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Abstract: Selenium (Se) biofortification by seed treatments has been poorly explored in wheat due to
the difficulties in establishing seed treatments without compromising plant productive traits. We
investigated the effects of Se seed soaking as a pre-sowing treatment in bread wheat. Five soaking
periods and six Se concentrations were assessed on germination and seedling traits and compared
to unsoaked seeds. Twelve hours of soaking was found beneficial for most tested Se concentrations.
Then, we evaluated the effects of untreated, 0, 2.5 and 25 mM Se in 12 h seed soaking treatments
along the wheat crop cycle under water-deficit (WD) and well-watered (WW) conditions in a pot
experiment. Our results evidenced that 12 h of 2.5 mM Se soaking did not affect the germination
percentage, and speed-up seedling emergence resulted in a considerable Se seed uptake. These plants
also displayed enhanced antioxidant capacity and vegetative biomass accumulation, especially under
WD. The treatment with 25 mM of Se negatively affected aerial biomass, suggesting potential toxicity.
Physiological responses of Se-treated plants remained unchanged, as well as grain traits. Altogether,
we propose that 12 h soaking with 2.5 mM Se is a promissory pre-sowing approach to enrich bread
wheat grain and straw, particularly under water-limited environments.

Keywords: antioxidant capacity; biomass accumulation; cereals; pre-sowing treatments; seedling
morphology; selenium seed soaking; Triticum aestivum; water deprivation responses

1. Introduction

Selenium (Se) is a beneficial nutrient for plants. The Se concentration on plants is
usually suboptimal due to the low Se concentration in many agricultural soils [1]. Se
contents soils are low since it exists mainly in insoluble forms, as in high-Fe, low-pH
and certain leached soils, resulting in reduced availability to plants [2]. To overcome sub-
optimal levels found in plants, soil supplementation with this nutrient via fertilizers is
often used.

Presently, the relevance of Se is boosted because it is also an essential trace element
for human and animal health [3]. It is expected that 15–20% of the world’s population has
Se deficiency [4,5]. Many disorders such as higher viral infection vulnerability, thyroid
dysfunction, cancer and cardiovascular diseases are associated with Se deficiency [1]. To
face the Se deficiency in human food is necessary to complement the meals by ingesting
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supplements or foodstuffs resulting from agronomic biofortification [3,6]. Although dietary
supplements are easy to take in the correct dose, they represent an added cost for consumers
and require specialised knowledge or recommendation for their intake. Agri-foods resulting
from fortification programmes are duly framed in the population’s general needs to which
they are destined. Their consumption is safe without representing an extra expense for
the consumers. Several strategies to fortify edible crops also improve plant growth and
development, making selection and breeding an important role [7]. Despite the efforts,
the complexity of the basic tolerance mechanisms involved, a lack of optimal selection
criteria, and variations in plant response at different growth stages have limited commercial
success [7].

Strategies such as soil and foliar fertilisation have been used to supply plants with
numerous nutrients, including Se. However, the choice of each approach depends on
the target crop and the farmer’s agronomic capacity. The application of Se during the
vegetative crop growth stage depends on the availability of the mechanised tools, the
land slope, the crop area and the time to perform the task with a considerable amount
of cost associated. Another alternative strategy is the application of Se to seeds before
sowing [8]. This procedure is easy to implement by farmers and is considered low-cost,
avoiding additional costs through mechanisation or workforce necessary to perform later
field applications [7]. Pre-sowing treatment such as priming or soaking has been widely
used to improve seed germination and seedling emergence by inducing pre-germination
metabolic activity, even under adverse conditions [9–12].

Bread wheat (Triticum aestivum L.) is one of the most cultivated crops globally, with a
production area estimated at approximately 215 million hectares in the last four years [13].
The consumption of this staple food accounts for 19% of the calories in the global human
diet since the grain is rich in carbohydrates and has a higher protein content than other
cereals such as rice, maize and rye [14,15]. Presently, the existing knowledge on the
capability of the wheat crop to uptake and incorporate Se in their tissues or organs, the
availability and consumption of Se by the plant, and the impact of Se on plant development
and growth is scarce. Indeed, this is conditioning the development of biofortification
approaches based on seed treatments such as seed soaking. To ensure suitable and efficient
Se application is necessary to understand the boundaries [16]. Many studies tested the
Se crop supplementation during plant development by foliar spray and soil fertilisation.
Concentrations tested were below 100 g Se ha−1, and generally, a positive effect on plant
growth and development was noticed [3,17]. Most of the studies focused more on the yield
and Se seed content at the mature stage and less on germination, plant development and
morphologic or physiologic responses [18–21]. Previous studies have evidenced that seed
soaking with Se is an effective technique to enrich Se contents in seeds, including bread
wheat [22]. This work also pointed out the need to conduct a careful optimisation of the
procedures, including the test of a range of concentrations and soaking times. This work did
not consider the implications of these different soaking parameters in plant development
and physiological and morphological traits, which is relevant when soaked seeds are
expected to be sown and still present a considerable yield. The Se effects on plant growth,
from germination to mature plants, need to be evaluated to select the concentrations that
do not impair germination, biomass accumulation and yield [3,23–25].

Drought stress during developmental stages in wheat has been considered one of the
major factors that affect the grain yield and quality [26]. This is particularly true if stress
occurs during the early growth stages, compromising stand establishment and the final
crop yield and productivity [27]. In addition to increasing seed germination performance,
pre-sowing seed treatments such as soaking with beneficial substances or nutrients were
described as a promissory approach to cope with environmental constraints [12]. Such a
dual beneficial response was already described for Se seed treatments [27].

Herein, we explore the hypothesis that Se pre-sowing application by seed soaking,
expected to enhance Se content in seeds, will enhance plant performance and productive
traits under water deficit conditions. This work aims to investigate the effects of Se seed
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soaking as a pre-sowing treatment in bread wheat in germination and productive traits.
Five soaking periods and six Se concentrations were assessed on germination and seedling
traits and compared to unsoaked seeds. Then, on selected Se concentrations and soaking
time, a pot trial was conducted to assess the effects of Se treatments in morphological,
physiological, biochemical and yield level traits under well-watered and water deficit
conditions. At the end, we expect to provide an effective Se seed treatment without
compromising yield that would constitute a cost-effective, faster and simple method for
farmers to supplement Se for crop production with potential application in biofortification.

2. Materials and Methods
2.1. Plant Material

The seeds of Triticum aestivum L. cultivar “Jordão” used in this study were provided
by the Plant Breeding Station of Instituto Nacional de Investigação Agrária e Veterinária
(Elvas, Portugal). This cultivar is one of the most representative varieties of bread wheat in
the country [18] and has belonged to the Portuguese Catalogue of Varieties since 1996 [28].
It was selected due to its suitability for laboratory and field trials but also for presenting
some characteristics such as good adaptation to Mediterranean conditions, semi-precocious
vegetative cycle, great tillering capacity, high productive performance, high baking poten-
tial and high resistance against several wheat diseases [28,29]. Seeds used in this study
were harvested in the summer of 2016 and then stored in standard seed bank conditions
(−20 ◦C, Relative humidity below 25% and dark conditions) until used (December 2016).

