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Abstract Selenium (Se) plays a role in human health: It

is an essential trace element but can be toxic if too much is

consumed. The aim of this study was to determine which

species of Se are most rapidly taken up and translocated to

above-ground plant tissues. Specifically, we wished to

determine if organic forms of Se in an exposure solution

can contribute to the amount of Se found in shoot tissue.

Durum wheat (Triticum turgidum) and spring canola

(Brassica napus) were grown hydroponically, and young

seedlings were exposed to 0.5 or 5.0 lM Se as selenate,

selenite, seleno-methionione, or seleno-cystine for

B300 min. Canola accumulated more Se than wheat,

although the difference depended on Se speciation of the

exposure solution. Organic forms of Se were taken up at a

greater rate than inorganic forms. When exposed to 5.0 lM

Se, the rate of uptake of selenite was 1.5- (canola) or 5-fold

(wheat) greater than the rate of uptake of selenate, whereas

seleno-methionine was taken up 40- (canola) or 100-fold

(wheat) faster and seleno-cystine 2- (wheat) to 20-fold

(canola) faster. Plants exposed to seleno-methionine had

the highest shoot concentrations of Se even though selenate

was more mobile once taken up; in plants exposed to sel-

enate [50 % of accumulated Se was translocated to shoot

tissue. Because organic forms of Se (especially seleno-

methionine) can be readily taken up and translocated to

above-ground tissues of wheat and canola, these Se species

should be considered when attempting to predict Se accu-

mulation in above-ground plant tissues.

Abbreviations

HDPE High density polyethylene

TF Translocation factor

Selenium (Se), a metalloid with similarities to sulphur (S), is

widely distributed in the environment. In soils, Se is present

naturally as a result of soil-weathering processes. Anthro-

pogenic activities, such as mining and refining of sulphide

ores and refining and burning of fossil fuels (especially coal,

which contains 1–5 mg kg-1 Se), result in release of Se to

the atmosphere and its subsequent deposition to soils

(Haygarth 1994; Barceloux 1999; Sors et al. 2005).

Although Se is not considered essential for plants, it can

be readily accumulated from soil depending on the con-

centration and speciation of Se in soil. Evidence suggests

that Se offers protection to some plants against certain

biotic or abiotic stressors leading some to label it a bene-

ficial element (Hanson et al. 2004). Se is essential for

mammals; along with vitamin E, it plays a role in pro-

tecting membranes from damage caused by oxidative stress

(Barceloux 1999; Birringer et al. 2002). In livestock, white

muscle disease has been linked to Se deficiency, and in

humans, Keshan’s disease (a congestive cardiomyopathy)

can result from a low Se diet (Fordyce 2005; Navarro-

Alarcon and Cabrera-Vique 2008).

For mammals, diet is a major source of Se, and con-

sumption varies among individuals because of differences

in the amount and speciation of Se in soils and in the ability

of different plant species to accumulate Se. Se has a fairly

narrow range between being deficient or toxic to humans,

and for optimal health, Se should be consumed in doses
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that are neither too low (\40 to 55 lg day-1) nor too high

([400 lg day-1) (Gissel-Nielsen et al. 1984; Navarro-

Alarcon and Cabrera-Vique 2008).

A number of factors influence accumulation of Se by

plants, including the concentration and speciation of Se in

soil and soil properties, such as pH, redox potential, and the

concentration of competing ions in soil (Terry et al. 2000;

Zhao et al. 2005). In addition, important are plant factors

(such as the activity of membrane transporters or mecha-

nisms responsible for translocation to shoots) that affect the

rate of uptake or translocation of the element within the

plant as well as external environmental factors (such as

humidity) that influence rates of transpiration, which may

in turn effect the rate translocation of the element (Terry

et al. 2000; Renkema et al. 2012).

