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a b s t r a c t

Simultaneous biodegradation of hexachlorocyclohexane (HCH) and organophosphates (OPs) by a recom-
binant Stenotrophomonas sp. was studied in the study. The broad-host-range plasmid pVGAB, harboring
enhanced green fluorescent protein gene (egfp) and dehalogenase genes (linA and linB), was constructed
and transformed into the OP-degrading strain Stenotrophomonas YC-1 to get the recombinant strain YC-H.
Over-expression of dehalogenase (LinA and LinB) and enhanced green fluorescent protein (EGFP) was
obtained in YC-H by determining their enzymatic activities and fluorescence intensity. YC-H was capable
of rapidly and simultaneously degrading 10 mg/l c-HCH and 100 mg/l methyl parathion (MP) determined
by GC–ECD analysis. A bioremediation assay with YC-H inoculated into fumigated and nonfumigated soil
showed that both 10 mg/kg c-HCH and 100 mg/kg MP could be completely degraded within 32 days. The
novel EGFP-marked bacterium could be potentially applied in the field-scale decontamination of HCH
and OPs residues in the environment.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction Bioremediation is the process by which living organisms de-
The technical formulation of hexachlorocyclohexane (t-HCH), a
recalcitrant pesticide, mainly consists of a-, b-, c- and d-isomers (Li
et al., 2003). Among these four isomers, only c-HCH (also called c-
BHC or lindane) has insecticidal activity. It has been used widely
throughout the world for pest control in agriculture mosquito con-
trol in public health efforts prior to the 1990s. However, serious
environmental problems have resulted from HCH usage, since all
its isomers are toxic, highly persistent in the environment and tend
to accumulate in biological tissues (Zou and Matsumura, 2003).
Although, the use of HCH was banned or restricted in most coun-
tries, its residues still remain present in many agricultural soils
(Nawab et al., 2003), and even in vegetables, grains and fruits
(Sanghi and Tewari, 2001). Synthetic organophosphates (OPs) are
a group of highly toxic chemicals that exhibit broad-spectrum
activity against insects and are widely used against major agricul-
tural pests, accounting for about 38% of total pesticides used glob-
ally (Singh and Walker, 2006). However, continuous and excessive
use of OPs has also caused not only nerve and muscular diseases in
human and animals but contamination of ecosystems in different
parts of the world (Karalliedde and Senanayake, 1999; Sogorb
et al., 2004; Singh and Walker, 2006).
ll rights reserved.
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grade or transform hazardous organic contaminants. It is consid-
ered to be a more efficient, convenient, and environment friendly
method for detoxification of HCH and OPs residues than more
costly physical and chemical methods such as incineration in the
environment (Phillips et al., 2006; Singh and Walker, 2006; Raina
et al., 2008). Due to the presence of various types of pesticide res-
idues in the environment, multifunctional genetically engineered
microorganisms (GEMs) are potentially useful in cleaning up these
pollutants (Carlos and Itziar, 1999; Chen et al., 1999). Bacteria with
genetic material for the degradation of specific types of pesticides
are known and their genes can potentially be transferred into bac-
teria with different degradation capabilities to generate GEMs with
broader degradation spectrum. Sphingobium japonicum UT26 is a
unique microorganism that utilizes c-HCH as its sole source of car-
bon and energy under aerobic conditions (Imai et al., 1989). The
enzymes and genes involved in the degradation pathway of c-
HCH in UT26 have been elucidated (Nagata et al., 1999, 2007).
The chlorpyrifos-degrading bacterium Stenotrophomonas YC-1, iso-
lated from the sludge of the wastewater treating system, is robust
and ubiquitous in soils and capable of degrading a variety of OP
pesticides (Yang et al., 2006). These desirable traits make this bac-
terium very attractive as a platform for in situ bioremediation.

Enumerating and assessing of GEMs in polluted soil and aquatic
environments can be assisted by using stable marker systems with
an easily detectable phenotype. The green fluorescent protein
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(GFP) marker is preferred over other marker genes because it does
not require any substrate, and no background activity is present in
indigenous soil microorganisms and plants (Jansson, 2003). En-
hanced GFP (EGFP; GenBank accession no. U57609), which is a red-
shifted variant of GFP, assembles the chromophore more rapidly,
shows much stronger fluorescence than wild-type GFP, and fluo-
resces after exposure to daylight (Cormack et al., 1996). GFP is an
effective real-time monitoring tool for ecological studies of GEMs
in the environment (Errampalli et al., 1999; Bhatia et al., 2002;
Fuchslin et al., 2003; Zhang et al., 2008).

