X-ray Imaging of Zinc Uptake and Accumulation in Hyperaccumulator Thlaspi caerulescens

Megan L. Toaspern Department of Biology, Gettysburg College, Gettysburg. PA 17325

Abstract

The use of high energy x-ray fluorescence as a trace metal probe offers scientists an innovative tool for research. One application is the study of heavy metal accumulation in plant systems. The test species Thlaspi caerulescens has the ability to accumulate massive amounts of zinc, cadmium, and lead from contaminated soils as a form of bioremediation. In order to understand the efficiency of the plant, the distribution and relative concentration of zinc was determined for the hyperaccumulator Thlaspi caerulescens and a similar plant, Thlaspi arvense, a nonaccumulator. The leaves of the Thlaspi plants were scanned using x-ray microprobe fluorescence. An elemental distribution map of zinc concentration in the plant leaf was generated. Thlaspi caerulescens distributed zinc throughout the tissue of the plant leaf while Thlaspi arvense accumulated zinc in the veins of the plant with little translocation of zinc to surrounding tissues.

Introduction

The use of biological materials to clean up heavy metal contaminated soils has been focused on as an efficient and affordable form of bioremediation. Plants termed phytoremediators are capable of absorbing large amounts of heavy metals from the soil, and accumulating these metals in plant tissue (Brown, 1995; Lasat, 1996). Various plants have been studied for metal tolerance properties (Baker, 1977; Brooks, 1981; Salt, 1995; Ebbs, 1997). Thlaspi caerulescens is a hyperaccumulator occurring in natural or contaminated soils high in zinc, lead, and cadmium (Baker, 1994) that has been researched for its phytoremediation properties. Hyperaccumulators have the ability to accumulate large amounts of contaminants by translocating metals from root to shoot in the plant (Vasquez, 1992; Brown, 1995; Lasat, 1996). A nonaccumulator plant species normally absorbs 20-100 μg g^{−1} zinc, while Thlaspi caerulescens has been shown to accumulate up to 40,000 μg g^{−1} zinc in their shoots (Chaney 1993). The ability to uptake and accumulate large amounts of zinc without toxic effects make this plant an effective phytoremediator.

Thlaspi caerulescens is a small, slow growing plant with little biomass for harvesting. In order to maximize metal uptake from the soil and increase the efficiency of clean up, the exact location of heavy metal accumulation patterns must be determined. Past techniques used to study the uptake efficiency include radiotracer flux techniques, flame atomic absorption spectrometry, and Na_2S fixation and freeze substitution with EDAX (Vasquez, 1992; Brown, 1995; Lasat, 1996), which offer insight into plant uptake and heavy metal accumulation but damage the sample. One possible technique for studying heavy metal uptake is the use of synchrotron techniques using x-ray imaging to create an elemental distribution map of plant leaves. This nondestructive method can detect and pinpoint the distribution of heavy metals in plant systems. Using x-rays the plants can be tested at various stages of the growth cycle since the leaves do not need to be removed from the plant. Vasquez (1992) with his use of x-ray microanalysis, is the only previous report on x-ray microanalytical data to my knowledge, but required controlled growth and extensive sample preparation. The technique of x-ray imaging offers a unique look at zinc uptake and accumulation in the hyperaccumulator Thlaspi caerulescens.

Materials and Methods

Plant Material

Thlaspi caerulescens seeds were obtained from plants located at a Zn/Cd mining site in Prayon Belgium (Vazquez 1992). Seeds were grown in a nutrient medium containing 1 μM Zn^{2+} for 31d. Plants were grown on 1-mm^2 nylon mesh covered with black polyethylene beads to minimize illumination of the growth solution (Lasat, 1996). Seedlings were then transferred to 5-L black plastic tubs containing 0, or 200 μM Zn^{2+} solution. After 28 d, plants were harvested for analysis. Seeds from Thlaspi arvense were obtained from the Crucifer Genetics Cooperative (University of Wisconsin, Madison). Thlaspi arvense seeds were grown in a nutrient medium containing 1 μM Zn^{2+} solution for 22 d. Seedlings were then transferred to 5-L black plastic tubs containing 10, or 50 μM Zn^{2+} solution. After 18 d, plants were harvested for analysis. Leaves were taken over a two week period for this experiment.

