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Flavonoids, carotenoids, and chlorophylls were characterized in microgreens and leaves
of pea (Pisum sativum) and lupin (Lupinus angustifolius) as these metabolites change
during ontogeny. All metabolites were higher in the leaves for both species. Acylated
quercetin and kaempferol sophorotrioses were predominant in pea. Genistein and
malonylated chrysoeriol were predominant in lupin. Further, the impact of breadmaking
on these metabolites using pea and lupin material of two ontogenetic stages as an added
ingredient in wheat-based bread was assessed. In “pea microgreen bread” no decrease
of quercetin was found with regard to the non-processed plant material. However
kaempferol glycosides showed slight decreases induced by the breadmaking process in
“pea microgreen bread” and “pea leaf bread.” In “lupin microgreen bread” no decrease
of genistein compared to the non-processed plant material was found. Chrysoeriol
glycosides showed slight decreases induced by the breadmaking process in “lupin
microgreen bread” and “lupin leaf bread.” In all breads, carotenoids and chlorophylls were
depleted however pheophytin formation was caused. Thus, pea and lupin microgreens
and leaves are suitable, natural ingredients for enhancing health-promoting secondary
plant metabolites in bread and may even be used to tailor bread for specific consumer
health needs.
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Z

Pheophytin

GRAPHICAL ABSTRACT | Impact of ontogeny and bread making on secondary plant metabolites in pea and lupin.

INTRODUCTION

Fruits and vegetables contain health-promoting secondary plant
metabolites that are not synthesized in mammalian organisms
(Andersen and Markham, 2006). However, the overall fruit
and vegetable consumption in industrialized nations with a
Western food pattern is comparatively low, and strikingly,
even below international recommendations of 250 g fruit and
375 g vegetables per day as recommended by the world health
organization (World Health Organisation, 2018). Enhancing
consumption of health-promoting secondary plant metabolites
by means of fruit- and vegetable-enriched food products
aimed at specifically increasing the current low intake of
health-promoting substances would be both highly desirable.
Bread is a frequently and highly consumed grain product in
almost all types of Western diets. For example, up to four
slices of bread per day are consumed in Northern European
countries (Krems et al., 2013; Pot et al., 2015). Therefore, bread
could be a suitable product to fortify with health-promoting
secondary plant metabolites. To date, previous studies regarding
bread-fortification were generally restricted to the addition of
lyophilized plant powder or purified substances (Ranawana et al.,
2016; Lin and Zhou, 2018). In this context, enrichment of wheat-
based bread with freeze-dried quinoa leaf powder was reported
to increase the antioxidant potential of the bread. However,
detailed information on the specific substances that can increase
antioxidant activity is still scarce (Ranawana et al., 2016). Lin
and Zhou (2018) added pure quercetin to bread and found
that the antioxidant and antiglycating potential of the bread
increased, but that its rheological, and thus, baking properties
were impaired. An alternative to adding such bread ingredients
could be to use fresh, and unprocessed vegetative tissue such as
microgreens (developed cotyledons) and leaves of the legume
species pea (Pisum sativum) and lupin (Lupinus angustifolius).
These species have the potential to be a new domestic source
not only for vegetable protein, but also for antioxidant and

thus health-promoting secondary plant metabolites such as
flavonoids, carotenoids, and chlorophylls (Wang et al., 2008;
Wojakowska et al., 2013; Santos et al., 2014; Bussler et al., 2015).
Importantly, studies suggest that their consumption helps to
prevent degenerative diseases and that these health-promoting
properties are mostly attributed to their antioxidant properties
conferred by the bioactivity of their secondary plant metabolites
(Hsu et al, 2013; Frede et al, 2017; Kashyap et al., 2017;
Romagnolo et al., 2017). The profile of flavonoids, carotenoids,
and chlorophylls in leafy plant material are strongly affected
by plant development stages that lead to immense variations
in the concentration and composition of the secondary plant
metabolites (Lefsrud et al., 2007; Aisyah et al., 2016). Finally, the
breadmaking process affects the overall quality of this product, in
terms of its characteristic texture, flavor, and color. The specific
impact of thermal food processing depends on various factors
concerning the plant material used, such as plant matrix, plant
genotype, and also on the chemical structure of the specific
secondary plant metabolite (Turkmen et al., 2006; Chaaban
et al., 2017; Guillén et al., 2017). For example, modifications
of flavonoids resulting from thermal food processing can be
followed at hand their acylation and glycosylation patterns and
the position of their sugar moieties (Rohn et al., 2007; Fiol
et al., 2013; Chaaban et al., 2017). Moreover, carotenoids and
chlorophylls can be affected due to thermal food processing
(Turkmen et al., 2006; Guillén et al., 2017). Therefore, the first
aim of the present study was to characterize the concentration
and composition of flavonoids, carotenoids, and chlorophylls in
particular, in peas and lupins in two different ontogenic stages
(microgreens and leaves) as well as when being used in bread
for enriching the concentration of secondary plant metabolites.
With such new knowledge, we later on aim to fortify bread
with vegetable plant material containing suitable secondary plant
metabolites, with the ultimate goal of enhancing the bioactive and
antioxidative properties of a highly consumed food product in a
typical Western diet.
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MATERIALS AND METHODS Germany). Acetic acid, 2-propanol, and dichloromethane were
Ch ical dR t obtained from Merck (Merck KGaA, Darmstadt, Germany);
eémical an eagents acetonitrile from J. T. Baker (Fisher Scientific GmbH, Grief3heim,

Ammonium acetate, genistein, kaempferol-3-O-glucoside, Germany) and tetrahydrofurane (THF) from VWR (VWR
methanol, quercetin-3-O-glucoside, and fert-butyl methyl ether  yhternational GmbH, Darmstadt, Germany). Standards of
were purchased from Roth (Carl Roth GmbH, Karlsruhe, B-carotene, lutein, and zeaxanthin were from CaroNature
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FIGURE 1 | HPLC-chromatogram of flavonoid glycosides in (A) pea microgreens (green) vs. pea microgreen bread (brown) and (B) pea leaves (green) vs. pea leaf
bread (brown). Intensity in mAU, extract at 330 nm. The bread contains 10.7% plant material, hence a dilution factor of 10.7% has to be taken into account. (A)
Compounds are numbered in chronological order 1: Quercetin-3-O-sophorotriose 1, 2: Quercetin-3-O-sophorotriose 2, 3: Kaempferol-3-O-sophorotriose, 4:
Kaempferol-3-O-sophoroside, 4: Quercetin-3-O-caffeoyl-sophorotriose, 5: Quercetin-3-O-coumaroyl-sophorotriose 1, 6: Quercetin-3-O-coumaroyl-sophorotriose 2,
7: Quercetin-3-O-feruloyl-sophorotriose, 8: Kaempferol-3-O-coumaroyl-sophorotriose 1, 9: Kaempferol-3-O-feruloyl-sophorotriose, 10:
Quercetin-3-O-coumaroyl-sophorotriose 3, 11: Kaempferol-3-O-coumaroyl-sophorotriose 2 (B) Compounds are numbered in chronological order 1:
Quercetin-3-O-sophorotriose 1, 2: Quercetin-3-O-sophorotriose 2, 3: Kaempferol-3-O-sophorotriose, 4: Quercetin-3-O-sophorotriose 2, 5:
Quercetin-3-O-caffeoyl-sophorotriose, 6: Quercetin-3-O-coumaroyl-sophorotriose 1, 7: Quercetin-3-O-coumaroyl-sophorotriose 2, 8:
Quercetin-3-O-feruloyl-sophorotriose, 9: Kaempferol-3-O-coumaroyl-sophorotriose 1, 9: Kaempferol-3-O-feruloyl-sophorotriose, 10:
Quercetin-3-O-coumaroyl-sophorotriose 3, 11: Kaempferol-3-O-coumaroyl-sophorotriose.
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TABLE 1 | Average flavonoid concentration in pea microgreens (7 d) and pea leaves (14 d): Non-processed and in the pea-enriched bread.

