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ABSTRACT 

A greenhouse study was conducted to assess the capacity of Brassica juncea (L.) Czern. to extract selenium (Se) from soil. 
The experiment was a 2 × 2 × 4 factorial arranged in a completely randomized design with six replications. The factors 
studied were two selections of Brassica juncea (‘Punjab’ and ‘Red Giant’), two forms of selenium (sodium selenate and 
sodium selenite), and four rates of selenium (0, 40, 80 and 160mg per pot). Shoot biomass yields for both selections were 
not affected by selenite application rates but were different (p ≤ 0.05) for the selenate application rates at 80 and 160 
mg per pot. Overall, ‘Punjab’ was more effective at removing selenium from soil than ‘Red Giant’. On average, selenium 
loss attributed to volatilization was greater in selenite-treated plants than in selenate-treated plants.  
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INTRODUCTION 
Although Se is considered an essential trace element for animals, it is not thought to be essential for 
plants [1]. Selenium in higher concentrations is also potentially toxic to humans, livestock, plants, wild 
and water fowl, and certain bacteria [2-3].Although Se is not an essential plant micronutrient, there is 
evidence that trace amounts can enhance the plant growth in some species (4) under certain conditions 
including: Cucumis sativus[5], Vicia faba [6], Lolium perenne [7], Lactuca sativa[8], Lemna minor[9], 
Lycopersicone sculentum [10], and Triticuma estivum [11-12].  
Plant species exhibit different abilities to metabolize and accumulate Se. Non-Se accumulators attain Se 
concentrations of <100 mg·kg-1 dry matter, Se-accumulators 100–1000 mg·kg-1, and Se 
hyperaccumulators>1,000 mg·kg-1 [13].Hypertolerance of metals is the key plant characteristic required 
for hyperaccumulation.The ability of a plant to hyperaccumulate metals requires a capacity to 
hypertolerate the metal. Sequestration in the vacuole appears to the basis of hypertolerance of natural 
hyperaccumulation in plants [14]. The use of plants that hyperaccumulate metals to selectively remove 
and recycle excessive soil metals has gained interest as more practical and cost-effective than soil 
replacement, solidification, or washing strategies currently in use [14]. 
Phytoextraction – the accumulation of contaminants in plant biomass – provides an environmentally 
friendly method for phytoremediation of upland soils contaminated with excess Se [15]. Indian mustard 
(Brassica juncea) has several desirable characteristics conducive for phytoextraction. It grows quickly, 
produces sizable biomass, tolerates toxic soil conditions, and accumulates substantial quantities of toxic 
trace elements in its shoots, which may then be gathered and removed from the site (16).Almost 50% 
(w/v) of the Se was removed from a Se-contaminated agricultural soil by growing three crops of Indian 
mustard [17-18]. Indian mustard can also be used to remove contaminants from water through 
rhizofiltration [19]. Indian mustard can also phytovolatilize Se by producing and translocating volatile 
forms of Se from inorganic and organic soil and water [20]. Phytovolatilization has the benefit of 
removing Se from the site in a comparatively nontoxic form [21].  
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The objective of this research was to evaluate the uptake and removal of metalloid Se from sodium 
selenate and selenite source by two different cultivars of Indian mustard. 
 
