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Abstract: The interest in the pre-harvest ultraviolet-B (UV-B) exposure of crops in indoor cultivation
has grown consistently, though very little is known about its influence on the nutraceutical quality of
microgreens. Flaxseeds constitute a valuable oilseed species, mostly appreciated for their nutritional
properties and the presence of health-promoting compounds. Therefore, although scarcely studied,
flaxseed sprouts and microgreens might constitute a high-quality food product to be included
in a healthy diet. This study aims to unravel the effects of pre-harvest ultraviolet-B irradiation
on the nutritional and nutraceutical quality of flaxseed sprouts and microgreens grown under
artificial conditions. The UV-B irradiation decreased the biomass and stem length of microgreens.
However, the content of total phenolics and flavonoids and the antioxidant capacity were strongly
enhanced by the UV-B treatment in both sprouts and microgreens. Among photosynthetic pigments,
chlorophyll g, violaxanthin, antheraxanthin, and lutein in sprouts were reduced by the treatment,
while chlorophyll b increased in microgreens. In conclusion, our results showed that growing
flaxseed sprouts and microgreens in controlled conditions with supplemental UV-B exposure might
increase their nutritional and nutraceutical quality, as well as their antioxidant capacity, making them
high-quality functional foods.

Keywords: flavonoids; flaxseed; indoor cultivation; seedlings; antioxidants; phenols; photosynthetic
pigments; ultraviolet-B radiation

1. Introduction

Within recent decades, consumers” awareness towards foods that can provide concrete
benefits for human health has constantly grown thanks to a rise in living standards. Fresh
vegetables perfectly match this demand thanks to their high content of nutraceuticals,
such as polyphenols, vitamins, and carotenoids, which are known to have a preventive
effect against several pathologies, e.g., cardiovascular diseases, many types of cancer, and
neurodegenerative disorders. Sprouts and microgreens are gaining an ever-increasing
interest due to their great nutraceutical quality, commonly in higher concentrations than
their adult counterparts [1]. Sprouts are described as “the product obtained from the
germination of seeds and their development in water or another medium, harvested before
the development of true leaves and which is intended to be eaten whole, including the
seed” [2]. While, according to Xiao, Lester, Luo, and Wang (2012) [3], microgreens are
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“tender immature greens, produced from the seeds of vegetables and herbs, having two fully
developed cotyledon leaves with or without the emergence of a rudimentary pair of first
true leaves”. Their appeal towards consumers for their health-related properties, together
with their constantly growing marketability as novel ingredients in upscale restaurants,
have attracted the interest of many greenhouse growers.

Light constitutes a crucial environmental factor for plant growth and development,
since it not only provides the energy for photosynthesis, but also plays a key role in a
great variety of physiological and biochemical processes. Indeed, light conditions, in
terms of spectral quality (wavelength) and light quantity (dose), can influence not only the
morphophysiology of sprouts and microgreens, but also the biosynthesis of phytochemicals.
With this in mind, several recent studies have investigated the effects of different light
treatments on the productivity and accumulation of health-promoting compounds in
microgreens of several crop species, e.g., parsley, broccoli, soybean, mustard, pak choi, and
beet [4-8]. However, most current literature has investigated the impact of blue, red, and/or
far-red light supplementation on the accumulation of bioactive compounds in sprouts
and microgreens, but very little is known about the influence of pre-harvest ultraviolet
(UV)-B exposure on the nutraceutical quality of microgreens. UV-B radiation (280-315 nm)
represents a short fraction of the solar spectrum, with only 0.5% reaching the Earth’s surface.
To avoid the potential damage to macromolecules and the photosynthetic apparatus caused
by highly energetic UV-B radiation and UV-B-induced reactive oxygen species (ROS),
plants have evolved a dedicated intracellular pathway [9,10], leading to the biosynthesis
and accumulation of protective metabolites, such as phenolic compounds [11-13]. UV-
B exposure was also found to impact other classes of phytochemicals, e.g., carotenoids,
alkaloids, glucosinolates, and several vitamins [14-19]. UV-B irradiation, as an eco-friendly
tool to enhance the nutraceutical quality of crops when applied in pre- and post-harvest,
has gained great interest among researchers [20,21]. However, the implementation of
UV-B LED light in horticulture, and particularly as light supplementation for sprouts and
microgreens grown under light-controlled environments, is still in its infancy.

