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ABSTRACT: Selenium (Se) is a nutrient that is considered beneficial for plants, because its improvement in growth,
yield and quality helps plants to mitigate stress. The objective of this research was to evaluate the application of
sodium selenite (Na,SeO;), nanoparticles (SeNPs) and microparticles (SeMPs) of Se in cucumber seedlings, via two
experiments: one with seed priming and the other with foliar application of Se materials. The doses used were: 0, 0.1, 0.5,
1.0, 1.5 and 3.0 mg - L', for each form of Se and for each form of application. Treatment 0 consisted of the application
of distilled water, which was used as a control. The results indicated that the SeMPs treatment at 3.0 mg - L! for seed
priming had the greatest effect on stem diameter and leaf area. Foliar application of SeMPs at 1.5 mg - L™! was the
most effective at increasing the leaf area. In terms of fresh and dry biomass (aerial, root and total) for seed priming,
all the treatments were superior to the control, and SeMPs at 1.5 and 3.0 mg - L™! caused the greatest effects. With
foliar application, fresh root biomass improved to a greater extent with the SeMPs treatment at 3.0 mg - L™!, and dry
biomass (aerial, root and total) increased with the SeMPs at 1.0 and 3.0 mg - L™. With respect to the photosynthetic
pigments, proteins, phenols and minerals, the Se treatments, both for seed priming and foliar application, caused
increases and decreases; however, reduced glutathione (GSH) increased with treatments in both forms of application.
The Se concentration in the seedlings increased as the dose of Se material increased, and greater accumulation was
achieved with foliar application of SeNPs and SeMPs. The results indicate that the use of Se materials is recommended,
mainly the use of SeMPs, which improved the variables studied. This opens new opportunities for further studies with
SeMPs, as little information is available on their application in agricultural crops.
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1 Introduction

Climate change and population growth are factors that force the search for new alternatives to improve
crop yields. Therefore, rapid seed germination and high-quality seedling production are crucial to achieve
these objectives. There are conventional practices such as genetic engineering; however, this method is time
consuming and may not be suitable for the ecosystem, so there are practices based on the use of biostimu-
lants [1]. A biostimulant is any substance or microorganism applied to plants with the objective of improving
nutritional efficiency, stress tolerance and quality characteristics, regardless of nutrient content [2].

The use of biostimulants can take different forms, the most studied of which are seed priming and
foliar application. Seed priming is a treatment that occurs prior to sowing and consists of soaking the
seeds for a certain time in a solution or dispersion of one or more substances or microorganisms at a
specific concentration [3]. Currently, foliar application is the fastest way for biostimulants to be absorbed
and incorporated into plant metabolism [4]. These practices result in the improvement of physiological and
metabolic processes that result in increased and faster seed germination, in the absorption and transport
of nutrients and in the mitigation of stress, which results in increased yields and quality of harvested
products [5,6].

Within the range of biostimulants that exist, inorganic compounds such as selenium (Se), iodine (I),
silicon (Si), cobalt (Co), vanadium (V) and cerium (Ce), which are not essential nutrients for plants but
are considered beneficial nutrients, stand out [7]. Se can induce certain beneficial effects in plants at low
concentrations, stimulating growth, increasing biotic and abiotic stress tolerance and prolonging the shelf-
life and quality of agricultural products [8]. Owing to their high solubility, plants can absorb Se in the
form of selenite (SeO;>~) through phosphate transporters and aquaporins and selenate (SeO,*~) through
sulfate transporters [9]. Some crops, such as those of the Crusiferae family and the Allium genus, accumulate
Se; however, crops belonging to the Cucurbitaceae and Solanaceae families are nonaccumulators, and high
concentrations of Se are toxic [10]. Se is chemically similar to sulfur (S) and phosphorus (P), since they share
the same absorption pathways [11,12]. Accordingly, Se can be incorporated into sulfur metabolites such as
reduced glutathione (GSH) and glucosinolates or form selenoamino acids such as selenomethionine (SeMet),
selenocysteine (SeCys) and methylselenocysteine (MSeCys) [4,13,14].

Currently, it is common to apply Se in nanometric form (SeNPs), which has certain advantages over
ionic forms. The size of these NPs is <100 nm; in this sense, their electrical, optical and magnetic properties
allow them to enter the cell interior more easily and trigger a cascade of signaling that end in the improvement
of physiological and metabolic processes of plants; however, NPs with dimensions greater than 100 nm
also have very effective biostimulant properties [15,16]. In accordance with the above, El-Araby et al. [17]
evaluated the application of SeNPs in pea plants under salt stress and reported that stress-induced damage to
growth attributes, the mitotic index and the percentage of chromosomal abnormalities were reduced, which
improved the productivity of plants under stress.

The use of inorganic compounds is not only based on the use of ionic or nanometric materials; their
use is also implemented in micrometric form. There are studies on the application of microparticles (MPs)
of Si and essential nutrients such as iron (Fe), zinc (Zn) and copper (Cu), which have positive effects
on crops growth, yield and quality [18-21]. These MPs have physical dimensions between 1 and 1000 pm
and have electrical, optical and magnetic properties that enhance seed germination, nutrient uptake, and
photosynthesis and mitigate stress by activating the antioxidant system [22,23]. In this sense, de Alencar
et al. [21], who applied SiMPs in the form of seed priming in cowpea, a nutrient that, like Se, is considered
beneficial, reported that the harmful effects of water deficit were attenuated through osmotic adjustment and
activation of the antioxidant system.
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Cucumber (Cucumis sativus L.) is one of the most cultivated vegetables and is thus economically and
food important globally. This crop has fruits rich in vitamins, phenolic compounds, carotenoids, GSH,
and minerals with important functions for human health [24]. In this sense, crops are prone to different
types of stress, such as fungi, bacteria, viruses, extreme temperatures, salinity, and drought [25]. Therefore,
it is important to produce vigorous seedlings with a well-developed root system to ensure high-quality
production. Therefore, the objective of the present study was to evaluate the effects of seed priming and foliar
application of sodium selenite (Na,SeO3), SeNPs and SeMPs on the growth, biomolecules and nutrients of
cucumber seedlings.

In addition, this study focused on the innovative use of SeMPs, which are compounds that have
not been thoroughly explored but whose size allows for unique properties that allow for more effective
interactions with plants. These particles can function as fertilizers, pesticides, and sensors and remediate
contaminated soils [26,27]. The use of MPs in agriculture can contribute substantially to the sustainability
of the agricultural sector through resource efficiency and reduced environmental impact. By optimizing
production and reducing losses, these MPs can help improve global food security. However, their use also
presents challenges, centered on the potential long-term effects they may have on human health. Therefore,
it is important to continue conducting research to establish their appropriate use in agricultural systems.

