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Abstract
Problem: Removing mercury from polluted soil using transgenic plants is an
ideal method. However, where mercury was stored in plant cell is not clear
until now. Methods: Differential centrifugation and laser scanning confocal
microscopy were used in this study. Results and findings: Results showed
that after mercury was absorbed by tobacco plants, most of the mercury accumulated in roots. Mercury content in root was significantly higher than that
in shoot. In the seedlings cultured in MS liquid medium containing 5 µmol/L
mercuric chloride, the mercury content in cell wall was 6.6 µg/g. The mercury
content in cell membrane fraction was 2.1 µg/g. The mercury content in supernatant fraction was 35.1 µg/g. Most of the mercury accumulated in roots
located in liquid fraction, about 15% of the mercury was attached by cell wall.
Only a small part assembled in cell membrane. Most of the mercury in liquid
fraction located in vacuole. This suggested that after the mercury was accumulated in plant root, most of the mercury was transferred into vacuole.
There was no important cellular organ in vacuole. The toxicity of mercury in
vacuole will be much lower than that in cell membrane or cellular organs.
Recommendation: These results suggested that much work should be focused
on how to transfer the mercury in vacuole into the above-ground tissues of
the plants in the future.
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1. Introduction
Mercury is a heavy metal which is toxic to human body [1] [2]. After mercury
*represents the corresponding author.
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was absorbed into human body, human can be poisoned, ocular organs defected,
and sometimes died [3] [4] [5]. With the development of industry, more and
more mercury was released into the environment [6] [7] [8]. Much agricultural
soil and water have been polluted by mercury [6] [7] [8]. The mercury in agricultural soil and water will enter human body through crops. If the mercury in
agricultural soil and water is not removed, many people will be harmed. The
commonly used methods for removing mercury from soil are physical methods
and chemical methods [6] [9] [10] [11]. But the expense of the methods was
large [12]. The chemicals used in these methods will be a second pollutant for
the environment [12]. Comparatively, phytoremediation is a cheap and green
method [12] [13]. Phytoremediation can decrease the harm to the least [12] [13].
No chemicals will be used in phytoremediation and will not bring new pollutant
to the environment [12] [13]. More and more scientists have been interested in
phytoremediation and much work has been done [4] [14] [15]. However, mercury is an inhibitor for aquaporin in plant [16] [17]. The mercury in plant will
be a block for plants’ absorbing water [16] [17]. And so, identifying where the
mercury was stored in plant cell is very important for understanding the mechanism that mercury inhibited water in plant cell. However, until now, no paper about mercury distribution in plant cell has been published.

2. Materials and Methods
2.1. Materials
Tobacco (zhongyan 100) seeds were donated from Institute of Tobacco Research, Chinese Academy of Agricultural Sciences. The seeds were propagated in
the test base (Danzhou, Hainan province, China) of Haikou Experimental Station, Chinese Academy of Tropical Agricultural Sciences.

2.2. The Method for Preparing Suspension Cells
Tobacco seeds were immersed in 70% ethanol for 30 seconds. And then, the
ethanol was removed and the seeds were soaked with H2O2 for 10 minutes. After
the H2O2 was removed, the seeds were washed with sterilized water for five
times, one minute each time. Finally, the seeds were cultured on MS medium
with 0.3% (w/v) phytogel (pH 5.7). Plates were incubated in dark at 4˚C for three
days and then were moved to a growth chamber with controlled temperature
(22˚C - 24˚C), relative humidity (75% - 90%), light (750 µEm−2) and photoperiod (16-h day/8-h night) for one month. The fresh leaves were cut from the
seedlings in superclean bench and cultured on MAI solid medium (MS, 10
mg/ml maltose, 1 mg/ml 2,4-D, 1 mg/ml IAA, 0.1 mg/ml NAA, 1 mg/ml biotin,
50 mg/ml glutamine, 30 g/l sucrose, 1.3 g/l phytogel, Ph = 5.8). MAI solid medium was placed in dark with controlled temperature (22˚C - 24˚C), relative
humidity (75% - 90%). After two months, calli appeared. And then, the calli was
cut from the explants and cultured in MAI liquid medium (MS, 10 mg/ml maltose, 1 mg/ml 2,4-D, 1 mg/ml IAA, 0.1 mg/ml NAA, 1 mg/ml biotin, 50 mg/ml
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glutamine, 30 g/l sucrose, Ph = 5.8) under 28˚C for three days. The debris in
MAI liquid medium was filtered and discarded. And then, tobacco suspension
cells were gotten.

