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ABSTRACT

Mercury pollution is a major environmental problem accompanying industrial activities. Most of the

mercury released ends up and retained in the soil as complexes of the toxic ionic mercury (Hg2+), which then

can be converted by microbes into the even more toxic methylmercury which tends to bioaccumulate. Mer-

cury detoxification of the soil can also occur by microbes converting the ionic mercury into the least toxic

metallic mercury (Hg0) form, which then evaporates. The remediation potential of transgenic plants carrying

the MerA gene from E. coli encoding mercuric ion reductase could be evaluated.A modified version of the

gene, optimized for plant codon preferences (merApe9, Rugh et al. 1996), was introduced into tobacco by

Agrobacterium-mediated leaf disk transformation. Transgenic seeds were resistant to HgCl2 at 50 μM, and

some of them (10-20% ) could germinate on media containing as much as 350 μM HgCl2, while the control

plants were fully inhibited or died on 50 μM HgCl2. The rate of elemental mercury evolution from Hg2+ (added

as HgCl2) was 5-8 times higher for transgenic plants than the control. Mercury volatilization by isolated organs

standardized for fresh weight was higher (up to 5 times) in the roots than in shoots or the leaves. The data

suggest that it is the root system of the transgenic plants that volatilizes most of the reduced mercury (Hg0).

It also suggests that much of the mercury need not enter the vascular system to be transported to the leaves

for volatilization. Transgenic plants with the merApe9 gene may be used to mercury detoxification for

environmental improvement in mercury-contaminated regions more efficiently than it had been predicted

based on data on volatilization of whole plants via the upper parts only (Rugh et al. 1996).
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INTRODUCTION

Environmental pollution is an increasing prob-

lem both for developing and developed countries.

Mercury, both in organic and ionic form, is one of

the most hazardous pollutants among the heavy

metals[1]and its accumulation in human body re-

sults in inactivation of metabolic enzymes and struc-

tural proteins[2], [3] giving rise to serious health

problems (Minamata-syndrome).

Usually, mercury pollution is caused by indus-

trial and agricultural activities, releasing mercury

into air, water and land. Mercury is used in gold

mining and huge amounts of mercury wastes pro-

duced in some chemical factories and fossil fuel

burning. Farmers still use cheap mercury-based

fungicides in certain regions. In some industrial-
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ized areas mercury in river water and soil has

reached dangerous levels. The primary ionic mer-

cury pollution is secondarily converted into

organomercurials on site. Organomercurial com-

pounds are 1-2 orders of magnitude more toxic to

some eukaryotes and are more likely to biomagnify

across trophic levels than ionic mercury [Hg2+][1],

[4].

  There are Gram-negative bacteria with mer-

cury-resistance that is conferred on by a mercuric

reductase encoded by the merA gene[5]. merA ef-

ficiently catalyzes the reduction of Hg2+ to elemen-

tal mercury (Hg0) which is then evaporated from the

cell. The original merA gene was used to transform

the model plant species Arabidopsis thaliana with

the intention to develop mercury-resistant/volatil-

izing plants, but the transformants failed to express

the mRNA and the protein[6]. When the merA gene

was mutagenized in order to modify codons to those

preferred by plants, the resultant merApe9 gene

was efficiently expressed. MerA9pe gene enabled

Arabidopsis plants to grow on toxic levels of Hg2+

by converting the more toxic ionic mercury to el-

emental mercury[6], proving that an efficient new

tool was created for phytoremediation technologies.

Plants carrying this modified merA gene can

extract, sequester, and detoxify mercury pollutants

[7]. The mercury volatilization trait was also intro-

duced into yellow poplar and tobacco[7], [8]. Mer-

cury volatilizing transgenic plants could be incor-

porated into new environmental remediation tech-

nologies providing a more environmental friendly,

cost effective and sustainable alternative compared

to chemical and physical recovery of mercury from

the polluted wastes[9].

Tobacco (Nicotiana tabacum) is an important

cash crop. Converting tobacco to a mercury volatil-

izing plant could create a multiple use crop that

can be grown in mercury-contaminated soil[7].

