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The recent growing interest towards the nutraceutical and antioxidant value of fruit
and vegetables has arisen from their content of phytochemicals, which provide desirable
health benefits, beyond basic nutrition, to reduce the risk of major chronic diseases [1].
For this reason, it is necessary for the human diet to contain a good proportion of plant
antioxidant compounds. Therefore, horticultural science must dedicate more attention to
satisfy the expectations of consumers who are demanding more and more high-quality
functional foods.

The Special Issue on the “Nutritional and Antioxidant Value of Horticultural Products”
has provided readers with novel insights into some ‘unusual’ types of foods. In fact, the
articles published included information about edible flowers, Italian green tea, and stinging
nettle, along with potato and sweet potato.

Demasi et al. [2] investigated the sensory profile of 17 edible flowers (Figure 1) at har-
vest, and their shelf life and bioactive compound dynamics during cold storage, providing
the characteristics and requirements of the different flowers. The authors evaluated the
aroma of the flower with 10 sensory descriptors (intensity of sweet, sour, bitter, salt, smell,
specific flower aroma, and herbaceous aroma; spiciness, chewiness, and astringency), and,
both at harvest and during 14 d of storage at 4 ◦C, the flower visual quality, polyphenol
and anthocyanin content, and antioxidant activity were evaluated. The paper presents
a lot of information concerning flowers’ sensory profiles, phytochemical characteristics,
and shelf life, which are very useful to select suitable species for the edible flower market;
for example, a strong aroma was revealed for Allium ursinum, Dianthus carthusianorum,
Lavandula angustifolia, and Leucanthemum vulgare, while the flowers with the longest shelf
life were Rosa pendulina (14 days) and Rosa canina (10 days).

Instead, at the University of Pisa (Italy) [3], different post-harvest treatments (air dry-
ing at 30, 50, 60, and 70 ◦C, and freeze drying) were applied to Agastache aurantiaca (A.Gray)
Lint & Epling flowers to determine the effects on the bioactive metabolites and volatile com-
pounds. The outcome was that freeze-drying was found to be the best solution to prolong
the shelf life and keep the antioxidant compounds of A. aurantiaca flowers, despite changes
in the aromatic component. In fact, pulegone, the main volatile emitted by fresh flowers,
decreases after the different drying treatments while other volatile compounds appeared.

Drying was also applied to stinging nettle (Urtica dioica L.) [4], which is a well-known
plant in traditional medicine. Because the technique enables a low-cost product to be stored
for long time, dehydrated samples, after freeze-drying (FD), oven-drying (OD), and heat
pump drying (HPD), and fresh leaves were subjected to water extraction to emulate their
use by the final consumers. HPD gave the best results, even doubling the phenol content
and antioxidant activity compared to the fresh sample, but with a reduction of around
40% in the ascorbic acid content and 10 to over a hundred times higher amounts of some
specific phenolic compounds. These findings confirm the value of dehydration techniques,
which, however, should always be modulated when used on fresh samples.
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Figure 1. Images of seventeen edible flowers selected by Demasi et al. [2]. From left to right, first
line is as follows: Allium ursinum L., Borago officinalis L., Calendula officinalis L., Centaurea cyanus L.,
Cichorium intybus L., Dianthus carthusianorum L.; second line is as follows: Lavandula angustifolia
Mill., Leucanthemum vulgare (Vaill.) Lam., Paeonia officinalis L., Primula veris L., Robinia pseudoacacia
L., Rosa canina L.; third line is as follows: Rosa pendulina L., Salvia pratensis L., Sambucus nigra L.,
Taraxacum officinale Weber, Tropaeolum majus L.

In Italy, in the Lake Maggiore district, the cultivation of Camelia sinensis (L.) O. Kuntze
has developed for the production of a quality tea for a niche market. Therefore, the bioactive
compounds (polyphenols) and antioxidant activity of the two green teas (the “Camellia
d’Oro” tea—TCO, and the “Compagnia del Lago” tea—TCL) were analyzed [5]. The
antioxidant activity of the two teas was similar or higher than in other green teas, with TCO
characterized by higher antioxidant activity and phenolic content than TCL, indicating that
it is possible to grow C. sinensis in Italy to a tea of satisfactory quality.

Tilahun et al. [6] realized a study to develop indices to predict the level of total
glycoalkaloids (GA) in potato tubers at different greening stages, because the toxicity and
beneficial effects of glycoalkaloids depend on the dose and conditions of use. The indices
were based on surface color and chlorophyll content for estimation of safe GA levels, which
represents basic information that needs to be confirmed and thereafter adapted for use on
all potato cultivars.

Finally, Galvao et al. [7] evaluated the quality and nutrient contents of sweet potato,
which is considered, by the FAO, as a primary crop for “traditional agriculture”, and is
also characterized by high variability concerning the color and nutritional value of the
edible root. The analyses of 29 sweet potato accessions confirmed that there is considerable
variability in nutrient content related to color. Deep-orange-fleshed sweet potatoes contain
a higher level of β-carotene compared to light-orange- and cream-fleshed ones; therefore,
100 g of edible product can supply 32.3% of the daily value of vitamin A. The total phenolic
content of the purple ecotypes was also higher than the other genotypes. Such high
variability in the quality and nutrient contents suggests novel uses of the different color
accessions in Europe as well, where sweet potato consumption is not widespread.

Today’s food products are all the more appreciated for their content of phyto-nutriceuticals,
and, therefore, horticulture has to turn to the supply of products with a variety of valuable
metabolites and aromas. It is the task of researchers to study these compounds and enable
the enhancement of horticultural products.

Author Contributions: All authors contributed equally. All authors have read and agreed to the
published version of the manuscript.
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Abstract: In this study, 17 edible flowers (Allium ursinum L., Borago officinalis L., Calendula officinalis
L., Centaurea cyanus L., Cichorium intybus L., Dianthus carthusianorum L., Lavandula angustifolia Mill.,
Leucanthemum vulgare (Vaill.) Lam., Paeonia officinalis L., Primula veris L., Robinia pseudoacacia L.,
Rosa canina L., Rosa pendulina L., Salvia pratensis L., Sambucus nigra L., Taraxacum officinale Weber, and
Tropaeolum majus L.) were investigated to assess their sensory profile at harvest and their shelf life and
bioactive compounds dynamics during cold storage. The emerging market of edible flowers lacks
this information; thus, the characteristics and requirements of different flower species were provided.
In detail, a quantitative descriptive analysis was performed by trained panelists at flower harvest,
evaluating 10 sensory descriptors (intensity of sweet, sour, bitter, salt, smell, specific flower aroma,
and herbaceous aroma; spiciness, chewiness, and astringency). Flower visual quality, biologically
active compounds content (total polyphenols and anthocyanins), and antioxidant activity (FRAP,
DPPH, and ABTS assays) were evaluated both at harvest and during storage at 4 ˝C for 14 days to
assess their shelf life. Generally, species had a wide range of peculiar sensory and phytochemical
characteristics at harvest, as well as shelf life and bioactive compounds dynamics during postharvest.
A strong aroma was indicated for A. ursinum, D. carthusianorum, L. angustifolia, and L. vulgare, while
B. officinalis and C. officinalis had very low values for all aroma and taste descriptors, resulting in
poor sensory profiles. At harvest, P. officinalis, R. canina, and R. pendulina exhibited the highest
values of polyphenols (884–1271 mg of gallic acid equivalents per 100 g) and antioxidant activity
(204–274 mmol Fe2+/kg for FRAP, 132–232 and 43–58 μmol of Trolox equivalent per g for DPPH and
ABTS). The species with the longest shelf life in terms of acceptable visual quality was R. pendulina
(14 days), followed by R. canina (10 days). All the other species lasted seven days, except for C. intybus
and T. officinale that did not reach day 3. During cold storage, the content of bioactive compounds
differed, as total phenolics followed a different trend according to the species and anthocyanins
remained almost unaltered for 14 days. Considering antioxidant activity, ABTS values were the least
variable, varying in only four species (A. ursinum, D. carthusianorum, L. angustifolia, and P. officinalis),
while both DPPH and FRAP values varied in eight species. Taken together, the knowledge of sensory
profiles, phytochemical characteristics and shelf life can provide information to select suitable species
for the emerging edible flower market.

Keywords: anthocyanins; aroma; flavor; polyphenols; sensory analysis; postharvest; shelf life

1. Introduction

The consumption of flowers as food is an ancient practice but many flowers, or
parts of them, have had a much wider use in the past than today [1–6]. Rose petals
(Rosa spp.) were already used in Roman times as ingredients in various preparations,
as well as chamomile (Matricaria chamomilla L.) in ancient Greece and chrysanthemum
(Chrysanthemum morifolium Ramat.) in China. In the Middle Ages, common marigold flow-
ers (Calendula officinalis L.) were used as components of salads, especially in France; in the

Horticulturae 2021, 7, 166. https://doi.org/10.3390/horticulturae7070166 https://www.mdpi.com/journal/horticulturae
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same region from the 1600s onwards, various products based on violets (Viola odorata L.)
became popular. Similarly, in various areas of Europe, carnation (Dianthus caryophyllus L.),
dandelion (Taraxacum officinale Weber) and elder (Sambucus nigra L.) flowers were con-
sumed. Some of these food cultures that were once confined to rural populations have
survived, albeit marginally, to the present day and have recently been revived adding color,
flavor, taste and visual appeal to food preparations [7,8].

Today, the assortment of edible flowers includes several species that are used to im-
prove the aesthetic appearance, color, and aroma of foods but also for their nutritional
properties [2,9–13]. Edible flowers contain indeed several bioactive compounds (vitamins,
minerals, phenolic substances), while they are poor in fat and proteins [2,3,9,11,13–16].
Many studies foster the nutritional interest in wild and ornamental flowers, similar to
leafy vegetables. Phenolic compounds (e.g., phenolic acids, flavonoids, and anthocyanins)
are among the most representative biologically active compounds as they are a rich fam-
ily of phytochemicals. Additionally, antioxidant effects [17–20] are highly correlated in
edible flowers [1]. These compounds exert several biological activities important for hu-
man health [7,20,21]. Phenolic compounds counteract oxidative stress caused by reactive
oxygen species [18], and epidemiological data showed that a diet rich in antioxidants
could prevent chronic diseases, such as cancer, cardiovascular and neurodegenerative
disorders [2,18,22–24].

The increasing demand for more attractive, tasty and healthy food can lead to the
production of edible flowers to complement growers’ revenues, creating opportunities to de-
velop value-added products in the floriculture sector, facing a challenging market [1,21,23].
Nowadays, several flowers are available on the market [25], however being few comparing
to the variety of the species with edible flowers. It is therefore important to widen the
knowledge about their quality, phytochemical composition and marketability to face the
demand of consumers, producers, and retailers.

The sensory properties of food are extremely important not just to consumers, but
also to food producers, because they relate directly to product quality and end-user accep-
tance [26], particularly concerning unfamiliar food, such as edible flowers [8,27]. According
to the ISO 9000:2015 on quality management systems, the quality is the degree to which a
combination of characteristics fulfils requirements [26]. Concerning edible flowers, sensory
attributes such as color, appearance, flavor, and texture should be included in these charac-
teristics [28,29]. Sensory science is a scientific discipline that concerns the presentation of a
stimulus to subjects and then the evaluation of the subjects’ response [30]. Studies on sen-
sory profiles or aptitudes of consumers towards edible flowers are increasing [8,27,31–35]
but only a few were performed by trained panelists [29,36].

Edible flowers are highly perishable products, with early petal abscission and discol-
oration, flower wilt, dehydration, and tissue browning [11,37,38]. After harvesting, plant
organs continue living, and both respiration and transpiration processes are considered
the major causes of postharvest losses and poor quality [39]. Senescence is controlled by
developmental [40,41] and environmental signals [42]. Among environmental factors, tem-
perature plays a major role in slowing down these processes, affecting the metabolism of
harvested flowers and their shelf life [11,38,43]. Temperatures from ´2.5 ˝C to 20 ˝C differ-
ently affected the quality and appearance of edible flowers according to the species, show-
ing the possibility to extend their shelf life by decreasing the temperature of storage [11].
Amid low temperatures, the values often chosen are in the range 4–6 ˝C [2,37,39,44–46] and
the most frequently evaluated parameter during postharvest has been the visual quality
so far. Thus, further detailed studies are needed to understand the dynamics of bioactive
compounds in edible flowers and their antioxidant activity upon cold storage.

Recently, we characterized several species of fresh edible flowers by means of spec-
trometry and chromatography, discovering a wide range of variability among species
and numerous promising sources of bioactive compound, such as roses (Rosa canina L.
and Rosa pendulina L.), peony (Paeonia officinalis L.), or Primula veris L. [13]. This research
provides the sensory profiles of the flowers of 17 species, performed by trained panelists to

6
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add information about this emerging type of food. Their shelf life during storage at 4 ˝C
for 14 days was then assessed through visual quality evaluation, as well as the content
of their biologically active compounds (total polyphenols and anthocyanins) and antioxi-
dant activity (FRAP, DPPH, and ABTS assays) both at harvest and during cold storage to
evaluate their quality and marketability.

2. Materials and Methods

2.1. Plant Material

Seventeen edible flower species (Figure 1) were selected (Table 1) for the sensory and
postharvest evaluation, including different properties and uses [13] and a wide assortment
of flower color, shape and aroma, i.e., the traits that mostly attract consumers to try edible
flowers [8]. Flowers were collected in the nursery for the species already available on the
market (e.g., B. officinalis, C. officinalis, L. angustifolia, and T. majus), while for the others, it
was necessary to collect them from wild plants. Flowers were collected at their full bloom
(March through September according to the species), in 2017 and 2018. See reference [13]
for detailed information on sampling sites and month. Flowers were preserved in plastic
boxes inside a portable refrigerator. A portion of the sample was subjected to sensory
evaluation within a few hours and another portion was transported to the laboratories of
the Department of Agricultural, Forest and Food Sciences (DISAFA—University of Torino;
Long. 7.589, Lat. 45.066) for analyses and postharvest trial.

Figure 1. Seventeen edible flowers selected for the study. From left to right, first line:
Allium ursinum L., Borago officinalis L., Calendula officinalis L., Centaurea cyanus L., Cichorium intybus L.,
Dianthus carthusianorum L.; second line: Lavandula angustifolia Mill., Leucanthemum vulgare (Vaill.)
Lam., Paeonia officinalis L., Primula veris L., Robinia pseudoacacia L., Rosa canina L.; third line:
Rosa pendulina L., Salvia pratensis L., Sambucus nigra L., Taraxacum officinale Weber, Tropaeolum majus L.

2.2. Sensory Analysis
2.2.1. Panel Member Selection and Training

The sensory analysis was performed by the Italian National Organization of Fruit
Tasters (O.N.A.Frut), composed of highly trained panelists that have been working since
2001 to promote and valorize sensory evaluation in the fruit sector. Panelists were trained in
sensory analysis and quantitative descriptive analysis, being able to differentiate between
basic taste solutions and aromas at various levels. The training on edible flowers started
in 2016 with twenty people to improve their perception sensitivity and evaluation of
individual descriptors, according to ISO 8586:2012 and ISO 3972:2011.

7



Horticulturae 2021, 7, 166

Table 1. List of the 17 species of edible flowers studied in the present work, with related beneficial properties and food use
reported in the literature.

Species (Common Name) Flower Properties Eaten in/as References

Allium ursinum L.
(wild garlic)

Antioxidant, anti-inflammatory,
antimycotic, cardioprotective. Garlic substitute. [47–49]

Borago officinalis L.
(borage)

Purifying, emollient, antitussive, diuretic,
sudorific, anti-inflammatory

Salads, soups, desserts, syrups and
drinks. Cucumber taste. [2,15,50]

Calendula officinalis L.
(calendula)

Anti-inflammatory, antispasmodic,
antiseptic, hepatoprotective, emollient,

refreshing, cicatrizing.

Flavoring and decoration of salted
dishes, bakery products and herb

teas. Food coloring.
[2,51,52]

Centaurea cyanus L.
(cornflower) Diuretic, anti-inflammatory, disinfectant. Garnishing dishes, syrups, teas [2]

Cichorium intybus L.
(chicory)

Laxative, diuretic, hypoglycemic,
depurative, disinfectant, hepatoprotective. Salads, soups. [18]

Dianthus carthusianorum L.
(Carthusian pink)

Diuretic, sudorific, nervine stimulant,
febrifuge, sedative. Infusions, liquors. [53]

Lavandula angustifolia Mill.
(lavender)

Antispasmodic, antiseptic, sedative,
carminative, cicatrizing.

Flavoring and decoration of cakes,
soups, salads, jellies. Essential oil to

flavor food.
[15,54]

Leucanthemum vulgare Lam.
(ox-eye daisy)

Antispasmodic, diuretic, tonic,
antifungal, antibacterial. Tea, salads [55,56]

Paeonia officinalis L.
(common peony)

Antirheumatic, antispasmodic,
anti-inflammatory, analgesic,

hepatoprotective.
Infusions. [57,58]

Primula veris L.
(cowslip)

Anti-inflammatory, anti-viral,
anti-asthmatic.

Garnishing dishes,
conserves, salads [55,59]

Robinia pseudoacacia L.
(black locust)

Antispasmodic, antiviral, diuretic,
emollient, febrifuge, laxative,

purgative, tonic.

Flavoring liquors, jams,
honey, pancakes. [18,55]

Rosa canina L.
(dog rose)

Anticancer, diuretic, laxative,
anti-rheumatic, anti-inflammatory. Salads, jellies, syrups, teas. [2,60]

Rosa pendulina L.
(Alpine rose)

Anticancer, diuretic, laxative,
anti-rheumatic. Salads, jellies. [2]

Salvia pratensis L.
(meadow sage)

Anti-inflammatory, antibacterial,
antiseptic, eupeptic.

Flavoring of butter, vinegar, oil,
salads and creams, soups. Essential

oil to flavor food.
[61]

Sambucus nigra L.
(elder)

Antioxidant, anti-inflammatory,
antibacterial, diuretic, emollient, sudorific,

laxative, cardioprotective.

Herb teas and drinks. Flavoring
honey, jellies and jams. Salads. [18]

Taraxacum officinale Weber
(dandelion)

Antioxidant, anti-inflammatory,
hepatoprotective, diuretic, laxative,

depurative, analgesic.
Salads and soups. [62,63]

Tropaeolum majus L.
(nasturtium)

Disinfectant, antimicrobial, expectorant,
diuretic, anti-inflammatory.

Salads, flavoring of soups, meat,
pasta, cheese, vinegar.

Peppery flavor.
[2,64,65]

To guarantee a common lexicon of organoleptic terminology, the judges worked for
four weeks tasting flowers and evaluating the samples both in groups and individually
during the training sessions. After each panel session, a discussion was held according to
literature [28,66–69] to define the descriptors in terms of appearance, aroma, texture and
taste, following bibliographic references, to build an evaluation sheet for the Quantitative
Descriptive Analysis (QDA). Of the 20 participants, twelve subjects, including males
and females aged 20 to 60, were selected to form the panel and analyze five species
(C. officinalis, L. vulgare, R. pseudoacacia, S. nigra, T. majus) in 2017 and twelve species
(A. ursinum, B. officinalis, C. cyanus, C. intybus, D. carthusianorum, L. angustifolia, P. officinalis,
P. veris, R. canina, R. pendulina, S. pratensis, T. officinale) in 2018.
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2.2.2. Sensory Evaluation Test

The sessions for the sensory evaluation of the edible flowers were carried out in the
sensory laboratory of O.N.A.Frut (Cuneo Province, Italy). Each judge received about 10 g
of species items that had been presented as follows: about 5 g of flowers in a glass for
olfactory evaluation and about 5 g in a white plastic dish for visual and tasting evaluation.
Each species was evaluated independently by each panelist. According to sensory analysis
rules, the sample presentation was basic, without other food in order to uniform the total
impact of different species. Flowers were evaluated in the harvest day, fresh and without
cooking preparation. All samples were served in duplicate to all judges and the order
of presentation was randomized within each test day. Between tasting, assessors were
encouraged to clean their palates with water during a 5-min break.

2.2.3. Quantitative Descriptive Analysis (QDA)

The Quantitative Descriptive Analysis (QDA) is a key part of sensory methodology:
only when the intensity of sensory traits is rated, a food can be described in detail regard-
ing its taste. The QDA method joins descriptor intensity points together with visually
display difference [70]. The QDA was applied as analytical-descriptive method for sensory
evaluation of flower samples. Each selected descriptor was evaluated on a continuous scale
partially structured into 10 segments with intervals from zero (absence of the character) to
10 (maximum intensity). The evaluations of this study were based on previous experiences
of taste evaluation performed on vegetables and fruits [69,71–76] and on flowers [31,36].
During separate sessions, panelists were also asked to give a personal preference (hedo-
nistic test) to flower samples collected in 2018, although not planned in QDA, in order
to assess a preliminary general rating, considering the experience acquired in the previ-
ous years [71,73]. Preference was scored from zero (lowest) to 10 (highest), providing
judgement for taste, appearance and overall satisfaction.

2.3. Shelf Life

The shelf life evaluation was performed once in 2017 in five species (C. officinalis,
L. vulgare, R. pseudoacacia, S. nigra, T. majus) and in 2018 in twelve species (A. ursinum,
B. officinalis, C. cyanus, C. intybus, D. carthusianorum, L. angustifolia, P. officinalis, P. veris,
R. canina, R. pendulina, S. pratensis, T. officinale). Five grams of flowers were put into plastic
boxes with lid (Ondipack 250 cc, 123 mm ˆ 114 mm ˆ 50 mm, polypropylene, 4.46 g empty,
Plemet, France) and stored at 4 ˝C in a cool chamber (MEDIKA 700, Fiocchetti Cold Manu-
facturer, Luzzara, Italy) with a transparent glass door, for 14 days, without artificial light.
At least five boxes were prepared for each species. The shelf life of flowers was assessed
through a visual quality evaluation across the experiment, performed by the same person.
A 10-points scale was used, based on visual observation of the degree of decay [21,44] with
10 corresponding to freshly harvested flowers, without imperfections, six was the limit of
marketability, while one corresponded to decomposing flowers (wilting, browning).

2.4. Plant Extracts

For each species, three biological replicates of fresh flowers were finely ground with
liquid nitrogen at harvest (day 0) and stored at ´80 ˝C until analyses. Then, on days 3,
7, 10, and 14, three biological replicates of fresh flowers were randomly picked from the
same plastic boxes used for the shelf life evaluation. The material was ground with liquid
nitrogen and stored at ´80 ˝C until analyses. Flowers’ extracts were prepared through the
ultrasound-assisted extraction method [45,77]. For each sample, 0.5 g of frozen grinded
material was put into a glass tube, to which 25 mL of a water:methanol solution (1:1) were
added. The tubes were then put into an ultrasound extractor (23 kHz; SARL REUS, Drap,
France) for 15 min at room temperature. The extraction procedure was performed once.
The phytoextract obtained was filtered through paper filters (Whatman No. 1, Whatman,
Maidstone, UK) and then maintained at ´20 ˝C until the following analyses.
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2.5. Bioactive Compounds
2.5.1. Total Polyphenols

The total phenolic content in the extracts was determined following the Folin–Ciocalteu
method [45,78]. The analysis was performed as follows: 1000 μL of diluted (1:10) Folin
reagent were mixed with 200 μL of phytoextract in each plastic tube. The samples were
left in the dark at room temperature for 10 min, then 800 μL of Na2CO3 (7.5%) were
added to each tube. Samples were left in the dark at room temperature for 30 min. Ab-
sorbance was then measured at 765 nm by means of a spectrophotometer (Cary 60 UV-Vis,
Agilent Technologies, Santa Clara, CA, USA), and the results were expressed on a fresh
weight basis in milligrams of gallic acid equivalents per 100 g (mg GAE/100 g). The evalu-
ation of total polyphenols was performed in triplicate on extracts of days 0, 3, 7, 10, and 14.

2.5.2. Total Anthocyanins

The total anthocyanins were estimated by pH differential method using two buffer
systems: hydrochloric acid/potassium chloride buffer at pH 1.0 (25 mM) and sodium
acetate buffer pH 4.5 (0.4 M), as described in the literature [45,79,80]. This method is
based on the structural transformation of anthocyanins due to a change in pH (colored
at pH 1.0 and colorless at pH 4.5). Briefly, 0.2 mL of each extract was diluted in a 5-mL
volumetric flask with the corresponding buffers and the solution was read after 15 min
against Milli-Q water as a blank at 510 and 700 nm. By means of a spectrophotometer
(Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA). Absorbance (A) was cal-
culated as follows: A = (A510 nm–A700 nm) pH 1.0 ´ (A510 nm–A700 nm) pH 4.5. Then,
the total anthocyanins (TA) of each extract were calculated by the following equation:
TA = [A ˆ MW ˆ DF ˆ 1000] ˆ 1/ε ˆ 1, where A is the absorbance; MW is the molecular
weight of cyanidin-3-O-glucoside (449.2 D); DF is the dilution factor (25); ε is the molar
extinction coefficient of cyanidin-3-glucoside (26.900) and results were expressed on a fresh
weight basis in milligrams of cyanidin-3-O-glucoside per 100 g (mg C3G/100 g). The evalu-
ation of total anthocyanins was performed in triplicate on extracts of days 0, 3, 7, 10, and 14.

2.6. Antioxidant Activity
2.6.1. DPPH Assay

To evaluate the antioxidant activity, the first procedure adopted was the 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH) scavenging method [77,81] with slight modifications.
The working solution of DPPH radical cation (DPPH¨, 100 μM) was obtained, dissolving
2 mg of DPPH in 50 mL of MeOH. The solution must have an absorbance of 1.000 (˘0.05)
at 515 nm. To prepare the samples, 40 μL of phytoextract were mixed with 3 mL of
DPPH¨. Samples were then left in the dark at room temperature for 30 min. Absorbance
was measured at 515 nm by means of a spectrophotometer (Cary 60 UV-Vis, Agilent
Technologies, Santa Clara, CA, USA). The DPPH radical-scavenging activity was calculated
as [(Abs0–Abs1/Abs0)¨100], where Abs0 is the absorbance of the control and Abs1 is the
absorbance of the sample. The antioxidant capacity was plotted against a Trolox calibration
curve and results were expressed on a fresh weight basis as μmol of Trolox equivalents per
gram (μmol TE/g). The DPPH assay was performed in triplicate on extracts of days 0, 3, 7,
10, and 14.

2.6.2. ABTS Assay

The second procedure adopted was the 2,21-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid) (ABTS) method [79] with slight modification. The working solution of ABTS radical
cation (ABTS¨) was obtained by the reaction of 7.0 mM ABTS stock solution with 2.45 mM
potassium persulfate (K2S2O8) solution. After the incubation for 12–16 h in the dark at room
temperature, the working solution was diluted with distilled water to obtain an absorbance
of 0.70 (˘0.02) at 734 nm. The antioxidant activity was assessed by mixing 30 μL of
phytoextract with 2 mL of diluted ABTS¨. Samples were left in the dark at room temperature
for 10 min. Absorbance was the measured at 734 nm by means of a spectrophotometer
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(Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA). The antioxidant activity
was plotted against a Trolox calibration curve and results were expressed on a fresh weight
basis as μmol of Trolox equivalents per gram (μmol TE/g). The ABTS assay was performed
in triplicate on extracts of days 0, 3, 7, 10, and 14.

2.6.3. FRAP Assay

The third procedure was the FRAP (Ferric ion Reducing Antioxidant Power)
method [45,77,82]. The FRAP solution was obtained by mixing a buffer solution at pH 3.6
(C2H3NaO2 + C2H4O2 in water), 2,4,6-tripyridyltriazine (TPTZ, 10 mM in HCl 40 mM),
and FeCl3¨6H2O (20 mM). The antioxidant activity was determined mixing 30 μL of phy-
toextract with 90 μL of deionized water and 900 μL of FRAP reagent. The samples were
then placed at 37 ˝C for 30 min. Absorbance was measured at 595 nm by means of a spec-
trophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA). Results were
expressed on a fresh weight basis as mill moles of ferrous iron equivalents per kilogram
(mmol Fe2+/kg). The FRAP assay was performed in triplicate on extracts of days 0, 3, 7, 10,
and 14.

