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a  b  s  t  r  a  c  t

Transgenic  Arabidopsis  thaliana  were  developed  to  increase  tolerance  for  and  accumulation  of  heavy
metals  and  metalloids  by  simultaneous  overexpression  of AsPCS1  and  YCF1  (derived  from  garlic  and
baker’s  yeast)  based  on  the  fact  that  chelation  of  metals  and  vacuolar  compartmentalization  are the
main strategies  for  heavy  metals/metalloids  detoxification  and  tolerance  in plants.  Dual-gene  transgenic
lines  had  the  longest  roots  and  the  highest  accumulation  of Cd  and  As  than  single-gene  transgenic  lines
eywords:
helation
hytochelatin synthase
hytoremediation
ransgenic
acuolar compartmentalization

and wildtype.  When  grown  on  cadmium  or arsenic  (arsenite/arsenate),  Dual-gene  transgenic  lines  accu-
mulated  over  2–10 folds  cadmium/arsenite  and  2–3  folds  arsenate  than  wild  type or  plants  expressing
AsPCS1  or  YCF1  alone.  Such  stacking  modified  genes  involved  in  chelation  of  toxic  metals  and  vacuolar
compartmentalization  represents  a highly  promising  new  tool  for  use  in phytoremediation  efforts.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Phytoremediation, as an emerging, cost-effective, and noninva-
ive alternative or complementary technology based on the cellular
echanisms for heavy metal/metalloid detoxification and toler-

nce in plants [1],  was used to clean up heavy metals/metalloids
rom the environment or to render them harmless recently [2].
he cellular mechanisms of plants potentially involved in detox-
fication, and thus tolerance of heavy metals and metalloids stress,
re chelation of metals by thiols [3,4] and vacuolar compartmen-
alization by transporter families [5–7]. Phytochelatins (PCs) are
he main thiol peptides to chelate metals in plant cytoplasm [8,9]
nd then the complex of these thiols with metals/metalloids are
equestered into vacuole via ATP binding cassette transporters
ABC transporters) such as YCF1 located in Saccharomyces cerevisiae
onoplast [10,11].

Many highly effective attempts were performed to develop
ransgenic plant for phytoremediation by respective overexpres-

ion of genes involved in PCs synthesis [3,12–14] and heavy metal
acuolar compartmentalization [6,7], but some reports have found
he opposite results [15,16]. Cadmium (Cd) hypersensitivity in

∗ Corresponding author.
E-mail address: mami@ibcas.ac.cn (M.  Ma).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.008
transgenic PCS lines may  be due to the toxicity of PCs at supraopti-
mal  levels when compared to glutathione (GSH) levels, and the sup-
ply of GSH in cells limits the synthesis of PCs in AtPCS-transgenics
under Cd stress [17]. The vacuole is generally considered to be the
main storage site for metals in yeast and plant cells and vacuo-
lar compartmentalization of metals is also a part of the tolerance
mechanism [5,7]. Hence we hypothesized that perhaps there was
another possibility that heavy metals and its complex with thi-
ols were not sequestered into vacuole efficiently and resulted in
toxicity to plant cells and hypersensitivity to these metals.

Dhankher et al. [12], Wawrzynski et al. [18] and Guo et al. [14]
proved that stacking genes that encode different components of the
metal hyperaccumulation system in transgenic plants may  produce
plants ideally suited for phytoremediation of pollutant metals, such
as Cd and arsenic (As). Dhankher and his colleagues showed that
plants expressing SRS1p/ArsC and ACT2p/�-ECS together accumu-
lated 2–3 folds more arsenic per gram of tissue than wild type or
plants expressing �-ECS or ArsC alone. Wawrzynski et al. proved
that simultaneous expression of heterologous genes involved in
phytochelatin biosynthesis led to about 8-fold elevation of thiols
in triple-gene transgenic lines than in wildtype plants. Chelation

of metals by thiols and vacuolar compartmentalization are the
main strategies of heavy metals/metalloids detoxification and tol-
erance in plants, and these two  strategies are not independent
during the detoxification of heavy metals/metalloids and vacuole

dx.doi.org/10.1016/j.jhazmat.2011.11.008
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mami@ibcas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.11.008


