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Selenium has been recognized as essential for all mammals; therefore, its concentration level and
speciation are of great concern. Plants are one of the main sources of selenium in the diet. Thus,
inorganic selenium uptake and its transformation in different species were evaluated in Indian mustard
(Brassica juncea), sunflower (Helianthus annus), and white lupine (Lupinus albus). More than 1.2 g
kg~ (dry matter) of Se was found in the aerial part of Indian mustard when growing on 1 mg L1 of
Se as Na,SeQ,, and approximately half this amount was determined in the leaves of the lupine,
which is still quite high. Selenomethionine was the main selenium-containing amino acid identified in
most of the extracts by HPLC-ICP-MS. The higher values were 6.8 and 14.5 mg kg~ (expressed as
Se in dry matter) in the leaves of lupine and sunflower, respectively. This is of great importance
because some authors have considered the combination of this enriched material with non-enriched
food as a source of selenium supplementation.
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INTRODUCTION mainly Se-methylselenocysteine has been suggested as the

Although selenium (Se) in soils appears to be usuall resentmechanism followed by Se-accumulatd}s Selenium tolerance
o 9 S app ypr seems to be related to the synthesis of these compounds,
in inorganic forms such as selenides, elemental Se, selenite, an . ; . .
. - ) allowing plants to accumulate high amounts of selenium without
selenate, it is common to find organic Se compounds metabo-S motoms of toxicity. Selenium has been recoanized as an
lized by microorganisms. The oxidized forms such as SeO ymp Y. 9

and Se@- are more soluble and more easily absorbed by plants essential nutrient for animals and human beingsl{s presence
whereas S and S8 are less available (1) "is necessary in several enzym@&$, (@nd it plays an important

Plants show considerably different phvsiological responses role in anticarcinogenic activity and in the amelioration of the
to selenium (2). Some p)I/ant specigs yhaveg the abﬁity to toxic effects of heavy metals such as mercury and cadm@ym (
accumulate Iargé amounts of selenium without showing symp- 10).' Def.iciency diseases as well as toxicit.y may occur inlhuman
toms of toxicity. These species have been applied for the beings in a very narrow range of selenium "_“a'“" fwhich
bioremediation of Se-laden soils and wat8) (n a natural depends on the source of the foodstuf, !n this respect, plla_nts
process called phytoremediatiof) (involving phytoextraction can play a unique role 'mh? harrow margin between.beneflua'l
and phytovolatilization processes. However, most plants are Se-and h_armful levels of selenll_Jm, because vegeta_bles _|ncIuded n
nonaccumulators, and the mechanisms in assimilation pathwayd€ diet are one of the main sources of selenium inta§e (
are expected to differ between them and Se-accumulators Plants that accumulate Se may be used as a natural source of
Selenium present in soil is taken up by plants, where it may be Mineral supplements for both animals and human beings,
incorporated as inorganic forms (without further modifications), €SPecially in areas that are Se-deficieht)( In animal foods
incorporated as Se-containing proteins, accumulated following @nd Plants selenium is generally present as Se-proteins contain-
the sulfur metabolic pathway being incorporated unspecifically N9 Sélenoamino acids1g). Therefore, information on the
into low and high molecular weight compounds, or taking part speciation of selenium in plant tissues is of paramount impor-
of several nonproteinic Se species (avoiding the incorporation {@nce.
of Se-amino acids into proteins)( Selenomethionine (SeMet) Sensitive and selective analytical techniques are required in
is one of the most important metabolites in the assimilation speciation analysis. Inductively coupled plasma mass spectrom-
pathway. The formation of nonproteinic species such as etry (ICP-MS) is widely used for this purpose, usually coupled
y-glutamyl-Se-methylselenocysteine, selenocystathionine, orwith chromatographic systems. Among the difficulties that

hinder speciation, sample preparation is still one of the most

* Author to whom correspondence should be addressed (e-mail Critic.al steps (13). The gxtraction process is not supposed to
ccamara@quim.ucm.es; telephone 34 91 394 43 18; fax 34 91 394 43 29).modify or alter the chemical form of the element or disturb the
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equilibrium between the various species present in the medium.water and adjusting the pH to 2.8 with formic acid (Merck). HPLC-
The risk of inaccurate determination steadily increases when grade methanol was purchased from SDS (Barcelona, Spain). For the
solid matrices are under study. The extraction efficiency must €nzymatic extraction procedure, Tris-HCI buffer (pH 7.5) and the
be considered in parallel to minimize changes in the nature of NPNSPecific proteasgireptomyces grise(protease XIV), both obtained
the species. Different extraction approaches have been applied™®™ Fluka, were used to prepare the plant tissue samples.