Selenate (SeO4
2-), thought to be the most prevalent form of

bioavailable Se in agricultural soils (Terry et al. 2000;

Missana et al. 2009; Sors et al. 2005), is more water soluble

and bioavailable than selenite (SeO3
2-) (Oliver 1997; Barc-

eloux 1999; Gawalko et al. 2002; Wu 2004). In one study,

soil was spiked with 75Se-labelled selenite, and when Se

speciation was measured 2 days later, close to 80 % of the

Se in soil solution was found to be either selenate or selenite,

with selenate being most prevalent (van Dorst and Peterson

1984). Likewise, when sampling surface waters of the

Canadian Prairies, Hu et al. (2009) found that 86 % of dis-

solved Se was selenate. Less is known about organic forms

of Se, although organic forms of Se, including seleno-glu-

tathione and seleno-methionine, have been detected in soils

(van Dorst and Peterson 1984; Abrams et al. 1990). Organic

forms can make up a substantial fraction of soil Se. In seven

California soils located on the west side of the San Joaquin

Valley, organic forms of Se made up approximately 50 % of

the Se extracted with an alkaline pyrophosphate solution

(0.1 M NaOH and 0.1 M Na4P2O7) (Abrams et al. 1990).

Because of the chemical similarity of Se and S, the bio-

chemistry of these two elements are similar. Selenate is

transported across the root cell membrane through sulphate

permeases and channels (Feist and Parker 2001; Zhang et al.

2003), whereas selenite is transported by way of phosphate

transport mechanisms (Li et al. 2008) and other ion channels

as a result of root metabolism (Arvy 1993; Zhang et al. 2003).

Selenate and sulphate have been shown to compete for plant

uptake (Arvy 1993; Bailey et al. 1995; Kopsell and Randle

1997; Mikkelsen and Wan 1990; Renkema et al. 2012). Once

taken up, Se can then compete with S for incorporation into

S-containing proteins, thus resulting in toxicity (Oliver

1997; Terry et al. 2000; Ellis and Salt 2003; Findley 2005;

Rı́os et al. 2008; Huang et al. 2008). Likewise, selenite and

phosphate compete for plant uptake as well (Hopper and

Parker 1999; Li et al. 2008). Wheat seedlings actively take up

seleno-methionine from solution; the addition of 2,4-dini-

trophenol (a metabolic inhibitor) to a solution containing

seleno-methionine was found to decrease the uptake of

seleno-methionine (Abrams et al. 1990).

Although it is important to study Se uptake by plants, it is

also important to consider translocation within plants

because it is often the above-ground parts of plants that are

consumed by humans or by livestock. Like uptake, trans-

location of Se is influenced by Se speciation. Several studies

have shown that once accumulated, selenate is more mobile

within plant tissue than selenite (Renkema et al. 2012; Li

et al. 2008; Zayed et al. 1998). Although there have been a

number of studies measuring uptake and translocation of

inorganic forms of Se, there have been relatively few that

considered organic forms of Se, especially seleno-cystine,

and these studies do not often directly compare both uptake

and translocation of organic and inorganic forms of Se.

The overall aim of this study was to determine the

influence of Se speciation on whole plant uptake and on

root-to-shoot translocation of Se. More specifically, our

objectives were to compare uptake and translocation of

organic forms of Se (seleno-methionine and seleno-cystine)

with that of inorganic forms of Se (selenate and selenite).

The null hypothesis were as follows: (1) uptake of Se by

wheat and canola are not influenced by Se speciation; and

(2) translocation of Se to shoots of wheat and canola are

not influenced by Se speciation.

Materials and Methods

Plant Culture and Se Exposure

Caryopses of durum wheat (Triticum turgidum L. cv ‘Kyle’)

and seeds of spring canola (Brassica napus L. var ‘Hyola

401’) were germinated on moist filter paper in Petri dishes.