2 Materials and Methods

2.1 Synthesis and Preparation of Selenium Materials

The Se materials were synthesized and prepared at the Centro de Investigacién en Quimica
Aplicada (Saltillo, Coahuila, México). For the synthesis of SeNPs, selenious acid (H,SeOs, 97.0%)
(Sigma Aldrich, St. Louis, MO, USA) and arabicgum (2 g L) wereaddedtoa glass reactor; after the solution
was stirred (400 rpm at 0°C for 15 min), hydrazine hydrate (N,H;-H,O reagent grade, 50%-60%) (Sigma
Aldrich, St. Louis, MO, USA) was added to carry out the reduction. The mixture was stirred for 2 h under
a nitrogen atmosphere at 0°C. Scanning electron microscopy analysis revealed that the SeNPs were 49.8-
156.5 nm in size and had a spherical morphology (Fig.1). A 2 L aqueous dispersion containing 1.1 g of
SeNPs was subsequently added to the reactor with 4 mL of agricultural dispersant (dioctyl sulfosuccinate
2.3%), and the mixture was stirred for 30 min at 400 rpm. A stock dispersion was obtained, from which
the concentrations used were prepared. The preparation of the SeNPs was based on that reported by
Quiterio-Gutiérrez et al. [28] and Mata-Padilla et al. [29] with modifications.

The SeMPs used were commercial with a size of 150 pm and a purity of 99.5% (Sigma Aldrich, St. Louis,
MO, USA), and were functionalized. In a glass reactor, 2 L of distilled water and 4 g of arabic gum were
added, the mixture was agitated (440-500 rpm for 20 min), and then, 1.1 g of commercial SeMPs was added.
The dispersion was stirred to homogenize the SeMPs (1 h), 4 mL of agricultural dispersant was added, and
again, the dispersion was agitated (30 min). A stock dispersion was obtained, with which the concentrations
used were prepared.

The Na,SeO; used was 99% pure (Sigma Aldrich, St. Louis, MO, USA), which was functionalized. In
a glass reactor, 0.5 L of distilled water and 3 mL of agricultural dispersant were added, after which the
reactor was agitated until the agricultural dispersant was completely dissolved (440-500 rpm for 20 min).
Subsequently, 0.5 L of an aqueous solution containing 1.5 g of Na,SeO; was added. The solution was
homogenized by stirring (60 min), and then 0.5 L of an aqueous solution containing 3 g of arabic gum was
added and stirred again (30 min). Finally, a stock solution was obtained, with which the concentrations to
be used were prepared.
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Figure 1: Scanning electron microscopy of SeNPs

2.2 Plant Material and Description of Treatments

Braga F1 cucumber seeds from Bejo (Waarmenhuizen, The Netherlands) were used. The seeds were
treated with fludioxonil and had a purity of 99.9% and a germination percentage of 99%. The experiment was
carried out in a growth chamber adapted with LED lights (LumiGrow PRO-650, Emeryville, CA, USA) at the
Plant Physiology Laboratory of the Horticulture Department of the Universidad Auténoma Agraria Antonio
Narro (Saltillo, Coahuila, México). The LED lights emitted photosynthetically active radiation (PAR) of
43 umol m* - s™! and the temperature and relative humidity in the growth chamber ranged from 22-25°C
and 50%-60%, respectively. The photoperiod was 12 h light per day.

Two experiments were carried out at the same time; seed priming and foliar application under the
following treatments: 0, 0.1, 0.5, 1.0, 1.5 and 3.0 mg - L~! of Na,SeO;, SeNPs and SeMPs, resulting in a total
of 16 treatments for each form of application (seed priming and foliar). Treatment 0 consisted of distilled
water. Each treatment had six replicates. The choice of concentrations used was based on the study by
Castillo-Godina et al. [30].

Seed priming consisted of preparing the solutions and dispersions in 150 mL beakers containing the
cucumber seeds and 100 mL of the treatment corresponding to the different Se forms. The seed priming
treatment was carried out for 24 h at 25°C. Foliar applications of the Se treatments were performed every
10 days after seedling emergence (dae), for a total of two applications. The test lasted 23 dae. All the Se
solutions and dispersions were prepared with distilled water at a pH of 6.0.

After 24 h of seed priming, the seeds were sown together with those that would later produce seedlings
for foliar application. The substrate used for sowing was peat moss and perlite (1:1 v/v) in 0.5 L polystyrene
containers. Seedling nutrition was carried out with a 25% Steiner [31] nutrient solution at pH 6.0.
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At the end of the experiments (23 dae), the height, stem diameter, leaf area, and fresh and dry biomass of
the seedlings were evaluated. Seedling tissue was then used to determine the concentrations of biomolecules
and minerals. The evaluations and samplings consisted of measuring the biometric parameters of the six
replicates and finally weighing the aerial parts and roots of the seedlings fresh and immediately storing them
at —20°C in a refrigerator. The samples were then lyophilized at —80°C in a freeze-dryer (Labconco, model
FreeZone 2.5 L, Kansas City, MO, USA) for 72 h. The lyophilized samples were weighed on an analytical
balance to obtain dry weight and subsequently macerated with a porcelain mortar until a fine powder was
obtained, allowing biomolecule and mineral analyses to be performed. These analyses were subsequently
performed on mixed samples (shoots and roots). Fig. 2 shows images of the experiment.

Figure 2: Cucumber seedlings used in the experiment

2.3 Biochemical Analysis

The pigments were determined as described by Wellburn [32]. The soluble proteins were quantified as
described by Bradford [33], using Coomassie brilliant blue as the reaction agent. The GSH concentration
was determined via the technique of Xue et al. [34], using the DTNB dye used as the reaction agent. Total
phenols were quantified via the Folin-Ciocalteu reagent following the methodology described by Singleton
et al. [35].

The concentration of Se and macro- and micronutrients were determined in the mixed tissue (aerial
part and root). For the digestions, the methodology described by Lopez-Morales et al. [36] was used, which
is based on digestion with a triacid mixture (1 L of concentrated HNOj3, 100 mL of concentrated HCI and
25 mL of concentrated H,SO4). Quantification was performed via the plasma atomic emission spectrometry
technique (ICP-OES, Perkin Elmer brand, Optima 8300 model).

2.4 Experimental Design and Data Analysis

A completely randomized design was used, with 16 treatments for each application method (seed
priming and foliar) and six replicates per treatment. The growth and biomass of the six replicates were
assessed, followed by three replicates for biomolecule determination and three replicates for mineral
quantification. Analysis of variance and Fisher’s LSD means test (p < 0.05) were performed via Infostat
statistical software (v2020).
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3 Results
3.1 Growth of Seedlings

The application of the different forms of Se caused significant effects (p < 0.05) in terms of seedling
growth between the two types of application (Table 1). For stem diameter, with seed priming, SeMPs and
SeNPs at 3.0 mg - L! had the best results, outperforming the control by 16.46% and 16.04%, respectively.
However, SeMPs at concentrations of 1.0 and 1.5 mg - L™ were also superior to the control. In terms of
leaf area, SeMPs at concentrations of 1.5 and 3.0 mg - L™! applied for seed priming had the greatest impact,
exceeding that of the control by 37.84% and 43.97%, respectively. With respect to stem diameter, foliar
application resulted in a decrease of only 11.11% with SeNPs treatment at 1.5 mg - L™!. The leaf area with foliar
application presented the highest values in the SeMPs treatments at 1.0 and 1.5 mg - L™}, which exceeded those
of the control by 29.48% and 31.27%, respectively. Compared with that of the control, the seedling height of
both forms of Se application were not different.

