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ABSTRACT 

THE INFLUENCE OF LlFE STAGE AND CULTIVAR ON THE 
DlSTRl0UTlON OF CADMIUM IN DURUM WHEAT 

Debbie Yvonne Chan 
University of Guelph, 1996 

Advisor: 
Professor B.A. Hale 

This thesis investigates how life stage and cultivar influence the 

distribution of root applied cadmium among plant parts and examines the 

relationship between total applied and bioavailable cadmium. Durum wheat 

cultivars Kyle and Arcola (Triticum turgidurn 1. var durum) were grown 

hydroponically in solution containing 0.05, 0.50, 5.0 and 50.0 pg Cd-L-' as 

Cd(NO3),.4H,O. Kyle is classified as a grain cadmium accumulator while Arcola 

is not. Various plant tissues were analyzed for cadmium concentration a t  four 

distinct life stages. Root cadmium concentration was unaffected by cultivar 

and life stage, while shoot cadmium content was influenced by both cultivar 

and life stage. Interna1 exclusion mechanisms in the aerial portion of the plants 

distinguish between the cultivars. More bioavailable cadmium (Cd2+} was 

present in the nutrient solution surrounding the roots of KyIe than Arcola. This 

result suggests that either the roots of Kyle alter the surrounding environment 

making the cadmium more available or that Arcola releases a metal-binding 

complex that lirnits the uptake of cadmium. 
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CHAPTER 1 

GENERAL INTRODUCTION 



INTRODUCTION 

Metals are natural, elemental components of the biosphere. They exhibit 

a tendency to give up electrons and are generally good conductors of heat and 

electricity. Heavy metals are a subgroup of metals having a specific gravity 

greater than 5.0 and a high atomic weight (usually, although not exclusively, 

greater than 100) (Kotz and Purcell, 1987). They can be classified as either 

essential or non-essential to plants. Some heavy metals such as iron, copper 

and zinc are required micronutrients at low concentrations and toxic at elevated 

concentrations, whife others such as lead and cadmium (Cd) are non-essential 

t o  plants and toxic at low concentrations. 

Cadmium is a toxic element to plants, animals and man. In plants, heavy 

metals, such as Cd can inactivate proteins by interacting with metal sensitive 

groups such as -SH or histidyl groups (Van Assche and Clijsters, 1990). The 

toxic species of cadmium is Cd2+ which can ultimately interfere with: 

respiratory carbohydrate metabolism in plant cells through substitution for 

required micronutrients in enzymes, chlorophyll production, steps in the Calvin 

cycle resulting in the inhibition of photosynthetic CO, fixation, uptake of 

required metals by roots and RNA, DNA and protein metabolism by replacing 

copper andfor zinc in essential metaltoenzymes (Jackson et al., I W O ) .  The 

response of the plant to cadmium is highly dependent upon its sensitivity to the 

metal which varies among species and cultivars. Phytotoxicological effects 

such as stunted growth and decreased yield are typically seen at cadmium 



concentrations exceeding the amount found naturally in soils, sediments, water 

and air (Chugh et al., 1989), although many plants accumulate Cd in their 

tissues with no apparent impact on growth and development. The average 

concentration o f  Cd in the earth's crust is estimated to be 0.15 pg-g-' (Weast, 

1969). The estimated half-life of cadmium turnover in soi1 ranges from 15 - 

11 00 years suggests that it may constitute a long-term environmental hazard 

(Alloway, 1 990). 

In addition to  biogenic and geogenic sources, cadmium in the 

environment can be attributed to multiple sources such as industries (metal 

smelting, electroplating), the combustion of fossil fuels, and soi1 amendments 

(phosphate fertilizers and sewage sludge application on crop land). Due to the 

established widespread presence of Cd in the environment, concern has 

focused on its release into the environment and its potential influence on the 

well-being of anirnals and humans. Cadmium was identified as an element in 

1 81 7 but it was not used extensively by humans until the 1940s (Roberts et 

al., 1994). The earliest recorded incident of Cd poisoning occurred in 1858, 

the result of occupational exposure (NRCC, 1979). In humans, Cd-plated food 

containers, cigarette smoking and foodstuffs are the main contributors to the 

cadmium body burden. Environmental levels of Cd are readily reflected in 

plants and in animal food chains (NRCC, 1979). Geological factors, sewage 

sludge application and fertilizer use influence the amount of Cd present in the 



soi1 and vegetation. Present interest in Cd focuses on its progressive 

accumulation in biological systems (Roberts et a/. , 1 994). 

In Canada and the USA, concerns regarding Cd in grain arose from the 

Cd concentrations found in durum wheat grown in many regions of the prairies. 

The terrestrial abundance of Cd in A horizon soils of the prairies arnounts to 

approximately 0..3 mg cd-kg-' (Garrett, 1994) which is double that of the 

average concentration in the earth's crust. Durum wheat tends to accumulate 

more cadmium than other types of  wheat (Meyer et al., 1982). A commercial 

composite of Canadian amber durum wheat generally ranges from 0.10 to 0.50 

mg Cd-kg-' (Bailey, 1996) which may exceed the new World Health 

Organization (WHO) health standards being established, and rnay also 

contribute to chronic toxicity effects in humans (Boulton, 1994). The CODEX 

Alimentarius Commission of the Food and Agriculture Organization of the United 

Nations and the World Health Organization (FAO/WHO) has proposed a limit of 

0.1 mg Cd-kg" of grain (WHO, 1989). This commission is made up of 

representatives from the FAO/WHO member countries and is responsible for 

setting the "safety levelsn for additives and contaminants in produce intended 

for trade on international markets (Bailey, 1996). The amount of cadmium 

found in grain originating from the Canadian Prairies frequently meet or exceed 

the level set by CODEX. A reduction in the exportability or value of Canadian 

grown grain and grain products may result from high grain cadmium 

concentrations which, in turn, affects the Canadian agricultural economy. 





although no direct evidence relating Cd exposure and cancer in humans has 

been found (Health and Welfare Canada and Environment Canada, 1 983). The 

detrimental impact of low level Cd intake on kidney function is revealed only 

after years of continuous exposure with its accumulation in body organs. 

U ~ t a  ke and Accumulation 

The uptake and accumulation of Cd in plants is highly variable among 

species and cultivars (Aniol and Gustafson, 1990). Different regions of the 

plant, for example, leaves, stems, roots and fruits Vary in their abilities to 

accumulate Cd. Leaves generally contain more Cd than the fruiting part of the 

plant (Page e t  al., 1981 1. The Iife stage of the plant may also influence the 

amount of Cd taken up by the plant; for example, cadmium uptake may be 

maximized during periods of rapid vegetative growth or cadmium may 

redistribute during periods of leaf senescence (Salisbury and Ross, 1992). The 

concentration of Cd in food is partially deterrnined by its concentration in the 

plant growth substrate, the availability from which in turn is controlled by the 

physical and chemical properties of the substrate (Page et  al., 1981 ). The 

cadmium uptake by plants is also influenced by genetic factors with substantial 

inter- and intraspecific differences. 

Cadmium can be taken up by plants either by foliar or root absorption, 

and translocated to different plant parts (Florijn and Van Beusichem, 1993). 

Root absorption is the predominant pathway for Cd uptake once it is solubilized 

and thus made more bioavailable in the soi1 environment (Van Bruwaene et  al., 



1984). Metals in the soi1 can be found in several different fractions: free metal 

ions and soluble metal complexes in the soi1 solution; metal ions on ion 

exchange sites specifically adsorbed to inorganic soi1 conçtituents; organically 

bound metals; precipitated or insoluble compounds and rnetals in the structure 

of silicate minerals (Salt e t  al., 1995). The overall fate of Cd within the plant 

depends on its chemical similarities to essential elements. From a geochemical 

point of view, Cd is similar to zinc and is often found in association with zinc, 

lead-zinc, and lead-copper-zinc ores (Page et  al., 1 981 ). Cadmium has 

comparable physical and chemical properties to zinc and has an ionic radius 

similar to  that of calcium. Cadmium rnay compete with zinc and manganese for 

transport sites across the plasmalemma of plant cells (Jalil et a/. , 1994). Thus 

the ratio of  cadmium ions to essential elements such as zinc, calcium and 

manganese will influence the uptake and transport of cadmium within the plant. 

Clarkson and Luttge (1 989) obtained kinetic data demonstrating that the 

essential nutrients copper and zinc (and possibly nickel) compete for the same 

trans-membrane carrier as cadmium, a non-essential metal. 

The biological mechanisms of heavy metal uptake by plants are not yet 

fully characterized. Since plant cadmium concentrations are dependent on 

multiple factors such as species, cultivar and soi1 chemistry, the uptake of 

heavy rnetals must involve rnany factors, each contributing to the final cadmium 

concentration. Three proposed mechanisms involved in Cd uptake are: (i) 

Exchange Adsorption - Cd is readily exchanged with other elements present 



when tissues are subjected to desorbing solutions containing Cd or transition 

type metals. This mechanism accounts for the largest amount of Cd taken up 

by the roots in short term experiments; (ii) Irreversible, Non-rnetabolic Binding 

or Sequestering - Cd becoming bound to  sites within the cell or on the cell wall 

itself. A concentration gradient into the cell is established which allows for the 

accumulation of Cd by diffusion. The sequestering can also limit the entry of 

cadmium into the cytoplasm and ultimately to the upper regions of the plant; 

and (iii) Syrnplastic Movement - transfer across membranes which is necessary 

for translocation (Cutler and Rains, 1974). These three mechanisms were 

proposed to contribute to the total accumulation of cadmium by the plant. The 

potential impact of each rnechanism on the total amount and location of 

cadmium within various plant tissues is dependent upon the plant species. 

When plants take up essential metals from their growing substrate, non- 

essential metals may subsequently be taken up as well due to the competition 

for binding or uptake sites. The levels of essential nutrients need to be 

maintained at concentrations above deficient and below toxic in order for 

normal plant development to occur. With regard to non-essential metals such 

as cadmium, the concentrations found in some plants are controlled by the root 

itself or the transport of cadmium to other regions of the plant is restricted to 

limit its accumulation in different plant tissues. These plants have evolved 

physiological mechanisms of metal tolerance that can be broadly categorized 

as exclusion or inclusion. Exclusion mechanisms prevent non-essential metals 



from reaching sensitive metabolic sites in the symplasm, although this is not 

considered to be a universal feature of metal tolerant plants (Taylor, 1987). 

Inclusion mechanisms allow the entrance of metals into the symplasm where 

metal inactivation may occur through detoxification mechanisms, such as 

chelation by organic acids or proteins and compartmentation in the vacuole, or 

tolerated through the production of metal tolerant enzymes (Taylor, 1987). 

Ernst et al. (1 992) proposed that metal tolerant and sensitive plant species 

allow the cadmium into the symplasm but they differ in the rate of translocation 

from the root to the shoot or in the ability to exclude heavy metals from the 

roots. 

The distribution of Cd among plant tissues and species varies. Cadmium 

supplied to the roots is usually distributed as follows: roots>stems and 

leaves>fruits, grains, seeds or nutrient storage organs (Jastrow and Koeppe, 

1980). The plant species and relative mobility of Cd complexes among plant 

parts are the main controlling factors in the location and degree of Cd 

accumulation. Translocation involves the mobilization of complexed forms of 

Cd from storage sites in vegetative organs to deposition sites in the foliage and 

reproductive organs such as the grain (Kubota et al., 1 992). Of the basic staple 

crops, wheat and soybean seeds contain the highest Cd concentration 

(Bingham et al., 1 975). The examination of root and leaf tissues from bean and 

soybean revealed that greater than one half of Cd is found in the soluble 

fraction with the rernainder distributed between cell wall and organelle fractions 



(Rauser, 1990). The overall distribution of Cd in soybean was found to be 

stems>pods>seeds. In ears of corn, the distribution of Cd is 

husks > silk> grain. The selective absorption of copper and zinc relative to 

cadmium and lead by vascular transfer cells within the plant's reproductive 

tissue account for some of the dilution of Cd found between the roots and 

grain. Also, the transport of cadmium from organ to organ may render some 

of the cadmium immobile which reduces the size of the mobile pool of cadmium 

that can reach the grain. From these results, metal tolerant plants were 

proposed to have natural transport mechanisms of high selectivity and 

specificity or else physical barriers to control the transport of non-essential 

elements to the grainlseed (Kubota et  al., 1992; Pieczonka and Rosopulo, 

1984). Therefore, grain and seed crops can potentially lirnit but not prevent the 

transfer of heavy metals in the animaVhuman food chain. 

