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Rice (Oryza sativa) is the staple food for half of the world’s population, but the selenium (Se) concen-
trations in rice grain are low in many rice-growing regions. This study investigated the effects of water
management on the Se speciation dynamics in the soil solution and Se uptake and speciation in rice in
a pot experiment. A control containing no Se or 0.5 mg kg~ of soil of selenite or selenate was added to
the soil, and plants were grown under aerobic or flooded conditions. Flooding soil increased soluble Se
concentration when no Se or selenite was added to the soil, but decreased it markedly when selenate
was added. Selenate was the main species in the +selenate treatment, whereas selenite and seleno-
methionine selenium oxide were detected in the flooded soil solutions of the control and +selenite
treatments. Grain Se concentration was 49% higher in the flooded than in the aerobic treatments without
Se addition. In contrast, when selenate or selenite was added, the aerobically grown rice contained
25- and 2-fold, respectively, more Se in grain than the anaerobically grown rice. Analysis of Se in rice grain
using enzymatic hydrolysis followed by HPLC-ICP-MS and in situ X-ray absorption near-edge structure
(XANES) showed selenomethionine to be the predominant Se species. The study showed that selenate
addition to aerobic soil was the most effective way to increase Se concentration in rice grain.
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INTRODUCTION

Selenium (Se) is an essential micronutrient for humans. Sub-
optimal intake of Se is associated with a range of health effects
such as oxidative stress, impaired immune function, reduced
fertility, and increased risk of some cancers (/). Globally, between
0.5 and 1 billion people are estimated to have an insufficient
intake of Se (2). A recent global survey of rice (Oryza sativa), the
staple food for more than half of the world’s population (3),
showed that 75% of the samples had a Se concentration insuffi-
cient for human requirements (). Because Se enters the food chain
through plants, biofortification of food crops through Se fertili-
zation or genetic improvement is considered to be an effective way
of raising Se intake in a target population (7, 5,6). This approach
has the merit of using plants as effective buffers to prevent accidental
overdose of Se. Moreover, the assimilation of inorganic Se into
organic forms by plants also enhances its nutritional efficacy (7).
Selenium biofortification of crops through fertilization has been
successfully practiced in Finland since the mid-1980s (8).

The accumulation of Se by plants is determined by the ability of
a plant to take up Se, which varies widely among plants species
(1,9, 10), and the bioavailability of Se in the soil. Plant-available
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Se in soil is strongly influenced by Se speciation, with the redox
potential and pH playing a central role (//, 12). Selenate tends
to be the predominant species in aerobic and neutral to alkaline
environments; selenite becomes the dominant species in the envi-
ronment with an intermediate redox potential, especially with an
acidic pH, whereas elemental Se and selenide may be produced in
anaerobic environments (/3). The various chemical forms of Se
differ widely in their water solubility and sorption to soil. Selenate
and selenite are highly water-soluble. However, selenate behaves
mainly as a nonsorbing solute, whereas selenite can be adsorbed
strongly by the soil solid phase (e.g., iron oxides/hydroxides),
resulting in a lower solubility in the soil solution (/4—16). Thus,
selenate is generally more available for plant uptake than selenite
(11,17—19). A number of studies have investigated the effects of
redox potential, pH, and the addition of organic matter on the
transformation of Se species and Se mobility (20—22); however,
these studies have focused on Se-contaminated soils or sediments
with the aim of reducing Se mobility in the environment and Se
toxicity to the organisms. Moreover, the forms of Se were
quantified by subtraction of different chemically reactive pools,
which may not be specific to individual Se species. Much less is
known about Se speciation, transformation, and bioavailability
in low Se soils, which produce low Se crops in many regions of
the world.
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Rice plants normally grow in flooded paddy soils, where the
behavior of Se is likely to be very different from that in aerobic
soils. Under flooded soil conditions, elemental Se and selenide
are the stable forms (/3), which are less bioavailable for plant
uptake. On the other hand, the reductive dissolution of iron
oxides/hydroxides occurring in anaerobic soils may release the
sorbed metals/metalloids into the soil solution phase (23, 24).
Mikkelsen et al. (20) showed that flooding and the addition of
organic manure decreased Se uptake and toxicity to rice when
selenate was added to a Se-contaminated soil. There are no studies
on the dynamics of Se speciation in soil and the bioavailability to
plants as influenced by water management during rice cultivation
in the context of Se biofortification.

