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Earlier work from our laboratory on Indian mustard (Brassica
juncea L.) identified the following rate-limiting steps for the assim-
ilation and volatilization of selenate to dimethyl selenide (DMSe):
(a) uptake of selenate, (b) activation of selenate by ATP sulfurylase,
and (b) conversion of selenomethionine (SeMet) to DMSe. The
present study showed that shoots of selenate-treated plants accu-
mulated very low concentrations of dimethylselenoniopropionate
(DMSeP). Selenonium compounds such as DMSeP are the most
likely precursors of DMSe. DMSeP-supplied plants volatilized Se at
a rate 113 times higher than that measured from plants supplied
with selenate, 38 times higher than from selenite, and six times
higher than from SeMet. The conversion of SeMet to selenonium
compounds such as DMSeP is likely to be rate-limiting for DMSe
production, but not the formation of DMSe from DMSeP because
DMSeP was the rate of Se volatilization from faster than from SeMet
and SeMet (but no DMSeP) accumulated in selenite- or SeMet-
supplied wild-type plants and in selenate-supplied ATP-sulfurylase
transgenic plants. DMSeP-supplied plants absorbed the most Se
from the external medium compared with plants supplied with
SeMet, selenate, or selenite; they also accumulated more Se in
shoots than in roots as an unknown organic compound resembling
a mixture of DMSeP and selenocysteine.

Selenium accumulation and volatilization by plants have
been shown to be effective for the phytoremediation of
Se-contaminated soil and water (Bañuelos et al., 1995; Han-
sen et al., 1998; Terry and Zayed, 1998). Se volatilization is
particularly attractive for the phytoremediation of contam-
inated environments because inorganic Se is converted to
the gas dimethylselenide (DMSe), which is approximately
600 times less toxic than inorganic Se (McConnell and
Portman, 1952; Wilber, 1980). By understanding the phys-
iology and biochemistry of Se assimilation and volatiliza-
tion, it should be possible to enhance the efficiency of Se
phytoremediation. Indian mustard (Brassica juncea L.) has
been used as a model plant to study Se metabolism because
field experiments have shown it to be an excellent candi-
date for the phytoremediation of Se-contaminated soil
(Bañuelos and Meek, 1990; Bañuelos et al., 1995). This plant
is not a Se hyperaccumulator but it takes up and volatilizes

Se at high rates compared with other plants (Terry et al.,
1992).

Se, a chemical analog of S, is thought to be assimilated
and volatilized by plants using the same enzymes of the S
assimilation pathway (Brown and Shrift, 1982; Terry and
Zayed, 1994). Indeed, recent experiments with transgenic
plants demonstrated that the proposed Se assimilation and
volatilization pathway (Terry and Zayed, 1994) uses en-
zymes of the S assimilation and volatilization pathway. For
example, selenate, the analog of sulfate, was shown to be
transported by sulfate permease (S. Hwang and N. Terry,
unpublished results) and then reduced via ATP sulfurylase
(APS), the enzyme that activates sulfate (Pilon-Smits et al.,
1999). Selenate and selenite (the inorganic species of Se) are
incorporated into seleno-Cys (SeCys) and seleno-Met (Se-
Met) in a manner similar to the assimilation of sulfate into
Cys and Met (Brown and Shrift, 1982; Anderson and Scarf,
1983; Anderson, 1993). Kinetic studies have demonstrated
that selenate uptake and reduction were rate-limiting steps
for Se assimilation and volatilization (de Souza et al., 1998).
Rhizosphere bacteria facilitate the accumulation of selenate
into plant tissues, thereby overcoming the first rate-
limiting step of selenate uptake (de Souza et al., 1999).
Subsequently, the enzyme APS was shown to be responsi-
ble for selenate reduction in vivo by overexpressing APS in
Indian mustard, which resulted in increased reduction of
selenate to organic Se forms such as SeMet (Pilon-Smits et
al., 1999). X-ray absorption spectroscopy (XAS) showed
that wild-type Indian mustard treated with selenate accu-
mulated Se, mainly in the form of selenate, in root and
shoot tissues, whereas selenite- or SeMet-treated plants
accumulated an organoselenium compound similar to Se-
Met (de Souza et al., 1998; Zayed et al., 1998). SeMet is
volatilized much more readily than selenate or selenite; the
rate of Se volatilization measured separately from roots
and shoots of Indian mustard supplied with SeMet was 48
to 100 times higher than plants supplied with selenate or
selenite (Zayed et al., 1998).