In wheat, the accumulation of Cd was greatest in the rachilla and chaff 

but transfer into the grain was restricted. The distribution of Cd in different 

regions of the wheat grain after milling was found to be bran >shorts>flour. 

Cadmium was primarily located in the aleurone layer of the wheat grain 

(Mortvedt et  al., 1981). Analyses conducted by Pieczonka and Rosopulo 

(1984) showed that the highest cadmium concentrations were found in the 

germ and the aleurone layer of the grain. The concentrations of cadmium, 

copper and zinc in these fractions exceed those present in the whole grain by 

a factor of two to seven, therefore significant amounts of the elements can be 



removed prior to processing. The endosperm contained the lowest 

concentrations of metals on a mass basis but since the endosperm constitutes 

approximately 80 per cent of the grain, 25-50 per cent of the total heavy metal 

burden of  the grain is found there (Pieczonka and Rosopulo, 1984). Although 

Cd concentrations are generally Iower in seeds than in other parts of the plant, 

they are high enough to elicit concern from a toxicological point of view, 

particularly with the current emphasis to increase the amount of grain in our 

diet. If a person weighing 70 kg only ate grain containing the maximum 

cadmium concentration allowed by CODEX (0.1 mg Cd-kg*') , the provisional 

tolerable intake of cadmium set by WHO would be reached after ingesting 700 

g of the grain in one day (assuming 100 per cent availability). Considering the 

various grain products consurned in one day coupled with the amounts of 

cadmium found in fruits, vegetables and meat, dietary sources alone could 

generate the recommended maximum daily intake. 

Evidence that metal ion uptake and translocation are genetically 

controlled has been presented, although further investigation is required. Florijn 

and Van Beusichem (1 993) studied maize inbred lines and stated that internai 

distribution rather than uptake calcsnd genotypic differences in shoot Cd 

concentrations. These results suggest that accumulation is controlled by 

genetic specificity since variation in shoot Cd concentrations of  the maize 

inbreds was independent of the rooting media (soi1 versus solution culture). 

Also, spring wheat accumulates roughly two times more Cd than autumn wheat 



(Page et al., 1981), which may provide further evidence for a genetic influence 

on heavy metal uptake. 

Uptake and accumulation depends on many factors such as plant 

species, tissue type, the availability of Cd ions to plants and the physical and 

chemical properties of the supporting medium. 60th chemical and metabolic 

processes are required for higher plants to take up, translocate and accumulate 

heavy metals although the mechanisms of trans-membrane transport are poorly 

understood (Ernst et  al., 1992). 

Metal Com~lexation 

Many studies have been conducted to quantify the amount of heavy 

metals taken up by plants from contaminated soils. The physiological and 

genetic factors that influence uptake, translocation and chemical form of 

elements in plants have not been examined in similar detail. Cations are 

generally present in xylem exudate as organic acid, amino acid and peptide 

complexes. Once integrated into plant tissues, cations such as Cd2+ are 

associated with more cornplex but soluble plant metabolites (Cataldo et al., 

19871. Each complexed form of Cd has qualities that can ultimately affect its 

availability to the animals that ingest it as well as its transport to other regions 

of the plant. Organically compfexed Cd is more readily translocated than an 

equal amount in the ionic form (Girling and Peterson, 1981). The organo- 

metallic complexes are generally assumed to be less toxic to cellular plant 

metabolism than the free metal ions (Kneer and Zenk, 1992). 



Following uptake of non-nutrient cations by the roots, two distinct 

processes act to control their fate in the plant: the  maintenance of solubility 

through interactions with low molecular weight ligands (LMWL) which allows 

for translocation, and metabolic and physiological processes that incorporate 

the element into functional or sequestering metabolites. LMWLs are normally 

present within the plant to maintain the solubility of essential metals (Cataldo 

e t  al., 1987). These processes ctearly influence the chernical form of Cd, its 

transport to different plant tissues and thus the availability of the metal to 

anirnals, depending upon the site of deposition. 

Metallothioneins (MTs) are proteins and peptides that sequester metals, 

sewing to detoxify metals and/or help maintain cell homeostasis. These metal- 

induced proteins were initially isolated from equine renal cortex in 1957 and 

found to contain high amounts of cadmium and sulphur (Robinson etal., 7 993). 

This initial characterization of metallothioneins served às the mode4 for the early 

work eonducted on other organisms, including plants resulting in the 

designation of three classes of metallothioneins. Class I rnetallothioneins 

represent proteins from mammals and other phyla that have similar primary 

structures as marnmalian MTs (locations of cysteine residues are invariant in 

marnmalian MTsl; Class II MTs are cysteine (Cys) rich but the distribution of 

cysteine residues differ from that of marnmalian MTs; Class Ill MTs are 

described as being typical polypeptides comprised of y-glutamyl cysteinyl units 

(Narender Reddy and Prasad, 1990). They were first identified and 



characterized in S. pombe (fission yeast) and termed cadystins (Murasugi et al., 

1981). All members of class III MTs have glutamic acid (Glu) at the amino- 

terminal position followed by cysteine with the peptide bond to the y-carboxyl 

of Glu and the y-Glu-Cys pairs are repeated two or more times (Rauser, 1995). 

Class III MTs can be subdivided into 5 separate families, each with a differing 

carboxy-terminal amino acid, (y-Glu-Cys),-Glu, (y-Glu-Cys),, (y-Glu-Cys),-Gly, (y- 

Glu-Cys),-î3-Ala and (y-Glu-Cys),-Ser (Rauser, 1 995). Phytochelatins (PCs) 

belong to class III MTs and are a unique family of thiol-containing metal binding 

polypeptides with glycine as carboxy-terminal amino acid. Metal ions activate 

the synthesis of y-glutarnyl-cysteine dipeptidyl transferase (PC synthase) 

causing the formation of PCs in the cytoplasm. The overall reaction is as 

follows: 

PC Synthase 
y-Glu-Cys-Gly (Glutathione) > (y-glutamylcysteinyl),-glycine 

t 
activated by metal ions 

(Schat and Kalff, 1992) 

Kneer and Zenk (1 992) concluded that heavy metal ions entering cells a t  sub- 

lethal concentrations are complexed primarily by phytochelatins and to a lesser 

degree by high molecular weight proteins. Metal sensitive enzymes such as 

nitrate reductase and ribulose-1.5-diphosphate carboxylase can tolerate Cd2' 

in a phytochelatin complex a t  a 10-1000 fold greater concentration than the 

free Cd cation (Kneer and Z enk, 1 992). 



The role of PCs in metal detoxification and more generally in plant cell 

homeostasis is a source of controversy. The increase in PC production in 

tolerant species may be a reflection of differential metal tolerance (Schat and 

Kalff, 1992), although it was found that tolerant plants or cells do not 

necessarily produce more (y-glutamylcysteinyl),-glycines than sensitive species 

(Ernst et a/. , 1 992). 

Biologicallv Available Cadmium 

The biological effect of metals in the environment is directly influenced 

not by the total arnount of metal present but its chemical form because 

chemical form influences bioavailability. Interest in metal speciation has 

increased for the past 2 decades since it is the form of the metal that dictates 

its likeliness for uptake and translocation in plants and humans. Most studies 

only consider the total metal concentration applied in the exposure medium. 

This approach is suitable for mass balance studies but for studies that involve 

uptake, fate and toxic response, the form of the metal is more relevant. The 

uptake of cadmium by plants appears to be more correlated with the ionic form 

of cadmium (Cd2+) than the total soluble amount of cadmium in the growing 

substrate (Yang et al., 1 995). 

Many factors influence the amount and form of cadmium in the soi1 such 

as the parent material, soi1 amendments, pH, clay content, organic matter 

content and presence of other metals (Jackson e t  al., 1990). Hirsch and Banin 

(1 990) demonstrated that uptake of cadmium differed between calcareous and 



highly acidic soils. A t  a pH of 7.5 - 8.0, the uptake of cadmium from 

calcareous soils was much lower than that from acidic soils. With an increase 

in pH, there was a shift in cadmium equilibrium away from the available form 

of cadmium (Cd2+) toward the carbonate and bicarbonate species (Hirsch and 

Banin, 1990). The resulting shift in the prominent form of cadmium influences 

uptake since the amount of available cadmium in the soi1 pore water decreases. 

Plants take up cadmium predominantly through the roots from which it is either 

adsorbed to the outer surface of the roots, vacuolized, bound to the cell wall 

or transported to  other regions of the plant via the xylem and phloem. 

Summary 

Cadmium is a non-essential metal that is found naturally in the soil. 

Additional sources of cadmium to soi1 are industrial emissions, the combustion 

of fossil fuels, phosphate fertilizers and the application of sewage sludge on 

agricultural land. The uptake of this metal into plants and ultimately its 

transport to regions of the plant consumed by humans contributes to the overall 

body burden of Cd and is perceived by many as a significant health risk. Most 

of the cadmium body burden in humans can be attributed to foodstuffs. 

Canadian amber durum wheat grain commonly contains from 0.1 to 0.5 mg 

~ d = k g - '  (Bailey, 1996) which meets or exceeds the CODEX proposed limit of 

0.1 mg Cd-kg" in grain set for the international market. High grain cadmium 



concentrations affect the exportability of Canadian grain and grain products and 

thus also affect the Canadian agricultural economy. 

The economic implications coupled with the perceived health risk have 

prompted multiple research projects which attempt to characterize and 

understand the mechanisms that control Cd uptake and distribution in 

foodstuffs. The mechanisms of cadmium tolerance and the plant response 

associated with exposure to this toxic heavy rnetal are obviously quite complex. 

Tolerance mechanisms range from external exclusion mechanisms such as the 

release of complexing agents that decrease the availability of cadmium for 

uptake by the roots, to interna1 exclusion mechanisms such as cell wall binding, 

sequestering to vacuoles and the production of phytochelatins. Environmental 

pollutant stresses on plants elicit multiple responses that may be integrated in 

normal plant function or may be a cause and effect type scenario. One thing 

is for certain, however, it is difficult to classify one specific mode of action that 

plants have to cope with heavy metal stress. Through this research, cultivars 

exhibiting restricted cadmium uptake or limited transport to edible portions of 

the plant can be developed. 

This study was divided into one major experiment and two associated 

studies. The major experiment was the time series study exarnining the 

variation in cadmium distribution among the roots, shoots, flowering heads and 

grain of two durum wheat cultivars. The tissue samples were taken at four 

different life stages; tillering, in boot (the stage a t  which the head has not yet 



emerged), heading (head emerged and flowering) and ripening (grain fully 

developed) . A continuous flow recirculating hydroponic systern was 

constructed to support the wheat crop throughout development. The 

relationship between the total amount of cadmium added to the modified 

Hoagland's solution (Hoagland and Arnon, 1950) and the amount of cationic 

cadmium, cd2+ (assumed to be biologically available) present in the nutrient 

solution was studied so that plant responses could be related more closely to 

true cadmium dose. The applied dose may not be truly representative of plant 

response since plant response is a function of the bioavailable Cd not the total 

Cd in solution. 

Aphids collected off the greenhouse grown wheat were analyzed for Cd 

content to determine if treatment and cultivar variations influenced the Cd body 

burden, as well as to  determine approximately where in the stem the cadmium 

was transferred from the xylem to phloem. Results and further discussion can 

be found in Appendix 1. 

