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Abstract: Microgreens are receiving increasing popularity as functional and healthy foods due to
their nutritional value and high content of bioactive compounds. The aim of the present study was
to evaluate the effects of nutrient deprivation through the regulation of nutrient solution (NS)
feeding days on the plant growth and chemical composition of spinach microgreens. For this
purpose, spinach microgreens were subjected to four different fertigation treatments—namely, 0
(control), 5, 10, and 20 NS feeding days before harvesting—and harvested tissues were evaluated
with regard to fresh and dry yield, color of true leaves, antioxidant activity, and chlorophyll,
carotenoid, and phenolic compound contents. The results of our study revealed that prolonged NS
feeding (20 NS) resulted in the highest fresh yield and photosynthetic pigment contents
(chlorophylls, lutein, and (3-carotene). In contrast, mineral concentrations (P, K, Ca, and Mg) were
the lowest for the 20 NS, whereas the control (0 NS) and 5 NS recorded the highest concentrations.
Apart from that, spinach microgreens subjected to 10 NS treatment recorded 70.7% less nitrates,
better mineral concentrations, 7.0% higher total ascorbic acid, similar polyphenol contents, higher
DM%, and only 12.6% yield decrease compared to 20 NS treatment. In conclusion, although the
highest overall fresh yield was recorded with the 20 NS treatment, the highest nitrate concentrations
and the lowest mineral concentrations may raise food safety concerns. On the other hand, 10 NS
treatment seems to be the most promising, since it combined high yields with high mineral
concentrations and low nitrate concentrations, without compromising bioactive compound (e.g.,
polyphenols) contents, presenting a cost-effective and sustainable practice for microgreen
cultivation.

Keywords: macronutrients; Spinacia oleracea L.; carotenoids; nitrates; phenolic acids; flavonoids;
UHPLC-HRMS; chlorophylls; vitamin C

1. Introduction

Microgreens are a novel and emerging category of food products obtained from
harvesting the aerial parts of young seedlings of various species—such as vegetables,
herbs, and aromatic plants —while wild edible species have recently been included in this
category of food products [1,2]. They are distinct from sprouts and baby leaves since they
are harvested at the cotyledon stage and before the true leaves emerge [3]. They usually
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contain high contents of bioactive molecules, such as polyphenols, carotenoids, vitamins,
tocopherols, and other antioxidant compounds, which has raised the interest of
consumers who are seeking to include new healthy and functional foods in their diets [4].
Their high concentrations of valuable nutrients also make them perfect candidates in
health-supporting diets, since the consumption of low amounts of microgreens may
prevent nutrient deficiencies and chronic diseases that plague the modern world [5].
Moreover, the biofortification of microgreens through nutrient solution management is
easier to facilitate than conventional growing systems, and may also help to achieve food
and nutrition security [6-8]. Therefore, the farming sector, forced by consumer needs and
marketing trends for newly designed healthy food products, is seeking new agronomic
approaches that may improve the quality of the final product, while at the same time
decreasing production costs.

Microgreens’ shelf life is relatively limited, and spans 2-4 days at ambient
temperatures, but may extend to up to 10-14 days at 5 °C. This is perhaps the most serious
limitation encountered in their supply chain, but it mainly reflects changes in visual
quality induced by dehydration and ageing, which also impact sensory quality [9,10]. The
changes in the phytonutrient contents and in vitro/in vivo bioactive values of microgreens
introduced by the postharvest period and conditions constitute an area that has not yet
received extensive research attention; in fact, literature on this subject remains scarce,
although some reports suggest the use of coating and packaging techniques to extend
shelf life [11,12]. However, the general rule is that microgreens should be consumed as
closely to their harvest as possible in order to ensure a full organoleptic experience. It is
therefore unsurprising that they are commonly grown by chefs in upscale restaurants and
by consumers at home in order to ensure immediate use after harvest [1,5,13].

Abiotic stressors such as water and nutrient deficiency stress have a significant
impact on plant growth and quality and, depending on the severity of the stress, may have
negative or positive effects on crops [14]. In this context, the use of nutrient deprivation
techniques has been considered a cost-effective agronomic practice, which may
beneficially affect plants through the increase in the secondary metabolites that plants
synthesize to cope with this eustress [15,16]; Their application in hydroponic systems is
easy to facilitate, also allowing the regulation of nutrient solution composition in favor of
plant growth and quality [7,17]. This approach has also been studied in field crops, aiming
to exploit the plasticity of plants” ionomes via the expression of specific genes that regulate
root transporters [18]. However, the line between nutrient deficiency and regulated
deprivation is very fine, and the critical threshold up to which nutrients should be
deprived from plants in order to have beneficial effects has yet to be defined. This situation
is more complex in hydroponic systems, where plants rely on constant nutrient
supplementation in order to obtain the required amounts of nutrients due to limited
buffering of the growing medium [19,20]. However, the cultivation of microgreens has
completely different requirements due to the early harvesting of the plants, and nutrient
deprivation may result in significant benefits for producers and consumers alike via the
reduced cost of production and improved functional properties [3].