Methyl parathion (MP), a widely used OP pesticide, was classi-
fied by the US Environmental Protection Agency as a Toxicity Cat-
egory I (most toxic) insecticide (Jaga and Dharmani, 2006).
Therefore, MP and c-HCH were chosen as the model compounds
for this study. In this work, a broad-host recombinant plasmid
pVGAB, harboring marker gene egfp and the dehalogenase genes
linA and linB, was constructed and transformed into YC-1 resulting
in strain YC-H. The degradation characteristics of strain YC-H in
culture and soil samples were studied. Our results demonstrated
that YC-H was endowed with the capability to rapidly degrade
both HCH and OPs and could be monitored online easily, which
should open up new avenues in treating recalcitrant environmen-
tal pollutants.

2. Methods

2.1. Bacterial strains, plasmids, and culture conditions

The bacterial strains, plasmids, and primers used in this study
are listed in Table 1. Sphingobium japonicum UT26 and Stenotroph-
omonas YC-1 or YC-H were grown on 1/3 Luria–Bertani (LB) med-
ium (3.3 g of Bacto Tryptone, 1.7 g of yeast extract and 5 g of
sodium chloride, per liter) or minimal salt medium (MSM) (2.0 g
Na2HPO4, 0.75 g KH2PO4, 0.5 g MgSO4 � 7H2O, 1.0 g NH4Cl per liter,
pH 7.0) supplemented with 100 mg/l MP or 5 mg/l c-HCH added if
needed at 30 �C. Escherichia coli strains were grown on LB medium
at 37 �C. Antibiotics were used at final concentrations of 50 mg/l
for ampicillin, 25 mg/l for kanamycin, and 25 mg/l for nalidixic
acid.

2.2. Chemicals and enzymes

All organic solvents were glass-distilled grade or high-per-
formance liquid chromatography grade (Tedia, USA). Analytical
Table 1
Bacterial strains, plasmids, and primers used in this study.

Strain or plasmid Relevant genotype or characteristics

Strains
E. coli DH5a recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1_(lac
Sphingobium japonicum UT26 Aerobic, motile, rod shaped; degrades a-, c- and d
Stenotrophomonas YC-1 Aerobic, motile, straight rod with polar flagellum;

Plasmidsa

pUC18 Ampr; cloning vector for construction of Plac�egfp
pVLT33 Kanr; RSF1010-lacIq/Ptac hybrid broad-host-range
pEGFP-N3 Kanr; cloning vector plasmid containing egfp gene
pVGAB 12.5-kb Kanr encodes EGFP–LinA–LinB protein, de

Primersb

pUGf 50-GAATTCATGGTGAGCAAGGGCGAGGAGCTG-30

pUGr 50-GGTACCTTACTTGTACAGCTCGTCCAT-30

pUAf 50-GGTACCCATGAAGACGCCGATGCA-30

pUAr 50-GGATCCTTATGCGCCGGACGGTGC-30

pUBf 50-CTGCAGATCGATGAGATTCTCGCG-30

pUBr 50-AAGCTTTTATGCTGGGCGCAATCG-30

pU18Gf 50-GAGCTCGTTTCCCGACTGGAAAGCGG-30

a Ampr, ampicillin resistant; Kanr, kanamycin resistant.
b Restriction sites in the sequences of the primers are underlined.
grade c-HCH was purchased from Sigma–Aldrich USA (Gene-
times Technology, China). Analytical grade 1-chlorobutane (1-
CB) was purchased from Sinopharm Chemical Reagent Beijing
Co. Ltd. (Beijing, China). T4 DNA ligase, isopropyl thiogalacto-
side (IPTG), and restriction enzymes for DNA manipulations
were purchased from TaKaRa Biotechnology Co. Ltd. (Dalian,
China).

2.3. Construction of the recombinant expression plasmid

The egfp gene (GenBank accession no. U57609) was amplified
by PCR from plasmid pEGFP-N3 using primers pUGf and pUGr.
The PCR product was digested with SacI and KpnI and inserted into
similarly digested pUC18 generate pUG. Then the egfp gene with
lac promoter was amplified by PCR from pUG using primers
pU18Gf and pUGr. The PCR product was digested with EcoRI and
KpnI and inserted into similarly digested broad-host-range plasmid
pVLT33, resulting in pVG. The linA gene containing its constitutive
expressed promoter (GenBank accession no. D90355) was ampli-
fied by PCR from the genomic DNA of strain UT26 with primers
pUAf and pUAr. The PCR product was digested by KpnI and BamHI,
and then ligated to a similarly digested pVG to get pVGA. Finally,
the linB gene containing its constitutive expressed promoter (Gen-
Bank accession no. D14594) was amplified by PCR from the geno-
mic DNA of strain UT26 with primers pUBf and pUBr. The PCR
product was digested with PstI and HindIII and inserted into simi-
larly digested pVGA, resulting in the final recombinant plasmid
designated as pVGAB. The correct sequence of the insert was con-
firmed by sequencing prior to characterization studies. Plasmid
DNA was isolated using the alkaline lysis method, with the excep-
tion of plasmid pVLT33 and its derivatives which were isolated
using the boiling lysis method (de Lorenzo et al., 1993). The struc-
ture of the recombinant plasmid pVGAB is shown in Fig. 1. Trans-
formation of recombinant plasmid pVGAB into Stenotrophomonas
YC-1 was performed using the CaCl2 method (Sambrook et al.,
2001).

