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Buckwheat is an important crop species in areas of selenium (Se) deficiency.
To obtain better insight into their Se metabolic properties, common buckwheat
(Fagopyrum esculentum) and tartary buckwheat (F. tataricum) were supplied with different
concentrations of Se, supplied as selenate, selenite, or Astragalus bisulcatus plant
extract (methyl-selenocysteine). Se was supplied at different developmental stages,
with different durations, and in the presence or absence of potentially competing ions,
sulfate, and phosphate. The plants were analyzed for growth, Se uptake, translocation,
accumulation, as well as for Se localization and chemical speciation in the seed.
Plants of both buckwheat species were supplied with 20 uM of either of the three
forms of Se twice over their growth period. Both species accumulated 15-40mg
Se kg~ DW in seeds, leaves and stems, from all three selenocompounds. X-ray
microprobe analysis showed that the Se in seeds was localized in the embryo,
in organic C-Se-C form(s) resembling selenomethionine, methyl-selenocysteine, and
y-glutamyl-methylselenocysteine standards. In short-term (2 and 24h) Se uptake
studies, both buckwheat species showed higher Se uptake rate and shoot Se
accumulation when supplied with plant extract (methyl-selenocysteine), compared to
selenite or selenate. In long-term (7 days) uptake studies, both species were resistant to
selenite up to 50 WM. Tartary buckwheat was also resistant to selenate up to 75 uM Se,
but >30 M selenate inhibited common buckwheat growth. Selenium accumulation was
similar in both species. When selenite was supplied, Se levels were 10-20-fold higher in
root (up to 900mg Se kg~' DW) than shoot, but 4-fold higher in shoot (up to 1,200 mg
Se kg~! DW) than root for selenate-supplied plants. Additionally, sulfate and phosphate
supply affected Se uptake, and conversely selenate enhanced S and P accumulation in
both species. These findings have relevance for crop Se biofortification applications.
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INTRODUCTION

For humans and other mammals, selenium (Se) is an essential
micronutrient involved in a number of essential functions,
including fertility, thyroid, and immune function; hence, Se
deficiency enhances the risk of developing cancers and infections
(Rayman, 2012). The recommended daily intake for adult
humans is 50-70 pg Se per day (Bendich, 2001). Based on
recent studies, 0.5 to 1 billion people may be suffering from
diseases that might be caused by Se deficiency, due to low soil
Se levels (Combs, 2001; Jones et al., 2017). This Se deficiency is
predicted to worsen due to reducing soil Se levels under global
climate change, especially in low-Se areas in China and Europe
(Jones et al., 2017). For this reason, Se deficiency issues have
been attracting an increasing focus worldwide. An additional
complication is that Se can become toxic at high levels, and
there is only a narrow window (less than an order of magnitude)
between Se deficiency and toxicity (Stadtman, 1974).

Selenium’s essentiality for plants has not been established, but
Se is considered a beneficial element that enhances plant growth
(Sors et al., 2005; Schiavon and Pilon-Smits, 2017). As one of the
dominant sources of dietary Se intake worldwide, production of
Se-fortified crops has been recognized as a strategy to cope with
the issue of Se deficiency (Jiang et al., 2015; Schiavon et al., 2017).
A common strategy is to biofortify plants with Se via fertilization
with inorganic or organic forms of Se (Broadley et al., 2006;
Schiavon and Pilon-Smits, 2017). To optimize Se accumulation
and speciation in different crop species, it is important to
characterize uptake and translocation patterns of different forms
of Se, particularly in the edible parts.

Selenate and selenite are the two dominant forms of inorganic
Se available for plant uptake in natural conditions (White
et al, 2007). Organic forms also occur in nature, when
organisms reductively assimilate selenate or selenite via the
sulfate assimilation pathway (Terry et al., 2000). Different plant
species differ in the extent to which they assimilate Se. This
is relevant for biofortification, because organic forms of Se are
considered a better form of dietary Se (Navarro-Alarcon and
Cabrera-Vique, 2008). A potentially interesting source of Se for
crop fertilization is green manure from Se hyperaccumulator
plant, i.e., plants that naturally hyperaccumulate Se in organic
form (mainly methyl-selenocysteine, methyl-SeCys) up to 1% of
dry weight (Yasin et al., 2014). Hyperaccumulator plants have
been successfully applied as a source of organic Se for crop Se
biofortification (Banuelos et al., 2016).

