-
tively, are underlined). The PCR fragment was subsequently cloned
into the NdeI-KpnI restriction sites of pETDM to generate the
recombinant plasmid pETDuet-mpd-egfp (pETDMG). At the same time,
the gfp gene was also cloned into the NdeI-KpnI restriction sites of
pETDuet to generate the recombinant plasmid pETDuet-egfp (pETDG)
as the control. The correct sequence of the insert was confirmed by
sequencing.

Expression of the Recombinant Protein in E. coli and Prepara-
tion of Total Cellular Protein (TCP). Expression studies were carried
out using E. coli BL-21 (DE3). Transformation was performed using
the MgCl2 or CaCl2 method (26). The vectors of pETDMG, pETDM,
and pETDG were transformed. The bacteria for expression of the
recombinant proteins were incubated overnight at 37 °C in LB medium
containing 50 µg mL-1 ampicillin and then transferred into the same
medium and continuously grown at 37 °C in a shaker until bacteria
were grown to an OD600 ) 0.6. The cultures were induced with 0.1
mM IPTG for 8 h at 30 °C. Total cellular protein (TCP) of samples
was prepared for analysis as follows: cells were harvested, washed with
100 mM phosphate/buffered saline (PBS, pH 7.5), and then resuspended

in one-fifth volume of the same buffer. The suspension was ultrasoni-
cated on ice in three pulses of 10 s each. The TCP was determined by
the Bradford method (27) with bovine serum albumin as a standard.
Equal amounts of the TCP sample was assessed by 12% SDS-PAGE
followed by Coomassie blue staining.

Determination of MPH Activity and Fluorescence Intensity. MPH
activity was determined by the method of Yang et al. (7). TCP sample
harboring pETDuet was used as background references. MPH activity
assay mixtures (1 mL, 3% methanol) contained 50 µg mL-1 MP (added
from a 10 mg mL-1 methanol stock solution), 960 µL of 100 mM
phosphate buffer (pH 7.4), and 10 µL of TCP (OD600 ) 1.0). Changes
in absorbance (405 nm) were measured for 3 min at 30 °C. Activities
were expressed as units (1 µmol of PNP formed per minute) per
milligram of protein (ε405 ) 17,700 M-1 cm-1 for PNP).

Whole cells harboring pETDMG, pETDM, or pETDG were sus-
pended in PBS buffer (pH 7.5) and diluted to OD600 ) 1.0. The similarly
diluted cells harboring pETDuet was used as background references.
GFP fluorescence intensity was determined using a fluorescence
spectrophotometer (F-4500, HITACHI, Japan) with a bandwidth of 5
nm, excitation wavelength of 488 nm, and emission wavelength of 510
nm.

Detoxification of OP Residues on Vegetable by MPH. TCP of
samples was prepared in the same way as described above. Then, 10
µL of TCP (OD600 ) 1.0) was incubated with 0.4 mM MP, parathion,
chlorpyrifos, or fenitrothion.

The test samples were prepared as follows: 10 g of cabbage leaves
was sprayed with a known amount of pesticide. After 3 h, the
contaminated sample was sprayed with TCP suspensions. Samples were
collected at 0, 20, 40, 60, 80, 100, and 120 min. These samples were
chopped into fine pieces and then were homogenized with 30 g of
anhydrous sodium sulfate in a blender with 30 mL of petroleum ether
for 2 min. The mixture was decanted and filtered through a 7 cm
buchner funnel. The filter cake was washed twice with 10 mL of
redistilled petroleum ether. The extracts were collected in a 150 mL
flat-bottom flask, concentrated to almost dryness with a slight N2 stream,
and diluted to 1 mL with redistilled petroleum ether for the determi-
nation by GC analysis.

Samples of 1 µL (diluted if necessary) were analyzed using a
Hewlett-Packard 5890 II GC (Hewlett-Packard, Wilmington, DE, USA)
equipped with an ECD detector and a capillary HP-1 column (poly-
dimethylsiloxane 25 cm × 0.32 mm × 0.25 µm). The uninoculated
culture was used as a control. The detector, injector, and column
temperatures were 300, 300, and 200 °C, respectively. Column pressure
was 7.7 psi, and column flow was 0.932 mL min-1. Under these
conditions, the concentration of pesticides was determined by comparing
peak area of the samples to a standard curve.

Coculture Study. Six flasks containing LB medium were supple-
mented with 50 µg mL-1 ampicillin, 1 mM IPTG, and 0.2 mM MP.
Three of the flasks were inoculated with E. coli BL21 (pETDMG).
The remaining three flasks were inoculated with both E. coli BL21
(pETDMG) and strain LL-1. The initial OD600 of both strains inoculated
was 0.04. All cultures were grown with shaking at 30 °C. At each
time point, a 1 mL aliquot was withdrawn and centrifuged, and the
supernatant was stored at -20 °C for PNP analysis by HPLC (28).

