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The fern Pteris vittata accumulates unusually high levels
of arsenic. Using X-ray absorption spectroscopy (XAS) and
XAS imaging, we reveal the distribution of arsenic
species in vivo. Arsenate is transported through the
vascular tissue from the roots to the fronds (leaves), where
it is reduced to arsenite and stored at high concentrations.
Arsenic-thiolate species surrounding veins may be
intermediates in this reduction. In gametophytes, arsenite
is compartmentalized within the cell vacuole. Arsenic is
excluded from cell walls, rhizoids, and reproductive areas.
This study provides important insights into arsenic
hyperaccumulation, which may prove useful for phytoremediating arsenic-contaminated sites, and demonstrates
the strengths of XAS imaging for distinguishing highly
localized species.

Introduction
The Chinese or ladder break fern Pteris vittata (1), and a few
of its relatives (2), are the only known hyperaccumulators of
arsenicsplants that both accumulate and tolerate highly
magnified levels of this metalloid their shoots (3). Arsenic is
well-known for its toxicity, being variously a metabolic and
respiratory inhibitor, depending upon its chemical form (4).
The discovery that P. vittata actively concentrates and
tolerates high levels of arsenic thus lead to widespread
interest. Even more remarkable is the fact that P. vittata
converts the less toxic arsenate present in the soil to the
much more deadly arsenite (5, 6). Here we present an in situ
X-ray absorption spectroscopy (XAS) and XAS imaging study
to provide insights into how P. vittata copes with its deadly
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cargo. We examine living tissues both of the diploid sporophyte, the dominant, spore-forming phase of the fern life
cycle with the more complex and familiar leafy form, and of
the haploid gametophyte, also free-living and photosynthetic,
but small (2-3 mm) and mostly one cell thick (7). The
examination of both phases of the fern life cycle provides a
unique opportunity to study arsenic hyperaccumulation at
the organ, tissue, and cellular levels.

Materials and Methods
Specimen Origin. A mature sporophyte fern collected in
proximity to a chromated copper arsenate wood treatment
facility at site 11 as described by Gumaelius et al. (8) was
imaged 3 weeks after collection. Prior to imaging the still
viable sporophyte had been cultivated, without additional
arsenic amendment in its native soil, at a Purdue University
greenhouse.
Gametophyte and Sporophyte Cultivation. Spores collected from field-collected sporophytes (8) were sterilized
(9) and grown either in 1/2 strength Murashige and Skoog
pH 6.5 liquid media shake cultures amended with 1 mM
potassium arsenate (KH2AsO4) or solid-surface agar culture
of the same composition. In both cases, cultures were grown
at 26 °C under 24 h fluorescent lighting. One-month-old
gametophytes from both culture methods were examined
using X-ray absorption spectroscopy (XAS). Four-monthold sporophytes grown under 24 h fluorescent lighting at 26
°C on rock-wool saturated with 1/2 strength Murashige and
Skoog liquid media amended with 1 mM KH2AsO4 were also
examined with XAS.
X-ray Absorption Spectroscopy. Arsenic K-edge X-ray
absorption spectroscopy (XAS) was carried out at the Stanford
Synchrotron Radiation Laboratory (SSRL), with the SPEAR
storage ring operating at 80-100 mA. Beamlines 7-3 and
9-3 were used, each equipped with a Si(220) double crystal
monochromator. Beamline 7-3 had a premonochromator
aperture of 1 mm with no focusing optics, and harmonic
rejection was achieved by detuning one of the monochromator crystals to give 50% of the peak intensity. Beamline
9-3 had an upstream collimating mirror and a downstream
sagittally focusing mirror; both were Rh-coated and also
provided harmonic rejection. Incident and transmitted
intensities were measured with nitrogen-filled ion chambers.
Bulk samples were maintained at ∼10 K in a liquid helium
flow cryostat and positioned at 45° to the incident beam.