Flaxseed (Linum usitatissimum L., Linaceae family) represents one of the most pop-
ular oilseed species, due to its high nutritional and nutraceutical value. With variations
depending on the cultivars, flaxseed shows a great content of polyunsaturated fatty acids
(mainly o-linolenic and linoleic acids) and a moderate content of monounsaturated fatty
acids (especially oleic acid) [22]. In addition, it is characterized by high levels of dietary
fibers; phenolic acids (mainly p-hydroxybenzoic acid, chlorogenic acid, ferulic acid, and
coumaric acid); lignans; carotenoids (e.g., lutein); and fat-soluble vitamins (mainly vitamin
E group derivatives (e.g., tocopherol and tocotrienol) [23,24]. Consistently, the few relevant
studies investigating the composition of flaxseed sprouts found a high content of phenolic
compounds, high-quality proteins and free amino acids, and a good fatty acid composition,
making flaxseed sprouts a valuable plant source of health-promoting compounds [25-27].
To date, no studies have studied the effect of UV-B supplementation on the productivity
or nutraceutical quality of flaxseed sprouts and microgreens. Indeed, the recent paper of
Puccinelli et al. [28] investigated the influence of specific wavelengths of the PAR region
on biomass production and phytochemical content in flaxseed sprouts and microgreens;
however, the UV-B waveband was not included in the experimental design. Therefore,
considering the well-known impact of UV-B radiation on plant bioactive compounds and
growth performances, the present study aims to unravel the impact of pre-harvest UV-
B exposure on the productivity of flaxseed sprouts and microgreens and to investigate
whether controlled UV-B irradiation could increase the concentration of phenolic com-
pounds, flavonoids, and photosynthetic pigments, and improve the antioxidant capacity.
Deepening our knowledge of the UV-B-driven responses in flaxseed sprouts and micro-
greens, especially in terms of health-promoting compound accumulation, might further
pave the way for an applicative exploitation of UV-B exposure to increase the nutraceutical
value of flaxseed sprouts and microgreens.
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2. Materials and Methods
2.1. Plant Material and UV-B Treatment

Flaxseed cultivar ‘Sideral’ (Semfor s.r.l., Verona, Italy) was used in this study. The
experimental site was the Department of Agriculture, Food, and Environment of the
University of Pisa, Italy. First, the seeds were soaked in distilled water for 2 h in the dark
at room temperature (18 °C); then, they were carefully washed with distilled water to
remove seed coat mucilage. Next, seeds were sown in plastic trays (25 cm x 40 cm; 2 seeds
per cm?) on moistened filter paper over jute felt (air porosity 87.6%, free porosity at pF1
46.5%, water retention capacity 41.1%, Green Felt, http:/ /www.maiano.it/eng/nursery.
html (accessed on 19 January 2022) to obtain sprouts, or directly on jute felt to obtain
microgreens. Since sprouts are harvested including the roots, the filter paper prevented the
roots from penetrating into the jute felt. The trays were placed in climatic chambers and kept
in the dark at 20 °C for 72 h. Then, the flaxseeds were irradiated with photosynthetically
active radiation (PAR) supplied by blue/red (1:2 ratio) and green (10%) LEDs, with a
photosynthetic photon flux density (PPFD) of 228 umol m~2 s~! (C-LED, Imola, Italy).
While the flaxseed sprouts from three trays were grown under PAR only, another three
trays were supplied with UV-B radiation (Philips Ultraviolet-B Narrowband lamps, TL
20W/01-RS, Koninklijke Philips Electronics, Eindhoven, The Netherlands; 1.33 W m_z).
Flaxseeds were exposed to a 24 h light (PAR only or PAR+UV-B), 0 h dark photoperiod
for 4 days (until sprout harvesting) and 16 h light (PAR only or PAR+UV-B), 8 h dark
photoperiod for the following 7 days (until microgreens harvesting).

Half-strength Hoagland’s solution (N-NO3 7.5 mM, P-H,PO4 0.5 mM, K 3.0 mM,
Ca2.5mM, Mg 1.0 mM, Fe 25.0 uM, B 23.1 uM, Mn 4.6 pM, Zn 0.39 pM, Cu 0.16 uM,
Mo 0.06 uM; pH~5.56; 1.15 mS cm~! electrical conductivity (EC)) was used for fertiga-
tion. Harvesting of sprouts and microgreens was conducted 4 and 7 days after the begin-
ning of the UV-B treatment (corresponding to 7 and 11 days after sowing), respectively.
Sprouts were sampled including both shoots and rootlets, while the rootlets were excluded
for microgreens.

2.2. Determination of Biomass and Stem Length

Fresh weight (FW) from harvested sprouts and microgreens was measured and used
to calculate the fresh biomass (FW m~2). Then, samples were dried at 60 °C till constant
weight, and dry weight (DW) was used to calculate the dry production (DW m~2). Per-
centage DW/FW ratio was also determined. The length of stems of microgreens was
also measured.

2.3. Extraction and Determination of Total Phenolics, Flavonoids, and Antioxidant Activity

Fifty mg of fresh sprout and microgreen samples were extracted with 80% methanol
(v/v) as reported by Tavarini et al. [29], and extracts were used for the determination of the
total phenolic and flavonoid concentration and the antioxidant capacity.

Total phenolic concentration was determined with the Folin—Ciocalteau method [30],
and absorbance was recorded at 750 nm using an Ultrospec 2100 pro-UV-vis spectropho-
tometer (Amersham Biosciences). Total phenolic concentration was expressed as mg of
gallic acid equivalents (GAE) g~! FW.