Puroose 

There is potential for significant Cd uptake by humans through its 

accumulation in the food chain. In order to estimate the contribution of grains 

to the dietary intake of Cd, and to restrict the uptake of this potentially toxic 

element by plants, further understanding of the relationship between its 

presence in soils and its distribution among plant parts is needed, particularly 



mechanisms of exclusion. In the case of grain cadmium concentrations, the 

grain grown in Canada meet or exceed the CODEX standards which can 

ultimately affect the agricultural economy due to decreased exportability of the 

crop. The mechanisms that control cadmium uptake need to be examined and 

characterized so cultivars exhibiting low cadmium concentrations in edible 

portions can be developed. 

O biectives 

The objectives of  this research are: 

to identify a biological systern with potential for investigating contrasting 

locations of cadmium inclusion in similar species, 

to determine how cadmium distribution differs between durum wheat 

cultivars, 

to determine if life stage is a factor in cadmium partitioning among plant 

parts and between cultivars, 

to view the relationship between total applied and biologically available 

cadmium in nutrient solution. 



CHAPTER 2 

LlFE TlME EXPOSURE OF DURUM WHEAT CULTIVARS TO 

CADMIUM USlNG A HYDROPONIC SYSTEM 



MATERIALS AND METHODS 

Plant Material 

Wheat is any annual or biennial grass (family Grarnineae) of the genus 

Triticum. Most cultivated types of wheat are about 1 m in height and have 75 

per cent of their fibrous roots within 20 cm of the soi1 surface (Wiese, 1 977). 

Common wheat (T. aestivum L.), durum wheat (T. turgidum L. var durum) and 

club wheat (T. compactum Host) constitute approximately 90 per cent of al1 the 

cultivated types. Wheat species can be classified by their total number of 

chromosome pairs, also known as genomes (a group of 7 chromosomal pairs 

equals one genome). Common and club wheat have 21 chromosomal pairs (3 

genomes] and are hexaploids while durum wheat has 14 chromosomal pairs (2 

genomes) and is classified as a tetraploid (Wiese, 1977). Durum wheat is a 

wheat variety characterized by a high gluten content and is most often the 

primary ingredient in pastas. 

A wheat plant develops from an embryonic seed leaf and primary root 

which emerge from the germinating seed; the plant increases in breadth by 

secondary growth after germination from a crown located just below the soi1 

(Wiese, 1977). All leaves and roots originate at the crown which is essentially 

a compact series of nodes. Culms develop from the upper crown internodes. 

Since wheat is a monocot, the leaves have parallel venation and consist of a 

blade and a culm clasping sheath. As the culms elongate and mature, heads 

begin to form at the apex. Initially, the heads are sheathed by leaves (in boot) 



which emerge during maturation, a process which is characterized by flowering 

of the heads and then grain filling (Wiese, 1 977). 

The durum wheat (Triticum turgidum L. var durum) cultivars used in this 

study were Kyle and Arcola. Seeds were obtained frorn Agriculture Canada's 

research station in Swift Current, Saskatchewan. The wheat cultivars used 

were selected on the basis of their reputed differential capacity for Cd uptake 

and accumulation. Kyle accumulates high levels of Cd in the grain while, 

comparatively, Arcola accumulates lower levels of Cd in the grain. The seeds 

were germinated in glass petri dishes lined with moist filter paper. The dishes 

were placed in the dark at  23°C until the radicle emerged from the grain (3-4 

days). The germinated seeds were then placed in 3.5 cm X 3.5 cm X 4.0 cm 

rockwool plugs (Growdan) moistened with 0.5 strength modified Hoagland's 

solution (Hoagland and Arnon, 1950) to prepare for transfer into the cadmium 

exposure system. These rockwool plugs were covered with reflective plastic 

to discourage algal growth. 

Lab Eaui~ment 

AH of the laboratory ware used in the following experiments were 

washed with Sparkleen (Fisher Scientific), soaked overnight in 0.1 M HNO, 

(certified ACS grade, Fisher Scientific), rinsed 4 times with distiiled deionized 

water (distiller model Corning A G 4  b, Fisher Scientific) followed by 3 rinses 

with NANOpure water (ultrafiltered type I water, rnodel 04751, Barnstead) and 

air dried in a fumehood. 



Ex~osure Svstem Desian 

The accumulation of Cd in wheat at various life stages (tillering, in boot, 

heading and ripening) was assessed hydroponically by externally applying 

concentrations of 0.05, 0.50, 5.0, and 50.0 pg Cd-L" as Cd(NO,),-4H,O 

(4.448E-04pMf 4.448E-03 PM, 4.448E-02pM and 4.448E-01 pM respective1 y) 

into the nutrient solution. The cadmium stock solution was acidified (0.01 %) 

with HNO, (70% trace metal grade, Fisher Scientific) to reduce the bindinç of 

Cd to the walls of the container. The concentration 9.OE-02 pM (1 O p g  c~-L- ' )  

has been used by others to approximate Cd levels in contaminated soils 

(Rauser, 1990); the concentrations used in this study include those typical of 

contarninated soils, but also of high Cd prairie soils (Garrett, 1994), which have 

concentrations considerably lower than those associated with point source 

contamination. The Cd was added to modified Hoagland's solution at the onset 

of the experiment (0.5 strength for the initial 4 weeks and 0.75 strength for the 

remainder) (Hoagland and Arnon, 1950). Reverse osmosis water (Culligan 

reverse osmosis unit) was used to make the solutions. The composition of the 

0.5 strength modified Hoagland's solution was as follows: 0.50 mM Nil ,+ ,  3.0 

mM K', 2.0 mM Ca+2, 1.0 mM Mg4*, 0.5 mM P 0 i 3 ,  7.0 mM NO,', 1.0 mM 

Soi2;  4.6 PM 0.39 pM Zn+', 0.1 6 pM CuC2, 1 8 pM ~ e + ~ ,  23 NM Boy3, 

9.2 I.~M CI-, 0.24 pM MoOi2, 18 PM EDTA (Hoagland and Arnon, 1950). 

Contrary to the original Hoagland's solution, the iron was not in the form of a 

salt but in a chelated form. The chelating agent was used in an attempt to 



maintain the iron in a soluble form in the nutrient solution. Without the use of 

these binding molecules, also called ligands, the ~ e ~ +  would have readily 

precipitated as oxides or phosphates and thus be rendered unavailable for 

uptake by the plants (Parker et al., 1995a). A key syrnptom of this is the 

deposition of the solid phase(s) to the roots and other surfaces of the 

hydroponic system. The pH of the nutrient solution was maintained between 

5.8 and 6.2 using dilute nitric acid (70% trace metal grade, Fisher Scientifid 

and potassium hydroxide (pellets, certified ACS grade, Fisher Scientificl and had 

an electrical conductivity (EC) between 1.5 - 2.0 mMho (Resh, 1989). From 

the perspective of water chemistry, the pH was maintained at 6.0 I 0.2 to 

ensure that the cadmium remained in solution since its solubility decreases with 

an increase in pH and to prevent the precipitation of iron in the form of il 

hydroxides (Parker et al., 1995a). Wheat is adapted for soils with a 

between 5.5 and 7.0 (Wiese, 1977). Values of pH less than 5.5 would ham 
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the proper development of the wheat due to problems associated with nutrient 

availability or the increased toxicity of metals such as aluminum which 

decreases calcium transport in plants. 

The modified Hoagland'sKd solution was contained in a semi-automated, 

continuous flow, recirculating hydroponic system. Each treatment within each 

cultivar had an equal but separate system. This separated the treatments and 

eliminated the possibility that differential root exudation by the two cultivars 

would confound the availability of and response to Cd in the nutrient solution. 



The hydroponic solution delivery system included nutrient distribution pumps 

for the circulation of nutrient solution (magnetic drive pumps, PP coated 

ceramic magnets, max. capacity of 5 gallons per minute, Cole-Parmer), 0.1 mm, 

155 mesh filters to collect contaminants (Amiad filtration systerns), pH probes 

(combination electrode, epoxy body, Cole-Parmer) and small distribution pumps 

to control pH (universal windshield washer pumps, Canadian Tire Corporation). 

An Argus control system was used to monitor and adjust the pH of the nutrient 

solution to 6.0 st 0.2 by adding dilute solutions of nitric acid or sodium 

hydroxide as required. The temperatures of the solutions were also monitored 

with the use of Argus temperature probes. A separate main storage tank 

(Rubbermaid, HDPE, 77 L capacity) containing aerated nutrient solution was 

used for each of the treatments of each cultivar. The experimental design is 

shown in Figure 1. The exposure system was in a split plot design with respect 

to cultivar and a RCBD with respect to  treatment Cd concentrations. The 

containers used to grow the wheat were three litre opaque pots (blow-moulded 

HDPE, Nursery Supplies Inc.) each with an inflow and outflow channel. 

Nutrient solution was added via an inflow tube (diameter 4 mm, PE) extending 

down to the lower portion of the pot. Emitters (Irridelco) at the base of the 

inflow tube maintained a steady flow of 4 L*h''. The emitters were attached to 

the nutrient supply line (diameter 1.5 mm, PE). The solution level was 

maintained through the use of an interna1 drain tube fastened securely to the 

base of the pot using male adapters, 2 mm diameter O-rings and metal bolts 



Figure 1 : Experimental Design of the Characterization Experiment 
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(Figure 2). These adapters emptied into the main drainage system through PVC 

T's situated below each pot. Fresh nutrient solution was therefore being added 

at the base of the pot with the older solution being drained off to the main 

storage container. All drainage piping was made of 20 mm, schedule 40 PVC 

tubing. The continuous flow system ensures uniform conditions of aeration. 

temperature, nutrient status and pH throughout the system. The solution was 

renewed every 2 days by replacing 20 L with fresh solution. Nutrient solution 

renewal was done throughout the development of the plants to ensure the 

maintenance of proper nutrient levels (Dutton, 1994). After 2 weeks, the entire 

nutrient solution was replaced with fresh solution to remove waste products 

and to maintain proper nutrient and cadmium concentrations. 

The germinated seeds were placed in rockwool plugs contained within 

a styrofoam tray (1 " thick insulating foam) that floated on the ae~ated solution. 

The trays were covered with reflective plastic (black and white sided. PE) to 

limit the growth of algae on the rockwool plugs. The styrofoam tray was 

designed to cover the top of the pot as thoroughly as possible to prevent 

sunlight from entering the pot and causing algal growth within the pot (Figure 

2). A supporting structure attached to the greenhouse bench allowed the 

wheat to grow to maturity without lodging. The structure consisted of 2 

horizontal wire grids (plastic coated wire) held up by 4 supporting beams 

situated 25 and 60 cm above the top of the pots. 



Figure 2: Cross-section of growth pot design 





Growth Conditions 

The hydroponic system was set up in the greenhouse because space 

requirements were quite large, and growth chambers were too Iimiting in height. 

Each greenhouse bench was 1.38 m X 4.5 m (approximately 6.2 m2). During 

the summer months, the RH ranged from 70 to 80  per cent while in the fall, the 

range was 50 to 70 per cent. Air circulation was maintained with a horizontal 

air flow system. The day length in the greenhouse chamber was extended to 

16 hours, 2:00 am to  6:00 pm. The environmental conditions varied daily and 

seasonally and were monitored for integration into experimental results. A 

downfall to this set up is the variability in the rate of growth and development 

during different seasons. Although greenhouse environmental conditions were 

monitored and set to desired range, they were subject to mechanical failure and 

the plants were subject to infestation by greenhouse pests. Unlike growth 

chambers, conditions were not uniform throughout the area. Seasonal 

fluctuations in light intensity could be partially corrected with the use of 

supplementary lighting. High pressure sodium lights containing 430 watt bulbs 

(Son Agro 430 watts, Philips bulb) were used in the greenhouse chamber. The 

430 watt bulbs provided 50 - 70 prno~.rn-~.s-' of photosynthetically active 

radiation (PAR). At  the later stages of growth, the upper portions of the wheat 

received as much as 100 pmolm2~s* '  of PAR from the high pressure sodium 

lights. During the summer months, the natural light levels in the greenhouse 

would range between 1200 and 1 500 prn~I.rn'~.s-'. 