310 J. Guo et al. / Journal of Hazardous Materials 199– 200 (2012) 309– 313

Fig. 1. Schematics of three binary vectors. YCF1: sequence encoding Saccharomyces
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Fig. 2. Transcript expression of YCF1 and AsPCS1 in the T4 generation of transgenic
lines. WT:  wildtype; M:  1-kb DNA ladders; PY4, PY5: YCF1 and AsPCS1 dual-gene
erevisiae YCF1, a transporter belongs to ABC family; AsPCS1: sequence encoding A.
ativum phytochelatin synthase (EC: 2.3.2.15).

s the main storage site for these metals and their complex [1,7].
herefore there must be the possibility that the amounts of heavy
etal ions in transgenic plant cells are too large to be efficiently

equestered into the vacuole when overexpressed genes involved
n PCs synthesis, consequently the jam of vacuolar compartmental-
zation leads to the hypersensitivity to Cd. To test this hypothesis,

e constructed a binary vector carrying two genes involved in
helation and vacuolar compartmentalization and analyzed the
ffects of simultaneous overexpression of the garlic AsPCS1 gene
nd the S. cerevisiae YCF1 gene in Arabidopsis thaliana in the present
tudy.

. Materials and methods

.1. Genes cloning, binary vectors construct and transgenic plants
dentification

AsPCS1 was cloned by RACE from garlic (Allium Sativum L.)
19,20] and harbored in the plasmids p35S-AsPCS1-MT.  YCF1 was
mplified from S. cerevisiae strain S288C genomic DNA by the fol-
owing oligonucleotides (YB: 5′GTG GAT CCA TGG CTG GTA ATC
TG TTT CAT GGG CCT3′ and YS: 5′ACG AGC TCT TAA TTT TCA TTG
CC AAA CCA GCC TCC ATG3′). The PCR products (4.6 kb) contain-

ng YCF1 were inserted into BamHI/SacIsites of p35S-AsPCS1-MT by
isplacing the gene MT  between the 35S promoter and termina-
or of cauliflower mosaic virus (CaMV), and the constructed binary
ector was named p1301-YCF1-AsPCS1. Then the above 4.6 kb frag-
ent was introduced into BamHI/SacIsites of pSN1301 (derived

rom pCAMBIA1301, CAMBIA) between the CaMV35S promoter and
erminator of cauliflower mosaic virus (CaMV), namely binary vec-
or p1301-YCF1. The schematic maps of three binary vectors were
hown in Fig. 1.

Transgenic lines of Arabidopsis thaliana (ecotype Columbia)
ere obtained by Agrobacterium-mediated dip flora transfor-
ation as described by Clough and Bent [21]. The transgenic
rabidopsis seeds of T1 generation were screened through
ygromycin (Roche chemicals #843555) selection and then by
enomic DNA PCR identification. Furthermore the transformants
f AsPCS1 or YCF1 were confirmed by GUS assay. The expression
f YCF1 and AsPCS1 on transcript levels in T2, T3 and T4 transgenic
lants were detected by RT-PCR (25–27 cycles). Total RNA isolated
rom 14-day-old transgenic and wildtype Arabidopsis seedlings
sing Trizol reagent (Invitrogen, #15596-026), were converted to
DNA using ReverTra Ace (TOYOBO, #TRT-101). AsPCS1 and YCF1
DNA were amplified using the following specific primers, AsPCS1:
′AGT CTT GAG GAT TTC CGC CAG CAT A3′ and 5′TGT GAT TTT GAT
GC GAT GTG GGT AC3′; YCF1: 5′ACA TCA AGG GAG TTG CGT CGT
3′ and 5′TCA TTG ACC AAA CCA GCC TCC ATG CAC3′. The actin

′ ′ ′
rimers were 5 TGT GTC TCA CAC TGT GCC AAT CTA CG3 and 5 TTC
TG GAC CTG CCT CAT CAT ACT C 3′.

Plants were maintained in culture room at 23 ◦C under a 12-h
hotoperiod provided by cool-white fluorescent tubes at a photon
ux density of approximately 80 �E m−2 s−1.
transgenic lines; Y1, Y15: YCF1 single-gene transgenic lines; P5-3: AsPCS1 single-
gene transgenic line.