2.2. Germination Experiment

Wheat seeds were disinfected using a solution of sodium hypochlorite 1% for 3 min
and then washed with distilled water. In order to access good germination of wheat seeds,
two different treatments were performed: selenium (Se) concentration and soaking time.
Seeds were soaked in six aqueous solutions of sodium selenate (Na2SeO4, Applichem
GmbH, Darmstadt, Germany) solution 0, 0.25, 1, 2.5, 5 and 25 mM. Sodium selenate solu-
tions were freshly prepared with distilled water before use, and the 0 mM Se concentration
refers to seeds just soaked in water (control). An additional control treatment was made, in
which seeds were not soaked (untreated control). Selenate was chosen, instead of selenite,
as a preferred source of Se due to better translocation capacity from root to shoot [16,17].
The ratio of seed weight per solution volume was 1:10 g mL−1. Four soaking periods
(SP) were tested: 4, 9, 12 and 24 h for each Se concentration at room temperature (20 ◦C).
Occasionally, the Se solution plus seeds were stirred. Seeds were removed from the solution,
washed three times in distilled water, and dried between two layers of filter paper, then let
dry 2 h inside a dry oven at 22 ± 1 ◦C. Then, seeds were used in germination tests.

Se treated seeds, control water soaked and control untreated seeds were placed inside
glass Petri dishes onto wet filter paper and were kept for 48 h in the absence of light at
room temperature (~20 ◦C) for germination. For each experimental condition, triplicates
were made, each with 15 seeds per Petri dish. Two days after sowing (DAS), seedlings were
examined to confirm roots and radicle protrusion, and the seed germination percentage
was calculated. Only seeds with visible radicle (at least 1 mm in length) and roots were
considered germinated. So as to investigate putative differences caused by Se treatments
in root length, the three primary roots per seed were measured using a millimetric ruler.
Cumulative root length was obtained by the sum of all root lengths, considering that
secondary roots emerge.

2.2.1. Electrolyte Leakage

Electrolyte leakage (EL) was used to access membrane permeability and was analysed
using Mettler Toledo Electro conductivity equipment. Seeds soaked 4, 9, 12 and 24 h in 0,
0.25, 1, 2.5, 5 and 25 mM and untreated seeds were used. After treatments, 15 seeds per
experimental condition were considered for analysis. These represent 5 biological replicates,
each with 3 pooled seeds. The EL (%) was determined as described by Tounekti et al. [30].
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Briefly, seeds were placed in tubes containing 5 mL of double-distilled water and then incu-
bated at 25 ◦C for 24 h in a rotary shaker. The initial electrical conductivity of the medium
(EC1) was measured using a conductivity meter. Samples were autoclaved at 121 ◦C for
15 min to release all electrolytes and then cooled to 25 ◦C before the final electrical conduc-
tivity (EC2) measure. The EL (%) was calculated as follow: EL (%) = (EC1/EC2) × 100.

2.2.2. Selenium Determination

The Se contents present in the seeds after 12 h soaking treatment with 0, 0.25, 0.5,
2.5, 5 and 25 mM Se were assayed fluorometrically after a modified nitric acid/hydrogen
peroxide digestion [31] and a reaction with 2,3-diaminonaphthalene (DAN) described
by Costa-Silva et al. [32]. Briefly, dried grain samples were ground in the Retsch Ultra
Centrifugal Mill ZM 200 using a 1.0 mm screen. Two hundred milligrams of the sample
were weighed and transferred to a 160 mm × 16 mm acid-washed glass culture tube for
digestion with the nitric acid procedure as described by Boldrin et al. [33]. Then, 2 mL of
concentrated nitric acid and 1 mL of concentrated hydrogen peroxide were added, and the
mixture was mixed by vortexing. The samples were left overnight at room temperature.
Subsequently, samples were heated for 1 h at each temperature, 50, 80, 100, 120 and finally
left overnight at 155 ◦C. Then, samples were left to cool down to room temperature.

After digestion, 0.5 mL of 5 M HCl were added, tubes were closed with Teflon-faced
screw caps, and the mixture was heated at 100 ◦C for 30 min. After room temperature
cooling, 10 mL of 10 mM EDTA solution and 2 mL of DAN were added, vortex-mixed, and
heated at 60 ◦C for 30 min, then cooled down at room temperature. Five millilitres of cyclo-
hexane were added, vigorously mixed and allowed to separate into phases. Three millilitres
from the organic phase were assayed fluorometrically (FP-777 spectrofluorometer, Jasco,
Maryland, USA) with an excitation wavelength of 375 nm and an emission wavelength
of 525 nm. The amount of Se was expressed in µg kg−1 of DW after interpolation with a
dilution calibration curve constructed with working Se standard solutions [32].

2.3. Pot Trial Description

A pot experiment was conducted to evaluate the effect of a beneficial and detrimental
Se soaking treatment on physiological, biochemical, morphological and productive param-
eters under well-watered (WW) and water deficit conditions (WD). The pot experiment
was conducted at the experimental greenhouse in the University of Trás-os-Montes and
Alto Douro in Vila Real, Northeast Portugal (41◦17′07.0′′ N, 7◦44′23.5′′ W, 465 m a.s.l.).
For each experimental condition studied, 20 pots were used, each with 6 L of capacity
(20 cm diameter × 20 cm height) filled with Vila Real soil/peat [3:1 (v/v)]. The soil has
5.2 pH in water; 14 g kg−1 of organic matter; 48 mg kg−1 of available P and 130 mg kg−1

of available K. Four seeds per pot were sown manually in the first week of December at
2–3 cm deep. During the first 4 months, plants were kept outside the greenhouse under
open-field conditions. Periodic manual weeding was carried out to avoid the competition
of invasive plants. Precipitation, radiation, wind and air temperature (minimum and
maximum) were recorded from a meteorological station near the experimental area. The
emergence of seedlings was scored at 12, 18 and 24 days after sowing (DAS) before stress
imposition. After 50% of emergence (middle of December), the length of the seedlings,
number of visible and unfolded leaves, number of visible tillers, size of the tillers and
number of leaves in each tiller were recorded weekly during the first eight weeks after
sowing (Figure 1). The length was determined from the ground to the tip of the longest leaf
in millimetres (mm).
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Pots were transferred to the inside of the greenhouse at 138 DAS (previously to flag
leaf emergence), left in acclimatisation for 1 week, and then were split into two groups
(10 pots each) to obtain well-watered plants (WW) and water-deficit plants (WD). WW
plants were kept at field capacity, corresponding to 20% soil humidity measured with Time
Domain Reflectometry (TDR) equipment. Water deficit was imposed by suppressing soil
irrigation until it reached 25% of the soil field capacity, corresponding to 5% TDR. These
TDR values were used to monitor soil water contents throughout the experiment (30 days),
allowing the adjustment of the water supply to ensure WW and WD conditions.

2.4. Physiological Assay

Leaf gas exchange and chlorophyll fluorescence measurements were performed
25 days after water regimes irrigation was implemented. Measurements were carried
out in fully developed and sun-exposed leaves, without visible blemish, and during morn-
ing periods from 10 h to 12 h.

2.4.1. Gas Exchange Parameters

Leaf gas exchange measurements were performed using a portable Infra-Red Gas
Analyzer system (IRGA, LCpro+ ADC BioScientific Ltd., Hoddesdon, UK), operating in
the open mode (1020 µmol m−2 s−1 PAR, 400 ppm CO2, 25 ± 2 ◦C, and 50–60% Rela-
tive Humidity). Net photosynthetic rate (A, µmol CO2 m−2 s−1), transpiration rate (E,
µmol m−2 s−1), stomatal conductance for water vapour (gs, mmol H2O m−2 s−1) and
intracellular CO2 concentration/ambient CO2 ratio (Ci/Ca) were estimated using the
equations developed by von Caemmerer and Farquhar [34]. Intrinsic water-use efficiency
(WUEi = A/gs) was calculated.