MATERIALS AND METHODS 
Experimental Conditions and Soil Preparation 
The experiment was conducted in the double layer polycarbonate Reid Greenhouse at North Carolina 
Agricultural and Technical State University (36° north latitude).  The Enon fine sandy loam (fine, mixed, 
active thermic Ultic Hapludalfs) soil was collected from Guilford County, North Carolina. The soil had 
a0.89% humic matter content. The soil was analyzed for selenium and no detectible level of selenium. The 
soil was air dried and a 12.7mm sieve was used to remove unwanted vegetative weed, rocks and other 
materials. White plastic pots (5.5-liter) were filled with 7.142kg of the prepared air dried soil. A soil 
sample was analyzed for macro and micronutrients, pH and organic matter content by the North Carolina 
Department of Agriculture, Agronomic Division. The soil pH was 6.0 as determined by using the 1:1 soil to 
water ratio method (22). 
Phosphorus (P) and potassium (K) requirements were determined based on the soil test 
recommendations. Total percent soil nitrogen (N) was ascertained by analysis with a Perkin Elmer 2400 
CHN elemental analyzer (Norwalk, CT). Ammonium nitrate (NH4NO3) was applied in all treatments at a 
rate of 135 kg.ha-1 N (0.43 g per pot). Triple super phosphate (20.1% P) was also applied in all treatments 
at 64 kg.ha-1 P (44 gper pot). Murate of potassium (KCl) was applied to all treatments at a rate of 113 
kg.ha-1 K (0.36 g per pot). The fertilizers were incorporated into each pot one day prior to seeding.  
The two cultivars of B. juncea procured for this study were ‘Punjab’ (accession No. PI181035 from USDA-
ARS-NPGS) and ‘Red Giant’ (lot # 8012TK03U0 from America Takii, Inc., Salinas, California, USA). On 1 
Mar., the two cultivars were direct seeded into 48 pots each. Four seeds were planted per pot. 
Greenhouse day/night set-points were 24/20 °C. Soil moisture in the pots was maintained near container 
capacity with deionized water throughout the experiment while minimizing leaching. 
The pots were arranged randomly on benches at a spacing of 0.27 m2 per pot to facilitate uniform lighting 
and air circulation. Germination was complete on 5 Mar. Ten days after germination (15 Mar.), the plant 
density was reduced to two plants per pot and the Se treatments were applied. Plants were treated with 
either of two forms of Se [selenate (SeO4