Table 1: Growth of cucumber seedlings

Seed priming Foliar application

Treatments (mg- L)

SH (cm) SD (mm) LA (em’) SH (cm) SD (mm) LA (em’)
AC 8.2 + 0.82% 2430270 5374 +5517  769+025%°  270+024°° 5650 + 6.71¢
Na»Se0s-0.1 842 +045° 244 +026° 59402707 743060  253+024%¢ 6101 +16.49*¢
NaySe03-0.5 848 £ 043"  238+026° 66.60 £13.09°¢ 763 +0.66°C  273+019  65.04 +15.24* ¢
Na,SeOs-1.0 872+073  257+023% 66.79+1058¢ 743 +£081°  270+023° 5628 + 9.59°
NaySeOs-1.5 8.02+0.98° 258+027% 64.92+954°%  815+063° 260+032*¢ 5518 +12.59¢
Na;Se03-3.0 8.18 + 1.13%° 253+0204  6670+9.62%¢ 772+ 07  250+025¢ 3954 +11.53°
SeNPs-0.1 8.18 + 0.77%° 2380180 5730 +£1021%F 758 +0.65° 253:015°¢  63.07+6.55¢
SeNPs-0.5 883+073%  258+017¢ 5289815 8.23 + 0.35" 248 +0.10¢  60.27 + 13.18¢
SeNPs-1.0 8.63+0.65°  2.60+026¢ 6412+ 1315°°  8.05+ 0.74% 250 + 0319 59.60 + 13.85°¢
SeNPs-1.5 770 +036°  2.63+019°Y 6531+ 889 726+ 1.08 240+ 033 5427 +18.00°
SeNPs-3.0 8.80 + 0.70° 2.82+017° 7261 +£541° 794023  252:015¢ 5472560
SeMPs-0.1 8.00 + 0.89%° 242019 5722+9674F 828 +070° 250 £ 037 65.77 +13.84*¢
SeMPs-0.5 793 +1.25°  255+039°¢ 6194 +14.02F  812+0.61"  263+012%¢  70.5+£14.38%°C
SeMPs-1.0 8.03+0.83%"  273+019°° 6778 +1256*¢ 767 +044° 268+023¢ 7316+ 4.18°
SeMPs-1.5 8.85+1.02% 2774028 7408738  784+083C  286+029 7417 +12.39*
SeMPs-3.0 8.63 + 1.04%° 2.83 + 0.18" 7737 +5.84° 782+ 0.62°°  278+016% 6317 +10.90*¢
CV (%) 10.01 9.23 15.02 8.38 9.35 20.08

Note: AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium microparticles; CV: Coefficient of variation;
SH: Seedling height; SD: Stem diameter; LA: Leaf area. Different letters within any column indicate significant
differences between treatments (LSD, p < 0.05). n = 6; + standard deviation.

With respect to fresh biomass, the different forms of Se and both forms of application caused different
responses (Table 2). In general, in terms of seed priming, the control was inferior to all the Se treatments
(p < 0.05), which was different from the results of foliar application, where some Se treatments were superior
and inferior to the control. The SeMPs present at a concentration of 3.0 mg - L™! during seed priming were
the ones that stood out from the other treatments, and exceeded the control by 50.59%, 141.66% and 57.22%
in terms of fresh aerial, root and total biomasses, respectively. Under foliar application, there was a 32.98%
decrease in fresh aerial biomass with Na,SeO; treatment at 3.0 mg - L™!. The fresh root biomass with foliar
application improved only with all concentrations of SeMPs (p < 0.05); however, the Na,SeO; and SeNPs
treatments at 3.0 mg - L™ had a negative effect on the fresh root biomass. The total fresh biomass for foliar
application was negatively affected by the Na,SeQ; treatment at 3.0 mg - L', and the remaining treatments
were equal to the control.
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Table 2: Fresh biomass of cucumber seedlings
Treatments (mg - L) Seed priming Foliar application
AFB (g) RFB (g) TEB (g) AFB (g) RFB (g) TEB (g)
AC 1.68 +0.230  012+0.02" 1.80+0.23 194+ 026 0.22+0.03% 2.16 + 0.272¢
Na,Se0;-0.1 1.84 £ 0.14°F 0.20 +0.03°¢ 2.04 +0.154F 2.08 +0.572> 0.23 +0.03¢ 2.31+0.58°¢
Na,Se0;-0.5 210 + 0.47°°¢  0.27 + 0.04* 2.37 + 0.46°"¢ 2.00 + 0.53*° 0.21 + 0.029¢ 221+ 0.53*¢
Na,SeO;-1.0 215+ 0.422°¢ 0.21+0.03>¢ 236 + 0.42°¢ 1.78 + 0.372°4 0.23 +0.02¢ 2.02 £ 0.36"¢
Na,SeO5-1.5 2.00 +0.36°T 0.19 £0.01 219 + 037 1.65+ 0.34>"¢ 0.22 + 0.029¢ 1.87 + 0.32°°¢
Na,SeO;-3.0 213+ 035 024 +0.04> 237+036°¢ 1.30+030% 014+0.020 144031
SeNPs-0.1 178 + 0394 018 +0.02F  1.97 +0.38F 1.88 +0.172° 0.21 + 0.02%¢ 2.10 + 0.18*¢
SeNPs-0.5 175+ 0.23F 014 +0.026"  1.89+0.24 1.93 +0.50*° 0.24 +0.02¢ 217 + 0.51*"¢
SeNPs-1.0 220 + 0.35*° 0.20 + 0.03¢ 2.40 + 0.37°°9 1.90 + 0.58° 0.19 + 0.02° 2.09 + 0.59* ¢
SeNPs-1.5 210 +0.35°7¢ 0.20 + 0.03°¢ 2.30 + 0.37°¢ 1.64 + 0.63°"¢ 0.20 + 0.02° 1.84 + 0.64°¢
SeNPs-3.0 231+ 02 0.22+0.03>¢ 254+ 021 158 +0.16¢ 0.4 +0.01f 172+ 0.16%
SeMPs-0.1 175+ 0.37F 015+ 0.028" 190+ 037 214 +049" 031+0.02> 2.45+ 047
SeMPs-0.5 1.90 + 0.47°f 016 +0.028 2.06 + 0.463F 227 +056* 027 +0.02 2.54 + 0.57
SeMPs-1.0 216 £ 0419 023 £0.02° 239+ 041°9 228+ 041 0.29 +0.03°° 257 + 0.40?
SeMPs-1.5 240+ 033" 027 £0.03 2.67+033" 220+0.35 0.26 +0.04° 2.46 + 0.34°
SeMPs-3.0 253+ 029 029 +0.02 283+030° 194+0.37° 0.35+0.02 2.29+0.38°¢
CV (%) 17.00 12.67 15.56 22.85 10.31 20.47

Note: AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium microparticles; CV: Coeflicient of varia-
tion; AFB: Aerial fresh biomass; RFB: Root fresh biomass; TFB: Total fresh biomass. Different letters within any
column indicate significant differences between treatments (LSD, p < 0.05). n = 6; + standard deviation.

The dry biomass for seed priming indicates that the control was one of the treatments that presented
the lowest values, being surpassed to a greater extent by the SeMPs at 3.0 mg - L™! in 81.72%, 144.24% and
86.66%, for aerial, root and total dry biomass, respectively (p < 0.05) (Table 3). Foliar application resulted in
a trend in which all the treatments with SeMPs significantly increased aerial, root and total dry biomass, with
concentrations of 1.0 and 3.0 mg - L! standing out (p < 0.05); however, the Na,SeO; at 1.0,1.5and 3.0 mg - L!
treatments decreased aerial and total dry biomass, and the Na,SeO; and SeNPs at 3.0 mg - L~! decreased root
dry biomass (Table 3).