Between separate runs of the experiment. al1 pots were washed with 

Sparkleen, followed by an acid wash with 0.1 M I  HNO, (70% trace metal 

grade, Fisher Scientific). The systern was allowed to operate overnight with the 

acid in order to remove any surface bound Cd and organic matter within the 

system. 

Plant Sam~linq 

This time series experiment investigated the distribution of Cd among 

plant parts (roots, shoots. flowering heads and grain) and the interaction 

between life stage and distribution patterns, which could be due to an alteration 

of cadmium partitioning among plant parts. The wheat was harvested at each 

of the four different life stages (tillering, in boot, flowering and ripening) since 

cadmium distribution can Vary with growth stage (Page et al., 1 981 ). This 

could be attributed to such factors as rapid vegetative growth or an influence 

of the accumulated cadmium on certain sensitive physiological processes such 

as the formation of chlorophyll, or by irreversibly replacing copper and zinc in 

critical metalloenzymes (Jackson eta/., 1990). The pots were randomly chosen 

and hawested a t  one of the four named life stages. The'wheat plants were 

h a ~ e s t e d  according to developmental stage rather than by calendar days 

because the growth rates of the two cultivars were slightly dissimilar. In the 

hydroponic system, Kyle took approximately 1 10 days to mature, while Arcola 

took 105 days. Each pot contained four sub-sample plants. A total of 80 pots 

were evaluated per run of the experiment which translates to 40 pots per 



cultivar, with a set of 5 pots representing an experirnental unit. Background 

concentrations of Cd in the water supply were determined in order to calculate 

the contribution of background to the total concentration of Cd in the nutrient 

solution. Guard plants were established on al1 four sides of the block to 

decrease the influence of edge effects on the data set. 

Tissue Anal~sis - Closed Teflon Vessel Diaestion Procedure 

The digestion of  plant tissue samples of roots, shoots, heads and grain 

was carried out using the Closed Teflon Vessel Digestion Procedure (Topper and 

Kotuby-Amacher, 1990). The tissues were separated by life stage and type. 

Following the tissue harvest at each life stage, the roots were rinsed and 

soaked in deionized water for 5 minutes to remove the surface bound and/or 

readily exchanged cadmium. The plant tissue samples were placed in brown 

paper bags and dried in an 80°C oven for 72 hours. The desiccated plant 

tissues were ground in a Wiley mil1 using a delivery tube with a 40-mesh sieve 

top. One gram ( I 0.0001 g) of plant tissue was weighed and placed in 60 mL 

Teflon digestion vessels (#561 R2,  Savillex Corporation) followed by 10 mL of 

concentrated HNO, (70% trace metal grade, Fisher Scientific). The samples 

were swirled every 30 minutes until the bubbles began to subside (in total 

approximately 7 hours). The vessels were then tightly sealed with specially 

designed wrenches (#55, Savillex Corporation) and placed in a cool oven. The 

temperature of the oven was raised to  1 10°C and the samples were allowed to 

digest overnight in a well ventilated fume hood. Once the samples were cool, 



15 mL of NANOpure water was added. The resulting yellow, translucent 

solution was transferred into 50 mL vials (wide mouth HDPE Nalgene bottles, 

Fisher Scientific) and analyzed for Cd content using an inductively coupled 

plasma mass spectrometer (ICP-MS). 

Samples were analyzed using a Perkin-Elmer SClEX 5000 inductively 

coupled plasma mass spectrometer equipped with autosarnpler, with data 

storage and manipulation on an IBM PSI2 386 computer system operating under 

UNIX. Instrument operating conditions are listed in Table 1, with data 

acquisition parameters outlined in Table 2. Calibration solutions with analyte 

concentration for elements of interest being 100 ppb were matrix matched for 

eluent, nutrient solution and plant digest solutions. With the exception of 

monoisotopic elements, multiple isotopes of the analytes of interest were 

measured to ensure that there were no direct analyte or oxide overlaps. 

Solutions were analyzed in blocks of 20 along with long term instrumental drift 

monitors, with reagent blanks and calibration standards being measured 

between each block. The limit of detection of cadmium in solution was 0.3 

P P ~ .  



Table 1 : ICP-MS Operating Conditions 

Plasma Conditions 

Torch 
Rf power 
Auxiliary flow 
Nebulizer f low 
Outer gas flow 
Solution uptake rate 

Standard torch with alumina injector 
1 O00 W 
0.8 L-min-' 
0.8 ~smin-' 
15   am in" 
0.85 ml-min-' 



Table 2: ICP-MS Measurement Parameters 

Measurement mode 
Measurement time 
Number of integrations 
Resolution 

Quantitative, 1 point per mass 
120 ms 
50 
NORMAL 



Free Cadmium Analvsis - Ion Exchanae Techniuue E T )  

Free metal ions are most associated with the impact of  a metal  on plants. 

Biologically available cadmium has the potential t o  disrupt physiological 

processes since it is classified as a non-essential metal. The purpose in 

determining the free cadmium concentration is so that relationships between 

dose and phytotoxic effect are related t o  the amount of toxin which is available 

t o  the organism, something which is influenced by the environmental medium 

containing the toxin. 

As stated, the total applied cadmium concentrations were 0.05, 0.50, 

5.0 and 50.0 pg cd-L''. Due t o  the presence of ligands such as CI', soi2 and 

EDTA in the nutrient solution and the expected adsorption to  the inner surfaces 

o f  the exposure system, not al1 of the applied cadmium was potentially available 

for uptake by the plants. In order to  determine the amount o f  cd2+, which is 

the form o f  cadmium most available to  plants for uptake, an ion-exchange 

technique was implemented based on the procedure outlined by Cantwell e t  al. 

(1 982). Twenty-five grams o f  analytical grade (AG) 50W-X8 resin, 50-1 00 

mesh (BIO-RAD) were measured and placed in a 2.5 cm diameter glass column. 

The resin was washed 10 times with NANOpure water, flushed w i t h  200 m l  

of  4.0 M HCI (trace metal grade, Fisher Scientific) and rinsed with 

approximately 2.5 L o f  NANOpure water to  increase the pH  to  the original pure 

water level (r 0.3) (PerpHecT Log R meter, model 320, AT1 Orion). The resin 

was then converted to the Na+ form by adding 500 mL of 3.0 M NaOH 



followed by  a rinsing of NANOpure water until the pH returned to  its original 

level. Lastly, the resin was rinsed with 250 mL of methanol (ACS grade, Fisher 

Scientific) followed by an equal amount of NANOpure water. The resin was 

transferred to  a 125 mL HDPE Nalgene container (Fisher Scientific) and placed 

in a clean convection oven for 48 hours at 45°C. The container was stored in 

a desiccator to  control hurnidity and rninimize potential contamination. 

The free cadmium analysis involved the use of 8 poly-prep columns (810- 

RAD, 0.8 cm X 4.0 cm) to  which 250 mL reservoirs and 2-way stopcocks were 

attached (BIO-RAD). A known weight of the prepared resin (0.1 000 g I 

0.0002) was packed into each of the columns and rinsed with an electrolyte 

solution, 0.2 M NaNO, (ACS grade, Fisher Scientific), adjusted to a pH o f  6.0 

with NaOH (pellets, ACS grade, Fisher Scientific), until the effluent solution had 

a pH of 6. This was done to have the same matrix and pH between the resin 

and the sample. The f low rate was adjusted to 6 ml-min-' I 0.5 (Sweileh et 

a 1987) to  allow for sufficient contact between the sample and the resin. 

Once the effluent solution reached the desired pH, the nutrient solution samples 

were added to  the reservoirs. Sodium nitrate (NaNO,) was added to the 

samples to  match matrix and ionic strength so equilibrium could be reached 

with the resin. Once the sample had passed through the resin a t  a rate of 6 

rn~mrnin" I 0.5, compressed gas (high purity nitrogen, CANOX) was passed 

through the column to eliminate any remaining interstitial solution. Elution of  

the resin was accomplished by the addition of 50 mL of 1.5 M HNO, (70% 



trace metal grade, Fisher Scientifid. This latter step allowed for the 

displacement of metal ions bound to the resin. Again, compressed gas was 

used to make sure that al1 the solution was collected. The cadmium content 

was determined by an ICP-MS in the Ontario Geoscience Laboratories, Sudbury, 

Ontario. The free cadmium (ppb, p g  Cd-L-') was calculated using the following 

equation: 

[Cadmium],,, = [Cadmi~m],,,,~,, * volume of eluent / k * mass of resin 

W here: 

[Cadmium],,,,,,, = Cd content as determined by ICP-MS (jig Cd.L1) 

volume of eluent = 0.05 L 

k = distribution coefficient  mg-') 

mass of resin = O. 100 g 
(Cantwell e t  al., 1982) 

The distribution coefficient (k) was determined by passing a solution of known 

cadmium concentration through the resin. The equation outlined above was 

used to determine the value of k with the Icadmiuml,, estimated through the 

use of MINEQL+, a cornputer speciation program (Environmental Research 

Software, Hallowell, Maine; Schecher and McAvoy, 1 994). The distribution 

coefficient particular to this column system and pH value needed to be 

determined initially in order that further free cadmium analyses could be 

conducted. 

The advantages of using a cation exchange method compared to other 

analytical techniques such as ion selective electrodes and chromatography to 



differentiate between labile species are: different metals can be isolated using 

the same experimental apparatus; the approach is suitable for solutions with 

trace metal concentrations between 1 O-' - 1 O-* M; there is less influence from 

other metals in the solution; and the technique is free from adsorption 

interferences by organic matter (Cantwell e t  al.. 1 982). 

M INTEQ Prediction 

Metal speciation can be broadly defined as a distinction among labile and 

stable species. The species or forms of cadmium found in an aqueous solution 

are dependent upon physical and chemical factors such as pH. temperature, and 

the interaction of Cd with other constituents in the solution. Cornputer 

speciation programs are occasionally being used by plant scientists in order to 

understand the relationships between chemical speciation and the uptake. 

transport and the function of essential elements, as well as phytotoxic trace 

elements in plant systems (Parker et  al., 1995a). Computerized models are 

generally comprised of 4 main components: (il a user interface that enables the 

equilibrium problem to be entered; (ii) a database of thermodynarnic constants; 

(iii) a numerical algorithm to solve the problem and (iv) an interface to provide 

the results in a readable format (Parker et  a/. , 1995b). 

MINTEQ is a computerized geochemical equilibrium speciation mode1 

partially developed by the USEPA that is capable of computing equilibria among 

the dissolved, adsorbed, solid and gas phases in an environmental setting, 

generally dilute aqueous systerns (Allison e t  al., 1991). The determination of 



the "proposedm components in the solution (those chemical species believed to 

be in solution) involves the use of thermodynamic data and the total dissolved 

concentrations of components of interest (the concentrations of the elements 

or ions known to be in the solution) and the program solves for the unknowns 

(the concentrations of the chemical species desired) in the mass balance 

equations. The components of interest are chosen from the database provided 

in MINTEO and then the program selects the associated thermodynarnic data 

required for the analysis. For this particular analysis, only Type I (dissolved) 

and Type II (adsorbed) chemical species in the hydroponic solution were 

considered. MINTEQ is also capable of identifying species with fixed activity, 

finite solids (solids present initially, or precipitates), possible (unsaturated) solids 

(they do not physically exist and thus have no direct impact on the chemical 

equilibrium problem), and excluded species (such things as electrostatic 

components. or solids) (Allison et al., 1 991 ). 