In addition to total Se concentration, the speciation of Se in
food is important because the bioavailability and the health effects
may differ depending on the Se species present. Organic forms of
Se are more bioavailable to humans than inorganic Se species (7).
Selenium methylselenocysteine (SeMeSeCys) and its y-glutamyl
derivative are low molecular weight nonprotein amino acids found
in Se accumulators and in a number of edible plants of the Allium
and Brassica families (7, 25). There is evidence from animal
studies that these Se species have potent antitumor effects (7). In
rice grain, the protein-bound selenomethionine (SeMet) is the
predominant Se species, typically accounting for >80% of total
Se (26, 27). However, a recent study using synchrotron-based
X-ray absorption near-edge structure (XANES) showed a high
proportion of SeMeSeCys (~50%) in a high-Se rice grain (4). Itis
not known if this difference is due to different analytical methods
used or variation among rice samples. If Se fertilizers are to be
used to biofortify crops, it is important to know whether inorganic
Se is efficiently assimilated into organic forms.

The objective of the present study was to investigate the effects
of water management on the dynamics and speciation of Se in the
soil solution phase and subsequently the bioavailability of Se to
rice plants. Furthermore, the speciation of Se in rice grain was
determined using two different methods.

MATERIALS AND METHODS

Pot Experiment. The soil used is a silty clay loam (Aquic Paleudalf,
USDA classification) collected from the plow layer (0—20 cm) of an arable
field on the Rothamsted farm, southeastern England. The soil contained
2.08% organic C, 0.19% total N, and 0.48 mg kg™" total Se and had a
pH of 5.3. The soil was air-dried, sieved to <5 mm, and homogenized. Basal
fertilizers (150 mg of N kg ™! of soil as NH,NOs, 25 mg of S kg ™! of soil as
MgSOy,, 30 mg of Pkg ™' of soil, and 75.5 mg of K kg~ of soil as K,HPO,)
were added to the soil and mixed thoroughly. A factorial experimental design
was used with two water management regimes (flooded or aerobic) and
three Se treatments: control (no addition of Se) and +0.5 mg of Se kg~ ' of
soil in the form of selenate (Na,SeQy) or selenite (Na,SeOs). Each treat-
ment was replicated in four 1 L plastic pots each containing 1.2 kg of soil.
The pots were randomly arranged on a bench inside a glasshouse
(day/night temperatures of 28/25 °C, light period of 16 h per day with
natural sunlight supplemented with sodium vapor lamps to maintain a
light intensity of >3350 gmol m %5~ ).

A soil pore-water sampling device (Rhizon MOM 10 cm length, 2.5 mm
o0.d., Rhizosphere Research Products, Wageningen, The Netherlands) was
buried diagonally in the middle of the soil of each pot for collecting soil
solution. Deionized water was then added to maintain soil moisture of
around 70% of the soil’s water-holding capacity for the aerobic treatment
and to full saturation with 2—3 cm of standing water above the soil surface
for the flooded treatment. The two water management regimes were
maintained throughout the experiment by daily additions of deionized
water. A common japonica rice cultivar (0. sativa L. cv. Oochikara) was
used. Five pregerminated rice seeds were planted in each pot. Further
doses of fertilizers (175 mg of N, 30 mg of P, and 75.5 mg of K kg™" of soil)
were added into each pot at the tillering, stem extension, and flowering
stages. Three plants per pot were removed at the growth stage of stem
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elongation (30 days after planting). The remaining plants were harvested
at grain maturity (110 days after planting). Stems were cut at 2 cm above
the soil surface, rinsed with deionized water, and dried at 60 °C for 48 h.
The samples were separated into straw, husk, and unpolished rice grain.
Soil solution samples were collected on days 9, 30, 57, and 97.