2.3. Confocol
Dye reaction buffer was prepared as the following: 0.1 mmol/L CaCl2, 10
mmol/L KCl, 0.5 mol/L sorbitol, 0.05% PVP40, 0.2% BSA, 5 mmol/L MES, Ph =
5.5. 1 ml of suspension cells were transferred from triangular flask into 1.5 ml
tube. 1 mg of chemosensor 1 [18] was dissolved with dye reaction buffer. 10 µl of
dye was added into the suspension cell mixture. The tube was placed under 28˚C
for ten minutes. And then, 100 µl of the suspension cell mixtures were placed on
the glass slide and observed using Laser scanning Confocal Microscopy (Olympus, Japan). The wavelength of exciting light was 420 nm. The wavelength of
emitted light was 597 nm.

2.4. Differential Centrifugation
Differential centrifugation was performed according to the papers published and
modified [19] [20]. Tobacco seeds were cultured on MS plate for one month.
And then, the seedlings were cultured in MS liquid medium. After ten days, 10
µmol/L HgCl2 were added into the medium for 2 days. The roots of the seedlings
were immersed in 20 mmol/L of Na2-EDTA for 3 hours. And then, the roots
were washed with distilled water for three times, 10 minutes each time. The
roots were cut and collected. The roots samples were stored in −70˚C freezer until use. Buffer I was prepared as the following: 0.2 mol/L Tris-HCl, 1 mmol/L
PMSF, 1 mmol/L EDTA, 1 mmol/L SDS, 20 mmol/L mercaptoethanol, ph = 8.0.
12 g of the roots sample were ground into powder in liquid nitrogen. The powder was mixed with 100 ml buffer I. The mixture was sonicated for 30 minutes.
And then, the mixture was filtered with gauze. The debris was collected and
named as D0. The filtered mixture was centrifugated at 500× g. The supernatant
was collected and named as S1. The debris was collected and named as D1. D0
and D1 were mixed and ground in liquid nitrogen once again. 100 ml buffer I
was added into the powder. The mixture was sonicated for 30 minutes once
again. The mixture was filtered with gauze. The debris was collected and named
as D01. The filtered mixture was centrifugated at 500× g. The supernatant was
collected and named as S11. The debris was collected and named as D11. D01
and D11 were mixed and treated once again following the procedure above. The
debris collected from gauze was named as D02. The debris collected from centrifugation was named as D12. The supernatant was named as S12. S1, S11 and
S12 were mixed and centrifugated with 10,000× g at 4 oc. The debris was collected and named as F1. The supernatant was centrifugated with 18,000× g at 4
oc. The debris was collected and named as F2. The supernatant was named as
F3.
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2.5. Mercury Determination
Mercury content in different tissues was measured according to the paper published [21]. After the seedlings were cultured for 15 days, they were harvested,
washed thoroughly in distilled water, shoots and roots were separated, and immersed directly in liquid nitrogen. The frozen plants were dried using a freezer-dryer, and the dry weight was determined. After being ground to a fine
powder using liquid nitrogen, samples (three replicates of each treatment) were
acid-digested by stepwise additions of 70% (v/v) nitric acid, 30% (v/v) hydrogen
peroxide, and concentrated HCl. For measuring mercury content of the whole
seedling, the procedure was as the same as described above, except that shoots
and roots were not separated.
The Hg content in debris was measured following a previously published method [22]. The debris was washed with fresh LB liquid medium three times. And
then, the pellets were acid-digested in 70% (v/v) nitric acid, 30% (v/v) hydrogen
peroxide and concentrated HCl at 95˚C. The supernatant was collected and put
in a tube. 70% (v/v) nitric acid, 30% (v/v) hydrogen peroxide, and concentrated
HCl were added into the tube incrementally. The tube was kept at 95˚C for 2
hours. The samples were then analyzed in an AANALYST 200 Perkin Elmer
Spectrometer with an MHS-15 Mercury-Hydride System. The Hg content was
calculated in µmol/L as the paper published previously [22]. All samples were
measured three times, and the average values were used.

