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ABSTRACT

Pairs of isolines of durum wheat (Triticum turgidum var durum) differ in the
amount of cadmium translocated to aboveground tissues; in the field, the high isolines
have twice the cadmium in leaves and grain when compared to the low isolines. The
hypothesis that differential cadmium translocation is associated with differential
production of organic acids was tested by measuring cadmium in tissues, cadmium
partitioning within the root, and organic acids in tissues and root exudates.

When grown in soil, no differences between high and low isolines were found.
When grown in hydroponics, no differences in one pair (W9261-BG) were found. In the
other pair (W9260-BC), the low isoline had half the cadmium in its shoot, increased
cadmium in the root symplast and increased concentrations of fumaric, malic, oxalic and
succinic acids compared to the high isoline. This suggests that reduced translocation to

aboveground tissues was associated with increased chelation of cadmium in the root.

Keywords: Durum wheat, Cadmium, Isolines, Organic acids, Exudate, Symplast.
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CHAPTER ONE: INTRODUCTION
1.1. Cadmium and the Environment

Cadmium (Cd*) is a widespread toxic metal, and is rated to be the 5th most toxic
metal to vertebrates and the 4 to vascular plants (Oberlunder and Roth, 1978). Owing
to its toxicity, Cd2+ has been the focus of extensive research, and several studies have
been done to investigate its effects on both plants and animals (reviewed in McLaughlin
et ah, 1999). The sources of Cd in the environment can either be natural from erosion of
parent rocks (Heiny and Tate, 1997); or anthropogenic, including power stations, heating
systems, metal-working industries, waste incinerators, urban traffic, cement factories and
as a by-product of phosphate fertilizers (reviewed in Sanita di Toppi and Gabrielli, 1999).

The entry of toxic metals, including Cd, into agricultural soil poses a potential
threat not only to crop plants but also to humans and animals consuming the harvested
crops. Safety measures have been put in place to limit contamination of crops grown on
agricultural soils. For example, agricultural soils are considered unsafe if the Cd
concentration exceeds 1.4 mg Cd/kg (CCME, 2006). However, some agricultural soils
have elevated Cd contamination. To illustrate, Frank et al. (1976) reported that the
concentration of Cd in 296 soil samples from Ontario ranged from 0.1 to 8.1 mg/kg with
a mean of 0.56 + 0.69.

To meet the ever-increasing demand of our human population for food

production, concerted efforts are being made to restore contaminated farm sites in order

* | have used Cd2+to denote the cadmium-ion, which is water soluble, and ‘Cd’ to represent cadmium
when the chemical forms are unknown. However, ‘Cd’ may include Cd2; cadmium chloride, cadmium-

chelate, etc.



to reduce the high level of contaminants. Engineering-based efforts including physical
and chemical removal of contaminated soils are costly and are now being substituted with
a biological approach, phytoremediation (the use of green plants to clean-up
contaminated sites), owing to its cost-effectiveness, environmental friendliness and ease

of application, though it is a slow process (Ghosh and Singh, 2005).

1.2. Bioavailability and Uptake
1.2.1. Bioavailability of Cadmium in Soil

The maximum permissible concentration of Cd in agricultural soil of 1.4 mg
Cd/kg soil (CCME, 2006) is based on the total Cd concentration in the soil. However, not
all of Cd in the soil is available for uptake and transport; the fraction that is available for
uptake is controlled by factors such as (1) cation exchange capacity (CEC) of the soil-
metal cations bind with the exchangeable negative sites on the surfaces of soil particles
(e.g., clay) thus decreasing metal bioavailability (Martinez and Motto, 2000); (2) pH-
with a decrease in the soil pH, metal solubility and metal bioavailability increase (Basta
et al., 1993); (3) soil organic matter- higher soil organic matter content increases the CEC
and leads to increased Cd adsorption (reviewed in Grant and Sheppard, 2008); (4)
competition from other cations e.g., zinc (Zn ) and addition of Zn to Cd-contaminated
soil resulted in the antagonistic interaction between the two cations with Zn inhibiting
the translocation of Cd2+from root to shoot (Zhao et al., 2005); (5) biological processes

(reviewed in Grant and Sheppard, 2008); e.g., arbuscular mychorrhizal can have dual



roles of either increasing or decreasing the bioavailability of Cd depending on the

cultivars.

1.2.2. Nutrient Uptake by Higher Plants

Plants have root systems that perform essential adaptive functions including water

and nutrient uptake, anchorage to the soil and the establishment of biotic interactions at

the rhizosphere (Lopez-Bucio et al., 2003). Upon reaching the root surface, mineral

nutrients have two distinct routes for uptake and transport: (1) apoplastic route and (2)

symplastic route (Clarkson, 1993) (see Figure 1.1)

(1)

(2)

The cell wall and intercellular spaces comprise the apoplast, which is
the pathway by which ions get into the cell. The apoplastic route is
permeable to the transport of ions up to the endodermis where the
presence of the Casparian Strip, an impermeable secondary thickening
in the cell wall, restricts further transport (Tester and Leigh, 2000).
Consequently, mineral ions following the apoplastic route are not
available for transport via the stele.

The cell membrane, cytoplasm and cell contents comprise the
symplast. Living cells are interconnected by plasmodesmata, which
allows for transport of ions, and other entities, from cell to cell. Once
the ions have crossed the cell membrane, they are transported through

the root symplast until they get to the stele.



Endodermis Xylem

Figure 1.1: Symplastic and apoplastic pathways of ion absorption in the root-hair

region, (adapted from Salisbury and Ross, 1985).



Regardless of the pathway across the root, ions destined for transport from root to shoot
end up in the symplast and thus get to the conducting xylem cells. Both apoplastic and
symplastic routes have been implicated in the uptake, transport and accumulation of toxic
metals seeing that they follow same processes as the uptake of essential nutrients. For
example, Casparian bands around the endodermal cells in Hordeum vulgare roots
hindered the radial movement of lanthanum (La), and this led to the mass build-up of
lanthanum in the cortex; suggesting that apoplast transport of ions is limited to the cortex
and most ions bound for transport by xylem traveled in the symplastic route (reviewed in
Clarkson, 1993). However, the transport of calcium ion (Ca ) in Arabidopsis roots
(White et al., 2000) and sodium ion (Na2+ in rice roots (Yeo et al., 1987) have been
demonstrated to be unhindered by the presence of the Casparian Strip at the endodermis,

suggesting an apoplastic bypass flow of these ions.

1.3. Cadmium Toxicity

In Allium cepa, Cd has been shown to damage the nucleoli of the root tips (Liu et
al., 1995); in addition, Cd has been shown to alter the synthesis of RNA and inhibit
ribonucléase activity in Oryza sativa (Shah and Dubey, 1995). Cd toxicity has also been
linked to altered stomatal functions, the destruction of the photosynthetic apparatus and
reduction in chlorophyll content (reviewed in Prasad 1995 and in Sanita di Toppi and
Gabrielli, 1999), as well as leaf chlorosis, growth inhibition and water imbalance
(Sandalio et al., 2001). Once in the root symplast, Cd has the potential to reduce the

absorption and transport of nitrate by inhibiting nitrate reductase activity in the shoots



(Hemadenz et al., 1996). Cd has been implicated in the interference of the uptake and
transport of other essential nutrients including calcium, magnesium, phosphorus and
potassium (Das et al., 1997). Further, Cd toxicity to higher plants has been linked to
increased production of free oxygen radicals or a decrease in enzymatic and non-
enzymatic antioxidants (Balestrasse et al., 2001 and Cho and Sohn, 2004).

Cd toxicity is not limited to plants: it affects all living systems including animals.
In Japan, consumption of rice contaminated with Cd led to loss of bone density, bone
fracture and renal dysfunction in large numbers of people (reviewed in McLaughlin et al.,
1999). The deleterious impact of Cd on humans has prompted most countries of the
world to regulate the concentration of toxic metals in foodstuffs; e.g., the proposed
maximum concentration for Cd in grains, as set by the Codex Alimentarius Commission,

CAC (2005), is 0.2 mg Cd/kg.

1.4. Mechanisms of Metal Tolerance in Plants

Plants have homeostatic mechanisms that minimize the damage that non-essential
metal ions can cause while keeping the concentrations of essential metal ions in cellular
compartments stable (reviewed in Clemens, 2001). Some of the adaptive mechanisms
employed by plants against toxic metals include immobilization, exclusion, chelation and
compartmentalization, and each act by protecting sensitive tissues from toxic metals
(reviewed in Cobbett, 2000 and Clemens, 2001). Chelators including phytochelatins

(PCs) and low molecular weight organic acids (LMWOASs) have been implicated in



homeostatic regulation of toxic metals by forming metal-binding complexes with the

toxic ions, and thus rendering them harmless.