Spectra were measured by monitoring the As KR fluorescence
using a Canberra 30-element germanium detector (10) at
90° to the incident beam, taking care to maintain the countrates within the pseudolinear regime. Energies were calibrated with respect to the spectrum of elemental R-arsenic,
collected in transmittance simultaneously with that of the
sample, the first energy inflection of which was assumed to
be 11 867.0 eV.
Quantitative analysis of near-edge spectra were carried
out by least-squares fitting of spectra of standard compounds
(Figure 1A-E) to the spectra of the fern tissues, according
to established procedures (11, 12). The errors are obtained
as precisions and are given as three times the estimated
standard deviation obtained from the diagonal elements of
the covariance matrix. The fractional contribution of the nearedge of a standard to the fit is then equivalent to the fractional
abundance of that arsenic standard in the sample.
XAS Imaging. XAS imaging used the method previously
described by Pickering et al. for selenium (13). Data were
collected at beamline 9-3 at SSRL, where microfocus X-ray
beams of 15 or 5 µm diameter were provided by tapered
10.1021/es052559a CCC: $33.50
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FIGURE 2. Quantitative analysis of the stem As near-edge spectrum
by fitting to the sum of aqueous standard spectra. The figure shows
the data as small circles, best fit as the overlayed solid black line,
and the residual as the solid green line offset below. Components
of the fit are shown as follows: 70.2 ( 1.4% aqueous arsenite at
pH 7.0 (solid, red), 5.3 ( 1.5% aqueous arsenite at pH 10.5 (dashed,
red), 8.2 ( 0.5% arsenate pH 4.5 (solid, blue), 16.3 ( 0.6% arsenate
pH 9.0 (dashed, blue). Using literature pKa values this yields values
of pH of approximately 8.1 and 7.3 for arsenite and arsenate,
respectively. Errors are estimated to be 0.5 and 0.2 pH units,
respectively. The errors are larger for the more abundant arsenite
because of the similarity in the spectra of its two pH forms.
FIGURE 1. Arsenic K near-edge spectra of aqueous solutions of
standards and P. vittata sporophyte tissues. AsIII tris-glutathione
[As(SR)3] (A); arsenite at pH 7.0 (B) and 10.5 (C); arsenate at pH 4.5
(D) and 9.0 (E); P. vittata rhizoids (F), stems (G), and pinnae (H).
metal monocapillaries (14, 15). The beamline energy was
recalibrated before each measurement with reference to an
arsenic metal foil (as described above). Each tissue sample
was mounted at room temperature in a humid environment
and placed normal to the microbeam and ∼100 µm from the
monocapillary exit aperture. Arsenic KR fluorescence and
scattered intensities were monitored using a single element
Ge detector and transmitted intensities using a nitrogenfilled ion chamber. The sample was spatially rastered in the
microbeam using a Newport PM500 stage. Energies for the
chemically specific imaging were chosen with reference to
standard spectra of aqueous solutions collected under
identical conditions; the energies corresponded to the peak
absorption of the standards which were 11 869.8, 11 871.4,
and 11 874.8 eV for As(glutathione)3, arsenite, and arsenate,
respectively. A horizontal raster was collected at each energy,
before changing the vertical position, thus ensuring that data
were collected on a given pixel in the shortest amount of
time (15). Windowed fluorescence data were corrected for
scatter as previously described (13). Quantities of arsenic
per pixel were calibrated by recording the fluorescence
intensities from a standard solution of arsenic (5 mM aqueous
arsenate) of a known path length (2 mm). Concentrations
were then derived from the arsenic quantities together with
the transmittance maps, assuming density and X-ray absorption cross-section of water, as previously described (13).