Table 3: Dry biomass of cucumber seedlings

Treatments (mg - L") Seed priming Foliar application
ADB (mg) RDB (mg) TDB (mg) ADB (mg) RDB (mg) TDB (mg)

AC 1UL59 +2.29 956+ 1.54" 12115 £ 145 135.00 = 454" 1758 + 2.54%  152.57 + 5.65
Na,Se0s-0.1 13249 + 3520 1578 £2.12% 14827 +4.70° 14350 +5.54% 1853 +2.307  162.02 + 4.53°
Na,Se0s-0.5 153.43 £ 4950 2124 +284°  174.67 + 6.42¢  139.67 £ 743" 1717 £1.94%  156.84 + 8.72°F
NaySeOs-1.0 155.20 £ 435 1650 £2.09°°° 17170 + 4.71°  119.87 +3.03  18.68 + 131  138.56 + 3.118
Na,SeOs-1.5 149.70 + 812 15.07 0957 16476 + 784° 11117 +£3.345 1720 £+ 1.96%  128.38 = 4.11"
Na;Se03-3.0 158.09 + 5.80%  18.82+2.88" 17691 +4.22¢ 9159 +4.46 1091 +137  102.50 + 3.55
SeNPs-0.1 10792 +2.60° 1471 +1.69%  122.63+297 13575 +3.99" 1718 £139%  152.93 + 4.70
SeNPs-0.5 LIS £3.61  10.84 +1.98"  122.02+416 13127 +6.01'  18.84 +1.99°  150.11 + 5.02
SeNPs-1.0 14527 + 6.995" 1593 £ 253 16120 + 706 16159 + 3779 1556 £ 143 17715 = 3.64¢
SeNPs-1.5 140.74 £ 337" 15.88 +2.49°  156.62 + 3.0 154.70 +5.64° 1599 + 1.7°  170.69 + 6.37

(Continued)
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Table 3 (continued)

Treatments (mg - L") Seed priming Foliar application
ADB (mg) RDB (mg) TDB (mg) ADB (mg) RDB (mg) TDB (mg)
SeNPs-3.0 165.07 + 3.25° 1747 +2.48*% 18254 +2.75 150.06 + 6.5257 1157 +111° 16163 + 5.65°
SeMPs-0.1 121.09 + 345 1162 +1.808" 13271+ 432"  198.15+525°  2452+196°  222.67 + 675
SeMPs-0.5 1BLIL+ 3.64  13.04 + 1.22% 144154228 20130 +£5.92°  21.66 £ 1.68  222.96 + 713°
SeMPs-1.0 163.36 £ 3.80°¢ 1818 + 1.21°° 18154 + 3.57° 22873 +790° 2322+ 211" 25195 + 6.60°
SeMPs-1.5 189.51 + 3.5  21.31+225  210.82+4.29° 203.06 £70° 2110 +3.02° 22417 + 780"
SeMPs-3.0 20279 + 796" 2335+ 153 22614 + 819" 17858 + 8.19° 2822+ 1.9  206.80 + 8.11°
CV (%) 3.27 12.67 3.06 3.70 10.31 3.42

Note: AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium microparticles; CV: Coefhicient of variation;
ADB: Aerial dry biomass; RDB: Root dry biomass; TDB: Total dry biomass. Different letters within any column
indicate significant differences between treatments (LSD, p < 0.05). n = 6; + standard deviation.

3.2 Photosynthetic Pigments

Photosynthetic pigments showed very interesting trends for both seed priming and foliar application
(Fig. 3). For Chla in seed priming the treatments Na,SeO; 1.0 mg - L™! and SeNPs 1.5 mg - L ™! was superior
to the control by 4.53% and 7.62%, respectively (p < 0.05), and the remaining treatments were equal to or
inferior to the control. For Chlb and total Chl, all the Se treatments were statistically superior to the control
(p <0.05).
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Figure 3: Photosynthetic pigments of cucumber seedlings. AC: Control; SeNPs: Selenium nanoparticles; SeMPs:
Selenium microparticles; Chla: Chlorophyll a; Chlb: Chlorophyll b; ChlT: Total chlorophyll; DW: Dry weight. Different
letters indicate significant differences between treatments (LSD, p < 0.05). n = 3; the ranges of the bars represent the
standard deviation

With respect to foliar application, the Chla content decreased with all the Se treatments, except for
the 0.5 mg - L' Na,SeO; treatment, which was equal to that of the control. With foliar application, Chlb
showed the best results with SeMPs at 0.5 and 1.0 mg - L™, with increases of 12.13% and 20.54%, respectively,
compared to the control (p < 0.05). In terms of total Chl, treatments with Na,SeO; at 0.5 mg- L' and SeMPs at
1.0 mg - L™! increased its concentration by 3.21% and 9.09%, respectively, compared to the control (p < 0.05).

In both experiments and for all the treatments, the Chlb concentration was greater than the Chla
concentration, which was reflected in a low Chla/Chlb ratio (Fig. 4). All the Se treatments resulted in a
significantly lower Chla/Chlb ratio than did the control treatment.
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Figure 4: Chla/Chlb ratio of cucumber seedlings. AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium
microparticles; Chla: Chlorophyll a; Chlb: Chlorophyll b. Different letters indicate significant differences between
treatments (LSD, p < 0.05). n = 3; the ranges of the bars represent the standard deviation
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3.3 Proteins and Bioactive Compounds

The soluble protein concentration differed with respect to seed priming and foliar application of the
different forms of Se (Fig. 5). In terms of seed priming, that in the Na,SeO; at 3.0 mg - L™! treatment was
3.06% greater than that in the control (p < 0.05), and those in the other treatments were equal to or lower
than those in the control. In terms of foliar application, the results of the control treatment were the lowest,
with the best results occurring with Na,SeO; at 1.5 and 3.0 mg - L™'; SeNPs at 1.0, 1.5 and 3.0 mg - L™!; and
SeMPs at 0.1 mg - L™ (p < 0.05).
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Figure 5: Soluble proteins and bioactive compounds of cucumber seedlings. AC: Control; SeNPs: Selenium nanopar-
ticles; SeMPs: Selenium microparticles; GAE: Gallic acid equivalents; GSH: Reduced glutathione; DW: Dry weight.
Different letters indicate significant differences between treatments (LSD, p < 0.05). n = 3; the ranges of the bars represent
the standard deviation
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The Se materials caused interesting effects on the GSH and phenols concentrations (Fig. 5). All forms
of Se significantly increased GSH in seed priming compared to the control and for phenols, only 0.5 and
1.0 mg - L™ SeMPs were superior to the control (p < 0.05). In the foliar application of Se, the control was one
of the treatments that presented the lowest GSH concentrations, the most outstanding being Na,SeOs at 0.5
and 1.5 mg- L' and SeMPs at 0.5 and 1.0 mg - L™! (p < 0.05). With the foliar application, phenols increased as
the Na,SeO; dose increased, SeNPs in some treatments decreased them and SeMPs at 0.5 mg - L™! increased
them (p < 0.05).