2.4.2. Chlorophyll a Fluorescence

Chlorophyll a fluorescence variable was measured in vivo on the same leaves and
environmental conditions used for gas exchange measurements with a pulse-amplitude-
modulated fluorometer (FMS 2, Hansatech Instruments, Norfolk, UK). Before the measures,
a small part of the leaves was dark-adapted using leaf clips for 30 min. After the dark-
adaptation period, the minimal fluorescence (Fo) was measured when all photosystem II
(PSII) reaction centres were open, using a low-intensity pulsed measuring light source.

The maximal fluorescence (Fm) was measured when all PSII reaction centres were closed
during a pulse saturating light (0.7 s pulse of 15,000 µmol photons m−2 s−1 of white light).
Variable fluorescence (Fv) was calculated by the difference between Fm and Fo (Fm − Fo). The
maximum quantum efficiency of PSII was calculated as Fv/Fm = (Fm − Fo)/Fm [35]. Follow-
ing Fv/Fm estimation, after a 20 s exposure to actinic light (1500 µmol m−2 s−1), light-adapted
steady-state fluorescence yield (Fs) was averaged over 2.5 s, followed by exposure to saturat-
ing light (15,000 µmol m−2 s−1) for 0.7 s to establish F′m. The sample was shaded for 5 s with
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a far-red light source to determine F′0. Several fluorescence attributes were calculated [36,37]:
photochemical quenching (qP = (F′m − Fs)/(F′m − F′0)), non-photochemical quenching
(NPQ = (Fm − F′m)/F′m) and efficiency of electron transport as a measure of the quan-
tum effective efficiency of PSII (ΦPSII = ∆F/F′m = (F′m − Fs)/F′m). The apparent electron
transport rate was estimated as ETR (µmol e− m−2 s−1) = (∆F/F′m) × PPFD × 0.5 × 0.84,
where PPFD was the photosynthetic photon flux density incident on the leaf, 0.5 was the
factor that assumed equal distribution of energy between the two photosystems. The leaf
absorbance used was 0.84, a common value for C3 plants [36].

2.5. Biochemical Assay
2.5.1. Photosynthetic Pigments Quantification

The collected fresh leaves were immediately frozen in liquid nitrogen, grounded and
stored at−80 ◦C until use. Chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids (Car)
were extracted from frozen material by homogenisation with 80% (v/v) acetone following
previously published methodologies [38–40]. Absorbance values of each extract were
immediately recorded in a UV-Vis Spectrophotometer (Varian Cary 100 bio) at 470, 645 and
663 wavelengths against blank (pure solvent (80% acetone)). The pigment concentration in
each extract was calculated using the following formulas [39]:

Chl a (µg mL − 1) = Chl a = (12.25 × Abs663.2) − (2.79 × Abs646.8)

Chl b (µg mL − 1) = Chl b = (21.50 × Abs646.8) − (5.10 × Abs663.2)

Chl a + Chl b (µg mL−1) = (7.15 × Abs663.2) + (18.71 × Abs646.8)

Car (µg mL−1) = (1000 × Abs470 − (1.82 × Chl a) − (85.02 × Chl b))/198

Pigments were expressed as milligram of pigment per gram of dry weight (mg g−1 DW).

2.5.2. Total Soluble Sugars and Proteins

Total soluble proteins (TSP) were quantified spectrophotometrically using the method
of Bradford [41]. Bovine serum albumin was in the standard curve dilution.

Total soluble sugars (TSS) were extracted according to Irigoyen et al. [42] by heating
the samples in 80% ethanol for 1 h, at 80 ◦C. Then, the soluble fraction was separated from
the solid fraction, and the TSS concentration was determined spectrophotometrically by
the anthrone method using glucose as a standard dilution curve [42].

2.5.3. Phenolic Composition Extration

The extraction method was adapted [43] with some modifications. Thirty milligrams
of frozen fresh leaves in triplicate were used for extraction with 1.5 mL of 70% aque-
ous methanol. The mixture was vortexed for 30 s and agitated for 1 h in the dark,
then centrifuged (Centrifuge 5804 R, Eppendorf, Hamburg, Germany) at 12,000 rpm for
15 min. Then the supernatant was recovered to a new tube, and the pellet was used for
two subsequent extractions with 1.5 mL of aqueous methanol 70%. The volume super-
natants recovered was adjusted to 5 mL and centrifuged at 3000 rpm for 10 min to clear
from residues and moved to a new tube, which was stored at −20 ◦C until performing the
antioxidant analysis described below. All quantifications were done in quadruplicate using
a microplate reader (Multiskan™ GO Microplate Spectrophotometer, Thermo Scientific,
Vantaa, Finland). An aliquot of each grounded sample (30 mg) was weighed in triplicate,
oven-dried for 24 h, and reweighed. Since the results were expressed by dry weight, this
value was used to normalise data.

2.5.4. Total Phenolic Content

The content of total phenolic compounds (TPC) was determined using a classical
colourimetry method, following the Folin–Ciocalteu procedure [44]. Twenty microlitres
of the extract were added to the microplate well, followed by 100 µL of Folin–Ciocalteu
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phenol reagent (1:10 in double-distilled water) and 80 µL of 7.5% Na2CO3. The microplates
were then incubated at 50 ◦C for 30 min in the dark. The absorbance was recorded at
750 nm with a microplate reader against blank (70% aqueous methanol). The results were
then expressed as mg of gallic acid equivalent per g−1 of DW (mg GAE g−1 DW), using a
calibration curve of gallic acid at different concentrations (from 0.0 to 2.5 µg mL−1).

2.5.5. Total Flavonoids Content

The Total Flavonoids (TFC) of extracts were determined by the classic colourimetry
procedure [45]. Twenty-five microlitres of the extract were added to each microplate well,
followed by 100 µL of ultra-pure water and 10 µL of 5% NaNO2. Then, the microplates were
incubated at room temperature for 5 min under dark conditions. After this period, 15 µL of
10% AlCl3 were added to each well, and microplates were again incubated at room temper-
ature under dark conditions for 6 min. Then, 50 µL of 1 M NaOH and 50 µL of ultra-pure
water were added to each well and mixed thoroughly. The absorbance values were then
recorded at 510 nm in a microplate reader against blank (ultrapure water instead of extract).
The results were expressed as mg of catechin equivalent per g−1 of DW (mg CE g−1 DW)
using a calibration curve with a dilution standard curve of (+)-catechin [46] at different
concentrations (from 0.0 to 1.0 mg mL−1).

2.5.6. Ortho-Diphenols Content

The ortho-diphenols (OD) were determined using a classical colourimetry method,
following the sodium molybdate reagent [44,47]. In each microplate well were added
40 µL of sodium molybdate (5% (w/v) in 50% MeOH (v/v)), and 160 µL of extract. Then,
microplates were incubated at room temperature for 15 min in the dark. The absorbance
values were recorded at 375 nm with a microplate reader against blank (70% aqueous
methanol). The results were then expressed as mg of gallic acid equivalent per g−1 of
DW (mg GAE g−1 DW), using a calibration curve of gallic acid at different concentrations
(starting from 0.0 to 2.5 µg mL−1).