In order for volatile DMSe to be produced from SeMet, a
methyl group has to be added to SeMet, producing a
selenonium compound such as Se-methylSeMet or dimeth-
ylselenoniopropionate (DMSeP). This view is derived by
analogy to the pathway of dimethylsulfide (DMS) produc-
tion, where the major precursors of DMS in higher plants
are the sulfonium compounds S-methyl-Met and dimeth-
ylsulfoniopropionate (DMSP) (Dacey et al., 1987; Mudd
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and Datko, 1990; Rennenberg, 1991), which are also
thought to serve as osmoprotectants (Hanson et al., 1997).
Spartina alterniflora, an aquatic halophyte that accumulates
very high concentrations of DMSP and also produces DMS
at very high rates (Dacey et al., 1987), was recently shown
to accumulate Se-methylSeMet and DMSeP (Ansede et al.,
1999). These results show that plants can convert selenate
to DMSeP. The conversion of selenate to SeMet is likely to
occur by the enzymes of the S assimilation pathway (Terry
and Zayed, 1994), while SeMet would be converted to
DMSeP by the DMSP biosynthetic pathway from Met
(Hanson et al., 1994, 1997; Kocsis et al., 1998). Thus, SeMet
may be methylated to Se-methylSeMet, which would be the
most likely stable precursor of DMSeP. Evidence support-
ing this view was obtained by Lewis et al. (1974), who
showed that Se-methylSeMet was the source of DMSe pro-
duction in cabbage leaves. DMSeP served as the substrate
for DMSe in bacteria (Ansede and Yoch, 1997), which pro-
duced DMSe via the enzyme DMSP lyase (de Souza and
Yoch, 1995).

That DMSeP is the precursor of DMSe has been estab-
lished for the halophyte S. alterniflora under conditions of
high Se concentrations (52–260 mm selenate) and high sa-
linity (Ansede et al., 1999). To determine if DMSeP is the
precursor of DMSe in Indian mustard under the physio-
logical conditions used in our earlier studies on rate limi-
tation (de Souza et al., 1998; Zayed et al., 1998; Pilon-Smits
et al., 1999), we used HPLC, gas chromatography (GC), and
XAS to detect DMSeP in plant tissues. Secondly, assuming
that DMSeP is a precursor in Indian mustard, we wished to
determine which step in DMSe production from SeMet is
rate limiting, the conversion of SeMet to DMSeP or the
conversion of DMSeP to DMSe. This was tested by supply-
ing SeMet and DMSeP to plants and comparing the rates of
volatilization and the amount and form of Se accumulated
in plant tissues for each form supplied.

MATERIALS AND METHODS

To compare the assimilation of DMSeP with other chem-
ical forms of Se by Indian mustard (Brassica juncea L.),
selenate, selenite, SeMet, and DMSeP were supplied to
plants. To show that plants can assimilate and volatilize
DMSeP, several analytical tools were used to: (a) demon-
strate that the salt that was synthesized was indeed DM-
SeP, (b) determine the amount and form of Se accumulat-
ing in plant tissues, and (c) measure the amount of Se
volatilized.

DMSeP Synthesis and Mass Spectroscopy (MS) Analysis

DMSeP was synthesized by the method described for
DMSP synthesis (Chambers et al., 1987), except that DMSe
was used instead of DMS. Bubbling of HCl gas into the
DMSe/acrylic acid mixture resulted in a hygroscopic pre-
cipitate, which was washed and recrystallized with ethanol
to obtain white crystals. The DMSeP crystals were placed in
a dessicator with silica gel at room temperature. Crystals of
DMSeP were weighed and a 20 mm stock solution was
prepared in water. When stock solutions of higher concen-

tration were prepared and kept at 4°C, DMSeP precipitated
in the form of spherical crystals. DMSP was obtained from
Research Plus (Bayonne, NJ). For this study, freshly pre-
pared 20 mm stock solutions were prepared before each
experiment. Positive ion electrospray liquid chromatogra-
phy/MS was used to determine the purity of the DMSeP
preparation, and carried out on a triple quadrupole mass
spectrometer (VG Trio 3, Analytica, Branford, CT) using an
Atmospheric Pressure Ionization source. Samples were an-
alyzed by directly injecting them into the spectrometer. A
mobile phase of deionized water: acetonitrile with 0.1%
(w/v) acetic acid was used (1:1, v/v).