3.4 Mineral Concentration

The application of Se for the two application methods resulted in some significant differences in
macronutrients and sodium (Na) (p < 0.05) (Table 4). For seed priming, P and potassium (K) decreased
in most treatments with Se, with those in the control treatment being among the highest. With respect to
calcium (Ca), some treatments with Se surpassed the control, others were equal, and others were inferior,
with the best results, Na,SeO; 0.1mg - L™ and SeNPs 1.0 mg - L™, resulting in increases of 13.31% and 26.29%,
respectively. In terms of magnesium (Mg), the SeNPs 1.0 and 3.0 mg - L' treatment exceeded the control by
30.97% and 23%, respectively, with the latter being among the lowest treatments. For S, the control had the
lowest values, with Na,SeO; at 1.0 mg - L™! (+55%) and SeMPs at 1.5 mg - L™! (+45%) presenting the highest
values. With respect to Na, the control had the greatest accumulation.

Table 4: Macronutrients and Na in cucumber seedlings

Treatments (mg-L™) Seed priming
P (%) K (%) Ca (%) Mg (%) S (%) Na (%)

AC 0.42 + 0.0 3.66+0.03 308008  113+0087  020+0.003 034 =x0.003

Na;Se03-0.1 0.35+0.003° 314+004¢  349:008 124+002°%  024+0002¢  031+000
Na,Se03-0.5 0.44 £ 0.003* 294+0.07° 343009 128+0.03" 022000258 0.27 +0.01%
Na,SeO3-1.0 0.27 +0.04%  252+0360  2.60 + 0.458" 1.07 + 0.11 0.31+0.002°  0.23 + 0.03
Na;SeO3-1.5 0.25 + 0.01° 251+0.003  255+000"  122+00% 0.23+0.002" 0.21+0.0028
Na;Se03-3.0 027 +0.01%  254+0.020  260+0.06" 118+0.027"  0.21+0.0027"  0.24 +0.002°
SeNPs-0.1 028 +0.02¢  265+0220  252+0.06" 110 + 0.13" 024 £0.03  0.23+0.02%
SeNPs-0.5 035+0.04°  3.03+022¢ 333:035°° 128+0147 024+0004 027 +0.02%
SeNPs-1.0 034+00L°  297+0.07°  3.89+0.12° 148 +0.02*  0.22+0.002°8  0.30 = 0.0°°
SeNPs-1.5 034+0.02° 318+ 014 298 +022°  125+0.06°"  028+000 029 +0.00¢
SeNPs-3.0 0.36 + 0.01° 328+ 021  330+£0.04%°  139+0.02° 02700 027 +0.02%
SeMPs-0.1 0.43 + 0.01° 379009  338+0.13°¢  131+0.02°  0.21+0.002%7 029+ 0.0
SeMPs-0.5 0.42 + 0.01° 371+£0.06  3.30+0.09°° 134:003®¢  026+000 027+ 0.01%
SeMPs-1.0 034+00C°  292+019%  313:0267  139:0.04° 023001 027+0.02%
SeMPs-1.5 0.31+0.002  276+0.06"  3.06+0.09 138+0.02° 029+0.002° 027+ 0.01%
SeMPs-3.0 0.28 + 0.02° 2.58 + 0.11" 289 +013%  131+£0.09° 027+ 0.0 0.26 + 0.02°

CV (%) 4.93 5.02 5.91 5.08 3.55 547
Foliar application

AC 036 +0.02° 372+ 0.24° 278 + 0.34° L4 £ 0.0  021+0.003"  0.28 +0.00
Na;Se03-0.1 032+0.02°  298+022° 274030 1.05+0.09F 026+00%  023x0.02F
Na;Se03-0.5 031+ 0.0 276+0.05°° 252+005° 100+0.04"  027+00° 022+ 0.003F

Na,SeO;3-1.0 0.28 +0.02F 255+ 017  225+022°  0.96+003"  0.20+0003  0.21+0.02
Na;SeOs-1.5 0.35+0.05°  351+049°  2.69+045° 098+0107"  0.28+0002° 028+ 0.03
Na;Se03-3.0 032+0.02°  284+018 240+018°  093+002"  020x0.003 028z 0.00
SeNPs-0.1 028 +0.0  271+013*°  233+014%  101+0.04" 0230003  0.23=0.02

(Continued)
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Table 4 (continued)

Foliar application
SeNPs-0.5 031+ 0.003°  2.63+024° 249 +0.07° 103+£0.028  020+0.002 024+ 0.004%
SeNPs-1.0 029 +0.03F  283+008° 267+007”° 1.05+0.07”F 024+0003 029002
SeNPs-1.5 029 +0.01°F  239+0.08 278 £0.08  1.08+0.02°%  021+0.003" 03000
SeNPs-3.0 0.31+0.05°  2.64+038°¢ 275+0.06° 1.08+0.05¢ 025+0002 032004
SeMPs-0.1 0.30 £0.005F 2544005 255+004° LI1+003°  022+0.0045 0.30 = 0.004
SeMPs-0.5 027 £0.01"  246+0.05% 248 +014*° 107 +0.04*° 029 +0.002°  0.24 + 0.01%
SeMPs-1.0 0.30 £0.004T  251+£002¢  255+008° 110+0.0*°  029+0003 0230002
SeMPs-1.5 0300017 264+004° 261+005%9  13+0.03°  024+0002 027 +0.004¢
SeMPs-3.0 0.32+0.0" 272003 247+0.04° 1.06+002T  025+0002 028+ 0.00
CV (%) 703 7.27 729 4.82 .60 6.40

Note: AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium microparticles; CV: Coefficient of variation.
Different letters within any column indicate significant differences between treatments (LSD, p < 0.05). n = 3;

+ standard deviation.

Foliar application of Se materials, for P, K, Ca and Mg caused a decrease in most of the treatments, being
the control in all cases of the treatments that presented the highest values. For S, most of the treatments with
Se were superior to the control, where the SeMPs at 0.5 and 1.0 mg - L~! showed the highest values. For Na,
the control showed intermediate values compared to the rest of the Se treatments.

Table 5 shows the results of micronutrients and Si in seed priming, where some significant differences
(p < 0.05) are observed. The amount of Fe increased in some of the treatments, with the greatest increase
occurring with 0.1 mg - L™ at Na,SeO; (+94.75%). For Zn, the control had the highest values, and those
of all the treatments with Se were lower. The amount of Cu increased only with the 0.1 mg - L' SeNPs
treatment. For manganese (Mn), the treatments with 0.1, 0.5 and 1.0 mg - L' SeMPs presented the highest
values compared with those of the control. Finally, Si showed very varied values, where the control presented
intermediate values and the 0.5 mg - L' Na,SeO; treatment presented the highest values.

