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Arsenic (As) is considered to be the environmental contaminant of greatest concern due to its potential accumulation in the food
chain and in humans. Using novel synchrotron-based x-ray fluorescence techniques (including sequential computed
tomography), short-term solution culture studies were used to examine the spatial distribution of As in hydrated and fresh
roots of cowpea (Vigna unguiculata ‘Red Caloona’) seedlings exposed to 4 or 20 um arsenate [As(V)] or 4 or 20 um arsenite. For
plants exposed to As(V), the highest concentrations were observed internally at the root apex (meristem), with As also
accumulating in the root border cells and at the endodermis. When exposed to arsenite, the endodermis was again a site of
accumulation, although no As was observed in border cells. For As(V), subsequent transfer of seedlings to an As-free solution
resulted in a decrease in tissue As concentrations, but growth did not improve. These data suggest that, under our experimental
conditions, the accumulation of As causes permanent damage to the meristem. In addition, we suggest that root border cells
possibly contribute to the plant’s ability to tolerate excess As(V) by accumulating high levels of As and limiting its movement

into the root.

Arsenic (As) is one of the most toxic elements
within the environment. Indeed, based upon its
frequency, toxicity, and potential for human expo-
sure, As is ranked as the highest priority substance
by the U.S. Agency for Toxic Substances and Disease
Registry (ATSDR, 2011). Elevated levels of As in the
environment result from both natural sources (such
as volcanoes) and anthropogenic sources (such as
the use of pesticides, mining activity, or waste dis-
posal). The predominant form of As in well-aerated
soils is arsenate [As(V); which is an analog of
phosphate; Asher and Reay, 1979], while arsenite
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[As(IIl)] typically dominates in anaerobic environ-
ments (such as rice paddies).

Groundwaters of many areas around the world
contain elevated levels of As, particularly on the In-
dian subcontinent. This As-contaminated groundwater
is of concern due to both direct ingestion and the ir-
rigation of soils for crop production. Concentrations of
up to 10 um (and slightly higher) have been reported in
drinking water in Bangladesh (Frisbie et al., 2002;
Ahsan et al., 2009; Neumann et al., 2010), while the
average concentration of water used for irrigation in
Jessore (Bangladesh) was 3 uM (FAO, 2006). Indeed, it
is estimated that 0.9 to 1.36 Gg of As is brought onto
arable land each year via groundwater extraction for
irrigation (Ali, 2003).

Edible portions of plants generally do not accumu-
late As to levels that are hazardous to animals because
plant growth is severely restricted even at low con-
centrations (Carbonell-Barrachina et al., 1997, Smith
et al., 1998; McLaren et al., 2006). However, it has been
reported that rice (Oryza sativa) may pose a potential
health risk to populations with high rice consumption
(for review, see Zhao et al., 2010; Carey et al., 2012).
Furthermore, root tissues (including tubers of potato
[Solanum tuberosum]) may exceed food safety limits
and hence pose a potential risk (Smith et al., 1998; Das
et al,, 2004). Certainly, there is a need to study the
movement of As in plant tissues, including its uptake
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Figure 1. Dose-response curves for the elongation of cowpea roots
exposed to either As(V) or As(lll) for 24 h. The vertical bars represent sp
of the arithmetic mean of three replicates.

by roots and subsequent movement through the
plant.

Several authors have examined the distribution of
As within fronds of the hyperaccumulator Pteris
vittata and found that the majority of As accumu-
lates in the pinnae (Lombi et al., 2002; Hokura et al.,
2006; Pickering et al., 2006). However, with the ex-
ception of As distribution in rice grains (Meharg
et al., 2008; Lombi et al., 2009; Carey et al., 2011),
there is surprisingly little information available re-
garding the cellular or subcellular distribution of As in
other plant tissues, especially in nonhyperaccumulators
(including agronomic species; Zhao et al, 2009). A
limited number of studies have investigated As distri-
bution in roots. For instance, Moore et al. (2011) used
nano-secondary ion mass spectrometry to investigate
As distribution with subcellular resolution in cryo-
substituted roots of rice. Hansel et al. (2001) examined
freeze-dried roots of Phalaris arundinacea (an aquatic
species). Using tomography, these authors reported that
the majority of As was sorbed to iron plaques on the
exterior root surface (Blute et al., 2004; Seyfferth et al.,
2010).

