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The speciation and spatial distribution of selenium (Se) in hydrated plant tissues is not well understood. Using synchrotron-
based x-ray absorption spectroscopy and x-ray fluorescence microscopy (two-dimensional scanning [and associated
mathematical model] and computed tomography), the speciation and distribution of toxic Se were examined within hydrated
roots of cowpea (Vigna unguiculata) exposed to either 20 mM selenite or selenate. Based upon bulk solution concentrations,
selenate was 9-fold more toxic to the roots than selenite, most likely due to increased accumulation of organoselenium (e.g.
selenomethionine) in selenate-treated roots. Specifically, uptake of selenate (probably by sulfate transporters) occurred at a much
higher rate than for selenite (apparently by both passive diffusion and phosphate transporters), with bulk root tissue Se
concentrations approximately 18-fold higher in the selenate treatment. Although the proportion of Se converted to organic
forms was higher for selenite (100%) than for selenate (26%), the absolute concentration of organoselenium was actually
approximately 5-fold higher for selenate-treated roots. In addition, the longitudinal and radial distribution of Se in roots
differed markedly: the highest tissue concentrations were in the endodermis and cortex approximately 4 mm or more behind
the apex when exposed to selenate but in the meristem (approximately 1 mm from the apex) when exposed to selenite. The
examination of the distribution and speciation of Se in hydrated roots provides valuable data in understanding Se uptake,
transport, and toxicity.

Selenium (Se) is an essential micronutrient for hu-
mans and other animals (Rayman, 2008). At elevated
concentrations, however, it is toxic, and the concen-
tration range from deficiency to lethality is unusually
narrow (Terry et al., 2000). Plants represent a direct
entrance to the wider food chain as the main sources of
dietary Se (Rayman, 2008). The uptake and accumu-
lation of Se by plants is an important process in con-
trolling the health risks resulting from Se deficiency or
toxicity. Se toxicity to plants has been observed in arid
and semiarid soils derived from seleniferous rocks and
shales, although anthropogenic contamination is also
of concern (Terry et al., 2000). Therefore, it is important
that the mechanisms of Se uptake, transformation, and

toxicity in plants are understood in order to reduce
health risks.

Selenite (Se[IV]) and selenate (Se[VI]) are the two
dominant inorganic species in soils depending upon
the redox potential and pH (Elrashidi et al., 1987). The
mechanism of Se[VI] uptake is well known: it is taken
up by plant roots via the high-affinity sulfate trans-
porters (Terry et al., 2000) due to the similarity be-
tween Se[VI] and sulfate. By contrast, little is known
about the uptake mechanism involved in Se[IV] in
plant roots. Some studies suggested that Se[IV] is
taken up via passive diffusion (Shrift and Ulrich, 1969;
Arvy, 1993). Recently, Zhao et al. (2010) reported that
the uptake of Se[IV] is mediated by the silicon (Si)
influx transporter Lsi1 (OsNIP2;1) in rice (Oryza sativa).
Furthermore, Se[IV] uptake was found to occur via
both passive diffusion and phosphate transporters in
the marine coccolithophore Emiliania huxleyi (Araie
et al., 2011). Apart from the difference in their mech-
anisms of uptake, they also differ in their mobility
within plants (Li et al., 2008). Se[VI] is relatively easily
translocated from roots to shoots, whereas Se[IV] tends
to accumulate within the roots (Arvy, 1993). Despite
this important progress, much less is known about the
sites of uptake of Se[IV]/Se[VI] and their possible
chemical transformations in hydrated plant roots. This
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information regarding the in situ distribution and
chemical forms of Se would be helpful in elucidating
the mechanism(s) responsible for Se uptake, transfor-
mation, and toxicity in plants.

Recent advances in synchrotron-based techniques
allow in situ measurement of the distribution of metal
(loid)s in hydrated fresh plant tissues (Kopittke et al.,
2011, 2012; Lombi et al., 2011a). In particular, the
prototype Maia detector system, jointly developed by
the Australian Synchrotron, the Commonwealth Sci-
entific and Industrial Research Organization, and the
Brookhaven National Laboratory, represents a new-
generation x-ray fluorescence detector and real-time
processing approach that provides unprecedented ca-
pabilities in in situ element imaging and measure-
ment (Lombi et al., 2011b). The Maia uses an annular
array of 384 silicon-diode detectors positioned in a
backscatter geometry to subtend a large solid angle
(approximately 1.3 steradian) and to achieve high
count-rate capacity (Kirkham et al., 2010). Data ac-
quisition times are approximately 10 to 100 times faster
in the Maia than for other detectors, thereby allowing
analysis of highly hydrated biological specimens (e.g.
roots) without observable damage (Lombi et al.,
2011a). This has allowed us to overcome the ana-
lytical challenges of examining the two-dimensional
and virtual three-dimensional distribution of low-
concentration metal(loid)s in hydrated and fresh
plant tissues (Kopittke et al., 2011, 2012; Lombi et al.,
2011a, 2011c).

In this study, we investigated the speciation and
quantified the longitudinal and radial distribution of
Se in hydrated roots of cowpea (Vigna unguiculata)
exposed to either Se[IV] or Se[VI]. Cowpea is a model
species of rhizotoxicity and is also one of the most
important food legume crops in the semiarid tropics,
where Se toxicity is often a concern. The chemical
forms of Se in cowpea roots were first examined using
x-ray absorption spectroscopy (XAS). Second, with
x-ray fluorescence microscopy (m-XRF), we used two-
dimensional imaging (coupled with an associated
mathematical model to calculate concentrations of Se
within various tissues of the root cylinder) to deter-
mine the spatially resolved distribution of Se within

root tissues. Additionally, sequential tomography was
used to provide virtual three-dimensional recon-
structions of Se distribution in roots, enabling com-
parison of computed tomography with the mathematical
model.