2.5.7. Antioxidant Activity—ABTS+

The radical-scavenging activity was determined by the 2,2-azino-bis (3-ethylbenzothiazoline)-
6 sulfonic acid (ABTS+) radical cation decolourisation assay. For this assay, ABTS+ radical
was prepared by mixing an ABTS+ stock solution with 2.45 mM potassium persulfate. The
ABTS+ solution was diluted with 20 mM sodium acetate buffer (pH 4.5) to an absorbance of
0.70 ± 0.01 at 734 nm. The reaction was started by adding 25, 50, 100, 150 and 200 µL of the
methanolic extract to 2 mL of the diluted ABTS+ solution. ABTS+ bleaching was monitored
at 734 nm at 25 ◦C for at least 30 min, and the percentage of discolouration after 15 min
was used to measure antioxidant activity. The total antioxidant capacity of the extract
was calculated as Trolox Equivalent Antioxidant Capacity (TEAC) and was expressed as
µmol of Trolox equivalents per g−1 of DW sample (µM TE g−1 DW). A standard curve of
the percentage of ABTS+ inhibition in the function of Trolox concentration (from 0.004 to
0.5 mM) was used for the calculations [48].

2.6. Morphology and Yield Assessment

After 210 days of sowing, 20 plants per experimental condition, randomly selected,
were characterised for above-ground parameters. Plant height, first and second node size,
spike size, number of spikelets, number of tillers, grain number and weight were scored.
Grains and straw dry masses were calculated after drying the samples at 65 ◦C for 5 days.

Harvest index (HI) was calculated as follows:

HI (%) = [grain weight]/[plant biomass] × 100
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2.7. Statistical Analysis

Data analysis was performed using the software programme JMP for Windows (v14.0).
After testing for ANOVA assumptions (homogeneity of variances and normality), statistical
differences were evaluated by two-way analysis of variance (ANOVA), followed by the
post-hoc Tukey’s test (p < 0.05).

For the germination trial, analysis was done by testing the effect of the imbibition time
(SP), Se concentration (S) and the interaction of both factors (SP × S) on the evaluation of
germination percentage root length and membrane stability. For emergence and initial plant
grown trial, analysis was done by testing the effect of the Se concentration (S), time (DAS)
and the interaction of both factors (DAS × S) on the evaluation of seedlings length, the
number of leaves, number and size of tillers. For the pot trial, analysis was done by testing
the effect of the water availability (W), Se treatment (S) and the interaction of both factors
(W × S) on the evaluation of morphological, physiological and biochemical parameters.

3. Results
3.1. Germination, Electrolyte Leakage, Root Growth and Selenium Content

Results from the germination percentage, electrolyte leakage (EL) and root growth are
shown in Figure 2a–c and Table S1. Statistical differences were observed in germination
percentage between the Soaking Periods (SP) (p < 0.001). Overall, lower germination was
observed at 4 h (95.3%), whereas a higher percentage was observed at 9 h for all tested Se
concentrations (98.6%). For other SP, the germination percentage varied between 95 and
97%. Considering the selenium concentrations (S), only 25 mM showed a significantly lower
germination percentage compared to other treatments (p = 0.017). Despite the significant
interaction SP × S (p = 0.004), the analysis of the results evidenced that no significant differ-
ences were found between soaked and unsoaked samples for germination percentages.

The EL percentage was evaluated in soaked and unsoaked seed to assess the disruption
of cellular stability in seed membranes caused by soaking treatments. A significant increase
of EL (p < 0.001) was observed with increasing SP (Table S1), with the highest value
noticed for 24 h soaking (18.0 ± 0.72%). No significant differences were observed for tested
Se concentrations or untreated seeds, except for 25 mM (16.9 ± 1.12%; p = 0.009). The
interaction SP × S showed few significant differences (p = 0.042) in the EL percentage
among treatments (Figure 2b and Table S1).

Root length was significantly affected by soaking period (p < 0.001), Se concentration
(p < 0.001) and strong interaction (p < 0.001) between these factors was also observed. A
significant increase in the root length was observed until 12 h of SP (p < 0.001), but after
24 h of SP, the value significantly decreased (Table S1). The highest values of root length
were found for seeds Se treated with 0.25, 0.50 and 2.50 mM when compared to untreated
seeds or treated with 25 mM of Se (Figure 2c, Table S1). Indeed, 12 h of soaking with 0.25,
0.50 and 2.50 mM Se represent the best Se treatments for enhancing seedling growth of
bread wheat cv “Jordão”. Nevertheless, the effects triggered by Se soaking treatments are
not significantly different from the ones resulting from water soaking.

The contents of Se presented in 12 h soaked seeds were quantified, and the results
evidenced that Se contents increase with concentration applied, but not proportionally
(Figure 3). Higher content of Se, 57.01 mg kg−1, was observed in the seeds treated with
25 mM of Se, but as evidenced previously, this Se concentration impaired root development.
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Figure 2. Germinated seeds (n = 45) (a), electrolyte leakage of seed membrane (n = 15) (b) and root
length sum from the three major roots (n = 45) (c), forty-eight hours after sowing. Five soaking
periods (SP = 0, 4, 9, 12 and 24 h) and six concentrations of sodium selenate (S = 0, 0.25, 0.5, 2.5, 5
and 25 mM) were studied. Values are mean ± standard error. Two-away ANOVA p-values for SP, S
and interaction SP × S were shown for each parameter. Complementary information on statistical
significance is available in Supplementary Table S1.
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Figure 3. Selenium contents presented in seeds after 12 h of soaking with 0, 0.25, 0.5, 2.5, 5 and 25 mM
of Na2SeO4. Values are means ± standard errors (n = 5). Different letters demonstrate significant
differences (p < 0.05).

The 12 h of soaking with 2.5 mM and 5 mM Se were considered candidate concen-
trations for studying the Se-mediated responses in pot trials since they induced similar
germination and electrolyte leakage percentages, root growth (Figure 2a) and resulted in a
considerable Se uptake by the seed (Figure 3). Since high concentrations of Se were found to
induce toxicity both in animals and plants [49] and given the similarity of responses found
with 2.5 and 5 mM Se, we decided to proceed with pot trials with the lowest concentration
considering the future goal of using it for a cost-effective biofortification purpose.

3.2. Germination, Emergence and Plant Development of Pot Trial

Pot trials were conducted to assess the effects of 2.5 mM on wheat plant performance
in WW and WS conditions. As negative controls, untreated and 0 mM Se-soaked seeds
were used. The higher Se concentration (25 mM) tested on germination, with clear evidence
of toxicity, was also tested. New soaking treatments (12 h) were performed, and seeds
were manually sown in pots. Before applying the water deficit treatment, seedling traits
were measured.

The coleoptile emergence (Figure 4) was observed 12, 18 and 24 days after sowing
(DAS). The results evidence that the effect of the applied treatments was more evidenced at
12 DAS, in which untreated and 25 mM Se treated seed had the lowest coleoptile emergence
percentages. Generally, the seedling emergence percentage was significantly higher in the
soaked seeds (0, 2.5 and 25 mM of Se). No differences were found between 0 mM and
2.5 mM Se soaked seeds. Indeed, this trend was maintained along the remaining studied
days (18 and 24 DAS), in which the initial emergence impairment triggered by 25 mM Se
soaking vanished.
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Figure 4. Percentage of seedlings with visible coleoptiles at 12, 18 and 24 days after sowing (DAS).
Values are means ± standard errors (n = 80). Different letters demonstrate significant differences
(p < 0.05).