1.4.1. Phytochelatins

Phytochelatins (PCs) are a family of small, metal-binding peptides with the
general structure (y-Gly-Cys)n- X, where X could be alanine (Ala), cysteine (Cys),
glutamine (Glu), glycine (Gly), or serine (Ser) and the value of n varies from 2 to 11
(Cobbett, 2001). They are induced by various metals but particularly by Cd (Cobbett,
2001 and Mirshra et al., 2006). PCs are synthesized from the tripeptide glutathione
(GSH) and the reaction is catalyzed by the constitutively produced phytochelatin
synthase (PCS) (Heiss et al., 2003 and reviewed in Benavides et al., 2005; Figure 1.2).
After chelation of Cd by PCs, the PC-Cd complexes are transported inside vacuoles
through an ATP binding cassette (ABC) type transporter, where the PC-Cd complex
dissociates and Cd is then chelated with organic acids and PC is transported back into
the cytosol to continue in its shuttling exercise (Ortiz et al., 1995 and reviewed in Sanita

di Toppi and Gabrielli, 1999).



Cell wall

Figure 1.2: Schematic representation of the proposed mechanisms involved in Cd
chelation and compartmentalization in the vacuole. PC-Cd (Phytochelatin-cadmium
complex, GSH (Glutathione), ATP (Adenosine Triosphosphate), Cd (Cadmium ion),
Org. acid (Organic acids), (modified after Zenk, 1996 and Sanita di Toppi and Gabrielli,
1999).



1.4.2. Low Molecular Weight Organic Acids

Low molecular weight organic acids (LMWOASs) are found in all organisms, and
are distinguishable by the presence of carboxyl groups (-COOH) (Jones, 1998). They are
important biological compounds involved in several cellular reactions including energy
production, formation of precursors for the biosynthesis of amino acids, and modulation
of plant adaptations to the environment (reviewed in Lopez-Bucio et al., 2000).
LMWOAs are important compounds able to modify the rhizosphere, and plants may
employ LMWOASs to access mineral nutrients that may be previously unavailable in the
soil reserves. For example, citrate and malate are important complexers in calcareous soil
(pH > 7), and plants exude these acids into the rhizosphere to induce the dissolution of
previously unavailable insoluble Fe (Jones et al.,, 1996) and P (Jones, 1998; Lynch,
2007). LMWOAs are also important chelators in metal-tolerance, and have been
involved in detoxification of metals owing to their negative charges which allow for the
complexation of metal ions in solutions (Jones, 1998). Although produced in the
mitochondria through the tricarboxylic acid (TCA) (Figure 1.3) or Kreb’s Cycle, and in
glyoxysomes as part of the glyoxylate cycle, excess LMWOAs are preferentially stored
in the vacuole (Lopez-Bucio et al., 2000). As a mechanism of metal tolerance, organic
acids are ubiquitous and have been widely reported in various plant species. They can be
secreted extracellularly into the rhizosphere (apoplast) or transported intracellularly into

vacuoles (Kochian, 1995 and Ma et al., 1997), where they can complex with metal ions.
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1.4.2.1 Extracellular Organic Acids

Extracellular exudation of organic acids by plants is well documented in Al-
tolerant species. There is unequivocal evidence that organic acids are secreted by several
Al-tolerant species, thus making the roots resistant to the toxic effect of Al . For
example, in response to Al , citric acid was secreted into the rhizosphere by Hordeum
vulgare (Miyasaka et al., 1991), Zea mays (Pellet et al., 1995) and Cassia tora L. (Ma et
al., 1997), while malic acid was predominantly present in the exudate from bread wheat
(Triticum aestivum L.; Delhaize et al., 1993).

While endogenous organic acids in the rhizosphere seem to reduce metal toxicity,
exogenous organic acids result in increased metal uptake. In their study, Nigam et al.
(2000) reported that the concentration of Cd increased in Cd-treated wheat (Triticum
vulgare) on addition of exogenous organic and amino acids, suggesting that organic acids
increased the bioavailability and uptake of Cd. Further, organic acids including acetic,
citric and malic acids added to hydroponically-grown barley {Hordeum vulgare L.)
facilitated the root uptake of La and its subsequent accumulation in the shoot (Han et al.,
2005). Similarly, Chiang et al. (2006) reported that organic acids added to soil played an
important role in the solubilization and uptake of Cd by tobacco {Nicotiana tabacum) and
sunflower {Helianthus annuus) grown in the greenhouse. While exogenous organic acids
have been shown to increase the uptake of a number of metals by roots, data on the roles
of endogenous organic acids exuded by plants are scarce and primarily focused on Al. It
is imperative to know the relative contribution of endogenous organic acids in either

conferring metal-tolerance to plants or in facilitating uptake of metals by roots.
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1.4.2.2. Intracellular Organic Acids

While maintaining homeostasis, plants may deal with toxic metals in their tissues
by complexation with organic acids, and subsequent sequestration in the vacuoles
(reviewed in Sanita di Toppi and Gabrielli, 1999). Understanding the internal
detoxification and complexation of toxic metals by organic acids has been achieved by
studying metal hyperaccumulators - plant species that can accumulate approximately
100-fold higher concentrations of metal than general plant species (Prasad and Freitas,
2003). For example, Sarret et al. (2002) investigated the chemical forms of Zn in the Zn-
tolerant hyperaccumulator Arabidopsis halleri compared with its non-tolerant, non-
accumulator relative, Arabidopsis lyrata subsp. petraea; in the aerial parts of A. halleri,
Zn was predominantly complexed with malate. Similarly, Boominathan and Doran
(2003) studied metal uptake and distribution in the hairy roots of a Cd-hyperaccumulator,
Thlaspi caerulescens, and a Ni hyperaccumulator, Alyssum bertolonii, and found that
about 13% of the total Cd in T. caeruluscens roots and 28% of the total Ni in A
bertolonii were complexed with organic acids. Also, Sun et al. (2006) in their study of a
Cd-hyperaccumulator, Solanum nigrum L., showed accumulation of Cd to be positively
correlated to acetic and citric acids in the leaves, suggesting these organic acids might be
linked to its Cd-hyperaccumulation. It is therefore obvious that organic acids may play

vital roles in metal tolerance, complexation and sequestration in the hyperaccumulators.

1.5. Durum Wheat
Durum wheat is one of the main staple foods consumed worldwide, and is one of

several crops that tend to accumulate high concentrations of Cd when grown in Cd-
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contaminated soil (Hart et al., 2006). Durum wheat is preferentially used in the food
industries owing to several of its characteristics including hard grains, high grain density,
high protein content and gluten strength (Bjorck et al., 1994). Among the major durum
wheat-producing countries, Canada is on the frontline and it has been estimated that 3.8
million tonnes (Mt) of wheat grains were produced in the western prairie in 2007 (AAFC,
2007).

Health concerns associated with Cd-contaminated crops have caused the
international food standard organization, the Codex Alimentarius Commission, to
propose a 0.2 mg Cd/kg limit for wheat grains meant for the international market (CAC,
2005). This proposed limit may have dire consequences for durum wheat exporters from
Canada where the natural accumulation of Cd in the grains varies from 0.1 - 0.5 mg

Cd/kg depending on the cultivar (Garret et al., 1998).

1.5.1. Cadmium Accumulation in Durum Wheat

Recently, there has been intensive research on the five pairs of isolines of durum
wheat (Triticum turgidum L. var durum) originally derived by Clarke et al. (1997; Table
1.1) in attempts to elucidate the mechanisms governing differential patterns of Cd uptake
and accumulation, and to limit the Cd concentrations in durum wheat grain. These
isolines were derived via classical breeding of different combinations of low and high
Cd-accumulating cultivars: Kyle from the Swift Current breeding program; Nile from

Aleppo, Syria; and others from either the Swift Current breeding program or Winnipeg.
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Table 1.1: Five pairs of isolines of durum wheat derived by Clarke et al. (1997). The

letters (L) and (H) behind the cultivar names represent low Cd- accumulators and high

Cd-accumulators, respectively.