2-) and selenite (SeO3
2-)] applied as sodium (Na+) salts. The four 

treatment rates of 0, 40, 80 and 160 mg per pot Se for each metalloid form were applied as eight weekly 
applications of 0, 5, 10, and 20 mg per pot, respectively. Each treatment application was dissolved in 
deionized water and applied topically as a soil drench. Saucers were placed under each pot prior to the 
first application and remained throughout the experiment to contain all leachate. The remaining plants 
were allowed to grow for 60 days until the bloom stage and were harvested on 14 May. 
Biomass and Soil Sample Collection and Preparation 
Each cultivar was harvested at the flowering stage by cutting the shoot at the soil surface. The shoot fresh 
weight from all the treatments was recorded. The shoots were then washed in tap water, rinsed with 
deionized water, and blotted with a paper towel to removed excess water. Roots were carefully separated 
from the soil, washed with tap water, rinsed with deionized water, blotted with a paper towel to remove 
excess water, and the fresh weight recorded. Both the shoots and roots were dried at 80 ºC for 72 hours 
in a forced air oven, until a constant weight was attained. The dry weights for the roots and shoots were 
recorded. The dried shoots and roots were then ground to 1 mm using a stainless steel Wiley Laboratory 
Mill Model No. 3375-E15 (Thomas Scientific, Philadelphia, PA). In an effort to prevent cross 
contamination between treatments, samples from the control treatments for each Se treatment type were 
ground first, followed by the lowest to the highest Se type treatment concentrations.  
Soil from each pot was sampled separately, air-dried, and oven-dried at 80 °C until a constant weight was 
obtained. These samples were then crushed using a WEG Stainless Steel Soil Crusher (Electric Motor 
Corp. Rochester, New York) and allowed to pass through a 2mm sieve.  
Selenium Analytical Methods 
The plant tissue (roots or shoots) and soil samples were then digested using a modification of the EPA 
3051A method (23). A 0.5 g sub-sample of ground plant tissue or soil was weighed into a fluorocarbon 
polymer vessel (XP1500+, CEM Corp, Matthews, NC, USA) for microwave digestion and Se analysis.  For 
plant tissue samples, 4ml of 30 % hydrogen peroxide (H2O2) and 6ml of concentrated nitric acid (HNO3) 
were added to the vessel. For soil samples, 9ml of HNO3 and 3ml of hydrochloric acid (HCl) was added to 
the vessel. The vessels containing the plant tissue or soil samples were placed on the carousel, which was 
equipped with a temperature and pressure sensor and placed in the microwave digester (MARS; CEM 
Corp, Matthews, NC, USA).  
The samples were then microwaved and pressurized at 2.1 MPa for a total of fifteen minutes, ramping up 
to 200 ºC temperature for the first five minutes. The 200 ºC temperature and 2.1 MPa pressure was 
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maintained for a ten-minute digestion period. The system was then allowed to cool below 50 ºC and <0.3 
MPa. Digested samples were diluted using deionized water according to the amount of acid that was used 
for the closed vessel digestion. Following digestion, the solutions were diluted to 10% of the original 
concentration. Acid extractable Se concentration in the samples was then determined by inductively 
coupled plasma emission spectroscopy (ICP-OES; Perkin-Elmer Optima 3300DV, Norwalk, CT).The 
concentration of selenium was determined as mg.L-1. This concentration was then converted to account 
for the total Se present in each component using the following equations:  
Equation 1: 
Se conc. (mg.g-1) = ICP conc. (mg.L-1) × 10 × 0.5 g 
Equation 2: 
Se accumulated (mg/pot) =   Se conc. (mg.g-1) × shoot, root, or soil mass in pot (g/pot) 
Selenium Loss was calculated by adding total Se found in plant tissue (shoots and roots) and the total 
residual Se in soil and subtracting the total from amount of Se applied to each pot using the following 
equation: 
Equation 3: 
Se loss (mg/pot) = Initial Se – (shoot Se + root Se + soil Se)  
Experimental Design and Statistical Analysis 
The experiment was a 2 x 2 x 4 factorial arranged in a completely randomized design with six 
replications. The factorial combinations studied were two B. juncea selections × two forms of selenium × 
four rates of selenium for a total of sixteen treatment combinations (96 experimental units). Each 
experimental unit consisted of one 5.5 L pot containing two plants each. Data were subjected to analysis 
of variance using SAS 9.3 (Statistical Analysis System, SAS Institute, Cary, NC).  Means were separated 
using a protected LSD.  
 