RESULTS

Toxicity of Se[IV]/Se[IV] and Its Accumulation
within Bulk Plant Tissues

Se[VI] was observed to be more toxic than Se[IV],
with an increase in the solution concentrations of
Se[VI] decreasing the growth of the roots and shoots
more than Se[IV] (Fig. 1). For instance, 20 mM Se[VI]
reduced root elongation by 88% but 20 mM Se[IV] re-
duced it by 60%. The magnitude of these growth in-
hibitions by Se[VI] was similar for both shoots and
roots; in contrast, for seedlings exposed to Se[IV], the
magnitude was less pronounced for shoots than for
roots.

The form of Se supplied influenced the Se accumu-
lation in the bulk tissues. After 24 h of exposure to
20 mM Se[VI], tissue Se concentrations (fresh mass
basis) were 237 mg g21 in the bulk root tissues and
50.7 mg g21 in the bulk shoot tissues. In contrast, for
seedlings exposed to 20 mM Se[IV], bulk tissue con-
centrations were 13.0 mg g21 for the roots (ap-
proximately 18-fold lower than for Se[VI]) and
0.82 mg g21 for the shoots (approximately 61-fold
lower than for Se[VI]; Supplemental Table S1). Inter-
estingly, the form of Se also had a substantial effect on
the translocation of Se from roots to shoots. Approxi-
mately 29.3% of the Se taken up under the Se[VI]
treatment was translocated to the shoots; in contrast,
only 14.8% was translocated to the shoots when sup-
plied with Se[IV].

Speciation of Se within Root Tissues (XAS)

The chemical forms of Se in root apices exposed to
20 mM Se[IV] or Se[VI] for 24 h were examined using
x-ray absorption near-edge structure (XANES) at the

Figure 1. Dose-response curves for root and
shoot elongation rates of cowpea exposed to ei-
ther Se[VI] or Se[IV] for 24 h. The vertical bars
represent SD of four replicates.
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Se Ka absorption edge. Tissue concentrations were too
low to allow collection of the extended x-ray absorp-
tion fine-structure spectra within reasonable periods of
data acquisition time. As anticipated, changes in oxi-
dation state influenced the XANES spectra, with a
white line at 12,667 eV for Na2SeO4 (Se[VI]) but at
12,664 eV for Na2SeO3 (Se[IV]; Fig. 2). It was also noted
that the formation of organoselenium complexes (such
as selenomethionine [SeMet]) resulted in a shift in the
white line to around 12,661 eV.
Initially, a series of consecutive rapid scans (five

times faster than the full scans) were conducted at

the same sample location over a smaller energy range
(12,650–12,670 eV) to ascertain whether photoreduction
of Se was of concern (for a discussion of beam-induced
photoreduction for arsenate, see Lombi et al., 2011c).
These rapid scans were first used to examine the
Na2SeO4 standard and identified that Se[VI] is indeed
progressively reduced to Se[IV] during the scan (Fig.
3A), even when the data collection was conducted at
approximately 10 K using a cryostage. Indeed, for the
first scan, no noticeable white line was observed at
12,664 eV, corresponding to that observed for the peak
in the Na2SeO3 (Se[IV]) spectra (Fig. 2). However, as the
series of consecutive scans continued, this Se[IV] peak at
12,664 eV was observed to form gradually and was as-
sociated with the loss of Se[VI] (as evidenced by the
progressive reduction in the intensity of the white line at
12,667 eV; Fig. 3A). Next, the rapid scans were used to
investigate potential beam damage in Se[VI]-exposed
roots. For these Se[VI]-treated roots, a white line was
observed at 12,667 eV, corresponding to that observed in
the Na2SeO4 (Se[VI]) spectra (Fig. 3B). Interestingly, a
shoulder was observed at 12,661 eV that corresponds to
the white line of the organoselenium complexes (Fig. 2).
Therefore, to ascertain whether this shoulder was an
experimental artifact, the spectra from the rapid scans
on the Se[VI]-treated roots were examined. These scans
indicated that Se[VI] is also somewhat progressively
reduced to Se[IV] during the scan, with a shoulder in the
XANES spectra at 12,664 eV becoming increasingly
more pronounced (and a decrease in peak intensity at
12,667 eV; Fig. 3B). However, it is important to note that
the repeated scans did not appear to noticeably influ-
ence the organoselenium peak at 12,661 eV. These ob-
servations need to be taken into account when interpreting
the results.

Following these initial rapid scans, longer scans
were conducted to collect data for chemical speciation
via linear combination fitting of the XANES spectra
(Fig. 2). In order to reduce complications caused by the
issue of photoreduction, replicated scans were always
conducted on areas of the samples not previously ir-
radiated. The Se in the Se[VI]-exposed roots was found
to be dominated by Se[VI] (74%), with a smaller con-
tribution from SeMet (26%; Table I). As discussed
above, this relatively small organoselenium peak at
12,661 eV for Se[VI]-exposed roots is not considered to
be an experimental artifact, as this peak was present in
the first rapid scan and its magnitude did not change
noticeably over time (Fig. 3B). For the Se[IV]-exposed
roots, almost all the Se in roots is converted to organic
forms SeMet (71%) and selenocysteine (SeCys; 29%).

