X-ray imaging and microspectroscopy of plants and fungi
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Introduction passed through the sample and then onto a scintillation
screen approximately 1.5 m downstream from the sample.
Approximately 90% of the world's vascular plants, includingThe visible image on the screen was then imaged with a
the majority of all economic crops, belong to families that video camera equipped with a 20X or 40X microscope
commonly have symbiotic associations with mycorrhizal objective. Images were obtained at the video clock rate, and
fungi [1, 2]. While such associations are known to increasethe spatial resolution was approximatelyrs. Because the

plant viability under low nutrient conditions, in some absorption contrast of the root-fungus sample at the x-ray
instances mycorrhizal fungi can also moderate toxicity energy (11.9 keV) used was very small, the phase change
effects in plants growing on soils containing elevated when the x-rays pass through the sample provided the main

concentrations of heavy metals [3]. Thus, an improved contrast mechanism for the image.
understanding of the plant-fungus relationship, particularly

with respect to the uptake mechanisms for metals, is The high-performance zone pl§g¢used in the present
expected to have significant implications in both agriculture XRF-imaging and microspectroscopy experiments produced
and the remediation and restoration of contaminated a focused beam of 1 pm x 3 um cross section and 4% 10
environments. photons/s/0.02% bandwidth. The zone plate had an effective

focal length of 52.5 cm at 11.9 keV and an effective spot
X-ray fluorescence microscopy and microspectroscopy can size of lum (vertical) by 3um (horizontal). The x-ray
provide information on the spatial distribution, oxidation = beam passed through a|2® order-sorting aperture, and the
state, chemical environment, and transformations of trace focus was adjusted to be on the sample. Samples for the
elements, and offer significant advantages over other XRF images were mounted on a computer-controlled XYZ
technigues. An important advantage of hard x-ray techniquestage at 20° or 45° to the incident x-ray beam. Thus, in the
is that they require essentially no sample preparation and cdatter case, the @m-wide horizontal beam intercepted
be applied under natural conditions. In addition, hard x-ray approximately 4.21m in the horizontal dimension of the
techniques can provide chemical-state information, which issample, while the fim vertical dimension of the beam was
considerably more difficult to obtain with techniques based preserved. X-ray fluorescence from the sample was collected
on charged particles. While soft x-ray (< 1 keV) microscopy at 90° to the incident beam by using an energy-dispersive,
and microspectroscopy have considerable utility for the studgingle-element, solid-state detector. Mapping of the spatial
of biological samples [4], the hard x-ray techniques describedistribution of individual elements was performed by
here provide improved fluorescence yields and access to thescanning the sample inn steps through the focused
K edge of the third-row and heavier elements, many of whicmonochromatic x-ray beam (11.9 keV) and integrating the
are important nutrients, micronutrients, or environmental selected i fluorescence for 3 sec/pt. The total data
contaminants. In the present work, we have used collection time for a 61 x 61 pixel array (300 x 300?)
microimaging and microspectroscopy to study the was approximately 4 hours, and the elemental sensitivity
mechanisms for the uptake of metals by mycorrhizal fungi was approximately 500 ppb. The absolute concentrations
and plants. Hard x-ray phase-contrast images, element were determined by calibrating the detector with standard
specific x-ray fluorescence (XRF) images, and x-ray films from the National Institute of Standards and
absorption near-edge spectra obtained with focused x-rays Technology, but have not been corrected for effects due to
(micro-XANES) have all been performed. The new data werattenuation of the emitted x-rays by the sample; they are
obtained with a minimal amount of sample preparation and expected to be accurate to within a factor of two.
clearly illustrate the potential of the new high-brilliance

synchrotrons for such samples. The XANES spectra were recorded by aligning the focused x-
ray beam to several different spatial features in the root and
Methods and Materials fungal hyphae and scanning the x-ray energy through the

absorption edge while monitoring the M Kluorescence.
Hard x-ray phase contrast imaging was performed with a  The spatial resolution and sensitivity of the present
simplified version of a previously employed scheme [5].  experiments allowed the study of a single fungal hypha.
Coherent, monochromatic x-ray radiation was collimated anéach point in the XANES spectra was averaged for ten



seconds of detector live time, and the full spectrum was  form of the element of interest. To demonstrate the enhanced

recorded in approximately 45 min. The spectrum has been capabilities provided by a high-brilliance x-ray source and

normalized by dividing the fluorescence signal by the the use of high-performance zone plates, we recorded micro-

intensity of the transmitted light, and energy calibrated by XANES spectra at the Mn K edge with a 1 xi®? spot

using an elemental Mn standard. The focal length of the  size at selected positions within a hydrated sample. Mn is an

zone plate depends on wavelength and in principle the essential micronutrient in both plants and fungi, and in

distance of the zone plate to the sample should be scannedragural systems it usually exists in the +2 or +4 oxidation

the x-ray energy is scanned. Because the XANES spectra state; the +3 oxidation state is also possible but it is

cover a limited energy range, however, no attempt was madgenerally unstable. In our sample, the Mn XANES spectrum

to scan the zone plate distance in the present experiments.ias found to be independent of position. Comparison of our

is estimated that the effective spot size varied from results with detailed XANES studies of a wide variety of

approximately 1 to &im in the vertical direction and from 3 samples and standards [7, 8] indicated that at least 90% of

to 3.6um in the horizontal direction. All of the experiments the Mn sampled by the x-ray beam at each of the locations

discussed here were performed at the 2-ID-D beamline of thés Mn*?, the soluble and most useful form to plants and

Synchrotron Radiation Instrumentation Collaborative Accesfungi. The lack of variation in the Mn oxidation state in the

Team of the Advanced Photon Source. present sample limits the ability to unequivocally
demonstrate the spatial resolution of the microspectroscopy

The samples were prepared by using standard methods.  unequivocally; however, the experiments clearly indicate that

Plantago lanceolataeedlings were transplanted in flint sand we now have the ability to record high-quality XANES

and inoculated with approximately 40 sporeStdimus spectra with 1 to 2 x @m? spatial resolution and at

mosseaeThe plants were watered daily, alternating each dayconcentrations of approximately 3 ppm. In principle, similar

between deionized water and 10% Hoagland's solution. Aftemeasurements for other third-row and heavier elements

45 days, the plants were harvested by washing the sand frosiould be straightforward.

the roots and fungal hyphae and rinsing with deionized

water. Samples were then wet mounted between two layersThis work has been published in Reference 10.

of Kapton tape and mounted in the x-ray beam on the XYZ
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