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a  b  s  t  r  a  c  t

Plants  can  be  used  for  remediation  of  polyaromatic  hydrocarbons,  which  are  known  to be  a major
concern  for  human  health.  Metabolism  of  xenobiotic  compounds  in  plants  occurs  in three  phases  and
glutathione  transferases  (GST)  mediate  phase  II of xenobiotic  transformation.  Plants,  although  have  GSTs,
they are  not  very  efficient  for degradation  of  exogenous  recalcitrant  xenobiotics  including  polyaromatic
hydrocarbons.  Hence,  heterologous  expression  of  efficient  GSTs  in  plants  may  improve  their  remedi-
ation  and  degradation  potential  of  xenobiotics.  In  the  present  study,  we  investigated  the  potential  of
transgenic  tobacco  plants  expressing  a Trichoderma  virens  GST  for tolerance,  remediation  and  degrada-
tion  of  anthracene—a  recalcitrant  polyaromatic  hydrocarbon.  Transgenic  plants  with  fungal  GST  showed

14

hytodegradation
olyaromatic hydrocarbons
ransgenic plants

enhanced  tolerance  to  anthracene  compared  to control  plants.  Remediation  of C  uniformly  labeled
anthracene  from  solutions  and soil  by  transgenic  tobacco  plants  was  higher  compared  to  wild-type  plants.
Transgenic  plants  (T0 and  T1) degraded  anthracene  to naphthalene  derivatives,  while  no such  degradation
was  observed  in  wild-type  plants.  The  present  work  has  shown  that  in  planta  expression  of  a fungal  GST
in  tobacco  imparted  enhanced  tolerance  as  well  as  higher  remediation  potential  of  anthracene  compared

to wild-type  plants.

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) with two  or more
used benzene rings are major environmental contaminants that
ccur in oil, coal and tar deposits and produced as byproducts of fuel
urning, operations in refineries, fertilizer factories and methano-
enesis in jungles [1].  Some of the polyaromatic hydrocarbons have
een identified as carcinogenic, mutagenic and teratogenic [2] and
igh prenatal exposure is associated with lower IQ and childhood
sthma. Due to their high degree of toxicity, mutagenicity, car-
inogenicity, ubiquitous occurrence and recalcitrance, they cause
ignificant environmental problems [1,2]. They are also known to
lter native ecological communities, thus affecting the ecosystem
3]. Many studies have been conducted on biodegradation of indi-
idual PAHs and related compounds [2],  but the major limitations
ave been the requirement for long degradation periods and the
ifficulty in controlling the conditions. Besides, some heavier PAHs
with more than 3 rings), due to their poor water-solubility [1,4]
re difficult to be biodegraded. Anthracene is a persistent 3 ring,

olyaromatic hydrocarbon present in dyes, wood preservatives,

nsecticides and coal tar and is known to be mutagenic and car-
inogenic to biological tissues [5].  It is one of the 16 PAHs included
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in the European Union (EU) and the United States Environmen-
tal Protection Agency (US EPA) priority pollutant list. Anthracene,
due to its structural similarities with the carcinogenic PAHs such as
benzo (�) pyrene and benzo (�) anthracene is an important model
compound for studies on PAHs degradation [6].

Phytoremediation—the use of plants to remediate pollutants
[7,8], due to its aesthetically pleasing, environmentally non-
destructive and economically cheaper qualities has gained a lot of
attention in the last few years. Phytoremediation can be used for
cleanup of polyaromatic hydrocarbons and there are a few stud-
ies on decline of PAHs in contaminated soils inhabited by different
plants [9,10].  Disappearance of PAHs in those studies was found to
be higher in planted soil, compared to unplanted control, indicating
that phytoremediation enhanced the removal of these contami-
nants from the soil [11]. It was assumed that plant roots enhanced
biodegradation of PAHs by stimulating the growth of soil microbes
[12]. However, the fate of PAHs in plants has not been reported
in earlier studies. Plants are known to possess metabolic network
for biotransformation of a wide range of xenobiotic compounds
[8].  Although plants harbor enzymatic machineries to detoxify the
contaminants, which led to the “Green liver concept” proposed by
Sandermann [13], they lack the complete metabolic pathways for

degradation of xenobiotics, unlike the microorganisms. Plants are
known to metabolize xenobiotic pollutants through three sequen-
tial steps [13]—phase I involving conversion/activation (oxidation,
reduction and hydrolysis) of lipophilic xenobiotics [14], phase II

