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Plants have the potential to accumulate toxic amounts of cadmium (Cd), and understanding how and
where Cd is stored in plants is important for ensuring food safety. Previous experiments have determined
that a greater amount of Cd is translocated into the leaves of lettuce (Lactuca sativa) as compared to barley
leaves (Hordeum vulgare). Preferential retention of Cd in root of barley would explain this difference.
Hence, the purpose of this study was to determine the localization and coordination environment of
Cd (i.e., the ligands to which Cd was bound) in the different root tissues of lettuce and barley using
histochemical staining, electron microscopy and micro X-ray spectroscopy. Retention of Cd in barley
roots could be explained by accumulation of Cd at the endodermis, comparatively higher amounts of Cd
sequestered in the symplast of cortical cells and binding to xylem cell walls. Increased translocation of
Cd to lettuce shoots seemed to be due to a less effective barrier at the endodermis and less sequestration
of Cd in the cortex. Regardless of the tissue type, most of the Cd%* was bound to S ligands in the roots
of barley, possibly reflecting accumulation of Cd-phytochelatin and Cd-S molecules in the vacuoles. In
lettuce roots, Cd was more evenly distributed among ligands containing S, O and NO3 groups, which is
indicative of proportionately more Cd binding to the cell walls, relative to barley. These results will be
useful in uncovering the mechanisms of differential Cd-tolerance and sequestration in lettuce and barley.
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1. Introduction

The mechanisms of cadmium (Cd) uptake and tolerance in plants
have been studied extensively (reviewed in Sanita di Toppi and
Gabbrielli, 1999), but a clear understanding of what controls the
translocation of Cd to aboveground tissues is lacking. One approach
to better understanding the factors that control Cd accumulation
and distribution is to determine where Cd is bound as it travels
from the root surface to aboveground parts.

For some plants, the primary defense against Cd toxicity is exclu-
sion of Cd2?* from active tissues and sequestration in non-active
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tissues. For example, Ouariti et al. (1997) showed that 98% of total
Cd was retained in the roots of Phaseolus vulgaris with only 2%
translocated to the shoot; presumably, much of the Cd in the root
was in the apoplast or the vacuoles. When comparing Cd uptake
and toxicity in Pisum sativum and Zea mays, Lozano-Rodriguez et al.
(1997) found that the two species had equal concentrations of Cd
in their roots and shoots but P. sativum exhibited more severe tox-
icity symptoms compared to Z. mays. The Cd in Z. mays was bound
to the cell walls, which could explain increased Cd-tolerance. In
plants such as Arabidopsis thaliana (Ager et al., 2002, 2003) and
the Cd-hyperaccumulator Biscutella laevigata (Pielichowska and
Wierzbicka, 2004), some of the Cd that is translocated is ultimately
sequestered and rendered non-toxic in trichomes.

To understand better the distribution of Cd within a plant, it is
insufficient to measure the concentrations of Cd in bulk tissues only
(e.g., root, shoot, leaf, stem, etc.). Instead, the cellular and/or sub-
cellular distributions of Cd in plant tissues could be determined
using a variety of histochemical, imaging and physical fraction-
ation methods. Histochemical methods include using Cd-specific
dyes (Seregin and Ivanov, 1997; Vollenweider et al., 2006; Vieira da
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Cunha et al., 2008; Hu et al., 2009). However, it is possible that Cd
isredistributed among and within cells during sample preparation,
especially if tissue sections are immersed in an aqueous solution
that could cause leaching of Cd. Images of the distribution of Cd in
plants can also be obtained by using scanning electron microscopy
(SEM) or transmission electron microscopy (TEM) along with
energy dispersive X-ray spectroscopy (EDS, Solis-Dominguez et al.,
2007; Hu et al., 2009) or energy dispersive X-ray (EDX) micro-
analysis (Rauser and Ackerley, 1987; W¢jcik et al., 2005; Van
Belleghem et al., 2007; Vazquez et al., 2007; Cocozza et al., 2008).
Other imaging techniques include secondary ion mass spectrom-
etry (SIMS, Migeon et al., 2011), micro-particle-induced X-ray
emission (-PIXE, Ager et al., 2002; Vogel-Mikus et al., 2008), and
micro-autoradiography (Cosio et al., 2006). While the techniques
listed above are able to detect Cd-specific signals in particular
regions within a tissue, the low concentrations of Cd in the cells and
the proximity of the emission spectra from Ca or K in the sample
can make analysis difficult. In addition, unless tissue sections are
fixed chemically prior to dehydration and embedding, Cd could be
redistributed during sample preparation. Others have used subcell-
ular fractionation to separate Cd-containing tissues and organelles
(Weigel and Jdger, 1980; Wu et al., 2005; Wang et al., 2008); how-
ever, the centrifugation, filtering and washing steps are designed to
rupture cells, which could release Cd and redistribute it among the
fractions.

Synchrotron radiation-based analytical techniques have also
been used to detect Cd at the cellular and subcellular levels (Isaure
et al., 2006; Naftel et al., 2007; Fukuda et al., 2008; Harada et al.,
2010; Terada et al., 2010). Micro-synchrotron X-ray fluorescence
(-XRF) has a micron-scale beam spot size and highly sensitive
detection systems that can provide spatially resolved maps of ele-
ments at the cellular scale. When added to micro X-ray absorption
near-edge structure (-XANES) and micro X-ray absorption fine
structure (-XAFS) spectroscopy, the system can also provide infor-
mation on element-specific oxidation state(s) and coordination
environment(s) of metals inside the cell. These techniques can be
used to determine both where and to what Cd is bound within plant
tissue.