Recent advances in synchrotron-based techniques
now allow the in situ examination of metals and
metalloids in hydrated and fresh plant tissues with no
observable damage (Lombi et al., 2011a). Of particu-
lar interest is the prototype Maia detector system
jointly developed by the Commonwealth Scientific
and Industrial Research Organization (Australia) and
the Brookhaven National Laboratory (United States),
which represents a new-generation x-ray fluorescence
(XRF) detector that provides unprecedented capabil-
ities in this regard (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). The detector is sensitive to photons with an
energy greater than 3.3 keV (i.e. K-lines of elements
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heavier than calcium or L-lines of elements heavier
than antimony). This system has been used recently to
conduct single-slice tomography in hydrated roots
(Kopittke et al., 2011; Lombi et al., 2011a), but three-
dimensional (essentially sequential two-dimensional)
tomography was not possible due to radiation dam-
age under the experimental conditions utilized (Lombi
et al.,, 2011a). Currently, the spatial resolution of the
detector is limited to approximately 2 um; hence, it
cannot be used for the examination of subcellular
distribution.

The aim of this study was to examine As in roots
of cowpea (Vigna unguiculata; a model plant for the
study of trace metal toxicities and an important
species in tropical agricultural systems such as the
Indian subcontinent) using new techniques for
assessing the distribution of metals and metalloids
within hydrated fresh plant tissues. Specifically, using
the Maia detector system, hydrated and fresh roots
were analyzed using x-ray fluorescence microscopy
(u-XRF) to obtain both two-dimensional images and

High

Low

Figure 2. A, Roots of cowpea grown in 4 um As(V) for 24 h and then
transferred to an As-free solution for (left to right) O h (i.e. not trans-
ferred), 6 h, or 24 h (each treatment has two replicate roots) and ex-
amined using w-XRF. The arrows indicate two examples of As
accumulation (border cells; see Fig. 5) in a matrix where there is low
accumulation (mucigel; see Fig. 5). Brighter colors correspond to
higher As concentrations (see color scale at right). B, Closeup of the
boxed area in A. C, Light micrograph after analysis by u-XRF. The full
length of roots analyzed by XRF is not shown in the light micrograph.
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Figure 3. Roots of cowpea grown in 4 um As(Ill) or 4 um As(V) for 24 h
and examined using u-XRF. Brighter colors correspond to higher As
concentrations (see color scale in Fig. 2). There are two replicate roots
for each treatment. Note that the root cap and mucigel are difficult to
see in roots exposed to As(lll) due to the low As concentrations within
these tissues.

sequential computed tomograms along the root axis
(thereby allowing partial reconstruction of a root in
three dimensions). Consideration was also given to the
ability of root growth to improve following subse-
quent transfer to As-free solutions, providing infor-
mation on the nature of As-induced damage within
roots. This study focuses on As(V), although data are
also presented for As(IlI).

RESULTS

As expected, root elongation rates decreased as the
solution concentrations of As(V) and As(III) increased
(Fig. 1). However, As(IlI) was slightly less toxic to the
elongation of cowpea roots than was As(V), with the
effective concentration resulting in a 50% reduction
being 3.6 uM for As(Ill) but 0.9 um for As(V). These
values are similar to those reported previously in other
species. For example, Wang et al. (2011) reported a
50% reduction in root growth at approximately 1.5 to
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2.0 uM in roots of wheat (Triticum aestivum). In roots of
rice, As(V) and As(IIl) were found to be similar in their
toxicity, with both causing a 50% reduction in growth
at approximately 20 um (Abedin and Meharg, 2002).

For roots exposed to 4 um As(V), u-XRF analyses
indicated that the highest concentrations of As were
observed within the internal (meristematic) tissues
of the apex (Fig. 2). It was also noted that As did
not bind strongly to the mucigel surrounding the root
tip, although there were areas of high accumulation
throughout the mucigel (later found to correspond to
border cells [see below]; Figs. 2 and 3). From approx-
imately 2 to 3 mm behind the apex, As could be seen to
accumulate at an internal “barrier,” presumably the
endodermis, where As concentrations were slightly
higher than in the surrounding cortical tissues and
stele (Figs. 2 and 3).