dx.doi.org/10.1016/j.jhazmat.2011.05.018
http://www.sciencedirect.com/science/journal/03043894
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esulting in conjugation of xenobiotic metabolite product of phase
 to endogenous hydrophilic molecules such as glutathione [15] and
hase III, which involves compartmentalization of modified xeno-
iotics. In phase II, the conjugation with glutathione which results

n hydrophilic, less toxic, more polar compounds is mediated by
nzymes such as glutathione transferases. Glutathione transferases
GSTs) catalyze the nucleophilic attack of S atom of glutathione
n electrophilic groups of a variety of xenobiotic substrates in
oth prokaryotic and eukaryotic cells [16]. The inherent ability
f plants to degrade xenobiotic compounds can be enhanced by
ntroduction of efficient heterologous genes involved in xenobi-
tic degradation from other sources [8].  Glutathione transferases
E.C. 2.5.1.18), a family of enzymes responsible for detoxification of

 broad range of xenobiotics including herbicides by conjugating
hem with glutathione [16] may  be a useful candidate for detoxifi-
ation of polyaromatic hydrocarbons.

Although there are reports of decline in PAH in planted soil [11],
he decline is presumed to be due to rhizosphere biodegradation
f PAH by microorganisms. There is no study conclusively report-
ng in planta degradation of PAH either by wild-type plants or by
ransgenic plants. Several fungi are known to have the property
f degradation of PAHs [2].  Cultures of some lignolytic fungi are
nown to degrade benzo (�) anthracene to naphthalene derivatives
nd pthalic acid [17]. Using 14C labeled compounds, it was shown
hat some lignolytic fungi can even degrade PAHs to CO2 [18]. When
iodegradation of fluoroanthene and anthracene from constructed
etlands were studied, Trichoderma viridae was one of the species

nvolved in PAH degradation [19]. Trichoderma virens is an indige-
ously occurring economically important fungus, which is used
ommercially as a biofungicide [20]. In the past, some genes cod-
ng for endochitinases from Trichoderma spp. have been expressed
n plants for improving biotic and abiotic stress tolerance, indicat-
ng stable, high level of expression of Trichoderma genes in plants
21,22]. Although there are a few reports on phytoremediation of
erbicides using transgenic plants overexpressing GSTs [23,24],
here is no report on phytoremediation and degradation of polyaro-

atic hydrocarbons by transgenic plants. We  had earlier cloned
richoderma virens GST and expressed it in tobacco plants [25,26].
n the present paper, we report the potential of transgenic Nicotiana
abacum plants expressing a glutathione transferase gene from the
ungus Trichoderma virens to tolerate, remediate and phytodegrade
nthracene, a PAH with three fused benzene rings.

. Materials and methods

Transgenic tobacco plants (T0 and T1) expressing TvGST gene
eveloped and confirmed [25,26] were used for phytoremedia-
ion studies of anthracene. Initially, 14 transgenic plants alongwith
ontrols were assayed for expression of GSTs [25] and six plants
howing high levels of GST (6–8 times) as compared to control
lants were selected for anthracene uptake studies. T0 plants were
sed for hydroponic and soil studies, while T1 plants were used for
tudies under in vitro conditions.

.1. 14C Anthracene uptake and degradation studies

.1.1. Hydroponic studies
Six independent transgenic tobacco lines (T0) and control

obacco plants (in triplicates) with similar biomass (1.2 ± 0.15 g fw)
ere grown in hydroponics in Hoagland’s medium [27] for 23 days.
nthracene, spiked with 14C anthracene was added to a total of

00 ml  medium in each flask to a final concentration of 1 ppm. 14C
nthracene (uniformly labeled, specific activity 38.870 MBq/mmol,
btained from IAEA, Vienna) was used for spiking. The activity in the
amples was measured using a liquid scintillation counter (Packard,
aterials 192 (2011) 270– 276 271

TR2100, US) at 0, 2, 3, 6, 9, 14, 17 and 23 days by taking 0.5 ml
of medium from each flask in a liquid scintillation fluid (PPO, 4 g,
naphthalene (AR), 60 g, ethylene glycol (AR), 200 ml,  methanol (AR),
100 ml  and dioxane (AR) to make 1000 ml)  for analysis. Background
corrections were made for all the samples. Hoagland’s medium sup-
plemented with anthracene, but devoid of plant served as a control
for estimation of evaporation loss of anthracene. Total 14C activity
added to each flask was  10.8 MBq  and 14C mass balance of labeled
anthracene was determined at the end of the experiment.