MINTEQ A ~ ~ r o a c h  to Solvina Eauilibrium Problems 

The computational procedure that MINTEQ uses involves the 

"simultaneous solution of the nonlinear mass action expressions and linear mass 

balance relationships" to solve speciation problems. The technique is known 

as the equilibrium constant method (Allison et al.. 1 991 ). Essentially, the 

problem is solved by making initial guesses at the activity level of each 

component given in order to calculate the concentration of each species. From 

that value, the mass of each component is determined from al1 species that 



contain the component and if the calculated total mass and the known input 

total mass do not closely agree (a pre-set tolerance level is established within 

the program's algorithms), then the iteration is repeated until the activity value 

entered solves the problem. The composition of the solution determined in this 

first step is considered to be the aqueous phase equilibrium composition. Mole 

balance equations are developed representing al1 the species that can contain 

the particular component from which the original input concentration is 

subtracted. Mass action equations are established which state that the 

concentration of the component being considered is equal to its activity 

multiplied by the mixed equilibrium constant (Kir = Ki/y,), where i = species i 

and y = the activity coefficient, [species il = {species il* Kif. The final step 

involves solving the mole balance equations under the constraints of the mass 

action expressions. When al! sets of equations are combined, the number of 

equations should equal the number of unknowns and thus the problem can be 

solved. Thus, the predicted component level is obtained when the resultant 

value obtained from solving the combined mole balance and mass action 

expressions yields a zero when the original analytical input concentrations are 

subtracted. The activity of component is now known and the concentration 

can be obtained by entering that value into the already created mass action 

expressions. Further estimations are done if solids are to be considered in the 

analysis. 



RESULTS AND DISCUSSION 

The primary source of cadmium to terrestrial plants is the soil. The 

presence of cadmium in the soi1 can be due to natural geologic processes, 

industrial pollution, and soi1 amendments such as phosphate fertilizers and 

sewage sludge application. Roots function to absorb the water and mineral 

nutrients required for growth from the soi1 solution and transport them to aerial 

portions of the plant. The movement of water and solutes absorbed from the 

rooting media can be apoplastic or symplastic and they must travel radially from 

the soi1 and across the roots through the epidermis, exodermis, cortex, 

endodermis and parenchyma cells to reach the xylem. The apoplastic pathway 

involves the movement of water within the apoplast except when casparian 

bands at  the exodermis and endodermis force the water to enter and exit the 

cell (syrnplast). The symplastic pathway involves either transport through tube 

like channels called plasmodesmata that connect the cytosols of adjacent cells 

or a transcellular pathway which involves transport via the plasmalemmas. The 

transcellular pathway is not generally seriously considered since the combined 

resistance of crossing the plasmalemmas is greater than the overall resistance 

to the flux of ions moving across the intact root from the outer solution to the 

xylem (Drew, 1987). The roots provide inorganic nutrients to the plant while, 

in turn, the photosynthetic portion of the plant, the leaves, provide the roots 

with organic assimilates and inorganic ions. These inorganic ions are thus 

circulated within the plant (Baker, 1983), via the phloem. The phloem 



transports assimilates such as photosynthates through its sieve tube elements 

from the source to the sink. 

Plants have some capacity to adjust to environmental conditions that are 

less than favourable. The degree to which a plant can cope with external 

stresses is deterrnined by genetics as well as conditioning. Plants "exposed to" 

metal stress can be classified in one of three categories: accumulators, 

indicators or excluders. Accumulators tend to concentrate metals from the soi1 

in the upper portions of the plant, indicators control the distribution of the metal 

within the plant as to reflect the external concentration, while excluders 

maintain low metal concentrations in the above-ground region of the plant even 

when soi1 levels are highly variable (Baker, 1981 ; Aniol and Gustafson, 1990). 

The ability of a plant to tolerate exposure to  non-essential metals falls into one 

of two classes, interna1 exclusion mechanisms where the metal enters the 

symplasrn (phloem) but is detoxified and thus rendered inactive, and external 

exclusion mechanisms where tolerance is based on the ability of the plant to 

restrict the entry of the metal into the symplasm (Taylor, 1987). 

Tissue Cadmium Concentration 

The wheat was exposed to 0.05,0.50,5.0 or 50.0pg CdC'  throughout 

development. No phytotoxic responses attributable to the applied cadmium 

were apparent throughout the course of the experiments. The statistical 

analysis was conducted using the following SAS procedures; glm (general linear 

models). reg (regression) and ttest (SAS Institute Inc., Cary, NC). 



The cultivar Kyle is known to accumulate more cadmium in the grain than 

Arcola. The variation in cadmium concentrations among plant parts indicates 

the locations of accumulation which may be a sequestration mechanism, as 

well as the interfaces of exclusion. The roots accumulated the greatest amount 

of cadmium of al1 the plant tissue types collected. The root cadmium 

concentrations remained constant throughout development for both cultivars 

and thus the difference between the cultivars appeared to lie in the 

redistribution of cadmium from the roots to other plant parts (Figure 3). There 

was no significant (PC0.10) cultivar main effect for root cadmium 

concentration at any of the four life stages (Table 3) when Cd treatment 

concentrations were pooled. Since Kyle and Arcola have been established as 

cultivars that differ in grain cadmium concentration, these results indicate that 

the limiting factor in the ultimate grain cadmium content is not total root 

cadmium concentration. The differential response of the dururn wheat cultivars 

is genetic, as no preconditioning had taken place, for example, the chernical 

composition of the fluids being transported in the xylem and phloem. The exact 

location of the cadmium in the roots was not determined and thus the 

distribution of cadmium between the apoplast and the symplast and any 

differences between the cultivars is unknown. A variability in the partitioning 

of cadmium within the roots may represent the initial interna1 exclusion 

mechanism. 



Figure 3: Root tissue cadmium concentrations (pg Cd-g dry weight-') I 

standard error of Kyle and Arcola at  4 separate life stages; 

tillering, in boot, flowering and ripening (* denotes a difference 

between Kyle and Arcola, P < 0.1 0) 
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Table 3: P values for main effect of cultivar (poofed over Cd 

concentrations) on root cadmium concentration at each of four life 

stages 

Life stage 

Tillering 

ln boot 

Flowering 

Ripening 

Significance 



In contrast to  the root Cd, the shoot cadmium concentrations were 

influenced by both life stage and cultivar and were on average an order of 

magnitude lower than the roots (Figure 4). The shoot cadmium concentration 

was different (P <O. 10) between cultivars at al1 life stages (Table 4) when Cd 

treatment concentrations were pooled. The data indicate that Kyle accumulated 

more cadmium in the shoot tissue than Arcola at ail four life stages. In 

addition, the cadmium concentration in the shoots decreased by an average of 

65 per cent between the first two developmental stages. This age dependent 

dilution between roots and shoots suggests that interna1 exclusion mechanisms 

were present which slowed the movement of Cd from the roots to the shoots, 

or that the shoot biomass increased faster than Cd uptake. Thus the resulting 

ratio between cadmium content and amount of plant matter decreased. The 

subsequent increase in tissue cadmium concentration at the ripening stage for 

both cultivars could be due to an increase in phioem transport as the grains 

ripen and the demand for carbon increases as the required photosynthates 

move from source leaves to the sink, Le. the developing grain. In addition to 

a required increase in carbon transport, levels of ions and organic solutes 

present in the phloem Sap increase during leaf senescence when they are 

transported away from the leaves prior to abscission (Baker, 1983). This 

suggests that additional cadmium may have been mobilized during this late 

stage of  developrnent, the ripening stage, and travelled wi th the other ions in 

the phloern to ultimately reach the grain. The efficiency with which the cultivar 



Figure 4: Shoot tissue cadmium concentration (pg Cd-g dry weight-') f 

standard error at 4 separate life stages; tillering, in boot, flowering 

and ripening (* denotes a difference between Kyle and Arcola, P 

< 0.10) 





Table 4: P values for main effect of cultivar (pooled over Cd 

concentrations) on shoot cadmium concentration at each of four 

life stages (*  denotes a difference between the cultivars at the P 

< 0.1 0 level of significance) 

Life stage 

Tillering 

In boot 

Flowering 

Ripening 

Sig nif icance 



is able to mobilize the cadmium may serve to differentiate between the cultivars 

with respect to cadmium accumulation in the grain. 

The variation in root tissue cadmium concentration between cultivars and 

among life stages was not as great as that seen in the shoots, flowering heads 

and grain (Figures 4, 5 and 6 respectively). When Cd treatrnent concentrations 

were pooled to test the main effect of cultivar, the Cd concentration in the 

flowering heads and grain differed between cultivars with P values of 0.0047 

and 0.0127, respectively. As stated previously, the root cadmium 

concentrations did not significantly differ between cultivars throughout 

development. Since the root tissue concentrations remained relatively constant 

throughout the development of both cultivars, internal exclusion mechanisrns 

must function between the root and the aerial portion of the plant. The 

transport of cadmium to the flowering heads and ultimately to the grain 

depends on many factors such as: the movement of the cadmium from the 

apoplast (where the cadmium is initially found in the plant) t o  the symplast; the 

form of and concentration of Cd in the phloem (see Appendix 1); and the 

remobilization of Cd from the shoots. The developing grain relies on the organic 

molecules found in the phloem (transport of essential nutrients from source to 

sink) to subsist since they are essentially unable to transpire (Salisbury and 

Ross, 1992). An internal exclusion mechanism may function at the transfer 

points between the xylem and phloem such as the plasmodesmata, the 

channels that join adjacent cytosols. 



Figure 5: Flowering head tissue cadmium concentration (pg Cdmg dry 

weight-') I standard error of Kyle and Arcola exposed to 0.05, 

0.50, 5 .0  and 50 pg CdaL-' (* denotes a difference between Kyle 

and Arcola, P < 0.10) 
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Figure 6: Grain tissue cadmium concentration (Irg Cd-g dry weight-'1 i 

standard error of Kyle and Arcola exposed to 0.05.0.50, 5.0, and 

50 ~g Cd-1'' (* denotes a difference between Kyle and Arcola, P 

c 0.10) 
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A regression analysis conducted on the different wheat tissues exposed 

to cadmium spiked nutrient solution indicated that responses of tissue type to 

Cd were linear among Cd treatment concentrations (Table 5). The slopes of the 

linear responses were compared to the P values for interaction between Cd and 

cultivar obtained in the split plot analysis (Table 6). In situations where non- 

significant P values (P > 0.10) resulted [Le. there was no significant difference 

between the cultivars' response to Cd), the slopes obtained for both cultivars 

in the linear regression analysis of applied vs tissue Cd should be similar. This 

was shown for al1 situations except for the root tissues during tillering and 

ripening. In both cases, the cultivars did not significantly differ (P > 0.10) yet 

the slopes appeared to be different. The confidence bands at the extreme ends 

of the slopes for Kyle and Arcola possibly overlapped, resulting in lack of 

interaction, while the average standard error used in the t-test to compare the 

slopes was smaller. 

Many papers have stated that heavy metals are found predominantly in 

the root tissue, for example Rauser and Meuwly (1 995). Since the roots are 

inclose proximity to the source of the cadmium, the observation that the 

amount of cadmium in the plant tissue decreases as the distance frorn the 

source increases appears reasonable. 

The mechanisms that control the ultimate transport of cadmium from the 

roots to the shoots have been studied widely. Studies conducted by Salt et a/. 