to selenium extraction in biological and environmental samples "¢ seeds were kindly provided by different suppliers: Sunflower
(9, 14), and they have been recently reviewed. Overall seeds (Helianthus annwsr. Peredovic) were obtained from Rocalba,

L 7 : ' S.A. (Zaragoza, Arag6n, Spain), and white lupiheginus albusvar.
enzymatic digestion is the most suitable sample treatment, notMarta) and Indian mustardassica juncea) seeds were supplied by

only from the recovery point of view but also because it the Agriculture and Trade Council of the Extremadura Autonomous
minimizes the disturbance of the species. Protease extractionscommunity Government (Caceres, Extremadura, Spain). The reference
tend to be applied on biological samples, resulting in the material used was white clover (BCR-402) certified for total selenium
cleavage of peptide bonds in proteins and thus also the releaseontent.

of amino acids (15). Procedures.Cultivation and Plant PretreatmenPrior to germina-

The b|0ava||ab|||ty of Se as a nutrient or as a toxicant depends tion, the seeds were disinfected with diluted bleach (10%, V/V) for 10
highly on the Se species presefi6). More knowledge about min qnd carefully rinsed.with disti!led V\{atgr. The sterilized seed; were
the selective determination of a particular chemical species of 98Minated on sand moistened with deionized water. After germination
selenium would be very useful to understand the biochemical of the seeds, the sand was moistened with 0.02 strength Hoagland’s

d b hemical le of seleni f both bioloaical and nutrient solution 24). The seedlings were transferred bdays after
and biogeochemical cycie ot seienium irom bo lologicalan germination to 1.5 L vessels containing a 0.1 strength Hoagland'’s

environmental points of view. In this respect, other problems pyjent solution, in which they were grown for 2 weeks. Air was
should be solved such as the lack of commercially available continuously bubbled into the nutrient solution that was renewed every
standards (17). 3 days. NaSeQ and NaSeQ were independently supplied in the
This work evaluated the accumulation and transformation of medium at two levels of concentration: 1 and 5 mg-.LTwo pots
selenium by different plant species grown hydroponically in Wwere used per selenium source and concentration, each containing 12
selenite (Seg¥) and selenate (Se®) media. The plants plants. A control pot was also used as a blank with no selenium spike.
selected for this study were a very well-known Se-accumulator, After 2 weeks of treatment, the plants were harvested and carefully
that is, Indian mustardLg); a nonaccumulator, that is, sunflower washed with distilled water. They were then divided into different

19): and h lant - hite Iubi hich to date h parts: shoot and root in the case of Indian mustard; and leaves, stem,
(19); and another plant species, white lupine, which to date 8Sand root in the case of sunflower and lupine. The dry weight was

not been included in either of these categories. Lupine Was recorded after-48 h at 4C°C in a forced-air oven. Samples were finely

chosen because it seems quite tolerant to other m@aJ21)  ground with a pestle in an agate mortar and kept®a # high-density
and is widely distributed and used for animal feed, Spain being polyethylene (HDPE) bottles until the time of the analysis.
one of the richest countries in lupine flora2). Speciation in Selenium Species Determinaticfhe selenium species were ex-

the resulting plant tissues was carried out by high-performancetracted after enzymatic hydrolysis with protease XIV following a
liquid chromatography (HPLC)-ICP-MS after enzymatic diges- method slightly modified by Moreno et all2, 25). A sample/enzyme
tion with protease XIV. The enzymatic hydrolysis procedure (mass/mass) ratio of 10 was proved to be enough to reach the maximum
was chosen because it provides the highest values when ggield in species; therefore, it was chosen for all of the experiments.

species are released from solid biological sam{l@s3), either The enzyme was added t050—100 mg of dried plant tissue and
ch))und or not bound to the protein 9 Hgs3) incubated in 3 mL of 0.1 M Tris-HCI buffer (pH 7.5) for 24 h at 37