Pea microgreens Pea leaves
mg g~ fresh weight
(A) FIRST EXPERIMENT
Kaempferol-3-O-sophoroside Non-processed 0.0054A + 0.0004 ND
After baking 0.0493B + 0.0025
Kaempferol-3-O-sophorotriose Non-processed 0.1004A2 + 0.0086 0.0070° + 0.0015
After baking 0.06368 + 0.0017 ND
Kaempferol-3-O-coumaroyl-sophorotriose 1 Non-processed 0.9256"@ + 0.0937 0.5394Ab + 0.0363
After baking 0.75588 + 0.0055 0.25008 + 0.0340
Kaempferol-3-O-coumaroyl-sophorotriose 2 Non-processed 0.0351Aa + 0.0034 0.03322 + 0.0015
After baking 0.03098 £ 0.0007 ND
Kaempferol-3-O-feruloyl-sophorotriose Non-processed 0.0427A2 + 0.0076 0.04782 + 0.0033
After baking 0.0410° + 0.0006 ND
Quercetin-3-O-sophorotriose 1 Non-processed 0.2175M~a + 0.0332 0.3381AP + 0.0275
After baking 0.36148 + 0.0045 0.23368 + 0.0346
Quercetin-3-O-sophorotriose 2 Non-processed 0.0494A.a + 0.0146 0.0559A2 + 0.0121
After baking 0.17328 + 0.0045 0.11698 + 0.0159
Quercetin-3-0O-sophorotriose 3 Non-processed ND 0.0884A + 0.0133
After baking 0.0920" + 0.0107
Quercetin-3-O-coumaroyl-sophorotriose 1 Non-processed 1.6031A2 + 0.2366 2.7343AP + 0.1157
After baking 1.27868 + 0.0282 1.19468 + 0.1458
Quercetin-3-O-coumaroyl-sophorotriose 2 Non-processed 0.2096"2 + 0.0274 0.2467° + 0.0167
After baking 0.26578 + 0.0128 ND
Quercetin-3-O-coumaroyl-sophorotriose 3 Non-processed 0.0511Aa + 0.0059 0.1519AP + 0.0088
After baking 0.1124B + 0.0018 0.07848 + 0.0041
Quercetin-3-O-caffeoyl-sophorotriose Non-processed 0.0180° + 0.0024 0.0684AP + 0.0117
After baking 0.06888 + 0.0008 0.06174 + 0.0041
Quercetin-3-O-feruloyl-sophorotriose Non-processed 0.05042 + 0.0086 0.0757° + 0.0073
After baking ND ND
(B) SECOND EXPERIMENT
Kaempferol-3-O-sophoroside Non-processed 0.0027A + 0.0002 ND
After baking 0.03718 + 0.0027
Kaempferol-3-O-sophorotriose Non-processed 0.0225R2 + 0.0027 ND
After baking 0.0303B + 0.0032
Kaempferol-3-O-coumaroyl-sophorotriose 1 Non-processed 0.2571A2 + 0.0244 0.6125AP + 0.0504
After baking 0.2231A + 0.0316 0.29538 + 0.0158
Kaempferol-3-O-coumaroyl-sophorotriose 2 Non-processed 0.01502 + 0.0018 0.04440 + 0.0061
After baking ND ND
Kaempferol-3-O-feruloyl-sophorotriose Non-processed 0.00992 + 0.0003 ND
After baking ND
Quercetin-3-O-sophorotriose 1 Non-processed 0.1052A2 + 0.0165 0.2821AP + 0.0394
After baking 0.13088 + 0.0078 0.3072A + 0.0186
Quercetin-3-O-sophorotriose 2 Non-processed 0.0297A + 0.0043 0.0479AP + 0.0090
After baking 0.07248 + 0.0035 0.05404 + 0.0048
Quercetin-3-O-sophorotriose 3 Non-processed ND 0.1164A + 0.0366
After baking 0.1293A + 0.0080
Quercetin-3-O-coumaroyl-sophorotriose 1 Non-processed 0.77697a + 0.1004 2.4787Ab + 0.4208
After baking 0.6132A + 0.0669 1.4110B + 0.0766
Quercetin-3-0O-coumaroyl-sophorotriose 2 Non-processed 0.0849A2 + 0.0048 0.0938° + 0.0078
(Continued)
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TABLE 1 | Continued

Pea microgreens Pea leaves
mg g~ fresh weight

After baking 0.0920A + 0.0077 ND
Quercetin-3-O-coumaroyl-sophorotriose 3 Non-processed 0.0375”2 + 0.0049 0.1265AP + 0.0200

After baking 0.05488 + 0.0017 0.05458 + 0.0053
Quercetin-3-O-caffeoyl-sophorotriose Non-processed 0.01452 + 0.0023 0.0185AP + 0.0037

After baking ND 0.03598 + 0.0025
Quercetin-3-O-feruloyl-sophorotriose Non-processed 0.02092 + 0.0017 0.0165° + 0.0021

After baking ND ND

Results are presented as means + SD (ltalic values, n = 5) in mg g~ fresh weight. ND, Not detected. Students t-test by Statistica at a significance level of p < 0.05. Capital letters
label significant differences between the non-processed plant material and plant material after the baking process within in the same development stage. Small letters label significant

differences between non-processed microgreens and leaves.

(CaroteNature GmbH, Miinsingen, Switzerland). Chlorophyll a
and chlorophyll b were purchased from Sigma-Aldrich (Sigma
Aldrich Chemie GmbH Taufkirchen, Germany). Chrysoeriol
was obtained from Phytolab (Phytolab GmbH & Co. KG,
Vestenbergsgreuth, Germany) and pheophytin a from LGC
Standards (LGC Standards GmbH Wesel, Germany). All
chemicals were of HPLC-MS-grade quality.

Plant Material

Two species from the plant family Fabaceae were grown for 7 and
14 days. For peas, the cultivar Blauwschokker Kapuzinererbse
(Sperli GmbH, Everswinkel, Germany) and for lupins, the
cultivar Diinge-Lupine (Kiepenkerl/Bruno Nebelung GmbH,
Everswinkel, Germany) was chosen. Plants were grown in trays
with soil (Einheitserde classic, Einheitserde Werkverband e.V.,
Germany) in a climate chamber. The pH of the soil was
5.9, N was 183 mg L™, P,Os was 135 mg L7!, KO was
212mg L~!, and salinity was 1.23 g L~!. The temperature setting
was 22/18°C (day/night), with a light intensity of 500 pmol
m~2 s7! and a 12/12h photoperiod, and air humidity of 70%.
Plants were watered ad libitum and no fertilizer was added.
After 7 days, microgreens (developed cotyledons) were harvested,
while another batch of the same plants was grown further.
Peas and lupins were harvested as five biological replicates
(five microgreens per replicate), immediately frozen in liquid
nitrogen, and then lyophilized. Fresh plant material was used
for the breadmaking experiments. Peas and lupins not used for
secondary metabolite analyses or breadmaking experiments were
transferred in pots with a diameter of 8 cm and grown for another
7 days in soil in the climate chamber. Leaves of young plants
(developmental stage: 14-d old/five true leaves developed) were
harvested again as five biological replicates (leaves of five plants
per replicate), immediately frozen in liquid nitrogen, and then
lyophilized. Again, fresh plant material was used for breadmaking
experiments.

Breadmaking Experiments

Four different types of fortified bread were prepared: (I) bread
with pea microgreens; (II) bread with pea leaves; (III) bread
with lupin microgreens; and (IV) bread with lupin leaves. The

basis, which was also used as control, was a plain mixed wheat
bread consisting of 41% wheat flour (Type 550, Baecko Hansa
eG, Germany, Hamburg), 30% water, 8.5% rye flour (Type,
1150, Baeko Hansa eG, Germany, Hamburg), 18% sour dough
[rye flour + starter culture (Reinzucht-Sauerteig, Ernst Boecker
GmbH & Co. KG, Germany, Minden)], 1.5% salt (European
Salt Company GmbH & Co. KG, Germany, Hannover), and
1.2% yeast (Uniferm GmbH & Co. KG, Germany, Werne). The
breads were prepared as follows: dry and liquid ingredients were
added and kneaded with a spiral mixer for 6 min (4 min fast:
1,360 rpm, 2 min slow: 690 rpm). For the fortified breads, 60 g
fresh plant material (microgreens intact; leaves roughly chopped,
2 x 2cm) was then added to 500 g raw dough, such that these
breads were fortified with 10.7% of fresh plant material. Plant
material was incorporated slowly with a spiral mixer (1 min) to
avoid destruction of the plant matrix. The dough was subjected
to rising for 40-50 min in a fermentation chamber (40-45°C,
85% air humidity), and finally, baked for 40 min at 230°C.
After cooling, the breads were frozen at —40°C, lyophilized, and
ground. Analyses of plant-enriched breads were conducted from
the whole loaf (crumb and crust).