Analysis of Se Speciation and Concentration in Soil Solution. One
milliliter of 0.1 M Na,EDTA was added to 9 mL of soil solution imme-
diately after collection to prevent iron oxide/hydroxide precipitation. The
solution was filtered through a sterilized 0.2 um filter and analyzed for Se
speciation using HPLC-ICP-MS (Agilent LC1100 series and Agilent ICP-
MS 7500ce, Agilent Technologies, Santa Clara, CA). Selenium species in
soil solution were separated by an anion-exchange column (Hamilton
PRP-X100) fitted with a guard cartridge. The injection volume was 50 uL per
sample. The mobile phase contained 50 mM NH4NO3, 0.01 mM Na,EDTA,
and 2% methanol (pH adjusted to 9.4 with ammonia), which was pumped
through the column isocratically at 1 mL min~". The outlet of the sepa-
ration column was connected to a concentric nebulizer and a water-
jacketed cyclonic spray chamber of the ICP-MS. An internal standard
(germanium, Ge) was mixed continuously with the postcolumn solution
through a peristaltic pump. Signals at m/z 72 (Ge), 78, and 80 (Se) were
collected with a dwell time of 0.3 s. The Se signals were normalized using
the Ge signal to correct any signal drift during the analysis. Polyatomic
interference was removed by the Agilent Octopole Reaction System operat-
ing in the hydrogen gas mode (flow rate = 4 mL min~"). Other ICP-MS
instrumental conditions were as follows: RF forward power, 1550 W;
sample depth, 8 mm from the load coil; carrier gas flow rate, 0.9 L min~';
and spray chamber temperature, 2 °C. Peaks were identified by compar-
ison with the retention times of standard compounds (see the Supporting
Information (SI), Figure Sla). The Se standards [Na,SeO;, Na,SeO,,
selenomethionine (SeMet), selenocystine (SeCys,), selenium methylsele-
nocysteine (SeMeSeCys)] were obtained from Sigma (St. Louis, MO) and
prepared in ultrapure (> 18 MQ) water. Selenomethionine selenium oxide
(SeOMet) was prepared by reacting SeMet with 3% (v/v) H,O, under soni-
cation for 1 h (28). The identified Se species in the samples were quantified
by external calibration curves with peak areas. Analysis of Se species was
carried out immediately following sample collection and completed within
12 h. The total soluble concentration of Se in soil solutions was determined
by ICP-MS operating in the H, gas reaction mode. The concentrations of
Fe and Mn in soil solution were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES; Fisons ARL Accuris, Ecublens,
Switzerland). The pH values of the soil solutions (untreated with EDTA)
were measured using a pH electrode, and dissolved organic C (DOC) was
measured by UV persulfate oxidation (Shimadzu TOC-V Instrument).
The redox potentials (Eh) of soils were determined using a combined
platinum and silver/silver chloride electrode system (HI 3230B, Hanna
Instruments, Woonsocket, RI), with the electrode being inserted at approxi-
mately 1 cm below the soil surface.