These are important agronomically important species with

different patterns of Se accumulation. After 2–3 days, seven

germinated seeds were transferred to 500-mL high-density

polyethylene (HDPE) containers wrapped in tinfoil and

covered with nylon mesh in contact with modified �-

strength Hoagland’s nutrient solution (Fe3+ was supplied as

26.8 lM Fe-HEDTA, and the MnCl2 concentration was

decreased by half) (Hoagland and Arnon 1950). Unless

otherwise noted, all chemicals were obtained from the

Fisher Scientific Company (Fisher Scientific Company,

Ottawa, ON). The pH of the solution was maintained at

6.0 ± 0.2 with the addition of dilute HNO3 or KOH as

required. Water lost through transpiration was replaced as

needed. Once established, plants were thinned to five plants

per pot for wheat and four plants per pot for canola. Plants

were grown and exposed to Se on a laboratory bench under

fluorescent growth lights. Growing conditions were tem-

perature 22–23 �C with a 16:8-h light-to-dark cycle and

250 lmol m-2 s-1 photosynthetically active radiation.
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Twelve days after seeding, plants were transferred to acid-

washed 500-mL HDPE containers and exposed to solutions

containing 3.0 mM Ca(NO3)2, 1.5 mM MgSO4, and 4.0 mM

KNO3 at a pH 6.0. In addition, these exposure solutions con-

tained 0.50 or 5.0 lM of one of four Se species: selenate (as

K2SeO4), selenite (as Na2SeO3), seleno-methionine, or seleno-

cystine (Fig. 1) (Sigma-Aldrich Canada Co., Oakville, ON). At

pH 6.0, most selenite was expected to be protonated to bisele-

nite (HSeO3
-), although the more common term ‘‘selenite’’ will

be used throughout this article. Exposure solutions were sam-

pled before exposure and Se measured to verify that Se con-

centrations were close to their nominal values: Actual

concentrations were 0.49 or 4.60 lM (selenate), 0.42 or

4.17 lM (selenite), 0.47 or 4.76 lM (seleno-methionine), and

0.49 or 4.45 lM (seleno-cystine). Plants were harvested after 0,

50, 100, 150, or 300 min of exposure to each Se species and

concentration. At each harvest, plants were removed from

solution, and the roots were rinsed with type I (18.2 MX cm)

water. The roots and shoots were separated, placed in paper

envelopes, and dried at 45 �C for 48 h.

Se Analysis of Exposure Solutions and Tissue Digests

Exposure solutions were sampled before exposure and kept

refrigerated at 4 �C in acid-washed HDPE vials until

analysis. After drying, plant tissues were weighed and

placed in acid-washed Teflon digestion vessels with

1.5 mL trace metal-grade HNO3 (Topper and Kotuby-

Amacher 1990). Open digestion at room temperature for

5 h was followed by closed digestion overnight at 110 �C.

After digestion, samples were diluted to 5 mL with type I

water, placed in acid-washed HDPE vials, and kept

refrigerated at 4 �C until analysis.

Selenium concentrations in the exposure solutions and

plant digests were measured using graphite furnace atomic

absorption spectroscopy (model SpectrAA-220 atomic

absorption spectrometer with a GTA-110 graphite tube

atomizer attachment; Varian, Australia) calibrated with a

1000 ± 3 lg mL-1 Se solution (High Purity Standards,

Charleston, SC) diluted to 50 lg L-1 and matrix-matched

for acidity. Quality control was ensured with inductively

coupled plasma mass spectrometry analytical mixture 3

(containing aluminum [Al], arsenic, beryllium, cadmium,

chromium, cobalt, copper, iron [Fe], lead, manganese,

mercury, nickel, Se, vanadium and zinc; High Purity Stan-

dards) diluted to 50 lg L-1 Se and analysed along with

experimental samples. Duplicate samples of spinach leaves

(National Institute of Standards and Technology [NIST]

Standard Reference Material No. 1570a, United States

Department of Commerce, NIST, Gaithersberg, MD) were

digested with each run. One of each pair of standards was

spiked with a known amount of Se; recovery of Se from the

spiked NIST sample was typically 85–90 %.

Data Analysis

The experiment was a complete factorial design with a

total of 80 experimental units; there were two plant species

(wheat and canola), four different Se species (selenate,

selenite, seleno-methionine, and seleno-cystine), two

nominal Se concentrations (0.5 and 5.0 lM), and five

durations of exposure (0, 50, 100, 150, and 300 min).

