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A B S T R A C T

Sprouted seeds represent intriguing ready-to-eat micro-scale vegetables for the healthy food market, since they
are tasty and rich in bioactive compounds. However, sprouts have been recently proposed as a source for the
extraction and purification of several phytochemicals to be used in food supplementation or pharmaceutics.
Recently, there has been an industrialization of sprout production, carried out indoor, often with use of artificial
light, which have implications on biomass yield and composition, and on energetic and economic costs. This
work investigates the effects of different radiation wavelengths from light emitting diodes (LED) on free and
bound phenolics and antioxidant activity of sprouts and wheatgrass of einkorn (Triticum monococcum L. ssp.
monococcum) and emmer ([(Triticum turgidum L. spp. dicoccum, (Schrank ex Schübler) Thell.)]). After 3 days of
grain incubation in the dark, three light treatments were applied, labelled as BLUE (447 and 470 nm), RED (627
and 655 nm), and SUN (447, 470, 505, 530, 590, 627, 655 nm), for a same total photon flux density (PFD) of
200 μmol m−2 s−1. Sprouts were harvested at 5 days after sowing (DAS) and wheatgrass at 9 DAS. The effect of
light was generally not significant for sprouts, much greater and species-specific for wheatgrass: BLUE in einkorn
and RED in emmer generally increased free and total content of polyphenol (PC), tannins (TC), flavonoid (FC)
and phenolic acids (PAs). The antioxidant activity was increased by BLUE in einkorn and decreased by RED in
both species. BLUE and RED resulted energy saving compared to SUN.

1. Introduction

Cereal sprouts (i.e., young seedlings) and grass (i.e., seedlings a few
days older) are currently recognized by scientific literature and con-
sumers as an important source of health-promoting compounds (e.g.,
phenolic compounds, carotenoids, etc.) (Benincasa et al., 2019; Gan
et al., 2019).

Besides the use as ready-to-eat vegetables, in recent years, sprouts
have been proposed and studied as a source for the extraction and
purification of several phytochemicals to be used in food supple-
mentation or pharmaceutics (Dias et al., 2012; Falcinelli et al., 2018).
Einkorn (T. monococcum L. ssp. monococcum) and emmer [(T. turgidum
L. spp. dicoccum, (Schrank ex Schübler) Thell.)] have been found to
have a high content of polyphenols and PAs (Benincasa et al., 2015). Of
these, the free/soluble forms (i.e., aglycones, free phenolic acids, gly-
cosides, esters) are known to inhibit LDL cholesterol oxidation, while
the bound/insoluble forms (phenolics covalently conjugated through
ester bonds to cell wall components like cellulose, pectin and poly-
saccharides) have chemo-preventive activity against colon cancer

(Acosta-Estrada et al., 2014). Environmental stresses are known to af-
fect the phenolic content and the ratio between free and bound forms
(Mert-Türk, 2002). As an example, two recent researches (Falcinelli
et al., 2017a; Stagnari et al., 2017) demonstrated that a moderate salt
stress slightly reduced the growth of einkorn and emmer sprouts and
wheatgrass while it markedly enhanced their polyphenol and PAs
content, especially the free forms. For this reason the authors proposed
the application of moderate salinity as an elicitor to increase the phe-
nolic yield and related antioxidant activity.

The radiation intensity and spectrum may represent another elici-
tation factor (Bian et al., 2015). Photoresponse is a wavelength-de-
pendent reaction (van Ieperen, 2012). Blue (400–500 nm) and red
(600–700 nm) are the major wavelengths perceived by plant photo-
receptors (i.e., phototropins or cryptochromes for blue light, and phy-
tochromes for red light) and those that mainly affect photosynthesis
and primary metabolisms. Recently, it has been reported that exposure
to blue or red lights affects also the production of secondary metabo-
lites, even if the effect seems to vary among species and phytochemical
classes (Bian et al., 2015; Demotes-Mainard et al., 2016; Huché-Thélier
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et al., 2016; Samuolienė et al., 2017). Since both homemade and spe-
cialized production of sprouts and wheatgrass is carried out indoor, this
implies the use of artificial light. Thus, the light spectrum and intensity
can be modulated according to producer's requirements (Taulavuori
et al., 2017), with the multiple purpose of reducing energy consump-
tion and obtaining high biomass and phytochemical yield. Compared to
other lamps (incandescent or HPS lamps), LEDs represent a recent
technologies with a longer lifespan, narrower light spectrum, lower
heat emission and power consumption. LED lamps may be assembled to
produce light in specific wavelengths of the spectrum (Taulavuori et al.,
2017). The effects of red and blue light on phenolics in sprouts have
been studied for several species (Shimizu, 2016), including grains
(Urbonavičiūtė et al., 2009a, b; Samuolienė et al., 2011), but never for
einkorn and emmer.

