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Sodium selenate biofortification,
through seed priming, on dill
microgreens grown in two
different cultivation systems
Hossein Sheikhi1, Silvana Nicola2,
Mojtaba Delshad1 and Roberta Bulgari2*

1Horticultural Sciences Department, College of Agriculture and Natural Resources, University of
Tehran, Karaj, Iran, 2Department of Agricultural, Forest and Food Sciences (DISAFA), University of
Turin, Grugliasco, Italy
Human health is significantly influenced by the quality of vegetables included in

the diet. Soilless cultivation methods have the potential to enhance and

standardize the levels of secondary metabolites or specific bioactive

compounds in plants, even when utilizing LED lighting. In recent years, tailored

foods, enriched with important microelements, are growing in popularity. The

present research was conducted to explore the quantitative and qualitative

aspects of dill (Anethum graveolens L.), grown either indoor or in a

greenhouse and harvested during the microgreen stage. Seeds of dill were

primed with 1.5 and 3 mg L−1 selenium (Se). Untreated dry and hydro-primed

seeds were used as the control and positive control groups, respectively. Results

demonstrated a higher yield in indoor farm environment (1255.6 g FW m−2)

compared to greenhouse (655.1 g FW m−2), with a general positive effect on the

morphological traits studied, with no significant influence from priming and Se.

The mean value of phenolic index of microgreens grown in the greenhouse was

13.66% greater than that grown in indoor condition. It was also observed that

seeds priming with Se can effectively raise the Se content in dill microgreens, in

both tested conditions. Overall, our results suggest that the 3 mg L−1 Se seems to

be the most promising concentration to obtain Se-enriched microgreens.
KEYWORDS

microgreens, Anethum graveolens L., soilless cultivation systems, light emitting diodes,
vegetables quality, biofortification, mineral elements
1 Introduction

Among innovative vegetable products, microgreens have played an important role in

recent years (Lone and Pandey, 2024; Bhaswant et al., 2023; Mezeyová et al., 2022). They

are very suitable to be grown under controlled conditions, on a growing medium, in the

presence of natural or artificial light, and require little or no fertilizers (Gao et al., 2021).
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They are generally ready to eat 7-21 days after seed germination,

depending on plant species and growing conditions (Bulgari et al.,

2021; Lenzi et al., 2019). The higher concentration of bioactive

molecules and mineral nutrients contained in microgreens,

compared to mature plants, has contributed to their growing

appreciation by modern consumers (Lone and Pandey, 2024;

Brazaitytė et al., 2021; Kyriacou et al., 2021), in addition to the

interest of producers as they represent a very profitable product.

Microgreens are used to give distinctive flavors to a variety of

dishes, to embellish salads, sandwiches, and soups with their diverse

colors and shapes (Bhaswant et al., 2023; Teng et al., 2023; Bulgari

et al., 2021), as well as flavors and textures. The relative simplicity of

their cultivation, the shortness of their growing cycle, and the

minimal space requirement are encouraging the spread of this

type of cultivation in indoor systems (vertical farming) within

urban and peri-urban areas, as well as on spaceships (Tavan

et al., 2024; Amitrano et al., 2023) to provide fresh vegetables

with nutraceutical properties to astronauts during long space

missions. Techniques such as biofortification may further increase

the nutraceutical potential of microgreens (Newman et al., 2021;

Pannico et al., 2020). The use of micronutrients such as selenium

(Se), iodine, zinc, iron, etc., to biofortify young vegetables is

becoming more popular (Viltres-Portales et al., 2024; Poudel

et al., 2023; Ciriello et al., 2023; Guardiola-Márquez et al., 2023;

Mezeyová et al., 2022; Puccinelli et al., 2021; Newman et al., 2021)

and plays an important role in improving the daily intake of critical

macro and micronutrients in adults and children. Since Se is

essential for human health as it plays a significant role in

antioxidant defense, biofortification with this element represents a

good agronomic strategy for obtaining microgreens with a higher

nutritional value.

For the biofortification of plants, foliar spraying, soil

application, and direct delivery of Se in nutrient solution are

often employed methods (Izydorczyk et al., 2021), but since

microgreens have a short growth period and do not have a high

leaf area, these techniques may not be effective. It has been found

that nutri-priming is associated with improved germination and

seedling growth (Khaliq et al., 2015). In this technique, instead of

pure water, the seeds are soaked in solutions containing limited

nutrients (Lutts et al., 2016). Since nutri-priming is applied to seeds,

it eliminates the possibility of adding harmful chemicals to the

environment (Bhatia and Gupta, 2022). Additionally, it is an

uncomplicated, economical, and innovative strategy that can serve

as a sustainable alternative to fertilizers and agrochemicals. The

positive effects of Se seed priming on germination, seedling

development, and biochemical attributes have been documented

in some crops (Shahverdi et al., 2017; Khaliq et al., 2015).

With regard to cultivation systems, as reported before,

microgreens have been shown to perfectly fit in indoor growing

environments and are therefore suitable for small and large-scale

production. Researchers have conducted many studies on

microgreens in controlled systems, while comparing these

different typologies of systems in their production has received

less attention (Brazaitytė et al., 2021; Bulgari et al., 2021; Gao et al.,

2021; Puccinelli et al., 2021). Specifically, biofortification of dill

(Anethum graveolens L.) with Se through priming under these
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advanced cultivation systems has not been studied. Therefore, the

