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Abstract

Cadmium (Cd) has gained worldwide attention due to bioaccumulation in crop
plants. One step towards limiting Cd bioaccumulation is through a thorough
understanding of subcellular Cd localization. Previous studies with root tissue have
utilized indirect analytical approaches to assign pools of Cd to specific subcellular
locations. I have directly measured Cd accumulation and localization using Chara
corallina as a model system, where individual cells can be isolated and surgically
separated into distinct subcellular components (cell wall, protoplasm, and vacuole).
Following exposure, the majority of Cd accumulated in the cell wall, and accumulation
occurred by both metabolism-dependent and independent processes. Cadmium
accumulation in the total protoplasm was metabolism-dependent, and was approximately
equal in the avacuolate protoplasm and the vacuole. Desorption profiles suggested
multiple Cd binding sites were present in the cell wall. Results reported here challenge
assumptions regarding Cd accumulation and localization from previous studies. A re-

examination may be warranted.
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Chapter 1: A review of research examining cadmium accumulation and localization.
1.1. Cadmium contamination, human health, and economic concerns

Cadmium (Cd) is receiving increasing worldwide attention due to its presence as a
contaminant on agricultural lands, and bioaccumulation in consumable organs of crop
plants such as rice (Homma and Hirata 1984), wheat, sunflower, flax, and potatoes (Grant
et al. 1997). Introduction of Cd into the environment occurs from a variety of industrial
processes including steel and alloy production, use of pigments and stabilizers in plastics,
Ni-Cd battery production, and Zn smelting (Little and Martin 1972, Eklund 1995,
Alloway 1997). However, inputs of Cd to agricultural soils are mostly due to
applications of municipal sewage sludge as a fertilizer (Ryan er al. 1982, Chaney et al.
1996), contamination in phosphatic fertilizer applications (Roberts 1996), and aerial
contamination from industrial emissions (Alloway 1997). Once in the soil, Cd has a long
residence time (15 — 1100 yrs, Alloway 1997), supporting the observation of increasing
soil Cd levels over time (Jones et al. 1992). Understanding the relationship between Cd
in the environment and bioaccumulation in plants is of critical importance as human
exposure occurs primarily through smoking and food intake. Regardless of the source,
chronic exposure to Cd can lead to detrimental effects on human health (Jarvis et al.

1976, Nordberg 1996).

Concerns for human health problems arising from Cd accumulated by plants from
agricultural lands were first raised upon identification of Cd as an etiological factor in
Itai-itai disease (Nordberg 1996). Iai-itai disease (affecting residents of Japan after the
Second World War) is characterized by long term exposure to Cd in conjunction with low
intake of essential nutrients and low vitamin D synthesis, resulting in kidney and bone
disease. Chronic accumulation of Cd in kidneys, irrespective of diet, has also been found
to result in renal dysfunction if levels exceed 200 mg kg’ tissue (Ryan er al. 1982,
Alloway 1997). Human dietary intake of Cd is estimated to range from 25-75 pg day™".
This is close to the World Health Organization recommended limit of 70 pug day’'

(Choudhary et al. 1995). In an effort to reduce Cd exposure in the human diet,



international limits of 0.1 mg Cd kg" are under consideration as a maximum tolerable
level for exported cereals, pulses and legumes (Codex Alimentairus Commissions 2000).
Formal adoption of this limit may have an impact on the export of Canadian wheat as the
median Cd concentration of durum wheat grain samples in Alberta was above the
proposed limit from 1991-1999 (Canadian grain commission, unpublished results).
Unless changes in crop culture or agronomic practices occur, economic losses could be

substantial (estimated $1.1 billion 1994—1995).

The level of Cd transferred from soil to crops, and then from crops to humans is still a
highly debated topic. Crops grown on soils low in Cd have resulted in a high incidence
of Cd-induced disease in Japan and China, while no disease has been reported in persons
ingesting crops grown elsewhere in soils 25-250 times richer in Cd (Chaney er al. 1996).
Environmental conditions in rice growing regions (low zinc (Zn) and iron (Fe) levels in
soils) have been implicated in higher plant Cd accumulation, while reduced levels of Zn
and Fe in the diet have been implicated in higher transfer rates to humans (Chaney et al.
1996). These conditions do not extend to the remainder of the worlds’ population and
croplands, raising questions about actual levels of Cd transferred from crops to humans.
Regardless of this debate, crops grown on slightly contaminated soils can accumulate Cd
levels exceeding proposed limits, increasing the potential for transfer to humans (Grant er
al. 1997). A thorough understanding of Cd accumulation processes in plants is a
necessary step towards limiting Cd bioaccumulation by crops, and reducing the potential

for accumulation by humans following consumption.

1.2. Accumulation of cadmium by plants

The majority of plant Cd exposure occurs in the soil, at the soil/root interface. Once
Cd is accumulated in the root it can be mobilized to above ground, consumable organs.
This provides a port of entry into the human diet. Numerous processes can influence the
amount of Cd found in grains or seeds. At the soil/root interface, the availability of Cd is
affected by factors including total Cd in the soil, the equilibrium between Cd in the soil
solid phase versus soil solution, soil pH, and speciation of Cd (Alloway 1997). The

physical mechanisms of Cd movement from soil to root symplasm are not fully
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understood, although it has been suggested that metal transport proteins facilitate
movement across the plasma membrane (Reid ef al. 1999). In support of this argument,
numerous metal transport proteins in plants with the ability to transport Cd have been
characterized. Genes encoding transport proteins include wheat LCT/ (Clemens et al.
1998), and the Arabidopsis thaliana CAX2 (Hirschi et al. 2000) and AtNramp gene
family (Thomine et al. 2000). Evidence exists to suggest expression of a high-affinity Cd
transporter in Thlaspi caerulescens, but it has yet to be cloned (Lombi et al. 2001). Also a
Cd**/H" exchanger at the tonoplast of oat root vesicles has been suggested (Salt and
Wagner 1993), but not cloned. These proteins appear to have varying affinities for
different metal ions, and could serve as multi-cation transporters. For example, the
transporter encoded by LCT/ also transports Ca®* (Clemens ef al. 1998), AtNramp family
gene products also transport Fe (Thomine et al. 2000), and the CAX2 product appears to
transport Ca** and Mn®* (Hirschi et al. 2000). This evidence supports the hypothesis that
Cd gains entry to the symplasm or vacuole by acting as an analogue to nutrient cations

(Jarvis et al. 1976).

Once plant entry has been achieved, Cd is thought to move from the root system to
the shoot in the xylem and subsequently to the grains or seeds in the phloem. Movement
of Cd in the xylem/phloem may be affected by similar factors (pH. Cd concentration and
speciation) that affect Cd movement from soil to roots. In addition, movement in the
xylem/phloem may reflect differential Cd levels available for mobilization, possibly due
to sequestration of Cd in tissues, organs or organelles. For example, Cd has been
detected in tonoplast vesicles from oats (Salt and Wagner 1993), but the potential for
sequestration was not explored. The CAX2 gene product is also associated with the
tonoplast. This supports a metal ion sequestration hypothesis, as expression of CAX2 in
tobacco increased Mn®* tolerance (Hirschi er al. 2000). Other investigations of
mobilization to the shoot have demonstrated both inter-specific (Jarvis et al. 1976) and

intra-specific (Boggess et al. 1978, Florjin et al. 1993) variation.

Apart from transfer to consumable organs, Cd has been shown to have detrimental

effects on numerous plant physiological processes. These include inhibition of



photosystem I and Il reactions in tomato (Baszynski er al. 1980) and wheat (Atal et al.
1991), decreased membrane permeability in rice leading to alterations in plant nutritional
status (Llamas et al. 1998), and reduced CO» fixation and carbon metabolism in wheat
seedlings (Malik er al. 1992). These effects can lead to decreased plant productivity, and

may eventually decrease yield if Cd concentrations are sufficiently high.
1.3. Quantification of subcellular cadmium levels

[n an effort to understand movement of Cd into plants, numerous studies have
attempted to quantify total and intracellular Cd levels and the kinetics of Cd
accumulation in plant roots. Total accumulation is concentration-dependent in roots of
wheat (Hart er al. 1998), rice (Homma and Hirata 1984), soybean (Cataldo et al. 1983),
white lupin (Costa and Morel 1993), and the green algae Chlorella pyrenoidosa (Hart et
al. 1979). Accumulation is inhibited by the presence of divalent cations, including Mn™*
(Hart e al. 1979, Cataldo er al. 1983, Garnham et al. 1992), Cu**, Fe>* (Cataldo et al.
1983), Zn"* (Cataldo et al. 1983, Garnham er al. 1992, Costa and Morel 1993), and Mgz"
(Garnham er al. 1992). This result is not surprising due to similarities in the chemical
and ionic characteristics of these cations (Table 1.1). Competitive inhibition is in
agreement with Cd acting as an analogue of nutrient cations to gain entry into the
symplasm (Jarvis et al. 1976). Lower K, values for Cd compared with Zn**, Fe**, and
Cu® (Cataldo et al. 1983, Homma and Hirata 1984) further support this hypothesis, as
does the identification and cloning of various multi-cation transport proteins (Clemens et

al. 1998, Hirschi et al. 2000, Thomine et al. 2000).

While research investigating Cd accumulation has improved our understanding of
total uptake and accumulation rates, reliable partitioning of accumulated Cd into external
(apoplasm) and internal (symplasm) components has not been achieved. This reflects a
reliance on indirect analytical approaches, collecting data from whole root experiments
(organ level) and interpreting results at the cellular level. Two indirect approaches have
been employed to quantify Cd found in the apoplasm and symplasm. One approach,
exemplified by the work of Cataldo er al. (1983) and Hart er al. ( 1998), involved the



examination of Cd accumulation in roots when exposed to Cd under conditions that
disrupt cellular metabolism. Cadmium accumulated under these altered conditions was
then assigned to a specific subcellular local. Results from these experiments suggest that
the majority of Cd is accumulated in a metabolism-dependent manner and is localized to
the symplasm of root tissues. The remainder is accumulated in a metabolism-
independent manner within the apoplasm. The second approach, exemplified by the
work of MacRobbie and Dainty (1958), Kochain and Lucas (1982), Rauser (1987), and
Blaudez er al. (2000), involves desorbing cations from roots following an exposure
(loading) period. Data profiles of the cation level remaining in the tissue over the
desorption period are dissected into sub-components using non-linear regression
techniques (for reviews see Cheesman 1996, Lasat ef al. 1998). Each component of the
curve is suggested to represent a subcellular cation pool, and the size and exchange times
for each pool can be derived from the curve. Results using this approach suggest that the
apoplasm or cell wall is the largest pool for accumulated divalent cations, followed by the
cytoplasm and vacuole. Conclusions made using these different experimental approaches
are strikingly different, yet this discrepancy has not been explored in depth. The
desorption approach has received criticism based on the assumptions necessary to
interpret experimental data. Several authors (Walker and Pitman 1976, MacRobbie
1971) have questioned the assumption that individual compartments (cell wall,
cytoplasm, and vacuole) act in a series, and the assumption that a single movement rate

between any two compartments must be invoked.

A direct measurement of subcellular Cd location is necessary to understand why
differences in results are observed between different experimental approaches. Until
direct measurements are obtained, assignments or suggestions of specific subcellular
locations for accumulated Cd based on indirect analyses must remain speculative.

1.4 A model system to examine Cd localization at the subcellular level.

In order to directly examine Cd accumulation and localization at the subcellular

level, a system is required that allows separation of subcellular compartments while



minimizing the potential for Cd contamination between them. Such a system is now
available making use of cells of the giant algae, Chara corallina. Surgical techniques
that can separate a single cell into cell wall, protoplasm, and vacuolar fractions have been

developed for this organism (Reid and Smith 1992, Taylor et al. 2000).

Chara corallina is a freshwater algae belonging to the Characeae family. The
Characeae are found naturally throughout the world. They inhabit freshwater streams,
ponds, and lakes, but can accommodate brackish conditions with up to two-thirds the
salinity of sea water (Wood and Imahori 1965). The Characeae are found most
commonly in temperate zones, but have been found in the Himalayas and the arctic
(Wood and Imahori 1965). They can tolerate varying light levels, occupying shallow
beaches as well as lake bottoms with depths reaching 20 m. The general morphology of
this family consists of a plant-like form with whorls of single cells separated by long
internodal cells (Fig. 1.1). The growth form is plastic and affected by environmental
conditions. Undisturbed regions with lower light levels are conducive to development of
clongated and diffused plantlets, while higher light levels, brackish water, and/or agitated

regions produce a stunted and tufted morphology (Wood and Imahori 1965).

The length of the internodal cells (3-15 cm) and the ease of isolation and
manipulation makes Chara corallina a model species well suited for use in scientific
study. The Characeae have been previously used in studies of ion transport (Nitellopsis -
MacRobbie and Dainty 1958; Chara corallina — Whitington and Bison 1994, Reid et al.
1996a&b, Reid and Smith 1992, Taylor et al. 2000), membrane permeability (Bisson
1984), and electrophysiology along the length of the internodal cells (Lucas and Smith
1972). This wealth of research work has resulted in the development of a model system
that can be utilized to directly examine Cd accumulation and distribution at the
subcellular level in a single plant-like cell. Use of single internodal cells avoids
complications arising from use of complex tissues (eg. Cataldo er al. 1983, Hart et al.
1998). The objective of the research presented in this thesis is to directly measure Cd
accumulation and localization at the subcellular level and to understand the nature of

accumulation in the cell wall, cytoplasm, and vacuole.
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Table 1.1. Comparison of selected atomic characteristics of potential competitor
nutrient cations of cadmium (Jolly 1984).

Ion Ionic Radius (A) Electronegativity

cd™ 097 1.7
Zn* 0.74 1.6
Fe** 0.76 1.8
Mn** 0.80 1.5
Cu** 0.70 1.9
Mg** 0.65 1.2

Ca** 0.99 1.0




Chapter 2. Accumulation and localization of cadmium in internodal cells of Chara
corallina.

2.1. Introduction

A thorough knowledge of cadmium (Cd) accumulation and localization at the
subcellular level is an important step towards understanding the accumulation and
localization of Cd at the tissue, organ, and whole plant level. This knowledge can then be
used to define further research aimed specifically at reducing Cd accumulation at these
larger scales. Due to the small size of plant cells and the lack of suitable
micromanipulation techniques, direct measurement of Cd present in the apoplasm (cell
wall and extracellular spaces) and symplasm (cytoplasm) has not been achieved.
Nonetheless. a large amount of work examining Cd accumulation and localization has
been conducted on root tissue, the primary site of Cd exposure in agricultural systems.
Previous research has made use of metabolic inhibitors and low temperatures to identify
pools of Cd within root tissue. These pools were then assigned to either the apoplasm or

symplasm based on assumptions about the nature of Cd accumulation.

