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ABSTRACT
The Effect of Sodium Selenate Biofortification on Plant Yield, Mineral Content, and
Antioxidant Capacity of Culinary Herb Microgreens
Rachel G. Newman
Selenium (Se) biofortification of plants has been suggested as a method for enhancing dietary Se
intake. Popular herbs such as basil (Ocimum basilicum), cilantro (Coriandrum sativum), and
scallions (Allium fistulosum) are used for enhancing flavors. Microgreens are young seedlings
harvested with one to two true leaves and are increasingly popular in the consumer marketplace.
In this study, basil, cilantro, and scallion microgreens were treated with various concentrations of
Se as sodium selenate in hydroponic conditions to investigate the effect on plant yield, mineral
content (selenium, sulfur, sodium, potassium, phosphorus, calcium, magnesium, copper, iron,
manganese, zinc, and boron), total phenolic compounds, and antioxidant capacity. Results
showed scallions had the largest increase in Se content by 98, 202, and 507 times (p < 0.05) in
2.5, 5.0, and 10.0 mg‧L-1 Se treatments, respectively. At 10.0 mg‧L-1 Se, scallions demonstrated
increases in all minerals analyzed, total phenolic compounds (113.7%), and total antioxidant
capacity (152.2%), but yield decreased by 68.0%. At the highest Se treatment for basil and
cilantro, 5.0 mg‧L-1, basil increased in potassium, phosphorus, sulfur, total phenolic compounds
(102.6%), and antioxidant capacity (68.6%) but decreased plant yield by 35.5%. Cilantro
demonstrated increased sodium, total phenolic compounds (50.3%), and antioxidant capacity
(66.0%) without an effect on plant yield. Overall, results showed Se biofortification enhances the
content of Se, other minerals relevant to human health, and antioxidants in culinary herb
microgreens. Nutritionally, scallions at 10.0 mg‧L-1 Se can offer the highest source of Se with
added benefits of increases in other minerals and antioxidants.
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1.1. Introduction
Selenium (Se) is an essential dietary trace mineral and a component of biologically
important selenoproteins [1]. In the human body, selenoproteins are involved in thyroid hormone
metabolism, immune function, and antioxidant defenses [2]. It is estimated that half a billion to
one billion people worldwide are Se-deficient [3]. In North America, Se deficiency is
uncommon; although, vegans living in areas with low-Se soil and individuals with human
immunodeficiency virus or in various stages of chronic kidney disease are at risk [4-6]. In
countries where Se intake is adequate, interest in Se has focused on its potential to prevent and
manage chronic diseases [1]. To achieve these health benefits, it has been suggested that Se
intake should exceed the adult recommended dietary allowance (RDA) of 55 µg‧day-1, while
remaining below the tolerable upper intake level (UL) of 400 µg‧day-1 [1].
Enhancing Se uptake by edible plants during growth through biofortification can provide
supplemental levels of Se to the human diet. Plants exhibit varying levels of Se tolerance instead
of essentiality [7]. Therefore, the goal of Se biofortification is to meet a balance between
increasing Se content in the plants while avoiding significant decreases in crop yield [8]. From a
human nutrition perspective, successful Se biofortification should increase Se content without
impacting other nutrients and bioactive compounds important to human health that are naturally
present in plants. Studies have reported that Se uptake by plants can affect other dietary minerals
and antioxidant compounds [9-13]. Therefore, the nutritional significance of Se biofortification
extends beyond increasing plant Se content.
Several published reviews have addressed Se biofortification from the plant standpoint of
Se speciation, application methods, dose for maximizing uptake, and effect on plant biomass [8,
14]. The aim of this review is to focus on human nutrition by addressing the impact of Se
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biofortification on plant Se content as well as other plant constituents of dietary importance to
human health.
For review purposes, adjustments to treatment doses and Se content were made to allow
for comparison of data from different plant biofortification studies. Se content was reported in
mg‧kg-1 dry weight (DW) and converted as necessary. Conversions from fresh weight (FW)
values were based on water content percentages from the United States Department of
Agriculture Food Composition Database for the specific plant species [15]. Se treatment doses
were converted to μM Se for hydroponic and foliar applications; however, due to heterogeneity
of studies, soil application doses were left as reported by the study authors.
1.2. Role of Selenium in Health and Disease Prevention
Overt Se deficiency (≤ 13 µg‧day-1) contributes to Keshan disease, a potentially fatal
cardiomyopathy primarily affecting children [16]. Chronic failure to meet recommended Se
intake produces a myriad of symptoms including: hypothyroidism, subfertility, weakened
immune system and increased susceptibility to viral infections [2]. On the other hand, intakes of
Se higher than the recommended amount have been suggested to prevent chronic diseases
particularly, cardiovascular disease (CVD), neurodegeneration diseases, and cancer [2, 17].
The Cochrane review assessing Se supplementation and cancer incidence consists of ten
randomized controlled trials (RCT) with 27,232 participants [18]. In studies with low risk of
bias, the review concluded Se supplementation (range 200-400 µg‧day-1) had no significant
effect on cancer incidence [relative risk (RR), 1.01; 95% confidence interval (CI), 0.93-1.10; 3
studies, 19,475 participants] or cancer mortality (RR, 1.02; 95% CI, 0.80-1.30; 1 study 17,444
participants) (Table 1). The most frequently studied site-specific cancers, including lung,
colorectal, breast, prostate, and non-melanoma skin cancer, also reported no beneficial effects.