Cultivar Name

8982-SF (L)
8982-SF-(H)
8982-TL-(L)
8982-TL-(H)
W9260-BC-(L)
W9260-BC-(H)
W9261-BG-(L)
W9261-BG-(H)
W9262-339A- (L)

W9262-339A- (H)

Genetic Stock

GS-81,P1591058
GS-82JP1591059
GS-83,P1591060
GS-84,P1591061
GS-85,P1591062
GS-86,P1591063
GS-87,P1591064
GS-88,P1591065
GS-89,P1591066

GS-90,P1591067

Derived from crossing

Kyle/ Nile

Kyle/Nile

DT61/DT471

DT630/DT471

Kyle/Biodur

Each pair of isolines can be distinguished into high and low Cd-accumulating

isolines, with the high member of each pair having twice the Cd in their grains when

compared to the low Cd-accumulating isoline (Archambault et al., 2001). The

physiological basis for differential Cd accumulation in Clarke’s five pairs of isolines

remains evasive and unresolved, and will be the focus of this present work.
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1.5.2. Differential Cadmium Accumulation in Isolines of Durum Wheat

Although many factors, including Cd uptake, xylem translocation from root to
shoot, and production of metal-binding chelators have been studied to date, the observed
differential Cd partitioning in these isolines has yet to be explained. Hart et al. (1998)
investigated the uptake and xylem translocation of ,09Cd in durum wheat cultivars and
reported that higher Cd accumulation in durum wheat (Triticum turgidum L. var
turgidum) is unrelated to an increased rate of xylem translocation from roots to shoots but
might be as a result of differential phloem loading. Also, Hart et al. (1998) observed that
Cd binds to the cell wall in durum wheat and the concentration dependence of the binding
was linear, suggesting that apoplastic binding might be responsible for the observed
decreased in root to shoot Cd translocation. However, the relative involvement of the
apoplast in differential Cd accumulation in the isolines of durum wheat remains
unverified.

In another study, Harris and Taylor (2001) showed that the concentration of Cd
in grains of the low Cd-accumulating isoline 8982-TL was 2-fold lower than in the high
Cd-accumulating isoline, and the movement of Cd into the grains of durum wheat
treated with 108Cd2+was partly correlated with remobilization of Cd from the flag leaves.
Further, Berkelaar and Hale (2000) examined the relationship between root morphology
of six-day-old seedlings of Kyle (a high Cd-accumulator) and Areola (a low Cd-
accumulator) exposed to a range of Cd concentrations (approx. 4 x 10 -4x10" M) m
solution culture for 0 - 200 min and found that Kyle contained 35% less Cd per root
system, 27.6% less root surface area and 21.2% fewer root tips after exposure to Cd.

They suggested that the differential Cd accumulation in these cultivars could be linked to
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differences in their root morphology. However, in their investigations on the uptake and
translocation strategies employed by Kyle and Areola, Chan and Hale (2004) speculated
that the reduced accumulation of Cd in shoots of Areola resulted from reduced root-to-
shoot transfer of Cd at flowering and enhanced shoot-to-root retranslocation of Cd in
younger plants.  Similarly, Harris and Taylor (2004) investigated Cd uptake and
translocation in the near-isogenic pair 8982-TL, and found no differences in the amount
of Cd uptake by the roots of both isolines, but the rate of translocation of ,00Cd from roots
to shoots was 1.8-fold higher in the high Cd-accumulating isoline, supporting their earlier
report (Harris and Taylor, 2001) that restricted root-to-shoot Cd translocation may limit
Cd accumulation in grains by directly controlling Cd translocation from roots during
grain filling, or by controlling the size of shoot Cd pools that can be remobilized to the
grain.

The roles of PCs and LMWOAs in differential Cd accumulation in Triticum
turgidum L. (durum wheat) have also been studied. Stolt et al. (2003) investigated the
involvement of phytochelatins in differential Cd accumulation in spring bread wheat
(Triticum aestivum) and spring durum wheat (Triticum turgidum var durum), and found
no differences in the distribution of PC chain lengths and PC isoforms, indicating that
differential grain Cd accumulation did not correlate with differential PC-based Cd
sequestration in the roots but might in part be due to differential Cd partitioning in the
root. Thus, a closer look at the mechanisms of absorption and storage of Cd within roots
might aid in elucidating the differential Cd concentrations in the isolines of durum wheat.
Similarly, Bahrami (2006) found no correlation between concentrations PCs and Cd in

the 5 pairs of isolines; all isolines produced PCs but their role in Cd accumulation was
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unclear. Hart et al. (2006) investigated PC synthesis in the isolines of W9262-339A and
found that soluble Cd in roots of both isolines was sequestered as a low-molecular-weight
complex with PC, indicating that vacuolar influx of Cd is not different in the isolines.
Perhaps differential efflux of Cd from vacuoles might regulate the translocation of Cd to
the shoots.

Cieslinski et al. (1998) investigated the effects of LMWOAs exuded in the
rhizosphere of durum wheat cultivars Areola and Kyle. They found that Kyle exuded
more LMWOAs to the rhizosphere when compared to Areola, and suggested that this
might be responsible for increased Cd uptake in Kyle. However, neither Areola nor Kyle
were selected on the basis of Cd accumulation, and it would be of great interest to know
if Clarke’s isolines, which were selected mainly on differential Cd accumulation in their
grains, produce similar organic acid production patterns to those demonstrated by Kyle

and Areola.

1.6. Rationale and Objectives

Previous work in Sheila Macfie’s laboratory has shown that two of the 5 pairs of
isolines, 8982-SF and 8982-TL, did not differ in concentrations of LMWOAS in root and
leaf tissues (McCutcheon, unpublished data; Sweeney, 2004). Further, Bahrami (2006)
demonstrated that only within the W9260-BC and W9261-BG did the high isoline
accumulate more Cd in the leaves than the low isoline when grown in hydroponic culture
(with 0.1 pM Cd and after day 8). Thus, the current investigation focuses on differential

Cd accumulation in these two pairs of isolines.
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Since roots are the first site of exposure to Cd, the current study seeks to
investigate the relationship between LMWOASs and Cd in the roots and in root exudates.
Concentrations of organic acids in leaves will also be measured to assess the possibility
of transportation of Cd-organic complexes in the plant. In addition, the relative
contributions of internal (symplastic) versus external (apoplastic) immobilization of Cd in
roots will be determined by measuring the relative amounts of Cd in the symplast and
apoplast.

If LMWOASs play a crucial role in limiting Cd transport in durum wheat, |
hypothesize that low and high Cd-accumulating isolines from near-isogenic pairs of T.
turgidum var durum will produce different types and concentrations of LMWOASs when
grown in the presence of Cd. As shown in the studies cited above, organic acids can have
dual roles; they may either retain Cd within a tissue or facilitate transport of Cd between
tissues.

To test this hypothesis, the following objectives will be carried out:

1. To measure the concentrations of Cd in root and shoot tissues of each isoline to
verify differential patterns of Cd accumulation in the low and high Cd-
accumulating isolines.

2. To determine the Cd partitioning in the apoplast and symplast of the two pairs of
low and high Cd-accumulating isolines.

3. To identify and quantify the organic acids produced in roots and shoots in
response to Cd.

4. To identify and quantify the organic acids exuded in response to Cd.



19

CHAPTER TWO: MATERIALS AND METHODS
2.1. Germination and Growth Conditions

For this study, two pairs of isolines of durum wheat (Triticum turgidum var
durum) originally derived by Clarke et al. (1997) were used. The two pairs are
designated as W9260-BC-L and W9260-BC-H, and W9261-BG-L and W9261-BG-H
(L= low Cd-accumulating isoline, H = high Cd-accumulating isoline). The seeds were
generously supplied by Dr. John Clarke (Agriculture and Agri-Food Canada, Swift
Current, SK). The seeds were selected based on their differential Cd accumulation with
the high Cd-accumulating isoline having twice the Cd in the leaves and grains than does
the low Cd-accumulating isoline. Soil from the Brandon Research Station was provided
by Dr. Cynthia Grant (Agriculture and Agri-Food Canada, Brandon, MB).

Seedlings were grown following a modified method based on Archambault et al.
(2001). Briefly, seeds were pretreated in 1% sodium hypochlorite for 20 min, rinsed
three times with distilled water, and thereafter imbibed overnight in aerated solution
containing 0.005 g/L Vitavax (a systemic fungicide; Uniroyal Chemical Ltd, Calgary,
AB, Canada). Aquaria were each filled with 10 L of S.I. nutrient solution (Table 2.1),
adjusted to pH 6 with HC1, and the treated seeds placed on mesh suspended over the
aerated nutrient solution. The aquaria were completely covered for 24 hours with black
plastic to prevent seeds from drying out. Thereafter, the aquaria were uncovered and
placed in a growth cabinet set to a day/ night temperature regime of 20/18°C with a 16 h
light period and a 8 h dark period, and the fluorescent light intensity was 200 + 15 p mol.
m' «s' . Seedlings of uniform size were selected for one of two culture conditions: soil or

hydroponics.