Total flavonoid concentration was determined using the method by Kim et al. [31]. Ab-
sorbance was recorded at 510 nm, and results were expressed as mg of catechin equivalents
(CAE) g~ ! FW.

Antioxidant activity was determined using both the ABTS (2,2-azinobis (3-ethylbenzo-
thiazoline-6-sulphonic acid)) and the Ferric Reducing Antioxidant Power (FRAP) assays,
following the methods described by Pellegrini et al. [32] and Benzie et al. [33], respectively.
Absorbance was read at 734 (for ABTS assay) or 593 nm (for FRAP assay). Results from
ABTS and FRAP assays were expressed as umol of Trolox equivalent antioxidant capacity
(TEAC) g~! FW or umol of Fe (IT) g~! FW, respectively.
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The standard curves for the aforementioned determinations were calibrated using the
respective commercial standards (Sigma-Aldrich Chemical Co., St. Louis, MO, USA).

2.4. Determination of Chlorophylls and Carotenoids

Extraction and determination of chlorophylls 4 and b and the carotenoids neoxanthin,
lutein, violaxanthin, antheraxanthin, and 3-carotene were performed following the method
described by Castagna et al. [34]. Briefly, samples were extracted, filtrated using 0.2-um
filters (Sartorius Stedim Biotech, Goettingen, Germany), and run in a Spectra System P4000
HPLC equipped with a UV 6000 LP photodiode array detector (Thermo Fisher Scientific,
Waltham, MA, USA) using a Zorbax ODS column (SA, 5-um particle size, 250 x 4.6 mm;
Phenomenex, Castel Maggiore, Italy). Elution of pigments occurred using solvent A
(acetonitrile/methanol, 75/25, v/v) and solvent B (methanol/ethyl acetate, 68/32, v/v)
with a flow rate of 1 mL min~! following the gradient reported in Table 1.

Table 1. Gradient elution used for HPLC analysis of chlorophylls a and b and the carotenoids
neoxanthin, lutein, violaxanthin, antheraxanthin, and 3-carotene.

Time (min) Solvent A (%) Solvent B (%)
0 100 0
15 100 0
17.5 0 100
32 0 100
34 100 0
40 100 0

Pigment quantification was determined by recording the absorbance at 445 nm, and com-
mercial standards of chlorophylls, lutein, and (3-carotene (Sigma-Aldrich, Milan, Italy) were
employed to create the respective standard curves. Results were expressed as mg g~ FW.

2.5. Statystical Analysis

The results reported represent the mean data of three independent groups (trays)
of either sprouts or microgreens, control or UV-B-treated, from each of the two experi-
ments conducted (therefore, six replicates per growth stage). Differences between groups
considering both the growth stage (sprouts and microgreens) and the treatment (control
and UV-B treatment) were evaluated by two-way ANOVA followed by post hoc Tukey—
Kramer test (p < 0.05) using JMP software (SAS Institute, Inc., Cary, NC, USA). Data are
expressed as mean = standard error (SE). JMP software was also used to perform multi-
variate statistics with a supervised approach considering all the biometric and biochemical
parameters investigated in this study. In detail, a canonical discriminant analysis (CDA)
was used to highlight the differences among groups, while a hierarchical clustering analysis
(HCA; Euclidean distance, Ward's linkage) was employed to emphasize the relatedness
across groups and variables considered. Finally, a CDA-based Pearson’s correlation test
was performed correlating the variables measured in this study with the scores of the two
canonical functions resulting from the CDA, to show the magnitude of the linear association
between variables.

3. Results
3.1. Biomass Production

Considering the harvesting stage, microgreens, as expected, had higher fresh biomass
content (FW; +194 %) than sprouts, while the dry matter content (DW/FW ratio) was
23% lower as compared to sprouts (Table 2). Similarly, the dried biomass content (DW)
was influenced by the harvesting stage, with a 131% higher DW content in microgreens
in respect to sprouts. UV-B exposure negatively affected FW and DW (—24 and —21%
compared to control, respectively), while the DW/FW ratio was not influenced by the
treatment. The interaction between the harvest stage and UV-B radiation significantly
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affected only FW. Specifically, control microgreens had the highest FW content, and this
parameter was about 24% lower in microgreens grown under UV-B radiation. Sprouts,
regardless of exposure to UV-B radiation, had the lowest fresh biomass content (Table 2).
Additionally, the stem length of microgreens was significantly reduced by the presence of
UV-B radiation (—12%) as compared to control.

Table 2. Fresh (FW) and dry (DW) biomass and dry matter content (DW/FW) of flaxseed sprouts and
microgreens grown indoors under controlled conditions under PAR (CTR) or PAR + UV-B radiation
(UV-B). Data represent the mean & SE (n = 6). Means followed by the same letter are not statistically
different for p = 0.05 after Tukey—Kramer test. Significance level: *** p < 0.001; ** p < 0.01; * p < 0.05;
n.s. = not significant.