2.1.2. Soil studies
14C anthracene (uniformly labeled, specific activity 38.870

MBq/mmole, obtained from IAEA, Vienna) was added to soil to
study the uptake and degradation of 14C anthracene by the trans-
genic plants. Six independent transgenic (T0) lines and control
tobacco plants with similar biomass (in triplicates) were grown in
autoclaved red soil (pH 6.5, OC 1.8%, N 1.2%), collected from Trom-
bay experimental field. Anthracene, spiked with 14C anthracene
was  added to a total of 500 g of soil to a final concentration of 5 ppm
and plants were grown for 23 days. Soil containing anthracene
without plants and soil containing 14C anthracene with wild-
type plants served as controls for the experiment. The activity in
the samples was  measured using liquid scintillation counter as
described above.

2.2. Sample extraction and analysis

After 23 days of experiment, using hydroponics and soil, plants
were harvested and extracted using 100 ml of acetone by sonicat-
ing for 1 min  to release adsorbed anthracene from roots into the
solution. An aliquot of 0.5 ml  extract was  taken for counting by liq-
uid scintillation counter and 14C activity present was  estimated.
14C activity left in the hydroponic solution was extracted first with
200 ml  acetone and partitioned with 20 ml  hexane and 2% sodium
sulfate. Hexane extract was  concentrated. Aliquots of acetone and
hexane extracts were counted separately using liquid scintillation
counter. The plant tissues were extracted in 200 ml acetone in soxh-
let extraction apparatus for 8 h and concentrated to 30 ml  volume
and 0.5 ml  aliquot of this extract was used for counting. The ace-
tone fraction was further partitioned with 20 ml  hexane and 2%
sodium sulfate, hexane fraction was  separated and concentrated
till dryness and reconstituted in 1 ml  of acetone and further ana-
lyzed using HPLC. Aliquot of hexane extract was subjected to liquid
scintillation counting to know the 14C activity present there.

2.3. HPLC analysis

All the extracts were analyzed using HPLC (Waters, U.S.A),
model 515 pump and 4.6 mm  × 250 mm Symmetry C18 column and
detected with a Waters model 2487 dual absorbance detector at
250 nm excitation wavelength and 450 nm absorption wavelength.
The mobile phase was  70:30 (v/v) acetonitrile: water mixture at
1 ml  min−1 flow rate. Anthracene and naphthalene peaks were
identified by comparison of their retention time with authentic
standards (Sigma). Further comparison of the extracts was done by
co-chromatography with the analytical grade standards. The degra-
dation products obtained in the transgenic plant extracts were
further analyzed through GC-MS.

2.4. GC–MS analysis
GC–MS analysis was carried out on a Shimadzu GC–MS instru-
ment (Shimadzu Corporation, Kyoto, Japan) equipped with a
GC-17A gas chromatograph and provided with a DB-5 (J & W Scien-
tific, CA, USA) capillary column ((5%-Phenyl)-methylpolysiloxane,
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Fig. 1. Wild type (a) and transgenic T0 plants (b)

ength, 30 m,  id., 0.25 mm  and film thickness, 0.25 �m).  The oper-
ting conditions were: column temperature programmed from 60
o 200 ◦C at the rate of 4 ◦C/min, held at initial temperature and
t 200 ◦C for 5 min  and further to 280 ◦C at the rate of 10 ◦C/min,
eld at final temperature for 20 min, injector and interface temper-
tures, 210 and 230 ◦C, respectively, carrier gas helium (flow rate,
.9 ml/min), ionization voltage, 70 eV, electron multiplier voltage,
lectron multiplier voltage 1500 V. Analyses were carried out in
he splitless mode. The major peaks in each fraction were tenta-
ively identified by comparing its mass fragmentation pattern with
hat of standard spectra available in the spectral library (Wiley/NIST
ibraries) of the instrument as well as from the literature data [28].

.5. Growth of T1 seedlings on anthracene under in vitro
onditions

Tobacco T1 seedlings were germinated aseptically on MS
edium [29] supplemented with 25 mg  l−1 hygromycin. Ten
eedlings each (0.5–1 cm)  selected were transferred to MS  medium
upplemented with anthracene at 2 and 4 mM and grown under
n vitro conditions in glass bottles. The growth of transgenic
1 plants alongwith control plants grown on MS  medium sup-
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ig. 2. Anthracene uptake by transgenic and control plants. Hydroponically grown
lants were exposed to 14C anthracene (specific activity 38.870 MBq/mmole) for
3  days and activity left in the solution was  extracted and counted using liquid
cintillation counter. All the values are means of three replicates ± S.E. Different
etters indicate significantly different values at p ≤ 0.05. Uptake of anthracene in
ransgenic plants was  88.6% as compared to 57% in control plants. All the values
re means of three replicates ± S.E. Different letters indicate significantly different
alues at p ≤ 0.05 at a particular duration (day) by Duncan’s test.
23 days of addition of anthracene (5 mM)  in soil.

plemented with 2 and 4 mM  anthracene were recorded at the
end of 30 days. Transgenic plants (T1) alongwith control grown
on anthracene supplemented medium were collected, samples
extracted and used for HPLC analysis as described above.