Table 2.1: Compositions of S.1. nutrient solution

Macronutrients

Ca(N032 4H2
kZhpo4d

kno3
Mg(N0326H20
nh4no3
kZ2so4
FeCI3.6H2

NaZzEDTA

2.2. Soil Culture

Concentrations (mM)

1.0

1.0

0.4

0.3

0.3

0.1

0.01

0.01

Micronutrients

h3o3

MnCI24H2

ZnS04.7H20

CuS04.5H20

Naz2M o004

20

Concentration (pM)
6.0

2.0

0.5

0.15

0.1

Six-day-old seedlings grown in the aquaria were transferred into pots containing

110 g of prairie soil; one plant per pot with four replicates was grown in the growth

cabinet under the same conditions as for germination (see section 2.1.). The plants were

grown for three weeks and watered daily from the base.

2.2.1. Tissue Harvest and Preparation

Three-week- old plants were harvested and the roots were gently removed from

the soil to minimize the damage to the roots, and desorbed in 20 ml of distilled water to
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remove the rhizosphere soil. The roots were then blotted dry, separated from the shoot
and fresh biomass recorded. The fresh tissues and the water containing the rhizosphere
and its contents were processed for organic acid analysis (see section 2.5.1. and 2.5.2.).
In parallel experiments, rinsed root and shoot samples were oven-dried at 60°C to

constant weight and analyzed for Cd in the tissues (see section 2.4.).

2.3. Hydroponic Culture

On day 6, the seedlings were transferred into 1.4 L culture vessels (four plants per
vessel and four replicates per treatment) filled with S.I. nutrient solution (pH 6), and
aerated. Seedlings were placed between thin pieces of upholstery foam and suspended in
slits cut into the lids of the culture vessels. The culture vessels were covered with black
cloth to limit algal contamination, and placed in the growth cabinet (same conditions as
for germination). The nutrient solutions were replenished every other day to ensure
constant supply of nutrients and to safeguard against nutrient deficiencies. The solutions
in culture vessels were brought up to 1.4 L daily to account for water loss due to

évapotranspiration.

2.3.1. Experimental Treatment
Eight-day-old plants were treated with two different concentrations of CdCh’
4H20 (0 pM and 0.1 pM) added to fresh S.I. nutrient solutions. The nutrient solutions

with or without Cd  supplementation were replenished every other day and aerated. The
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seedlings were harvested after eight days of treatment. One bioassay for early
identification of low Cd-accumulating isolines of durum wheat was developed by
Archambault et al. (2001). They observed a significant increase in Cd accumulation in
the second leaf of high Cd-accumulating isoline exposed to Cd for eight days when
compared to the low Cd-accumulating isoline. Thus, this rapid, seedling-based bioassay
allows for identification of low and high Cd-accumulating isoline without having to grow

the plants until maturity.

2.3.2. Tissue Harvest and Preparations

Plant tissues were harvested on day 8 after treatment with or without Cd , and
fresh weight was recorded. To measure the amount of Cd in the symplast, half of the
Cd-treated roots of each isoline and their corresponding controls were rinsed in dP"O for
30 s followed by a 30 min wash in 1 mM CaSCx and another 30 s wash in dP*O (Taylor
et al.,, 1998); this is to remove any extracellular (apoplastic) Cd by cation exchange
reaction between Cd2+and Ca2+

Similarly, the other half of Cd-treated roots and their respective controls were
washed only in dP*O for 30 s to rinse the nutrient solution and then processed to measure
the total Cd in the root tissues. In either case, the plant tissues were blotted dry with
tissue paper, separated into roots and shoots and oven-dried at 60°C to constant weight
and analyzed for Cd . With these treatments, the amount of Cd in the apoplast can be
obtained by subtracting the amount of Cd~ in the symplast from the total Cd in the

roots (section 2.4.).
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2.4. Measurement of Cadmium

Dried plant tissues (grown hydroponically or in soil) were weighed, cut into
pieces and approximately 0.1 - 0.2 g were weighed into individual test tubes. Similarly,
1.0 g of dried prairie soil (three replicates) was analyzed for total Cd . To the individual
samples, 1.5 ml nitric acid (Omni-Trace®) was added. Each test tube was capped with a
marble to keep the sample in the tube and allow for pressure release. Racks of test tubes
were allowed to sit at room temperature overnight, then placed on a sand-filled tray and
heated to 90-100°C until the tissues were fully digested. Tomato leaves (NIST standard #
1573a) and reagent blanks were included in the digestion process to allow for easy
determination of percentage recovery of Cd in the tissue sample and possible
contamination, respectively. To illustrate, the Cd content of NIST tomato leaves is 1.52
pg/g and one would expect to detect this concentration if all tissue digestion were
complete. Percentage recovery ranged from 82- 97%. The reagent blanks were expected
to lack Cd. When cooled to room temperature, the samples were filtered using 9 cm
VWR brand filter paper (qualitative 413) and the volume brought up to 25 ml with dP"O.

The samples were analyzed for Cd by inductively coupled plasma- atomic
emission spectroscopy (ICP-AES) using a Perkin-Elmer Optima 3300 dual view ICP-
AES, with a RF generator power of- 1300 Watts, gas flow rate- 15 L- min'l auxiliary
flow rate- of 0.5 L- min'], nebulizer flow rate- of 0.8 L- min'}, pump (for sample) flow
rate- of 1.0 L- min'] and an Analyte line- of Cd 226.507 nm, with a detection limit of 8-

10 ppb for Cd.
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2.5. Organic Acid Analyses
2.5.1. Organic Acids in the Exudates

For plants grown in the prairie soil, the roots were gently removed from the soil in
order not to minimize damage to the root cells, and were rinsed in 20 ml distilled water to
remove the soil adhering to the root surface (rhizosphere). This technique did not permit
measurement of rhizosphere/soil mass. The soil-water mixture was placed on a
mechanical shaker for 1 h at 125 rpm and 1 ml of the supernatant was transferred into an
Eppendorftube and centrifuged at 13,000 x g for 10 min at 4°C. For plants grown in the
hydroponic culture medium, 10 ml of the spent medium was frozen and stored (-20°C) in
centrifugation tubes until analyzed. For organic acid analysis of the exudates from either
soil-cultivated or hydroponically grown plants, 300 pi each was injected into the ion
chromatography (IC, Dionex; section 2.6.1.) without further preparation. Organic acids
in the exudates solution were quantified in mM in either case because the soil on the root

surface had been previously desorbed in distilled water.

2.5.2. Organic Acids in Plant Tissues

Plant tissues were carefully monitored during growth and development to ensure
adequate nutrient supply and to raise the confidence in organic acid data because studies
have shown that organic acids may be produced by nutrient-deficient plants as in the case
of lupin, Lupinus albus L. cultivars Minori and Nelly, where exudation rate for citric acid

increased significantly under phosphorus deficiency (Egle et al., 2003).
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Following harvest, plant tissues (roots and shoots) grown in soil or hydroponic
culture were prepared using the modified method of Sanita di Toppi et al. (2007). The
roots were severed from the shoot and fresh tissues (approximately 1.0 g) were ground to
powder in a chilled mortar using liquid nitrogen, collected in 50 ml centrifuge tubes and
frozen (-80°C) until analysis. For analysis, 5 ml of distilled water was added to the tissue
samples and the mixture was heated for 20 min in a water bath at 80°C to denature the
degradative enzymes. The mixture was then centrifuged at 2500 xg for 10 min at 25°C
and 300pl of the supernatant was injected directly on an IC, Dionex system for the
determination of organic acids. Where appropriate, the supernatant was diluted to reduce

overloaded peaks and to have more resolved and identifiable peaks.

2.6. lon Chromatography
2.6.1. Organic Acid Analyses Using lon Chromatography

The method used for the separation of organic acids using lon Chromatography
(1C) followed that of Liu et al. (2007) with slight modifications. Briefly, the organic
acids were separated with a Dionex ICE-ASI lon exclusion column (4 x 250 mm) with
the following conditions: column settings for the Dionex- 100 system included 1.5 mM
heptafluorobutyric acid (HFBA) as eluent, eluent flow -80 on the dial, nitrogen pressure -
7.5 psi, run time 11.90 min, 40 pi injection volume. The suppressor settings for the
Dionex- 100 system were: regenerant- 9.7 mM tetrabutyl ammonium hydroxide

(TBAOH), regenerant flow- 3.5 ml/min and nitrogen pressure- 15 psi.
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Organic acid standard mixtures for the major organic acids including citric,
fumaric, malic, malonic, oxalic and succinic acids (Sigma, St. Louis, Missouri) were
made in distilled water, assayed using the IC (Figure Al) and the calibration curves for
individual organic acids were determined from the areas under the peaks corresponding

to different concentrations (Figure A2).