Table 5: Micronutrients and Si in cucumber seedlings

Treatments (mg - LY Seed priming
Fe (mgkg™) Zn (mgkg™) Cu (mgkg™) Mn (mgkg™) Si (mgkg™)
AC 278.94 + 71.97° 192.56 + 30.26° 28.49 + 1.12° 122.85 £+ 1.56°  1229.28 + 14.68%"
Na»Se0s-0.1 54325 + 9.49* 146.58 + 17.34° 29.14 + 2.63° 123.08 + 1.61° 1458.99 + 14.86"
Na»Se03-0.5 289.80 + 2.13¢ 104.65 + 4.85° 16.37 + 0.59 13172 £ 2.085¢  1729.39 + 45.44°
Na,SeOs-1.0 282.07 + 42.47° 79.57 + 21.79% 15.47 + 1.69°¢ 98.51 + 14.83% 131105 + 224.76°¢
Na»SeOs-1.5 278.07 + 3.69° 58.39 + 2.55° 13.41 + 0.22°F 94.30 + 1.618 1172.47 + 19.40°"
NaySe0s-3.0 213.87 + 785 54.06 + 1.75° 16.24 + 0.67° 10112 + 2.00%  1083.42 + 29.0787!
SeNPs-0.1 228.61 + 11.70°° 5769 + 4.94° 42.03 + 1.16* 100.98 + 13.748 109759 + 185.61""
SeNPs-0.5 252.08 + 31.87% 50.59 + 7.60° 12.63 + 0.89°™" 129.85 +15.29%  1249.95 + 148.77%°8
SeNPs-1.0 290.32 + 0.69 51.95 + 0.75° 12.12 + 0.22 13210 £ 2.81°¢  1278.94 + 4.81°F
SeNPs-1.5 216.69 + 10.10°F 52.43 + 3.58° 14.18 + 0.45% 107.88 + 5.35° 1055.21 + 56.95"
SeNPs-3.0 35146 + 1.97° 52.65 + 0.43° 10.57 + 0.22! 138.02 £ 2.00°¢ 102852 + 14.63'
SeMPs-0.1 443,47 £ 12.51° 53.52 + 1.54° 12.89 + 0.45°78 143.65 + 3.80°°  1105.43 + 15.67""
SeMPs-0.5 335.80 + 8.59° 53.84 £ 1.67° 13.15 + 0.39°°8 150.69 + 2.13*  1156.89 + 34.50°"
SeMPs-1.0 235.07 + 21.78°F 48.26 + 0.74° 11.60 + 0.395°" 14435 + 4.65°  1549.58 + 257.84%°
SeMPs-1.5 205.01 + 3.27° 4117 + 0.98° 11.09 + 0.22M 126.75 £ 2.96% 140140 + 18.53°"¢
SeMPs-3.0 22113 = 18.03°F 41.87 +2.03° 10.96 + 0.59' 132.95 + 10.81°¢  1385.78 + 101.86° ¢
CV (%) 790 15.02 5.77 5.95 8.66

(Continued)
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Table 5 (continued)

Foliar application

AC 188.79 + 59.51" 6722 + 3721 14.57 + 2.80°"¢ 98.02 +12.62°°  1338.16 + 69.86°
NaySe03-0.1 27437 £ 31.78°  85.48 +10.86* 13.92 + 2.05°~¢ 99.99 +10.22°  1102.92 + 87.98¢
Na;Se03-0.5 209.87 + 9.10°" 73.13 + 6.88%¢ 10.57 + 0.59° 86.19 + 3.87° 924.41 + 39.13f
Na;SeOs-1.0 19744 + 10,03 60.45 + 6.09% 10.31 + 0.59°F 85.63 + 4.10° 1051.66 + 63.74%¢
Na,SeOs-1.5 395.20 + 72.79° 102.70 + 21.38* 11.48 +1.23° 90.13+10.82°T 76138 + 107598
Na,Se0;3-3.0 420.77 + 6.15° 78.13 + 4.85°7¢ 13.65 + 0.33%¢ 8710 + 1.174F 60155 + 17.96"

SeNPs-0.1 233.46 + 13.83°" 58.47 + 3.32¢ 13.33 + 0.56° 83.74 + 3.90' 623.57 + 27.42"
SeNPs-0.5 318.93 + 9.51° 60.87 + 4.07 13.98 + 0.56>°¢ 91.54 + 2.44°~" 632.41 + 23.71°
SeNPs-1.0 257.94 + 21.01% 66.67 + 6.65°¢ 15.17 + 0.38*¢ 94.68 + 5.69°¢ 598.00 + 40.29"
SeNPs-1.5 510.68 + 12.05" 75.78 + 2.82°7¢ 15.38 + 0.75% 96.42 + 2164 913.90 + 19.73f
SeNPs-3.0 289.80 + 32.31°Y  78.27 +19.32°¢ 16.21 + 0.58° 9253 + 638 77810 + 179.208
SeMPs-0.1 258.62 + 6.68% 95.40 + 3.77%° 10.84 + 0.14° 88.77 + 2.30°" 1205.61 + 30.94°
SeMPs-0.5 210.46 + 9.197" 84.44 + 32077 13.93 + 0.72°¢ 86.47 + 3.36°F 94332 + 33.65°
SeMPs-1.0 210.27 + 4.987" 101.84 + 4.70 8.76 + 0.50 91.44 + 1.00*f 1518.42 + 6.84°
SeMPs-1.5 23713 + 729°78 86.84 + 4.82°°° 10.09 + 0.14° 105.44 + 2.93* 1083.07 + 23.19°
SeMPs-3.0 246.65 + 6.314°F 85.11 + 6.02*°¢ 11.09 + 0.14° 85.27 + 2.07 866.41 + 22.03'%
CV (%) 9.92 16.26 8.08 6.37 7.02

Note: AC: Control; SeNPs: Selenium nanoparticles; SeMPs: Selenium microparticles; CV: Coefficient of variation.
Different letters wthin any column indicate significant differences between treatments (LSD, p < 0.05). n = 3; +
standard deviation.

Table 5 also shows the results for micronutrients and Si from foliar application, where some significant
differences (p < 0.05) between treatments can be observed. The SeNPs at 1.5 mg - L™! treatment presented the
highest values for Fe, exceeding those of the control by 170.50%. For Zn, Na,SeO; (1.5 mg - L™!) and SeMPs
(1.0 mg - L™!) outperformed the control by 52.78% and 51.50%, respectively. For Cu and Mn, the control was
among the treatments that presented the highest values, with some treatments having equal values and others
having lower values than the control. For Si, only the SeMPs concentration of 1.0 mg - L™! was greater than
that of the control.

Fig. 6 shows the concentration of Se in cucumber seedlings, which shows significant differences
(p <0.05) between treatments. The concentration in plant tissue increased, for all three forms of Se, as the
nutrient dose was increased. On the other hand, foliar applications showed more accumulation than seed
priming. In this sense, seed priming with SeNPs at 3.0 mg - L' showed the highest value, followed by
SeMPs and Na,SeO; at 3.0 mg - L™'. For foliar application, SeNPs at 3.0 mg - L™" also showed the highest
concentration, followed by SeMPs and Na,SeOs at 3.0 mg - L™".
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Figure 6: Selenium concentration of cucumber seedlings. AC: Control; SeNPs: Selenium nanoparticles; SeMPs:
Selenium microparticles; DW: Dry weight. Different letters indicate significant differences between treatments (LSD,
p <0.05). n = 3; the ranges of the bars represent the standard deviation

4 Discussion
4.1 Growth of Seedlings

The use of biostimulants in agriculture has expanded substantially in response to the resulting increases
in crop growth, development and yield [37]. In this study, seed priming and foliar application of different
forms of Se increased the stem diameter, leaf area and biomass of cucumber seedlings. Garcia-Locascio
et al. [38] reported that seed priming with SeNPs inhibited the germination rate in corn, but increased it in
tomato, together with the vigor index, this at 10 mg - L™". The same authors evaluated the foliar application of
SeNPs and mentioned that stem length and diameter of tomato plants increased. Raza et al. [39] evaluated the
seed priming of quinoa with sodium selenate (Na,SeOy) at 3, 6 and 9 mg - L™, and show in their results that
panicle length, panicle weight and 1000 grain weight were increased under standard growth conditions and
drought stress. Colman et al. [22] reported that tomato seed priming with chitosan microparticles (CsMPs)
improved the germination percentage and vigor and that foliar application increased the shoot and root
biomass of seedlings.

