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A greenhouse pot experiment was conducted to study the amount of selenium 

accumulation and the efiFect of selenite on growth of carrots, squash, and sudan grass. 

Selenium was added to sandy soil as sodium selenite at five rates (0.02, 0.08, 0.32, 1.28, 

and 5 mg/1) in a randomized complete block design including a control, in three replicates. 

Addition of 5 mg/1 selenium reduced the total biomass (in carrots and squash) as much as 

97% and as much as 85% in sudan grass. Crops in the control treatment and those 

exposed to 0.02 mg/1 did not accumulate selenium to levels considered toxic to animals 

and humans. All other treatments resulted in levels of accumulation that could pose 

hazards when consumed by animals and humans. Based on the interpolated irrigation 

concentration that caused 50% yield reduction (observed data), sudan grass was the most 

tolerant crop (4.0 mg/1) while squash plants were the least tolerant (0.9 mg/1) and carrots 

were intermediate (2.2 mg/1). 
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CHAPTER 1 

INTRODUCTION 

Selenium (Se) attracts the interest of modem scientists because it has a double 

behavior, as either an essential element or potential toxicant to humans, livestock, and 

plants, depending on its concentration and chemical form. 

Selenium deficiency reduces growth, productivity and reproduction, and even 

causes death in animals and humans. Most plants, while not requiring selenium, absorb it 

from the soil solution and cycle it to ingesting animals. Plants differ in their selenium 

metabolism. Most food plants convert much of the selenium into protein that is readily 

available to animals (Mayland, 1989). 

While selenium is an essential dietary element to humans and animals in minute 

quantities, it is also toxic to most organisms at higher concentrations. Toxicity of selenium 

may be mediated via inhibition of certain sulfhydryl enzymes that are crucial for energy 

metabolism of animals or plants. Ingestion of high amounts of selenium causes selenium 

toxicity or selenosis in animals and humans. Animals develop a chronic selenosis when the 

selenium concentration of the diet increases to levels of 5-15 mg Se/kg DW. This is a 

problem in some areas of the United States and other locations where plants grow in 

seleniferous soils and accumulate excess selenium. Animals feeding on these plants may 

develop moderate to severe health problems (Combs et al., 1986). Human toxicity can 

result at levels less than 5 mg/kg DW (International Programme on Chemical Safety, 

1987). 
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With the presence of selenium in the soil, there is concern that it may accumulate in crops 

and induce related problems in humans (Yang et al., 1983). 

Coping with the selenium in the environment requires an understanding of how 

plants respond to high levels of selenium in soil in terms of the effect on plant growth and 

plant phytotoxicity. Managing the effect of selenium also requires a knowledge of what 

levels of selenium accumulate in plants. Even if selenium is not toxic to a crop, the crop 

may accumulate enough selenium to be toxic to animals and humans. Different plants may 

have different levels of tolerance to selenium and may also differ in how much they 

accumulate. 

This research looked at selenium uptake into roots, shoots, and fhiits of three 

species of crop plants over a wide range of selenium in the irrigation supply and related 

plant growth effects with the uptake levels. The working hypothesis was that increased 

selenium content in the water would depress growth in proportion to the amount taken up, 

and that plants would differ in uptake and tolerance. 

The objectives of this study were; 

1. Determine the levels of selenium phytotoxicity for carrots, squash, and sudan 

grass. 

2. Determine the accumulation of selenium in the roots, shoots, and fhiits of plants 

under study. 

3. Calculate levels of selenium in irrigation water that cause 50% growth 

reduction. 
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CHAPTER 2 

LITERATURE REVIEW 

1. Selenium chemistry. 

Selenium can exist in the 2", 0, 4* and 6" oxidation states and can occur as Se^' 

(selenide), Se (elemental Se), Se^Oj^' (thioselenate), SeOj^" (selenite), and SeOt^* 

(selenate). The concentration, speciation, and association of selenium in a given 

environment depends on the pH and redox conditions, the solubility of its salts, the 

complexing ability of the soluble and solid ligands, biological interactions, and reaction 

kinetics (McNeal and Balistrieri, 1989). Selenate and selenite anions are the dominant 

forms (species) of selenium in most soils and waters. Elemental selenium and selenide are 

found in only small concentrations. Of the two dominant forms, selenate salts are more 

mobile in soil than selenite salts. The mobility of selenium depends on many soil 

properties including pH, oxidation potential, organic carbon, calcium carbonate, and 

cation exchange capacity. Because elemental selenium is relatively unstable, it can be 

reduced to selenide or oxidized to selenite forms. Selenide can occur in aqueous and 

gaseous forms. 

Most of the soil selenium available to plants occurs as selenate and selenite 

(Mikkelsen et al., 1987; 1989). Selenate is the major selenium species in aerobic (high Eh) 

and neutral to alkaline environments. In aerobic, acid environments, the speciation shifts 

towards selenite. Under reducing conditions (negative Eh) selenide can occur. Selenate is 

mobile in soil and moves with the soil water, while selenite is rapidly absorbed by soil and 

is only slightly mobile (McNeal and Balistrieri, 1989). 
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Organic matter has large capacity to remove selenium from soil solution. Sing et 

al. (1981) reported that elevated levels of organic matter in the soil resulted in higher 

adsorption of selenate and selenite. The presence of other ions such as sulfate can reduce 

the uptake of selenium by plants (Lanchli 1993; Wan et al. 1988; Wu et al. 1991). 

2. Selenium in soils. 

Most soils contain no more than 0.1 mg Se/kg, but those derived from the 

cretaceous shales may contain 1 to 2 mg Se/kg and some may have values as high as 500 

mg Se/kg. Soil selenium exists in several chemical forms that differ widely in their 

solubility and availability to plants. Selenium availability to plants usually depends upon 

redox potential, soil texture, soil pH, organic matter, and concentrations of other anions 

(Mayland et al., 1989). 

In most agricultural areas, soils contain so little available selenium that cultivated 

crops do not accumulate more than traces of this element. Uncertainties about potentially 

excessive selenium absorption have arisen because high concentrations of selenium as 

selenate and selenite are present in agricultural regions such as the west side of the San 

Joaquin Valley in California (Presser, 1994). With the irrigation methods currently 

employed in central California, irrigation water carries soluble selenium deeper into the 

subsurface as it percolates through the soil profile into the drainage systems. 