Variation in the total amount of Se taken up by roots (lg

whole plant Se g-1 root dry weight [dw]) or shoot tissue

(lg shoot Se g-1 shoot dw) or the translocation factor (TF

[lg shoot Se lg-1 root Se]) was attributed to the appro-

priate factors (plant species, Se species, nominal Se dose,

and duration of exposure) using SAS PROC GLM (SAS,

Cary, NC, USA). Dependent variables were log-trans-

formed to achieve normality. In each case, a full model

containing main effects and all possible two- and three-way

interactions was tested, and nonsignificant (p [ 0.05) two

and three-way interactions were dropped from the model,

one at a time, so that the final model contained only main

effects and significant interactions (p \ 0.05).

Results

Uptake of Se

For each combination of species, nominal Se dose, and Se

species, whole plant uptake of Se (lg whole plant Se g-1 root

dw) was plotted against the duration of exposure (Fig. 2), and

rates of Se accumulation (lg Se g-1 root dw min-1) were

determined from the slopes of these plots (Table 1).

Whole plant uptake of Se increased with exposure to

greater concentrations of Se in the exposure solution

(p = 0.0073) and longer durations of exposure (p \ 0.0001)

(Fig. 2; Table 1). Wheat and canola differed in Se uptake,

but the magnitude of the difference depended on the Se

species to which plants were exposed (p = 0.0008) (Fig. 2;
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Fig. 1 Chemical forms of the Se species exposed to wheat and

canola: a selenate, b biselenate (at pH 6.0; referred to as ‘‘selenite’’ in

the text); c seleno-methionine; and d seleno-cystine
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Table 1). On average, canola took up Se at a rate that was

approximately three times faster than by wheat. The greatest

difference resulted from exposure to selenate: Se uptake by

canola was 15-fold faster than by wheat when exposed to

5.0 lM Se as selenate. Exposure to seleno-cystine resulted in

the smallest difference: Se uptake by canola was twice as fast

compared with wheat (Table 1). Uptake of Se also depended

on the form of Se to which plants were exposed (p \ 0.0001)

(Fig. 2; Table 1). Exposure to selenite resulted in a rate of

uptake that was 1.5- to 5-fold faster than Se uptake by plants

exposed to selenate. Exposure to the organic forms (espe-

cially seleno-methionine) resulted in much greater rates of

Se uptake. Compared with selenate, rates of uptake of

seleno-methionine were approximately 40-fold greater for

canola and approximately 100-fold greater for wheat. Rates

of uptake of seleno-cystine were approximately twofold

(wheat) to 20-fold (canola) greater than rates of accumula-

tion of selenate.

Mobility of Se Within Wheat and Canola

Differences in shoot Se content was observed after a time

delay because Se first had to be accumulated by roots

before it could be translocated to shoots. No difference in

background shoot Se concentrations were seen until

100–150 min after exposure began, but an increase in shoot

Se was especially evident after 300 min of exposure

(Fig. 3; Table 2).

Plants had greater concentrations of Se in shoots when

exposed to greater concentrations of Se (p \ 0.0001) for

longer durations of exposure (p = 0.0002). Canola shoots

had greater concentrations of Se than wheat shoots

(p \ 0.0001): The difference was 2- to 3-fold when

exposed to 5.0 lM selenite, selenate, or seleno-cystine but

approximately 17-fold when exposed to seleno-methionine.

The Se species to which plants were exposed was also

significant (p = 0.0022), but its influence was plant species

specific (p \ 0.0001). Shoot tissue had the highest con-

centration of Se when plants were exposed to seleno-

methionine (14- to 70-fold greater Se concentrations than

in wheat or canola shoots exposed to selenate), followed by

selenate and seleno-cystine. Exposure to selenite resulted

in the lowest concentration of shoot Se.