2.4. Determination of LinA and LinB activity and fluorescence intensity
in YC-H

Cell lysate was prepared for analysis as follows: cells were har-
vested, washed with 100 mM phosphate buffer (pH 7.4) and then
resuspended in the same phosphate buffer. The resuspended buffer
was incubated on ice for 1 h with addition of 10 ll of lysozyme
Source or literature

ZYA-argF) U80lacZ DM15 Tiangen
-HCH Nagata et al. (2007)
organophosphates-degrading wild-type strain; G� Yang et al. (2006)

Takara
expression vector de Lorenzo et al. (1993)

Clontech, USA
rivative of pVLT33 This study

This study
This study
This study
This study
This study
This study
This study



Fig. 1. Structure of the recombinant plasmid pVGAB. The egfp gene was amplified
by PCR from pEGFP-N3. The linA and linB genes and their respective promoters were
amplified by PCR from the genomic DNA of strain UT26. Expression of egfp is under
the control of lac promoter from pUC18 while linA and linB were regulated by their
own promoters.
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(10 mg/ml), followed by sonication in three pulses of 10 s each. To-
tal cellular protein was determined by the Bradford method with
bovine serum albumin as a standard.

LinA and LinB activity were assayed with c-HCH and 1-chloro-
butane (1-CB) as the substrate (Nagata et al., 1993, 1997), respec-
tively. Cell lysate was diluted with 100 mM phosphate buffer (pH
7.4) to yield a final volume of 1.0 ml in a microtube and incubated
with 30 lmol of c-HCH or 50 mM of 1-CB of at 30 �C. One unit of
LinA and LinB activity was defined as the amount of enzyme re-
quired for the release of 1 lmol of chloride ion per min under
these conditions. The amount of chloride ion released was mea-
sured spectrophotometrically at 460 nm with mercuric thiocya-
nate and ferric ammonium sulfate by the method of Iwasaki
et al. (1952).

The determination of fluorescence intensity was carried as fol-
lows. YC-H cells were grown to an OD600 = 0.6 and induced with
1 mM IPTG for 36 h at 30 �C. The cells were collected, washed three
times with PBS buffer (pH 7.4). Then they were resuspended in PBS
buffer and diluted to OD600 = 1.0. YC-1 cells harboring pVLT33 was
used as background references. EGFP fluorescence intensity was
determined using a fluorescence spectrophotometer (F-4500, HIT-
ACHI, Japan) with band width of 5 nm, excitation wavelength of
488 nm and emission wavelength of 510 nm.

2.5. Biodegradation of c-HCH and MP by Stenotrophomonas YC-H and
Sphingobium japonicum UT26 in MSM

Unless stated otherwise, the pesticides biodegradation experi-
ments in the study were carried out as below: the strains YC-H
(or UT26) was precultured in 1/3 LB medium at 30 �C and har-
vested during log phase, respectively. The cultures were centri-
fuged and the cell pellets were washed twice with fresh MSM
(pH 7.0) used as inoculums. Then 106 cells/ml were used and inoc-
ulated into MSM supplemented with 0.1% glucose containing
100 mg/l MP and 10 mg/l c-HCH as the source of carbon and en-
ergy and 25 mg/l of kanamycin added for YC-H. Cultures were
maintained in 250 ml bottles at 30 �C on a shaker operated at
200 rpm. Appropriate controls containing medium plus c-HCH
and MP were kept simultaneously. Measurements are the average
of three separate cultures.

Aliquots (1 ml) were removed periodically and extracted twice
with 4 ml of ethyl acetate for MP and hexane for c-HCH. These ex-
tracts were dehydrated with sodium sulfate and filtered (0.45 lm).
Samples of 1 ll (diluted if necessary) were analyzed using a Hew-
lett–Packard 5890 II GC (Hewlett–Packard, Wilmington, DE, USA)
equipped with ECD detector and an OV-1701 gas chromatography
column (polydimethylsiloxane 25 m � 0.32 mm � 0.25 lm). The
column, injector, and detector temperatures were maintained at
210, 250, and 300 �C, respectively, with a flow rate of carrier gas
(nitrogen) of 5.4 ml/min. The concentration was determined by
comparing peak area of the samples to a standard curve. Under
the GC–ECD analysis conditions, the retention time of c-HCH and
MP were 4.70 and 6.84 min, respectively and the concentration
was determined by comparing peak area of the samples to a stan-
dard curve.
2.6. Simultaneous degradation of MP and c-HCH by YC-H in soil

The soil samples were from the campus of Tsinghua University,
Beijing, China and were never exposed to any HCH and OPs pesti-
cides before. The soil had a pH of 7.12 and its organic carbon is
5.33 g/kg. The content of N, P, and K available in the soil were
35.26, 8.93, and 29.55 g/kg, respectively.