Results and Discussion
We have employed bulk XAS to assess which arsenic species
are present and XAS imaging to determine their spatial
localization. Both were applied to fresh, living tissues
essentially without pretreatment. The sensitivity of arsenic
XAS to chemical type and pH is illustrated in Figure 1A-E,
which shows near-edge spectra of aqueous solutions of
arsenate, arsenite, and thiolate-coordinated AsIII [As(SR)3]
(12). The bulk sporophyte near-edge spectra (Figure 1F-H)
were quantitatively analyzed by fitting to the sum of aqueous

standard spectra (an example of this is shown in Figure 2 for
the stem). The root spectrum, noisy due to very low arsenic
concentration, contained predominantly arsenate (90 ( 4%),
with a minor component of arsenite (10 ( 5%). The rachis
(the midrib of the fern blade) showed a mixture of 24%
arsenate at pH 7.3 and 76% arsenite at pH 8.1, with no
significant As(SR)3 (Figure 2). The leaves showed predominantly arsenite (95 ( 1%) at near-neutral pH with a trace
(5 ( 1%) of As(SR)3 and, in agreement with previous work
(5), the highest arsenic levels. In contrast, arsenate-treated
Brassica juncea showed reduction to As(SR)3 and storage in
the roots (12). However, B. juncea did show low concentrations of arsenate and arsenite in the xylem exudates (12),
similar to the speciation of P. vittata rachis tissue.
Having identified the compounds present, we used XAS
imaging to determine their localizations in planta. The energy
of a microfocused X-ray beam is tuned to the peak spectral
absorption for each chemical species, and the fluorescence
and absorption intensities are measured as the sample is
raster scanned. Deconvolution yields the concentrations of
the individual chemical species (13). XAS images are shown
in Figure 3 for the tip of a pinna (one element of the
compound leaf), a portion of a rachis (the midrib of the fern
blade), and spore-forming sporangia (small purse-shaped
structures with enclosed spores), of a sporophyte grown in
arsenate-laden soil.
The pinna tip (Figure 3A-D) is dominated by arsenite
(Figure 3C). Arsenite concentration is highest (up to 25 mM)
in the blade proximal to the veins, falling off with distance
and is lowest within the veins themselves. In contrast,
arsenate shows very low concentrations within the blade
tissue but is localized within the veins at up to 1 mM. Its
maximum concentration is only ∼5% of that of arsenite, and
since it is localized in very narrow structures, it is not
surprising that it was not detected in the bulk spectra of
leaves.
The rachis shows arsenate (Figure 3H) confined to the
central 40% of the mid-vein and stem in bundles of parallel
strands, some individually <40 µm across. The bundles, ∼170
µm across in the mid-vein and double that in the rachis,
correspond to the location of the transport vessels. The
arsenite image (Figure 3G) is dominated by high leaf blade
concentrations, while the rachis and mid-vein show much
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FIGURE 3. Arsenic K-edge XAS images of P. vittata sporophyte tissues. Tip of pinna (leaf) (A-D), rachis (E-H), and two views of the
regions of sporangial growth at pinnal edges (I-P), each showing optical micrograph, thickness, and the concentration of arsenite and
arsenate. Scalebars are 500 µm; step sizes are 10 µm (B-D), 15 µm (F-H, J-L), and 6 µm (N-P). Maxima are B: 0.2 mm, C: 40 µM,
D: 2 µM, F: 1.3 mm, G: 20 µM, H: 2 µM, J: 0.9 mm, K: 25 µM, L: 2 µM for N-P the intensity scales are arbitrary. In N-P the images
are magnified by a factor of 2.2 relative to J-L.
and growth of the plant. XAS imaging on plants grown entirely
in the laboratory on rock wool with arsenate in their growth
media showed essentially identical arsenic localization to
that shown in Figures 3 and 4 (not illustrated).