The mobility of Se within plants was evaluated by

considering the TF (Table 2). Se was most mobile in plants

exposed to selenate: Plants generally had a TF[1, meaning

that [50 % of the Se in these plants was found in shoots

(Table 2). Se was also mobile in plants exposed to seleno-

methionine, which resulted in TFs of 0.25–0.75 after

300 min of exposure. Selenite or seleno-cystine was least

mobile within plants: In this case TF values were generally

\0.1 after 300 min of exposure, meaning that \10 % of

accumulated Se was found in shoot tissue.
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Fig. 2 Whole plant uptake of Se by wheat and canola exposed to 0.5

(filled circles) or 5.0 lM (open circles) Se as selenate, selenite,

seleno-methionine, or seleno-cystine

Table 1 Rates of Se uptake by wheat and canola exposed to 0.5 or

5.0 lM selenate, selenite, seleno-methionine, or seleno-cystine

Plant
species

Se species Rate of Se uptake by roots
(lg Se (whole plant) g-1 root min-1)

Exposed to
0.5 lM Se

Exposed to
5.0 lM Se

Wheat Selenate 0.0015 ± 0.0029 0.0102 ± 0.0080

Selenite 0.00051 ± 0.0051 0.0473 ± 0.0040

Seleno-methionine 0.244 ± 0.0061 1.11 ± 0.027

Seleno-cystine 0.0931 ± 0.0173 0.191 ± 0.017

Canola Selenate 0.0099 ± 0.0040 0.156 ± 0.032

Selenite 0.0269 ± 0.0076 0.226 ± 0.028

Seleno-methionine 0.846 ± 0.012 6.53 ± 0.28

Seleno-cystine 0.0585 ± 0.0065 0.354 ± 0.019

Values represent mean ± SE
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Discussion

Uptake of Se

In this study, canola accumulated Se approximately three

times faster than wheat. Differences in Se accumulation by

different plant species have been reported elsewhere.

Ximénez-Embún et al. (2004) observed that sunflower

(Helianthus annuus) accumulated lower concentrations of

Se than lupin (Lupinus albus) or mustard (Brassica jun-

cea). In older seedlings, Renkema et al. (2012) reported

that canola (B. napus) accumulated 2- to 10-fold as much

Se as wheat (T. turgidum) when exposed to selenite or

selenate, respectively. Because selenate and selenite are

known to be accumulated by way of sulphate and phos-

phate transporters, respectively (Sors et al. 2005; Li et al.

2008), differences in the activity of these transporters in

different plant species may account for differences in

uptake of Se. Seleno-methionine is actively taken up

(Abrams et al. 1990), and in algae, uptake of seleno-

methionine has been shown to be inhibited by methionine

(Sandholm et al. 1973), thus suggesting that amino acid

transporters may be able to take up this organic form of Se.

Differences in the activity of these amino acid transporters

among plant species may account for differences in seleno-

methionine uptake. Differences in root morphology may

also play a role. Uptake of Cd2? and Tl? appear concen-

trated near root tips (Piñeros et al. 1998; Harskamp et al.

2010), so increased Se accumulation by canola compared

with wheat may also be due to more root branching.

Se speciation had a significant impact on the rate of Se

uptake. In this study, the rate of uptake of selenite was

slightly greater than that of selenate. Li et al. (2008)

observed similar rates of uptake for these inorganic species.

In hydroponic studies, uptake of selenate has been shown
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Table 2 Shoot [Se] and TF

values after 150 and 300 min of

exposure to 5.0 lM of different

Se species

MDL method detection limit

Background shoot [Se] for

wheat was 0.24 lg g-1 and for

canola it was lower than the

MDL of 0.20 lg g-1

Plant species Se species Shoot [Se] (lg Se g-1 root DM) TF (lg shoot Se lg-1 root Se)

150 min 300 min 150 min 300 min

Wheat Selenate 0.30 0.65 1.10 1.50

Selenite 0.24 0.24 0.23 0.10

Seleno-methionine 1.39 8.99 0.05 0.25

Seleno-cystine 0.35 0.56 0.18 0.07

Canola Selenate 2.80 2.12 1.33 0.42

Selenite \MDL 0.74 – 0.06

Seleno-methionine 59.2 155 0.59 0.75

Seleno-cystine \MDL 1.14 – 0.11
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to be sensitive to sulphate levels (Renkema et al. 2012;

Zayed et al. 1998), and in this study, selenate uptake may

have been relatively low due to the presence of 1.5 mM

sulphate in the exposure solution, which was greater than

the 1.0 mM reported by Zayed et al. (1998).