3

Similarly, the Selenium and Vitamin E Cancer Prevention Trial (SELECT) enrolling 35,533 men
found no significant effect of Se supplementation [hazard ratio (HR), 1.04; 99% CI, 0.87-1.24]
or Se + vitamin E supplementation (HR, 1.05; 99% CI, 0.88-1.25) on prostate cancer incidence
compared to placebo at 4.17 to 7.33 years follow-up. Se was supplemented at a dose of 200
µg‧day-1 as L-selenomethionine [19] (Table 1). It is relevant to note that supplemental doses in
RCTs are provided without consideration for dietary Se intake. Supplementation of Se in high
doses of 200-400 µg‧day-1 in combination with an adequate intake of dietary Se may result in a
total daily intake that approaches or exceeds the established UL of 400 µg‧day-1. In contrast to
the SELECT trial, the Nutritional Prevention of Cancer Trial (NPCT) provided 200 µg‧day-1 Se
as Se-enriched yeast which significantly reduced incidence of lung, colorectal, and prostate
cancer, total cancer incidence (RR, 0.63; 95% CI, 0.47-0.85; p = 0.001) and total cancer
mortality (RR, 0.50; 95% CI, 0.31-0.80; p = 0.002) [20] (Table 1). Benefits of Se
supplementation in the NPCT study may be due to a lower Se status of participants compared to
participants in the SELECT study. Further, Se has been reported to be more bioavailable when
provided as yeast than as purified selenomethionine supplement [21]. Yeast is rich in B vitamins
as well as in minerals that function as cofactors for endogenous antioxidants in both plants and
animals such as: iron (Fe), copper (Cu), zinc (Zn), manganese (Mn) [22].
In pre-clinical studies, consumption of Se-enriched yeast reduced chemically-induced
colorectal cancer in a rat model [23]. Other pre-clinical studies also reported chemoprotective
effects with Se-enriched food intake [24-27]. Feeding rats Se-biofortified garlic (Allium sativum)
was more effective than Se-enriched yeast supplementation for inhibiting chemically-induced
mammary gland tumors [25]. Feeding rats Se-biofortified broccoli (Brassica oleracea var.
Italica) was more effective for reducing chemically-induced colon cancer than either selenate or
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selenite supplementation [26]. Se-biofortified broccoli consumption also resulted in significantly
fewer intestinal tumors in mice when compared to the intake of equivalent amounts of nonbiofortified broccoli [27]. Collectively, results of pre-clinical studies emphasize the benefits of
consuming Se in food form rather than in purified form.
Regarding the role of Se in neurodegenerative diseases, the Prevention of Alzheimer’s
Disease by Vitamin E and Selenium trial (PREADViSE) involved 7,338 men and concluded no
significant effect of Se supplementation (HR, 0.83; 95% CI, 0.60-1.13) or vitamin E + Se
supplementation (HR, 1.00; 95% CI, 0.75-1.35) on dementia incidence compared to placebo
(Table 1). A dose of 200 µg‧day-1 L-selenomethionine was used since PREADiVSE was an
ancillary study of the SELECT study [28]. On the other hand, intake of leafy greens and other
vegetables have shown strong evidence of an association with neuroprotective effects [29].
Plants are rich sources of nutrients shown to benefit Alzheimer’s disease, such as folate, vitamin
E, carotenoids, polyphenols, and polyunsaturated fatty acids [29, 30], providing further support
for Se-biofortified plants as a preferred source for increased Se consumption.
Similar to the results of cancer and neurodegenerative disease studies, Se
supplementation effects on CVD has also been inconclusive. A meta-analysis of 9 RCTs
involving 36,511 participants concluded Se-enriched yeast and L-selenomethionine
supplementation at Se doses of 75 to 300 µg‧day-1 had no significant effect on cardiovascular
incidence [31] (Table 1). Another meta-analysis consisting of 16 RCTs with 43,998 reported a
trend [Odds ratio (OR), 0.88; 95% CI, 0.76-1.02; p = 0.087; 8 studies; 41,763 participants] for
reduced coronary heart disease mortality with Se supplementation [32]. Subgroup analysis found
when Se supplementation was combined with supplementation of other vitamins and minerals,
there was reduced risk of coronary heart disease mortality (OR, 0.86; 95% CI, 0.74-1.00; p =
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0.05) [32]. Se supplementation reduced oxidative stress and inflammation based on findings of
increased (p < 0.001) serum glutathione peroxidase (GSH-Px), a selenoprotein enzyme involved
in regulation of oxidative processes [1] and decreased (p = 0.049) serum C-reactive protein
(CRP). However, results indicated that Se supplementation alone is not sufficient to reduce
coronary heart disease mortality and other vitamins and minerals can provide added benefits
when supplemented with Se. Doses used in these studies were higher (75 to 500 µg‧day-1) than
the RDA of 55 µg‧day-1 with an exception of one study (50 µg‧day-1) [32] (Table 1).
Collectively, studies of Se supplementation alone or with vitamin E supplementation
found no improvement of CVD, cancer or neurodegenerative diseases, but had beneficial effects
when combined with several other nutrients. Biofortification of plants offers the advantage of
providing higher Se as well as other antioxidant and anti-inflammatory constituents that are
naturally present in plant foods such as essential minerals and polyphenols.
1.3. Effects of Biofortification on Plant Selenium Content
From a human nutrition perspective, Finland provides a model of a Se biofortification
program that has been successfully used to address a public health issue. In Finland, addition of
sodium selenate to multi-nutrient fertilizers began in 1985 when Se intake in the Finnish
population was less than 40 µg‧day-1 [33]. By 1991, the average Se intake was approximately 120
µg‧day-1, surpassing the RDA [33]. Sodium selenate addition to fertilizers proved to be an
effective and safe method for increasing the amount of Se in food and in the human diet. While
soil fertilization with sodium selenate was used in Finland, Se biofortification generally utilizes
either sodium selenate or sodium selenite and various application techniques including soil
addition, foliar/fruit spraying, and hydroponic nutrient solutions [8]. The use of hydroponics in
Se biofortification has been increasingly studied due to benefits over other application
techniques. Hydroponics avoids direct addition to soils which addresses the concern of high soil
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Se acting as an environmental contaminant [34]. Further, soil application of Se introduces
confounding factors, such as adsorption with soil colloidal surfaces resulting in less Se available
to the plants [34]. Hydroponics allows for a controlled application of Se by supplying a specific
concentration to the nutrient solution [8].
Selenate is preferred over selenite because of superior translocation to edible parts of the
plant [7, 34]. Hawrylak-Nowak [9] compared the effects of selenate and selenite on Se
accumulation in the edible portion of lettuce plants (Lactuca sativa L. var. Capitata ‘Justyna’)
grown under hydroponic conditions with Se concentrations of 2.0, 4.0, 6.0, 15.0 μM. The
translocation factor (the ratio of Se content in shoots to roots) ranged from 0.69 to 2.47 for
selenate and < 0.15 for selenite, demonstrating selenite’s poor translocation in plants.
Concentrations of 2.0 to 15.0 μM Se as selenate resulted in higher (p < 0.05) Se accumulation in
lettuce shoots ranging from 4.7 to 43.3 mg‧kg-1 DW compared to selenite, which resulted in a Se
accumulation range of 3.7 to 30.6 mg‧kg-1 DW. Further, when higher dosages were tested (up to
60.0 μM Se), selenite caused a significant decrease in plant biomass at a lower dose (15.0 μΜ
Se) than selenate (20.0 μM Se). This trend of toxicity at lower doses for selenite than selenate is
a common observation in Se biofortification studies [8].
Another important consideration when choosing which plant to biofortify is that plants
vary with respect to their capacity for Se uptake and tolerance. Brassica and Allium species
accumulate more Se due to their high content of sulfur (S) compounds [1, 8]. Because Se and S
are chemically similar, the uptake, translocation, and metabolism of Se in plants parallels that of
S [8]. A review of Se biofortification of Brassica vegetables included 42 studies using different
Se doses, speciation, and application methods found hydroponic cultures achieved the highest Se
accumulation. Of the Brassica vegetables studied, broccoli (Brassica oleraca L. var. Italica),
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Indian mustard (Brassica juncea L. Czern), and rapid cycling cabbage (Brassica oleracea var.
Capitata) accumulated the highest Se content (range 1,800-1,900 mg‧kg-1 DW in shoot tissue)
[14]. However, most crop plants are low rather than high Se accumulators [14]. Another review
of Se biofortification of leafy vegetables included 21 studies using different Se doses, speciation,
and application methods. Se content in the edible parts of lettuce (Lactuca sativa L.), chicory
(Chicorium intybus L.), basil (Ocimum basilicum L.), and spinach (Spinacia oleracea L.)
supplemented with Se through enrichment of the nutrient solution ranged from 10.0 to 3890
mg‧kg-1 DW. Spinach was found to accumulate up to 3890 mg‧kg-1 Se DW when supplied with a
higher dose (126.6 μM) of Se than the other plant species [8].
When planning Se biofortification for specific plant species, time to harvest should also
be considered to determine timing for maximum Se uptake. Puccinelli et al. [35] investigated Se
uptake in basil (Ocimum basilicum L.) leaves grown in hydroponic conditions followed by
harvest at 0, 13, 27, 41, 55, and 69 days of treatment. Se was supplied to basil plants at
concentrations of 0.0, 50.7, 101.3, and 152.0 μM. Plants grown in concentrations of 101.3 and
152.0 μM Se reached a maximum Se content at an earlier harvesting time of 27 days than the
50.7 μM Se treatment group at 41 days. This maximum uptake at earlier days of harvest may be
attributed to higher Se concentrations inducing faster Se uptake rates. Once maximum Se uptake
was reached for each treatment, a gradual decline of Se concentration in leaves was observed.
This decrease was suggested to be the result of increased plant growth causing a “dilution effect”
of Se content [35]. The results from this study indicate the existence of an optimal Se treatment
time frame and ideal harvest time.
From a plant perspective, it is important that the Se dose used to maximize plant Se
content not be detrimental to crop yield. For example, Rios et al. [36] observed positive effects