2.6.2. Peak Identification
Spiking experiments involving the addition of known concentrations of organic
acid standards to the supernatants were carried out in order to validate the identities of the

observed peaks.

2.7. Statistical Analyses

All statistical analyses were performed using SigmaStat Version 2.0 and MS-
Excel. For each sample set, the mean, standard deviation and standard errors of mean
(SEM) were calculated using MS-Excel for Windows. A two-way analysis of variance
(ANOVA) was used to determine the effects due to species and Cd treatment and where
no interactions existed, Tukey test was used to determine significant difference between
means (P < 0.05). Student’s t-test was used to determine differences in mean values of
total organic acids and Cd in the symplast of low and high Cd-accumulating isolines.
Due to significant interactions between isolines and organic acids, one-way ANOVAsS

were used to analyze the isolines, and Tukey test was used to determine significant
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differences between treatments. Exudates from soil-potted plants were analyzed with
one-way ANOVA while repeated measures ANOVA was performed to determine the
effects of Cd and time on organic acid exuded by plants grown in hydroponic culture

systems. Graphs were produced using SigmaPlot Version 10.0 for Windows.
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CHAPTER THREE: RESULTS AND DISCUSSION

The production of organic acids in response to Cd was studied in durum wheat
grown in two culture systems: pots containing prairie soil, which had elevated
concentrations of Cd, and in hydroponic culture with 0.1 pM CdCb* 2H20. These
experiments were designed to determine the role of organic acids in differential Cd
accumulation in the low and high Cd-accumulating isolines of durum wheat. Plants were
monitored during growth and development to confirm that they did not show symptoms

of Cd stress.

3.1. Soil Culture Experiments

3.1.1. Effect of Cd on Plant Biomass

Total Cd in the prairie soil was 17.57 +£1.18 mg/kg but the DTPA-extractable Cd in the
soil was only 0.17 £ 0.02 mg/kg. The dry weights for the two pairs of isolines of durum
wheat are presented in Figure 3.1. With the exception of the low Cd-accumulating
isoline of W9260-BC, which was heavier (P = 0.034) than the high Cd-accumulating
isoline, the shoot and root dry weights within a pair did not differ (P > 0.05).
Throughout the experimental period, the plants were healthy and showed no sign of Cd-
induced stress or of nutrient deficiency (Figure 3.2). Stolt et al. (2003) also found no
significant differences in the biomasses of durum and bread wheat cultivars grown in a

range of Cd concentrations.
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Figure 3.1: Root and shoot dry weights of low and high Cd-accumulating isolines of
durum wheat grown in soil. Low and high Cd-accumulating isolines (a) W9260-BC
and (b) W9261-BG were grown in soil for 21 d, harvested and oven-dried to constant
weights. Different lower case letters denote significant difference (P < 0.05) between the

low and high Cd-accumulating isolines. Error bars represent SEM of three replicates.
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Figure 3.2: Experimental set up for the soil-cultivated plants. No signs of Cd-induced stress o

nutrient deficiency were noticed throughout the experimental period.
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3.1.2. Cadmium Accumulation in Plant Tissue

No differences were found in Cd concentration in the roots and shoots of the two
pairs of isolines (Figure 3.3). The absence of the expected differential Cd accumulation
between low and high Cd-accumulating isolines may be attributable to the low amount of
extractable Cd in the soil. These results are in accord with Harris and Taylor (2004) who
investigated Cd uptake and translocation in seedlings of isoline 8982-TL of durum wheat.
They found that neither the low nor high Cd-accumulating isoline in their study differed
in root Cd or uptake of Cd by whole plants. Similar results were reported by Bahrami
(2006) who found no difference in Cd concentrations in root and shoot of isoline W9262-
399A grown in nutrient solutions supplemented with 0.05 and 0.1 uM Cd.

Although the concentration of total Cd in the soil was 12-13 times higher than that
permitted for agricultural soils (1.4 mg/kg; CCME, 2006), the plants were not highly
contaminated; they were near the limit for human consumption (0.2 mg/kg; CAC, 2005).
The CCME sets limits based on the assumption that all of the metal in the soil is taken up
by the plant. As seen in this study, only the extractable Cd in the soil appeared to be

available to plant.
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Figure 3.3: Concentrations of Cd in root and shoot of low and high Cd-
accumulating isolines of durum wheat grown in soil. Low and high Cd-accumulating
isolines (a) W9260-BC and (b) W9261-BG were grown in soil for 21 d, harvested and
oven-dried to constant weights. Tissues were analyzed for Cd using ICP-AES. Same
lower case letters indicate no difference between isolines (P > 0.05). Error bars denote

SEM ofthree replicates.
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3.1.3. Organic Acids in the Rhizosphere Soil

The rhizosphere soil of the two pairs of isolines was analyzed for organic acids
(Figure 3.4). The concentrations of oxalic acid in the rhizosphere averaged between 0.8
and 1.0 mM in each member of the pair. Oxalic acid was found to be predominant in the
soil exudate of both pairs of isolines with concentrations of citric and malic acids in trace
amounts. These findings are in agreement with Cieslinski et al. (1997) who found oxalic
acid to be predominant in exudates of durum wheat cultivars DT627, DT637 and flax
cultivar YSED 2.

Because differential Cd accumulation was not observed in plants grown in soil
(Figure 3.2), one cannot say whether exudation of oxalic acid is related to differential
uptake or translocation of Cd in the isolines. In addition, the values for organic acids in
the rhizosphere may not solely represent exudation from plant roots. The relative
involvements of microbial-root interactions may not be completely ruled out in the soil-
potted experiments and microbes may have contributed to the organic acid pool in the

rhizosphere samples.

3.1.4. Organic Acid Content in Durum Wheat Grown in Soil

The results for the total organic acid content in the isolines are presented in Figure
3.5. Overall, in W9260-BC, the root and shoot did not vary in the total organic acid
concentrations while the root of the high Cd-accumulating isoline W9261-BG had greater
organic acids compared to the low Cd-accumulating isoline (P < 0.05) but no difference
was observed in the total organic acids in its shoot. A closer look at individual organic

acid components showed that four organic acids including citric, malic, oxalic and
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Figure 3.4: Concentrations of organic acids in the exudate of isolines of durum
wheat grown in soil. Low and high Cd-accumulating isolines (a) W9260-BC and (b)
W9261-BG were grown in soil for 21 d, harvested and the roots gently desorbed in
distilled water to remove the rhizosphere soil. The solution was analyzed for organic
acids using ion chromatography. Same lower case letters show no difference between
isolines (P > 0.05). ND means that the organic acid was not detected or below detection

limit for the IC. Error bars denote SEM of four replicates.
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Figure 3.5: Total organic acid concentrations in root and shoot tissues of isolines of
durum wheat grown in soil. Low and high Cd-accumulating isolines of (a) W9260-BC
and (b) W9261-BG were grown in soil for 21 d, harvested ant tissues analyzed for
organic acid using ion chromatography. Different lower case letters show significant

difference (P < 0.05) between isolines. Error bars denote SEM of four replicates.
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succinic acids were found in the W9260-BC pair while an additional acid, fumaric, was

found in the W9261-BG (See below).

3.1.4.1. W9260-BC Isolines

Concentrations of organic acids produced in the tissues were in the order of oxalic
acid > malic acid > citric acid > succinic acid (Figure 3.6). The low and high Cd-
accumulating isolines of W9260-BC did not differ in the concentrations of citric acid
(Figure 3.6a), malic acid (Figure 3.6b) and oxalic acid (Figure 3.6c) in the root and shoot.
However, concentration of succinic acid in the shoot of high Cd-accumulating isoline
was greater than the low Cd-accumulating isoline but no difference was found in its root
(Figure 3.6d). Further, the concentrations of citric, malic and oxalic acids in the shoots
for both isolines were ten-fold greater than was found in the roots but the concentrations
of succinic acid were lower than those of the other organic acids.