In 12-day-old seedlings, the rate of uptake of seleno-

cystine, especially seleno-methionine, were much greater

than the rate of uptake of the inorganic species, suggesting

that transporters capable of accumulating seleno-methio-

nine or seleno-cystine are more active than transporters

capable of taking up selenate or selenite. Compared with

inorganic forms of Se, less is known about uptake of

organic forms of Se, although uptake of intact amino acids

by plants has been shown (Sauheitl et al. 2009; Wallenda

and Read 1999). Thus it is not surprising that seleno-amino

acids can also be taken up.

Although both Se dose and speciation, as well as the level

of sulphate in the exposure solution, influenced Se accu-

mulation by Ruppia maritima, a rooted aquatic macrophyte,

the highest Se bioconcentration factor of plants exposed to

seleno-methionine was 22,000 compared with approxi-

mately 1000 for those plants exposed to inorganic forms of

Se (Bailey et al. 1995). Selenite, seleno-methionine, and

seleno-cystine were taken up by two-grooved milkvetch

(Astragalus bisculatus), an Se accumulator, and western

wheatgrass (Pascopyrum smithii), a nonaccumulator species

(Williams and Mayland 1992). The Se concentration in

tissues of milkvetch was greater than in those of wheatgrass

for all three Se species tested. Similar to the results seen in

this study, exposure to seleno-methionine resulted in greater

Se accumulation than exposure to seleno-cystine, although it

is difficult to make comparisons to selenite because different

Se concentrations were employed. After exposure to 20 lM

Se for 1 week, (Zayed et al. 1998) showed that wheat

exposed to selenate took up the most Se, followed by wheat

exposed to seleno-methionine, whereas exposure to selenite

resulted in the least Se accumulation.

Mobility of Se Within Wheat and Canola

In this study, the Se concentration in canola shoots was

3–17 times greater than in wheat shoots. Renkema et al.

(2012) reported similar differences in shoot concentrations

of 28-day-old wheat and canola seedlings exposed to sel-

enite or selenate. Se speciation had a large impact on the

amount of Se accumulated by shoot tissue. The observed

differences in shoot Se were due in part to differences in

rates of root uptake of Se because greater concentrations of

Se in the root provide a larger pool of Se that has the

potential to be translocated to the above-ground tissue;

however, efficiently Se is translocated once it has been

taken up by roots. Differences in shoot Se were also due to

differences in the relative mobility of different Se species

within the plant as evidenced by the differences in the TF

values of plants exposed to different Se species for 150 or

300 min. Of the four Se species considered in this exper-

iment, seleno-methionine, is the Se species most easily

taken up and accumulated by shoot tissue followed by

selenate. Although not the most mobile when comparing

TF values, the rapid uptake of seleno-methionine by root

tissue resulted in a substantial pool available to be moved

to shoots. Yet, of all Se species, selenate was the most

mobile within plants: Once it is taken up by roots, a large

proportion is quickly translocated to shoots.

Others have reported that selenate is more mobile than

selenite within plants (Li et al. 2008; Renkema et al. 2012;

Zayed et al. 1998). The ability of an ion or molecule to be

translocated to shoot tissue depends on the rate of xylem

loading and, in some cases, the rate of transpiration

(Renkema et al. 2012). Alternatively, selenite, more than

other Se species, has been found to remain within root

tissue (de Souza et al. 1998, 2000; Terry et al. 2000).