FIGURE 4. XAS images of P. vittata stem from Figure 3E-H. Arsenite,
log (concentration [mM]), scaled -4 to +2 to emphasize transport
vessels (A). Fraction of arsenic as arsenate (scaled 0 to 1) (B). The
lower intensity streaks within the bundles of (B) correspond to
arsenite.
lower arsenite concentrations. However, close examination
(see Figure 4) reveals strands of arsenite interleaved (but not
coincident) with those of arsenate. We hypothesize that the
arsenate and arsenite strands may be the xylem and phloem,
respectively. The recent finding that xylem exudates contain
arsenate (16) is in agreement with this. When the sporophyte
from Figure 3 was imaged some 2 months later (not
illustrated) having been given only water (i.e. no arsenic),
the arsenate in the central structures was substantially
diminished. We conclude that this was due to depletion of
arsenate in the original soil by incorporation into the tissues
5012
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The sporangia (Figure 3I-L) show arsenate at low
concentrations within the veins (including under the sporangia, Figure 3L,P), while arsenite is present at locally high
concentrations close to the sporangia. A higher-resolution
scan (Figure 3M-P) resolves the spores in the transmittance
(thickness) image, ∼50-70 µm across inside the pouchlike
sporangia (∼200-250 µm across). In contrast to previous
reports (17), arsenite is excluded from the spores and
sporangia but is preferentially concentrated within the
paraphyses, sterile hairlike structures adjacent but not directly
associated with the sporangia (Figure 3O). Arsenite also
accumulates within the pseudoindusium, the reflexed margin
of the lamina that partially covers the sporangia (Figure 3O).
Pteris vittata gametophytes also hyperaccumulate arsenic
(8), and Figure 5 shows XAS images for three gametophytes.
They contain predominantly arsenite, localized within the
center of the cells and absent from the cell walls. This is
consistent with arsenite storage within the cellular vacuole,
which in fully expanded fern cells is typically large, centrally
located, and dominates the cell volume. However, specific
regions of the gametophyte reproducibly show no significant
arsenite: specifically cell walls, rhizoids (slender rootlike
filaments through which nourishment is absorbed), and the

FIGURE 5. XAS images of P. vittata gametophytes grown in shake
culture, showing optical micrographs (A, D, G), arsenite amounts
(B, E, H), and arsenate amounts (C, F, I). Scalebars are 100 µm; step
size is 5 µm (6 µm for H, I). Maximum intensities for B, E, and H
are 0.8, 0.8, and 0.5 µmol‚cm-2, respectively. Arsenate image
intensities are ∼10% those of corresponding arsenite images, zero
offset for clarity. rh indicates the rhizoids, and sc the spore coat.
Note that the thickness is in this case unavailable as the samples
were measured in a thin film of water to prevent dehydration.

FIGURE 6. Three-component XAS imaging of P. vittata leaf. Optical
micrograph (A), thickness (B), RGB image showing concentrations
of arsenite (blue), arsenate (green), and As(SR)3 (red). (C). mv
indicates midvein, v a vein, and bl the leaf blade.
regions from which the rhizoids arise. Overall, gametophyte
arsenate content is very low but appears to be localized as
speckles ∼10 µm across distributed throughout the gametophyte cells, including those in which arsenite is not present
(Figure 5C,F,I). The nature of the arsenate speckles is
unknown, but they may be Golgi bodies or other specialized
structures that take up and store arsenate prior to reduction
and vacuolar storage.
A surprising aspect of the fern’s hyperaccumulation of
arsenic is the apparent low involvement of thiolate coordination, despite the high affinity of AsIII for sulfur ligands and
the typically large intracellular abundance of thiols (18). Our
bulk XAS spectroscopy (Figure 1H) confirms that the
preponderance of arsenic is coordinated by oxygen, rather
than thiolates (5). We find marginal contributions of thiolates
both in the edge (Figure 1H) and extended X-ray absorption
fine structure (EXAFS) (not shown) of leaf tissues, though
not in the stems or gametophytes. To determine the
localization of this thiolate-coordinated arsenic, threecomponent XAS images were recorded on the leaves of P.
vittata sporophytes grown on rockwool irrigated with 1 mM
arsenate solution (Figure 6). These images clearly reveal highly
localized thiolate-coordination in close proximity to the vein
and mid-vein. The center of the vein shows arsenate, ∼35
µm across (Figure 6C), while the thiolates appear as a
cylindrical sheath, 40-50 µm thick, immediately surrounding

the arsenate (Figure 6C). µ-X-ray absorption near-edge
spectra collected from regions showing the highest proportions of arsenite, arsenate, and As(SR)3, confirmed the
localization shown by the XAS imaging results.