Thus, the aim of this work was to study the effects of red and blue
light on free and bound phenolic compounds and on the antioxidant
activities of einkorn and emmer sprouts and wheatgrass.

2. Materials and methods

2.1. Plant material and sprouting

Grains of einkorn (T. monococcum L. ssp. monococcum, cv. Monlis,
TMoM) and emmer [T. turgidum L. spp. dicoccum, (Schrank ex Schübler)
Thell., cv. Zefiro, TDiZ] were incubated on filter paper laid over sterile
cotton contained in plastic trays (10 g of seeds per tray) and wetted
with distilled water (150 mL) to guarantee constant water availability
throughout the incubation period, while preventing anoxia (Falcinelli
et al., 2017a). The trays were placed in a growth chamber in dark
conditions until three DAS, when most of seeds were germinated. Three
different light treatments were then applied, labelled as BLUE (447 and
470 nm), RED (627 and 655 nm), and SUN (447, 470, 505, 530, 590,
627, 655 nm), all treatments having the same total PFD of
200 μmol m−2 s−1 (Table 1) and light/dark photoperiod of 10/14 h.
Treatments were laid down according to a completely randomized de-
sign with three replicates (trays). Light treatments were built using the
same LED-lamps (DSA3-lamps) used by Tosti et al. (2017). The com-
bination of wavelengths, incident photon flux density (PDF), radiation
emitted, and energy consumed of the three light treatments are re-
ported in Table 1. The temperature and the relative humidity in the
growth chamber were kept at 20 ± 1 °C and 70 ± 5%, respectively.

Sprouts were harvested at 5 DAS collecting the whole plant material
(i.e., shoot, root and the seed coat), while wheatgrass was harvested at
9 DAS, collecting only the shoots. Sampled material was stored at
−20 °C until analytical determinations, performed in triplicate. Fresh
and oven dry weights and the lengths of shoots and roots were mea-
sured on a subsample of 10 individuals per replicate.

2.2. Chemicals

2,2-Diphenyl-1-picrylhydrazyl (DPPH), gallic (GA), α-resorcylic,

tyrosol, gentisic (GeA), p-hydroybenzoic (p-HA), 2,6-dihydroxybenzoic,
m-hydroxybenzoic (m-HA), vanillic (VA), salicylic (SaA), syringic (SyA),
homovanillic (HoA), p-coumaric (p-CA), m-coumaric (m-CA), o-cou-
maric (o-CA), ferulic (FA), sinapic (SiA), caffeic (CaA), and chlorogenic
acid (ChA) were purchased from Sigma Aldrich (St. Louis, MO, USA).
All other chemicals used were of an analytical grade.

2.3. Extraction of free and bound phenolic fractions

The extraction of free and bound phenolic fractions was achieved
following the method of Krygier et al. (1982) with slight modifications.
Frozen sprouts or wheatgrass (1 g) were mixed with 20 mL of metha-
nol:acetone:water (7:7:6) and homogenized on ice using an Ultraturrax
for three times, alternating 30 s homogenization and 30 s pause to
prevent the material from heating. Samples were then centrifuged at
5000 rpm for 10 min and the supernatant (free fraction) was recovered.
The remaining solid residue was mixed with 5 mL of NaOH (5 M) for 1 h
and then HCl (5 M) was added until pH = 2. Samples of bound fraction
were mixed with 10 mL of ethyl acetate, vortexed and centrifuged at
3000 rpm for 10 min and the supernatant was then recovered (bound
fraction). This extraction was performed three times and the super-
natants were pooled, evaporated to dryness using a rotary evaporator,
and dissolved in 10 mL of methanol 50%. Aliquots of phenolic extracts
for the free and bound fractions were used for determination of PC, TC,
FC and antioxidant activities.

2.4. Measurement of phenolic compounds

The PC was performed following the method of Singleton and Rossi
(1965) with phosphomolybdic – phosphotungstic acid reagent (Folin-
Ciocalteu reagent). An aliquot (0.4 mL) of phenolic extract was mixed
with 2 mL of Folin-Ciocalteu reagent (1:10) and 1.6 mL of 7.5% sodium
carbonate (Na2CO3). After 2 h the absorbance was read at 765 nm.

The FC and TC were measured following the same procedure used
by Falcinelli et al. (2017b, 2017c) An aliquot (1 mL) of phenolic extract
from free and bound fraction was used for each test. FC was calculated
by subtracting the non-flavonoid content from PC. Gallic acid was used
as a standard, and results were expressed as mg gallic acid equivalent
(GAE) g−1 dry weight (DW) of sample. The sum of free and bound
fractions (total) was calculated for each phenolic class.