3. Results
3.1. Mercury Content in Root Was Significantly Higher than
that in Shoot
After tobacco seedlings were cultured in MS liquid medium containing 5 µmol/L
mercuric chloride for two days, the mercury content in root and shoot was
measured respectively. Results showed that the mercury content in shoot of the
seedling was 12 µg/g, while the value in the root of the seedling cultured in the
same medium was about 44 µg/g (Figure 1, Figure 2). The mercury content in
roots was about three times higher than that in the shoots. Similar results were
also found in seedlings cultured in liquid MS medium containing 2.5 µmol/L
mercuric chloride (Figure 1, Figure 2). These demonstrated that after mercury
was absorbed by plants, most of the mercury accumulated in roots. Only a small
section of the mercury in plants was transferred into the above tissue.

3.2. Most of the Mercury in Root Accumulated in Liquid Fraction
and Cell Wall
To analyze the mercury distribution in plant root further, tobacco roots were
ground in liquid nitrogen and different cell fractions were separated. After the
mercury content in different fractions were measured, it was found that in the
seedlings cultured in MS liquid medium containing 5 µmol/L mercuric chloride,
the mercury content in cell wall was 6.6 µg/g (Figure 3). The mercury content in
cell membrane fraction was 2.1 µg/g (Figure 3). The mercury content in
DOI: 10.4236/abb.2018.94010
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Figure 1. Mercury content in shoot after tobacco seedlings
were cultured in medium containing mercuric chloride
mercuric chloride for two days. 1 showed the tobacco seedlings cultured in MS medium without mercuric chloride. 2
represented the tobacco seedlings cultured in MS medium
containing 2.5 µmol/L mercuric chloride for two days. 3
represented the tobacco seedlings cultured in MS medium
containing 5 µmol/L mercuric chloride for two days.

Figure 2. Mercury content in root after tobacco seedlings
were cultured in medium containing mercuric chloride
mercuric chloride for two days. 1 showed the tobacco seedlings cultured in MS medium without mercuric chloride. 2
represented the tobacco seedlings cultured in MS medium
containing 2.5 µmol/L mercuric chloride for two days. 3
represented the tobacco seedlings cultured in MS medium
containing 5 µmol/L mercuric chloride for two days.

supernatant fraction was 35.1 µg/g (Figure 3). After the mercury contents of
fractions from seedlings cultured in MS liquid medium containing 2.5 µmol/L
mercuric chloride were measured, it was found that the mercury content in cell
wall, cell membrane and supernatant was 3.6 µg/g, 1.2 µg/g, 19.2 µg/g, respectively (Figure 3). These demonstrated that in roots, most of the mercury accumulated in liquid fraction, about 15% of the mercury was attached by cell wall.
Only a small part assembled in cell membrane.