8

of sodium selenate treatment on lettuce (Lactuca sativa L. ‘Philipus’) biomass at a concentration
range of 5.0 to 20.0 μM Se, but reduced biomass at a range of 60.0 to 120.0 μM Se. Ultimately,
the purpose of Se biofortification is to improve the nutritional value of plants for human
consumption. Therefore, the impact of Se biofortification on other plant nutrients and bioactive
components relevant to human health is important to investigate.
1.4. Effects of Biofortification on Minerals Relevant to Human Health
In the United States, calcium (Ca), magnesium (Mg), potassium (K), and Fe are underconsumed nutrients [37]. Therefore, potential fluctuations of these dietary minerals with Se
biofortification of plants are particularly important to investigate. Ca is essential for bone
formation; therefore, chronic low Ca intake contributes to osteoporosis [38]. Saffaryazdi et al.
[10] examined the effect of sodium selenite biofortification in hydroponic conditions on Ca
content in spinach (Spinacia oleracea L. ‘Missouri’) plants. Se doses of 12.7, 25.3, and 50.7 μM
increased (p ≤ 0.05) Ca content in the shoots of spinach plants by 69.0, 81.3, and 74.2%
compared to no Se treatment (Table 2). He et al. [11] showed that 1.0 mg‧kg-1 Se supplied as
sodium selenite to soil increased Ca content in Chinese cabbage (Brassica rapa) and lettuce
(Lactuca sativa L.). Ca content was significantly increased by 13.7% in Chinese cabbage and by
2.8% in lettuce compared to plants not treated with Se [11]. Both studies’ results demonstrated
Se biofortification as selenite had beneficial effects on Ca content of plants, although the extent
of Ca increase varied among plant species. Based on these results, Ca content generally increases
with selenite biofortification for hydroponic and soil applications. Rios et al. [39] considered
lettuce (Lactuca sativa L. ‘Philipus’) grown in hydroponic conditions with Se supplied in the
nutrient solution as both selenite and selenate at doses ranging from 5.0 to 120.0 μM. Results
showed Ca content of the lettuce was significantly different among doses for both selenite and
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selenate (p < 0.01 and p < 0.001, respectively). However, the authors noted a general decrease in
lettuce Ca content for both species of Se compared to control plants (0.0 μM Se).
Mg is another mineral important for maintaining bone health. Additionally, low Mg
intake has been associated with migraine headaches and increased risk of CVD and type 2
diabetes [40]. Boldrin et al. [12] reported soil application of 0.75 mg‧kg-1 Se to rice (Oryza sativa
L. ‘BRSMG Relâmpago’) as sodium selenate and sodium selenite resulted in significantly higher
Mg compared to 0.0 mg‧kg-1 Se (Table 2). Conversely, foliar application as either selenate or
selenite with a dose of 50.0 μM Se did not significantly alter Mg content in rice [12]. Absence of
significant effects on rice Mg content with foliar application of Se may be attributed to shorter Se
exposure compared to soil application. Overall, Mg content demonstrates increases and no
changes for soil and foliar applications but decreases for both selenate and selenite in hydroponic
conditions [39]. Collectively, results indicate that the application methods used in Se
biofortification are important to consider since not only is Se content affected, but content of
other plant minerals are also impacted.
Western diets are also low in K due to decreased fruit and vegetable consumption with a
concomitant increase in sodium (Na) intake from processed foods [41]. Na surfeit combined with
K deficiency has been associated with hypertension, a risk factor for CVD [42]. Saffaryazdi et al.
[10] showed selenite at a dose of 76.0 μM Se decreased K by 27.7%, and at the higher Se dose of
126.6 μM, K content decreased by 31.4% in hydroponically-grown spinach shoots compared to
untreated spinach (Table 2). Reduction in dietary minerals is especially concerning when the
fortified food is a dietary staple that supplies a large proportion of minerals to the diet. Rice
(Oryza sativa) and wheat (Triticum spp.) have been targeted for Se biofortification since these
crops are staple foods for over half of the world’s population [43]. However, in a Western
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population already at a dietary deficit of fruits and vegetables, decreases in K content of staple
crops can contribute to the development of high blood pressure.
Se as well as other trace minerals Mn, Zn, Fe, and Cu function as cofactors for human
endogenous antioxidant enzymes [44]. Se biofortification effects on these trace minerals suggest
that Se-biofortified foods can alter antioxidant capacity. Boldrin et al. [12] reported that soil
selenate biofortification at 0.75 mg‧kg-1 Se significantly increased both Mn and Zn content in
rice grains compared to untreated rice (approximately 52.4 and 17.2% increases, respectively).
Mn content typically increases or remains unchanged with Se biofortification while Zn
predominantly demonstrates nonsignificant changes in content (Table 2). Soil application of
either selenate or selenite did not significantly affect rice Fe content, but foliar application of
selenate at 50.0 μM Se significantly increased Fe content by approximately 23.1% [12] (Table
2), again emphasizing the importance of Se application methods. In contrast, He et al. [11] found
soil selenite biofortification at a dose of 1.0 mg‧kg-1 Se significantly reduced Fe content by
21.9% in lettuce and by 55.1% in Chinese cabbage. Rios et al. [39] showed increases in Fe
content of lettuce for both selenate and selenite added to the hydroponic nutrient solution with Se
doses ranging from 10.0 to 120 μM. In general, Fe content increases with hydroponic
applications of Se, but decreases or is unaffected with soil supplementation (Table 2). He et al.
[11] also reported selenite application to soil significantly decreased Cu content by 6.1% in
lettuce and 32.1% in Chinese cabbage compared to plants not treated with Se (Table 2). Cu
content tends to decrease or remain unchanged with Se biofortification; although, Rios et al. [39]
reported increases of Cu in lettuce grown hydroponically with sodium selenite (Table 2).
Table 2 summarizes findings of Se biofortification on minerals of relevance to human
health. Studies showed uptake of several minerals important to human health can be either
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positively or negatively affected by Se biofortification. It is important to identify which dietary
minerals are negatively impacted and by how much to determine whether this can result in
significantly lower dietary intakes. The effect on minerals is unique among plant species based
upon application method and may require optimization of Se biofortification techniques for
individual plant species. To avoid potentially reducing intake of other important dietary minerals,
Se biofortification should prioritize foods that are not dietary staples or that do not supply a large
proportion of minerals to the diet. Choosing which food crops to biofortify with Se becomes
more complicated when considering effects on other minerals. Currently, there is high variability
in application techniques used in studies that measure relevant minerals, so specific
recommendations cannot be made without further research.
From a human dietary perspective, S is not a mineral of concern. However, S is important
to analyze because selenate is taken up by plants through sulfate transporters [7]. HawrylakNowak [9] reported lettuce plants grown in hydroponic conditions with 15.0 μM Se as selenate
resulted in a significant increase (101.7% increase) of sulfur content in the shoots of lettuce
plants compared to control (0.0 μM Se). In plants, changes in S assimilation by Se
biofortification affect synthesis of amino acids such as: methionine, tyrosine, tryptophan, and
phenylalanine which are precursors for plant biosynthesis of cancer-protective glucosinolates
[13]. Phenylalanine is also the precursor for plant biosynthesis of antioxidant phenolics [13].
1.5. Effects of Biofortification on Antioxidants Relevant to Human Health
Plants contain vitamins and polyphenols that demonstrate antioxidant, anti-inflammatory,
and anti-proliferative activity, suggesting anti-cancer and cardioprotective roles in humans [45].
Several studies have reported that Se biofortification increased antioxidant enzyme activity in
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plants [8]. Therefore, the impact of Se biofortification on plant antioxidant constituents needs to
be considered.
Rios et al. [36] investigated the impact of hydroponic Se biofortification of lettuce on
vitamin C, which acts as an antioxidant by neutralizing free radicals and enhancing the
regeneration of another antioxidant, vitamin E [46]. As the added Se concentration for both
selenate and selenite in hydroponics increased from 0.0 to 120.0 μM, vitamin C content of
lettuce increased 285.1% for selenate and 217.7% for selenite (Table 3). The study also observed
that Se biofortification using concentrations of 5.0, 10.0, and 20.0 μM for selenate and 5.0 μM
for selenite increased shoot biomass compared to lettuce treated with 0.0 μM. At Se
concentrations of 40.0 μM for selenate and 10.0 μM for selenite, there was no significant effect
on plant biomass, while at higher concentrations, biomass began to decrease up to the 120.0 μM
dose. Based on these results, the use of selenate within a certain dose range in hydroponic
conditions may offer the benefits of increasing vitamin C content without diminishing crop yield.
Selenate’s ability to improve vitamin C content of crops has also been reported in other
studies using different application techniques and plant species. Zhu et al. [47] used foliar
application of 12.7 μM Se as selenate to treat tomato plants (Solanum lycopersicon L.
‘Provence’) at the onset of flowering and measured the effect on vitamin C content during postharvest storage. Se-treated tomatoes harvested at mature green stages had higher (p < 0.05)
vitamin C content than untreated tomatoes at all storage days (0, 5, 10, 15, and 20) (Table 3).
While different application techniques and plant species can affect Se accumulation, it is
noteworthy that vitamin C content increased in both hydroponic and foliar applications.
Se biofortification can also influence anthocyanins, another specific class of flavonoids
known for their potent antioxidant and anti-inflammatory activities [45]. Liu et al. [48] showed
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that anthocyanin content of purple lettuce (Lactuca sativa L. ‘Purple Rome’) increased
significantly with sodium selenite treatment in hydroponic conditions with 4.0 and 8.0 µM doses
but was not affected at 12.0 µM. However, lettuce at the 16.0 µM Se dose demonstrated a
significant decrease of anthocyanin content. Hawrylak-Nowak [49] used foliar application of
selenate at different doses (12.7, 38.0, 63.3, 126.6, 253.3, 633.2 μM) on basil plants (Ocimum
basilicum L.). Anthocyanin content in basil was significantly increased at Se doses of 126.6,
253.3, and 633.2 μM compared to 0.0 μM with increases of 72.7, 159.1, and 209.1%,
respectively [49]. While anthocyanins at Se doses of 253.3 and 633.2 μM were significantly
higher compared to 126.6 μM, there was no significant difference of anthocyanin content
between 253.3 and 633.2 μM. The results from purple lettuce and basil studies indicate that
anthocyanins do not increase beyond a threshold dosage of applied Se (Table 3).
Se biofortification with selenate using different application techniques also enhanced
phenol content in various plant species. Hawrylak-Nowak [49] showed total phenols were
significantly enhanced in basil leaves at foliar selenate doses of 38.0, 63.3, 126.6, 253.3 μM
compared to control plants treated with distilled water. The dose of 63.3 μM Se resulted in the
largest increase of total phenol content by 43.9%. The lowest dose of 12.7 μM Se and the highest
dose of 633.2 μM Se had no significant effect on phenolic content. The results suggested a Ushaped relationship of Se biofortification and phenolic content (Table 3).
Saffaryazdi et al. [10] analyzed the effect of sodium selenite on phenolic compounds in
the shoots of spinach plants grown in hydroponics. Se doses of 50.7, 76.0, and 126.6 μM applied
as selenite increased total phenolic content (approximately 43.1, 38.5, 53.9%, respectively)
compared to 0.0 μM. Results showed that Se added as selenite in hydroponics has potential to
increase important antioxidant compounds in biofortified crops (Table 3). Another study [36]
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investigated both selenite and selenate biofortification on antioxidant compounds in lettuce
plants grown in hydroponic conditions. Compared to control, the highest Se dosage of 120.0 μM
increased phenols by 122.2 and 105.6% in selenite and selenate treatments, respectively. Further,
flavonoids increased by 241.7 and 247.2% in selenite and selenate treatments, respectively
(Table 3). However, the difference between selenate and selenite was not significant for these
antioxidant compounds, and there was no apparent advantage of using selenate compared to
selenite on total phenol and flavonoid content.
Vinson et al. [50] determined phenols in 23 commonly consumed vegetables in the
United States. Tomatoes, while not naturally highest in phenols, ranked highest as the leading
source of phenols in the American diet. Schiavon et al. [51] investigated Se foliar application of
0, 2.0 or 20.0 mg Se per plant on Se uptake and antioxidant constituents in tomato plants
(Solanum lycopersicon L.). Tomato fruits treated with doses of 2.0 and 20.0 mg Se resulted in Se
content of 19.0 and 256.0 mg‧kg-1 FW, respectively. Se biofortification of tomato plants reduced
identified phenolic acids, while naringenin chalcone, which was the most abundant flavonoid,
increased significantly by 329.1% at the 20.0 mg Se dose. The authors suggest that the
phenylpropanoid metabolism shifted from phenolic acids to the synthesis of flavonoids [51].
Based on the results, Se biofortification enriched edible parts of tomatoes with naringenin
chalcone. This is significant to human health since chalcones have been studied for their antineoplastic, anti-hypertensive, anti-inflammatory, and anti-diabetic activities [52].
Glucosinolates and isothiocyanates are other plant compounds that act as antioxidants,
decreasing free radicals indirectly by triggering the transcription of phase II metabolic enzymes
or directly by scavenging peroxides [53] As a thiol, glucosinolates can be affected by Se
biofortification due to the similarity between Se and S [13]. Rapid-cycling Brassica oleracea
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species grown hydroponically reported total glucosinolates in leaf tissue significantly decreased
as Se treatment increased, with a 63.6% decrease existing at the 40.5 μM dose compared to 0.0
μM [54] (Table 3). Increasing Se concentration from 0.0 to 40.5 μM also significantly decreased
total isothiocyanates by 74.9% in B. oleracea [54]. This is significant to human health since
isothiocyanates are glucosinolate degradation products linked to chemoprotective properties of
Brassica vegetables [54]. Both studies showed that high Se content in plants can negatively
impact the metabolism of other important plant antioxidants.
Different stages of plant maturity affect the antioxidant response to Se biofortification.
Ávila et al. [55] investigated the effect of 25.0 μM Se as sodium selenate biofortification on
mature broccoli (Brassica oleracea L. Italica) florets grown in soil in a greenhouse and broccoli
sprouts grown in hydroponic conditions in growth chambers. In general, Se biofortification
produced 6.5-fold higher total Se in mature broccoli florets than in the sprouts. The authors
estimated that consuming a serving of 7.20 g of fresh sprouts or 1.12 g of fresh florets of broccoli
treated with 25.0 μM Se can meet the RDA for Se. On the other hand, Se biofortification
suppressed glucosinolate accumulation in the mature florets, but had minimal effect on
glucosinolate content in sprouts (Table 3). Compared to sprouts, broccoli florets had 6-fold lower
content of glucoraphanin, a specific glucosinolate known for anticancer properties [55].
Glucoraphanin is metabolized to isothiocyanate sulforaphane, a monoinducer of phase II
enzymes in inactivating carcinogenic metabolites [55]. Thus, a serving of 7.20 g of fresh Sebiofortified sprout provides 17.12 mg of glucoraphanin while 1.12 g of fresh florets provides
only 0.32 mg of glucoraphanin. Based on the study results, broccoli floret accumulated more Se,
but at the expense of glucosinolate loss compared to sprouts.
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In another study, Ávila et al. [56] investigated the effect of Se biofortification on the
sprouts of cultivars of the six most extensively consumed Brassica vegetables: Brussel sprouts
(Brassica oleracea L. var. Gemmifera), broccoli (Brassica oleracea L. var. Italica), cauliflower
(Brassica oleracea L. var. Botrytis), kale (Brassica oleracea L. var. Acephala), green cabbage
(Brassica oleracea L. var. Capitata), and Chinese cabbage (Brassica rapa L. ssp. Pekinensis). Se
was added to water at a concentration of 50.0 μM as sodium selenate during gemination and
sprout growth. Results showed similar Se accumulation among sprouts of different Brassica
crops, with Brussels sprouts demonstrating the lowest capacity at accumulating Se. Despite
different types and amounts of glucosinates among Brassica vegetables, total glucosinolate
accumulation was not significantly different in Se-biofortified Brassica sprouts compared to the
sprouts grown in only water, with an exception of a significant increase in two cauliflower
cultivars (‘Graffiti’ and ‘Absolute’) and a decrease in two Chinese cabbage cultivars (‘Tender
Gold’ and ‘Beijing Autumn 56’) (Table 3). Based on the results, the authors concluded that
Brassica vegetable sprouts can be biofortified with 50 μM Se without negatively affecting
glucosinolate content.
Table 3 summarizes the effects of Se biofortification on various antioxidant compounds.
Generally, studies evaluating the effects of Se biofortification on antioxidants in edible plants
reported significant increases in vitamin C, total phenols, anthocyanins, and flavonoids. This
suggests that Se-biofortified foods can be beneficial to human health not only for enhanced Se
intake, but for increasing intake of disease-preventative phytochemicals. However, studies have
also shown that excessive levels of Se treatment may incur a negative effect on antioxidants in
plants [48, 49]. Existence of a threshold for antioxidant enhancement is supported by the
observation that Se begins to function as a pro-oxidant in plants at excessively high
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concentrations [8]. The effect of Se biofortification on glucosinolates was negative even with
low doses. Se biofortification of sprouts instead of mature plants may prevent this negative effect
on glucosinolate content while still delivering supplemental intakes of Se in the diet. Therefore,
the ideal Se biofortification application should maximize Se and antioxidant compounds in the
plants without detrimental effects on crop yield.
1.6. Consumption of Selenium-Biofortified Plants on Human Health
The impact of Se-biofortified plants on nutritional status and health benefits in humans
has not been extensively studied. One study investigated the effect of Se-biofortified wheat
(Triticum spp.) consumption on Se status and potential health benefits in men (n = 14) and
women (n = 16) with a broad age range (19-86 years old) [57]. Participants described as Sedeficient were provided Se-biofortified wheat products for six weeks. The wheat used for
consumption in this study was biofortified by foliar application which increased Se content by
five fold, on average. Results showed consumption of Se-biofortified wheat products increased
Se intake by 12-35 μg‧day-1. Compared to baseline, plasma GSH-Px and erythrocyte GSH-Px
increased by 83.5% and 37.3%, while lipid peroxidation product, thiobarbituric acid reactive
substances, decreased. A modest improvement in CVD risk factors was indicated by a 10.3%
reduction in total cholesterol, 14.5% reduction in triglycerides, and 15.1% reduction in low
density lipoprotein [57]. However, the statistical significance of these results was not indicated in
this study.
Another study investigating Se-biofortified wheat consumption consisted of healthy men
(n = 62, age 40 to 70) considered to have adequate plasma Se levels (122 μg‧L-1) [58]. Foliar
sodium selenate application to wheat (Triticum spp.) resulted in an increase to 10 mg‧kg-1 Se
compared to 0.07 mg‧kg-1 Se in untreated wheat. Ca, Mg, Fe, Zn, Mn, Cu and S content were
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similar between the two wheat treatments. Daily consumption of this biofortified wheat with Se
dosages up to 267 μg for 24 weeks resulted in a peak plasma Se concentration of 193 μg‧L-1. The
men in this study had adequate Se status, and consuming Se-biofortified wheat biscuits showed
no significant effect on platelet GSH-Px activity, lipid, lipoprotein profile, or CRP compared to
baseline. Results of studies by Djujic et al. [57] and by Wu et al. [58] showed Se-biofortified
wheat consumption increased Se status markers. However, the effect on oxidative stress and
CVD risk factors were inconsistent, highlighting the need for further human intervention studies.
A meta-analysis compared the effectiveness of supplementing Se-biofortified foods and
other Se forms on activity of GSH-Px, concluding Se-enriched foods increased GSH-Px activity
more effectively than selenomethionine in animals [59]. Of the seventeen human studies
identified in the meta-analysis, only four studies met the selection criteria for inclusion in the
review, and a significant effect of form of Se on GSH-Px activity in humans was not observed
(Table 1). However, onions were the only Se-biofortified plant food considered in the four
human studies. Based on the small number of studies, the analysis was regarded as preliminary
for humans [59]. Biofortified foods have the potential to exert additional benefits besides
optimizing Se status due to enhanced antioxidant compounds. Therefore, studies that compare
the health benefits of Se-biofortified foods to conventional foods are needed to fully assess the
potential of biofortification in human health. Future studies with larger numbers of participants
can determine the potential of Se-biofortified foods in disease prevention for the general
population.
While crop plants such as wheat typically accumulate a maximum of 100 mg‧kg-1 Se DW,
Se secondary accumulators such as Brassica and Allium plants can accumulate up to 1,000
mg‧kg-1 Se DW [7, 8]. In choosing which crop to biofortify with Se, the recent published
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findings of the Demark PRECISE study need to be taken into consideration. Results showed men
and women taking a supplemental Se dose of 300 μg‧day-1 as Se-enriched yeast for 5 years had
increased all-cause mortality compared to placebo (HR, 1.59; 95% CI 1.02, 2.46) over the 15year follow-up period, indicating the need for safety precautions against excessive Se intake
[60].
1.7. Conclusions
Se biofortification of edible plants has the potential to supply supra-adequate levels of Se
in the human diet. Se biofortification also provides other minerals and vitamins resulting in
potential nutritional advantages over Se supplementation alone. When evaluating the effects of
Se biofortification on the nutritional quality of plants for human consumption, a comprehensive
perspective needs to be considered in terms of minerals and antioxidants. In general, the use of
selenate in hydroponics can yield plants with the highest levels of Se and increased antioxidant
compounds without diminished plant biomass. However, recommendations for a biofortification
technique that results in optimal content of other essential minerals relevant to human health are
less conclusive. Among plant species, the effects on mineral content can differ with the same Se
biofortification methods and similar Se treatment doses [10, 39] (Table 2). Because Se may
negatively impact the uptake of some essential minerals such as: Ca, Mg, K, Fe, and Cu (Table
2), Se biofortification efforts should focus on plants that are not dietary staples to avoid
imbalances in the intake of other minerals. Disease-preventative antioxidant compounds such as:
phenols, anthocyanins, vitamin C, and flavonoids, increase with Se biofortification (Table 3).
While glucosinolates decreased in mature plants, there were no changes in sprouts [55] (Table 3).
Caution must be taken to avoid excessive consumption of Se; however, as Navarro-Alacaron and
Cabrera-Vique [1] indicated, plants serve as effective buffers of excessive Se intake due to
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decreased yield at high levels of Se accumulation. However, choosing plants that are not dietary
staples can also prevent potential for Se toxicity in humans. Selenate biofortification that can
maximize Se, increase other essential minerals, and enhance antioxidant compounds in crops that
are not dietary staples have the most potential as a functional food for disease prevention.
Finally, clinical trials are needed to fully assess the potential of Se-biofortified plants in human
health.
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Table 1. Selenium supplementation effects on human health.
Study
meta-analysis
RCT
SELECT
RCT
NPCT
RCT
PREADViSE
SELECT ancillary RCT
meta-analysis
RCT