2.5. PAs

2.5.1. PAs extraction (free and bound)
The extraction of free and bound phenolic fractions was achieved

following the method of Stagnari et al. (2017) Frozen sprouts or
wheatgrass (1 g) were homogenized with Ultra-Turrax adding 5 mL of
CH3OH/water/acetic acid (70/29.5/0.5) and sonicated for 40 min at
room temperature. The mixture was centrifuged at 4000 g for 10 min
and the supernatant was recovered. The entire extraction was repeated
twice. The final extract was evaporated to dryness in rotary evaporator,

Table 1
Incident photon flux density (PFD), radiation emitted (W m−2), and electricity consumed (W m−2) for any of the radiation wavelengths (and nominal colours) in
SUN, BLUE and RED light treatments.

Radiation wavelengths Colour Incident PFD (μmol m−2 s−1) Radiation emitted (W m−2) Electricity consumed (W m−2)

λ (nm) SUN BLUE RED SUN BLUE RED SUN BLUE RED

447.5 Royal blue 25 100 0 6.70 26.80 0 36.41 145.65 0
470.0 Blue 26 100 0 6.63 25.50 0 51.39 196.67 0
505.0 Cyan 28 0 0 6.65 0 0 100.76 0 0
530.0 Green 29 0 0 6.56 0 0 128.63 0 0
590.0 Amber 31 0 0 6.30 0 0 63.64 0 0
627.0 Red 31 0 100 5.93 0 19.12 72.32 0 233.17
655.0 Deep red 31 0 100 5.68 0 18.31 31.38 0 101.16
Total 200 200 200 44.45 52.30 37.43 484.53 342.32 334.33
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the residue was re-dissolved in phase A (0.1 M citric acid and 0.2 M
Na2HPO4; 85:15; v:v), and filtered through 0.45 μm nylon filters, before
injection into HPLC system. The solid residue, after the extraction of
free PAs, was hydrolyzed with 10 mL of 4 M NaOH by sonication for
40 min at room temperature and treatment at room temperature
overnight. The hydrolyzed mixture was adjusted at pH 2 with HCl 6 M
and extracted three times with 20 mL of ethyl acetate. The supernatant
was recovered and evaporated to dryness, re-dissolved in phase A and
injected into HPLC system.

2.5.2. HPLC analysis of PAs
The quantitative analysis of PAs was carried out using external

standard calibration, the linearity of calibration plots were between 0.3
and 6 μg/mL and the square of the correlation coefficients were
R2 > 0.9965. The following equipment was utilized for the HPLC
analysis: a quaternary Azura P 6.1 L pump (Knauer, Berlin, Germany), a
Knauer 3950 autosampler with a 10-μL loop, and an Azura MWD 2.1 L
UV–VIS detector. The system was managed by Clarity Chromatography
Software for Windows (DataApex, Prague, Czech Republic).

The chromatographic separation was achieved at room temperature
with a SunShell C18 column (ChromaNik Technologies Inc.
50 mm × 2.1 mm ID). The three wavelengths for the determination of
PAs were 254, 278, and 324 nm. Mobile phase A was 0.1 M citric acid
and 0.2 M Na2HPO4 (85:15; v:v), and mobile phase B was phase A/CH3-
OH/CH3CN, 30:20:50 v/v/v. The mobile phases were adjusted to
pH 3.44 with 85% orthophosphoric acid and were filtered with a
0.22 μm membrane filter (Millipore, Bedford, MA, for aqueous solvents;
MSI, MA, for organic solvents). The solvent gradient and flow rate
during analysis are reported in Table 2. It represents the same frame of
the program in the pump.

2.6. Antioxidant activity

Antioxidant activity was measured by DPPH and ferric reducing
antioxidant power (FRAP) tests following the same procedure used by
Falcinelli et al. (2017b). An aliquot (150 μL) of phenolic extract from
free and bound fraction was used for each test. The results of all tests
were expressed in μmol Trolox equivalents (TE) g−1 DW of sample.

2.7. Statistical analysis

All data were analyzed by two-way ANOVA and the effect of gen-
otype (G), light (L), and their interaction (G × L) were tested. Average
values of triplicate determinations ± standard error are depicted. The
R statistical environment was used to perform the analysis (R Core
Team, 2014). Differences between any couple of treatments were tested
by the least significant difference (LSD) of the interaction.