There are substantial differences between the mechanisms
involved in plant uptake and translocation of selenate, selenite,
and organic forms Se, as reviewed by Sors et al. (2005). The
bioavailability and uptake of environmental Se differs with
environmental conditions, Se species and plant species (Zhu
et al., 2009). Sulfate competitively inhibits selenate uptake by
plant roots, since they make use of the same transporter
and metabolic pathway (Schiavon and Pilon-Smits, 2017).
Controversies still exist regarding selenite uptake by plants; it has
been suggested that this is likely a passive process, but it may also
make use of phosphate transporters (Li et al., 2008; Zhang et al.,
2014). In addition to inorganic Se forms, organic forms of Se can

be taken up by plants (Abrams et al., 1990), and often at much
higher rates than the uptake of inorganic species (de Souza et al.,
2000; Kikkert and Berkelaar, 2013; Yasin et al., 2014). To date,
although Se hyperaccumulation plants have been utilized as a Se
source for crop biofortification (Bafuelos et al., 2015, 2016), little
information is still available about Se uptake and translocation
patterns of Se derived from Se hyperaccumulation plants. Thus, a
comparative study of Se uptake in the forms of selenate, selenite,
and hyperaccumulator-derived organic Se forms is worth further
investigation. Better knowledge of the uptake and translocation
of hyperaccumulator-derived Se by crop species will be directly
applicable for biofortification (Graham et al., 2007).

Different crop species vary in their Se accumulation,
metabolism, partitioning and tolerance, and within each species
Se accumulation and speciation can also differ with growth stage
and plant organ (Hasanuzzaman et al, 2010). Buckwheat is
emerging as a very important alternative crop in areas of Europe
and Asia where Se-deficiency commonly occurs. As shown in
previous field studies, buckwheat has substantial Se accumulation
capacity and may be a suitable crop species for Se biofortification
(Jiang et al., 2015; Golob et al., 2016). However, Se uptake
and translocation of buckwheat has not been well-characterized
under controlled conditions. In the current study, therefore,
Se uptake and translocation were characterized in two species
of buckwheat supplied with selenate, selenite or methyl-SeCys
containing plant extract from Se hyperaccumulator Astragalus
bisulcatus. Additionally, the effects of sulfate and phosphate on
uptake of these Se species were investigated. The Se species
were supplied at a range of concentrations, so as to investigate
not only which Se supply is optimal for Se biofortification, but
also to determine Se tolerance. Furthermore, x-ray microprobe
analysis was used to determine the form and localization of Se in
buckwheat seeds of both species supplied with selenate, selenite,
or methyl-SeCys.

METHODS AND MATERIALS

Plant Material and Growth Conditions

Common buckwheat (Fagopyrum esculentum Moench)
and tartary buckwheat (Fagopyrum tataricum Gaertn.) seeds
were surface sterilized by rinsing for 20 min in 20% bleach,
followed by five 10-min rinses in sterile water and stratified
at 4°C for 3 days before sowing. Then the seeds were sown
and allowed to germinate in Turface®/sand (2:1) mixture.
The plants were cultivated inside a growth chamber at 24°C
under fluorescent lights at a 16 h:8h light: dark photoperiod.
Plant extract used in the current study was from leaves of Se
hyperaccumulator Astragalus bisulcatus which were collected
from the seleniferous Pine Ridge Natural Area in Colorado,
described previously (EI Mehdawi et al., 2012). After grinding
of the fresh leaves in liquid nitrogen, 4 mL gf1 fresh weight
of acidic deionized water (pH 2.5) was used to extract the Se
from the pulverized plant sample. After 1h extraction on ice,
with occasional mixing, the supernatant was collected through
centrifugation at 2,500 x g for 10 min, and frozen at —20°C until
use. The main form of Se in this plant extract was confirmed via
liquid chromatography-mass spectrometry (not shown) to be
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methylselenocysteine (methyl-SeCys), with a minor fraction of
y-glutamyl-methyl-SeCys, as reported before (Valdez Barillas
et al., 2012). The Se concentration in the extract was determined
using Inductively coupled plasma optical emission spectroscopy
(ICP-OES) as described below.

Selenium Uptake Experiment

In order to investigate the uptake capacity of common buckwheat
and tartary buckwheat for different forms of Se (selenate,
selenite, and plant-extracted methyl-SeCys), and the interactions
of sulfate and phosphate with uptake of these different Se
species, 1-week old buckwheat plants were transplanted into 5-
1 hydroponic containers with 1/4-strength Hoagland nutrient
solution (Hoagland and Arnon, 1950) and cultivated for 1
week before the uptake experiment. The uptake experiment was
performed in 100-ml containers with one plant per container
with three replications for each treatment. After rinsing with
deionized water, the plants were incubated for 2h in 20 pM Se
and 2mM MES buffer (pH 5.6) with/without 0.5mM sulfate
for selenate uptake, with/without 0.5 mM phosphate for selenite

uptake, and with/without 0.5 mM sulfate or phosphate for plant
extract methyl-SeCys uptake. After the 2h uptake period, the
plants were incubated in ice-cold 2mM CaCl, and 2mM MES
(pH 5.6) desorption solution for 2min to remove Se from the
root apoplast. Then the plants were blotted dry, shoots and
roots were separated, dried, weighed, and analyzed for elemental
concentrations as described below.