Plant Growth, Se Treatment, and Analysis

Indian mustard seeds were obtained from the North
Central Regional Plant Introduction Station in Ames, IA
(accession no. 173847). Plants were grown in soil (UC mix:
a mixture of peat moss, fertilizer, and coarse sand) for 6
weeks, after which time they were washed in water and
placed in boxes containing one-half-strength Hoagland so-
lution (Hoagland and Arnon, 1938). The solutions were
aerated, and the boxes maintained in a greenhouse with a
9-h daylength and a controlled temperature of between
25°C and 30°C. The plants were allowed to grow under
these conditions for 1 week, after which time Se (20 mm)
was added as DMSeP, SeMet, sodium selenite, or sodium
selenate. The plants were treated with Se for 1 week, after
which time the hydroponic solution containing the appro-
priate Se form was replaced, and Se volatilization was
measured in airtight chambers as described previously
(Zayed and Terry, 1992; de Souza et al., 1998). After 24 h of
collection of volatile Se in alkaline peroxide trap solution,
the plants were washed thoroughly in running distilled
water, and dried at 55°C for 3 d. Shoots and roots were
separated from each other, weighed, and ground to a fine
powder in a Wiley mill. The dry weights of all plants used
in this study were not significantly different from each
other (P . 0.05), with shoots and roots averaging 1.56 and
0.7 g, respectively. The Se content of the dried plant mate-
rial was measured by vapor-generation atomic absorption
spectroscopy of acid-digests of the dried plant material
(Martin, 1975; Logan et al., 1987). Three replicates were
used for all treatments. The total amount of Se in plant
tissues was obtained by multiplying the Se concentration in
the plant part by the dry weight of that part. The total
uptake of Se by plants supplied with different chemical
forms of Se was estimated by adding the total amount of Se
accumulated per plant (root plus shoot) to the amount of Se
volatilized over the 8-d exposure to Se. The amount of Se
volatilized by plants over the entire 8-d exposure to Se was
calculated from the rate of Se volatilization measured after
7 d of Se pretreatment, because this rate was shown to be
linear over a 14-d period (de Souza et al., 1998).

HPLC Analysis

Analysis of DMSeP was carried out on a HPLC (LC-10A,
Shimadzu, Columbia, MD) with a diode array detector
(model SPD-M10, AVP, Mason Techology, Dublin, Ire-
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land). Separations were performed by cation exchange
chromatography at room temperature with a stainless steel
column (250- 3 4.6-mm i.d.) packed with Partisil 10 SCX
(phenyl sulfonic acid groups bound to a silica support).
The analyses were carried out under isocratic conditions.
The mobile phase was water containing 5% methanol buff-
ered with 0.05 m KH2PO4. The column and mobile phase
were those used by Gorham (1984) for the separation of Gly
betaine and DMSP, and more recently by Colmer et al.
(1999), for the simultaneous separation and detection of
Pro, Gly betaine, DMSP, Pro betaine, and Arg in plant leaf
extracts. Dried plant samples (0.3 g) were ground using
liquid nitrogen. Before the samples thawed, 1 mL of 10%
HCl was added. A few drops of water were added to
produce a homogenous paste. This paste was transferred to
a centrifuge tube, and centrifuged for 15 min at 1,500g. The
liquid phase was filtered through a 0.45-mm membrane
filter, transferred to a volumetric flask, and made up to 10
mL, giving a clear solution for injection into the sample
loop (20 mL) of the HPLC. DMSP and DMSeP in the plant
extracts were detected by comparing residence times of
peaks with those obtained from standard solutions of these
onium compounds.

Analysis of DMSeP Content by GC

DMSeP in plant tissues was analyzed by measuring base-
hydrolyzable DMSe, as described by Ansede et al. (1999).
In this assay, plant tissues were digested with NaOH,
which carries out the same elimination reaction as the
enzyme DMSP lyase, cleaving DMSeP to an equimolar
amount of DMSe. Samples (5–25 mL) of a 10 mm DMSeP
stock solution or 0.3 g of plant tissue were treated with 5
mL of 4.5 m NaOH in 15-mL glass serum vials. The vials
were immediately capped with Teflon-faced butyl rubber
stoppers, and sealed with aluminum crimp caps. The base
elimination reaction producing DMSe was allowed to pro-
ceed at room temperature for 24 h. DMSe was analyzed by
injecting 0.25 mL of headspace gas into a gas chromato-
graph (model 3700, Varian, Palo Alto, CA) equipped with
a flame ionization detector. The column contained 10%
Carbowax 1000 on a Chromosorb W-AW support. The
injector and detector temperatures were 150°C, and the
oven temperature was 75°C. These conditions allowed for
the separation of DMSe from its S analog, DMS, similar to
the chromatographic data presented in Ansede et al. (1999).