present research aims to investigate the possibility of Se

biofortification of dill microgreens through priming under

greenhouse and indoor farm systems.
2 Materials and methods

2.1 Plant growth, treatments tested,
and harvest

The present experiments were carried out at the Department of

Agricultural, Forest and Food Sciences (DISAFA), University of

Turin, Grugliasco, Italy (45°03′59.73″N, 7°35′24.72″E). Two

separate trials on biofortification of dill microgreens with

selenium (Na2SeO4) through priming were conducted, under

greenhouse (E1) and indoor farm (E2) conditions. The cultivation

took place as follows, and as reported in a preliminary test described

by Bulgari et al., 2022. Dill seeds from Cooperativa Ortofrutticola

Srl, Albenga, Italy, underwent disinfection process using 5% of

sodium hypochlorite for 5 min, followed by thorough washing with

distilled water, repeated 10 times. The seeds were primed at room

temperature (RT) for 8 h in selenium solution at 1.5 and 3 mg L-1

concentrations. For hydro-priming, the seeds were immersed in

distilled water for an equal duration. Unprimed dry seeds were

considered as control. Following each treatment, the seeds

underwent three washes with distilled water and were

subsequently dried in an oven at 44°C for 15 h, until they

reached the initial moisture level. Afterward, 1 g of dill seeds were

uniformly sown in aluminum boxes (130x70x40 mm) filled with

hemp-pad substrate, which was chosen because it is a typical

product of the area where the cultivation took place and therefore

also easy to find. The disinfection of the hemp was carried out using

a 5% sodium hypochlorite solution and then rinsing with distilled

water. The seeds were sown and immediately transferred to the

experimental glasshouse, for E1, under monitored conditions (23°C,

35% RH, 11.3 MJ m-2, and 12 h photoperiod, as average values

during the experimental period). They were irrigated with distilled

water until complete germination. Ten days after sowing, seeds were

irrigated using a 40/60 N-NO3
−/NNH4

+ nutrient solution,

composed of (all in mmol L−1): 6 N, 2 P, 6 K, 2 Mg and 2.5 Ca.

During the experiment, a total of 5.2 L of nutrient solution was

used. Microgreens were harvested 25 days after sowing. They were

collected at the base, approximately 5 mm from the growing pad.

In the E2, the seeds preparation and treatments were the same

of the E1, except that the boxes were transferred to a small indoor

farm (Microtype:<3 m3 volume). Temperature and relative

humidity of the indoor farm were 24°C and 55%, respectively.

The indoor farm was equipped with LED lights. The LED spectrum

consisted of 24% blue, 15% green, 56% red and 11% far-red, with a

PPFD of 225 µmol m−2 s−1 and a light/dark period of 14/10 h. The

amount of nutrient solution used in this experiment was the same as

the E1 (5.2 L). In the trial, microgreens were also harvested after 25

days, in the same way as previously reported.

For each experiment, 4 treatments were applied with 3

replications, and 2 aluminum boxes for replication were used.
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From each replication, 1 aluminum box was selected to measure the

morphological traits, immediately at harvest. In order to

perform biochemical assays, the remaining plant material was

stored at -80°C, until the time of determination.
2.2 Plant growth estimation (height, FW,
yield, DW, DM%)

The growth parameters of dill microgreens, such as the plant

height and the fresh weight (FW), were measured at harvest, which

occurred 25 days after sowing. The yield of microgreens was

indicated in g m-2. After these measurements, the samples were

transferred for 3 days into an oven with a constant temperature of

50°C, to calculate the dry weight (DW). After that, the dry matter

percentage (DM%) was calculated.
2.3 Mineral content determination

For the mineral elements determination, dried microgreens

were digested in wet conditions [HNO3 67% and H2O2

concentrated (30%)]. In detail, 0.25 g of sample were digested

with a mixture of 8 mL of nitric acid and 2 mL of hydrogen

peroxide, in microwave (method ISO 11466 - Milestone Ethos D,

Sorisole (BG), Italy). The digested sample was then filtered with

cellulose filters (Whatman Grade 41) and made up to volume to 50

mL with deionized water. The mineral elements (K, Mg, and Se)

were then read, with appropriate dilutions, by ICP-MS (Perkin-

Elmer NexION 350D, Waltham, MA, USA). The accuracy was

checked using Standard Reference Materials for plant (NIST SRM

1572, tomato leaves, National Institute of Standards and

Technology, Gaithersburg, MD, USA) and all recoveries of

analyzed mineral elements were between 90% and 110%. All

reagents used in the determination were of an ultrapure or

analytical grade.
2.4 Color values

Microgreens canopy colors (L*, a*, b*, Chroma, and hue angle)

were measured, in vivo, at three different points on each aluminum

box, using a Spectrophotometer CM-2600 (Konica Minolta Sensing

Inc., Osaka, Japan). L* corresponds to lightness or brightness, while

redness, greenness, and yellowness are expressed as +a*, -a*, and b*,

respectively. Hue angle (h
o
) and Chroma (C*) were calculated using

the following equations, according to McGuire (1992):

h° = tan−1
b*

a*

C* = ½(a* + b*)1=2�
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2.5 Pigments determination

Regarding chlorophylls and carotenoids determination, 50 mg

of frozen microgreen dill tissue were extracted with 100% methanol

(v/v) and then kept at 4°C for 24 hours in a dark room. Absorbance

for chlorophyll a, b, and carotenoids was read at wavelengths of

665.2, 652.4, and 470 nm, respectively, using a UV–Vis

spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa

Clara, CA, USA). Based on the FW of the tissue, Lichtenthaler’s

formula (Lichtenthaler, 1987) were used to calculate the

pigments concentration.
2.6 Phenolic index, total sugars, °Brix, and
nitrate concentration

Phenolic index was determined from 30 mg FW of dill

microgreens. Samples for each treatment were transferred to a

tube containing 3 mL of methanol acidified with hydrochloric

acid (1% v/v) and were kept in a dark room for 24 h at 4°C.

Absorbance readings were determined with a spectrophotometer at

320 nm (Ke and Saltveit, 1989). Phenolic index was expressed as

ABS320 nm g−1 FW. For sugars, an aliquot of 1 g of fresh tissue was

homogenized in 3 mL of distilled water and centrifuged at 4000 x g

for 15 min at RT (Benchtop centrifuge - Hettich, model ROTANTA

460 R, Tuttlingen, Germany). The total sugar levels were assayed

according to the anthrone assay (Yemm and Willis, 1954).