Spatially Resolved Distribution of Se within Root
Tissues following 24 h Exposure (m-XRF)

Using two-dimensional m-XRF elemental imaging,
experiment 1 investigated the longitudinal and radial
distribution of Se within root tissues when exposed to
20 mM Se[VI] or Se[IV] for 24 h. First, regarding the

Figure 2. Normalized Se Ka edge XANES spectra for apices of cowpea
roots exposed to either 20 mM Se[IV] or Se[VI] for 24 h. Data are also
presented for aqueous Se standards (SeCys, SeMet, and methyl-
selenocysteine [MeSeCys]). Dashed lines show the best three-com-
ponent linear combination fit of reference (Table I).
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longitudinal distribution, it was evident that for roots
exposed to Se[VI], tissue Se concentrations increased
with increasing distance from the root apex before
reaching a constant value approximately 4 mm from
the apex (i.e. maturation zone; Fig. 4, A and B). This
constant Se concentration (approximately 638 mg g21)

in the maturation zone tissues was 6.6-fold higher than
the concentration at a distance of 0.2 mm behind the
root apex (97.4 mg g21; Fig. 4B; Table II). In contrast,
roots exposed to Se[IV] tended to accumulate Se to a
greater extent in the tissues of the root apex (i.e. mer-
istematic zone) than in the more proximal (i.e. closer to
shoots) root tissues (Fig. 4, A and C; Supplemental Fig.
S1). The highest Se concentrations in Se[IV]-exposed
roots (approximately 92.0 mg g21) were observed ap-
proximately 1.0 mm from the apex, 3-fold higher than
the concentrations 4 mm behind the root apex (30.5
mg g21; Fig. 4C).

Substantial differences between Se[IV] and Se[VI]
were also observed regarding the radial distribution of
Se within the root cylinder. At a distance of 2.0 mm
from the root apex, for example, tissue concentrations
of Se within Se[VI]-exposed roots were highest in the
endodermis (447 mg g21) and cortex (359 mg g21) and
lowest in the stele (144 mg g21; Table II; Fig. 4D). When
exposed to Se[IV], tissue Se concentrations were also
highest in the endodermis (74.7 mg g21), but the rela-
tive magnitude of the differences in this accumulation
was less pronounced, with concentrations only slightly
higher than in the pericycle (73.2 mg g21), stele (62.4
mg g21), or rhizodermis (42.5 mg g21; Table II; Fig. 4D).
At distances of 0.6 and 0.2 mm from the apex, roots
exposed to either Se[IV] or Se[VI] tended to accumu-
late Se in the inner tissues (Table II; Fig. 4, E and F).
Although Se concentrations were much higher in bulk
root tissues exposed to Se[VI] than those exposed to
Se[IV], there were generally no obvious differences in
tissue concentrations within some apical root tissues
(e.g. stele, endodermis, rhizodermis, and lateral root
cap; Table II; Fig. 4, E and F).

These spatial distributions described above (calcu-
lated using the mathematical model from the two-
dimensional scans) were compared with distributions
determined using computed tomography (experi-
ment 2). Using sequential tomography, it was possible
to obtain virtual three-dimensional reconstructions
of Se distribution in hydrated (intact) roots exposed
to Se[VI] (Fig. 5; Supplemental Video S1) or Se[IV]
(Fig. 6; Supplemental Video S2). For roots exposed to
either Se[IV] or Se[VI], the longitudinal and radial
distributions of Se observed by tomography agreed
well with those calculated from the two-dimensional
scans (Fig. 4). For the root exposed to Se[VI], the
highest concentrations of Se close to the apex (200–400

Table I. Results of linear combination fitting of Se Ka edge XANES data for cowpea roots exposed to either
20 mM Se[VI] or Se[IV] for 24 h

Sample
Standard

R Factora

SeO4
22 SeO3

22 SeMet SeCys Methylselenocysteine

%

Exposed to Se[VI] 74 6 0.6 – 26 6 0.6 – – 0.0019
Exposed to Se[IV] – – 71 6 1.2 29 6 1.1 – 0.0001

aR factor = Si(experimental fit)2/Si(experimental)2, where the sums are over the data points in the fitting
region.

Figure 3. Normalized Se Ka edge XANES spectra for an Na2SeO4 (Se[VI])
standard (A) and apices of cowpea roots exposed to 20 mM Se[VI] (B). The
repeated rapid scans show the photoreduction of Se[VI] to Se[IV] induced
by the x-ray beam. Also note that for the roots (B), the small peak at
12,661 eV does not appear to be an experimental artifact (i.e. it was
observed on the first scan, and the magnitude of the peak did not increase
progressively). [See online article for color version of this figure.]
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mm) were observed at the columella of the root cap,
with substantially lower concentrations within the
cells of the lateral root cap (Fig. 5). At approximately
600 to 800 mm from the apex, the distribution of Se was
uniform among the inner tissues. At a distance of 1,000
to 2,000 mm from the apex, there was distinct accu-
mulation at the endodermis and cortex, with lower
concentrations in the stele and rhizodermis (Fig. 5).
In the case of Se[IV]-exposed tissues, there was a

comparatively uniform accumulation of Se in the root
cap (approximately 200 mm from the apex; Fig. 6). At a
distance of 400 to 1,400 mm from the apex, most of the
Se was located within the inner tissues, with the lowest
concentrations in the rhizodermis. Finally, at a dis-
tance of 1,400 to 2,000 mm from the apex, concentra-
tions of Se were lower in the more proximal root
tissues, with concentrations slightly higher in the peri-
cycle and endodermis (Fig. 6).