Selenium Tolerance Experiment

Seeds of the two buckwheat species were sown into 50 ml
pots with Turface®/sand (2:1) mixture. The pots were placed
in 100 ml containers and supplied with 1/4-strength Hoagland
nutrient solution. When the seedlings were 1 week old, they were
thinned out to 2 plants per pot. After 1 more week of cultivation,
the plants were incubated for 7 days in 1/4-strength Hoagland
nutrient solution with the presence of a series of concentration
of selenate (0, 15, 30, 45, 60, 75 .M Na,SeQy,) or selenite (0, 10,
20, 30, 40, 50 uM Na,SeO3) to determine the Se accumulation
and tolerance. After harvest, the roots were rinsed with deionized
water and soaked for 2 min in ice-cold desorption solution (2 mM

L Common buckwheat

Tartary buckwheat

404 a

30+ b

10+

a

| [k

Shoot

500

400+

300

200+

Tissue Se concentration(mg kg™ DW)

100+

-P_+P
Selenite

-S_+S
Selenate

-S/IP_+S +P
Plant extract

2h-Se supply (20 pM)

FIGURE 1 | Shoot (A,B) and root (C,D) selenium (Se) accumulation in 2-week-old Common buckwheat (A,C) and Tartary buckwheat (B,D) plants incubated for 2 h
with 20 uM of Se as selenite, selenate or Astragalus bisulcatus extract (methyl-SeCys) in the presence of either O or 0.5 mM of sulfate/phosphate. Values shown are
the mean + SE (n = 3). Different letters indicate significant difference between treatments (P < 0.05).
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FIGURE 2 | Root Se uptake rate of Common buckwheat (A) and Tartary buckwheat (B) plants incubated for 2 h with 20 uM of Se as selenite, selenite, and Astragalus
bisulcatus plant extract (methyl-SeCys) in the presence of either 0 or 0.5 mM of sulfate or phosphate. Values shown are the mean + SE (n = 3). Different letters

TABLE 1 | The Se translocation factor (TF) of Common buckwheat and Tartary buckwheat after 2 h of exposure to 20 uM of different forms of Se, with/without 0.5 mM

sulfate or phosphate supplement.

Selenite Selenate A. bis extract (Methyl-SeCys)
-P +P -S +S -S/P +S +P
Common buckwheat 1.74 £ 0.36 2.13 +0.50 1.67 £0.156 1.69 £ 0.60 0.683 +£0.12 0.72 +£0.11 0.74 + 0.09
Tartary buckwheat 0.66 + 0.25 1.16 £ 0.19 1.58 £ 0.31 1.27 £0.21 0.62 £ 0.15 0.44 +0.08 0.47 +0.02

Values shown are the mean + SE (n = 3).

CaCl, and 2mM MES pH 5.6). Then the plants were blotted
dry, separated into shoot and root, and dried. The plant organs
were then weighed and analyzed for elemental composition as
described below.

Fate of Selenium in Mature Plants After

Two-Time Se Biofortification

The pre-sterilized seeds from both buckwheat species were sown
in 1L pots with Turface®/sand (2:1, w/w) mixture, thinned
to 2 plants per pot when the plants were 1-week old, and
grown until maturity, supplied with 1/4-strength Hoagland
nutrient solution. When the plants were 30 days old, they
were divided into four groups of four pots each. One group
was kept as control, while the other three were supplied with
20uM Se from either Na;SeOyselenate), Na;SeO; (selenite)
or plant extract (methyl-SeCys). The Se was supplied twice,
first at 30 d and again at 45 d of age. When most of the
seeds had matured from both buckwheat species, the plants
were harvested and separated into organs (root, stem, leaf, and
grain). The roots were rinsed with deionized water and blotted
dry. Some seeds were stored at —80°C for X-ray microprobe
analysis as described below. Subsequently, all organs were

dried, weighed and used for elemental analysis as described
below.

Comparison of Selenite, Selenate and
Plant Extract Se Uptake and Assimilation
in Common Buckwheat and Tartary

Buckwheat for 24 h Uptake Assay

Thirty-day-old buckwheat plants were grown in Turface® in 1L
pots (two plants per pot), supplied with 1/4-strength Hoagland
nutrient solution. Twenty WM of Se was supplied as Na,SeOs3,
Na;SeOy4 or plant extract (methyl-SeCys). Each treatment was
replicated in three pots. After 24h of Se supplement, the
collection of xylem sap was carried out as described by Li et al.
(2008). The shoots were cut at 2 cm above the roots. Deionized
water was used to rinse the cut surfaces, then the surface was
blotted dry, and xylem sap was collected with a pipette over
the following 2 h. Roots were rinsed with deionized water and
then soaked in an ice-cold 2mM CaCl, and 2mM MES (pH
5.6) solution for 10 min desorption. Root and shoot samples were
used for the determination of total Se. The xylem sap was stored
in —80°C before analysis via LC-MS.
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Elemental Analysis

Tissues and organs of buckwheat plants were dried at 50°C in
the oven until constant weight and then digested in nitric acid as
described by Zarcinas et al. (1987). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was used as described
by Fassel (1978) to measure Se, S, and P concentrations in the
digests, using appropriate quality controls and standards. The
chemical speciation of Se in xylem sap was detected using liquid
chromatography-mass spectrometry (LC-MS) as documented by
Dumont et al. (2006), using a mixture of organic Se compounds
as standards.