In summary, with the exception of succinic acid in the shoot, none of the organic
acids found in the tissues of W9260-BC pair differed between isolines. This is not
surprising because the concentrations of Cd in root and shoot tissues did not differ

between the isolines.
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Figure 3.6: Concentrations of different organic acids in root and shoot tissues of
W9260-BG grown in soil. Concentrations of (a) citric acid (b) malic acid (c) oxalic acid
and (d) succinic acid in the root and shoot tissues were determined by ion
chromatography.  Different lower case letters between isolines show significant

difference (P < 0.05). Error bars represent SEM of four replicates.
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3.1.4.2. W9261-BG Isolines

In shoots, the concentrations of citric acid (Figure 3.7a), fumaric acid (Figure
3.7b), malic acid (Figure 3.7c), oxalic acid (Figure 3.7d) and succinic acid (Figure 3.7¢e)
did not differ between low and high Cd-accumulating isolines (P > 0.05). This was
expected because the concentrations of Cd in the shoots did not differ between isolines.
As was found for W9260-BC, organic acids in the tissues of both isoline are in the order
of oxalic acid > malic acid > citric acid > fumaric acid > succinic acid.

In roots, the concentrations of citric, malic, oxalic and succinic acids were higher
for the high Cd-accumulating isoline than those of the low Cd-accumulating isoline (P <
0.05). The higher concentrations of organic acids in the roots of the high Cd-
accumulating isoline of W9261-BG is interesting in light of the lack of differential Cd
accumulation in this pair.  Ciesliriski et al. (1998) reported that Kyle (a high Cd-
accumulating cultivar) exuded more organic acids in the rhizosphere compared to Areola
(a low Cd-accumulating cultivar), and they suggested that these higher concentrations of
organic acids might be responsible for higher Cd accumulation in Kyle. The soil used by
Cieslinski et al. (1998) had at least 3-fold higher concentrations of extractable Cd (6.3 -
191.4 pg- kg'D than the soil used in this study, and differential Cd-accumulation was
observed for their plants. In the current study, the high Cd-accumulating isoline did not
take up more of the very low amounts of extractable Cd in the soil, but the increased
production of organic acids in the high Cd-accumulating isoline may be a constitutive

feature that allows the isoline to take in more Cd when it is bioavailable.
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Figure 3.7: Concentrations of different organic acids in root and shoot tissues of
W9261-BG grown in soil. Concentrations of (a) citric acid (b) fumaric acid (c) malic
acid (d) oxalic acid and (e) succinic acid in the root and shoot tissues were determined by
ion chromatography. Different lower case letters between isolines show significant

difference (P < 0.05). Error bars represent SEM of four replicates.
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3.2. Hydroponic Culture System
3.2.1. Effects of Cd on Plant Biomass

Following harvest, the fresh and dry weights of the two pairs of isolines of
durum wheat were recorded (Figure 3.8). During the course of the experiments, all plants
appeared healthy and there were no signs of Cd-induced stress or of nutrient deficiencies
(Figure 3.9). The shoot dry weights of W9260-BC remain unchanged between treatments
but the root dry weight for the high Cd-accumulating isoline of W9260-BC was greater in
the treated plants compared to the control plants (P < 0.05). Further, the root and shoot
dry weights of W9261-BG did not differ between treatments and isolines (Figure 3.8b) (P
> 0.05).

Jalil et al. (1994) reported that, in solution, concentrations of Cd higher than 0.1
uM were toxic to durum wheat, and inevitably decreased plant biomass. However,
similar to the results here, Stolt et al. (2003) found no effect of Cd on the dry weights of
T. aestivum and T. turgidum grown in 0, 0.01 and 30 pM Cd. By contrast, Ozturk et al.
(2003) reported a decreased biomass of two durum wheat cultivars (cvs Bacali-85 and C-
1252) grown in nutrient solutions supplemented with 0, 6, 30, 75 and 150 pM Cd
concentrations. Expectedly, an increased supply of Cd concentrations to the nutrient
solutions resulted in observable decline in the shoot and root dry weights of both cultivars
with C-1252 having a two-fold reduction in its shoot dry weight compared to the Bacali-
85. Ozturk et al. (2003), like many others, used phytotoxic Cd concentrations which do
not mimic what is realistic in the natural environments and this is evident with plants

showing signs of acute Cd-induced stress.
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Figure 3.8: Effect of Cd on root and shoot dry weights of low and high Cd-
accumulating isolines of durum wheat grown in hydroponics. Low and high Cd-
accumulating isolines (a) W9260-BC and (b) W9261-BG were grown in hydroponic
culture system for 16 d, harvested and oven-dried to constant weights. Different lower
case letters denote significant differences (P < 0.05). Error bars represent SEM of three

replicates.
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Figure 3.9: Experimental set up for the hydroponically-grown plants. Plants
appeared healthy throughout the experimental period and no signs of Cd-induced stress or

nutrient deficiency were observed.
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3.2.2. Cadmium Accumulation in Plant Tissues

Two pairs of isolines of durum wheat were investigated for their Cd content to
validate the differential Cd accumulation that has been previously reported by several
authors (Harris and Taylor, 2001, 2004; Hart et al., 2006). The Cd content in the shoot of
the high Cd-accumulating isoline of W9260-BC was two-fold greater than that of low
Cd-accumulating isoline when treated with 0.1 pM Cd (Figure 3.10a) (P < 0.05). No
differences were found in the root of the low and high Cd-accumulating isolines of
W9260-BC, indicating that root Cd influx is not a limiting factor and differential
translocation of Cd from root to shoot must be responsible for differential accumulation
of Cd in aboveground tissues. In W9261-BG, the Cd concentrations in the root and shoot
tissues of the low and high Cd-accumulating isolines remain unchanged by treatment
(Figure 3.10b). Lack of differential Cd accumulation in the W9261-BG isoline may be
attributable to the low Cd content in their tissues. The trace amounts of Cd measured in
the control plants of both pairs of isolines (Figure 3.10) are believed to be carry-over
from Cd that was in the seed stock.

Differential Cd content in shoots of the low and high Cd-accumulating isolines
have been previously reported (Harris and Taylor, 2001 and 2004; Stolt et al. 2006), and
has been linked to restricted root-to-shoot Cd translocation in the low Cd-accumulating
isoline. Findings of this study corroborate those of Harris and Taylor (2004) and Hart et
al. (2006) who found no differences in the root Cd uptake between the pairs of isolines of

8982-TL and W9262-339A.
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Figure 3.10: Concentrations of Cd in root and shoot tissues of low and high Cd-
accumulating isolines of durum wheat grown in hydroponics. Low and high Cd-
accumulating isolines (a) W9260-BC and (b) W9261-BG were grown in hydroponic
culture system for 16 d, harvested, oven-dried to constant weights and analyzed for Cd
using ICP-AES. Different lower case letters show significant differences between

isolines (P < 0.05) and error bars denote SEM of three replicates.
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The differential Cd accumulation in the shoots of W9260-BC here is in accord
with Harris and Taylor (2001) who found that the Cd content in the grain of low Cd-
accumulating isoline of 8982 was about two-fold lower than that of the high Cd-
accumulating isoline; they suggested that Cd remobilization from the flag leaf of the high

Cd-accumulating isoline may account for its higher Cd content.

3.2.3. Cadmium Distribution in the Root

The roots of the two pairs of isolines were investigated for Cd partitioning in the
apoplast and symplast to further decipher the mechanisms behind the differential Cd
accumulation in the aboveground tissues. In W9260-BC, the percentage Cd content in
the root symplast of low and high Cd-accumulating isolines was 91% and 60%,
respectively (Figure 3.11) (P = 0.01). In W9261-BG, the percentage Cd in the root
symplast did not differ (P = 0.88) between isolines, with each having about 70% of the
total root Cd in the root symplast (Figure 3.1 Ib). In either case, the proportion of Cd in
the root apoplast was 9% and 40% for the W9260-BC low and high Cd-accumulating
isolines respectively, and 30% for both isolines of W9261-BG.

It has been reported that Cd in roots of N. tabacum and T. caerulescens was
mostly associated with the cell wall (Boominathan et al., 2003), reflecting apoplastic
binding, which is contrary to the findings of present study where Cd was mostly found in

the root symplast. However, Perriguey et al. (2008) also found a large proportion of the
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a. W9260-BC

Low High
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Figure 3.11: Percentage Cd in the root symplast of the low and high Cd-
accumulating isolines of durum wheat. Low and high Cd-accumulating isolines (a)
W9260-BC and (b) W9261-BG were grown in hydroponic culture system for 16 d,
harvested and the roots washed with either distilled water (for total Cd in root) or 1 mM
CaSCx to remove the extracellularly-bound Cd (apoplast). Dried root tissues were
analyzed for Cd content using ICP-AES, and % Cd in the symplast was calculated using
the equation [Cd in symplast/total Cd] x 100%. Different lower case letters denote
significant difference between isolines (P < 0.05) and error bars denote SEM of three

replicates.
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Cd in maize root to be absorbed and stored in the symplast, hypothesizing that reduced
translocation to the shoot might be related to a “virtual selective gate’ in the maize root.