°C. The resulting extract was centrifuged (model 5804, Eppendorf,
Hamburg, Germany) at 14000@r 30 min. The supernatant was
EXPERIMENTAL PROCEDURES removed, and 2 mL of buffer was added to the residue and centrifuged
again. Both fractions were mixed, and deionized water was added up
. . ) ) . to 10 mL. The solutions were passed through 10 kDa molecular cutoff
S. Analytlgal Ltd., Orpington, Kent, U.K.) equipped with a seIe_mum- filters (Millipore, Bedford, MA)pWhiIe they Wgre centrifuged at 7590
boostec_i dlS(_:hargg holiow cathode Ia_mp (B_D_HCL’ Photron, Victoria, under controlled temperature (2G). The filtrates were appropriately
Australia) with primary and boosted intensities of 25 mA was used. diluted with Milli-Q water. The analyses were performed within 24 h

An HP-4500 (Tokyo, Japan) inductively coupled plasma mass after the last filtration step of the extraction procedure was completed.
spectrometer fitted with a Babington nebulizer and a Scott double- The selenium species were quantified using the standard addition
pass spray chamber cooled by_ a Peltier _system was used for seleniumyathod by ICP-MS after chromatographic separation by HPLC. The
detection after chromatogr.aphlc separation. instrumental conditions are summarizedTiable 1.

For the chromatographic experiments, a CM4500 HPLC pump  1otq] Selenium Determinatiofthe plant tissues were digested with
(Milton Roy, Riviera Beach, FL) fitted with a six-port sample injection 5 5 1 of HNO; and 1 mL of HO; in a microwave oven (MSP 1000,
valve (model 7725i, Rheodyne) and a k0injection loop was used.  cgm, Matheus, NC). The Se(VI) in 6 M HCI was reduced to Se(1V)
The separation was performed on a 26@.1 mm i.d., 1Qum Hamilton on a hot plate at 98C for an hour. The enzymatic extract obtained
PRP-X200 cationic exchange column (Hamilton, Reno, NV). from each sample was also mineralized in this way, before and after it

Reagents and StandardsAll of the reagents were of analytical  was passed through the cutoff filters. The total selenium content was
grade and were used without further purification. Selenomethionine determined by a hydride generation atomic fluorescence spectrometer

(SeMet) and selenocystine (Se@y&Sigma-Aldrich, Milwaukee, WI)  under the conditions summarized Table 2.
were prepared in doubly distilled water. Hydrochloric acid (3%) was
added to dissolve SeCysThe stock solutions containing 10 mgiL

of selenium from each compound were stored in the dark &€ .4
Working solutions were prepared daily by appropriate dilution in
deionized water. For HG-AFS studies, 1% sodium borohydride solution . . :
in 0.3% sodium hydroxide (Merck) was prepared by dissolving NaBH ToI_ergncg toward Sele.nlumllsual Sympt.oms of 56|emum.
powder (Sigma-Aldrich) in water and filtered to eliminate turbidity. A toxicity did not appgar in mustard or Iuplng pl'ants' grown [n
3 M hydrochloric acid solution was prepared by diluting the appropriate the Presence of selenium. However, a reduction in biomass yield
volume of concentrated HCI (Merck). For HPLC-ICP-MS studies, the Was observed when lupines were exposed to 5 mgLsodium
mobile phase was 4 mM pyridine formate in 3% methanol. The eluent Selenate or sodium selenite, showing biomass productions of
was prepared by diluting commercial pyridine (Merck) with distiled 66 and 51%, respectively, compared to the dry weight of the

Instrumentation. An atomic fluorescence spectrometer (Merlin, P.