Flavonoid Extraction

For the analysis of flavonoid glycosides, samples were extracted
according to Neugart et al. (2015) with slight modifications.
Lyophilized and ground samples (plant material: 10mg,
bread: 50mg) were extracted with 60% aqueous methanol
(600 L) for 40min in a thermomixer at 1,400 rpm and
20°C. Samples were centrifuged at 19,000 x g and 20°C
for 10 min, and the supernatants were collected in a 1.5ml
Eppendorf empty tube. This extraction procedure was
repeated twice, but with 300 pL 60% aqueous methanol
and 20 min extraction time. The combined supernatants were
evaporated to dryness in a rotary evaporator. The residues
were suspended in 200 pL 10% aqueous methanol and
transferred to Spin-X tubes with a 0.22pum cellulose acetate
membrane (Corning® Costar® Spin-X®, Sigma Aldrich
Chemical Co., St. Louis, MI). Samples were centrifuged
at 850 x g and 20°C for 5min and transferred to HPLC
vials.
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Analysis of Flavonoids by
HPLC-DAD-ESI-MSN

Flavonoid glycoside separation and identification was performed
with an Agilent HPLC series 1100 (Agilent Technologies Sales
& Services GmbH & Co.KG, Waldbronn, Germany) consisting
of a degasser, binary pump, autosampler, column oven, and a
photodiode array detector. As the mass spectrometer (MS), an
ion trap (Bruker amazon SL, Bruker, Bremen, Germany) with
an electrospray ionization (ESI) ion source (negative ionization
mode) was used. The parameters for HPLC-DAD-ESI-MS"
measurements were optimized based on the method of Neugart
et al. (2015). The standards chrysoeriol, genistein, kaempferol-
3-O-glucoside, and quercetin-3-O-glucoside were used to obtain
external calibration curves ranging from 0.1 to 10 mg 100 mL~!,
The MS" experiments were performed in auto mode up to MS?
in a scan range from m/z 200 to 2000 with a target mass of
m/z 500. The results were expressed in mg g~! of fresh weight
(FW), as mean =+ standard deviation (SD) of five biological
repetitions from each ontogenetic stage of the non-processed
plant material and two biological repetitions (each three technical
replicates thereof) of the control bread or each plant-enriched
bread. Concentrations of flavonoids in plant-enriched breads
refer to the proportion of plant material used for the enrichement
(10.7% plant material), thereby ensuring that the results of the
plant-enriched breads are comparable with the results of the plant
concentration.

Carotenoid and Chlorophyll Extraction

For the analysis of carotenoids and chlorophyll metabolites,
sample material was extracted according to Baldermann et al.
(2013) with slight modifications. Lyophilized and ground
samples (plant material: 10 mg, bread: 100 mg) were extracted
with 500 pL methanol/tetrahydrofuran (1:1) for 5min in an
Eppendorf ThermoMixer® C at 1,400 rpm and 20°C. Samples
were centrifuged at 1,900 x g and 20°C for 5min, and the
supernatants were collected in a 1.5ml Eppendorf empty tube.
Briefly, this extraction procedure was repeated until the sample
material was decolorized. The combined supernatants were
evaporated to dryness under a stream of liquid nitrogen. The dry
residues of the plant samples were suspended in dichloromethane
(50 nL) and 2-propanol (200 pL), bread samples were dissolved
in 20 pL dichloromethane and 180 WL 2-propanol, and then
filtered through PTFE-filter tubes (0.2 wm, amchro GmbH,
Hattersheim, Germany) by centrifugation at 850 x g and 20°C
for 2 min and transferred to HPLC vials. Samples were measured
immediately after extraction.

Analysis of Carotenoids and Chlorophylls
by UHPLC-ToF-MS

Qualitative and quantitative analysis of carotenoids and
chlorophyll metabolites was performed with an Agilent
Technologies 1290 Infinity II UHPLC (Agilent Technologies
Sales & Services GmbH & Co. KG, Waldbronn, Germany)
according to Schroter et al. (2017) with slight modifications.
Analytes were separated by a C30 column (YMC Co. Ltd., Kyoto,
Japan, YMC C30, 100 x 2.1 mm, 3 um) at 20°C. Mobile phases

were methanol/tert-butyl methyl ether/water (81:15:4, v/v/v) for
solvent A and methanol/tert-butyl methyl ether/water (6:90:4,
v/v/v) for solvent B. Ammonium acetate (20 mM) was added
to the mobile phases to increase the ionization. Separation was
performed using a flow rate of 0.2 mL min~!. The gradient for
A/B was as follows: 10 min, 100% A; 45 min 80% A; 55 min 0% A;
57 min, 100% A. The compounds were identified on an Agilent
Technologies 6230 TOF LC/MS equipped with a multimode ion
source in positive mode. The gas temperature was set to 300°C
at a flow rate of 8 L min~!, the vaporizer was set to 200°C, and
the nebulizer pressure was set to 35 psig. The voltage was set
to 3,500 V and a fragmentor voltage of 175V was applied at a
corona current of 4 pA. Standards of B-carotene, chlorophyll
a, chlorophyll b, lutein, pheophytin a, and zeaxanthin were
used for external calibration ranging from 0.2 to 474 ng on the
column. Violaxanthin was calculated as neoxanthin equivalent.
The MS detection was performed in scan range from m/z 100
to 1,700. The results were expressed in jLg g~' FW, as mean +
SD of five biological repetitions from each ontogenetic stage of
the non-processed plant material and two biological repetitions
(each three technical replicates thereof) of the control bread
and each bread enriched with plant material. Concentrations of
carotenoids and chlorophyll in plant-enriched breads refer to the
proportion of plant material (10.7%), thereby ensuring that the
results of the enriched breads are comparable with the results of
the corresponding plants.

Data Handling and Statistical Analysis

Data were expressed as mean £ SD. The statistical analyses
were carried out using Statistica 12 for Windows (Version
9.0, Statsoft Inc., Tulsa, OK). The differences between the two
ontogenetic stages (microgreens and leaves) and samples used for
breadmaking (non-processed plant material and plant-enriched
bread) were tested by the student ¢-Test. Normal distribution
of data in the different samples was tested (¢-Test). Statistical
significance was defined for p < 0.05 (95% confidence level).

RESULTS AND DISCUSSION

Identification and Quantification of

Flavonoids in Pea Microgreens and Leaves
All experiments (plant growth, breadmaking) were carried out
in two plant growth trials. The initial values of flavonoids in
the plants differed between these two independent experiments
due to the natural biological variation depending mainly
on ecophysiological factors such as temperature, light, soil
composition. Thus, to achieve improved clarity, values of the
first and second experiment were evaluated separately. To get an
impression about the composition of the phenolic compounds
in the plant materials, flavonoids were tentative identified by
means of retention time and mass spectra obtained by HPLC-
DAD-ESI-MS" (Figure 1). In the first experiment, the total
flavonoid concentration in pea microgreens was 3.31 mg g~! FW,
whereas the concentration in pea leaves was 4.37 mgg~! FW
(Table 1A). In the second, experiment the total flavonoid
concentration in pea microgreens was 1.38 mg g~! FW, whereas
the concentration in pea leaves was 3.84 mg g~! FW (Table 1B).
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In accordance with earlier studies, in both ontogenetic stages
mainly flavonoids based on the flavonol aglycones kaempferol
and quercetin were found (Bussler et al, 2015; Neugart
et al, 2015). These flavonoids were tentatively identified by
their deprotonated pseudomolecular ions (quercetin: m/z 301;
kaempferol: m/z 285) (Supplemental Table S1) (Bussler et al.,
2015; Neugart et al., 2015). With one exception, all quercetin
and kaempferol glycosides identified were glycosylated with
sophorotrioses, observable by the loss of 486 Da in MS? (Table 1,
Supplemental Table S1; Neugart et al., 2015). In general,
aglycones have a higher antioxidant capacity compared to their
corresponding glycosides. However, flavonoids are naturally
glycosylated in plants (Andersen and Markham, 2006). Seven
flavonoid glycosides were further acylated either with coumaric,
caffeic, or ferulic acid, in the present study (Table 1). Transport
of flavonoids between the membrane compartments, and thus,
accumulation, as needed during plant growth, requires multiple
modifications, e.g., glycosylation. Glycosylation of flavonoids
increases their solubility, and thereby, facilitates their transport
in planta. In addition, glycosylation can reduce flavonoid toxicity,
and thus, protect membranes (Zhao and Dixon, 2010). In the
first experiment, the total quercetin concentration was 2-fold
higher in pea microgreens and 6-fold higher in pea leaves
compared to the total kaempferol concentration (Table 1A).
In the second experiment, the total quercetin concentration
was 3-fold higher in pea microgreens and 5-fold higher in
pea leaves (Table 1B). These increases are in accordance to
earlier findings (Bussler et al., 2015; Neugart et al., 2015). As
already described very often in the literature, quercetin and its
derivatives have a higher radical scavenging and antioxidant
capacity compared to kaempferol (and its derivatives) due to
the catechol structure of the B-ring (Andersen and Markham,
2006; Fiol et al., 2013). Thus, quercetin could provide a higher
level of protection against oxidative stress in plants and humans
compared to kaempferol. In the present study, the concentration
of non-acylated kaempferol derivatives decreased during plant
development from microgreens to leaves. Considering the
increase of quercetin from pea microgreens to leaves, as well
as taking into account that kaempferol is the precursor of
quercetin, a transformation of the kaempferol glycosides to
quercetin glycosides can be assumed (Andersen and Markham,
2006; Saito et al., 2013). Acylation patterns of kaempferol and
quercetin glycosides were inconsistent between pea microgreens
and leaves. Acylation is known to promote a high diversity of
flavonoids and this diversity is influenced by origin, quantity, and
linkage, as well as type of the particular acyl groups (Andersen
and Markham, 2006). Such a high diversity in the chemical
structure confers different protective properties and implies a
specific need for these functions such as varying requirements for
different developmental stages (Andersen and Markham, 2006).
In the first experiment, 11 out of 13 flavonoids identified were
present in both developmental stages (Table 1A); in the second
experiment, 10 out of 13 flavonoids were present (Table 1B).
Earlier studies described hydroxycinnamic acid derivatives in 16-
day-old pea seedlings and 8-week-old pea leaves (Bussler et al.,
2015; Neugart et al., 2015). In contrast, hydroxycinnamic acid
derivatives only occurred in trace amounts, in the present study