The results are mainly because Se, at low concentrations, can stimulate organogenesis, amino acid
synthesis and protein synthesis, which are directly involved in increasing plant biomass and growth [40,41].
In addition, the Se applied for seed priming results in the de novo synthesis of nucleic acids, proteins and ATP,
in plants which subsequently benefits plant growth [41,42]. Foliar application of Se allows direct application
of nutrient to organs for synthesis, such as leaves, and in this way, Se can reach chloroplasts, organelles where
it can be assimilated into selenoamino acids via the S pathway [8]. With respect to SeNPs and SeMPs, owing
to their magnetic, electrical and optical properties and the composition of their corona, when applied by seed
priming, they create a greater number of pores in the seed coat, which facilitates the absorption of water;
therefore, germination is accelerated, and the growth of the seedlings is faster [43]. The application of SeNPs
and SeMPs in any application form can likely induce the mobilization of sugars in plants to the organs of
demand and, therefore, improve their growth, as has been proven for AgNPs [44].

When they meet the epidermis or internal fluids of plants, SeNPs and SeMPs adsorb mainly peptides
and proteins and form a corona, which is the first to come into direct contact with the receptors or
components of plant cell walls and membranes [45,46]. This phenomenon stimulates plants, leading to
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improvements in different physiological processes involved in plant growth. One of these processes is
hormonal induction as indicated by Zahedi et al. [47], who reported that the foliar application of SeNPs to
strawberry plants increased the synthesis of indole-3-acetic acid (IAA) and abscisic acid (ABA) in leaves,
which was reflected in improved plant growth and yield. Another process in which this type of material
is involved is nitrogen (N) metabolism, as shown by Colman et al. [48], who demonstrated that CsMPs
positively regulate genes involved in N metabolism (NRTILI, NRT2.1, AMTII, NR and GSI) in tomato
seedlings. These genes encode enzymes and transporters responsible for the assimilation of N to protein
amino acids. The NRT1I gene encodes a dual-affinity NO;™ transporter protein; NRT2.1 also encodes an
NO;™ transporter protein, especially under conditions of low availability; the AMTI gene is part of a family
of NH,* transporter genes; NR encodes the enzyme nitrate reductase, which carries out the reduction of
NO;™ to NO,™; GSI encodes the enzyme glutamine synthetase, responsible for the conversion of NH,* to
glutamine [49-52].

Establishing a possible explanation or hypothesis of how different forms of Se improve plant growth
is complicated since there are different metabolic pathways that can be activated; however, N metabolism
is one of those involved and has a broad relationship with carbon metabolism (photosynthesis) and the
metabolism of phytohormones, mainly with that of IAA, as mentioned above. Se, by enhancing, to a certain
extent, the photosynthetic activity that results in the production of photoassimilates (mainly glucose),
increases the process of glycolysis, which is due to a greater availability of glucose, metabolism from which
compounds such as phosphoenolpyruvate can be obtained, which is a precursor of aromatic amino acids
such as tryptophan [53]. This amino acid is a precursor of IAA, a phytohormone responsible for cell division
and elongation, tissue differentiation, tropisms and root formation, which is directly related to increased
plant growth [54]. In this sense, some of the effects of Se on plant growth derive from improvements in
photosynthetic activity and N metabolism, which produce sugars, amino acids, proteins and phytohormones,
compounds involved in plant development. Abdelsalam et al. [55] evaluated the application of Na,SeO,
and SeNPs in beans and reported that treatment with SeNPs resulted in higher concentrations of sugars,
carboxylic acids and amino acids, mainly due to the increase in N, glyoxylate and dicarboxylate metabolism.

4.2 Photosynthetic Pigments

Seis a beneficial nutrient that has direct effects on the photosynthetic system by increasing or decreasing
the concentration of chlorophyll, depending on the concentration used, the form of Se and the application
method [8]. In this study, for seed priming, there were increases and decreases in Chla with the Se
materials, and for Chlb and total Chl, all the Se treatments were superior to the control. With respect to
foliar application, the Chla, Chlb and total Chl concentrations increased and decreased, respectively, with
increasing Se application. Similar results were shown by Ishtiaq et al. [56], who reported that tomato seed
priming with SeNPs increased total Chl as the dose increased from 25 to 100 mg - L™!. Lin et al. [57]
reported that foliar application of Na,SeO; to strawberry plants improved the Chla, Chlb and total Chl
concentrations. On the other hand, Wang et al. [19] reported that applications of CutONPs and CuOMPs at
200 and 400 mg kg™' did not affect the concentrations of Chla and Chlb in lettuce leaves.

When Se is absorbed, it can reach chloroplasts directly, increase the activity of enzymes involved
in chlorophyll synthesis, and can also be incorporated into the electron transport chain, thus improving
photosynthetic activity [9]. Se can act as a prooxidant and induce the synthesis of reactive oxygen species
(ROS), which cause chloroplast membrane peroxidation and affect chlorophyll synthesis [58]. SeNPs, owing
to their properties, can increase the gene expression of proteins that are part of light-harvesting complexes
(LHCII and LHCI) in the thylakoid membrane so that SeNPs can induce pigment synthesis and increase
light absorption, water photolysis, oxygen evolution, and energy distribution between photosystems and
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accelerate the transformation of light energy into chemical energy [59]. This may also occur with the use of
SeMPs, as they have properties similar to those of SeNPs.

Seed priming is a practice that has gained relevance because of its multiple positive effects on crop
production. There is evidence that this practice can increase the accumulation of osmolytes such as proline,
polyamines, and glycine-betaine. The latter can act to protect the structure of extrinsic PSII proteins. It also
improves RUBISCO activity and chloroplasts stability [60,61].

In both experiments, there was a higher concentration of Chlb than Chla, which was due to the use
of LED lamps with photosynthetic irradiance very different from that in open field conditions. In this
sense, plants, as a mechanism to ensure greater light absorption, increase the amount of Chlb, an adaptive
mechanism that allows greater absorption efficiency with lower light intensity, ensuring the photosynthetic
rate [62]. The Chla/Chlb ratio indicates low ratios; however, the control treatment presented the highest
value, indicating that Se possibly increased the activity of the Chla oxygenase enzyme, which is responsible
for the synthesis of Chlb from Chla [63]. This reduction in the Chla/Chlb ratio and the increase in Chlb
indicate a higher concentration of PSII versus PSI since Chlb is more abundant in PSII [64]. The Chla/Chlb
ratio is an important determinant of the light absorption efficiency of photosynthesis, as it is an indicator of
the size or concentration of the photosystems [65].