With the presence of selenium in soil and ground water, there is a concern that 

selenium may accumulate in the crops and induce selenium problems to humans and 

animals. 



13 

3. Selenium as an essential nutrient. 

Selenium has several essential functions in animals and humans. The beneficial 

effects of selenium are found at different concentrations, depending on the interaction with 

other chemical compounds, such as vitamin E, fatty acids, and sulfur (Sing., 1991). 

Selenium was shown to be an essential constituent of the biologically important 

enzyme glutathione peroxidase (SeGSHpx) which is present in most of human and animal 

tissues. This enzyme catalyzes the breakdown of highly reactive metabolic hydrogen 

peroxide. Glutathione peroxidase can be considered as having a protective effect on body 

tissues (Rotruck et al., 1973). Selenium has also been found to mediate the interactions 

between metals and other elements in the body (Lanchli, 1993). 

The minimum nutritional level for animals is about 0.05-0.1 mg/kg DW selenium in 

dry forage feed, and intake below this level might cause severe selenium deficiency 

diseases. At higher levels 0.1 to 1 mg/kg selenium seems to offer protection against some 

disease, while exposure to higher level, 2 to 5 mg/kg, has toxic effects (Gissel-Nielsen and 

Bisberg, 1970). 

Raising selenium concentrations in some cereal grains to the minimum required 

levels has been of interest to some researchers. Selenium can be raised by means of 

selenium fertilization, foliar spraying of selenium, and seed treatment using aqueous 

solutions of selenium compounds. Ylaranta (1984) studied ways of raising the selenium 

content of spring wheat (Triticum aestivum L.) and barley {Hordeum vulgare L.). 

Spraying 5-10 g/ha of selenium either as sodium selenate or selenite raised selenium 

concentrations in the grains from 0.015 to 0.1 mg/kg. 
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The selenide application showed that selenium content in the barley grains was 

50% of that found in the wheat grains at various selenium levels. 

Researchers from Finland used multi-nutrient fertilizers supplemented with sodium 

selenate to raise the selenium levels of domestic cereal grains to an approximate level of 

0.1 mg/kg dry matter. The amount of fertilizers supplementally applied to the plants was 

about 8 g/ha for cereal crops and 3 g/ha for grass crops. Selenium levels in spring wheat 

showed the highest increase (0.25 mg/kg DW), while levels of selenium in winter wheat 

and rye were 0.05 and 0.04 mg/Kg DW, respectively (Eurola et al., 1990). 

Gupta and Macleod (1994) reported that sodium selenate had greater affect than 

the lime coated selenium granules on the selenium concentration of cereals, forages and 

soybeans. Forages and cereals accumulated similar concentrations of selenium from the 

sodium selenate treatment. Compared with forages and cereals, soybeans accumulated the 

highest levels of selenium in seeds as well as in the leaves and the vegetative top tissues. 

The reason for that may be related to the ability of soybean seeds to accumulate higher 

levels of minerals such as molybdenum (Macleod and Gupta, 1994). 

Sing (1991) recommended the use selenate contained in chlorine based NPK (0.06 

mg Se/ kg) over sulfate based NPK fertilizer to raise selenium concentration in wheat to a 

required level. Gupta et al. (1993) recommended a minimum rate of 10 g Se/ ha in the 

form of selenate as a yearly application to barley plants to enrich livestock feeds and 

prevent selenium deficiency of the animals. 

Valle et al. (1993) found that spraying bermuda grass with 24 g Se/ha as sodium 

selenate was enough to meet the requirements of this element for grazing livestock. 
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However, Verkleij and MacNeal (1992) found that foliar application of extracts of 

ryegrass enriched with selenium is an alternative for foliar application of inorganic 

selenium. 

4. Plant uptake of selenium. 

4.1 Background 

Most plants manifest the ability to absorb, metabolize, and store in their tissues 

variable amounts of selenium (Hamilton and Beath, 1963; Hurd and Karrer, 1973; Smith 

and Watkinson, 1984). Both selenate and selenite are assimilated by plants, but selenate is 

more actively absorbed than selenite (James et al., 1989). 

Plant species differ in the amounts and concentrations of selenium which they 

potentially absorb. Mayland (1989) classified them as excluders, passive absorbers, and 

accumulators. Plants that absorb less than 50 mg Se/kg DW are called excluders. Passive 

absorbers are those which can accumulate 50-100 mg Se/kg DW while accumulators can 

accumulate more than 100 mg Se/kg DW. Often, the plants are simply referred to as 

accumulators and non-accumulators. The actual selenium uptake is controlled not only by 

the plant species, but also by the activity of various selenium forms in the soil and the 

amount of soil water present. 

Some plants have the ability to extract and /or accumulate thousands of mg Se/kg 

DW from soils that contain only several mg/kg. Rosenfeld and Beath (1964) divided plants 

into three major groups: group 1 plants, which accumulate from 1000 to 10,000 mg 

Se/kg, including species Astragalus, Brassica, and Stanleya; ̂ oup 2 plants, that rarely 
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contain more than a few hundred mg Se/kg (they belong to a number of genera including 

Atriplex, Grindelia, and Guitierrzia)\ group 3 plants, which includes many grains and 

grasses (Graminiae) that normally do not accumulate selenium to levels above 50 mg 

Se/kg DW. Fortunately, most cultivated crop plants, most native grasses, and many other 

plants fall into the groups that exhibit very low selenium accumulating power. 

4.2 Uptake of selenium by agricultural crops. 

The uptake and accumulation of selenium by terrestrial plants growing on a coal 

fly ash landfill was studied by Arther et al. (1991a). Three forage crops, including alfalfa, 

red clover, and timothy, and two root crops, carrot (Daucus carota L.), and rutabaga 

{Brassica napus), were grown in fly ash landfills and non-landfill sites. Rutabaga and 

carrot were found to accumulate greater concentrations of selenium when grown on fly 

ash landfill than on a non-landfill site. Concentrations of selenium were below 5 mg/kg 

DW in the plant tissue, the level considered to be toxic to animals (Gissel-Nielsen and 

Bisberg, 1970). Rutabaga accumulated greater concentrations of selenium than carrot in 

both leaf and root tissue. Higher selenium concentrations were found in the leaf tissue 

than in the root tissue. They postulated that the accumulation of carbohydrates in the root 

could result in dilution of the selenium concentrations in the root as compared to the 

leaves. In another experiment, Arther et al. (1991b) found that forbs and grasses grown on 

the landfill site also accumulated more selenium than those grown in the non-landfill site. 