Statistical Analysis

The software SAS (v.9.2; SAS Institute, USA) was used for
statistical data analysis. The Duncan’s multiple rank test was
used to compare means of traits at P = 0.05. All datasets
were tested for normal distribution and equal variance. For
calculation of Se uptake rate per g root DW over the 2h
experiment, the total amount of Se accumulated in the plant
was divided by root DW, via the equation ([Se]root XD Wryoot +
[Selshoot X DWihoot)/Root DW. The translocation factor (TF)
was calculated as the ratio of the total amount of Se in

shoot ([Se]ghoot X DWihoot) to the total amount of Se in root
([Selroot X DWigot), as described by Kikkert and Berkelaar
(2013).

X-Ray Microprobe Analysis

Seeds obtained from plants supplied twice during their lifetime
with 20 WM Se as selenate, selenite or A. bisulcatus plant extract
were shipped on dry ice and mounted on a Peltier stage kept
at —25°C during analysis. X-ray microprobe analyses were
performed at beamline 10.3.2 of the Advanced Light Source,
at Lawrence Berkeley National Lab (Berkeley, USA) (Marcus
et al., 2004). Se, Ca, K spatial distribution in the samples were
determined using W XRF mapping at 13 keV incident beam, using
a pixel size of 20 x 20 um and a beam size of 5 x 5pm. Maps
were subsequently deadtime-corrected and decontaminated. In
specific sample regions of interest, chemical speciation of Se was
determined using Se K-edge WXANES spectroscopy, following
procedures previously described in El Mehdawi et al. (2012).
Se spectra and XRF maps were recorded in fluorescence mode
using a Ge solid state detector. Spectra were calibrated using
a red amorphous Se standard, with the main peak set at
12660 eV. All spectra recorded in the range 12500-13070eV, were
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TABLE 2 | The Se translocation factor (TF) of Common buckwheat and Tartary
buckwheat after 7-day of exposure to selenite and selenate.

Form of Se Supplied Se Common Tartary
supplied conc. (nM) buckwheat buckwheat
Selenite 10 0.39 + 0.02 0.39 + 0.10
20 0.22 £ 0.06 0.26 £+ 0.07
30 0.24 + 006 0.22 + 0.07
40 0.20 + 0.05 0.13 + 0.02
50 0.28 + 0.05 0.14 + 0.04
Selenate 15 27.72 £ 7.51 11.33 £ 5.35
30 28.89 +£ 7.18 17.51 £ 2.84
45 32.92 + 3.88 18.35 + 1.62
60 26.30 + 7.22 15.16 + 3.19
75 33.52 + 4.46 13.54 4+ 2.71

Values shown are the mean + SE (n = 3).

deadtime-corrected, deglitched, calibrated, pre-edge background
substracted, and post-edge normalized using a suite of custom
LabVIEW software available at the beamline. Least-squares linear
combination fitting (LCF) of experimental XANES spectra was
performed in the range of 12630 to 12850 eV using a library of 52
standard selenocompounds (Fakra et al., 2018). The best LCF was
obtained by minimizing the normalized sum of squares residuals
(NSS = 0 = perfect fit). The error margin for the fraction
found for selenocompounds is £10%. Additionally, valence-
state scatter plots, where each datapoint represent a XANES
spectrum, were obtained for quick visualization of Se valence
state in the samples, following procedures detailed in Fakra et al.
(2018).

RESULTS

Interference of Sulfur/Phosphorus With

Short-Term Se Uptake and Translocation

In a 2h Se uptake study with buckwheat seedlings, the presence
of 0.5mM sulfate or phosphate both negatively affected (P <
0.05) Se accumulation from A. bisulcatus plant extract (ie.,
methyl-SeCys) in the shoot of tartary buckwheat, while in
common buckwheat sulfate enhanced shoot Se concentration
from methyl-SeCys and phosphate had no effect (Figure 1B). In
roots, Se accumulation from plant extract was reduced by sulfate,
but only for tartary buckwheat (Figures 1C,D). Shoot and root
Se accumulation from selenate were not affected by sulfate supply
in either species, and phosphate only inhibited Se accumulation
from selenite in the root of tartary buckwheat (Figure 1D).

In this 2 h uptake study, similar Se concentrations were found
in shoots of common buckwheat and tartary buckwheat supplied
with either selenate or selenite (10-15mg kg~! DW), whereas
2- to 3-fold higher Se levels were observed in shoots of both
buckwheat species supplied with the same Se concentration as A.
bisulcatus plant extract (i.e., methyl-SeCys). Likewise, Se levels in
roots were 4- to 6-fold higher in common buckwheat and 2- to 7-
fold higher in tartary buckwheat when supplied with plant extract
(250-350 mg kg~! DW) as compared to selenite and selenate
(50-100 mg kg~! DW). The levels of Se in the root of both species

of buckwheat were higher than those in the shoot, for all three Se
treatments and regardless of S or P supply (Figure 1).