(1 995) deterrnined that the difference in the metal content of roots taken from 



Table 5: R~ values for linear regression analysis of root, shoot, head or 

grain tissue Cd vs applied Cd, separately for cultivar and life stage 

Life stage 

Tillering 

In boot 

Flowering 

Ripening 

Tissue 

Root 

Shoot 

Root 

Shoot 

Root 

Shoot 

Head 

Root 

Shoot 

Grain 

Kyle 

Fi2 values 

0.9964 

0.9930 

0.9998 

0.9957 

0.9997 

0.9982 

0.9804 

0.9776 

0.9959 

0.9287 

Atcola 

R~ values 

0.971 0 

0.9573 

0.9924 

0.9796 

0.8964 

0.9997 

0.9977 

0.9748 

0.9768 

0.91 42 



Table 6: 

Life stage 

Tillering 

In boot 

Flowering 

Ripening 

Comparison of P values for interaction between cultivar and 

cadmium treatment concentrations to dope values obtained from 

a linear regression analysis (I standard error) 

Tissue 

Root 

Shoot 

Root 

Shoot 

Root 

Shoot 

Heads 

Root 

Shoot 

Grain 

Linear 
Slope 
-Kyle- 

2.70701 6 
I 0.6645 

0.444428 
10.01 53 

2.672740 
10.01 50 

0.2041 23 
k0.0055 

3.227857 
k0.0223 

O. 175637 
* 0.0031 

O. 1 31 628 
I 0.0076 

3.671 804 
I 0.2267 

0.336442 
I 0.0089 

O. 1 10430 
I 0.01 25 

Lineat 
Slope 
-Arcola- 

4.327238 
I 0.3054 

0.360936 
10.031 1 

2.424982 
I 0.0869 

O. 1 37309 
I 0.0081 

2.877244 
10.3994 

0.077483 
I 0.0006 

0.01 75 1 7 
* 0.0003 

2.639920 
10.1 735 

0.21 521 5 
10.01 35 

0.034690 
* 0.0434 



B. juncea and T. caerulescens (both belonging to  the mustard family) was less 

dramatic than the differences in shoot uptake. The ability of plants to 

translocate heavy metals to the shoots varies much more than their ability to 

accumulate metals in roots (Salt et  al., 1995). as illustrated by the data 

collected in these experiments. Jalil e t  al. (1 994) also observed that the 

translocation of cadmium from the roots to the shoots in young durum wheat 

was cultivar dependent. Following uptake, the subsequent mobility of cadmium 

in the roots may control transport to  the shoots. The cadmium taken up by the 

roots of Arcola was possibly sequestered in the vacuoles (Vogeli-Lange and 

Wagner, 1990) or localized in the cytoplasmic fraction (Weigel and Jager, 

1980) and was therefore unavailable for transport to other regions of the plant. 

Symplastic exclusion of cadmium may be the result of multiple mechanisms 

such as: binding to the cell wal!; the release of chelate ligands from the roots; 

formation of a redox barrier at the plasma membrane and the formation of a pH 

barrier at the plasma membrane (Taylor, 1987). The mechanisrn that Arcola 

utilizes to  restrict the movement of cadmium from the roots to the upper portion 

of the plant has not been identified. Studies conducted by Rauser and Ackerley 

(1 987) discussed the formulation of granules inside root parenchyma cells while 

Cd detoxification by chelation to cadmium binding complexes was addressed 

by Vogeli-Lange and Wagner (1 990). Rauser (1 995) and Rauser and Meuwly 

(1 995). 



The ultimate distribution of cadmium among plant parts may be a 

function of  the cultivar's efficiency in sequestering the heavy metal in root cells. 

Subcellular localization (vacuolization) impedes cadmium transport to the above- 

ground portions of the plant. The mechanisms controlling subcellular 

localization of cadmium are not understood. A mode1 has been proposed that 

incorporates research conducted by multiple research groups on cadmium 

transport across the tonoplast. lonic cadmium is thought to enter the vacuole 

via a Cd2+/Ii+ antiport in a manner similar to the Ca2+/H+ antiport (Salt and 

Wagner, 1993). This active transport system requires a pH gradient. The 

change in pH formed by MgATPase was responsible for driving Cd2+ into 

tonoplast vesicles (Salt and Wagner, 1993). In addition to the transport of ionic 

cadmium across the tonoplast, phytochelatins and Cd-complexed phytochelatins 

are also transported from the cytoplasm, where they are formed, into the 

vacuole. The transport of phytochelatins into the vacuole is Mg-ATP dependent 

suggesting that the hydrolysis 

phytochelatins (Salt and Rauser, 

cadmium was shown to be active 

independent of any pH gradient. 

of Mg-ATP energizes the transport of the 

1995). In the presence of phytochelatins, the 

y transported against a concentration gradient 

The role of the vacuole in the detoxification 

of cadmium through sequestration in plant tissue has been shown to be 

significant. The variation in the transport of cadmium to the shoots of root 

cadmium exposed dururn wheat cultivars may lie in the subcellular localization 

of cadmium in the vacuoles of root cells. The design of the characterization 



experiment provides a good test system to prove or disprove the vacuolization 

model, although it was not addressed in the present study. 

The second "run" of the experiment, representing replicates 3 and 4, did 

not mature properly, due in part t o  problems associated with temperature and 

light regimes and insect infestation. The analysis of the data revealed that the 

early trends were similar to the results obtained in run 1 of the experiment, but 

were too difficult to pool with the first run due to missing data. Results and 

further discussion can be found in Appendix II. Raw data from run 1 and (un 

2 can be found in Appendix Ill. 

The biological patterns of response obtained in the characterization 

experiment were quite consistent with durum wheat, although the statistical 

significance did not always reflect arithmetic differences. lmprovements could 

be made in the power of the experiment thus increasing the likelihood of 

detecting a genuine effect. An increase in power would result if the number of 

replications was increased (resulting in more degrees of freedom for the error 

mean square). Alternatively, the dururn wheat cultivars chosen could be more 

varied with respect to Cd accumulation (hyperaccumulator vs nonaccumulator). 

Hvdroponic Culture vs Soil Culture 

Soil is a complex. heterogeneous medium. The physical, chernical and 
. 
biological characteristics can Vary over small distances (Asher and Edwards, 

1983). Laboratory hydroponic systems apply lower amounts of trace metal to 



solution to mimic the amounts available for plant uptake in the natural 

environment; the total amount of metals in soils is not available for uptake due 

predominantly to the physical and chernical processes that control metal 

solubility in soi1 (Cataldo e t  al.. 1983). Many soi1 factors such as organic 

matter content, microflora and cation-exchange capacity affect the solubility 

and thus the availability of the metal tu plants. Therefore, hydroponic systems 

allow for the determination of metal uptake, translocation and accumulation 

under conditions which are more defined and controlled. In general, culture 

solutions allow for nutritional and toxicological studies to be conducted. Such 

experiments would be more difficult to perform in soi1 since the complexity and 

heterogeneity of the soi1 make it difficult to characterize the root environment 

of soi1 grown plants (Asher and Edwards, 1983). 

Hydroponic culture is a mode1 experimental system with limitations. The 

advantages in using soi1 over solution culture are thar it is possible to 

approximate edaphic conditions and the heat capacity. matric potential and ion- 

exchange capacity protect the rhizosphere from extreme fluctuations in 

temperature, water availability and nutrient concentrations (Bloom. 1989). 

When plants are grown in artificial systems. their response to environmental 

stresses may not be similar to those seen in the ambient environment. The 

influence of soit associated microbes was not considered in this study due to 

the obvious system restrictions. Results from this study can not be directly 

applied to soi1 situations but they do contribute to developing dose-response 



reiationships between available Cd concentrations and plant uptake. Bloom 

(1 989) stated that the rate of mineral nitrogen absorption from dilute 

hydroponic solution is similar to that for roots of soil-grown plants. Therefore, 

the relative response of different cultivars exposed to cadmium is validly 

determined in hydroponic solution culture since hydroponic solutions are 

representative of nutrient uptake in soils. Additional information on Cd 

complexation, uptake kinetics, sites of accumulation and associated 

mechanisms can also be obtained through the use of a hydroponic system. 

free cadmium analvsis 

Metafs in environmental media rarely exist in elemental form, but are 

complexed with other organic or inorganic molecules. These complexes are 

referred to  as metal species. Speciation can be generally defined as the 

distribution of elements among chemical and physical forms such as free ions, 

complexes and chelates in solution and also the solid phases (Parker et al., 

f995a). The potential influence of the element relies on the various species 

present in the environmental medium which can affect the reactivity, mobility 

and bioavailability of the element (Parker et al., 1995a). The species or form 

of cadmium found in an aqueous solution is dependent upon many factors such 

as pH, temperature, and the interaction of Cd with other constituents in the 

solution. Free metal ions are most associated with the impact of a metal on 

plants as compared to cornplexed metal ions (Ernst et  a/., 1992; Parker et  al., 

1 995a; Yang et  al., 1995). Plant cells have negative transmembrane potentials 



and therefore the absorption of cations is the energetically favoured process 

(Marschner, 1986). Complexed forms of cadmium have reduced positive 

charge, are generally larger and form bonds with ligand groups which prevents 

funher reactions such as binding to reactive membrane surface sites (Parker et 

al., 1995a). Parker et  al. (1995a) also acknowledge the possibility that the 

uptake and accumulation of intact metal complexes can occur, predominantly 

in the apoplastic pathway of higher plants. 

The free ionic form of cadmium has the potential to disrupt the processes 

involved in cellular and whole-plant physiology. cd2+ interferes with respiratory 

carbohydrate metabolism in plant cells, inhibits chlorophyll formation due to 

substitution for Zn. Cadmium also interferes with different steps of the Calvin 

cycle, inhibits uptake of other metal ions and can irreversibly replace copper 

and zinc in critical metalloenzymes (Jackson et al., 1 990). The purpose in 

determining the free cadmium levels is evident when considering a true 

phytotoxic effect and also when to examine the possibility of external exclusion 

mechanisms that influence the uptake of cadmium by plant roots. 

The estimates of free cadmium as determined by the ion-exchange 

analytical technique (IET) and MINTEQ suggested that not al1 of the applied 

cadmium was available for plant uptake (Figure 7). The IETanalysis determined 

that 25 - 35 per cent of the total applied cadmium was avaiiable in the ionic 

form which is the most prominent cadmium species taken up by the roots. The 

MINTEQ equilibrium mode1 predicted that between 8.4 and 9.0 per cent of the 



Figure 7 :  A comparison of total applied cadmium to the free cadmium 

concentrations as determined by MINTEQ and IET 





applied cadmium was found in  the ionic form (Table 7). The discrepancy 

between the values can be potentially due to factors from both free ion 

determinations. IET is an analytical technique that isolates free cadmium from 

the nutrient solution. The free cadmium exchanges sites with the sodium (Na+) 

on the surface of the resin since cadmium has a stronger affinity for the resin 

than the sodium. The free cadmium is thus bound to the resin, with the 

cornplexed cadmium passing through the resin into the eluent. The cadmium 

is then exchanged from the resin sites with nitric acid. When the free cadmium 

becomes bound to the resin, the equilibrium shifts to account for the loss of the 

positive charge (Na+ is released). The system must be calibrated in order to 

maintain an equilibrium between the solution and the sample. The flow rate 

was controlled a t  6.0 rn~wrnin-' * 0.5 (Sweileh et al.. 1987) to allow for 

sufficient contact tirne between the resin and the nutrient solution sample. If 

the f low rate was too fast, not al1 of the free cadmium would be collected by 

the resin, whereas a slow f low rate could result in further displacement of 

equilibriurn reactions. thus affecting the ionic composition. 

The MlNTEQ speciation prediction is based on thermodynamic equilibrium 

and thus has inherent limitations. The major limitations being the particular 

constants used in the calculations. There are multiple sources of constants in 

the literature and the reliability varies with source. The basis for the chemical 

composition of the solution is dependent upon the calculated concentrations of 

the components of interest. Although the nutrient solution composition is 



Table 7: Free cadmium concentrations in half strength rnodified Hoagland's 

nutrient solution as determined by MJNTEQ 

Applied cadmium Petcent cadmium Percent cadmium in 

concentration bound as Cd-EDTA free ionic form (Cd2+) 

k g  - L-' 1 

*nd = not determined 



known, what is unknown is the influence of the roots on the surrounding 

solution. Root exudates such as organic acids and phytosiderophores (ligands 

that chelate iron) which influence the chemical composition of the rhizosphere, 

are not accounted for in the calculation and thus their effect on solution 

chemistry and ion uptake is not considered. 

Further examination of the free cadmium concentrations estimated for the 

nutrient solution samples taken during early - mid stages of developrnent a t  the 

applied cadmium concentration of 50.0~9 CdC1 showed that on average more 

Cd2+ was present in the solution obtained from Kyle as compared to Arcola 

(Figure 8). This observation suggests that Arcola is either releasing metal- 

binding molecules into the solution or that Kyle or Arcola is altering the 

conditions around the roots making the cadmium morelless bioavailable. 