Seedlings showed the fastest growth until 35 DAS (Figure 5a, Table S2). At 28 DAS
emerged the second’s leaves (Figure 5b), and at 35 DAS, the tillers (Figure 5d). These
morphological traits increase weekly with significant differences (p < 0.0001). The treat-
ment with 2.5 mM Se showed significant higher seedling height compared to 25 mM and
untreated seeds, but no differences were found when compared to water-soaked ones
(p < 0.001) (Table S2). In contrast, the number of leaves was higher when 25 mM Se was
applied (p < 0.001), irrespective of the day when they were assessed. For most of the
measured traits, no differences were found between soaking conditions, which highlighted
the high interaction found between the two tested factors.
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Figure 5. Seedling height (a), leaves number (b), total leaves length (c) and tillers number (d) of wheat
seedlings for the four Se soaking treatments (SP) during the first 56 days after sowing (DAS). Values
are means± standard errors (n = 80). Two-away ANOVA p-values for DAS, S and interaction DAS × S
were shown for each parameter. Complementary information is shown in Supplementary Table S2.
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3.3. Leaf Gas Exchange and Chlorophyll a Fluorescence

Physiologic traits, such as leaf gas exchange and chlorophyll a fluorescence, were
measured 25 days after stress imposition (Figure 1) in plants kept under well-watered
(WW) and water-deficit (WD) conditions (Table S3). When considering the water treatment,
WD triggered a statistically significant (p < 0.0001) reduction of A, E and gs. Regarding
the effects of the Se treatment applied, a positive effect on most gas-exchange traits was
observed for seeds soaked either in water or 2.5 mM Se. The higher Se concentration
(25 mM) showed values for A, E, gs and A/gs, similar to untreated plants. An interesting
feature observed was that under WW, the 2.5 mM treated plants showed higher gs than
25 mM or untreated plants but were not significantly different from water-soaked ones.
The analysis of the chlorophyll a fluorescence data (Table S4) showed that WD significantly
decreased the Fv/Fm (p = 0.0010) and F’v/F’m (p = 0.0189), while it significantly increased
the values of NPQ (p = 0.0062) and ΦNPQ (p = 0.0091) when compared to WW treated
plants. No differences in results from the seed treatments applied were noticed.

3.4. Biochemical Analysis of Leaf

Figure 6 and Table S5 present the photosynthetic pigments quantification in leaves
25 days after WD imposition. Pigments contents were significantly influenced by water
treatment (p < 0.001), Se concentration (p < 0.001) in all the analysed parameters. Moreover,
a strong interaction (p < 0.001) between these factors was also observed, except for the ratio
Chl a/Chl b and Chl/Car. A significant reduction (around 24–29%) of the photosynthetic
pigments (Chl a and Chl b, Car) was observed in WD by comparison with WW treatment.
Regarding the Se concentration effect (p < 0.0001), an overall reduction in pigments contents
was found in Se-treated plants, the decrease more accentuated in seeds treated with 2.5 mM
Se than the ones treated with 25 mM Se.

Total phenols (TPC), total flavonoids (TFC), ortho-diphenols (OD), ABTS+, total soluble
sugars (TSS) and total soluble proteins (TSP) were quantified. Results are shown in Figure 7
and Table S6. Only TPC, OD, ABTS+ and TSP were significantly affected by water treatment
(p < 0.001). Generally, significant decreases in the TPC (−7%), ABTS+ (−7%) and TSP
(−18%) were found, while for the OD, an increase was registered (+4%) when compared to
WW. A significant effect of Se treatments (at least p < 0.04) was found for all the measured
parameters. Regardless of the water regime, the soaking treatments with 2.5 mM Se
significantly increase the antioxidant capacity (+9% TPC, +41% TFC, +3% OD, +8% TSS
and also the ABTS+ antioxidant capacity by +5%) when compared to water-soaked seeds.
The 25 mM treatment presented a lower antioxidant capacity than 2.5 mM and a similar
content compared to untreated plants.

While slight differences were found for TPC in WW, a significant increase (p = 0.0003)
in the TPC in 2.5 mM and 25 mM treatments (23.3 and 22.3 mg g−1 DW, respectively)
when compared to untreated or water treated (20.5 and 20.4 mg g−1 DW, respectively).
No significant statistical differences were found for TFC and ABTS+ in the interaction
between soaking treatments and water treatments. The highest OD contents were found
in WD plants treated with 2.5 and 25 mM Se; still, they were not statistically different
from the ones measured in water soaked as well as from 2.5 mM Se treated plants kept
under WW conditions. The highest TSS content was measured at 2.5 mM Se treated plants
grown under WW, while the highest TSP content was measured in water-soaked plants
also grown under the same water treatment. Under WD, TSP decreased 17–22% when
seeds were soaked with 0 and 2.5 mM Se (155 and 146 mg g−1 DW, respectively). Under
WD, treatment with 25 mM induced a similar response compared to the untreated plants
(174 and 187 mg g−1 DW, respectively).

3.5. Straw and Grain Biomass Production

The parameters related to grain and straw production are shown in Table 1. All grain
and productive parameters, with the exception of spike length and weight of thousand
grains, were significantly influenced by water treatments applied (p < 0.001). While the
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number of tillers and grains were not influenced by the Se treatment, the other productive
traits were significantly influenced (at least p < 0.04). Interaction between these factors was
also observed for most studied parameters with the exception of stem length, grain number,
thousand grains weight and grain yield per plant.
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Figure 6. Chlorophyll a (Chl a)—(a); chlorophyll b (Chl b)—(b); chlorophyll a + b (Chl a + b)—(c); chloro-
phyll ratio (Chl a/Chl b)—(d); carotenoids (car)—(e) and chlorophyll/carotenoids ratio (Chl/Car)—(f)
from wheat plants expressed per unit of dry weight (DW). Two water treatments (W) and four soaking
treatments (S) were studied. Values are means ± SE (n = 12). Different letters indicate statistically
significant differences (p < 0.05).
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Different letters indicate statistically significant differences (p < 0.05).
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Table 1. Stem length (mm), spike length (mm), tillers number, grain number, thousand-grain weight (g), grain harvest index (%), grain biomass per plant
(mg plant−1), straw biomass (mg plant−1), above-ground biomass (mg plant−1) parameters at the maturity stage of wheat plants under two water treatments and
four Se treatments. Values are means ± SE (n = 20). Different letters indicate statistically significant differences (p < 0.05).

Stem Length
(mm)

Spike Length
(mm)

Tillers
Number

(nº)

Grain
Number

(nº)

Thousand Grain
(g)

Grain Biomass
(mg Plant−1)

Straw Biomass
(mg Plant−1)

Above-Ground
Biomass

(mg Plant−1)

Harvest Index
(%)

Watering Regime (W)
WW 583 ± 6.4 a 83 ± 1.05 4.1 ± 0.2 a 124 ± 4.3 a 32 ± 0.43 3909 ± 125 a 3273 ± 49 a 7182 ± 146 a 54 ± 0.82 a
WD 541 ± 6.5 b 85 ± 1.20 3.3 ± 0.18 b 66 ± 2.4 b 32 ± 0.46 2108 ± 80 b 3122 ± 80 b 5231 ± 103 b 40 ± 1.13 b

Soaking (S)
Untreated 544 ± 10.6 b 79 ± 1.80 b 4.0 ± 0.26 86 ± 5.1 33 ± 0.71 a 2809 ± 174 b 2834 ± 52 c 5642 ± 196 c 49 ± 1.62 a