Calculation of Se uptake rate for common buckwheat and
tartary buckwheat in relation to the three Se forms and S/P
supplement revealed a significant inhibitory effect of 0.5mM
sulfate supply on plant extract Se uptake rate in tartary buckwheat
but not in common buckwheat (Figure 2). Approximately 2-
to 2.5-fold (common buckwheat) and 2- to 6-fold (tartary
buckwheat) higher Se uptake rates were observed from plant
extract Se (methyl-SeCys), compared to selenite or selenate,
respectively.

Calculation of Se translocation factor (TF) from root to
shoot revealed a difference between the two buckwheat species
(Table 1): common buckwheat showed higher Se translocation
to the shoot under all treatments except for plant extract Se
without S or P. Furthermore, for the selenite treatments, the
presence of 0.5 mM phosphate enhanced TF values 1.2-fold for
common buckwheat and 1.8-fold for tartary buckwheat. The
sulfate supplement did not reveal any effects on the TF of selenate
in common buckwheat, but a 0.2-fold reduction of Se TF was seen
after the addition of sulfate in tartary buckwheat. Furthermore,
the presence of S and P led to a slight increase in Se TF of
common buckwheat for the plant extract Se application (1.1-fold
and 1.2-fold, respectively), while TF values of tartary buckwheat
under plant extract Se treatments were somewhat decreased by
the addition of S and P, by 1.3-fold and 1.2-fold, respectively
(Table 1).

Effect of Se Speciation on Se Uptake and

Assimilation Over 24 h in Mature Plants

In a longer-term (24h) uptake study performed at the plant
flowering stage, the Se concentration in shoot and root were
significantly higher for both buckwheat species when supplied
with plant-extracted Se methyl-SeCys as compared to selenite
or selenate (Figures 3A,B). Additionally, at this plant stage the
tartary buckwheat plants accumulated more Se than common
buckwheat for several treatments, tartary buckwheat Se levels
were higher in root and shoot when supplied with plant extracted
methyl-SeCys, and in roots when supplied with selenite. In
agreement with this trend, after 24h of exposure to 20 uM Se
of the different Se forms, methyl-SeCys levels in xylem sap were
on average 2-fold higher for tartary buckwheat than for common
buckwheat (Figure 3C, P < 0.05). Methyl-SeCys was the only
form of organic Se detected in the xylem sap samples from both
species supplied with plant extract. No Se was detected in xylem
sap from plants supplied with selenate or selenite, but it should be
noted that inorganic Se is not measured in this LC-MS analysis.

Effect of Long-Term Se Supply on Dry

Matter Production

The shoot and root dry weight of common buckwheat were
overall higher than those of the tartary buckwheat plantlets,
after the 7 d uptake experiment (Figure 4). None of the selenite
concentrations significantly inhibited growth of either species,
but it is interesting to note that the average root and shoot
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TABLE 3 | Shoot and root sulfur (S) accumulation of 2-week-old Tartary buckwheat and Common buckwheat plants incubated for 7 days with either selenite or selenate.

Form of Se supplied Supplied Se conc. (LM) Common buckwheat Tartary buckwheat

Shoot Root Shoot Root
Selenite 0 3.44 + 0.34a 3.31 £ 0.23 2.90 + 0.87 3.39 £+ 0.79a
10 2.54 + 0.16b 3.31 £ 0.34 2.66 + 0.44 3.14 £ 0.33a
20 2.89 + 0.86ab 3.12 £ 0.59 2.72 £ 0.44 2.38 £ 0.26b
30 2.60 + 0.43ab 251 £0.19 249 +£0.72 2.35 £ 0.30b
40 2.32 £ 0.14b 2.87 £1.23 2.33 +0.38 3.50 £ 0.29a
50 2.78 + 0.50ab 2.48 £ 0.16 2.38 + 0.36 3.31 £ 0.10a
Selenate 0 3.17 + 0.34c 2.56 + 0.28a 2.65 + 0.16¢ 3.69 + 0.31cd
15 7.49 £ 1.57b 1.75 £ 0.11b 10.5 £ 38.72a 4.29 + 0.4ab
30 10.59 + 0.62a 2.59 £ 0.18a 10.28 + 0.59a 4.38 + 0.15a
45 7.57 £1.42b 2.42 + 0.25a 9.23 + 0.32ab 4.11 £ 0.23abc
60 7.42 +£1.37b 2.75 £ 0.50a 7.96 + 1.34ab 3.83 + 0.33bcd
75 7.17 £ 0.890 2.54 £ 0.27a 7.01 £1.75b 3.34 £+ 0.14d

Values shown are the mean + SE (n = 3). Different letters indicate statistically different means among Se level treatments within species (P < 0.05).

TABLE 4 | Shoot and root phosphorus (P) accumulation of 2-week-old Tartary buckwheat and Common buckwheat plants incubated for 7 days with selenite or selenate.