4.3 Proteins and Bioactive Compounds

Se has positive effects on the production of bioactive compounds and proteins in plant cells of different
species. The results revealed some increases and decreases in soluble proteins during seed priming; however,
with foliar application most of the Se treatments were superior to the control. Sardari et al. [66] demonstrated
that the drench application of Na,SeO, at low concentrations and SeNPs at high concentrations increased
soluble protein accumulation in wheat. Similarly, Li et al. [67] reported increases in soluble proteins in
cowpea with foliar application of Na,SeO; and SeNPs, with SeNPs showing the greatest accumulation. This
is because Se at low concentrations can stimulate the synthesis of amino acids and proteins through the
selenoamino acids (SeMet and SeCys) formed, which function as precursors of protein amino acids; however,
high concentrations can cause the synthesis of large amounts of selenoamino acids, which replace methionine
and cysteine in proteins and affect their synthesis and functionality [8,68]. Similarly, Nauman Khan et al. [69]
reported increases in soluble proteins in NaCl-stressed oilseed rape plants treated under seed priming with
Se-doped carbon-doped NPs.

The results for GSH and phenols showed increases with Se treatments, which is a very common
occurrence. Ishtiaq et al. [56] reported that seed priming of tomato with SeNPs increased the concentrations
of GSH and ascorbic acid as the dose of SeNPs increased. Golubkina et al. [70] investigated the foliar
application of Na,SeO; to lettuce plants to evaluate seed productivity and quality. These authors reported that
the antioxidant capacity of seeds was improved and that phenols were not modified. As mentioned above, Se
can act as a prooxidant, increasing in the synthesis of ROS, which function as signaling agents and activate the
antioxidant system of plants [71]. Currently, materials such as SeNPs and SeMPs, which are highly reactive,
can directly activate the antioxidant system of plants since they can modify the membrane potential and
different receptors located in cell walls and membranes [23,72]. On the other hand, the similarity of Se to S
allows it to be incorporated into different sulfur metabolites, such as GSH, and as seen in the experiment,
the different Se materials in both forms of application increased the GSH concentration. GSH in plants is
essential for maintaining redox homeostasis through the GSH-ascorbate cycle because it scavenges ROS to
protect cells from oxidative damage [73].



Phyton-Int ] Exp Bot. 2025;94(7) 2147

4.4 Mineral Concentration

The use of Se in agricultural plants commonly causes changes in nutrient uptake, as shown by the results
of the present study. For the macro- and micronutrients of cucumber seedlings all values were within the
sufficiency ranges mentioned by Campbell [74]; however, there were some significant differences between
the treatments. There were some increases in some nutrients for seed priming (Ca, Mg, S, Fe, Cu, Mn and Si)
and foliar application (S, Fe, Zn and Si). de Lima Gomes et al. [75] reported that the application of Na,SeO,
to tomatoes caused increases in N, P, Ca, S, Fe and Mn in plant shoots and increases in P, S, Mn and Zn
in fruits. In fruits, K and Fe were not modified. There are several explanations for why different forms of
Se can increase nutrient concentrations, one of which is that Se promotes the expression of genes encoding
aquaporins, proteins responsible for transporting water, minerals, and other molecules into the cell [76]. In
addition, Se positively regulates the expression of sulfate transporters (SULTR3;1 and SULTR3;6) [77]. When
applied to plants, SeNPs and SeMPs can be transported to different plant organs, such as the roots, where
they can create a greater number of pores, promoting the diffusion of ions [78].

On the other hand, some nutrients showed no alterations or showed decreases. For example, the
decrease in P for both seed priming and foliar application of Se. Se and P can act synergistically or
antagonistically, depending on their concentration and plant species. To some extent, Na,SeOs can inhibit P
uptake and metabolism, as Na,SeO; can be taken up by phosphate transporters (PHTL1, PHTL8,and PHTL9)
and can compete for uptake [79,80]. Jafari & Moghaddam [81] reported that the application of Na,SeO; to
mint caused a decrease in P. Santos et al. [12] reported that the application of Na,SeO; to Vigna unguiculata
L. did not affect the P concentration.

K is another nutrient that decreases with the application of Se materials in both forms of application
(seed priming and foliar application of Se), which depends on factors that have not yet been fully elucidated;
however, Se influences K uptake, mainly because it participates in the regulation of its transporters [82]. In
contrast, Badawy et al. [83] reported that the use of SeNPs in rice leaves increased the concentration of K.
Saffaryazdi et al. [84] reported that the application of Na,SeOs to spinach caused a decrease in K as the Se
dose increased.

Se can affect in different ways the absorption of Ca and Mg, in this sense, it can be seen that with
seed priming some increases of these cations were achieved and with foliar application there were decreases,
therefore, the interaction can be synergistic and antagonistic, which depends on the form of application,
the species of Se, the dose and the plant species [85]. Mn can be negatively affected because Se can inhibit
the expression of the Nramp5 transporter, which is involved in the absorption of Mn [86,87]. Wu et al. [88]
reported that with the use of Na,SeO; and Na,SeO, in Cardamine violifolia the Mn concentration decreased.
Different results were reported by Logvinenko et al. [89], who reported that the application of Na,SeO, and
SeNPs to Artemisia annua L. plants increased the concentrations of Mn, Ca and Mg in leaves. Du et al. [90]
reported that the use of CuNPs and CuMPs in oregano increased Mg and Ca and reduced Mn accumulation
in stems and leaves.

Compared with seed priming, foliar application of Se was more effective in terms of Se accumulation.
In addition, in both cases, SeNPs and SeMPs achieved the highest accumulation. Freire et al. [91] reported
that foliar application of Na,SeO; and SeNPs increased the Se concentration in rice grains, resulting in the
highest accumulation of Na,SeO;; however, in leaves and stems, the greatest accumulation was achieved with
SeNPs. Similarly, Garcia-Locascio et al. [6] reported that tomato seed priming with SeNPs increased the Se
concentration in seedlings as the dose increased. The results of the present study agree with those reported
in the literature, where it is common that as the dose of Se increases, the Se concentration in the tissue
increases. Specifically, for both application methods, SeNPs increased the Se concentration in cucumber
seedling tissue the most, followed by SeMPs and Na,SeOs. This is because SeNPs and SeMPs, owing to their
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optical, magnetic and electrical properties, can enter the cell interior more effectively and thus achieve greater
accumulation in plant tissues [23,72]. Now, with foliar applications, more Se was accumulated in the seedlings
because two applications were made, and seed priming only consists of a single application of Se materials. It
is also important to mention that keeping the SeMPs dispersed is more complicated than with SeNPs, which
to a certain extent makes the application of SeNPs more effective and therefore their accumulation in plant
tissues may be greater, as in the present experiment for seed priming.

5 Conclusions

The results indicate that the application of the three forms of Se (mainly SeMPs) is feasible and can
improve the growth, pigments, proteins, bioactive compounds and minerals of cucumber seedlings, both for
seed priming and foliar application. With respect to Se accumulation in seedling tissues, foliar application
of SeNPs and SeMPs at 3.0 mg - L™! was more effective, indicating that the use of these treatments is feasible
for subsequent studies on the biofortification of cucumber fruits. The results presented are promising for the
use of SeMPs, since, to our knowledge, there are no studies in agricultural crops, and they may constitute
an additional alternative for biostimulation and biofortification. This study has several limitations, which,
in subsequent experiments, can be addressed, such as the lack of analysis of important variables related to
the activity of antioxidant enzymes, phytohormones, and ROS and the expression of sulfate, phosphate and
aquaporin transporters, which would facilitate a better understanding of the response of cucumber seedlings
to the application of Se materials and their application methods.
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