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Rice (Oryza sativa) as a staple food, provides a major source of dietary selenium (Se) for humans, which essentially requires Se,
however, the molecular mechanism for Se uptake is still poorly understood. Herein, we show evidence that the uptake of
selenite, a main bioavailable form of Se in paddy soils, is mediated by a silicon (Si) influx transporter Lsil (OsNIP2;1) in rice.
Defect of OsNIP2;1 resulted in a significant decrease in the Se concentration of the shoots and xylem sap when selenite was
given. However, there was no difference in the Se concentration between the wild-type rice and mutant of OsNIP2;1 when
selenate was supplied. A short-term uptake experiment showed that selenite uptake greatly increased with decreasing pH in
the external solution. Si as silicic acid did not inhibit the Se uptake from selenite in both rice and yeast (Saccharomyces cerevisiae)
at low pHs. Expression of OsNIP2;1 in yeast enhanced the selenite uptake at pH 3.5 and 5.5 but not at pH 7.5. On the other
hand, defect of Si efflux transporter Lsi2 did not affect the uptake of Se either from selenite or selenate. Taken together, our

results indicate that Si influx transporter OsNIP2;1 is permeable to selenite.

The essential trace mineral, selenium (Se), is of
fundamental importance to human health (Rayman,
2000). Deficiency of Se is associated with health dis-
orders including oxidative stress-related conditions,
reduced fertility and immune functions, and an in-
creased risk of cancers (Rayman, 2002; Whanger, 2004).
It has been estimated that about 500 to 1,000 million
people are suffering from Se deficiency in the world
(Combs, 2001). On the other hand, Se is also toxic at
higher concentrations (Terry et al., 2000). The window
between Se deficiency and toxicity for humans is
narrow (Zhu et al., 2009).

Plants are the main sources of dietary Se (Rayman,
2008), although the essentiality of this element for
higher plants has not been recognized. Therefore,
controlling Se uptake of plants from the environment
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(soils) will be important to decrease healthy risk of
both toxicity and deficiency. However, it is still poorly
understood how plants take up Se from the roots.
Selenate and selenite are two main inorganic Se forms
available for plant uptake in soils and their prevalence
depends on the redox potential and pH. Selenate can
be taken up via sulfate transporters in plants due to the
chemical similarity between selenate and sulfate
(Terry et al., 2000; Sors et al., 2005). This has been
supported by several studies. For example, sulfate
competitively inhibits selenate uptake in barley (Hor-
deum vulgare; Leggett and Epstein, 1956). The gene
Sultr1;2 involved in sulfate uptake of roots has been
identified in Arabidopsis (Arabidopsis thaliana) using
selenate as a toxic analog of sulfate (Shibagaki et al.,
2002; Kassis et al., 2007). The Se uptake from selenate
was greatly enhanced in the sulfur-starved plants
probably due to up-regulation of sulfate transporter
gene in wheat (Triticum aestivum; Li et al., 2008).

By contrast, little is known about the uptake mech-
anisms of selenite in plants. Shrift and Ulrich (1969)
and Arvy (1993) reported that selenite is taken up by
plant roots through passive diffusion. However, a
recent study with wheat showed that selenite uptake
is an active process because the uptake was signifi-
cantly inhibited by a metabolic inhibitor CCCP (Li
etal., 2008). Terry et al. (2000) concluded that there was
no evidence that the selenite uptake is mediated by
membrane transporter. However, Li et al. (2008) re-
ported that selenite uptake is at least partly to be
mediated by phosphate transporters based on evi-
dence that phosphorus deficiency enhanced selenite
uptake in wheat. This is also supported by earlier
works, which reported that increasing phosphate con-
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centration decreased selenite uptake in different plant
species (Broyer et al., 1972; Hopper and Parker, 1999).
However, convincing evidence on how selenite is
taken up by the roots is still lacking.