Water 559 ± 7.7 ab 87 ± 1.17 a 3.5 ± 0.24 100 ± 7.5 33 ± 0.52 a 3266 ± 231 a 3032 ± 72 b 6298 ± 287 b 50 ± 1.39 a
2.5 mM Se 589 ± 9.0 a 90 ± 1.27 a 3.9 ± 0.27 96 ± 6.9 31 ± 0.59 ab 2988 ± 211 ab 3933 ± 72 a 6921 ± 201 a 41 ± 1.93 b
25 mM Se 551 ± 9.9 b 80 ± 1.43 b 3.5 ± 0.32 98 ± 7.5 31 ± 0.61 b 2939 ± 207 b 2923 ± 41 c 5862 ± 213 c 49 ± 1.83 a

W × S
WW Untreated 560 ± 13.3 82 ± 2.02 cd 3.7 ± 0.18 ab 106 ± 4.7 33 ± 0.99 3488 ± 174 2897 ± 83 c 6385 ± 214 b 55 ± 1.26 ab

Water 580 ± 10.1 86 ± 1.91 bc 4.2 ± 0.38 a 134 ± 10.9 33 ± 0.72 4353 ± 317 3457 ± 42 b 7810 ± 334 a 55 ± 1.87 ab
2.5 mM Se 612 ± 11.5 87 ± 1.81 b 4.3 ± 0.37 a 131 ± 7.0 31 ± 0.80 4032 ± 218 3765 ± 28 b 7797 ± 220 a 51 ± 1.40 b
25 mM Se 576 ± 13.2 77 ± 2.03 de 4.3 ± 0.54 a 127 ± 10.1 30 ± 0.78 3788 ± 257 2962 ± 41 c 6750 ± 260 b 57 ± 1.80 a

WD Untreated 527 ± 16.1 76 ± 2.97 e 4.4 ± 0.50 a 63 ± 4.9 33 ± 1.07 2045 ± 173 2762 ± 57 c 4807 ± 181 c 41 ± 1.95 c
Water 541 ± 10.0 88 ± 1.40 ab 3.0 ± 0.26 71 ± 3.8 33 ± 0.76 2343 ± 133 2670 ± 46 c 5013 ± 138 c 46 ± 1.55 c

2.5 mM Se 567 ± 12.2 93 ± 1.61 a 3.5 ± 0.38 ab 61 ± 3.9 32 ± 0.89 1944 ± 144 4100 ± 133 a 6044 ± 189 b 32 ± 1.92 d
25 mM Se 526 ± 12.9 82 ± 1.93 cd 2.8 ± 0.24 b 68 ± 6.2 31 ± 0.95 2089 ± 183 2885 ± 70 c 4974 ± 190 c 42 ± 2.19 c

Two-way ANOVA (p-values)
W <0.0001 0.2229 0.0073 <0.0001 0.5636 <0.0001 0.0013 <0.0001 <0.0001
S 0.0018 <0.0001 0.5026 0.0860 0.0182 0.0492 <0.0001 <0.0001 <0.0001

W × S 0.9190 0.0220 0.0196 0.2981 0.9317 0.3945 <0.0001 0.0299 0.0344
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Generally, WD treatment significantly reduced stem length, number of tillers, number
of grains, grain and straw biomass compared to the plants in the WW treatment. Indeed,
the reduction in grain biomass per plant caused by WD reached approximately 46%. Soak-
ing with 2.5 mM of Se resulted in the highest stem and spike length; however, it was not
statistically significant compared to the one observed in water-soaked seeds. However, the
same Se concentration (2.5 mM) was found to significantly (p < 0.001) increase straw and
above-ground biomass irrespective of the treatment applied but significantly (p < 0.001)
decreased harvest index % when compared to water-soaked ones. For most of the cases,
25 mM Se induced a response quite similar to the one observed in untreated seeds. Very
interesting results came from the analysis of the Se and water treatments interaction. While
no relevant responses were observed in WW-treated plants, the effects of the Se treatments
stood out in plants submitted to WD. WD plants resulting from 2.5 mM Se treatment pre-
sented a higher straw biomass accumulation (4100 ± 133 mg plant−1), which corresponded
to a statistically significant (p < 0.001) increase of 54% when compared to water-soaked
plants (0 mM Se) under the same treatment or even higher than the one observed in WW
for the same Se concentration. As expected, this trend was also observed in above-ground
biomass for the same Se concentration under WD. No relevant differences were found
between water soaked and 2.5 mM for grain-related parameters; however, the 2.5 mM Se
was found to significantly (p < 0.0344) decrease harvest index percentage.

4. Discussion

In this work, we explored the hypothesis that Se pre-sowing application by seed
soaking was a suitable approach to enhance bread wheat cv “Jordão” performance and
productive traits under water deficit conditions. To the best of our knowledge, this is the
first time that Se seed soaking approaches have been applied to this Portuguese cultivar
and may support its further integration into agricultural systems, particularly in the current
scenario of climate change. Previous studies have shown that the proposed approach can
be an effective method for improving seed germination performance and crop tolerance
to abiotic stresses [27,30,50]. Compared to techniques such as fertigation and foliar spray,
seed soaking for crop enhancement has several advantages, being considered a simple, fast
and low-cost method for farmers with the need for cutting-edge equipment or facilities [51].
Our results evidenced that 12 h seed soaking with 2.5 mM Se is a promissory approach to
enhance straw biomass in wheat plants subjected to water deficit. In the following section,
the main outcomes of the studies conducted will be discussed.

4.1. Germination, Electrolyte Leakage, Root Growth, and Se Content

One of the major challenges underlying the biofortification mediated by seed treat-
ments is to avoid impairments in germination, emergence, seedling establishment, plant
development and crop production [51]. Like seed priming, seed soaking is a controlled
hydration process that triggers the pre-germinative metabolism and must, ideally, prevent
the end of the germination process, avoiding radicle protrusion, endosperm break and the
emergence of the embryonic axis [27,52,53]. In the context of pre-sowing seed treatments,
the choice of the best concentration and treatment time often requires laborious optimi-
sation steps limited to the genotype or seed lot studied [12]. The effects of five soaking
periods (0, 4, 9, 12 and 24 h) and six Se concentrations (0, 0.25, 0.5, 2.5, 5.0 and 25 mM Se),
applied in the form of selenate, were first investigated in germination, electrolyte leakage
percentage and seedling traits, namely root traits. The choice of soaking times has taken
into account that generally, seeds of the cv “Jordão” germinate within 48 h after imbibition
(data not shown). On the other side, the choice of Se concentration applied was based
on previous results in published works. Du et al. [54] observed that low sodium selenate
concentrations (0.015–0.08 mM) promoted increases in seed germination and root growth
of rice seedlings, but higher Se concentrations (0.1 mM) had the opposite effect. On the
other side, 48 h of soaking was the optimum period for bread wheat grain Se enrichment
when applied at 0.1 mM of Se concentration [18].
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In a preliminary experiment made by us, no significant differences in seed germination
or seedlings growth compared to the controls using sodium selenate concentrations from
0.01 to 0.2 mM (data not shown). This reinforces the species or genotype-specific response
underlying the optimisation of soaking conditions (time and solute concentration).

Among other effects, Se has been reported to enhance germination, radicle elongation
and stimulate growth [27]. Our results evidenced that, with few exceptions, germination
percentages were relatively high irrespective of the soaking period or Se concentration
applied. However, it was found that 25 mM Se significantly reduced germination percent-
ages suggesting a potential toxicity effect in this developmental process (Figure 2, Table S1).
Indeed, the results obtained for the high electrolyte leakage percentage, a proxy of impaired
cell membrane integrity and seed vigour [53,54], as well as lower root growth, supported
this assumption.