In general, legumes accumulated more than non-legumes. Legumes (sweet white 

clover and birds foot trefoil) have deeper root systems which is thought to be responsible 
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for their ability to accumulate more selenium. The highest selenium concentration was 

found in sweet white clover. Legumes grown in the landfills showed higher concentrations 

of selenium than those grown in the non-landfill sites. The correlation of total selenium in 

soil and plants in both experiments was poor in the landfill site but positive in the Lansing 

non-landfill control site (Arther et al., 1991b). 

Barley, buckwheat, dent and flint com, flax, ladino clover, millet, oats, rape, red 

clover, rye, safflower, sorgo, Sudan grass, sugarbeet, sunflower, and wheat plants were 

grown in a greenhouse pot experiment (Hamilton and Beath, 1963). Selenium was added 

as potassium selenate to supply 2, 3, 5, 10 or 20 mg/kg of selenium to the soil. The 

selenium content in all grains except wheat were 32 mg/kg DW or less. Inorganic 

selenium concentrations were not detectable in the grains of wheat, oats, and safflower. 

The wheat grains were able to store high amounts of organic selenium (81-111 mg/kg 

DW). The level of selenium was higher in the straw than in the grain. Levels of selenium 

accumulated in wheat plants were considered dangerous to ruminants. 

Boila et al., (1993) also grew wheat, barley, and oats in different locations in 

Manitoba. Plants accumulated selenium to levels ranging from deficient to higher than the 

maximum tolerable by livestock (5 mg/Kg DW). 

A greenhouse experiment was conducted to determine selenium uptake by 

sulfur-accumulating vegetables (Banuelos and Meek, 1989). Cabbage {Brassica oleracea 

var. capitata), broccoli (Brassica oleracea var. Botrytis), swiss chard {Beta vulgaris var. 

Cicla) and collards (Brassica oleracea var. acephda) were grown in pots to which 4.5 mg 

Se/kg had been added either as selenate or selenite. Broccoli florets contained the highest 



selenium concentrations (1.38 g Se/kg DW) of the vegetable tissues studied. Statistical 

analysis showed no differences between the dry weight of the vegetable yields. All 

vegetables were capable of accumulating more than S mg Se/kg DW which is considered 

toxic to animals (Gissel-Nielsen and Bisbjerg, 1970). 

It is interesting to note that the portion of some crops consumed by humans has 

the ability to accumulate less selenium than the inedible portion. Wan et al. (1988) found 

selenium concentration in the barley grain was about 65% that of the remaining shoot. 

The beet roots contained 50% less selenium than the tops. Selenium concentrations in the 

tomato fruit was less than 20% that of the leaves. This may be attributed to low 

subsequent translocation of the organic seleno-compounds through the phloem. 

5. Selenium efTect on plant growth. 

High levels of selenium in soils are known to depress plant growth. Carlson et al. 

(1991) conducted a greenhouse pot experiment to determine the effects of soil-applied 

selenate and selenite on the growth and selenium content of a forage species, sorgrass 

{Sorghum vulgare var. sudanense). It was grown in two different soil conditions (sandy 

and loamy sand), with two soil treatments (limed and unlimed), two selenium forms 

(selenate and selenite), and four levels of selenium (0, 1, 2, and 4 mg Se/kg soil). Higher 

concentrations of selenate were found in the plant tissues than selenite. Selenate had a 

greater toxic effect on the plants, reducing the plant biomass by as much as 97% and 

increasing plant selenium concentrations to as high as 1153 mg Se/kg. 
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The lowest concentration was found when selenite was added as 2.2 mg Se/kg to the 

unlimed sand loam soil (control is not included). All plants were capable of accumulating 

selenium in the above-ground parts to levels considered toxic to animals feeding on these 

plants. 

Banuelos et al. (1990) treated wild mustard (Brassica juncea) plants with 4 levels 

of selenium (0, 2, 6, and 15 mg Se/1 as sodium selenate NaiSeO^). The treatments had a 

significant influence on the shoot and root of wild mustard dry weight yields, reducing 

them by 30% and 21%, respectively. 

In another study, selenium was added to the soil at a rate of 3 mg/kg as sodium 

selenate. The dry weight yields of selenium-treated and control tall fescue were 

compared. The selenium-treated shoot dry weight was reduced by 25% compared to the 

normal shoot dry weight. The selenium-treated root dry weight was reduced by 17% 

compared to the normal root dry weight (Wu and Huang, 1991). 

Zhang et al. (1988) found that selenate caused growth reduction in Swiss chard 

{Beta vulgaris L.Var. Cicla) when added to an acidic soil in amounts equal to or greater 

than 1.0 mg/kg. Selenite, on the other hand, did not affect growth when added at up to 

2.0 mg/kg to the acidic soil. Yields were also unaffected when either selenate or selenite 

was added alone or in combination to neutral soil at levels up to 2.0 mg/kg. They also 

found that yields were not significantly different from the control when selenate did not 

exceed 0.5 mg/kg. However, yields decreased when the amount of selenate added to the 

acid soil exceeded 0.5 mg/kg. 
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Salt grass (Distichlis spicata L.) dry mass production in the presence or the 

absence of selenium treatment was studied by Wu and Huang (1991). They found that 

when selenate was supplied as O.S mg/I in nutrient solution added to the salt grass, shoot 

dry weight was reduced to 50% of the control shoot dry weight. Salt grass produced 60% 

of the normal shoot dry weight when both selenium and sulfate were added as 0.5 mg/1 to 

the nutrient solution. They found that where the soil selenium concentrations were 100 

times (1 to 3 mg/kg) higher than the selenium concentrations found in soils of the control 

sites, the amount of vegetative cover and dry weight were 80% and 90% of the control 

amounts, respectively. They attributed the inhibition of selenium uptake to the presence of 

high concentrations of soil sulfate. 