Spinach (Spinacia oleracea L.) is a very popular and highly nutritious vegetable of the
Amaranthaceae family, which is widely consumed throughout the world in fresh, frozen,
or canned form [9]. It is a rich source of vitamins, minerals, and trace elements, as well as
various bioactive compounds including carotenoids, flavonoids, and tocopherols [9,21].
The harvesting stage has a great impact on the chemical composition of spinach
microgreens, which are harvested earlier than conventionally grown spinach and,
therefore, present a different chemical profile. Ghoora et al. [22] suggested that spinach
microgreens contained significantly higher amounts of a-tocopherol and lower amounts
of oxalic acid than mature leaves, while similar findings were reported by Lester et al. [23]
for baby spinach leaves compared to mature ones with regard to carotenoid and vitamin
contents. Moreover, in the study of Ghoora et al. [22], it was noted that spinach
microgreens achieved a 2.5-3.0 times higher nutrient quality score (NQS) than mature
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spinach, which further highlights the importance of microgreens in healthy diets. Despite
its high content of beneficial compounds, spinach is also considered to be a
hyperaccumulator of nitrates, which may have a negative impact on human health when
consumption exceeds recommended daily intake (RDI) values [24,25]. Pre-harvest
factors—such as genotype selection and cultivation practices—and post-harvest factors
may regulate chemical composition and improve the quality of the final product [14]. For
example, Erfani et al. [26] studied the impact of genotype minerals, vitamins, fatty acids,
macronutrients, and oxalic acid, and suggested significant differences among the various
genotypes tested. Moreover, according to Bergquist et al. [27], the growth stage at harvest
is also essential for the nutritional value and chemical composition of edible spinach
leaves, while the early harvesting of baby spinach leaves was found to increase their
flavonoid contents [27].

The aim of the present study was to evaluate the effects of nutrient solution
application in spinach grown for microgreen production, and to further elucidate how
nutrient solution deprivation may affect plant growth and —most importantly —the
chemical composition of the final product. For this purpose, spinach plants were
supplemented with nutrient solution for 0, 5, 10, and 20 days, and harvested tissues were
analyzed for plant growth parameters (fresh and dry weight), as well as for their chemical
composition (minerals, nitrates, total ascorbic acid, chlorophylls, carotenoids, and
phenolic compounds content). The results of our study could be useful, and offer cost-
effective practices to improve the nutritional value of the final product without severe
effects on crop performance, further increasing the added value of microgreen products.

2. Materials and Methods
2.1. Genetic Material, Growth Chamber Settings, and Nutrient Feeding

Spinacia oleracea L. var. Palco F1 (CN Seeds Ltd., Pymoor, Ely, Cambrigeshire, UK)
was chosen as a nitrate-accumulating species to be grown as microgreens under diverse
nutrient solution (NS) feeding days (0, 5, 10, and 20 days of NS application). Spinach
microgreens were sown at a density of 60,000 seeds m=2 in plastic trays (19 x 14 x 6 cm)
filled with a peat-based medium (pH 5.48 and EC = 282 uS cm; Special Mixture,
Floragard Vertriebs-GmbH, Oldenburg, Germany) mixed with vermiculite (50% v/v). The
peat-based medium was characterized by the following elements: NOs (11 mg kg), PO«
(140 mg kg 1), K (796 mg kg ), Ca (2402 mg kg '), Mg (303 mg kg), SOs (235 mg kg™),
and Na (540 mg kg 1), expressed on a dry weight basis. The NS consisted of a quarter-
strength modified Hoagland solution (pH =6 + 0.2 and EC = 500 + 50 uS cm ), described
in detail in the work of Kyriacou et al. [15]. The NS was replaced by osmotic water (pH =
6+ 0.2 and EC =100 + 25 uS cm™) when the feeding treatment was over.

The experiment was conducted in a controlled growth chamber (KBP-6395F,
Termaks, Bergen, Norway) at the Department of Agricultural Sciences, University of
Naples Federico II, Portici, Italy. The growth chamber settings were: 24/18 + 2 °C,
day/night temperatures, 12 h photoperiod provided by an LED panel (K5 Series XL 750,
Kind LED, Santa Rosa, CA, USA) delivering a mean intensity of 300 + 15 umol m= s at
canopy level (optimal absorption spectrum for the photosynthesis; 400-700 nm), and a
relative humidity of 65-75 + 5%. A completely randomized design (CRD) with three
replicates (e.g., trays) was used to compare four NS feeding treatments (0, 5, 10, and 20
days of NS application). A daily rotation scheme was performed during the growing cycle.
Spinach microgreens were harvested when they formed the first two fully expanded true
leaves, at 25 days after sowing (DAS) for 0 and 5 days of NS feeding, and at 20 DAS for
the 10- and 20-day NS feeding treatments.
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2.2. CIELAB Color Space Parameters Measurement of Spinach Microgreens’ Canopy, Sampling,
and Yield Assessment