XAS Analysis

Roots and shoots of plants supplied with 20 mm SeMet or
DMSeP were frozen at 280°C, and analyzed by XAS to
determine the chemical form of Se present in tissues with-
out using chemical extraction methods. The XAS analysis
was performed at the Stanford Synchotron Radiation Lab-
oratory on beam line 4-3. The electron energy was 3.0 GeV,
with a current of approximately 50 to 100 mA. A Si(220)-8
double-crystal spectrometer was used to monochromatize
the x-rays, which were detuned 50% for harmonic rejection,
and positioned with a 1-mm entrance slit that produced a
beam of approximately 1-eV band width. Stock solutions of

standard reference solutions of 10 mm DMSeP, SeMet, and
SeCys were used. SeCys was synthesized from selenocys-
tine and dithiothreitol as described previously (Esaki et al.,
1981). Standard reference solutions or plant tissue samples
were placed in a sample chamber at a 45° angle to the x-ray
beam. Fluorescent x-ray spectra were obtained by a series
of replicate scans dependent on trace element concentra-
tion. The energy positions of all spectra were calibrated
against a Se reference foil.

RESULTS

Analysis of DMSeP by MS, HPLC, and GC

The white crystals of DMSeP that were synthesized from
DMSe and acrylic acid were analyzed by MS (Fig. 1), and
showed peaks which exactly matched the predicted pattern
based on the formula C5H11O2Se. Furthermore, the mass
spectrum showed that no other major contaminants were
present in the preparation. The DMSeP was also analyzed
by HPLC, using a method developed to separate DMSeP
(Fig. 2A) from its S analog, DMSP (Fig. 2B). DMSeP had a
longer retention time compared with its chemical analog,
DMSP. The finding that DMSeP could be separated by
HPLC from its chemical analog is important, because many
different plants produce DMSP (Paquet et al., 1995).

Indian mustard plants treated with 20 mm selenate con-
tained trace levels of DMSeP in the shoots (Fig. 2C). The
indirect GC assay for DMSeP (i.e. DMSe produced from
selenate-treated plants digested with strong base) could
not measure detectable levels of DMSeP (data not shown).
Similar results were obtained from plants supplied with
selenite and from selenate-treated transgenic plants over-
expressing ATP sulfurylase (E.A.H. Pilon-Smits, M.P. de
Souza, and N. Terry, unpublished data).

Figure 1. The predicted mass spectrum of DMSeP (A) from a com-
puter model based on the Mr of the compound. The mass spectrum
of DMSeP salt crystals (B) was very similar to the predicted spectrum.
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Chemical Speciation of Se in Tissues of Plants Supplied with
SeMet or DMSeP

DMSeP had a very distinct XAS spectrum from other
organic Se forms to which it is related, SeCys and SeMet
(Fig. 3A). The x-ray absorption near edge spectrum
(XANES) of Se in roots and shoots of plants supplied with
SeMet were similar to each other and to the SeMet refer-
ence (Fig. 3B). Thus, SeMet-supplied plants accumulate Se
in tissues in the form of SeMet. XANES of DMSeP-treated
Indian mustard leaf and root samples were similar to each
other (Fig. 4A); however, there were differences in x-ray
energy and post-edge characteristics in both leaf and root
XANES of the unknown Se compound compared with the
DMSeP reference (Fig. 4A), suggesting a change in valence
or that the Se is bound to a different ligand. Plants supplied
with DMSeP transformed it to an unidentified organic form
of Se, most similar to a combination of DMSeP and another
organic Se species such as SeCys (Fig. 4B). In comparison,
plants supplied with selenite accumulated an organic Se
form very similar to SeMet, whereas plants treated with
selenate accumulated mainly selenate (Table I).

Se Volatilization and Accumulation from
DMSeP-Supplied Plants

The highest rates of Se volatilization were obtained from
DMSeP, followed by SeMet, selenite, and selenate (Fig. 5).
Rates of Se volatilization were six times higher from plants
supplied with DMSeP compared with SeMet, 38 times
higher than selenite, and 113 times higher than selenate.
DMSeP-treated plants accumulated significantly less Se in
roots than plants supplied with other forms of Se (Fig. 6).