In roots exposed to 4 um As(Ill), the highest
concentrations were again observed at the root
apices near the meristematic tissues (Fig. 3). It
was noted that the accumulation of As within both
the root cap and border cells was comparatively
low [in contrast to observations regarding As(V)].
Finally, it was noted that accumulation at the
internal barrier (endodermis) was much more dis-
tinct than observed for roots exposed to As(V) (Fig.
3).

Changes in As distribution within root tissues were
also examined [for roots exposed to As(V)] following
subsequent transfer to As-free solutions for a further 6 or
24 h. Interestingly, although roots did not regrow fol-
lowing transfer (Fig. 4), the apical concentrations of As
did decrease markedly. This decrease in the apical tissue
concentrations observed by u-XRF (Fig. 2) corresponded
to a 25% decrease (1.4 nmol plantfl; Table I) in bulk
tissue concentrations and resulted both from continued
translocation to the shoot tissues (0.32 nmol plant ') and
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Figure 4. Changes in elongation rates of cowpea roots exposed to
4 um As(V) (gray shading; —24 to 0 h) and during 24 h of growth in As-
free solutions (0-24 h). The average root elongation rate is plotted
against the midpoint of each measurement interval. Each point is the
arithmetic mean of three replicates (each with seven seedlings). The
vertical bars represent sp.
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Table 1. Tissue concentrations (fresh mass basis) and contents of As in
cowpea seedlings exposed to 4 um As(V) for 24 h and then transferred
to As-free solutions for a further 0, 6, or 24 h

The values in parentheses represent sb. N/A, Not applicable.

Recovery Time Sample As As

h ngg ! nmol plant™’
0 Roots 10.5 (1.62) 5.66 (0.79)
6 Roots 10.0 (0.78) 6.13 (0.78)
24 Roots 8.58 (1.29) 4.24 (0.13)
0 Shoots 0.31 (0.09) 0.73 (0.28)
6 Shoots 0.31 (0.00) 0.79 (0.10)
24 Shoots 0.42 (0.06) 1 05 (0.08)
0 Solution N/A 0% (0)

6 Solution N/A 0 (0)
24 Solution N/A 1.2 (0)

“Below the detection limit of 13 nm As, equivalent to 1.2 nmol
-1
plant™.

the movement of As from the root tissue back into the
bulk solution (1.2 nmol plant™'; Table T).

To examine the distribution of tissue As in further
detail, sequential tomography was used to develop a
virtual three-dimensional reconstruction of As within

Figure 5. Cross-sections of roots exposed to 20 um As(V) for 24 h. A,
Longitudinal cross-section (approximately 1 um thick) stained using
toluidine blue and examined using light microscopy. B to E, Trans-
verse cross-sections (left) and tomograms (virtual cross-sections;
right). The transverse cross-sections (approximately 1 um thick)
were examined using light microscopy, and the tomograms were
collected using u-XRF in fresh hydrated roots. In the tomograms, red
represents As distribution. The light micrographs were not collected
from the same roots that were used for tomography, although all
roots were grown in As(V) for 24 h. In C, major tissues are labeled to
assist in interpretation: BC, border cells; C, cortex; R, rhizodermis;
RC, root cap cells (not sloughed off); S, stele.
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a hydrated and fresh (intact) root (Figs. 5 and 6;
Supplemental Videos S1 and S2). It is important to
note that because the roots were grown in nutrient
solution (rather than soil), even at 2 mm from the apex,
the rhizodermis was covered by one or two layers of
attached root cap cells that had not sloughed off (Fig.
5). In addition, many border cells (i.e. cells of the root
cap that have undergone cellular separation but are
still attached to the root via a soluble polysaccharide
matrix; Driouich et al., 2007) could be observed 1 to
2 mm from the apex (Fig. 5). Thus, when interpreting
the u-XRF tomograms, care must be taken because the
rhizodermis is not the outer layer of the root in these
images.