3. Results

3.1. Growth parameters

Growth parameters (i.e., individual fresh weight and dry matter
content, and shoot and root lengths) of einkorn and emmer sprouts and
wheatgrass are reported in Table 3. In sprouts, the effect of G was

always significant, with the highest values in TDiZ, while the light
treatment L significantly affected only the root length, with higher
values in RED. In wheatgrass, L significantly affected all growth in-
dexes. In particular, compared to SUN, RED increased the fresh weight
and the shoot length in both TMoM and TDiZ, but decreased the dry
matter content.

3.2. PC, TC and FC

The PC, TC and FC changed with growth stages and light treatments
(Table 4). In sprouts of both TMoM and TDiZ, the free fraction of PC, TC
and FC was approximately half of the total, while in wheatgrass, it was
the greatest part (generally over 90% of the total) due to an increase of
the free fractions and a decrease of the bound ones, especially in TMoM.
Overall, the total-PC, -TC and -FC passing from sprouts to wheatgrass
increased in TDiZ and did not change markedly in TMoM.

In sprouts, PC, TC and FC were significantly affected only by G with
higher values in TMoM than in TDiZ for each phenolic class and frac-
tion, except for free-TC. In wheatgrass, the bound fractions of PC and
TC did not differ significantly, while significant effects of L and G x L
were recorded for free and total PC, TC and FC. Compared to SUN,
BLUE increased significantly the free- and total-PC, -TC, and -FC in
TMoM, while it was mainly RED, and sometimes BLUE, that increased
these compounds in TDiZ.

3.3. PAs

The PAs content changed with the growth stage and some PAs were
detected in sprouts (Table 5) but not in wheatgrass (Table 6) or vice
versa, while some PAs were never detected (gallic, α-resorcylic, tyrosol,
2,6-dihydroybenzoic, o-coumaric). Considering the overall PAs content

Table 2
Solvent gradient and flow rate during HPLC analysis.

Step Time (min) A% Flow (ml min−1)

Initial 0.0 90 0.4
1 2.0 100 0.4
2 8.0 70 0.4
3 10.0 50 0.4
4 12.0 20 0.4
5 12.5 90 0.4

Table 3
Individual fresh weight (g), dry matter content (%), and shoot and root lengths
(mm) of einkorn (TMoM) and emmer (TDiZ) sprouts and wheatgrass under
three light treatments differing for radiation wavelengths: BLUE (447 and
470 nm), RED (627 and 655 nm), and SUN (447, 470, 505, 530, 590, 627,
655 nm). The three treatments had a same overall photon flux density (PFD) of
200 μmol m−2 s−1. Standard errors in brackets. G: Genotype; L: light; LSD:
Least significance difference of interaction (G × L) for P = .05; n.c.: not col-
lected; n.s.: not significant.

Samples Fresh weight
(g)

Dry matter content
(%)

Length (mm)

Shoot Root

Sprouts
TMoM SUN 0.12 (0.007) 19.0 (0.71) 39 (2.4) 30 (1.5)

BLUE 0.12 (0.002) 21.3 (1.04) 35 (1.3) 30 (1.0)
RED 0.15 (0.003) 19.1 (0.18) 47 (2.5) 41 (3.1)

TDiZ SUN 0.34 (0.005) 22.6 (1.00) 72 (0.8) 84 (3.0)
BLUE 0.33 (0.016) 22.7 (0.18) 70 (2.1) 83 (0.4)
RED 0.36 (0.033) 22.9 (1.15) 69 (2.9) 89 (0.8)

Significance G ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎

L n.s. n.s. n.s. ⁎⁎

G × L n.s. n.s. ⁎ n.s.
LSD 0.06 3.52 9.27 8.31

Wheatgrass
TMoM SUN 0.12 (0.004) 13.3 (0.29) 125 (4.9) n.c.

BLUE 0.14 (0.016) 12.9 (0.28) 90 (3.4) n.c.
RED 0.17 (0.011) 12.0 (0.01) 149 (3.8) n.c.

TDiZ SUN 0.16 (0.010) 13.0 (0.09) 174 (4.7) n.c.
BLUE 0.14 (0.007) 12.6 (0.12) 142 (5.7) n.c.
RED 0.17 (0.009) 11.8 (0.12) 190 (7.3) n.c.

Significance G n.s. n.s. ⁎⁎ –
L ⁎ ⁎⁎ ⁎⁎ –
G × L n.s. n.s. n.s. –
LSD 0.04 0.79 22.17 –

⁎ Indicates significance at P < .05.
⁎⁎ Indicates significance at P < .01.
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(∑), ∑ of free PAs increased passing from sprouts to wheatgrass, while ∑
of bound and total PAs decreased.