In order to critically evaluate previous efforts to measure Cd accumulation and
localization, an understanding of the methodologies and assumptions used by various
investigators is necessary. Studies conducted with roots of white lupin (Costa and Morel
1993), wheat (Hart et al. 1998, Fig. 2.1), and soybean (Cataldo er al. 1983, Fig. 2.2) show
that rates of Cd accumulation increase rapidly with exposure to increasing concentrations
of Cd in the 1-250 nM range. At concentrations above 250 nM, rates increase in a linear
fashion. In wheat, this biphasic pattern has been mathematically dissected into a saturable
and linear component (Hart et al. 1998, Fig. 2.1A). The saturable component has been
suggested to be metabolism-dependent, and the linear component metabolism-
independent. Accumulation in white lupin (Costa and Morel 1993, data not presented)
and soybean (Cataldo et al. 1983, Fig. 2.2) was also suggested to have both metabolism-
dependent and metabolism-independent components. Two major approaches have been
used to alter the metabolic state of root tissue cells and suggest the subcellular location of

the metabolism-dependent and metabolism-independent components. Hart er al. (1998)
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used low temperature treatments while Cataldo et al. (1983) used metabolic inhibitors.
Hart er al. (1998) partitioned total Cd accumulation in roots of wheat into a
metabolism-dependent and metabolism-independent fraction using cold temperature as a
method of disrupting metabolism. These authors looked at rates of Cd accumulation at
various Cd concentrations in wheat roots exposed to different temperatures (23 °C vs.
2°C, Fig. 2.1B). At 23 °C, the relationship between rates of Cd accumulation and Cd
concentrations in exposure solutions showed a biphasic pattern that could be dissected
into a saturable and a linear component. Mathematical analysis of the biphasic
accumulation pattern was previously used in the examination of potassium (K”)
accumulation in corn roots (using Rb" as a marker, Kochain and Lucas 1982), but stems
from work by Epstein in the 1950’s (Epstein and Hagan 1952). Both components of the
Rb" biphasic accumulation curve were interpreted as symplasmic accumulation as very
little Rb" was suggested to be associated with the cell wall. When viable wheat roots
were exposed to Cd at 2 °C, the saturable component of the biphasic curve was almost
eliminated (Fig. 2.1B open circles). The authors interpreted this data as being consistent
with the inhibition of a metabolism-dependent transport mechanism present at the plasma
membrane. Examination of Cd accumulation in methanol/chloroform prepared cell wall
fractions resulted in an accumulation pattern similar to that of the predicted linear
component at 23 °C (Fig. 2.1B closed squares). This suggested that the linear component
of the biphasic pattern in this system was due to Cd accumulation in the cell wall. Rates
of accumulation in the purified cell walls were also reduced at 2 °C. The authors
suggested that accumulation in the cell wall was *purely a physical process’ (Hart et al.
1998). From these analyses, the linear component of Cd accumulation was interpreted as
apoplasmic accumulation and the saturable component of Cd accumulation was
interpreted as symplasmic accumulation. As an aside, it is interesting to note the
differences in interpretation of the linear component of accumulation between the
monovalent (Kochain and Lucas 1982) and divalent (Hart et al. 1998) cations, despite the

similarities in shape of the curve.

Cataldo er al. (1983) took a somewhat different approach to identify Cd

accumulated in the apoplasm and symplasm. They partitioned total accumulation in



soybean roots into two fractions: readily-exchangeable and absorbed (Fig. 2.2). The
readily-exchangeable fraction was defined as the Cd fraction removed by a one minute
rinse in 0.5 mM CaCl,, and a 90 minute desorption in CaCl, plus a 20 fold excess of
unlabelled Cd. This fraction was assumed to be Cd bound to readily-exchangeable sites
within the apoplasm. Cadmium remaining after these treatments was defined as the
absorbed fraction. This absorbed fraction was interpreted to include Cd tightly bound to
sites within the apoplasm and Cd within the symplasm. The quantity of Cd in each of
these pools was assessed experimentally by monitoring Cd accumulation when roots
were exposed to metabolic inhibitors (2,4-dinitrophenol (DNP), sodium azide (NaNj3), or
sodium pentobarbitol). Cadmium accumulated in the presence of metabolic inhibitors
was termed the non-exchangeable fraction. This fraction was then subtracted from the
absorbed fraction and the remainder defined as the metabolically absorbed fraction (Fig.
2.2B). In using this approach, Cataldo er al. (1983) did not directly measure the
metabolically absorbed fraction. At this point, Cataldo er al. (1983) had operationally
defined their two Cd fractions, but additional information was required to assign these

fractions to specific cellular location.

Cataldo er al. (1983) then argued that cation inhibition studies provided
information about the nature of Cd accumulation in root tissue that can be used to assign
non-exchangeable and metabolically absorbed fractions to apoplasmic or symplasmic
locations. Roots were exposed to solutions of radioactive '"?Cd and 5-fold excesses of
competing cations. These included uniabelled Cd**, and the nutrient cations Cu**, Fe’",
Fe’*, Mn®*, and Zn>*. Al cations tested reduced total '’Cd accumulation by 25-35%.
Root to shoot movement of '“Cd was also reduced by 22-43%, suggesting active transfer
from the root symplasm to the xylem. Unlabelled Cd also inhibited accumulation of
%Zn™ and **Mn**. Double reciprocal plots of 'Cd accumulation in the presence of
either Zn** or unlabelled Cd** indicated a competitive inhibitory effect. These
observations led the authors to suggest that Cd was accumulated in a metabolism-
dependent fashion as an analogue of nutrient cations. This idea was previously suggested
by Jarvis et al. (1976) during an examination of Cd accumulation in ryegrass.

Accumulation of Cd was proposed to be similar to other active mechanisms of nutrient
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cation transport, if not by an identical or shared mechanism. Cataldo er al. (1983)
concluded that the metabolically absorbed (or metabolism-dependent) fraction
represented Cd that crossed the plasma membrane (symplasmic accumulation).
Accumulation in the presence of metabolic inhibitors (non-exchangeable fraction) was

suggested to occur in the cell wall (apoplasm).

In interpreting their data, both groups of authors made the same assumptions.
First, all Cd accumulated in the metabolism-dependent fraction was assumed to be
localized to the symplasm. In Hart e al.’s case (1998), this assumption was explicitly
stated, but not tested. In Cataldo er al.’s case (1983), this assumption was based upon
cation inhibition analysis. A second assumption was that all Cd in the metabolism-
independent fraction is present in non-exchangeable sites within the apoplasm. The main
problem with these assumptions is that is that neither the apoplasmic nor symplasmic
pools were directly measured. Both groups were working with complex tissues and
trying to extrapolate their data to a cellular system. Unfortunately, when exposing root
tissue to experimental solution, not all root cells are subjected to identical conditions.
Cells on the root surface are immediately exposed to Cd while those in the interior of the
root have delayed exposure. Similarly during the desorption procedure, exchange of
'®Cd from internal cell wails would take longer. This would result in the incorrect
assignment of some readily-exchangeable Cd present at internal cell walls to the non-
exchangeable component. In addition, some of the basic assumptions of the technique
may be incorrect. These assumptions were necessary due to limitations in available
measurement techniques, but without a direct measurement of either subcellular pool, the
nature and location of the accumulated Cd cannot be conclusively identified. It may be
that the apoplasmic pool has a metabolism-dependent component associated with it and
the symplasmic pool has a metabolism-independent component. This led me to question
the assignments of all metabolism-dependent accumulation as symplasmic Cd and all

metabolism-independent accumulation as apoplasmic Cd.

Cadmium in subcellular pools can now be measured and the validity of previous

assumptions used to assign location can be directly tested using Chara corallina as a
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model system. Chara corallina is a freshwater alga that grows in a plant like form
(herein referred to as a plantlet), with whorls of cells separated by large internodal cells
(Fig. 1.1). This system has been widely used study the physiology and permeability of
cellular membranes by measuring electrical potential changes in response to cation
addition (Keifer and Lucas 1982, Bisson 1984). lon accumulation studies have been
conducted in this system with numerous cations, including Na* (Whittington and Bisson
1994), Ca®* (Reid and Smith 1992), Zn** (Reid et al. 1996a), Sc**, Ga™* (Reid et al.
1996b), and AP (Taylor er al. 2000, Reid er al. 1996b). These more recent studies have
taken advantage of new techniques for surgical isolation of the cell wall, protoplasm, and
vacuole from individual internodal cells following exposure. The ease of manipulation
makes Chara corallina an ideal model system to directly study the accumulation and
subcellular localization of Cd. This system (in contrast to those used in previous studies)

also allows examination of ion accumulation at the single cell level.

The objective of the research described in this chapter was to determine
subcellular distribution of Cd accumulated in internodal cells of Chara corallina and
compare the distribution to that reported in tissues of plant roots. This was done using a
combination of radioisotope tracer experiments ('*’Cd) and surgical procedures to isolate

distinct cell wall, protoplasm, and vacuole fractions.

2.2. Materials and Methods
2.2.1. Growth and maintenance of Chara corallina cultures

Cultures of Chara corallina were propagated vegetatively by harvesting single
internodal cells and planting them in a mixture of garden sand and soil submerged in
distilled water. Plantlets were cultivated to promote maximal elongation of internodal
cells by keeping the water level approximately one inch above the tip of growing
plantlets. Tanks were maintained in a growth chamber (Environmental Growth
Chambers, Ohio) under controlled environmental conditions (22-24 °C. 26 pmol m?s™',
16 hr day). Tanks were routinely drained, cleaned, and refilled to minimize the presence

of contaminants (algae, fungi, bacteria) in the tanks.



Prior to experimentation, single internodal cells (60-100 mm length, ~0.9 mm
diameter) were isolated and stored 12-18 hrs in the dark in a solution consisting of 1.0
mM NaCl, 0.5 mM CaCl,, and 0.1 mM K,SO,. Storage in the dark provided a post-
harvest recuperation period that eliminated the presence of acid and alkaline bands often
found along the length of cells (Lucas and Smith 1972). These repetitive, adjacent bands
have different pH values (acid ~ pH 5.5; alkaline — pH 8.5 - 9.5). which would make
interpretation of data difficult. Individual cells were checked for viability by examining
for the presence of cytoplasmic streaming under a microscope immediately before

experiments were conducted.

2.2.2. Confirmation of cell viability

In addition to viability tests at the beginning of each experiment (see above),
internodal cells of Chara corallina were exposed to solutions of unlabeled CdCl, to
ensure viability of cells over both short and long-term experimental periods. Viability of
internodal cells (the presence of cytoplasmic streaming) was confirmed through a 4x
ocular lens of a compound microscope. Cells (n=11 per concentration tested) were then
pretreated in 0.2 mM CaCl, (as described above) and exposed to experimental solution
(110 ml per cell) containing 0.2 mM CaCl, or 1, 10, 100, or 1000 nM CdCl, plus 0.2 mM
CaCl,. The presence or absence of cytoplasmic streaming was observed at 3. 6, 12, 18,
24, 32, 40, and 48 hour intervals for each concentration. Cells were considered non-
viable when cytoplasmic streaming was absent for more than one measurement interval
or the highly ordered chloroplast gel layer was disorganized (indicator of cell death).

Data were expressed as the proportion cells remaining viable at the time interval.

2.2.3. Exposure conditions and surgical procedures

After the recuperation period, viable cells were mounted in an exposure chamber
with three compartments (1 cell per chamber, Fig 2.3). Compartments were sealed from
one another using a mixture of silicon release compound and high vacuum grease (Dow
Corning) to form a water insoluble barrier around the cell. Cells were then pretreated in
0.2 mM CaCl; (background solution, necessary to maintain plasma membrane integrity)

for 1to 1.5 hours to allow cells to adjust to experimental conditions. The background
18



solution in the center compartment was subsequently removed and replaced with an
appropriate experimental solution containing 0.2 mM CaCl, and CdCl, labeled with '°Cd
(24-58 MBq pg™' - constant for a single experiment, t,» = 462 days). Solution in the end
compartments was replaced with fresh background solution to avoid contamination of
cell ends with '®Cd. Cells were exposed to experimental solutions in the dark (<0.5
umol m™ s™') for up to three hours in short experiments, or up to 24 hours in long-term

experiments. All solutions were equilibrated to pH 6.0 using KOH or HCI.

Following exposure, subcellular compartments were surgically isolated according
to procedures from Reid and Smith (1992) and Taylor er al. (2000). Cells were removed
from experimental solutions, briefly rinsed in 0.2 mM CaCl, (2 seconds), blotted lightly,
and allowed to air dry for 20-30 seconds to reduce turgor pressure within the cell
(minimizing loss of protoplasmic fluid when cell ends are excised). Ends of cells were
then excised with a razor blade. exposing the protoplasm. Contamination of the
protoplasm by '“Cd present in the cell wall was eliminated since the cell ends at the
excision point were not exposed to radiolabeled solution. To remove the protoplasm, a
surgical syringe (23 gauge, 1 inch length) was inserted into one end of the cell and water
(1-2 ml) flushed through, leaving a clean, clear cell wall sleeve. When the vacuole was
to be isolated, an air bubble was first passed through the cell to dislodge the vacuole.
Water was then flushed through the cell (as described above) to remove the now

avacuolate protoplasm.

2.2.4. Time course of Cd accumulation

Single internodal cells of Chara corallina were exposed to single concentrations
of Cd for various times to examine the pattern of Cd accumulation and localization. Cells
were exposed (as described above) to experimental solutions containing 0.2 mM CaCl-
with 1, 10, or 100 nM CdCl, radiolabeled with '®Cd. Short term experiments were
conducted over 180 minutes with subcellular compartments collected at 15, 30. 45, 60,
90, 120, and 180 minute intervals. For long-term experiments, subcellular compartments
were collected at 0.5, 1, 2, 4, 6, 8, 12, 16, 20, and 24 hours intervals. For each time point

during both short and long-term experiments, 4 individual cells were exposed to
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experimental solution, each in an individual chamber. Results were expressed as moles
Cd accumulated per unit surface area exposed with the associated standard error. Data
were collected from 3 or 4 cells (allowance for loss of one cell during surgical isolation

of subcellular components).

2.2.5. Cadmium accumulation at varying concentrations

Single internodal cells were prepared as above and exposed for 30 minutes to
solutions of 0.2 mM CaCl, with 10, 50, 100, 250, 500, 1000, 1500, or 2000 nM CdCl,
labeled with '®Cd. It was necessary to limit exposure of cells to 30 minutes at
concentrations above 100 nM., as saturation of the protoplasm was observed after 60
minutes in initial experiments (see results and discussion). For each concentration tested,
4 cells were exposed to experimental solution, each cell in a single exposure chamber (as
described above). Subcellular compartments were collected from each cell following
exposure. Results were expressed as moles Cd accumulated per unit surface area exposed
per hour with the associated standard error and represent data collected from 3 or 4

individually exposed cells.