Close to the apex (200400 um), the highest concen-
trations of As were observed in border cells, with sub-
stantially lower concentrations within the cells of the root
cap (Figs. 5 and 6). At a distance of approximately 1,000
to 1400 um from the apex, there was a distinct accu-
mulation at the endodermis, with lower concentrations in
the stele, cortex, and rhizodermis. Interestingly, it was
again noted that in this region (1,000-1,400 um from the
apex), there were high concentrations of As in the border
cells while concentrations in the adjacent root cap cells
(which had not sloughed off and were still attached to the

100 pm

Plant Physiol. Vol. 159, 2012


http://www.plantphysiol.org/cgi/content/full/pp.112.197277/DC1

Arsenic Distribution in Hydrated Roots

Figure 6. Tomograms (virtual cross-sections) taken in the apex of a root exposed to 20 um As(V) for 24 h. The tomograms were
collected 200 to 2,000 um from the apex in intervals of 200 um. The scale bar in the first panel (0.2 mm) does not apply to the
bottom panel. In the top series of images, red represents As distribution, while in the compilation of images, green represents
Compton (mass) and red represents As. The bottom compilation of tomograms is a single frame captured from a reconstructed
three-dimensional animation of the plant root (see Supplemental Videos S1 and S2) and indicates more clearly the relative
locations of the structures.

rhizodermis) were lower than in both surrounding tissues
(i.e. the rhizodermis and border cells; Figs. 5 and 6). Fi-
nally, at a distance of 1,800 to 2,000 um from the apex,
most border cells had sloughed off. In one of the two
replicates for As(V), the concentrations of As at a distance
of 1,800 to 2,000 um appeared to be relatively uniform
throughout the entire root cylinder, with no apparent
accumulation at the endodermis (Figs. 5 and 6). How-
ever, in the other replicate (data not shown), As accu-
mulated at the endodermis, as had been expected from
examination of the two-dimensional scan (where As can
be seen to accumulate at the endodermis along most of
the approximately 20-mm root axis examined; Fig. 2).
Computed tomography was also used to examine root
tissues exposed to As(Ill). When exposed to As(Ill), the As
was observed to accumulate at the endodermis (more
than 1,000 um from the root apex; Fig. 7), although this
endodermal accumulation appeared to be more pro-
nounced than had been observed for As(V) (Fig. 6).
However, in contrast to As(V), there was no noticeable
accumulation in border cells at any of the distances ex-
amined (Fig. 7; Supplemental Videos S3 and S4).
Importantly, the distribution of As evident from
examination of the tomograms was consistent with
that observed from the two-dimensional scans (com-
pare Fig. 3 with Figs. 6 and 7). In addition, the two-
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dimensional scans collected upon completion of the
sequential tomography revealed that there was gen-
erally no observable damage to the root. In some in-
stances, however, there did appear to be some slight
damage, observable as horizontal lines (corresponding
to the locations of the tomographic scans [Fig. 8];
Lombi et al., 2011a).

DISCUSSION

Surprisingly, there is comparatively little literature ex-
amining the distribution of As in plant roots, particularly
in nonhyperaccumulating species. In this study, we have
provided spatially resolved data regarding the distribu-
tion of As in hydrated and fresh root tissues. For plants
exposed to As(V), the highest concentrations of As were
observed at the root apex (including the meristem), with
As also observed to accumulate in border cells and (to a
lesser extent) at the endodermis (Figs. 3, 5, and 6). Under
our experimental conditions, this As appeared to cause
permanent damage to the meristem, and even though
transfer to As-free solutions caused a decrease in apical
tissue concentrations (Fig. 2), root growth did not im-
prove (Fig. 4). When exposed to As(Ill), the As accumu-
lated at the endodermis [and this accumulation appeared
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Figure 7. Tomograms (virtual cross-sections) taken in the apex of a root exposed to 20 um As(lll) for 24 h. The tomograms were
collected 200 to 2,000 wm from the apex in intervals of 200 um, as indicated in the bottom-right of each panel. The scale bar in
the first panel (0.2 mm) does not apply to the bottom panel. In the top series of images, red represents As distribution, while in
the compilation of images, green represents Compton (mass) and red represents As. The bottom compilation of tomograms is a
single frame captured from a reconstructed three-dimensional animation of the plant root (see Supplemental Videos S3 and S4).

to be more pronounced than for As(V)], although the As
did not accumulate in the border cells of these As(II)-
treated roots (Figs. 3 and 7).