2.7. Statistical Analysis

Data of the sensory profiles, visual quality, bioactive compounds, and antioxidant
activity were previously subjected to the Shapiro–Wilk normality test and Levene homo-
geneity test (p > 0.05). The differences between species and across time were computed
using a parametric or a non-parametric one-way analysis of variance (ANOVA), according
to the significance of the previous tests and means were separated with Tukey’s HSD
test (p ď 0.05). The Pearson’s correlation was performed on QDA values and subjective
judgement. The Spearman’s correlation was performed on polyphenols, anthocyanins,
DPPH, ABTS, FRAP and sensory profile values. The principal component analysis (PCA)
was performed on sensory data to visualise the contribution of each attribute to the overall
variability. The partial least square (PLS) regression was also done to investigate corre-
lations between phytochemical profile (X-variables) and sensory data (Y-variables) after
standardization of the data; the phytochemical profile of the 17 species derives from recent
work on the same plant material [13]. All data were analyzed by means of the SPSS soft-
ware (version 25.0; SPSS Inc., Chicagom, IL, USA), except for PCA (Past 4.01, [83]), and
spider charts were prepared using Microsoft Office Excel.

3. Results

3.1. Sensory Analysis
3.1.1. Lexicon and QDA Sensory Sheet Definition

The 10 selected sensory descriptors are defined in Table 2, with four descriptors for
taste (sweet, sour, bitter, and salt), three for aroma (smell, specific flower aroma, and
herbaceous aroma), together with chewiness, astringency and spiciness. A specific sensory
analysis sheet for flower evaluations was realized (Figure S1) and used for the QDA test,
using a reduced list of sensory lexicon both to ease the judges’ evaluation and to describe
the essential traits of samples.

3.1.2. Sensory Profiles

The detailed sensory profiles of the 17 species are shown in Table 3 and Figures S2–S4.
A wide variability was recorded among the tested edible flowers in terms of the range of
intensities, with spiciness having the widest range of variation (7.4), followed by specific
flower aroma (6.2), bitterness and sweetness (6.1), smell (6.1), herbaceous aroma (4.7),
chewiness (4.4), astringency (4.1), sour intensity (2.5), and salt intensity as the least variable
descriptor (2.4). All the sensory descriptors were detected in each flower species, except
for spiciness that was absent in R. pseudoacacia. The highest intensities were recorded for
smell in L. angustifolia (9.0) and specific flower aroma in A. ursinum (8.8).
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Table 2. Sensory lexicon used in this study: descriptors, definitions and bibliographic references.

Sensory Descriptor Definition References

Sweet intensity Taste of sucrose [84–86]
Sour intensity Taste of citric acid [85,87,88]
Bitter intensity Taste of caffeine [85,89]
Salt intensity Taste of sodium chloride [85,88]

Smell intensity Odor’s intensity of edible flower in evaluation [87,90]
Specific flower aroma intensity Aroma’s intensity of edible flower in evaluation [2,9,87,90,91]

Herbaceous aroma intensity Intensity of herbaceous and cut grass aroma [87]
Spiciness Intensity of spice aroma, hot and pungent taste [85,87,92,93]

Chewiness The amount of chewing required to break down the
sample so that it can be swallowed [88]

Astringency
The tactile sensation described as dryness,

tightening, tannic and puckering sensations
perceived in the oral cavity.

[94–96]

Table 3. Intensities (from 0 to 10) of each sensory descriptor detected in the studied edible flowers.

Smell Sweet Sour Bitter Salt
Specific
Flower
Aroma

Herbaceous
Aroma

Spiciness Chewiness Astringency

Allium ursinum 8.3 2.4 1.8 2.1 2.7 8.8 1.4 6.1 7.4 0.3
Borago officinalis 4.3 3.6 0.8 1.2 0.8 3.9 2.4 0.1 6.1 0.4

Calendula officinalis 6.7 2.6 1.4 3.0 0.8 5.2 2.2 0.6 7.2 2.1
Centaurea cyanus 5.1 2.2 1.1 2.2 0.9 4.1 3.4 0.2 3.8 0.7
Cichorium intybus 3.1 0.9 2.8 7.2 0.7 5.5 4.1 1.3 5.8 1.3

Dianthus
carthusianorum 6.7 1.9 0.4 2.9 0.5 6.0 1.3 1.4 4.6 0.5

Lavandula angustifolia 9.0 2.8 1.7 5.0 0.5 8.2 2.5 1.8 4.7 0.7
Leucanthemum vulgare 7.4 2.4 0.9 2.7 0.9 3.1 5.3 0.7 5.2 1.5

Paeonia officinalis 4.1 3.9 2.9 6.1 0.6 5.1 5.1 1.6 7.9 1.9
Primula veris 4.1 2.8 0.8 1.2 0.4 2.6 1.6 0.3 6.2 1.4

Robina pseudoacacia 7.1 6.9 1.0 1.4 0.9 5.9 3.1 - 6.3 1.2
Rosa canina 6.3 2.0 2.0 5.2 0.5 6.1 4.2 0.1 6.3 2.0

Rosa pendulina 5.5 1.3 2.1 7.3 0.3 5.0 2.5 0.6 6.5 4.4
Salvia pratensis 7.3 3.9 1.1 2.0 0.6 5.3 2.0 0.8 6.6 0.8
Sambucus nigra 7.8 3.5 0.7 3.5 1.3 6.7 2.8 1.3 7.4 0.9

Taraxacum officinale 6.4 3.7 0.6 1.4 0.8 4.5 1.4 0.4 5.7 0.4
Tropaeolum majus 8.3 0.8 0.8 5.4 1.6 7.3 0.6 7.4 8.2 1.9

Range of variation 5.9 6.1 2.5 6.1 2.4 6.2 4.7 7.4 4.4 4.1

In A. ursinum (Table 3, Figure S2), the intensities of smell and garlic aroma were very
high (8.3 and 8.8, respectively) and flowers were easy to chew (7.4). Borago officinalis had a
marked chewiness (6.1), but was not astringent neither spicy and taste descriptors (sweet,
sour, bitter and salt) were lower than 3.5. Calendula officinalis had medium smell (6.7) and
aroma (5.2), not very marked for taste but easy to chew and little astringent and spicy. The
QDA profile of C. cyanus had low values, with the most marked descriptors (smell, aroma,
and chewiness) lower than 6. The sensory profile of C. intybus was defined by bitter taste,
aroma intensity and chewiness.

The flowers of D. carthusianorum (Table 3, Figure S3) had 6.7 of smell and 6 of aroma,
while bitterness was the most marked of the taste descriptors. The profile of L. angustifolia
had very high values for smell and aroma intensity (9.0–8.2); the chewiness was medium
(4.7) and bitterness characterized the taste. Leucanthemum vulgare had values higher than
5 only in smell (7.4), herbaceous aroma (5.3), and chewiness (5.2). The panel scored
a high chewiness for P. officinalis and among the taste descriptors, the bitter taste was
the highest (6.1).

Primula veris had values lower than 5 in all descriptors, except for chewiness (6.3),
so the organoleptic sensations are delicate. The sensory profile of R. pseudoacacia showed
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high values for smell (7.0), sweet (7.0), and aroma (6.0), and chewiness was sufficiently
easy (6.0).

The profile of R. canina (Table 3, Figure S4) reveals an easy chewiness (6.6) and
bitterness was the most marked of the taste descriptors (4.8). Rosa pendulina flowers
had higher bitter taste (7.2) and astringency (4.4) and lesser herbaceous aroma (2.5) than
R. canina flowers. Salvia pratensis was chewable (6.6), with high smell (7.3) and medium
aroma (5.3); all the other descriptors were equal or lower than 2.0, except for the sweet taste
(3.9). Sambucus nigra had a sensory profile with high intensities of smell (7.8) and aroma
(6.7); it was easy to chew (7.4), sweet and bitter intensities were balanced (3.5), while all the
other descriptors were lower than 2. In T. officinale, the smell and aroma were sufficiently
marked (6.4 and 4.5 respectively), as per chewiness (5.7), while sweet intensity was the
highest among the taste descriptors, though being 3.7. Finally, T. majus had very high
intensities of smell (8.3) and aroma (7.3) and was easy to chew (8.2), spicy (8.2), and quite
bitter (5.4), while all the other descriptors were lower than 2.

The PCA plot generated from the sensory data is shown in Figure 2. Component 1
(PC1) accounted for 25.4% of the sensory variation in the studied edible flowers and PC2
accounted for 20.0%, explaining 45.4% of sensory descriptors variability. PC1 has a positive
association mostly with the variation of specific flower aroma and spiciness, with T. majus
and A. ursinum showing the highest values; while PC2 mainly reflected sour, bitter, and
herbaceous aroma intensities with C. intybus, P. officinalis, and R. pendulina showing the
highest values. The other species are scattered on the plot, with intermediate or negative
relation with most of the sensory descriptors, except for sweet intensity, which characterizes
S. pratensis, D. carthusianorum, R. pseudoacacia, and T. officinale. According to the loadings,
sour and bitter intensity and astringency (upper right quadrant) are inversely related with
sweet intensity (lower left quadrant), while to a lesser extent, smell intensity (lower right
quadrant) is inversely related with herbaceous aroma intensity (upper right quadrant).

Figure 2. PCA biplot of the sensory descriptors of 17 edible flowers.

The data acquired on the sensory traits of the 17 species were evaluated together with
the HPLC-DAD phytochemical profiles of the same plant material reported in a recent
work [13]. In particular, sensory data were correlated with the content of phenolic acids
(cinnamic acids: caffeic, chlorogenic, coumaric and ferulic acid; benzoic acids: ellagic
and gallic acid), flavonols (hyperoside, isoquercitrin, quercetin, quercitrin and rutin),
flavanols (catechin and epicatechin), and vitamin C with PLS regression. Cumulative Q2 of
component 1 (0.059) and component 2 (0.163) and cumulative R2 of both X and Y in the two
components were below 0.3 (R2Y comp.1 = 0.099, R2Y comp.2 = 0.223, R2X comp.1 = 0.167,
R2X comp.2 = 0.274) suggesting weak relations between descriptors and compounds.

13



Horticulturae 2021, 7, 166

3.1.3. Subjective Judgement

Concerning the satisfaction rating (Table 4), the flowers showed very different levels
of acceptance. The overall subjective judgement ranged from 4.63 of C. intybus to 7.07
of A. ursinum. Regarding taste, the subjective judgement of panel members ranged from
3.25 (R. pendulina) to 6.57 (A. ursinum). Regarding appearance, the different species were
generally appreciated (from 6.21 in T. officinale to 7.64 in P. officinalis) except for C. intybus
(3.25) and D. carthusianorum (4.60).

Table 4. Subjective judgement (0–10 of satisfaction rating) on edible flower.

Species Overall Taste Appearance

Allium ursinum 7.07 ˘ 0.93 a 1 6.57 ˘ 0.79 a 7.21 ˘ 0.91 a
Borago officinalis 5.60 ˘ 0.55 ab 4.60 ˘ 0.55 abcde 6.60 ˘ 0.55 a
Centaurea cyanus 5.64 ˘ 0.84 ab 4.25 ˘ 0.94 bcde 7.32 ˘ 0.87 a
Cichorium intybus 4.63 ˘ 0.75 b 4.00 ˘ 0.82 cde 3.25 ˘ 0.96 c

Dianthus carthusianorum 4.80 ˘ 0.45 b 4.20 ˘ 0.84 bcde 4.60 ˘ 0.89 bc
Lavandula angustifolia 6.30 ˘ 0.84 ab 5.30 ˘ 0.97 abcd 7.60 ˘ 0.55 a

Paeonia officinalis 6.93 ˘ 0.93 a 6.21 ˘ 0.99 ab 7.64 ˘ 0.99 a
Primula veris 5.43 ˘ 0.98 ab 3.29 ˘ 0.95 de 6.36 ˘ 0.99 ab
Rosa canina 5.57 ˘ 0.98 ab 4.43 ˘ 0.79 bcde 7.36 ˘ 0.63 a

Rosa pendulina 5.25 ˘ 0.50 ab 3.25 ˘ 0.96 e 7.50 ˘ 0.71 a
Salvia pratensis 6.00 ˘ 0.82 ab 5.25 ˘ 0.50 abcde 6.50 ˘ 0.58 ab

Taraxacum officinale 6.00 ˘ 0.99 ab 5.86 ˘ 0.90 abc 6.21 ˘ 0.99 ab
1 Mean value ˘ standard deviation of each sample is given. Values with the same letter within the same column
are not statistically different (p < 0.01) according to Tukey’s HSD test.

Despite the positive significant correlations found between the overall subjective
judgement and the intensity of smell, sweet and aroma of specific flower (Table 5, p < 0.01),
and the intensity of herbaceous aroma (p < 0.05), these are often weak (below 0.45). The
correlation between the overall judgment and salt intensity (p < 0.01) and astringency
was instead negative (p < 0.05). The overall subjective judgement was not significantly
correlated with sour and bitter intensity, spicy and chewiness.

Table 5. Pearson’s correlation between sensory parameters and overall subjective judgement.

Sensory Descriptors
Overall Subjective

Judgement
Pearson Correlation

Significance

Smell intensity 0.342 ** 1

Sweet intensity 0.421 **
Sour intensity ´0.009 ns
Bitter intensity ´0.135 ns
Salt intensity ´0.234 **

Specific flower aroma
intensity 0.272 **

Herbaceous aroma intensity 0.179 *
Spicy 0.510 ns

Chewiness 0.022 ns
Astringency ´0.171 *

1 the level of significance is given: *, p < 0.05; **, p < 0.01; ns, not significant.

3.2. Bioactive Compounds and Antioxidant Activity at Harvest

Bioactive compounds and antioxidant activity of freshly harvested flowers are re-
ported in Figures 3 and 4. Particularly, polyphenols (Figure 3A) ranged from 76.41 mg
GAE/100 g FW (T. officinale) and 1270.72 mg GAE/100 g FW (P. officinalis). Anthocyanins
(Figure 3B) ranged from 0.58 mg C3G/100 g FW (A. ursinum) and 800.23 mg C3G/100 g
FW of T. majus, which had four times higher values than the second species in ranking
(S. pratensis). The antioxidant activity, measured through different assays, had a similar
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pattern in DPPH and ABTS methods (Figure 4A,B), while the FRAP differed (Figure 4C).
DPPH values ranged from 2.08 μmol TE/g FW (R. pseudoacacia) and 232.44 μmol TE/g FW
(P. officinalis). Both roses had high DPPH scavenging activity (153.96 μmol TE/g FW in
R. pendulina and 132.25 μmol TE/g FW in R. canina), followed by C. intybus (69.17 μmol
TE/g FW) and all the other species. Concerning ABTS, values ranged from 2.70 μmol
TE/g FW (A. ursinum) to 57.59 μmol TE/g FW (P. officinalis). As for the DPPH assay, roses
had high scavenging activity (55.44 μmol TE/g FW in R. pendulina and 43.45 μmol TE/g
FW in R. canina), followed by C. intybus (26.85 μmol TE/g FW) and all the other species.
FRAP values (Figure 4C) ranged from 1.45 mmol Fe2+/kg FW (A. ursinum) to 274.22 mmol
Fe2+/kg FW (P. officinalis). In this assay, T. majus showed very high antioxidant activity
(241.12 mmol Fe2+/kg FW), comparable to that of R. canina (203.72 mmol Fe2+/kg FW),
R. pendulina (257.04 mmol Fe2+/kg FW), S. pratensis (171.09 mmol Fe2+/kg FW), C. intybus
(138.36 mmol Fe2+/kg FW), and P. veris (120.14 mmol Fe2+/kg FW).

Figure 3. Total phenolic content (A) and total anthocyanin content (B) of fresh flowers at harvest (day
0) in all the analyzed species. Data are given as mean values; bars indicate standard error. Different
letters correspond to significant differences between means according to Tukey’s HSD test (p < 0.05).
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Figure 4. Antioxidant activity of fresh flowers at harvest in all the analyzed species, according to
(A) DPPH, (B) ABTS, and (C) FRAP assay. Data are given as mean values; bars indicate standard
error. Different letters correspond to significant differences between means according to Tukey’s
HSD test (p < 0.05).
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The correlation analysis (Table 6) between the content of polyphenols and antho-
cyanins at harvest and the antioxidant activity evaluated through different assays indicated
that all these parameters are significantly correlated, except for the content of anthocyanins
and ABTS values (p = 0.091). All the correlations were positive and the three methods
of analysis for the antioxidant activity were highly related. The total polyphenol and
anthocyanin content at harvest was also evaluated in relation to the sensory profiles of the
species. Few correlations were recorded, being both groups of bioactive compounds nega-
tively correlated only with salt intensity (polyphenols: r = ´0.275, p < 0.001; anthocyanins:
r = ´0.299, p < 0.001).

Table 6. Spearman’s correlation coefficient (r) and related level of significance between polyphenols,
anthocyanins, and antioxidant activity measured with DPPH, ABTS, and FRAP assays.

Polyphenols Anthocyanins DPPH ABTS FRAP

Polyphenols r 1 0.270 0.813 0.649 0.895
Sign. 0.032 0.000 0.000 0.000

Anthocyanins r 1 0.386 0.214 0.444
Sign. 0.002 0.091 0.000

DPPH r 1 0.837 0.793
Sign. 0.000 0.000

ABTS r 1 0.557
Sign. 0.000

FRAP r 1
Sign.

3.3. Shelf Life and Dynamics of Bioactive Compounds

Visual quality grade and the content of total polyphenols and anthocyanins in the
studied species are reported in Table 7. Data on C. intybus was not available, since the
flowers rapidly rotted and no further evaluations were possible beyond day 0. Roses had
acceptable visual quality rate (ě6) for the longest period, up to day 10 in R. canina and up
to day 14 in R. pendulina. All the other species lasted seven days, while T. officinale did not
reach day 3.

Table 7. Visual quality of fresh edible flowers during cold storage at 4 ˝C (0, 3, 7, 10, 14 days after harvest). Data shown are
mean values.

Days A. ursinum D. carthusianorum P. veris S. pratensis

0 10 a 1 10 a 10 a 10 a
3 8.5 b 8.3 b 6.5 b 9 b
7 6.5 c 7.2 c 5.6 bc 8 c
10 5.8 d 5 d 5 c 4.2 d
14 5 e 3 e 4.8 c 3.7 e

*** *** *** ***

B. officinalis L. angustifolia R. pseudoacacia S. nigra

0 10 a 10 a 10 a 10 a
3 9 ab 8 b 7.3 b 9 b
7 8.2 b 7.2 c 7.3 b 8.8 b
10 5.4 c 5.2 d 4.8 c 4 c
14 4.6 c 4 e 3.8 d 2.5 d

*** *** *** ***

C. officinalis L. vulgare R. canina T. officinale

0 10 a 10 a 10 a 10 a
3 8.6 b 8.1 b 8.8 b 3.3 b
7 7 c 7.7 b 8.3 b 2 c
10 4.5 d 5.9 c 7.3 c 2 c
14 1.7 e 5.3 c 5.8 d 1 d

*** *** *** ***
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Table 7. Cont.

C. cyanus P. officinalis R. pendulina T. majus

0 10 a 10 a 10 a 10 a
3 9 b 8.4 b 9 b 8.6 b
7 8.8 b 7.8 b 6.8 c 6 c
10 5.6 c 5.7 c 6.7 cd 4.7 d
14 4.6 d 4.7 c 5.8 d 1 d

*** *** *** ***
1 Data with different letters are significantly different according to Tukey’s HSD test; the level of significance is given (***, p < 0.001).

Concerning the bioactive compounds, the total phenolic content (Table 8) during stor-
age varied, increasing significantly in eight species (B. officinalis, C. cyanus, L. angustifolia, L.
vulgare, P. veris, R. canina, t. officinale) and decreasing in 4 (A. ursinum, C. officinalis, P. officinalis,
T. majus) while it remained stable in R. pseudoacacia, R, pendulina, S. pratensis, and S. nigra.
The total anthocyanin content varied to a lesser extent (Table 8), as only two species showed
significant variation across the trial, namely T. officinale and T. majus. Whereas all the other
species had constant values of anthocyanins during storage.

Table 8. Total polyphenols and total anthocyanins of fresh edible flowers during cold storage at 4 ˝C (0, 3, 7, 10, 14 days
after harvest). Data shown are mean values expressed on a fresh weight (FW) basis.

Days

Total
Polyphenols

Total
Anthocyanins

Total
Polyphenols

Total
Anthocyanins

Total
Polyphenols

Total
Anthocyanins

mgGAE/100 g
FW

mg C3G/100 g
FW

mg GAE/100 g
FW

mg C3G/100 g
FW

mg GAE/100 g
FW

mg C3G/100 g
FW

A. ursinum L. vulgare R. pendulina

0 99.26 ab
1 0.58 230.76 b 0.83 1181.9 a 55.93

3 109.2 ab 0.77 197.91 b 4.3 1043.5 bc 47.22
7 138.7 a 1.4 338.45 a 6.67 1151.4 ab 60.13

10 81.51 b 0.23 313.52 ab 4.32 1033.9 c 31.03
14 47.96 c 0.92 343.48 a 13.93 1139.8 abc 39.48

* ns * ns * ns

B. officinalis P. officinalis S. pratensis
0 118.1 b 38.43 1270.7 a 25.96 433.93 150.7
3 100.8 b 40.27 1210.9 b 28.76 425.35 135.5
7 100.6 b 3.89 1208.6 b 25.58 396.64 107.4

10 115.6 b 45.43 1219.8 b 26.68 349.52 141.8
14 157.2 a 44.73 1161.1 c 26.2 457.66 118.7

*** ns *** ns ns ns

C. officinalis P. veris S. nigra
0 189.6 a 9.9 609.16 b 3.99 307.64 ab 17.29
3 156 ab 35.66 770.23 a 4.24 365.14 a 29.46
7 149.2 ab 26.46 610.58 b 4.86 284.33 b 16.03

10 136.2 b 20.11 638.24 b 4.96 315.84 ab 15.22
14 135.7 b 19.61 731.4 a 3.52 292.16 b 11.72

* ns *** ns ** ns

C. cyanus R. pseudoacacia T. officinale
0 196.8 d 34.67 191.45 14.45 76.41 d 8.84 ab
3 171.5 e 50.12 204.08 9.84 157.33 a 6.05 b
7 276 b 28.57 243.17 10.83 100.35 c 10.62 a

10 213.5 c 23.11 187.53 15.49 117.89 b 8.68 ab
14 317.9 a 38.04 205.6 11.95 98.62 c 8.57 ab

*** ns ns ns *** **
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Table 8. Cont.

Days

Total
Polyphenols

Total
Anthocyanins

Total
Polyphenols

Total
Anthocyanins

Total
Polyphenols

Total
Anthocyanins

mgGAE/100 g
FW

mg C3G/100 g
FW

mg GAE/100 g
FW

mg C3G/100 g
FW

mg GAE/100 g
FW

mg C3G/100 g
FW

D. carthusianorum R. canina T. majus
0 470.5 c 19.16 884.44 d 4.39 341.33 a 800.2 a
3 446.8 c 15.92 1009.6 c 5.04 343.64 a 414.2 b
7 675.9 a 17.25 1204.2 a 4.96 353.95 a 327.5 b

10 635.9 b 16.49 1155 ab 4.5 271.93 a 335.8 b
14 697.7 a 18.97 1104.6 b 5.2 48.74 b 322 b

*** ns *** ns *** **

L. angustifolia
0 148.2 c 4.27
3 198.7 bc 4.94
7 202.9 bc 5.03

10 212.3 b 4.98
14 387.5 a 5

* ns
1 Data with different letters are significantly different according to Tukey’s HSD test; the level of significance is given (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ns, not significant).

Antioxidant Activity during Postharvest

The antioxidant activity measured with the DPPH assay significantly increased in
four species (A. ursinum, D. carthusianorum, L. angustifolia, L. vulgare), decreased in four
species (C. officinalis, P. officinalis, R. canina, R. pendulina) and remained constant in the
others during 14 days of storage (Table 9).

Table 9. Antioxidant activity (DPPH, ABTS, FRAP assays) of fresh edible flowers during cold storage at 4 ˝C (0, 3, 7, 10, 14
days after harvest). Data shown are mean values expressed on a fresh weight (FW) basis.

Days
DPPH ABTS FRAP DPPH ABTS FRAP

μmol TE/g FW μmol TE/g FW mmol Fe2+/kg FW μmol TE/g FW μmol TE/g FW mmol Fe2+/kg FW

A. ursinum P. veris

0 2.38 c 1 2.7 c 1.45 b 41.91 abc 23.83 bc 120.14 b
3 6.76 a 7.41 a 4.01 a 42.63 ab 24.7 bc 115.17 b
7 4.75 b 3.32 b 5.04 a 53.29 a 22.96 c 114.25 b

10 4.73 b 5.56 ab 3.77 a 28.68 bc 27.67 a 118.84 b
14 4.79 b 4.65 ab 4.22 a 29.96 c 25.43 ab 131.17 a

*** * *** * *** **

B. officinalis R. pseudoacacia

0 3.47 a 6.53 22.74 b 2.08 ab 2.66 ab 30.35 ab
3 1.81 b 4.61 15.63 d 2.53 a 3.43 a 40.44 a
7 1.28 b 5.34 18.06 c 1.86 ab 4.16 a 47.1 a
10 4.59 a 7.92 24.19 b 1.82 b 3.4 ab 24.66 b
14 4.8 a 8.16 33.56 a 1.4 b 2.56 b 18.88 c

*** ns *** ** * **

C. officinalis R. canina

0 3.62 a 9.21 22.55 b 132.3 b 43.45 c 203.72 b
3 1.29 bc 2.39 34.16 a 137.7 b 52.86 b 227.37 ab
7 1.06 bc 2.3 32.56 a 137.4 b 50.91 bc 239.1 ab
10 0.97 c 2.34 31.34 a 177.6 a 57.39 a 265.09 a
14 1.89 b 1.97 34.87 a 115.8 c 49.98 bc 248 ab

*** ns *** *** * *
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Table 9. Cont.

Days
DPPH ABTS FRAP DPPH ABTS FRAP

μmol TE/g FW μmol TE/g FW mmol Fe2+/kg FW μmol TE/g FW μmol TE/g FW mmol Fe2+/kg FW

C. cyanus R. pendulina

0 10.08 b 10.3 b 21.19 c 153.9 b 55.44 ab 257.04
3 10.77 b 13.4 ab 34.31 bc 104.8 c 55.35 ab 248.22
7 16.04 a 16.9 a 40.29 b 170.6 a 56.29 a 246.11
10 11.59 b 14 ab 26.57 bc 99.85 d 54.62 b 251.63
14 12.67 ab 13.7 ab 44.65 a 89.77 e 56.36 a 224.1

** * * ** ** ns

D. carthusianorum S. pratensis

0 29.13 c 17.4 b 92.51 b 11.02 5.39 171.09
3 17.19 d 12.8 c 69.6 b 10.78 5.23 151.51
7 37.59 b 20 b 121.3 a 10.3 5.64 144.54
10 34.87 bc 27.1 a 127.8 a 10.62 5.26 170.26
14 58.3 a 25.5 a 131.4 a 11.76 5.65 194.11

*** *** *** ns ns ns

L. angustifolia S. nigra

0 2.78 bc 7.77 b 19.25 c 5.14 ab 3.74 b 98.79
3 9.72 b 8.75 ab 32.97 abc 6.64 a 5.4 a 109.38
7 4.19 bc 8.9 ab 36.12 ab 4.34 b 4.35 ab 93.79
10 3.3 c 8.97 ab 31.14 bc 5.35 ab 4.24 ab 92.91
14 25.05 a 16.7 a 71.61 a 4.14 b 3.76 b 83.46

* * * ** * ns
L. vulgare T. officinale

0 2.49 cd 3.08 50.08 b 3.18 b 4.78 14.41 bc
3 1.85 d 2.35 49.49 b 6.87 a 7.06 18.46 ab
7 3.86 bc 3.4 77.88 a 2.8 b 6.39 12.15 c
10 5.54 ab 3.18 89.05 a 9.59 a 6.16 22.29 a
14 5.74 a 3.51 96.72 a 2.53 b 6.53 15.59 bc

*** ns *** *** ns ***

P. officinalis T. majus

0 232.4 a 57.6 b 274.2 a 11.51 a 8.05 241.12 a
3 227.3 b 57.9 a 265.8 b 5.85 b 4.73 129.15 b
7 190.9 c 57.5 b 275 a 5.62 b 5.02 113.86 b
10 221 c 57.6 b 274.3 a 4.53 b 5.69 119.76 b
14 187.9 c 55.7 c 261.1 b 6.79 ab 5.88 83.47 b

* * *** * ns ***
1 Data with different letters are significantly different according to Tukey’s HSD test; the level of significance is given (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ns, not significant).