(data not shown). Although the concentrations of quercetin and
kaempferol aglycones and the quercetin/kaempferol ratio were
in accordance to previous studies, the degree of hydroxylation
and acylation varied between the different investigations (Bussler
et al, 2015; Neugart et al., 2015). However, other studies
have shown that polyphenols in general and flavonoid profiles
in particular varied among different pea tissues, organs, and
cultivars (Neugart et al., 2015; Sibul et al., 2016). The present
study showed that quercetin glycosides were predominant in
the investigated pea tissues, and that pea leaves accumulated
a higher total flavonoid concentration compared to the
microgreens.

Identification and Quantification of

Flavonoids in Pea-Enriched Bread

Hedonic tastings (5-7 persons) revealed only minor to no
differences in the taste of the breads enriched with plant
material compared to the control bread. Taste differences, if
any, were described as, “green” or “grassy.” The plant material
slightly improved chewing ability, freshness, and juiciness of
the bread crumb. No effect on dough color was determined.
However, the color of the plant material changed from a fresh
green in the raw dough to an olive green in the baked bread
(Figure 2). This was probably caused by chlorophyll depletion
(Turkmen et al., 2006). Microgreens of pea and lupin reduced
the bread volume by only 7-15% compared to the control bread.
Microgreens showed no effect on the texture of the bread crumb
and porosity. However, leaves slightly disrupted the texture of
the crumb and the pores of the bread (data not shown). To
follow the fate of the flavonoid profile during a food process,

.-

FIGURE 2 | Breads fortified with plant material and reference bread. (A) Pea
microgreen bread (left) and reference bread (right); (B) Lupin microgreen bread
(left) and reference bread (right).
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FIGURE 3 | HPLC-chromatogram of flavonoid glycosides in (A) lupin microgreens (green) vs. lupin microgreen bread (brown) in the time range 4-8 min, (B) lupin

microgreens (green) vs. lupin microgreen bread (brown) in the time range 15-40min and (C) lupin leaves (green) vs. lupin leaf bread (brown). Intensity in mMAU, extract

at 330nm. The bread contains 10.7% plant material, hence a dilution factor of 10.7% has to be taken into account. (A) Compounds are numbered in chronological
(Continued)
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FIGURE 3 | order 1: 2’-Hydroxygenistein-C-diglucoside malonylated, 2: Genistein-C-diglucoside—xyloside 1, 3: Genistein-C-diglucoside—xyloside 2, 4:
Genistein-C-diglucoside—xyloside 3 (B) Compounds are numbered in chronological order 5: Chrysoeriol glucoside—xylosy! glucoside 1, 6: Chrysoeriol
glucoside—xylosyl glucoside 2, 7: Chrysoeriol glucoside—xylosyl glucoside malonylated 1, 8: Chrysoeriol glucoside—xylosy! glucoside malonylated 2, 9: Chrysoeriol
glucoside—xylosyl glucoside dimalonylated 1, 10: Chrysoeriol glucoside—xylosyl glucoside dimalonylated 2, 11: Chrysoeriol glucoside—xylosyl glucoside dimalonylated
3, 12: Chrysoeriol glucoside—xylosyl glucoside dimalonylated 4, 13: Chrysoeriol-xylosyl glucoside malonylated, 14: Chrysoeriol-O-glucoside malonylated, 15:
Chrysoeriol-xylosyl glucoside dimalonylated. (C) Compound are numbered in chronological order 1: Chrysoeriol glucoside-xylosyl glucoside 1, 2: Chrysoeriol
glucoside-xylosyl glucoside 2, 3: Chrysoeriol glucoside-xylosyl glucoside malonylated 1, 4: Chrysoeriol glucoside-xylosyl glucoside malonylated 2, 5: Chrysoeriol
glucoside-xylosyl glucoside malonylated 3, 6: Chrysoeriol glucoside-xylosyl glucoside malonylated 4, 7: Chrysoeriol glucoside-xylosy! glucoside dimalonylated 1, 8:
Chrysoeriol-O-xylosyl glucoside, 9: Chrysoeriol glucoside-xylosyl glucoside dimalonylated 12, 10: 2’-Hydroxygenistein-C-glucosid malonylated, 11: Chrysoeriol-xylosy!
glucoside malonylated 1, 12: Chrysoeriol-xylosyl glucoside malonylated 2, 13: Genistein-O-xylosyl glucoside malonylated, 14: Chrysoeriol-xylosyl glucoside
malonylated 3, 15: Chrysoeriol-O-glucoside malonylated, 16: Chrysoeriol-xylosyl glucoside dimalonylated.

non-processed pea material from the day of breadmaking, pea-
enriched breads, and control breads were analyzed for their
flavonoid profile. None of the flavonoids present in the plant
material were found in the control bread. In the bread with
the pea material, only the one with the pea leaf material
had a significant decrease in the total flavonoid concentration
(Table 1, Figure 1). When using the plant material from the first
experiment, 97% of the total flavonoid concentration quantified
in non-processed pea microgreens, were found in the “pea
microgreen bread.” In the “pea leaf bread” of the first experiment,
only 46% of the initial total flavonoid concentration of the
non-processed pea leaves was found (Table 1A). In the second
experiment, 91% of the total flavonoid concentration quantified
in non-processed pea microgreens, were found in the “pea
microgreen bread.” In the “pea leaf bread” from the second
experiment, 60% of the initial total flavonoid concentration was
found (Table 1B). The structural peculiarities of the flavonoids
were equally influenced by breadmaking in both experiments.
Also the dimension of losses was the same in both experiments.
Even though there was a significant decrease in total kaempferol
and quercetin concentration, the quercetin/kaempferol ratio
increased in “pea leaf bread” compared to non-processed pea
leaves. This implies a lower loss of quercetin glycosides when
thermally processed. As shown by Ewald et al. (1999), different
thermal processing treatments, including blanching, boiling,
microwaving, and roasting, of onions also led to a slight decrease
of quercetin compared to kaempferol concentrations. When
comparing a wide variety of different heat treatments (blanching,
boiling, microwaving, frying, steaming), boiling always induced
the highest decrease, thereby implying losses that are also due
to leaching effects (Ewald et al., 1999; Baardseth et al., 2010). In
the present study, some results were inconsistent between pea
microgreens and leaves. This discrepancy was possibly due to
differences in the pea matrix rigidity since losses due to leaching
were excluded since the pea material was incorporated into
dough. In the present study, a significant decrease of all acylated
kaempferol glycosides in pea-enriched breads compared to non-
processed pea microgreens and leaves was detected (Table 1,
Figure 1). Moreover, the only sophoroside identified in pea
microgreens, namely kaempferol-3-O-sophoroside, increased
significantly in “pea microgreen bread” compared to the non-
processed microgreens in both experiments. Fiol et al. (2013)
also found a decrease of highly glycosylated flavonoid glycosides
in favor of an increase or formation of structurally related
compounds with one or two fewer sugar moieties after cooking