2.2.6. Cadmium accumulation in the presence or absence of metabolic inhibitors or
the protoplasm

Single internodal cells were prepared as above and exposed to | nM CdCl- with
0.2 mM CaCls; for three hours in the presence or absence of 100 nM DNP, 10 nM CCCP
(m-chloro carbonyl cyanide phenylhydrazine-as per Taylor er al. 2000), or a functional
protoplasm. Solutions of the metabolic inhibitors were dissolved in 95% ethanol. such
that final ethanol concentration in the exposure solution was 0.95% v/v (Taylor et al.
2000). An equal amount of ethanol was added to all solutions. Cells lacking a functional
protoplasm (ie. pure cell wall sleeves) were surgically prepared prior to CaCl,
pretreatment. Following exposure, subcellular compartments were collected from cells
where applicable. Results from individually exposed cells or cell wall sleeves were
expressed as moles Cd accumulated per unit surface area exposed with associated
standard error. Each data point represents 4 or 5 individually exposed cells, or cell wall
sleeves.
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2.2.7. Determination of cadmium

All subcellular fractions (cell wall, protoplasm, avacuolate protoplasm, and
vacuole) were dried at 70 °C as the presence of water reduces counting efficiency of the
isotope (J. McDonald-Stephens, pers. comm.). Radioactive '®Cd was detected by
gamma counting (Gamma 4000, Beckman Instruments). The total amount of Cd
accumulated in the various fractions was calculated using the ratio of labeled to unlabeled
Cd in the exposure solutions. Results were expressed as moles Cd accumulated per unit
surface area exposed. When the rate of accumulation was measured, results were
expressed as moles Cd accumulated per unit surface area exposed per hour. Surface area
was measured based on the assumption that cells are cylindrical in nature. Cell length
was estimated as the amount of cell contained in the center (exposure) compartment.
Cell diameter was estimated by pressing isolated cell walls until flattened and measuring

the cell diameter with a caliper.

2.3. Results and Discussion
2.3.1. Discussion of terminology, surgical isolation procedures, and limitations of
comparison

Use of the terms apoplasm and symplasm are not warranted for the Chara
corallina model system. These terms were coined to represent the continuity between
cell walls and extracellular spaces within a tissue (apoplasm), or the interconnected
network of cytoplasm within a tissue (by way of the plasmodesmata; symplasm).
Surgical techniques used on the single cells in this study allow a direct isolation of
subcellular components. These components will be referred to as the cell wall and the
protoplasm. The cell wall represents the clear cell wall sleeve that remains after flushing
the interior of the cell with water to remove the protoplasm. The protoplasm represents
the cytoplasm, vacuole, and nuclear material collected in the water flush step. The
avacuolate protoplasm consists of the cytoplasm and nuclear material collected by
flushing with water after the vacuole has been expelled by passing an air bubble through
the cell. While the terminology used in previous studies and this current work is not
entirely comparable, the spatial units I wish to compare as defined by previous authors

are. [ will compare data previously reported to represent the apoplasm (Hart er al. 1998,
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Cataldo er al. 1983) to cell wall data reported in this study, and data previously reported
to represent the symplasm (Hart er al. 1998, Cataldo er al. 1983) to protoplasmic data

reported herein.

The surgical procedure described in the Materials and Methods provides a means
of separating single internodal cells into a cell wall, avacuolate protoplasm, and vacuole.
However, definitive identification of these pools is not complete until the fates of the
tonoplast and the plasma membrane are determined. Efforts to determine the location of
these membranes within the various subcellular fractions using enzyme marker analysis
were undertaken, but results were inconclusive. Other questions also remain unanswered.
The protoplasm of internodal cells can be differentiated into three parts. The first part is
a cytoplasmic gel phase on the internal face of the plasma membrane that contains the
chloroplasts and does not move (or stream). The second part is a fast streaming
cytoplasmic phase containing the remainder of the cytoplasmic and nuclear material. The
final part is a tonoplast-enclosed vacuole that comprises the majority of the intracellular
space. When air bubbles were passed through the cell during isolation, the liquid
collected was clear suggesting it contained the vacuolar sap. [ cannot, however, rule out
the possibility that the tonoplast and a portion of the fast flowing cytoplasm could have
been ejected at the same time. The lack of chloroplasts in this fraction suggests that the

gel phase was left behind.

Flushing water through the cell resulted in removal of the gel phase, which might include
the fast flowing phase and the tonoplast. The fate of the plasma membrane also remains
unknown. If the plasma membrane remained with the cell wall, the avacuolate
protoplasm represents only Cd that has crossed the plasma membrane. If the plasma
membrane is removed with the protoplasm in the water flush step, Cd on the cell wall
face of the plasma membrane could be collected (a potential source of contamination).
Given the levels of Cd accumulated by the cell wall versus the intracellular components
(see below), Cd bound to the plasma membrane would represent an extremely small

component of total accumulation.

[38]
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As previously stated, the focus of this study is to compare subcellular Cd
previously assigned to a specific cellular location (in tissue level experiments) to direct
subcellular measurements of Cd from internodal cells of Chara corallina. This research
will test whether assumptions made at the tissue level regarding Cd accumulation and
localization at the subcellular level are valid. As I am using an algal system for this
study, care must be taken when comparing these results to previous studies on vascular
plants. Charophyte algae, such as Chara corallina, are more closely related to land
plants through a common ancestor (Graham 1993) than other green algae based on
cladistic analysis of structural features, biochemical features (Graham er al. 1991), and
ribosomal RNA sequences (Chapman and Buchheim 1991). Differences between species
surely do exist. Nonetheless, I feel that using Chara corallina as a model system
provides and important tool to further our understanding of accumulation processes and

ion distribution at the subcellular level.

2.3.2. Viability of internodal cells of Chara corallina over exposure periods
Internodal cells were exposed to experimental solutions of CaCl, and CdCl- in the
absence of the radioactive marker to determine whether cells remained viable throughout
the time frame of the proposed experiments. The presence of cytoplasmic streaming
(viability marker) was assayed at various times following exposure to 1, 10, 100, or 1000
nM CdCl; plus 0.2 mM CaCl,, and the proportion of cells remaining viable at times
during the exposure period was determined (Fig. 2.4). The first effect of CdCl, exposure
on cellular viability was observed after 18 hours of exposure to 100 nM and 1000 nM
CdCl,, where 91% of cells remained viable. This time point was well beyond any
exposure time used for experiments at high concentrations. After 48 hours, only 36% of
cells at 1000 nM, 55% at 100 nM, and 73% of cells at 10 nM CdCl, exposure remained
viable. Exposure to CaCl, alone or with 1 nM CdCl, for 48 hours had no detectible
effects on cytoplasmic streaming. These results suggest that internodal cells were viable
over the times and concentrations used in this study. The results also show that
protoplasmic accumulation is not the result of diffusion across the plasma membranes of

dead cells.

o
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2.3.3. Cadmium accumulation and localization over time

Exposure of single internodal cells of Chara corallina to Cd resulted in a different
pattern of localization than was expected based on results of previous studies. The cell
wall of Chara corallina was the dominant point of Cd localization, accumulating
between 85 and 97 % of total Cd over three hours depending on the exposure
concentration (Fig. 2.5 A, B, C). This percentage increased from 85% after 3 hours to
approximately 98% of total accumulated Cd after 24 hours of exposure to 1 nM CdCl,
(Fig. 2.6). These values are higher than the 30-50 % reported to accumulate in the
apoplasm of roots of soybean (Cataldo er al. 1983) and wheat (Hart er al. 1998). The
rate of accumulation of Cd within the cell wall of Chara corallina was observed to
decrease over time (Table 2.1). During the first 30 minutes, the accumulation rate was
3.2-9.5 fold higher than the accumulation rate over the remainder of the exposure period
(Table 2.1). When the concentration of Cd in the absorption solution was increased, the
accumulation rate during the rapid phase (0-30 min) increased 27 fold (10 nM exposure)
or 131 fold (100 nM exposure) above the accumulation rate observed during 1 nM
exposure conditions. An increase in accumulation rate over the remainder to the
exposure period (30-180 min) was also observed and was 9 fold (10 nM exposure) or 116
fold (100 nM exposure) higher than that under 1 nM exposure conditions. Throughout all
time-dependent accumulation studies, complete saturation of the cell wall component was
not observed agreeing with previous results concerning cell wall accumulation of Cd.
However, the amount of Cd accumulated in cell walls of internodal cells of Chara
corallina represents a larger proportion (~80% more) of total accumulation than

previously reported (100 nM exposure, Cataldo er al. 1983, Hart et al. 1998).

The presence of Cd within the protoplasm (both the avacuolate protoplasm and
the vacuole) was detectible after 30 minutes with exposure to | nM CdCl, (Fig. 2.7A),
and after 15 minutes with exposure to 10 nM CdCl; (Fig. 2.7C). The rate of
accumulation in the total protoplasm was constant over the entire exposure period at both
InM (Fig. 2.5D, Fig. 2.6) and 10 nM (Fig. 2.5E) exposure conditions, and over 45
minutes at 100 nM exposure (Fig. 2.5F). The rate of accumulation increased 3.4 fold (10

nM exposure) or 65 fold (100 nM, 60 minutes) above the rate observed under the | nM
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exposure condition (Table 2.1). These results agreed with previous research insofar as
they suggest that the symplasm/protoplasm and vacuole of plant cells is accessible to Cd
(Salt and Wagner 1993). Again, however, differences were observed between this study
and previous work with respect to the degree of accessibility. In my work, accumulation
of Cd in the protoplasm of internodal cells accounted for as much as 15% (1 nM
exposure, Fig. 2.5D) and as little as 3% (100 nM exposure, Fig. 2.5F) of total Cd.
Saturation of the protoplasm was observed after 60-90 minutes with exposure to 100 nM
CdCl, (Fig. 2.5F). This saturation was not observed in both short and longer exposure to
low concentrations (Fig. 2.5D, Fig. 2.6). The observed saturation can be explained by the
fact the single cells have a finite protoplasmic volume, which may have reached its
capacity to accumulate Cd under the 100 nM exposure conditions. Protoplasmic
accumulation of Cd (3-15% of total) in internodal cells of Chara corallina contrasts with
the reported symplasmic accumulation of 50-70% of total Cd from tissue studies
(Cataldo er al. 1983, Hart et al. 1998). If we accept that studies are indeed measuring
what they claim to measure, this would suggest that the protoplasm of internodal cells is

less accessible than the symplasm of the root tissues examined.

Accumulation of Cd in the protoplasm of internodal cells of Chara corallina was
equally divided between the avacuolate protoplasm and the vacuole over longer periods
of exposure to 1 nM CdCl; (Fig. 2.7B). The vacuole has been previously suggested to be
a major compartment of Cd accumulation in plants (Salt and Wagner 1993), potentially
acting in sequestration (reducing long range transport in a plant) and detoxification of
harmful metal ions. Beyond the conclusion that the vacuole is accessible to Cd, the data
presented here neither agree nor disagree with these potential roles. Accumulation of Cd
as a sequestration mechanism could not be explored with these experiments. as
movement of Cd from the single internodal cell was not examined. However,
accumnulation of half the protoplasmic Cd in the vacuole would reduce the amount of Cd
available for remobilization throughout the plantlet. As all cells on a plantlet would be
exposed to similar conditions in the natural environment, mobilization of ions between
Chare corallina cells may not be important. The vacuole could also act as a cation

storage system not specific to Cd. This system could either store necessary cations until
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low environmental concentrations are encountered, or detoxify potentially harmful

substances by limiting their access to the protoplasm.

2.3.4. Kinetic investigation of cadmium accumulation

An investigation of the rate of Cd accumulation in internodal cells of Chara
corallina over a range of concentrations similar to those used in tissue studies (Cataldo et
al. 1983, Costa and Morel 1993, Hart er al. 1998) showed some similarities between the
systems, but still reflected the large accumulation potential of the cell wall (Fig. 2.8).
The rate of accumulation in the cell wall increased linearly with respect to exposure
concentrations up to 2000 nM CdCl, (Fig 2.8A). This agrees with work in wheat (Fig.
2.1, Hart et al. 1998) where the subtracted linear component was suggested to be
accumulation in the cell wall, and soybean (Fig. 2.2A, Cataldo et al. 1983) where the
non-exchangeable component was linear with exposure up to 2000 nM CdCl,. In both of
these studies, however, the symplasm was suggested to be the dominant location for
accumulated Cd. The opposite was observed in Chara corallina. Over the range of Cd
concentrations examined, the protoplasm accumulated at most 15% of total Cd. and this

value decreased with increasing concentration (Fig. 2.5, Fig. 2.8).

Previous research had proposed that the saturable portion of the accumulation rate
versus exposure concentration plot was due to active transport across the plasma
membrane. Data from the saturable component were fit to a Michaelis-Menton model.,
and Ky, and V,,, values were calculated (see Fig. 2.1 for example). The same model was
applied to the protoplasmic data obtained in this study (Table 2.2). The calculated V,,,
values for transport into the total and avacuolate protoplasm were off the scale of the
graph (Fig. 2.8B), indicating that concentrations at the plasma membrane had not yet
saturated the Cd ‘carrier’. The V. value for the vacuole was within the bounds of the
graph (Fig 2.8B, Table 2.2), but also had not yet been reached. The K, values for the
total and avacuolate protoplasm were also off the graph scale (Fig. 2.8B). Accumulation
rates at higher concentrations need to be obtained in order to evaluate the validity of the
calculated constants. The fact that V,, and Kr, values for the avacuolate protoplasm

were higher than the total protoplasm values was initially puzzling. However. the high
26



standard error and P-values associated with these constants suggests they are not reliable
estimates of the true values in this compartment. Analysis of accumulation within the
protoplasm is complicated by the fact that the cell wall is such a large pool of Cd
accumulation. Over the 30 minute exposure period under 2000 nM conditions, 99.4% of
total Cd was accumulated in the cell wall (Fig. 2.8). It is possible the plasma membrane
experienced a different Cd concentration than present in the exposure solution. Cadmium
levels at the plasma membrane may not yet saturate the proposed active transport

mechanism.

2.3.5. Accumulation of cadmium under altered metabolic conditions

Previous assignment of Cd to a specific cellular location was based on Cd
accumulation under altered metabolic conditions (Cataldo et al. 1983, Hart et al. 1998).
All Cd accumulated in a metabolism-dependent manner was suggested to be symplasmic
and all metabolism-independent accumulation was apoplasmic. Cadmium accumulation
in the presence of the metabolic inhibitors DNP and CCCP, and low temperatures was
conducted as a direct test of these assumptions. With the surgical techniques available.
Cd accumulation in the absence of a functional protoplasm was also conducted. This
experiment provided powerful test of the second assumption, that all Cd accumulated in
the apoplasm was a result of metabolism-independent processes. If this assumption is
valid, accumulation in cell walls of intact and pre-exposure isolated cell walls should be

equal.