The antioxidant activity measured with the ABTS assay increased in 3 species
(A. ursinum, D. carthusianorum, L. angustifolia) across the trial, decreased in P. officinalis and
remained constant in the others.

Finally, the antioxidant activity measured with the FRAP assay throughout the trial
increased in eight species (A. ursinum, B. officinalis, C. officinalis, C. cyanus, D. carthusianorum,
L. angustifolia, L. vulgare, P. veris), decreased in three species (P. officinalis, R. pseudoacacia,
T. majus) and remained constant in the others.

4. Discussion

4.1. Sensory Evaluation

In the present study, trained panelists have described the sensory profiles of 17 edible
flower species. Sensory analyses or hedonistic evaluations concerning edible flowers are
few; previous studies concerned garlic, pansies, borage, calendula, and nasturtium, among
the others [8,27,29,31–36]. Since sensory science is still evolving on these emergent food
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products, a common lexicon of organoleptic terminology was guaranteed by comparison
with specific literature (Table 2), studying and preparing a sensory sheet with a reduced
list of sensory descriptors to ease the judges’ evaluation and to describe the essential traits
of the samples.

The detected sensory profiles were very different from each other in terms of the
intensity of each descriptor, highlighting peculiar traits. Allium ursinum, D. carthusianorum,
L. angustifolia, and L. vulgare were featured by a strong aroma (smell, herbaceous and
specific flower aroma) but a poor taste (sweet, sour, bitter, and salt), while in C. intybus,
P. officinalis, R. pseudoacacia, and R. pendulina, one of the taste descriptor overcame the
aromatic traits. The other species (B. officinalis, C. officinalis, C. cyanus, P. veris, R. canina,
S. pratensis. T. officinale, and T. majus) had medium or quite high aroma, and one predomi-
nant taste. Among these species, B. officinalis resulted in a poor sensory profile, confirming
previous results [29], while other authors [31] conferred a very high score to sweet taste
of B. officinalis, which resembled cucumber, despite not being very fragrant. Calendula
officinalis also had a poor sensory profile, but an easy chewiness, which are in contrast with
a previous report [31], where this flower had a notably bitter taste, not easy chewiness and
an affinity to saffron taste.

Spiciness was the most variable descriptor out of the 10 considered, characterizing the
profile of A. ursinum and T. majus, as recorded in previous reports [31,36].

Sensory analysis is essential to understand the potential and most suitable use and
combination of each edible flower in the food industry. Differences between species in taste
and aroma are ascribed to the different chemical composition of each flower, constituted
by hundreds of compounds [14]. The fruity and floral aromas in flowers are, for example,
due to the presence of volatile compounds such as ethyl octanoate, 1-hexanol, ρ-cymene,
or β-myrecene [29], and flavonoids are responsible for the astringent and bitter taste
of foods [97], while organic acids confer sour taste [98]. In this study, few correlations
were found between sensory descriptors and higher presence of bioactive compounds
(polyphenols and anthocyanins), except for a decreased intensity of salted taste. The
multivariate analyses (e.g., PCA or PLS regression) are increasingly used in the sensory
science in the attempt of highlighting the degree of contribution of each interdependent
sensory attribute to the overall variability of data, or assessing the correlation between the
sensory attributes and the analytical data [99–104].

In this study, the PCA output confirmed the wide variability of the species in terms
of sensory traits, highlighting interesting taste and aroma intensities. However, the Q2

and R2 coefficients of PLS regression suggested that the current model does not fully
elucidate the role of phytochemical compounds in the sensory profiles of the studied edible
flowers. Despite the importance of bioactive compounds in human nutrition, they are
still of difficult sensory perception and further studies are needed to understand which
compounds are responsible for the taste and aroma of flowers. The phytochemical profile
of edible flowers is affected by environmental and agronomic conditions [105,106] and it
is of major importance to standardize the cultivation of each species in order to obtain a
uniform food produce not only in terms of appearance, but also in terms of sensory profile,
both highly affecting consumer preferences [2,35,36]. This would lead to better satisfy
consumers, which are almost unaware of flowers as a food product, but are curious and
willing to eat them [2,8,14,27,32–35].

4.2. Shelf Life

Fresh edible flowers are commonly considered highly perishable products, as they
rapidly decay within few days after harvest [11,37,38]. Each species has different storage
requirements [2], according to their moisture content and respiration rate [21]. Few studies
examined the storage conditions of edible flowers, receiving much less attention than
cut flowers, vegetables and fruits. An increasing number of trials are thus necessary to
understand their postharvest requirements [11,37,38,46,107].

21



Horticulturae 2021, 7, 166

Thirteen species out of the 17 analyzed in this study were acceptable for seven days if
stored at 4 ˝C in polypropylene boxes, agreeing with several reports that mostly indicated
the limit of acceptance within one week of cold storage [21,37,38,45,107]. Among these,
B. officinalis, which showed a seven-day shelf life, also spoiled when stored at 0, 2.5, or
5 ˝C in sealed polyethylene film bags [38], despite the orage flowers lasting two weeks at
´2.5 ˝C [38] or only one day at 4 ˝C in another study [107].

Centaurea cyanus also lasted seven days; however, showed a satisfactorily shelf life for
12 days in another study [107]. D. carthusianorum showed an acceptable quality for seven
days, similar to the more common edible carnation (Dianthus caryophyllus L.) in commercial
packaging at 5 ˝C [107]. Salvia pratensis (seven-day shelf life) lasted more than the common
sage (Salvia discolor Kunth, five days [21]), and Salvia hybrid (six days at 5 ˝C in controlled
permeability films with 14 h of light [108]). Tropaeolum majus was acceptable for seven days,
as observed also by [38] at 5 ˝C, but this flower could last two weeks if stored in the dark,
in sealed polyethylene film bags at 0 and 2.5 ˝C [38]. The species with the longest shelf life
were roses, as R. canina lasted 10 days and R. pendulina 14 days, being the most suitable for
sale. Conversely, C. intybus and T. officinale were the least interesting products, not suitable
for storage using the described experimental conditions, as the first one rapidly went rotten
and the second one was suitable only on the day of harvest. There is evidence that these
two species release ethylene [109,110], the hormone that affects the growth, development,
and storage of many vegetables, fruits, and ornamental plants [111].

Despite the presence of ethylene can enhance coloration, it can also induce yellowing
of green portions and softening, fostering the senescence of the stored material even at
extremely low concentrations (30 ppb). The presence and dynamics of this plant growth
regulator should be further investigated to understand its role during postharvest storage
of C. intybus and T. officinale and generally all the edible flowers. During senescence,
polyphenols are also possibly involved in affecting the visual quality of vegetable products.
Most polyphenols are located in the vacuole of plant cells and once a physical stress or
deteriorative process start, plant cells begin to break. Therefore, phenolic compounds mix
with phenol peroxidases or polyphenol oxidase present in the cytoplasm and other cell
organs, leading to the appearance of browning tissues [112].

Results indicated that the studied edible flowers maintained an acceptable visual
quality for one week under cold storage while roses could last more. Further studies are
thus necessary to explore the storage requirements of fresh edible flowers to maintain their
good visual quality for longer periods and prevent flower damages (i.e., tissue browning,
petal discoloration, or dehydration) [37,46].

4.3. Bioactive Compounds and Antioxidant Activity Dynamics

In this study, P. officinalis, R. canina, and R. pendulina had the highest values in
polyphenols and antioxidant activity at harvest, confirming previous results on the same
species [13,22,113–115]. Comparing the total phenolic compounds with previous studies,
the range of values detected (76.41–1270.72 mg GAE/100 g FW) is in accordance with that
found in 51 Chinese edible flowers [22] and in the methanolic extracts of five species [116].
Focusing on single species, B. officinalis polyphenols were similar to another research [15],
but three-fold higher than another study [117]. Polyphenols in C. cyanus were not abundant,
and 2.5-fold lower than the research of [9]. Results on P. officinalis were instead similar to
that of the tree peony (Paeonia, section Moutan) cultivars [114]. Data of S. nigra polyphenols
were three-fold lower than previously evaluated [118] and finally, the phenolic content of T.
majus and P. veris was concordant with other reports on the same species [5,59]. Regarding
anthocyanins, S. pratensis and T. majus showed the highest content, probably thanks to
their bright blue and red-orange colors, determined by these phytochemicals [119]. How-
ever, comparisons with other studies are difficult for the lack of information on the 17
studied species.

Most of the 17 species had FRAP values similar to Chinese edible flowers [22], except
for P. officinalis, both roses and T. majus, which showed higher levels of antioxidant activity
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with this assay. Cichorium intybus had threefold higher FRAP activity than the ethanolic
extracts of the same species [18], while for S. nigra flowers similar values were reported [18].
The ranges of the radical scavenging assays (DPPH and ABTS) were also comparable to
literature, except again for P. officinalis and roses which had higher values in this study.
Conversely, C. officinalis FRAP and DPPH values and T. majus DPPH and ABTS values
resulted lower than previous studies [64,120]. At harvest, our data support previous
reports [17,23,115,116,121], indicating that the antioxidant activity is highly correlated with
the phenolic pattern, as the polyphenols are among the main phytochemicals responsible
for the antioxidant activity [7,23].

Polyphenol content in plant organs depends on several preharvest factors, mainly
related to environmental and stress conditions, since they are principally produced as a
defense against pathogens and solar radiation [122]. Some polyphenols are present in
all plant products, while others are specific to particular foods, but mostly, plants have
complex mixtures of phenolic compounds, which are often poorly characterized and
can behave differently during storage and ripening. Few trials have been performed so
far on the dynamics of bioactive compounds and antioxidant activity in edible flowers
during storage, as the visual quality has been the most frequent evaluated parameter [11].
According to some authors [21], cold storage could affect the bioactive compounds of
edible flowers. A reduction in total phenolic content in squash (Cucurbita pepo L.) flowers
during storage at 5 ˝C was found [44], while no variations were detected in A. oleracea
and B. semperflorens flowers stored at 4 ˝C [21,123]. Total polyphenol content and DPPH
clearance activity changed slight in daylily flowers (Hemerocallis lilioasphodelus L.) during
four days at 4 ˝C [43]. However, during storage throughout 20 days at 4 ˝C, the content of
bioactive compounds and the antioxidant activity measured with DPPH assay increased
in pansies [107]. In addition to differences among species, a comparison between edible
flowers in plastic boxes and flow packs (stored at 4 ˝C) showed that the phytochemical
content can also vary according to the packaging during postharvest [45].

In this study, the content of bioactive compounds differed considering the two-week
trial, as polyphenols followed a different trend according to the species. Anthocyanins were
less variable during storage, with no changes in 15 of the examined species, suggesting that
anthocyanins were not influenced by cold storage. Among the antioxidant assays, ABTS
values were the least variable, varying in only four species across the trial. Interestingly,
S. pratensis was the only species where no variations in the five evaluated parameters
occurred during the trial. Tropaeolum majus phenolic content and S. pratensis anthocyanin
content were stable during storage, conversely to previous studies [21,108]. In addition, we
recorded a decrease in anthocyanins and in antioxidant activity (especially for the FRAP
assay) of nasturtium, conversely to previous findings [21].

The limit of visual acceptance was recorded at day 7 for most of the species (day 10
in R. canina and day 14 in R. pendulina). During the shelf life period, the total polyphe-
nols slightly decreased in C. officinalis (´21.3%), P. officinalis (´4.9%), and R. pendulina
(´12.5%), while increased to a higher extent in C. cyanus (+40.2%), D. carthusianorum
(+43.7%), L. vulgare (+46.7%), P. veris (+26.4%), and R. canina (+30.6%). Generally, it has
been seen that during ripening the concentration of phenolic acids decrease, while the
anthocyanins increase. However, many factors can affect the content of polyphenols in
plants, and different behavior have been recorded according to the species [124]. This can
possibly be explained by the wide diversity of phenolic compounds that can be synthetized
by plants, leading to different phenolic profiles [122]. In addition, if we consider that the
dehydration of fresh material could occur during storage, affecting the amounts of bioac-
tive compounds and antioxidant activity detected. Besides, an increased accumulation
of phenolic compounds has been found to be related to exposure to ethylene in lettuce,
asparagus, and parsnip during storage [111]. It is not currently known whether C. cyanus,
D. carthusianorum, L. vulgare, P. veris, and R. canina produce ethylene except for the related
species of carnation (Dianthus caryophyllus) and rose (Rosa bourboniana and Rosa hybrida),
which are ethylene-sensitive [125–127]. Further investigations on this hormone production
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by edible flowers are thus needed to understand if and how it can affect phenolic dynamics
during storage.

Polyphenols have also been found to decline (´46%) during the shelf life period of
B. semperflorens (nine days), but was unaltered in V. cornuta (16 days) [45]. As per the
antioxidant activity, the trend varied depending on the analytical method used; however,
three species (A. ursinum, C. cyanus, and R. canina) showed increased values in all assays,
DPPH (+99.6%, +59.1%, +34.3%), ABTS (+23%, +64.9%, +32.1%), and FRAP (+247.6%,
+90.1%, +30.1%), compared to the day of harvest. A previous study [45] reported decreasing
values in FRAP antioxidant activity during the flowers’ shelf life (´52% in B. semperflorens
and ´34% in V. cornuta).

Numerous structural, physiological, and biochemical changes occur during ripening
of horticultural products, which is a complex process [128]. This process is influenced by
endogenous and environmental factors, involving multiple transcription regulatory and
biochemical pathways that are still need to be clarified [128]. So far, cold storage has been
seen to successfully delay flower senescence and quality deterioration of edible flowers, by
slowing the growth of microorganisms and the production of ethylene, and by reducing
internal breakdown of tissues, respiration, water loss and wilting [11]. To fully understand
flower senescence during postharvest, more information on the complex phytochemical
profile of each species are needed. However, data of dynamics during postharvest suggest
that the studied edible flowers can be valuable sources of bioactive compounds exerting
antioxidant activity, also beyond the limit of acceptance for sale purposes. Decaying fresh
flowers can be thus recovered and not wasted and can be proposed for the extraction of
valuable bioactive compounds.

5. Conclusions

This study described for the first time the sensory profiles of several edible flower
species. The methodology presented here might be useful for the selection of sensory
descriptors and for giving an indication on the range intensity values concerning the
flowers, even if data will have to be further confirmed in future studies. All the species
were also investigated for their main phytochemical characteristics related to bioactive
compounds, showing a wide variability between species. Generally, cold storage (4 ˝C)
seemed not to have negative effects on the phytochemical compounds, as the total phe-
nolic and anthocyanin contents remained almost unaltered or even increased across
14 days. Paeonia officinalis exhibited the highest values in four out of five characteris-
tics (total polyphenols, DPPH, ABTS, FRAP). Nevertheless, P. officinalis is not currently
cultivated for its flowers and in North-West Italy (where the flowers were sampled) is a
protected species.

Similar interesting results have been obtained in commonly cultivated roses.
Rosa canina and R. pendulina flowers had 10 and 14 days of shelf life at 4 ˝C in plastic
boxes, respectively, being interesting products to be sold as edible flowers, with R. canina
having the strongest smell and rose aroma intensity. The high polyphenol content of
these species might be responsible for their bitter taste, which must be considered before
consumption or preparation of foods. Salvia pratensis too could be easily marketable, as
its values did not change in all five parameters assessed during seven days of storage
and it is characterized by high smell intensity and easy chewability. Edible flowers can
be stored satisfactorily at 4 ˝C for 7–14 days according to the species, and used to confer
appeal and a wide range of tastes, aromas and sensory characteristics to dishes or food
products. The preliminary results on the subjective evaluation should be confirmed in the
future by specific consumer’s tests on a large number of individuals to provide indication
of the possible final user’s judgement. Despite its availability, it is eaten in lower quan-
tities than fruits and vegetables. However, flowers are confirmed as source of bioactive
compounds with antioxidant activity, which can provide not only aesthetic beauty but also
benefits for health, explaining the increasing number of studies on new food applications
of edible flowers.
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Abstract: The hot beverage commonly known as tea results from the infusion of dried leaves of the
plant Camellia sinensis (L.) O. Kuntze. Ranking second only to water for its consumption worldwide,
it has always been appreciated since antiquity for its aroma, taste characteristics, and beneficial
effects on human health. There are many different processed tea types, including green tea, a
non-fermented tea which, due to oxidation prevention maintains the structure of the bioactive
compounds, especially polyphenols; these bioactive compounds show a number of benefits for
the human health. The main producers of tea are China and India, followed by Kenya, Sri Lanka,
Turkey, and Vietnam, however recently new countries are entering the market, with quality niche
productions, among which also Italy. The present research aimed to assess the bioactive compounds
(polyphenols) and the antioxidant activity of two green teas (the “Camellia d’Oro” tea—TCO, and the
“Compagnia del Lago” tea—TCL) produced in Italy, in the Lake Maggiore district, where nurserymen
have recently started to cultivate C. sinensis. In this area the cultivation of acidophilic plants as
ornamentals has been known since around 1820. Due to the crisis of the floricultural sector, producers
have been trying to diversify their product in order to increase their competitiveness, starting to
cultivate Italian tea. Their antioxidant activity was assessed, finding a similar or higher antioxidant
capacity than in other green teas, as reported in literature. TCO showed a higher antioxidant activity
(42,758.86 mmol Fe2+ kg−1; 532.37 μmol TE g−1 DW; 881.08 μmol TE g−1 DW) and phenolic content
(14,918.91 mg GAE 100 g−1 DW) than TCL (25,796.61 mmol Fe2+ kg−1; 302.35 μmol TE g−1 DW;
623.44 μmol TE g−1 DW; 8540.42 mg GAE 100 g−1 DW). Through HPLC, a total of thirteen phenolic
compounds were identified quantitatively, including catechins, benzoic acids, cinnamic acids, and
flavonols, in TCO while only 9 in TCL, and mainly in lower amounts. Albeit with differences, both
teas were found to be of quality proving that Italy could have the possibility to grow profitably
C. sinensis.

Keywords: tea; Camellia sinensis; antioxidant activity; DPPH; ABTS; FRAP; HPLC

1. Introduction

The hot beverage resulting from the infusion of dried leaves of the plant Camellia
sinensis (L.) O. Kuntze is commonly known as tea [1,2]. Tea is one of the most popular
nonalcoholic beverages consumed across the world, second only to water [3–9], so much
appreciated since antiquity for its aroma, taste characteristics, and beneficial health ef-
fects [1], thus consumed as an herbal infuse and for its medicinal properties [5,6]. World
tea consumption increased to 5.5 million tons by 2016, mostly due to a rapid growth in per
capita income levels in China, India, and other emerging economies [10]. The World Bank
foresees an increase in average tea auction price from USD 2.80 in 2017 to USD 2.84 in 2020,
expecting an extension of the global tea market [11]. World tea production reached 5.73
million tons in 2016 [10], with China constituting of 42.6% of world tea production [10],
accounting for USD 4 billion [12]. India, the second largest producer, recorded a production
of 1.27 million tons in 2016.
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There are many different types of teas, and most of them are prepared with the buds
of two botanical varieties, C. sinensis var. sinensis and C. sinensis var. assamica (Masters)
Wight [9,13]; their characteristics (i.e., appearance, organoleptic taste, chemical contents,
and flavor) vary according to the fermentation level: tea can be categorized in nonfermented
tea (i.e., green tea, and white tea), semifermented tea (i.e., oolong tea), and fermented tea
(i.e., black tea and red tea) [5,6,9,14–17]. The 78% of the tea worldwide production is
black tea, especially consumed in Western countries, 20% consists of green tea, which is
usually consumed in Asian countries, and 2% regards Oolong tea, commonly consumed in
southern China [14]. Globally, the production of green tea increased annually by 5.4% over
the past decade, also due to green tea’s perceived health benefits [10].

Actually, fresh tea leaves contain chemical components such as polyphenols (catechins,
flavonoids), alkaloids (caffeine, theobromine, etc.), volatile oils, polysaccharides, amino
acids, lipids, vitamins (e.g., vitamin C), etc. [6,9,18]. Green teas are produced through
steaming or roasting, thus inactivating the activity of polyphenol oxidase, preventing
oxidation and so maintaining the structure of the phenolic compounds [1,5,18]. The
resulting green teas show a polyphenol content varying from 30% to 42% of dry matter
weight [14].

Due to its chemical constituents, tea shows many beneficial properties, such as an-
tioxidant, anti-inflammatory, antiallergic, anticarcinogenic, antidiabetic, and antimicrobial
effects [6,7,9,14,15,19–21]. A regular, daily consumption of green tea has been associated
with many health benefits [7,22], which are mainly attributed to polyphenols, especially
catechins [3,9,23].

Khan and Mukhtar (2007) reported that a balanced diet and the consumption of green
tea can protect from oxidative stress and reduce reactive oxygen species damages to lipid
membranes, proteins, and nucleic acids.

Moreover, many epidemiological studies investigated how tea consumption affected
the incidence of cancer in humans, finding a protective and preventive effect of tea against
various types of cancer (oral, pharyngeal, and laryngeal cancer) [14], but also healthy
effects on many other pathologies involving oxidative stress.

Today, more than 50 countries produce different types of tea worldwide, not only
as an herbal infuse pleasant to consume, but also for its well-known benefits on human
health [2,5].

Tea evergreen plant (C. sinensis) [3,4] is native to South and Southwest China, the
Indian Subcontinent, and Southeast Asia [2,24,25], then it became popular in India and
Japan, and later in Europe and Russia [5,6]. The first plant specimens arrived in Europe
were those studied by Linnaeus in 1763 [26], although the tea beverage had already reached
Europe in the XVII century. However, tea cultivation has remained a prerogative of Asian
countries, while in Europe the cultivation of the congeneric species Camellia japonica has
spread for ornamental purposes only. The first camellia (C. japonica) was introduced in
Italy at the end of the XVII century, in Caserta (Campania, South Italy) [27,28]. Since then
its cultivation gradually became popular, reaching central and northern Italy, especially
Tuscany, Piedmont, and Lombardy [27].

The critical period of the floricultural sector caused by globalization [27,29], since the
end of the past decade forced Italian producers of the Lake Maggiore district (Piedmont
region) to diversify their final products in order to increase their competitiveness, starting
to cultivate C. sinensis in order to produce Italian green tea.

Currently there are no studies related to the quality of tea produced in Italy, thus, the
aim of the present research was to assess the main bioactive compounds (polyphenols),
and beneficial properties (antioxidant activity) of two green teas produced in this new
productive context.
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2. Materials and Methods

2.1. Plant Material and Site Characteristics

Camellia sinensis var. sinensis dried leaves were kindly provided by “La Compagnia
del Lago” and “La Camelia d’Oro” plantations, both located in the Lake Maggiore area,
in Piedmont—North Italy. Seedlings of camellia derived from acclimatization specimen
from parks and botanical gardens located in the Lake Maggiore area (i.e., Villa Taranto,
Isola Madre and Villa Anelli, Verbania municipality, Piedmont region), and were grown
differently in the two nurseries. The “Compagnia del Lago” plantation is located in
the municipality of Premosello Chiovenda (VB) (45◦55′57.6′′ N 8◦27′16.1′′ E), where the
annual average maximum temperature was 19.8 ◦C (July showed the highest monthly
average temperature, with 30.6 ◦C), the annual average minimum temperature was 7.8 ◦C
(January showed the lowest monthly average temperature, with −3.6 ◦C), and the annual
average rainfall was 122.8 mm (March showed the highest monthly average rainfall, with
279.0 mm, while October showed the lowest monthly average rainfall, with 0.0 mm) for the
investigation year 2017 (Figure 1). The seedlings were planted in the ground at a distance of
2.20 m in the row, in a stony sloping terrain, managed as a meadow for more than a century.
Irrigation was made by drip-wing system when occurred. The plants were not fertilized.

 

Figure 1. Monthly average temperatures (maximum and minimum— ◦C), and monthly average rainfall (mm) for the
investigation year 2017 in: (A). the “Compagnia del Lago” site of cultivation. (B). the “Camelia d’Oro” site of cultivation.

The “Camelia d’Oro” plantation is located in Pallanza (VB) (45◦56′47.9′′ N 8◦35′12.6′′ E),
where the annual average maximum temperature was 19.2 ◦C, the annual average min-
imum temperature was 9.2 ◦C, and the annual average rainfall was 135.6 mm for the
investigation year 2017 (Figure 1). Here, before planting the seedlings, the soil was tilled
with a milling cutter and a bottom fertilization with organic manure burial powder (Humus
Vita, Fomet Spa, San Pietro di Morubio (VR), Italy) (25 kg per 100 m2. N, P, and K were
all present as 3–4% of the total amount, accounting on average for 8.75 g of each per m2.
Organic matter accounted for 38–45%, thus on average 103.75 g per m2 of it were added.)
was made. The plants were transferred to the ground, at a distance of 0.8 m in a row and
1.2 m in the inter-row, resulting in 1 plant per m2. The hole in the ground was made with a
drill and 2.5 L of Blond peat were added to each plant as a soil improver. The plants were
tamped down and mulched with an organic mulching consisting in a mix of wood chips
and leaves. In May, a cover fertilization with an organic ox-blood fertilizer (10 cc per plant)
(Biostan, Aifar Agrochimica Srl, Ronco Scrivia (GE), Italy) was performed. Plants were
irrigated with drip-wing irrigation with about 1.6 L of water per plant per day.

2.2. Tea Harvest and Preparation

In both plantations, fresh tea shoots with one (late spring or September harvest) or two
(spring harvest between late April and early May) tender leaves and a bud were harvested.
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After harvesting, tea leaves were steamed for about 1–2 min; once dried, the leaves
were roasted and rolled on a hot pan at about 80 ◦C for about 10–15 min to stop the
fermentation. They were then left in a dryer at 40 ◦C for 18 h, and finally stored in plastic
containers at room temperature.

Thus, green teas were obtained from dried leaves received from: “La Camelia d’Oro”
plantation (TCO—Tea Camellia d’Oro), providing us with samples of one shoot with one
leaf (first harvest), and “La Compagnia del Lago” plantation (TCL—Tea Compagnia del
Lago), providing us with a mixture of the two harvests.

2.3. Tea Extract Preparation

The dried leaves were ground with a mortar and pestle into a fine powder. Two
hundred milliliter of deionized water was heated to 100 ◦C. One gram of dried tea leaves
powder was added to the cooling water and left to infuse for 10 min, being stirred ev-
ery two minutes. The infusion was filtered with paper filters (Whatman filter papers
No. 1, Whatman, Maidstone, UK), and then with polytetrafluoroethylene (PTFE, VWR
International, Milano, Italy) filters, with a 25 mm diameter and 0.45 μm pore size.