RESULTS 
Biomass Yield 
Shoot and root biomass yield was not affected by cultivar. However, there was a Se rate × metalloid form 
interaction for both shoot and root biomass (Table 1). The shoot biomass yield decreased at 80 mg/potSe 
and further decreased at 160 mg/pot Se when selenate was the metalloid applied whereas shoot biomass 
yield was similar at all four rates when selenite was applied. Root biomass showed a similar response as 
the shoots with decreasing biomass yield with increasing rate at the two highest rates of selenate and 
similar biomass yields at all four rates of selenite.  
Selenium Accumulation 
There was Se rate × cultivar × metalloid form interaction for shoot Se accumulation (Table 2). More Se 
was accumulated in the shoot withselenate as the metalloid form than with selenite. ‘Punjab’ was more 
efficient at accumulating Se in the shoot from selenate than ‘Red Giant’. Selenium accumulation in the 
shoot from selenate increased in the range of 0 to 80 mg/pot Se for ‘Punjab’ while Se accumulation by 
‘Red Giant’ was similar at all three treatments that contained selenate (40-160 mg/pot Se).  
Root Se accumulation was not affected by cultivar. However, there was Se rate × metalloid form for root 
Se accumulation (Table 1). Similar to the shoot, more Se accumulated in the root with selenate as the 
metalloid form than with selenite. Selenium accumulation in the root from selenate increased in the range 
of 0 to 80 mg/pot Se; however, Se content in the root was similar to control with all rates of selenite 
except 80 mg/pot Se, which was marginally higher.  
Residual Selenium in Soil 
There was Se rate × cultivar × metalloid form interaction for residual soil Se (Table 2). The residual soil Se 
in pots containing ‘Punjab’ plants grown in soil treated with 40 and 80 mg Se as selenate were not 
significantly different from the control. However, soil treated with the highest level of selenate (160 
mg/pot Se) and containing ‘Punjab’ plants still had approximately 35 % of the original soil Se remaining. 
The soil with ‘Red Giant’ plants had residual soil Se levels similar to those with the ‘Punjab’ plants at 40 
mg/pot Se from selenate, higher levels than those with ‘Punjab’ plants at 80 mg/pot Se, and lower levels 
than those with ‘Punjab’ plants at 160 mg/pot Se. In the selenite treated pots, residual soil Se with both 
cultivars increased with increasing selenite rate.  In the selenite treated pots with ‘Punjab’ plants, residual 
soil Se in all treatments, except the control, were about 50 % of the original treatment rates. Comparing 
the residual soil Se in the selenite treated pots with the ‘Red Giant’ plants to those with “Punjab’ plants, 
the residual soil Se levels were lower at 40 mg/pot Se, similar at 80 mg/pot Se, and higher at 160 mg/pot 
Se for the ‘Red Giant’ treated plants.   
Selenium Losses 
There was Se rate × cultivar × metalloid form interaction for Se loss (Table 2). The Se losses in pots 
containing ‘Punjab’ plants grown in soil treated with 40 and 80 mg Se as selenate were not significantly 
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different from the control. However, the soil treated with the highest level of selenate (160 mg/pot Se) 
and containing ‘Punjab’ plants lost approximately 28 % of the original Se. The pots with ‘Red Giant’ plants 
had residual soil Se levels similar to those with the ‘Punjab’ plants at 40 mg/pot Se from selenate and 
higher levels than those with ‘Punjab’ plants at 80 and 160 mg/pot Se. Approximately 71 % of the Se was 
lost in the pots containing selenate and ‘Red Giant’ plants. In the selenite treated pots, residual soil Se 
with both cultivars increased with increasing selenite rate.  In the selenite treated pots, Se loss with both 
cultivars increased with increasing selenite rate and the cultivars were similar to each other at all 
treatment levels.  
 

Table 1. Effect of Se concentration and Se metalloid form on the shoot biomass, root biomass, and root Se 
content of B. Juncea ‘Punjab’ and ‘Red Giant’ plants grown treated with four concentrations of Se from either 

of two metalloid forms (sodium selenate or sodium selenite).z 

Se rate Shoot biomass  Root biomass  Root Se content 

(mg/pot) (g/pot)  (g/pot)  (g/pot) 
 Selenate Selenite  Selenate Selenite  Selenate Selenite 

0 42.2 47.5  5.2 4.3  0 0 

40 42.1 46.3  4.7 5.1  1.4 0.3 

80 33.8 45.8  3.3 4.7  2.0 0.5 

160 20.6 45.3  1.9 4.4  2.0 0.4 

LSD0.05y 5.5  1.0  0.5 
zThere were two plants per pot. 
y
LSD values are for comparing Se concentrations within each metalloid form and metalloid forms within each Se 

concentration.  
 
Table 2. Effect of Se concentration, cultivar, and Se metalloid form on shoot Se content, residual soil Se, and Se 

loss ofB. Juncea ‘Punjab’ and ‘Red Giant’ plants treated with four concentrations of Se from either of two 
metalloid forms (sodium selenate or sodium selenite).z 

Se rate  Shoot Se content  Residual soil Se   Se loss 
(mg/pot)  (mg/pot)  (mg/pot)  (mg/pot) 
  ‘Punjab’ ‘Red Giant’  ‘Punjab’ ‘Red Giant’  ‘Punjab’ ‘Red Giant’ 

Selenate 

0  0 0 
 0 0  0 0 

40  28.3 13.5  3.7 10.3  6.4 14.3 
80  56.8 17.7  6.6 26.7  14.8 33.6 

160  56.4 11.3  55.6 34.2  45.6 113.1 

Selenite 
0  0 0  0 0  0 0 

40  3.5 1.9  21.0 11.7  15.1 26.3 
80  4.8 1.3  38.9 35.2  35.7 43.1 

160  8.3 2.3  80.0 87.8  71.2 69.7 

LSD0.05y  7.8 
 7.8  15.0 

zThere were two plants per pot. 
y
LSD values are for comparing Se concentrations within each cultivar-metalloid form combination, cultivars 

within each Se concentration-metalloid form combination, and metalloid forms within each cultivar-Se 
concentration combination.   
 