The CIELAB color space parameters (L¥, a* and b*) of spinach microgreens’ canopy
were measured before harvesting using a portable Minolta Chroma Meter (CM-2600d,
Minolta Camera Co. Ltd., Osaka, Japan), and then the hue angle (he) and chroma (C*) were
calculated as follows: hue angle = tan™! (b*/a*), and chroma = ((a*)? + (b*)?)°5. Eight
measurements per replicate/tray were taken into consideration, accounting for twenty-
four measurements per treatment. Afterwards, the microgreens (stems and leaves) of each
tray/replicate were cut with scissors at the substrate level, and the fresh weight of each
replicate was assessed and expressed as kg of fresh weight m=2 One part of the batch
sample of each replicate was dried at 65 °C in a forced-air oven until reaching constant
dry weight, which was used to calculate dry matter percentage. These oven-dried
microgreen materials (stems and leaves) were ground and used for macromineral
concentration analysis. The remaining part of each batch sample was stored at —80 °C for
subsequent qualitative analysis (chlorophyll pigments and total ascorbic acid), while a
part of the frozen material was lyophilized in a freeze drier (Christ, Alpha 1-4, Osterode,
Germany) for ABTS antioxidant activity, carotenoids (lutein and [-carotene), and
polyphenol profile determination.

2.3. Determination of Minerals, Nitrates, and Total Ascorbic Acid

The oven-dried microgreen materials were used to determine the concentrations of
minerals and nitrates, following a previously described methodology [28]. In brief, 250
mg of plant tissues were extracted with 50 mL of ultrapure water and put in a water bath
(ShakeTemp SW 22, Julabo, Seelbach, Germany) for 10 min at 80 °C, with constant
shaking. After that, the extracts were centrifuged, and the supernatant was collected and
stored in a vial for chromatographic analysis with an ion chromatography instrument
(ICS-3000, Dionex, CA, USA) coupled with an electrical conductivity detector. Nitrate
(NOs7) and mineral (phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
sulfur (S), and sodium (Na)) concentrations were determined on a dry weight basis (g
kg™) and then converted to mg kg fresh weight (fw), based on the recorded dry matter
content. For the determination of total ascorbic acid (TAA), 400 mg of fresh material kept
at deep-freezing conditions was extracted according to the protocol of Kampfenkel et al.
[29] and analyzed at 525 nm using an UV-Vis spectrophotometer (Hach DR 4000; Hach
Co, Loveland, CO, USA). The results were expressed as mg 100 g fw.

2.4. Chlorophyll Pigments, ABTS Antioxidant Activity, Carotenoid Extraction, and
Quantification by HPLC-DAD

Total chlorophylls and chlorophyll 2 and b contents were determined according to
the protocol previously described by Lichtenthaler and Buschmann [30]. In particular, 500
mg of fresh material stored at deep-freezing conditions was extracted in 10 mL of 90%
acetone. The extracts were centrifuged, and then the supernatant was collected and the
absorbance at 662 and 645 nm was measured via spectrophotometry (Hach DR 4000; Hach
Co., Loveland, CO, USA) in order to quantify chlorophylls a and b, respectively. The total
chlorophyll content was calculated as the sum of chlorophylls a2 and b, and expressed as
mg 100 g fw.

200 mg of freeze-dried material was extracted with methanol. The ABTS antioxidant
activity of this extract was measured with the 2,20-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid ABTS method [31]. The results were expressed in mol Trolox equivalents
100g™ fw.

For lutein and (3-carotene determination, the method of Kim et al. [30], as modified
by Kyriacou et al. [12], was implemented. In brief, 100 mg of the lyophilized microgreen
materials was extracted in 6 mL ethanol + 0.1% butylated hydroxytoluene. The
quantification of lutein and p-carotene followed a reversed-phase HPLC separation using
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a Shimadzu HPLC LC-10 (Shimadzu, Osaka, Japan). The results were expressed as pg g
fw.

2.5. Phenolic Compound Extraction and Conditions of UHPLC-HRMS Analysis

Freeze-dried material was extracted according to the method of Huang et al. [32] after
modifications. In brief, 100 mg of freeze-dried samples were extracted in 2.5 mL of
methanol/water (70:30, v/v) acidified with formic acid (0.5%), and then sonicated for 30
min at room temperature. The extracts were centrifuged at 4000 rpm for 10 min at 4 °C,
and the supernatant was collected after filtering through a 0.2 um nylon membrane
syringe filter (Phenomenex, Castel Maggiore, BO, Italy); 5 uL were used for UHPLC-
HRMS analysis.