2.6. Statistical analysis

All experiments were conducted as randomized block design
with three replicates and repeated at least twice. For analysis, all
the data were subjected to Duncan’s test and one way ANOVA using
the software IRRISTAT.

3. Results and discussion

Trichoderma virens TvGST gene was cloned, introduced into
the binary plant expression vector pCAMBIA 1301, transgenic
tobacco plants developed through Agrobacterium-mediated co-
culture method and confirmed as described earlier [25,26].

Confirmed T0 and T1 plants were used to study the uptake and
degradation of anthracene.

Fig. 3. First order kinetics of anthracene removal by control and transgenic plants.
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Fig. 4. Wild type tobacco after 30 days of addition of 2 mM anthracene (a), T1 transgenic plants after 30 days of addition of 2 mM anthracene (b) wild type tobacco after
3 of addition of 4 mM anthracene (d). Wild type tobacco after 90 days of addition of 2 mM
a (f) wild type tobacco after 90 days of addition of 4 mM anthracene (g) and T1 transgenic
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Table 1
First-order kinetics rate constant for 14C anthracene removal from medium.

Plants First order rate constant (k), d−1 r2

Control −0.039 0.964
G1 −0.062  0.949
G2  −0.069 0.961
G3 −0.078  0.98
G4  −0.08 0.981

T
1

m

A

0  days of addition of 4 mM anthracene (c) and T1 transgenic plants after 30 days 

nthracene (e), T1 transgenic plants after 90 days of addition of 2 mM anthracene 

lants after 90 days of addition of 4 mM anthracene (h).

.1. Tolerance, uptake and degradation of anthracene in
ransgenic plants

When six independent transgenic (T0) and wild-type plants
ere grown in hydroponics supplemented with 14C anthracene,

ransgenic plants were seen to tolerate anthracene and remained
ealthy, while control plants showed toxicity symptoms and
emained stunted. The dry weight of transgenic plants exposed to
nthracene (1 mM)  at the end of 23 days was higher (0.183 ± 0.02 g)
ompared to control plants (0.03 ± 0.005 g). In soil spiked with
nthracene (5 mM),  transgenic plants showed better growth com-
ared to control at the end of 23 days (Fig. 1) The dry weight
f transgenic plants exposed to anthracene (5 mM)  in soil at the
nd of 23 days was higher (0.29 ± 0.014 g) as compared to con-
rol plants (0.019 ± 0.007 g). The transgenic plants could take up
.5 times more anthracene as compared to control plants when
rown in hydroponics (Fig. 2). The kinetics of anthracene removal
y both control and transgenic plants fitted the first-order kinet-

cs (Fig. 3). All transgenic plants showed significant improvement
f anthracene removal in comparison to the control. Rate of
nthracene removal (k) increased by two fold in case of transgenic
ine of G3-G5 (Table 1). The result indicates the role of glu-
athione transferase gene introduced into the transgenic plants for
nthracene removal. 14C anthracene mass balance analysis showed

 mass balance of 90–95% in hydroponics (Table 2). The difference

n uptake of anthracene between different transgenic lines may  be
ue to different expression levels of GST gene. In soil, uptake of
nthracene by transgenic plants was 1.3 times higher as compared
o wild type plants. The results of the present study that transgenic

able 2
4C anthracene mass balance. Total activity added to each flask was180,000 dpm and 14C 

ass  balance analysis showed a mass balance of 90–95%.