RESULTS

Expression of MPH and EGFP. Expression of recombinant
MPH and EGFP protein was detected by 12% SDS-PAGE
(Figure 1). The calculated molecular weights of MPH and EGFP
are 32 and 27 kDa, respectively. As expected, two bands of the
recombinant protein were visualized at the right position by
Coomassie Brilliant Blue staining in agreement with that
calculated from the protein sequences. We can also observe that
MPH and EGFP comprised about 32% and 35% of TCP by
electrophoresis gel scanning, respectively. The data indicate that
recombinant MPH and EGFP were expressed in E. coli BL21
(DE3) harboring pETDMG.

Enzymatic Activity and Fluorescence in the GEM. As
shown in Table 1, except those samples induced by 0.05 mM

Figure 4. PNP accumulation and metabolism during MP biodegradation
by suspended cells. (×) Escherichia coli BL21, (0) mixed culture of E.
coli BL21 and Ochrobactrum sp. strain LL-1. Error bars represent the
standard deviation from three independent experiments.
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IPTG all other samples with different amounts of IPTG exhibited
similar MPH activities and fluorescence intensity levels. These
data suggest that maximum recombinant protein can be induced
by 0.1 mM IPTG.

Time-course studies of MPH activities and fluorescence
intensity (Figure 2) were also carried out with 0.1 mM IPTG
at 30 °C, with the same amount of cells (OD600 ) 1.0) being
collected at 2 h intervals, and the corresponding enzyme
activities determined. As shown in Figure 2, the MPH activity
and fluorescence intensity of the cells containing pETDMG
reached their maximum after induction for 6 and 8 h, respec-
tively. Moreover, the maximum of both MPH activities and
fluorescence intensity in the pETDMG was 60-70% of that
observed in bacteria expressing MPH or EGFP alone. This
indicated a similar expression level of mpd and egfp in the
pETDMG plasmid.

Degradation of Different OP Residues on Vegetables by
TCP of the GEM. As shown in Figure 3, all of the OP residues
on cabbage leaves were degraded completely by MPH (TCP)
in 100 min via hydrolysis of the phosphotriester bond. MP was
quickly degraded within the first 20 min. Complete hydrolysis
of parathion, chlorpyrifos, and fenitrothion occurred within 60,
100, and 80 min, respectively. The hydrolysis rates are consistent
with the kinetic properties of MPH, which are more efficient in
hydrolyzing MP than other organophosphorus pesticides (6).

Effect of PNP on Growth and Metabolites of MP Degra-
dation in Coculture. Because PNP is toxic to microbes and it
can inhibit the growth of microbes (29), the growth rate of strain

BL21 could be inhibited with the accumulatation of PNP. As
shown in Figure 4, only 32 µM PNP was accumulated during
the first 24 h, and there was no obvious growth inhibition
observed and in the coculture of strain E. coli BL21 and
Ochrobactrum sp., which was subsequently degraded over the
remainder of the experiment. PNP accumulated to a concentra-
tion of 82 µM during growth as a batch monoculture of E. coli
BL21 harboring pETDMG during the first 24 h, and the
concentration reached 183 µM in 48 h. The growth of E. coli
would decrease gradually when concentrations of PNP were
greater than 0.2 mM and could be completely inhibited by 0.6
mM PNP (23). In the coculture, the PNP formed during MP
hydrolysis could be rapidly degraded, and the inhibitory effect
of PNP on the growth of E. coli BL21 could be eliminated by
strain LL-1.

In the coculture, PNP and hydroquinone were detected by
HPLC, while 4-nitrocatechol and 1,2,4-benzenetriol could not
be detected (Figure 5). PNP is converted to hydroquinone or
1,2,4-benzenetriol in theprocessofmetabolisminbacteria (29,30).
4-Nitrocatechol and 1,2,4-benzenetriol are reported to be the
major degradation products of PNP in Gram-positive bacteria
(31). Hydroquinone is found to be the key catabolic intermediate
of PNP in Gram-negative bacteria (29).

Our result demonstrated that MP could be degraded via the
MP f PNP f hydroquinone f TCA cycle (Figure 6) by the
dual-species consortium. The data confirm that the process of
mineralization of MP is initiated by hydrolysis leading to the

Figure 5. HPLC analysis of the metabolism products: PNP (A) and hydroquinone (B) during MP biodegradation in the coculture of E. coli BL21 and
Ochrobactrum sp. strain LL-1.