In sprouts, bound-PAs represented the greatest part of total-PAs
(Table 5). Free-SyA and bound-p-CA, -FA and -SaA were the most re-
presented PAs. The ∑ of free, bound and total PAs showed always sig-
nificant differences for the interaction G × L. In both genotypes, both
BLUE and RED generally increased significantly ∑ free-PAs compared to
SUN, while ∑ of bound- and total-PAs were increased by RED and de-
creased by BLUE (except in TDiZ).

In wheatgrass, bound-PAs were generally still higher than free-PAs
(Table 6). Free-GeA, -SyA and -FA, and bound-FA were the most re-
presented PAs. The ∑free-PAs was significantly affected only by L, while
the ∑bound- and ∑total-PAs were significant affected by both L and the
interaction G x L. For each fraction, the highest values were recorded
with BLUE for TMoM (especially free-p-CA, -FA and -SaA; bound-p-CA,
-FA and -SiA; total-p-CA, -FA) and RED for TDiZ (free-p-CA and -SaA;
bound-p-CA, -m-CA and -SiA; total-p-CA, -m-CA and -SaA).

3.4. Antioxidant activity

The antioxidant activity measured by DPPH and FRAP are reported
in Table 7. In sprouts, the free fraction showed values comparable to
those of the bound fraction for both tests. The interaction G × L was
significant for DPPH and FRAP of the bound fraction and FRAP of the
free fraction. In TMoM, both BLUE and RED reduced the antioxidant
activity compared to SUN, while in TDiZ the effect was generally not
relevant.

In wheatgrass, the antioxidant activity of free phenolics increased,
while that of bound phenolics decreased markedly and became risible
in both TMoM and TDiZ. Considering the free fraction, the highest
values in TMoM were recorded with BLUE, while the lowest in both
TMoM and TDiZ were recorded with RED.

4. Discussion

Growth parameters recorded in SUN for sprouts and wheatgrass
were in line with those observed by Falcinelli et al. (2017a) in the same
cultivars of both einkorn and emmer (Table 3). The lack of a significant
effect of light on most growth parameters in sprouts maybe due to the
short time of exposition to light (i.e., 2 days). Only sprout root length
was significantly increased by RED, which appears surprising, since it
has been widely reported that root elongation is generally decreased by
red light (Demotes-Mainard et al., 2016). However, root elongation is a
very complex mechanism regulated by phytochrome (Correll and Kiss,
2005; Demotes-Mainard et al., 2016) and Salisbury et al. (2007) found
that phytochrome A, B and E promoted lateral root production in
Arabidopsis seedlings. Further experiments may be necessary to confirm
and explain this evidence. As far as wheatgrass is concerned, the effects
we observed for BLUE and RED treatments are consistent with the lit-
erature available for adult plants reviewed by Demotes-Mainard et al.
(2016) for blue light and Huché-Thélier et al. (2016) for red light. In
particular, the increase of stem elongation with red light is again to be
explained as a consequence of phytochrome regulation. On the other
hand, blue light is known to reduce cell wall extensibility (Huché-
Thélier et al., 2016) and induce a compact appearance of plants
(Ouzounis et al., 2015). The effect of both red and blue light treatments
depends on plant species and genotype (Demotes-Mainard et al., 2016;
Huché-Thélier et al., 2016). Moreover, the photosynthetic activity is
reduced, compared to white light, when blue light is alone or when blue
wavelengths are missing in the light spectrum (Huché-Thélier et al.,
2016) (i.e., our red light treatment, RED). This might explain our results
on dry mass.

The increase of PC in einkorn and emmer, passing from sprouts to
wheatgrass, is in line with our previous evidence (Benincasa et al.,
2015; Falcinelli et al., 2017a; Stagnari et al., 2017) (Table 4). The
higher content of PC recorded in this study, compared to the above

Table 4
Contents of free, bound and total polyphenols (PC), tannins (TC) and flavonoids (FC) in einkorn (TMoM) and emmer (TDiZ) sprouts and wheatgrass under three light
treatments differing for radiation wavelengths: BLUE (447 and 470 nm), RED (627 and 655 nm), and SUN (447, 470, 505, 530, 590, 627, 655 nm). The three
treatments had a same overall photon flux density (PFD) of 200 μmol m−2 s−1. Standard errors in brackets. DW: dry weight; G: Genotype; GAE: gallic acid
equivalents; L: light; LSD: Least significance difference of interaction G × L for P = .05; n.s.: not significant.