Soil samples (5 kg) were sterilized by fumigation with chloro-
form for 10 days at 30 �C (Singh et al., 2004). Subsamples (100 g)
of the fumigated and nonfumigated soil were treated under aseptic
condition with MP (100 mg/kg) and c-HCH (10 mg/kg), respec-
tively. Both fumigated and nonfumigated soils were inoculated
with the strain YC-H at the rate of 106 cells/g, respectively. Mean-
while, fumigated and nonfumigated soils without inoculation were
kept as controls. Soils were run in triplicate for each strain to en-
sure accuracy. The inoculums were thoroughly mixed into the soils
under sterile condition. The soil moisture was adjusted by the
addition of distilled water to 50% of its water-holding capacity.
To prevent photodegradation of the pesticides in soil, the pots were
kept covered with a black sheet. During incubation, subsamples
were collected at periodic intervals from the replicated pots of each
treatment and were analyzed immediately. Sterility of the fumi-
gated soil was carefully checked by the plating method and no
microorganism growth was found. MP and c-HCH were extracted
from the soil by the methods of Singh et al. (2002) and Bidlan
et al. (2004), respectively. Analytical methods of MP and c-HCH
were the same as those in Section 2.5. In order to study whether
the fluorescence in YC-H was stable in soil, 1.5 g of both fumigated
and nonfumigated soil samples were taken out periodically and
suspended with PBS buffer (pH 7.4). The cells in the suspension
were collected by centrifugation, washed three times with PBS buf-
fer and fixed in 2% formaldehyde for 10 min. Cells were centrifuged
and resuspended in 1 ml PBS buffer. Finally, cells were examined
by a Nikon Optiophot fluorescence microscope.
3. Results and discussion

3.1. Construction of the recombinant strain YC-H

Construction of the broad-host recombinant plasmid pVGAB
was demonstrated in Fig. 1. Expression of marker gene egfp was
under the control of relaxed-regulated lac promoter from pUC18,
which was weakly constitutively active even without IPTG or lac-
tose induction. Expression of the dehydrochlorinase gene linA
and haloalkane dehalogenase gene linB was regulated by its own
constitutive expressed promoters and SD sequences (Fig. 1). There-
fore, these genes could be expressed in the recombinant strain
even without induction by substrates. Finally, pVGAB was success-
fully transformed into the soil-dwelling OPs-degrader Stenotropho-
monas YC-1 to obtain YC-H. Expression of linA, linB and egfp was
certified by RT-PCR analysis.

To test whether expression of EGFP–LinA–LinB inhibits cell
growth, we studied the growth kinetics and degrading abilities of
YC-H in MSM supplemented with 200 mg/l MP and compared with
that of the wild-type YC-1. The result showed that the growth
curve of YC-H was nearly identical with that of YC-1 during 48 h
of incubation (Fig. 2), which demonstrated that expression of
pVGAB in the recombinant strain did not affect cell viability and
original degrading characteristics.

In order to check the stability of YC-H, the GEM cells were
grown in selective (5 mg/l kanamycin) and non-selective 1/3 LB
cultures at 30 �C and then transferred to the next culture under
the same conditions every 4 days. Meanwhile, the rest cultures
were centrifuged and 106 cells/ml were inoculated into MSM sup-
plemented with 0.1% glucose containing 50 mg/l MP and 5 mg/l c-



Fig. 2. Cell growth kinetic and degrading abilities of Sphingomonas sp. YC-H (N) and
YC-1 (j) in MSM medium containing 200 mg/l MP at 30 �C. Error bars represent
standard deviation from three independent experiments.

Fig. 3. Biodegradation of c-HCH and MP by YC-H and UT26 at an initial rate of 106

cells/ml in MSM supplemented with 0.1% glucose containing 10 mg/l c-HCH and
100 mg/l MP at 30 �C (�-the degradation of c-HCH by YC-H; N-the degradation of
MP by YC-H; �-the degradation of c-HCH by UT26; j-the degradation of MP by
UT26). Error bars represent standard deviation from three independent
experiments.
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HCH to determine the degradation capacity for c-HCH and fluores-
cence intensity of YC-H. The procedure was repeated a sixth time.
The results showed that in selective and non-selective medium, the
degradation capacity and fluorescence intensity of YC-H at differ-
ent time points was almost the same over the 24-d period, which
indicated that no loss of egfp, linA and linB genes occurred after
growth at least 150 generations and showed that YC-H was genet-
ically stable.