While germination percentage and electrolyte leakage percentage seem to be relatively
constant across the different tested experimental conditions, total root growth was modu-
lated by the treatments applied, particularly soaking time. Our results evidenced that 12 h
of soaking with water (0 mM Se) or Se concentrations below 25 mM represented the suitable
treatment for enhancing seedling growth bread wheat cv “Jordão”, herein expressed by the
sum of root length. In addition to the 25 mM Se, which was found to impair root growth,
all tested soaking conditions were found to enhance root growth by comparison with other
soaking periods, particularly untreated seed. Overall, this enhanced root length suggests
that 12 h soaking does not significantly affect the final germination percentage but might
anticipate the radicle protrusion since longer roots were found 48 h after sowing.

Since no relevant differences were found between water-soaked and Se-soaked seeds
in germination and seedling traits, we investigated the Se contents after the 12 h soaking
treatments (Figure 3). The results evidenced residual Se contents in water-soaked seeds
(0.07 mg kg−1), below the 0.1 mg kg−1, adequate for human consumption [17], which
was not surprising since wheat was considered a non-Se accumulator [21], and the Se
concentration observed in plants were low [17]. Seed Se contents were found to increase
with concentration applied. Higher content of Se, 57.01 mg Se kg−1, was observed in the
seeds treated with 25 mM of Se, but as evidenced previously [55], this Se concentration
was found to induce toxicity symptoms. The 12 h of soaking with 2.5 mM and 5 mM Se
were considered candidate concentrations for studying the Se-mediated responses in pot
trials. They induced similar germination and electrolyte leakage percentages, root growth
(Figure 2a) and resulted in a considerable Se uptake by the seed (Figure 3), relevant for
biofortification purposes. Given the similarity of responses found with 2.5 and 5 mM Se,
we decided to proceed with pot trials with the lowest concentration, considered beneficial,
thus avoiding potential Se toxicity effects in animals and plants [49].

4.2. Coleoptile Emergence and Plant Growth before Stress Imposition

The effect of 12 h soaking with 2.5 mM Se and 25 mM Se soaking treatments on coleop-
tile emergence and plant growth responses of bread wheat was studied in pot experiments.
The results were compared to untreated and 0 mM Se-soaked seeds. Our results at 12 DAS
evidenced the positive effect of soaking with water or 2.5 mM Se in anticipating coleoptile
emergence, when compared to untreated seeds or seeds soaked with 25 mM Se (Figure 4).
The same behaviour has been described in the previous section regarding Petri dishes ger-
mination tests. For this trait, no clear beneficial effect of the 2.5 mM soaking was observed.
An interesting aspect was that the initial emergence impairment triggered by 25 mM Se
soaking vanished during the trial period. As one example, the coleoptile emergence at
24 DAS is very similar between the three soaking treatments. Along the subsequent days
of the pot trial, no relevant responses in seedling height, number of leaves, the total length
of leaves, number of tillers and tiller length were noticed between tested conditions, which
also reflected the strong interaction found between soaking treatment and the day at which
measurements were made.
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4.3. Physiological, Biochemical and Productivity Responses upon Water Deficit

Although Se has been broadly reported to enhance germination and seedling traits,
other reports suggest that this nutrient plays an important role in the plant–water ad-
justment, especially in water deficit conditions [27]. The effects of untreated, 0, 2.5 and
25 mM Se in 12 h seed soaking treatments were evaluated under water-deficit (WD) and
well-watered (WW) conditions. Physiological, biochemical and biomass traits were mea-
sured in mature bread-wheat plants (170 or 210 DAS). The results are discussed in the
following sections.

4.3.1. Leaf Gas Exchange, Chlorophyll a Fluorescence Traits

Photosynthesis, together with cell growth, is among the primary processes to be
affected by drought [56]. Typically, one of the first responses to water shortage is stomatal
closure reflected on the reduction of gs, which limits CO2 influx, thus decreasing the
carbon assimilation by the photosynthetic apparatus. In our study, the most relevant
effect observed is an A, E and gs decrease in bread wheat plants under the WD regime,
suggesting that the imposed experimental conditions induced a stress. When considering
the Se effect, the results are puzzling. Irrespective of the water treatment analysed, the
application of Se 2.5 mM seems to improve the photosynthetic performance, while the
25 mM impairs the values measured; still, in most cases, 2.5 mM effects are not significantly
different from the ones measured in plants from water-soaked seeds. Considering the
average values, in plants kept well-watered, soaking with water and 2.5 mM appear to
enhance photosynthetic performance, evidenced in the high value observed for A, E and
gs, while 25 mM seems to cause a decrease in these. This is in agreement with the work
of Luo et al. [57], who described an increase in photosynthetic rate and gs in rice with the
Se application. The same authors also reported a decrease of A and gs when applying
50 µmol L−1 of Se, considered supra-optimal for the conducted study. On the other hand,
when looking at the plants under WD, no clear effects of the Se treatments is imposed.

The tested experimental conditions also did not impact the photochemical parameters
resulting from the analysis of the Chl a fluorescence. A slight significant decrease was
observed in Fv/Fm and F’v/F’m and an increase in NPQ in response to WD. A decline of
Fv/Fm often reflects a photoinhibition situation that may result from a decrease in the rate
constant of PSII photochemistry caused by damage to the PSII reaction centres [58]. No
differential responses were observed regarding the effects of Se concentrations studied.

4.3.2. Biochemical Analysis of Leaf

Alterations in Fv/Fm, thus photochemical capacity, are often corroborated by changes
in the concentrations of particular photosynthetic pigments [51]. Indeed, our results ev-
idenced a lower content in photosynthetic pigments (Chl a, Chl b and Car) as a result of
WD imposed (Figure 6 and Table S5), which agreed with previous report [51]. Overall, Se
treatments led to a decrease in pigments contents when compared to water-soaked seeds,
which was more relevant when plants were under WD. This is particularly evident for the
2.5 mM Se in WW plants. WW plants resulting from the 25 mM Se soaking present values
much closer to the ones for water-soaked plants. Numerous works described that photo-
synthetic pigments are decreased at high level of Se [59–61]. Indeed, Padmaja et al. [62]
reported that Se induces chlorosis, possibly through an adverse effect on the production
of porphobilinogen synthetase, an enzyme required for chlorophyll biosynthesis. These
results agree with our findings. However, the information available in the literature is often
contradictory. As one example, soil application of sodium selenite induced an evident
increase in Chl a, Chl b, total Chl (a + b) and Car content of bread wheat cv Shijiazhuang
NO. 8 seedlings compared with the control ones [63]. In maize, foliar applications of Se
(as sodium selenate) were found to enhance the content photosynthetic pigments in both
WW and WD conditions [64]. Based on these reports, we cannot discard that the Se form
provided and concentrations, as well as the type of application made, could influence the
responses observed.
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A Chl/Car ratio reduction was verified in 25 mM Se under WD, indicating possible
photooxidative damage in these plants. The Chl/Car ratio is a sensitive indicator of pho-
tooxidative damage since chlorophylls are highly susceptible to environmental stresses [65].
In these situations, an increase in phenolic compounds and flavonoids such as TPC, TFC
and OD is expected to protect plants from reactive oxygen species (ROS) by deactivating
the free radicals, quenching the ROS, and the decomposing peroxides that are ultimately
generated during stress [51]. Although not statistically significant, our results evidenced an
increased antioxidant capacity, particularly the 2.5 mM Se under WD. Our results evidenced
that higher TPC and OD contents were significantly observed in wheat plants soaking with
2.5 mM or 25 mM of Se, particularly under WD. Ultimately, such compounds are expected
to improve cellular homeostasis during drought stress [51].