kale (Brassica oleracea var. sabellica). These increases could be
probably due to deglycosylation and deacylation of kaempferol
glycosides in pea microgreens (Rohn et al.,, 2007; Fiol et al,
2013). Previous work from Buchner et al. (2006) and Rohn et al.
(2007) also showed that the stability of quercetin glycosides is
dependent on their glycoside moiety as well as their position,
but also highly depending on the thermal treatment used
(aqueous vs. dry treatment). In accordance with the results of the
present study, this suggests that the thermostability of flavonoids
is dependent on their glycosylation and acylation status. For
non-acylated quercetin compounds, a general increase in pea-
enriched breads compared to non-processed pea materials was
observed (Table 1). Also Chaaban et al. (2017) proposed that
glycosylated flavonoids have a higher stability during thermal
treatment. Further, the thermal response of quercetin glycosides
was shown to vary depending on the glycosylation status, and
even, specific isomers, as it was also the case in the present study
for all three isomers of quercetin-3-O-coumaroyl-sophorotriose
(Table 1, Figure1). Judniz et al. (2016) suggested that the
general increase of polyphenols during different heat treatments
of yellow onion (Allium cepa), Italian sweet green pepper
(Capsicum annuum), and cardoon stalks (Cynara cardunculus
L.) was driven by thermally-induced destruction of cell walls
and subcellular compartments. Thus, in relation to the present
study, inconsistent results could be due to a heterogeneous
distribution of the plant material in the dough/bread, and
thereby, a heterogeneous thermally-induced disruption of cell
structures. This hypothesis is consistent with the fact that during
breadmaking, the plant material is exposed to both, mechanical
(e.g., kneading) and thermal (e.g., baking) stress. Depending
on the distribution of the plant material in the dough, these
processes may have fractured the cell structures to a varying
extent. Other studies have focused on differently processed
plant material, e.g., fresh, lyophilized, and ground, or isolated
flavonoids which could explain differing results (Rohn et al.,
2007; Fiol et al., 2013; Chaaban et al., 2017). Extensive research
on the health-promoting properties of kaempferol and quercetin
has been carried out over the years, and both have been shown
to have the potential to reduce the risk of suffering from a
variety of diseases and disorders, from anticarcinogenic, anti-
inflammatory, anti-obesity, and antiviral effects (Wang et al,
2016; Kashyap et al, 2017). Finally, taking the higher initial
flavonoid concentration of pea leaves into account, one slice
of bread (50 g) enriched with either pea microgreens or leaves
contained on average 6-15 mg of flavonoids.
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TABLE 2 | Average flavonoid concentration in lupin microgreens (7 d) and lupin leaves (14 d): Non-processed and in the lupin fortified bread.

Lupin microgreens

Lupin leaves

mg g~ fresh weight

(A) FIRST EXPERIMENT
Chrysoeriol-O-glucoside malonylated Non-processed 0.1868A2 + 0.0151 0.5204AP + 0.0938
After baking 0.06088 + 0.0108 0.00688 + 0.0066
Chrysoeriol glucoside-xylosyl glucoside 1 Non-processed 0.02862 + 0.0023 0.0134AP + 0.0019
After baking ND 0.05885 + 0.0006
Chrysoeriol glucoside-xylosylglucoside 2 Non-processed 0.00322 + 0.0005 0.0414AP + 0.0022
After baking ND 0.0368° + 0.0022
Chrysoeriol glucoside—xylosyl glucoside malonylated 1 Non-processed ND 0.0269 + 0.0021
After baking ND
Chrysoeriol glucoside—xylosyl glucoside malonylated 2 Non-processed ND 0.0417 + 0.0050
After baking ND ND
Chrysoeriol glucoside—xylosyl glucoside malonylated 3 Non-processed 0.02922 + 0.0043 0.3618AP + 0.0495
After baking ND 0.04685 + 0.0011
Chrysoeriol glucoside—xylosy! glucoside malonylated 4 Non-processed 0.00772 + 0.0013 0.1149AP + 0.0113
After baking ND 0.0307B + 0.0009
Chrysoeriol glucoside-xylosyl glucoside dimalonylated 1 Non-processed 0.00952 + 0.0008 0.2052AP + 0.0402
After baking ND 0.03358 + 0.0009
Chrysoeriol glucoside-xylosyl glucoside dimalonylated 2 Non-processed 0.01022 + 0.0012 0.2094AP + 0.0202
After baking ND 0.26058 + 0.0052
Chrysoeriol glucoside—xylosyl glucoside dimalonylated 3 Non-processed 0.0263A2 + 0.0031 ND
After baking 0.06868 + 0.0141
Chrysoeriol glucoside-xylosyl glucoside dimalonylated 4 Non-processed 0.0309A2 + 0.0030 0.05018 + 0.0034
After baking 0.05458 + 0.0112 ND
Chrysoeriol-O-xylosylglucoside Non-processed ND 0.3045" + 0.0562
After baking 0.09958 + 0.0021
Chrysoeriol-xylosyl glucoside malonylated 1 Non-processed ND 0.0540" + 0.0136
After baking 0.0540” + 0.0009
Chrysoeriol-xylosyl glucoside malonylated 2 Non-processed ND 0.1451 + 0.0160
After baking ND
Chrysoeriol-xylosyl glucoside malonylated 3 Non-processed 0.1816°2 + 0.0246 1.7694A0 + 0.1804
After baking 0.07038 + 0.0153 0.23238 + 0.0031
Chrysoeriol-xylosyl glucoside dimalonylated Non-processed 0.02512 + 0.0032 0.3652AP + 0.0435
After baking ND 0.0313B + 0.0008
Genistein-C-diglucoside—xyloside 1 Non-processed 0.4732A + 0.0295 ND
After baking 0.4571A + 0.0704
Genistein-C-diglucoside-xyloside 2 Non-processed 0.9904A + 0.0574 ND
After baking 1.0068" + 0.1595
Genistein-C-diglucoside-xyloside 3 Non-processed 0.0372° + 0.0034 ND
After baking 0.0912B ES 0.0095
Genistein-O-xylosyl glucoside malonylated Non-processed ND 0.2593 + 0.0406
After baking ND
2’-Hydroxygenistein-C-glucoside malonylated Non-processed ND 0.0696 + 0.0118
After baking ND
2’-Hydroxygenistein-C-diglucoside malonylated Non-processed 0.0877 + 0.0073 ND
After baking ND
(B) SECOND EXPERIMENT
Chrysoeriol-O-glucoside malonylated Non-processed 0.1224A2 + 0.0194 0.5017AP + 0.0350
After baking 0.0451B + 0.0128 0.12768 + 0.0066
(Continued)
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TABLE 2 | Continued

Lupin microgreens Lupin leaves

mg g~ fresh weight

Chrysoeriol glucoside-xylosyl glucoside 1 Non-processed 0.00182 + 0.0001 0.0164AP + 0.0016
After baking ND 0.0859° + 0.0052
Chrysoeriol glucoside—xylosy! glucoside 2 Non-processed ND 0.0399AP + 0.0042
After baking 0.04858 + 0.0037
Chrysoeriol glucoside—xylosy! glucoside malonylated 1 Non-processed ND 0.0191 + 0.0020
After baking ND
Chrysoeriol glucoside—xylosyl glucoside malonylated 2 Non-processed ND 0.0351 + 0.0031
After baking ND
Chrysoeriol glucoside—xylosy! glucoside malonylated 3 Non-processed 0.03452 + 0.0116 0.2205Ab + 0.0298
After baking ND 0.05838 + 0.0025
Chrysoeriol glucoside—xylosyl glucoside malonylated 4 Non-processed 0.00982 + 0.0029 0.0806AP + 0.0086
After baking ND 0.0342B + 0.0011
Chrysoeriol glucoside—xylosy! glucoside dimalonylated 1 Non-processed 0.00642 + 0.0016 0.0976AP + 0.0152
After baking ND 0.0433B + 0.0030
Chrysoeriol glucoside—xylosy! glucoside dimalonylated 2 Non-processed 0.01622 + 0.0054 0.1405AP + 0.0129
After baking ND 0.48538 + 0.0253
Chrysoeriol glucoside—xylosyl glucoside dimalonylated 3 Non-processed 0.0181A2 + 0.0056 ND
After baking 0.05948 + 0.0190
Chrysoeriol glucoside—xylosy! glucoside dimalonylated 4 Non-processed 0.0205"a + 0.0040 0.03398 + 0.0034
After baking 0.03448 + 0.0067 ND
Chrysoeriol-O-xylosyl glucoside Non-processed ND 0.2517A + 0.0243
After baking 0.1604B + 0.0227
Chrysoeriol-xylosyl glucoside malonylated 1 Non-processed ND 0.0553A + 0.0051
After baking 0.0781B + 0.0028
Chrysoeriol-xylosyl glucoside malonylated 2 Non-processed ND 0.1107 + 0.0090
After baking ND
Chrysoeriol-xylosy! glucoside malonylated 3 Non-processed 0.1799A2 + 0.0511 1.2947AD + 0.1041
After baking 0.0764B + 0.0331 0.3836° + 0.0133
Chrysoeriol-xylosyl glucoside dimalonylated Non-processed 0.03572 + 0.0115 0.2842AP + 0.0225
After baking ND 0.03708 + 0.0049
Genistein-C-diglucoside-xyloside 1 Non-processed 0.1300" + 0.0295 ND
After baking 0.12897 + 0.0190
Genistein-C-diglucoside—xyloside 2 Non-processed 0.2795" + 0.0450 ND
After baking 0.2616" + 0.0441
Genistein-C-diglucoside—xyloside 3 Non-processed 0.0137A + 0.0016 ND
After baking 0.02858 + 0.0028
Genistein-O-xylosylglucoside malonylated Non-processed ND 0.1992 + 0.0209
After baking ND
2’-Hydroxygenistein-C-glucoside malonylated Non-processed ND 0.0258 + 0.0295
After baking ND
2’-Hydroxygenistein-C-diglucoside malonylated Non-processed 0.0078 + 0.0006 ND
After baking ND