3.3. Most of Mercury in Liquid Fraction Located in Vacuole
For further identify where the mercury in liquid fraction was distributed, tobacco suspension cell was prepared and mercury was labeled as described in
DOI: 10.4236/abb.2018.94010
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Figure 3. Mercury content in different cellular fractions. 1
showed the mercury content in cell membrane. 2 represented
the mercury attached to cell wall. 3 represented the mercury
content in supernatant fraction.

materials and methods. After the suspension cells were treated with 0.05 µmol/L
mercuric chloride for two hours, the fluorescence indicator was added and cultured in 28˚C for 20 minutes. And then the cells were observed under confocol.
It was found that most of fluorescence located in vacuole and cell wall (Figure
4). This was consistent with the results gotten from differential centrifugation
(Figure 3).

4. Discussion
Removing mercury from polluted soil using plants is a green and cheap method.
Although clover and mustard had been selected for removing mercury from soil,
the biomass of clover and mustard were small and they were not ideal plants for
phytoremediation [4] [14]. Comparatively, tobacco is an ideal plant for constructing genetic-modifying plants for accumulating mercury [23]. The biomass
of tobacco plant is large. It is self-pollinated and its pollen will not bring pollution to plants around. It grows fast and is easily managed. After tobacco plants
were cultured in MS liquid medium containing 2.5 µmol/L mercuric chloride
and 5 µmol/L mercuric chloride for two days, it was found that most of the
mercury accumulated in the plants is located in roots. These roots containing
mercury should be removed from soil. However, the roots of tobacco are large. It
will be a hard work to remove all of the roots from soil. If the roots are not removed from soil completely, the mercury stored in the roots will be kept in soil.
The aim of removing mercury from polluted soil will not be achieved well. If the
mercury stored in the roots can be transferred into the above-ground tissues of
the plants, this problem will be resolved. For achieving this aim, the distribution
of mercury in plant cell must be studied.
After the clover was cultured in medium containing mercuric chloride and the
mercury in roots were analyzed using differential centrifugation, Carrasco-Gil et
al. found that much mercury in clover roots is located in cell wall [24]. This result was gotten using homogenate and differential centrifugation. The quality of
the homogenate will significantly affect the experiment results. If the roots had
DOI: 10.4236/abb.2018.94010
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Figure 4. Mercury distribution in tobacco suspension cell.

not been ground and broken fully, some cells will not be broken. These cells will
be brought into debris after filtering or centrifugation. The mercury in these
cells will be regarded as being locating in cell wall. We found that after the roots
were treated with liquid nitrogen and sonication for three times, about 85% of
the mercury accumulated in tobacco roots was found in liquid fraction. Only
about 15% of the mercury accumulated in roots was found in cell wall. These
demonstrated that most of the mercury accumulated in tobacco roots is located
in liquid fraction, which suggested that such mercury had been transferred into
root cell, instead of being attached onto cell wall.
For further identifying where the mercury in tobacco root cell was distributed,
chemosensor 1 [18], a mercury-fluorescence indicator was used to label the
mercury in cells. For observing the mercury distribution in cell distinctively,
suspension cells from tobacco callus were treated with mercuric chloride and
chemosensor 1 were observed using confocol. It was found that most of the
mercury in cell is located in vacuole. This suggested that after the mercury was
accumulated in the plant root, most of the mercury was transferred into vacuole.
There was no important cellular organ in vacuole. The toxicity of mercury in
vacuole will be much lower than that in cell membrane or cellular organs. This
also demonstrated that plants can use vacuole to decrease the toxicity of mercury. This suggested that for constructing genetic-modified plants for removing
mercury from polluted soil, further research should be focalized how to transfer
the mercury in vacuole in root cells into above-ground tissues.

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(No. 41201309).