2.2. Analysis of tolerance to and accumulation of Cd or As

Two-day-old seedlings germinated and grown on half-strength
germination medium (GM, 1/2MS + 1% sucrose + 0.05% MES) were
transfer to half-strength GM containing different concentration of
Cd (supplied with CdCl2) or As (supplied with NaAsO2 and Na3AsO4,
respectively). The above plates were vertically maintained in the
culture room for 14 d to compare the root length of wildtype and
transgenics. Every line was  chosen at least 10 seedlings. The exper-
iments were repeated three times.

Being kept treated by Cd or As for 7 d in plastic pots, aerial parts
of plants grown in anthesis were harvested and washed thoroughly
with distilled water three to four times and dried at 80 ◦C for 48 h.
After weighing, the dried tissues were ground and then digested
with a mixture of HNO3/HClO4 (85/15, v/v). The determination
of Cd content was performed using an atomic absorption spec-
trophotometer (model 3300; PerkinElmer, Wellesley, MA, USA).
As contents were determined using an Atomic Fluorescence Spec-
troscopy (model AFS-930; Jitian, CITY, China). The experiments
were replicated two times independently. At least 10 seedlings
were selected per line in the experiment.

2.3. Statistical analysis

Statistical analyses were accomplished with SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA) and graphs were produced by SigmaPlot 10.0 (SYS-
TAT Software Inc.,). One-way ANOVA were performed, and means
of data were compared using Duncan test at the 0.05 probability
levels. In the figures, letters were used to indicate the levels of sig-
nificance in the differences between non-modified and transgenic
plants for heavy metal treatments. The results were based on at
least three replicates from two independent experiments.

3. Results

3.1. Transformation of AsPCS1 and YCF1 into Arabidopsis thaliana

Experienced genomic DNA PCR identification and GUS  assay
(data not shown), two  dual-gene transformed lines (PY4 and PY5,
transformed by p1301-YCF1-AsPCS1) of T4 generation and three sin-
gle gene transformed lines (P5-3 transformed by p1301-AsPCS1,
Y1 and Y15 transformed by p1301-YCF1) of T4 generation were
arbitrarily chosen for the future analysis. As shown in Fig. 2, an
electrophoretic band appeared in the lines of PY4, PY5, Y1 and
Y15 corresponding to YCF1 fragment while P5-3 and wildtype were

blank. And the same situation happened to AsPCS1 in two  dual-gene
transformants while no apparent bands were detected in Y1, Y15
and wildtype. These results revealed that AsPCS1 and YCF1 were
successfully transformed into Arabidopsis thaliana and expressed
stably by CaMV 35S promoters.
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Fig. 3. Root elongation of transgenic lines subjected to cadmium or arsenic. WT:  wildtype Arabidopsis; PY4, PY5: YCF1 and AsPCS1 dual-gene transgenic lines; Y1, Y15: YCF1
single-gene transgenic lines; P5-3: AsPCS1 single-gene transgenic line; A: control, 1/2 GM media; B: cadmium, 1/2 GM media containing different concentrations of CdCl2;
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than these single-gene transgenic lines. As contents in PY lines were
at least 2.6 times higher than in wildtype and were over 1.6 times
higher than in Y1 and P5-3 when plants were subjected to arsenate.

Fig. 4. PCs content in different transgenic lines before and after Cd exposure. WT:
wildtype Arabidopsis; PY4, PY5: YCF1 and AsPCS1 dual-gene transgenic lines; Y1, Y15:
YCF1 single-gene transgenic lines; P5-3: AsPCS1 single-gene transgenic line; con-
trol,  1/4 Hoagland culture solution; cadmium, supplied as CdCl2; values shown are
means ± standard error; LSD ≤ 0.05. Plants in anthesis were treated with 30 mg kg−1
:  arsenite, 1/2 GM media containing different concentrations of NaAsO2; D: arse
eans ± standard error. Bars with different letters are significantly different at P ≤ 0