It should be noted that experiments altering cellular metabolism (by metabolic
inhibitor or low temperature exposure) were not designed to pinpoint a specific aspect of
cellular metabolism responsible for Cd accumulation. Rather, these treatments were used
as a general test of the role metabolism can play in accumulation. Data collected from
metabolic inhibitor experiments must be interpreted carefully. For example, the inhibitor
DNP is known to have numerous effects including uncoupling oxidative phosphorylation.
impairing plasma membrane structure and function, and disrupting the proton gradient
across the plasma membrane (Jackson 1982). The inhibitor CCCP can uncouple oxidative
phosphorylation in mitochondria and chloroplasts (Heytler 1962). Also low lemperatures
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cause a general reduction in cellular processes and metabolism. Conclusions drawn from

these tests should therefore remain general.

Cadmium accumulation in the cell wall when exposed to 1 nM CdCl, was not
significantly reduced by exposure in the presence of metabolic inhibitors (Table 2.3).
Exposure in conjunction with low temperatures resulted in a significant reduction (33%)
in Cd accumulation. When cell walls isolated before Cd exposure (no protoplasm) were
subsequently exposed to Cd, a similar reduction in accumulation (33%) was observed
when compared to cell walls of intact cells (Table 2.3). A time course of Cd
accumulation in intact and pre- exposure isolated cell walls provided similar results (Fig.
2.9). These results suggest that Cd accumulation by the cell wall of internodal cells
occurs via both metabolism-independent (temperature dependent decrease in
accumulation of isolated cell walls, Table 2.3) and protoplasm-dependent processes
(decrease in accumulation in the absence of a protoplasm and under low temperature

treatment, Table 2.3).

Accumulation of Cd in the total protoplasm and its components appeared
metabolism-dependent. This agreed with previous assumptions regarding symplasmic
accumulation in plants. A reduction of up to 90% was observed (Table 2.3), but
differences were not significant. The large standard error associated with the values
appeared responsible for the lack of significance between the differences as the collected

data approached the detection limits.

Exposure of cells to metabolic inhibitors included exposure to 0.95% ethanol
(v/v), as ethanol was necessary to dissolve both inhibitors. Exposing internodal cells to
this concentration of ethanol had previously resulted in no adverse effects on cytoplasmic
streaming or chloroplast organization (Reid er al. 1996b). suggesting cellular viability
was not affected. Also, accumulation of Cd in the cell wall and protoplasm of control
cells (Table 2.3) was similar to Cd levels accumulated in the absence of ethanol (Fig

2.5A, Fig 2.6), further suggesting that viability was not affected.



Three plausible explanations can be suggested to account for the large
discrepancy in specific Cd localization found in this research compared to previous
studies. First, I could be observing an accumulation pattern specific to Chara corallina,
and potentially other green algal species. A study conducted on the chlorophyte alga
Chlamydomonas reinhardtii demonstrated that algal cell walls have a very large metal
ion binding capacity (Button and Hostetter 1977). The abundance of metal binding sites
could serve to trap trace metals or cations, increasing the local concentration around the
algal cell. This would increase the levels of these substances at the plasma membrane,
raising the potential for movement into the protoplasm. Conversely, the cell wall could
act as a filter, trapping harmful molecules and restricting their access to the plasma
membrane, and the protoplasm. This was suggested by additional work with
Chlamydomonas reinhardtii showing a decreased survival rate of a mutant strain lacking
a functional cell wall compared to wild type cells when exposed to the divalent metal
ions Cd**, Cu®*, Co™, and Ni** (Macfie et al. 1994). Also, a large Cd fraction was
removable from cell walls of this algae when compared to the wall-less mutant strain
(Macfie and Welbourn 2000). It can be speculated that both mechanisms are active to

different extents.

The second explanation for differences between results is that previous
assumptions regarding Cd accumulation and the resulting assignment of absorbed Cd to a
specific location are not entirely valid. The presence of a protoplasm-dependent
component associated with accumulation in the cell wall directly challenges one of the
underlying assumptions regarding assignment of Cd location in plant tissues. This
possibility has been previously suggested in work with aluminum (Zhang and Taylor
1991), where a portion of the saturable (and previously presumed symplasmic)
component of accumulation was attributed to the cell wall. If a protoplasm-dependent
component is associated with cell wall accumulation in plant tissues, previous positional
interpretations would be incorrect, and results may more closely resemble accumulation

profiles from this study.



The third explanation for the differences observed is that the surgical techniques
available with Chara corallina internodal cells offer a level of spatial resolution that
cannot be realized when working with root tissues. Cadmium accumulation in each
distinct subcellular compartment of Chara corallina cells can be directly assessed. Due
to the indirect nature of the previous analyses, it is not possible to conclusively identify
the location of Cd in collected pools when roots were exposed to either the metabolic
inhibitor or low temperature treatments. It remains possible that data collected at the
tissue level does not accurately reflect processes occurring in one single cell. Instead, the
results would represent the average accumulation potential of all cells within the tissue.
Not all cells in a given tissue are identical. The root is composed of numerous cell types
(for example epidermal, cortex, and vascular cells), each of which has a distinct role
within the tissue. In addition to intercellular differences, not all cells are exposed to
identical conditions. It may not be valid to assume that a cortex cell would have the same
accumulation potential as an epidermal cell. or that accumulation in both cell types
occurs in the same manner. Cortex cells are not exposed to the external environment.
They can obtain ions from the apoplasm or from neighboring cells via plasmodesmata.
The data collected from root tissue would then represent the average accumulation
potential for numerous cell types. Specific Cd location in any one cell type could not

then be conclusively determined.

The question, “what cell type, if any, would a Chara corallina internodal cell be
analogous to?” is an interesting point to address. Given the differences between species.
an analogy may not be applicable. Both vascular plant and charophyte cells have a cell
wall and a plasma membrane that Cd must cross to gain access to the protoplasm, and a
tonoplast separating the vacuole from the rest of the cell. The charophyte algae are
suggested to have the most recent common ancestor to land plants (Chapman and
Buchheim 1991, Graham 1993), suggesting generalities in cellular composition. Beyond
these points however, a direct comparison between an internodal cell of Chara corallina
and a single cell from a plant may not be feasible. This lack of direct cellular comparison
should not preclude a re-examination of previously reported data. Data from my direct

assessment of Cd localization indicate that Cd is capable of crossing both the plasma
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membrane and the tonoplast of a biological system. This was previously suggested from
analysis in plant tissue (Cataldo et al. 1983, Hart er al. 1998, Salt and Wagner 1993).
However, with the exception of in vitro accumulation in vacuolar protoplasts of oat roots
(Salt and Wagner 1993), transport of Cd across the tonoplast was never directly assessed
or quantified. The results of my work also question the degree to which the protoplasm is
accessible by Cd, as a reduced percentage (3-15%) of total accumulation was observed
when compared to previous studies (50-70%). A direct measure of Cd accumulated
subcellular locations within plant cells is still necessary to explore the suggestions raised

by this study.

A final point that remains to be considered is the physical site(s) to which Cd ions
might bind within the cell wall. This point could be addressed by examining the
ultrastructure of a Characean cell wall, studies specific to the Characeae are lacking. In
lieu of direct knowledge of Chara corallina cell wall structure, the general composition

of a plant cell wall can provide insights as to the nature of Cd binding within a cell wall.

The plant cell wall is an complex structure that has been described as containing
three structurally independent, but interacting, domains (Carpita and Gibeaut 1993). The
first domain is comprised of a cellulose microfibril lattice [(1—4) B-linked D-glucose
polymers] supported by interlocking glycan polymers. These molecules provide a
structural framework. The second cell wall domain is a ‘jelly-like’ pectin domain. which
the cellulose-glycan domain is embedded in. Pectins are complex polysaccharides that
are thought to determine many properties of the cell wall, flexibility, porosity, surface
charge, cell wall pH, ion balance, and binding capabilities (Carpita and Gibeaut 1993).
The third domain consists of various proteins with structural and/or functional properties.
Cation binding sites contributed by all three domains comprise the cation binding

capacity of the cell wall as a whole.

Based on the structure of the cell wall, possible explanations for the decrease in
Cd accumulation observed for isolated cell walls compared with an intact cell walls

(Table 2.3, Fig 2.9) wall can be proposed. The pectin matrix is thought to provide most
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binding sites for cation accumulation in the cell wall. Deposition of new cell wall
material, including pectins, occurs during the exposure period. This would provide new
binding sites for Cd, increasing accumulation of Cd in intact cell walls relative to isolated
cell walls (with fixed number of binding sites). However, deposition of sufficient
material to increase the Cd binding capacity by 33% (Table 2.3) would be unlikely over a
three hour exposure. A second possible explanation is that changes in the number of
binding sites within the cell wall occurs in intact cells due to the exudation and activity of
proteins. A decrease in the methylation status of the pectin matrix (via pectin
methylesterase activity) has been suggested to provide binding sites for Ca>*. increasing
crosslinking between pectin polymers and condensing the pectin matrix (Carpita and
Gibeaut 1993). By removing methyl groups from pectins in the cell wall, more Cd
binding sites could potentially become available. This would again increase the Cd
accumulation potential in the cell wall of an intact cell over that of an isolated cell wall.
The ability to synthesize the enzymes responsible for this activity and provide metabolic

energy for their activity is not possible in an isolated cell wall fraction.

While the pectin matrix is thought to contribute the majority of cation binding
sites, the potential for binding to the cellulose-glycan lattice should not be ignored. This
domain may provide sites for passive binding of cations and contribute to a portion of the
Cd accumulation observed in isolated cell wall fractions. A detailed analysis of the cell
wall components, their relative distribution, and the rate of cell wall synthesis and protein
activity are necessary to fully understand Cd binding within this extremely large

subcellular pool.

2.4. Conclusions

The inability to unambiguously separate Cd accumulated at the tissue level into
distinct apoplastic and symplastic compartments has hindered a complete and thorough
analysis of Cd accumulation in root tissues. Use of Chara corallina internodal cells as a
model system provided me with an opportunity to directly measure the amount of Cd
present in distinct subcellular compartments (cell wall and protoplasm) upon exposure.

My results clearly indicate that the cell wall is the major accumulation site for Cd in

(98
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internodal cells of Chara corallina. The rate of Cd accumulation in the cell wall does not
saturate with respect to time or concentration up to 2000 nM CdCl,. Accumulation in the
cell wall is not affected by exposure to the metabolic inhibitors DNP or CCCP, but is
reduced by exposure to low temperatures or removal of the protoplasm. The protoplasm
is accessible to Cd, but to a much lesser extent than the cell wall and shows no saturation
in accumulation rate up to 2000 nM CdCl, over a 30 minute exposure period. However,
time dependent saturation is observed after 60 — 90 minutes at 100 nM CdCl». It is
possible that due to the fixed volume of the internodal cells, protoplasmic saturation is
reached at this time at higher concentrations. Cadmium accumulation in the total
protoplasm and its components appeared metabolism-dependent. Vacuolar accumulation
also mirrors accumulation in the avacuolate protoplasm under low exposure

concentrations.

Differences between my data and those from previous studies raise questions
about the interpretation of earlier results. Subcellular Cd location was assigned to
specific subcellular pools based on changes in accumulation in response to an altered
metabolic state of the tissue. In this study, Cd accumulation in the cell wall was
suggested to occur by both metabolism-independent and protoplasm-dependent
processes. This challenges one of the primary assumptions from previous studies
(Cataldo et al. 1983, Hart er al. 1998) that all cell wall accumulation occurred in a
metabolism-independent manner. It is possible that previous assumptions regarding
metabolic status and cellular localization were not valid. This would have led to
misinterpretation and incorrect subcellular assignment of the collected Cd pools. At the
time, these assumptions were necessary to interpret previous research. However, with the
surgical techniques used in this study, a direct analysis of subcellular Cd distribution was
possible. This data shows a much different pattern than previously observed and suggests

a re-examination may be warranted.
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Figure 2.1. The effect of cadmium concentration on the rate of cadmium
accumulation in roots of wheat (Tritium aestivum). (A) Changes in the rate of Cd
accumulation in roots (closed symbols) can be mathematically dissected into a saturable
(open symbols, V,x =29 =2 nmol g" h"', Km =40 + 13 nM) and a linear component
(dotted line). (B) Accumulation of Cd in intact root tissue (circles) and pure cell wall
fractions (squares). Closed symbols represent experiments conducted at 23 °C, open
symbols are at 2 °C. Dotted line represents linear component of accumulation. Data are
taken from Hart er al. (1998).
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Figure 2.2. Cadmium accumulation in roots of soybean. (A) Operationally defined
fractions collected from soybean including (a) readily-exchangeable, (b) non-
exchangeable, (c) absorbed, and (d) metabolically absorbed. (B) Procedural schematic of
collection techniques with interpreted subcellular locations. Data from Cataldo et al.
(1983).
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Figure 2.3. An exposure chamber with a single Chara corallina internodal cell.
Single cells were placed in the three-compartment chamber and the compartments sealed
using a mixture of silicon release compound and high vacuum grease to form a water
insoluble barrier. For treatment, experimental solution (radioactive) was placed in the
centre compartment while the end compartments contained background solution.
Contamination of the cell ends was eliminated such that surgery did not introduce '®Cd
accumulated by the cell wall to the protoplasm.
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Figure 2.4. Viability of internodal cells of Chara corallina over time. Internodal cells

of Chara corallina were exposed to solutions of CdCl, + 0.2 mM CaCl, for up to 48
hours. Cells that showed no cytoplasmic streaming for two consecutive time points, or
had a disorganized chloroplast layer were considered to have lost viability. Eleven

individual internodal cells were exposed to each concentration.
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Figure 2.5. Subcellular localization of cadmium in internodal cells of Chara
corallina. Individual internodal cells were exposed to radiolabeled solutions of CdCl- +
0.2 mM CaCl,. Subcellular components were surgically isolated at the indicated time
points. Exposure concentrations were as follows: (A, D) 1 nM, (B, E) 10 nM, (C, F) 100
nM. Each point represents the mean and standard error of 3 or 4 individually exposed
cells.
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Figure 2.6. Subcellular localization of cadmium over long-term exposure. Individual
internodal cells of Chara corallina were exposed to a radiolabeled solution of 1 nM
CdCl> + 0.2 mm CaCl; for up to 24 hours. Subcellular compartments were surgically
isolated at the indicated times. Each point represents the mean and standard error of 3 or
4 individually exposed cells.
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Figure 2.7. Protoplasmic accumulation and localization of cadmium. Individual
internodal cells of Chara corallina were exposed to a radiolabeled solution of CdCl, +
0.2 mM CaCl,. (A) | nM exposure over a 3 hour period. (B) 1 nM exposure over a 24
hour period. (C) 10 nM exposure over a 3 hour period. Each point represents the mean
and standard error of 3 or 4 individually exposed cells.
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Figure 2.8. Kinetics of cadmium accumulation. Individual internodal cells of Chara
corallina were exposed to a radiolabeled solution of CdCl, + 0.2 mM CaCl, for 30
minutes. Subcellular compartments were then surgically isolated. (A) Rate of Cd
accumulation in the cell wall, (B) rate of Cd accumulation into the total protoplasm,
avacuolate protoplasm, and the vacuole. Each data point represents the mean and
standard error of 4 or S individually exposed cells.
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Figure 2.9. The time course of Cd accumulation in intact and pre-exposure isolated
cell walls. Intact and pre-exposure isolated cell walls were exposed to | nM CdCl, + 0.2
mm CaCl, for up to 3 hours. Cell walls of intact cells were surgically isolated following
exposure. Each point represents the mean and standard error of 3 or 4 individually
exposed cells or cell walls.