The presence of the arsenic-thiolates appears to be linked
to the presence of arsenate in the vein. Similar images of a
sporophyte that had depleted the original arsenate from its
soil revealed high concentrations of arsenite in the leaf blade
but neither arsenate nor thiolates. This strongly suggests that
thiolates appear in response to actively transported arsenate,
and their presence in a cylindrical sheath around the vein
suggests a single layer of cells with a special purpose. Webb
et al. (5) also found small thiolate contributions in both edge
and EXAFS spectra of thawed sporophytes, although this
might have been due to chemical reactions of cellular
contents after cell breakage following freezing. Additionally,
P. vittata synthesizes phytochelatins in response to arsenate,
although only in amounts sufficient to coordinate ∼3% of
the total arsenic in the leaves (19). Together, these observations indicate that only a small fraction of arsenic in leaves
is coordinated to thiolates. This lack of thiol coordination
may be a common theme in plants that have evolved to
hyperaccumulate metals, including Ni (20), Zn (21), Cd (22),
Se (13), and As, compared to the involvement of thiols in
nonadapted plants to coordinate Cd (23) and As (12).
Our demonstration that P. vittata transports arsenate to
the frond’s photosynthetic tissues are in apparent contradiction to the EXAFS (not near-edge spectra) of Huang et al. (24)
that detected only arsenite in P. vittata, including the roots.
Given the low levels of arsenic in the roots, minor contamination with leaf tissue could explain this discrepancy. The
work reported by Duan et al. (25) measuring glutathionedependent arsenate reductase activity only in the roots is
also in apparent conflict with our conclusions. Glutathionedependent arsenate reductases are well-known in yeast (26),
and a number of other arsenate reductases have been
characterized, including mammalian (27) and bacterial (28)
forms that are unrelated to the yeast enzymes. To date, there
is no evidence tying the in vitro arsenate-stimulated glutathione-dependent reductase activity in P. vittata roots (25)
with the in vivo process we have observed. Identifying P.
vittata’s arsenate reductase awaits genetic and other evidence.
Our work demonstrates the strength of XAS imaging at
multiple wavelengths, rather than microspectroscopy at select
pixels, to determine chemical form. The arsenate is present
in such low concentrations compared with the arsenite that
details of the transport vessels and gametophyte cells would
have been completely obscured using single-energy microprobe. Additionally, the acquisition of spectra at such low
concentrations would necessitate data collection for several
minutes, possibly with significant sample degradation and
ablation. By contrast, in XAS imaging the sample is only
illuminated for less than a second per pixel, causing
considerably less damage to the sample. Likewise, the
localization of the thiolates in the sporophyte would have
remained obscure without this method.
Our experiments, directly visualizing arsenic forms in
intact fern tissues, provide compelling evidence that P. vittata
transports untransformed arsenate to the frond. Arsenic is
largely excluded from the stems and is predominantly stored
within the leaf tissues as neutral arsenite. Thiolates appear
as a cylinder around the arsenate in the veins and may be
part of the reduction pathway. Arsenate is seen in the veins
supporting the sporangia but is excluded from the sporangia
and spores themselves. When transformed to arsenite, it is
localized to the paraphyses surrounding the sporangia
(paraphyses are sterile hairs intermixed with the sporangia,
believed to perform a protective fuction). Gametophytes
clearly show arsenite uniformly localized within the vacuole
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of fully expanded cells but excluded from specific regions of
the gametophyte, including the rhizoids’ egg-forming archegonia. Discrete speckles of arsenate are localized in unknown
subcellular compartments. Future work at higher resolution
will investigate the subcellular localization of these species
and attempt to further elucidate the biochemistry of hyperaccumulation for this most interesting fern.
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