The analysis of phenolic compounds was performed using a UHPLC system
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a degassing system, a
quaternary UHPLC pump, and an autosampler device (Dionex Ultimate 3000). The
separation of polyphenols was performed using a thermostatted (25 °C) column (Luna
Omega PS 1.6 pum; Phenomenex; 50 mm x 2.1 mm). The volume of the injected sample was
5 uL. Two mobile phases were used —namely, Phase A (water with 0.1% formic acid v/v),
and Phase B (acetonitrile with 0.1% formic acid v/v) [33]. The Q Exactive Orbitrap LC-
MS/MS equipment was calibrated on a daily basis before the analysis of samples using a
reference standard mixture. In full scan MS and AIF modes, a 5 ppm mass tolerance
window was set, while the Xcalibur software v. 3.0.63 (Xcalibur, Thermo Fisher Scientific,
Waltham, MA, USA) was used to analyze and process the obtained data. All of the results
were expressed as pg 100 g fw.

2.6. Statistics

The experiment was performed according to randomized complete blocks (RCB),
with three replicates per feeding treatment, and all of the data are presented as mean +
standard error (SE). The mean values of the studied parameters were subjected to analysis
of variance (ANOVA), and the means were compared according to Duncan’s multiple
range test (DMRT) at p < 0.05 using the SPSS 20 software package (SPSS Inc., Chicago, IL,
USA). Regression analysis was conducted in order to identify relationships between the
measured parameters (fresh yield, dry biomass, dry matter percentage, nitrates, P, K, and
total ascorbic acids) and nutrient solution feeding days. This analysis was also performed
with the SPSS 20 software package (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Spinach Microgreens’ Biometric and Colorimetric Parameters

Figure 1 illustrates the yield, dry biomass, and dry matter percentage of Spinacia
oleracea L. var. Palco F1 microgreens, subjected to the four NS feeding regimes (0, 5, 10,
and 20 days). The yield of spinach increased linearly (Supplementary Figure S1) and
significantly when additional days of NS were supplemented. At 20 days of NS feeding,
the yield increased by 41.97% compared to 0 days of NS feeding, and registered 1.59 kg
m2. Interestingly, our results demonstrated that 10 days of NS feeding caused a marginal
decrease in fresh biomass of spinach microgreens (12.5%) compared to 20 days of NS
feeding. As for dry biomass (g m2), 5 and 10 days of NS feeding presented the highest
values (123.5 and 128.9 g m?, respectively) compared to the other two treatments (Figure
1B). Finally, the highest dry matter percentage was registered with 5 days of NS feeding
(10.33%; Figure 1C). The relationship resulting from the regression analysis of the dry
biomass and dry matter percentages is best described by a quadratic function
(Supplementary Figure S1). These findings are of great importance, since plants that
received the highest number of feeding days (20 days) not only showed a higher yield,
but also were harvested 5 days earlier than the plants with 0 and 5 days of NS feeding.
The low dry matter content for the 20-day NS treatment also indicates that the highest
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yield is attributed to high moisture content in plant tissues, probably due to better
functioning of the roots. Similar results were reported by El-Nakhel et al. [17], who
studied the effects of macronutrient deprivation on lettuce plants, and suggested that
lower availability of nutrients resulted in reduced fresh weight, while it increased dry
matter content. Fallovo et al. [34] also reported the importance of nutrient solution
concentration to fresh yield in lettuce plants grown in a floating system, while Murphy
and Pill [35] and Wieth et al. [36] suggested similar findings in the case of arugula and red
cabbage microgreens, respectively. Moreover, the higher DM% in plants with 0, 5, and 10
days of NS feeding compared to 20-day NS is in line with other studies on lettuce [37],
rocket, and Brussels sprout microgreens [33], when NS was completely replaced with
water thorughout the whole growing cycle. Based on these reports, the findings of our
study could be attributed to the osmotic stress and nutrient deficiency that plants
experienced when nutrient solution feeding was applied for less than 20 days. This is also
corroborated by the earlier harvesting of plants that received prolonged NS feeding for 10
and 20 days compared to the rest of the treatments (0 and 5 days of feeding), which
indicates that plant growth was held back under the latter conditions. In contrast, Chen et
al. [38] did not find any decrease in lettuce plants’ fresh weight when N, P, and K
concentration in nutrient solution was reduced to 10% of the control treatment, while
Murphy and Pill [35] also did not observe a significant decrease in the fresh weight of
cabbage and Brussels sprouts when they were deprived of nitrogen. Therefore, it seems
that plants’ responses to nutrient deprivation may have genotypic implications, and
different species or cultivars may respond differently to such conditions.