Table 2.1. The rate of accumulation of cadmium in the cell wall and total

protoplasm of internodal cells of Chara corallina. Accumulation rates were calculated
from data in Fig. 2.5.

Concentration of  Exposure Cell wall Total protoplasm
uptake solution time"  (moles x 10" mm?h') (moles x 10" mm?2h")
(nM) (min) -
1 0-30 2.00 +£0.25 NA®
45-180 0.62+0.12 NA
0-180 NA 1.54 £0.16
10 0-30 534+06 NA
45-180 5605 NA
0-180 NA 516 £0.47
100 0-30 262 £ 40 NA
45-180 72+ 16 NA
0-60 NA 99.6 + 32.4°

* time of exposure over which the accumulation rate was calculated, ° results not
applicable to time frame, © saturation observed after 60-90 minutes.
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Table 2.2. Kinetic constants for cadmium accumulation in internodal cells of Chara
corallina. Values were determined by fitting data from Fig. 2.7 to the Michaelis-Menton
equation (y = (Vi *x)/(Kn+x)) within Sigmaplot 2000 (SPSS), and calculating K,,, and
Vmax. Values are presented with associated standard error. P-values for each value are
listed in parentheses and were obtained from Sigmaplot 2000.

V max Kn
(moles x 10" mm2 h") (moles x 10™%)
Total protoplasm 6.07 £1.83 (0.02) 2400 = 1100 (0.08)
Avacuolate 758 £5.10 (0.21) 4400 £ 4000 (0.36)
protoplasm
Vacuole 0.58 £0.22 (0.04) 700 +700 (0.33)
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Table 2.3. Subcellular accumulation of cadmium in internodal cells in the presence
and absence of metabolic inhibitors, low temperature, or the protoplasm. Single
internodal cells were exposed to 1 nM CdCl» + 0.2 mM CaCl; for 3 hours, in the presence
or absence of the metabolism inhibiting treatment, then surgically separated into
subcellular components. The pre-isolated cell walls were surgically separated prior to

CaCl, pretreatment.

Treatment

CdCL (control)
CdCl, + DNP
CdCL + CCCP

CdCl, @ 4°C

Pre-isolated cell walls
+ CdC'z

Pre-isolated cell walls
+CdCl, @ 4 °C

Cadmium amount in fraction

(moles x 10" mm?)

Cell wall
5.14% 1.0
470 +£0.5
4.65+038

3.33+£0.3*

3.20+£0.3*

2.40 £0.2%

Total
protoplasm
0.22+0.10
0.10£0.02
0.05 £ 0.01

0.04 £0.01

NA

NA

Avacuolate
protoplasm
0.13+£0.07
0.06 +0.01
0.04 +0.01

0.03 £0.01

NA

NA

Vacuole
0.09 £0.04
0.04 £0.01
0.02 £0.01

0.01 £0.01

NA

NA

NA— non applicable, DNP—2,4 dinitrophenol, CCCP— m-chloro carbonyl cyanide
phenylhydrazine. * indicates a significant difference from the control (p <0.05).
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Chapter 3. The nature of cadmium accumulation in the cell wall of Chara corallina
3.1. Introduction

Experiments examining accumulation of cadmium (Cd) in internodal cells of
Chara corallina (Chapter 2) indicated that the cell wall is the largest sink for
accumulated Cd in this species. Estimates of Cd accumulation in cell walls of Chara
corallina (>85% of total) and the apoplasm of plant roots (30-50% of total) vary
considerably. Such variability could arise from inter-specific differences, different

exposure solution compositions, or misinterpretation of experimental data.

Measurements of Cd levels in cell wall pools have frequently relied on
desorption techniques, and two procedures have been traditionally used. The first
procedure involves exposing roots to experimental solutions containing '*Cd for
accumulation, followed by desorption in an excess of unlabeled Cd. Cadmium desorbed
from the tissue is then calculated based on the amount of isotope present in the desorption
solution (Cataldo et al.1983), or the amount of Cd remaining in the tissue (Hart er
al.1998). This method allows for a direct measure of exchangeable Cd from the root
tissue over a specific time period. Profiles of Cd desorption (Cd desorption from root
tissue over time) can be constructed by desorbing numerous root samples, each over a
specific time period (0, 2, or 5, or 10, or 15 min, etc, Hart er al. 1998), and the amount of
Cd remaining plotted against the desorption time. Using the desorption method, Cd
bound to readily-exchangeable sites in the apoplasm of soybean (after a 1.5 hr desorption
in 20-fold excess CdCl,) has been shown to be concentration dependent and to range
from 2 ~ 6% of total accumulation (Cataldo et al. 1983, Fig. 2.2A). In bread wheat this
range was higher, approximately 8 — 30 % of total accumulated Cd. but Cd was desorbed
for 1 hourin 117 - 1400 fold excess CdSO; (Hart er al. 1998). Both groups of authors
observed that >90% of the readily-exchangeable Cd was removed after a 30 minute

exposure to their respective desorption solutions.

A problem associated with this approach is the destructive nature of the sampling
procedure. Cadmium levels in the root before and after desorption cannot be compared
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in the same tissue sample. Differences in Cd accumulation between the two compared
treatments (desorbed versus non-desorbed) could alter the amount of Cd perceived to be
readily-exchangeable in the apoplastic pool. An additional drawback to this approach is
that data for the profile would be collected from roots of numerous plants and would not
take into account potential differences in total Cd accumulation between the different

plants.

In contrast to measuring desorption from individual root samples at a single time
point, some researchers have opted to use a second technique. the sequential desorption
technique. With this approach, Cd desorbed from a single root sample is examined at all
time points and used to construct a complete desorption profile. Sequential desorption of
samples is conducted by transferring the tissue sample to fresh desorption solution at
specific time points. The amount of radioactive ion desorbed over the time interval is
then measured (see Table 3.1 for example), and a profile of Cd remaining in the tissue
over time compiled. In contrast to the destructive sampling used in the single time point
method above. the sequential desorption technique provides a direct comparison between
Cd present before and after desorption of the root or cell. This is beneficial as a frame of
reference is provided that can take into account differences in total accumulation by
expressing the results as a percentage value rather than an absolute value. However, an
implicit assumption associated with the technique is that the distribution of Cd (or cation)
at exchangeable or non-exchangeable sites will be similar in any given plant, regardless
of the absolute accumulation level. The sequential desorption technique was initially
used to measure exchange properties and ion distribution of monovalent cations (K*, Na®)
in single cells of Nitellopsis obtusa (MacRobbie and Dainty 1958), and root tissues of
Zea mays L. (Kochain and Lucas 1982), Pseudotsuga menziesii. and Hordeum vulgare
(Rygiewicz et al. 1984). Sequential desorption has since been used to the study the
exchange of divalent cations. Desorption of Cd** has been reported from root tissue of
Agrostis gigantea, and Zea mays L. (Rauser 1987), and from mycelia of the
ectomycorrhizal fungus Paxillus involutus (Blaudez et al. 2000). Desorption of Zn** has
been reported in root tissue of Thlaspi caerulescens, a Zn hyperaccumulator (Lasat et al.

1998).
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The profile of desorption observed using sequential desorption has been
interpreted to represent ions desorbed from numerous subcellular pools within a tissue or
cell. These pools include the cell wall, cytoplasm, and vacuole (MacRobbie and Dainty
1958 - Fig. 3.1, Kochain and Lucas 1982, reviewed in Cheesman 1986, Lasat et al.
1998). Each pool is suggested to have a linear exchange function with respect to time,
and the overall curve represents the addition of the multiple functions (Fig. 3.1). The
linear functions were traditionally resolved by hand, but advances in non-linear
regression analysis and computer-derived analysis have facilitated estimation of
compartment sizes and exchange constants associated with the linear functions.
Exchange times have been used to assign a specific pool to a subcellular location. The
pool with the fastest exchange time has traditionally been assigned to the cell wall, and
has been suggested to be Cd desorbed from readily-exchangeable sites. The pool with
the second fastest exchange time has been traditionally assigned to the cytoplasm, and the
slowest exchangeable pool has been assigned to the vacuole. It should be noted that the
underlying assumption of this technique is that these subcellular pools act in series, and

Cd movement between any two pools during desorption occurs at a single rate.

Using the sequential desorption technique, the amount of readily-exchangeable
divalent cations present in the cell wall has been reported to be 50% of total Cd in the
fungus Paxillus involutus (Blaudez er al. 2000), and 61% of total Zn in Thlaspi
caerulescens (Lasat et al. 1998). Pool sizes in Agrostis gigantea and Zea mays were not
reported (Rauser 1987). Estimates of cell wall pool size obtained from sequential
desorption studies were larger than the 10-25% of total estimated from studies using the
single time point desorption approach (Cataldo et al. 1983, Hart et al. 1998). The
discrepancy between results observed with these techniques has not been addressed in the
litcrature. Differences in exposure times would alter the absolute amounts of Cd present
in all subcellular pools, and the resulting desorption profile would vary accordingly. It is
also possible that the short desorption times employed when using the single time point
method did not allow observation of the slower exchanging components. Regardless of
the technique used, a direct measure of Cd desorbing from specific subcellular location

was not achieved. Without this direct measure, the assignment of desorbed cation pools
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to specific subcellular locations from data compiled by one or both or these experimental
approaches is speculative at this time. Even with this problem, the sequential desorption
technique has been given merit for determining wash (desorption) times for removal of

readily-exchangeable Cd from the cell wall and the approximate size of the cell wall pool

(Cheesman 1986).

The objective of research presented in this chapter was to determine the nature of
Cd accumulation within the large, cell wall pool in internodal cells of Chara corallina.
This was determined using the sequential desorption technique as the primary
experimental approach. Results obtained can also be compared to single time point
desorption experiments. Chara corallina is a powerful model system in that a direct
comparison between the techniques is feasible due to surgical techniques that allow a
direct measurement of the cell wall, avacuolate protoplasm and the vacuole following
desorption. The amount of Cd present in readily-and non-exchangeable sites in
internodal cell walls will be reported and compared to previous reports from root tissues.
Direct measurement of desorption from the protoplasmic components will also be

reported.

3.2. Materials and Methods

3.2.1. Exposure conditions

Internodal cells of Chara corallina were harvested and prepared for exposure as
described in Chapter 2. After pretreatment, single viable cells were exposed for 3 hours
to 110 ml of 1 nM CdCl, + 0.2 mM CaCl, labeled with '”Cd as a tracer. Specific activity
of '®Cd ranged from 24-58 MBq g, but was constant for a given experiment.
Following exposure, cells were briefly rinsed (2 sec) in 0.2 mM CaCl.. In some
treatments, cell walls were surgically isolated as described in Chapter 2, length and
diameter were measured. and subjected to the desorption treatment. In other treatments,
cell walls were isolated after desorption. Intact cells were briefly rinsed (2 sec) in 0.2
mM CaCl, following exposure to '®Cd, and immediately desorbed as described below.
Following desorption, cell walls were surgically isolated as described in Chapter 2. All

solutions (both exposure and desorption) were equilibrated to pH 6.0 with KOH or HCI.
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3.2.2. Desorption protocol - sequential desorption method

The desorption protocol used here was similar to that used previously for
compartmental efflux analysis of cell wall and intracellular pools of '®Cd from plant
roots (Cheesman 1986, Rauser 1987) and fungi (Blaudez et al. 2000), and to that used for
estimating desorption of ®*Zn pools from plant roots (Lasat et al. 1998). Sequential
desorption of Cd from isolated cell walls or intact cells was carried out by transferring the
cells or cell walls to fresh desorption solution at selected time points during desorption
(see Table 3.1 for example). This resulted in the compilation of a full Cd desorption
profile from each replicate. A group of S isolated cell walls or intact cells was considered
an individual replicate, as '“Cd desorbed during experiments with single intact cells fell
under the detection limits. No differences were observed between desorption profiles
compiled using either a single isolated cell wall or a group of S isolated cell walls as a
single replicate. Results were expressed as the percentage of Cd remaining in the cell
wall [((total desorption) — desorption,-,)/(total desorption) *100%] at a given desorption
time point. Ireasoned that the percentage of total Cd desorbed from a given cell wall
should be similar at a given time point regardless of the absolute amount of Cd being
desorbed. This allowed data to be normalized for differences in absolute Cd
accumulation between individual samples. Statistical analysis of data was conducted

using the linear and non-linear regression functions within Sigmaplot 2000 (SPSS Inc).

3.2.3. The effect of desorption solution composition on cadmium desorption from
isolated cell walls

Following exposure, groups of isolated cell walls were desorbed at 4 °C in 5 mL
of an appropriate desorption solution within 50 ml plastic beakers. The solutions
compared were 100 nM CdCl,, 75 nM DTPA (dietheylenetriamine pentaacetic acid, a
cation chelator), 100 nM CdCl; + 0.2 mM CaCl,, 75 nM DTPA + 0.2 mM CaCl,, 0.2 mM
CdCl;, 0.2 mM CaCl,, and 0.2 mM CdCl; + 0.2 mM CaCls (the absolute amount of Cd or
DTPA present in 5 mL of any desorption solution was sufficient to either exchange or
chelate all Cd present in the group of cell walls after a 3 hour exposure to | nM CdCl.).
Beakers containing desorption solutions were continually stirred on a flatbed shaker.

Measurements of Cd desorption were taken over 180-minute (1, 2, 5, 8, 10, 15, 30. 45,
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60, 90, 120, and 180 min) and 12 hour (0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, and 12 hr) time
periods. Radioactive '’Cd present in desorbed solutions was assayed by gamma
counting of 3 mL samples, and expressed as a percentage of total '”Cd remaining in the
cell wall at a given time point. Each time point within a desorption profile represented the

mean and standard error of 3 individual replicates.