Analysis of Se Speciation and Concentration in Rice Samples.
Selenium speciation in the rice grain was determined by HPLC-ICP-MS
following extraction with protease and lipase (29). Four milliliters of
10 mg mL ™" protease XIV solution, 4 mL of 5 mg mL ™" lipase solution,
and 2 mL of water were added to 0.4 g of ground rice powder in a 10 mL
centrifugal tube. To test the recoveries of standard Se compounds, rice
powder samples from the control treatment were spiked with the appropriate
amounts of SeMet, SeMeSeCys, or SeCys,, followed by the additions of
the protease and lipase solutions. The mixture was incubated at 37 °C and
gently shaken (125 rpm) for 24 h. The extract was centrifuged at 3400g
for 45 min at room temperature. The supernatant was filtered through a
0.45 um syringe filter. The filtrate was immediately analyzed for Se
speciation using HPLC-ICP-MS as described previously (28). An anion-
exchange column (Dionex AS14) fitted with a guard column (Dionex AG14)
was used, and the mobile phase was 6 mM Na,CO; and 2% methanol
(pH 9.5) at a flow rate of I mL min~". Selenium species in the extracts were
identified by standard addition and by matching the retention times of
standard compounds (SI, Figure S1b). The recoveries of SeMet and
SeMeSeCys were 90 and 82%, respectively, and that of SeCys, was only
10%. Because SeCys, was not detected in the samples from the present
study, its low recovery in the spiking experiment was considered not to
present a problem. In addition, two other HPLC methods were tested on
selected samples; the first method was the same as that used for soil solution
Se speciation described above, and the second method used the same
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anion-exchange column (Hamilton PRP-X100) but with a mobile phase
of 5 mM citric acid and 1% methanol (pH 5.0) (SI, Figure Sic). These
additional two methods confirmed the results obtained with the first
method using the Dionex AS14 column.

For analysis of total Se, ground samples of rice straw, grain, and husk
were digested with 5 mL of high-purity HNOs;/HCIO, (87:13 v/v). The Se
concentration in the digest solution was determined by ICP-MS (Agilent
7500ce) operating in the reaction cell mode with H, gas. A certified refer-
ence material (NIST 1568a rice flour) and blanks were included for quality
assurance. The recovery for NIST 1568a was 93.3 & 1.4%.

Selenium Speciation in Rice Grain Using Synchrotron XANES.
XANES spectra of three selected rice grain powder samples were collected
at BL20-B at the Photon Factory, Tsukuba, Japan. BL20-B is equipped
with a water-cooled Si (111) monochromator, which was calibrated using
an elemental Se foil (K-edge 12658 eV). The samples were mounted in a
cryostat sample holder to hinder beam-induced artifacts and analyzed at
about 18 K. XANES spectra were collected in fluorescence mode with a
36 pixel array detector (Canberra-Eurisys). Selenium standards were ana-
lyzed as powders (diluted in boron nitride) and included sodium selenite,
sodium selenate, SeCys,, SeMet, and SeMeSeCys. The XANES data of the
samples (average of 6—13 scans) were normalized and analyzed by linear
combination fitting (LCF) using Athena software (30).

Statistical Analysis. Two-way analysis of variance was performed to
test the significance of water management, Se treatments, and the inter-
actions between these two factors.

RESULTS

Dynamics of Se in Soil Solution. Flooding of the soil decreased
the soil redox potential markedly and increased the pH of soil
solution compared with the aerobic treatment (SI, Figure S2).
Soil Eh ranged from 487 to 613 mV in the aerobic treatment and
from 128 to 267 mV in the flooded treatment, representing about
a 300 mV difference between the two water management regimes
(SL, Figure S2a). Note that Eh was measured near the soil surface,
which was likely to be higher than the values at a deeper position
of the soil in the flooded treatment. Soil solution pH was around
6.51n the flooded treatment at all sampling times; the pH values in
the aerobic treatment were 0.7—2 units lower in the first three
samplings but approached those of the flooded treatment in the
last sampling (SI, Figure S2b).