Both infusions were diluted with deionized water to obtain the working solution and
maintained at −20 ◦C for the following analysis.

2.4. Bioactive Compounds
2.4.1. Total Polyphenols

The total phenolic content of diluted TCL (dilution 1:1 = 1 mL deionized water: 1 mL
infusion) and TCO (dilution 1:2 = 1.2 mL deionized water: 600 μL infusion) was determined
following the Folin-Ciocalteu method, as indicated by Singleton et al. [30]. The analysis
was performed as follows: 1000 μL of diluted 1:10 Folin reagent were mixed with 200 μL of
infusion in each plastic tube. The samples were left in the dark at room temperature for 10
min, then 800 μL of Na2CO3 (7.5%) were added to each tube. Samples were left in the dark
at room temperature for 30 min. Absorbance was then measured at 765 nm by means of a
spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA), and the
results were expressed in milligrams of gallic acid equivalents per 100 g of dry weight (mg
GAE 100 g−1 DW). Analysis was performed in six replicates per infusion type.

2.4.2. Antioxidant Activity
FRAP Assay

The first procedure adopted to evaluate the antioxidant activity of diluted TCL
(1:2 = 1.2 mL deionized water: 600 μL infusion) and TCO (1:3 = 1.5 mL deionized wa-
ter: 500 μL infusion) was the ferric ion reducing antioxidant power (FRAP) method [31].

The FRAP solution was obtained by mixing a buffer solution at pH 3.6
(C2H3NaO2*3H2O + C2H4O2 in water), 2,4,6-tripyridyltriazine (TPTZ, 10 mM in HCl
40 mM), and FeCl3*6H2O (20 mM).

The antioxidant activity was determined mixing 30 μL of diluted infusion with 90 μL
of deionized water and 900 μL of FRAP reagent. The samples were then placed at 37 ◦C
for 30 min. Absorbance was measured at 595 nm by means of a spectrophotometer (Cary
60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA). The antioxidant activity was
plotted against a FeSO4*7H2O calibration curve. Extraction solution (water) without
infusion was used as a control sample. Results were expressed as millimoles of ferrous iron
equivalents per kilogram (mmol Fe2+ kg−1 DW). Analysis was performed in six replicates
per infusion type.

DPPH Assay

The second procedure was the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing method [32].

The working solution of DPPH radical cation (DPPH˙, 100 μM) was obtained by
dissolving 2 mg of DPPH in 50 mL of MeOH. The solution must have an absorbance of
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1000 (±0.05) at 515 nm. To prepare the samples, 40 μL of diluted infusion were mixed
with 3 mL of DPPH˙. Samples were then left in the dark at room temperature for 30 min.
Absorbance was measured at 515 nm by means of a spectrophotometer (Cary 60 UV-Vis,
Agilent Technologies, Santa Clara, CA, USA). The DPPH radical-scavenging activity was
calculated as:

[(Abs0 − Abs1)/Abs0] × 100

where Abs0 is the absorbance of the control (extraction solution without infusion) and
Abs1 is the absorbance of the sample. The antioxidant capacity was plotted against a Trolox
calibration curve and results were expressed as μmol of Trolox equivalents per gram of dry
weight (μmol TE g-1 DW). Analysis was performed in six replicates per infusion type.

ABTS Assay

The third procedure was the 2,20-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) method [33].

The working solution of ABTS radical cation (ABTS˙) was obtained by the reaction of
7.0 mM ABTS stock solution with 2.45 mM potassium persulfate (K2S2O8) solution. After
incubating for 12–16 h in the dark at room temperature, the working solution was diluted
with distilled water to obtain an absorbance of 0.7 (±0.02) at 734 nm. The antioxidant
activities of the diluted TCL (1:2) and TCO (1:3) infusions were assessed mixing 30 μL
of infusion with 2 mL of diluted ABTS˙. The samples were left in the dark for 10 min.
Absorbance was then measured at 734 nm by means of a spectrophotometer (Cary 60 UV-
Vis, Agilent Technologies, Santa Clara, CA, USA). The ABTS radical-scavenging activity
was calculated as:

[(Abs0 − Abs1)/Abs0] × 100

where Abs0 is the absorbance of the control (extraction solution without infusion) and
Abs1 is the absorbance of the sample. The antioxidant capacity was plotted against a Trolox
calibration curve and results were expressed as μmol of Trolox equivalents per gram of dry
weight (μmol TE g-1 DW). Analysis was performed in six replicates per infusion type.

2.4.3. Identification and Quantification of Bioactive Compounds by HPLC

The bioactive compounds contained in the infusions were determined by means
of two high performance liquid chromatography-diode array detection (HPLC–DAD)
method [34], using an Agilent 1200 High-Performance Liquid Chromatograph coupled
to an Agilent UV-Vis diode array detector (Agilent Technologies, Santa Clara, CA, USA).
Detailed chromatographic methods are reported in Table 1. Phytochemical separation
was performed with a Kinetex C18 column (4.6 × 150 mm, 5 μm, Phenomenex, Torrance,
CA, USA), using different mobile phases for compound identification and recording of
UV spectra at different wavelengths, based on HPLC methods, as previously tested and
validated [35,36] with some modifications. UV spectra were recorded at 330 nm and
280 nm. The following bioactive compounds were determined: cinnamic acids (caffeic
acid, chlorogenic acid, coumaric acid, ferulic acid), flavonols (hyperoside, isoquercitrin,
quercetin, quercitrin, rutin), benzoic acids (ellagic acid, gallic acid), catechins (catechin,
epicatechin). All single compounds were identified by a comparison and combination of
their retention times and UV spectra with those of authentic standards under the same
chromatographic conditions. Results were expressed as mg 100 g−1 of dry weight (DW).
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Table 1. HPLC methods and relative chromatographic conditions.

Method Classes of Interest Stationary Phase Mobile Phase Wavelength (nm)

A Cinnamic acids
Flavonols

KINETEX-C18 column
(4.6 × 150 mm, 5 μm)

A: 10 mM KH2PO4/H3PO4
pH = 2.8

B: CH3CN
330

B Benzoic acids
Catechins

KINETEX-C18 column
(4.6 × 150 mm, 5 μm)

A: H2O/CH3OH/HCOOH
(5:95:0.1 v/v/v), pH = 2.5

B: CH3OH/HCOOH
(100:0.1 v/v)

280

Elution conditions. Method A, gradient analysis: 5% B to 21% B in 17 min + 21% B in 3 min (2 min conditioning time); flow: 1.5 mL min−1;
Method B, gradient analysis: 3% B to 85% B in 22 min + 85% B in 1 min (2 min conditioning time); flow: 0.6 mL min−1.

2.5. Statistical Analysis

All data were subjected to the statistical analysis for the normality and homoscedastic-
ity through Saphiro-Wilk’s test (p > 0.05) and Levene’s test (p < 0.05), respectively. Mean
comparisons were computed using the SPSS 25 software (version 25.0; SPSS Inc., Chicago,
IL, USA). Correlations among the bioactive compounds of the two teas were calculated by
Pearson’s correlation coefficient test by means of PAST 4.03 software. Principal coordinate
analysis (PCA)—Biplot was performed using the same software. Eigenvalues were calcu-
lated using a covariance matrix among 30 traits as input, and the two-dimensional PCA
biplot was constructed.

3. Results

The total polyphenol content and the antioxidant activity (FRAP, DPPH, and ABTS
assays) of both examined teas are reported in Table 2.

Table 2. Total polyphenols, and antioxidant activity of Tea Compagnia del Lago (TCL) and Tea Camellia d’Oro (TCO). Data
are presented as mean value ± standard deviation.

Tea Type
Total Polyphenols

(mg GAE/100 g DW)

Antioxidant Activity

FRAP
(mmol Fe2+/kg)

DPPH ABTS

(μmol TE/g
DW)

Inhibition %
(μmol TE/g

DW)
Inhibition %

TCL 8540.42 ± 105.38 25796.61 ± 951.83 302.35 ± 10.4 46.9 623.44 ± 4.64 94.3

TCO 14918.91 ± 222.31 42758.86 ± 933.85 532.37 ± 5.95 61.2 881.08 ± 1.81 99.8

p ** *** *** ***

The statistical relevance is provided (** = p < 0.01; *** = p < 0.001).

The total phenolic content varied from 8540.42 to 14918.91 mg GAE 100 g−1 being
significantly higher in TCO. The antioxidant activity resulted higher for TCO rather than
for TCL (42758.86 and 25796.61 mmol Fe2+ kg−1 for the FRAP assay, respectively; 532.37
and 302.35 μmol TE g−1 DW for the DPPH assay, respectively; 881.08 and 623.44 μmol
TE g−1 DW for the ABTS assay, respectively).

In the TCO infusion, 13 compounds out of 13 were found by means of HPLC analysis,
namely caffeic acid, chlorogenic acid, coumaric acid, ferulic acid, hyperoside, isoquercitrin,
quercetin, quercitrin, rutin, ellagic acid, gallic acid, catechin, and epicatechin, while in TCL
infusion, only 9 compounds out of 13 were found (chlorogenic acid, coumaric acid, ferulic
acid, and quercetin were not detected) (Figure 2, Table 3).
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Figure 2. Chromatographic profile of benzoic acids and catechins (A), and cinnamic acids and flavonols (C) in TCO.
Chromatographic profile of benzoic acids and catechins (B) and cinnamic acids and flavonols (D) in TCL. TCO = Tea
Camellia d’Oro. TCL = Tea Compagnia del Lago.

Table 3. Bioactive compounds in Tea Compagnia del Lago (TCL) and Tea Camellia d’Oro (TCO). Data are presented as
mean value ± standard deviation. The values are given in mg 100 g−1 DW.

Tea type
Flavonols

Hyperoside Isoquercitrin Quercetin Quercitrin Rutin

TCL 25.37 ± 4.39 35.46 ± 2.60 - 242.38 ± 10.11 44.66 ± 3.93

TCO 28.24 ± 4.30 35.31 ± 4.38 388.28 ± 95.47 113.11 ± 14.75 42.32 ± 4.19

p ns ns *** ns

Tea type
Cinnamic acids

Caffeic acid Chlorogenic acid Coumaric acid Ferulic acid

TCL 42.57 ± 6.67 - - -

TCO 43.36 ± 1.72 612.25 ± 37.58 204.62 ± 16.47 57.85 ± 13.32

p ns

Tea type
Benzoic acids Catechins

Ellagic acid Gallic acid Catechin Epicatechin

TCL 59.06 ± 2.33 42.39 ± 2.37 122.06 ± 10.86 770.39 ± 21.06

TCO 86.85 ± 5.17 803.88 ± 56.99 478.98 ± 27.53 735.84 ± 89.76

p ** *** *** ns

The statistical relevance is provided (ns = non-significant; ** = p < 0.01; *** = p < 0.001). -: compound not detected.

The two teas showed significant different contents in quercitrin (242.38 mg 100 g−1

DW in TCL and 113.11 mg 100 g−1 DW in TCO). TCO and TCL showed significant different
contents in cinnamic acids, with TCO being richer in these compounds than TCL. Benzoic
acids and catechins were significantly higher in TCO than in TCL (except for epicatechin,
which showed no significant differences in the two infusions).
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The phenolic content in both teas proved to be significantly correlated to their antioxi-
dant activity (Figure 3), for the three methods used (FRAP, DPPH, ABTS). The phenolic
content was also positively correlated (p < 0.05) to chlorogenic acid, coumaric acid, ferulic
acid, quercetin, ellagic acid, gallic acid, and catechin content. Interestingly, chlorogenic
acid was found to be negatively correlated (p < 0.05) to the quercitrin content, and this
latter was negatively correlated to gallic acid too.

Figure 3. Pearson correlation among the bioactive compounds of Tea “Compagnia del Lago” (TCL) and Tea “Camelia
d’Oro” (TCO). Boxed ellipses are significantly correlated (p < 0.05). Blue indicates positive correlation and red indicates
negative correlation. The more the ellipse is compressed, the stronger the correlation. 1. Polyphenols; 2. FRAP; 3. DPPH; 4.
ABTS; 5. caffeic acid; 6. chlorogenic acid; 7. coumaric acid; 8. ferulic acid; 9. hyperoside; 10. isoquercitrin; 11. quercetin; 12.
quercitrin; 13. rutin; 14. ellagic acid; 15. gallic acid; 16. catechin; 17. epicatechin.

The relationship between the studied parameters were evaluated through a PCA
and represented in a two-dimensional PCA scatterplot (based on the first two principal
components (PCs)) (Figure 4). As depicted, the first two PCs explained 77.8% of total
variation. The first PC accounted for 62.2% and was positively correlated with polyphenols,
antioxidant activity (FRAP, DPPH, and ABTS), caffeic acid, chlorogenic acid, coumaric
acid, ferulic acid, hyperoside, isoquercitrin, quercetin, ellagic acid, gallic acid, and catechin;
conversely, it was negatively correlated with quercitrin, rutin, and epicatechin. The second
PC accounted for 15.6% and was positively correlated with chlorogenic acid, coumaric
acid, ferulic acid, isoquercitrin, quercetin, quercitrin, rutin, gallic acid; conversely, it was
negatively correlated with polyphenols, antioxidant activity (FRAP, DPPH, and ABTS),
caffeic acid, hyperoside, ellagic acid, catechin, and epicatechin. The scatterplot showed that
the two teas are clearly distinguished, confirming that TCO is mainly linked to almost all
the detected bioactive compounds. In the opposite, TCL was correlated only to quercitrin,
rutin, and epicatechin.

38



Horticulturae 2021, 7, 91

Figure 4. Principal component analysis (PCA)-biplot of Tea Compagnia del Lago (TCL) and Tea Camelia d’Oro (TCO),
by means of the PAST 4.03 software. 1. Polyphenols; 2. FRAP; 3. DPPH; 4. ABTS; 5. caffeic acid; 6. chlorogenic acid;
7. coumaric acid; 8. ferulic acid; 9. hyperoside; 10. isoquercitrin; 11. quercetin; 12. quercitrin; 13. rutin; 14. ellagic acid; 15.
gallic acid; 16. catechin; 17. epicatechin.

4. Discussion

The Italian tea “Camelia d’Oro” (TCO) showed a total phenolic content (14918.91 mg
GAE 100 g−1 DW) higher than the other green teas analyzed in similar studies. Cai et al. [37]
purchased the green tea sample in a Chinese trade market, finding a total phenolic content
of 13,600 mg GAE 100 g−1 DW. Mildner-Szkudlarz et al. [38] obtained Yunan green tea
leaves in a special tea store, then ground leaves were extracted for 24 h using a 95% ethanol
solution; the analysis showed a total phenolic content of 13,654 mg GAE 100 g−1 DW.
TCO even showed a higher phenolic content than the white tea analyzed by Zielinski
et al. [39], which obtained a wide range: 3800–11,400 mg GAE 100 g−1 DW. Conversely, the
“Compagnia del Lago” tea (TCL) showed a total phenolic content of 8540.42 ± 105.38 mg
GAE 100 g−1 DW, lower than the previous studies’ results. These data therefore might
indicate that the cultivation and processing methods adopted by “La Camelia d’Oro”
plantation promoted the accumulation of phenolic substances. However, Pérez-Burillo
et al. [8] found a higher polyphenols content in commercial green tea in Spain, brewed in
water for 7 min at 98 ◦C, obtaining a value of 1043 ± 5 mg GAE L−1 (TCO = 745.95 mg
GAE L−1).

The antioxidant activity of the two teas, assessed with the DPPH, ABTS, and FRAP
methods, confirmed the phenolic trend, being higher in TCO than in TCL. Regarding to
the DPPH assay, TCO and TCL showed values of 532.37 μmol TE g−1 DW and 302.35
μmol TE g−1 DW respectively, with an average inhibition percentage of 46.9% and 61.2%
respectively. These results are higher than those published by Sirichaiwetchakoon et al. [3],
who found an inhibition percentage of 41.46% for commercial green tea, purchased in a
supermarket in the United Kingdom and prepared by boiling ground tea leaves in 80 ◦C
1x phosphate buffered saline (PBS) for 5 min. Conversely, Lv et al. [40] found a higher
inhibition percentage in three black teas, ranging from 82.3% to 87.6%. This is unusual, as
many researchers suggest that green tea has more antioxidant activity than black tea [38],
as green tea has no fermentation processing [41]. However, the same authors [40] found
a lower inhibition percentage through the ABTS assay, ranging from 12.08 to 18.08%,
according to the black tea type. Conversely, in this study the ABTS assay confirmed the
DPPH high values for both tea samples, ranging from 94.3% in TCL to 99.8% in TCO, thus
confirming the highest antioxidant activity of green tea.
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A few works also evaluated the antioxidant activity by means of FRAP test, how-
ever, using different units of measurement, making it complex to compare the different
values [8,9].

The “Camelia d’Oro” tea (TCO) resulted to contain all the 13 bioactive compounds
investigated, while the “Compagnia del Lago” tea (TCL) showed only 9. The major
components identified in both Italian teas were quercetin, catechin, and epicatechin; in
TCO also chlorogenic acid and gallic acid. Although not giving the single related values,
Cai et al. [37] also found that catechin, epicatechin, and quercetin were the major types of
phenolic compounds found in tea leaves.

The “Camelia d’Oro” tea (TCO) showed catechins (478.98 mg 100 g−1 DW) and
epicatechins (735.84 mg 100 g−1 DW) values (Table 3) similar or higher than other green
teas. Li et al. [9] found in the green Longjing tea values of 0.36 mg 100 mg−1 DW for
catechins and 0.90 mg 100 mg−1 DW for epicatechins. Hyun et al. [25] found lower catechin
values (ranging from 3.14 to 4.76 mg g−1 FW), but higher epicatechin values (ranging from
8.12 to 10.40 mg g−1 FW) than TCO. Conversely, the “Compagnia del Lago” tea (TCL)
showed catechins (122.06 mg 100 g−1 DW) and epicatechins (770.39 mg 100 g−1 DW) values
lower than the previous studies results.

It is noteworthy that the catechin content is highly correlated to the antioxidant activity
measured with the three assays (FRAP, DPPH, and ABTS) (Table 3), as already found by
Pérez-Burillo et al. [8], when comparing white and green teas. Catechins are known
to have important human health benefits, due to their antioxidative, anti-inflammatory,
anticarcinogenic, antidiabetic, and antimicrobial properties [34,41], and they may also help
reduce the body mass index [42]. Quercetin shows antihypertensive effects, improving
endothelial function, gene expression, and modulating cell signals [43], while coumaric acid
has protective effects against carcinogenesis, atherosclerosis, oxidative cardiac damages
and has anti-inflammatory effects [44].

Gallic acid of TCO (803.88 mg 100 g−1 DW) was higher than the Longjing tea values
(0.07 mg 100 mg−1 DW) [9], conversely TCL (42.39 mg 100 g−1 DW) values were lower.

Although not showing the single related values, Gorjanović et al. [45] showed the
presence of ferulic and caffeic acids in green tea infusions, as they were detected in this
study (Table 3).

Flavonols (hyperoside, isoquercitrin, quercitrin, rutin), chlorogenic acid, and ellagic
acid were not frequently reported individually in other studies, but more as a single
category of flavonols, cinnamic acids, and benzoic acids; they were almost all found in
both the Italian teas.

Flavonols are health-promoted compounds [42] which can be largely found in green
tea leaves [46], and chlorogenic acid has antioxidant, anti-inflammatory, anticancer, an-
tilipidemic, antidiabetic, antihypertensive, and antineurodegenerative activities [47], thus
these teas are a rich source of bioactive compounds.

As already observed by Li et al., Lv et al., and Tenore et al. [9,21,40], antioxidant activity
was positively correlated with polyphenol content and, thus, with catechins content. The
methods for the antioxidant activity analysis were also positively correlated with each
other, as Zielinski et al. [39] observed.

5. Conclusions

This work investigated the content in bioactive compounds of two Italian teas, both
cultivated in the Lake Maggiore District, in Piedmont. The results indicated that the
two teas have different phenolic compositions, probably due to the different cultivation
substrates or techniques.

The “Camelia d’Oro” tea (TCO) showed in general, higher bioactive compounds levels
than the “Compagnia del Lago” tea (TCL).

However, both teas showed values in accordance with other studies’ results, or even
higher, confirming that they would be suitable to diversify the Italian growers’ production
with the C. sinensis cultivation.
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Abstract: Agastache spp. are used as ornamental plants for their pleasant aroma and the different
colors of flowers. Nowadays, their edible flowers have become attractive for their nutraceutical
properties. Post-harvest treatment appears as a crucial point to avoid impairment of the nutraceutical
compounds and aroma, so different treatments were tested to analyze their effect on the bioactive
metabolites and volatilome. Results indicated that freeze-drying was the best solution to prolong the
shelf life of these flowers. The use of high temperatures (50, 60, 70 ◦C) led to altered the composition
of antioxidant compounds (phenolic compounds, flavonoids, anthocyanins, carotenoids). Air-drying
at 30 ◦C was a reasonable method, even though time consuming. Concerning the aroma profile,
all samples were dominated by oxygenated monoterpene compounds. Pulegone was the main or
one of the major constituents of all samples together with p-menthone. Gas Chromatography-Mass
Spectrometry results showed a correlation between the temperature and the number of identified
compounds. Both fresh and freeze-dried samples evidenced a lesser number (10 and 19, respectively);
when the temperature raised, the number of identified constituents increased. Statistical analyses
highlighted significant differences between almost all aromatic compounds, even if both Principal
Component and Hierarchical Cluster analyses differed at 60 and 70 ◦C and from the other treatments.

Keywords: carotenoids; phenolic compounds; antioxidant activity; VOCs; aroma; air-drying; freeze-
drying; preservation

1. Introduction

Edible flowers (EF) have been known for a long time [1]. EF are commonly con-
sumed as vegetables, such as broccoli, cauliflowers, and artichokes, and are normally
ascribed as horticultural products. Nowadays, the recovery of ancient and folk recipes
with uncommon and refined ingredients are becoming of great interest. These new food
ingredients can be included in the diet if their nutraceutical properties are properly defined.
Regarding this topic, several flower varieties have entered the horticultural market, and
new EF have been selected for their pleasant aroma and phytochemical composition [2–6].
The edible part of flowers consists mainly in petals and the reproductive organs, such as
carpels and stamens [7]. In some cases, pollen of specific flowers may contain potential
allergens [8], and susceptible people should carefully introduce new varieties of flowers
into their diet, in order to check for any allergic reactions [8]. Bioactive compounds are
detected in different amounts, and differ in relation to the flower anatomy, botanical family,
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and attitude to environmental condition [9,10]. Carbohydrates are the main constituents
in EF, followed by other components with biological activities such as vitamins, miner-
als, and antioxidant compounds [11–15]. Phenolic compounds are the main antioxidant
compounds, usually detected in the petals [11]. Phenolic acids occur naturally in plants
and their intake in a diet contributes to preventing cancer along with cardiovascular and
neurodegenerative diseases [11]. Similar biological activities are ascribed to flavonoids
and anthocyanins, as subgroups of phenolic compounds [11]. Pigments, such as antho-
cyanins and carotenoids, have insect attractive functions, characterized also by important
antioxidant activities [16–18].

EF are usually consumed fresh, but they are highly perishable within few days of har-
vest, and the postharvest period is very crucial for their longevity [19,20]. The senescence
process is often mediated by ethylene and by programmed cell death. The first visible
signals of deterioration are alteration of flowers morphology, color, and sometimes their
aroma [21]. Many different technologies are used to prolong the cell vitality or to ensure
a good maintenance of some bioactive compounds. Cold treatment is frequently used to
prolong the fresh flowers’ longevity up to one week, even if loss of pigmentation, vitamins
content (ascorbic acid), and other metabolites such as phenolics can occur [20]. Drying
is another common method used to prolong EF shelf life. This process can be achieved
by using different instruments and temperatures, even though the results can be different
in terms of visual quality and metabolite composition [22]. The oven/air drying method
is traditionally used with herbs and spice, or flowers for infusion, but the prolonged
treatment may negatively affect the nutritional properties [22,23]. Freeze-drying is the
alternative strategy able to better preserve flowers’ nutraceutical properties, especially the
thermolabile compounds [20,24].

The Lamiaceae family consists of hundreds of genus and thousands of species, and
the Agastache genus is one of the most representative taxa, with twenty-two herbaceous
perennial aromatic species [25]. These plants are commonly used as herbal drugs and
spice, as well as a source of essential oils (used in perfumes). Several Agastache species
are cultivated as bee forage, ornamental plants, and for therapeutic purposes [25,26].
Tubular two-lipped flowers are characterized by different colors and fragrances [27,28].
The phytochemical compounds and aroma profile have been recently described for a few
species [2,25].

Agastache aurantiaca (A. Gray) Lint & Epling is native to North America, but it also
grows spontaneously in Mexico (Sierra Madre of southwestern Chihuahua and western
Durango), distributed in rocky fields, plateaus, and canyon summits in open pine-oak
woodlands [29]. To the best of our knowledge, very few studies were performed on this
species, mainly focused on plant essential oils [30], flavonoids [31], anthocyanins [32], and
trace elements [4]. Flowers of the variety ’Sunset Yellow’ were recently investigated for
the assessment of nutritional compounds, the aroma, and essential oil profiles, suggesting
their use as EFs [2].

In this work, Agastache aurantiaca ’Apricot Sprit’ was examined. The flowers have a
light orange color, and their full blooming occurs from June to September [33]. The aim
of this work was to investigate for the first time the nutraceutical properties (secondary
metabolites with antioxidant activity and total sugars quantification) and the aroma profile
of fresh and dried flowers (freeze-dried, hot-air dried at 30, 50, 60, 70 ◦C), in order to
identify the most suitable drying temperature able to guarantee a high-quality product.

2. Materials and Methods

2.1. Plant Materials

Young plants obtained from cuttings of Agastache aurantiaca (A.Gray) Lint & Epling
’Apricot Sprite’, were purchased online from a French nursery company, and grown in
10-L pots, filled with peat characterized by pH 6.1, electrical conductivity 0.38 dS/m,
bulk density 120 kg/m3, total porosity 94% v/v. Fertigation with a drip irrigation system
was performed once a day (0.33 L per plant) with NPK mineral fertilizer and a mixture of
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microelements (Plantiol, New Polyplants srl, Lucca, Italy). The plants were grown until full-
blooming in an unheated greenhouse at La Chambre d’Agriculture des Alpes-Maritimes
(CREAM, Nice, France, GPS: 43.668318 N, 7.204194 E). High quality flowers, carefully
selected without any signs of disease or aesthetic/sensory defect, were harvested and used
for the postharvest treatments (reported in Post-harvest treatments). The collection of the
inflorescences took place in the summer flowering period (2019), between 8:00 and 10:00 in
the morning. Subsequently, the fresh flowers were weighed (FW), packaged, and frozen at
a temperature of −80 ◦C.

2.2. Post-Harvest Treatments

Flowers of A. aurantica ’Apricot Sprite’ were initially weighted (FW), and then vacuum
freeze-dried (Labconco, Kansas City, MO, USA) for 48 h, or hot-air dried with an electric
dryer (Dejelin Nutri Dry with constant ventilation). The hot-air drying process proceeded
until the dry weight (DW) was unchanged (the moisture reached 16–18%, data not shown).
Different temperatures were used (30, 50, 60, 70 ◦C) for 65, 12, 5, 3 h, respectively. The
percentage of weight loss was calculated by the following formula: (FW-DW) × 100/FW.
Fresh, dried, and freeze-dried flowers were analyzed at the Plant Physiology Laboratory of
the Department of Agricultural, Food and Environment, University of Pisa.