Treatments Phenolics (mg GAE g−1 DW)

PC TC FC

Free Bound Total Free Bound Total Free Bound Total

Sprouts
TMoM SUN 11.4 (0.53) 13.0 (0.12) 24.4 (0.48) 6.0 (0.24) 4.1 (0.49) 10.1 (0.26) 8.06 (0.62) 7.7 (0.33) 15.8 (0.94)

BLUE 11.7 (0.59) 14.8 (0.51) 26.5 (1.10) 6.2 (0.32) 8.2 (1.37) 14.5 (1.38) 8.2 (0.68) 12.7 (1.44) 20.9 (1.88)
RED 10.2 (1.49) 12.5 (0.67) 22.7 (1.51) 5.8 (1.29) 5.1 (1.50) 10.9 (1.03) 7.1 (1.2) 9.7 (1.42) 16.7 (0.33)

TDiZ SUN 8.7 (1.37) 9.4 (1.05) 18.1 (3.38) 4.4 (1.46) 3.6 (0.82) 8.1 (2.28) 6.1 (1.24) 6.2 (0.75) 12.2 (1.91)
BLUE 8.9 (1.28) 10.4 (1.70) 19.4 (2.53) 4.9 (1.20) 3.8 (1.62) 8.7 (1.01) 6.1 (1.06) 7.1 (1.73) 13.2 (2.16)
RED 7.9 (0.75) 7.8 (0.17) 15.8 (0.67) 4.3 (0.95) 2.9 (0.09) 7.21 (1.01) 5.5 (0.82) 5.2 (0.18) 10.6 (0.77)

Significance G ⁎ ⁎⁎ ⁎⁎ n.s. ⁎ ⁎⁎ ⁎ ⁎⁎ ⁎⁎

L n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
G × L n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
LSD 4.6 3.8 7.1 4.4 4.9 5.7 4.1 4.9 6.5

Wheatgrass
TMoM SUN 21.0 (0.88) 0.5 (0.05) 21.5 (0.87) 6.1 (0.44) n.d. 6.1 (0.44) 13.8 (0.64) 0.1 (0.01) 13.8 (0.63)

BLUE 30.5 (1.03) 1.2 (0.06) 31.7 (1.07) 10.9 (1.46) n.d. 10.9 (1.46) 23.5 (4.45) 0.5 (0.19) 24.0 (4.60)
RED 21.6 (1.54) 1.5 (0.95) 23.1 (2.10) 6.3 (0.68) n.d. 6.3 (0.68) 14.6 (1.02) 1.0 (0.95) 15.7 (1.75)

TDiZ SUN 19.3 (1.92) 2.1 (0.09) 21.4 (2.01) 11.0 (1.33) n.d. 11.0 (1.33) 12.7 (1.10) 1.6 (0.05) 14.2 (1.15)
BLUE 24.1 (1.96) 1.4 (0.24) 25.4 (1.86) 10.1 (1.52) n.d. 10.1 (1.52) 16.9 (1.38) 0.9 (0.21) 17.7 (1.28)
RED 24.5 (0.77) 2.0 (0.32) 26.5 (0.49) 16.5 (0.77) 0.68 (0.30) 17.2 (0.57) 17.5 (0.75) 1.4 (0.21) 18.9 (0.55)

Significance G n.s. n.s. n.s. ⁎⁎ – ⁎⁎ n.s. ⁎ n.s.
L ⁎⁎ n.s. ⁎⁎ n.s. – ⁎ ⁎ n.s. ⁎

G × L ⁎ n.s. ⁎ ⁎⁎ – ⁎⁎ n.s. n.s. n.s.
LSD 6.2 1.8 6.6 4.8 – 4.7 8.8 1.8 9.3

⁎ Indicates significance at P < .05.
⁎⁎ Indicates significance at P < .01.
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mentioned ones is due to the different methods used for phenolic ex-
traction (i.e., extraction solvent: methanol:acetone:water) and phenolic
quantification, which allowed to include flavonoids and tannins and the
bound fraction of polyphenols. Flavonoids are generally pigments (i.e.,
flavanols, flavanones, anthocyanins, etc.) with many health effects
(Xiao et al., 2011), while tannins, known only for the astringent taste
and the anti-nutritive properties, were recently reported to have anti-
septic, anti-diarrhea and anti-inflammatory properties, and antioxidant
properties related to the protection against stomach and duodenal tu-
mors (Khanbabaee and Van Ree, 2001). The importance of including
the bound phenolic fraction, generally neglected by most literature, was
discussed by Falcinelli et al., 2017c and it is of relevance that bound
phenolics in sprouts represented half of the total. The increase of free
phenolics passing from sprouts to wheatgrass, might be due to either a
release from the bound ones or an ex novo synthesis (Ti et al., 2014).