The three coordinates of CIELAB are presented in Table 1. The perceptual lightness
(L*) presented the lowest value in the 10-day NS feeding treatment —8.06% lower than the
other treatments. The 20-day NS feeding treatment exhibited a significantly darker green
than then other treatments (+15.98%), as marked by the measured a* parameter, in
addition to having a significantly higher hue angle. Concomitantly, the same treatment
manifested a significant lower yellow color compared to the other treatments, as
supported by a lower b* value. On the other hand, the 0- and 5-day NS feeding treatments
generated spinach microgreens with lighter green canopies, as demonstrated by the lower
a* and higher b* values presented in Table 1, as well as showing higher saturation of their
color as indicated by significantly higher chroma values. These differences in color
parameters between the various NS feeding treatments indicate that plants that received
prolonged feeding presented a darker green color than the rest of the treatments, meaning
better visual quality and less chlorosis. This finding could be further justified by the very
low nitrate concentrations (see description in the following sections) in the control
treatment and the 5-day NS feeding treatment, which also recorded the highest b* and
chroma values and the lowest values for hue angle. According to the literature, low
nutrient availability—and particularly that of nitrogen—is associated with low
chlorophyll content in leaves and more yellowish leaves [34,39]. Similarly to our study,
El-Nakhel et al. [33] reported that nutrient availability may affect the color of microgreens’
leaves and, thus, improve the visual quality of the final product.

Table 1. CIELAB color space parameters, chroma, and hue angles of spinach microgreens in
relation to nutrient solution feeding regime.

Nutrient
Solution
. L* a* b* Chroma Hue Angle
Feeding
(Days)

0 38.52+0.35a -7.61+042a 31.21+0.32a 16.05+0.16 a 103.7+0.61 c
5 38.04+0.71a -7.51+0.04a 30.60+0.22a 15.81+0.09a 103.8+0.08 c
10 35.31+0.61b -7.42+0.35a 25.67+0.57b 13.87+0.22b 106.2+0.96 b

20 38.66£095a -8.71+0.02b 22.41+0.75c¢ 12.73+0.29c 111.3+0.71a
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* and ***: Significant at p <0.05 and 0.001, respectively. Different letters within each column
indicate significant differences according to Duncan’s multiple range test p = 0.05). All data are
expressed as mean + standard error, n = 3.
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Figure 1. The effect of nutrient solution feeding (number of days) on plant growth parameters

(fresh yield (A), dry biomass (B), and dry matter content (C)). Different letters within the above
bars indicate significant differences according to Duncan’s multiple range test (p = 0.05).

3.2. Spinach Microgreens” Nitrate and Macromineral Concentrations

As illustrated in Table 2, the nitrate concentration of spinach microgreens proved to
be directly correlated with NS feeding days, as it increased exponentially from 10 to 20
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days of NS feeding (Supplementary Figure S1), reaching 1698 mg kg™ fw at the highest
feeding treatment, whereas this concentration was about 498 mg kg fw in the 10-day NS
feeding treatment (—70.67%). In addition, it was 85.87% and 90.64% less when NS feeding
lasted 5 days or when it was completely replaced by osmotic water, respectively.
Quadratic equations were fitted to quantify the effects of NS feeding days on P and K
concentrations in spinach microgreens (Supplementary Figure S1). When irrigated
constantly for 20 days with a quarter-strength NS, spinach microgreens accumulated the
lowest values of phosphorus, potassium, calcium, and magnesium concentrations when
expressed on a fresh weight basis and compared to the other NS feeding treatments (Table
2). These latter macroelements accumulated significantly when the NS feeding days were
reduced. Indeed, the P concentration of microgreens was higher in the other three NS
treatments (0, 5, and 10 days), while K and Mg accumulated the most in the 5-day NS
feeding treatment, and Ca accumulated the most when microgreens were only irrigated
with osmotic water. Overall, K was the most abundant macroelement detected in spinach
microgreens, followed by Mg, P, and Ca. The highest concentrations of P, K, and Mg, and
the second highest concentration of Ca, for 5-day NS feeding could be partly attributed to
this treatment having the highest dry matter content (see Figure 1), which is also justified
by the fact that the 20-day NS treatment—which had the lowest dry matter content—also
recorded the lowest values for mineral concentrations. Therefore, the dilution effect
should be partially responsible for this trend.

The observed highest concentration of nitrates for prolonged NS feeding is in
agreement with other reports, where another explanation for the increase in nitrate
concentration under prolonged NS feeding could be that nitrogen is preferably used by
plants as an osmoticum [40]; therefore, considering that prolonged feeding may increase
osmotic levels in growth media, plants counteract by accumulating nitrates in order to
increase turgor pressure and maintain nutrient uptake. In any case, the recorded values
of nitrate concentration are within the safety limits established by the European
Commission Regulation (EU) No 1258/2011, although high concentrations of nitrates in
food products should be avoided considering the contribution they may have to overall
nitrate intakes on a daily basis [7].