These results suggest a potential role for border
cells in As accumulation when exposed to As(V)
(Figs. 3, 5, and 6). Interestingly, root border cells
have been suggested to be involved in tolerance to
aluminum (Al), with the physical removal of border
cells from the root increasing the toxic effects of Al
(Cai et al., 2011). For Al, it is thought that the border
cells protect roots by increasing the production of
mucigel (which binds Al strongly and reduces entry
into the root). However, in this study, this same
mechanism would not apply, as As is not bound
strongly by the mucigel (Fig. 2). Rather, the As
accumulated to high concentrations within the bor-
der cells (Figs. 2, 5, and 6). Interestingly, the accu-
mulation of As in the border cells was substantially
higher than in the adjacent root cap cells (Figs. 5, B
and C, and 6), even though border cells are actually
cells of the outer root cap that have undergone
cellular detachment (Driouich et al., 2007). There-
fore, we propose that it is possible that this accu-
mulation of As within the border cells represents
a mechanism that increases the root’s resistance
to toxic levels of As(V) by accumulating As and
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limiting its movement into the main root system.
Further experiments are required to investigate this
hypothesis.

The reason why As(Ill) did not accumulate within
border cells, as observed for As(V), is unknown (Fig. 3;
compare Figs. 6 and 7), although it is important to note
that the mechanisms of uptake and toxicity are dif-
ferent for As(Ill) than for As(V). The phytotoxicity of
As(IIl) (which appears to be taken up via aquaporin
channels; Meharg and Jardine, 2003; Ma et al., 2008)
results from its reaction with dithiol groups on pro-
teins and the inhibition of enzyme reactions requiring
free sulfhydryl groups (Horswell and Speir, 2006). In
contrast, As(V) competes with phosphate and is
taken up via phosphate transporters (Asher and
Reay, 1979; Zhao et al., 2009), and it is an uncoupler
of oxidative phosphorylation (Horswell and Speir,
2006).

As has a low root-to-shoot mobility, and often less
than 10% to 15% of the total tissue As is present in the
shoots across a range of species (Zhao et al., 2009). In
this study for cowpea seedlings exposed to 4 um As
(V) for 24 h, roots contained 89% of the total tissue
As (5.66 nmol plant_l) while shoots contained 11%
(0.73 nmol plant™!; Table I). Zhao et al. (2009) sug-
gested that this limited translocation from root to

Plant Physiol. Vol. 159, 2012



Figure 8. Two-dimensional scan of a root (in a capillary) exposed to
20 um As(V) examined following the tomographic analysis in Figure 6.
The arrows indicate the approximate locations where the 10 tomo-
grams were collected in 200-um intervals. While there is some evi-
dence of damage, this is not evident from the tomograms, and it is
considered that this redistribution occurred after collection of the
tomograms.

shoot may occur due to the reduction of As(V) to As(III)
within the root followed by complexation with thiols
and sequestration in the root vacuoles. In our study, the
u-XRF analyses showed that for both As(V) and As(III),
the As accumulates at the endodermis (Figs. 2-7).
Although the subcellular distribution of As was not
examined in this study, the data suggest a role of the
endodermis (and border cells) in limiting this move-
ment of As from the roots to the shoots. These obser-
vations are somewhat similar to those reported for rice
roots examined using nano-secondary ion mass spec-
trometry (Moore et al, 2011), in which the highest
concentrations of As were in the endodermis, pericycle,
and xylem parenchyma cells, with little accumulation in
the cortex and rhizodermis. For rice, the accumulation
of As may also occur at the exodermis (the outermost
layer of the cortex), which serves as an apoplastic bar-
rier (Hose et al., 2001; Zhao et al., 2009, 2010). In soil-
grown plants, As may also accumulate in iron plaques.
For instance, examining freeze-dried roots of willow
(Salix caprea X Salix viminalis), the highest concentration
of As was in the plaque (Zimmer et al., 2011). Similarly,
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in paddy-grown rice, substantial quantities of As were
observed to be adsorbed to the iron plaque coating on
the rhizodermis (Smith et al., 2009; Seyfferth et al., 2010).