Studies on the effect of radiation wavelengths on polyphenols, fla-
vonoids and tannins are limited for sprouted grains (Urbonavičiūtė
et al., 2009a, b; Samuolienė et al., 2011) and the use of different light
wavelengths, intensities and exposition times hinders accurate com-
parisons. The lack of the effect of light treatments on sprouts might be
due to the short time of exposition, i.e., just two days. Similarly, a short
time of exposition to light treatments resulted in risible effects in
buckwheat sprouts (Lee et al., 2014; Thwe et al., 2014).

The general positive effect of BLUE on the production of free phe-
nolics in wheatgrass is in line with available literature. Blue light re-
presents a high energy radiation and plant tissues react by increasing
the pool of protective pigments, like flavonoids (Samuolienė et al.,
2017; Iwai et al., 2010) whose synthesis is linked to cryptochromes and
phototropins (Thwe et al., 2014; Liu et al., 2016; Bantis et al., 2018;
Holopainen et al., 2018). Moreover, in lettuce, the activity of pheny-
lalanine ammonia-lyase (PAL), the key enzyme in the phenylpropanoid

pathway (Heo et al., 2012), and PAL gene expression (Son and Oh,
2013) were found to be stimulated by blue light. Althought the
knowledge on LED light effects on sprouts is limited, there are other key
enzymes of phenylpropanoid pathway, which are modulated by blue
light like the chalcone isomerase, the flavones synthase, and the anto-
cyanidin synthase, involved in naringenin, quercetin and cyanidin (i.e.,
flavonoids) production, respectively (Alrifai et al., 2019). As far as TC
are concerned, the effect of blue or red light was not studied yet for
sprouts, however, high energy radiation in adult plants (i.e., UV-B) has
been found to increase the TC (Rozema et al., 1997), supporting our
results in TMoM under BLUE. The different effect of RED in the two
genotypes (i.e., positive for emmer and null for einkorn) does not sur-
prise, since Samuolienė et al. (2017) reported that red light could in-
crease, decrease or have no effect on polyphenol content of seedlings,
depending on the species.

Our results on PAs are in line with previous evidences of Benincasa
et al. (2015) and Stagnari et al. (2017) in einkorn and emmer sprouts
and wheatgrass (Table 5–6). In detail: i) bound PAs were higher than
free PAs; ii) free PAs increased while bound ones decreased passing
from sprouts to wheatgrass; iii) PA forms detected in sprouts were
sometimes different from those detected in wheatgrass. As for total PC,
the different analytical method used here might explain the higher
number of PAs and their overall content compared to our previous
studies. Besides the well known PAs detected in those studies (i.e., CA;
SyA; p-HA; p-CA; SaA and VA), we found here GeA, m-HA, HoA, FA,
SiA, m-CA and ChA. The health benefits of p-CA; FA, GeA, SyA and SaA,
the most represented PAs compounds, are well documented (Paterson
and Lawrence, 2001; Dykes and Rooney, 2007).

The effect of blue and red light on PAs was not studied by authors
who investigated the effect on polyphenols in sprouted grains
(Urbonavičiūtė et al., 2009a, b; Samuolienė et al., 2011). Alrifai et al.
(2019) reported that blue light had a modulatory effect on cinnamate-4-
hydroxlase, which is the enzyme involved in p-coumaric acid produc-
tion from which other hydroxycinnamic acids derive. Samuolienė et al.
(2017) reported that the synthesis of PAs can be induced by several
wavelengths, although blue light is closely related to their metabolic
pathways, and Taulavuori et al. (2017, 2018) reported that the induc-
tion of PAs synthesis in plants by blue light is species-specific. Our re-
sults on wheatgrass of TMoM confirm the stimulatory effect of blue
light, while the results on sprouts of both species and on wheatgrass of
TDiZ seem to involve an effect of RED in PAs production. In particular,
SaA might be considered as an indicator of plant stress since it is in-
volved in the induction of defense related genes and it has been shown
to improve plant tolerance to major abiotic stresses (i.e., metal, salinity,
osmotic, drought, and heat stress), including very high radiation energy
(i.e., UV-B) (Khan et al., 2015). Results on SaA would confirm that
BLUE and RED light may represent a stressing condition and elicit the
increase of plant antioxidant pool.

The increase of ∑free-PAs and of ∑bound-PAs with BLUE and RED
light in wheatgrass is of relevance, considering the fate and health ef-
fect of these two forms. Free PAs are rapidly absorbed in the stomach
and small intestine, while bound forms need to be released in the
gastrointestinal tract by microorganisms, enzymes and even glucose
transporters, before being absorbed and exerting their health benefits
(Acosta-Estrada et al., 2014).