Since tobacco is much larger than Arabidopsis, and

has extensive root systems capable of extracting

mercury, its potential for mercury evaporation is

greater. Elemental mercury evolution via the up-

per parts of tobacco has been reported[7]. In this

report, we describe the differential elemental mer-

cury evolution capacities of roots, leaves and stems

of tobacco transgenic for the merApe9 gene.

MATERIALS AND METHODS

Construction of transgenic plants

T h e  p l a s m i d  p V S T I m e r A p e 9 [ 6 ]  i n

Agrobacterium strain LBA4404 were kindly pro-

vided by Prof. R. B. Meagher (Dept. of Genetics,

Univ. of Georgia, Athens). In this binary vector,

the coding sequence of merApe9 is under the con-

trol of the cauliflower mosaic virus 35S RNA

promoter, and there is also a kanamycin resistance

gene in the T-region.

 Leaf sections of tobacco cv. Xanthii were

cocultivated[10] with the Agrobacterium and kana-

mycin-resistant shoots selected on a medium based

on Murashige and Skoog salts (Sigma) containing

3 mg/L N6-benzyladenine and 50 mg/L kanamy-

cin monosulfate (ICN Biomedicals, Aurora, OH).

The primary transformant (T0) shoots were

transplanted, allowed to flower and then selfed.

The seeds were harvested 90 days later. The seeds

from the selfed transformants were selected for re-

sistance to kanamycin [10], and the surviving plant-

lets (T1) were transferred to soil and grown in

greenhouse.

Germination and growth experiments

Seeds from the individual T0 plants transgenic

for merApe9 gene were harvested and used for ger-

mination experiments. Wild-type seeds were used

as negative control. Seeds were surface sterilized,

and germinated on 1% (w/v) phytagar plates

(GIBCO/BRL) made with Murashige and Skoog

salts (4.3 g/L, Sigma) containing HgCl2 at various

concentrations. HgCl2 was added to the autoclaved

medium before solidification. Seedlings were grown

at 25 oC under a 16-h light/8-h dark regime. Thirty

days after sowing, the seedlings were transplanted

in soil and kept in the greenhouse.

Southern and Northern blotting

A 1.7-kb diagnostic DNA fragment spanning the

complete coding sequence of merApe9 was gener-

ated using the 5  primer 5 - GGA TCC AAT GAG

CAC TCT CAA AAT CAC-3' and the 3  primer

5 -GCC TCA CCC GGC GCA GCA GGA-3 ).

Transformants were verified by Southern blotting

as described in[11]. Total DNA was digested with

EcoRI, the fragments were resolved by electro-

phoresis on a 0.8% agarose gel, and blotted to nylon

membrane. The 1.7-kb DNA was labeled with [32P]

dCTP by using the random priming method[12].

Tobacco organs and differential mercury volatilizaion
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Hybridization conditions and autoradiography were

carried out as described[13]. The 1.7-kb merApe9

DNA fragment was used for hybridization.

Mercury vapor assay

A Jerome 431 mercury vapor analyzer (Arizona

Instruments, Phoenix, AZ) was used to measure

the volatilized mercury released from the plant tis-

sues[7]. Seedlings resistant to both kanamycin (50

μ) and HgCl2 (50 μM and higher) were selected

from double-selective plates 15 days after sowing

and transferred in soil for growth in greenhouse.

Both 20-day old seedlings and 70-day old green-

house plants were used for mercury vapor assay

respectively. Each seedling sample consisted of 40-

60 seedlings of the same sib of the transgenic line.

The 55-day old plants were rinsed free of soil, dis-

sected and separated into root, shoot, and stem

fractions. The plant samples (0.2-2.0 g) were incu-

bated in 100 ml or 200 ml of assay medium[6] con-

taining 25 μM HgCl2 in 2000-ml flask with a side

arm for gas control. The seedlings or plant organs

were immersed in HgCl2 solution and the mercury

vapor evolved was sampled by sparge-evacuation

of the headspace over the course of a ten-minute

assay. Each sample was assayed with fresh HgCl2

solution.

RESULTS

Mercury resistance of transgenic tobacco

seedlings

A plant codon-optimized version of the mercury

reductase gene, merApe9[6] was introduced into

tobacco by Agrobacterium-mediated leaf disk

transformation. In the pVSTImerApe9 binary

vector, the coding sequence of merApe9 is under

the control of the cauliflower mosaic virus 35S RNA

promoter, and there is also a kanamycin resistance

gene in the T-region.