DISCUSSION 
The yield data indicate that ‘Punjab’ and ‘Red Giant’ were tolerant to selenite whereas both cultivars 
demonstrated sensitivity to selenate. Brassica juncea has been reported as a good plant species for Se 
phytoextraction because of its ability to produce a large biomass [18, 24-25].  According to previous 
research, high biomass yield by B. juncea would increase the movement of Se to the shoot-tissues [24, 26]. 
However, the tolerant characteristics displayed by both ‘Punjab’ and ‘Red Giant’ to selenite could be due 
to a mechanism involving the amino acids methionine, lysine and threonine [27-28].  
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Root biomass yields were greater in plants grown in soil treated with selenite than with selenate at all 
application rates. This could be attributed to selenite having a much stronger affinity for adsorption sites 
than selenate and was therefore readily adsorbed to the soil exchangeable sites and humic constituents 
(29-31). Hence, less selenite would be translocated and accumulated by B. juncea root and shoot-tissue; 
therefore, selenite had a lesser impact on tissue growth.   
Selenium was accumulated at a greater rate from selenate treated soil than soil treated with selenite. 
These results support previous findings for B. juncea [18] and other species [32]. The current study also 
agrees with previous reports that selenate was translocated more rapidly from root-tissue to shoot-tissue 
than selenite [32-33]. The faster accumulation of selenate in plant tissue may be due to the preferential 
biochemical transport of this chemical species of Se than selenite [33-34].  
A greater amount of residual soil Se remained from the application of selenite as compared to the selenate 
treatments. These findings are in agreement with the report by Goodson et al. [35] that soil selenate is a 
more bioavailable form of Se than selenite. 
The Se losses shown in Table 2 can be attributed to volatilization or the gaseous loss of a substance to the 
atmosphere [36].  Atkinson et al. [37] reported Se volatilization as a key factor in the phytoextraction of 
Se (selenate and selenite) from a contaminated environment. Terry et al. [25] reported B. juncea as the 
ideal species for Se volatilization. Selenium loss by the two B. junceacultivars treated with the two 
metalloid forms showed greater losses with increasing Se application rates. It has been reported that Se 
loss/volatilization by plants is influenced by the sulfate assimilation pathway [38-40]. Selenium loss in 
the selenite-treated plants on average saw higher Se loss than the selenate-treated plants. These results 
are in agreement with reports from Zhang and Moore [41], who demonstrated that Se loss/volatilization 
was dependent more on Se source concentration. 
 
CONCLUSIONS  
Both cultivars showed a greater tolerance of selenite in the soil than selenate as indicated by yield 
differences. This tolerance was likely due a lower uptake by the roots and translocation to the shoot of the 
selenite.  Although the two cultivars had similar yields, ‘Punjab’ had a greater Se accumulation in the 
shoot than ‘Red Giant’. Selenium loss by volatilization increased for both cultivars as the application rates 
increased. ‘Punjab’ and ‘Red Giant’ supplied with selenate and selenite at 160 mg/pot recorded the 
highest Se losses and the least loss at 40mg/pot. Hence, Se uptake was more efficient at the 40 mg/pot 
application. Although most phytoremediation systems are still in development to provide benefit to the 
phytoextractive ability of plants, efforts to improve plants for field use could also be applied in selenium 
phytoextraction. The results from this study should be tested in the actual field situation to see if ‘Punjab’ 
would still perform better than ‘Red Giant’ for both selenate and selenite accumulation. 
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