External exclusion mechanisms for cadmium have not been studied to the 

extent of interna! exclusion rnechanisms such as the binding of cadmium to 

cheiating peptides within the cell. However, the exudation of polypeptides by 

plant roots has been shown to decrease the chemical activity of aluminum (Al), 

thus minimizing toxicity in Al-tolerant species of barley (Hordeum vulgare) (Foy 

et  al., 1987), snapbeans (Phaseolus vulgaris) ((Miyasaka et al., 1991) and 

common wheat (Triticum aestivum L.) (Delhaize et al., 1993; Basu et a/., 

1994a; Basu et al.,l994b). A change in the conditions around the roots has 

been implicated in altering the availability of metals for uptake. Mugwira and 

Elgawhary (1 979) found that aluminum tolerant wheat cultivars created root 



Figure 8: Cultivar dependent free cadmium (Cd2+) concentrations 

( P P ~ )  
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microzones of higher pH than those of sensitive cultivars. Weisenseel et al. 

(1 979) found that proton driven electrical currents traverse roots and therefore 

the pH of the solution immediatety surrounding the root can differ from that of 

the bulk solution due largely to the retease of H+ ions. The solubility of 

cadmium decreases as the pH increases (Van Bruwaene et al., 1984) and thus 

Kyle may be releasing ions or complexes that decrease the pH resulting in the 

subsequent increase in cadmium availability, or Arcola is increasing the pH of 

the surrounding solution and thus decreasing the availability and the potential 

uptake of cadmium. 

Conclusion 

The amount of cadmium found in terrestrial plants is a function of its 

prevalence in the rooting media. Many external factors can influence the 

amount of cadmium available for uptake by plant roots. Once within the plant, 

the fate of the cadmium is a function of genetic variability. The cadmium can 

be transported from the root to the shoot via the apoplastic pathway (xylem) 

or via the symplastic pathway [phloem) from which the rnetal can be 

redistributed to other regions of the plant. The cadmium may also be 

sequestered in root vacuoles and thus rendered unavailable for transport to the 

aerial portions of the plant. 

The experiments described in this thesis showed that the root cadmium 

concentrations did not significantly differ arnong life stages or between 

cultivars, in contradiction to the trend found in the shoots. Although the 



mechanisms that control the difference in cadmium grain content between the 

cultivars have not yet been identified. the results of these experiments indicate 

that likely more than one mechanism is responsible for cadmium distribution and 

accumulation in durum wheat plants. Interna1 exclusion mechanisms must exist 

between the roots and shoots and between the shoots and grain. The role of 

vacuolization in the roots has not been established but it rnay influence the 

amount of cadmium available to be transported t o  aerial portions of the plant 

and may thus distinguish between high and low grain accumulators of 

cadmium. 

Subcellular localization, root exudates and internal exclusion mechanisms 

are al1 examples of the physical and biochernical adaptations that plants have 

evolved in order to lirnit, avoid. cope with or control the uptake of heavy 

metals. The role of genetic factors in heavy metal uptake is evident and studies 

are presently being conducted to locate the genes that control heavy metal 

uptake. 

There remain several unresolved questions in the quest to understand the 

uptake of non-essential metals. A deeper understanding of how cadmium 

distribution is influenced by cultivar and life stage may provide dues to identify 

and characterize the internal and external exclusion mechanisms that control 

heavy metal tolerance. New insight gained on these mechanisms can aid in the 

development of new durum wheat cultivars that specifically have a low capacity 

for cadmium uptake and accumulation. 
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Aphids were collected from two hydroponically grown durum wheat cultivars 

(Triricum turgidum L. var durum cvs Kyle and Arcola) root-exposed to various 

concentrations of cadmium. The tissue cadmium concentration of the aphids 

revealed that cadmium treatment concentration and cultivar affect cadmium 

phloern load in wheat. 

Key Words: cadmium, aphids, phloem exudate, durum wheat 

INTRODUCTION 

Cadmium is a non-essential metal that is found naturally in soils. High 

concentrations of cadmium in soils can be attributed to multiple sources, such 

as the parent material, atmospheric deposition, sewage sludge application and 

the use of phosphate fertilizers. High concentrations of cadmium in the soi1 can 

lead to its accumulation in roots, with subsequent transport of cadmium from 

the roots of crop plants to the leaves and grain having implications for human 

health, as well as agricultural economic welfare. Canadian grown grains and 

oilseeds have exhibited cadmium concentrations that meet or exceed CODEX 



limitations of 0.1 mg Cd-kg-' which affects the marketability of the grain (WHO, 

1989). This problern is also present in the United States, Japan and Europe. 

Thus multiple studies investigating the uptake mechanisms that control 

cadmium influx and distribution among plant parts have been initiated. 

Development of wheat cultivars that either exclude cadmium from the roots 

through external exclusion mechanisms or restrict the transport of cadmium, 

already taken up by the plant, to the edible portions would be advantageous. 

The soi1 environment is the predominant contributor of cadmium to the 

plant. The cadmium, in addition to required nutrients, is taken up by the roots 

and is initially found in the apoplast of the plant. Xylem interchange with the 

phloem causes the cadmium to be transferred from the apoplast to the 

symplast. Many developing seeds rely on the phloem for the nutrients required 

for maturation since the developing tissue is not capable of transpiring 

effectively, if at al! (Salisbury and Ross, 1992). The composition of the 

developing grain is dependent upon the phloem content. The higher the 

concentration of cadmium in the phloem the greater the likelihood of deposition 

in the grain. 

The uptake and accumulation of cadmium in plants varies among species 

and cultivars. The amount of cadmium taken up by the plant is related to the 

effectiveness of exclusion mechanisrns. These mechanisms can be classified 

as interna1 or external. Interna1 exclusion mechanisrns allow the transport of 

cadmium from the apoplasm to the symplasm where metal inactivation may 



occur through chelation by organic acids or proteins, compartmentalization in 

the vacuoles or by the production of metal tolerant enzymes. External 

exclusion mechanisms prevent metals frorn reaching sensitive metabolic sites 

in the symplasm (Taylor, 1987). 

Aphids (Herniptera, Aphididae) are common greenhouse pests that are 

phloem feeders. Their stylets (mouthparts) pierce individual sieve tube 

elements and allow them to feed from the sugars present in the phloem. The 

sieve tube elements are under pressure and thus when the stylet is inserted, the 

fluid moves into the aphids due to the pressure differential. The stylets release 

pectic enzymes that  facilitate the movement of the mouthpart through the 

parenchyma cells in order to reach the phloem of a vascular bundle (Milburn and 

Kallarackal, 1989). The aphid-stylet technique was first used by Kennedy and 

Mittler (1 953) to  collect sieve tube exudate. A feeding aphid is anaesthetized 

and the stylet is severed from the body. The exudate then flows out of the 

excised mouthparts and can be analyzed for content. Wolf et a/. (1 990) and 

Chino et al. (1 987) used the aphid technique examine the transport of solutes 

and the chernical composition of the phloem in barley and rice, respectively. 

In this experiment whole aphids were collected from plants as Cd would be 

c o n s e ~ e d  in their body tissues. This technique could be used to collect phloem 

exudate for analysis of plant complexed forms of cadmium. 

Three hypotheses outline the purpose of the aphid study. The question 

of Cd transport and accumulation in shoot and grain tissue of two durum wheat 



cultivars could be attributed to the Cd concentration in the phloem, the rate of 

transport in the phloem and the ability of the plant to  take Cd out from the 

phloem Sap for accumulation in the shoot and grain. This experiment revealed 

that the phloem load of  Cd influenced the amount of Cd accumulated in the 

shoot and ultimately Cd accumulation in the grain of  wheat plants. 

MATERIALS AND METHODS 

Two cultivars of durum wheat (Triticum turgidurn L. var durum cvs Kyle 

and Arcola) were grown in solution culture to maturity. These cultivars were 

selected based on their differential patterns of cadmium accumulation; Kyle 

accumulates higher concentrations of cadmium in the grain Ug Cd.9-' dry 

weight) than Arcola. The continuous f low hydroponic systern was constructed 

in a greenhouse chamber which supplied a modified Hoagland's nutrient 

solution (containing iron in the form of  Fe-EDTA) to  the plant roots (Hoagland 

and Arnon, 1950). Each cultivar had its own nutrient solution distribution 

systern and was exposed to 4 concentrations of cadmium; 0.05,0.50, 5.0 and 

50.0 ~g Cd-1-' as Cd(NO,),-4H,O. The experimental design was a randomized 

complete block design with respect to cadmium treatment concentrations and 

a split plot wi th respect to cultivar. During the summer months, the relative 

humidity in the greenhouse ranged from 70 to 80 per cent, white in the fall, the 

range was 50 to 70 per cent. The day length was extended to 16 hours by 

suspension of  high pressure sodium lights containing 430 watt bulbs. The 430 



watt bulbs provided a light intensity of 50 to 70 ,uM at the top of the plant 

canopy during the earlier stages of growth, while at the later stages of growth, 

the plant canopy could receive as much as 100 PM. 

Periods of aphid infestation typically began during the in boot stage of 

wheat developrnent, approximately 2 months following germination. The 

aphids from each cultivar were randomty collected off the upper leaves at each 

of the cadmium treatrnents and placed in acid washed 50 mL polyethylene 

bottles. 

The aphid samples were'dried overnight to a constant mass at 65"C, 

weighed into 10 mL Teflon digestion vessels using a five place analytical 

balance. SampIes were then refluxed for 12  hours in the sealed containers with 

2 mL of high purity distilled HNOJc) at 90°C on a hotplate, cooled and then 

brought to dryness a t  120°C. The samples were brought to a final volume of 

2 mL with 0.5 mL high purity distilled HNO,(c) and 1.5 mL double deionized 

water (1 8 mR1. The solutions were analyzed using a Perkin-Elmer SClEX 5000 

inductively coupted plasma mass spectrometer equipped with a discrete dynode 

detector. The solution introduction system consisted of a high efficiency micro- 

concentric nebuliser (CETAC) instatled on a Scott double pass spray chamber 

to give a solution uptake rate of 180 pL.minm', with an analytical RSD typically 

of better than 1 per cent. Selected very low mass samples were analyzed by 

a p-flow injection technique. Data storage and manipulation was on an IBM 

PSI2 386 computer system operating under XENIX. Instrument operating 



conditions are listed in Table 8, with data acquisition parameters outlined in 

Table 9. Elemental quantification was achieved by the method of standard 

additions, with analytical accuracy being monitored using standard reference 

biological tissues (DORM and DOLT supplied by CanMet). 

Table 8: ICP-MS operating conditions 

Plasma Conditions 

Torch 
Rf  power 
Auxiliary flow 
Nebulizer f low 
Outer gas flow 
Solution uptake rate 

standard torch wi th alumina injector 
1000 w 
0.8 Lamin*' 
0.8 Lemin-' 
15 L-min-' 
0.1 8 mLmmin-' 

Table 9: Measurement parameters 

Measurement mode 
Measurement time 
No. integrations 
Resolution 

quantitative, 1 point per mass 
120 ms 
50 
NORMAL 

RESULTS AND DISCUSSION 

Data indicate that both cultivar and cadmium treatment concentration 

influence the amount of cadmium in the aphid bodies, from which we infer that 

cadmium is transported in the phloem, a t  concentrations which are determined 

by both plant interna1 and external processes. A t  higher Cd concentration 

treatments, the body burden of cadmium was greater in aphids from Kyle 



(higher cadmium accumulator) as opposed to Arcola (Figure 9). This suggests 

that a higher concentration of cadmium may be transported t o  the grain of the 

higher-accumulating cultivar via the phloem, rather than a greater absolute 

quantity of phloem sap. The correlation between the shoot cadmium 

concentration at the time of aphid collection and the body burden of cadmiumin 

the aphids is illustrated in Figure 9. The relationship of external solution 

cadmium and internal shoot cadmium concentration is linear within the range 

of doses and the lines are similar in slope, but dissimilar in elevation (data not 

shown). 