3.2. Determination of LinA and LinB activity and fluorescence intensity

Time-course studies of LinA and LinB activities were carried out
at 30 �C, with the same amount of YC-H cells (OD600 = 1.0) being
collected at 6 h intervals, and the corresponding enzyme activities
determined. As shown in Table 2, LinA and LinB activity was not
detected at 0 h and enzymatic activities remained almost the same
during the course, which confirmed that under the regulation of
their own constitutive expressed promoters, both linA and linB
could express without induction of c-HCH.

Time-course studies of fluorescence intensity (Table 2) were
also carried out with 1 mM IPTG at 30 �C with the same amount
of cells (OD600 = 1.0). EGFP fluorescence at 0 h (post-induction)
was higher than the original background level (YC-1 cells harbor-
ing pVLT33) as a result of Plac that weakly constitutively expressed
without IPTG induction. After 1 mM IPTG induction, the fluores-
cence intensity was rapidly and dramatically promoted in the fol-
lowing 36 h.

3.3. Biodegradation of c-HCH and MP by YC-H in MSM

In order to determine the degradation rate of MP and c-HCH,
aliquots (1 ml) were removed periodically from the MSM medium
inoculated with Stenotrophomonas YC-H (or Sphingobium japoni-
cum UT26) and containing 100 mg/l MP and 10 mg/l c-HCH and
were analyzed by GC–ECD. As shown in Fig. 3, the rates of degrada-
tion of c-HCH by YC-H were higher than those for UT26. The c-
HCH at an initial concentration of 10 mg/l was degraded to an
undetectable level by YC-H within the first 28 h while the same
Table 2
Time-course analysis of LinA and LinB activity and fluorescence intensity (induced by
1 mM IPTG) of YC-H for 36 h at 30 �C. Error bars represent standard deviation from
three independent experiments.

Time (h) LinA activity (U/mg) LinB activity (U/mg) Fluorescence intensity

0 ND ND 112 ± 6
6 9.62 ± 0.85 1.44 ± 0.88 289 ± 22
18 10.22 ± 0.66 1.32 ± 1.31 391 ± 63
24 9.97 ± 1.13 1.18 ± 0.71 498 ± 29
30 10.35 ± 0.76 1.50 ± 0.19 555 ± 29
36 9.59 ± 0.91 1.21 ± 0.42 529 ± 16
amount of c-HCH was degraded within 36 h by UT26. The rates be-
came much slower from 20 to 32 h perhaps because of the accu-
mulation of intermediate of c-HCH. MP (100 mg/l) was
completely degraded via hydrolysis of the phosphotriester bond
in 28 h by YC-H and its hydrolysis product p-nitrophenol (PNP)
accumulated, however, the concentration of MP remained almost
unchanged in the culture of U26, which indicated that U26 grew
mainly on c-HCH and glucose added as carbon sources.

3.4. Simultaneous degradation of MP and c-HCH by YC-H in soil

In order to determine whether YC-H cells degraded MP and c-
HCH in soil and to examine the growth of the YC-H cells when in
competition with indigenous bacteria and in the presence of alter-
native carbon sources, fumigated and nonfumigated soil were inoc-
ulated with YC-H cells at the rate of 106 cells/g (Fig. 4). Only 4% of
c-HCH was degraded in both control soil samples; however, about
14% of MP was degraded in 32 days in nonfumigated soil most
likely due to indigenous microbial transformation. Bacterial counts
on Km and MP plates showed that the initial inoculation of YC-H
Fig. 4. Simultaneous degradation of c-HCH (A) and MP (B) by YC-H at an initial rate
of 106 cells/g in soil containing 10 mg/kg c-HCH and 100 mg/kg MP at 30 �C (�-
fumigated soil inoculated; j-nonfumigated soil inoculated; 4-fumigated soil
uninoculated; �-nonfumigated soil uninoculated). Error bars represent standard
deviation from three independent experiments.
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cells in both soils was 4.2 ± 0.85 � 107 CFU/g dry soils. In the pres-
ent study, both MP (100 mg/kg) and c-HCH (10 mg/kg) could be
degraded within 32 days in fumigated and nonfumigated soil sam-
ples. In fumigated soil, MP and c-HCH were degraded more rapidly
by YC-H cells and the numbers of the cells decreased slower than
those in nonfumigated soil, suggesting that there was competition
between the indigenous population and the inoculated strain. After
incubation for 25 days, strain YC-H could be isolated from the non-
fumigated soils using plate counting technology, which indicated
that the organism could be responsible for the observed degrada-
tion. Moreover, strain YC-H still could be identified by its fluores-
cence when c-HCH was completely degraded after 32 days in
both soil samples (data not shown). These results showed that
YC-H with stable fluorescence might possess potential to be uti-
lized for bioremediation of HCH residues in the environment.