RESULTS AND DISCUSSION

Total Selenium Accumulation. Biomass Production and
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Table 1. Experimental Conditions for Se Determination by !
HPLC-ICP-MS R R Ind. mustarT
°\. I Sunflower
HPLC parameters 5 H Lupine
analytical column PRP-X200 ey
eluent 4 mM pyridine formate solution, pH 2.8, £
970 mL of H,0 + 30 mL of MeOH 3
eluent flow rate 1 mL min~? 2 Nt N N E N L
elution program isocratic £
injection volume 100 uL 2
ICP-MS conditions
forward power 1300 W
plasma gas (Ar) flow rate 15L min~t
auxiliary gas (Ar) flow rate 1.3Lmin"? Imgr! 5mgl!
carrier gas (Ar) flow rate 1.1Lmin"t Na,SeO, Na,Se0;
nebulizer type Babington Figure 1. Effect of chemical selenium form and concentration added to
spray chamber type Scott double-pass . . . .
data acquisition mode fime-resolved analysis the nutrient solution on biomass production (expre;sed as a percentage).
monitorized isotopes 78S, 825¢ The control plant represents 100% for each species.
integration time 100 ms
Table 3. Total Selenium Concentration Found in Each Part of
Mustard, Lupine, and Sunflower When the Growing Medium Was
Table 2. Experimental Conditions for Total Se Determination by Independently Spiked with 1 or 5 mg L= of Selenium as Na,SeOs or
HG-AFS Na,SeO, for 2 Weeks (Nutrient Solution Was Renewed Every 3 Days)
hydride generation total Se content? (mg kg=)
:g: fclgulcentratlon g SMmL min-1 when supplied with when supplied with
NaBHj concentration 1% (wh) NaSe0s Na,Se0q
NaBH, flow 4.0 mL min—t 1mglL?! 5mgL! 1mgL™! 5mgL?
carrier argon 300 mL min*i mustard
gﬂiﬁig[ﬁ%mgen S shoot 385 58+22  1230+50  2081+801
detector | 'root 432+21 605 + 262 947 £ 30 3411 £ 2603
B upine
Eg?s%'f;mcclﬁ:fgt gg m leaves 50+8 54+ 28 631+25 609+ 12
stem 32+2 105 £ 25 549 + 12 465 + 32
root 601 721 £185 866+ 9 839 £ 532
control plants IE_igure 1). Indiar_1 mustard was espe_cially tolerant Sunlfek;‘gg; 117402 186 + 15 7344 794+ 187
to selenite addition. When this plant was grown in the presence  stem 15+5 89 + 21 40+6 143 + 24
of NapSeQ@ at both concentrations, no differences in biomass root 50+ 8 572 + 36 50+3 164 + 41

production were noticed. When p&eQ, was added to the
medium, there was a reduction of 20% in biomass yield for  ?Results are expressed as mean value + standard deviation (n = 6) (three
both selenium concentrations evaluated in this study. With plant samples from each pot).
regard to sunflower, the dry matter of both shoot and root
significantly decreased~60%), even when only 1 mg1 of mustard with NgSeQ, proved to be more effective in terms of
selenium as either N8eQ or NgSeQ was added to the  selenium accumulation than with p&eQ. As explained
nutrient medium. When 5 mg1X of Se-modified Hoagland’s  elsewhereZ2), there is enough evidence to show that the former
solution was added, the dry weight did not reach 50% of the anion is actively transported through the root membrane using
weight of the control plants. The results obtained indicate that the same channels and mechanisms as sulfate. However, there
both Indian mustard and lupine are quite tolerant to the presenceis no evidence for selenite uptake by membrane transporters.
of low levels of inorganic selenium, added as selenite or  Selenium concentration in the root was in general higher than
selenate, whereas sunflower seems to be the most sensitive plarthe concentration found in the above-ground biomass of the
to both selenium species. plants. The concentration was in the same range of magnitude
Selenium Accumulation and Distributid@nce the tolerance  for all of the subsamples in all of the plants, except for Indian
was established, selenium accumulation and distribution weremustard when 1 mg 1! of NaSeQ was supplied to the
evaluated. The total selenium content was analyzed in each ofmedium. In this case, the selenium found in the shoot was 10
the dried subsamples obtained from Indian mustard (root andtimes lower than in the root.
shoot) and sunflower and lupine (root, stem, and leaves). The The translocation of the selenium present in the root to the
determination was performed by HG-AFS after following the above-ground plant section was highly dependent on the
steps summarized under Experimental Procedures. The accuracghemical form in which selenium was supplied. Selenium
of the results was evaluated by using a suitable referencetranslocation from the root to the above-ground plant section
material such as white clover (CRM-402). No significant was higher in selenate-supplied plants.
differences were observed at a 95% confidence level between With regard to the above-ground plant section, selenium
the certified value and that obtained experimentally; therefore, concentration was higher in haeQ-growing plants than in
the proposed method is adequate for the determination of totalplants enriched with N&eQ. In mustard, the shoot selenium
selenium in plantsTable 3 summarizes the results. As can be concentration was-1.2 g kgt dry matter (DM), whereas 40
observed, the uptake of Se depends on the chemical form ofand 73 mg kg* were found in the stem and leaves of the
the selenium added. For the three plant species tested, thesunflower, respectively. In lupine shoots the accumulation was
selenate addition led to a higher accumulation rate than selenite.10 times higher than the selenium amount found in sunflower
Other authors (26) confirm that enrichment procedures in Indian and only 50% less compared B juncea When NaSeQ was
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spiked, the total selenium accumulation in the above-ground @
biomass for all of the subsamples ranged from 11.7 to 50 mg
kg~1, which were determined in sunflower leaves and in lupine
leaves, respectively. As expected, the sunflower plants showed
the lowest selenium accumulation.