FIGURE 1. A schematic diagram of the experimental set-up in the B2 hutch at the CHESS lab. All images were generated using the equipment above.

X-Ray Set-up

The experiments were performed at the Cornell High Energy Synchrotron Source. The experimental set-up is shown in Fig. 1. The synchrotron produces a continuous white radiation beam of x-rays over a wide energy range. It is necessary to select the excitation energy needed to produce fluorescence in zinc. Zinc has a characteristic x-ray fluorescence emission energy of 9.66 keV, therefore an energy greater than this (10 keV) was selected to study zinc concentration in the Thlaspi sp. leaves. A silicon double-crystal monocromator was used to select an energy by adjusting the angle of the two silicon ⟨111⟩; crystals. A zinc foil was used to check the energy of the beam.

The beam passed through a gas ionization chamber which is used to measure the intensity of the beam. The beam passed through a Molybdenum aperture with varying hole sizes ranging from 1mm to 200 μm. The selected beam spot size controls both the point of fluorescence on the sample and the intensity of the beam. As beam width decreases, there is a decrease in intensity. To compensate for a lowered intensity, the length of time for each point exposure must be increased to allow for equal photon exposure. For example, as a beam is reduced from 1mm to 100 μm, the beam intensity is reduced to 1/100 This considerably increases the length of scan time needed to maintain equal exposure by x100. A second ion chamber was set up after the aperture to monitor radiation intensity at the sample.

A slide holder was made of aluminum to hold the interchangeable 2.5 x 4 cm slide frames containing leaf samples. The slide holder was mounted on a moving sample stage controlled with X and Z stepping motors. The sample was moved in relation to stationary beam to scan the entire leaf sample.

Fluorescence created from the beam striking the leaf was detected by a Si(Li) detector with a window area of 30 mm^2 and a resolution of 146 eV. A molybdenum aperture was used on the end of the detector to reduce background signals. All data collection and stage movement was controlled by computer using the SPEC program.

Plant Analysis

Mature plant leaves from each replicate were harvested 1 hour prior to analysis. Leaves were stored at 5^∘ C between scans. Two plant species, thlaspi caerulescens grown in 0 and 200 μM Zn^{2+} solution and thlaspi arvense grown in 10 and 50 μM Zn^{2+} solution were scanned for zinc concentration. Two replicates from each of the four plants were scanned for zinc concentration. Each leaf was placed in a 2.5 x 4 cm slide frame to provide a secure frame for scanning.

In order to create an image of zinc concentration in the leaf, the x-ray beam was scanned over a grid of points on the leaf. Initially the spot size was 1mm then lowered to 500 μm to collect a coarse image of the leaf. As interesting features were found, the resolution of the image was increased by using a smaller aperture and a smaller step size. The time required to form an image increases rapidly with a finer resolution.

Results

Multiple images were created of zinc distribution in the Thlaspi caerulescens and Thlaspi arvense leaves. Scans were created from each of the four replicate leaves, Thlaspi arvense grown in a 10 μM Zn^{2+} solution and 50 μM Zn^{2+} solution and Thlaspi caerulescens grown in a 0 μM Zn^{2+} solution and 200 μM Zn^{2+} solution. The leaves were first scanned at low resolution with a 1 mm aperture to generate an image of the whole leaf as shown in Figs. 2 and 3. Each image created is a map of the relative distribution of zinc in the leaf, therefore the images can not be compared for zinc concentrations. The white areas indicate a high level of zinc concentration while black indicates zero concentration. Images from Thlaspi arvense grown in 10 μM Zn^{2+} solution and Thlaspi caerulescens grown in 0 μM Zn^{2+} solution had such low levels of zinc that the images did not have enough contrast to show zinc distribution.