Although the apical concentrations of roots exposed
to 4 um As(V) decreased markedly upon transfer to As-
free solutions (Fig. 2), the roots did not regrow (Fig. 4).
This suggests that the damage caused by As to the
apical meristem (under the conditions of our study) is
not reversible even if tissue concentrations in the apex
(and meristem) decrease. This is in contrast to the
observed toxicities of some metals, such as Al, from
which root growth may recover (Blamey et al., 2011). It
was noted that one of the two As-treated roots grown
for 24 h in recovery treatment had a somewhat abrupt
change in tissue concentrations approximately 12 mm
from the apex (Fig. 2). Given that no roots in this
treatment regrew, this change in tissue concentration
most likely corresponds to the translocation of As from
the root tissue to the shoot (see below). Indeed, root
tissue contents decreased by 25% (1.42 nmol plant™;
Table I) following transfer to As-free solutions. This
decrease in root concentrations resulted both from
continued translocation to the shoot tissues (0.32 nmol
plant ') and the movement of As from the root tissues
back into the nutrient solution (1.2 nmol plant '; Table
I). The efflux of As into nutrient solution has been
observed for a range of species, including wheat, bar-
ley (Hordeum vulgare), and maize (Zea mays; Zhao et al.,
2009). However, the rate of As efflux in our study
was low compared with other species, and accurate
analysis was hindered in this experimental system
by the detection limit of the inductively coupled
plasma mass spectrometry (Table I). For example,
Zhao et al. (2009) found that the rate of As efflux
within 24 h of exposure was three times higher
than the amount of As accumulated within the plant
tissues.

The speciation of As within plant tissues was not
considered in this study, but this requires further
investigation. Certainly, once taken up by the plant
root and moved through the various tissues, the
speciation of As is known to change. For example,
in both brown mustard (Brassica juncea; Pickering
et al., 2000) and radish (Raphanus sativus; Smith
et al., 2005), As was found to be translocated as
either As(V) or As(III), but once in the shoot, it is
reduced to As(IIl) before being complexed by thi-
olate. It is also important to note that our experi-
ments were conducted in simple nutrient solutions
in the absence of phosphate. It is known that As(V)
is an analog of phosphate and that the addition of
phosphate reduces the uptake and toxicity of As(V)
(Asher and Reay, 1979). However, the concentra-
tion of phosphorus in soil solutions is typically
very low; in solutions of unfertilized soils, the
phosphorus concentration is typically less than
2 uM (Gillman and Bell, 1978; Menzies and Bell,
1988), and it is generally less than 10 um even in fertil-
ized soils (Reisenauer, 1966; Kovar and Barber, 1988).
Regardless, the presence of phosphate would influence
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the results obtained. Finally, because the techniques uti-
lized here examine distribution using whole plant tissues
(rather than in processed transverse sections, for exam-
ple), it was not possible to definitively ascertain the
precise tissues where the As was accumulating within the
root cylinder. For example, although the data indicate
that As accumulates at the endodermis (Fig. 5), these
analyses were not conducted on transverse sections,
which would allow precise examination and characteri-
zation of this tissue.

CONCLUSION

The use of synchrotron-based techniques (including
sequential computed tomography) allowed an exami-
nation of the distribution of As in hydrated, fresh plant
roots, these being new and novel techniques. These
analyses demonstrated that for cowpea seedlings ex-
posed to As(V), the highest concentrations were ob-
served internally at the root apex (meristem). In
addition, As accumulated in the root border cells and
at the endodermis. When exposed to As(Ill), the en-
dodermis was again a site of accumulation, although
no As was observed in border cells for these As(Ill)-
treated roots. For As(V), subsequent transfer of seed-
lings to an As-free solution resulted in a decrease in
tissue As concentrations, but growth did not improve.
These data suggest that, under our experimental con-
ditions, the accumulation of As in the meristem causes
permanent damage to the meristem. Finally, we sug-
gest that root border cells possibly contribute to the
plant’s ability to tolerate excess As(V) by accumulating
high levels of As and limiting its movement into the
root.