Subjects
n=27,232
men +
women
n=35,533
men

Se Dose
200-400 µg‧d-1 as enriched yeast,
L-selenomethionine

Results
NS any cancer incidence; NS cancer mortality

Reference
Vinceti et al. [18]

200 µg‧d-1 as L-selenomethionine

NS prostate cancer incidence; NS any cancer
incidence; NS all-cause mortality

Lippman et al. [19]

n=1,312 men
+ women
n=7,338 men

200 µg‧d-1 as enriched yeast

 lung, colorectal, prostate cancer incidence;  total
cancer incidence;  total cancer mortality
NS dementia incidence

Clark et al. [20]

n=36,511
men +
women
n= 43,998
men +
women

75-300 µg‧d-1 as enriched yeast,
L-selenomethionine,

NS CVD event incidence

Zhang et al. [31]

200 µg‧d-1 as L-selenomethionine

Krysico et al. [28]

50 to 500 µg‧d-1 as
Trend ↓ CHD mortality; ↑ GSH-Px; ↓ serum CRP; NS Ju et al. [32]
L-selenomethionine, enriched
HDL/LDL level
yeast, sodium selenite, brazil nut,
SelenoPrecise, Selenium amino
acid chelate, bound selenium
meta-analysis
n=304 men + 50 to 200 µg‧d-1 as enriched yeast, ↑ GSH-Px
Bermingham et al. [59]
RCT, cross-over
women
enriched milk, enriched onions,
enriched protein, onions
Abbreviations and symbols: NS, no significant difference; ↑ significant increase; ↓significant decrease; RCT, randomized controlled trial; Se, selenium; CVD,
cardiovascular disease; CHD, coronary heart disease; GSH-Px, glutathione peroxidase; CRP, C-reactive protein; HDL, high density lipoprotein; LDL, low
density lipoprotein.
meta-analysis
RCT
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Table 2. Effects of different methods of selenium biofortification on the mineral content in various plant species. All effects
compared to respective study’s control group.
Plant Species
Brassica rapa
leaves

Se Dose
Sodium selenite
1.0 mg‧kg-1

Lactuca sativa
L. leaves

Soil
Sodium selenite
1.0 mg‧kg-1

Lactuca sativa
L. leaves

Soil (pot)
Sodium selenite
75.0 mg‧m-2

Lactuca sativa
L. ‘Philipus’
leaves

Oryza sativa L.
'BRSMG
Relâmpago'
grains

Oryza sativa L.
'BRSMG
Relâmpago'
grains

Spinacia
oleracea L.
'Missouri'
leaves

Se Content

Ca

Mg

K

Mn

Zn

Fe

Cu

0.30 mg‧kg-1 FW
(3.75 mg‧kg-1 DW)y



NS

-



NS





0.31 mg‧kg-1 FW
(6.20 mg‧kg-1 DW)