6. Soil interactions with selenium uptake and phytotoxicity. 

Selenium and sulfur are similar in their chemical and physical properties. An 

antagonistic interaction has been noticed by Hurd-Karrer (1938); and Wan et al. (1988). 

Selenium uptake by plants was reduced when abundant sulfate, S04^", was present in the 

root zone. In contrast, a synergistic relationship between selenate and sulfate was 

reported by Mikkelsen and Wan (1990). They found that when sulfate was present at low 

concentrations an increase of selenate and S was found in the shoot of barley (Hordeum 

vulgare L.) and rice (Oryza saliva L). At low concentrations of sulfate, shoot and root 

yields were decreased with the additions of selenate. No yield reduction was found with 

the presence of high levels of sulfate. 
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Selenium toxicity was reduced due to abundant sulfate in the nutrient solution 

culture (Wu and Huang, 1992). Selenium tolerance and accumulation is dependent on 

plant species. Shoots and roots have different ability to accumulate different 

concentrations of selenium depending on the species of selenium (Kurd and Karrer 1937; 

Smith and Watkinson 1984). Selenium tolerance and salt tolerance were negatively 

correlated with selenium and salt concentrations in tall fescue crops. Wu and Huang, 1991 

suggested that the assimilation of selenium into proteins is responsible for the selenium 

toxicity to white clover {Trifolium repens L.) and tall fescue (Festuca arundinacea 

Schreb). 

7. Health hazard from selenium accumulation in plants. 

When selenium exceeds 5 mg/kg DW in plant tissues it is considered hazardous to 

humans (IPCS, 1984) and grazing livestock ( Gissel-Nielsen et al., 1984). The effect of 

selenium on growth and uptake by ten range plants which livestock could consume was 

studied by Hossner et al. (1992). A native soil sampled near a uranium mining area and 

overburden materials sampled from two selenium enriched uranium mine spoil sites were 

compared in a plant growth study in a greenhouse. Selenium concentrations in the soil 

samples were 0.11 mg/kg in the native soil and 2.81 and 5.57 mg/kg in the two selenium 

enriched uranium mine spoil sites. Plant species and selenium content of the soils affected 

the total shoot weights. Common bermuda grass {Cynodon dayctylon) and Kleingrass 

(Panicum coloratum) ranked the highest in the dry weights, while 5". Scoparium had the 

lowest dry weights. 
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They recommended the species with the highest dry weights to be selected for vegetative 

establishment on reclaimed uranium surface mine land, since soil selenium levels can be 

highly variable in mine materials. The ten plants were able to accumulate more than 5 mg 

Se/kg in their tissues. 
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CHAPTER 3 

MATERIALS AND METHODS 

This study was conducted to determine whether some food and forage plants 

would accumulate several metals found in representative contaminanted ground water in 

the southwestern U.S. near uranium mine tailings disposable sites. The experiments were 

part of a background study of a contaminated site in northeast Arizona. Selenium was one 

of the elements of concern. This study used sandy soil from a reference site, and selenium 

in the form of selenite which corresponded to the form at the study site. The experiment 

was expanded to determine uptake and phytotoxicity of selenite. In this experiment the 

plants were exposed to selenium from seed stage to mature plants at 90 days. 

Three crops were chosen to represent a variety of crop types and edible plant 

parts: 

1. Forage grass - Sudan grass. 

2. Curcurbit fruit - squash. 

3. Root crop - carrot. 

The experiment was conduaed in the Environmental Research Laboratory 

greenhouse from Nov./3/94 - Feb./13/95 to study selenium effect on growth, 

productivity, and accumulation by these three crops. The plants were grown from seeds 

to mature plants in 5 gallon plastic pots. A plastic hose was attached in the bottom of 

each pot and a plastic sieve was placed inside the hose to avoid the loss of the sandy soil. 
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To minimize competition between plants and soil, sandy soil was chosen in this 

experiment. The sandy soil had low cation exchange capacity (CEC), low organic 

content, low water holding capacity (WHC), and low capacity to adsorb or retain metals 

such as selenium. The physical and chemical properties are listed in Table 1. 

Table 1: Chemical constituents of Hoagland's solution. 

Macro nutrients mg/1 

Potassium nitrate (KNOj) 652 

Ammonium diphosphate (NH4H2PO4) 115 

Magnesium sulfate (MgS04.7H20) 123 

Micronutrient 

Boric acid (H3BO4) 0.774 

Manganese sulfate (MnS04.H20) 0.169 

Zinc sulfate (ZnS04.7H20) 0.288 

Calcium sulfate (CaS04) 0.0625 

Half strength Hoagland's solution was applied to irrigate the plants during the 

growth period. The Tucson municipal ground water supply was used to prepare the 

Hoagland's solution. The chemical content of the solution is listed in Table 2. Selenium 

as sodium selenite was added to Hoagland's solution to obtain concentrations of 0.02, 

0.08, 0.32, 1.28, and 5 mg of added selenium per liter. The irrigation water for the 

controls was found to contain less than 0.005 mgA Se (Table 3). 



Table 2: Chemical and physical properties of sandy soil used in this experiment. 

Analysis by Laboratory Consultants, Ltd. 
Tempe, Arizona 

Sample ID 

pH: Saturation paste 7.7 

Cation exchange capacity (CEC) 2.7 

(meq/lOOg) 

EC; Saturation paste extract (dS/m) 1.2 

Exchangeable; mg/kg dry soil 

Potassium 31 

Magnesium 60 

Calcium 722 

Sodium 56 

Water extractable; Saturation paste extract mg/1 

Nitrate (N) 3.6 

Sulfate (S04^') 25 

Phosphate (P) 0.032 

Chloride (CI) 47 

Particle size analysis 

% Sand 93.6 

%Silt 1.2 

% Clay 5.2 

Texture Sand 



Table 3: Chemical properties of irrigation water with nutrients added. 