2.3. Biochemical Analyses

For total carotenoids quantification, 100 mg of fresh flowers and 40 mg of dried flowers
were extracted in 10 mL of pure methanol for 24 h at 4 ◦C. The absorbance was determined
at 470 nm (UV-VIS Spectrophotometer, SHIMADZU UV-1800, Shimadzu Corp., Kyoto,
Japan), and the values were used to calculate the total carotenoid content (μg/g FW or
DW) following the proper formulas reported in Lichtenthaler [34].

To determine total phenolic compounds, flavonoids, and anthocyanins content, as well
as flowers radical scavenging activity (DPPH and FRAP assays), 200 mg of fresh flowers
and 50 mg of dried flowers were extracted in 2 mL of 70% (v/v) methanol solution for
30 min at 4 ◦C. At the end of the incubation, the samples were centrifuged at the maximum
speed for 10 min, and the supernatants were used for the above mentioned analysis.
Total phenolics were determined with Folin-Ciocalteu reagent according to Singleton and
Rossi [35], and the results were expressed as mg gallic acid equivalent (GAE) per g FW
or DW. The total flavonoids content was determined as reported in Kim et al. [36]. The
absorbance was read at 510 nm and the concentration was expressed as mg of (+)-catechin
equivalents (CE) per g of FW or DW.

The total monomeric anthocyanin content in the extracts was determined through
the pH differential method as described by Lee et al. [37] and Giusti and Wrolstad [38].
Samples were diluted in aqueous buffer at pH 1 (0.025 M potassium chloride buffer) and
pH 4.5 (0.4 M sodium acetate buffer) and the absorbance was read at 510 and 700 nm. The
monomeric anthocyanin pigment concentration was calculated according to the formula
reported in Giusti and Wrolstad [38], and the results were expressed in μg of cyanidin-3-O-
glucoside (C3G) per gram of FW or DW.

The determination of the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging
activity was determined according to Brand-Williams et al. [39]. The results of the DPPH
free radical scavenging activity were expressed as mg of Trolox equivalent antioxidant
capacity (TEAC) for weight of samples. The Ferric ion Reducing Antioxidant Power (FRAP)
antioxidant assay was performed according to Szôllôsi et al. [40], and data were reported
as μmolFeSO4/g FW or DW.

The total soluble sugars were spectrophotometrically estimated as reported in Das
et al. [41], with some modifications. In brief, 0.8 mL of 0.2% (w/v) anthrone solution were
added to 0.2 mL sample, and the absorbance was read at 620 nm after 12 min of incubation
at 90 ◦C. Data were reported as mg glucose per g FW or DW.

All the data presented are the mean of three independent replicates.
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2.4. Volatilomes

Fresh and dried flowers were analyzed for their volatile compounds using the Head
Space Solide Phase Microextraction (HS-SPME) following the method previously reported
by Najar [42]. Briefly, 1 g of each sample was placed in a 25-mL Erlenmeyer flask for
30 min at room temperature (equilibration time). By the ending time, the fiber (100 μm
polydimethylsiloxanes (PDMS, Supelco Ltd., Bellefonte, PA, USA) was exposed in the
headspace phase of the samples for 5 min and then transferred to the injector of an Agilent
7890B Gas Chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with an Agilent HP-5MS (Agilent Technologies Inc., Santa Clara, CA, USA) capillary col-
umn (30 m × 0.25 mm; coating thickness 0.25 μm) and an Agilent 5977B single quadrupole
mass detector (Agilent Technologies Inc., Santa Clara, CA, USA). The analytical conditions
of the used GC-MS were already reported [42].

2.5. Statistical Analysis

The biochemical data were statistically analyzed by one-way analysis of variance
(ANOVA) with software Past3, version 3.15., using either Tukey Honestly Significant
Difference (HSD) or the Mann–Whitney test according to the variance homogeneity (Levene
test), with a cut-off significance of p < 0.05 (letters). The linear correlation between the
antioxidant constituents and antioxidant scavenging activity (DPPH and FRAP assay) was
determined using Microsoft Excel ® 2013 (Microsoft Corporation, Redmond, WA, USA).

The one-way ANOVA and the bivariate correlation tests (IBM SPSS software, for
Windows, Version 25.0. Armonk, NY, USA) were used first to examine the difference
between the major compounds and then to reveal if any relationship occurred between
these compounds and the enhancement of the temperature. A correlation matrix was
used for the measurement of eigenvalues and eigenvectors in PCA, a multivariate analysis
performed on volatile compounds (omitted those present in a % lesser than 0.5%). The
PCA plot was performed choosing the two highest principal components (PCs), analysis
whose objective is to reduce the dimensionality of the multivariate data of the matrix with
preserving most of the variance [43]. The two-way hierarchical cluster analysis (HCA)
was performed using Ward’s method with squared Euclidian distances as a measure of
similarity. These two analyses were conducted by the JMP software package 13.0.0 (SAS
Institute, Cary, NC, USA).

3. Results and Discussion

Biochemical Analyses

Fresh flowers are used as control for the concentration of bioactive compounds
(Table 1). These quantities are closed to other Agastache species, recently described in
Najar et al. [2]. Similar composition of polyphenolics was observed recently in A. rugosa
fresh flowers, while flavonoids and anthocyanins differed due to color dissimilarity with
A. aurantiaca [44]. Flowers were subjected to different artificial air-drying methods (AD),
achieving the same weight loss in different time (65, 12, 5, 3 h) in relation to the applied
temperature (30, 50, 60, 70 ◦C, respectively). The freeze-drying (FD) method is the unique
treatment in which the water is removed by high pressure and low temperature, reaching
comparable dry weight to the other methods at the end of process (81.3–83.7% water loss).

In post-harvest treatment, color is a remarkable characteristic that describes the quality
of a dried product [45]. The intensity of the color depends on the presence of pigments
(e.g., carotenoids and anthocyanins), their quality and concentration [46]. The FD system
maintained a good amount of these metabolites, as the observed highest value of total
carotenoids (Table 1). The maintenance of carotenoids content by FD system was already
detected in Tagetes erecta, and lutein was even higher in FD than in fresh flowers [47].
The other treatments showed significantly different values, depending on temperature
and the length of the drying process. The lower content of carotenoids was detected
at 50 ◦C (AD 50 ◦C), when the treatment was prolonged for 12 h. Carotenoids in plant
tissues are susceptible to oxidation when exposed to light, oxygen, high temperatures,
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enzymes, moisture, and storage [47]. In this work, the temperature and drying time could
be responsible for flowers discoloration and carotenoids depletion, as also reported in
various flowers [46,47]. This effect could be ascribed also to the activity of lipoxygenase, a
thermostable oxide-reductase enzyme that catalyzes the oxidation of carotene [48].

Table 1. Determination of metabolites in A. aurantiaca flowers subjected to different treatments. Data are presented as means
± standard error (SE, n = 3). Abbreviations: FW = fresh weight; DW = dry weight; GAE—gallic acid equivalents; CE—±
catechin equivalents; C3G—cyanidin-3-O-glucoside equivalents; GLU—glucose. sig.= significant post hoc test at p < 0.05.

Fresh
Flowers 1

Freeze-Drying
(FD)

Air Dried
(AD) 30 ◦C

Air Dried
(AD) 50 ◦C

Air Dried
(AD) 60 ◦C

Air Dried
(AD) 70 ◦C

Total Carotenoids
μg/g DW 125.93 ± 6.73 222.49 ± 4.88 a 177.83 ± 2.64 c 86.77 ± 0.46 e 187.07 ± 3.68 b 146.05 ± 1.8 d

Total Anthocyanins
μg C3G/g DW 55.80 ± 2.51 366.65 ± 28.32 a 185.31 ± 42.2 b 360.96 ± 58.65 ab 422.56 ± 15.91 a 245.7 ± 19.74 b

Total phenolics (TPC)
mg GAE/g DW 3.33 ± 0.12 32.58 ± 2.01 ab 34.26 ± 1.38 a 24.60 ± 1.40 b 25.84 ± 1.90 b 26.07 ± 1.38 b

Total flavonoids (TFC)
mg CE/g DW 1.768 ± 0.03 29.77 ± 0.58 a 30.93 ± 0.56 a 22.66 ± 0.67 b 23.35 ± 0.81 b 22.62 ± 0.21 b

Total soluble sugars (TSS)
mg GLU/g DW 26.12 ± 0.37 358.91 ± 5.55 c 212.12 ± 2.96 d 512.18 ± 2.68 a 461.31 ± 4.11 b 341.99 ± 4.77 c

FRAP activity
μmolFeSO4/g DW 19.33 ± 0.07 403.4 ± 21.78 ab 458.79 ± 12.88 a 281.75 ± 17.62 c 306.84 ± 24.77 c 318.53 ± 4.63 bc

DPPH activity
mg TEAC/g DW 1.49 ± 0.03 19.4 ± 0.48 b 23.26 ± 0.52 a 14.87 ± 0.05 c 17.88 ± 0.81 b 17.67 ± 0.01 b

1 fresh flower’s data are reported as g FW−1 instead of g DW−1.

Anthocyanins pigments were also detected in Agastache flowers (Table 1). The highest
content was detected in AD 60 ◦C (422.56 μg/g DW), FD (366.65 μg/g DW), and AD 50 ◦C
treated flowers (360.96 μg/g DW). The total content of anthocyanins decreased in the other
treatments, probably due to either temperature (70 ◦C) or length of the drying process
(30 ◦C, 65 h), which affected their degradation. The presence of some enzymes, such as
polyphenol oxidase (PPO), could also promote the oxidation of these metabolites. PPO is
relatively thermolabile, and temperatures above 50 ◦C can decrease its activity, especially
when high temperature are combined with long drying cycles. In fact, anthocyanins are
stable at high temperatures, while PPO is thermolabile and significantly inhibited above
80 ◦C [49,50].

The content of total phenolics (TPC) and flavonoids (TFC) showed a similar trend.
The highest content was quantified in AD 30 ◦C and FD flowers. TPC was quantified as
32.58 and 34.26 mg GAE/g DW in FD and AD 30 ◦C, while TFC was 29.77 and 30.93 mg
CE/g DW, respectively. With the increase of the temperature, either AD 50, 60, or 70 ◦C,
the TPC and TFC declined to the lowest amounts (Table 1), probably due to the activity
of PPO [49,50]. These data confirmed the harmful effect on phenolic compounds of high
temperature in AD system, as already observed in other flowers [46,47].

The antioxidant activity was monitored with two different methods: the FRAP assay
and the radical scavenger activity (DPPH assay). The DPPH scavenger activity of fresh
samples is comparable with the values obtained from the other Agastache flowers already
published [2]. The FRAP assay detected in dried flowers showed the highest activity in
the AD 30 ◦C samples (458.79 μmol FeSO4/g DW) followed by FD flowers (403.45 μmol
FeSO4/g DW), then lower values were reported for the other temperatures. The second
method used (DPPH assay), confirmed these results, and the highest value was observed
in AD 30 ◦C flowers (23.26 mg TEAC/g DW) followed by FD samples (19.4 mg TEAC/g
DW). At temperature higher than 30 ◦C, a significant decrease in the general scavenging
power occurs, as shown by the loss of natural antioxidants of the dried flowers at 50, 60,
and 70 ◦C.

A linear correlation between antioxidant activity and antioxidant compounds can
help to define the contribution of each class of metabolites to flower scavenging activity
(Table S1). Regardless of the assay performed, a strong correlation (R2 > 0.84) was observed
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between antioxidant activity (FRAP or DPPH) and phenolics and flavonoids content.
Weaker correlations were detected between antioxidant assays and pigments (carotenoids
and anthocyanins), probably also due to their limited amounts.

A relevant characteristic of Agastache flowers is the sweetness, due to sugar content [2],
the highest macronutrient present in flowers [13]. The amount of total soluble sugars
(TSS) detected in fresh flowers (26.12 mg Glu)/g DW) can be attributed to their peculiar
percentage of water (Table 1). On the other hand, the highest content of total soluble sugars
(TSS) was shown in AD 50 ◦C, followed by AD 60 ◦C flowers (512.18 e 461.31 mg GLU/g
DW, respectively). FD and AD 70 ◦C flowers showed a remarkable content of TSS too,
while the lowest value for dried flowers is observed at AD 30 ◦C.

The concentration of sugars in the different treatments might be linked to different
factors. Dried flowers at 30 ◦C showed lower sugar content probably due to the prolonged
drying cycle (65 h). This may induce a faster sugars consumption, due to flowers respira-
tion as a consequence of the flower senescence process [51]. At 30 ◦C, it can be assumed that
the senescence of flowers is enhanced, and the ethylene action may affect the respiration
rate and therefore the content of soluble sugars [52]. No references are given to support
the Agastache flower as ethylene sensitive, but the obtained results suggest an involvement
of this hormone, to be further investigated. However, at high temperature (50–60–70 ◦C)
the activity of ACC synthetase and the reduced accumulation of ACC oxidase, key en-
zymes of ethylene biosynthesis, were inhibited, as already demonstrated in cut carnation
petals [18,53]. Apart from these observations, little is known about the biochemical and
physiological changes that occur during the development and senescence of A. aurantiaca
flowers. Therefore, it would be appropriate to investigate the nature and behavior of this
flower during natural senescence.

4. Volatilome Analyses

The chemical composition of volatiles present in fresh and treated flowers is reported
in the Table 2. Overall, fifty-one compounds were identified with a total percentage of
identification ranging from 97.5% (in FD samples) to 100% (in fresh flowers).

Oxygenated monoterpenes prevailed in all samples and they amounted for at least
67.1% in AD 70 ◦C to reach more than 90% in fresh flowers. In the fresh flowers, pulegone
was the major compound (75.5%) followed by β-caryophyllene and menthone; the three
compounds represented 90.3% of global identified fraction. Pulegone was a common
compound among all samples where it dominated in AD 60 ◦C and AD 70 ◦C samples,
while in the remaining ones was the second main constituent preceded only by menthone.
Interesting to note that this latter compound was present in a much smaller amount in
the fresh sample (5.2%) and increased exponentially to reach 50% of identified fraction in
AD 30 ◦C. All flowers shared the other three constituents beside pulegone and menthone:
limonene (ranged from 1.4% in AD 60 ◦C to 3.4% in AD 30 ◦C, respectively), isopulegone
(from 1.3% in AD 60 ◦C to 3.4% in AD 30 ◦C, respectively). β-caryophyllene, initially
the second main constituent in fresh samples, was detected in very low percentage with
increasing the drying temperature (not exceeded 2% in AD 60 ◦C). This was an opposite
behavior to that observed in the Thymus daenensis Celak, where β-caryophyllene increased
enhancing the oven temperature [54]. The bivariate correlation in the cited compounds
(Table S2) highlighted the absence of correlation between their amounts and the used
temperature except for pulegone, which showed a statistically significant negative linear
relationship (p < 0.05: greater the amount of pulegone is associated to lower temperature).
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Table 2. Chemical composition of the volatile organic compounds (VOCs) from A. aurantiaca ‘Apricot Sprite’ flowers.
Headspace–Solid Phase Micro-Extraction (HS-SPME) was performed on Gas Chromatography–Mass Spectrometry (GC–MS)
with DB-5 capillary column. Data represent mean values of relative percentage (n = 3, ±SD).

Compounds Class LRI Fresh (AD) 30 ◦C (AD) 50 ◦C (AD) 60 ◦C (AD) 70 ◦C FD

1 3-Methylcyclohexanone nt 958 − 0.1 ± 0.01 − 0.2 ± 0.03 − −
2 Sabinene mh 974 − 0.1 ± 0.01 − − − −
3 1-Octen-3-ol nt 980 − 0.2 ± 0.01 − 0.1 ± 0.00 − −
4 3-Octanone nt 986 − 0.2 ± 0.01 − − − 0.3 ± 0.08
5 6-Methyl-5-heptene-2-one nt 986 − − − 0.2 ± 0.05 − −
6 β-Myrcene mh 991 0.6 ± 0.02 0.9 ± 0.14 − 0.1 ± 0.02 0.3 ± 0.07 0.1 ± 0.01
7 Limonene mh 1030 2.5 ± 0.03 3.4 ± 0.40 1.7 ± 0.04 1.4 ± 0.48 1.8 ± 0.93 2.1 ± 0.48
8 Benzyl alcohol nt 1036 − − − 0.4 ± 0.25 − −
9 Nonanal nt 1104 − − − 0.1 ± 0.01 0.5 ± 0.16 −
10 p-Menthone om 1154 5.2 ± 0.06 50.0 ± 0.39 43.3 ± 0.89 28.9 ± 1.27 25.7 ± 0.88 43.4 ± 2.09
11 Isomenthone om 1164 − 4.8 ± 0.30 4.4 ± 0.11 − 2.9 ± 0.13 3.7 ± 0.13
12 Menthofurane om 1165 1.7 ± 0.60 − − 3.3 ± 0.44 − −
13 Isopulegone om 1177 2.3 ± 0.29 3.4 ± 0.17 2.7 ± 0.03 1.3 ± 0.78 1.8 ± 0.09 2.5 ± 0.14
14 Verbenone om 1205 − 0.2 ± 0.02 0.3 ± 0.13 0.3 ± 0.05 0.3 ± 0.08
15 Decanal nt 1206 − − − 0.3 ± 0.07 1.6 ± 0.62 −
16 (−)-trans-Isopiperitenol om 1210 − − − 0.10 ± 0.03 − −
17 1,4-Dimethyl-4-acetylcyclohexene nt 1226 − − 1.3 ± 0.11 3.9 ± 0.97 1.1 ± 0.13 −
18 2-Hydroxycineole om 1228 − − − 0.2 ± 0.03 − −
19 cis-Pulegone Oxide om 1230 − − 0.3 ± 0.03 − 0.2 ± 0.05 −
20 Pulegone om 1237 75.5 ± 1.85 30.2 ± 0.23 32.6 ± 0.01 34.5 ± 1.66 30.8 ± 0.53 35.8 ± 1.39
21 Piperitone om 1253 − 0.2 ± 0.00 1.2 ± 0.06 4.5 ± 0.55 2.3 ± 0.16 −
22

2-Hydroxy-3-isopropyl-6-methyl-
2-cyclohexen-1-one nt 1274 − 0.8 ± 0.01 0.7 ± 0.01 0.8 ± 0.06 2.2 ± 0.00

23
1-Cyclohexene-1-carboxaldehyde,
4-hydroxy-2,6,6-trimethyl-3-oxo- nt 1302 − − 5.6 ± 0.04 5.7 ± 0.73 2.4 ± 0.42 3.5 ± 0.12

24 2-Hydroxypiperitone om 1302 − 2.0 ± 0.06 − − 0.4 ± 0.04 −
25 Undecanal nt 1307 − − − − 0.2 ± 0.05 −
26

2-Methyl-2-(3-methyl-2-
oxobutyl)cyclohexanone nt 1309 − 0.4 ± 0.02 0.4 ± 0.04 0.6 ± 0.09 − 1.1 ± 0.07

27 Citronellic acid) nt 1314 − − 0.3 ± 0.04 0.8 ± 0.06 − −
28 Piperitenone om 1340 − 0.2 ± 0.01 0.5 ± 0.03 2.1 ± 0.17 1.1 ± 0.05 −
29 Menthofurolactone om 1354 − − − − − 0.1 ± 0.08
30 Eugenol pp 1357 − 0.3 ± 0.03 0.9 ± 0.04 4.6 ± 0.42 1.3 ± 0.04
31 1,2-Dimethyl-1-cyclodecene nt 1360 − − − − − 0.3 ± 0.04
32 8-Methyl-6-nonenoic acid nt 1373 − − − 0.1 ± 0.04 −
33 cis-trans-Nepetalactone om 1377 − − − − − 0.1 ± 0.07
34 β-Caryophyllene sh 1419 9.6 ± 1.51 0.9 ± 0.12 1.0 ± 0.08 2.0 ± 0.31 1.8 ± 0.16 0.1 ± 0.06
35 Dihydropseudoionone nt 1456 − − − − 0.7 ± 0.03 −
36 α-Humulene sh 1456 1.0 ± 0.32 0.1 ± 0.01 0.3 ± 0.01 0.9 ± 0.11 − −
37 (E)-β-Famesene sh 1457 0.6 ± 0.32 − − − − −
38

2-Hydroxy-4,5-
dimethylacetophenone nt 1476 − − 0.3 ± 0.01 − − −

39 Germacrene D sh 1481 1.0 ± 0.71 − − − − −
40 Mintlactone om 1500 − 0.4 ± 0.04 0.8 ± 0.06 0.8 ± 0.04 0.6 ± 0.03 1.0 ± 0.18
41 Isomintlactone om 1531 − 0.1 ± 0.01 0.2 ± 0.00 0.1 ± 0.08 - 0.4 ± 0.09
42 Lilial pp 1534 − − − − 0.7 ± 0.16 −
43 Caryophyllene oxide os 1581 − 0.10 ± 0.01 − 0.1 ± 0.03 − 0.10.01
44 Hedione nt 1649 − 0.1 ± 0.01 − − 4.6 ± 0.59 −

45
(7a-Isopropenyl-4,5-
dimethyloctahydroinden-4-
yl)methanol

nt 1659 − − − − 0.7 ± 0.16 −

46 Octyl ether nt 1659 − − 0.7 ± 0.35 0.7 ± 0.08 6.6 ± 0.17 0.4 ± 0.05
47 α-Hexylcinnamaldehyde pp 1750 − − − − 1.0 ± 0.10 −
48 Dibutyl adipate nt 1766 − − − − 1.0 ± 0.13 −

49
Dodecahydro-3a,6,6,9a-
tetramethylnaphtho[2,
1-β]furan

os 1766 − − − − 0.2 ± 0.03 −

50 2-Hydroxycyclopentadecanone nt 1846 − − − − 1.8 ± 0.25 −
51 Galaxolide nt 1851 − − − − 3.2 ± 0.71 −
52 Musk T os 1989 − − − − 1.0 ± 0.07 −

Number of identified
compounds

10 23 21 30 29 19

Class of compounds Fresh (AD) 30 ◦C (AD) 50 ◦C (AD) 60 ◦C (AD) 70 ◦C FD

Monoterpene hydrocarbons (mh) 3.1 ± 0.05 4.4 ± 0.57 1.7 ± 0.04 1.5 ± 0.36 2.1 ± 0.13 2.2 ± 0.37

Oxygenated monoterpenes (om) 84.7 ± 2.80 91.5 ± 0.40 88.5 ± 0.81 76.1 ± 1.68 67.1 ± 0.55 87.3 ± 0.50
Sesquiterpene hydrocarbons (sh) 12.2 ± 2.86 1.0 ± 0.13 1.3 ± 0.10 2.9 ± 0.42 1.8 ± 0.16 0.1 ± 0.01
Oxygenated sesquiterpenes (os) − 0.1 ± 0.01 − 0.1 ± 0.00 1.2 ± 0.16 0.1 ± 0.07
Phenylpropanoids (pp) − 0.3 ± 0.03 0.9 ± 0.04 4.6 ± 0.42 1.7 ± 0.25 −
Non-terpene derivatives (nt) − 1.8 ± 0.04 8.0 ± 0.48 13.9 ± 1.97 24.4 ± 0.54 7.8 ± 0.68

Total identified 100 ± 0.00 99.1 ± 0.33 99.5 ± 0.27 99.1 ± 0.62 98.3 ± 0.74 97.5 ± 0.37
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The fluctuation in the menthone and pulegone percentage may be due to their conver-
sion into other compounds as mentioned by Asekun and coworkers [55]. They attributed
the loss of these compounds (such as menthone, pulegone, and 1,8-cineole) in fresh and
gently oven-dried samples of Mentha longifolia shoots to their vaporization or conversion
into other compounds. Although drying, in general, may lead to changes in volatile com-
position and content, some temperatures allow better preservation of volatile constituents,
whereas others may cause significant losses of volatiles.

Both freeze-drying and heat treatment with a temperature more or equal to 50 ◦C in-
creased the non-terpene amount. Noteworthy is the presence of 4-hydroxy-2,6,6-trimethyl-
3-oxo-1-cyclohexene-1-carboxaldehyde in most samples, except for fresh flowers and those
treated with a low temperature (30 ◦C). The amount of this compound was around 5.0%
in both AD 50 ◦C and AD 60 ◦C then to be halved in AD 70 ◦C, while in FD samples it
amounted to 3.5% of the identified fraction. AD 70 ◦C flower was also characterized by the
presence of good percentage of other non-terpenes such as octyl ether (6.6%) and methyl
dihydrojasmonate (4.6%). These samples (AD 70 ◦C) were distinguished by the presence of
galaxolide (3.2%), 2-hydroxycyclopentadecanone (1.8%), α-hexylcinnamaldehyde (1.0%),
dibutyl adipate (1.0%), and musk T (1.0%). Even though 70 ◦C seems to induce the syn-
thesis of these compounds, no correlation was observed between their percentages and
the increasing of the temperature. The formation of new chemicals may take place [56]
as shown in all treatments by Xing [57] and Díaz-Maroto [58]. This can be attributed to
oxidations or to the breakdown of cell wall, or to the hydrolysis of glycosylated forms and
thus to the release of several compounds. Concerning the flower volatile emission as a
response to high temperature, no report was present in the literature. Only the presence of
galaxoide was reported in the EO of Turkish Helichrysum plicatum subsp. polyphyllum and
subsp. isauricum [59], while hedione naturally occurred in trace in several flowers [60]. AD
60 ◦C sample showed the highest number of identified compounds and it was noted by its
high amount of eugenol (4.6%), piperitone (4.5%), 1,4-dimethyl-4-acetylcyclohexene (3.9%),
mentofurane (3.3%), and piperitenone (2.1%). Only piperitone signaled a statistically posi-
tive correlation with the temperature effect (p < 0.05) (Table S2. The first two compounds of
PCA analyses explained more than 66% of the variance (Figure 1).

PC1 (40.7%) axis was responsible for the segregation of the AD 70 ◦C flowers from the
others due to its high amount in non-terpene compounds such as ester (methyl dihydrojas-
monate (12)) and ether (galaxoide (17)). In the left high quadrant (negative PC1, positive
PC2), AD 60 ◦C sample was placed in the borderline, while AD 50 ◦C almost overlapped
PC 2 axis. In the opposite quadrant (negative plot in both axes) were gathered fresh with
FD and AD 30 ◦C flowers; this behavior was especially due to the amount of isopulegone
and limonene.

The two-way HCA analysis confirmed what was reported by PCA; in fact two main
clusters were observed: C1, a homogeneous cluster formed by only AD 70 ◦C, and C2
englobed the rest of the samples. C2 is further divided into two subclusters: C2.a, homoge-
neous and included only fresh flowers, and C2.b, which on its own can be divided into 2
subgroups: one formed by AD 30 ◦C and the other one with FD and AD 50 ◦C. (Figure 2).

Only a few works on the spontaneous volatile emission from Agastache flowers were
present in the literature and especially on the temperature effect and freeze-drying treat-
ments. Both volatile organic compounds of fresh flowers and the EO composition of this
studied species (Agastache aurantiaca (A. Gray) Lint & Epling) were reported by our team
in a recent study [2], as well as only the essential oil composition of some species of this
genus were previously investigated [30,61–65]. Drying method, a common technique to
preserve the quality of herbs, impact directly in their quality [63]. Even though the eugenol
was not present in both fresh and FD samples, this result confirmed what was reported
by Ion [64], who underlined no statistical difference in its percentage among fresh and
those processed by FD. The same authors concluded that although freeze-drying is one
of the most recommended techniques for herb drying, significant changes can occur in
the chemical composition of the EO from Ocimum basilicum and this result was confirmed
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by the present study. Of note, was the proximity between FD and AD 50 ◦C. The same
observation was noted in the volatiles of tea flowers [65], where the authors deduced
that the volatile from samples treated with 60 ◦C were close to those observed by the FD
and thus recommended the AD method at 60 ◦C for 180 min. Başer and Buchbauer [66]
claimed that monoterpenes vaporized more rapidly by increasing drying temperature,
while Mashkani [54] reported that their contents significantly reduced by the increase of
the oven temperature. This finding was in disagreement with the results reported herein
where a very slight difference in the monoterpene percentage was observed in all samples
except for AD 70 ◦C, where the difference was notable (a decrease of about 27%). Chua and
coworkers [67] investigated the EO of Cassia alta, and showed the loss in volatile content
after FD. They assumed that the loss could be due to the reduction of the pressure of drying
chamber, although Antal reported in Mentha spicata that the reduction of pressure increased
the release of volatile compounds [68]. This statement totally agrees with the results of the
present work, where an increase of the number of identified fractions was noted in FD in
comparison with fresh flowers.