NS

-

NS

NS









-

NS

NS



NS

Soil (field)
Sodium selenate
5.0-120.0 µM

0.04 mg‧kg-1 FW
(0.80 mg‧kg-1 DW)
~2.0-43.0 mg‧kg-1 DW



NS

10.0 µM

NS

Sodium selenite
5.0-120.0 µM

 20.0, 60.0120.0 µM

10.0-20.0 µM
60.0, 120.0 µM

10.0, 60.0,
120.0 µM

~3.0-39.0 mg‧kg-1 DW

10.0120.0 µM

NS

5.0-10.0 μM
120.0 μM

NS

Hydroponic
Sodium selenate
0.75 mg‧kg-1

 10.0-20.0 µM
80.0 µM

20.0-40.0 μM
80.0-120.0 μM

20.0120.0 μM

~6.40 mg‧kg-1 DW

-

↑

-

↑

↑

NS

NS

Sodium selenite
0.75 mg‧kg-1

~0.40 mg‧kg-1 DW

-

↑

-

↑

NS

NS

NS

Soil
Sodium selenate
50.0 μM

~1.20 mg‧kg-1 DW

-

NS

-

NS

NS

↑

NS

Sodium selenite
50.0 μM

~0.25 mg‧kg-1 DW

-

NS

-

NS

NS

NS

↓

Foliar
Sodium selenite
12.7 μM
25.3 μM
50.7 μM
76.0 μM
126.6 μM

1710 mg‧kg-1 DW
2050 mg‧kg-1 DW
2840 mg‧kg-1 DW
3830 mg‧kg-1 DW
3890 mg‧kg-1 DW

↑
↑
↑
NS
NS

-

NS
NS
NS
↓
↓

-

-

-

-

Study
He et al. [11]

He et al. [11]

He et al. [11]

Rios et al. [39]

Boldrin et al. [12]

Boldrin et al. [12]

Saffaryazdi et al. [10]

Hydroponic
y

Values in parentheses indicate calculated DW values based on 95% water content of lettuce and 92% water content of cabbage from USDA [15].
Abbreviations and symbols: NS, no significant difference; ↑ significant increase; ↓significant decrease; ~, approximate value based on figure; DW, dry weight;
FW, fresh weight; Se, selenium; Ca, calcium; Mg, magnesium; K, potassium; Mn, manganese; Zn, zinc; Fe, iron; Cu, copper.
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Table 3. Effects of different methods of selenium biofortification on antioxidant compound content in various plant species. All
effects compared to respective study’s control group.
Plant Species
Lactuca sativa L. 'Philipus' leaves

Lactuca sativa L. 'Purple Rome'
leaves

Ocimum basilicum L.
leaves

Solanum lycopersicon 'Provence'
fruitz

Se Dose
Sodium selenate
5.0-120.0 µM

Se Content

TPC

Anth

AA

Flav

GS

~2.0-43.0 mg‧kg-1 DW

-

↑5.0120.0 µM

↑5.0120.0 µM

-

Sodium selenite
5.0-120.0 µM

↑5.0120.0 µM

~3.0-39.0 mg‧kg-1 DW

-

↑5.0120.0 µM

↑5.0120.0 µM

-

Hydroponic
Sodium selenite
4.0 µM
8.0 µM
12.0 µM
16.0 µM

↑5.0120.0 µM

~0.006 mg‧kg-1 FW (0.12 mg‧kg-1 DW)y
~0.014 mg‧kg-1 FW (0.28 mg‧kg-1 DW)
~0.019 mg‧kg-1 FW (0.38 mg‧kg-1 DW)
~0.025 mg‧kg-1 FW (0.50 mg‧kg-1 DW)

-

↑
↑
NS
↓

-

-

-

Hydroponic
Sodium selenate
12.7 μM
38.0 μM
63.3 μM
126.6 μM
253.3 μM
633.2 μM

~1.0 mg‧kg-1 DW
~4.5 mg‧kg-1 DW
~15.0 mg‧kg-1 DW
~15.0 mg‧kg-1 DW
~37.0 mg‧kg-1 DW
~150.0 mg‧kg-1 DW

NS
↑
↑
↑
↑
NS

NS
NS
NS
↑
↑
↑

-

-

-

Foliar
Sodium selenate
12.7 μM

N/A

-

-

↑

-

-

Sodium selenite
12.7 μM
25.3 μM
50.7 μM
76.0 μM
126.6 μM

1710 mg‧kg-1 DW
2050 mg‧kg-1 DW
2840 mg‧kg-1 DW
3830 mg‧kg-1 DW
3890 mg‧kg-1 DW

NS
NS
↑
↑
↑

-

-

-

-

Hydroponic
Sodium selenate
5.1-40.5 μM

200-2050 mg‧kg-1 DW

-

-

-

-

Total
↓

Study
Rios et al. [36]

Liu et al. [48]

Hawrylak-Nowak [49]

Zhu et al. [47]

Foliar
Spinacia oleracea L. 'Missouri'
leaves

Brassica oleracea leaves

Saffaryazdi et al. [10]

Hydroponic
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Barickman et al. [54]

Brassica oleracea L. Italica florets
(5 cultivar average)

Sodium selenate
25.0 μM

-

-

-

-

Total
↓

Avila et al. [55]

401.1-557.6 mg‧kg-1 DW

Brassica oleracea L. Italica sprouts
(5 cultivar average)

Soil
Sodium selenate
25.0 μM

-

-

-

-

Total
NS

Avila et al. [55]

58.4-87.5 mg‧kg-1 DW

Hydroponic
Sodium selenate
50.0 μM

~60.0 mg‧kg-1 DW

-

-

-

-

NS

~168.0-182.0 mg‧kg-1 DW

-

-

-

-

NS

~128.0-300.0 mg‧kg-1 DW

-

-

-

-

NS

~159.0-185.0 mg‧kg-1 DW

-

-

-

-

NS

Brassica oleracea L. var.
Gemmifera ‘Oliver’ sprouts
Brassica oleracea L. var. Italica
(3 cultivars) sprouts
Brassica oleracea L. var. Acephala
(3 cultivars) sprouts
Brassica oleracea L. var. Capitata
(3 cultivars) sprouts
Brassica oleracea L. var. Botrytis
sprouts
‘Graffiti’
‘Apex’
‘Absolute’
Brassica rapa L. ssp. Pekinensis
sprouts
‘Tender Gold’
‘Blues’
‘Beijing Autumn 55’

Hydroponic
Sodium selenate
50.0 μM

Hydroponic

Avila et al. [56]

Avila et al. [56]
~145.0 mg‧kg-1 DW
~199.0 mg‧kg-1 DW
~220.0 mg‧kg-1 DW

-

-

-

-

↑
NS
↑

~161.0 mg‧kg-1 DW
~220.0 mg‧kg-1 DW
~290.0 mg‧kg-1 DW

-

-

-

-

↓
NS
↓

y

Values in parentheses indicate calculated DW values based on 95% water content of lettuce from USDA [15].
z
Fruit at day 0.
Abbreviations and symbols: NS, no significant difference; ↑ significant increase; ↓significant decrease; ~, approximate value based on figure; DW, dry weight;
FW, fresh weight; Se, selenium; TPC, total phenolic content; Anth, anthocyanins; AA, ascorbic acid; Flav, flavonoids; GS, total glucosinolates.
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2.1. Introduction
Selenium (Se) is an essential trace mineral and a component of human selenoproteins,
including some endogenous antioxidant enzymes [1]. While Se deficiency is uncommon in North
America, it is estimated that one billion people worldwide are Se-deficient, contributing to a
cardiomyopathy known as Keshan Disease [2]. Further, studies have suggested that supraadequate levels of Se intake may be beneficial in the prevention of chronic diseases including
cancer and cardiovascular disease [3]. Plants are a major dietary source of Se, but the amount in
plants is dependent on soil Se content [1]. The process of enhancing plant nutrient content during
their growth using biofortification has been considered as a solution to worldwide mineral
deficiencies and for chronic disease prevention [4]. In general, sodium selenate is considered
more efficient for increasing Se content of plants compared to sodium selenite, due to its
improved translocation to the shoots of plants, whereas selenite accumulates in the roots in lower
quantities [5,6]. Addition of sodium selenate to hydroponic nutrient solutions has been utilized as
an efficient method of biofortification, as hydroponic growing conditions allow for a highlycontrolled addition of Se to the plants [7].
Different plant species exhibit varying levels of Se tolerance instead of essentiality,
which is evident through decreasing crop yields as the amount of Se supplied increases [6]. Thus,
a goal of Se biofortification has been to increase Se content while avoiding significant decreases
in crop yield [7]. However, several studies have reported that Se biofortification can impact other
dietary minerals as well as plant antioxidant compounds, such as polyphenols, which have anticancer and cardioprotective properties [8-12]. Therefore, it is imperative that studies evaluating
the effects of Se biofortification include not only the content of Se but content of other nutrients
important to human health.
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Culinary herbs can be added to meals for flavoring in place of salt or fat and can increase
consumer acceptability of vegetable consumption [13-15]. Popular culinary herbs such as basil
(Ocimum basilicum), cilantro (Coriandrum sativum), and scallions (Allium fistulosum) present an
opportunity for Se biofortification as small additions to flavor meals resulting in increased Se
intake without potential for toxicity. Plants grown to microgreen stage are becoming increasingly
popular among consumers for their nutritional quality and distinctive flavors [16]. Microgreens
are generally defined as plants grown to the first set of true leaves and typically range in height
from 2.5 to 7.5 cm [16], making them a quick and easy crop to biofortify. Yet, studies on Se
biofortification of microgreens are lacking in the scientific literature. The objective of this study
was to investigate the effect of increasing levels of Se biofortification of three species of culinary
herbs grown to microgreen stage in hydroponic conditions on plant yield, total Se content as well
as content of several other minerals essential to human health, and antioxidant phytochemicals.
The study tests the hypothesis that biofortification of culinary herb microgreens increases the
content of Se, other minerals important to human health, and antioxidants. Enhancements in
nutrient profiles would enable these herbs to serve as a functional food for improving human
nutritional status and health.
2.2. Materials and Methods
2.2.1.