Stage Treatment FW bw DW/FW
8 (kg m—2) (kg m—2) (%)
Sprouts CTR 0.080 + 0.002 ¢ 0.017 + 0.001 21.085 £+ 1.311
UV-B 0.060 & 0.001 ¢ 0.015 + 0.001 24.802 £ 1.181
Microgreens CIR 0.233 £ 0.010 a 0.042 4 0.003 17.878 £ 0.634
UV-B 0.178 + 0.003 b 0.031 + 0.003 17.497 + 1.577
Mean effect
Sprouts 0.070 &+ 0.005 b 0.016 + 0.001 b 22943 +£1.148 a
Microgreens 0.206 + 0.013 a 0.037 + 0.003 a 17.687 + 0.765 b
CTR 0.157 £ 0.034 a 0.029 + 0.006 a 19.481 4+ 0.971
UV-B 0.119 +0.022 b 0.023 + 0.004 b 21.149 + 3.929
ANOVA
Stage (A) ok ok %
Treatment (B) i * n.s.
A xB * n.s. n.s.

3.2. Total Phenolics, Flavonoids, and Antioxidant Activity

The content of phenolics and flavonoids was significantly affected by the growth
stage and the UV-B treatment, but not by their interaction. Depending on the harvesting
stage, total phenolics were less concentrated in microgreens (—20%) than in sprouts. Con-
versely, microgreens contained more flavonoids (+24%) as compared to sprouts. However,
independently of the growth stage, UV-B exposure always had a positive influence on
both total phenolics (+47%) and flavonoids (+35%) content (Figure 1a,b). Similarly, the
antioxidant capacity was influenced by both the harvesting stage and the presence of UV-B
radiation. Sprouts exhibited a slightly higher antioxidant activity (+22% and +12% for
ABTS and FRAP assay, respectively) than microgreens. Considering the UV-B treatment,
irrespective of the growth stage, the presence of UV-B radiation in the light spectrum
significantly increased the antioxidant capacity measured by both ABTS (+39%) and FRAP
(+35%) assay (Figure 1c,d).

3.3. Chlorophylls and Carotenoids

The growth stage and its interaction with the UV-B treatment significantly affected the
concentration of all photosynthetic pigments (Table 3). All carotenoids and the two chloro-
phylls were more highly concentrated in microgreens than in sprouts (neoxanthin, +50%;
violaxanthin, +73%; antheraxanthin, +33%; lutein, +53%; chlorophyll a, +39%; chlorophyll b,
+47%; and (-carotene, +75%).

Generally, sprout pigments were more affected by UV-B exposure than microgreen
pigments. Indeed, the sprout concentration of violaxanthin, antheraxanthin, lutein, and
chlorophyll a2 underwent a significant decrease following UV-B treatment as compared to
the control sprouts (—38%, —67%, —26%, and —22%, respectively), while in microgreens,
only chlorophyll b concentration was influenced by UV-B exposure, which induced a 19%
increase in respect to the control (Table 3).
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3.4. Multivariate Analyses and Pearson’s Correlation

Two supervised multivariate statistical tools, a canonical discriminant analysis (CDA)
and a hierarchical clustering analysis (HCA), were employed to find whether and how the
variables measured in this study differentially impacted the different groups considered,
and thus if they fitted predetermined groups referring to the parameters analyzed.

The CDA (Figure 2) effectively determined a visible segregation of all four groups
considered in this study (sprouts, CTR; sprouts, UV-B; microgreens, CTR; microgreens,
UV-B), indicating that both factors, harvesting stage and UV-B treatment, highly influenced
the variables investigated in this study. The canonical function 1 (Can 1) explained almost
totally the separation among groups, with a coefficient of 99.8%. Based on this canonical
function, on the x-axis of the plot, the main separation is strictly correlated with the
harvesting stage, regardless the UV-B treatment, since the sprouts are located on the right
side of the hyperspace, while the microgreens are on the left side. However, the separation
of groups based on the canonical function 2 (Can 2, y-axis), accounting for the 0.2%, is
associated with the UV-B treatment. Indeed, the UV-B-treated sprouts and microgreens
are both located on the upper part of the plot, while the non-UV-B-irradiated groups are
arranged on the lower side.

(@) 2.5 1 oOCTR (b) 1.5 4 oCTR
mUV-B mUV-B
2 4 1.2 A
8= ' =
= . (28T - -
2+~ 1.5 | %’7 0.9 4
o ° S o .
5y £
SO 1 A T © 06 A
o o
=E £
0.5 0.3 -
0 0
Sprouts Microgreens Sprouts Microgreens
Stage (A) Treatment (B) AxB Stage (A) Treatment (B) AxB
*x an n.s. * P n.s.
(c) &1 OCTR (d) 8 - oCTR
mUV-B mUV-B
> > ) _
= 6 = i
s ' gE®
- O - -_=
cI4 c<T4 -
su S
== '>9< w
£%° ST
2521 EE;.
0 0
Sprouts Microgreens Sprouts Microgreens
Stage (A) Treatment (B) AxB Stage (A) Treatment (B) AxB
* - n.s. > n.s.