Form of Se supplied Supplied Se conc. (LM) Common buckwheat Tartary buckwheat

Shoot Root Shoot Root

Selenite 0 5.30 + 0.66 3.28 £ 0.31bc 8.82 £ 0.78 3.5+ 0.46
10 575 £ 0.25 3.62 + 0.57bc 7.91 £ 1.56 3.49 £+ 0.26
20 5.34 +£1.12 3.42 £ 0.77¢c 7.6 £1.17 3.02 £ 0.47
30 5.13 £ 0.83 2.95 + 0.22c 7.35 +£1.84 3.01 £ 0.68
40 5.08 £ 0.15 3.37 £ 1.51a 7.5+ 0.51 4.34 £ 0.16
50 475 £1.21 2.5 £ 0.12ab 8.156 £ 1.57 3.95 + 0.26

Selenate 0 5.78 + 1.00cd 2.47 £ 0.20 8.54 + 0.54b 4.14 £ 0.57a
15 5.16 + 0.45d 2.55 +0.29 8.32 £+ 0.62b 4.06 £+ 0.15a
30 8.26 + 0.98a 2.82 £ 0.55 9.38 £ 0.93ab 3.15 £ 0.47b
45 7.14 + 0.66ab 2.6 +£0.20 9.89 + 1.18ab 3.5 £ 0.19ab
60 6.56 + 0.94bc 2.5+ 050 10.97 + 2.10a 3.6 £ 0.36ab
75 6.72 + 0.11bc 2.47 £ 0.31 10.76 + 0.48a 3.14 £ 0.32b

Values shown are the mean + SE (n = 3). Different letters indicate statistically different means among Se level treatments within species (P < 0.05).

DW of common buckwheat showed a slightly downward trend
with increasing selenite concentration, while tartary buckwheat
showed an increasing average DW production (Figures 4A,C).
Compared to the control treatment without Se, approximately
1.7- to 2.2-fold higher root dry weight was found for tartary
buckwheat after treatment with selenite, but there was no
statistical difference (Figure 4C).

Selenate negatively affected biomass production for both
species, and common buckwheat was clearly more affected
than tartary buckwheat (Figures4B,D). Exposure for 7d to
levels above 20 WM selenate inhibited shoot and root dry
matter production of common buckwheat by 30-40% and 40-
55%, respectively, while average shoot and root DW of tartary
buckwheat were only marginally lower. It is interesting to note
that the lowest (15 M) selenate treatment resulted in a small
increase in shoot (17%) and root (25%) dry weight for common
buckwheat (Figures 4B,D).

Long-Term Se Accumulation Capacity in
Both Buckwheat Species

Selenium accumulation capacity in both buckwheat species were
detected by exposing 2-week old plantlets for a period of 7 days
to a range of selenite and selenate concentrations (Figure 5).
When exposed to selenite, both species accumulated 10- to 30-
fold higher Se levels in root than shoot, and tartary buckwheat
generally reached somewhat higher Se levels than common
buckwheat, particularly in root (Figures 5A,C). After 7 days of
selenate treatment, on the other hand, both species accumulated
more Se in shoot than root, and differed from each other in
that common buckwheat accumulated more Se in its shoot and
less in its root than tartary buckwheat (Figures5 B,D). This
difference is also very apparent from the calculated TF, which
was up to 2.5-fold higher for common buckwheat under selenate
treatment (Table 2). Incidentally, for selenite treated plants, the
TF was also higher for common buckwheat (Table 2), due to
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FIGURE 6 | Selenium accumulation in the organs (A) root; (B) stem; (C) leaf; (D) grain; of Common buckwheat and Tartary buckwheat treated with 20 uM Se of
selenite, selenate, or Astragalus bisulcatus extract (methyl-SeCys) twice during the growth period. Different letters above bars indicate statistically different means
among Se species treatments within species (P < 0.05).

the higher root Se levels in tartary buckwheat and roughly
equal shoot Se levels in both species. There was evidence of
Se toxicity in both species after exposure to selenate above
30 .M or even above 15 M. In contrast, there was no apparent
toxicity in either species under selenite treatment for the same
period.

Interaction of Long-Term Se Supply With S

and P Accumulation

Selenite treatment had overall a slight negative effect on S
accumulation in both buckwheat species, which was more
apparent in the shoot for common buckwheat and more in the
root for tartary buckwheat (Table 3). The two buckwheat species
had similar S levels under these conditions. Selenate showed
a significant positive effect on shoot S accumulation in both
species, the S concentration in shoot of common buckwheat
and tartary buckwheat was 2.3- to 3.3- fold and 2.6- to 4.0-
fold enhanced under selenate supply. In the roots of both

buckwheat species, S accumulation was not much influenced
by selenate treatment; overall higher S levels were found
in tartary buckwheat roots compared to common buckwheat
(Table 3).