Some studies on actual field-scale treatment of HCH-contami-
nated soil mainly focused on the bioaugmentation or optimization
of environmental conditions to enhance degradation by indigenous
microorganisms (Phillips et al., 2005). However, the slow rate of
degradation of soil-dwelling microorganisms may limit their biore-
mediation of sites contaminated with HCH. Therefore, it may be a
possible strategy to create robust strains which degrade HCH more
effectively by introducing key genes for HCH degradation. In this
study, the soil bacterium Stenotrophomonas YC-1, which had rapid
degrading capacity and broad-spectrum for a variety of OPs, was
chosen as our host strain and platform for the construction of a
HCH-degrading microorganism. The broad-host-range vector,
pVLT33, used in this study is a RSF1010 derivative and therefore
able to replicate in a wide variety of Gram-negative bacteria (de
Lorenzo et al., 1993). Over-expression of LinA and LinB and EGFP
was obtained in YC-H by determining their enzymatic activities
and fluorescence intensity. More importantly, expression of egfp,
linA and linB in the broad-host recombinant plasmid pVGAB was
regulated by constitutive expressed promoters without induction
of substrates, which made it more suitable for future field-scale
bioremediation. Our results demonstrated that YC-H was capable
of rapidly degrading both HCH and OPs and degraded c-HCH more
rapidly than the natural strain UT26. More importantly, the bio-
degradation characteristic for c-HCH and fluorescence intensity
were genetically stable after successive plating on non-selective
media.

Dehalogenases are key enzymes in the degradation of haloge-
nated compounds such as HCH that occur as soil pollutants (Jans-
sen, 2004). Because HCH has six chlorine atoms per molecule,
dechlorination is a very significant step in its degradation. The
dehalogenase LinA is responsible for the initial dechlorination of
a-, c-, and d-HCH while LinB is responsible for the dechlorination
of b-HCH (Nagata et al., 2005, 2007). Our results demonstrated that
YC-H was successfully endowed with the capability to rapidly de-
grade c-HCH as a result of enzymatic activities of LinA and LinB.
Although, HCH cannot be completely mineralized by YC-H, the
resulting products such as pentachlorocyclohexanols (PCCH) and
dichlorocyclohexadienediols (DDOL) have lower hydrophobicity
or lower chemical stability than HCH, and the bacteria that degrade
and utilize them may exist in the polluted environment, allowing
the complete degradation of HCH by a combination of biological
pathways. Besides, since LinB is a member of haloalkane dehalo-
genases with relatively broad substrate specificity, the strain has
a great potential to degrade various environmental pollutants such
as synthetic haloalkanes that occur as soil pollutants (Nagata et al.,
1997; Janssen, 2004; Kmunicek et al., 2005).

In our studies on lab-scale soil bioremediation by YC-H, both c-
HCH and MP could be completely degraded within 32 days in both
soil samples, indicating that YC-H has a great potential for the bio-
remediation of HCH and OPs residues in natural environment even
in the presence of indigenous microbial competition and other car-
bon sources. However, in actual field-scale bioremediation, bio-
availability of contaminants is affected mostly by many physical,
chemical and structural properties of both the contaminants and
the soil matrix. Therefore, the effectiveness depends both on the
degrading microorganisms and the contaminants bioavailability.
Moreover, since our construction was based on a broad-host-range
and conjugative plasmid, the recombinant plasmid might be trans-
ferred to representatives of the indigenous microflora and a high
transfer rate of the plasmid to indigenous microflora could help
to increase HCH degradation, which could be seen as part of the
bioremediation treatment. The strain could be identified in soil
samples on the basis of green fluorescence after 32 days, which
showed GFP is a powerful real-time monitoring tool for the visual-
ization of YC-H. This work will be useful for further study of the
environment behavior of the strain by its fluorescence in the
environment.

We report a novel EGFP-marked strain with the capability to
rapidly degrade both HCH and OPs, which offers a strong platform
toward the successful utilization of this environmentally robust
bacterium for a wide range of biocatalysis applications. Our pres-
ent work provided a good basis for optimism to reduce the impact
of HCH and OPs to clean-up environmental sites from their con-
tamination. Further studies should be conducted to examine the
interactions of the soil environment with the strain and the effects
of multiple soil parameters on degradation. This will be great use-
ful for the application of the strain in the field-scale bioremediation
of highly HCH-and OPs-contaminated sites in the future.