Figure 1. Determination of (a) total phenolics, (b) flavonoids, and antioxidant capacity measured
through (c) ABTS and (d) FRAP assays of flaxseed sprouts and microgreens grown indoors under
controlled conditions under PAR (CTR) or PAR + UV-B radiation (UV-B). Different letters indicate
statistically significant differences, according to two-way ANOVA, followed by Tukey-Kramer post
hoc test (n = 6, p < 0.05). The results of two-way ANOVA are reported in the box below each histogram.
Significance level: *** p < 0.001; ** p < 0.01; * p < 0.05; n.s. = not significant.



Horticulturae 2022, 8,213

7 of 16

Table 3. Concentration (mg g~! FW) of neoxanthin, violaxanthin, antheraxanthin, lutein, chlorophyll a, chlorophyll b, and B-carotene in flaxseed sprouts and
microgreens grown indoors under controlled conditions under PAR (CTR) or PAR + UV-B radiation (UV-B). Data represent the mean + SE (n = 6). Means followed
by the same letter are not statistically different for p = 0.05 after Tukey—Kramer test. Significance level: *** p < 0.001; ** p < 0.01; * p < 0.05; n.s. = not significant.

St Treatment Neoxanthin Violaxanthin Antheraxanthin Lutein Chlorophyll a Chlorophyll b [3-carotene
age catme (mg g~ 1 FW) (mg g~1 FW) (mg g~ 1 FW) (mg g~ 1 FW) (mg g~ 1 FW) (mg g~ 1 FW) (mg g~ 1 FW)
Sprouts CIR 0.038 £ 0.004 ab 0.082 £ 0.010 b 0.009 £ 0.001 a 0.163 £ 0.007 b 0.217 4+ 0.009 b 0.111 +£ 0.006 bc 0.333 £ 0.011b
UV-B 0.026 £ 0.006 b 0.051 £ 0.003 ¢ 0.003 £ 0.000 b 0.121 £ 0.007 ¢ 0.170 £ 0.008 c 0.088 £ 0.005 ¢ 0.245 £ 0.033 b
Microgreens CTR 0.045 £ 0.002 a 0.109 £ 0.005 ab 0.007 £ 0.001 ab 0.207 £ 0.006 a 0.260 £ 0.001 a 0.134 + 0.003 b 0.468 £ 0.007 a
UV-B 0.050 £ 0.004 a 0.119 £ 0.005 a 0.010 £ 0.013 a 0.227 £0.013 a 0.280 = 0.018 a 0.160 = 0.011 a 0.547 £ 0.051 a
Mean effect
Sprouts 0.032 £+ 0.004 b 0.066 £ 0.008 b 0.006 £+ 0.001 b 0.142 +0.010b 0.194 £ 0.012b 0.100 £ 0.006 b 0.289 £+ 0.024 b
Microgreens 0.048 £ 0.002 a 0.114 £ 0.004 a 0.008 £ 0.001 a 0.217 £ 0.006 a 0.270 £ 0.009 a 0.147 £ 0.008 a 0.507 £ 0.033 a
CTR 0.042 £ 0.003 0.095 £ 0.008 0.008 £ 0.001 0.185 £ 0.011 0.238 £ 0.010 0.122 £ 0.006 0.400 £ 0.031
UV-B 0.038 £ 0.006 0.085 £ 0.015 0.007 £ 0.002 0.174 £ 0.025 0.225 £ 0.026 0.124 £ 0.017 0.396 £ 0.073
ANOVA
Stage (A) *3% %% * %% L *%% L]
Treatment (B) n.s. n.s n.s. n.s. n.s. ns. n.s.

A XxB

sk

*k%

%

*%

%

*k
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Figure 2. 2D scatterplot of canonical discriminant analysis considering UV-B-treated (UV-B) and
untreated (CTR) flaxseed sprouts and microgreens grown indoors under controlled conditions under
PAR (CTR) or PAR + UV-B radiation (UV-B). Can 1 and 2 refer to canonical function 1 and 2, which
consider all the variables in order to maximize the separation among the groups.