          

Figure 1. Scatter plot of the principal component analysis (PCA) of the volatile organic compounds (VOCs) of A. aurantiaca
‘Apricot Sprite’ flowers.  Fresh Flowers,  Freeze Drying (FD), (AD) 30◦C, (AD) 50 ◦C,   (AD) 70 ◦C.
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Figure 2. Dendrogram of cluster hierarchical analysis performed on VOCs from A. aurantiaca ‘Apricot Sprite’ flowers.

5. Conclusions

Agastache aurantiaca is an appreciated ornamental plant for their color and aroma, and
the flowers are consumed as food, therefore the conservation of their bioactive compounds
and aromatic profile is crucial. The presented data showed that the freeze-drying technique
is the best solution to prolong the shelf life of these flowers and to maintain high concen-
tration of antioxidant compounds (e.g., phenolic compounds, flavonoids, anthocyanins,
carotenoids). The air drying system at 30 ◦C is a time consuming method with a significant
loss of sugars, probably due to the senescence process. The aromatic profile of different
treated flowers showed the oxygenated monoterpene compounds as a major class. Pule-
gone is the main or one of the major constituents of all samples together with p-menthone.
With the increasing of temperature, pulegone decreased and p-menthone increased.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7040083/s1. Table S1. Correlation between antioxidants content (total polyphe-
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nols, total flavonoids total anthocyanins, total carotenoids) in flowers of Agastache aurantiaca and
their radical scavenger activity (DPPH-assay and FRAP-assay). Table S2: Bivariate correlation test in
the main compounds.

Author Contributions: Conceptualization, L.P. (Laura Pistelli), L.P. (Luisa Pistelli), B.R.; methodology,
I.M., B.N., R.D.; software, I.M., B.N.; validation, I.M., B.N., L.P. (Laura Pistelli) and L.P. (Luisa
Pistelli); formal analysis, B.N., I.M., R.D.; investigation, B.N., I.M., R.D., G.G.; writing—original draft
preparation, B.N., I.M.; writing—review and editing, I.M., B.N., B.R., L.P. (Laura Pistelli), L.P. (Luisa
Pistelli); supervision, L.P. (Laura Pistelli), L.P. (Luisa Pistelli); project administration, B.R.; funding
acquisition, B.R., L.P. (Laura Pistelli), L.P. (Luisa Pistelli). All authors have read and agreed to the
published version of the manuscript.

Funding: “This research was funded by the INTERREG-ALCOTRA UE 2014-2020 Project “ANTEA”–
Attività innovative per lo sviluppo della filiera transfrontaliera del fiore edule (n. 1139), grant number:
CUP C12F17000080003.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank Andrea Copetta, Sophie Descamps and Laurent Cambournac
for the production and cultivation of plant material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cunningham, E. What nutritional contribution do edible flowers make? J. Acad. Nutr. Diet. 2015, 115, 856. [CrossRef]
2. Najar, B.; Marchioni, I.; Ruffoni, B.; Copetta, A.; Pistelli, L.; Pistelli, L. Volatilomic analysis of four edible flowers from Agastache

Genus. Molecules 2019, 24, 4480. [CrossRef]
3. Li, W.; Song, X.; Hua, Y.; Tao, J.; Zhou, C. Effects of different harvest times on nutritional component of herbaceous peony flower

petals. J. Chem. 2020, 2020. [CrossRef]
4. Drava, G.; Iobbi, V.; Govaerts, R.; Minganti, V.; Copetta, A.; Ruffoni, B.; Bisio, A. Trace elements in edible flowers from Italy:

Further insights into health benefits and risks to consumers. Molecules 2020, 25, 2891. [CrossRef] [PubMed]
5. Marchioni, I.; Najar, B.; Ruffoni, B.; Copetta, A.; Pistelli, L.; Pistelli, L. Bioactive compounds and aroma profile of some Lamiaceae

edible flowers. Plants 2020, 9, 691. [CrossRef] [PubMed]
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Abstract: Sweet potatoes (SPs) are considered by the FAO as a primary crop for “traditional agricul-
ture” in the tropics, but in Europe, its consumption is not widespread. However, consumer demand
has grown exponentially over the past five years. This study has evaluated the quality and nutrient
contents of storage roots of 29 SPs accessions to characterize their role in improving the human diet.
Roots were analyzed for nutraceuticals, sugars, and minerals. Results underlined a considerable
variability of nutrient content related to color among SPs accessions. The deep-orange-fleshed SPs
showed a higher content of β-carotene compared to the light orange- and cream-fleshed ones; 100 g
of edible product of HON86 can supply 32.3% of the daily value contribution of vitamin A, followed
by the pale orange-fleshed BRA32 and BRA54. The total phenolic content of the purple ecotypes
was about two to five times higher than the other genotypes. The calcium content was generally
low, whereas, in many accessions, magnesium and phosphorus content reached 20%, or higher of
the contribution to the daily value. Such a high variability suggests different use of the different
accessions according to their strengths, but might also be used for breeding to improve quality traits
of the commercial varieties.

Keywords: Ipomoea batatas; nutrients requirement; β-carotene; vitamin A; minerals

1. Introduction

The sweet potato (Ipomoea batatas Lam.) is a tropical herbaceous plant cultivated
worldwide that plays a significant role in human and animal nutrition, as well as being a
source of starch for the food industry, only in tropical countries [1]. According to the FAO,
in a tropical climate sweet potatoes (SPs) are considered a primary crop for “traditional
agriculture” and is widely consumed, in particular in Asian and African countries [2].
The worldwide production of SP reached 91.8 × 107 tons in 2019 and is the seventh most
cultivated food crop in the world [3].

The main edible parts of SP are its tuberous roots, where significant amounts of
sugars [4], as well as vitamins, are stored. SPs are highly adaptive to sub-optimal climatic
conditions, and thus they can be cultivated outside of tropical environments; its cultivation
in Europe is not widespread, and its consumption is still unusual. However, consumer
demand is growing exponentially, thanks to the rising interest in ethnic vegetables mediated
by globalization and by nutraceutical research. For these reasons, both imports and
consumption are rapidly growing, increasing by 100% over the last five years [5].

The phenological variability of SPs can influence the nutritional contents as reported by
several authors [6,7]. The qualitative and nutritional characteristics of the sweet potato are
many and concern different categories of nutrients including sugars, fibers, and vitamins,
but the parameters that significantly increase their value towards the quality of the diet refer
to the content of pigments and polyphenols. As is well known, despite being characterized
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by a general availability of food and good economic conditions, the European context
presents important nutritional deficiencies especially in relation to micronutrients [8–10].
Indeed, red-orange-fleshed SPs rich in β-carotene can be considered as a smart food to
fulfill the daily intake of carotenoids as reported by Islam et al. [11]. At the same time,
the purple-fleshed varieties may increase the consumer’s intake of valuable compounds
such as anthocyanins, vitamin C, and oligo-elements that can be used for counteracting
food insecurity [11]. Anthocyanins, as well as carotenoids, can be accumulated and stored
in plant cells and affect the color of plant tissues. Polyphenols such as carotenoids are
involved as scavengers of reactive oxidative species (ROS) in cells. It is widely accepted
that anthocyanins might be considered active compounds that reduce the risk of many
inflammatory diseases (as observed in vitro) or might regulate diabetes and glycemic lev-
els [12,13]. Although these compounds are present in all varieties of SPs, many studies
reported that the highest amount of anthocyanins is contained in purple-fleshed vari-
eties [14–16]. Therefore, orange- and purple-fleshed varieties might be appreciated by
health-oriented consumers and hearten the consumption of SPs in Europe.

On the basis of the aforementioned premises, the purpose of the present study was to
evaluate the content of nutritional and nutraceutical compounds in roots of 29 accessions
of SPs deriving from different countries, Italy included, some of which were cultivated for
the first time in Europe.

2. Materials and Methods

2.1. Plant Material

The field experiment was performed at the Experimental Farm of the University of
Padova (45◦21′ N; 11◦58′ E; 6 m a.s.l.). The site has an annual average temperature of
12.3 ◦C and an annual rainfall of 811 mm. According to the USDA classification, the soil is
a silty loam (11% clay, 65% silt, 24% sand) with a pH of 8.2 and 1.65% organic matter.

The propagation material of 29 accessions of SPs (Table 1), used in the experiment,
was obtained from the genetic bank of Padova University in cooperation with the Tropical
Root and Starches Center (São Paulo State University). On 22 January 2018, SP roots
(100–150 g) were potted in a peat-based substrate (Potgrond H Klasmann-Deilmann GmbH,
Geeste, Germany) amended with 20% (v/v) of perlite (Perlite Italiana, Corsico, Italy) and
forced in a greenhouse at a temperature regime of 25/18 ◦C day/night temperature, under
natural light. On 6 June, the cuttings (0.30–0.35 m in length) were collected and transplanted
in an open field. Each accession was grown in plots of 7 m2 with four rows 0.8 m apart and
with an in-row spacing of 0.29 m (30 plants per plot). Each plot was replicated three times
and arranged in a randomized block design. The soil was fertilized with 80, 70, and 210 kg
ha−1 of N, P2O5, and K2O, respectively.

Cuttings were manually plugged at a depth of 0.10 m on raised beds and irrigated
with about 100 mL of water per cutting.

During the growing period plants were irrigated three times, providing about 30 mm
for each irrigation. SPs were then harvested at the commercial size, on 29th September.
Harvested roots were cured and stored in the dark at room temperature (17–20 ◦C and
RH of 65–70%) for six weeks before sampling. Sweet potato roots (250–300 g and at
least 120 mm long) were randomly taken from each accession. Then stored roots were
washed and brushed with tap water to remove any soil residues and dried with tissue
paper. Afterward, roots were analyzed for dry matter content by weighing 30 roots per
accession and replication before and after drying in a ventilated oven. The other qualitative
assessments were performed on the same number of samples as shown below.
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2.2. Chemical Reagents

Acetic acid (glacial) and anhydrous sodium carbonate were purchased from Riedel-de
Haën (Hanover, Germany). Gallic acid monohydrate was obtained from Fluka (Sigma-
Aldrich, Milan, Italy), methanol from VWR Prolabo (Fontenay-sous-Bois, France), and Folin-
Ciocalteu’s (FC) reagent from Labochimica (Padova, Italy). Chlorogenic acid hemihy-
drates, maltose, D-(+)-glucose, and D-(–)-fructose were purchased from Aldrich Chemical
Company (Sigma-Aldrich); caffeic acid, p-coumaric acid, and ferulic acid from Sigma
and methanol from Carlo Erba (Milan, Italy). Deionized water (18 MΩ) was prepared
using an ultrapure water purification system (Arium® pro; Sartorius, Muggiò, Italy).
All reagents and standards were of analytical and high-performance liquid chromatogra-
phy (HPLC) grade.

Table 1. List of the sweet potato genetic materials and their main morphological traits.

Genetic
Material

Country of
Origin

Flesh Color Skin Color Roots Shape

Bra1 Brazil Purple Dark purple Elliptic
Bra11 Brazil Cream Pink Round elliptic
Bra13 Brazil White Cream Elliptic
Bra25 Brazil Purple Cream Long oblong
Bra30 Brazil White Pink Long irregular
Bra32 Brazil Pale orange Pink Oblong
Bra33 Brazil Purple Cream Oblong
Bra51 Brazil White Cream Long elliptic
Bra53 Brazil Purple White Oblong
Bra54 Brazil Intermediate orange Yellow Elliptic
Bra66 Brazil White White Long irregular
Bra78 Brazil Cream Pink Long irregular
Bra79 Brazil Purple Pink Obovate
Bra80 Brazil Purple Dark purple Obovate
Hon86 Honduras Deep orange Purple-red Round elliptic

IT41 Italy Cream Cream Long irregular
IT42 Italy Cream Pink Round
IT43 Italy Pale yellow Pink Obovate
IT44 Italy White Cream Elliptic
IT46 Italy Cream Pink Obovate
IT47 Italy Cream Cream Ovate
IT48 Italy Cream Cream Round elliptic
IT49 Italy Pale yellow Pink Round elliptic
IT81 Italy Cream Cream Obovate
IT82 Italy Cream Cream Round elliptic
IT83 Italy Cream Cream Obovate
IT84 Italy Cream Cream Long irregular

USA85 USA Pale yellow Cream Round elliptic
USA45 USA Purple Dark purple Long oblong

2.3. Extraction of Phenols for Analysis

Freeze-dried (Scanvac, Coolsafe model, LaboGene, Denmark) samples (0.5 g) were
extracted in methanol (20 mL) with an Ultra Turrax T25 (IKA-Labortechnik, Staufen,
Germany) at 13,500 rpm until a uniform consistency was achieved. Samples were filtered
(589 filter paper; Whatman, Germany) and appropriate aliquots of extracts were assayed
by FC reagent for total phenolic (TP) content and by the ferric reducing antioxidant power
(FRAP method) for antioxidant activity. For HPLC analyses, extracts were further filtered
by cellulose acetate syringe filters (0.45 μm porosity).

59



Horticulturae 2021, 7, 23

2.4. Determination of TP Content by the FC Assay

The content of TP was determined by the FC assay with gallic acid as a calibration
standard, using a UV-1800 spectrophotometer (Shimadzu, Columbia, MD, USA). The FC
assay was carried out on 200 μL of SP extract in a 10 mL test tube, followed by the addition
of FC reagent (1000 μmL). The mixture was vortexed for 20–30 s and 800 μL of filtered
20% sodium carbonate solution was added within 1–8 min after the FC reagent addition.
The mixture was then vortexed again for 20–30 s (time 0). After two hours at room
temperature, the absorbance of the colored reaction product was measured at 765 nm by a
Shimadzu UV-1800 spectrophotometer (Columbia, MD, USA). The TP content in extracts
was calculated from a standard calibration curve obtained with different concentrations of
gallic acid, ranging from 0 to 600 μg mL–1 (correlation coefficient: r2 = 0.9993). The results
are expressed as mg gallic acid equivalent (GAE) kg–1 dry weight.

2.5. Determination of Total Antioxidant Activity (TAA) by FRAP

The FRAP reagent was freshly prepared and consisted of 1 mmol L–1 of 2,4,6-tripyridyl-
2-triazine and 2 mmol L–1 of ferric chloride in a 0.25 mol L–1 sodium acetate solution
(pH 3.6). A methanol extract aliquot (100 μL) was added to the FRAP reagent (1900 μL) and
accurately mixed. After four min at room temperature, the absorbance was determined at
593 nm by a Shimadzu UV-1800 spectrophotometer. The calibration was performed with a
standard curve (0–1200 μg mL–1 Fe2+) (correlation coefficient: r2 = 0.9985), obtained by the
addition of freshly prepared ammonium ferrous sulfate. FRAP values were calculated as
μg mL–1 Fe2+ (ferric reducing power) from three determinations and reported as mg kg–1

of Fe2+ (ferrous ion equivalent) on dry matter.

2.6. Extraction and Determination of Ascorbic Acid

Ascorbic acid was determined by a standard method (ISO 6557/2, 1984). SPs freeze-
dried samples (1 g) were homogenized until a uniform consistency was achieved with
an Ultra Turrax in 20 mL of meta-phosphoric acid and acetic acid solution. As a colorant
reagent, a solution of 2,6-dichlorophenolindophenol was employed. Samples, after adding
xylene and 3 min of centrifugation at 4000 rpm, were measured with a Shimadzu UV-
1800 spectrophotometer at a wavelength of 500 nm.

2.7. Quantitative Determination of Sugars by HPLC

SPs root freeze-dried samples (0.2 g) were homogenized in demineralized water
(20 mL) with an Ultra Turrax T25 at 13,500 rpm until a uniform consistency was achieved.
Samples were filtered through filter paper (589; Schleicher), and the extracts were further
filtered through cellulose acetate syringe filters (0.45 μm) and analyzed by HPLC. The liq-
uid chromatography apparatus utilized in this analysis was a Jasco X.LC system consisting
of a model PU-2080 pump, a model RI-2031 refractive index detector, a model AS-2055 au-
tosampler, and a model CO-2060 column. ChromNAV Chromatography Data System
software was used for the analysis of the results. The separation of sugars was achieved on
a Hyper-Rez XP Carbohydrate Pb++ analytical column (7.7 × 300 mm; Thermo Scientific,
Waltham, MA, USA), operating at 80 ◦C. Isocratic elution was effected using water at a
flow rate of 0.6 mL min–1. D-(+)-glucose, D-(–)-fructose, and maltose were quantified by a
calibration method. All standards utilized in the experiments were accurately weighed,
dissolved in water and the calibration curves were generated with concentrations ranging
from 100 to 1000 mg L–1 of standards.

2.8. Quantitative Determination of Ions by IC and Organic Nitrogen

For the estimation of anions and cations, each freeze-dried sample (0.2 g) was extracted
in water (50 mL) and shaken at 150 rpm for 20 min. Samples were filtered through filter
paper (589 Schleicher), and the extracts were further filtered through cellulose acetate
syringe filters (0.20 μm) before analysis by ion chromatography (IC). The IC was performed
using an ICS-900 Ion Chromatography system (Dionex Corporation) equipped with a
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dual-piston pump, a model AS-DV autosampler, an isocratic column at room temperature,
a DS5 conductivity detector, and an AMMS 300 suppressor (4 mm) for anions and CMMS
300 suppressor (4 mm) for cations. Chromeleon 6.5 Chromatography Management Software
was used for system control and data processing. A Dionex Ion-Pac AS23 analytical column
(4 mm × 250 mm) and a guard column (4 mm × 50 mm) were used for anion separations,
whereas a Dionex IonPac CS12A analytical column (4 mm × 250 mm) and a guard column
(4 mm × 50 mm) were used for cation separations. The eluent consisted of 4.5 mM sodium
carbonate and 0.8 mM sodium bicarbonate at a flow rate of 1 mL min−1 for anions and
of 20 mM methanesulphonic acid for cations at the same flow rate. Anions and cations
were quantified following a calibration method. Dionex solutions containing seven anions
at different concentrations and five cations were taken as standards, and the calibration
curves were generated with concentrations ranging from 0.4 mg L−1 to 20 mg L−1 and
from 0.5 mg L−1 to 50 mg L−1 of standards, respectively.

2.9. β-Carotene Quantification

Beta-carotene was measured according to the procedure described by [17,18] with
some modifications. For HPLC determination, 0.2 g of freeze-dried material for each
cultivar sample was used and carotenoids were extracted with 20 mL of tetrahydrofuran
(THF). The mixture was mechanically stirred for 30 s and the extract was filtrated with
syringe filters in regenerated cellulose 0.45 μm. The samples were injected into an HPLC
model Shimadzu liquid chromatography system (model SCL 10AT VP) equipped with
a high-pressure pump (model LC-10AT VP), automatic loop injector (50 μL; model SIL-
10AF). Column: Tracer Extrasil ODS2 (250 × 45 mm, 5 μm) using the mobile phase
methanol:THF:water (67:27:6, v/v/v). The flow-rate of the mobile phase was 1 mL min−1

and the absorbance was measured at 470 nm.

2.10. Starch Determination

The starch content was determined using the modified AOAC Official Method 996.11
Starch (total) in cereal products and AOAC Official Method 979.10-Starch in Cereals re-
ported by Bulletin 339–2000.

2.11. Sweet Potato Contribution to Daily Value (SP Contribution to Daily Value)

The contributions of SPs to the daily recommended intake (daily value, DV) for
Vitamin A, Vitamin C, potassium, phosphorus, calcium, and magnesium were calculated
by assuming an intake of 100 g fresh product per day. The dietary reference values
were set according to the European Food Safety Authority (https://www.efsa.europa.
eu/en/interactive-pages/drvs). Values of retinol, vitamin C, potassium, phosphorus,
calcium, and magnesium were calculated for adults (>18 years) and children/adolescents
(1–17 years). For each value, the corresponding percentage to DV was calculated by the
following equation:

DV (%) = nutrient content in 100 g (FW) 100/average daily requirement.

2.12. Statistical Analysis

The complete set of data for each variety was analyzed by the PCA procedure using
the software Statgraphics Centurion 18.1.06 (Statgraphics Technologies, Inc., The Plains, VA,
USA). All qualitative trait data were processed by ANOVA using the software CoStat 6.400
(CoHort Software, CA, USA). The comparison has been realized among all the sweet potato
genotypes using a one-way randomized block analysis type. In the case of significant
differences, mean values were separated by Tukey HSD test.
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3. Results

The highest percentages of dry matter content in the root (>40%) were found in the
accessions Bra66, Bra78, Bra80, and IT48, and the lowest (<31%) in Bra30, Bra1, and IT49
(Table 2).

Table 2. Main qualitative composition of the tested sweet potato accessions.

Genetic
Materials

Dry Matter
(%)

Starch
(% dw)

Sucrose
g/kg dw

Glucose
g/kg dw

Fructose
g/kg dw

Bra1 35.9 b 69.5 c 76.0 hij 21.7 def 16.2 efg

Bra11 34.7 b 72.4 b 88.8 ghi 19.8 efg 14.9 efg

Bra13 32.3 bc 64.6 c 106 efg 8.58 ijk 6.09 g

Bra25 35.9 b 71.6 b 55.7 jkl 32.6 bcd 32.5 bcd

Bra30 30.7 c 69.5 c 68.2 ijk 46.2 a 34.1 abcd

Bra32 32 bc 71.8 b 138 abc 16.7 efg 14.4 efg

Bra33 35.9 b 82.5 ab 37.5 kl 27.1 cde 30.2 cd

Bra51 29.5 c 69.6 c 114 cde 46.6 a 43.5 ab

Bra53 34.3 b 70.5 bc 117 cde 22.1 def 23.2 def

Bra54 36.6 b 77.9 b 134 bcd 13.9 ghi 11.2 fg

Bra66 41.5 a 63.6 c 150 a 6.72 jk 7.16 g

Bra78 41.8 a 69.8 c 97.8 fgh 19.1 efg 15.1 efg

Bra79 37.2 b 71.2 b 110 cde 13.7 ghi 12.0 fg

Bra80 43.1 a 74.4 b 93.2 fgh 10.5 ghi 9.50 g

Hon86 35.9 b 52.3 d 95.5 fgh 43.2 ab 46.2 a

IT41 36.6 b 82.9 ab 103 efg 9.30 hij 7.63 g

IT42 34.3 b 72.6 b 74.0 hij 38.1 abc 36.6 abc

IT43 33.2 bc 73.4 b 144 ab 12.3 ghi 10.4 g

IT44 36.8 b 78.9 b 109 def 4.94 k 3.87 g

IT46 34.2 b 74.7 b 76.3 hij 15.5 efg 15.5 efg

IT47 35.7 b 91.3 a 95.9 fgh 7.38 ijk 5.16 g

IT48 40.4 a 89.2 a 93.2 fgh 7.90 ijk 5.52 g

IT49 30.4 c 79.5 b 92.2 ghi 36.8 abc 24.5 cde

IT81 36.2 b 72.2 b 125 bcd 5.24 k 3.83 g

IT82 33.9 bc 73.4 b 111 cde 10.9 ghi 8.98 g

IT83 39.5 ab 76.8 b 107 def 7.87 ijk 5.97 g

IT84 39.6 ab 69.9 c 94.7 fgh 7.00 jk 4.43 g

USA45 35.9 b 81.4 ab 36.4 l 37.0 abc 35.2 abcd

USA85 35.9 b 60.1 cd 69.6 ijk 26.4 cde 31.5 bcd

Within each parameter, values without common letters significantly differed at p < 0.05 according to Tukey’s
HSD test.

The percentage of starch in SP accessions ranged from 52.3% of Hon86 to 91.3% of
IT47. Dividing the accessions according to starch content (<70%, 70–80%, and >80%)
into three groups 9 out of the 29 accessions showed low starch content, 15 accessions the
intermediate content, and 5 accessions the high content. Considering the origin of the
accessions, Brazilian accessions had lower values (71.3%, on average) than the Italian ones
(77.5%, on average) (Table 2).

Results on the raw product showed that the sucrose content of Bra66 (150 g kg−1 dw)
was four-times higher than USA45 (36.4 g kg−1 dw) (Table 2). Glucose content in storage
roots varied from 4.94 to 46.6 g kg−1 dw; Bra51, Bra30, and Hon86 had the highest amount
of glucose, with values 10-times higher than the lower one (IT44). Hon86 showed the
higher values of fructose (46.2 g kg−1 dw), statistically similar to those of Bra51 and IT42
(43.5 and 36.6 g kg−1 dw, respectively). Accessions with the lowest content of fructose were
found for cream-fleshed SP and white-fleshed SP, such as IT81, IT44, and IT84, with values
ranging between 3.83 and 4.43 g kg−1 dw.
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Figure 1 shows the TP contents and TAA of raw SP roots on a dry weight basis.
Content of TP ranged between 870 and 6440 mg GAE kg−1 dw. In the purple ecotypes,
the TP content was about two to five times higher than other genotypes. The TAA of
roots decreased from purple-fleshed > white-fleshed > orange-fleshed > cream-fleshed SP
accessions. The higher antioxidant activity was found in purple-fleshed accessions USA45,
Bra1, Bra25, and Bra80, with 6700, 4654, 3562, and 2561 mg Fe2+E kg−1 dw, respectively.

Figure 1. Total phenols content and total antioxidant activity of sweet potato genotypes. Histogram
values without common letters significantly differed at p < 0.05 according to Tukey’s HSD test.

As for the content in mineral elements and vitamins C and A, the values determined
in the different accessions have been transformed into the percentage of contribution that a
portion of 100 g can provide to the consumer. The reference values used for this processing
(SP% contribution to DV) refer to the standards of the European Food Safety Agency (EFSA)
and were calculated for both the adult (Table 3) and children (Table 4) consumers.

In Table 3, the higher levels of phosphorus were found in USA45, IT43, IT44, Bra53,
and Bra54. One hundred grams of raw SP may provide up to 12.6% contribution to the
DV of potassium; the lowest values belong to the colored accessions (purple-, pale-yellow,
or orange-fleshed PS), whereas the accessions with pale colors had the highest contribution
to the DV. The same pattern was observed for magnesium, and the accessions with the
highest contribution to the DV were IT84, IT83, Bra78, and IT44, (39.5%, 31.9%, 28.1%,
and 28.0%, respectively). The contribution of the SPs to the DV of calcium ranged between
4.99% and 10.9%. IT84, Bra80, Bra54, Bra79, Hon86, and USA85 accessions had the highest
content of calcium. The contribution of the SPs to the DV of vitamin C showed a high
variation among the accessions with values ranging from 26.2% to 197%; the cream-fleshed
SPs and purple-fleshed SPs were found to have the highest supply of vitamin C.

As for the contribution to the DV of vitamin A, some accessions did not show relevant
values. However, Hon86 had the highest values (32.3%). The white-fleshed SPs showed
really low values of vitamin A, and in some accessions, the contents were lower than
those assessable by the method. The accessions with cream- or light-orange-flesh had the
intermediate levels and, in any case, lower than 5% (Table 3). In Table 4, the values of the
nutritional parameters have presented the same trends described for the adult consumer,
obviously these results are conditioned by a different daily requirement that distinguishes
the consumer under the age of 17.
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Table 3. Percentage of the contribution to the daily value of minerals and vitamins based on 100 g
fresh sweet potato consumption per day for the different accessions according to adults’ needs
(European Food Safety Agency standards).