DMSeP-treated plants and selenate-treated plants accumu-
lated more Se in shoots than in roots, whereas plants
treated with selenite or SeMet accumulated more Se in
roots compared with shoots. Plants supplied with DMSeP,
selenate, or SeMet accumulated more Se per plant (root
plus shoot) than selenite-supplied plants. The concentra-
tions of Se and the amount of Se in each plant part showed
similar patterns for the different Se treatments, because all
plants had very similar dry weights. In spite of the large
shoot biomass (compared with roots), the distribution pat-
tern of Se accumulated in shoots and roots was the same on
a concentration basis or when expressed as the total
amount of Se per plant part. The only exception was for the
selenate-treated plants, which accumulated similar concen-
trations of Se in roots and shoots. The total amount of Se
absorbed (amount volatilized plus amount accumulated)
was highest for plants supplied with DMSeP, followed in
descending order by SeMet, selenate, and selenite (Table I).

Figure 3. A, DMSeP shows a distinct XAS compared with SeMet and
seleno-Cys. B, XAS analysis of an Indian mustard plant treated with
20 mM SeMet shows that its shoot and root accumulate an organic Se
form with a spectrum very similar to that of an SeMet standard. All
standards were analyzed at a concentration of 10 mM.

Figure 2. Analysis of DMSeP and DMSP by HPLC. DMSeP (A, 10
mM) had a longer retention time than its sulfonium analog, DMSP (B,
25 mM). An extract of an Indian mustard plant treated with 20 mM

selenate showed only a trace amount of DMSeP (C). The peaks with
earlier retention times that DMSeP and DMSP represent anionic
compounds including acrylic acid, a by-product of the degradation
of DMSeP or DMSP to DMSe or DMS, respectively.

1284 de Souza et al. Plant Physiol. Vol. 122, 2000



DISCUSSION

Although DMSeP was detected by the HPLC assay in
shoots of Indian mustard plants supplied with selenate
under the same physiological conditions used in our earlier
studies on rate-limitation, the concentrations measured
were very low. Since volatile Se was produced from DM-

SeP at very high rates (113 times higher than selenate), it is
perhaps not surprising that we were unable to detect high
concentrations of DMSeP in plants supplied with selenate.
In fact, almost 60% of the Se taken up by DMSeP-supplied
plants was volatilized, compared with 21.5% in SeMet-
supplied plants, 6.3% in selenite-supplied plants, and only
2% in selenate-supplied plants (Table I). The fact that DM-
SeP was so readily taken up, assimilated, and volatilized is
consistent with the view that DMSeP may serve as a pre-
cursor of DMSe in Indian mustard. Furthermore, plants
supplied with selenate are unlikely to accumulate DMSeP,
in spite of the fact that they contain 100 mg g21 (1.25 mm)
total Se in shoots and in roots, because of the rate limita-
tions involved in the conversion of inorganic Se to SeMet
and selenonium compounds such as DMSeP (see below).
Indeed, XAS showed that selenate-supplied Indian mus-
tard plants mostly accumulated Se in tissues in the form of
selenate (de Souza et al., 1998).

Assuming that selenonium compounds such as DMSeP
serve as precursors of DMSe, it would appear that the

Figure 4. XAS analysis of the shoot and root of an Indian mustard
plant treated with 20 mM DMSeP shows that plants can metabolize
DMSeP to an organic Se form with a spectrum different from DMSeP
(A). The spectral characteristics of the unknown form are most similar
to a blend of 80% SeCys and 20% DMSeP (B).

Figure 5. The rate of Se volatilization measured from DMSeP com-
pared with other organic and inorganic Se forms supplied to Indian
mustard plants at a concentration of 20 mM. The mean and SD of three
replicates is shown.

Table I. Use of XAS to determine the chemical form of Se accumulated in shoots and roots of Indian mustard and broccoli (both Brassi-
caceae) supplied with different forms of Se

These data are summarized from Figs. 3B and 4 (de Souza et al., 1998; Zayed et al., 1998).

Form of Se
Supplied

Type of Plant Form of Se in Plant Tissue Total Absorptiona % Volatilized (of
Se Absorbed)

mg Se

Selenate Broccoli or Indian mustard Selenate; small amount of SeMet 382 6 151 1.8
Selenite Broccoli or Indian mustard All SeMet 157 6 61 6.3
SeMet Broccoli or Indian mustard All SeMet 529 6 114 21.5
DMSeP Indian mustard Unknown organic formb 953 6 375 59.6
a Total absorption is the sum of the amount of Se volatilized and the amount accumulated in plant tissues after 8 d. b The unknown organic