.2. Transgenic plants exhibited different tolerance to Cd or As
tresses

To evaluate the tolerance of transgenic Arabidopsis, seedlings
ere transferred to half-strength GM medium containing different

oncentrations of Cd or As to compare root elongation. After 14 d
f growth on the half-strength GM medium, no visible differences
n root length were found between transgenic lines and wildtype
rabidopsis (Fig. 3A). Significant differences in root length between
ransgenic lines and wildtype were detected when plants were sub-
ected to 25 or 50 �M CdCl2 (Fig. 3B). The dual-gene transgenic
ines, PY4 and PY5, had longer roots length than single-gene trans-
ormed lines and wildtype (P ≤ 0.05), although all of single-gene
ransgenic lines except P5-3 were more tolerant of Cd stress than
ildtype plants (P ≤ 0.05). PY5 had the longest root length of 7.7

nd 3.6 cm exposed to 25 and 50 �M CdCl2, respectively. When the
dCl2 concentration reached 100 �M,  root elongation was  severely
etarded in all plants.

Transgenic and wildtype Arabidopsis were exposed to differ-
nt As species to evaluate their tolerance of As stress. Though the
oot growth of dual-gene transgenic lines were severely retarded
hen exposed to 25 �M arsenite, PY4 and PY5 showed the longest

oot length of 2.58 and 2.24 cm than other lines (Fig. 3C). There
ere no obvious differences in root elongation amongst all of

ransgenic Arabidopsis except P5-3 which still had longer root
han wildtype under 50 �M arsenite stress. The root growth
f dual-gene transgenic lines were not severely retarded when
xposed to 150 �M arsenate while plants of the same lines suf-
ered from severe retardation of root elongation under 300 �M
rsenate treatment (Fig. 3D). PY4 and PY5 showed the longest
oot length of 4.9 and 4.1 cm in exposure to 150 �M arsen-
te.

.3. Transgenic plants had increased production of PCs and
ccumulated higher amounts of Cd or As

PCs contents in leaves collected from transgenic and wild-type
lants were determined before and after exposure to Cd for 3 d.
ompared to the wildtype plants, PCs production in transgenic lines

verexpressed AsPCS1 increased over 2.5 times and about 2 times
n YCF1 lines under control conditions. Plants subjected to Cd stress
ad 2.7–3 times more total PCs than plants of the same lines grown
ithout Cd (Fig. 4).
1/2 GM media containing different concentrations of Na3AsO4. Values shown are
y Duncan test.

All of transgenic lines had higher accumulation of Cd than wild-
type, thereinto three single-gene transgenic lines, P5-3, Y1 and
Y15, had 4 to 5 times higher Cd contents than wildtype (P ≤ 0.05)
(Fig. 5A). Dual-gene transgenic lines simultaneously overexpressed
AsPCS1 and YCF1 had higher amounts of Cd than other transgenic
lines and wildtype (P ≤ 0.01), for example they accumulated more
than 10 mg  kg−1 Cd, which was  8–10 times higher than in wild-
type and nearly twice over in three single-gene transgenic lines in
average.

Transgenic lines accumulated higher amounts of As than the
wildtype when exposed to arsenite or arsenate (Fig. 5B and C). P5-
3, Y1 and Y15 had over 3.4 times amounts of arsenic than wildtype
under arsenite stress while PY lines accumulated at least 1.7 times
Cd (supplied with CdCl2) or 28 mg kg−1 As (supplied with arsenite and arsenate) for
3  d, respectively. PCs content in aerial parts of plants were determined as the method
described in De Vos et al. [26] and He et al. [27]. The experiments were repeated
three times. Values shown are means ± standard error. Bars with different letters
are significantly different at P ≤ 0.05 by Duncan test.
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Fig. 5. Comparison of Cd or As contents in different transgenic lines in exposure
to  different heavy metals. (A) Cd contents under CdCl2 exposure; (B) As contents
under arsenite stress; (C) As contents under arsenate stress. WT:  wildtype Ara-
bidopsis;  PY4, PY5: YCF1 and AsPCS1 dual-gene transgenic lines; Y1, Y15: YCF1
single-gene transgenic lines; P5-3: AsPCS1 single-gene transgenic line. Values shown
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to Cd and As and have higher amounts accumulation of these met-
re means ± standard error. Bars with different letters are significantly different at
 ≤ 0.05 by Duncan test.

