The evaluation of cadmium, zinc and nickel accumulation
ability of transgenic tobacco bearing different transgenes
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ABSTRACT

Tobacco, Nicotiana tabacum L., var. Wisconsin 38 as the control (WSC), and four genetically modified lines of the same
variety, were tested for Cd, Zn and Ni accumulation. Genetically modified lines of the same variety, bearing the trans-
gene CUP1 (gene coding a yeast metallothionein), GUS (reporter gene for 3-glucuronidase), HisCUP (CUP combined
with a polyhistidine tail), and HisGUS (reporter gene for p-glucuronidase, combined with a polyhistidine tail) under
a constitutive promoter, enabling it to follow the heavy metal tolerance and uptake changes as a function of the trans-
gene present. Control and transgenic lines were tested for accumulation of risk elements on sand nutrient medium
with the addition of cadmium, zinc and nickel. The results showed high Cd accumulation ability of HisCUP line. The
Cd content in aboveground biomass was increased by 90% compared to the non-transformed control and Cd content
in roots was decreased by 49%. Determination of Zn content in aboveground biomass did not confirm higher uptake
by transgenic plants significant for phytoremediation. The Ni content was significantly increased in aboveground
biomass of HisGUS construct. GUS construct introduced the ability to accumulate all investigated metals; the others
accumulated only one in extended amount.
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The concept of phytoremediation — using plants
to remove or inactivate pollutants from soils has
received increasing attention in recent years
(Cunningham et al. 1995, Baker and Brooks 1998,
Kramer and Chardonnens 2001, Némecek et al.
2001, Pilon-Smits and Pilon 2002, Vyslouzilova
et al. 2003). Compared to existing physical and
chemical methods of soil remediation the use of
plants is cost-effective and less disruptive to the
environment. Very important is the rhizospheric
cooperation of plants and micrrorganisms, both in
remediation of soils contaminated by inorganic or
organic pollutants and xenobiotics (Macek et al.
2000). In addition to its advantages, phytoreme-
diation does suffer from a number of limitations
(Cunningham et al. 1995). Hyperaccumulators often
accumulate only one specific element. Many of
these plants grow slowly and have low biomass
yield. Little is known about their breeding po-
tential and physiology. Baker and Brooks (1998)
found that some native plant species were able
to accumulate unusually high concentrations of
potentially phytotoxic elements such as Cd, Cu,

Pb, Ni and Zn from metalliferous soils. Thlaspi
caerulescens was reported as a hyperaccumulator
of cadmium and zinc. It can accumulate over 3% of
zinc and at the same time over 0.1% of cadmium
per dry biomass. Alyssum sp. can contain a very
high concentration of up to 2% Ni. Metal hyperac-
cumulators are highly attractive model organismes,
because they have overcome major physiological
bottlenecks limiting metal accumulation in shoots
and metal tolerance.

Genetic engineering is a technique that might
be applied advantageously to the search for more
suitable phytoremediation plants combining high
metal accumulating capacity and high aboveground
biomass yield (Kdrenlampi et al. 2000). The intro-
duction of an additional metal binding domain to
the implemented protein should further enhance
the metal binding capacity (Macek et al. 1996,
Kotrba et al. 1999). This hypothesis was tested
using transgenic plants with different constructs.
These results are encouraging because it suggests
that metal accumulation results obtained from
the nutrient media are a valuable indication of
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transgenics’ metal accumulation potential from
environmental soils containing metal mixture.
The obtained results from nutrient media showed
transgenic plants as valuable indicators of elevated
metal accumulation.

The main objective of this investigation was
focused on the evaluation of Cd, Zn and Ni ac-
cumulation ability of transgenic tobacco bearing
four different transgenes.