Variations in the aphid cadmium content between dururn wheat cultivars 

indicate that an internal exclusion mechanism rnay be in part controlling the 

transport of cadmium in the phloem. Many studies such as Yang et al. (1 995) 

and others outlined in a review written by Ernst et al. (1 992) have looked at the 

variability in cadmium distribution among plant parts and also lists possible 

influencing factors that are both genetic and environmental. The internal 

exclusion mechanism may be a t  the level of the root in which the uptake of 

cadmium from the nutrient solution and its subsequent transport to the xylem 

is limited, or the mechanism may function at the transfer points 

(plasmodesrnata) between the xylem and the phloem. Taylor (1 987) proposed 

that exclusion from the symplasm is a mechanism of metal tolerance in some 

higher plants. The complexity of metal tolerance and its multitudes of 

influencing factors makes it difficult to pinpoint or define the modes of action 



Figure 9: Aphid cadmium concentration vs cadmium concentration in the 

shoots of 2 durum wheat cultivars 





that distinguish plant response. The overall higher phloem cadmium load in 

Kyle as compared to  Arcola appears to comply with the theory proposed by 

Taylor (1 987). 

Further research is required on the effect of life stage on the cadmium 

phloem load between the cultivars and also the species of cadmium found in 

phloem Sap. Also, the incorporation of a durum wheat cultivar classified as an 

intermediate cadmium accumulator into a broader experiment would yield a 

more comprehensive picture of cadmium phloem load as determined by aphid 

analyses. 
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APPENDIX II 

LlFE TlME EXPOSURE OF DURUM WHEAT CULTIVARS TO 
CADMIUM USING A HYDROPONIC SYSTEM 

CHARACTERIZATION EXPERIMENT - RUN 2 



Characterization Ex~eriment, Run 2 

The time series experiment examining the distribution of cadmium among 

plant parts, life stage and cultivar was repeated from late June to mid- 

November. The first run of the experiment was conducted between mid- 

February and late May. Although greenhouse conditions attempt to  mimic the 

natural environment, the reality is that the growth conditions required for proper 

wheat developrnent may require more control of the environmental conditions 

such as temperature extremes or light Ievels associated with seasonal changes 

than were used in these experiments. 

Results and Discussion 

A visual discrepancy between the experiments was that the June - 

November run had an initial abundance of tillers in both cultivars that was not 

seen in the February - May run. As the crop grew, a canopy formed and thus 

light was unable to penetrate to the lower portions of the plant. This rnay have 

been the cause of lower leaf die off. Also, the high amount of vegetative 

growth restricted the amount of air circulation at the base of the plant. 

Overcrowding and lack of aeration resulted in high humidity and low light levels 

at the base of the plant which contributed to the weakening of the culms 

affecting the health and integrity of the plant. 

Run 2 of the characterization experiment was seeded in June and thus 

the wheat crop was subjected to the unusua!ly high temperatures that occurred 

during the summer of 1995. The hydroponic system used 3 L black pots to 



support the wheat crop and the main reservoir tanks were 77 L green 

containers with black lids. During the tillering stage the solution temperatures 

within the individual pots reached over 30°C (which is substantially higher than 

soi1 temperatures), while the temperature in the greenhouse chamber reached 

as high as 40°C. 

The number and mass of flowering heads in both Kyle and Arcola 

decreased by at least one half in the second repetition of the experiment. 

During run 2, Kyle developed properly and reached anthesis although grain yield 

per plant was decreased while Arcola remained in a vegetative state for 3 tirnes 

longer than normal (almost 3 months) and failed to reach anthesis. Data on 

tissue cadmium concentration was collected for Arcola up to the 

heading/flowering stage and to the ripening stage for Kyle. The trends are 

similar to the data obtained for run 1 except for Arcola at the flowering head 

stage, but the data set is incomplete. Although the overall productivity of the 

plants was influenced by external environmental factors, the uptake and 

transport of cadmium among tissues and life stages appeared to be unaffected. 

The final tissue samples from Arcola were taken at the heading/flowering stage 

and the concentration of cadmium in the flowering heads was higher than the 

previous run of the experiment. A t  this stage the wheat looked il1 developed 

and the increase in cadmium concentration could be attributed to a failure in the 

mechanisms that control cadmium uptake. On the other hand, the plants were 

heat stressed, so a greater proportion of energy gained through photosynthesis 



could have been focused on reproduction. More nutrients would be taken up 

and thus the phloem would be transporting more nutrients (and more cadmium) 

to the developing grain. 

Results from run 2 are shown in Figures 10, 11, 12 and 13. Run 2 of 

the experiment had root and shoot cadmium concentrations that were 

comparable to run 1, particularly prior to the onset of  the ripening stage 

(Figures 14, 15, 16  and 17) but the Cd concentration in the flowering heads 

and grain of Arcola did not correspond to the data collected in run 1 (Figure 

18). The flowering heads taken from Arcola had higher cadmium 

concentrations than Kyle as well as higher Cd concentrations than those 

obtained in the previous experiment. Grain yield decreased by 80  - 90 per cent 

in Kyle and 100 per cent in Arcola. This could be the result of many factors 

influencing the normal physiology of the plant. A discussion of these factors 

follows. 

High root zone temperature could damage proper root function through 

such things as a decrease in the efficiency of enzyme function, an alteration in 

the solubility of required nutrients, such as iron in the rooting medium and 

decreased solubility of oxygen in the nutrient solution which can influence 

respiration and the overall health of the roots. Soil grown plants are less 

susceptible to heat stress at the roots since the specific heat of soi1 is much 

greater than for water and thus the root zone temperatures do not fluctuate as 



Figure 10: Root tissue cadmium concentrations @g Cd-g dry weight") I 

standard error of Kyle and Arcola at  4 separate life stages; 

tillering, in boot, flowering and ripening for Run 2 (* denotes a 

difference between Kyle and Arcola, P < 0.10) 

note: Arcola did not reach the ripening stage 





Figure 11: Shoot tissue cadmium concentration (pg Cd-g dry weighr') I 

standard error at 4 separate life stages; tillering, in boot, flowering 

and ripening for Run 2 (* denotes a difference between Kyle and 

Arcola, P < O. 1 O) 

note: Arcola did not reach the ripening stage 





Figure 12: Flowering head tissue cadmium concentration k g  Cd-g dry 

weight-') I standard error of Kyle and Arcola exposed to 0.05, 

0.50, 5 .0  and 5 0  pg Cdm~" for Run 2 (* denotes a difference 

between Kyle and Arcola, P < 0.10)  



0.05 0.50 5.0 50.0 

Cadmium treatment level (pg c d œ  L-') 



Figure 13: Grain tissue cadmium concentration (pg Cd-g dry weight-') k 

standard error of Kyle exposed to 0.05, 0.50, 5.0, and 50 pg 

C d C '  for Run 2 

(* denotes a difference between Kyle and Arcola, P < 0.10) 

note: Arcola did not reach the ripening stage 



Treatment cadmium concentration (pg C ~ O L - ' )  



Figure 14: Cornparison of root and shoot tissue Cd concentrations Mg Cd-g 

dry weight-') from run 1 and run 2 at the tillering stage 





Figure 15: Comparison of root and shoot tissue Cd concentrations (pg Cdmy 

dry weight*') from run 1 and run 2 at  the in boot stage 





Figure 16: Comparison of root and shoot tissue Cd concentrations (pg Cd-g 

dry weight-') from run 1 and run 2 at the flowering head stage 





Figure 17: Comparison of root and shoot tissue Cd concentrations Mg Cd-g 

dry weight") from run 1 and run 2 at  the ripening stage 

note: Arcola did not reach ripening stage in run 2 
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Figure 18: Coniparison of the flowering head and grain tissue Cd 

concentrations (pg Cd-g dry weighrl) from run 1 and run 2 at the 

heading and ripening stages, respectively 

note: Arcola did not reach the ripening stage in run 2 





much. If the roots were affected by the heat at this early stage, it could 

hamper proper growth and development. 

The weakening of the culms could be attributed t o  the high temperatures, 

low air circulation and high light levels of June. Photosynthetic activity and 

thus high arnounts of photosynthate resulted in rapid vegetative growth during 

the early stages of development. Weakening of the culms would thus affect 

the transport of water and nutrients taken up from the nutrient solution by the 

xylem to the upper portions of the plant. This weakened area would also be 

more subject to moulds and infections. In addition to an increase in vegetative 

growth, there must be a corresponding increase in root density to account for 

the increase in nutrient dernand. As the root mass grows, a limitation in the 

hydroponic system presents itself. The growth pot can hold up to 2 dm3 of 

material and if the root mass grows to fiIl up this space, the nutrient solution 

flow would decrease and also the oxygen required for healthy roots would be 

exhausted at a quicker rate, a factor further compounded by the high solution 

temperatures and the resulting decrease in oxygen solubility. The rapid and 

vigorous vegetative growth during the early stages of development is believed 

to have contributed to the eventual failure of the crop. The variability in plant 

developrnent between the two  cultivars (Le. Kyle reaching anthesis while Arcola 

did not) can not be fully explained at the moment. Genetic factors greatly 

influence the strength and magnitude of the stress response. 



Wheat subjected to temperatures above 25°C and long days have faster 

growth rates and a short growth cycle, but also produce small wheat spikelets 

and have very poor pollination (Salisbury and Bugbee, 1988). A decrease in 

temperature from 23°C to 17°C was found to increase wheat yield by 20 per 

cent per day, but with a concomitant increase in the growth period by 40 per 

cent (Bugbee and Salisbury, 1989). The increase in vegetative growth a t  the 

early stages of development decreases the carbon partitioning to  the developing 

grain and thus decreases the harvest index (Bugbee and Salisbury, 1989). 

Energy gained through photosynthesis could have been allocated to stress 

response, due to high temperatures, instead of to the overall growth of the 

plant. Thus the plants remained in a vegetative state for a longer period of 

time. In studies conducted by Salisbury and Bugbee (1988), the total yield 

obtained was greatest for solution grown wheat subjected to lower 

temperatures (20°C day, 15°C night) and a 1 4  hour photoperiod. Wardlaw and 

Moncur (1 995) found that wheat plants transferred to high temperatures (25°C 

or 30°C) during the grain-filling stage exhibit a significant drop in grain dry 

weight at maturity. This concurs with the major decrease in grain dry weight 

(80 - 90 per cent) between run 1 and run 2 for Kyle. Wheat grown in 

hydroponic systems out of season may require multi-phasic environmentai 

controls to correspond to the special needs of each developmental stage 

(Salisbury and Bugbee, 1988). 



Ways to address the problerns associated with run 2 of the 

characterization experiment: 

- insulating individual pots to prevent solar heating of the solution or use 
different coloured pots 

- more stringent temperature control of the nutrient solution, add a cooling 
system t o  the main reservoir tank to control the temperature of the 
solution 

- increase the rate of aeration in the main reservoir tanks 

- maintain good air circulation in greenhouse chamber through the use of 
fans and ventilation systems 

- control light levels, try to maintain at the same outdoor conditions as in 
field crops 
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APPENDIX III 

RAW DATA - CHARACTERlZATlON EXPERIMENT 
RUN 1 AND RUN 2 



Raw D a t a  from Run 1 of the Characterization Experiment 

REP CULTIVAR CD LIFESTAGE TISSUE TISSUE CD 
l=Kyle l = t i l l e r  l= roo t  ( p g  Cd/g 
2=Arcola 2=in boot 2=shoot dry weight) 

3 =f lower 3 =head 
4=ripen 4=grain 









Raw D a t a  from Run 2 of the Characterization Experiment 

REP CULTIVAR CD LIFESTAGE 
l=Kyle 1-tiller 
2=Arcola 2=in boot 

3 =heading 
4=ripen 

TISSW CD 
(KT Cd/g 
dry weight ) 
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