Components C G1 

Activity left in solution at the end of the experiment 45.9 15.9 

Evaporation loss 28.8 28.8 

Physical adsorption 3.94 1.8 

Extractable activity (soxhlet) 18.1 49.2 

Total  recovered activity (%) 96.7 95.7 

ll the values are in % activity.
G5  −0.085 0.972
G6  −0.076 0.94

plants with a TvGST gene showed enhanced uptake of anthracene
is comparable to earlier reports using other genes, where aspen
plants expressing a bacterial nitroreductase gene showed enhanced
uptake of TNT over wild type plants [30]. Studies with T1 trans-
genic seedlings grown in vitro on MS  medium supplemented with
anthracene at 2 and 4 mM also showed that transgenic plants were
more tolerant to anthracene compared to control plants (Fig. 4a–d).
The dry weight of transgenic plants was  found to be 0.22 ± 0.04 g at
2 mM anthracene and 0.079 ± 0.005 g at 4 mM anthrcene as com-
pared to 0.030 ± 0.006 g at 2 mM  anthracene and 0.021 ± 0.007 g
at 4 mM anthracene. The T1 transgenic plants showed increased
height and they also had more number of leaves compared to wild-
type plants when exposed to anthracene at the end of 30 days
(Fig. 4a–d) and 90 days (Fig. 4e–h) of in vitro culture.
HPLC analysis of T0 plants grown in hydroponics, soil and T1
plants in in vitro showed that anthracene taken up was  degraded
in transgenic plants, but not in wild-plants (Fig. 5a and b). HPLC
analysis of extracts from wild-type plants revealed three major

anthracene mass balance was studied at the end of the experiment. 14C anthracene

G2 G3 G4 G5  G6

16.4 13 11.3 12 13.8
28.8 28.8 28.8 28.8 28.8

1.05 1.73 2.3 3.6 2.2
47.3 48.8 49.13 44.87 49.5
93.5 93.2 91.53 89.2 94.3
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Fig. 5. HPLC analysis of control and transgenic plant grown in soil spiked with 5 ppm
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Fig. 6. Total ion chromatography of non transgenic and transgenic plants grown
in  anthracene spiked soil. (a) Chromatogram of non transgenic plant revealed one
major peak (peak no 1) at 31.2 min  retention time identified as anthracene. (b)
Chromatogram of transgenic plant sample revealed peaks (1 and 2) at 32.9 min  and
41.3 min  retention time which corresponded to naphthalene derivatives (tetrahydro
hexamethyl naphthalene and diethyl, tetrahydro tetramethyl naphthalene respec-
tively). (c) Mass spectrum of peak at 32.9 min retention time in transgenic plant
sample which corresponds to naphthalene derivative (tetrahydro hexamethyl naph-
thalene), identified using GC–MS PAH library. (d) Mass spectrum of peak at 41.3 min
f  anthracene. (a) HPLC analysis of control plant revealed a peak at 13.99 retention
ime corresponding to anthracene peak (b) HPLC analysis of transgenic plant showed

 peak at 10.11 retention time which corresponds to naphthalene derivative.

eaks. Out of the different peaks, the peak at 13.99 min  reten-
ion time was identified as anthracene. This was also confirmed by
o-chromatography with anthracene. HPLC analysis of transgenic
lant extract showed the presence of three major peaks. Transgenic
lant extract did not show any peak at 13.99 min  corresponding to
nthracene while a major peak was observed at 10.11, which was
omparable to napthalene. GC–MS analysis and subsequent iden-
ification with the GC–MS PAH library showed that non transgenic
lant revealed one major peak (peak no 1) at 31.2 min  retention
imes identified as anthracene (Fig. 6a) whereas transgenic plant
ample revealed peaks (1 and 2) at 32.9 min  and 41.3 min  retention
ime which corresponded to naphthalene derivatives tetrahy-
ro hexamethyl naphthalene and diethyl, tetrahydro tetramethyl
aphthalene respectively (Fig. 6b–d). Similar results were seen for
ydroponically grown T0 plants and in vitro grown T1 plants. The
resent observation showed that transgenic plant with TvGST gene
ould take up more anthracene and could degrade anthracene to
aphthalene derivatives. The transgenic plants were not only tol-
rant to anthracene, but also could remediate and degrade it to
aphthalene derivatives.

The cytosolic glutathione-s-transferase comprises a pivotal
nzyme system for protecting the cell from electrophilic com-
ounds and is known to play a major role in detoxification of
enobiotics [17]. Polycyclic aromatic hydrocarbons are known to
nduce GSTs in human liver [31]. Heterologous expression of GSTs
n plants is expected to mediate degradation of xenobiotics [8].  Glu-
athione transferases are well known for enzymatic detoxification
f xenobiotic compounds in mammals and fungi. Some of the fun-
al GSTs are related to alpha and mu  classes of GSTs found in rat
32,33], suggesting a relationship between fungal and mammalian
STs. Development of transgenic plants where critical steps in the
atabolic pathway for degradation of recalcitrant, xenobiotics are

ncorporated could further enhance their potential for xenobiotic
egradation [34,35]. Hence, cloning and introduction of a fungal
ST gene into plants is expected to improve the detoxification
otential of externally added xenobiotics.
retention time in transgenic plant sample which corresponds to naphthalene deriva-
tive  (tetrahydro tetramethyl naphthalene), identified using GC–MS PAH library.