Analysis of the total soluble concentration of Se in soil solu-
tions revealed highly significant differences between the two water
management regimes and between the Se treatments, as well as
strong interactions between these two factors (Figure 1). In the
control treatment (no addition of Se), total Se concentration in
soil solution was 3—11 times higher in the flooded treatment than
under the aerobic conditions throughout rice growth (Figure 1a).
In the treatment with selenite addition, soil solution Se was also
higher (by 4—6 times) under the flooded than under the aerobic
conditions (Figure 1b). In contrast, in the selenate treatment, Se
concentration in soil solution was significantly lower in the flooded
treatment than in the aerobic treatment in the first two samplings,
although this pattern was reversed in the last two samplings when
Se concentration had decreased to levels comparable to those in
the control and +selenite treatments (Figure 1¢). The addition of
selenate increased soil solution Se initially much more than the
addition of selenite. Soil solution Se decreased with sampling
time, especially in the +selenate treatment,when Se concentration
decreased by 3-and 75-fold in the aerobic and flooded treatments,
respectively, from day 9 (first sampling) to day 30 (second sampling).
Approximately 50 and 3% of the added selenate and selenite,
respectively, were found in the soil solution under the aerobic con-
ditions in the first sampling.

Analysis of Se speciation in soil solutions using HPLC-ICP-
MS also showed a marked difference between the flooded and
aerobic treatments (Figure 2). Three Se species, selenite, selenate,
and SeOMet, were detectable in the soil solutions (SI, Figure S3).
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Figure 1. Dynamics of total soluble Se concentrations in soil solution as
influenced by water management and Se addition in the pot experiment:
control (a), +selenite treatment (b); +-selenate treatment (c). Data are
mean + SE (n=4).

SeOMet was detected only in the flooded treatment in the first
sampling. Selenite was detected only in the flooded control and
+selenite treatments and only in the first one or two samplings.
Large concentrations of selenate were found in the +selenate treat-
ments; its concentration was significantly higher under the aero-
bic than under the flooded conditions, but decreased rapidly with
time in both water management regimes. Small concentrations of
selenate were also found in the +selenite treatments, more under
the aerobic than under the flooded conditions. None of the three
Se species was detected in the last two samplings. Comparison of
the total Se concentration determined by ICP-MS and the sum
of the three Se species determined by HPLC-ICP-MS (Figures 1
and 2) reveals that a nearly full recovery (85—108%) by the latter
method was achieved in the aerobic or flooded + selenate
treatments in the first sampling and the aerobic + selenate in the
second sampling. In all other samples, the species sum accounted
for 0—68% of the total soluble Se in the soil solutions, suggesting
the existence of other undetected Se species.

There was also a marked mobilization of Fe and Mn into the
soil solution in the flooded treatments, whereas their concentra-
tions remained very low in the aerobic treatments (SI, Figure S4).
The concentrations of Fe and Mn in soil solutions increased
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Figure 2. Dynamics of Se speciation in soil solution as influenced by water management and Se addition in the pot experiment: flooded (a, ¢, e); aerobic (b, d, f);
control (a, b); +selenite treatment (¢, d); +selenate treatment (e, f). Data are mean =+ SE (n = 4).

dramatically with flooding within 30 days after planting and
thereafter showed small fluctuations.

Plant Growth and Se Concentration in Plants. Rice grew better
in the aerobic than in the flooded treatments, with significantly
higher grain and straw yields in the former (SI, Figure S5 and
Table S1). There was no significant effect of Se addition on grain
or straw biomass.

The concentrations of Se in rice straw, grain, and husk were sig-
nificantly (P < 0.0001) influenced by water management regime,
Se additions, and the interactions between these two factors (Figure 3
and SI, Table S1). The concentrations of Se were similar between
grain and straw and larger than those of husk, but the influence of
treatments was consistent among the three types of plant tissues.
Therefore, only the grain Se data are considered in more detail below.
Flooding increased the Se concentration of rice grain in the control
treatment by 49%, but decreased it by 51 and 96% in the +selenite
and +selenate treatments, respectively (Figure 3), indicating a strong
interaction between the water management regime and the Se
treatments. Grain Se concentration was about 2- and 25-fold higher
in the aerobic treatment than in the flooded treatment when selenite
or selenate, respectively, was added to the soil. Compared with the
control treatment, an addition of selenite or selenate increased grain
Se concentration by 2.3- and 1.9-fold, respectively, under the flooded
conditions. The increase was much greater under the aerobic condi-
tions, by 7- and 70-fold, respectively.