Analysis by ACZ Laboratories, INC. 
Steamboat Springs, Colorado 

Parameter Parameter value 
(mg/1) 

Ammonium as NH4 12.4 

Nitrate as NO3 414 

Total phosphorus 109 

Selenium < 0.005 

Sulfate 111 

Sodium 45.3 

Calcium 45.8 

Chloride 13.4 

Molybdenum <0.01 

Manganese 0.08 

Potassium 269 

Magnesium 19.3 

Cadmium <0.001 

Iron 5.73 
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Before seeding, 4 liters of Hoagland's solution was applied to the pots. The 

average weight of all pots was approximately 26 kg at field capacity. This was used to 

calculate the irrigation volume required using the following equation: 

W = 2(Wt„-Wt,) 

Where W: Weight of irrigation water applied. 

Wto: Initial weight of pot at field capacity. 

Wtj: Average weight of four pots containing the largest plants at each irrigation 

event. 

The applied water amount was set twice the weight loss to achieve a leaching 

fi-action of approximately 0.5. Irrigation was preformed when the soil surface was dry. 

Before each irrigation, the four largest pots fi-om each crop were weighed. The required 

irrigation volume was determined according to the required volume of these plants and 

using the equation listed above. The temperature was set at approximately 25°C during the 

day. After emergence, the pots were thinned to six sudan grass plants per pot, sixteen 

carrot plants per pot, and one squash plant per pot. 

Each crop was grown at five concentrations of selenite with a randomized 

complete block design (RCBD) with three replications. The plants were irrigated with the 

spiked solution as needed. Safer soap was sprayed on the sudan grass plants several times 

during the experiment as a pest management precaution. 

At maturity, carrot plants were harvested and separated into shoots and roots. 

Squash plants were harvested and separated into shoots, leaves, and fixiits. Sudan grass 
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plants were separated into shoots, roots, and seed heads. The wet weight was recorded for 

ail plant parts after harvest. 

All plant and soil samples were placed in paper bags, oven dried at 65°C for 36 hr, 

and ground using a Wiley mill. Sample grinding was done separately for each plant in 

ascending order of concentrations to avoid cross contamination. Samples were digested in 

the Soil, Water and Environmental Science Laboratory using the microwave sample 

preparation method (CEM Corp.MDS-2100). One half ml of nitric acid and 2.0 mis of 

hydrogen peroxide were added to 0.5 gm of plant tissue sample. After digestion the 

samples were transferred to 25 ml vials and brought to 25 ml volume with 2% nitric acid. 

The graphite furnace atomic absorption spectrometry (GFAA) method (EPA-

200.9) was used by Weyerhaeuser Analytical Testing Service to analyze plant and soil 

samples. 

Data Analysis: Se uptake and growth data were tested for homogeneity using the 

Kolmogrov-Smimov test for normal distribution and were found to be normally 

distributed. AJl data were subjected to a quantitative analysis of variance using a 

polynomial regression model with selenium level as the quantitative independent variable; 

these analyses produced equations of best fit which were used to fit curves shown in the 

figures and the fitted values shown in data tables. Data were also analyzed using a linear 

least squares model with selenium level as the categorical independent variable. These 

analyses were used to separate treatment means using Duncan's Multiple Means Test at 

p< 0.05. Raw data are shown in the appendix. Statistical tests were performed using 

CoStat (CoHort Software, 1986). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Carrots: Increasing selenium in irrigation water resulted in substantial 

reductions in carrot dry weights. The minimum dry weight was observed in the highest 

treatment (5 mg/1) for all plants. The highest selenium concentration reduced the total 

biomass of carrots as much as 97% (based on the observed data). Yields decreased 

significantly when the amount of selenium added was equal to or greater than 1.28 mg/1. 

ANOVA showed higher carrot root yields in the 0.02, and 0.08 mg/1 treatments than the 

yields of the control treatment (Table 4). Yields of carrot tops were significantly 

lowered under the two highest selenium treatments (Table 5). The percent reduction of 

carrot roots under 1.28, and 5 mg/1 were 37% and 98%, respectively. The 0.02, 0.08, and 

0.32 mg/1 treatments were not significantly different from the control (Table 6). Under the 

highest two treatments total carrot yields were reduced to 70% and 3% of the control 

yields (Table 6). 

Table 4 : Observed and fitted dry weights of carrot roots (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 38.33c 43.62 

0.02 46.4a 43.21 

0.08 44.07ab 42.24 

0.32 38.87bc 38.12 

1.28 29.17d 29.57 

5 l . l e  0.37 

LSD(D=oo5) 5.22 
Treatments followed by the same letter are not statistically different. 



Table 5; Observed and fitted dry weights of carrot tops (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 48.17a 48.82 

0.02 48.17a 48.55 

0.08 46.73a 47.71 

0.32 47.27a 43.99 

1.28 33.3b 34.58 

5 1.97c 1.86 

LSD(q=oo5) 5.99 
Treatments followed by the same letter are not statistically different. 

Table 6; Observed and fitted total dry weights of carrot (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 86.5a 92.4 

0,02 94.57a 91.75 

0.08 90.8a 89.95 

0.32 86.13a 82.17 

1.28 62.47b 64.18 

5 3.07c 2.56 

LSD^g-o.os) ~ 10.25 
Treatments followed by the same letter are not statistically different. 
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Figures (1,2, and 3) present the dry weight and accumulated selenium of carrot 

roots, tops, and total plant, respectively. These figures and also tables (7-9), show that 

selenium in carrot tissues starts to increase rapidly when the amount of selenium added 

was equal to or greater than 1.28 mg/1. Under the highest selenium level (5 mg/1) carrot 

tops accumulated more selenium than carrot roots (350 and 270 mg/kg, respectively). 

Squash: Squash fhiit yield (Table 10) was reduced as selenium level increased in 

irrigation water. At the highest Se treatment, the yield was significantly reduced to 2% of 

the control yield. Squash leaf and total plant yields (Table 11 and 12) were also 

significantly different at the highest selenium treatment. The total weights of squash plants 

were reduced from I19g to 4.47g at the highest addition of selenium (Table 12). Figures 

4, 5 and 6 show the dry weight and accumulated selenium in squash fhiit, leaves, and total 

above ground part, respectively. These figures show that the dry weight of squash fhiits 

and leaves decreased sharply and at the same time selenium content of squash tissues 

increased rapidly when the amount of selenium added was equal to or greater than 1.28 

mg/1 (Tables 13, 14 and 15). Squash fhiit accumulated the highest selenium levels (574.6 

mg/kg DW) amoung plants studied, higher than in the leaves.. 