Primary transformants (T0) were picked from

kanamycin-containing selective plates and their re-

sistance to kanamycin was confirmed by the ability

to root in fresh kanamycin medium. These T0

shoots were transplanted to potting soil where they

were allowed to flower and then selfed. The seeds

from the selfed transformants were selected for re-

sistance to kanamycin[10], and the resistant plant-

lets (T1) transferred to soil and grown in the

greenhouse.

T1 seeds were also screened for Hg2+ (50-350 

M range) resistance (Tab 1). T1 seeds showed segre-

gation characteristic for a single expressed

transgene locus on the minimally selective 50 M

mercury medium. Germination of the control seeds

was inhibited by mercuric chloride of this

concentration. Germination percentage became sig-

nificantly lower when the HgCl2 concentration

increased, indicating a different level of resistance

of homozygous and heterozygous seedlings. At 150

M, apparently only the homozygotes survived

demonstrating the effect of gene dosage on mer-

cury resistance. A rare seedling (e.g. 1 out of 40)

was resistant to as much as 350 μM HgCl2, indicat-

ing differences in gene expression within the sib

population.

Most seedlings of the MerA9-2 and MerA-3 lines

grew vigorously in the presence of 50 μM HgCl2

producing strong shoots and green leaves, even

though some of them died within 2-3 weeks. The

most resistant plants from each selfed sib were then

transplanted to soil and cultivated in the

greenhouse. In greenhouse, growth of mercury-re-

sistant seedlings was slightly slower than that of

the control seedlings in the first week after

transplanting. However, these plants were the same

size as control plants 30 days later. They started

flowering and setting seeds after 9 weeks.

The transgenic nature of individual plants was

also verified by Southern hybridization. Transgenic

line MerA-3 (Fig 1) shows a strong hybridization

signal when a PCR fragment of the merApe9 gene

Tab 1. Mercury resistance of transgenic seedlings. The

seedlings with green true leaves were scored as ger-

minated seeds.

Germination rate (%)

HgCl2 (μM) Control MerA-2 MerA-3

0 88 80 83

50 0 56 62

100 0 28 62

150 0 23 6

200 0 3 3

250 0 0 3

300 0 5 8

350 0 0 3
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was used as probe. By contrast, no hybridization

signal was seen with DNA from a wild-type plant.

The copy number of the transgene could be in-

ferred from hybridization pattern. There is an EcoRI

site within the merApe9 gene. Two EcoRI, and one

each of BamHI and HindIII (neither one occur-

ring within the gene) would be expected for a

transgenic plant with a single copy of the transgene.

The strongest hybridization bands clearly indicate

single copy integration of merApe9 in the MerA-3

line (the weaker bands are from partial digestion by

and star activity of the enzymes).

Steady-state mRNA levels did not differ between

the transgenic lines analyzed. Northern blots showed

a strong 1.7-kb RNA band in the MerA-3 and MerA-

2 lines but not in wild-type (Fig 2). This is the size

predicted for the MerApe9 mRNA.

Mercury volatilization

Kanamycin-resistant seedlings from the selfed

sibs of each transgenic line were cultured on

selective, kanamycin-containing medium for 20 days,

then the leaves, stems and roots were separated. The

rate of mercuric ion reduction was measured in the

different organs of each transgenic sib with a mer-

cury vapor analyzer. As it can be seen in Fig 3, much

more elemental mercury evolved from the tissues of

MerA-3 plants those of the control. Apparently, the

roots produced the most mercury vapor, followed by

leaves and stems in either MerA-3 line or in the

control. The rate of elemental mercury evolution

from Hg2+ (added as HgCl2) was much higher for

transgenic plants than the control. Mercury volatil-

ization was assayed again at a later stage, using 70-

day old greenhouse-grown plants. Since the plants

were too big to assay as a whole, leaves, stems and

roots were harvested and 5 g fresh weight of tissue

was suspended in 200 ml assay buffer as above. The

increased mercury evolution of MerA-3 plants was

far more obvious in this experimental setup (Fig 4)

than before with the seedlings (Fig 3). Again the

most mercury vapor was released by the root tissue

(238  g/g fresh weight), followed by the leaf (69

g/g) and the stem (41 g/g). The figures are approxi-

mately nine-, eight- and five-times higher than the

respective figures for the control plant, respectively.