. Discussion

Since this century, many researchers tried to develop engi-
eering plants for phytoremediation. Bang et al. [22] reported
hat expression of the thiosulfate reductase gene from Salmonella
yphimurium in Escherichia coli led to increase the efficiency of
emoval heavy metals from solution and accumulation of cadmium
p to 150 mM in 98% cells. Heterogeneous overexpression of gene
CS in Nicotiana glauca R. Graham (shrub tobacco) elevated the pro-
uction of PCs and higher accumulation of double of lead (Pb) than
n wildtype [23]. Song et al. [6] reported that the utility of the yeast
rotein YCF1 in Arabidopsis thaliana led for 1.2–2 folds increase of
b and Cd contents in transgenic plants than in control lines, which
terials 199– 200 (2012) 309– 313

provided a second-generation approach to engineering plants for
phytoremediation [5,7]. The results of Cd accumulation in lines
overexpressed YCF1 in our study were in agreement with Song et al.
[6] (Figs. 3 and 5). These lines overexpressed YCF1 had higher con-
tents of PCs (Fig. 4) and GSH (data not shown) than wildtype, maybe
due to YCF1 is responsible for vacuolar sequestration of thiols and
their complexes with metals [10]. This vacuolar sequestration of
thiols perhaps put the balance move to synthesis of PCs and led to
produce more amounts of PCs.

However, the reported studies paid more attention on single
overexpression of genes involved in chelation or ions transporta-
tion, and some publications indicated that overexpression of genes
involved in PCs synthesis in plants results in hypersensitivity to
Cd [15,16].  In our study, P5-3, the line overexpressed AsPCS1, was
not tolerant to Cd stress (Fig. 3B) though it had higher content of
PCs (Fig. 4) and accumulated higher amounts of this metal (Fig. 5A)
than wildtype. This result supported the above reports. Interest-
ingly, the transgenic lines simultaneous overexpressed AsPCS1 and
YCF1 gene had higher contents of PCs than wildtype before and after
Cd exposure due to overexpression of foreign genes (Fig. 4). Dual-
gene transgenic lines had the longest root elongation (Fig. 3B–D)
and accumulated higher amounts of Cd or As (Fig. 5) than single-
gene transformants, which showed that overexpression of genes
involved in chelation and vacuolar compartmentalization led to
increase the tolerance and accumulation to Cd and As, as well as
supported our hypothesis.

Engineering plants for phytoremediation must have higher tol-
erant to heavy metals and be able to accumulate more amounts
of these metals [1,3,4,7,8].  PCs chelate heavy metals to inacti-
vate them while YCF1 pumps toxic metals into vacuole to store
[5,11]. Overexpression of genes involved in PCs synthesis leads
to increase the amounts of toxic metals in transgenic plants as
previous reports [8,14,23–25], but not absolutely increase the tol-
erance to these metals [15] as the obtained results of P5-3 in
our study (Fig. 3B). The substrates that YCF1 pumps into vacuole
are organic compounds after their S-conjugation with glutathione
and GSH–metal complexes [10]. If there are not enough substrates
offered, transgenic plants overexpressed YCF1 would not accumu-
late more amounts of toxic metals in their cells, which explained
why Y1 and Y15 had lower amounts of Cd and As compared to
PY4 and PY5 (Fig. 5) although Y1 and Y15 had higher level of these
metals than wildtype as reported in Song et al. [6].  In our study,
we put these two processes of chelation and vacuolar compart-
mentalization into an assembly simultaneously. Thus chelation of
toxic metals by thiols will not limit the sequestration of these met-
als into vacuole because of overexpression of AsPCS1,  at the same
time the jam of vacuolar compartmentalization will not happen due
to overexpression of YCF1. Tong et al. [5] proposed that vacuolar
compartmentalization was  a second-generation approach to engi-
neering plants for phytoremediation compared to overexpression
of genes involved to chelating peptides. Here our results indicated
that simultaneous overexpression of genes involved to these two
strategies of heavy metals/metalloids detoxification and tolerance
was promising for phytoremediation and nowadays biotechnology
for engineering plants was a vital guarantee for this stacking genes
transformation.

5. Conclusion

In conclusion, we  have demonstrated that simultaneous expres-
sion of AsPCS1 and YCF1 in Arabidopsis led to elevate the tolerance
als than corresponding single-gene transgenic lines and wildtype.
Such a stacking of modified genes involved in chelation of toxic
metals by thiols and vacuolar compartmentalization represents a
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