Absorbance was read at 620 nm and the concentration was

calculated referring to a glucose calibration curve. The soluble

solids content was determined using a portable digital

refractometer (Hanna HI 96801, Hanna Instruments, Smithfield,

England), using the same aqueous extract prepared for the total

sugars assay and previously described. Nitrates content was

determined with the salicylsulphuric acid method (Cataldo et al.,

1975). The aqueous extract used for the analysis was the same as the

preparation for the determination of sugars. Twenty µL of sample

were added to 80 mL of 5% salicylic acid in sulphuric acid and to 3

mL of NaOH 1.5 N. Samples were cooled at RT for 15 min and the

spectrophotometer readings were performed at 410 nm. Nitrate

concentration was calculated referring to a KNO3 standard

calibration curve (0, 1, 2.5, 5, 7.5, 10 mM KNO3).
2.7 Statistical analysis

Statistical analysis was performed using SAS software version 9.4

(SAS Institute, Cary, NC, USA). The two experiments were carried

out independently each as a completely randomized design with 4

treatments and 3 replications. The comparison of means was

evaluated with the least significant difference test (LSD, p=0.05).

The normality of the data was checked by the Kolmogorov-Smirnov

test. The t-test was used to determine the significant difference
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between the means of E1 and E2. Using GraphPad Prism 9.5.1

(GraphPad prism, Prism for Windows, version 9.5.1), a heatmap was

created for yield, phenolic index, nitrate, and Brix°, as well as mineral

elements. Principal Component Aanalysis (PCA) and correlations

among the traits were performed using the R Studio 2022 software

version 4.2.1 (R Core Team, Development Core Team, 2020).
3 Results

3.1 Estimation of plant growth

Based on the results of the ANOVA analysis, it was found that

the yield of dill was not significantly affected by seed priming with

Se in greenhouse and indoor farm systems. It was observed that seed

priming, especially hydro-priming, enhanced the mean value of

yield of dill microgreens compared with seeds that had not been

primed (Table 1). Moreover, seed priming improved the biomass of

dill microgreens in both experiments, although this difference was

not statistically relevant (Table 1, Figure 1), with a more

pronounced effect in indoor conditions, where yields were higher.

The results revealed that Se seed nutri-priming positively affected

the trend of the DM%, so its effect was greater than hydro-priming

in terms of value. Under indoor farm conditions, nutri-priming

with 3 mg Se L−1 was more effective than 1.5 mg Se L−1, increasing

the DW and FW but, under greenhouse conditions, nutri-priming

with 1.5 mg Se L−1 was more effective. In both studied growing

systems, seed priming with 3 mg Se L−1 had a greater effect on DM%

than 1.5 mg Se L−1, although not significantly. There was also no

significant difference in the height of dill microgreens in both

growing systems in terms of its response to seed priming (Table 1).
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The t-test results showed a significant difference among these

measured parameters under different growth systems (Table 2). The

plants grown in indoor conditions performed better than in

greenhouse, concerning yield, FW, DW, and height. Based on the

results of the present study, an increase of 91.66% in the yield of

microgreens was found in indoor farm, with an average yield of

1255.6 g FWm−2, compared to greenhouse (average yield of 655.1 g

FW m−2) (Table 2). Regarding FW and DW, the indoor farm

produced microgreens with 91.61% and 72.72% increase in FW and

DW, respectively, compared to those grown in the greenhouse,

while their DM% decreased by 9.77% (Table 2). The results of the t-

test also showed that the height of the microgreens grown in indoor
TABLE 1 Morphological traits of dill microgreens treated with different levels of Se-priming in both greenhouse and indoor farm system.

Cultivation
system

Treatments Yield
(g FW m−2)

Dry weight
(g)

Fresh weight
(g)

Dry matter
(%)

Height
(cm)

Greenhouse

Unprimed
seeds (control)

599.82 ± 28.7 0.79 ± 0.02 5.45 ± 0.26 14.22 ± 0.39 3.27 ± 0.14

Hydro-priming 692.31 ± 31.5 0.92 ± 0.04 6.30 ± 0.28 14.96 ± 0.40 3.46 ± 0.03

Nutri-priming
(1.5 mg Se L−1)

679.85 ± 16.3 0.92 ± 0.03 6.18 ± 0.14 14.63 ± 0.68 3.75 ± 0.38

Nutri-priming
(3 mg Se L−1)

648.35 ± 40.9 0.89 ± 0.02 5.90 ± 0.37 15.52 ± 0.93 3.44 ± 0.29

Significance ns ns ns ns ns

Indoor farm

Unprimed
seeds(control)

1173.2 ± 37.4 1.48 ± 0.04 10.67 ± 0.34 13.92 ± 0.06 6.06 ± 0.13

Hydro-priming 1340.8 ± 45.1 1.49 ± 0.06 12.20 ± 0.41 12.21 ± 0.35 6.37 ± 0.03

Nutri-priming
(1.5 mg Se L−1)

1241.4 ± 16.3 1.54 ± 0.003 11.28 ± 0.14 13.67 ± 0.20 6.22 ± 0.19

Nutri-priming
(3 mg Se L−1)

1266.8 ± 53.3 1.57 ± 0.02 11.52 ± 0.48 13.73 ± 0.74 6.22 ± 0.09

Significance ns ns ns ns ns
ns, indicates non-significant. All data are expressed as mean ± standard error (SE), n=3. The least significant difference test (LSD) was used to compare the means of treatments for each
trait (p=0.05).
FIGURE 1

Visual representation of yield trends among treatments as well as
between greenhouse and indoor farm conditions.
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farm, with an average of 6.22 cm, was nearly twice the height of

those grown in greenhouse, with an average of 3.48 cm (Table 2).
3.2 Mineral concentration