Rice (Oryza sativa) is a staple food for nearly half of
the world’s population. Therefore, rice provides a
major source of dietary intake of Se in many countries
(Rayman, 2008). In paddy soil, Se is present in the form
of selenite. A physiological study showed that selenite
uptake by rice roots was inhibited by HgCl, and
AgNO;, suggesting that aquaporin is implicated in
the uptake of selenite (Zhang et al., 2006). However,
the exact mechanism for selenite uptake has not been
understood. Recently, a silicon (Si) influx transporter
OsNIP2;1 (Lsil) belonging to the nodulin 26-like in-
trinsic membrane protein (NIP) subfamily of aquapor-
ins, has been identified in rice (Ma et al., 2006). Further
studies showed that this transporter is also permeable
to arsenite (Ma et al., 2008) and methylated arsenic
(As; Li et al., 2009) in rice roots. Si, As, and Se belong to
metalloids, showing some similar properties. These
facts lead us to hypothesize that OsNIP2;1 is also able
to transport selenite. In this study, we used both rice
mutants defective in OsNIP2;1 function and yeast
(Saccharomyces cerevisiae) expression system and
showed convincing evidence that OsNIP2;1 is perme-
able to selenite. We also found that different from Si
and arsenite, Lsi2, an efflux transporter of Si (Ma et al.,
2007), is not involved in the transport of selenite.

RESULTS

Defect of OsNIP2;1 Affects Selenite Uptake, But Not
Selenate Uptake by Rice

To investigate whether Si influx transporter Os-
NIP2;1 (Lsil) is involved in the uptake of selenite or

Figure 1. Concentration-dependent accumu-
lation of Se in wild-type rice and two mutants
exposed to selenite [Se(IV)] or selenate [Se
(VI)]. Rice seedlings (20-d-old) of WT1 (Oo-
chikara) and Isi7-7 mutant (A and C), WT2
(Nipponbare), and [si7-2 mutant (B and D)
were exposed to a nutrient solution contain-
ing different concentrations of selenite (A and
B) or selenate (C and D) for 1 d. The pH of
solution buffered with 5 mm MES was 5.4.
The Se concentration in the shoots was
determined. Data are means * sp (n = 3).
The asterisks above the columns indicate
statistically significant differences between
wild-type rice and its mutant (P < 0.05 by
independent-samples t test).
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selenate, we compared Se accumulation between two
independent mutants defective in Si influx transport
and their respective wild-type rice at different con-
centrations of selenite or selenate. Isi1-1 and Isil-2
differed in the mutation position of OsNIP2;1 gene
(Supplemental Fig. S1). When exposed to selenite, Isi1-1
accumulated less than half Se in the shoots compared
with the wild-type rice at all Se concentrations tested
(Fig. 1A). Similar trend was observed between Isi1-2
and its wild-type rice (Fig. 1B). However, when exposed
to selenate, no difference in the shoot Se concentration
was found between mutant and wild-type rice at all
concentrations (Fig. 1, C and D). Comparison between
selenate and selenite showed that both wild-type rice
accumulated higher Se from selenate than that from
selenite (Fig. 1).

The concentration of Se in the xylem sap was also
compared between two wild-type rice and two inde-
pendent mutants (Isi1-1 and Isi1-2). When exposed to
selenite, both wild-type rice showed several times
higher Se than their corresponding mutants in the
xylem sap (Fig. 2A). However, there was no difference
in the Se concentration between two wild-type rice
and their corresponding mutants when selenate was
supplied (Fig. 2B). The Se concentration in the xylem
sap of both wild-type rice was higher when selenate
was supplied than when selenite was supplied, which
is in agreement with the Se concentration in the shoots

(Fig. 1).

Effect of pH on Selenite Uptake by Rice

Selenite is a diprotic weak acid with pKa, and pKa,
of 2.57 and 6.60, respectively (Zhang et al., 2006). This
means that selenite will exist as H,5eO,, HSeO, ", and
SeO,>”, depending on pH (Fig. 3A). We therefore
investigated the effect of pH on selenite uptake in
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Figure 2. Concentration of Se in xylem sap of rice. Seedlings (21-d-old)
of two wild-type rice (WT1, Oochikara; WT2, Nipponbare) and two
independent mutants (/si7-7 and /si7-2) were exposed to a nutrient
solution containing 2.5 um selenite (A) or selenate (B) for 1 d and then
xylem sap was collected for 1 h after decapitation. The initial pH of the
solution was 5.6. Data are means = sb (n = 3). The asterisks above the
columns indicate statistically significant differences between wild-type
rice and its mutant (P < 0.05 by independent-samples ¢ test).

two wild-type rice and two independent mutants (/si1-1
and Isi1-2). A short-term (30 min) experiment showed
that the Se uptake from selenite decreased with in-
creasing external pH in both wild-type rice (Fig. 3, B
and C). The difference in the Se uptake between the
wild-type rice and the mutant was largest at pH 3.5
and gradually became smaller with pH increase (Fig.
3, B and C), although the significant difference in the
Se uptake was also observed between the wild-type
rice and the mutant at higher pHs (Fig. 3, B and C).