In addition, the CDA-based Pearson’s correlation was also calculated between the
canonical scores and the variables measured (Table 4), to determine which parameters
are mostly associated with the differences attributable to the harvesting stage (canonical
function 1) and/or the UV-B treatment (canonical function 2). The Pearson’ coefficients
showed a strong correlation between fresh biomass, dry matter content, and most of the
photosynthetic pigments (chlorophyll 4, chlorophyll b, 3-carotene, lutein, and violaxanthin)
and the Can 1 scores (r values of —0.91, 0.73, 0.82, 0.82, 0.86, 0.85, and 0.82, respectively),
indicating that the differences in these variables were strongly imputable to the harvesting
stage. Contrarily, total phenolics, flavonoids, and antioxidant activity (measured through
both ABTS and FRAP assays) were strongly associated with Can 2 scores (r values of 0.79,
0.70, 0.76, and 0.93, respectively), which means that variations in these parameters are
mostly influenced by the UV-B treatment.

Table 4. Pearson’s correlation coefficients (r) between each parameter measured and the canonical
scores associated with the canonical discriminant analysis (CDA) reported in Figure 2. * 0.7 > Ir| > 1:
strong correlation.

Pearson’s Coefficient

Parameter

Can1 Can 2

Total phenolics 0.37 0.79 *
Flavonoids —0.57 0.70 *
Antioxidant activity (ABTS) 0.36 0.76 *
Antioxidant activity (FRAP) 0.22 0.93 *
Fresh biomass —091* —0.40

Dry matter content 0.73 % 0.22
Chlorophyll a —0.82 % —0.12

Chlorophyll b —0.82* 0.07

[3-carotene —0.86 * 0.00
Lutein —0.85* -0.10
Violaxanthin —0.82* —0.18
Neoxanthin —0.69 —-0.11

Antheraxanthin —0.36 —0.06
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In addition, an unsupervised hierarchical clustering (HCA; Euclidean distance, Ward’s
linkage) was employed to better visualize the relationships between the groups (Figure 3).
The output of this multivariate analysis showed that the main clustering occurred between
the sprouts-UV-B group and all the other groups, which are then sub-clustered according
to the treatment (sprouts/microgreens-CTR and microgreens-UV-B). It can be observed
that the most similar groups are the CTR groups, regardless of harvesting stage, while the
UV-B-treated groups are clustered separately and upstream, indicating the effectiveness of
the UV-B treatment in modulating the variables analyzed. Furthermore, the heatmap-based
clustering of the parameters showed a marked separation between a group consisting of
total phenolics, antioxidant activity, DW/FW, and flavonoids and a second group that
comprises biomass (FW), chlorophyll a, lutein, chlorophyll b, 3-carotene, neoxanthin,
violaxanthin, and antheraxanthin, indicating the noticeably different behavior of these two
groups of parameters within the groups.
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Figure 3. Unsupervised hierarchical cluster analysis of the variables investigated in this study clustered
by harvesting stage (sprouts and microgreens) and UV-B treatment (UV-B and CTR). Clustering and
dendrograms were produced by choosing the Euclidean distance and Ward'’s linkage rule.

4. Discussion

This manuscript aims to shed light on the effects of UV-B irradiation on the productiv-
ity and quality of flaxseed sprouts and microgreens grown in a controlled environment.
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4.1. The Growth Stage of Sprouts and Microgreens Influences Biomass Production and
Phytochemical Content

The biomass of microgreens was significantly higher than that of sprouts, consider-
ing both fresh (+194%) and dry (+131%) weight. This result was due to the advanced
developmental stage of microgreens compared to sprouts, which determined the greater
biomass, although, in contrast to sprouts, the roots of microgreens were not harvested.
Indeed, the fully expanded cotyledons, as well as the longer and thicker stems, of micro-
greens contributed to the greater fresh weight. A similar result was observed by Puccinelli
et al. [28] who detected a higher fresh biomass in flaxseed microgreens than in sprouts,
irrespective of the different light spectrum compositions. The expected higher biomass
of microgreens was also found in three Brassica oleracea L. cultivars, namely 'Broccolo
Nero’, “‘Cavolo Lacinato Nero di Toscana’, and ‘Cavolo Broccolo Ramoso Calabrese’, whose
microgreens had weights on average +240, +125, and +100% compared to the sprouts’
weights, respectively [35]. A more recent study from the same research group on the
same cultivars [36] confirmed this trend, observing a 211, 119, and 133% increase in the
microgreen biomass of ‘Broccolo Nero’, ‘Cavolo Lacinato Nero di Toscana’, and ‘Cavolo
Broccolo Ramoso Calabrese’ cultivars compared to the sprouts’ biomass, respectively.