Selenium Speciation in Grain. Two methods were used to deter-
mine Se speciation in rice grain: enzymatic hydrolysis followed by
HPLC-ICP-MS analysis for all samples and XANES for three
selected samples.

In the HPLC-ICP-MS analysis, SeMet was the predominant Se
species detected in the enzymatic hydrolytes of the rice grain
samples from the pot experiment. There were some unidentified
peaks (SI, Figure S6), but these were quantitatively unimportant.
The concentration of SeMet determined by this method accounted
for 47—75% (mean = 65%) of the total Se concentration deter-
mined by acid digestion and ICP-MS measurement (Table 1).
This percentage was not significantly influenced by water man-
agement or Se treatments; therefore, samples with a high total Se
concentration were also high in SeMet concentration. For com-
parison, we also collected four rice grain samples from paddy fields
in Enshi, Hubei province, China, where the soils are naturally
enriched with Se (37). The total Se concentration in rice ranged
from 0.2 to 1.5 mgkg™'. SeMet was by far the most important Se
species in the enzymatic hydrolytes of the Enshi grain samples,
accounting for 94—98%; the remainder (2—6%) was sclenate
(Table 1). The recovery of the Se species by HPLC-ICP-MS was
61—93% of the total grain Se in the Enshi samples.

Of the three rice grain samples analyzed by XANES, two samples
(the aerobic + selenate treatment in the pot experiment with
a total Se concentration of 5.1 mg kg~ ' and the Enshi sample 3
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Figure 3. Effects of water management and Se addition on the total Se
concentration in rice grain (@), husk (b), and straw (c) at maturity. Data are
mean £ SE (n=4).

Table 1. Selenium Speciation in Rice Grain (Determined by Enzymatic
Hydrolysis and HPLC-ICP-MS) As Influenced by Water Management and
Se Addition in the Pot Experiment and in Four Rice Grain Samples Collected
from Enshi, China?

SeMet determined by SeMet as a % of

treatment HPLC-ICP-MS (mg of Se kg~ ") the total grain Se
aerobic + control 0.04 +0.00 68.2+9.0
flooded + control 0.07 +0.00 69.5+3.8
aerobic + selenite 0.22+0.03 471+48
flooded -+ selenite 0.15+0.01 66.3+4.8
aerobic + selenate 2.90+0.15 61.7+49
flooded + selenate 0.15+0.02 75.3+36
Enshi sample 1 0.63 61.7
Enshi sample 2 0.18 63.3
Enshi sample 3 1.05 72.7
Enshi sample 4 0.20 93.3

@Data are mean +SE (n = 4) for the samples from the pot experiment.

with a total Se concentration of 1.5 mg kg™ ') could be fitted
satisfactorily using the spectra of the Se standards (Figure 4). For
the aerobic + selenate sample, LCF results indicated that the Sein
the sample was dominated by SeMet (88 £ 5%) with much
smaller contributions from SeMeSeCys and selenite (9 & 5 and
2 £ 1%, respectively). Similarly, the best fit of the XANES spectra
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Figure 4. XANES analysis of Se speciation in rice grain from the aerobic
+ selenate treatment of the pot experiment and from Enshi, China. The
solid and dotted lines represent the spectra of the samples and the results
of the linear combination fitting analysis, respectively.

of Enshi grain sample 3 indicated the prevalence of SeMet (88 +
10%), followed by SeMeSeCys (11 £ 10%). The third rice grain
sample (the flooded + selenate treatment in the pot experiment)
had a Se concentration (0.2 mg kg~ ') too low to be detected by
XANES at the beamline used.