The lowest concentration of minerals found in the 20-day NS treatment should be
associated with the highest fresh yield observed in the same treatment, which indicates
that apart from the dilution effect discussed above, plants treated with prolonged NS
feeding used the absorbed minerals more efficiently for biosynthetic purposes. The same
trends were observed in the study of El-Nakhel et al. [33], who also reported lower mineral
concentrations in plants fed with nutrient solution compared to untreated plants—
without statistically significant differences being observed, however. Similarly, El-Nakhel
et al. [17] suggested that plants grown in nutrient solution with higher concentrations of
minerals had lower concentrations of Ca and Mg compared to plants grown in quarter-
strength nutrient solution, whereas the opposite trends were observed with regard to P
concentration. Finally, apart from the dilution effect mentioned above, the high
concentration of Ca in the 0-day NS treatment plants could be partially associated with
the presence of stress conditions, since Ca is involved in the signaling pathways of plants’
responses to stress [41]. Therefore, despite the highest yield being observed for prolonged
NS feeding (20 days), the 10-day NS feeding treatment was also promising in terms of
fresh yield and nitrate and mineral concentrations, which are important parameters for
the nutritional value of the final product.

Table 2. Nitrate and mineral concentrations (mg kg™ fw) in relation to nutrient solution feeding
regime.

Nutrient NOs P K Ca Mg
Solution Feeding
(Days)

(mg kg'fw) (mgkg'fw) (mgkg'fw) (mgkglfw) (mgkg'fw)
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0 159+ 14 ¢ 789+19a 8225+72c¢ 147+12a 1038+18Db

5 240+8.3 ¢ 775+12a  8897+84a 115+84b 1110+x28a

10 498 +43 Db 817+15a 8568+86b 95.6+t15b 893+28c

20 1698+24a 694+76b 6115+89d 535+39c 618+18d
*X% *X% L L L

** significant at p < 0.001. Different letters within each column indicate significant differences
according to Duncan’s multiple range test (p = 0.05). All data are expressed as mean + standard
error, n = 3.

3.3. Spinach Microgreens’ Pigments, Total Ascorbic Acid, and ABTS Antioxidant Activity

Table 3 reflected the investigation of pigments (total chlorophylls and carotenoids),
ABTS antioxidant activity, and the total ascorbic acid content of spinach microgreens
subjected to the tested NS feeding treatments. Total chlorophylls increased starting at 10
NS feeding days, and reached their maximum at 20 NS feeding days; total chlorophylls
proved to be correlated (0.73) with the a* parameter listed previously in Table 1, and
inversely correlated (-0.96) with b*. This finding also confirms the deeper green color and
better visual quality of leaves for these treatments compared to 0 and 5 NS feeding days;
however, it is interesting to highlight the fact that total chlorophyll content was lower in
the 0- and 5-day NS feeding treatments, despite the higher concentration of Mg in plant
tissues, which helps in the light harnessing process as a basic ingredient in chlorophyll
molecules [42]. This contradiction could be attributed to the fact that chlorophyll-bound
Mg concentration depends on the species, and in specific species such as spinach and
lettuce a significant amount of Mg is bound to chlorophylls [43]. Therefore, the high free
Mg concentration detected in plants with 0 and 5 NS feeding days could be partly related
to the chlorophyll content for the same treatments being the lowest. Another explanation
could be associated with less nutrient availability in the 0 and 5 NS feeding day
treatments, which results in reduced chlorophyll biosynthesis [34]. Moreover, the highest
total chlorophyll contents in the 10- and 20-day NS treatments are associated with the
highest fresh yields recorded for these treatments, since chlorophyll is the main
photosynthetic pigment that allows plants to harvest energy from soil and transform it
into biosynthetic products [44].

Moreover, lutein and (-carotene exhibited the same trend as total chlorophylls,
registering the highest values in plants with 20 NS feeding days, at 54.2 and 44 pg g fw,
respectively. These latter were positively correlated with ABTS antioxidant activity (0.87
and 0.9, respectively), which also increased when the NS feeding days increased, and
proved by a significant margin to be the highest in spinach microgreens under 20-day NS
feeding treatment (994.8 mmol Trolox eq. 100~ fw). According to the literature, nutritional
stress may result in decreased carotenoid contents, as suggested in the studies of El-
Nakhel et al. [17], who subjected hydroponically grown lettuce plants under nutrient
deprivation, and of Pannico et al. [37], who applied nutrient stress to lettuce microgreens.
The increased contents of carotenoids in 10- and 20-day NS feeding treatments are in line
with the increased fresh yields observed in the same treatments, since, along with
chlorophylls, carotenoids are also very important pigments for the light-harvesting
photosystem II and the light-harvesting antenna complexes of plants [45,46]. Regarding
the high antioxidant activity recorded in the 10- and 20-day NS feeding treatments, this
finding could be attributed to the high content of antioxidant compounds detected in these
treatments, such as chlorophylls and carotenoids, as already described (Table 3), as well
as phenolic compounds (described in the following section). The correlation between
antioxidant compound content and antioxidant activity in the plant tissues of leafy
vegetables is well established, and has been confirmed in numerous literature reports
[47,48]. In contrast, total ascorbic acid accumulated more in microgreens under 10-day NS
feeding treatment, being 6.97% higher than the closest 20-day NS feeding treatment.
Particularly, regression analysis indicated a quadratic relationship between NS feeding
days and total ascorbic acid (Supplementary Figure S1). Total ascorbic acid ranged from
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130.5 to 167.3 mg 100 g fw, and reached its maximum at 10 NS, then started to decrease
with NS feeding days (Table 3; Supplementary Figure S1). From this finding, it could be
assumed that although ascorbic acid is considered to be one of the major antioxidant
compounds, several other compounds may also contribute to the overall antioxidant
mechanism of plants, as already observed in our study and in other literature reports
[49,50].