MATERIAL AND METHODS

The plants were genetically transformed as
described by Macek et al. (2002b), by using
Agrobacterium tumefaciens. The vector was plas-
mid pBI121, bearing a CaMV 35S promoter from
cauliflower mosaic virus, the reporter gene for
B-glucuronidase (GUS) and all regions necessary
for a successful transformation using Agrobacterium,
purchased from CLONTECH (BD Biosciences).
The tested plants involve tobacco, Nicotiana taba-
cum L., var. Wisconsin 38, as the control (WSC-38),
and genetically modified lines of the same va-
riety, bearing the transgenes CUP (gene coding
a yeast metallothionein), GUS (reporter gene for
B-glucuronidase), HisCUP (CUP combined with
a polyhistidine tail), and HisGUS (reporter gene
for p-glucuronidase, combined with a polyhistidine
tail) under a constitutive promoter, thus enabling
us to follow the heavy metal tolerance and uptake
changes as function of the transgene present.

Non-transformed control - WSC-38 and four
transgenic tobacco lines (CUP, HisCUP, GUS and
HisGUS) were tested for accumulation of Cd, Zn
and Ni in aboveground biomass and roots. Based
on the previous experiments (Macek et al. 2002b)
the best Cd accumulating line HisCUP-X was
chosen from HisCUP transgenic tobacco lines for
this test. The presence of the introduced transgene
was proven at the DNA level by PCR, using the

commercial DNeasy Plant Mini Kit (Qiagen) for
extraction and isolation, and primers to 355 CaMV
promoter and NOS termination gene (Vollenhofer
et al. 1999). The formation of corresponding RNA
was confirmed after RNA isolation and RT-PCT
with the appropriate specific primers designed
for HisCUP gene construct.

All plant material was vegetatively multiplied,
aseptically under in vitro conditions and transferred
to pots after 6 weeks of growth at the mean size of
about 10 cm. The plants were hardened to survive
under greenhouse conditions by keeping them in
open vessels for a three-day period.

The screening test was conducted on a sand
nutrient media with the addition of Knop’s
nutrient solution modified by the addition of
cadmium [0.2 mg Cd/l of nutrient solution as
Cd(NO,),.4 H,0), zinc (0.5 mg Zn/I of nutrient
solution as Zn(NO,),.6 H,0] and nickel [0.2 mg Ni/l
of nutrient solution as Ni(NO,),.6 H,O]. The plants
were harvested after 6 weeks of growth at the mean
size of about 30 cm. The results were obtained on an
average of four independent experiments consisting
of three to six replicates of each plant. The plants
were of the same size at the start of the experiments,
and there were no significant differences in the size
of the different lines at the harvest.

After harvest the aboveground biomass and
roots were gently washed with deionised water,
dried, ground and analysed for total Cd, Zn and
Ni content. The plant material was decomposed
by using the dry ashing procedure and Cd, Zn and
Ni concentrations in plants and roots were deter-
mined by using atomic absorption spectrometry
(Varian SpectrAA-300). The accuracy of analyses
was estimated by a comparison with reference ma-
terial RM 12-02-03 Lucerne with a certified content
of 0.136 + 0.003 mg Cd/kg, 33.2 £ 0.5 mg Zn/kg,
2.54 +0.08 mg Ni/kg dry mass for which contents
of 0.137 + 0.022 mg Cd/kg, 34.5 + 1.4 mg Zn/kg,
2.25 + 0.41 mg Ni/kg dry mass were obtained.

Table 1. Yield of dry aboveground biomass and Cd, Zn and Ni content in tobacco plants

Yield of dry Content of risk elements in aboveground biomass
Tested tobacco aboveground (mg/kg dry mass)
plant lines biomass

(g per pot) Zn Ni
WSC-38 2.63 +0.69 15.8+2.9 93.5+13.5 37+11
CUP 2.55+0.63 16.9 £ 6.6 113.7 3.1 34+0.2
HisCUP 2.48 +0.25 332+27 104.3 +9.4 3.9+0.3
GUS 2.38 +0.33 244 +48 123.1+20.3 54+0.8
HisGUS 2.32+0.64 16.6 £ 6.1 115.6 +11.6 6.5+2.4
D.in (@ =0.05) n.s. 8.73 n.s. 2.50

n.s. = non significant at o = 0.05
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Table 2. Yield of dry root biomass and Cd, Zn and Ni content in tobacco roots