Figure 4. A, Imaging of Se in cowpea roots exposed to 20 mM Se[IV] or Se[VI] for 24 h using m-XRF. B and C, Longitudinal
distribution of Se along the root axis. D to F, Radial distribution of Se at distances of 2.0, 0.6, and 0.2 mm from the root apex.
The concentrations of Se in each tissue at virtual sections were estimated using the mathematical model (for details, see Wang
et al., 2013). All roots were enclosed in 4-mm-thick Ultralene films and scanned simultaneously, allowing valid comparisons
among treatments. The endodermis is included in the model at a distance of 0.6 mm, although it is likely not to be suberized
this close to the apex. [See online article for color version of this figure.]
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Spatially Resolved Distribution of Se during Time-Series
Exposure (m-XRF)

Experiment 3 also used two-dimensional imaging to
investigate the pattern of Se accumulation within root
tissues in a time-series experiment following exposure
(5 min–30 h) to a solution containing either 20 mM

Se[IV] or Se[VI]. For roots supplied with Se[VI], a
comparatively rapid accumulation of Se was evident

within approximately 0.5 to 1 h for the more proximal
root tissues (Fig. 7A). Indeed, at a distance of 2.0 mm
from the apex, the average calculated tissue Se con-
centration increased from 5.0 mg g21 in the control (no
exposure) to 53.3 mg g21 after 1 h of exposure and 158
mg g21 after 9 h of exposure, the highest concen-
trations being found within the endodermis and cortex
(Supplemental Fig. S2A). There was also localized ac-
cumulation of Se within the apical root tissues (i.e.

Table II. Concentrations of Se in root tissues at distances of 2.0, 0.6, or 0.2 mm from the root apex (Fig. 4A) calculated using the mathematical model
based on the line scan concentration profiles shown in Supplemental Figure S1

The values represent the arithmetic means of calculated Se concentrations in two replicate roots exposed to 20 mM Se[IV] or Se[VI] for 24 h.

Root Tissues
Se Concentrations in Root Apical Tissues

Se[IV]a, 2.0 mm Se[VI]a, 2.0 mm Se[IV]a, 0.6 mm Se[VI]a, 0.6 mm Se[IV]a, 0.2 mm Se[VI]a, 0.2 mm

mg g21

Stele 62.4 144 136 131
Pericycle 73.2 183
Endodermis 74.7 447 145 148
Cortex 55.7 359 132 195
Rhizodermis 42.5 249 43.7 55.1
Columella of root cap 59.9 147
Lateral root cap 30.1 43.9
Average concentrationb 55.9 307 91.9 151 39.5 97.4

aSe[IV] and Se[VI] represent roots supplied with Se[IV] and Se[VI], respectively. bAverage concentration calculated as ƩCi 3 At,i/ƩAt,i, where Ci

and At,i represent the concentration and area of tissue i, respectively (for details, see Wang et al., 2013).

Figure 5. Tomograms (virtual cross sections) taken in the apex of a root exposed to 20 mM Se[VI] for 24 h. The tomograms are
collected 200 to 2,000 mm from the apex in intervals of 200 mm. The bottom compilation of tomograms is a single frame
captured from a reconstructed three-dimensional animation of the plant root (Supplemental Video S1). Red represents Se
distribution, and green represents Compton (mass) signal. The large outer circle in the tomograms is the 810-mm-diameter
capillary tube in which the root is held. [See online article for color version of this figure.]
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meristem and/or root cap), but these concentrations
were lower than observed in the more proximal
tissues; average calculated tissue Se concentrations
at a distance of 0.6 mm from the apex increased from
5.7 mg g21 (no exposure) to 31.9 mg g21 after 1 h and
to 131 mg g21 after 9 h (Supplemental Fig. S2B). In-
terestingly, in these apical tissues, the Se accumu-
lated more quickly within the inner tissues (i.e. stele,
endodermis, cortex, and columella of the root cap)
than in the outer tissues (Supplemental Fig. S2, B
and C).
Temporal changes in the spatial accumulation of Se

followed a different pattern for roots exposed to Se[IV]
(Fig. 7B). The highest concentrations of Se were ob-
served within the apical root tissues (i.e. within the
apical approximately 1 mm), especially in the meri-
stematic tissues (Fig. 7B; Supplemental Fig. S2, D–F),
thereby suggesting strong Se[IV] transport to this re-
gion. Longer periods of exposure increased tissue Se
concentrations further, but concentrations remained
highest in the meristematic/apical tissues (Fig. 7B;
Supplemental Fig. S2E). Within these apical tissues, the
magnitude of increase in Se concentrations was greater
in the stele, endodermis, and cortex at a distance of 0.6
mm from the apex (Supplemental Fig. S2E). From the
root apex, Se appears to be transported into the stele,
but translocation to the shoot was limited, with con-
centrations in the stele 0.6 mm behind the apex being

higher than that in the more proximal root tissues
(Supplemental Fig. S2, D and E).

Effect of Ions on the Spatially Resolved Distribution of Se
in Root Tissues (m-XRF)

Experiment 4 utilized two-dimensional imaging to
examine the spatial distribution of Se in root tissues as
influenced by the addition of sulfate or phosphate
(PO4

32-P). For roots exposed to Se[VI], the addition of
sulfate resulted in substantial decreases in Se con-
centration within bulk roots (Fig. 8A; Supplemental
Table S1) and within all tissues of the root cylinder
at distances of 2.0, 0.6, and 0.2 mm behind the apex
(Supplemental Fig. S3, A–C). In the case of roots ex-
posed to Se[IV], the addition of PO4

32-P reduced Se
accumulation within roots (Fig. 8B; Supplemental
Table S1), with substantial effects on the Se concen-
trations in all tissues 0.6 and 0.2 mm behind the apex
but, interestingly, no reduction in tissues 2.0 mm from
the apex (Supplemental Fig. S3, E and F).