The increase of antioxidant activity in the free fraction and its de-
crease in the bound one observed passing from sprouts to wheatgrass
would appear associated with the trend of phenolic contents, but no
significant correlation was observed, thus other molecules besides
polyphenols were likely involved in antioxidant activities (Table 7).
With respect to the effect of light treatments, the other authors who
investigated on the antioxidant activity of sprouted grains used only
one test, the DPPH (Urbonavičiūtė et al., 2009a, b; Samuolienė et al.,
2011). In most cases, they reported little effects, generally a reduction
of antioxidant activity with red light, but any detailed comparison
seems not appropriate because of the different wavelengths and times

Table 7
Antioxidant activity measured by DPPH and FRAP tests (μmol Trolox equiva-
lents g−1 DW) in einkorn (TMoM) and emmer (TDiZ) sprouts and wheatgrass
under three light treatments differing for radiation wavelengths: BLUE (447 and
470 nm), RED (627 and 655 nm), and SUN (447, 470, 505, 530, 590, 627,
655 nm). The three treatments had a same overall photon flux density (PFD) of
200 μmol m−2 s−1. Standard errors in the brackets. G: Genotype; L: light; LSD:
Least significance difference of interaction G × L for P = .05; n.d.: not de-
tected; n.s.: not significant.

Treatments DPPH FRAP

Free Bound Free Bound

Sprouts
TMoM SUN 5.7 (0.87) 17.8 (0.17) 60.2 (5.77) 69.0 (1.88)

BLUE 1.1 (0.26) 11.6 (1.37) 21.3 (2.90) 47.5 (4.0)
RED 5.4 (0.57) 10.9 (0.96) 16.0 (1.06) 36.3 (4.92)

TDiZ SUN 10.5 (2.0) 10.1 (0.76) 27.4 (3.77) 38.8 (4.29)
BLUE 7.3 (0.13) 11.4 (0.07) 29.9 (4.54) 37.61 (5.37)
RED 9.1 (0.42) 10.3 (0.89) 26.7 (1.26) 32.9 (0.30)

Significance G ⁎⁎ ⁎⁎ n.s. ⁎⁎

L ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎

G × L n.s. ⁎⁎ ⁎⁎ ⁎

LSD 3.8 3.6 15.7 16.8

Wheatgrass
TMoM SUN 32.1 (1.69) n.d. 74.7 (3.94) 3.8 (0.57)

BLUE 43.4 (1.63) n.d. 110.0 (8.78) 4.6 (0.75)
RED 23.3 (1.59) n.d. 59.2 (3.08) 3.5 (0.16)

TDiZ SUN 27.8 (4.15) n.d. 64.8 (6.88) 4.0 (0.44)
BLUE 23.1 (4.99) n.d. 84.1 (13.31) 3.3 (0.18)
RED 15.6 (1.11) n.d. 41.5 (4.58) 4.6 (0.81)

Significance G ⁎⁎ n.s. ⁎ n.s.
L ⁎⁎ n.s. ⁎⁎ n.s.
G × L ⁎ n.s. n.s. n.s.
LSD 12.4 – 32.9 2.4

⁎ Indicates significance at P < .05.
⁎⁎ Indicates significance at P < .01.
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of exposition. Our results, based on DPPH and FRAP, seem to suggest
that two days of exposition to light (sprout stage) are too few to get any
relevant and clear effect, while a week of exposition (wheatgrass stage)
may have an effect, which is an increase of antioxidant activity with
blue light and a decrease with red light.

The effects of the three different light treatments on phenolic con-
tent and antioxidant activity deserve to be discussed also in view of the
energy consumption of the LED lamps. From data of radiation emission
and electricity consumption reported in Table 1, it comes out that the
lamp efficiency (Watt/W) was 66% higher for BLUE and 22% higher for
RED as compared to SUN. Thus, using monochromatic light, and in
particular the blue wavelengths, not only increased the phenolic con-
tent of sprouted grains, but also reduced the energy consumption, ul-
timately improving the “efficiency of energy conversion into phe-
nolics”.

5. Conclusions

Our results indicate that the radiation wavelength affected the
phenolic content of sprouted einkorn and emmer, especially at the
wheatgrass stage. The effect of light was species-specific: blue light in
einkorn and red light in emmer generally increased total PC, TC, FC and
PAs as compared to the multi-wave control. The antioxidant activity
appeared not to depend only on phenolic compounds and was increased
by blue light in einkorn and decreased by red light in both species. In
addition, the lamp with the blue light and, to a lower extent, that with
the red light resulted more efficient (as the ratio between energy
emitted and electricity consumed, Watt:Watt) than the multi-wave
lamp. Hence, using monochromatic LED light would represent an en-
ergy saving technique to produce sprouts and wheatgrass as micro-scale
vegetables with high phenolic content.
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