Figure 6. Proposed pathway for the biodegradation of MP by a constructed microbial consortium.
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generation of PNP and dimethylthiophosphoric acid, and PNP
degradation then proceeds through the formation of hydroquinone.

DISCUSSION

A number of choices for coexpression of multiple target
proteins in Escherichia coli are currently available (31, 32), of
which the plasmid pETDuet has been designed for coexpression
of two target genes. OPH and carboxylesterase B1 (33), as well
as staphopain A and its inhibitor (34) were successfully
coexpressed using the vector in E. coli BL-21 (DE3). The
pETDuet vector contains two multiple cloning sites (MCS), each
of which is preceded by a T7 promoter/lac operator and a
ribosome binding site (RBS). In this work, two target genes of
mpd and egfp were cloned downstream of T7 promoters of
pETDuet. Coding regions of mpd and egfp are both controlled
by T7 promoter in recombinant pETDMG. Meanwhile, to
explore whether the differences between coexpression and
expression alone would lead to a change in the activity of MPH
or EGFP in the coexpression cells, the activity of MPH in
coexpression cells were compared with that expressed alone,
and at the same time, the same comparison was made for EGFP.

Hydrolysis of OPs by OPH or MPH can reduce mammalian
toxicity by several orders of magnitude (35). MPH shares the
broad substrate range of OPH, which can catalyze the hydrolysis
of many nerve agents and OPs. Besides, MPH has already been
shown to have high hydrolytic activity toward numerous
dimethyl OPs (6, 22). OPs that were applied in this study are
diethyl compounds (chlorpyrifos and parathion) or dimethyl
compounds (MP and fenitrothion). They have diethyl (or
dimethyl) phosphorothionate side chains, and there was a
phosphotriester bond in all compounds. MPH in the GEM
showed high hydrolytic activity toward these OPs, which could
be produced by high density batch fermentation and applied in
detoxification of OP residues in food or vegetables.

Generally speaking, E. coli was not suitable to survive for a
long time either in the environment or in a technical system.
However, some studies about the coculture of E. coli and soil-
dwelling bacteria in a laboratory study or field-scale remediation
have been reported recently. A genetically engineered E. coli
DH5R overexpressing atrazine chlorohydrolase in a batch
fermentor could significantly degrade atrazine using its whole-
cell suspension in heavily atrazine-contamined soil (36). A
recent study found that Biofilm surface hydrophobicity and
polymeric interactions made the E. coli JM109 cell able to
survive and grow in porous media coated with Pseudomonas
aeruginosa Biofilm with a relatively low nutrient supply (37).
A consortium comprising E. coli DH10B and Pseudomonas
putida KT2440 was cocultured as a Biofilm, and the two species
could cohabit as a population of attached cells (23). In our work,
further studies are required to examine whether the Biofilm
could be formed by the two-species microbial consortium.

GFP is highly desirable as a cell marker because of several
properties, high stability, minimal toxicity, noninvasive detec-
tion, and bright fluorescence without any requirements for
additional substrates. GFP was used as a marker for expression
of OPH in E. coli and later used as a fusion partner for the
visualized degradation of paraoxon in a packed column (38-40).
In this work, GFP was coexpressed with MPH in E. coli, and
the fluorescence intensity in the coexpression system was
60-70% of that expressing EGFP alone. However, in a fusion
expression or transposons system, the fluorescence intensity may
significantly decrease. EGFP could be utilized as a cell marker
of the dual-species consortium we developed in future bioreactor
or field-scale remediation.

The dual-species consortium was developed for complete
biodegradation of MP. One member of the consortium was
responsible for hydrolyzing the parent compound, yielding two
metabolites: PNP and dimethylthiophosphate. The other member
of the consortium was responsible for mineralizing the stable
intermediate PNP. However, additional research should be
conducted on the kinetic analysis of the processes and the effect
of spatial heterogeneity within the microbial community on
biodegradation by the E. coli-Ochrobactrum consortium coc-
ulture. This will provide a basis for the research of a laboratory-
scale bioreactor that we will develop to remove OP residues in
wastewater or waste gas.

In summary, we genetically engineered E. coli to endow it
with high MPH activity and fluorescence intensity using the
pETDuet vector. Several widely used OP residues on vegetable
material could effectively be removed by MPH expression in
engineered E. coli. Moreover, a consortium with MP mineral-
izing activity was constructed by coculture of the engineered
E. coli and a natural PNP degrader. The dual-species consortium
possesses the enormous potential to be utilized for complete
mineralization of PNP-substituted OPs in a laboratory-scale
bioreactor.
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