As mentioned above, the similarity between ;80and
SeQ?~ appears to indicate that the assimilation pathways of
both anions are the same. $O contributes to a higher
transpiration rate, and this increases the movement of Se through

Counts

the Xylem, he|ping the translocation (]_9)_ 200 400 600 800 1000 12.00 1400 1600 18.00
When 5 mg ! of selenium was added to the nutrient Time, minutes

solution, the mustard and lupine plants showed a moderate »

increase in the accumulation rate, which reached a maximum 900 U

of 50% compared to the uptake when 1 mg!lwas used. On
the other hand, selenium concentration in sunflower increased
from 5 to 10 times when N&eQ and NaSeQ, were supplied,
respectively. This extremely high rate of uptake may be related

to the nonspecific effects of membrane damage and the 300'2
200 :

SeMet

Counts
n
=3
=]

“breakthrough” of selenium to the root and shoot in more
sensitive plants such as sunflower. Thus, to explore further the
relationship between the addition of inorganic selenium and the

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

production of Se species, our speciation analysis was focused Time, minutes
on the treatment with 1 mg! of selenium, avoiding the effects 9 1600 U

of metal toxicity in sunflower plants when higher amounts of 1900

selenium were applied to the nutrient medium. 120

1104
100
9005
800:
700:

From this study, it can be concluded that lupine plants possess
the ability to accumulate a high concentration of selenium under

Count

the conditions tested, quite similar to the behavior shown by 600°

Indian mustard, a well-known selenium accumulator. Lupine iggmj

may be a good candidate for selenium phytoremediation, 200

especially in those areas where the commonly used Se- e

accumulator plants are not available or the environmental 200400 600 800 1000 1200 1400 1600 1800
conditions are not suitable for their cultivation. Time, minutes

Se Species Determination: Selenium Transformation in ~ Figure 2. Typical chromatogram obtained at pHeen 2.8 from (a) the shoot
Plants. After evaluation of the total selenium distribution in  of Indian mustard, (b) the leaves of sunflower, and (c) the stem of lupine
plants, its speciation was undertaken. Apart from total selenium after growing for 2 weeks in 1 mg L~* of Na;SeO; (U = unknown species).
uptake, different enrichment treatments usually provoke certain