As a result of the analysis of mineral concentration, to observe

the effect of the treatments, there was no difference in the content of

K and Mg in the dill microgreens after Se-biofortification through

priming, but there was a significant increase in the amount of Se

(Table 3 and Figure 2). The Se added to the seeds was absorbed and

accumulated in the aerial parts of the microgreens, even if the
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detected levels were very low. In greenhouse condition, nutri-

priming with 3 mg Se L−1 significantly increased the Se

concentration of microgreens by 2.9 times compared to unprimed

seeds. The difference is also significant compared to other

treatments. The same conditions were also maintained in the

indoor cultivation system, with the difference that the content of

Se in microgreens treated with nutri-priming of 3 mg Se L−1 was 3.6

times that of unprimed seeds. Also in this case, the treatment

showed the highest average value. According to the findings of this

study, Se can be enhanced in microgreens through priming to

ensure that the level of Se in the plant tissue does not exceed the

permissible limit. The t-test results showed that there was a

significant difference between the greenhouse and indoor farm

systems in terms of K and Mg contents, while the Se content did

not show a significant difference between the two systems (Table 2

and Figure 2). Interestingly, the K concentration of microgreens

grown indoor was approximately 6 times that of those grown in

greenhouse (Table 2).
3.3 Color values

In the greenhouse system, dill leaves did not respond

significantly to the color characteristics as a function of different

Se-priming treatments (Table 4). This trend was the same for

microgreens grown in indoor conditions, although the a* value

was significantly different among the treatments (p ≤ 0.05). The

nutri-priming with 3 mg Se L−1 in greenhouse conditions and the

nutri-priming with 1.5 mg Se L−1 in indoor farm conditions were

most effective in increasing the value of greenness (−a*), and in the

last one in a significantly way than unprimed seeds. Yellowness

(b*), leaf saturation/vivid color (Chroma), and hue of dill leaves

were not affected by Se-priming treatments. Based on t-test results,

it was observed that L*, a*, b*, and Chroma of microgreens grown

in the indoor farm system were significantly higher than those

grown in the greenhouse system (Table 2). The differences were

visible by observing directly the plants: in indoor, they appeared to

be of a more intense green color, a positive characteristic for the

visual appearance of the product, which is more attractive to

the consumer.
3.4 Pigments level

In both cultivation systems, the concentration of chlorophyll a,

chlorophyll b, total chlorophylls, and carotenoids were not affected

by the treatments. However, different Se-priming treatments

significantly affected the chlorophyll a/b ratio and the

chlorophylls/carotenoids ratio in greenhouse (Table 5). More

precisely, in greenhouse, nutri-priming with 3 mg Se L−1

significantly reduced the chlorophyll a/b ratio and the

chlorophylls/carotenoids ratio compared to unprimed seeds by

12.91% and 15.78%, respectively. According to the t-test results,
TABLE 2 Results of independent t-test for comparison between
greenhouse and indoor farm system for all measured traits.

Variables Pr >
|t|

Greenhouse Indoor farm

Means SE† Means SE

Yield (g FW m2) <.0001 655.1 16.9 1255.6 24.9

Dry weight (g) <.0001 0.88 0.02 1.52 0.02

Fresh weight (g) <.0001 5.96 0.15 11.42 0.22

Dry matter (%) 0.0021 14.83 0.31 13.38 0.27

Height (cm) <.0001 3.48 0.41 6.22 0.22

L* 0.0090 26.34 4.6 30.87 2.9

a* 0.0022 -5.62 2.3 -8.27 1.2

b* 0.0003 17.34 0.81 21.69 0.62

Chroma 0.0004 18.31 3.3 23.24 2.4

Hue 0.0207 72.72 0.02 69.18 0.00

Chlorophyll a (mg
mg−1 FW)

0.0003 0.63 0.02 0.75 0.01

Chlorophyll b (mg
mg−1 FW)

0.3368 0.23 0.00 0.22 0.01

Total Chlorophylls (mg
mg−1 FW)

0.1619 0.87 0.02 0.80 0.03

Carotenoids (mg
mg−1 FW)

0.2125 0.16 0.00 0.15 0.00

Chlorophyll a/b ratio 0.2087 2.66 0.06 2.56 0.05

Chlorophylls/
Carotenoids ratio

0.9848 0.18 0.00 0.18 0.00

Phenolic index
(ABS320nm g−1)

0.0448 29.20 1.1 25.69 1.1

Total sugars (mg
kg−1 FW)

0.3497 4912.9 249.9 5335.1 364.4

Nitrate (mg g−1 FW) 0.0005 328.2 45.6 108.9 12.9

°Brix 0.0093 1.11 0.01 1.00 0.03

K (mg g−1 DW) <.0001 7.50 0.24 45.48 2.3

Mg (mg g−1 DW) 0.0020 3.85 0.29 2.66 0.04

Se (µg g−1 DW) 0.1016 0.581 0.08 0.39 0.06
†SE represents the standard error.
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there was no significant difference in the concentration of

photosynthetic pigments of dill microgreens grown in either

system, although the average chlorophyll a concentration of the

microgreens grown indoor was 19.04% higher than those grown in

greenhouse (Table 2).
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3.5 Phenolic index, soluble sugars, nitrate
concentration, and °Brix

Under both the greenhouse and indoor farm system, the results

showed that there was no significant effect of the Se-priming on the
TABLE 3 Mineral concentration (K, Mg, and Se) of dill microgreens treated with different levels of Se priming in both greenhouse and indoor
farm systems.