Sudan grass: Sudan grass shoots and roots were reduced by as much as 85% 

under the highest selenium treatment (Tables 16 and 17, respectively). Also, sudan grass 

shoots and roots were significantly different under the highest selenium treatment (5mg/l). 
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Fig 1: EfFecn of selenium dose on the dry matter yield and its accumulation 
in carrot root tissues. 
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Fig 3: Effect of selenium dose on the total (iry matter yield and its accumulation 
in carrot plants. 



Table 7 ; Observed and fitted accumulated selenium of carrot roots (mg/kg DW). 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 0.16c 2.27 

0.02 1.38c 2.71 

0.08 4.33c 4.52 

0.32 17.21bc 12.11 

1.28 46.41b 47.96 

5 270.47a 270.39 

LSD(Q=qo5) 32.24 
Treatments followed by the same letter are not statistically different. 

Table 8: Observed and fitted accumulated selenium of carrot tops (mg/kg DW). 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 0.12d 1.81 

0.02 l . ld  2.35 

0.08 4.24d 4.58 

0.32 18.54c 13.96 

1.28 57.78b 59.15 

5 350.12a 350.05 

LSD(0=oq5J 12.3 
Treatments followed by the same letter are not statistically different. 



Table 9: Observed and fitted total accumulated selenium of carrot plants (mg/kg DW). 

Applied Se mg,*! Obser\'ed acc. Se Fitted acc. Se 

Control (0.005) 0.27c 4.07 

0.02 2.48c 5.07 

0.08 8.58c 9.1 

0.32 35.75c 26.07 

1.28 104.19b 107.12 

5 620.59a 620.43 

LSD(g=o.o5) 41.61 
Treatments followed by the same letter are not statistically different. 

Table 10; Observed and fitted dry weights of squash fhiits (grams per pot). 

Applied Se mg/1 Obs weight Fitted dry weight 

Control (0.005) 68.98a 60.4 

0.02 63.21a 59.88 

0.08 48.59ab 56.72 

0.32 
1.28 
5 

48.24abc 
13.81bc 
0.37c 

53.26 
11.88 
0.4 

Treatments followed by the same letter are not statistically different. 



Table 11: Observed and fitted dry weights of squash leaves (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 49.63ab 50.14 

0.02 64.23a 49.97 

0.08 42. lab 48.46 

0.32 37.87b 44.16 

1.28 28.17b 30.25 

5 4.27c 2.20 

LSD(o=mo5) 22.03 
Treatments followed by the same letter are not statistically different. 

Table 12: Observed and fitted total above ground dry weights 
of squash plants (grams per pot). 

Applied Se mg/l Observed dry weight Fitted dry weight 

Control (0.005) 119.49a 108.06 

0.02 128.05a 107.4 

0.08 91.09ab 102.69 

0.32 71.53bc 93.81 

1.28 42.18c 40.74 

5 4.47d 2.95 

Treatments followed by the same letter are not statistically different. 
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in squash fhiit tissues. 
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Table 13: Observed and fitted accumulated selenium of squash fioiits (mg/kg DW). 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 0.05c 0 

0.02 0.71c 0.49 

0.08 4.8c 2.69 

0.32 9.34c 12.53 

1.28 69.91b 69.09 

5 547.65a 547.69 

LSD(g=(jo5) 20.89 
Treatments followed by the same letter are not statistically different. 

Table 14: Observed and fitted accumulated selenium of squash leaves (mg/kg DW^ 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 0.31c 1.08 

0.02 0.68c 1.58 

0.08 3.97c 3.57 

0.32 13.64c 11.83 

1.28 48.69b 49.27 

5 261.31a 261.28 

LSD(Q_oo5) 26.69 
Treatments followed by the same letter are not statistically different. 



Table 15: Observed and fitted above ground accumulated selenium 
in of squash plants (mg/kg DW). 

Applied Se mgA Observed acc. Se Fitted acc. Se 

Control (0.005) 0.36c 105 

0.02 1.38c 2.07 

0.08 8.77c 6.26 

0.32 22.98c 24.36 

1.28 118.6b 118.36 

5 808.96a 808.97 

LSD(Q=o.O5) 34.28 
Treatments followed by the same letter are not statistically different. 

Table 16: Observed and fitted dry weights of sudan grass shoots (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 130.47a 133.70 

0.02 125.5a 133.91 

0.08 134.13a 133.53 

0.32 140.9a 131.63 

1.28 127.07a 122.76 

5 21.93b 24.99 

LSD(Q=(jo5) 53.05 
Treatments followed by the same letter are not statistically different. 
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Table 17: Observed and fitted dry weights of sudan grass roots (grams per pot). 

Applied Se mg/1 Observed dry weight Fitted dry weight 

Control (0.005) 22.83a 24.27 

0.02 26.92a 24.8 

0.08 24.51a 24.35 

0.32 19.59a 22.9 

1.28 20.26a 17.37 

5 6.22b 6.56 

LSD(O=O.o5) 10.94 
Treatments followed by the same letter are not statistically different. 

As shown in Figure 7 and Figure 8 the dry weight of sudan grass shoots and roots 

decreased sharply when the amount of selenium added was equal to or greater than 1.28 

mg/1. Lower selenium content was found in sudan grass shoots than roots (Tables 18 and 

19, respectively). 