Sugars play a vital role in plant osmotic regulation, including cell turgor maintenance,
absorption and water transportation under stress [51]. Wheat plants treated with 2.5 mM Se
under WW conditions showed a significant increase in TSS compared to other treatments.
This increase might be attributed to the enhanced amylase activity and the hydrolysing of
starch into sugars promoted by Se [66].

4.4. Straw and Grain Biomass Parameters

Plant productivity is very susceptible to environmental conditions and depends on
the severity and duration of stresses through plant growth. Our results evidenced that WD
treatment significantly reduced lower stem length, number of tillers, number of grains,
grain and straw biomass compared to the plants in the WW treatment. Indeed, the reduction
in grain biomass per plant caused by WD reached approximately 46%. This is not surprising
since drought stress during developmental stages in wheat has been considered one of
the major factors that affect the grain yield and quality [26]. Grain filling in cereals is a
process of starch biosynthesis from simple carbohydrates made by enzymes such as sucrose
synthase, adenosine diphosphate-glucose-pyro phosphorylase, starch synthase and starch
branching enzyme [67]. The reduced activity of starch biosynthesis enzymes can trigger a
decline or cessation in grain growth rate in the water-stressed wheat, diminished grain set
and kernel growth in wheat, and reduced grain filling [68].

Our results evidenced that Se treatments did not result in significant impairment in
grain traits (number, weight of thousand grains) when looking at these parameters at WW
or WD conditions. This is a very important aspect when considering the implementation of
a Se biofortification approach targeting, among other traits, the modulation of the grain
yield. When looking at the Se effect on stem length, spike length and straw biomass, a
decrease was observed at 25 mM when compared to 2.5 mM treated plants. In spinach,
selenium stimulated the growth at lower concentrations, while at high doses, it acted
as a pro-oxidant, reducing yields and inducing metabolic disturbances [69]. One of the
most relevant results of this study is that plants resulting from seeds soaked with 2.5 mM
presented an increase in straw biomass production by more than 54% when compared to
water-soaked ones under the same treatment. Indeed, this straw biomass value is higher
than the one observed for the same Se soaking treatment but in WW plants. For most of the
traits analysed, 25 mM Se induced a response quite similar to the one observed in untreated
seeds. It is tempting to speculate about the molecular and physiological mechanisms
behind the improved response observed with 2.5 mM Se. Based on our results, we cannot
discard that enhanced antioxidant capacity triggered by this treatment may play a role in
this. Indeed, Rios et al. [70] observed that growth or yield stimulation might be due to
selenate-induced antioxidant compounds production of increase in enzymes that detoxify
H2O2, especially ascorbate peroxidase and glutathione (GSH) peroxidase. Nevertheless,
more studies are needed to corroborate this hypothesis.

5. Conclusions

Selenium seed treatments, such as soaking, constitute a promissory approach to im-
prove Se contents in wheat, constituting a simple, fast and low-cost method for farmers
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towards crop enhancement. We investigated the effects of Se seed soaking as a pre-sowing
treatment in bread wheat aerial traits under well-watered and water deficit conditions.
Among others, our results evidenced that 12 h of 2.5 mM Se soaking did not affect the
germination percentage, and speed-up seedling emergence resulted in a considerable Se
seed uptake. Moreover, plants resulting from this treatment displayed enhanced antioxi-
dant capacity and vegetative biomass accumulation, especially under water deficit. The
treatment with 25 mM of Se showed no significant differences to untreated plants and
a decrease, compared to 2.5 mM, in traits such as aerial biomass, suggesting a potential
toxicity effect. In both cases, the physiological responses of Se-treated plants remained
unchanged, as well as grain traits. Altogether, the results suggest that 12 h soaking with
2.5 mM Se is a promissory pre-sowing approach to enrich bread wheat grain and straw,
particularly under water-limited environments.

Given the relevance of bread wheat as a staple food or source of feed, further studies are
needed to support that the developed Se soaking protocol also promotes Se accumulation
in both vegetative and grain biomass as a means of biofortification.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12081975/s1, Table S1: Germination percentage, electrolyte
leakage of seed membrane, and root length sum of wheat seeds after 48h of germination; Table S2:
Seedling height (mm), number of leaves, length of total leaves (mm) number of visible tillers and
tillers length (mm), of wheat seedlings developed from fourteen (emergence) to fifty-six days after
sowing (DAS); Table S3: Net photosynthetic rate (A, µmol CO2 m−2 s−1), respiration rate (E, g
H2O m−2 h−1), stomatal conductance (gs, mmol H2O m−2 s−1), intrinsic water use efficiency (A/gs,
µmol mol-1), and ratio of intercellular to atmospheric CO2 concentration (Ci/Ca) among wheat
plants (means ± SE, n = 12) under two water regimes (W) and four soaking treatments (S); Table S4:
Maximum (Fv/Fm) and actual quantum efficiency of photosystem II (ΦPSII), maximum efficiency of
PSII at open reaction centers (F’v/F’m), photochemical quenching (qP), non-photochemical quenching
(NPQ), apparent electron transport rate (ETR, µmol e− m−2 s−1), quantum yield of non-regulated
energy dissipation in PSII (ΦNO), quantum yield of regulated energy dissipation in PSII (ΦNPQ)
among wheat plants in two water regimes (W) and four soaking treatments (S); Table S5: Chlorophyll
a (Chl a, mg g-1 DW), b (Chl b, mg g−1 DW), a + b (Chl (a + b), mg g−1 DW), ratio (Chl a/Chl b),
carotenoids (car, mg g−1 DW), and chlorophyll/carotenoids ratio (Chl/Car) of wheat plants; Table S6:
Total Phenols (TPC, mg GAE g−1 DW), total flavonoids (TFC, mg CE g−1 DW), ortho-diphenols
(OD, mg GAE g−1 DW), ABTS+, (µM TE g−1 DW), total soluble sugars (TSS, mg g−1 DW), and total
soluble proteins (TSP, mg g−1 DW) among two water regimes and four soaking treatments (untreated,
0, 2.5, and 25 mM).
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16. Ducsay, L.; Ložek, O.; Marček, M.; Varényiová, M.; Hozlár, P.; Lošák, T. Possibility of selenium biofortification of winter wheat
grain. Plant Soil Environ. 2016, 62, 379–383. [CrossRef]

17. Ramkissoon, C.; Degryse, F.; da Silva, R.; Baird, R.; Young, S.; Bailey, E.; McLaughlin, M. Improving the efficacy of selenium
fertilizers for wheat biofortification. Sci. Rep. 2019, 9, 19520. [CrossRef]

18. Galinha, C.; Freitas, M.C.; Pacheco, A.M.G.; Coutinho, J.; Maçãs, B.; Almeida, A.S. Determination of selenium in bread-wheat sam-
ples grown under a Se-supplementation regime in actual field conditions. J. Radioanal. Nucl. Chem. 2012, 291, 231–235. [CrossRef]

19. Galinha, C.; Pacheco, A.M.G.; Freitas, M.D.; Costa, A.R.P.; Pinheiro, N.M.B.; Maçãs, B.; Almeida, A.S.; Wolterbeek, H.T. Selenium
characterisation of the Portuguese bread-wheat archival collection. Crop Pasture Sci. 2015, 66, 1111–1117. [CrossRef]
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