The level of P in the shoot of both buckwheat species
was not found to significantly differ in response to increased
selenite concentration in the nutrient solution, and tartary
buckwheat showed higher P accumulation in shoot compared
to common buckwheat (Table4). Increasing selenate supply
led to higher shoot P levels in both buckwheat species, and
tartary buckwheat again had higher P levels than common
buckwheat. Root P levels were overall lower than those in
shoots, and tartary buckwheat again tended to have higher levels
than common buckwheat (Table 4). Selenate treatment had a
small but significant negative effect on root P levels for tartary
buckwheat, but not for common buckwheat; selenite did not
have a clear, consistent effect on root P levels for either species
(Table 4).
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FIGURE 7 | Tricolor coded micro-focused X-ray fluorescence (XRF) maps of seeds from common buckwheat (A-C) and tartary buckwheat (D-F) after twice
biofortification with 20 M Se as selenate (A,D), selenite (B,E) or Astragalus bisulcatus extract (C,F). Selenium is shown in red, calcium in green and potassium in
blue. Yellow circles denote locations where XANES spectra were collected, to determine Se speciation. All scale bars are 1 mm.

Following the Fate of Se After Two-Time
Supply With Different Selenocompounds

To investigate the fate of the different selenocompounds all
the way to plant maturity, both species were grown until
maturity (seed set) and supplied twice during their lifetime
with 20 wM Se as selenite, selenate or as A. bisulcatus plant
extracted methyl-SeCys, with a 15-day interval. This Se supply
resulted in measurably elevated Se levels in all plant organs,
but to different extent depending on organ, species, and form
of Se supplied (Figure6). In the roots of both species, the
Se concentration was much higher for the selenite application
compared to the other treatments, and tartary buckwheat
accumulated overall higher root Se levels than common
buckwheat, from all three forms of Se supplied (Figure 6A).
The Se concentrations in the stem were the lowest among all
organs, for all Se treatments (Figure 6B). Compared to tartary
buckwheat, common buckwheat accumulated more Se in its stem
when supplied with selenite, but less when supplied with plant
extract (Figure 6B). The leaf Se levels were clearly elevated by
the Se treatments, and comparable for both buckwheat species
(Figure 6C). The levels ranged from 15 to 20 mg Se kg~! DW for

selenite-supplied plants to 40 mg kg~! DW for selenate-supplied
plants; plants supplied with A. bisulcatus plant extract showed
intermediate leaf Se levels (Figure 6C).

The Se accumulation in the grain (seed) of buckwheat deserves
special interest, as the edible part for humans. The seed Se levels
were overall similar to those found in the leaves, and in all but
one treatment well above the background Se levels found under
control conditions (Figure 6D). Common buckwheat exhibited
the highest seed Se accumulation in plants that received selenate
(40 mg kg~! DW), which were 2-fold higher than in plants that
had received selenite, while levels in plants supplied with plant
extract were not above background. In tartary buckwheat grain,
all three forms of Se increased the Se content significantly and
equally, to ~20 mg kg~! DW (Figure 6D).

Seeds from both plant species treated with the three different
selenocompounds were analyzed for their Se distribution and
chemical speciation using X-ray microprobe. XRF mapping
revealed that Se (Figure?7, shown in red) was concentrated
in the embryo within each seed for both species and all
three Se treatments. The seed coat had little or no Se, but
contained Ca and K (Figure 7). XANES spectra obtained at
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FIGURE 8 | Selenium speciation in seeds of common buckwheat and tartary
buckwheat supplied with selenate, selenite or A. bisulcatus extract. (A)
Average XANES spectra for each sample, in comparison with Se standards: a
C-Se-C compound, selenomethionine, as well as red amorphous Se(0),
sodium selenate and sodium selenite. (B) Se valence-state scatter plot shows
that all XANES spectra plot in close proximity to organic Se standards. Se
standards are in black. Colored dots coding is as follows: red, CB SeO4; blue,
CB SeO8; green, CB Abis extract; magenta, TB SeO4; orange, TB SeO3;
cyan, TB Abis extract.

different locations within the embryo (indicated with yellow
circles in Figure7) were fitted to standard Se compounds.
All seeds contained predominantly (96-100%) organic Se with
a C-Se-C configuration, that best fitted with the standards
selenomethionine, methyl-SeCys, and y-glutamyl-methyl-SeCys
(Figure 8).

DISCUSSION

This study explored the capacity of common buckwheat and
tartary buckwheat to accumulate and tolerate Se as either selenite,

selenate or as A. bisulcatus-extracted methyl-SeCys. The species
were exposed to Se under controlled conditions at different life
stages (seedling, plantlets, or until maturity) and for different
durations (2 and 24h, 7 days, 10 weeks). Both species were
able to accumulate Se to significant and similar levels, up to
~1,000mg kg~! DW in shoots of selenate-treated plants and
~600mg kg~! DW in roots of selenite-treated plants after 7
days. Both species were tolerant to selenite up to the highest
level tested, i.e., 50 M. Tartary buckwheat was also quite tolerant
to selenate (up to 75uM), while common buckwheat showed
growth reduction above 25 M. In a study where plants were
spiked with 20 uM Se twice over the duration of their lifetime,
both species accumulated 15-40mg Se kg~! DW in seeds,
leaves and stems, from all three selenocompounds. Regardless
of plant species and form of Se supplied, the form of Se in
seeds was organic Se with a C-Se-C configuration. This could
be selenomethionine, methyl-SeCys, g-glutamyl-methyl-SeCys,
other C-Se-C compounds not in our standards, or a combination
thereof.