DISCUSSION

Because plant roots take up nutrients mainly from the soil
solution (32), the dynamics of Se speciation in soil pore water may
to a large extent control the bioavailability of Se to plants. The Se
speciation method used in the present study was able to determine
a number of inorganic and organic Se species in soil solutions,
including selenate, selenite, SeMet, SeOMet, and SeCys,. How-
ever, in many of the soil solution samples analyzed, the sum of the
Se species quantified was lower than the total concentration of
soluble Se (Figures 1 and 2); the only exception was the +selenate
treatment in which selenate accounted for most of the soluble Se
in the first two samplings. Similarly, Stroud et al. (33) found that
the Se species quantified by HPLC-ICP-MS accounted for only
17—48% of the total extractable Se by 0.016 M KH,PO, in a
range of U.K. soils. They showed that a treatment with hydrogen
peroxide of the soil extracts released SeOMet and an unidentified
Se species, as well as converting selenite to selenate. Therefore, itis
likely that the unaccounted portion of soluble Se in soil solutions
was organic, possibly associated with dissolved organic matter.

The results of the present study show that the speciation and
concentration of Se were influenced greatly by water management
regime and the forms of Se addition (Figures 1 and 2). In the
+selenate treatment, large concentrations of Se, mostly as sele-
nate, were initially present in the soil pore water. The selenate
concentration decreased rapidly, more so in the flooded than in
the aerobic soil. This decrease can be attributed to plant uptake,
microbial assimilation, or transformation to other less soluble Se
species. Under the prevailing redox and pH conditions in the
aerobic soil (SI, Figure S2), selenate is the thermodynamically
stable species (/3); therefore, plant and microbial uptakes were
likely to be the main explanations for the decrease in the selenate
concentration over time. Under the flooded conditions, selenate is
expected to be reduced to selenite, elemental Se, or even selenide
(20—22). However, no production of selenite was found in the soil
pore water in the flooded treatment (Figure 2e,f). It is possible
that selenite was strongly adsorbed by the soil solid phase, for
example, iron oxyhydroxides (34), thus leaving little selenite in the
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solution phase, or that selenate was converted to other insoluble
forms (e.g., elemental Se or metal—selenide precipitates). In the
+selenate treatment, the data of Se uptake by rice plants are con-
sistent with the solution dynamic data, with the aerobic treatment
producing approximately 25-fold higher Se concentrations in
grain and straw than the flooded conditions (Figure 3). Under
these two water management regimes, 30 and 1%, respectively, of
the added selenate was taken up by rice plants, indicating a much
higher bioavailability of the selenate fertilizer under the aerobic
conditions.

In contrast to the +selenate treatment, flooding the soil in-
creased the concentration of Se in soil pore water compared with
the aerobic treatment when either no Se or selenite was added
(Figure 1a,b). There are two possible explanations why flooding
increased Se solubility in soil. First, flooding the soil resulted in a
reductive dissolution of iron oxyhydroxides, which are important
sorbents of Se species such as selenite (17, /2, 34). This was con-
firmed by approximately 2 orders of magnitude higher Fe
concentrations in the soil pore water in the flooded soil than
the aerobic soil (SI, Figure S4). Second, more organic matter was
dissolved into the soil pore water under the flooded than under
the aerobic conditions (SI, Table S2), possibly bringing some
organic Se species into the solution phase. In support of this, small
concentrations of SeOMet were detected in the pore water
extracted from the flooded soil, but not from the aerobic soil
(Figure 2). Our results are different from those of Masscheleyn
etal. (21), who found that Se solubility decreased with decreasing
redox potential in the sediments of the Kesterson Reservior in
California. These sediment samples had high concentrations of
total Se (~9 mg kg~ ') with iron selenide controlling the solubility
of Se. In contrast, the soil used in our study was an arable soil for
growing upland crops and had a low Se concentration; therefore,
the solid phase Se speciation was unlikely to be dominated by iron
selenide, at least not during the initial period of soil flooding or in
the aerobic treatment.