References
[1]
DOI: 10.4236/abb.2018.94010

Gong, Y., Liu, Y., Xiong, Z., Kaback, D. and Zhao, D. (2012) Immobilization of
133

Advances in Bioscience and Biotechnology

S. H. Chang et al.
Mercury in ﬁeld Soil and Sediment Using Carboxymethyl Cellulose Stabilized Iron
Sulﬁde Nanoparticles. Nanotechnology, 23, Article ID: 294007.
https://doi.org/10.1088/0957-4484/23/29/294007
[2]

Park, C.H., Eom, Y., Lee, L.J. and Lee, T.G. (2013) Simple and Accessible Analytical
Methods for the Determination of Mercury in Soil and Coal Samples. Chemosphere, 93, 9-13. https://doi.org/10.1016/j.chemosphere.2013.04.044

[3]

Reis, A.T., Coelho, J.P., Rodrigues, S.M., Rocha, R., Davidson, C.M., Duarte, A.C.
and Pereira, E. (2012) Development and Validation of a Simple Thermo-Desorption
Technique for Mercury Speciation in Soils and Sediments. Talanta, 99, 363-368.
https://doi.org/10.1016/j.talanta.2012.05.065

[4]

Wang, J., Feng, X., Anderson, C.W.N., Wang, H., Zheng, L. and Hu, T. (2012) Implications of Mercury Speciation in Thiosulfate Treated Plants. Environmental
Science and Technology, 46, 5361-5368. https://doi.org/10.1021/es204331a

[5]

Jan, A.T., Murtaza, J.I., Ali, A., Mohd, Q. and Haq, R. (2009) Mercury Pollution: An
Emerging Problem and Potential Bacterial Remediation Strategies. World Journal of
Microbiology and Biotechnology, 25, 1529-1537.
https://doi.org/10.1007/s11274-009-0050-2

[6]

Wang, X. and Zhou, Q. (2002) Soil Mercury Pollution and Remediation Technique.
Chinese Journal of Ecology, 21, 43-46. (In Chinese)

[7]

Wu, G.H. and Cao, S.S. (2010) Mercury and Cadmium Contamination of Irrigation
Water, Sediment, Soil and Shallow Groundwater in a Waste Water-Irrigated Field
in Tianjin, China. Bulletin of Environmental Contamination and Toxicology, 84,
336-341. https://doi.org/10.1007/s00128-010-9939-6

[8]

Yang, L., Liu, C., Wang, X., Pei, L., Zhang, Y., Hou, H., Jiang, J. and Song, C. (2010)
Soil Contamination Assessment of Main Cities in Henan Province and Its Protection Measures. South-to-North Water Transfers and Water Science and Technology, 8, 94-97. (In Chinese)

[9]

Fang, F.M. and Wang, Q.C. (2000) A Review on the Studies on Mercury Pollution
of Soil. Soil and Environmental Sciences, 9, 326-329. (In Chinese)

[10] Sierra, C., Menendez-Aguado, J.M., Afif, E., Carrero, M. and Gallego, J.R. (2011)
Feasibility Study on the Use of Soil Washing to Remediate the As-Hg Contamination at an Ancient Mining and Metallurgy Area. Journal of Hazardous Materials,
196, 93-100. https://doi.org/10.1016/j.jhazmat.2011.08.080
[11] Zhang, Q., Xu, D.P., Dong, Z.Q., Zhang, X.Y., Li, F.S. and Gu, Q.B. (2012) Effects of
Temperature on Mercury Fractions in Contaminated Soil during the Thermal Desorption Process. Research of Environmental Sciences, 25, 870-874. (In Chinese)
[12] Mahar, A., Wang, P., Ali, A., Awasthi, M.K., Lahori, A.H., Wang, Q., Li, R. and
Zhang, Z. (2016) Challenges and Opportunities in the Phytoremediation of Heavy
Metals Contaminated Soils: A Review. Ecotoxicology and Environmental Safety,
126, 111-121. https://doi.org/10.1016/j.ecoenv.2015.12.023
[13] Wan, X., Lei, M. and Chen, T. (2016) Cost-Benefit Calculation of Phytoremediation
Technology for Heavy-Metal-Contaminated Soil. Science of the Total Environment,
15, 31237-31244. https://doi.org/10.1016/j.scitotenv.2015.12.080
[14] Zhang, Y., Liu, J., Zhou, Y., Gong, T. and Wang, J. (2013) Enhanced Phytoremediation of Mixed Heavy Metal (Mercury)-Organic Pollutants (Trichloroethylene) with
Transgenic Alfalfa Co-Expressing Glutathione S-Transferase and Human P450 2E1.
Journal of Hazardous Materials, 260, 1100-1107.
https://doi.org/10.1016/j.jhazmat.2013.06.065
DOI: 10.4236/abb.2018.94010