Se form most closely resembles a mixture of 80% SeCys and 20% DMSeP.
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synthesis of selenonium compounds such as DMSeP from
SeMet is rate-limiting for DMSe production rather than the
conversion of DMSeP to DMSe. The evidence for this
comes from the facts that: (a) DMSeP is volatilized six times
faster than SeMet, and (b) selenite- or SeMet-supplied wild-
type Indian mustard plants and ATP-sulfurylase trans-
genic plants supplied with selenate accumulate SeMet (Fig.
3B; Table I; de Souza et al., 1998; Pilon-Smits et al., 1999)
but do not accumulate DMSeP (M.P. de Souza, E.A.H.
Pilon-Smits, and N. Terry, unpublished GC data). Thus, we
have developed the following model of the rate-limiting
steps in selenate assimilation and volatilization: The first
rate-limiting step in the pathway is the uptake of selenate
(de Souza et al., 1998) via sulfate permease (S. Hwang and
N. Terry, unpublished data). The second rate-limiting step
is the activation of selenate by ATP sulfurylase (Pilon-
Smits et al., 1999). From the present work it would appear
that the third rate-limiting step is the conversion of SeMet
to selenonium compounds such as DMSeP. Thus, we have
identified at least three rate-limiting steps in the selenate
volatilization pathway.

By analogy to the S volatilization pathway, in which the
major precursors of DMS in higher plants are the sulfo-
nium compounds S-methyl-Met and DMSP (Mudd and

Datko, 1990; Rennenberg, 1991), the selenonium com-
pounds Se-methylSeMet and DMSeP may serve as precur-
sors for DMSe production in Indian mustard. The synthesis
of Se-methylSeMet and DMSeP from SeMet may occur via
the same biochemical pathway proposed for the synthesis
of their S analogs, S-methyl-Met and DMSP, from Met in
higher plants (Hanson et al., 1994, 1997; Kocsis et al., 1998).
The first step in the DMSeP biosynthetic pathway would be
the methylation of SeMet to Se-methylSeMet by the cyto-
solic enzyme Met methyltransferase (James et al., 1995;
Bourgis et al., 1999). Se-methylSeMet is likely to be con-
verted to DMSeP in the chloroplast by the enzymes of the
DMSP biosynthetic pathway, and two of these have been
identified so far: a transaminase (Rhodes et al., 1997) and a
dehydrogenase (Vojtechova et al., 1997). The formation of
DMSe from DMSeP (with the release of acrylic acid and a
proton) takes place via an elimination reaction catalyzed by
strong base or the enzyme DMSP lyase (Ansede et al.,
1997), which has been purified from an Alicaligenes sp. (de
Souza and Yoch, 1995) and is thought to exist in plants
(Dacey et al., 1987). In the shoots, volatile DMSe can be
directly produced from Se-methylSeMet (Lewis et al.,
1974), presumably by the enzyme S-methyl-Met hydrolase,
which produces DMS from S-methyl-Met in higher plants
(Giovanelli et al., 1980; Mudd and Datko, 1990).

Plants supplied with DMSeP, selenate, or SeMet ab-
sorbed more Se per plant than selenite-supplied plants
(Table I). The reason that SeMet and selenate were ab-
sorbed to a much greater extent is very likely because they
are actively transported into the root (Leggett and Epstein,
1956; Sandholm et al., 1973; Abrams et al., 1990). Selenite
uptake is thought to be passive (Bange, 1973; Arvy, 1993),
which would explain its relatively low absorption. Since
DMSeP was absorbed to the greatest extent compared with
the other Se forms, it is possible that its uptake is active,
and that it is taken up by the SeMet transport protein
because of its chemical similarity to SeMet. The DMSeP-
supplied plants accumulated Se in their tissues as an un-
known organic compound most resembling a mixture of
DMSeP and SeCys, which may have been produced by
methyltransferase reactions.

The model we have developed above for selenate assim-
ilation to DMSe includes several chloroplastic enzymes.
Since the root is the major site of Se volatilization (roots
volatilized Se at rates that were 26 times higher than shoots
[Zayed and Terry, 1994]), it is evident that the enzymes of
DMSe production (methyl-Met hydrolase and DMSP lyase)
must be present in roots. Furthermore, the substrates for
DMSe production (Se-methylSeMet and DMSeP) must be
present in roots. By analogy to the S pathway, Se-methyl-
SeMet could be synthesized in the roots by the cytosolic
enzyme Met methyltransferase (James et al., 1995). On the
other hand, DMSeP, which is likely to be synthesized in the
chloroplast by the enzymes of DMSP synthesis (Hanson et
al., 1997), would have to be transported to the root for
conversion to DMSe. Consistent with the fact that the root
is the major site of Se volatilization, roots of plants sup-
plied with DMSeP contained much lower concentrations of
Se than shoots (Fig. 6).