When no Se was added to the soil, flooding increased plant Se
uptake (Figure 3), consistent with increased soluble Se in the soil
pore water (Figures 1a, 2a,b). In the +selenite treatment, however,
increased Se concentration in the soil pore water (Figure 1b)
resulting from soil flooding did not lead to a higher Se uptake by
rice; in fact, the opposite occurred (Figure 3). This can be explained
by the oxidation of some added selenite to selenate under the
aerobic conditions (Figure 2¢,d). It is known that selenate is more
bioavailable to plants than selenite, because it is much more weakly
adsorbed by the soil solid phase (/4—16) and is also more readily
translocated from plant roots to the above-ground tissues (28,35,36).
Comparison between the +selenite and +selenate treatments
showed that the latter had a much higher solubility in soil pore
water and a higher bioavailability to rice under the aerobic con-
ditions (Figure 3). However, there was little difference in their bio-
availability to rice under the flooded conditions.

Speciation of Se in grain is important because the nutritional
value may differ between different Se species (7, 25). The wide
range of Se concentration in rice grain obtained in this experiment
presented an opportunity to test whether Se assimilation into
organic forms was affected when Se concentration was boosted
by fertilization. Our results show that SeMet was by far the pre-
dominant species in the enzymatic hydrolytes of rice flour from
both the pot experiment and from the field samples collected in
Enshi, China (Table 1). This is consistent with previous findings
of SeMet being the predominant Se species in cereal grain includ-
ing rice (7, 25, 27, 37—39). Furthermore, the assimilation of
inorganic Se to SeMet in rice was unaffected by water manage-
ment or Se fertilization, indicating that the Se assimilation
capacity was not exceeded even with the highest Se concentration
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obtained in the pot experiment (~5 mgkg~"). This finding was in
agreement with the study of Fanget al. (27), who found that 87%
of the total Se in rice grain from a crop treated with foliar spray of
Se was SeMet. Fang et al. (27) also identified a number of minor
Se species in rice grain following enzymatic hydrolysis, including
inorganic Se, SeCys,, and SeOMet, but no SeMeSeCys. A recent
study by Cubadda et al. (39) reported the presence of SeMeSeCys
in wheat grain, but only at <0.5% of the sum of all Se species
determined. The in situ Se speciation analysis using XANES on a
high-Se sample from the pot experiment and an Enshi rice sample
showed the dominance of SeMet, with SeMeSeCys and selenite
being the minor components (Figure 4). In contrast, the XANES
study of Williams et al. (4) reported SeMeSeCys as a major Se
species in the bran and endosperm of a rice sample collected from
Enshi, China, accounting for 47—55% of the total Se. However,
reanalysis of the XANES data of Williams et al. (4) using a set of
spectra of Se standards, all collected at the same time and the same
beamline, showed that SeMeSeCys accounted for only 10—15%
with the rest being SeMet (E. Lombi, unpublished data), which is
similar to the results of the present study. Although the results
from XANES and HPLC-ICP-MS were consistent in showing
the predominance of SeMet in rice grain, they differed in the
detection of SeMeSeCys. Because the enzymatic hydrolysis
followed by HPLC-ICP-MS analysis recovered only about two-
thirds of the total Se in the rice grain in our study, it is possible
that other forms of Se may be present in the unreleased fraction.
On the other hand, whereas XANES offers the advantage of in
situ analysis, the outcome of the linear combination fitting of the
XANES spectra is affected by, often a priori, the choice of the
standards that are used in the fitting procedure (40). Further
studies are needed to resolve this discrepancy.

In conclusion, the present study showed that the soil indige-
nous Se was more bioavailable to rice under flooded than under
aerobic conditions. However, the most effective way to increase
Se concentrations in rice was the addition of selenate to soil that
was maintained under the aerobic conditions. In comparison,
additions of selenate or selenite to flooded soil were clearly much
less effective in boosting grain Se concentration. SeMet was found
to be the predominant Se species in rice grain over a wide range
of total Se concentration, indicating that rice was efficient at
assimilating inorganic Se into organic forms.
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