MATERIALS AND METHODS
u-XRF

For examination using u-XRF, seeds of cowpea (Vigna unguiculata ‘Red
Caloona’) were germinated for 2 d in a rolled paper towel suspended verti-
cally in tap water. During this 2-d period, the seedlings were transported to a
laboratory at the Australian Synchrotron in Melbourne. A water bath was
prepared and was heated to 25°C using a domestic aquarium heater and
600-mL beakers placed in the water bath. Seedlings were removed from the
paper towel and placed in Perspex strips (seven seedlings per strip) on the
600-mL beakers containing a 650-mL basal solution of 1 mm CaCl, and 5 um
H,BO;. All solutions were initially at pH 5.6 and were continuously aerated.

Plants were grown in this basal solution (calcium and boron) for more than
6 h before further growth in 4 or 20 um As(V) or 4 or 20 um As(III). In the first
experiment (two-dimensional imaging), seedlings were grown in 4 um As(V)
for 24 h and then transferred to an As-free solution (i.e. only calcium and
boron) for a further 0 (i.e. no transfer), 6, or 24 h in order to examine the ability
of roots to recover from As intoxication. These timings were staggered so that
all treatments finished in the As-free solution simultaneously. In the second
experiment (computed tomography), the seedlings were grown for 24 h in
either 20 um As(V) or 20 um As(III) before examination. For this tomography
experiment, higher solution concentrations of As were used to be sensitive to
the detailed distribution of As in the root tissues. Finally, in the third exper-
iment (two-dimensional imaging), the seedlings were grown for 24 h in either
4 pum As(V) or 4 um As(III) before examination by u-XRF.

Roots were analyzed at the x-ray fluorescence microscopy (XFM) beamline
at the Australian Synchrotron. At this beamline, an in-vacuum undulator is
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used to produce a brilliant x-ray beam. A silicon-111 monochromator and
Kirkpatrick-Baez mirrors are used to deliver a monochromatic focused beam of
around 2 X 2 um? onto the specimen (Paterson et al., 2011). XRF emitted by
the specimen was collected using the 384-element Maia detector placed in a
backscatter geometry (Kirkham et al., 2010). The XRF event stream was ana-
lyzed using GeoPIXE (Ryan and Jamieson, 1993; Ryan, 2000).

For the first experiment [two-dimensional imaging; 4 um As(V)], two
replicate roots per treatment were harvested. The apical 30 mm of the roots
was cut off and placed side by side between two pieces of 4-um-thick Ultra-
lene film, forming a tight seal around the roots that limited dehydration.
Within the sample holder, roots were positioned vertically so that the tips
were the first part of the root scanned and the tips of all treatments were
scanned simultaneously. For elemental mapping, samples were analyzed
continuously in the horizontal direction (“on the fly”). The sampling interval
was 7 um, with a step size of 7 um in the vertical direction and the transit time
per 7-um pixel being 6.8 ms (1.02 mm s71). Thus, the total scan time was 7 h,
with the length of root examined being approximately 18 mm. For the third
experiment [two-dimensional imaging; 4 um As(V) or 4 um As(IIl), with two
replicate roots per treatment], the same procedure was used as for the first
experiment except that the roots were only scanned 6 mm from their apices.

For computed tomography [second experiment; 20 um As(V) or 20 um
As(II)], root samples were harvested, rinsed with deionized water, and
inserted into a capillary (polyimide; internal diameter of 810 wm, wall thick-
ness of 25 um; Cole-Parmer 95820-06). To limit dehydration, water was also
inserted into the capillary before being sealed with wax in order to create a
moist chamber (for more information regarding tomography, see Lombi et al.
[2011a]). The capillary was immediately attached to a pin mounted onto a
small pair of stages that were used to bring the root to the rotation center.
Rotation was achieved using a 200-step-per-revolution stepper motor in full-
step mode. Tomograms were collected within the apical 2.0 mm of the root by
collecting two-dimensional u-XRF transects over 200 angles spaced over 360°.
A full rotation is used because it allows the investigation of sample damage
and self-absorption (if significant). In the horizontal direction (i.e. for each of
the 200 angles of the tomographic scan), the sampling interval was 2 um with
a transit time of 2.6 ms (0.768 mm s~ ). For all roots, these scans were collected
sequentially in 200-um intervals along the root, starting at 200 um behind the
apex and finishing 2,000 wm behind the apex, thereby giving a total of 10 scans
along the root axis. Following tomography, the roots were examined within
the capillary using a two-dimensional scan to check for damage. Samples were
analyzed continuously in the horizontal direction (on the fly), with a sampling
interval of 2 um, a step size of 2 um in the vertical direction, and the transit
time per 2-um pixel being 2.6 ms (0.768 mm s~ "). Thus, the time for this two-
dimensional scan for each root was approximately 30 min, with the length of
roots examined being approximately 2.2 mm (thereby encompassing all of the
tomographic analyses). For both treatments, two replicate roots were exam-
ined by tomography, although only images from one root are presented here.