DISCUSSION

This study provides quantitative data on the spatial
distribution (both longitudinally and radially) of Se
within hydrated and fresh roots. Although some

Figure 6. Tomograms (virtual cross sections) taken in the apex of a root exposed to 20 mM Se[IV] for 24 h. The tomograms are
collected 200 to 2,000 mm from the apex in intervals of 200 mm. The bottom compilation of tomograms is a single frame
captured from a reconstructed three-dimensional animation of the plant root (Supplemental Video S2). Red represents Se
distribution, and green represents Compton (mass) signal. The large outer circle in the tomograms is the 810-mm-diameter
capillary tube in which the root is held. [See online article for color version of this figure.]
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studies have provided quantitative in situ analyses of
metal(loid)s in hydrated and fresh plant tissues pre-
viously (Lombi et al., 2011a; Kopittke et al., 2012), to
our knowledge, this is the first study providing in-
formation on the radial and longitudinal distributions
of Se in the various root tissues of the hydrated and
fresh root cylinder.

Toxicity of Se[IV] and Se[VI]

The data suggest that the toxicity of Se was related
to the formation of organoselenium compounds and
the translocation of Se within plant tissues. Specifi-
cally, we propose that the toxicity of Se was deter-
mined by the rate of (1) uptake of Se from the bulk
solution, (2) subsequent formation of organoselenium
compounds within the tissues, and (3) translocation of
Se to other tissues.

First, with regard to the observation that Se[VI] was
more toxic to roots than Se[IV], the effective concen-
tration required to reduce root elongation by 50% for
Se[VI] was almost 9-fold higher than for Se[IV] (Fig.
1A). Although the proportion of Se presenting as
SeMet and SeCys was greater for Se[IV] (100%) than
for Se[VI] (26%), the calculated absolute concentrations

of SeMet were actually five times higher for Se[VI]-
exposed roots (62 mg g21) than for Se[IV]-exposed
roots (9.2 mg g21 for SeMet and 3.7 mg g21 for SeCys).
This is due to the observation that the total Se concen-
trations were 18.2-fold higher for Se[VI]-exposed roots
than for Se[IV]-exposed roots. Therefore, we propose
that the increased toxicity of Se[VI] to the roots of
cowpea results from the increased accumulation of Se
within root tissues (see discussion below regarding
uptake mechanisms) and the subsequent increased
formation of SeMet and/or SeCys.

Second, Se[VI] was markedly more toxic to shoot
growth than was Se[IV]. For example, a concentration
of only 1.6 mM Se[VI] was required to reduce shoot
elongation by 35%, compared with a concentration of
50.0 mM Se[IV] (Fig. 1B). For Se[VI], much of the Se is
translocated through the xylem to the shoots without
chemical modification (Zayed et al., 1998; Hopper and
Parker, 1999; Table I; Figs. 2 and 3A). Indeed, bulk
tissue analyses indicated that for Se[IV], (1) the abso-
lute concentration of Se in the shoots and (2) the pro-
portion of Se translocated to the shoots were lower.
These results suggested that translocation of Se[IV] to
the shoots was restricted due to the formation of SeMet
and SeCys in the roots; such a reduced translocation

Figure 7. Imaging of Se in cowpea
roots exposed to 20 mM Se[VI] (A) or
Se[IV] (B) for 0 min to 30 h (left to right)
using m-XRF. All roots were enclosed in
4-mm-thick Ultralene films and scan-
ned simultaneously, allowing valid
comparisons among exposure times.
The range in projected m-XRF con-
centration (mg g21 in fresh root tissue)
is shown as a color scale. [See online
article for color version of this figure.]
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decreased its accumulation and toxicity in the shoots.
For Se[VI], transport of Se to the shoots was propor-
tionally larger than for Se[IV], and once in the shoots, it
is likely that this Se was converted to SeMet and/or
SeCys, which increased toxicity relative to Se[IV].
However, more information is required in this regard.
The toxicity of Se in plants was induced because of

the incorporation of SeMet and SeCys into proteins in
the place of Met and Cys (Brown and Shrift, 1982) and,
hence, alternations in protein structure (Terry et al.,
2000). It has been suggested that the reduction of
Se[VI] to Se[IV] is the rate-limiting step in Se[VI] me-
tabolism (de Souza et al., 1998; Sors et al., 2005). Some
authors have reported that Se[IV] is more toxic than
Se[VI] due to a faster conversion of Se[IV] to seleno-
amino acids (Zayed et al., 1998), which are then in-
corporated into plant proteins in replacement of Ser
amino acids and then cause the toxicity. Our study
found that the toxicity of Se was related to the for-
mation of organoselenium compounds and the trans-
location of Se within plant tissues.

Uptake and Distribution of Se

The uptake of Se[VI] via sulfate transporters such as
Sultr1;2 has been well recognized (Terry et al., 2000).
The transporter Sultr1;2 is one of the high-affinity
sulfate transporters, which is likely essential for both
sulfate and Se[VI] uptake into roots (Shibagaki et al.,
2002). The results in our study strongly support these
observations. First, the addition of 10 mM sulfate
resulted in an approximately100-fold decrease in Se
accumulation in Se[VI]-exposed roots (Fig. 8A;
Supplemental Fig. S3). In contrast, sulfate had a

comparatively smaller influence on Se accumulation in
Se[IV]-exposed roots, which is similar to reports for
rice (Zhang et al., 2006) and tomato (Solanum lyco-
persicum; Asher et al., 1977). Second, for roots supplied
with Se[VI], a rapid accumulation of Se occurred
within 30 min within the endodermis and cortex, es-
pecially in the more proximal root tissues (Fig. 7A).
These results suggest that the Sultr1;2 gene is most
likely expressed within these regions (with resultant
enhanced uptake of Se[VI]). Indeed, Shibagaki et al.
(2002) demonstrated that the Sultr1;2 gene is expressed
and extensively localized in the root cortex, lateral
roots, and root tip.