134

Advances in Bioscience and Biotechnology

S. H. Chang et al.
[15] Nagata, T., Morita, H., Akizawa, T. and Pan-Hou, H. (2010) Development of a
Transgenic Tobacco Plant for Phytoremediation of Methylmercury Pollution. Applied Microbiology and Biotechnology, 87, 781-786.
https://doi.org/10.1007/s00253-010-2572-9
[16] Kirscht, A., Survery, S., Kjellbom, P. and Johanson, U. (2016) Increased Permeability of the Aquaporin SoPIP2;1 by Mercury and Mutations in Loop A. Frontiers in
Plant Science, 7, 1249.
[17] Belimov, A.A., Dodd, I.C., Safronova, V.I., Malkov, N.V., Davies, W.J. and Tikhonovich, I.A. (2015) The Cadmium-Tolerant Pea (Pisum sativum L.) mutant SGECdt
Is More Sensitive to Mercury: Assessing Plant Water Relations. Journal of Experimental Botany, 66, 2359-2369. https://doi.org/10.1093/jxb/eru536
[18] Guo, X., Qian, X. and Jia, L. (2004) A Highly Selective and Sensitive Fluorescent
Chemosensor for Hg2+ in Neutral Buffer Aqueous Solution. Journal of the American Chemical Society, 126, 2272-2273. https://doi.org/10.1021/ja037604y
[19] Weigel, H. and Jager, H. (1980) Subcellular Distribution and Chemical Form of
Cadmium in Bean Plants. Plant Physiology, 65, 480-482.
https://doi.org/10.1104/pp.65.3.480
[20] Gabbrielli, P., Pandolfini, T., Vergnano, O. and Palandri, M. (1990) Comparison of
Two Serpentine Species with Different Nickel Tolerance Strategies. Plant and Soil,
122, 271-277. https://doi.org/10.1007/BF02851985
[21] Nagata, T., Nakamura, A., Akizawa, T. and Pan-Hou, H. (2009) Genetic Engineering of Transgenic Tobacco for Enhanced Uptake and Bioaccumulation of Mercury.
Biological and Pharmaceutical Bulletin, 32, 1491-1495.
https://doi.org/10.1248/bpb.32.1491
[22] Ruiz, O.N., Alvarez, D., Gonzalez-Ruiz, G. and Torres, C. (2011) Characterization
of Mercury Bioremediation by Transgenic Bacteria Expressing Metallothionein and
Polyphosphate Kinase. BMC Biotechnology, 11, 82.
https://doi.org/10.1186/1472-6750-11-82
[23] Chang, S., Wei, F., Yang, Y., Wang, A., Jin, Z., Li, J., He, Y. and Shu, H. (2015) Engineering Tobacco to Remove Mercury from Polluted Soil. Applied Biochemistry
and Biotechnology, 175, 3813-3827. https://doi.org/10.1007/s12010-015-1549-7
[24] Carrasco-Gil, S., Alvarez-Fernandez, A., Sobrino-Plata, J., Millan, R., Carpena-Ruiz,
R.O., Leduc, D.L., Andrews, J.C., Abadia, J. and Hernandez, L.E. (2011) Complexation of Hg with Phytochelatins Is Important for Plant Hg Tolerance. Plant, Cell and
Environment, 34, 778-791. https://doi.org/10.1111/j.1365-3040.2011.02281.x

DOI: 10.4236/abb.2018.94010

135

Advances in Bioscience and Biotechnology