Results are presented as means + SD (ltalic values, n = 5) in mg g~ fresh weight. ND, Not detected. Students t-test by Statistica at a significance level of p < 0.05. Capital letters
label significant differences between the non-processed plant material and plant material after the baking process within in the same development stage. Small letters label significant
differences between non-processed microgreens and leaves.

Identification of Flavonoids in Lupin plants differed between these two independent experiments

Microgreens and Leaves due to biological variations. Thus, to achieve improved clarity,
Similarly to the pea materials, all experiments were carried ~ Vvalues of the first and second experiment, have been evaluated

out twice. Accordingly, the initial values of flavonoids in the separately. Flavonoids were tentatively identified by means
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of retention time and mass spectra obtained by HPLC-
DAD-ESI-MS" as well as by comparing the obtained mass
spectra with the literature (Figure 3, Supplemental Table S2)
(Kachlicki et al., 2008; Duenas et al, 2009; Wojakowska
et al, 2013). In the first experiment, the average flavonoid
concentration in lupin microgreens was 2.08 mg g~! FW and
increased in lupin leaves to 4.55mgg ! FW (Table2A). In
the second experiment the average flavonoid concentration in

lupin microgreens was 0.88 mg g~! FW and increased in lupin
leaves to 3.41 mg g~! FW (Table 2B). Three different flavonoid
aglycones were tentatively identified by their deprotonated
pseudomolecular ions. Two of them were assigned to the
group of isoflavones (genistein m/z 269 and 2’-hydroxygenistein
m/z 187) and one to the group of flavones (chrysoeriol m/z
299) (Supplemental Table S2) (Duenas et al., 2009; Wojakowska
et al.,, 2013). Aglycones were glycosylated with different sugar
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FIGURE 5 | HPLC chromatogram of carotenoid and chlorophyll metabolites in (A) lupin microgreens (green) vs. lupin microgreen bread (orown) and (B) lupin leaves
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8: Chlorophyll a, 9: a-Carotene, 10: B-Carotene, 11: Pheophytin (B) 1: Neoxanthin derivative 2, 2: Violaxanthin derivative 1, 3: Neoxanthin derivative 1, 4: Violaxanthin
derivative 2, 5: Chlorophyll b, 6: Lutein, 7: Chlorophyll a, 8: a-Carotene, 9: p-Carotene, 10: Pheophytin.

moieties such as glucose, xylose, or combinations thereof. As
described in previous studies, genistein, 2'-hydroxygenistein,
and chrysoeriol glycosides were, if present, acylated with one
or two molecules of malonic acid (Table2) (Kachlicki et al.,
2008; Wojakowska et al., 2013). Malonic acid was also found
as the prevailing substituent in 3- to 14-week-old lupin leaves
and other organs (roots, stems, and inflorescences), whereby

esterification with malonic acid was also widespread in lupin
(Garcia-Lopez et al.,, 2006; Wojakowska et al., 2013). These
observations indicate the occurrence of malonylation as age-,
organ-, and species-independent. Malonylation is assumed to
maintain flavonoids in the vacuole, protect flavonoid glycosides
from enzymatic degradation by glycosidases or oxidases, and
support their intracellular transport (Zhao and Dixon, 2010).
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In the present study, a shift in the chrysoeriol/genistein ratio
due to a roughly 8-fold higher concentration of chrysoeriol in
lupin leaves compared to microgreens was found (Table 2). In
line with this finding, increasing isoflavone (genistein and 2’-
hydroxygenistein) concentrations during germination of lupin
seeds were reported previously (Aisyah et al., 2016). Of note is
that isoflavones in general and genistein and 2’-hydroxygenistein
derivatives in particular can exhibit antimicrobial activity and
that their synthesis during germination is possibly assigned to
their effect as phytoalexin and phytoanticipin on the vulnerable
seedling (Zhang et al., 2008). In the present study, a significant
decrease of the genistein derivatives’ concentrations from day
7 to 14 of lupin development was found. This observation
is consistent with the findings of Katagiri et al. (2000), who
also detected a decrease in genistein derivative concentrations
from day 9 to 13 in this species. Moreover, higher chrysoeriol
concentrations compared to genistein ones was found in 3-week-
old lupin leaves (Kachlicki et al., 2008). Generally, chrysoeriol
glycosides increased in lupin leaves compared to microgreens.
Five different chrysoeriol glycosides were detected exclusively in
lupin leaves, suggesting their necessity in the later stages of plant
development (Table 2). Chrysoeriol has antioxidant activitiy and
possesses a high antioxidant potential, which is conferred by the
presence and position of the phenolic hydroxyl group (Mishra
et al,, 2003; Nascimento et al., 2014). As already described above,
glycosylation is also known to influence flavonoid’s antioxidant
activity (Mishra et al., 2003). Therefore, an increase of chrysoeriol
glycosides during plant development might result from a severe
need for antioxidant activity in developing plants compared to
seedlings, as leaves have a higher surface area that is exposed
to light. This hypothesis is substantiated by the observation
that lupin leaves had a higher concentration and diversity
of chrysoeriol glycosides compared to microgreens (Table 2).
Nevertheless, in lupin, the occurrence of genistein substituents
and malonic acid was generally consistent. Taking the present as
well as previous studies into account, flavonoid composition and
concentration appears to be influenced by plant developmental
stage, organ, as well as species and cultivar (Garcia-Lopez
et al., 2006; Wojakowska et al., 2013). Finally, even though
the isoflavone (genistein) concentration was higher in lupin
microgreens, the overall total flavonoid concentration was higher
in lupin leaves.

Identification and Quantification of

Flavonoids in Lupin-Enriched Bread

Non-processed plant material from the day of breadmaking,
lupin-enriched breads, and control breads were analyzed with
regard to their flavonoid concentration. None of the flavonoids
present in the plant material could be detected in the control
bread. Total flavonoid concentration was lower in lupin-enriched
breads compared to the non-processed plant material (Table 2,
Figure 3). In the first experiment, the “lupin microgreen bread”
contained 87% and the “lupin leaf bread” 22% of the total
flavonoid concentration quantified in the corresponding non-
processed lupin materials (Table 2A). In the second experiment,
the “lupin microgreen bread” contained 72% and the “lupin