3.2.4. Comparison of desorption profiles from intact and isolated cell walls

Individual internodal cells were exposed to '%¢d labeled solutions (I nMCdCl, +
0.2 mM CaCl,, activity- 24-58 MBq ug) for 3 hours. Following exposure to the
experimental solution, intact cells were briefly rinsed (2 sec) in 0.2 mM CaCl, then
pooled into groups of 5 (each group a single replicate) for desorption. A second series of
replicates of isolated cell walls was prepared by surgical isolation following Cd exposure.
Desorption of all replicates was conducted in 25 mL of 100 nM CdCl, + 0.2 mM CaCl, at
4 °C with '"Cd measured from 3 mL samples of desorption solution at 1, 2, §, 8, 10, 15,
20. 30, 45, 60, 90, 120, and 180 minute intervals. Low temperatures were used to reduce
cellular metabolism and active accumulation of Cd in the protoplasm beyond the
exposure period. Desorption of all samples was conducted in plastic petri dishes (11x 150
mm, Fischer Scientific) to keep the intact cells submerged during the desorption
treatment. This was necessary due to the length of the intact cells and the fact they are
less flexible than the isolated cell walls. Desorption solutions were continually stirred as
described above. Results were expressed as the percentage of '*Cd remaining in cell
walls. Each point within a desorption profile represented the mean and standard error of

3 individually desorbed replicates.

The amount of Cd remaining in the intracellular fractions of internodal cells after
desorption was also directly determined. Internodal cells were each exposed to 110 mL
of 1 nM CdCl> + 0.2 mM CaCl, radiolabeled with '®Cd for 3 hours in the exposure
chambers described in Chapter 2. Following exposure, all solution was removed and
replaced with 100 nM CdCl; and 0.2 mM CaCl,. The large volume of desorption
solution used was required to completely cover the internodal cells within the exposure

chambers. Cells were removed from desorption solution after 30 or 180 minutes and
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subcellular fractions were surgically isolated. Radioactive Cd measured in each
subcellular fraction was compared to the levels present in subcellular fractions from cells
exposed to experimental solution for 3 hours, but not subjected to the desorption
treatment. Each time point represents the mean and standard error of 4 individually

exposed and desorbed cells.

Desorption profiles were also constructed from cell walls surgically isolated prior
to '®Cd exposure. Isolated cell walls were each exposed to 110 mL of | nM CdCl, + 0.2
mM CaCl, labeled with 'Cd. Cell walls were grouped into replicates after exposure and
each replicate was desorbed in 100 nM CdCl» + 0.2 mM CaCl,. Desorbed '*°Cd was
measured from 3 mL samples of desorption solution collected at 1, 2, 5, 8, 10, 15. 20, 30,
435, 60, 90. 120, and 180 minute intervals. Each data point within a profile represents the
mean and standard error of 3 individually desorbed replicates. The percent of Cd
remaining in the cell wall over time in these pre-isolated cell walls was compared to the

desorption profiles of intact cells, and cell walls isolated following '*’Cd exposure.

3.3. Results and Discussion
3.3.1. Comparison of desorption treatments

Before the effect of solution composition on desorption could be examined. the
desorption unit needed to be defined. When desorption profiles using an individual cell
wall as a replicate were compared to profiles from groups of 5 cells walls per replicate
(exposed to 5 mL of desorption solution), no difference in total desorption was observed
(Fig. 3.2). However, analysis of desorption solutions from individual cell walls desorbed
in 25 mL of solution failed to detect desorbed '*Cd during the 1, 2, and 5 minute time
points. Therefore, groups of 5 cell walls were used as individual replicates for

subsequent desorption experiments.

Experiments were then conducted to determine which desorption solution was
most effective at removing the readily-exchangeable pool of cell wall associated Cd. The
desorption agents examined included excess unlabelled Cd and the cation chelator DTPA.

Since DTPA had proved effective at removing and estimating extractable Cd from soil
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samples (Bailey er al. 1995), it was hypothesized that it might effectively remove readily-
exchangeable Cd from cell walls. Both desorption agents were able to remove the
readily-exchangeable Cd component (Fig. 3.3A), and desorption appeared to continue
through 3 hours. However, 100-fold excess Cd desorbed more '®Cd than the DTPA
treatment. When 0.2 mM CaCl, (background solution) was included in the desorption
solution, the desorption efficiency of both agents increased, but the relative desorption
capabilities remained similar (Fig 3.3B, excess Cd was a better agent). From this point

on, a 100-fold excess CdCl> was used as the desorption agent.

Including 0.2 mM CaCl; in desorption solutions increased the concentration of
competing cations in solution by 2000-fold. To test the effect of this increase in cations
on desorption, CdCl, and CaCl, alone and in concert were examined as desorption agents
at the increased concentration (0.2 mM; Fig. 3.4). High concentrations of CdCl,, CaCl,,
or both together, were not as effective in removing the exchangeable component as 100
nM CdCl: + 0.2 mM CaCl,. Desorption in this experiment was slower than previously
observed. Differences may have been due to variation in the number of exchangeable
cell wall sites between cultures grown in different tanks. Still. exchange appeared to be
continuing though the longest desorption point (12 h). It was puzzling that the large
excess of both Cd and Ca was not more effective at desorbing the radiolabel from the cell
wall than the lower Cd concentration. Upon repeating the experiment identical results
were obtained, giving me confidence this is an actual phenomenon. Nonetheless, |

cannot yet explain the occurrence.

Results from these experiments were not fully comparable to previously published
data as the desorption units were not identical. Studies conducted on root tissues and
Nitellopsis cells used intact, initially viable tissue or cell samples for both exposure and
desorption. In these experiments, viable internodal cells were exposed. but cell walls
were isolated prior to desorption. To compare desorption profiles from cell walls of
internodal cells of Chara corallina to profiles from cells of Nitellopsis or root tissues.

desorption profiles from intact cells were compiled.
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3.3.2. Desorption of intact versus isolated cell walls

Desorption of isolated cell walls eliminates any interplay between the protoplasm,
cell wall, and extracellular spaces interpreted to occur from previous sequential
desorption studies. When the desorption profiles of intact and isolated internodal cell
walls were compared, a similar pattern of Cd desorption was observed (Fig. 3.5). Fitting
non-linear regression functions to the data for both intact cell walls and isolated cell walls
indicated that a two-component model for desorption provided the best fit for the data,
suggesting two separate pools of exchangeable Cd (Table 3.2, 3.3). A one pool model
also provided a good statistical fit (Table 3.2, 3.3), however, graphical interpretation and
R® values associated with the one pool model gave a poorer representation of
experimental data compared to other models examined (Table 3.2. Table 3.3, Fig. 3.6).
The one pool model was then discarded. Two and three pool modelis were also fit to the
intact and isolated cell wall data with and without addition of a fixed non-exchangeable
component. Different research approaches have suggested both the presence (single time
point desorption) and absence (sequential desorption) of a non-exchangeable cell wall
component. Adding a fixed component to the mathematical equation (y") provides a
means of modeling this non-exchangeable component. The R* values for 2 and 3 pool
models with and without the fixed component suggested a good fit (R* ~ 0.998. Table
3.2, Table 3.3). However, estimation of pool sizes and exchange constants from models
containing the fixed component had higher P-values associated with them than did the 2
pool model alone (Table 3.2. Table 3.3). The 2 component model was accepted to be the

best representation of the data for both isolated and intact cell wall desorption profiles.

The two pools predicted to be present were designated as ‘fast’ or *slow’ based on
the calculated half time for exchange. The *fast’ pool had a half time for exchange in the
order of minutes. The ‘slow’ pool had a half time of exchange of hours (Table 3.2, 3.3).
Both cell wall pools were present in intact and isolated cell walls and were similar in size.
However, a difference between desorption of intact and isolated cell walls appears to be
the rapid exchange of Cd in the fast pool. As the only difference between the desorbed
samples is the absence of a functional protoplasm, an aspect of cellular metabolism not

affected by the low temperature conditions, or the plasma membrane potential could
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alter the desorption rate of the fast cell wall component. Desorption of Cd was aiso
observed from the avacuolate protoplasm (Fig. 3.7), but not the vacuole over the three
hour time desorption time. The total amount of Cd desorbed from the avacuolate
protoplasm after 30 minutes could not account for the difference between intact and

isolated cell walls over the same time frame.

Results reported here differ from those observed in single time point desorption
analyses of root tissues. Tissue studies suggested rapid removal of the readily-
exchanging component from the apoplasm (>90% of readily-exchangeable cell wall Cd
removed in ~30 minutes; Cataldo et al. 1983, Hart ef al. 1998). In contrast, desorption of
Cd from cell walls of intact or isolated internodal cells continued through the last time
point in all experiments conducted (3 or 12 hr). In previous studies, the readily-
exchanging Cd component accounted for 2% of total accumulation in soybean roots (Fig.
2.2A, Cataldo et al. 1983), and 10% of the total in wheat roots (70 nM exposure. | hr
desorption, Hart et al.1998). The remainder of the putative apoplasmic Cd fraction was
suggested bound to non-exchangeable sites in the apoplasm. Results obtained with
internodal cells of Chara corallina suggest that all Cd associated with the cell wall is

exchangeable (Table 3.2, Table 3.3).

The percentage of desorbed Cd fluctuated between experiments. This variation
could have been due to several possibilities. First. differences between the cultures (most
probably age of internodal cells) could have resulted in different exchange properties.
Fewer binding sites could have been present in one culture. Second, as long term
desorption studies were conducted with isolated cell walls in smaller amounts of
desorption solutions (5 mL), an equilibrium between '“Cd in the cell walls and solution
could have occurred during longer periods between solution changes. Reduced
desorption from these treatments would have been observed. Also. the increase in the
absolute amount of desorbing ions in 25 mL of solution compared to 5 mL could have
resulted in an increased desorption rate when 25 mL of solution was used, even though

the desorption solution concentration remained the same. It should be noted that
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regardless of the method used (beakers versus Petri dishes), all accumulated Cd was

suggested to be desorbable and the two pool model provided the best fit.

A comparison of desorption profiles from internodal cells of Chara corallina to
those from previous sequential desorption analyses yielded some similarities. Studies
with the ectomycorrhizal fungus Paxillus involutus (Blaudez et al. 2000) suggested a
large readily-exchangeable component within the cell wall (50% of desorbed Cd). Also.
Blaudez er al. (2000) suggested that all accumulated Cd was desorbable over time. This
hypothesis was not tested due to the time necessary to desorb all Cd from the vacuole
component (t;2 for exchange at hundreds of minutes). Desorption of Zn from the
hyperaccumulator, Thlaspi caerulescens, also suggested a large rapidly-exchanging cell
wall pool, accounting for 61% of total desorbed Zn (Lasat er al. 1998). It should be noted
that the amount of non-exchangeable Zn potentially present in the cell wall was not
reported. To date, the presence of a non-exchangeable pool in the cell wall has not been
suggested or extrapolated from sequential desorption profiles. Full tissue desorption
(over the vacuolar exchange period) would be required to investigate the presence of this
component. To my knowledge, experiments conducted over this time frame have not
been reported. Desorption of Cd from internodal cells of Chara corallina showed no
indication of halting. Examination of multiple non-linear regression functions suggested
that all Cd present in internodal cell walls was exchangeable. If the regression model was
designed to include a fixed component (y’ - non-exchangeable Cd), the resulting pool
sizes or exchange constants had higher associated standard error and provided a poorer
statistical fit (Table 3.2, Table 3.3). This held true for both the intact cell and the isolated

cell wall desorption profiles.

The non-linear regression analysis suggested that two pools are present in intact
and isolated internodal cell walls. Each pool is of a similar size in both cell wall
treatments (Table 3.2, Table 3.3). This suggests the presence of multiple exchange sites
within the cell wall. The most obvious difference between these pools is the smaller half
time for exchange associated with the ‘fast’ exchanging pool from intact cell walls (4

min) compared to its counterpart in the isolated cell walls (14 min; Table 3.2, Table
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3.3). As the exchange rate from this pool alone differs when the protoplasm is removed,
cellular metabolism or membrane potential may play a role in regulating desorption of Cd
from these ‘fast’ sites. Additional evidence for this interpretation was supplied by
experiments where cell walls from internodal cells were isolated before exposure (pre-
isolated group, Fig. 3.8), exposed to Cd. and then desorbed. The same descrption pools
were observed in the pre-exposure isolated cell walls as in both the intact and isolated
cell walls discussed above. As well, the exchange properties of the pre-isolated cell walls
mirror those of isolated cell walls (Table 3.4). The faster 1/2 times for exchange of Cd
pools in the pre-exposure isolated cell wall group were not unexpected. This can be
explained by the fact that pre-exposure isolated cell walls accumulated less Cd that the
intact or isolated cell wall groups. If the ratio of the amount of desorbing Cd ions to
accumulated Cd influences the rate of desorption (as suggested previously), then the
increased ratio found during desorption of the pre-exposure isolated group would allow

for quicker desorption.

One explanation for the differences observed between this study and previous
sequential desorption experiments is that the compartmental efflux interpretation may not
be appropriate for studies conducted with divalent cations. When sequential desorption
was first used on single cells of Nitellopsis obtusa to study desorption of monovalent
cations (MacRobbie and Dainty 1958), subcellular fractionation techniques, similar to
those used in this study, were employed to obtain an independent assessment of the
cations remaining at various times during desorption. When these directly assessed
values were compared to those observed during sequential desorption, they were
approximately equal. The authors were then able to ascertain the specific subcellular
location of the desorbed ions by examining the rate of desorption from the sequential
analysis and the direct measurement methods. As a note, most of the radiolabel was
associated with the protoplasm in the work of MacRobbie and Dainty (1958). When
Kochain and Lucas (1982) examined K" influx and efflux in corn roots (an adaptation of
the same technique) using *°Rb* as an analogue, most accumulated Rb* was also
suggested to be symplasmic. Furthermore, when isolated cell wall preparations were

exposed to “Rb”, little accumulation of radiolabel was observed. Interpretation of the
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desorption profile was also based on the suggested symplastic nature of cation
accumulation, but without a direct assessment of cation location to corroborate the
interpretation. When utilizing the compartmental efflux interpretation with divalent
cations, differences in the pattern of accumulation between monovalent and divalent
cations may not have been considered. In studies examining divalent cation
accumulation, a large component (30-50%) has been interpreted as cell wall
accumulation. Due to the complex chemistry of constituents that comprise the cell wall,
it may not be reasonable to assume a single rate of exchange between divalent cations in
the cell wall and solution. More importantly, a direct assessment of divalent cation
desorption from specific subcellular locations (similar to MacRobbie and Dainty 1958)
has not been conducted to support assignment of pools calculated from sequential
desorption profiles to specific locations. When Cd pools calculated from desorption
profiles of internodal cells were compared to Cd pools remaining in specific locations
after direct measurements (Fig. 3.5 and Fig. 3.7), the compartmental efflux interpretation

could not explain the profiles.