Unlike Se[VI], little is known about the mechanisms
involved in the uptake of Se[IV] by plant roots. Some
studies suggested that Se[IV] is taken up through
passive diffusion (Shrift and Ulrich, 1969; Arvy, 1993),
phosphate transporters (Broyer et al., 1972; Hopper
and Parker, 1999; Li et al., 2008), and/or the silicon
influx transporter Lsi1 (Zhao et al., 2010). The longi-
tudinal and radial distributions of Se in this study
support the uptake mechanisms through both passive
diffusion and phosphate transporters. Similarly, both
active and passive transport processes were involved
in the uptake of Se[IV] by the marine coccolithophore
E. huxleyi (Araie et al., 2011). First, the passive diffu-
sion is dependent upon water fluxes and is especially
important near the root apex, where the Casparian
strip is not fully formed (Baxter et al., 2009). This
pathway would be evidenced by the exposure of roots
to Se[IV] for 30 min and 1 h, with Se moving into the
stele within 1 to 2 mm of the root apex (Fig. 7B). Such a
linear increase of tissue Se concentration with the ex-
posure time probably suggests the passive uptake of
Se[IV]. Second, the addition of 0.1 mM phosphate in the
external medium resulted in a 19% decrease in tissue
concentrations for Se[IV] but no significant effect for
Se[VI] (Fig. 8B; Supplemental Fig. S3; Supplemental
Table S1). These results are similar to those reported
for wheat (Triticum aestivum; Li et al., 2008), where
phosphate starvation resulted in a 60% increase in
Se[IV] uptake and the addition of phosphate inhibited
Se[IV] influx in a short-term (30-min) experiment.
Furthermore, in situ hybridization studies have indi-
cated that the high-affinity phosphate transporters
LePT1 and MtPT1 from roots of tomato and Medicago
truncatula are expressed most strongly in the root ep-
idermis and in the root cap, with some expression also
in the outer layers of the cortex (Liu et al., 1998; Chiou
et al., 2001). The locations of these phosphate trans-
porters are also consistent with the Se accumulation
observed in this study for roots exposed to Se[IV]
(Fig. 7B). Recently, Zhao et al. (2010) reported that the
uptake of Se[IV] is mediated by the silicon influx
transporter Lsi1 (OsNIP2;1) in rice. Despite some dif-
ferences in the localization and expression patterns
among the silicon influx transport of rice, maize (Zea
mays; ZmLsi1), and barley (Hordeum vulgare; HvLsi1),
the expression of Lsi1 was much higher in the basal
regions (more than 10 mm from the apex) than in the

Figure 8. Imaging of Se in cowpea roots exposed to 20 mM Se[VI] (A)
or Se[IV] (B) in the presence or absence of 10 mM Na2SO4 (+S) or 0.1
mM NaH2PO4 (+P) for 24 h using m-XRF. All roots were enclosed in
4-mm-thick Ultralene films and scanned simultaneously, allowing valid
comparisons among treatments. The range in projected m-XRF con-
centration (mg g21 in fresh root tissue) is shown as a color scale. [See
online article for color version of this figure.]
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root apex between 0 and 10 mm (Yamaji and Ma, 2007;
Chiba et al., 2009; Mitani et al., 2009). In addition, sil-
icon uptake in the root tip region (0–10 mm) from both
the meristematic tissue and the elongation zone was
also much lower than that in the basal regions (more
than 10 mm from the root tips; Yamaji and Ma, 2007).
These observations indicate that the Lsi1 transporter is
mainly located in the mature regions of roots rather
than root tips. Therefore, the hypothesis that Se[IV] is
taken up by Lsi1 does not appear to be supported by
the spatial distribution of Se in Se[IV]-exposed roots
observed in this study; as shown in Figure 7B, the
uptake of Se in cowpea roots occurs predominantly in
the apical root tissues (approximately 1 mm). This is
particularly evident in the root supplied with Se[IV]
for 30 min, where Se substantially increased in the
inner meristematic tissues including the apical meri-
stem and the procambium tissues (Fig. 7B), indicating
strong uptake of Se[IV] in this region.

CONCLUSION

Using in situ analyses, we examined Se within hy-
drated (fresh and frozen) roots of cowpea when sup-
plied with Se[IV] or Se[VI] for comparatively short
periods (5 min–30 h). Substantial differences were
observed between Se[VI]- and Se[IV]-exposed roots:
bulk root tissue Se concentrations were 18.2-fold
higher when exposed to Se[VI]. Most Se was converted
to the organic forms SeMet and SeCys in Se[IV]-treated
roots, but only 26% was converted to organoselenium
when exposed to Se[VI]. However, the absolute con-
centrations of organoselenium were actually approxi-
mately 5-fold higher for Se[VI]-treated roots. Based on
our findings and from other studies, we suggest that
the elevated toxicity of Se[VI] compared with Se[IV]
resulted from an increased concentration of orga-
noselenium in Se[VI]-treated roots. In addition, the
longitudinal and radial distribution of Se differed
between treatments: the highest tissue concentrations
in Se[VI]-exposed roots were observed within the en-
dodermis and cortex approximately 4 mm or more
behind the apex. When exposed to Se[IV], tissue Se
concentrations were highest in the meristem (approx-
imately 1 mm from the apex). Uptake of Se[VI] oc-
curred at a much higher rate than for Se[IV], with
concentrations increased evidently within 30 min after
exposure. However, for Se[IV], the addition of 0.1 mM

PO4
32-P in the external medium resulted in a 14%

decrease in tissue Se; this result suggests that Se[IV]
uptake involves both passive diffusion and phosphate
transporters.