In the present study, transgenic tobacco plants expressing a GST
gene from the biocontrol fungus Trichoderma virens were developed
and the plants showed enhanced uptake of anthracene compared
to control plants. The transgenic plants also showed better growth
and enhanced tolerance compared to wild-type plants in the pres-

ence of anthracene. HPLC analysis and further GC–MS analysis
(present study) with confirmation from PAH library showed that
anthracene taken up was  degraded to naphthalene derivatives by
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ransgenic tobacco plants expressing a fungal GST. The transgenic
lants could degrade anthracene – a three fused benzene ring com-
ound to naphthalene derivatives – two ring compounds, while

n control plants, anthracene remained unchanged. Degradation
f anthracene to naphthalene derivatives were observed not only
n T0 plants grown in hydroponics, but also in in vitro grown T1
obacco plants. This confirmed that transgenic plant could phytode-
rade anthracene to naphthalene derivatives. In the present study,
ST gene of Trichoderma virens when transferred to tobacco could
chieve this step of degrading a 3-fused benzene ring compound to
-ring compounds. Although there are a few reports on decrease in
AH content in soil inhabited by plants [36–39],  the degradation of
he compounds tested in those studies was attributed to the action
y microbes present in the rhizosphere. Using in vitro grown plants,
e have shown that transgenic plants with GST gene could degrade

nthracene to naphthalene derivatives. In our knowledge, this is
he first report on an in planta degradation of anthracene to naph-
halene derivatives. The high levels of expression of a fungal GST
n transgenic plants help in enhancing the tolerance to anthracene.
arlier reports on overexpression of endogenous GST in plants have
nhanced their tolerance and detoxification potential of various
erbicides [23,40,41].  Plants do not have metabolic pathways for
omplete degradation of anthracene and other PAHs, while bac-
eria and fungi have evolved efficient machinery for anthracene
iodegradation [42]. Microorganisms have an arsenal of enzymes
or degradation of xenobiotic pollutants and transfer of genes
nvolved in xenobiotic degradation into plants will further enhance
he potential of plants for degradation of recalcitrant xenobiotics.
owever, for further degradation of naphthalene derivatives, per-
aps other genes involved in naphthalene degradation need to be
o-transferred to the plant along with GST gene.

. Conclusions

The present findings successfully demonstrate a novel approach
or developing tolerance, uptake and partial degradation of a
ecalcitrant environmental pollutant such as anthracene using
ransgenic approach. The present studies using T0 and T1 transgenic
lants expressing a fungal GST gene have shown that transgenic
obacco plants expressing a Trichoderma virens GST were more tol-
rant to anthracene. Uptake of anthracene by transgenic plants was
igher and they degraded anthracene – a three benzene ring com-
ound to naphthalene derivatives – a two ring compound, while in
ild-type plants, anthracene was not degraded. The present stud-

es can have potential applications for remediation of other poly
romatic hydrocarbons and possibly other related xenobiotics.

cknowledgements

Prachy Dixit is grateful to CSIR, India for the award of Junior
esearch Fellowship. The authors thank Dr. S.F. D’Souza for useful
iscussion, Prasad Variyar for GC–MS analysis, Dr. Roja Gopalakr-

shnan, Dr. Kuber Bhainsa for analysis of data and Dr. Sudhir Singh
or help and useful suggestions and Sameer Jadhav for technical
ssistance.

eferences

[1] P. Henner, M.  Schiavon, J.L. Morel, E. Lichtfouse, Polycyclic aromatic hydrocar-
bon (PAH) occurrence and remediation methods, Anal. Mag. 2 (1997) 56–59.

[2]  A. Luch, The carcinogenic Effects of Polycyclic Aromatic Hydrocarbons, Imperial
College Press, London, 2005, ISBN 1-86094-417-5.
[3] K.L. Shuttleworth, C.E. Cerniglia, Environmental aspects of PAH biodegradation,
Appl. Biochem. Biotechnol. 54 (1995) 292–302.

[4] Masih A. Taneja, Polycyclic aromatic hydrocarbons (PAHs) concentrations and
related carcinogenic potencies in soil at a semi-arid region of India, Chemo-
sphere 65 (2006) 449–456.

[

[

aterials 192 (2011) 270– 276 275

[5] Y. Ma, J.Y. Zhang, M.H. Wong, Microbial activity during com-
posting of anthracene-contaminated soil, Chemosphere 52 (2003)
1505–1513.