The significantly higher dry matter content detected in flaxseed sprouts (+30%) com-
pared to microgreens is in accordance with the recent report of Puccinelli et al. [28] on the
same species and cultivar, and it was likely due to the progressively higher water absorption
during the growth of the seedlings. An increase in the moisture content of flaxseed sprouts
following germination was observed also by Wang et al. [26] and, in several amaranth
cultivars, by Ebert et al. [37]. Compared to other studies in the literature, the dry matter
content of sprouts in our work was higher than that reported by Wang et al. [26,38] and
Wu et al. [39], who found a ~10% dry matter content regardless of the flaxseed cultivars.
Contrarily, Narina et al. [25] found a slightly lower moisture content in 4-day-old sprouts of
‘Rahab-94’, ‘Pembina’, and ‘Linott’ flaxseed cultivars (76.58% average content) compared to
our results, probably due to the older developmental stage of our flaxseed sprouts. Moving
to other sprout species, the dry matter content can vary from what was observed in flaxseed
sprouts. Indeed, while Brassica juncea and wheat sprouts of the same age showed a similar
moisture content [40,41], corn and broccoli sprouts exhibited a lower and higher water
content [41,42] compared to what measured in flaxseed sprouts, respectively. Moving to
microgreens, Puccinelli et al. [28] found a 36% lower dry matter content compared to our
observations. However, although the harvesting stage was the same, the light conditions
were different. Indeed, the authors reported that flaxseed microgreens were grown under
red:green:blue LEDs (1:1:1), while in our study the PAR was supplied by blue:red (1:2 ratio)
and green (10%). Although no other studies reported the dry matter content in flaxseed mi-
crogreens, microgreens of most plant species showed a lower dry matter content compared
to our observations [3,5,37,43].

Flaxseed microgreens showed a lower total phenolic content (—20.1%), which likely
explains the lower antioxidant capacity (—18.1 and —10.7% through ABTS and FRAP as-
says, respectively) compared to sprouts. Similar to our results, Di Bella et al. [35] showed a
significantly lower total phenolic concentration and a lower antioxidant capacity in Brassica
oleracea L. microgreens than what was detected in sprouts. Additionally, Ebert et al. [37]
found a lower antioxidant activity in microgreens of several amaranth cultivars compared to
the correspondent sprouts. Conversely, flavonoids were more concentrated in microgreens
than in sprouts, which might be due to the older developmental stage and consequently the
longer light exposure prior to harvesting. Indeed, it is well known that flavonoid biosyn-
thesis and accumulation are strongly influenced by light exposure, both in terms of quality
and quantity [16,44,45]. The influence of light in phenolic biosynthesis and accumulation
is well visible when comparing our results with those obtained by Puccinelli et al. [28].
Indeed, they detected a higher phenolic content in flaxseed microgreens of the same age,
most likely due to the different light conditions as indicated above.
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The phenolic concentration in sprouts reported in this study was similar to that
observed by Wang et al. [38], but only if we consider the 10-day-old flaxseed sprouts. The
discrepancy might be due to the different light conditions during sprout germination, since
the cited authors kept the sprouts in the dark until harvesting; therefore, in our study,
the light applied soon after the germination might have stimulated phenolic biosynthesis.
Another possibility is the different flaxseed genotypes used, since the phenolic content is
strictly dependent on the cultivars considered [46—48]. The flavonoid content, however,
was in between the concentration detected in 4-day-old and in the 6-day-old flaxseed
sprouts [38].

All the photosynthetic pigments considered in this study were more concentrated in
microgreens compared to sprouts, with an increase ranging from 33 to 75%. The higher
abundance of pigments in microgreens is likely due to the longer light exposure than in
sprouts, since pigment biosynthesis is strictly dependent on light [49-51]. Furthermore,
the superiority of microgreens in terms of pigment concentration can be explained by
considering also that microgreens have fully developed cotyledons with the first pair of true
leaves starting to grow. Moreover, conversely to sprouts, microgreens are harvested without
roots, which have a much lower content of photosynthetic pigments than shoots. In line
with our findings, average increases of 63% and 24% were observed for the total chlorophyll
and total carotenoid concentration of flaxseed microgreens as compared with sprouts [28].
Moreover, a study on amaranth [37] reported that microgreens had a 5-10-times higher
concentration of pigments (violaxanthin, neoxanthin, lutein, x-carotene, and (-carotene)
than sprouts.

4.2. UV-B Treatment Negatively Impacts the Productivity and the Photosynthetic Pigments
of Sprouts, but Enhances the Phenolic Content and the Antioxidant Activity of Both Sprouts
and Microgreens