MATERIALS AND METHODS

Synchrotron Analysis (Bulk-XAS)

For XAS, solution culture experiments were conducted in a laboratory
(25°C) at the University of Queensland. In brief, cowpea (Vigna unguiculata)

seeds were germinated in trays covered with paper towels moistened with tap
water. During this time, two containers were prepared, both with 22 L of
continuously aerated basal nutrient solution consisting of 1 mM CaCl2 and
5 mM H3BO3. After 2 d, approximately 280 seedlings were placed on shade
cloth covering both containers. After a further 24 h, Se was added to the
containers using stock solutions (Na2SeO3 or Na2SeO4) to obtain a final con-
centration of 20 mM Se[IV] or Se[VI]. The seedlings were grown in the Se-
containing solutions for 24 h before being rinsed in 1 mM CaCl2. The plants
were then harvested with the apical 5 mm of the root cut using a scalpel blade,
blotted dry with filter paper, immersed in liquid nitrogen, and immediately
stored in a dry shipper (cooled with liquid nitrogen) for further analysis.

The chemical forms of Se within root apices were examined using the
wiggler XAS Beamline at the Australian Synchrotron in Melbourne. The
photon energy was controlled using a Si(111) double crystal monochromator
operated at the peak of the rocking curve (“fully tuned”). The energy of the
spectra was calibrated by simultaneous measurement, in transmission, of a
metallic Se foil reference. The XANES spectra were collected in fluorescence
mode using a 100-element solid-state Germanium detector (Canberra),
whereby the incoming beam intensity was monitored using a standard ioni-
zation chamber (Oken). The beam size was adjusted to approximately 0.5 3
0.5 mm. To prepare root samples, approximately 60 to 70 frozen root apices
were homogenized in an agate mortar cooled with liquid nitrogen. The ho-
mogenized roots were placed into a sample holder with Kapton tape win-
dows, cooled with liquid nitrogen, and then transferred into a cryostat (Cryo
Industries; closed cycle helium, approximately 15 K) for analysis. Se standards
sodium Se[VI] (Sigma-Aldrich; S0882), sodium Se[IV] (Sigma-Aldrich;
2114485), SeCys (Sigma-Aldrich; 545996), SeMet (Sigma-Aldrich; S3875), and
methylselenocysteine (Sigma-Aldrich; M6680) were analyzed as solutions. All
standards were prepared to a final Se concentration of 100 mg mL21 following
mixing in 30% glycerol to minimize the formation of ice crystals. The XANES
spectra of samples (five scans per sample) and standards (two scans per
standard) were normalized and analyzed by linear combination fitting using
the Athena software (Ravel and Newville, 2005). For the linear combination
fitting, the fitting energy range was –20 to +80 eV relative to the Se Ka edge
(12,658 eV), and a maximum of three standards was permitted for each fit.

Synchrotron Analysis (m-XRF)

Seeds were germinated in rolled paper towels suspended vertically in tap
water at 25°C. During this time, the seedling rolls were transferred to the
Australian Synchrotron. After 2 d, germinated seedlings were placed in Per-
spex strips on the top of 600-mL beakers filled to the brim with 650 mL of
1 mM CaCl2 and 5 mM H3BO3. After 4 h, the seedlings were transferred to other
beakers containing the basal solution plus the treatment of interest (outlined
below). All plant growth beakers were held at 25°C within a heated water
bath, and all solutions were continuously aerated. Solution pH was approxi-
mately 5.6 for all treatments (unadjusted).

Using appropriate stock solutions (Na2SeO3, Na2SeO4, Na2SO4, or
NaH2PO4), plant growth solutions were prepared with the final concentration
of 20 mM Se[IV] or Se[VI] in the presence or absence of 10 mM sulfate or 0.1 mM

phosphate. In experiment 1 (two-dimensional imaging experiment), roots
were grown in a solution containing 20 mM Se[IV] or Se[VI] for 24 h before
m-XRF imaging (see below). In experiment 2 (tomography experiment), roots
were grown in either 20 mM Se[IV] or Se[VI] for 24 h before tomographic
analysis. In experiment 3 (time series exposure experiment), roots were grown
in either 20 mM Se[IV] or Se[VI] for 0 min (control, no exposure), 5 min, 15 min,
30 min, 1 h, 9 h, or 30 h before m-XRF imaging. The transfer of seedlings into
the Se solutions was staggered so that all roots completed their exposure si-
multaneously. In experiment 4 (interaction experiment), roots were grown in
solutions with either 20 mM Se[IV] or Se[VI] in the presence of 10 mM sulfate or
0.1 mM phosphate for 24 h before m-XRF imaging.

Roots were examined at the x-ray fluorescence microscopy (XFM) Beamline
at the Australian Synchrotron. At the XFM Beamline, an in-vacuum undulator
is used to produce a brilliant x-ray beam. A Si(111) monochromator and
Kirkpatrick-Baez mirrors are used to obtain a monochromatic focused beam of
around 2 3 2 mm2 onto the specimen (Paterson et al., 2007, 2011). X-ray flu-
orescence emitted by the specimen was collected using the 384-element Maia
detector placed in a backscatter geometry (Kirkham et al., 2010).