metabolic changes that determine the final product as well as hassed through the cutoff filters. The total selenium content was
its translocation and acqur.nulatlon.ln different plant tlsgues. TQ analyzed before and after the solution had been passed through
date, very few Se speciation studies have been carried out inyhe filters in order to ascertain whether there were selenium
plants, most of them concerning white clove(28) and the  compounds retained in the filters. For most of the subsamples,
well-known accumulator Indian mustarti 33). Other samples  ggjenjum recoveries ranged from 90 to 99%, which indicates
include garlic (29,33) and broccoli (30). However, t0 our  ihat the molecular weight of most of the selenium species
knowledge, no data have been reported about selenium ac-yiracted during the hydrolysis wasl0 kDa. When the leaves
cumulatlon and speciation in some kinds of crop plants such assnq the root of the sunflower were analyzed, the recoveries
lupine. ranged from 80 to 87% and from 55 to 58%, respectively, which
Enzymatic and nonenzymatic extraction treatments such asmeans that the hydrolysis in the matrix corresponding to the
Tris-HCI (pH 8) and 1 M HCl were tested. The use of enzymes nonaccumulator sunflower was not as effective in breaking down
provided the maximum extraction yield. Thus, the selenium the peptides or proteins into smaller fractions as it was for the
species were determined by the enzymatic treatment accordingother samples.
to the procedure applied by Moreno et d2). Two different For selenium speciation, the ultrafiltered hydrolyzed samples
enzymes, subtilisin and protease XIV, in 0.1 M Tris buffer were were injected into the chromatographic system. Under the
evaluated to obtain the highest rate in hydrolyzed selenium chromatographic conditions compiledTable 1, it was possible
species. Each enzyme was added in one or two steps requiringto identify several species, which included S&Q SeQ?,
in the case of the two-step addition, double the amount of SeMet, and SeCyswithin 40 min. Typical chromatograms of
enzyme and double the time of incubation (24xh2). No the subsamples obtained at pH 2.8 from Indian mustard,
significant differences were found either between the types of sunflower, and lupine plants grown on }$2Q and NaSeQ
enzyme or the incubation time; protease XIV applied to the are shown inFigures 2 and 3, respectively. Identification of
sample in one step (24 h) was chosen for further experiments.the species was carried out using an alternative chromatographic
This optimization was performed on a certified sample of white condition (pH 4.7) or by spiking with the corresponding
clover (BCR-402). standards. The results obtained by both procedures were in good
After enzymatic hydrolysis, the sample was centrifuged and agreement. The selenium species were quantified using the
the supernatant was removed. To enhance the cleanup of thestandard addition method. A 1@ L~! selenium solution was
sample prior to the chromatographic system, a portion was used to evaluate the ICP-MS drift during the analyses. The
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Figure 3. Typical chromatogram obtained at pHejent 2.8 from (a) the shoot
of Indian mustard, (b) the leaves of sunflower, and (c) the stem of lupine
after growing for 2 weeks in 1 mg L1 of Na,SeO, (U = unknown species).

Ximénez-Emblin et al.

identified in the samples, whereas only S&Cand SeMet were
found in the selenate-grown plants. For most of the plants, a
selenium signal elutes at the beginning of the chromatogram,
which did not match the standards available in the laboratory.
As shown, SeMet was the main selenium-containing amino acid
found in the extracts. When plants were grown in the presence
of Na;SeQ, the production rate of this amino acid was higher
than when plants were grown in the nutrient solution with-Na
SeQ. In all of the NaSeQ-enriched samples, the concentration
of SeMet found was higher than the concentration of £eO
species. This conclusion was drawn from observing the ratio
between SeMet and the total selenium content found in each
subsample for both selenite- and selenate-grown plants.

The SeMet concentration was higher in the root than in the
above-ground biomass. This agrees with the findings of authors
(31) who indicate that inorganic selenium is mainly metabolized
in the root, especially when selenite is added to the medium.

When the plants were grown in the Hoagland's solution
modified with selenate, the ion Sg©O was the main species
found in the extract, being practically the only one in some
subsamples such as the mustard shoot, the lupine leaves, or the
sunflower stem. As can be observed, these samples correspond
to the above-ground biomass of the plants and, as mentioned
above, the similarity between SgO and the ion S¢F~ may
explain how selenate is transported without further modifications
through the xylem following the sulfur pathway. Lintschinger
et al. 32) found that sunflower sprouts grown in selenate
accumulated~900 mg kg, but almost 100% of the selenium
was extracted with water and found to be nonmetabolized
selenate. In our case, more mature plants were divided in
different parts and no transformation of SéOwas observed
in sunflower stem, in agreement with the results reported by
Lintschinger et al. However, not only Sg but also SeMet
and some unidentified species were found in the leaves.