Figure 6. Total amount of Se accumulated in plant shoots (A) and
roots (B) after 8 d of treatment with DMSeP and other forms of Se
supplied to Indian mustard, all at 20 mM. The mean and SD of three
replicates is shown. The values beside the bars represent mg g21 Se
in each plant part.

1286 de Souza et al. Plant Physiol. Vol. 122, 2000



DMSe is the predominant form of Se produced by Se
non-accumulators (Lewis, 1971) such as Indian mustard.
The present work provides evidence that the selenonium
compound DMSeP is converted to volatile Se much more
efficiently than SeMet or inorganic Se compounds. Thus,
the conversion of SeMet to selenonium compounds such as
DMSeP is likely to be rate-limiting for Se volatilization in
addition to the rate-limiting steps of selenate uptake and
reduction.
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Bañuelos GS, Terry N, Zayed A, Wu L (1995) Managing high soil
Se with phytoremediation. In GE Schuman, GF Vance, eds,
Selenium: Mining, Reclamation, and Environmental Impact.
Proceedings of the 12th Annual National Meeting of the Amer-
ican Society for Surface Mining and Reclamation, Gillette, WY.
American Society for Surface Mining and Reclamation, Prince-
ton, WV, pp 394–405

Bourgis F, Roje S, Nuccio ML, Fisher DB, Tarczynski MC, Li C,
Herschbach H, Pimenta MJ, Shen TL, Gage DA, Hanson AD
(1999) S-Methylmethionine plays a major role in phloem sulfur
transport and is synthesized by a novel type of methyltrans-
ferase. Plant Cell 11: 1485–1498

Brown TA, Shrift A (1982) Selenium: toxicity and tolerance in
higher plants. Biol Rev 57: 59–84

Chambers ST, Kunin CM, Miller D, Hamada A (1987) Dimeth-
yltin can substitute for glycine betaine as an osmoprotectant
molecule for Escherichia coli. J Bacteriol 169: 4845–4847

Colmer TD, Corradini F, Cawthray GR, Otte ML (2000) Analysis
of dimethylsulphoniopropionate (DMSP), betaines, and other
organic solutes in plant tissue extracts using HPLC. Phytochem
Anal (in press)

Dacey JWH, King GM, Wakeham SG (1987) Factors controlling
the emission of dimethylsulphide from salt marshes. Nature 330:
643–645

de Souza MP, Chu D, Zhao M, Zayed AM, Ruzin SE, Schichnes
D, Terry N (1999) Rhizosphere bacteria enhance selenium accu-
mulation and volatilization by Indian mustard. Plant Physiol
119: 563–573

de Souza MP, Pilon-Smits EAH, Lytle CM, Hwang S, Tai J,
Honma TSU, Yeh L, Terry N (1998) Rate limiting steps in Se
assimilation and volatilization by Brassica juncea. Plant Physiol
117: 1487–1494

de Souza MP, Yoch DC (1995) Purification and characterization of
dimethylsulfoniopropionate (DMSP) lyase from an Alcaligenes-
like dimethyl sulfide-producing marine isolate. Appl Environ
Microbiol 61: 21–26

Esaki N, Nakamura T, Tanaka H, Suzuki T, Morino Y, Soda K
(1981) Enzymatic synthesis of selenocysteine in rat liver. Bio-
chem 20: 4492–4496

Giovanelli J, Mudd SH, Datko AH (1980) Sulfur amino acids in
plants. In BJ Miflin, ed, The Biochemistry of Plants, Vol 5.
Academic Press, New York, pp 453–505

Gorham J (1984) Separation of plant betaines and their sulphur
analogues by cation-exchange high performance liquid chroma-
tography. J Chromat 287: 345–351

Hansen D, Duda P, Zayed AM, Terry N (1998) Selenium removal
by constructed wetlands: role of biological volatilization. Envi-
ron Sci Technol 32: 591–597

Hanson AD, Rivoal J, Paquet L, Gage DA (1994) Biosynthesis of
3-dimethylsulfoniopropionate by Wollastonia biflora (L.) DC.
Plant Physiol 105: 103–110

Hanson AD, Trossat C, Nolte KD, Gage DA (1997) 3-Dimethyl-
sulfoniopropionate biosynthesis in higher plants. In WJ Cram,
ed, Sulphur Metabolism in Higher Plants: Molecular, Ecophysi-
ological and Nutrition Aspects. Third Workshop, Newcastle
upon Tyne. Backhuys Publishers, Leiden, The Netherlands, pp
147–154

Hoagland D, Arnon DI (1938) The water culture method for
growing plants without soil. Bull Calif Agric Stat 346