Cultivation system Treatments K
(mg g -1 DW)

Mg
(mg g -1 DW)

Se (µg g -1 DW)

Greenhouse

Unprimed seeds (control) 61.85± 2.89 4.65 ± 0.20 0.34 ± 0.01 c

Hydro-priming 56.03 ± 3.61 3.99 ± 0.21 0.39 ± 0.06 c

Nutri-priming
(1.5 mg Se L−1)

51.32 ± 1.79 3.51 ± 0.17 0.58 ± 0.01 b

Nutri-priming
(3 mg Se L−1)

59.03 ± 16.26 3.26 ± 1.11 1 ± 0.07 a

Significance ns ns ***

Indoor farm

Unprimed seeds (control) 48.79 ± 3.40 7.15 ± 0.13 0.20 ± 0.005 c

Hydro-priming 49 ± 1.27 7.61 ± 0.09 0.24 ± 0.01 bc

Nutri-priming
(1.5 mg Se L−1)

48.20 ± 3.96 7.46 ± 0.24 0.44 ± 0.04 b

Nutri-priming
(3 mg Se L−1)

35.94 ± 5.20 6.24 ± 0.69 0.72 ± 0.13 a

Significance ns ns **
**, ***, and ns indicate significant at p ≤ 0.01, 0.001, and non-significant, respectively. All data are expressed as mean ± standard error (SE), n=3. The least significant difference test (LSD) was
used to compare the means of treatments for each trait (p=0.05). Different letters in each column, where present, indicate significant differences.
FIGURE 2

Visual representation of the trends of mineral elements (K, Mg, Se) among treatments as well as between greenhouse and indoor farm conditions.
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phenolic index, soluble sugars, and nitrate concentration, except for °

Brix, which was affected by different levels of treatments under

greenhouse condition, as reported in Table 6 and in Figure 3. In

addition, °Brix was not affected by Se-priming treatments under
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indoor farm system (Table 6). In the greenhouse, 3 mg Se L−1

caused a decrease in °Brix by 12.69%, 17.29%, and 12.69%

compared to unprimed, hydro-priming, and 1.5 mg Se L−1,

respectively. According to the t-test (Table 2), microgreens grown
TABLE 4 Canopy colorimetric indices of dill microgreens treated with different levels of priming in both greenhouse and indoor farm
system conditions.

Cultivation
system

Treatments L* a* b* Chroma Hue

Greenhouse

Unprimed
seeds (control)

24.43 ± 2.23 −4.65 ± 1.82 16.56 ± 1.89 17.32 ± 2.27 75.38 ± 4.22

Hydro-priming 26.61 ± 2.61 −6.21 ± 1.15 18.10 ± 2.26 19.16 ± 2.50 71.31 ± 1.04

Nutri-priming
(1.5 mg Se L−1)

23.03 ± 1.71 −4.23 ± 0.60 15.67 ± 0.76 16.29 ± 0.86 75.02 ± 1.33

Nutri-priming
(3 mg Se L−1)

31.29 ± 2.20 −7.38 ± 1.32 19.03 ± 1.37 20.45 ± 1.74 69.17 ± 2.29

Significance ns ns ns ns ns

Indoor farm

Unprimed
seeds (control)

28.25 ± 1.75 −7.10 ± 0.36 a 19.30 ± 0.76 20.61 ± 0.75 69.77 ± 1.13

Hydro-priming 30.86 ± 2.08 −8.20 ± 0.73 ab 22.04 ± 1.46 23.54 ± 1.57 69.62 ± 1.05

Nutri-priming
(1.5 mg Se L−1)

33.73 ± 0.69 −9.72 ± 0.47 b 23.46 ± 0.81 25.40 ± 0.92 67.51 ± 0.43

Nutri-priming
(3 mg Se L−1)

30.65 ± 0.52 −8.07 ± 0.48 ab 21.95 ± 0.88 23.41 ± 0.96 69.82 ± 0.66

Significance ns * ns ns ns
*, and ns indicate significant at p ≤ 0.05 and non-significant, respectively. All data are expressed as mean ± standard error (SE), n=3. The least significant difference test (LSD) was used to compare
the means of treatments for each trait (p=0.05). Different letters in each column, where present, indicate significant differences.
TABLE 5 Photosynthetic pigments of dill microgreens treated with different levels of priming in both greenhouse and indoor farm system.

Cultivation
system

Treatments

Chlorophyll
a

(mg mg-
1 FW)

Chlorophyll
b

(mg mg-
1 FW)

Total chlo-
rophylls
(mg mg-
1 FW)

Carotenoids
(mg mg-
1 FW)

Chlorophyll
a/b
ratio

Chlorophylls/
carotenoids

ratio

Greenhouse

Unprimed
seeds (control)

0.667 ± 0.04 0.246 ± 0.02 0.914 ± 0.06 0.180 ± 0.00 2.71 ± 0.04 a 0.19 ± 0.00 a

Hydro-priming 0.646 ± 0.06 0.235 ± 0.01 0.882 ± 0.08 0.167 ± 0.01 2.73 ± 0.04 a 0.18 ± 0.00 a

Nutri-priming
(1.5 mg Se L−1)

0.658 ± 0.02 0.234 ± 0.01 0.892 ± 0.03 0.172 ± 0.00 2.82 ± 0.09 a 0.19 ± 0.00 a

Nutri-priming
(3 mg Se L−1)

0.577 ± 0.02 0.242 ± 0.00 0.819 ± 0.02 0.137 ± 0.00 2.38 ± 0.10 b 0.16 ± 0.00 b

Significance ns ns ns ns * ***

Indoor farm

Unprimed
seeds (control)

0.600 ± 0.04 0.221 ± 0.01 0.822 ± 0.05 0.158 ± 0.01 2.71 ± 0.10 0.19 ± 0.00

Hydro-priming 0.494 ± 0.02 0.198 ± 0.01 0.693 ± 0.04 0.128 ± 0.00 2.50 ± 0.05 0.18 ± 0.00

Nutri-priming
(1.5 mg Se L−1)

0.570 ± 0.09 0.232 ± 0.03 0.802 ± 0.12 0.146 ± 0.02 2.43 ± 0.05 0.18 ± 0.00

Nutri-priming
(3 mg Se L−1)

0.660 ± 0.02 0.255 ± 0.00 0.915 ± 0.03 0.172 ± 0.00 2.59 ± 0.12 0.18 ± 0.00

Significance ns ns ns ns ns ns
*and ns indicate significant at p ≤ 0.05 and non-significant, respectively. *** represents significant at p≤0.001. All data are expressed as mean ± standard error (SE), n=3. The least significant
difference test (LSD) was used to compare the means of treatments for each trait (p=0.05). Different letters in each column, where present, indicate significant differences.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1474420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Sheikhi et al. 10.3389/fpls.2024.1474420
TABLE 6 Phenolic index, soluble sugars, nitrate concentration, and Brix° of dill microgreens treated with different levels of priming in both
greenhouse and indoor farm systems.