Interaction between Uptake of Selenite and Silicic Acid

Because OsNIP2;1 was initially identified as a trans-
porter for silicic acid (Ma et al., 2006), we investigated
the effect of silicic acid on selenite uptake in both wild-
type rice and mutant Isi1-1. The Se concentration in the
roots and shoots was higher in the wild-type rice than
Isi1-1 at all Si concentrations (Fig. 4, A and B). In these
experiments, the concentration of Si was 40 to 400
times higher than that of selenite, but the presence of
silicic acid did not greatly affect the selenite uptake in
both wild-type rice and Isi1-1 (Fig. 4, A and B).

Transport Activity of OsNIP2;1 for Selenite in Yeast

To directly determine the transport activity of
OsNIP2;1 for selenite, we expressed OsNIP2;1 gene
in yeast. Expression of OsNIP2;1 resulted in increased
uptake of selenite at pHs 3.5 and 5.5 (Fig. 5). However,
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at pH 7.5, there was no difference in the selenite
uptake between yeast expressed or not expressed
OsNIP2;1 (Fig. 5). Selenite uptake was higher at pH
5.5 than pH 3.5. Addition of silicic acid (100 times of
selenite) did not affect the selenite uptake at pH 3.5
and 5.5 (Fig. 5). However, at pH 7.5, silicic acid
decreased selenite uptake in both yeast-expressed
OsNIP2;1 and vector control (Fig. 5), although the
reason for this result is unknown.

Lsi2 Is Not Involved in the Uptake of Selenite
and Selenate

Lsi2 is an efflux transporter of silicic acid (Ma et al,,
2007). It also transports arsenite (Ma et al., 2008). To
investigate whether Lsi2 is also involved in the uptake

A

Proportion of each species

B 600
500 |
400 |
300 |
200 |
100 |
0.0

Root Se conc. (mg kg™

K

35 45 55 6.5 75
External solution pH with MES

C 60.0
500 |
400 |
300 |
200 |
100 |
0.0

Root Se conc. (mg kg™

X
p

3.5 4.5 55 6.5 75
External solution pH with MES

Figure 3. Effect of pH on Se uptake in rice. A, Proportion of each
species of selenite at different pHs, which is calculated based on
Curiplot. B and C, Root Se concentration. Seedlings (14-d-old) of two
wild-type rice (WT1, Oochikara; WT2, Nipponbare) and two indepen-
dent mutants (IsiT-7 and Isi1-2) were exposed to a nutrient solution
containing 2.5 um selenite at different pHs with 5 mm MES for 30 min.
Se concentration in the roots was determined. Data are means = s (n=
3). The asterisks indicate statistically significant differences between
wild-type rice and its mutant at the same pH (P < 0.05 by independent-
samples t test).
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Figure 4. Effect of Si on Se accumulation in rice. Seedlings (14-d-old)
of both wild-type rice (WT1, Oochikara) and mutant (/si7-7) were
exposed to a nutrient solution containing 2.5 um selenite in the
presence of different concentrations of Si for 1 d. The initial pH of
solution was 5.6. Se concentration in the shoots (A) and roots (B) was
determined. Data are means = sp (n = 3). Different letters above the
columns indicate statistically significant differences at P < 0.05 by
Tukey’s test.

of selenite or selenate, we compared the Se uptake
between two independent mutants of Lsi2 and their
corresponding wild-type rice. Isi2-1 and Isi2-2 have
different mutation in the Lsi2 gene (Supplemental Fig.
S1). When they were exposed to selenite or selenate,
there was no difference in the shoot Se concentration
between the wild-type rice and the mutant, irrespec-
tively of mutation (Fig. 6A). There was also no differ-
ence in the root Se concentration between the wild-type
rice and Isi2-1 (Fig. 6B), and the root Se concentration
was slightly higher in the wild-type rice than /si2-2.