UV-B radiation is well-known to impact the germination, growth, development, and
biosynthesis of secondary metabolites in plant organisms [52-55]. Indeed, plants have
evolved several morphological and biochemical adaptations to this radiation (e.g., decrease
in leaf area, increase in leaf thickness, reduction in height growth, and enhanced biosynthe-
sis and accumulation of ROS-scavenging compounds) [11,52,56-59]. In the present study,
UV-B treatment resulted in a decrease in stem length and fresh biomass in microgreens by
12.3 and 23.6%, respectively. Although not in flaxseed, reduced stem elongation was also
observed in many plant species [60—-62]. The reduction in hypocotyl length has been par-
tially explained by the alteration and cessation of the cell cycle due to UV-B-induced DNA
damages [63]. Biomass reduction following UV-B exposure has been observed in other
crop species [64-68], mainly due to plants’ sensitivity to UV-B radiation, likely causing
impairments in many physiological functions [69]. The total phenolic and flavonoid concen-
tration, as well as the antioxidant activity, was positively influenced by the UV-B treatment
regardless of the harvesting stage. No previous studies have reported the influence of
UV-B exposure on such health-promoting compounds specifically in flaxseed sprouts or
microgreens. However, many manuscripts have investigated UV-B-induced effects in sev-
eral crops, mostly agreeing on the general positive impact of UV-B irradiation on the total
phenolic content [16]. In accordance with our results, a pre-harvest UV-B supplementation
increased the total phenolic and flavonoid concentration in basil [70,71] and lettuce [72].
UV-B was also effective in enhancing phenolic and flavonoid content, depending on the
UV-B dose applied, when exposing plants soon after germination, as observed in rice and
wheat seedlings [73,74], and in mung bean and broccoli sprouts [17,18]. Evidence of the
positive impact of UV on the accumulation of such health-promoting compounds in sprouts
and microgreens was also observed for UV-A exposure. Indeed, UV-A irradiation enhanced
the accumulation of phenolic compounds in broccoli sprouts [18], as well as in turnip
and tomato seedlings [75,76]. The observed increase in phenolic (especially flavonoid)
content following UV-B exposure is likely due to the perception of the UV-B radiation
by the UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVRS) [10,77,78]. Indeed, the
downstream signal transduction pathway leads to several acclimation responses to UV-B
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conditions, including the overexpression of biosynthetic and regulatory genes involved in
the phenylpropanoid pathway [10,11]. Due to their high antioxidant capacity, plants benefit
from the accumulation of phenolics (especially flavonoids), since they effectively counteract
the likely UV-B-triggered ROS overproduction [79]. As a consequence of the accumulation
of phenolic and flavonoid compounds, UV-B-exposed plants show a higher antioxidant
activity, which in turn determines stronger beneficial properties for human health.

Considering the photosynthetic pigments, UV-B irradiation alone did not significantly
affect their concentration. However, if the growth stage is included in the statistics, UV-B
exposure decreased violaxanthin, antheraxanthin, lutein, and chlorophyll 2 concentrations
in sprouts, while only chlorophyll b concentration was decreased in microgreens. The
negative influence of UV-B radiation on pigment content, particularly lutein, neoxanthin,
and [3-carotene, was also reported by Caldwell et al. [80] in several red leaf lettuce cultivars,
although the green leaf cultivars showed a general accumulation. Contrary to our obser-
vation, UV-B treatment induced an increase in lutein and neoxanthin in broccoli sprouts,
although, in another study with results similar to ours, 3-carotene was unchanged after
UV-B irradiation [81,82]. The current relevant literature has not exhaustively deepened
the understanding of a UV-B induced reduction in photosynthetic pigment concentration,
since this is not a univocal response and strictly depends on the UV-B dose applied and the
species/cultivars irradiated. Under high-energetic light conditions, such as UV-B, plants
might address their biosynthetic machinery towards the production and accumulation of
more effective UV-screening and ROS-scavenging compounds, e.g., flavonoids and other
phenolic compounds, to better acclimate to UV conditions. In this case, it might be that
the biosynthesis of photosynthetic pigments is slowed down when compared to control
(no UV-B) conditions. Secondarily, it might be that the UV-B-induced ROS have degraded
or partially damaged the photosynthetic pigments, as observed for carotenoids in UV-B-
exposed peach fruits by Santin et al. [14]. However, it is interesting to remark that such a
negative effect of UV-B radiation on pigments was almost exclusively evident in sprouts
and that, with the exception of chlorophyll b, all the other pigments were numerically,
though not statistically, more concentrated in UV-B-exposed microgreens.

5. Conclusions

Several studies have investigated the effects of pre-harvest UV-B treatment on the
productivity and content of several secondary metabolites on plants of food interest. How-
ever, to date, the impact of UV-B irradiation on flaxseed sprouts and microgreens has not
been investigated. The present study showed that the addition of UV-B radiation into the
growth light spectrum, though it induced a reduction in the fresh biomass in microgreens
(—24%), effectively increased the content of health-promoting compounds, such as total
phenolics and particularly flavonoids, boosting the antioxidant capacity and therefore the
beneficial properties for human health. In particular, the total phenolic and flavonoid
concentrations were increased by 47% and 35%, respectively, while antioxidant capacity
was increased by 39% or 35%, according to the ABTS or the FRAP assay, respectively.
Photosynthetic pigments were generally unaffected by the UV-B treatment, or underwent
a slight decrease, e.g., for violaxanthin (—38%), lutein (—67%), antheraxanthin (—26%),
and chlorophyll a (—22%) in sprouts, or chlorophyll b (—19%) in microgreens. Thus, the
application of pre-harvest UV-B irradiation in horticulture and particularly in greenhouse
cultivation, as well as the consumption of flaxseed sprouts and microgreens as a valid
source of bioactive compounds, is highly encouraged.
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