Cultivation system Treatments
Phenolic index
(ABS320nm g−1)

Soluble sugars
(mg kg−1 FW)

Nitrate
(mg g−1 FW)

°Brix

Greenhouse

Unprimed seeds (control) 30.425 ± 1.86 4893.5 ± 372.1 323.9 ± 57.20 1.26 ± 0.03 a

Hydro-priming 27.719 ± 3.25 5576.1 ± 75.8 273.1 ± 36.63 1.33 ± 0.03 a

Nutri-priming
(1.5 mg Se L−1)

27.096 ± 2.07 4882.4 ± 691.5 491.4 ± 144.89 1.26 ± 0.08 a

Nutri-priming
(3 mg Se L−1)

31.563 ± 2.14 4299.7 ± 585.2 224.2 ± 7.54 1.10 ± 0.00 b

Significance ns ns ns *

Indoor farm

Unprimed seeds (control) 28.623 ± 2.75 5590 ± 177.6 105.52 ± 24.73 1 ± 0.05

Hydro-priming 25.217 ± 2.78 5148 ± 769.3 104.86 ± 20.83 1 ± 0.05

Nutri-priming
(1.5 mg Se L−1)

25.284 ± 2.26 5337 ± 1197.5 115.88 ± 43.01 0.96 ± 0.12

Nutri-priming
(3 mg Se L−1)

23.669 ± 1.66 5148 ± 900.5 109.48 ± 27.76 1.03 ± 0.06

Significance ns ns ns ns
F
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* and ns indicate significant at p ≤ 0.05 and non-significant, respectively. All data are expressed as mean ± standard error (SE), n=3. The least significant difference test (LSD) was used to compare
the means of treatments for each trait (p=0.05). Different letters in each column, where present, indicate significant differences.
FIGURE 3

Visual representation of trends in phenolic index, nitrate concentration, and Brix° of dill microgreens among treatments as well as between
greenhouse and indoor farm conditions.
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under greenhouse conditions had a higher value of phenolic index

than those grown indoor farm. The trend of nitrate content and °Brix

of microgreens grown in indoor farm system decreased compared to

those grown in greenhouse system by 66.81 and 9.90%, respectively.

The results of t-test also showed that there was no significant

difference for soluble sugars in both cultivation systems (Table 2).
3.6 Principal Component Analysis

The PCA was used for the analysis of the morphological and

qualitative characteristics of dill microgreens in response to

different levels of Se priming, in both greenhouse and indoor

farm system, to provide a comprehensive overview and

interpretation of the obtained results. Under greenhouse system

(E1), the principal component (PC1) accounted for 57.9% of the

cumulative variance, while PC2 explained 29.4% of the total

variance (Figure 4). The nutri-priming of 3 mg Se L−1 was

positioned on the positive side of PC1 in the upper right

quadrant of PCA-Biplot (Figure 4), as it produced plants with

higher potassium (K), chlorophyll b (Chl b), phenolic index (PI), b*,

chroma (c*), and L*. Moreover, the hydro-priming treatment was

located on the negative side of PC2 in the lower left quadrant of

PCA-Biplot (Figure 4), as it produced plants with higher fresh

weight (FW) and dry weight (DW).

Under indoor farm system (E2), the PC1 accounted for 40.7% of

the cumulative variance, while PC2 explained 38.5% of the total

variance (Figure 5). Hydro-priming was placed in the positive side

of PC1 in the upper right quadrant of PCA-Biplot (Figure 5), as it

produced plants with higher K and FW. The nutri-priming of 3 mg
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Se L−1 was located on the negative side of PC2 in the lower left

quadrant of PCA-Biplot (Figure 5), as it produced plants with

higher photosynthetic pigments and Se.
3.7 Correlation analysis

Under greenhouse system (E1), a* was negatively and

significantly correlated with b*, L*, h°, and C*. There was a

significant negative correlation between K and DM, as well as a

significant negative correlation between Se and Mg, Car, and TSS (°

Brix). In addition, it was found that NIT has a significant negative

correlation with phenolic index (PI). It has been observed that Car

had a significant positive correlation with Mg and TSS. Moreover, a

similar relationship was recorded between SS and TSS (Figure 6).

Under indoor farm system (E2), it was found that FW and DM,

as well as K and Chl a, were significantly negatively correlated. The

results showed that a* was negatively and significantly correlated

with b*, L*, h°, and C*. Additionally, K and Mg, DW and Se, and SS

and TSS demonstrated significant positive correlations in this

study (Figure 7).
4 Discussion

The aim of enriching crops with essential micronutrients, such

as Se, can certainly have positive implications for human health and

increase the quality of vegetables. In addition to the final quality of

products, the maintenance of good production levels remains of

crucial importance. Regarding the plant growth, in our study, it can
FIGURE 4

Principal Component Analysis (PCA) of morphological, biochemical, and elements traits of dill microgreens under different levels of Se priming
(greenhouse system). The location of the treatments (1, control; 2, Hydro-priming; 3, nutri-priming of 1.5 mg Se L−1; 4, nutri-priming of 3 mg Se L−1)
is presented in the individuals-PCA, and the traits are shown in the variables-PCA. Fresh weight (FW), dry weight (DW), dry matter (DM), height (He),
chlorophyll a (Chl a), b (Chl b), and total (TChl), carotenoids (Car), a*, b*, L*, chroma (C*), hue (h°), soluble sugars (SS), phenolic index (PI), nitrate
(NIT), TSS, potassium (K), magnesium (Mg), selenium (Se).
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be observed that the seeds priming improved the microgreens