Table 3. Antioxidant activity, pigments, and total ascorbic acid content in relation to nutrient
solution feeding regime (means + SD).

Nutrient Total . Total

Solution ABTS Chlorophylls Lutein p-Carotene Ascorbic Acid

Fg;:;gg mollof]rg(i}(;:’eq. mg100g'fw pgglfw  pgglfw mgl00g! fw
0 663.7+£222b 430+119c 339+059c 193+0.86c 130.5+1.61d
5 7258+262b 41.3+0.87c 374+046c 21.4+0.87c 145.1+247c
10 751.6+159b 56.9+2.07b 48.8+1.04b 272+234b 167.3+5.03 a
20 9948+362a 82.8+536a 542+233a 44.0+096a 156.4+3.04b

A%A *%o% A%A *%o% *%o%

** Significant at p < 0.001. Different letters within each column indicate significant differences
according to Duncan’s multiple range test (p = 0.05).

3.4. Spinach Microgreens’ Polyphenol Profiles and Total Polyphenols

The phenolic compound profiles of spinach microgreens in relation to NS feeding
days are presented in Table 4. Sixteen individual compounds were detected in all of the
tested samples, including fourteen flavonoids and two phenolic acids. The most abundant
compounds were patuletin derivative (peak 16) and 5,3',4"-trihydroxy-3 methoxy-6,7-
methylendioxyflavone 4’ glucuronide (peak 15), followed by quercetin-3-sophoroside-7-
glucoside, kaempferol-3-sinapoylsophoroside-7-glucoside, and spinacetin derivative
(peaks 2, 4, and 14, respectively). The two major compounds have been previously
reported by Berquist et al. [9], who also identified various patuletin derivatives and 5,3',4"-
trihydroxy-3 methoxy-6,7-methylendioxyflavone 4’ glucuronide.

All of the studied polyphenols in this study showed a varied content when subjected
to diverse NS feeding treatments, except for kaempferol-3-sinapoylsophoroside-7-
glucoside and spinacetin derivative (peaks 4 and 14) which were not significantly affected
by NS feeding days (Table 4). Moreover, total polyphenols increased gradually when
more NS was administered to spinach microgreens—the 20-day NS feeding treatment
resulted in the highest accumulation of total polyphenols (8021 ug 100 g fw), without
being significantly different from 10-day NS feeding (7528 ug 100 g fw). In contrast,
when irrigated with only osmotic water throughout the growing cycle (0 NS feeding
days), spinach microgreens accumulated the least polyphenols (6323 pg 100 g™ fw), and
around 11.91% less than the closest treatment (5 NS feeding days). Spinach microgreens
irrigated with NS throughout the growing cycle (20 NS feeding days) accumulated
significantly more quercetin-3-sophoroside-7-glucoside, kaempferol-3-p-coumaroyl-
sophoroside-7glucoside, and patuletin derivative. Moreover, kaempferol-3-diglucoside
content was the highest in the 20-day NS treatment, without being significantly different
from the 5-day NS treatment, while rutin content was the highest in the 10-day NS
treatment, without being different from the 20-day NS treatment. In contrast, spinach
microgreens subjected to the 10-day NS feeding treatment accumulated the highest
content of 5,34 -trihydroxy-3 methoxy-6,7-methylendioxyflavone 4' glucuronide,
caffeoylquinic acid, and isorhamnetin-3-gentiobioside, and when completely deprived of
NS they accumulated the highest amounts of kaempferol-3-
hydroxyferuloylsophorotrioside-7-glucoside, kaempferol-3-sinapoylsophorotrioside-7-
glucoside, and quercetin-3-sinapoyltriglucoside. Coumaroyl-diglucoside content was the
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highest in the 5-day NS treatment. In contrast to our study, El-Nakhel et al. [17] suggested
that nutrient deprivation may increase the content of phenolic compounds in
hydroponically grown lettuce, while El-Nakhel [33] reported an increase in total phenolic
compounds in rocket microgreens that received nutrient solution compared to untreated
ones. Moreover, the same authors observed a varied effect of nutrient solution
supplementation on individual phenolic compounds—a finding that is consistent with
our study. The contradictory results in the literature reports indicate that plants’ response
to nutrient stress varies according to the species and the severity of the stress. Therefore,
although nutrient deprivation is expected to increase the content of phenolic compounds
as part of plants’ defense mechanisms against nutrient stress [17,46], this was not the case
in our study—probably due to the genotype-dependent response to nutrient stress

suggested in the literature [51].