James F, Nolte KD, Hanson AD (1995) Purification and properties
of S-adenosyl-l-methionine:l-methionine S-methyltransferase
from Wollastonia biflora leaves. J Biol Chem 270: 22344–22350

Kocsis MG, Nolte KD, Rhodes D, Shen TL, Gage DA, Hanson
AD (1998) Dimethylsulfoniopropionate biosynthesis in Spartina
alterniflora: evidence that S-methylmethionine and dimethylsul-
foniopropylamine are intermediates. Plant Physiol 117: 273–281

Leggett JE, Epstein E (1956) Kinetics of sulfate adsorption by
barley roots. Plant Physiol 31: 222–226

Lewis BG (1971) Volatile selenium in higher plants: the produc-
tion of dimethyl selenide in cabbage leaves by the enzymatic
cleavage of methylSeMet selenonium salt. PhD thesis. Univer-
sity of California, Berkeley

Lewis BG, Johnson CM, Broyer TC (1974) Volatile selenium in
higher plants: the production of dimethylselenide in cabbage
leaves by enzymatic cleavage of Se-methyl SeMet selenonium
salt. Plant Soil 40: 107–118

Logan TJ, Chang AC, Page AL, Ganje TJ (1987) Accumulation of
selenium in crops grown on sludge-treated soil. J Environ Qual
16: 349–352

Martin TD (1975) Determining selenium in wastewater sediment
and sludge by flameless atomic absorption. Atomic Abs News-
lett 14: 109–116

McConnell KP, Portman OW (1952) Toxicity of dimethyl selenide
in the rat and mouse. Proc Soc Exp Biol Med 79: 230–231

Mudd SH, Datko AH (1990) The S-methylmethionine cycle in
Lemna paucicostata. Plant Physiol 93: 623–630

Paquet L, Lafontaine PJ, Saini HS, James F, Hanson AD (1995)
Evidence in favor of the presence of 3-dimethylsulfoniopro-
pionate in a large gamut of angiosperms. Can J Bot 73: 1889–1896

Pilon-Smits EAH, Hwang S, Lytle CM, Zhu Y, Tai JC, Bravo RC,
Chen Y, Leustek T, Terry N (1999) Overexpression of ATP

Dimethylselenoniopropionate Assimilation and Volatilization 1287



sulfurylase in Indian mustard leads to increased selenate up-
take, reduction, and tolerance. Plant Physiol 119: 123–132

Rennenberg H (1991) The significance of higher plants in the
emission of sulfur compounds from terrestrial ecosystems. In TD
Sharkey, EA Holland, HA Mooney, eds, Trace Gas Emissions by
Plants. Academic Press, San Diego, pp 217–260

Rhodes D, Gage DA, Cooper AJL, Hanson AD (1997) S-Methyl-
methionine conversion to dimethylsulfoniopropionate: evidence
for an unusual transamination reaction. Plant Physiol 115: 1541–
1548

Sandholm M, Oksanen HE, Pesonen L (1973) Uptake of selenium
by aquatic organisms. Limnol Oceanogr 18: 496–498

Terry N, Carlson C, Raab TK, Zayed AM (1992) Rates of sele-
nium volatilization among crop species. J Environ Qual 21:
341–344

Terry N, Zayed AM (1994) Selenium volatilization by plants. In
WT Frankenberger Jr, Benson S, eds, Selenium in the Environ-
ment. Marcel Dekker, New York, pp 343–369

Terry N, Zayed AM (1998) Phytoremediation of selenium. In WT
Frankenberger Jr, Engberg RA, eds, Environmental Chemistry of
Selenium. Marcel Dekker, New York, pp 633–657

Vojtechova M, Hanson AD, Munoz-Clares RA (1997) Betaine-
aldehyde dehydrogenase from Amaranth leaves efficiently cata-
lyzes the NAD-dependent oxidation of dimethylsulfoniopopi-
onaldehyde to dimethylsulfoniopropionate. Arch Biochem
Biophys 337: 81–88

Wilber CG (1980) Toxicology of selenium: a review. Clin Toxicol
17: 171–230

Zayed AM, Lytle CM, Terry N (1998) Accumulation and volatil-
ization of different chemical species of selenium by plants.
Planta 206: 284–292

Zayed AM, Terry N (1992) Selenium volatilization in broccoli as
influenced by sulfate supply. J Plant Physiol 140: 646–652

Zayed AM, Terry N (1994) Selenium volatilization in roots and
shoots: effect of shoot removal and sulfate level. J Plant Physiol
143: 8–14

1288 de Souza et al. Plant Physiol. Vol. 122, 2000