biomass, in terms of FW and yield, even if not in a statistically

relevant way. A similar trend can also be observed in the DW data,

in which we notice an even more pronounced effect in indoor

conditions with Se priming. In literature, it has been reported that

Se had no effect on the yield of microgreens of green and purple

basil (Pannico et al., 2020), which is consistent with the outcome of

this experiment. Other studies have also reported a non-significant

effect of Se on microgreens (Puccinelli et al., 2019) and mature

plants yield (Skrypnik et al., 2019), confirming this result. Generally,

the priming of seeds is well known to enhance the seeds

germination, the growth of seedlings, the establishment of plants,

and the yield of crops when used in an appropriate manner (Ebert,

2022). It is believed that priming has a beneficial impact on plant

growth. This could be because it improves the nutrient use

efficiency which allows a higher relative growth rate and it

improves the regulation of the water status of the plant, at the

same time (Lutts et al., 2016). A greater growth rate of seedlings

produced by primed seeds may also be attributed directly to

regulating cell cycle and elongation processes through

pretreatment (Chen and Arora, 2013; Sung et al., 2008).

It is also interesting to note how the height of microgreens was

influenced by the cultivation system: in indoor condition we notice

double the heights than the greenhouse condition. There was an

acceleration of the growing cycle, which could have allowed the

indoor microgreens to be harvested earlier. For experimental

reasons, it was decided to harvest dill at the same time in both

cultivation systems, but this is certainly an interesting result from

the producers’ point of view. In fact, this allows getting to the

market sooner with the product and also save inputs. Light intensity
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and photoperiod are limiting factors for greenhouse production

during winter and early autumn due to reduced daily light integrals,

which negatively affect plant growth and morphology (Hernández

and Kubota, 2014). Since vertical farming provides unlimited

opportunities to control the intensity and duration of light, it can

effectively address the issue of limited light integrals during

wintertime (Voutsinos et al., 2021). Due to this, the good growth

of dill microgreens in indoor farm conditions may have been

partially due to the presence of adequate light, supplied through

LED lamps. In the greenhouse, we only had natural light as a source

of lighting.

Regarding the mineral concentration, in our study, it was found

that the seeds primed with Se did not change the Mg and K

contents. Possibly, the reason for this might be that there was not

enough Se exposure in the treatment for dill to trigger the change in

Mg and K concentrations. Our results are consistent with that of

Abdalla et al. (2022), who reported that the Mg content of lettuce

leaves was not altered by Se biofortification, however, the amount of

K decreased with an increase in Se. There was an increase in Se level

in dill microgreens following seed priming with Se, especially when

the concentration was 3 mg Se L−1. A significant increase in the level

of Se was also observed in wheat (Islam et al., 2020), coriander,

green basil, purple basil, and tatsoi (Pannico et al., 2020)

microgreens that were biofortified with Se. The results of the

current study showed that dill microgreens can be enriched with

Se through seed priming. It was found that the Se content in dill, in

greenhouse, was 0.58 and 1 µg g−1 DW for treatments 1.5 and 3 mg

Se L−1, respectively, and in indoor farm conditions, the Se content

was 0.44 and 0.72 µg g−1 DW. The mineral Se has long been

recognized as one of the most essential trace minerals for the human
FIGURE 5

Principal Component Analysis (PCA) of morphological, biochemical, and elements traits of dill microgreens under different levels of Se priming
(indoor farm system). The location of the treatments (1, control; 2, Hydro-priming; 3, nutri-priming of 1.5 mg Se L−1; 4, nutri-priming of 3 mg Se L−1)
is presented in the individuals-PCA, and the traits are shown in the variables-PCA. Fresh weight (FW), dry weight (DW), dry matter (DM), height (He),
chlorophyll a (Chl a), b (Chl b), and total (TChl), carotenoids (Car), a*, b*, L*, chroma (C*), hue (h°), soluble sugars (SS), phenolic index (PI), nitrate
(NIT), TSS, potassium (K), magnesium (Mg), selenium (Se).
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body. Its deficiency leads to serious diseases, like cardiovascular

disease, cancer, viral infection, and diabetes, among others (Pannico

et al., 2020). Supplementing the diet with Se-enriched microgreens,

as demonstrated in this study, may effectively address daily Se

requirements. This research underscores a promising methodology

for enhancing the nutritional profile of dill microgreens, which

could have significant implications for both agricultural practices

and nutritional strategies. The findings suggest that employing this

technique could contribute to improved dietary intake of Se,

thereby supporting public health initiatives.

Moving to the other important parameter considered in the trial

to define the quality of vegetables, the color and therefore the

pigments are crucial because they contribute to the visual

appearance of the product (Ferrante et al., 2004). Generally, Se

application enhances the biosynthesis of photosynthetic pigments

in plants; however, an opposite effect was found for example in rice

sprouts by D’Amato et al. (2018) and in coriander microgreens by

Pannico et al. (2020), in which Se applications entailed a reduction

in the total carotenoids. These findings might denote a possible

species-dependent response. In our samples, it has been observed
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that the Se treatments increased the results of the greenness (a*),

more markedly in the indoor farm system, where the observed

differences were statistically relevant. It is essential that consumers

consider the product’s external appearance when evaluating its

quality and making purchase decisions (Trod et al., 2023). A

major deterioration symptom of the plant is the loss of green

color, caused by the catabolism of chlorophyll, resulting in yellow

coloration or yellowing of the plant (Büchert et al., 2011; Muñoz

et al., 2021). An explanation for this yellowing can be found in the

disassembly of chloroplasts (Fukasawa et al., 2010). It was also

observed in a study carried out in broccoli (Brassica oleracea L. var.

italica Plenck) that treatment with Se has been shown to prevent

yellowing and increase greenness (Trod et al., 2023). Additionally,

Se decline ethylene biosynthesis (Puccinelli et al., 2017), which can

explain microgreens’ greenness as well. In plants, chlorophylls play

a role in photosynthesis, and are also important as phytonutrients.