[6] D. Muncnerova, J. Augustin, Fungal metabolism and detoxification of polycyclic
aromatic hydrocarbons: a review, Bioresour. Technol. 48 (1994) 97–106.

[7] S.D. Cunningham, W.R. Berti, J.W. Huang, Phytoremediation of contaminated
soils, Trends Biotechnol. 13 (1995) 393–397.

[8] S. Eapen, S. Singh, S.F. D’Souza, Advances in the development of transgenic
plants for remediation of xenobiotic pollutants, Biotechnol. Adv. 25 (2007)
442–451.

[9] W.  Aprill, R.C. Sims, Evaluation of the use of prairie grasses for stimulating poly-
cyclic aromatic hydrocarbon treatment in soil, Chemosphere 20 (1–2) (1990)
253–265.

10] Y.B. Kim, K.Y. Park, Y. Chung, K.C. Oh, B.B. Buchanan, Phytoremediation of
anthracene contaminated soils by different plant species, J. Plant Biol. 47 (2004)
174–178.

11] K.A. Reilley, M.K. Banks, A.P. Schwab, Organic chemicals in the environment:
dissipation of polycyclic aromatic hydrocarbons in the rhizosphere, J. Environ.
Qual. 25 (1996) 212–219.

12] T. Gunther, U. Dornberger, W.  Fritsche, Effects of ryegrass on biodegradation of
hydrocarbons in soil, Chemosphere 33 (2) (1996) 203–215.

13] H. Sandermann, Higher plant metabolism of xenobiotics: the green liver con-
cept, Pharmacogenetics 4 (1994) 224–225.

14] T. Komives, G. Gullner, Phase I xenobiotic metabolic systems in plants, Z. Natur-
forsch. C 60 (2005) 179–185.

15] A.C. Dietz, R.J.L. Schnoor, Advances in phytoremediation, Environ. Health Per-
spect. 109 (2001) 163–168.

16] A.M. Gulik, W.E. Fahl, Forced evolution of glutathione S-transferase to create a
more efficient drug detoxication enzyme, Pharmacol. Ther. 66 (1995) 237–257.

17] T. Cajthaml, M.  Moder, P. Kacer, V. Sasek, P. Popp, Study of fungal degradation
products of polycyclic aromatic hydrocarbons using gas chromatography with
ion  trap mass spectrometry detection, J. Chromatogr. 974 (2002) 213–222.

18] L. Bezalel, Y. Hadar, P. Fu, J.P. Freeman, C.E. Cerniglia, Initial oxidation products
in  the metabolism of pyrene, anthracene, fluorene, and dibenzothiophene by
the white rot fungus Pleurotus ostreatus, Appl. Environ. Microbiol. 62 (1996)
2554–2559.

19] F. Giraud, P. Guiraud, M.  Kadri, G. Blake, R. Steiman, Biodegradation of
anthracene and fluoranthene by fungi isolated from an experimental con-
structed wetland for wastewater treatment, Water Res. 35 (17) (2001)
4126–4136.

20] A.N. Mukhopadhyay, P.K. Mukherjee, Fungi, as fungicides, Indian J. Trop. Plants
Dis. 14 (1996) 1–17.

21] C. Emani, M.G. Juan, L.F. Emily, J.P. Maria, U. Pedro, D.J. Kim, G.K. Sunil, D.R. Cook,
C.M. Kenerley, K.S. Rathore, Enhanced fungal resistance in transgenic cotton
expressing an endochitinase gene from Trichoderma virens, Plant Biotechnol. J.
1  (2003) 321–336.

22] M.R. Shah, P.K. Mukherjee, S. Eapen, Expression of a fungal endochitinase
gene  in transgenic tomato and tobacco results in enhanced tolerance to fungal
pathogen, Physiol. Mol. Biol. Plants 16 (2010) 39–51.

23] M. Karvangeli, N.E. Labrou, Y.D. Clonis, A. Tsaftaris, Development of transgenic
plants overexpressing maize glutathione-S-transferase I for chloroacetanilide
herbicides phytoremediation, Biomol. Eng. 22 (2005) 121–128.

24] T. Hu, X. Qv, G. Xiao, X. Huang, Enhanced tolerance to herbicide of rice plants by
over-expression of a glutathione S-transferase, Mol. Breed. 4 (2009) 409–418.

25] P. Dixit, S. Singh, P.K. Mukherjee, S. Eapen, Development of transgenic plants
with cytochrome P4502E1 gene and glutathione-S-transferase gene for degra-
dation of organic pollutants, J. Biotechnol. 136 (2008) S692–S693.