leaf bread” 45% of the total flavonoid concentration quantified
in the corresponding non-processed lupin materials (Table 2B).
Bread production equally influenced the structural peculiarities
of the flavonoids in both experiments. Also the dimension of
losses was the same in both experiments. With regard to total
chrysoeriol concentration, there was a decrease in baked lupin
material compared to non-processed lupin material, whereas
for the total genistein concentration of non-processed lupin
microgreens and the “lupin microgreen bread,” no difference
was found. Genistein glycosides were only identified in the
non-processed lupin leaves, but not in the “lupin leaf bread.”
Griin et al. (2001) reported that heat treatments had only
little impact on the genistein concentration, whereas daidzein
and its conjugates changed due to modifications of their
specific glycosides. However, these isoflavonoids (daidzein,
glycitin) were shown to be stable at temperatures around 100°C
(Griin et al,, 2001; Ungar et al, 2003). Purified p-glucoside
genistein (genistein-7-O-glucoside) was shown to be stable up
to 135°C (Xu et al,, 2002). During the baking process in our
study, the temperature in the bread crumbs did not increase
higher than 98°C, whereas in the bread crust, it can reach
temperatures between 160 and 180°C (Acker et al, 2013).
Genistein derivatives were expected to be stable during baking,
and indeed, total genistein concentration did not change after
baking (Table 2). In previous studies, malonyl glycosides of
genistein were shown to be unstable during heat treatment,
resulting in decarboxylation and de-esterification as well as an
increase in acetyl glycosides and B-glycosides (Ungar et al,
2003). In the present study, malonylated genistein and 2’-
hydroxygenistein glycosides were not detectable in the lupin
breads. In the “lupin leaf bread,” genistein derivatives were
not even detectable at all (Table2, Figure 3). The stability
of chrysoeriol under heat treatment (100°C) was shown to
be pH dependent in aqueous solutions with a high stability
at pH 3 (Hostetler et al, 2013). In the present study, the
pH of the dough was approximately 3.7 with a comparatively
low concentration of free water. Therefore, a certain level
of thermostability of chrysoeriol glycosides or occurrence of
chrysoeriol aglycones in the baked bread could be expected.
From 15 chrysoeriol glycosides identified in non-processed lupin
microgreens, only four (two monoacylated and two diacylated
with malonic acid) were also found in the “lupin microgreen
bread” (Table 2, Figure 3). Moreover, the two monoacylated
chrysoeriol glycosides showed a decrease and the two diacylated
chrysoeriol glycosides an increase in the “lupin microgreen
bread” compared to non-processed lupin microgreens (Table 2).
Hence, acylation could have an impact on the thermostability
of chrysoeriol. As already described for the pea material,
the thermostability of flavonoid glycosides is known to be
dependent on their structure, such as their glycosylation and
acylation status, and glycosylated flavonoids might have a
higher thermostability (Rohn et al, 2007; Fiol et al, 2013;
Chaaban et al., 2017). However, the majority of the flavonoids
detected in lupin microgreens and leaves showed a decrease
after breadmaking (Table 2, Figure 3). Similar to the results
obtained for the pea breads, discrepancies in detection levels
might result from a heterogeneous distribution of lupin tissue
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TABLE 3 | Average carotenoid and chlorophyll derivative concentration in Pea microgreens (7 d) and leaves (14 d): Non-processed and in the pea-enriched bread.

Pea microgreens Pea leaves
mg g~ fresh weight

(A) FIRST EXPERIMENT
Lutein Non-processed 71.7A2 + 7.44 125.84A0 + 11.32

After baking 1.518 + 0.54 8.665 + 0.76
3-Carotene Non-processed 18.912 + 2.93 43.15P + 3.27
Neoxanthin derivative 1 Non-processed 13.422 + 1.34 27.67° + 2.4
Neoxanthin derivative 2 Non-processed 2.628 + 0.66 5.99P + 0.8
Violaxanthin derivative 1 Non-processed 16.28 + 1.27 32.550 + 5.97
Chlorophyll a Non-processed 1017.612 + 85.71 2019.92° + 226.82
Chlorophyll b Non-processed 142,62 + 17.95 295,620 + 28.08
Pheophytin Non-processed ND ND

After baking 137.56" + 8.73 449.53A + 11.9
(B) SECOND EXPERIMENT
Lutein Non-processed 130.28A2 + 18.73 166.53A0 + 8.36

After baking 7.568 + 1.54 8.488 + 0.61
3-Carotene Non-processed 41,718 + 5.86 61.88P + 3.32
Neoxanthin derivative 1 Non-processed 25.852 + 3.9 38.47P + 2.72
Neoxanthin derivative 2 Non-processed 7.858 + 2.81 6.128 + 0.57
Violaxanthin derivative 1 Non-processed 40.352 + 8.08 41.362 + 4.2
Chlorophyll a Non-processed 2018.692 + 351.13 2227.732 + 125.2
Chlorophyll b Non-processed 285.692 + 44.85 404710 + 34.61
Pheophytin Non-processed ND ND

After baking 263.31A + 42,11 448.387 + 21.54

Results are presented as means + SD (ltalic values, n = 5) in wg g~ fresh weight. ND, Not detected. Students t-test by Statistica at a significance level of p < 0.05. Capital letters
label significant differences between the non-processed plant material and plant material after the baking process within in the same development stage. Small letters label significant

differences between non-processed microgreens and leaves.

in the dough/bread, and thereby, a heterogeneous fracturing
of cell walls/compartments during breadmaking (Judniz et al,
2016). The “lupin microgreen bread” contained mainly isoflavone
genistein glycosides, whereas the “lupin leaf bread” contained
only flavone chrysoeriol glycosides. Isoflavonoids, such as
genistein, can have estrogen-like effects, as they can bind
to estrogen receptors due to their structural similarities with
the human female hormone 17-B-estradiol. Thus, they have
implications for, e.g., breast cancer (Xu et al., 2015; Romagnolo
et al, 2017). In fact, genistein was shown to have positive
effects against breast cancer in human breast cell lines by
modifications at the molecular level (Romagnolo et al., 2017).
Moreover, potential anticarcinogenic properties of genistein were
also shown, as it enhanced the antiproliferative effects of other
chemotherapeutic agents in vitro (Xu et al., 2015). Further, the
beneficial properties of chrysoeriol are related to therapeutic
effects in the management of type 2 diabetes mellitus, as it
can act as an inhibitor of the enzymes a-amylase and lipase
(Ramirez et al., 2016; Hua et al.,, 2018). Chrysoeriol can also
exert antioxidant activity such as inhibition of lipid peroxidation
and superoxidase or scavenging of DPPH radicals (Mishra et al.,
2003). In total, one slice (50g) of bread fortified with either
lupin microgreens or lupin leaves contained on average 3-8 mg
of flavonoids.

Identification and Quantification of
Carotenoids and Chlorophylis in

Microgreens and Leaves of Pea and Lupin

All experiments (plant growth, baking) were carried out in two
replicates. The initial values of carotenoids and chlorophylls in
the plants differed between these two independent experiments
due to biological variations. Thus, to achieve improved clarity,
values of the first and second experiment, are stated separately.
Carotenoids and chlorophylls were analyzed in microgreens and
leaves of pea and lupin. Both substance classes were identified
by means of retention time, specific mass (m/z), and UV
absorptions maxima obtained by UHPLC-ToF-MS (Figures 4,
5, Supplemental Table S3). Lutein, P-carotene, zeaxanthin,
neoxanthin derivativel, neoxanthin derivate 2, violaxanthin, as
well as chlorophyll a and chlorophyll b were identified. In
general, the concentration of all carotenes and chlorophylls
increased in leaves of pea and lupin compared to their
corresponding microgreens (Tables 3, 4). In pea the total
carotenoid concentration in the first experiment of microgreens
was 135 g g7! FW and 250 pug g=' FW in leaves (Table 3A).
In the second experiment, the total carotenoid concentration in
microgreens was 264 |Lg g’1 FW and 346 pg g’1 FW in pea
leaves (Table 3B). In lupin, the total carotenoid concentration
ranged from 133 g g~! FW in microgreens to 194 ug g~! FW
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TABLE 4 | Average carotenoid and chlorophyll derivative concentration in Lupin microgreens (7 d) and lupin leaves (14 d): Non-processed and in the lupin-enriched bread.

Lupin microgreens

Lupin leaves

mg g~ fresh weight

(A) FIRST EXPERIMENT

Lutein Non-processed 29.642
3-Carotene Non-processed 14.82
Zeaxanthin Non-processed 47.732
Neoxanthin derivative 1 Non-processed 19.082
Neoxanthin derivative 2 Non-processed 1.468
Violaxanthin derivative 1 Non-processed 8.232
Violaxanthin derivative 2 Non-processed 11.92
Chlorophyll a Non-processed 594,032
Chlorophyll b Non-processed 87.412
Pheophytin Non-processed

After baking 173.1A
(B) SECOND EXPERIMENT
Lutein Non-processed 27.022
3-Carotene Non-processed 17.782
Zeaxanthin Non-processed 147.448
Neoxanthin derivative 1 Non-processed 24,018
Neoxanthin derivative 2 Non-processed 2.442
Violaxanthin derivative 1 Non-processed 10.912
Violaxanthin derivative 2 Non-processed 22,262
Chlorophyll a Non-processed 609.12
Chlorophyll b Non-processed 74.642
Pheophytin Non-processed

After baking 204.19A

+ 5.01 95.24P + 13.88
+ 1.79 37.53P + 8.7
+ 42.47 ND

+ 2.47 22,58 + 3.81
+ 0.31 2.31P + 0.55
+ 1.47 10.682 + 2.03
+ 4.14 26P + 4.43
+ 63.63 1338.33° + 220.66
+ 11.09 225.01P + 21.98
ND ND