Despite these robust methodologies, results from studies of the
Cd distribution at the cellular and subcellular levels are not con-
sistent. For example, Cd was not detected in the cell walls of P.
vulgaris grown in 0.5 wM Cd for 6d (Vazquez et al., 1992) or Allium
cepa grown in 10mM Cd for 3d (Liu and Kottke, 2004), whereas
the cell wall was found to be a very important site for binding Cd
in Hordeum vulgare grown in 5 uM Cd for 25d (Wu et al., 2005) and
Lupinus albus grown in 150 wM Cd for 35d (Vazquez et al., 2007).
These differences could be due to differences among plant species
or concentrations of Cd in the growth medium as well as different
sample preparation techniques and different methods of detection.

In most of the studies mentioned above, the distribution of Cd
was determined in hyperaccumulator plants, which can accumu-
late high concentrations of Cd (>100 p.g/g leaf dry weight, Bertetal.,
2002)in their aboveground biomass without showing visible symp-
toms of toxicity. Those studies have provided useful information on
qualitative imaging of cellular and subcellular Cd and, in a few cases,
Cd speciation, and have also expanded our understanding of the
mechanisms of Cd accumulation in hyperaccumulator plants. How-
ever, low metal-accumulating plants (such as agricultural crops)
are expected to use different mechanisms to regulate their intra-
cellular concentrations of Cd since lesser amounts of Cd tend to be
taken up by these plants. Only a few studies have been conducted
on the distribution of Cd in agricultural crops (Weigel and Jager,
1980; Rauser and Ackerley, 1987; Seregin and Ivanov, 1997; Naftel
et al., 2007; Vieira da Cunha et al., 2008; Terada et al., 2010), and
none of these studies provided information on Cd speciation in the
plants.

To address these knowledge gaps, we will apply multiple tech-
niques including histochemical staining, SEM-WDS (wavelength
dispersive spectroscopy), .-XRF and w-XANES on samples taken
from individual plants grown under identical experimental condi-
tions, thereby providing a more consistent answer to the questions
of where and in which chemical form Cd is localized. Lettuce
(Lactuca sativa) and barley (H. vulgare) were chosen because we
previously found that approximately 80% of the total Cd was
translocated to leaves of lettuce, whereas only 20% of the total Cd
was translocated to barley leaves (Akhter and Macfie, 2012). This
led to the hypothesis that barley and lettuce have different mecha-
nism(s) to either store Cd in the root or translocate Cd to the leaves.
Our objectives are (1) to determine the proportion of Cd bound
within specific tissues of the root and (2) to use information about
the coordination environment of Cd to predict the ligands to which
Cd%* is bound.

2. Methods and materials
2.1. Germination and growth conditions

Lettuce (L. sativa L. cv. Grand Rapids) and barley (H. vulgare L. cv.
CDC McGwire, hulless 2-row feed barley) seeds were germinated
in reverse osmosis (RO) water and grown in hydroponic culture for
28 days (d) under the same conditions as reported in Akhter et al.
(2012) except, on day 7, individual seedlings were transplanted
into 1.4L jars filled with nutrient solution (adjusted to pH 6.0) to
which either 0 or 1.0 wM CdCl, was added. Three replicate jars per
experimental treatment were established.

In a preliminary experiment, we determined that concentra-
tions of Cd in plants grown for 28d with 1.0 uM CdCl, were
below the detection limits of electron and X-ray fluorescence spec-
troscopy. In an effort to increase the concentrations of Cd in the root
tissues, we tried placing the plants in solutions containing 10, 50,
500, 5000 or 10,000 wM CdCl; for 1 h prior to harvest. Concentra-
tions of Cd were above the detection limits of electron spectroscopy
only in plants from the two highest concentrations. We compared
the distribution of Cd in roots grown in 1.0 wM CdCl, for 28 d and
harvested immediately to those that were soaked in 5 or 10 mM
CdCl, prior to harvest, using histological staining (see Section 2.2.1),
and found no visible differences. Therefore, on the 28th day in
hydroponic culture, the lettuce and barley plants from the 1.0 uM
CdCl, treatments were transferred into fresh nutrient solution (pH
6.0) with 5.0 mM CdCl, and 10.0 mM CdCl,, respectively, for 1 h. A
comparatively higher concentration was selected for barley since
it could accumulate higher amounts of Cd in the roots, compared
to lettuce, without showing symptoms of Cd-stress (Akhter and
Macfie, 2012). At harvest, fresh weights of roots and shoots were
recorded, roots were rinsed in RO water and a 3.0 g subsample of
root was immediately fixed in 2% (v/v) glutaraldehyde (Electron
Microscopy Sciences (EMS), Hatfield, PA, USA) and kept at room
temperature overnight, to be used for microscopic analysis (Section
2.2). The remainder of the root and shoot samples were oven-dried
(60°C) to constant weight and analyzed for total Cd content follow-
ing the hot acid digestion and inductively coupled plasma optical
emission spectroscopic (ICP-OES) methods described in Akhter and
Macfie (2012).

2.2. Procedures for microscopic studies

2.2.1. Light microscopy

The localization of Cd in root tissues was studied using the his-
tochemical method developed by Seregin and Ivanov (1997), which
involves staining with dithizone, a reagent that produces an insol-
uble red salt, Cd-dithizonate, in the presence of Cd. Approximately
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