Content of risk elements in roots

Tested tobacco gleld of (mg/kg dry mass)

. ry roots
plant lines

(g per pot) Zn Nl

WSC-38 0.63 £0.14 19.9+2.1 380.0 £ 35.3 27.2+4.7
cur 0.64 +0.21 14.3+£5.1 418.0 £ 28.0 27.7+19
HisCUP 0.73+0.21 10.8 +0.3 326.8 +28.4 43.7+6.0
GUS 0.53 +£0.13 15.7+1.4 475.0 £ 30.0 64.6 +10.1
HisGUS 0.59 +0.13 152+2.7 376.0 £ 33.9 442 +6.2
D in (a=0.05) n.s. 5.10 n.s. 11.53

n.s. = non significant at o = 0.05

The obtained data was statistically processed by
means of a one-way analysis of variance and linear
regression model using Statgraphics Plus 5.0.

RESULTS AND DISCUSSION

After harvest of the tobacco plants the yields of
the aboveground biomass and roots were deter-
mined. Both yield and content of dry matter of
transgenic plants were not significantly different
compared to the controlled ones (Tables 1 and 2).
For phytoremediation purposes it is important that
the distribution of the accumulated metals within
the plant, especially for the rate of the translocation
to the harvestable parts (Macek et al. 2002a).

The results of cadmium analysis in tobacco plants
showed that the control WSC-38 whole plants
had accumulated on an average 15.8 mg Cd/kg in
leaves and stems and 19.9 mg Cd/kg in the roots
(Tables 1 and 2). The presence of the CUP1 yeast
metallothionein gene alone did not significantly
increase the accumulation compare to the average
of the controlled treatment. Studies of many other
authors (Ow 1996, Dorlhac de Borne et al. 1998,
Kéarenlampi et al. 2000) suggest that the metal-
lothionein gene may be useful in improving metal
tolerance of plants. The most pronounced effect
of metallothionein overexpression was observed
by Hasegawa et al. (1997), who over-expressed the
yeast metallothionein gene CUP1 in cauliflower,
leading to a 16-fold higher Cd accumulation. Our
results are not in agreement with their observa-
tion. Although according to our determinations
the effect of gene CUP1 on the uptake of metals
seems to be insignificant.

The GUS line exhibited an increased Cd-bind-
ing activity. Cadmium content in the aboveground
biomass had increased by 54% compared to the
control plants (Table 1). Due to a higher variation
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among replications the increase was not statistically
significant. Elmayan and Tepfer (1994) found dif-
ferent results — Cd concentration in seedling shoots
of tobacco bearing MT-GUS transgene by 60-70%
were lower than in control. According to Brandle
et al. (1993) and Hattori et al. (1994) Cd contents
in the leaf tissues of transformed lines were not
significantly different from the untransformed
control.

Cd concentration in HisGUS constructs did not
differ from the control treatment. The HisCUP
construct proved to have a positive effect on
Cd accumulation. The Cd content in aboveground
biomass had increased by 90% comparing to the
non-transformed control and the Cd content in roots
had decreased by 49%. These results confirm our
previous observation of a significantly increased
cadmium accumulation much in plants bearing
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Figure 1. Distribution of Cd uptake among main parts of
tobacco plants (100% WSC-38 = 80 ug Cd and 100% HisCUP
=87 ug Cd)
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Figure 2. Relative growth of risk element contents in above-
ground biomass of transgenic tobacco constructs compare to
control treatment (control treatment = 100%)

the transgene coding for the polyhistidine clus-
ter, combined with yeast metallothionein, marked
HisCUP (Macek et al. 2002b).

Since the shoots are the most easily harvestable
part of the plant, an effective phytoextraction
technology requires the accumulation of a high
concentration of risk elements in aboveground
biomass. For this reason cadmium distribution in
the control treatment and HisCUP tobacco plants
were tested. Distribution of this element among
the leaves, stems and roots showed a majority of
Cd in leaves of both treatments (87% of the total
uptake by HisCUP treatment and 71% by control
one) (Figure 1). The uptake by stems was the lowest
and was equal to 5% from the total uptake in the
control plants and 3% in HisCUP plants.