In the current study, the differential Cd accumulation in the isolines of durum
wheat appears to be attributable to differential Cd partitioning between the root apoplast
and symplast. This is in contrast to Hart et al. (1998), who suggested that the decreased
root to shoot Cd translocation in the low Cd-accumulating isoline may be linked to the
apoplastic Cd binding. Chan and Hale (2004) also speculated that most of the root-Cd in
durum wheat cultivars Areola and Kyle plants is restricted to the apoplast, and linked
apoplastic Cd to differential Cd accumulation between Areola and Kyle. The current
study provides evidence for root-Cd localization in the symplast, which is consistent with
the hypothesis by Harris and Taylor (2004) who suggested that increased retention of Cd
in the root of the low Cd-accumulating isoline may be associated with greater
sequestration in the root symplast. Further, this supports the hypothesis that the roots of
the low Cd-accumulating isoline have an efficient mechanism of retaining Cd in its root.
The retention of Cd in the root of low Cd-accumulating isoline, especially in W9260-BC
may be attributable to sequestration and/or complexation with organic ligands in the root

symplast, possibly the vacuole.

3.2.4. Organic Acids in Exudates of Plants Grown Hydroponically
Exudation of organic acids into the nutrient solutions were monitored and

quantified over a 6-day period (Figure 3.12). Oxalic acid was the predominant and only
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Figure 3.12: Time course of the exudation of oxalic acid in low and high Cd-
accumulating isolines of durum wheat grown in hydroponics. The exudates from low
and high Cd-accumulating isolines (a) W9260-BC and (b) W9261-BG were collected on
days 2, 4 and 6 after Cd treatment and analyzed for organic acids using ion
chromatography. Different lower case letters show significant differences at P < 0.05 and

error bars denote SEM of four replicates.
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detectable acid in the exudate of the isolines. The concentration of oxalic acid in the
exudate ranged between 2.2 - 3.2 mM and 1.8 - 2.8 mM for W9260-BC and W9261-BG,
respectively.

In the low Cd-accumulating isoline of W9260-BC, exudation of oxalic acid did
not vary with time (Figure 3.12a). In the high Cd-accumulating isoline of W9260-BC,
increases in the concentration of oxalic acid were seen on day 4 for the Cd-treated plants
of high-Cd accumulating isoline, and on day 6 for the control plants of the high Cd-
accumulating isoline. A similar pattern of oxalic acid exudation was seen in W9261-BG;
for the most part, concentrations of oxalic acid did not vary greatly with time and the
high Cd-accumulating isoline grown under control conditions had higher concentrations
of oxalic acid than the other isolines on day 6 (Figure 3.12b). Similar results have been
described previously for Al-resistant Zea mays (Kochian et al., 2005) where no
differences were found between Al resistance and the exudation of citrate, suggesting that
organic acid exudation may not be the only tolerance mechanism in maize.

External detoxification of toxic metals in the rhizosphere through chelation with
exuded organic acids, which has been reported for Al-tolerant species (Miyasaka et al.,
1991; Pellet et al., 1995; Ma et al., 1997), may not hold true for durum wheat as no
significant differences were found in oxalic acid exudation between the low and high Cd-
accumulating isolines treated with Cd. Thus, the differential Cd accumulation in these
isolines may not be as a result of organic acids in the exudates but may be related to

internal metal tolerance and/or sequestration.
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3.2.5. Organic Acid Content in Durum Wheat Grown Hydroponically.

To better understand the differential Cd accumulation in isolines of durum wheat,
organic acids in the tissues were analyzed and quantified with IC. The organic acids
found in the two pairs of isolines examined were citric, fumaric, malic, oxalic and
succinic acids.

In W9260-BC, total organic acids were higher in roots and shoots of the low Cd-
accumulating isoline treated with Cd relative to their controls (Figure 3.13a). In contrast,
total organic acids in the high Cd-accumulating isoline treated with Cd declined in the
root and did not vary in the shoots compared to their respective controls. No differences
in total organic acid concentration were found in roots and shoots of low and high Cd-
accumulating isolines of W9261-BG treated with Cd relative to their controls (Figure
3.13b). A closer look into individual components of total organic acids is hereby

presented for each pair of isoline.
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Figure 3.13: Total organic acid concentrations in root and shoot tissues of isolines of
durum wheat grown in hydroponics. Low and high Cd-accumulating isolines (a)
W9260-BC and (b) W9261-BG were grown in hydroponics for 16 d, harvested and
analyzed for organic acid contents using ion chromatography. The total organic acids in
root and shoot represent the sum of individual organic acid components found in the root
and shoot of the isolines. Different lower case letters show significant differences within

treatments (P < 0.05) and error bars denote SEM of four replicates.
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3.2.5.1. W9261-BG Isolines

Four organic acids were found in the isoline of W9261-BG grown in hydroponic
culture system, and concentrations of these acids were in the order oxalic > malic >
fumaric = succinic. With only two exceptions, treatment with Cd did not affect the
concentrations of any organic acid in roots or shoots within any pair of isolines (Figure
3.14) (P > 0.05). The two exceptions were for the low Cd-accumulating isoline grown in
the presence of Cd; the concentrations of oxalic acid in the root (Figure 3.14c) and
succinic acid in the shoot (Figure 3.14d) were higher than their respective controls (P <
0.05).

When comparing the low and high Cd-accumulating isolines, it is apparent that
concentrations of fumaric acid, malic acid, oxalic acid and succinic acids were greater in
shoots of the high Cd-accumulating isoline when compared to the low Cd-accumulating
isoline, regardless of Cd-treatment. These findings are in contrast with Szmigielska et
al. (2002) who found no differences in concentrations of organic acids in roots and shoots
of Kyle (a high accumulator) and Areola (a low accumulator) when grown
hydroponically for two weeks.

In conclusion, the lack of differences in concentrations of organic acids in roots
and shoots of W9261-BG grown in control solution as compared to those from plants
treated with Cd may be related to the fact that the isolines did not differ in Cd content.
This result is consistent with what was earlier reported for the soil-potted plants where no
observable changes were found in Cd accumulation or organic acid content between the

isolines (see Figure 3.1).
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Figure 3.14: Concentrations of different organic acids in root and shoot tissues of
W9261-BG grown in hydroponics. Concentrations of (a) fumaric acid (b) malic acid
(c) oxalic acid and (d) succinic acid in the root and shoot tissues of W9261-BG grown in
hydroponic culture system for 16 d were quantified using ion chromatography. Different
lower case letters between treatments show significant difference (P < 0.05). Error bars

represent SEM of four replicates.
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3.2.5.2. W9260-BC Isolines

In this pair (W9260-BC), the low Cd-accumulating isoline had approximately half
the concentration of Cd in its leaves when compared to the high Cd-accumulating isoline,
while concentrations of Cd in the root did not vary with Cd treatment (Figure 3.10a).
Some differences between these low and high Cd-accumulating isolines in response to Cd
treatment were also found with respect to concentrations of organic acids. Each organic
acid will be discussed individually.

The concentrations of citric acid in the roots and shoots of the low Cd-
accumulating isoline did not vary between treatments (Figure 3.15a) (P > 0.05).
However, in the high Cd-accumulating isoline, the concentrations of citric acid were
lower in the root and shoot of the Cd-treated plants relative to their respective controls.
(Figure 3.15a) (P < 0.05).

The concentrations of fumaric acid increased 6-fold in the root and shoot of the
low Cd-accumulating isoline when treated with 0.1 pM Cd (Figure 3.15b) (P < 0.05).
However, neither the root nor the shoot of the high Cd-accumulating isoline differed in
fumaric acid concentration between treatments (Figure 3.15b) (P > 0.05).