The hyperaccumulator Thlaspi caerulescens, grown in 200 μM Zn^{2+} solution and the nonaccumulator Thlaspi arvense grown in 50 μM Zn^{2+} solution were scanned with a 200 μm aperture to create images of higher resolution shown in Figs. 4 and 5.

FIGURE 2. Image of Zinc distribution in the hyperaccumulator Thlaspi caerulescens, grown in 200 μM Zn^{2+} solution. The pixel size was created using a 1mm aperture with a pixel size of 1mm.

FIGURE 3. Image of Zinc distribution in the nonaccumulator Thlaspi arvense, grown in 50 μM Zn^{2+} solution. The mesh scan created using a 1mm aperture with pixel size of 1mm.

Discussion

The image of Thlaspi arvense, Fig. 2, shows zinc distribution primarily remains in the veins without translocation of zinc to surrounding tissues. The nonaccumulator is not able to translocate zinc to storage vacuoles, therefore it lacks the ability to detoxify zinc in the plant. The Thlaspi arvense can not tolerate large amounts of zinc and dies when grown in areas of high zinc concentration.

Thlaspi caerulescens shows a relatively even distribution of zinc throughout the leaf. The

FIGURE 4. Image of zinc distribution in the nonaccumulator Thlaspi arvense, grown in 50 μM Zn^{2+} solution. The mesh scan was created using 200 μm aperture with a pixel size of 200 μm.

FIGURE 5. Image of zinc distribution in the hyperaccumulator Thlaspi caerulescens, grown in μM Zn^{2+} solution. The mesh scan was created using 200 μm aperture with a pixel size of μm.

results confirm that zinc is translocated in the shoot and distributed evenly in the leaves of the hyperaccumulator as hypothesised by Vasquez (1992), Brown (1995), and Lasat (1996).

The success of Thlaspi caerulescens as a hyperaccumulator is based on the plants ability to detoxify zinc by storing heavy metals in vacuoles. (Brooks, 1981; Vasquez, 1992; Lasat 1996) It is not known exactly where the zinc is stored or what ligands are formed with zinc in the cells.

Further areas of study may include studying Thlaspi caerulescens grown in a range of zinc concentrations to determine the efficiency of the plant as a phytoremediator in lower zinc levels. Also, since the technique of x-ray fluorescence is non-destructive, it would be possible to look at one plant leaf over a period of time to study time dependent uptake. One other area of study would be to analyze the roots of the two species of Thlaspi vs. the shoots of both species. The nonaccumulator should have a higher concentration of zinc in the roots, while the hyperaccumulator should have a higher concentration of zinc in the shoots.

These questions may be addressed with further use of x-ray imaging. The mechanisms of heavy metal transport, specifically the translocation in the xylem (and possibly phloem), transport across the leaf-cell plasma membrane and storage in the leaf-cell vacuole (Lasat, 1996) can be further studied with higher beam resolution. Currently, it is possible to achieve beam widths as low as 10 μm. With smaller beam sizes to create high resolution scans, it is possible to study zinc in relation to cell physiology as well as complex ligand structures.

Future research can benefit greatly by integrating the use of x-ray imaging. This innovative tool offers scientists a versatile tool in performing research. The use of synchrotron technology can lead to major advances in the field of biology and a new multi-disciplinary field of study.

Acknowledgements

This work is based upon research conducted at the Cornell High Energy Synchrotron Source (CHESS), which is supported by the National Science Foundation, under Award No. DMR-9311772. Thank you to Leon Kochian, Mitch Lasat, and Steve Ebbs for providing Thlaspi samples. I sincerely thank Karl Smolenski and Ernie Fontes as well the rest of the CHESS staff for all of the technical support given. Thank you also to Prof. David Cassel of the Cornell University Laboratory of Nuclear Studies for providing this research opportunity through the REU program. This work was also supported by the National Science Foundation REU grant PHY-9731882.