26] P. Dixit, P.K. Mukherjee, V. Ramachandran, S. Eapen, Glutathione transferase
from Trichoderma virens enhances cadmium tolerance without altering its
accumulation in Nicotiana tabacum, PLoS ONE 6 (2011) 16360.

27] D.R. Hoagland, D.I. Arnon, The water culture method for growing plants without
soil,  Calif. Agric. Exp. Station Circ. 3 (1938) 346–347.

28] F. Lu, J. Ralph, The DFRC method for lignin analysis. 2. Monomers from isolated
lignins, J. Agric. Food Chem. 46 (1998) 547–552.

29] T. Murashige, F. Skoog, A revised medium for rapid growth and bioassays with
tobacco tissue culture, Physiol. Plant. 15 (1962) 473–497.

30] P. van Dillewijn, J.L. Couselo, E. Corredoira, A. Delgado, R.M. Wittich, A. Ballester,
J.L.  Ramos, Bioremediation of 2,4,6-trinitrotoluene by bacterial nitroreductase
expressing transgenic aspen, Environ. Sci. Technol. 42 (2008) 7405–7410.

31] D.S. Pushpaprajan, M.  Umachandran, K.E. Plant, N. Plant, C. Ioannides, Upregula-
tion of glutathione-S-transferase system in human liver by polycyclic aromatic
hydrocarbons, comparison with rat liver and lung, Mutagenesis 23 (2008)
299–308.

32] D. Sheehan, J.P. Casey, Evidence for alpha and mu class glutathione S-
transferases in a number of fungal species, Comp. Biochem. Physiol. 104 (1993)
7–13.

33] D. Sheehan, J.P. Casey, Microbial glutathione S-transferases, Comp. Biochem.
Physiol. 104 (1993) 1–6.

34] K. Francova, T. Macek, M.  Demnerova, Mackova, Transgenic plants—a poten-
tial tool for decontamination of environmental pollutants, Chemicke Listy 95
(2001) 630–637.
35] S. Cherian, M.  Olivera, Transgenic plants in phytoremedaition: recent advances
and  new possibilities, Environ. Sci. Technol. 39 (2005) 9377–9390.

36] D. Paquin, R. Ogoshi, S. Campbell, Q.X. Li, Bench-scale phytoremediation of
polycyclic aromatic hydrocarbon-contaminated marine sediment with tropical
plants, Int. J. Phytorem. 4 (2002) 297e313.



2 dous M

[

[

[

[

[41] C.G. Flocco, S.D. Lindblom, E.A.H.P. Smits, Overexpression of enzymes involved
in  glutathione synthesis enhances tolerance to organic pollutants in Brassica
76 P. Dixit et al. / Journal of Hazar

37]  P.M. White Jr., D.C. Wolf, G.J. Thoma, C.M. Reynolds, Phytoremediation of alky-
lated polycyclic aromatic hydrocarbons in a crude oil contaminated soil, Water
Air Soil Pollut. 169 (2006) 220–270.

38] J. Rezek, I. Wiesche, M.  Mackova, F. Zadrazil, T. Macek, The effect of ryegrass
(Lolium perenne) on decrease of PAH content in long term contaminated soil,

Chemosphere 70 (2007) 1603–1608.

39] A. Muratova, N. Pozdanyakoya, S. Golubev, L. Wittenmayer, O. Makarov,
W.  Merbach, O. Turkovskaya, Oxidoreductase activity of sorghum root exu-
dates in a phenanthrene contaminated environment, Chemosphere 74 (2009)
1031–1036.

[

aterials 192 (2011) 270– 276

40] A.S. Milligan, A. Daly, M.A. Parry, J. Lazzeri, P.A. Jepson, The expression of a maize
glutathione-s-transferase in transgenic wheat confers herbicide tolerance, both
in  planta and in vivo, Mol. Breed. 7 (2001) 301–305.
juncea, Int. J. Phytorem. 6 (2004) 289–304.
42] C.E. Cerniglia, Biodegradation of polycyclic aromatic hydrocarbons, Biodegra-

dation 3 (1992) 351–368.


	Enhanced tolerance and remediation of anthracene by transgenic tobacco plants expressing a fungal glutathione transferase ...
	1 Introduction
	2 Materials and methods
	2.1 14C Anthracene uptake and degradation studies
	2.1.1 Hydroponic studies
	2.1.2 Soil studies

	2.2 Sample extraction and analysis
	2.3 HPLC analysis
	2.4 GC–MS analysis
	2.5 Growth of T1 seedlings on anthracene under in vitro conditions
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Tolerance, uptake and degradation of anthracene in transgenic plants

	4 Conclusions
	Acknowledgements
	References