DISCUSSION

Our results using rice mutants defective in Si influx
transporter OsNIP2;1 clearly show that OsNIP2;1 is
permeable to selenite (Fig. 1), but not to selenate. This
conclusion is also supported by the heterogeneous
expression results in yeast (Fig. 5). OsNIP2;1 belongs
to the NIP subfamily of aquaporins. Previous studies
have shown that NIP proteins are permeable to a wide
range of substrates such as silicic acid (Ma et al., 2006),
arsenite (Ma et al., 2008), boric acid (Takano et al.,
2006), glycerol (Dean et al., 1999), lactic acid (Choi and
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Roberts, 2007), urea, and formamide (Wallace and
Roberts, 2005). To our knowledge, it is the first report
that an aquaporin protein is also permeable to selenite.

Although the exact mechanisms regulating sub-
strate specificity of aquaporins are still unknown, it
is proposed that the substrate selectivity is mainly
controlled by the aromatic/Arg (ar/R) selectivity filter
(Wallace and Roberts, 2005; Forrest and Bhave, 2007),
which is located in the narrowest region on the
extramembrane mouth of the pore. It is formed by
four residues, one each from helix 2 and helix 5, as well
as two residues from loop E (LE1 and LE2) typically
including aromatic residues and an Arg residue
(Rouge and Barre, 2008). The properties of the four
residues making up the ar/R selectivity filter appear to
govern the substrate specificity of the pore. Based on
the ar/R regions of aquaporins, NIPs have been newly
divided into three groups, NIP I, II, and III (Mitani
et al., 2008). OsNIP2;1 belonging to the NIP III sub-
group has a unique selectivity filter, which consists of
Gly (G), Ser (S), Gly (G), and Arg (R; Mitani et al.,
2008). It is predicted that the smaller size of these
residues form a larger constriction region compared
with other NIP groups (Wang et al., 2005; Forrest and
Bhave, 2007). So far NIP Il subgroup is also permeable
to arsenite (Ma et al., 2008), urea, water, and boric acid
(Mitani et al., 2008) in addition to silicic acid (Ma et al.,
2006), but not to glycerol (Ma et al., 2006). Since the
information on selenite diameter is not available,
permeation through OsNIP2;1 suggests that the diam-
eter of selenite is smaller or similar to silicic acid. It will
also be interesting to test whether proteins in NIP I and
II subgroups are also permeable to selenite in the
future.

Different from silicic acid and arsenite, selenite has a
pKa of 2.6 in contrast to arsenite (9.2) and silicic acid
(9.84). Therefore, at a pH below 8, both silicic acid and
arsenite are uncharged, whereas selenite is deproton-
ated (Fig. 3A). We investigated the effect of pH on
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Figure 5. Transport activity of OsNIP2;1 for selenite in yeast. Yeast
expressing OsNIP2; 1 or not (VC) was exposed to 10 um selenite in the
presence or absence of 1 mm Si as silicic acid at different pHs. After 30-
min uptake, the Se in the yeast was determined. Data are means = sp
(n = 3). Different letters above the columns indicate statistically
significant differences at P < 0.05 by Tukey’s test.
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Figure 6. Concentration of Se in the shoots (A) and roots (B) of rice
exposed to selenite or selenate. Seedlings (16-d-old) of WT3 (T-65),
Isi2-1 mutant, WT4 (Koshihikari), and [si2-2 mutant were exposed to a
nutrient solution containing 2.5 um selenate [Se(VI)] or selenite [Se(IV)]
for 1 d. The initial pH was 5.6. Data are means * sp (n = 3). The
asterisks above the columns indicate statistically significant differences
between wild-type rice and its mutant (P < 0.05 by independent-
samples ¢ test).