These findings are very relevant for Se biofortification
applications. Organic forms of Se with a C-Se-C configuration,
like those found in these buckwheat seeds are considered
desirable for biofortification. Apparently, it does not matter
which form of Se is supplied to buckwheat, it always stores C-Se-
C compounds in its seeds. The levels found in this study would be
considered high to be used as Se biofortified material. The daily
recommended Se intake for adult humans is around 55-75 pg.
If seeds contain 15 mg Se kg’1 DW, 4-5¢ (a tablespoon) would
provide sufficient Se to satisfy the daily requirement. Thus, lower
Se supply would be preferable in a field setting than those used
here. Another way to achieve optimal Se concentration in the
final product would be to mix high-Se with low-Se buckwheat
flour. Additionally, the high Se levels in seeds together with little
growth reduction illustrates the higher tolerance of buckwheat to
Se (Supplementary Figure 1), when compared with Se-sensitive
tobacco and soybeans (Martin and Trelease, 1938) or even wheat
(Lyons et al., 2005b).

There were some interesting differences with respect to how
the plants processed the different forms of Se. Over a 24 h period,
the Se in the A. bisulcatus-extract (methyl-SeCys) was taken up
faster compared to selenite and selenate, and translocated via
the xylem to the shoot. This indicates that the Se absorption
mechanism of the methyl-SeCys in the plant extract was more
efficient than those for the inorganic forms of Se. Indeed, organic
forms of Se have been reported to show fast plant uptake rates
through amino acid transporters (Kikkert and Berkelaar, 2013),
compared to inorganic selenite and selenate uptake via phosphate
and sulfate transporters, respectively (Li et al., 2008; El Mehdawi
et al.,, 2018). In the long-term buckwheat biofortification study,
the Se levels found in the plant tissues after methyl-SeCys supply
were not higher and sometimes even lower than those for the
inorganic forms of Se. This may point to a higher loss of Se
via volatilization, when supplied with methyl-SeCys. This would
be in agreement with earlier studies (Zayed and Terry, 1994; de
Souza et al., 2000), which showed organic Se is volatilized much
more readily than inorganic Se. From a practical perspective,
biofortification with green manure containing methyl-SeCys is
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best timed shortly before harvest, to avoid loss via volatilization.
Selenate and selenite also showed differences in accumulation
pattern, with selenate being readily translocated to the shoot
while selenite stayed in the root. The same pattern has been
found for other species (Zayed and Terry, 1994). This low
translocation to shoots is attributed to the rapid conversion
of selenite to organic Se species in the roots (Kahakachchi
et al., 2004; Inostroza-Blancheteau et al., 2013). With respect to
the translocation of different forms of Se in buckwheat plants,
common buckwheat showed a better capacity of Se translocation
for all three Se speciation treatments, compared to the Se
translocation ability of tartary buckwheat. Although the plants
used in this study were in each experiment the same age for
both species, common buckwheat commonly had attained more
biomass than tartary buckwheat before the assay, which might
explain its higher Se translocation factor, the bigger shoot of
common buckwheat plants may have drawn up more Se due to
transpiration (Kollman et al., 1974).

The interaction with sulfate or phosphate also differed for
the selenocompounds. In the 2h uptake study, accumulation
of Se from A. bisulcatus plant extract was influenced by sulfate
and phosphate, which both reduced accumulation in shoot for
tartary buckwheat, while sulfate promoted Se accumulation in
common buckwheat. It is not clear what the mechanism could
be for these effects. Furthermore, uptake of selenite was inhibited
by phosphate in the root of tartary buckwheat, which may
be caused by competitive inhibition. Phosphate appeared to
promote translocation of selenite-derived Se in both species, for
reasons not readily apparent. It is surprising that selenate uptake
was not inhibited by sulfate in the 2h uptake study, in view of
earlier results from other plant species (Schiavon et al., 2015; El
Mehdawi et al., 2018) and evidence that selenate is taken up by
sulfate transporters (El Kassis et al., 2007).

Tartary buckwheat showed improved growth over 7 days in
the presence of selenite up to 40 wM, as did common buckwheat
for selenate at 15 WM. These data are in agreement with earlier
reports that low concentrations of selenate can benefit plant
growth (Hartikainen, 2005; Pilon-Smits et al., 2009), due to
activation of antioxidant mechanisms. Furthermore, there was a
clear impact of selenate application on S and P distribution in
plants (Supplementary Figures 2, 3), both species of buckwheat
accumulated more S overall, and translocated more S and P from
root to shoot, which was also observed in wheat cultivated in
high Se levels of soil or solution conditions (Lyons et al., 2005b),
it might help resist Se stress (Feng et al., 2013). This finding
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