Plant Growth and Harvest
Seeds of Ocimum basilicum, Coriandrum sativum, and Allium fistulosum were purchased

from Johnny’s Selected Seeds (Winslow, ME). Seeds were sown in 25.4 × 25.4 × 2.54 cm black
growing trays onto Biostrate felt mats (0.35 cm thickness; Grow-Tech, South Portland, MA).
Seed density per tray for each species were as follows: 2.8 seeds‧cm-2 (3.01 g or 1806 seeds) of
basil seeds, 2.8 seeds‧cm-2 (21.67 g or 1805 seeds) of cilantro seeds, and 3.4 seeds‧cm-2 (4.86 g

35

or 2203 seeds) of scallion seeds. Treatments for all species consisted of ½ concentrated
Hoagland’s modified nutrient solution (PhytoTechnology Lab., Shawnee Mission, KS) prepared
in ultrapure water (18.2 MΩ-cm) and supplemented with sodium selenate (Na2SeO4) in
concentrations of 0.0 (control), 2.5, and 5.0 mg‧L-1 of Se. Scallions received an additional
treatment with 10.0 mg‧L-1 of Se as a member of the Allium family, which is known for their
potential to accumulate Se in levels up to 1000 μg‧g-1 dry weight (DW) without toxic
effects[1,17]. Treatment levels were determined based on literature search and preliminary trials
with doses that maximized Se content without detrimental effects on plant growth.
Basil and cilantro treatments were completed in three replicates. Based on preliminary
studies with low yields, scallions were grown in three replicates with double trays, which were
combined to obtain enough sample for the various analyses. Each tray received an initial 180 mL
of ½ concentrated Hoagland’s nutrient solution. Trays were placed into growth chambers
(Percival Scientific, Perry, IA) with a photoperiod of 16/8 h light/dark, temperatures of 19.7/18.7
± 1.0/0.8 °C day/night, relative humidity of 57.3 ± 0.8%, and photosynthetic photon flux density
of 210 ± 7.9 µmol·m-2·s-1 (mean ± SD). pH of all nutrient solutions averaged 5.4 ± 0.1. Plants
were watered with ultrapure water as needed to avoid drying of seeds during germination.
Treatments began when the seeds for each species were 80% germinated. Plants were fertigated
as needed by adding solutions directly to the growing mats based on saturation of the mats within
plant species. Each tray within plant species received the same daily volume of treatment. Total
volume of treatment per tray for each species over the 25-day treatment period was 2965, 2835,
and 3825 mL for basil, scallions, and cilantro, respectively.
Each plant species was harvested after 25 days of treatment, at which point basil and
cilantro had two true leaves and scallions had one true leaf. Microgreens were harvested at the
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base, approximately 1.0 cm from the growing pad. Any seed coats that were still attached were
removed, and fresh weight per tray was recorded without seed coats. Microgreens were
immediately flash frozen with liquid nitrogen and stored at -80 °C until freeze-dried (Virtus
Genesis 35 SQ Super XL, SP Industries, Gardiner, NY). Dried samples were weighed and
ground into a fine powder with mortar and pestle. Samples were then stored in -80 °C until
further analysis. Water content was determined for each tray by comparing DW to fresh weight
(FW). All measured parameters were converted to FW basis, as microgreens are consumed
exclusively fresh.
2.2.2.

Mineral Analysis
Measurement of minerals were according to Barickman et al [18]. Briefly, 0.5 g of

lyophilized ground plant tissue was combined with 10 mL of 70% HNO3 and digested in a
microwave digestion system (Ethos model, Milestone Inc., Shelton, CT, USA). Digestion
procedures for organically based matrices were followed [19]. Digestions were diluted with 2%
HNO3/0.5% HCl (v/v). The sample was measured for Se, sulfur (S), sodium (Na), potassium (K),
phosphorus (P), calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), zinc
(Zn) and boron (B) by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent
7500ce ICP-MS system (Agilent Technologies, Inc., Wilmington, DE, USA) equipped with an
ASX-510 (CETAC, Omaha, NE, USA) autosampler. Water content percentages were used to
convert and express mineral content on FW basis.
2.2.3.

Determination of Total Phenolic Content
Total phenolics were extracted using the method of Nicolle et al. [20] with modifications.

10 mg of freeze-dried microgreen powder was extracted with 1 mL of methanol-water mixture
(60:40, v/v), vortexed for 10 seconds, and centrifuged at 16,110 g for 20 minutes at 4 oC. The
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supernatant was collected, and the sample was re-extracted with another 1 mL of the methanolwater mixture. Supernatants were combined and stored in -80 oC until analysis.
Total phenolic content was determined according to Waterland et al. [21] with
modifications for a 96-well microplate reader. Briefly, 18.2 μL of sample extract or gallic acid
standard (0, 10, 20, 50, 100, 150, 200, 250, and 300 mg‧L-1) was plated in duplicates, followed
by 90.9 μL of 0.5 N Folin-Ciocalteau reagent (Sigma-Aldrich, St. Louis, MO). The plate was
incubated for 5 minutes, then 90.9 μL of 0.5 M sodium carbonate was added to each cell and
mixed. The plate incubated at room temperature in the dark for one hour. Absorbance was
measured at 765 nm with a BioTek Synergy H1 microplate reader (Winooski, VT). Inter-assay
coefficient of variation was 5.7%. Total phenolic content was determined using the gallic acid
standard curve and expressed in mg of gallic acid equivalents (GAE) per gram. Water content
percentages were used to convert and express total phenolics on FW basis.
2.2.4.

Oxygen Radical Absorbance Capacity (ORAC) Assay
Sample preparation for the hydrophilic assay was completed according to the procedure

by Ou et al [22]. Briefly, 10 mg of freeze-dried microgreen powder was added to a
microcentrifuge tube with 0.4 mL of acetone-water mixture (50:50, v/v), and vortexed at room
temperature for 1 hour. The tube was then centrifuged at 16,110 g for 15 minutes at 4oC, and the
supernatant was collected in a separate clean tube and stored in -20 °C until assayed.
Sample preparation for the lipophilic assay was completed according to OxiSelect ORAC
Activity Assay kit protocol (CellBio Labs, San Diego, CA). Briefly, 10 mg of freeze-dried
microgreen powder was added to a microcentrifuge tube with 0.4 mL of pure acetone, and
vortexed at room temperature for 1 hour. The tube was stored in -20 °C until the assay was
started, which allowed fiber to separate from the acetone extract.
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Hydrophilic and lipophilic ORAC assays were completed using OxiSelect ORAC
Activity Assay kit protocol (CellBio Labs, San Diego, CA). Fluorescence was read using a
Biotek Synergy H1 (Winooski, VT) microplate reader. Inter-assay coefficient of variation was
21.0%. Calculations were completed according to CellBio Labs protocol, using 0, 5, 10, 20, 40,
50, and 75 μM of Trolox for both lipophilic and hydrophilic standard curves, and results were
expressed in µmol Trolox equivalents (TE) per gram. Lipophilic and hydrophilic portions were
summed to equal total ORAC values. Water content percentages were used to convert and
express ORAC values on FW basis.
2.2.5.

Statistical Analysis
Statistical analyses were performed by JMP version 13 (SAS Institute Inc., Cary, NC).

One-way analysis of variance (ANOVA) was used to determine differences among treatment
groups for each herb species. Post hoc multiple comparison tests were performed using Tukey’s
test with significance at p < 0.05.
2.3. Results and Discussion
2.3.1.

Selenium Content
Se content increased (p < 0.05) with increasing Se treatments for all three culinary herbs

(Figure 1). Se content of scallions increased by 98, 202, and 507 times for doses of 2.5, 5.0, and
10.0 mg‧L-1 Se, respectively, compared to control (Figure 1A). Dry weight values for scallions
were 824.9, 1530.4, and 2481.4 μg‧g-1 Se for 2.5, 5.0, 10.0 mg‧L-1 Se treatments, respectively
(Figure 1B). These values confirm Allium’s role as an accumulator of Se and indicate hyperaccumulator status by accumulating Se to levels higher than 1000 μg‧g-1 DW [4]. For basil, Se
content increased by 64 and 155 times at doses of 2.5 and 5.0 mg‧L-1 Se compared to control
(Figure 1A). On a dry weight basis, basil accumulated 338.6 and 690.0 μg‧g-1 Se at doses of 2.5
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and 5.0 mg‧L-1 Se, respectively (Figure 1B). Gupta and Gupta [4] define secondary accumulators
as plant species that are capable of accumulating Se up to 100 to 1000 μg‧g-1 DW. Based on this
definition, these values are high enough to classify basil as a secondary accumulator of Se. In the
current study, total Se uptake in basil plants was higher compared to the study by Kopsell et al.
[23], which utilized foliar application of Se at 32.0 mg‧L-1, yielding basil plants with 22.9 to 55.7
μg‧g-1 Se DW in leaf tissues. Puccinelli et al. [24] demonstrated an accumulation of
approximately 175 μg‧g-1 DW Se in basil leaves at 27 days of treatment with 12.0 mg‧L-1 Se in
hydroponic conditions. These results suggest the efficiency of utilizing hydroponic conditions for
Se biofortification of basil plants.
Few studies have assessed Se biofortification of cilantro. In our study, Se content of
cilantro increased by 18 and 40 times at 2.5 and 5.0 mg‧L-1 Se treatments compared to control
(Figure 1A). Dry weight values for cilantro included 136.2 and 287.2 μg‧g-1 Se at doses of 2.5
and 5.0 mg‧L-1 Se, respectively (Figure 1B). This also places cilantro into the category of a
secondary Se accumulator. Kopsell et al. [23], using foliar Se application of cilantro at 32.0
mg‧L-1 Se, yielded cilantro plants with 9.3 to 49.5 μg‧g-1 Se DW. Lower Se content compared to
our study also support the improved efficiency of Se uptake using hydroponic conditions for
cilantro. Additionally, the high content of Se in herbs in this study may be a result of a general
high mineral uptake for these plants within 25 days after germination. Microgreens in this study
were supplied with fresh nutrient solutions daily, and therefore, a constant supply of Se was
available. The smaller biomass of herb microgreens can also cause Se content to be concentrated.
A “dilution effect” of minerals has been observed as basil plants mature and biomass increases
[24]. It is also noteworthy that despite requiring the lowest amount of treatment volume (2835
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mL), scallions accumulated the highest content of Se at 2.5 and 5.0 mg‧L-1 Se treatments
compared to basil and cilantro, which required 2965 and 3825 mL of treatment, respectively.
2.3.2.

Plant Yield
At high Se doses, growth stunting is a common symptom of Se toxicity in plants [6].