Kotrebai et al. (33) found that S and SeMet (70 and
18%, respectively) were the main species in enzymatic extracts

of Indian mustard treated with protease XIV. According to our
differences in retention time of the Se species were due to theresults, we guess that Kotrebai’s plants were grown in selenate-
use of different PRP-X200 chromatographic columns during the enriched medium, because selenium remains mainly as the
whole study. All of the chromatograms were run until the elution SeQ?2~ form. However, in our plants no SeMet was detected.
of all the Se species. The representation of shorter chromato-When selenite is added to the medium, most of the inorganic
grams inFigure 2 was due to the absence of S€0in the selenium is metabolized and no oxidation was observed.
extracts (previously checked in each of the samples). The resultsHowever, the recovery is very low, which may indicate that
are summarized iTable 4. When plants were grown on the selenium is bound to nonproteinic structures that the enzyme is
NaSeQ-enriched medium, Sef, SeCys, and SeMet were  unable to cleave during the extraction step.

Table 4. Selenium Species Concentration Found in Each Part of Mustard, Lupine, and Sunflower When the Growing Medium Was Spiked with 1 mg
L1 of Selenium as Na,SeO; or Na,SeO,

Se-species content? (mg kg™)

when supplied with 1 mg L~ of Na,SeOs when supplied with 1 mg L~ of Na,SeO,4

Se0z%~ SeCys; SeMet Se04%~ SeMet

mustard

shoot 1.21+ 0.09 (3.18%) 4.8 +1.7 (12.65%) 1125 + 115 (91.46%)

root 21.2+£1.3(4.91%) 28.0 £2.1 (6.48%) 292 + 15 (30.86%) 258 £2.3(2.72%)
lupine

leaves 1.30 + 0.42 (2.60%) 10.2 + 1.2 (20.40%) 601 + 25 (95.25%)

stem 4.8 £1.9 (15.0%) 1.7+0.2 (5.31%) 11.2 £ 3.6 (35%) 428 + 14 (77.96%) 6.8+ 1.1(1.24%)

root 9.9 +5.4(16.5%) 42.7+4.2 (71.17%) 837 + 23 (96.65%)
sunflower

leaves 0.38 + 0.04 (3.25%) 1.83 £ 0.74 (15.64%) 25.2 5.9 (34.52%) 14.5 + 1.5 (19.86%)

stem 0.27£0.12 (1.8%) 1.32 +0.64 (8.8%) 39.0 £5.7 (97.50%) 1.9+0.9 (4.75%)

root 0.92 +0.03 (1.84%) 7.25+0.29 (14.5%) 20 + 11 (33.90%) 5.1+0.1(8.64%)

@ Results are expressed as mean value + standard deviation (n = 6). The figures in parentheses relate to the recovery (expressed as a percentage) of the total Se
concentration previously determined.
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(7) Birringer, M.; Pilawa, S.; Flohé, L. Trends in selenium bio-
chemistry.Nat. Prod. Rep2002,19, 693—718.

(8) De la Calle Guntifias, M. B.; Bordin, G.; Rodriguez, A. R.
Identification, characterization and determination of metal-
binding proteins by liquid chromatography. A reviewnal.
Bioanal. Chem2002,374, 369—378.

Se-methylselenocysteine was identified in Indian mustard
extracts when wild type and genetically modified plants grown
in selenite solution were extracted with proteinase K (26). The
production of this non-protein amino acid is believed to be the
result of the mechanism of Se-detoxification in plants. Therefore,
this compound could be among the unidentified species,
especially in the case of Indian mustard.

The recovery of species in most of the samples grown in the
Na&SeQ medium ranged from 54 to 102% compared to the
total selenium content, except for the root of the mustard and
the root of the sunflower, where the sum of the species was
33.6 and 42.5%, respectivelygble 4). When the plants were
grown in selenite, the sum of the identified species ranged from
10.6 to 23.0%, except for the stem and root of lupine, which
reached higher values (55.3 and 87.7%, respectively). The low
recoveries obtained in selenite-grown plants may indicate that
SeQ? is easily metabolized and incorporated into different Se
compounds difficult to identify due to the lack of suitable
standards (se€able 4). (9) Pyrzynska, K. Determination of selenium species in environ-