References

Baker, AJM, 1978, Ecophysical aspects of zinc tolerance in Silene maritima, The New Phytologist 80: 635-642.

Baker, AJM, 1981, Accumulators and excluders – Strategies in the response of plants to heavy metals, Journal of Plant Nutrition 3: 643-654.

Baker, AJM, RD Reeves, ASM Hajar 1994, Heavy metal and accumulation and tolerance in British populations of the metallophyte Thlaspi caerulescens J. & C. Presl, New Phtytology 127: 61-68.

Brooks, A, JC Collins, DA Thurman, 1981, The mechanism of zinc tolerance in grasses, Journal of Plant Nutrition 3: 695-705.

Brown, SL, RL Chaney, JS Angle, AJM Baker, 1994, Phytoremediation potential of Thlaspi caerulescens and Bladder Campion for zinc- and cadmium-contaminated soil, Journal of Environmental Quality 23: 1151-1157.

Brown, SL, RL Chaney, JS Angle, AJM Baker, 1995, Zinc and cadmium uptake by hyperaccumulator Thlaspi caerulescens grown in nutrient solution, Soil Science Society of America Journal 59: 125-133.

Chaney, RL, 1993, Zinc Phytotoxicity, In AD Robson, ed, Zinc in Soil and Plants. Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 135-150.

Chapman, D, W Thomlinson, RE Johnston, D Washburn, E Pisano, N Gmür, Z Zhong, R Menk, F Arfelli, D Sayers, 1997. Diffraction enhanced x-ray imaging, Physical Medical Biology 42: 2015-2025.

Chapman, D, W Thomlinson, Z Zhong, RE Johnston, E Pisano, D Washburn, D Sayers, C Segre, 1998. Diffraction enhanced imaging applied to Materials Science and Medicine, Synchrotron Radiation News 11: 4-11.

Ebbs, SD, MM Lasat, DJ Brady, J Cornish, R Gordon, L Kochian, 1997, Heavy metals in the environment, Journal of Environmental Quality 26: 1424-1430.

Fontes, E, 1997 . Facility description of the Cornell High Energy Synchrotron Source. Cornell University, Ithaca.

Lasat, MM, AJM Baker, LV Kochian, 1996, Physiological characterization of root Zn^{2+} absorption and translocation to shoots in Zn hyperaccumulator and nonaccumulator species of Thlaspi. Plant Physiology 112: 1715-1722.

Mills, CF, 1989, The biological significance of Zinc for man: problems and prospects. p 371-379, In CF Mills, ed, Zinc in Human Biology. Springer-Verlag, Great Britain.

Salt, DE, RC Prince, IJ Pickering, I Raskin, 1995. Mechanisms of cadmium mobility and accumulation in Indian Mustard. Plant Physiology109: 1427-1433.

Salt, DE, IJ Pickering, RC Prince, D Gleba, S Dushenkov, RD Smith, I Raskin, 1997. Metal accumulation by aquacultured seedlings of Indian Mustard, Environmental Science and Technology 31: 1636-1644.

Vazquez, MD, J Barcelo, C Poschenrieder, J Madico, P Hatton, AJM Baker, G Coupe, 1992. Location of zinc and cadmium in Thlaspi caerulescens (Brassicaceae), a metallophyte that can hyperaccumulate both metals, Journal of Plant Physiology 140: 350-355.

Verkleij, JAC, 1993. The effects of heavy metal stress on higher plants and their use as biomonitors, in Plants as Biomonitors, edited by B Markert, Verlagsgesellschaft, Weinhein, Germany, pp. 415-424.

GJ Wagner, 1994. Accumulation of cadmium in crop plants and its consequences to human health, Advances in Agronomy 51: 173-212.