selenite uptake at different pHs, at which different
species of selenite are present (Fig. 3). At pH 3.5, 90%
and 10% of selenite are present in the form of hydro-
genselenite ion (HSeO, ") and selenous acid (H,SeO,),
respectively (Fig. 3A), and at pH 5.5, about 93% and
7% of selenite are in the form of HSeO;  and selenite
ion (SeO,>"), respectively. However, at pH 7.5, the
proportion of HSeO,” and SeO,*” changes to about
11% and 89%, respectively (Fig. 3A). The Se uptake
decreased greatly with increasing pH in the wild-type
rice (Fig. 3). These results suggest that there are two
possibilities for the Se form of uptake. One is that
OsNIP2;1 is also permeable to HSeO,, and the other is
that OsNIP2;1 is only permeable to H,SeO; and the
uptake at higher pHs comes from the rapid proton-
ating of HSeO,  and SeO,” . In yeast, the difference
in Se transport activity between vector control and
OsNIP2;1-expressed yeast was also only observed at
pHs 3.5 and 5.5, but not at pH 7.5 (Fig. 5). In rice, the
selenite uptake was higher in wild-type rice at pH 3.5
than that at pH 5.5 (Fig. 3), however, in yeast express-
ing OsNIP2;1, the transport activity was higher at pH
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5.5 than at pH 3.5 (Fig. 5). The reason for this difference
is unknown. At pH 7.5, selenite is also taken up by the
yeast (Fig. 5) although there was no difference between
vector control and OsNIP2;1-expressed yeast. This
indicates that SeO,?” is taken up by unidentified
transporter rather than OsNIP2;1 at higher pH in
yeast. In rice, the uptake of selenite at high pHs is
much less compared with that at low pHs (Fig. 3). This
means that OsNIP2;1 is the major pathway for selenite
in rice. This is supported that when OsNIP2;1 is loss of
function, the selenite uptake was only 5% of wild-type
rice at pH 3.5 (Fig. 3).

Although selenite and silicic acid share the same
transporter, the antagonistic interaction between silicic
acid and selenite was not observed in both rice and
yeast (Figs. 4 and 5). The antagonistic interaction
between selenite and arsenite was also not observed
in rice (data not shown). This is different from arsenite,
which uptake is significantly inhibited by silicic acid in
rice (Ma et al., 2008). This difference might be attrib-
uted to different metabolism processes of these met-
alloids. Selenite taken up by the roots is readily
converted to other organic forms such as selenome-
thionine and selenomethionine Se-oxide hydrate in the
roots (Li et al., 2008) and little selenite was transported
into xylem. By contrast, silicic acid and arsenite are the
main form in the xylem sap in rice (Mitani et al., 2005;
Ma et al., 2008). OsNIP2;1 is an influx transporter that
is localized at the distal side of both exodermis and
endodermis of rice roots (Ma et al., 2006). It is respon-
sible for the transport of silicic acid, arsenite, and
selenite from the external solution to the root cells. To
reach the xylem, an efflux transporter is required. For
silicic acid and arsenite, Lsi2, an efflux transporter
localized at the proximal side of root exodermis and
endodermis, has been demonstrated to be responsible
for the efflux toward the xylem (Ma et al., 2007, 2008).
Therefore, the antagonistic interaction observed be-
tween silicic acid and arsenite might occur at the efflux
transporter Lsi2. This is supported by the fact that
Lsi2 is not involved in the selenite uptake in rice roots
(Fig. 6) because of Se species change from selenite to
organic forms as described above. In fact, in yeast
expressing plant NIP genes including OsNIP2;1, As
(IlI) uptake was not inhibited by Si (Bienert et al.,
2008). Li et al. (2009) reported that silicic acid did not
inhibit methylated As uptake by rice roots although
OsNIP2;1 is also permeable to methylated As in rice.
Silicic acid also did not inhibit As(Ill) influx into
Xenopus oocytes expressing OsNIP2;1 (J.F. Ma and N.
Mitani, unpublished data). One possible explanation is
that different from carrier-type transporters like Lsi2,
aquaporins such as OsNIP2;1 permit extremely fast
flux of solutes (Maurel et al.,, 2008), and therefore
competition between analogous substrates are less
apparent (Li et al., 2009).

In conclusion, to our knowledge, OsNIP2;1 is the
first transporter of selenite identified in plants, ani-
mals, and microorganism. After selenite is taken up by
OsNIP2;1, it will be converted to organic forms. There-
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fore, other transporters are required to efflux organic
Se into the xylem, which remain to be identified in the
future.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Rice (Oryza sativa) mutants (Isil-1, Isil-2, Isi2-1, and [si2-2) and their
corresponding wild-type rice (cultivars Oochikara, Nipponbare, T-65, and
Koshihikari) were used in this study. These mutants were isolated previously
(Ma et al., 2002, 2006, 2007; Chiba et al., 2009), their mutation points are shown
in Supplemental Figure S1. Seedlings were cultured in a half-strength Kimura
B nutrient solution (pH 5.6) in a controlled-environment growth chamber as
described previously (Ma et al., 2002). The solution was renewed every 3 d.
Each experiment was conducted with three replicates.