On the contrary, MerA-2 plant failed to show in-

creased mercury evolution; the amount of elemen-

tary mercury evolved from different organs of MerA-

2 plants was nearly the same as that of control ex-

cept that the stem showed higher rate of elementary

mercury evolution.

Fig 1.  Southern hybridization of transgenic plant lines of

tobacco. Total DNA of transgenic lines and wild type was

digested respectively with BamHI, EcoRI and HindIII hy-

bridized with α 32P-labeled BamHI- XhoI merApe9 fragment.

MerA-3, one of merApe9 transgenic lines, was shown to have

strong signal of transcriptional expression.

Fig 2.  Northern hybridization of transgenic plant lines of

tobacco. Total RNA of lines was hybridized with α 32P-labeled

BamHI- XhoI merApe9 fragment. MerA-3 and MerA-2, two

of transgenic lines, was shown to have strong signal of tran-

scriptional expression while wild type (WT) of tobacco were

indicated without signal of expression.

Tobacco organs and differential mercury volatilizaion
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 Interestingly, the mercury evolution capacity of

individual transgenic plants may differ greatly. Both

MerA-3 and MerA-2 was highly resistant to mercuric

chloride and showed approximately equal steady-

state mRNA levels while only MerA-3 showed sig-

nificant mercury volatilization. A potential explana-

tion can be later stage silencing of the transgene

expression at the protein level.

DISCUSSION

Plants are capable of transforming mercury.

Kozuchowski and Johnson reported that plants ab-

sorb mercury through the roots and then volatilize it

from leaves as Hg(0)[14]. Our present data suggest

that it is the root system of the transgenic plants

that volatilizes most of the reduced mercury (Hg0). It

also suggests that much of the mercury need not enter

the vascular system from where it would be trans-

ported to the leaves for volatilization. Transgenic

plants with the merApe9 gene may be used to mer-

cury detoxification for environmental improvement

in mercury-contaminated regions more efficiently

than it had been predicted. Previous data were ob-

tained in a setup where the roots were excluded from

the measurements and volatilization via the leaves

only were measured[6]. Actually a large proportion

of mercury is volatilized directly by the roots. Since

tobacco is a fast growing crop with large fresh mass,

transgenic lines resistant to mercury could be used

to remediate mercury-contaminated region with

simple agrotechnology. The organomercurial lyase (

MerBpe) gene has also been introduced into tobacco

[15]. The gene product converts the dangerous me-

thylmercury and other organic mercury derivatives

to ionic mercury which can then be reduced to Hg0 by

MerA[15]. Transgenic plants carrying the individual

mercury metabolic genes can be crossed to create a

universal mercury removing plant for areas where

methylmercury and ionic mercury pollution is simul-

taneously present[16], [15], [9]. Tobacco is especially

attractive for this purpose because of the ease of

hybridization.

Furthermore, mercury volatilization trait in the

root tissue is important for understanding the mecha-

nism of plant response to ionic mercury. A strong

root system could be used as a bioreactor for

phytoremediation as it used for molecular farming

[17]. A mobile ionic mercuric pollution could be re-

duced by draining through a strong root system of

hyroponically grown tobacco or other merA

transgenic plants. Yellow poplar ( Liriodendron

tulipifera) is the first woody plant reported to ex-

press modified mercuric reductase gene constructs

[8].

Fig 3. Amount of Hg0 released from 20-d old transgenic

tobacco seedlings from kanamycin-containing medium.

Leaves, roots and stems without leaf were cut from seedlings

of transgenic line MerA9-3 and WT (wild-type) and dipped in

HgCl2 solution for evolution of Hg0. Amount of Hg0 evolved

was indicated with microgram of Hg0 per gram of fresh plant

tissue (μg/g).

Fig 4.  Amount of Hg0released from transgenic tobacco plants

of 70 day old. Leaves, roots and stems without leaf were cut

from seedlings of transgenic lines and WT (wild type) grown

in greenhouse containing 50 mg/L kanamycin, and dipped in

HgCl2 solution for evolution of Hg0. Amount of Hg0evolved was

indicated with microgram of Hg0 per gram of fresh plant

tissue ( g/g).
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