In the low Cd-accumulating isoline, the concentrations of malic acid were greater
in the root of Cd-treated plant (Figure 3.15c) (P < 0.05) while malic acid in shoots remain
unchanged between treatments (Figure 3.15c¢) (P > 0.05). However, the concentrations of
malic acid in roots and shoots of high Cd-accumulating isoline did not vary between

control and treatment (Figure 3.15c) (P > 0.05).
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Figure 3.15: Concentrations of different organic acids in root and shoot tissues of
W9260-BC grown in hydroponics. Concentrations of (a) citric acid (b) fumaric acid (c)
malic acid (d) oxalic acid and (e) succinic acid in the root and shoot tissues of W9260-
BG grown in hydroponic culture system for 16 d were quantified using ion
chromatography. Different lower case letters between treatments show significant

difference (P < 0.05). Error bars represent SEM of four replicates.
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The concentration of oxalic acid in the root of low Cd-accumulating isoline was
greater in the Cd-treated tissue relative to control. (Figure 3.15d) (P < 0.05). However,
the concentration of oxalic acid in shoots did not differ between treatments of the low
Cd-accumulating isoline (Figure 3.15d) (P > 0.05). Further, concentrations of oxalic acid
in roots and shoots of high Cd-accumulating isoline did not vary from control when
treated with Cd (Figure 3.15d) (P > 0.05).

The concentrations of succinic acid in the root and shoot of the low Cd-
accumulating isoline treated with Cd were 3-6 folds greater than its control (Figure 3.15¢)
(P < 0.05). Further, succinic acid decreased in the root but was unchanged in the shoots
of high Cd-accumulating isoline when treated with Cd (Figure 3.15e).

In summary, concentrations of fumaric, malic, oxalic and succinic acids in the
root, and of fumaric and succinic acids in the shoot of the low Cd-accumulating isoline
were greater in the Cd-treated tissue. Contrasting results were found in high Cd-
accumulating isoline where concentrations of citric acid in the root and shoot, and of
succinic acid in the root decreased in the Cd-treated tissue. Overall, as seen in Figure
3.13a, significant increase in the total organic acid concentrations in the root and shoot of
the low Cd-accumulating isoline treated with Cd is a reflection of increases in
components of individual organic acids in Figure 3.15. Further, a decline in the total
organic acid concentration in the root of high Cd-accumulating isoline suggests that
decreases reported for citric acid (Figure 3.15a) and succinic acid (Figure 3.15e) are

important in terms of the total pool of organic acids.
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3.2.5.3. Organic acids as chelators?

In the present study, greater concentrations of organic acids in the root and shoot
of low Cd-accumulating isoline treated with Cd compared to the control plants (Figure
3.13) suggest that organic acids may be employed as mechanism of metal chelation in the
low Cd-accumulating isoline. Also, it is interesting that the low Cd-accumulating isoline
with more Cd in its root symplast (Figure 3.11a) produced more organic acids overall in
its root (Figure 3.13a), indicating that Cd could be complexed with organic acids, and
possibly sequestered in the vacuole. Thus, the Cd-organic acid complexes sequestered in
the root vacuole might be attributable to the restricted Cd translocation from root to shoot
in the low Cd-accumulating isoline. Also, though not tested in this study, there is a
possibility that the increased organic acids measured in the shoot of the low Cd-
accumulating isoline might form complexes with Cd and thus restrict Cd loading into the
grains. Similar results have been reported by Guo et al. (2007) who found an increased
production in organic acids in maize (Zea mays L.) roots treated with Cd, suggesting that
organic acids produced might be involved in Cd tolerance and detoxification.

Similar to the studies on isolines of durum wheat, organic acids have been
implicated in Zn hyperaccumulation and tolerance of Arabidopsis halleri (Zhao et al.,
2000). They found no significant differences in concentrations of citric and malic acids
in shoots but a positive increase in concentrations of both acids in the root of A. halleri
treated with Zn. In contrast, Nakamura et al. (2008) detected citric and malic acids in the
xylem exudate of oilseed rape (Brasicca napus L.), providing inconclusive evidence for
citric acid and malic acid as Cd chelators in the xylem exudate. In durum wheat, reduced

root-to-shoot Cd translocation in low Cd-accumulating isoline has been associated with a
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lower Cd concentration in the xylem sap and reduced xylem sap exudation (Harris and
Taylor, 2004) implying that Cd in the root cells might have been sequestered and

complexed with organic acids (Figure 3.13a).

3.3. Summary and Conclusions

In this present study, attempts were made to decipher physiological and
biochemical mechanisms governing the differential Cd accumulation in two of the five
pairs of isolines of durum wheat derived by Clarke et al. (1997). This differential Cd
accumulation has been associated with several factors including greater retention of Cd in
the roots of the low Cd-accumulating isoline (Chan and Hale, 2004; Harris and Taylor,
2004; Hart et al., 2005, 2006), higher translocation of Cd from root to shoot in the high
Cd-accumulating isoline (Harris and Taylor, 2004; Stolt et al., 2003), and greater root
surface area in the low Cd-accumulating cultivar, Areola (Berkelaar and Hale, 2000).
However, none of these studies provided conclusive evidence for the mechanism
governing differential Cd accumulation in the isolines of durum wheat but have
suggested that this differential accumulation may be attributable to root functioning
rather than differences in root-Cd influx.

Other factors that may be responsible for differential Cd accumulation in the
isolines of durum wheat are phytochelatins and organic acids. Previous studies (Hart et
al., 2006; Stolt et al.,, 2003 and Bahrami, 2006) revealed no clear correlation between
concentrations of Cd and phytochelatin. Thus, the present study focused mainly on the

possible roles of organic acids in the plant to decipher the mechanisms of differential Cd
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accumulation. Soil and hydroponic culture systems were adopted in this study. In the
soil culture systems, Cd accumulations did not differ between the low and high Cd-
accumulating isolines and this may be attributable to low extractable Cd in the soil.

Further, there were no differences between low and high Cd-accumulating
isolines in the total organic acids produced except in the high Cd-accumulating isoline of
W9261-BG, which had greater organic acids in its root than did the low Cd-accumulating
isoline. However, organic acids measured in soil culture experiments may not be
associated with Cd uptake and translocation as no differences in Cd accumulation were
detected. The experiments were taken further in the hydroponic culture systems to
determine the relative contributions of internal (symplastic) versus external (apoplastic)
immobilization of Cd in roots. Cd was mostly found in the root symplast, with the low
Cd-accumulating isoline of W9260-BG having a greater percentage Cd than high-Cd
accumulating isoline, suggesting that Cd is mostly bound to the symplast and not to the
apoplast as suggested by Hart et al. (1998).

External detoxification of Cd by organic acids does not seem to be an important
factor in the present study as no differences were found in organic acids exuded by the
two pairs of isolines grown in soil or hydroponic culture systems. However, total organic
acids in tissue revealed different patterns for the two pairs of isolines. The isolines of
W9261-BG, with no differential Cd accumulation in either root or shoot, showed no
differences in the total organic acids in its root and shoot. However, in W9260-BC, total
organic acids were greater in the root and shoot of the low Cd-accumulating isoline
treated with Cd while there was a decrease in the total organic acids in the root of the

high Cd-accumulating isoline, suggesting that higher Cd in the root symplast of the low



60

Cd-accumulating isoline (Figure 3.11a) may be associated with greater concentration of
total organic acids in the root (Figure 3.13a). It is possible that the Cd-organic acid
complexes are sequestered in the root vacuole (see Figure 1.2), thus resulting in
decreased Cd translocation from root to shoot in the low Cd-accumulating isoline.

Further studies will be required to elucidate the cellular localization of Cd in the
root symplast of the low Cd-accumulating isoline. Also, enzymes (see Figure 1.3)
involved in organic acid production could be investigated to assess their possibilities as
bioindicators of the differential Cd response.

Finally, four organic acids at different concentrations were found in W9261-BG
and five in W9260-BC supporting the hypothesis that low and high Cd-accumulating
isolines from near isogenic pairs of T. turgidum var durum will produce different types
and concentrations of LMWOASs when grown in the presence of Cd.

Based on the experimental observations from this present study, it can be
concluded that reduced translocation of Cd to the leaves of the low Cd-accumulating
isoline, especially in W9260-BC, was associated with greater retention of Cd in the root

symplast, likely as a result of chelation with citric, malic, oxalic and/or succinic acids.
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APPENDICES

Minutes

Figure Al: A typical chromatogram of six different organic acid standards. Organic
acid standard mixtures were made in distilled water and assayed using the ion

chromatography.
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Figure A2: Calibration curves for different organic acid standards. Calibration
curves for (i) citric acid (ii) fumaric acid (iii) malic acid (iv) malonic acid (v) oxalic acid
and (vi) succinic acid were determined from the area under the peaks corresponding to
different concentrations.
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