Summary: This study used different plants and different experimental conditions 

than other studies but some similarities and differences can be noted in the results. Asher 

(1977) and Javier Aller (1990) reported that selenium distribution and concentration in 

different parts of the plants (roots, stems, leaves, flowers and seeds) varies with the plant 

species, growth stage, and the quantity of selenium supplied to the soil. Generally, fhiits 

and seeds accumulate lower levels than leaves (Aller, 1990) but in this study squash fhiits 

accumulated higher levels than leaves. This may be attributed to higher translocation of 

selenium to the fhiit part or higher selenium incorporation into organic compounds of 
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Fig 7: Effect of selenium dose on the dry matter yield and its accumulation 
in Sudan grass shoot tissues. 
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Table 18: Observed and fitted accumulated selenium sudan grass shoots (mg/kg DW). 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 0.81c 0.39 

0.02 0.28c 0.62 

0.08 1.22c 1.53 

0.32 5.58c 5.31 

1.28 22.33b 22.39 

5 117.82a 117.82 

LSD(Q=oo5) 9.79 
Treatments followed by the same letter are not statistically different. 

Table 19: Observed and fitted accumulated selenium of sudan grass roots (mg/kg I 

Applied Se mg/1 Observed acc. Se Fitted acc. Se 

Control (0.005) 5.73c 1.72 

0.02 1.01c 2.61 

0.08 4.98c 6.17 

0.32 18.22c 20.1 

1.28 71.84b 71.13 

5 197.91a 197.95 

LSD(q=oo5) 26.20 
Treatments followed by the same letter are not statistically different. 
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squash fruits than squash leaves as a result of higher protein content in the fhiits than the 

leaves. However, it may also be due to the high water content of squash fruits, resulting 

in high loading of water soluble materials into the fruit. The small size of squash roots 

may affect selenium distribution in different plant parts. This study also showed higher Se 

in Sudan grass roots than shoots, the opposite of results reported by Hurd-Karrer (1937). 

Thus, there is variability in plant Se uptake depending upon experimental conditions. 

In terms of effect of Se on biomass production, Sudan grass appeared to be more 

tolerant of Se than carrots and squash (Figure 9) whereas there were no clear differences 

in rates of accumulation among species (Figure 10). These conclusions could not be 

statistically verified because the three plant types were in three unreplicated blocks but 

there do appear to be species differences in phytoxicity. Further, the data for carrot roots 

showed a significant stimulation of growth by the lowest Se addition compared to the 

control. Further research should determine whether there is a stimulatory effect of Se on 

crop growth at low levels of addition. 
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Fig 9: Selenium dose (mg/l) that caused 50% yield reduction. 
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Fig 10; Selenium tissue content (mg/kg DW) that caused 50% yield reduction. 
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CHAPTERS 

CONCLUSIONS 

Trace elements in plants are of general interest because of their importance in both 

animal nutrition and plant growth. In agricultural ecosystems plants play a substantial role 

in the cycling of trace elelments, but the role of these trace elements in plant growth is 

mostly unkown. 

A greenhouse experiment was conducted to study the effect of different levels of 

applied selenium on growth and accumulation by carrots, squash, and sudan grass. The 

following conclusions can be drawn from the results of this experiment: 

1. Plants were different in selenium uptake and tolerance. The degree of tolerance 

was obtained by knowing how much selenium was accumualted at 50% yield 

reduction (Figures 9, 10). 

2. Sudan grass was the most tolerant crop to selenium according to the level of 

selenium accumulated at 50% yield reduction. 

3. Squash plants were the least tolerant crop to selenium. 

4. Selenium tissue content in both the control and at the rate of application 0.02 

mg Se/I in all of the crops studied did not exceed the crtical level of selenium 

toxicity (>5 mg /kg dry weight). 

5. All other treatments caused accumulation of selenium to high levels posing 

hazard to animals and humans when consumed. 
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APPENDIX 

Table 1: Effect of selenium on carrot roots, tops, and total dry weights. 

Carrots Roots (gm) 
Dose (mg/l) R1 R2 R3 Total Mean 

0.005 33 
0.02 42.4 
0.08 42.1 
0.32 35.7 
1.28 29.7 

5 1.29 

37.8 44.2 
46.8 50 
46.6 43.5 
36.7 44.2 
29 28.8 

0.79 1.23 

115 38.33 
139.2 46.40 
132.2 44.07 
116.6 38.87 
87.5 29.17 
3.31 1.10 

Canrots Tops (gm) 
Dose (mg/l) R1 R2 R3 Total Mean 

0.005 45.4 
0.02 48.4 
0.08 47.2 
0.32 42.6 
1.28 37.5 

5 1.8 

46.5 52.6 
48.2 47.9 
49.6 43.4 
50.1 49.1 
31.9 30.5 
1.7 2.4 

144.5 48.17 
144.5 48.17 
140.2 46.73 
141.8 47.27 
99.9 33.30 
5.9 1.97 

Carrots Total (gm) 
Dose (mg/l) R1 R2 R3 Total Mean 

0.005 78.4 
0.02 90.8 
0.08 89.3 
0.32 78.3 
1.28 67.2 

5 3.1 

84.3 96.8 
95.0 97.9 
96.2 86.9 
86.8 93.3 
60.9 59.3 
2.5 3.6 

259.5 86.50 
283.7 94.57 
272.4 90.80 
258.4 86.13 
187.4 62.47 
9.21 3.07 



Table 2: Effect of selenium on squash fruits, tops, and total dry weight 

Squash Fruits (gm) 
Dose (mg/l) R1 R2 R3 Total Mean 

0.005 112.11 
0.02 93.11 
0.08 48.33 
0.32 72.07 
1.28 33.4 

5 0.41 

53.58 41.27 
81.51 15.02 
58.95 38.49 
27.89 0 
7.61 0.41 

0 0 

206.96 68.99 
189.64 63.21 
145.77 48.59 
99.96 33.32 
41.42 13.81 
0.41 0.14 

Squash Leaves (gm) 
Dose (mg/I) R1 R2 R3 Total Mean 

0.005 45.1 
0.02 48 
0.08 54.8 
0.32 34.8 
1.28 17.9 

5 4.60 

48.9 54.9 
76.7 68 
34.4 37.1 
27.1 51.7 
47 19.6 

4.60 3.60 

148.9 49.63 
192.7 64.23 
126.3 42.10 
113.6 37.87 
84.5 28.17 
12.8 4.27 

Squash Total (gm) 
Dose (mg/l) R1 R2 R3 Total Mean 

0.005 158.04 
0.02 141.82 
0.08 103.71 
0.32 107.25 
1.28 51.5 

5 5.09 

102.75 97.67 
158.96 83.36 
93.62 75.93 
55.26 52.09 
54.87 20.18 
4.66 3.69 

358.46 119.49 
384.14 128.05 
273.26 91.09 
214.6 71.53 
126.55 42.18 
13.44 4.48 