Acknowledgements

We especially thank Y. Nagata, Department of Environmental
Life Sciences, Tohoku University, for providing Sphingobium japon-
icum UT26. This work was supported by grants from the Innovation
Program of the Chinese Academy of Sciences (No. KSCX2-YW-G-
008) and the 863 Hi-Tech Research and Development Program of
the People’s Republic of China (No. 2007AA06Z335).

References

Bhatia, R., Dogra, R.C., Sharma, P.K., 2002. Construction of green fluorescent protein
(GFP)-marked strains of Bradyrhizobium for ecological studies. J. Appl.
Microbiol. 93, 835–839.

Bidlan, R., Afsar, M., Manonmami, H.K., 2004. Bioremediation of HCH-contaminated
soil: elimination of inhibitory effects of the insecticide on radish and green
gram seed germination. Chemosphere 56, 803–811.

Carlos, G., Itziar, A., 1999. Utilization of genetically engineered microorganisms
(GEMs) for bioremediation. J. Chem. Technol. Biotechnol. 74, 599–606.

Chen, W., Bruhlmann, F., Richins, R.D., Mulchandani, A., 1999. Engineering of
improved microbes and enzymes for bioremediation. Curr. Opin. Biotechnol. 10,
137–141.

Cormack, B.P., Valdivia, R.H., Falkow, S., 1996. FACS-optimized mutants of the green
fluorescent protein (GFP). Gene 173, 33–38.

de Lorenzo, V., Eltis, L., Kessler, B., Timmis, K.N., 1993. Analysis of Pseudomonas gene
products using lacIq/Pirp-lac plasmids and transposons that confer conditional
phenotypes. Gene 123, 17–24.

Errampalli, D., Leung, K., Cassidy, M.B., Kostrzynska, M., Blears, M., Lee, H., Trevors,
J.T., 1999. Applications of the green fluorescent protein as a molecular marker in
environmental microorganisms. J. Microbiol. Methods 35, 187–199.

Fuchslin, H.P., Ruegg, I., van der Meer, J.R., Egli, T., 2003. Effect of integration of a GFP
reporter gene on fitness of Ralstonia eutropha during growth with 2,4-
dichlorophenoxyacetic acid. Environ. Microbiol. 5, 878–887.

Imai, R., Nagata, Y., Senoo, K., Wada, H., Fukuda, M., Takagi, M., Yano, K., 1989.
Dehydrochlorination of c-hexachlorocyclohexane (c-BHC) by c-BHC-
assimilating Pseudomonas paucimobilis. Agric. Biol. Chem. 53, 2015–2017.

Iwasaki, I., Utsumi, S., Ozawa, T., 1952. New colorimetric determination of chloride
using mercuric thiocyanate and ferric ion. Bull. Chem. Soc. Jpn. 25, 226.

Jaga, K., Dharmani, C., 2006. Methyl parathion: an organophosphate insecticide not
quite forgotten. Rev. Environ. Health 21, 57–67.

Janssen, D.B., 2004. Evolving haloalkane dehalogenases. Curr. Opin. Chem. Biol. 8,
150–159.

Jansson, J.K., 2003. Marker and reporter genes: illuminating tools for environmental
microbiologists. Curr. Opin. Biotechnol. 6, 310–316.

Karalliedde, L., Senanayake, N., 1999. Organophosphorus insecticide poisoning. J.
Int. Fed. Clin. Chem. 11, 4–9.



3204 H. Zhang et al. / Bioresource Technology 100 (2009) 3199–3204
Kmunicek, J., Hynkova, K., Jedlicka, T., Nagata, Y., Negri, A., Gago, F., Wade, R.C.,
Damborsky, J., 2005. Quantitative analysis of substrate specificity of haloalkane
dehalogenase LinB from Sphingomonas paucimobilis UT26. Biochemistry 44,
3390–3401.

Li, Y.F., Scholtz, M.T., Van Heyst, B.J., 2003. Global gridded emission inventories
of beta-hexachlorocyclohexane. Environ. Sci. Technol. 37, 3493–
3498.

Nagata, Y., Hatta, T., Imai, R., Kimbara, K., Fukuda, M., Yano, K., Takagi, M., 1993.
Purification and characterization of c-hexachlorocyclohexane (c-HCH)
dehydrochlorinase (LinA) from Pseudomonas paucimobilis. Biosci. Biotech.
Biochem. 57, 1582–1583.

Nagata, Y., Miyauchi, K., Damborsky, J., Manova, K., Ansorgova, A., Takagi, M., 1997.
Purification and characterization of haloalkane dehalogenase of a new substrate
class from a c-hexachlorocyclohexane-degrading bacterium, Sphingomonas
paucimobilis UT26. Appl. Environ. Micobiol. 63, 3707–3710.

Nagata, Y., Miyauchi, K., Takagi, M., 1999. Complete analysis of genes and enzymes
for c-hexachlorocyclohexane degradation in Sphingomonas paucimobilis UT26. J.
Ind. Microbiol. Biotechnol. 23, 380–390.