For tomography, the projections were aligned using the Compton scattering
signal produced by the capillary. Reconstructions were performed using
an implementation of the GridRec algorithm (http://cars9.uchicago.edu/
software/idl/tomography.html) interfaced with the Interactive Data Lan-
guage programming interface (http://www.exelisvis.com/). Each series of
reconstructed images was then imported into an image stack within ImageJ
(http:/ /rsbweb.nih.gov/ij/) to form a virtual three-dimensional reconstruc-
tion of a root.

Plant Growth and Root Elongation Rates

These experiments were conducted in a laboratory at the University of
Queensland in St Lucia maintained at 25°C. Seeds were germinated in a rolled
paper towel for 2 d and then placed in Perspex strips on 650 mL of 1 mm CaCl,
and 5 um H;BO,.

To determine growth-response curves, appropriate volumes of a 6.5 mm
stock solution of Na,HAsO,0.7H,0O [As(V)] or NaAsO, [As(II)] were added to
different beakers (also containing the basal 1 mm CaCl, and 5 um H;BO;) to
yield final solution concentrations of 0, 0.25, 0.5, 0.75, 1, 2.5, or 5 um, each
replicated three times for both As(V) and As(IIl). After approximately 18 h of
growth in the basal solutions, the seedlings were transferred to these treatment
beakers for a further 24 h of growth. To allow the assessment of root elon-
gation, seedlings were photographed both at the time of transfer (0 h) and
upon completion of the 24-h growth period. The digital images were analyzed
using the University of Texas Health Science Center San Antonio ImageTool
version 3.0 (Kopittke et al., 2008).
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For a detailed analysis of root elongation rates during As exposure and
during subsequent transfer to As-free solutions, an experiment was conducted
that consisted of two treatments [4 um As(V) plus a control] and was repli-
cated three times (with seven seedlings per replicate). After approximately
18 h in a basal solution, seedlings were transferred to beakers containing 4 um
As(V) for a further 24 h of growth. After this 24-h period, the seedlings were
transferred to As-free solutions (calcium and boron) for a further 24 h. Root
lengths were determined using digital photography, with images collected at
eight times during the experiment: —24, —18, —12, 0, 6, 12, 18, and 24 h (where
—24 h represents the beginning of toxicant exposure and 0 h represents the
time of transfer to the toxicant-free solution).

Finally, to examine tissue concentrations, seedlings were grown for ap-
proximately 18 h in a basal solution, transferred to a different beaker containing
4 um As(V) for a further 24 h of growth, and then transferred to As-free so-
lutions (calcium and boron) for a further 0, 6, or 24 h. At the completion of
these growth periods, solution samples were collected and the plants were
harvested (roots and shoots were separated) for the determination of fresh and
dry mass values. Solution samples were analyzed using inductively coupled
plasma mass spectrometry. The plant tissues were digested using 5:1 nitric
acid:perchloric acid, with the tissues placed into 50-mL conical flasks with
5 mL of acid. Following digestion, the samples were diluted to 25 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 Video S1. Three-dimensional reconstruction of a root [exposed
to 20 um As(V)] using sequential computed tomography.

Supplemental Video S2. Three-dimensional reconstruction of a root [exposed
to 20 um As(V)] using sequential computed tomography.

Supplemental Video S3. Three-dimensional reconstruction of a root [ex-
posed to 20 um As(III)] using sequential computed tomography.

Supplemental Video S4. Three-dimensional reconstruction of a root [exposed
to 20 um As(Ill)] using sequential computed tomography.
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