The plants produced a range of ligands for
cadmium, nickel and zinc. In the xylem, sap
moving from roots to leaves is histidine one
of the principal ligands for Zn and Ni (Rauser
1999). The Zn content in roots of plants express-
ing HisCUP and HisGUS was decreased and the
content in aboveground biomass had increased
but not significantly different from the non-trans-
formed control ones (Tables 1 and 2). The highest
Zn content in aboveground biomass and also in
roots was determined in GUS plants (Tables 1
and 2).

Free histidine has been found as a metal chelator
in xylem exudates in plants that accumulate Ni
and the amount of free histidine increases after
Ni exposure (Krdamer et al. 1996). According to
Karenlampi et al. (2000) the modification of histi-
dine metabolism, it might be possible to increase
the Ni-accumulating capacity of plants. Our results
showed that nickel accumulation in tobacco was
higher in the roots compared to the aboveground
biomass (Tables 1 and 2). The highest content was
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determined in the roots of GUS (64.6 mg Ni/kg)
and HisGUS transgenic plants (44.1 mg Ni/kg). The
Ni content of HisGUS treatment was significantly
higher in the aboveground biomass in contrast
to the control plants, but Ni concentration of all
transgenic plants as well as control plants was very
low (2.9-6.5 mg Ni/kg).

Evaluation of accumulation potential of transgenic
tobacco from medium containing metal mixture
showed the highest relative change of combined
metal uptake in the aboveground biomass of GUS
treatment (Figure 2). The uptake of each tested
element was increased by 31-54% compare to the
control treatment. The GUS construct introduced
the ability to remove a wider range of metals but
HisCUP and HisGUS constructs confirmed the
high accumulation ability only by one element
— Cd or Ni and they are suitable for remediation
of soils contaminated only by individual elements.
The increase of the elements uptake by CUP con-
struct was not significant compare to the control
treatment.

The experiments continue on soil substrates,
where risk elements bioavailability is substantially
lower. Based on these results it will be possible
to evaluate the chances to improve transgenic
tobacco for phytoremediation in particular and
perspectively other plants including energy or
technology crops, too.
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Pfijem kadmia, zinku a niklu geneticky modifikovanymi liniemi tabaku

Tabak, Nicotiana tabacum L., var. Wisconsin 38 jako kontrola (WSC), a jeho ¢tyfi transgenni linie byly testovany na
akumulaci Cd, Zn a Ni. Geneticky modifikované linie byly pfipraveny vnesenim genu CUPI pro kvasni¢ni metalo-
thionein (CUP), genu pro p-glukuronidazu (GUS), gentit CUP1 a pro histidinovou kotvu (HisCUP) a gend pro p-glu-
kuronidazu a pro histidinovou kotvu (HisGUS) s cilem zvysit akumulaci rizikovych prvka. Kontrolni a transgenni
rostliny byly péstovany jako piskova kultura s pridavkem Cd, Zn a Ni. Nejvyssi obsah Cd v nadzemni biomase
opakované vykazovaly rostliny HisCUP. V porovnani s kontrolnimi rostlinami byl zjistén nartist obsahu Cd o0 90 %.
Ve vsech transgennich rostlinach byl stanoven nizsi obsah Cd v kofenech v porovnani s kontrolnimi rostlinami. V ko-
fenech varianty HisCUP bylo zjisténo nejnizsi mnozstvi Cd — 0 49 % méné v porovnani s kontrolou. Vyznamné zvy-
Seni obsahu Zn nebylo potvrzeno v nadzemni biomase zZadné z testovanych transgennich linii. Schopnost vyznamné
zvysené akumulace Ni byla stanovena pouze u rostlin HisGUS. Rostliny transgenniho tabaku GUS kumulovaly ve
zvysené mife vSechny sledované prvky, ostatni testované linie pfijimaly ve zvysSené mife pouze jeden prvek.
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