Even though the compartmental efflux interpretation did not explain Cd
desorption profiles from internodal cells, my results need not be mutually exclusive with
those from previous desorption studies. It should be noted that I could have observed a
pattern of desorption specific to Characean or other algal families. However, an alternate
to the compartmental efflux interpretation can be hypothesized which takes into account
an increased role for the plant cell wall in divalent cation accumulation and desorption.
This alternate interpretation remains consistent with results from previous studies. In
single time point desorption studies, short exposure times were employed (20 minutes,
Hart et al. 1998). Shortened exposure periods would reduce the total amount of Cd
accumulated by the tissue, but distribution between the cell wall pools should remain the
same. If a cell wall pool, similar to the ‘slow’ exchanging pool identified here is also
present in root tissues, exchange would not be readily observed over the short time period
of desorption (30-60 minutes). Exchange of a *fast’ pool would be observed over this
time and would depend on the size of the pool. With the sequential desorption

experiments, the Cd pools could have originated from the cell wall as opposed to the
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symplasm. Depending on exposure periods, Cd could move through the apoplastic
pathway (cell wall and cell wall spaces) to the cortex of root tissue. The profile of
desorption for Cd from root tissue would then represent a combination of the following:
a) exchange from multiple sites within a cell wall,
b) exchange from various cell layers within the root cortex, and

¢) exchange from the symplasm.

As suggested by results from internodal cells (Fig. 3.7), desorption from the
symplasm of root cells should still be occurring, but could be masked within the variation
of a desorbing cell wall pool. The fact that the root is a complex tissue hampers complete
and unequivocal assignment of calculated Cd pools to specific subcellular locations. It is
important to note that until direct measurements of subcellular Cd can be made in

vascular plant systems, this hypothesis will be difficult to address.

3.4. Conclusions

Employing the sequential desorption method, all Cd present in the cell wall
appeared desorbable with 100-fold excess CdCl,. Desorption of Cd followed a biphasic
pattern and continued through the longest time points examined (3 or 12 h). The large
amount of Cd desorption from cell walls suggested that the non-exchangeable Cd
observed in previous single time point desorption studies is small or absent in internodal
cells. Previous sequential desorption studies also suggest the absence of the non-
exchangeable component (Blaudez er al. 2000, not modeled by Lasat et al. 1998). When
single time point analysis was employed on internodal cells, Cd desorption continued
through 3 hours, further indicating complete exchange of accumulated Cd. This
discrepancy in the literature has not been investigated, but may represent differences in

desorption procedures used.

Desorbed Cd pools originated in the cell wall as suggested by similar pool sizes
within both intact and isolated cell walls. Cadmium desorption from the protoplasm of
intact cells could not account for the differences observed between intact and isolated cell

walls over the first 30 minutes of desorption. The potential for multiple binding sites
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within the cell wall provides an alternate interpretation for previously compiled
desorption profiles. This may reflect an incorrect usage of the compartmental efflux
model when examining divalent cation desorption. Compartmental efflux was first used
to describe monovalent cation efflux and localization in giant algae cells where direct
confirmation of cation position could be ascertained. Desorption of divalent cations was
assumed to occur by the same model, even though accumulation patterns were different
and no direct examination of cation location was conducted. It may not be valid to
assume that efflux of divalent cations would follow the same pattern as monovalent
cations. The large component of Cd present in cell walls of internodal cells with multiple
exchange constants introduces an alternate interpretation for sequential desorption
profiles. It may be necessary to re-evaluate current desorption conclusions based on
results form this study. Until a direct measurement of divalent cation location can be

made in a single plant cell, full interpretation of desorption profiles will be incomplete.
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Figure 3.1. Sequential desorption of rubidium from single cells of the giant algae
Nitellopsis obtusa, and the associated curve peeling technique for pool size
estimation. (A) Full desorption profile with the linear component thought to represent
Rb" present in the vacuole. The vacuolar component is then subtracted from the data.
and the profile replotted (B). The next linear component is thought to represent Rb*
present in the protoplasm. From MacRobbie and Dainty (1958).



T T T T T T T T Y T A T T T T T T Y T

@ Single walls
o} O  Groups of 5 walls

wi 9 _

1l wall
8
P

ining in ce

PENDRY

Percent Cd rema
g
O
O+
H—O—+H

40 i I i I 1 " i 1 i n L It i 1 l L 1 " i 1
0 30 6 90 120 150 180

Time (min)
Figure 3.2. Comparison of Cd desorption from different desorption units.
Desorption of individual cell walls or groups of 5 cell walls were compared as replicates.
Internodal cells were exposed to 1 nM CdCl, + 0.2 mm CaCl, labeled with 'Cd for 180
minutes. Cell walls were surgically isolated, placed into group of 5 or single cell wall
replicates, then desorbed in 5 mL of 100 nM CdCl, + 0.2 mM CaCl- for 180 minutes.
Data represent the mean and standard error of 3 individually desorbed replicates.
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Figure 3.3. The effect of solution compeosition on desorption of Cd from internodal
cell walls. Intact cells were exposed to 1 nM CdCl, + 0.2 mM CaCl, labeled with '"Cd
for 180 minutes and then cell walls were surgically isolated. Replicates (5 cell walls per
replicate) were desorbed in 100 nM CdCl- or 75 nM DTPA with (A) or without (B) 0.2
mM CaCl,. Data represent the mean and standard error of 3 individually desorbed
replicates.
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Figure 3.4. The effect of increased cation concentration on desorption of Cd from
internodal cell walls. Internodal cells were exposed to | nM CdCl, + 0.2 mM CaCl,
labeled with '”Cd for 3 hours, then cell walls were surgically isolated. Replicates (5 cell
walls per replicate) were desorbed for 12 hours in various concentrations of CdCl,,
CaCly, or both together. (A) Desorption of replicates over the first 2 hours, (B) full
desorption profile over 12 hours. Data represent the mean and standard error of 3
individually desorbed replicates.
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Figure 3.5. Desorption profiles from intact and isolated cell walls. Cells were
exposed to 1 nM CdCl; + 0.2 mM CaCl, labeled with '”Cd for 180 minutes. Replicates
(groups of 5 cells or cell walls per replicate) were desorbed in 100 nM CdCl, + 0.2 mM
CaCl, for a further 180 minutes. Intact cell walls (or cell walls of intact cells) were
desorbed immediately following exposure, then surgically isolated. Isolated cell walls
were collected following exposure, then desorbed. The function plotted for both data sets
1s a 2 parameter exponential decay model, as calculated by Sigmaplot 2000 (SPSS Inc.).
Data represent the mean and standard error of 3 individually desorbed replicates.

68



- T T T e

s 100f 1
: v Isolated cell walls
;'n — — 1 pool model

g 80r —— 2 pool model

£

£

g 607

| ™

S

- 40}

=

@

]

1 ™

& 20t

0 30 60 90 120 150 180

Time (min)

Figure 3.6. Non-linear regression analysis of the isolated cell wall desorption profile
from Fig. 3.5. Desorption data from isolated cell walls was subjected to multiple non-
linear regression analysis, and the resulting functions plotted (Table 3.2). The 2-pool
model provided the best fit both graphically and statistically. Statistical models were
calculated by Sigmaplot 2000 (SPSS Inc.).
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Figure 3.7. The amount of Cd remaining in subcellular compartments following
desorption. Cells were exposed to 1 nM CdCl, + 0.2 mM CaCl, in 3-compartment
chambers (see Chapter 1). Cells were desorbed (in the exposure chambers) in 100 nM
CdCl; + 0.2 mM CaCl; for 0, 30, or 180 minutes and then surgically separated into
subcellular components. (A) Amount of Cd remaining in cell wall. (B) Amount of Cd
remaining in the avacuolate protoplasm and the vacuole. Data represent mean and
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Figure 3.8. Cell wall desorption profiles of intact cells, isolated cell walls, and cell
walls isolated prior to initial exposure (pre-isolated cell walls). The pre-isolated cell
wall replicates were collected prior to Cd exposure. Intact and isolated cell wall
replicates were collected after exposure as previously described. All replicates were
exposed to 1 nM CdCl + 0.2 mM CaCl, labeled with '®Cd for 180 minutes. Replicates
were then desorbed in 100 nM CdCl, + 0.2 mM CaCl, for a further 180 minutes and the
percentage of 'Cd remaining in the cell wall calculated. The function plotted for each

data group is a 2 parameter exponential decay calculated by Sigmaplot 2000 (SPSS Inc.).

Data represent the mean and standard error of 3 individually desorbed replicates.
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Table 3.1. Sample sequential desorption time sequence. The amount of Cd desorbed
at a given time point was calculated by summing Cd collected from all prior time points.
(eg. 5 min total = Y (1 — 5 min points))

Total time point (min) 1 2 5 8 10 15 30
Time (min) exposed to fresh desorption
solution 1 I 3 3 2 5 15




Table 3.2. Non-linear regression analysis parameters from multiple interpretations
of the isolated cell wall data in Fig. 3.5. The |-parameter curve was fittoy = Ae"®, or
y =y’ + Ae"®”. The 2-parameter curve was fitto y = Ae™®” + Ce!™, or y = y° + Ae"B
+ Ce"P". The 3-parameter curve was fit to y = Ae"®™ + Ce™ + Ge™™ ory = y° + Ae"
B8 4+ Ce™PY + Ge"™™. The parameters A, C, and G represent cadmium present in
different exchangeable pools. The parameters B, D, and H represent the exchange
constants for exchange of cadmium from the respective pools. y° represents the y-axis
intercept of an asymptote associated with the function. Values are reported with the
associated standard error. The Y2 time for exchange was calculated using the formula
(0.693/exchange constant) as per Cheesman (1986). All analyses were conducted by the
regression functions within the program Sigmaplot (v. 6.0, SPSS inc.). * indicates the
best fit from both statistical and graphical analysis.

Regression Pool Size P- Exchange P- Y2 time R’
analysis (% of value  constant value for value
parameters total) exchange
_ (min)

! A 92£26 <0.01 0.008 £0.001 <001 83 0.962
2* A 38%£26 <0.01 0.051 £0.005 <001 14 0.998

C 62x27 <0.01 0.004 £0.001 <001 168
3 A 31+38 0.44 0.060 £0.042 0.19 11 0.998

C 49x490 0.92 0.008 +0.074 092  8i

G 20+530 0.97 0.000 £0.071 1.00 NC'
l + A 63%x19 <0.01 0.025 £0.002 <001 25 0.991
intercept ~ y?  35%2.0 <0.01
2+ A 31x87 0.10 0.060 £0.012 <0.01 1 0.998
intercept C 49%46 <0.01 0.008 +0.005 0.12 8l

y' 2011 0.10
3+ A 31%50 0.55 0.060 +0.051 0.28 I 0.998
intercept C  24+2x10° 1.00 0008 +2741 099  8I

G 25+2x10° 100 0008 £2653 099 8l

Y 20x180 0.92

"NC - not calculable
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Table 3.3. Non-linear regression analysis parameters from multiple interpretations
of the intact cell wall data in Fig. 3.5. The 1-parameter curve was fitto y = Ae‘®*', or
y = y° + Ae"®*). The 2-parameter curve was fit to y=Ae™ 4+ Ce'P ory=1y’+ Ae"B
+Ce“P¥. The 3-parameter curve was fit to y = Ae'"® + Ce® + Ge™ or y = y° + Ae"
B0 + Ce"™™ + Ge"™™). The parameters A, C, and G represent cadmium present in
different exchangeable pools. The parameters B, D, and H represent the exchange
constants for exchange of cadmium from the respective pools. y° represents the y-axis
intercept of an asymptote associated with the function. Values are reported with the
associated standard error. The %2 time for exchange was calculated using the formula
(0.693/exchange constant) as per Cheesman (1986). All analyses were conducted by the
regression functions within the program Sigmaplot (v. 6.0, SPSS inc.). * indicates the
best fit from both statistical and graphical analysis.

Regression Pool Size P- Exchange P- Y2 time R
analysis (% of value  constant value for value
parameters total) exchange

(min)

1 A 81 £4.2 <0.01 0.009 £0.002 <001 80 0.795
2% A 39+1.0 <0.01 0.192 £0013 <001 4 0.998
C 62+09 <0.01 0.005 £0.002 <0.01 147
3 A 32+£19 0.13 0.233 +0.098 0.03 3 0.998
C 8717 0.63 0.072 £0.129 0.59 10
G 60+2.9 <0.01 0.004 £0.001 <0.01 158
1 + A 56+43 <0.01 0.061 £0.013 <001 Il 0.935

intercept ¥’ 39x3.1  <0.01I
2+ A 38%1.5 <0.01 0.199 +0.018 <0.01 4 0.998
intercept C 54 +84 <0.01 0.006 £+0.002 <001 119

Y 81%£95 042
3+ A 3217 0.10 0.234 £0.086 0.03 3 0.998
intercept C 78+ 130 0.57 0.003 +0.008 0.72 248

G 10+ 10 0.32 0.060 £0.146 0.71 16

v -10x144 0389
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Table 3.4. Non-linear regression analysis parameters from desorption of isolated,
intact and pre-exposure isolated cell walls. Data from Fig. 3.8 was fit to the 2-

parameter curve y = Ae

(-Bx)

+Ce'®. Values are reported with the associated standard

error. The Y2 time for exchange was calculated using the formula (0.693/exchange
constant) as per Cheesman (1986). All analyses were conducted using the program
Sigmaplot (v. 6.0, SPSS inc.).

Treatment Pool Size P- Exchange P-value ‘%2 time for
(% of value  constant exchange
total) (min)

Intact cell A 49 =+ | <0.01 0057 £0.002 <0.01 12

walls

B 501 <001 0.002+0.002 <0.01 347

Isolated cell A 42 +2 <0.01 0.042+0.003 <0.01 17

walls
B 57+2 <0.01 0.003 £0.001 <0.01 230

Pre-exposure A 50+£2 <001 0.046 £0.002 <0.0l 15

isolated cell

walls B 49+2 <0.01 0.004 £0.001 <0.01 200
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Chapter 4. Conclusions
4.1. General conclusions

Current assessments of Cd localization have been based on two types of indirect
analytical approaches, alterations in cellular metabolism and sequential desorption
analysis. Conclusions based on these approaches are different with no clear reasoning
addressed in the literature. Cadmium accumulation in response to altered cellular
metabolism (eg. Cataldo et al. 1983, Hart et al. 1998) suggested that the majority of Cd
was accumulated in a metabolism-dependent manner (50-70%) and was localized to the
symplasm. Data arising from sequential desorption of tissue segments (eg. Rauser 1987)
or fungal mycelia (Blaudez er al. 2000) suggested that the majority of Cd was localized to
the apoplasm (50-60%), an idea also supported by work with Zn (Lasat et al. 1998).
Neither of these methods employed a direct measurement of Cd in either the apoplasm or
the symplasm, therefore the pools of Cd collected could not be conclusively assigned to a

specific subcellular location.