Nagata, Y., Prokop, Z., Sato, Y., Jerabek, P., Kumar, A., Ohtsubo, Y., Tsuda, M.,
Damborsky, J., 2005. Degradation of b-hexachlorocyclohexane by haloalkane
dehalogenase LinB from Sphingomonas paucimobilis UT26. Appl. Environ.
Microbiol. 71, 2183–2185.

Nagata, Y., Endo, R., Ito, M., Ohtsubo, Y., Tsuda, M., 2007. Aerobic degradation of
lindane (c-hexachlorocyclohexane) in bacteria and its biochemical and
molecular basis. Appl. Microbiol. Biotechnol. 76, 741–752.

Nawab, A., Aleem, A., Malik, A., 2003. Determination of organochlorine pesticides in
agricultural soil with special reference to c-HCH degradation by Pseudomonas
strains. Bioresour. Technol. 88, 41–46.

Phillips, T.M., Seech, A.G., Lee, H., Trevors, J.T., 2005. Biodegradation of
hexachlorocyclohexane (HCH) by microorganisms. Biodegradation 16, 363–
392.
Phillips, T.M., Seech, A.G., Lee, H., Trevors, J.T., Seech, A.G., 2006. Full-scale in situ
bioremediation of hexachlorocyclohexane-contaminated soil. J. Chem. Technol.
Biotechnol. 81, 289–298.

Raina, V., Suar, M., Singh, A., Prakash, O., Dadhwal, M., Gupta, S.K., Dogra, C., Lawlor,
K., Lal, S., van der Meer, J.R., Holliger, C., Lal, R., 2008. Enhanced biodegradation
of hexachlorocyclohexane (HCH) in contaminated soil via inoculation with
Sphingobium indicum B90A. Biodegradation 19, 27–40.

Sambrook, J., Fritsch, E.F., Maniatis, T., 2001. Molecular Cloning. A Laboratory
Manual. Cold Spring Harbor Laboratory Press, New York.

Sanghi, R., Tewari, V., 2001. Monitoring of pesticide residues in summer fruits and
vegetables from Kanpur, India. Bull. Environ. Contam. Toxicol. 67, 587–593.

Singh, B.K., Walker, A., 2006. Microbial degradation of organophosphorus
compounds. FEMS Microbiol. Rev. 30, 428–471.

Singh, B.K., Walker, A., Wright, D.J., 2002. Degradation of chlorpyrifos, fenamiphos
and chlorothalonil alone and in combination and their effects on soil microbial
activity. Environ. Toxicol. Chem. 21, 2600–2605.

Singh, B.K., Walker, A., Morgan, J.A.W., Wright, D.J., 2004. Biodegradation of
chlorpyrifos by enterobacter strain B-14 and its use in bioremediation of
contaminated soils. Appl. Environ. Microbiol. 70, 4855–4863.

Sogorb, M.A., Vilanova, E., Carrera, V., 2004. Future application of
phosphotriesterases in the prophylaxis and treatment of organophosphorus
insecticide and nerve agent poisoning. Toxicol. Lett. 151, 219–233.

Yang, C., Liu, N., Guo, X.M., Qiao, C.L., 2006. Cloning of mpd gene from a chlorpyrifos-
degrading bacterium and use of this strain in bioremediation of contaminated
soil. FEMS Microbiol. Lett. 265, 118–125.

Zhang, H., Yang, C., Li, C., Li, L., Zhao, Q., Qiao, C.L., 2008. Functional assembly of a
microbial consortium with autofluorescent and mineralizing activity for the
biodegradation of organophosphates. J. Agric. Food Chem. 56, 7897–7902.

Zou, E., Matsumura, F., 2003. Long-term exposure to beta-hexachlorocyclohexane
(beta-HCH) promotes transformation and invasiveness of MCF-7 human breast
cancer cells. Biochem. Pharmacol. 66, 831–840.


	Development of an autofluorescent organophosphates-degrading Stenotrophomonas  sp. with dehalogenase activity for the biodegradation of hexachlorocyclohexane (HCH)
	Introduction
	Methods
	Bacterial strains, plasmids, and culture conditions
	Chemicals and enzymes
	Construction of the recombinant expression plasmid
	Determination of LinA and LinB activity and fluorescence intensity in YC-H
	Biodegradation of γ-HCH and MP by Stenotrophomon
	Simultaneous degradation of MP and γ-HCH by YC-H

	Results and discussion
	Construction of the recombinant strain YC-H
	Determination of LinA and LinB activity and fluorescence intensity
	Biodegradation of γ-HCH and MP by YC-H in MSM
	Simultaneous degradation of MP and γ-HCH by YC-H

	Acknowledgements
	References