+ 45.32 654.37A + 51.7
+ 18.71 104.61P + 21.89
+ 6.01 550 + 9.52
+ 59.74 ND

+ 2.22 0.72b + 0.17
+ 0.38 0.45P + 0.05
+ 1.18 0.75° + 0.08
+ 3.62 ND

+ 178.7 1776.03° + 332.83
+ 36.78 270.78° + 56
ND ND

+ 79.02 611.97A + 13.85

Results are presented as means + SD (ltalic values, n = 5) in wg g~ fresh weight. ND, Not detected. Students t-test by Statistica at a significance level of p < 0.05. Capital letters
label significant differences between the non-processed plant material and plant material after the baking process within in the same development stage. Small letters label significant

differences between non-processed microgreens and leaves.

in leaves in the first experiment (Table4A). In the second
experiment, the total carotenoid concentration ranged from
249 ng g~! FW in microgreens to 162 jug g=' FW in leaves
(Table 4B). The chlorophyll concentration exceeded the total
carotenoid concentration in pea and lupin in both development
stages. Lefsrud et al. (2007) found that B-carotene, lutein, and
chlorophyll increased in kale leaves until the 2-3 week of
plant development, but decreased in kale leaves older than 3
weeks. Consistent with these results, we also found that p-
carotene, lutein, and chlorophyll increased in pea and lupin from
microgreens to leaves. Moreover, zeaxanthin was found in lupin
microgreens, but it was below the detection limit in lupin leaves,
pea microgreens, and pea leaves (Tables 3, 4). In a previous study,
lutein, zeaxanthin, and p-carotene were found to be the major
carotenoids in lupin microgreens and leaves as well as in the
seeds of four different lupin species (L. luteus cv. Pootalong,
L. albus cv. Andromeda, L. mutabilis P26961, L. angustifolius
cv. Kalya) (Wang et al, 2008). Furthermore, whereas lutein
concentration was similar in all species, zeaxanthin, -carotene,
and indeed, the total carotenoid concentration varied among the
different species (Wang et al., 2008). These findings underline
the fact that the carotenoid profiles vary considerably among
different lupin species and subspecies. In line with the results

gained by Mroczek-Zdyrska et al. (2016) in 14-day-old lupin
leaves, chlorophyll a concentration always exceeded the total
carotenoid and the chlorophyll b concentration in pea and
lupin microgreens and leaves (Tables 3, 4). A high chlorophyll a
concentration was also described in various green vegetables such
as broccoli (Brassica oleracea var. silvestris), spinach (Spinacia
oleracea), (Allium ampeloprasum) (Turkmen et al., 2006). In pea,
we found that carotenoid and chlorophyll concentrations were
generally higher in leaves compared to microgreens. In lupin,
only lutein, P-carotene, and chlorophyll concentrations were
distinctly higher in lupin leaves. Comparing both microgreens
and leaves of pea and lupin, carotenoid and chlorophyll
concentrations were higher in both pea tissues.

Identification and Quantification of
Carotenoids and Chlorophyll Metabolites
in Legume-Enriched Bread

Non-processed pea and lupin tissue from the days of
breadmaking, breads fortified with pea and lupin tissue,
and control breads were analyzed regarding their carotenoid
and chlorophyll metabolite concentration. Neither carotenoid
nor chlorophyll metabolites were detected in the control bread.
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With the exception of lutein, no carotenoids were found in the
legume-enriched breads (Table 3, Figures 4, 5). Less than 6%
of the initial lutein concentration could be recovered in the
“pea microgreen bread” and the “pea leaf bread,” no lutein was
found in the lupin breads (Table 3). Chlorophyll was also not
detectable in pea- or in lupin-enriched bread. Earlier studies
described major decreases of carotenoid respective chlorophyll
concentrations in a variety of vegetables, e.g., broccoli, spinach,
and green beans, due to heat treatment (Murcia et al., 2000;
Turkmen et al., 2006). Pheophytin formation, simultaneously
to a decrease in chlorophyll concentration, was also described
earlier when boiling vegetables (e.g., green beans, spinach,
and peas) (Turkmen et al., 2006). Moreover, the decrease of
carotenoid and chlorophyll (respective pheophytin formation)
concentrations varies between different species and increases
with higher temperatures (Turkmen et al., 2006; Guillén et al.,
2017). In broccoli inflorescence (Brassica oleracea var. Avenger)
the lutein and chlorophyll concentrations were even higher
in boiled vegetables compared to fresh ones (dos Reis et al,
2015). Therefore, the impact of heat treatment can be considered
as species and organ dependent (dos Reis et al, 2015). In
spinach leaves, broccoli, and Brussels sprouts, chlorophyll
thermostability was also shown to be dependent on the specific
heat treatment (Teng and Chen, 1999; Paciulli et al, 2017).
In addition, aqueous heat treatments (steaming, blanching,
and microwaving) led to a stronger decrease of chlorophyll b
concentrations compared to chlorophyll a ones, whereas dry
heat treatments (baking) had a similar effect on both chlorophyll
a and b levels (Guillén et al., 2017; Paciulli et al, 2017).
Accordingly, chlorophyll a and b concentrations were completely
depleted in both pea- and lupin-enriched bread. Carotenoid and
chlorophyll concentrations were shown to decrease with longer
heat treatments, thereby pheophytin formation increases (Teng
and Chen, 1999). In accordance with previous investigations,
we also found increased pheophytin concentrations in pea-
and lupin-enriched bread as a result of chlorophyll depletion
(Tables 3, 4, Figures 4, 5) (Turkmen et al., 2006). No pheophytin
was detected in non-processed pea and lupin tissue. In the
“pea microgreen bread” from the first experiment, we found
137 g g~! FW of pheophytin and 450 1g g~! FW in the “pea
leaf bread” (Table 3A). In “pea microgreen bread” from the
second experiment, we found 263 pg g~! FW of pheophytin
and 448 ug g~ ! FW in “pea leaf bread” (Table 3B). In “lupin
microgreen and leaf bread” from the first experiment, we found
173 and 654 pg g~! FW of pheophytin, respectively (Table 4A).
In the “lupin microgreen and leaf breads” from the second
experiment, 204 and 612 g g~! FW of pheophytin were found,
respectively (Table 4B). Even though the breadmaking process
led to an almost complete loss of carotenoids and chlorophylls,
some health-promoting properties were maintained due to
increased pheophytin formation, as pheophytin is thought
to have similar health-promoting effects as chlorophyll, e.g.,
anti-inflammatory and antioxidant activities (Hsu et al., 2013;
Park et al., 2014). Thus, bread enriched with leaves, either from
pea or lupin, had a higher pheophytin concentration compared
to the breads with the corresponding microgreens.

CONCLUSION

Pea and lupin could provide the consumer with health-
promoting secondary plant metabolites such as carotenoids,
chlorophylls, and flavonoids. The present study showed that the
developmental stage has a distinct impact on the secondary plant
metabolite profile and has to be taken into account prior to
use plant material for further food processes. For example, the
total concentration of carotenoids, chlorophylls, and flavonoids
was generally higher in pea and lupin leaves compared to
their corresponding microgreens. Hence, the use of pea and
lupin leaves for enriching food products should be favored in
order to enhance health-promoting effects. Moreover, quercetin
glycosides were predominant in both investigated pea tissues,
suggesting that pea microgreens as well as leaves are good sources
of quercetin. Although the total flavonoid concentration was
higher in lupin leaves compared to microgreens, the genistein
concentration was higher in lupin microgreens. However, lupin
leaves accumulated higher amounts of chrysoeriol. Hence,
recommendations for lupin consumption could be tailored to
the specific needs of the consumer such as for anticarcinogenic
properties (lupin microgreens rich in genistein) or antidiabetic
benefits (lupin leaves rich in chrysoeriol). In most cases,
vegetables are consumed after thermal processing (cooked,
steamed, or fried) which is thought to lower the nutritional value
of such cooked vegetables. In the present study, we found that
baking of fresh plant material in bread led to relatively low losses
of flavonoids, major depletion of carotenoid and chlorophyll
concentrations, but also an increase in pheophytin formation.
Nevertheless, breads enriched with plant material from pea or
lupin could result in increased consumption of desired secondary
plant metabolites. In detail, pea-enriched breads could provide
the consumer with increased concentration of health-promoting
kaempferol and quercetin derivatives. In addition, genistein-
containing “lupin microgreen bread” could have strong health
benefits, particularly for women. Further, “lupin leaf bread” rich
in chrysoeriol could be used as a substitute for traditional bread
to consumers with a type 2 diabetes mellitus. Collectively, this
study has shown that dependent on the chosen plant material,
it is possible to produce bread enriched with health-promoting
secondary plant metabolites tailored for specific consumer needs.
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