To provide a direct measurement of subcellular Cd location, I chose to use the
giant freshwater algae Chara corallina as a model system. Chara corallina is an
organism suited for direct measurements of Cd location. Single internodal cells from a
plantlet can be surgically separated into subcellular components (cell wall, avacuolate
protoplasm, and vacuole). This system is similar to that initially used to directly measure
localization of monovalent cations by MacRobbie and Dainty (1958), Zn** influx by Reid
et al. (1996), and accumulation of AI** by Taylor et al. (2000). Using '®Cd, I exposed
single internodal cells to Cd and measured Cd accumulation and rates of movement into
each of the subcellular compartments. The results observed differed from those collected

using both previous approaches.

Cadmium accumulation was found to be concentration dependent, agreeing with
previous reports in the literature. The rate of Cd accumulation into the cell wall increased
linearly up to 2000 nM CdCl,. This result agreed with Hart et al.’s conclusion (1998)
that the linear component of their observed biphasic accumulation curve was apoplasmic
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in nature. However, in internodal cells of Chara corallina, the cell wall was the
dominant point for Cd accumulation, comprising 85% of total Cd at | nM exposure. This
value rose t0 99.4% of total accumulation at 2000 nM exposure. These results differ by
30-50 % from total Cd accumulation suggested to be in the apoplasm in both soybean
(Cataldo et al. 1983) and wheat (Hart e al. 1998). In both the wheat and soybean
systems, the symplasm was thought to be the dominant point of Cd localization. My data
are more consistent with estimations of apoplasmic Cd from sequential desorption
studies. Blaudez er al. (2000) suggested that 33-48% of accumulated Cd was localized to
the cell wall (depending on exposure time), and estimations of cell wall Zn by Lasat et al.
(1998) were approximately 60% of total. The association of greater than 85% of
accumulated Cd in Chara corallina cells is much closer to these values, but still shows

differences.

These discrepancies can perhaps be explained by differences in the various
techniques used to measure Cd pools and in the nature of assumptions used to assign the
pools to the apoplasm. In studies conducted by Cataldo er al. (1983) and Hart et al.
(1998), one assumption was that all Cd accumulating in a metabolism-dependent manner
was localized to the symplasm. In my experiments, accumulation of Cd in the cell wall
of Chara corallina internodal cells appeared to be partially dependent on the presence of
a functional protoplasm. When metabolism was inhibited by cold temperature treatment,
cell wall Cd accumulation was reduced by 33%. Cadmium accumulation in cell walls
isolated prior to Cd exposure was also similar to results observed under cold temperature
treatment. However, accumulation of Cd in the cell wall was not reduced upon exposure
to the metabolic inhibitors DNP or CCCP. Identical results (with the exception of isolated
cell walls, which were not examined) were reported during accumulation of AI** in
Chara corallina internodal cells (Taylor et al. 2000). Results from this study suggest that
some aspect of cellular metabolism, which is not affected by the metabolic inhibitors
used, may serve as the driving force behind this extracellular accumulation. The low
temperature treatment would have induced a widespread inhibition of cellular metabolic
functions, reducing the role that the protoplasm (metabolism) would play in accumuiation

of Cd in the cell wall. This would explain the similarities between accumulation of Cd
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in isolated cell walls and cells exposed to low temperatures. Observation of
protoplasmic-dependent Cd accumulation in the cell wall challenges a primary
assumption of previous research, that accumulation of Cd in the symplasm was entirely
metabolism dependent, and accumulation of Cd in the apoplasm was entirely
metabolism-independent. Dissection of the rate of Cd accumulation into a linear and a
saturable component by Hart e al. (1998) is still a valid method, and the linear
component could represent Cd accumulation in the apoplasm. However, the saturable
portion could represent Cd accumulation in both the symplasm and the apoplasm. A
direct measurement of Cd in the apoplasm and the symplasm is necessary to evaluate this

finding at the tissue level.

My observations of Cd accumulation in the cell wall of Chara corallina also
differed from current assessments with regard to the nature of association with cell wall
components. Work in whole root tissues suggested that most apoplastic Cd was non-
exchangeable, (Cataldo er al. 1983, Hart et al. 1998), while sequential desorption analysis
suggested that all apoplasmic Cd was exchangeable (Rauser 1987, Blaudez et al. 2000).
Exchange from the cell wall in both cases was suggested to be rapid, occurring over 30—
60 minutes. Desorption of Cd from the cell wall of Chara corallina internodal cells was
not as rapid as previously observed. Exchange always continued through the longest time
points examined (3 or 12 hours). Results from these experiments were consistent with
the suggestion that all cell wall Cd is exchangeable over time (Hart er al. 1998).

However due to the length of time required, experiments testing this hypothesis were not
conducted. [ used non-linear regression analysis to model pool sizes and exchange
constants from desorption curves. Results suggested two exchangeable pools (without a
non-exchangeable component) provided the best fit. The most surprising aspect of this
analysis was that pools of similar size were observed during desorption of intact and
isolated cell walls. This indicated that both desorbable Cd pools (and the majority of
desorbable Cd from intact cells) originated from the cell wall. Traditional interpretation
of Cd desorption in Chara corallina would have assigned the fast desorbing component

to the cell wall, and the slower desorbing component to the protoplasm.
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A possible explanation for the differences in results can be found in the
assumptions required to assign components of the desorption curve to specific subcellular
locations. The sequential desorption technique was first utilized on another giant algae,
Nitellopsis obtusa (MacRobbie and Dainty 1958). These authors examined movement of
K" from internodal cells. They made direct observations of ions present in subcellular
compartments and attributed certain pools within a sequential desorption curve to these
components. It should be noted that the underlying assumption was that all three
subcellular components act in series with one another. This technique was then used to
study monovalent cation efflux in plant roots (Kochain and Lucas 1982). The same
analysis was conducted on the desorption curve without the benefit of direct confirmation
of cation location. The same technique, and interpretation, was later adapted to the study
of divalent cation efflux from roots (Rauser 1987, Lasat et al. 1998, Blaudez et al. 2000),
again without the direct confirmation of cation location. As monovalent and divalent
cations have different accumulation patterns, it cannot be assumed that they would
behave the same way during influx and efflux. This does not mean that desorption curves
from previous experiments are not valid, however the interpretation of the results may

need to be re-examined.

A new hypothesis can be proposed that places more emphasis on cation
accumulation in the cell wall, including the presence of multiple binding sites with
different cation affinities. The compartmental efflux model, which incorporates Cd
efflux from the cell wall, cytoplasm, and vacuole, could be modified to suggest that the
majority of desorbed Cd originated from different sites within the cell wall. Also. one or
more of the exchanging Cd components could represent Cd originating from the
apoplasm of cortex cells. This new model does not yet deal with Cd efflux from the
protoplasm. Cadmium desbrption was observed from the protoplasm of Chara corallina,
but this desorption was masked by the variation present in the slower exchanging pool
from the cell wall. A similar phenomenon could be occurring in the desorption profiles
observed for roots or fungal mycelia. The ability to surgically isolate subcellular
components from the Chara corallina system provides a direct measurement of Cd

desorption from the protoplasm, a technique that was not available for studying Cd
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accumulation in the symplasm of roots. Due to the lack of direct observation, desorption
of symplasmic Cd would not be identified as a separate component of the desorption
curve. Rather, the symplasmic component would exist within the variation observed
from cell wall desorbing Cd. Direct measurements of Cd desorption from the apoplasm

and symplasm are necessary for full evaluation of these suggestions.

The main difference between my analysis of Cd accumulation in the protoplasm
of Chara corallina and previous studies was the degree to which the protoplasm is
accessible to Cd. These studies (Hart et al. 1998, Cataldo er al. 1983, Lasat et al. 1998,
Blaudez er al. 2000) suggested that approximately 50-70 % of accumulated Cd was
localized to the symplasm of root tissue, while sequential desorption analysis suggests
between 30 and 50% of divalent cations reaches the symplasm. In Chara corallina.
accumulation in the protoplasm after 180 minutes accounted for 15% of total Cd at | nM
exposure, and only 3% of total at 100 nM CdCl,. Accumulation of Cd in internodal cells
continued through 180 minutes at low concentrations (1 and 10 nM), but saturated after
90 minutes at 100 nM. It is possible that single internodal cells reached their maximal
capacity to accumulate Cd around this concentration. Accumulation in the total
protoplasm was equally divided between the avacuolate protoplasm and the vacuole at
low concentrations over the 180-minute exposure period. The direct observation of Cd
accumulation in the vacuole of Chara corallina internodal cells agrees with previous
work suggesting the vacuole as a subcellular destination for divalent cations (Rauser
1987, Salt and Wagner 1993, Lasat et al. 1998, Blaudez et al. 2000). When the kinetics
of Cd accumulation were examined. the Cd accumulation rate for the total protoplasm.
the avacuolate protoplasm, and the vacuole each approached their calculated maximum
(estimations of V,: total protoplasm, 6.07 + 1.83 x 10" moles mm™ h™' ; avacuolate
protoplasm, 7.58 £5.10 x 10™"* moles mm™> h™' ; vacuole. 0.58 +0.22 x 10""* moles mm
h'). However all K,, values had extremely high standard errors associated with them

making interpretation of the kinetics unreliable.

Accumulation of Cd in the protoplasm appears to be dependent on cellular

metabolism as exposure to Cd in conjunction with the metabolic inhibitors DNP or
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CCCP reduced accumulation up to 75%. Cellular metabolism appears to play a general
role in Cd accumulation as exposure at low temperatures reduced accumulation by 90%.
However, due to the high standard error associated with the values, these differences
were not statistically significant using Duncan’s Multiple range test. These observations
agree with the metabolism-dependence of symplasmic Cd accumulation suggested by
previous research (Cataldo et al. 1983, Hart er al. 1998, Blaudez et al. 2000). The degree
to which Cd can reach the symplasm still remains a question in the vascular plant systems

used to date.

In a general sense. the basis for differences observed between this and previous
studies could be explained by two possibilities. The first would be inter-specific
differences between Chara corallina internodal cells and roots of vascular plants. To my
knowledge, no research examining differences between the structural composition of the
cell wall or plasma membrane for Characeae and vascular plants has been conducted.
Nonetheless, we are still examining accumulation of a divalent cation in a single plant
like cell that has a cell wall, a plasma membrane, and a tonoplast. The Characeae are the
closest evolutionary relative to vascular plants as suggested by structural, biochemical.
and molecular analysis (Chapman and Buchheim 1991, Graham er a/.1991). In addition.
results from studies using giant algal cells (Nitellopsis) provided a basis for further
sequential desorption studies on plant roots, and laid the groundwork for development of
the compartmental efflux interpretation. These similarities support use of this system as a

model for a single vascular plant cell.

The second potential explanation for differences would be the fact that previous
studies have examined Cd accumulation at an organ level and attempted to extrapolate
the data to a single or subcellular level (Cataldo er al. 1983, Hart er al. 1998). This
approach may not be valid as the root as an organ contains numerous differentiated and
undifferentiated cell types, which may have different patterns of Cd accumulation and
efflux. For example, cells in the root cap region may have a different accumulation
pattern than cells that have undergone differentiation. Also, cells located on the

epidermal surface that encounter cations in the soil solution may have a different
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accumulation pattern than cells located in the root cortex. Kinetic data accumulated from
the tissue studies represent the average accumulation potential for all cells in the tissue.
and not necessarily any single root cell. Of course, data on Cd accumulation from a
single internodal cell of Chara corallina cannot be interpreted as representing any one of
the root cell types described above. What these data do provide is a direct measurement
of Cd accumulation at the single cell level and forms a platform from which to critically
examine data collected through previous indirect approaches. My results suggest that re-
evaluation of the current assumptions regarding Cd accumulation, the reliance on

metabolism, and assignment of subcellular location are warranted.

A new approach (in the absence of techniques to directly observe plant cell Cd
localization) to study accumulation of Cd and other divalent cations could involve the
field of molecular biology. Numerous potential divalent cation transporters have been
cloned (Clemens et al. 1998, Hirschi ez al. 2000, Thomine er al. 2000) and these proteins
appear to have varying affinities for different cations including Cd. The Arabidopsis
gene /RT] is one such metal transporter (Roger er al. 2000). Single amino acid
substitutions within this gene have altered the cation selectivity of the gene product when
expressed in yeast (Rogers ef al. 2000). A genetic approach (by amino acid level
alterations or site directed mutagenesis) could be used to design divalent cation
transporters that can have little or no affinity for Cd or other toxic metal ions while
maintaining a high affinity for nutrient cations such as Zn or Mn. This might reduce
uptake of Cd in the symplasm of plant tissues minimizing accumulation where Cd
exposure to plants is highest. Another application of this approach might be to modity an
existing metal ion transporter known to be present at the tonoplast (or any organelle
membrane where Cd accumulation would not affect biological processes) to exclusively
shuttle Cd into the vacuole (or organelle). This might sequester Cd and reduce its
mobility throughout the remainder of the plant, further limiting Cd access to consumable
organs. This approach would not only require expression of the modified gene, but the
transcript would have to include an organelle specific targeting sequence as well. Until
the physiology of Cd movement throughout crop plants, from root to shoot transport to

loading in the consumable organs, is fully elucidated, the next best approach to



minimize human Cd exposure would be to minimize crop exposure, potentially through

the methods discussed above.

The data presented in this thesis have allowed me to arrive at the following

conclusions regarding Cd accumulation in subcellular components of Chara corallina

internodal cells:

the cell wall is the dominant point of localization for accumulated Cd,

the accumulation pattern for Cd in the cell wall contains both a protoplasm-
dependent and protoplasm-independent component,

the protoplasm is accessible to Cd, and accumulation in the total protoplasm is
equally divided between the avacuolate protoplasm and the vacuole,
accumulation of Cd in the total protoplasm, the avacuolate protoplasm, and the

vacuole appears metabolism dependent.

Examination of the nature of cell wall accumulation allowed me to come to the

following conclusions:

desorption of Cd from intact cells or post-exposure isolated cell walls occurs in a
similar manner, suggesting that the majority of Cd desorbed from an intact cell
originates in the cell wall

all accumulated Cd is potentially exchangeable form the cell wall,

a model suggesting two pools of exchangeable Cd provided the best interpretation
for cell wall desorption results, suggesting multiple binding sites exist in the cell
wall

previous interpretation of divalent cation desorption profiles using the

compartmental efflux interpretation may need to be re-examined.

These results have questioned some of the basic assumptions associated with previous

research on the accumulation and desorption of divalent cations in vascular plants. While

the systems used here is not entirely comparable, the results question interpretations of

tissue data at the subcellular level. Re-examination of tissue data may be warranted.
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