Table 4. Polyphenol composition (ug 100 g™ fw) in relation to nutrient solution feeding regime (means + SD).

Nutrient Solution Feeding (Days) Sig.
Peak
;}1 Phenolic Compounds 0 5 10 20
1 Km 3—hydroxyferuloyl.sophorotr1051de—7— 4636+ 35.65+1.12 3498+158b 28204057 c  ***
glucoside 341a b
8+ 5295+421
2 Qn 3-sophoroside-7-glucoside 52379 : C+ S25421 (5014 155b 861943540
3 Kaempferol-3-diglucoside 1.34 j 013 2'50;0‘04 240£0.17b 291:018a  **
. . . 464.8 £
4 Km 3-sinapoylsophoroside-7-glucoside 161 464.8+9.51 489.7+29.7 556.8+30.8 ns
5 Km 3-sinapoylsophorotrioside-7-glucoside 306'1959; 31'25bi 278 29.00£092b 19.78+1.11c  ***
113.7+ 101.0+2.34
6 Qn 3-sinapoyltriglucoside 5 :;5 a+ 0 0b+ 3 87.68+1.72¢c 90.85+1.81bc **
86.54+ 90.78 +0.74 .
7 Synapoyl-hexose 588 ab a 81.98+3.35b 34.63+1.38c
9.81+0.33 14.08 + 0.46
8 Caffeoylquinic acid . b 33.05+1.18a 537+021d  **
1.35+0.08 1.94+0.1
9 Rutin 3 . 005 19 ;CO ° 313:058a 286+030ab *
10 Coumaroyl-diglucoside 971 ; 022 187101 (o3 055¢ 435+017d *
11 Ferulic acid 119 1893781 16) 043992 154128400 *
528b
. . 1.90 +0.06
12 Km 3-p-coumaroylsophoroside-7-glucoside b 1.30£0.03¢c 217+0.10b 295+0.16a  ***
.56 +0.20 14.31 £ 0.4
13 Isorhamnetin-3-gentiobioside 5:56 : 020 14.3 b+ 040 2513+1.06a 13.93+1.01b  **
. . o 368.6 =
14 Spinacetin derivative 5.66 369.9+15.6 410.5+34.5 436.2+23.3 ns
15 534 —trlhydroxy—S me'zthoxy-6,7j 2015+ 77.9 2314 +£43.8 2335444 6a 1933+4302b
methylendioxyflavone 4’ glucuronide b
2479 + 221 +232
16 Patuletin derivative 9C+ 30051; 2 3114+136b 38741022 *

Total phenols

6323; 21 7178 4247 b 7508 + 782 ab 8021+ 146

3%
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ns,*,**, **: Non-significant or significant at p < 0.05, 0.01, and 0.001, respectively. Km: kaempferol; Qn: quercetin. Different
letters within each row indicate significant differences according to Duncan’s multiple range test (p = 0.05). All data are
expressed as mean + standard error, n =3.

4. Conclusions

Microgreens are a novel category of crop products of increasing interest to consumers
and the marketing sector. The ease of facilitating cropping—even in domestic
conditions—and the shortness of their growth cycle are very promising features that may
contribute to addressing food security and malnutrition. Moreover, the supplementation
of macro- and micronutrients through fertigation allows the manipulation of their
chemical composition and production of tailor-made products with improved bioactive
and functional properties. In this context, the application of nutritional eustress via the
regulation of nutrient solution feeding might be a cost-effective cultivation practice to
further improve the nutritional value of microgreens. Our results demonstrated that mild
nutritional stress through the supplementation of nutrient solution for 10 consecutive
days resulted in a slight decrease in fresh yield, without compromising quality features
such as mineral and bioactive compound contents, whereas it increased total ascorbic acid
content and reduced nitrates by 70.67%, and still generated the same growth cycle and
days until harvest as the 20-day NS ftreatment. Therefore, with the aim being the
production of not only more but also better products, the application of mild nutritional
stress is a cost-effective and sustainable practice for microgreen cultivation. However,
considering the species-dependent response to nutritional stress, further studies with
varied species are needed in order to establish cultivation protocols and best practices
guides accordingly.

Supplementary Materials: The following are available online at www.mdpi.com/2311-
7524/7/7/162/s1: Figure S1: Relationships between the fresh yield (A), dry yield (B), dry matter
percentage (C), nitrate concentrations (D), P and K concentrations (E and F), and total ascorbic acid
content (TAA) (G) in relation to nutrient solution feeding days.
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