The experiments show that the chemical form in which mental samplesMicrochim. Acta2002,140, 55-62. _
selenium is present in each part of the plant depends not only (10) Lobinski, R.; Edmonds, J. S.; Suzuki, K. T.; Uden, P. C. Species-
on the inorganic selenium source but also on the kind of plant select_lve determination of selenium compounds in biological
analyzed. Selenate uses the same transporter as sulfate in gettingt 11) Eﬁ‘éir'?\lls'iurengﬂ'c Eh&mﬁqogh;i' 4ﬁ7wéléussman c. D
across plant membranes. Once inside, this ion is either toxic to Plant;‘ a.s a”natu?'lal sc')urc'e .c’)f concge'r1tr'ate('j’ mineral nl’Jtrit.ion'z:ll
or cannot efficiently utilize ATP sulfurylase and the subsequent supplementsEood Chem2000,71, 181—188.
enzymes leading to cysteine and methionine synthesis. The (12) Moreno, P.; Quijano, M. A.; Gl’Jtié’rrez, A. M.: Pérez-Conde, M.
reduction of selenate to selenite has also been pointed out as C.; Camara, C. Fractionation studies of selenium compounds
the rate-limiting step in selenate transformatiap (t therefore from oysters, and their determination by high-performance liquid
remains mainly as selenate in the various plant tissues, and it chromatography coupled to inductively coupled plasma mass
can readily move around the plant and, therefore, will ac- spectrometryJ. Anal. At. Spectron2001,16, 1044—1050.
cumulate in the above-ground biomass of the plant. Selenite, (13) Gémez-Ariza, J. L.; Morales, E.; Girdldez, |.; Sanchez-Rodas,
on the other hand, uses an unidentified mechanism to enter the D.; Velasco, A. Sample treatment in chromatography-based
cells of plants, which is much less efficient compared to selenate speciation of organometallic pollutants.Chromatogr. 2001,
uptake. However, once inside the cells, selenite is able to use 938, 211—-224.
the sulfur enzymes leading to cysteine and methionine synthesis. (14) Dernovics, M.; Stefanka, Zs.; Fodor, P. Improving selenium
This may be possible because selenite is at a lower oxidation extraction by sequential enzymatic processes for Se-speciation
state compared to sulfate. As a result, selenite will not move of selenium-enrichedgaricus bisporusAnal. Bioanal. Chem.
around the plant as readily as selenate and will accumulate more 2002,372, 473-480. .
in the roots, where will be converted more easily to organic (%) Michalke, B.; Witte, H.; Schramel, P. Effect of different
D e e e "

Dlﬁerences with qther authors concerning the selenlum uptake (16) Zhang, Y. Frznkenberger, W. T., Jr. Speciation of selenium in
a_nd species _found in the same plant tYPe COUId_ be attributed to plant water extracts by ion exchange chromatography-hydride
different environmental conditions during selenium accumula- generation atomic absorption spectrome8yi. Total Enziron.
tion. SeMet was the main amino acid produced by plants grown 2001,269, 39-47.
in inorganic selenium. This fact is very important because some (17) Montes-Bayon, M.; Yanes, E. G.; Ponce de Leon, C.; Jayasim-
authors have suggested the use of edible plants enhanced with hulu, K.; Stalcup, A.; Shann, J.; Caruso, J. A. Initial studies of
essential elements and especially with the anticarcinogenic selenium speciation iBrassica juncedy LC with ICPMS and
SeMet. In this respect, lupine and sunflower plants may be ES-MS detection: an approach for phytoremediation studies.
suitable because they are included in animal and human diets. Anal. Chem2001,74, 107—113.

Although ICP-MS is a selective detector for selenium, (18) de Souza, M. P.; Pilon-Smith, E. A. H.; Lytle, C. M.; Hwang,
identification techniques such as electrospray mass spectrometry S.; Tai, J.; Honma, T. S. U; Yeh, L.; Terry, N. Rate-limiting
(ESI-MS) or matrix-assisted laser desorption ionization time- steps in selenium _assimilation and volatilization by Indian
of-flight (MALDI-TOF) are required to overcome the lack of mustard Plant Physiol.1998,117, 1487—1494.
suitable standards. These promising coupled techniques, after (19) Marschner, H. IiMineral Nutrition of Higher Plants2nd ed.;
overcoming the current deficiency in sensitivity, will be helpful Academic Press: London, U.K., 1995.

tools in the identification of not only the principal components
of a sample (33) but also the rest of the components.
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