Chemically similar, Se and S undergo a similar assimilation pathway in plants; therefore,
substitution of S-amino acids with Se-amino acids (cysteine and methionine with selenocysteine
and selenomethionine, respectively) in proteins can cause detrimental changes in the protein’s
tertiary structure resulting in plant Se toxicity [4, 25]. In the current study, scallion yield
decreased (68.0%) at 10.0 mg‧L-1 Se, while basil yield decreased (35.5%) at the 5.0 mg‧L-1 Se
treatment (Figure 2A-B). It has been suggested that Alliums can limit the amount of Se
incorporated into proteins, protecting the plant against toxicity [25]. Interestingly, cilantro’s yield
was not affected by Se treatments used in this study (Figure 2C). To our knowledge, no studies
of cilantro Se biofortification have reported plant yield. In a study using carrots, a member of the
Apiaceae family along with cilantro, sodium selenate biofortification yielded carrot leaves with
an average Se content of approximately 52.0 μg‧g-1 DW with no significant effect on yield [26].
However, there was a negative relationship (r = -0.53) between Se and S content in carrot leaves
[26]. Se and S use the same root transporters and therefore, selenate and sulfate compete for
uptake in plants [6]. Despite the decrease in S, there was no effect on plant biomass, possibly due
to a decreased S need in carrots [26].
In our study, S content of cilantro decreased with increasing Se treatments, but the effect
was not significant (p = 0.1027) (Figure 3). A study by Rios et al. [27] showed S content of
lettuce was not affected by Se biofortification at doses of 0.40 to 1.6 mg‧L-1 Se as selenate.
Further, Rios et al. [27] demonstrated a decrease of S content in lettuce from 4.7 to 9.5 mg‧L-1 Se
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treatments after a maximum increase at 3.2 mg‧L-1 Se, suggesting an antagonistic relationship
between Se and S at these higher concentrations. The relationship between Se and S uptake
varies among plant species [17]. In the current study, S content increased with increasing Se
treatment for scallions and basil. In scallions, S content increased significantly by 124.5%,
140.8% and 228.6% at doses of 2.5, 5.0, and 10.0 mg‧L-1 Se, respectively (Figure 3). Basil S
content increased significantly by 46.4% and 96.4% at doses of 2.5 and 5.0 mg‧L-1 Se,
respectively (Figure 3). Previous studies have also reported increases in S content with high
levels of selenate biofortification [27, 28]. In humans, organic S can be used to increase synthesis
of glutathione (GSH), the most abundant endogenous non-protein thiol, which has a protective
role against free radical damage as well as potential to enhance immune function [29]. Vegans
are a group at risk for subclinical S deficiency [29] and may benefit from increased dietary S.
Collectively, results showed that of the three culinary herbs investigated in the current
study, scallion microgreens at 5.0 mg‧L-1 Se treatment level have the potential to supply the
highest levels of Se to the diet without causing significant loss of plant biomass. However, in
addition to supplying high Se without reducing plant growth, successful Se biofortification
should also provide adequate minerals for animal and human nutrition.
2.3.3.

Other Dietary Minerals
Se added in the form of sodium selenate to the nutrient solution significantly increased

Na content in herbs except for basil (p = 0.0531) (Table 1). Despite the increases, the highest
amount of Na accumulation observed in this study was 0.053 mg‧g-1 FW for 10.0 mg‧L-1 Se
scallions (Table 1). This translates to about 1.0 mg of Na for 20 g of fresh scallion microgreens.
The most recent Dietary Guidelines for Americans [30] recommends restricting Na consumption
to less than 2,300 mg per day; thus, the amount of Na coming from this large amount of fresh

42

scallion microgreens is negligible. Excessive Na intake in the human diet combined with
inadequate K intake can increase the risk for hypertension [31]. Previous Se biofortification
studies have found decreases or no significant changes in K content [12, 25, 32, 33]. In our
study, cilantro did not exhibit significant changes for K or for any mineral except Se and Na. On
the other hand, compared to control, scallions treated with 10.0 mg‧L-1 Se increased K by 91.6%,
and basil treated with 5.0 mg‧L-1 Se increased K by 72.2% (Table 1). Previous studies were
completed in mature plants instead of microgreens, and the concentration of K is typically higher
in young plant tissues because of the role of K in photosynthesis, respiration, and water
homeostasis [34]. Based on the results, sodium selenate biofortification can enhance K content of
both scallions and basil microgreens.
Other major minerals of importance in human health are P, Ca, and Mg which are
essential components for bone formation, and deficiencies have been related to the risk for
osteoporosis [35]. The content of P was significantly increased in scallions by 47.4% at 10.0
mg‧L-1 Se compared to control and in basil by 42.4% at 5.0 mg‧L-1 Se compared to control
(Table 1). However, P deficiencies are rare due to its ubiquity in foods [36]; whereas, inadequate
Ca intake is common among vegans [37]. Further, approximately half of the United States
population consumes less than the required amount of Mg [38]. Even those who strive for better
nutrition in whole foods can fall short due to Mg removal during food processing [38]. In our
study, Ca and Mg content were not affected in basil or cilantro microgreens; however, both
minerals increased in scallions at 10.0 mg‧L-1 Se by 59.8%. for Ca and 60.6% for Mg (Table 1).
Wu and Huang [39] also reported increased Ca content in white clover (102.6%) and tall fescue
(66.7%) grown in hydroponics at 2.0 mg‧L-1 Se as selenate. Põldma et al. [25] reported an
increase of Mg content in onions grown with a foliar spray of 50 mg‧L-1 Se as selenate. Based on
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the current study on culinary herbs, sodium selenate biofortification has the potential to enhance
scallion content of several minerals relevant to bone health, but basil showed an increase in P
content only, while cilantro did not demonstrate alterations in any of these minerals.
Trace elements Cu, Fe, Mn, and Zn also contribute to bone mineralization [35] but are
more often studied as co-factors for antioxidant enzymes. Antioxidants have been suggested to
have numerous health benefits. In humans, Cu, Mn, and Zn are cofactors for superoxide
dismutase and Fe a cofactor for catalase [40]. Fe deficiency affects nearly 2 billion people
worldwide, with children, women of childbearing age, and pregnant women experiencing a
greater incidence [41]. Vegetarians are at risk of consuming inadequate levels of Zn and may
require up to 50% more Zn compared to non-vegetarians [42]. Meanwhile, Cu and Mn
deficiencies are rare [43]. In our study, Cu demonstrated a significant increase in scallions
starting at 5.0 mg‧L-1 Se and continued to increase significantly at 10.0 mg‧L-1 Se (Table 2). The
content of Fe, Mn, and Zn were all higher (p < 0.05) in the 10.0 mg‧L-1 Se group compared to all
other Se doses (Table 2). Basil and cilantro did not demonstrate significant changes in Cu, Fe,
Mn, or Zn. (Table 2). Values of these minerals in other Se biofortification studies are highly
variable based on plant and Se species, application technique, and dosage [8, 10, 33]. These
results show sodium selenate biofortification can increase minerals relevant to antioxidant
function in scallion microgreens.
Boron has pleiotropic effects in human nutrition that include antioxidant, antiinflammatory, and bone density [44]. In this study, B content significantly increased in fresh
scallions at 10.0 mg‧L-1 Se compared to all other treatment groups (142.2%, 100.0%, and 95.0%
increases compared to 0.0, 2.5, and 5.0 mg‧L-1 Se, respectively). The content of B in basil and
cilantro was not affected by Se biofortification. In plant nutrition, B is essential for plant growth
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and phenolic metabolism [45]. This is important since plants are a major source of phenolic
compounds in the human diet.
2.3.4.

Total Phenolic Content
A diet rich in plant polyphenols is associated with the prevention of diseases such as:

cancer, cardiovascular disease, and diabetes [46]. Accumulation of polyphenols in plants is
increased during stressful growing conditions [47]. The presence of excess Se in the soil can
contribute to this stress [48]. In the present study, total phenolic content was significantly higher
at the highest Se treatment for all herb species (Figure 4). For basil and cilantro, the highest dose
of 5.0 mg‧L-1 Se treatment achieved the highest phenolic content (102.6% and 50.3% increases
for basil and cilantro, respectively); for scallions, the highest dose of 10.0 mg‧L-1 Se treatment
achieved the highest total phenols (113.7% increase) (Figure 4). Increased total phenolic content
with increasing Se treatments have also been reported in adult basil, spinach, onion, and lettuce
[9, 12, 25, 49]. Zheng and Wang [50] reported total phenolic content of 2.23 mg GAE‧g-1 FW for
basil, and Zhan et al. [51] reported 0.20 mg GAE‧g-1 FW for scallions, values comparable to the
control groups in our study (1.91 and 0.29 mg GAE‧g-1 FW for control basil and scallions,
respectively).
However, total phenolic content can vary widely for the same plant species. Henning et
al. [52] demonstrated total phenol content of adult basil and cilantro at 8.70 and 6.10 mg GAE‧g-1
FW, respectively. In our study, control basil and cilantro accumulated less phenols at 1.91 and
1.49 mg GAE‧g-1 FW, respectively. These lower values may be due to the difference in stages of
harvest. McCance et al. [53] reported a decrease in total phenolic content in three cultivars of
purple basil with earlier stages of harvest. Total phenolic content may also vary depending on
other factors such as growing conditions and differences in extraction techniques.
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Overall, results showed sodium selenate biofortification enhanced phenolic content of
microgreen herbs along with Se content. This adds to the nutritional benefits of biofortification
with 5.0 mg‧L-1 Se in basil and cilantro and 10.0 mg‧L-1 Se in scallions. Further, Xiao et al. [54]
reported that phenolic content in microgreens was positively correlated with consumer
perception of overall eating quality and acceptability of flavor (r = 0.66 and r = 0.58,
respectively). This suggests that biofortified culinary herb microgreens offer the benefits of
enhanced dietary intake of Se and antioxidant phenolic compounds while improving consumer
acceptability.
2.3.5.