Genetic
Material

P K Na Cl Mg Ca Vit C Vit A

Bra1 6.78 ef 5.44 n 5.28 a 3.41 a 15.2 gh 7.20 bc 186 a n.d.
Bra11 8.14 ab 10.4 ef 2.38 hi 1.54 ij 14.4 gh 6.45 cd 119 ab n.d.

Bra13 6.56
fgh 6.77 m 4.93 ab 3.18 ab 24.4 de 6.74 cd 105 b n.d.

Bra25 6.10 hi 7.25 kl 3.89 cd 2.51 cd 16.2 gh 7.94 bc 119 ab n.d.
Bra30 3.46 o 5.94 n 3.51 ef 2.26 ef 18.6 ef 5.97 de n.d. 0.49 c

Bra32 4.67 lm 7.40 kl 5.27 a 3.40 a 15.0 gh 7.74 bc 167 a 4.55 b

Bra33 7.25 cd 6.99 lm 3.58 de 2.31 de 15.0 gh 5.97 de 154 ab n.d.
Bra51 5.66 ij 7.93 ij 3.77 de 2.43 de 17.3 fg 5.64 de 126 ab 0.18 c

Bra53 8.68 ab 8.78 gh 5.14 a 3.31 a 17.0 fg 9.62 bc n.d. n.d.
Bra54 8.49 ab 6.98 lm 3.47 ef 2.24 ef 27.4 cd 10.1 ab 93.0 bc 3.67 b

Bra66 7.64 bc 12.6 bc 2.65 hi 1.71 ij 26.9 cd 7.84 bc 106 b 0.17 c

Bra78 8.23 ab 8.18 hi 4.77 ab 3.08 ab 28.1 bc 7.96 bc 58.3 d n.d.
Bra79 7.62 bc 12.9 b 0.88 l 0.57 l 19.6 ef 9.70 bc n.d. n.d.
Bra80 5.91 ij 7.28 kl 2.93 gh 1.89 gh 26.9 cd 10.9 a 190 a n.d.
Hon86 7.24 cd 12.2 c 1.77 k 1.14 k 22.5 de 8.61 bc 98.7 bc 32.3 a

IT41 7.11 cd 11.1 d 2.20 ij 1.42 jk 22.5 de 6.58 cd 85.8 c n.d.
IT42 6.84 de 11.0 de 4.47 bc 2.88 bc 11.1 h 5.97 de 197 a 0.75 c

IT43 8.78 ab 14.3 a 0.86 l 0.55 l 16.4 gh 6.83 cd n.d. n.d.
IT44 8.37 ab 8.47 hi 2.74 gh 1.77 hi 28.0 bc 7.45 bc 69.2 d n.d.
IT46 5.84 ij 9.97 f 5.10 a 3.29 a 20.0 ef 5.93 de n.d. n.d.
IT47 4.83 lm 6.99 lm 2.54 hi 1.64 ij 21.7 de 6.52 cd n.d. n.d.
IT48 5.11 kl 7.83 ij 2.77 gh 1.79 hi 23.1 de 7.53 bc 92.2 bc n.d.
IT49 3.87 no 6.81 m 4.03 cd 2.60 cd 20.0 ef 4.99 e 46.9 d 1.11 c

IT81 5.18 jk 12.6 bc 2.18 ij 1.40 jk 27.9 bc 7.33 81 102 b n.d.

IT82 6.69
fgh 12.5 bc 2.09 jk 1.35 jk 22.3 de 6.41 cd 103 b n.d.

IT83 6.90 de 9.89 f 3.35 fg 2.16 fg 31.9 ab 8.45 bc 72.4 d n.d.

IT84 4.38
mn 5.57 n 3.30 fg 2.13 fg 39.5 a 9.31 bc 129 ab n.d.

US45 8.99 a 7.56 jk 5.02 ab 3.24 ab 24.8 de 6.83 cd 26.2 e n.d.
US85 5.12 kl 9.19 g 2.66 hi 1.71 ij 20.7 ef 8.55 bc 63.5 d n.d.

Within each parameter, values without common letters significantly differed at p < 0.05 according to Tukey’s HSD
test. n.d = not detected.

It is interesting to underline that some genotypes can satisfy significant amounts of
nutrients such as USA45 for phosphorus (11.2%), IT43 for potassium (27.9%), IT84 for
magnesium (46%), and BRA80 for calcium (13%). Most of the accessions considered (>75%)
can completely satisfy the need for vitamin C, additionally, HON86 contributes more
than 50% of the daily requirement of retinol (vitamin A). The analysis of the PCA and
the vector components summarize in a clear way the behavior of the SP accessions in
relation to the nutritional potential of a 100 g ration for an adult (Figure 2) and a child
(Figure 3). The data of the two categories of consumers are quite similar. However, in both,
it is possible to identify three groups of accession able to better satisfy nutritional needs.
Particularly, group 1 includes accessions able to supply a significant amount of phosphorus,
potassium, and chlorine; for group 2 calcium and magnesium are the most present elements;
finally, the third group is characterized by a higher concentration of sodium and vitamin C.
Some genotypes have intermediate characteristics, such as IT47 and IT44, which are placed
in the center of the figure, and Bra11 which is positioned between groups 1 and 3.

64



Horticulturae 2021, 7, 23

Table 4. Percentage of the contribution to the daily value of minerals and vitamins based on 100 g
fresh sweet potato consumption per day for the different accessions according to children needs
(European Food Safety Agency standards).

Genetic
Material

P K Na Cl Mg Ca Vit C Vit A

Bra1 8.47 ef 10.6 n 6.21 a 2.57 bc 17.7 fg 8.55 ab 419 a n.d.
Bra11 10.2 bc 20.1 ef 2.80 hi 2.58 bc 16.8 gh 7.65 bc 268 b n.d.
Bra13 8.21 gh 13.2 m 5.80 ab 2.02 hi 28.4 bc 8.00 bc 238 b n.d.
Bra25 7.63 hi 14.1 kl 4.58 cd 1.95 ij 18.9 fg 9.43 ab 267 b n.d.
Bra30 4.32 o 11.5 n 4.13 de 2.83 ab 21.7 cd 7.09 cd n.d. 0.87 c

Bra32 5.83 lm 14.4 kl 6.20 a 2.85 ab 17.5 fg 9.19 ab 376 ab 8.11 b

Bra33 9.06 cd 13.6 lm 4.21 de 1.23 m 17.4 fg 7.09 cd 348 ab n.d.
Bra51 7.07 ij 15.4 ij 4.44 de 2.05 hi 20.2 de 6.70 de 284 b 0.32 c

Bra53 10.9 bc 17.1 gh 6.04 a 2.22 ef 19.8 ef 11.4 ab n.d. n.d.
Bra54 10.6 bc 13.6 lm 4.08 de 2.32 ef 32.0 bc 12.0 ab 209 bc 6.53 b

Bra66 9.54 cd 24.5 bc 3.12 hi 2.97 a 31.4 bc 9.31 ab 239 b 0.32 c

Bra78 10.3 bc 15.9 hi 5.61 ab 2.55 bc 32.8 bc 9.45 ab 131 c n.d.
Bra79 9.52 cd 25.1 b 1.04 l 2.36 ef 22.8 cd 11.5 ab n.d. n.d.
Bra80 7.39 ij 14.2 kl 3.44 fg 2.48 cd 31.3 bc 13.0 a 427 a n.d.
Hon86 9.05 cd 23.7 c 2.08 k 2.27 ef 26.2 bc 10.2 ab 222 b 57.5 a

IT41 8.89 de 21.6 d 2.59 ij 2.26 ef 26.3 bc 7.81 bc 193 bc n.d.
IT42 8.55 ef 21.4 de 5.26 bc 1.74 kl 12.9 h 7.09 cd 444 a 1.34 c

IT43 11.0 ab 27.9 a 1.01 l 2.73 ab 19.1 fg 8.11 bc n.d. n.d.
IT44 10.5 bc 16.5 hi 3.23 gh 1.49 lm 32.6 bc 8.85 ab 155 c n.d.
IT46 7.30 ij 19.4 f 6.00 a 1.36 m 23.4 cd 7.04 cd n.d. n.d.
IT47 6.04 lm 13.6 lm 2.99 hi 2.18 fg 25.4 bc 7.74 bc n.d. n.d.
IT48 6.38 kl 15.2 ij 3.26 gh 2.45 de 27.0 bc 8.94 ab 207 bc n.d.
IT49 4.84 no 13.2 m 4.74 cd 2.18 fg 23.3 cd 5.93 e 105 d 1.97 c

IT81 6.47 jk 24.5 bc 2.56 ij 2.11 gh 32.5 bc 8.70 ab 230 b n.d.
IT82 8.36 fg 24.4 bc 2.46 jk 2.33 ef 26.0 bc 7.61 bc 233 b n.d.
IT83 8.63 de 19.2 f 3.94 ef 2.11 gh 37.3 ab 10.0 ab 162 c n.d.
IT84 5.47 mn 10.8 n 3.89 ef 1.85 jk 46.0 a 11.1 ab 292 b n.d.

USA45 11.2 a 14.7 jk 5.90 ab 2.29 ef 29.0 bc 8.11 bc 59.0 e n.d.
USA85 6.40 kl 17.9 g 3.12 hi 1.83 jk 24.2 cd 10.1 ab 142 c n.d.

Within each parameter, values without common letters significantly differed at p < 0.05 according to Tukey’s HSD
test. n.d = not detected.

Figure 2. Principal components analysis (PCA) of the sweet potato core collection based on qualitative
traits and their contribution to the daily nutritional intake according to adults’ needs (European Food
Safety Agency standards). Genotypes origin: Honduras; United States; Italy; Brazil.
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Figure 3. Principal components analysis (PCA) of the sweet potato core collection based on qualitative
traits and their contribution to the daily nutritional intake according to children’s needs (European
Food Safety Agency standards). Genotypes origin: Honduras; United States; Italy; Brazil.

4. Discussion

The overall nutritional picture that emerged from this work highlights the high poten-
tial that SP can offer the consumer in relation to the accession. From a qualitative point
of view, the content of starch and soluble sugars represents a relevant aspect considering
that the carbohydrate content is directly linked to the sensory aspects that characterize this
product.

Roots of SPs are generally stored before the commercialization to increase their sweet-
ness index, so the content of the main metabolic sugars such as glucose, sucrose, and fruc-
tose can be influenced either by post-harvest conditions or by the specific physiology of
every accession. Indeed, sugar composition is specific to every accession. Sucrose and
starch are largely responsible for the post-harvest behavior and the taste of the SP. The cook-
ing procedure can further modify the sugar composition [19]. Conversely, four breeding
lines and five commercial varieties of SPs analyzed by Lewthwaite et al. [20], showed
that orange-fleshed SPs had a higher content of glucose and fructose compared to the
others. Similarly, Agnes et al. [21] found a relationship between sucrose content and color
of the flesh: the white-fleshed SP contained less sucrose than the orange-fleshed SP and
yellow-fleshed SP. An opposite trend was found for the glucose and fructose contents,
as well. Sucrose content is also a physiological signal for the formation of storage roots
because there is a trigger of several genes involved in the tissue differentiation. Besides,
sucrose is loaded in root cells, and it is converted to hexoses inside amyloplasts and stored
as starch. Cervantes-Flores et al. [22] demonstrated that SPs varieties with orange-flesh
have lower concentrations of starch. According to them, the concentration of starch and
the amount of β-carotene are inversely related, most likely because these two substances
compete for the synthesizing sites in the plastids. Our data are in agreement with these
findings as the orange genotype Hon86 was characterized by a lower starch content.

The low content of soluble sugars slows the retrogradation of starch, improving the
texture after cooking [23]. The genotypes with a lower content of total sugars were Bra33,
USA45, and IT48, therefore, they could be used by the food processing industry because
the low content of soluble sugars increases the shelf life [24]. As a high amount of sugar can
affect the final color and the texture of the food, high levels of simple sugars can interfere
with the starch hydration due to the competition with the starch for free water in the flour-
water system. During cooking at high temperature, the free sugars interact with proteins
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and confer brown coloration during the process of caramelization. The dehydration of the
carbohydrates at high temperatures provides characteristic color and flavor. Therefore,
due to the proportion of sugars, Bra51, Hon86, Bra32, and IT43, could be suitable for frying.
It is strategic for the food industry to also consider the ratio of sugars and the starch content
of SP roots because these properties can change the chemical-physical properties of the
food. The accessions of SP with high starch content, low total sugar, and high dry matter
content are suitable for frying, roasting, or baking [21]. Overall, USA45 and Bra33 have
interesting characteristics for home cooking. Concerning the dry matter, the values varied
between 29.5% and 43.1% and are in line with what was reported by Ellong et al. [25],
but higher than that found by Laurie et al. [26] in other genotypes. Therefore, considering
the values detected in this experiment, it seems useful to use the classification proposed by
Truong et al. [27] which allows to identify all genotypes with a percentage of dry matter
higher than 30% as “dry”, whereas the BRA51 genotype can be classified as “intermediate”.

Cooking methods can influence the nutrient retention of raw SPs, therefore it is
essential to use the correct cooking system to maintain as much as possible the nutritional
values that the product is able to offer, especially for phenols, vitamin C, or carotenoids.
This aspect should be considered for the estimation of the percent of contribution to DV.
Several studies have demonstrated that high retention of total carotenoids is reached
by using oven drying, with losses ranging from 10 to 4% compared to the raw product.
The boiling and the frying processes are characterized by a carotenoid loss from 15% to 10%
and from 23% to 15%, respectively [28]. The preservation of carotenoids is essential, as they
are linked to protective effects against the mutagenic activity and free radicals [29]. Indeed,
regular consumption of food rich in phenols, such as fruits and vegetables, can contribute to
the prevention of several diseases, such as cardiac pathology, cancer, and infections [30–32].
Heating can affect the content of the phenolic compounds and antioxidants because the
temperature affects the structure of the cells which then release pigments from the cell
wall [33]. Nicoletto et al. [19] measured the effect of the cooking process on the qualitative
traits of SP and demonstrated an increase in the total phenol and antioxidant capacity
content after cooking. For instance, the fried samples had 78% higher antioxidants content
than raw samples. Indeed, Padda and Picha [14] compared the phenolic and antioxidant
activity and found a similar difference among the 14 SP varieties tested. Our results
agree with previous studies, where purple-flashed SPs had a higher amount of phenolic
compounds [14,16,34]. The same varieties showed a higher amount of these compounds
and the cream- and white-fleshed varieties had a lower content. The genetic variability
of the genotypes may be the cause of the variation in phenolic content. The vegetables
with red or purple-blue color had a high amount of phenolic and antioxidant compounds,
and the levels of some accessions of SPs are comparable to those found in strawberries and
blackberries [34].

According to the World Health Organization (WHO), as reported by Stone et al. [35],
an insufficient intake of minerals is one of the main risks for human health worldwide.
In some countries, the occurrence of this problem is driven by the resource shortages,
becoming a leading concern to public health. Significant steps are being taken to address
malnutrition: globally, stunting among children under the age of five decreased from 32.6%
in 2000 to 22.2% in 2017, whereas there was a slight decrease in underweight women from
11.6% in 2000 to 9.7% in 2016. However, this slow and piecemeal improvement must be
pursued further. It should also be considered that the consumption of SP can improve
the health of consumers even in developed countries, especially with regard to food with
high fiber and a low or medium glycemic index, which can be beneficial for diabetic or
insulin-resistant consumers [36]. Moreover, dietary fiber can play an important role in
human health revealing a good relationship with the incidence of constipation, obesity,
cardiovascular diseases, colon cancer, and diabetes mellitus [37–39]. The diary intake of
food with a high antioxidant, phenols, and vitamin contents could be a possible solution
for those consuming nutritionally deficient diets.
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The WHO and the Europe Food Safety Authority (EFSA) have guidelines for nutrients
ingest and the level of necessary intake to satisfy the daily demand for healthy nutrients.
For instance, phosphorus plays a role in the metabolism of carbohydrates and fats, making
it indispensable for the human body; potassium participates in the osmoregulation of
cells, and its absorption by the body is about 90% [35]. According to these aspects, it is
important to highlight that some of the accessions considered in this trial can provide
a significant amount of phosphorus and potassium such as IT43 and IT81, respectively.
Vitamin C, an essential and well-known antioxidant that protects cells against free radical
damage, can be supplied in a high amount in SPs. Ten out of the 29 accessions tested in this
experiment can fully provide the daily intake by eating a 100 g portion. The assimilation of
Vitamin C is high and, during digestion, up to 70–90% is absorbed [40].

Vitamin A is a group of fat-soluble compounds including retinol, retinal, and some
esters; it plays a fundamental role in the visual system, immunity, and maintenance
of the cells’ function. The human body needs a small amount but cannot synthesize
it. The demands are more critical in infancy, adolescence, and pregnancy/lactation [41],
and vitamin A deficiency is an essential matter in developing countries. Despite the losses
due to the cooking process, about 26% [42] of the orange-fleshed SPs showed a higher
contribution to the DV. These results agree with those of Burri [43], Huang et al. [42],
and Tumwegamire et al. [44]. Therefore, SP can be a considerable a valuable source for a
vitamin A deficient population. For example, Burri [43] calculated that one person needs
to eat only half a cup of orange-fleshed SP to supply 100% DV of vitamin A. In accordance
with what was found by Palumbo et al. [45], the content of vitamin C and vitamin A does
not appear to be linked to high concentrations of potassium and calcium, as it is well shown
in Figures 2 and 3.

5. Conclusions

According to the obtained data, the consumption of SP could help the intake of
phosphorous, potassium, magnesium, calcium, vitamin C, and vitamin A. In particular,
orange- and purple-fleshed SPs provide a significant antioxidant and vitamin contribution
to the human diet. SP is a staple food in many countries and breeding it to fortify some
nutritional values could be the key to enhance the diet value of populations in many regions
of the world. In Europe, the growing demand for this product has attracted farmers who are
now looking for new opportunities. SP crop production in temperate zones is quite recent,
and research is limited. This study has attempted to give guidelines from a nutritional
point of view for further research in order to expand both production and consumption of
SPs in Europe. Some interesting accessions for consumption were highlighted, in particular
USA45 and Bra33, whereas Bra33, USA45, and IT48 showed great traits of their potential
use by the food processing industry.

These sweet potato accessions can improve the daily intake of minerals in the diet
giving guidelines for deeper research and to expand the production and consumption of
sweet potatoes in Europe.
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Abstract: Stinging nettle (Urtica dioica) is a plant well known in traditional medicine for its many
beneficial properties, but the lack of standardization regarding the product to offer to consumers
limits its diffusion. To this end, drying appears to be a useful technique to offer a low-cost product that
can be stored for long time, but the different drying procedures may give rise to end-products of very
different quality as nutraceutical and antioxidant compounds. Nettle leaves have been dehydrated
employing freeze-drying (FD), oven-drying (OD) or heat pump drying (HPD) and compared with
fresh leaves following water extraction to emulate the use by final consumers. Results indicate that
the best dehydration technique is HPD, which apparently gives rise to more than a doubling of total
phenols and antioxidant activity in the extract compared to the water extract obtained from fresh
leaves but a reduction in the level of ascorbic acid of about 39%. In addition, the content of some
phenolic compounds is 10 to over a hundred times higher in the extract after HPD than that obtained
from fresh samples. This confirms that the dehydration technique should be tuned in relation to the
compounds of greatest interest or value.

Keywords: stinging nettle; freeze-drying; oven-drying; heat pump drying; total phenolic compounds;
antioxidant activity

1. Introduction

Urtica dioica L., commonly named stinging nettle, is an herbaceous perennial plant
belonging to the family of Urticaceae and native of Eurasia. Its medicinal properties are well
known, with a wide historical background of the use of its stems, leaves and roots [1]. Re-
cent reviews by Kregiel et al. [2] and Grauso et al. [3] revealed the isolation by stinging nettle
leaves of some important phenolic compounds such as caffeic acid, hydroxybenzoic acid,
vanillic acid, coumaric acid, gentisic acid, protocatechuic acid, gallic acid, syringic acid,
quinic acid and many caffeic and quinic acid derivatives, quercetin, catechin, pelargonidin
and apigenin in both the glycosidic and non-glycosidic forms, performed by other authors.
The stinging nettle leaves also revealed the presence of important compounds belong-
ing to the terpenoid and carotenoid classes such as 3-oxo-a-ionol, 3-hydroxy-damascone,
3,5,5-trimethyl-4-(1-oxo-2-buten-1-yl)-3-cyclohexen-1-one, 4-(4-hydroxy-2,6,6-trimethyl-1-
cyclohexen-1-yl)-3-buten-2-one, 4-(3-hydroxy-1-butyn-1-yl)-3,5,5-trimethyl-2-cyclohexen-
1-ol and 3-hydroxy-5,6-epoxy-b-ionol as well as lutein, violaxanthin, neoxanthin, lycopene
and β-carotene. Thanks to the phytochemical composition of stinging nettle leaves, this
species has traditionally been used to counteract cardiovascular diseases, especially hyper-
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tension, but also for its anti-microbial, anti-inflammatory, antirheumatic and acute diuretic
effects [2].

Understanding of the molecular mechanisms underlying the nutraceutical effects may
open a new horizon for new therapeutic strategies [1].

Natural products, both pure compounds and standardized plant extracts, offer unlim-
ited opportunities as drug sources due to the unequaled availability of chemical diversity.
The leaf extract of stinging nettle was one of the herbal remedies for which experimental
and clinical trials have complemented each other [1].

Owing to the growing demand for higher productivity of stinging nettle and, at
the same time, for higher product quality and lower operating costs, as well as reduced
environmental burden, drying technologies have drawn extensive concern. Indeed, oven-
drying (OD), the most traditional method, is widely used nowadays for post-harvest
processing and storage of a large variety of plant products. However, its long drying
time and the use of high temperatures usually decrease product quality because of the
degradation of nutritional and nutraceutical compounds, color and flavor. The OD process
also has high energy consumption, low efficiency and low productivity. Conversely,
the freeze-drying (FD) method may ensure the preservation of the most thermolabile
compounds in raw materials, yielding a dried product with high quality. Some authors
have studied the quality of plant material following these drying methods, reporting a
higher efficiency of the FD method as compared with OD in terms of retention of phenolic
compounds, antioxidant activity and other beneficial properties [4–6]. A new drying
technology named heat pump drying (HPD), consisting of a constant airflow passage
in a sealed environment, is increasingly being used for plants and food because it is an
energy-efficient and economically feasible drying device for the production of high-quality
dried foods and biomaterials [7]. In an example of this process, the temperature was kept
at or below 35 ◦C. In the first passage of air in the dryer, the air had a low moisture and
a constant temperature; then, the same air was cooled, and at this step, the moisture was
represented by the sum of the moisture of the air and of the leaves. Subsequently, the same
air was heated again and sent back to the main chamber to meet new U. dioica leaves to
dry [8]. Some authors observed that HPD was more effective in the preservation of phenolic
compounds, volatile compounds, ascorbic acid and antioxidant activity in plant materials
or fruits than OD and FD [9–11]. However, little information about HPD is available in
the literature.

The duration and the temperature of the drying process are the most important
factors affecting the chemical, nutraceutical and organoleptic quality of dehydrated plant
products, and the selection of the optimal drying method depends on quality requirements,
the characteristics of the raw material and the market price of the final product [6].

Therefore, an evaluation of the main classes of nutraceutical compounds at the time of
storage could help consumers and producers to understand the potential of this species to
be marketed in the most appropriate way. Given all of the above, the objective of this study
was to evaluate the effects of three different drying methods on the content of phenolic
compounds and ascorbic acid and the antioxidant activity of fresh and dried leaves of U.
dioica collected in the wild. Leaves were dried with different methods: freeze-drying (FD),
oven-drying (OD) and heat pump drying (HPD).

2. Materials and Methods

2.1. Material Preparation

Samples from the species U. dioica L. were collected as wild during July 2020 in the
“Il Corniolo” farmhouse, located in Castiglione di Garfagnana, Lucca Province, north of
Tuscany, Italy (approximately 400 m. a. s. l). Plants with a similar height and leaf number
were randomly sampled with a cut approximately 5 cm above the soil. Samples were placed
in damp plastic bags to prevent tissue dehydration and transported to the laboratory within
1–2 h. Once in the laboratory, healthy leaves with uniform color, dimensions and texture
were detached from the plants and their petioles were removed. Five pooled samples were
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prepared with the leaves collected from 20 individual plants; afterwards, sub-samples
were analyzed fresh or after dehydration with FD, OD or HPD. Sub-samples of fresh plant
material were frozen in liquid nitrogen and stored at −80 ◦C while dried sub-samples were
stored at room temperature until laboratory analyses, which were performed within one
month from the harvest.

2.2. Leaf Drying

Leaves were freeze-dried (FD) using a standard unheated chamber of dimensions
215 mm Ø × 300 mm height (Telstar LyoQuest-55, Milan, Italy) at a vacuum pressure of
100 Pa and a final condenser temperature of −55 ◦C until the plant material reached a
constant weight (2 days), determining, in this way, the dry weight (DW) of FD leaves.
Oven-drying (OD) was performed at 105 ◦C using a laboratory electric thermostatic oven
(Memmert GmbH + Co. KG Universal Oven UN30, Schwabach, Germany) until the
plant material reached a constant weight (2 days), determining the DW of OD leaves. An
apparatus manufactured by North West Technology, Cuneo, Italy (model NWT-35), was
used for heat pump drying (HPD) at a temperature below 35 ◦C until the plant material
reached 15% moisture (2 days for U. dioica leaves). The DW of HPD-treated and fresh leaves
was determined using the same thermostatic electric oven used for the OD treatment at
60 ◦C until constant weight.

2.3. Extraction Preparation for Total Phenolic Content and Antioxidant Activity Assays

Leaf samples (1 g) were homogenized in 4 mL of an 80% (v/v) aqueous solution of
methanol, sonicated with a sonicator (Digital ultrasonic Cleaner, DU-45, Argo Lab, Modena,
Italy) for 30 min and then centrifuged with a laboratory centrifuge (MPW 260R, MWP Med.
instruments, Warsaw, Poland) at 10,000× g for 15 min at 4 ◦C. Supernatant was stored at
−80 ◦C until analysis.

2.4. Total Phenolic Content

Total phenolic content was determined according to Dewanto et al. [12] with minor
modifications. Extracted samples (10 μL) were added to a solution of 115 μL deionized
water and 125 μL Folin–Ciocalteau reagent. Blank solution was utilized with 10 μL distilled
water. Samples were stirred for 6 min and then 1.25 mL 7% (w/v) Na2CO3 was added to
stop the reaction. Samples were incubated for 90 min at room temperature and the increase
in the absorbance at 760 nm was measured against the blank solution with an Ultrospec
2100 Pro spectrophotometer (GE Healthcare Ltd., Little Chalfont, UK). Gallic acid was
used as a standard and the results (even for fresh leaves) were expressed as mg gallic acid
equivalents per g DW (mg GAE g−1 DW).

2.5. 2,2-Diphenyl-1-Picrylhydrazyl Hydrate (DPPH) Free Radical Scavenging Assay

The 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) free radical scavenging capacity
of each sample was determined according to Brand-Williams et al. [13]. Briefly, 2–10 μL of
extract was added to a 3.12 × 10−5 M solution of DPPH in methanol:water 80:20 (v/v) to a
final volume of 1 mL. The change in absorbance at 515 nm was measured after 30 min of
incubation. The antioxidant activity based on the DPPH free radical scavenging ability of
the extract (even for fresh leaves) was expressed as mg of Trolox equivalent antioxidant
capacity (TEAC) per g DW.