Table 3: Effect of selenium on sudan grass shoots, roots, and seeds dry weights 

S.G Shoots (gm) 
Dose (mg/l) R1 PR2 R3 Total Avg 

0.005 129.20 
0.02 163.7 
0.08 161.6 
0.32 136.4 
1.28 91.1 

5 19.1 

153.40 108.80 
108.4 104.4 
103.7 137.1 
133 153.3 

114.1 176 
23.4 23.3 

391.4 130.47 
376.5 125.50 
402.4 134.13 
422.7 140.90 
381.2 127.07 
65.8 21.93 

S.G Roots (gm) 
Dose (mg/l) R1 R2 R3 Total Avg 

0.005 21.2 
0.02 31.81 
0.08 34.21 
0.32 22.09 
1.28 11.75 

5 5.7 

26.89 20.39 
22.6 26.36 

24.02 15.3 
16.44 20.23 
23.88 25.14 
5.86 7.1 

68.48 22.83 
80.77 26.92 
73.53 24.51 
58.76 19.59 
60.77 20.26 
18.66 6.22 

S.G Seeds (gm) 
Dose (mg/l) R1 R2 R3 Total Avg 

0.005 19.78 
0.02 22.97 
0.08 31.71 
0.32 27.45 
1.28 23.04 

5 1.61 

29.50 12.78 
28.13 30.76 
30.08 25.46 
28.34 39.79 
30.7 32.05 
0.65 0 

62.06 20.69 
81.86 27.29 
87.25 29.08 
95.58 31.86 
85.79 28.60 
2.26 0.75 



Table 4: Accumulated selenium in carrot roots, tops, and total. 

Carrot Roots (mg/kg DW) 
R1 R2 R3 Mean Dose (mg/I) 

0.005 
0.02 
0.08 
0.32 
1.28 

5 

Dose (mg/I) 

0.005 
0.02 
0.08 
0.32 
1.28 

5 

Dose (mg/I) 

0.005 
0.02 
0.08 
0.32 
1.28 

5 

0.08 
0.94 
2.31 

17.39 
47.46 
298.64 

0.15 
0.99 
3.70 

16.62 
59.76 

368.61 

0.23 
1.93 
6.01 

34.01 
107.22 
667.25 

0.19 
1.49 
4.88 

18.00 
45.31 

220.66 

0.15 
1.09 
4.21 
20.53 
57.15 
338.58 

0.33 
2.58 
9.09 

38.53 
102.47 
559.24 

0.20 
1.70 
5.81 

16.25 
46.46 
292.11 

0.05 
1.23 
4.83 
18.47 
56.41 

343.16 

0.25 
2.93 

10.63 
34.72 

102.88 
635.27 

0.16 
1.38 
4.33 

17.21 
46.41 

270.47 

Mean 

0.12 
1.10 
4.24 

18.54 
57.78 

350.12 

Mean 

0.27 
2.48 
8.58 

35.75 
104.19 
620.59 

Carrot Tops (mg/kg DW) 
R1 R2 R3 

Total Carrot (mg/kg DW) 
R1 R2 R3 



Table 5: Accumulated selenium in squash fruit, leave, and total. 

Squash Fruits (mg/kg DW) 
Dose (mg/l) R1 R2 R3 Mean 

0.005 0.05 0.05 0.05 0.05 
0.02 0.69 0.45 0.98 0.71 
0.08 2.08 1.71 10.61 4.80 
0.32 8.66 6.83 12.53 9.34 
1.28 37.69 89.09 82.95 69.91 

5 547.57 547.69 547.69 547.65 

Squash Leave (mg/kg OW) 
Dose (mg/l) R1 R2 R3 Mean 

0.005 0.40 0.30 0.25 0.31 
0.02 0.45 0.84 0.74 0.68 
0.08 2.24 1.34 8.34 3.97 
0.32 10.09 13.07 17.76 13.64 
1.28 40.22 50.08 55.77 48.69 

5 235.95 243.08 304.89 261.31 

Total Squash (mg/kg DW) 
Dose (mg/l) R1 R2 R3 Mean 

0.005 0.45 0.35 0.30 0.36 
0.02 1.14 1.29 1.72 1.38 
0.08 4.32 3.05 18.95 8.77 
0.32 18.75 19.90 30.29 22.98 
1.28 77.91 139.17 138.72 118.60 

5 783.52 790.77 852.58 808.96 



Table 3: Effect of selenium on sudan grass shoots, roots, and seeds dry weights 

S.G Shoots (gm) 
Dose (mg/0 R1 R2 R3 Total Avg 

0.005 129.20 
0.02 163.7 
0.08 161.6 
0.32 136.4 
1.28 91.1 

5 19.1 

153.40 108.80 
108.4 104.4 
103.7 137.1 
133 153.3 

114.1 176 
23.4 23.3 

391.4 130.47 
376.5 125.50 
402.4 134.13 
422.7 140.90 
381.2 127.07 
65.8 21.93 

S.G Roots (gm) 
Dose (mg/1) R1 R2 R3 Total Avg 

0.005 21.2 
0.02 31.81 
0.08 34.21 
0.32 22.09 
1.28 11.75 

5 5.7 

26.89 20.39 
22.6 26.36 

24.02 15.3 
16.44 20.23 
23.88 25.14 
5.86 7.1 

68.48 22.83 
80.77 26.92 
73.53 24.51 
58.76 19.59 
60.77 20.26 
18.66 6.22 

S.G Seeds (gm) 
Dose (mg/1) R1 R2 R3 Total Avg 

0.005 19.78 
0.02 22.97 
0.08 31.71 
0.32 27.45 
1.28 23.04 

5 1.61 

29.50 12.78 
28.13 30.76 
30.08 25.46 
28.34 39.79 
30.7 32.05 
0.65 0 

62.06 20.69 
81.86 27.29 
87.25 29.08 
95.58 31.86 
85.79 28.60 
2.26 0.75 
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