For the two-dimensional mapping in experiments 1, 3, and 4, roots with the
apical 8 mm (experiment 1), 4 mm (experiment 3), or 7 mm (experiments 4) cut
off were placed between two pieces of 4-mm-thick Ultralene film, which was
tightly sealed around the roots to limit dehydration. Roots were positioned
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vertically in the sample holder and scanned simultaneously, starting from the
root tips. For elemental mapping, samples were analyzed continuously in the
horizontal direction (“on the fly”). In experiment 1, the horizontal sampling
interval was 2 mm with a vertical step size of 2 mm. This resulted in a transit
time per pixel of 1.95 ms with the stage speed set at 1.024 mm s21. Thus, the
total scan time (four roots, two replicates per treatment) for experiment 1 was
approximately 7 h. In experiment 3, the horizontal sampling interval was 6 mm
with a step size of 6 mm in vertical direction, with the transit time per 6-mm
pixel being 5.85 ms (1.024 mm s21). Thus, the total scan time for Se[IV] or
Se[VI] in experiment 3 (six roots, one replicate per treatment) was 2 h. In
experiment 4, the horizontal sampling interval was 6 mmwith a corresponding
step size in the vertical direction, with the transit time per 6-mm pixel being
5.85 ms (1.024 mm s21). Thus, the total scan time (four roots, two replicates per
treatment) was approximately 4 h. The XRF spectra were analyzed using
GeoPIXE (Ryan et al., 1990, 2005) and images generated using the Dynamic
Analysis method (Ryan and Jamieson, 1993; Ryan, 2000; Ryan et al., 2010). All
scans were conducted at ambient conditions.

The m-XRF elemental image is a two-dimensional projection of three-
dimensional roots (given that the x-ray beam penetrates the whole thickness
of the sample). Therefore, a mathematical model was used to calculate the
absolute Se concentrations in the various root tissues within the root cylinder
based upon the m-XRF signal by taking into account (1) variations in root
thickness (and, hence, apparent concentrations reported within GeoPIXE) and
(2) the locations of various tissues within the root cylinder (for full details, see
Wang et al., 2013). Briefly, the m-XRF signal is analyzed across a virtual
transverse section at any given distance from the root apex (e.g. at 0.2, 0.6, and
2.0 mm from the apex in this study). At a distance of 2.0 mm from the apex,
the root was divided into stele, pericycle, endodermis, cortex, and rhizo-
dermis. At a distance of 0.6 mm, four tissues are considered, because the
pericycle has not developed. The endodermis is included at that position, al-
though it is most likely not suberized this close to the apex. At 0.2 mm from
the apex (i.e. root cap), root tissue was divided into the columella of the root
cap and the lateral root cap (Taiz and Zeiger, 2006). A least-squares fit is used
to determine the concentrations of each of the radial sections.

For computed tomography (experiment 2), roots were harvested, rinsed
twice with deionized water, and inserted into a polyimide capillary with in-
ternal diameter of 810 mm and wall thickness of 25 mm (Cole-Parmer;
95820-06). To limit dehydration, water was inserted into the capillary before
being sealed with wax in order to create a moist chamber (Lombi et al., 2011b).
The capillary was immediately attached to a pin that was, in turn, attached to
a small pair of stages that were used to bring the root to the rotation center.
Rotation was achieved using a stepper motor in full-step mode of 200 steps
per revolution. Tomograms were collected at 2 mm apical by collecting two-
dimensional m-XRF transects over 200 angles spaced over 360°. In the hori-
zontal direction (i.e. for each of the 200 angles of the tomographic scan), the
sampling interval was 2 mm with a transit time of 2.6 ms (0.768 mm s21). For
all roots, a total of 10 scans were collected sequentially in 200-mm intervals
along the root axis, starting at 200 mm behind the apex and finishing 2,000 mm
behind the apex. The tomography projections were aligned using the Comp-
ton scattering signal produced by the capillary. Reconstructions were per-
formed using an implementation of the GridRec algorithm (http://cars9.
uchicago.edu/software/idl/tomography.html) interfaced with the IDL pro-
gramming language (http://www.exelisvis.com/). Each series of recon-
structed images was then imported into an image stack within ImageJ (http://
rsbweb.nih.gov/ij/) to form a virtual three-dimensional reconstruction of
a root.

Root Elongation and Tissue Se Concentrations

Additional experiments were conducted to determine growth-response
curves. In brief, appropriate volumes of stock solutions of Na2SeO3 or
Na2SeO4 were added to this basal solution to yield final concentrations (mM) of
0, 0.25, 0.5, 1.0, 2.0, 5.0, 10, 20, or 50, each replicated four times for both Se[IV]
and Se[VI]. Root lengths were measured using digital photography, with
images collected at the start of transfer (0 h) until the end of 24 h of growth.
Root lengths were then determined with the UTHSCSA ImageTool version
3.0.

To measure bulk concentrations of Se in plant tissues, subsamples of plant
tissues from experiments 1 and 4 were digested with 5 mL of acid using 5:1
nitric acid:perchloric acid and placed into 50-mL conical flasks with 5 mL of
acid. Following digestion, the samples were diluted to 10 mL using deionized
water before analysis using inductively coupled plasma mass spectrometry.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Observed and fitted concentrations for Se using
m-XRF as a function of x-ray position from line scans across the roots at
distances of 2.0, 0.6, and 0.2 mm from the root apex.

Supplemental Figure S2. Concentrations of Se in root tissues at distances
of 2.0, 0.6, and 0.2 mm from the root apex (experiment 3).

Supplemental Figure S3. Concentrations of Se in root tissues at distances
of 2.0, 0.6, and 0.2 mm from the root apex (experiment 4).

Supplemental Table S1. Concentrations of Se in bulk tissues of cowpea
exposed to 20 mM Se[VI] or Se[IV] in the presence or absence of 10 mM

Na2SO4 (+S) or 0.1 mM NaH2PO4 (+P) for 24 h.

Supplemental Video S1. Three-dimensional reconstruction of a root ex-
posed to 20 mM Se[VI] using sequential computed tomography.

Supplemental Video S2. Three-dimensional reconstruction of a root ex-
posed to 20 mM Se[IV] using sequential computed tomography.
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