In all treatment experiments, selenite and selenate were supplied as
Na,SeO; and Na,SeO,, respectively. Silicic acid was prepared by passing
potassium silicate through a cation-exchange resin (Amberlite IR-120B, H*
form; Ma et al., 2002).

Se Uptake Experiment

For the comparison of Se uptake from selenate and selenite, seedlings (20-
d-old) of two Isil mutants and their wild-type rice were exposed to a nutrient
solution (pH 5.4) containing 0, 0.05, 0.25, or 2.0 uM of either selenite or selenate
for 1 d. The solution was buffered with 5 mm MES.

For Isi2 mutants and their wild-type rice, the seedlings (16-d-old) were
exposed to a nutrient solution containing 2.5 uMm selenate [Se(VI)] or selenite
[Se(IV)] for 1 d. The pH of treatment solution was 5.6 and 4.0 at initial and end
of the experiment. After the exposure, the roots were washed three times with
an ice-old solution containing 1 mm K,HPO,, 0.5 mm Ca(NO,),, and 5 mm MES
(pH 5.6) to remove apoplastic Se, and then separated from the shoots. The
samples were dried at 75°C in an oven for 2 d and ground for analysis.

Xylem Sap Collection

For the collection of xylem sap, 21-d-old seedlings were exposed to a
nutrient solution (pH 5.6) containing 2.5 uMm selenite or selenate. After 1 d, the
solution pH was reduced to 4.0 and the shoots were cut at about 2 cm above
the roots, and xylem sap was then collected for 1 h with a micropipette. At the
same time, xylem saps of seedlings without selenite and selenate exposure
were collected for the determination of background Se concentration in the
present experimental system, which was found to be negligible. Total Se in
xylem sap was analyzed as described below.

Effect of pH on Selenite Uptake in Rice

To investigate the effect of pH on selenite uptake by rice, a short-term (30
min) uptake experiment was performed. Seedlings (14-d-old) were exposed to
a nutrient solution containing 2.5 uM selenite at different pHs (3.5, 4.5, 5.5, 6.5,
or 7.5) buffered with 5 mm MES. After 30 min, roots were desorbed, separated
from the shoots, and blotted as described above. The solution pHs before and
after the uptake were measured and no significant changes were found during
the uptake experiments. The Se concentration in the roots was determined as
described below.

Effect of Silicic Acid on Selenite Uptake in Rice

To investigate the effects of silicic acid on selenite uptake, seedlings (14-d-
old) were exposed to a nutrient solution (pH 5.6) containing 2.5 uMm selenite in
the presence of 0, 0.1, 0.5, or 1 mu silicic acid. After 1 d, the plants were
harvested and analyzed as described above.

Se Transport Activity Assay in Yeast

For transport assay of Se in yeast (Saccharomyces cerevisiae), the OsNIP2;1
cDNA was cloned into yeast expression vector pYES2 (Invitrogen). Transfor-
mation reactions were performed according to the manufacturer’s protocols
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using yeast strain INVSc-1 (S.c. easy comp transformation kit; Invitrogen).
OsNIP2;1 transformed yeast and vector control line were precultured in
synthetic complete (—Ura) medium with 2% Gal until ODy, of 1.5 or 2.5. The
precultured yeast were collected by centrifugation and resuspended in the
synthetic complete (—Ura) medium containing 10 um Se as Na,SeO,, at pH 3.5,
5.5, or 7.5, in the presence or absence of 1.0 mm Si. After 30 min treatment at
30°C with gently shaking, yeast was collected by centrifugation and washed
twice by ice-cold water. The yeast pellet was freeze dried and digested with
HNO;. The Se concentration was determined by inductively coupled plasma-
mass spectrometry. Each treatment was replicated three times.

Se Determination

The ground plant samples were first digested with a mixture of HNO,/
HCIO, (80/20, v/v), and then 6 M HCl was added to reduce selenate to
selenite. Total Se in the diluted digestion solution and xylem sap was analyzed
by hydride generation flame atomic fluorescence spectrometry (AF-610A,
Beijing Ruili Analytical Instrument Co.). To control the quality of the analysis
procedure, a reagent blank and a reference material BGW07605 (GSV-4) were
applied during the experiment of total Se determination.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Mutation point in Isi1-1, Isi1-2, Isi2-1, and Isi2-2
mutants.
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