Total Antioxidant Capacity
Measuring total antioxidant capacity in terms of biologically relevant free radicals can

assess multiple antioxidant compounds and their complex interactions to elucidate potential in
humans [55]. ORAC is commonly used to assess antioxidant capacity of foods and provides a
unique in vitro assessment considering the most common free radicals in lipid oxidation in vivo
[56]. Hydrophilic and lipophilic ORAC values are important to consider when analyzing food, as
both hydrophilic (ascorbic acid, flavonoids, polyphenols) and lipophilic (carotenoids and
tocopherols) antioxidants can be beneficial to human health [57]. For all herb species, the
hydrophilic, lipophilic, and total ORAC values were significantly (p < 0.05) higher at the highest
Se treatment compared to control groups (Figure 5A-C). Similarly, Guardado-Felix et al. [58]
demonstrated an increase in ORAC for chickpea sprouts treated with increasing levels of Se.
In the current study, scallions at the highest dose of 10.0 mg‧L-1 Se and basil and cilantro
at the highest dose of 5.0 mg‧L-1 Se resulted in microgreen herbs with the highest total
antioxidant capacity as measured by ORAC (152.2%, 68.6%, and 66.0% increases in scallions,
basil, and cilantro, respectively) (Figure 5C). However, plant yield was decreased in scallions
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and basil at these treatments. Rios et al. [59] reported increases in antioxidant enzymes such as
glutathione peroxidase and superoxide dismutase with a concomitant decrease in lettuce shoot
biomass at the highest concentration of Se treatment (9.5 mg‧L-1) as selenate. At high treatment
doses, Se can act as a pro-oxidant in plants and causes oxidative stress which contributes to Se
toxicity [59]. To counteract oxidative stress, plants increase their antioxidant defenses [4].
However, toxicity symptoms, such as decreased plant growth, can result if reactive oxygen
species (ROS) overwhelm the plant’s antioxidant defenses. This may explain the increases in
total ORAC occurring alongside decreases in yield for basil and scallions observed in our study.
Interestingly, scallions at 5.0 mg‧L-1 Se did not demonstrate significant increases in ORAC,
indicating biofortification was able to enhance antioxidant capacity in basil and cilantro at lower
concentrations. However, cilantro demonstrated increases in ORAC without a decreased plant
yield, suggesting cilantro’s antioxidant defenses were adequate to quench ROS induced by Se
uptake.
2.4. Conclusions
Sodium selenate biofortification affected Se as well as the content of other dietary
minerals, total phenolics, and total antioxidant capacity in all culinary herb microgreens studied.
Se content, total phenolic content, and total antioxidant capacity increased at the highest Se dose
for all herb species. Se biofortification induced increases in total phenolics and antioxidant
capacity at lower doses for basil and cilantro compared to scallions. However, scallions at 10.0
mg‧L-1 Se accumulated the most total Se, suggesting scallions have the greatest potential as a
functional food despite having a decrease in crop yield at this dose. These results suggest a tradeoff between supplying supra-adequate levels of Se to the diet and causing detrimental effects on
plant growth. Navarro-Alarcon and Cabrera-Vique [1] note that plants serve as an effective
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buffer to Se toxicity in humans because of decreased plant yield with excessively high levels. In
the United States, mean Se intake from food is 115 μg per day, while the toxicity threshold is
400 μg per day [60-61]. This suggests that scallions at the 10.0 mg‧L-1 Se treatment, which
accumulated 324.2 μg‧g-1 FW could result in toxicity symptoms when supplemented to the
average American diet. However, it is also relevant to consider a practical amount to be
consumed. One gram of scallions at 10.0 mg‧L-1 Se would approximate 100 individual scallion
microgreens, a value unlikely to be consumed in one day. A realistic serving size of 10 fresh
scallion microgreens would supplement about 32 μg of Se. While scallions at 10.0 mg‧L-1 Se
may be unfavorable from a grower’s perspective due to decreases in yield, these scallions offer a
dietary supplement of Se with the added benefit of increased total phenolics, antioxidant
capacity, and content of other minerals important to human health including S, Na, K, P, Ca, Mg,
Cu, Fe, Mn, Zn, and B. Scallions at 5.0 mg‧L-1 Se may be favorable to growers since yield was
not affected with the large increase of Se content; however, effects on other minerals and
antioxidants were insignificant. Basil and cilantro at 5.0 mg‧L-1 Se offer a lesser amount of Se,
but with increases in antioxidants. A serving size of 10 fresh microgreens of basil or cilantro at
5.0 mg‧L-1 Se would approximate 19 and 15 μg of Se, respectively. While biofortified basil
offers the additional human nutrition benefit of elevated contents of S, K, P, cilantro’s absence of
decreased yield can make cilantro preferable to growers. Overall, the study results confirm the
hypothesis that sodium selenate biofortification of culinary herb microgreens in hydroponic
conditions can produce functional foods to improve human health by increasing Se content with
the added benefits of enhancing several dietary minerals as well as antioxidant content.
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Table 1. Major mineral content of scallion, basil, and cilantro microgreens treated with different concentrations of Se as sodium
selenate, on a fresh weight basis.z
Na

Treatment
(mg·L-1 Se)
0.0
2.5
5.0
10.0

K

P
Ca
Mg
Species
Scallion
Basil
Cilantro Scallion
Basil
Cilantro Scallion
Basil
Cilantro Scallion
Basil
Cilantro Scallion
Basil
Cilantro
----------------------------------------------------------------------------------------------- mg‧g-1 FW ----------------------------------------------------------------------------------------------0.003 b
0.005 a
0.009 c
2.25 b
1.62 b
4.71 a
0.38 b
0.33 b
0.61 a
0.97 b
1.03 a
0.90 a
0.33 b
0.30 a
0.49 a
0.007 b
0.010 a
0.021 b
2.66 b
2.26 ab
4.30 a
0.38 b
0.43 ab
0.59 a
1.13 b
1.24 a
0.79 a
0.39 b
0.38 a
0.44 a
0.013 b
0.022 a
0.040 a
2.94 ab
2.79 a
4.88 a
0.38 b
0.47 a
0.66 a
1.12 b
1.32 a
0.76 a
0.39 b
0.39 a
0.46 a
0.053 a
4.31 a
0.56 a
1.55 a
0.53 a
-

z

Values expressed as mean for 3 replications of each herb species.
For each given nutrient within species, mean values connected by the same letter are not significantly different with Tukey’s significance test at p < 0.05.
Abbreviations and symbols: Na, sodium; K, potassium; P, phosphorus; Ca, calcium; Mg, magnesium; Se, selenium; FW, fresh weight.
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Table 2. Trace mineral content of scallion, basil, and cilantro microgreens treated with different concentrations of Se as sodium
selenate, on a fresh weight basis.z
Cu

Fe

Mn
Zn
Species
Basil
Cilantro Scallion
Basil
Cilantro Scallion
Basil
Cilantro Scallion
Basil
Cilantro
Treatment Scallion
(mg·L-1 Se)
-------------------------------------------------------------------------- μg‧g-1 FW -------------------------------------------------------------------------0.0
0.25 c
0.34 a
0.48 a
6.71 b
8.90 a
6.73 a
2.78 b
3.71 a
4.40 a
1.57 b
1.49 a
3.52 a
2.5
0.28 c
0.39 a
0.46 a
5.64 b
7.29 a
11.44 a
3.26 b
4.43 a
3.46 a
1.69 b
1.68 a
3.39 a
5.0
0.35 b
0.41 a
0.62 a
8.00 b
7.30 a
10.44 a
3.30 b
5.00 a
4.10 a
1.88 b
1.94 a
4.20 a
10.0
0.48 a
14.62 a
5.65 a
3.10 a
z
Values expressed as mean for 3 replications of each herb species.
For each given nutrient within species, mean values connected by the same letter are not significantly different with Tukey’s significance test at p < 0.05.
Abbreviations and symbols: Cu, copper; Fe, iron; Mn, manganese, Zn, zinc; Se, selenium; FW, fresh weight.
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Figure 1. Se content of scallion, basil, and cilantro microgreens treated with different concentrations of Se as sodium selenate, on a
fresh weight (A.) and dry weight (B.) basis. Points represent mean and error bars indicate standard error of the mean for 3 replications
of each herb species. Mean separation within species not among species. Means connected with the same letter are not significantly
different with Tukey’s significance test at p < 0.05. Abbreviations and symbols: Se, selenium; FW, fresh weight; DW, dry weight.
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Figure 2. Fresh weight yield of scallion (A.), basil (B.), and cilantro (C.) microgreens treated with different concentrations of Se as
sodium selenate. Bars represent mean and error bars indicate standard error of the mean for 3 replications of basil and cilantro, 6
replications for scallions. Means connected with the same letter are not significantly different with Tukey’s significance test at p <
0.05. Abbreviations and symbols: Se, selenium.
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Figure 3. S content of scallion, basil, and cilantro microgreens treated with different concentrations of Se as sodium selenate, on a
fresh weight basis. Points represent mean and error bars indicate standard error of the mean for 3 replications of each herb species.
Mean separation within species not among species. Means connected with the same letter are not significantly different with Tukey’s
significance test at p < 0.05. Abbreviations and symbols: S, sulfur; Se, selenium; FW, fresh weight.
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Figure 4. Total phenolic content of scallion, basil, and cilantro microgreens treated with different concentrations of Se as sodium
selenate, on a fresh weight basis. Points represent mean and error bars indicate standard error of the mean for 3 replications of each
herb species. Mean separation within species not among species. Means connected with the same letter are not significantly different
with Tukey’s significance test at p < 0.05. Abbreviations and symbols: TPC, total phenolic content; GAE, gallic acid equivalents; FW,
fresh weight; Se, selenium.
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Figure 5. Hydrophilic (A.), lipophilic (B.), and total (C.) ORAC values for scallion, basil, and cilantro microgreens treated with
different concentrations of Se as sodium selenate, on a fresh weight basis. Points represent mean and error bars indicate standard error
of the mean for 3 replications of each herb species. Mean separation within species not among species. Means connected with the
same letter are not significantly different with Tukey’s significance test at p < 0.05. Abbreviations and symbols: ORAC, oxygen
radical absorbance capacity; TE, Trolox equivalents; FW, fresh weight; Se, selenium.
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3.0 Future Directions
The results from this study indicate the potential of Se-biofortified culinary herb
microgreens as a functional food. Studies of biofortification of microgreens has been limited in
the literature. This study demonstrated that microgreens of scallions, basil, and cilantro can
accumulate high levels of Se with additional beneficial effects on other dietary minerals and
antioxidants. Future studies should consider the effects of storage and cooking practices on the
nutritional profiles of these products. Studies should also determine the biological effects of
consumption of biofortified culinary herbs in human studies over short- and long duration. The
potential benefits of consuming Se-biofortified plants over Se supplementation alone should also
be assessed in human studies. Finally, studies considering consumer acceptability of Sebiofortified microgreens are necessary to evaluate the practical potential of these functional
foods.
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