There is ample evidence that chlorophylls prevent the development

of neurodegenerative diseases in humans and have antioxidative,

anticarcinogenic, and antimutagenic properties. In our study, Se did

not stimulate photosynthetic pigment accumulation, although
FIGURE 6

Pearson’s correlation coefficients among studied traits in dill microgreens under different levels of Se priming (greenhouse system). Fresh weight
(FW), dry weight (DW), dry matter (DM), height (He), chlorophyll a (Chl a), b (Chl b), and total (TChl), carotenoids (Car), a*, b*, L*, chroma (C*), hue (h
°), soluble sugars (SS), phenolic index (PI), nitrate (NIT), TSS, potassium (K), magnesium (Mg), selenium (Se).
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chlorophyll a/b ratio and chlorophylls/carotenoids ratio declined

under 3 mg Se L−1, in greenhouse system. It is unclear whether Se

affects chlorophyll accumulation in green leafy vegetables or not.

According to a study on spinach (Saffaryazdi et al., 2012), using low

Se concentrations resulted in higher chlorophyll a, chlorophyll b,

and total chlorophyll levels. In contrast, in a study conducted by

Malorgio et al. (2009), the presence of Se in lettuce and chicory

leaves did not have a significant effect on the amount of

chlorophylls. In line with our results, neither basil (Puccinelli

et al., 2020) nor kale (Lefsrud et al., 2006) leaves showed any

significant changes in carotenoid concentrations after applying Se.

Phenolic index, soluble sugars, and nitrate concentration were

not affected by different Se-priming treatments. Khaliq et al. (2015)

also did not observe a difference in the total phenolics of Se-primed

seeds compared to the control in rice seedlings. On the other hand,

it was reported that hydro-priming on Indian mustard (Brassica

juncea L.) seedlings resulted in more phenolics than seedlings that

were not hydro-primed (Srivastava et al., 2010). It is well known

that phenolic compounds play a protective role in plants, and under

various biotic and abiotic stresses, their synthesis and accumulation
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increase (Khaliq et al., 2015). It is possible that the dill microgreens

were not stressed until the Se concentration reached a 3 mg Se L−1,

which was not unexpected. Se is involved in increasing the

accumulation of soluble sugars (Gao et al., 2021), but in our

study no increase in soluble sugars was observed. Regarding

nitrate, there is presently a lack of understanding of the effects of

Se on nitrogen metabolism. It has been found that Se treatment

reduced nitrate levels in lettuce plants (Rios et al., 2010), while it

had no effect on chicory (Malorgio et al., 2009), spinach (Ferrarese

et al., 2012), or chard (Hernández-Castro et al., 2015) plants. There

was a reduction in nitrate in dill microgreens under indoor farm

conditions compared to greenhouse conditions, which may be

related to the effect of light (better light quality, as seen above for

other determinations) on increasing the activity of nitrogen

metabolism related enzymes. This interesting effect will certainly

need to be investigated, although nitrate accumulation is not an

issue in microgreens as they generally have lower levels than adult

vegetables. In greenhouse conditions, °Brix decreased in a

significant way in the presence of 3 mg Se L−1. This effect, to be

evaluated in more detail in the future, could be linked to a
FIGURE 7

Pearson’s correlation coefficients among studied traits in dill microgreens under different levels of Se priming (indoor farm system). Fresh weight
(FW), dry weight (DW), dry matter (DM), height (He), chlorophyll a (Chl a), b (Chl b), and total (TChl), carotenoids (Car), a*, b*, L*, chroma (C*), hue (h
°), soluble sugars (SS), phenolic index (PI), nitrate (NIT), TSS, potassium (K), magnesium (Mg), selenium (Se).
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perturbation of the treatment on the photosynthetic process, albeit

slight. In fact, we noted decreases, although not significant, in the

average values of Chl a, total Chl, Car, and soluble sugars, and,

moreover, a significant reduction in the chlorophyll a/b ratio and

chlorophylls/carotenoids ratio, as previously reported. These

parameters are all closely related to photosynthesis and to the

production of carbon skeletons (sugars). It is also important to

highlight that a good availability of sugars is useful for promoting

the assimilation of nitrate in vegetables.
5 Conclusions

The present research was conducted to evaluate the effects of

different levels of Se biofortification, through seed priming, on the

growth and quality of dill microgreens cultivated in two different

environments (greenhouse and indoor farm). The results showed

that the production of microgreens from Se-enriched seeds could be

a good technique for obtaining microgreens with a high nutritional

value. Sodium selenate affected, in both tested conditions, the

concentration of Se in dill, confirming the effectiveness of the

treatment, and other analyzed parameters, like the color,

chlorophyll a/b ratio, chlorophylls/carotenoids ratio, and Brix°,

with different trends in some cases between greenhouse and

indoor farm conditions. The findings of this study also showed

that chlorophylls and carotenoids concentration, phenolic index,

soluble sugars, and nitrate content of dill microgreens are not

affected by different Se-priming treatments. From a general view

of the results, the concentration 3 mg Se L−1 seems to be the most

promising, but it could be useful to test other concentrations as well

(above 3 mg Se L−1). The cultivation environment influenced the

outcomes in a different way: indoor farming looks like a promising

system to increase the production and the commercial value

(quality) of the product. The more marked positive effect was

observed on the morphological traits studied. It is also worth

mentioning the interesting effect on the acceleration in the

growth of microgreens.

The results confirm that sodium selenate biofortification of

microgreens can allow producing functional foods by increasing the

Se content, with additional benefits for human health. Microgreens

are confirmed as valid supplement to the diet to help meet the needs

of the daily requirement of Se. In future research, it is suggested that

higher concentrations of Se should be used in biofortification of

vegetable products through seed priming in order to achieve

optimum results.
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