In our study, shoot concentrations of Se exposed to

seleno-methionine (compared with selenate) were [10

times greater in wheat and 70 times greater in canola. In

contrast, Zayed et al. (1998), who also measured shoot tissue

concentration of Se in different plants exposed to seleno-

methionine, found that compared with selenate, shoot Se

concentrations of Se exposed to seleno-methionine were

similar in mustard, lower in broccoli and rice, and greater in

sugar beet. Similar to our results, Zayed et al. (1998) found

that shoot-to-root Se ratios were greater in plants exposed to

selenate than to selenite or to seleno-methionine. Zayed et al.

(1998) grew and exposed plants in half-strength Hoagland’s

solution (which would contain 1.0 mM sulphate), whereas

in this study, the exposure solution contained 1.5 mM sul-

phate; the greater sulphate levels would be expected to result

in comparatively lower rates of selenate uptake. Amino

acids can be translocated to shoot tissue: 0.25–1 lM cys-

teine and as high as 3.6 lM methionine were found in the

xylem sap of Picea abies (Köstner et al. 1998), so it is not

surprising that seleno-methionine or seleno-cystine could be

similarly transported.

Conclusion

Twelve-day old wheat and canola seedlings can readily

take up and translocate organic forms of Se, including

seleno-methionine and seleno-cystine, from hydroponic

solution. Compared with selenate, seleno-methionine was

taken up quickly (B100-fold faster than selenate). In soils,

Se species that are dissolved in soil solution can be taken

up by roots, but they can also adsorb to binding sites within

soil. Hydroponic experiments can help determine the nat-

ure of root uptake from solution, but they can not evaluate
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relationships between soil solution and soil-binding sites.

In soils, selenite is known to be less mobile and less bio-

available than selenate (McNeal and Balistrieri 1989;

Wang and Chen 2003), but bioavailability is dependent on

soil properties, such as clay, organic matter, and Fe and Al

oxide content (Johnsson 1991; Neal 1990; Nakamaru et al.

2005). Less is known about the fate of organic forms of Se

in soil as well as to what extent they are found in soil

solution. Our results suggest, however, that once in soil

solution, concentrations of seleno-methionine as low as 1

% that of selenate may be important given how readily it is

taken up and transported to above-ground tissues. If seleno-

methionine or other organic forms of Se are present in soil

from decaying organic matter, they may be an important

pool of biavailable Se and should be measured in agricul-

tural soils and included in models to predict accumulation

of Se by crop species.
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Köstner B, Schup R, Schulze E-D, Rennenberg H (1998) Organic and

inorganic sulfur transport in the xylem sap and the sulfur budget

of Picea abies trees. Tree Physiol 18:1–9

Li H, McGrath SP, Zhao F (2008) Selenium uptake, translocation, and

speciation in wheat supplied with selenate or selenite. New

Phytol 178:92–102

McNeal JM, Balistrieri LS (1989) Geochemistry and occurrence of

selenium: an overview. In: Jacobs LW (ed) Selenium in

agriculture and the environment. SSSA Special Publication,

Madison, pp 1–13

Mikkelsen RL, Wan HF (1990) The effect of selenium on sulfur

uptake by barley and rice. Plant Soil 121:151–153

Missana T, Alonso U, Garcı́a-Gutiérrez M (2009) Experimental study

and modeling of selenite sorption onto illite and smectite clays.

J Colloid Interface Sci 334:132–138

Nakamaru YM, Tagami K, Uchida S (2005) Depletion of selenium in

soil solution due to its enhanced sorption in the rhizosphere of

soybean. Plant Soil 278:293–301

Navarro-Alarcon M, Cabrera-Vique C (2008) Selenium in food and

the human body: a review. Sci Total Environ 400:115–141

Neal RH (1990) Selenium. In: Alloway BJ (ed) Heavy metals in soils.

Blackie and Son Ltd., Glasgow, pp 237–260

Oliver MA (1997) Soil and human health: a review. Eur J Soil Sci

48:573–592
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