2.6. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing ability was measured following the method described by Benzie
and Strain [14] with some modifications. The ferric reducing antioxidant power (FRAP)
reagent was prepared mixing 10 mM 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) in 40 mM
HCl solution with an identical volume of 20 mM FeCl3 and with ten volumes of 0.3 M
acetate buffer (pH 3.6). The mixture was warmed at 37 ◦C for five minutes prior to the
analysis; then, 1 mL of FRAP reagent was mixed with 25–50 μL of sample extract and with
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distilled water at 37 ◦C to a final volume of 2 mL. Then, the mixture was incubated at 37 ◦C
for 30 min and absorbance was read at 593 nm. All results were expressed in mg Trolox
equivalents per g DW (mg TEAC g−1 DW).

2.7. Extracion of Phenolic Compounds

The extraction of phenolic compounds was performed according to Zhou et al. [15] at
a ratio of 1:20 (w/v). Water extraction was preferred because it has no negative impact on
health and the environment. Briefly, the samples were finely ground in a mortar and then
extracted with water at 100 ◦C at reflux for 20 min; they were then centrifuged for 20 min at
5000× g, and the supernatant was filtered at 0.45 μm with a polytetrafluoroethylene filter
before HPLC analysis.

2.8. Phenolic Compounds’ Characterization

Phenolic characterization and quantification on leaf extracts were carried out using an
Agilent 1200 High Performance Liquid Chromatography (HPLC) System (Agilent Tech-
nologies, Palo Alto, CA, USA) equipped with a standard autosampler and an Agilent
Zorbax Extend-C18 analytical column (5 × 2.1 cm, 1.8 μm), as reported by Negro et al. [16].
The HPLC system was coupled to an Agilent diode-array detector (wavelength 280 and
365 nm) and an Agilent 6320 TOF mass spectrometer. Detection was carried out within a
mass range of 50−1700 m/z. Accurate mass measurements of each peak from the total ion
chromatograms (TICs) were obtained by means of an ISO Pump (Agilent G1310B) using a
dual nebulizer electrospray ionization source that introduces a low flow (20 μL min−1) of
a calibration solution containing the internal reference masses at m/z 112.9856, 301.9981,
601.9790 and 1033.9881, in negative ion mode. The compounds were quantified using cali-
bration curves of authentic standards (caffeic acid and rutin). Standards were solubilized
in methanol:water 80:20 (v/v) and diluted with water:formic acid 99.9:0.1 (v/v) at a final
concentration of 0.5–10 μg/mL.

2.9. Total Ascorbic Acid Content

Ascorbic acid content was measured spectrophotometrically using the method de-
scribed by Kampfenkel et al. [17] with some modifications. Extractions were carried out
with the homogenization of 0.3 g fresh material with 1 mL 6% (v/v) trichloroacetic acid
followed by centrifuging for 10 min at 10,000× g at 4 ◦C. Immediately after extraction, the
analysis was performed by adding 50 μL supernatant to 50 μL 10 mM dithiothreitol (DTT)
and to 100 μL 0.2 M Na-P buffer (pH 7.4). Samples were stirred and incubated for 15 min
at 42 ◦C in a water bath. Then, 50 μL 0.5% (w/v) N-ethylmaleimide (NEM) was added
and samples were stirred again. After 1 min of stirring, 250 μL 10% (v/v) trichloroacetic,
200 μL 42% (w/v) orthophosphoric acid, 200 μL 4% (w/v) 2,2′-bipyridine (diluted in 70%
(v/v) ethanol 70% (v/v)) and 100 μL 3% (w/v) FeCl3 were added to samples. The increase in
absorbance at 525 nm was measured against a blank solution (with 6% (v/v) trichloroacetic
acid instead of supernatant) after 40 min of incubation at 42 ◦C in a water bath. All results
were expressed as mg ascorbic acid per g DW (mg g−1 DW).

2.10. Statistical Analysis

To determine the effect of different drying methods, a one-way ANOVA was per-
formed using GraphPad software (GraphPad, La Jolla, CA, USA). Bartlett’s test was used to
verify the normality of the data. Mean values ± standard deviation (SD) of 5 replicates for
each treatment were compared using the least significant difference (LSD) test at p = 0.05.

3. Results and Discussion

Temperature and duration of treatment are the determining factors for the selection of
the most efficient drying method to retain phenolic compounds and ascorbic acid in plant
materials [18,19]. Indeed, specific variations of temperature in the different drying methods

74



Horticulturae 2021, 7, 10

may protect against the degradation of these components, leading to the maintenance or
the enhancement of the product quality of the analyzed plant material.

In this study with U. dioica leaves, the total phenolic content and antioxidant activity
(as analyzed with both DPPH and FRAP assays) were significantly higher in HPD-dried
leaves than in fresh leaves and in those dried with FD and OD (Figures 1 and 2). Then,
the FD-dried leaves had higher phenolic content and antioxidant activity than the OD-
dried leaves, whilst the lowest values of these quantities were found in fresh material
(Figures 1 and 2).

Figure 1. Total phenolic content of fresh or dried leaves of U. dioica plants collected in the wild.
Leaves were dried with different methods: freeze-drying (FD), oven-drying (OD) and heat pump
drying (HPD). Means keyed with a different letter are significantly different for p = 0.05 following
least significant difference (LSD) test.

(a) (b) 

Figure 2. Antioxidant activity of fresh or dried leaves of U. dioica plants collected in the wild. Leaves were dried with
different methods: freeze-drying (FD), oven-drying (OD) and heat pump drying (HPD). Antioxidant activity was determined
with two different assays: 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) (a) and ferric reducing antioxidant power (FRAP)
(b). Means keyed with a different letter are significantly different for p = 0.05 following LSD test.

The higher total phenolic content of HPD leaves compared to FD or OD leaves could
be linked to a more efficient extraction of the insoluble phenolic compounds from the
dried or fresh leaves—for instance, phenolic acids or condensed tannins [20–22] linked
to cell wall polysaccharides or, more specifically, proteins [23,24]. Indeed, the moderate
heat treatment (≤35 ◦C) used by the HPD may have determined the cleavage of the
phenolic sugar glycosidic bonds and the formation of phenolic aglycons, which react
better with the Folin–Ciocalteu reagent, thus leading to higher values of the total phenolic
content [24]. Conversely, the higher (105 ◦C) temperature in the OD method probably led
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to the degradation of some phenolic compounds and a more efficient water extraction of
phenolic compounds as well as the cleavage of the phenolic sugar glycosidic bonds.

On the other hand, FD resulted to be an intermediate drying method in terms of
maintenance of the phenolic compounds or even an enhancement of their extraction from
the leaves. In fact, this method involves the formation of small ice crystals inside the cell
and their rapid expulsion from the cell during the freezing [6,23]. The rapid expulsion of
the ice crystals allows the maintenance of the cell structures and, therefore, the retention
of phenolic compounds and vitamins, and the total expulsion of humidity allows a long
preservation of plant samples. These characteristics led to the common use of FD as the
extraction pre-treatment of plant materials under analysis [25,26]. In the present study, the
content of the analyzed phytochemicals was similar in FD leaves and in fresh leaves. The
reason for the lower recovery of phenolic compounds from fresh leaves than that from FD
leaves remains to be elucidated in further research.

Nevertheless, the phenol content found in fresh U. dioica leaves (Figure 1) is in agreement
with previous findings [27,28]. For example, Shonte et al. [28] reported 118.4 mg GAE g−1 DW
in fresh stinging nettle leaves and 121.5 and 128.7 mg GAE g−1 DW in FD and OD
leaves, respectively. In contrast, lower values (79 mg GAE g−1 DW) were found by Car-
valho et al. [29] in wild stinging nettle leaves from the Serra de Estrela region in Portugal
and by Hudec et al. [30] in stinging nettle leaves (5.38 mg GAE g−1 DW) of cultivated
plants in the area of Nitra, in Slovakia. The differences in the phenolic contents found in
this study and by other authors may be due to genetic differences between the plants used
and growing conditions.

Similar to the total phenolic content results, the values of antioxidant activity resulted
higher in the HPD leaves when compared with fresh, OD and FD samples (Figure 2a,b).
The higher antioxidant activity in HPD leaves with respect to the other leaves could be
due to different reasons: (i) release of bound antioxidant substances (such as phenolic
compounds) by disrupting the cell structure and by obtaining a natural extraction for
the analysis [31]; (ii) formation of new antioxidants such as Maillard reaction products
(melanoidins) resulting from thermal chemical reaction; (iii) suppression of oxidation by
thermal inactivation of oxidative enzymes of antioxidants such as polyphenol oxidase [32].
Indeed, a heat treatment at moderate temperature (50 ◦C for 5 h) inactivated polyphenol
oxidases in extracts from aerial parts of Phyllanthus amarus [32]. However, the HPLC
analysis did not reveal the presence of different phenolic compounds in HPD leaves with
respect to the other treatments (Figure 3 and Table 1).

The temperature (105 ◦C) used in OD leaves apparently resulted in too high of an
increase in the release of phytochemicals, even though we observed a slightly higher-level
small increase in antioxidant activity in comparison to fresh leaves (Figure 2a,b).

Table 1 shows the HPLC analysis of the stinging nettle leaves under investigation,
confirming the total phenolic compounds and antioxidant activities data (Figures 1 and 2).
The qualitative analysis mainly shows the presence of some caffeic acid isomers, both free
and combined with quinic or malic acid, and some flavonoids such as rutin, isoquercetin
and isorhamnetin rutinoside [20–22].
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The most abundant phenolic acid was the caffeoylmalic acid dimer, with values
between 19.20 and 35.81 mg g−1 DW for OD and HPD samples, respectively. In addi-
tion, the isomers of caffeoylquinic acid were more abundant in the HPD sample, with
20.73 mg g−1 DW, twice the value obtained from the OD sample (10.76 mg g−1 DW), thus
confirming that the HPD technique preserves more phenolic compounds. Regarding
flavonoids, the most representative one was rutin, whose quantity in the HPD sample
reached 2.25 mg g−1 DW. The values obtained were coherent with those reported in the
literature. In fact, Grevsen et al. [33] reported amounts of caffeoylmalic acid approx-
imately between 7 and 22 mg g−1 DW and caffeoylquinic acid values between 3 and
18 mg g−1 DW in different accessions of U. dioica. Besides, Orčić et al. [34] reported a con-
tent of caffeoylquinic acid variable between 1.2 and 28 mg g−1 DW, while Vajić et al. [35]
showed amounts of caffeoylmalic acid up to 1.03 mg g−1 DW in water extract and of
1.64 mg g−1 DW in 50% methanol extract. Orčić et al. [34] indicated rutin content between
0.002 and 4.6 mg g−1 DW, and Grevsen et al. [33] found contents up to 14.5 mg g−1 DW,
depending on the harvest time. Virtually all samples showed very high levels after HPD
compared to fresh leaves; interestingly, caffeoylmalic acid and its dimer were particularly
enriched in HPD samples, up to 42 and 136 times, respectively, while only isorhamnetin
rutinoside did not show an increment after dehydration, showing a slight reduction for
FD and OD samples and a slight increase for HPD leaves. As discussed previously, this
phenomenon deserves further investigation.

While all drying methods increased the total phenolic content and the antioxidant
capacity of stinging nettle leaves, the total ascorbic acid content was significantly lower
in FD (−36%), OD (−55%) and HPD (−39%) leaves than in fresh leaves (Figure 4). As
reported before, FD is usually used as an extraction pre-treatment in plant materials during
vitamin and phenolic content analyses. Nevertheless, in the present study, this drying
technique resulted in adverse retention of ascorbic acid with a decrease of 36% compared to
fresh leaves. However, these findings agree with those reported by Shonte et al. [30]. These
authors found a loss of 12% and 22% in FD and OD stinging nettle leaves, respectively,
with values of 14.2, 11.8 and 9.9 mg g−1 DW in fresh, FD and OD leaves, respectively. Some
studies reported that the loss of total ascorbic acid in dried food products can range from
10% to more than 50% depending on drying temperature [28,36]. This loss is mainly due
to chemical degradation involving the oxidation of ascorbic acid to dehydroascorbic acid,
followed by hydrolysis to 2,3-diketogulonic acid and subsequent polymerization to form
other nutritionally inactive products [37].

Figure 4. Total ascorbic acid content of U. dioica collected fresh or subjected to three different drying
methods. FD: Freeze-drying; OD: Oven-drying; HPD: Heat pump drying. Means keyed with a
different letter are significantly different for p = 0.05 following LSD test.
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4. Conclusions

The presented data clearly indicate that the best dehydration technique is HPD since
the resulting aqueous extract exhibited a high content in total phenols and a high an-
tioxidant activity, as well as considerable levels in some phenolic compounds such as
caffeoylmalic acid and caffeoylmalic acid dimer. Besides, the OD technique resulted in a
high reduction in the ascorbic acid content (55%), and a lower decrease in this antioxidant
compound was found when using the FD and HPD techniques compared with the reduc-
tion showed using the OD technique. Therefore, all three dehydration techniques appear
to be efficient in favoring the extraction of phenols in water but adverse for ascorbic acid.
Few studies have reported the quantification of total ascorbic acid in stinging nettle leaves
in the literature; thus, this study can implement the knowledge of the quantification of this
bioactive compound as well as show the loss of total ascorbic acid after the use of drying
methods on plant leaves.
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Abstract: Glycoalkaloids (GAs) are toxic to humans at higher concentrations. However, studies
also suggest the health benefits of GAs depending on the dose and conditions of use. Methods that
have been used to determine GA content in potato tubers are destructive and time-consuming and
require skilled personnel and high-performance laboratory equipment. We conducted this study to
develop indices for the prediction of the level of total GAs in potato tubers at different greening stages
based on surface color readings and chlorophyll (Chl) development. Color values (Hunter L*, a*, b*,
a*/b*), Chls (Chl a, Chl b, and total Chls) and GA (α-solanine, α-chaconine, and total GAs) content
were measured from tubers of ‘Atlantic’ and ‘Trent’ potato cultivars at three-week intervals in up
to six greening stages during the storage at room conditions (22 ◦C, 12-h shift of light-dark cycles).
The results have revealed that greening, Chls, and GA content significantly increased for the two
cultivars as the stage proceeded. The toxic level of GAs (>200 mg kg−1 FW) was accumulated at the
late greening stages, accompanied by the highest Chl content. Finally, indices were developed based
on surface color and Chl content for estimation of the safe GA levels for the consumption of the two
commercially and commonly used potato cultivars. Moreover, the developed indices could be used
as basic information to adapt to other potato cultivars.

Keywords: α-solanine; α-chaconine; color variables; chlorophyll contents; color index

1. Introduction

Potato (Solanum tuberosum L.) is the leading non-grain food commodity in the global food system,
with production reaching 368.2 million Mt from 17.6 million ha in 2018 [1]. It is the fourth most
important food crop in the world, following maize, wheat, and rice. The Republic of Korea produced
553,596 Mt of potato from 25,772 ha of land in 2018 [1]. Potatoes play a fundamental part in the effort
made to ensure food and nutritional security for the increasing world population [2,3]. They are one
of the most efficient crops for converting natural resources, labor, and capital into high-quality food.
The production of potato is relatively easy, and their genetic complexity allows a diversity of genotypes
for any climate, culture, and conditions [3]. They produce more nutritious food in a short growing
cycle on small land and in harsher climates than any other major crop [2].

Potato represents half of the root and tuber crops consumed for a carbohydrate food source in the
world [4]. Potatoes are rich in carbohydrates, which makes them a good source of energy [2]. They have
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the highest protein content, around 2.1 percent on a fresh weight basis, in the family of root and tuber
crops and protein of high quality, with an amino-acid pattern that matches human requirements [2,3].
Additionally, potatoes are sources of a variety of essential vitamins and minerals, such as vitamins
C and B6 and the minerals potassium, magnesium, and iron [2,3]. A single medium-sized potato
contains about half the recommended daily intake of vitamin C and a fifth of the recommended daily
value of potassium [2,3]. Potatoes have been traditionally consumed after boiling, frying, or baking
as a main dish or with other food types. Different popular snack products, such as crisps or French
fries, that appeal to consumers, due to appearance, texture, or flavor, are also processed from potato
tubers [3,5].

The potato belongs to the Solanaceae family, which is known for producing secondary natural
poisonous metabolites called glycoalkaloids (GAs) [5]. GAs play an important defensive role due to
their toxic nature against pests [5]. α-solanine and α-chaconine are the two major glycoalkaloids in
cultivated potatoes that together account for 95% of the total glycoalkaloid content [6,7]. In the tubers,
there is a higher concentration of GAs obtained in the skin, around the eyes, wounded areas, and in
the sprouts [8,9]. Exposing potato tubers to light in storage or at home causes greening, and greened
tubers accumulate GAs [10]. The processes of greening and GA accumulation are concurrent but
independent; the greening shows the formation of chlorophylls (Chls) and it is also considered as an
indication for an increase in the level of GAs [11]. GA synthesis can also be elevated by damage to the
tubers during post-harvest operations [12].

GAs are toxic to humans at higher concentrations. The safe upper limit for a human is 200 mg kg−1

total GAs of fresh tuber weight [13]. Potato tubers that contain over 200 mg kg−1 total GAs of fresh tuber
weight possess a bitter off-flavor and may cause gastro-enteric symptoms, comas, and even death [14–18].
Symptoms of toxicity include headache, nausea, fatigue, vomiting, abdominal pain, diarrhea, apathy,
restlessness, drowsiness, mental confusion, rambling, incoherence, stupor, hallucinations, trembling,
and visual disturbances [5,12,14,19]. However, studies suggest that GAs have also health benefits, such as
anticancer, antimalarial, anti-inflammatory, hypoglycemic, and hypo-cholesterol emic activities, depending
on the dose and conditions of use [14,20]. Therefore, it is crucial to develop an indicative index that can be
used easily to avoid the potential toxicity of GAs to human beings.

The different methods that have been used to determine the GAs are time-consuming and
destructive and require skilled personnel and high-performance laboratory equipment. It is difficult
for producers and consumers to determine the safe level of alkaloids with the existing methods of
determination. Therefore, the current study was designed to develop indices for the prediction of
the level of GAs in potato tubers at different greening stages based on surface color readings and
Chl development.

2. Materials and Methods

2.1. Plant Material

Commercially and commonly used ‘Atlantic’ and ‘Trent’ potato cultivars were selected for this
study. Tubers of the two cultivars were obtained from the Haitai-Calbee snack factory, Korea. Relatively
uniform-sized defect-free tubers were selected for the experiment and stored at room conditions
(22 ◦C, 12-h shift of light-dark cycles) to simulate the consumers’ practice and to allow greening.
During sampling, 20 tubers (‘Atlantic’ and ‘Trent’; 10 tubers each) were used for each greening stage.
Subsampling was done at six different greening stages at three-week intervals for up to 15 weeks of
storage, and representative photos of the tubers from both cultivars were acquired at each greening
stage. Samples for the analysis of GAs and Chl content were prepared immediately after taking
representative photos and the color reading from the surface of intact tubers. The samples were then
frozen by liquid nitrogen and stored in a deep freezer (−80 ◦C) until analysis [21].
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2.2. Color Measurement and Analysis

Intact and undamaged tubers were used to take surface readings of Hunter L*, a*, and b*
color variables using CR-400 chroma meter (Minolta, Tokyo, Japan). The Hunter a* represents a
chromatic redness parameter that ranges from red to green with positive to negative values, respectively.
The Hunter b* represents a chromatic yellowness parameter that ranges from yellow with positive values
to blue with negative values, while the Hunter L* represents the degree of brightness, which ranges
from black with 0 value to white with 100 value [22]. The color variables were measured and recorded
from the surface of each tuber five times and the values were averaged. The color was measured at
three-week intervals until the 15th week of storage. During sampling, 20 tubers (‘Atlantic’ and ‘Trent’;
10 tubers each) were used for each greening stage. Hence, a total of 120 tubers (60 tubers from each)
were used for the study.

2.3. Extraction and Quantification of Chls and GAs

Chls and GAs were extracted from 20 potato tubers at each stage (10 tubers from each cultivar)
for a 15-weeks storage period at three-week intervals. The peripheral 10 mm tissue was sampled,
since Chl and GAs are accumulated in the outer cell layer of the tuber [8,9,23]. Dimethyl sulfoxide
(DMSO) chlorophyll extraction procedure was used, as described by [24]. The readings were measured
at 645 nm and 663 nm using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
against a DMSO blank. Subsequently, Chl a, Chl b, and total Chls were calculated by Arnon [25] using
equations as follows:

a. Chl a (mg g−1) peel fresh weight) = [(12.7*A663) − (2.69*A645)]*(V/1000*W)
b. Chl b (mg g−1) peel fresh weight) = [(22.9*A645) − (4.68*A663)]*(V/1000*W)
c. Total Chls = Chl a + Chl b

V = volume of solvent; W = fresh weight of the extracted tissue.
Extraction of GAs was made as stated by Tilahun et al. [9] and quantification of α-solanine

and α-chaconine was done by ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) [26]. The spectrometer was adjusted, as described by Tilahun et al. [9], Zywicki et al. [26],
and Nie et al. [27], for detection of α-solanine and α-chaconine.

2.4. Procedure to Develop Indices for the Estimation of Total GAs

The photos of representative potato tubers from both ‘Atlantic’ and ‘Trent’ potato cultivars were
acquired by a Canon digital camera (EOS 200D, Tokyo, Japan) at the six different greening stages with
three-week intervals, after peeling a portion of peripheral 10 mm tissue to show the extent of greening.
The average data obtained from the color measurements, total Chls, and total GAs were then matched
to the corresponding photo at each stage based on correlation coefficients of color values and Chls
content vs. total GAs.

2.5. Statistical Analysis

The experiment was conducted in a completely randomized design. The data were subjected
to analysis of variance (ANOVA) to determine the significance of differences between cultivars and
greening stages at p < 0.05 using SAS statistical software (SAS/STAT® 9.1; SAS Institute Inc., Cary, NC,
USA), and the Pearson correlation test was used to correlate the collected parameters.

3. Results and Discussion

3.1. Color Variables and GAs

The current study results have revealed a significant difference for Hunter L*, a*, b*, and a*/b*
values among the six stages of greening for both ‘Atlantic’ and ‘Trent’ potato cultivars. The difference
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between the two cultivars was also significant, though not at all greening stages (Table 1). The Hunter
L* values decreased across greening stages 1–6, indicating the decrease in tubers’ brightness for both
cultivars. Grunenfelder et al. [28] also reported a decrease in L* values of tubers as the storage days
proceeded from 0–7 days. Hunter a* values, which indicate the chromatic value ranging from red
(+a*) to green (−a*), have also shown a decreasing trend from stage 1–6, indicating an increase in the
greening of the tubers for both cultivars [22]. The hunter a* values were positive for tubers in stages
1 and 2, and negative hunter a* values were recorded for tubers in the remaining stages. A study
conducted by Haase [29] has also shown a significant change of tuber color towards green because
of exposure of potato tubers to light. Similar to Hunter a* values, a decreasing trend and significant
differences were observed in the Hunter b* values among the six stages for both cultivars. The Hunter
a*/b* ratios were significantly different and follow the same trend as Hunter a* color values among the
greening stages of both cultivars. Tilahun et al. [30] also reported the same trends of Hunter a* values
and a*/b* ratios during the evaluation of color changes in tomatoes.

Table 1. Hunters L*, a*, b*, and a*/b* color values of ‘Atlantic’ and ‘Trent’ potato cultivars under six
greening stages during storage at room conditions (22 ◦C) with a 12-h shift of light-dark cycles.

Parameters Cultivars
Greening Stages

1 2 3 4 5 6

L*
Atlantic 58.30 a

A 56.74 bc
B 55.66 bcd

A 55.37 bcd
A 55.29 cd

A 54.30 d
A

Trent 56.88 b
B 58.93 a

A 55.95 bc
A 55.84 bc

A 56.28 bc
A 52.64 d

B

a*
Atlantic 1.83 a

A 0.99 bc
A −1.23 cd

A −1.90 de
A −2.20 de

A −2.89 f
A

Trent 2.10 a
A 1.01 bc

A 0.08 cd
B −0.55 de

B −0.28 de
B −3.78 f

A

b*
Atlantic 26.10 ab

B 25.21 bc
B 24.86 c

B 25.82 abc
B 23.72 d

B 22.46 e
A

Trent 29.22 a
A 28.32 ab

A 27.16 c
A 27.81 bc

A 26.41 cd
A 22.76 e

A

a*/b* Atlantic 0.070 a
A 0.039 bc

A −0.049 cd
B −0.076 de

B −0.093 de
B −0.129 f

A

Trent 0.072 a
A 0.036 bc

A 0.003 cd
A −0.020 de

A −0.011 de
A −0.166 f

B

The mean with different uppercase letters within the same column is significantly different (p < 0.05), while the
mean with different lowercase letters within the same row is significantly different (p < 0.05).

A significant difference was also observed in GA content among the six stages for the two cultivars
(Figure 1). The α-solanine, α-chaconine, and total GA contents increased as it went from stage 1−6.
The α-solanine and α-chaconine content were cultivar-dependent in the present study. α-solanine
was lower than α-chaconine in the ‘Atlantic’ cultivar throughout the greening stages. However,
the ratio of α-solanine to α-chaconine was nearly 1:1 in the ‘Trent’ cultivar. Tajner-Czopek [31] reported
cultivar-dependent ratios of α-solanine to α-chaconine, ranging from 1:1.9 to 1:2.5 for early potato
cultivars. In this study, both cultivars accumulated more than the recommended safe level (>200 mg/kg)
of glycoalkaloids at the late stages [7,9,13]. ‘Atlantic’ accumulated a toxic level of total GAs (296 mg kg−1)
at the sixth stage with a Hunter a* value of −2.89, indicating the tuber color change into green. ‘Trent’
accumulated a toxic level (205.38 mg kg−1) of GAs at stage 5, earlier than ‘Atlantic’, and reached (225.96
mg kg−1) stage 6 with Hunter a* values of −0.28 and −3.78, respectively (Table 1 and Figure 2). Hunter L*
values showed a decrease in the brightness of the tuber at the late stages (Table 1).
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3.2. Chls and GAs

Exposure of potato tubers to light causes greening due to the formation of Chls and accumulation
of toxic GAs [10,11]. The results of this study have revealed that Chl and GA content were significantly
different among the six greening stages for both ‘Atlantic’ and ‘Trent’ potato cultivars. An increasing
trend in total Chl and total GA content was observed as the greening stages went from stage 1 to
6 for both cultivars (Figures 1 and 2). Similar results were reported by Percival [32], in which Chl
and total GA concentrations steadily increased in three potato cultivars in response to light over time.
Okamoto et al. [33] have also shown the dependence of tuber Chl and total GA accumulation on light
and confirmed the major role of light in both greening and GAs synthesis. They also observed no
Chls under the absence of light, while there was an increase in accumulation of Chls under high light
intensity. In the present study, the highest Chl a, Chl b, and total Chl content were recorded on the
sixth stage for both ‘Atlantic’ and ‘Trent’ cultivars (Figure 1).

The total Chls increased from 35.71 and 33.57 mg g−1 in the first stage to 249.86 and 326.86 mg g−1

in the sixth stage for ‘Atlantic’ and ‘Trent’ cultivars, respectively. Concurrently, the total glycoalkaloids
increased from 67.52 and 115.63 mg kg−1 in the first stage to 296.9 and 225.96 mg kg−1 in the sixth stage
for ‘Atlantic’ and ‘Trent’ cultivars, respectively. The safe level of total glycoalkaloid content accepted
for consumption (200 mg kg−1) was recorded at stage 1–5 for ‘Atlantic’ and stage 1–4 for ‘Trent’.
‘Atlantic’ accumulated the toxic level of glycoalkaloids at stage 6 and ‘Trent’ at stages 5 and 6. Therefore,
it is safe to consume the potato tubers of both cultivars up to greening stage 4 (Figures 3 and 4).

Figure 3. Index for the estimation of total glycoalkaloids (Gas) of ‘Atlantic’ potato cultivar at six
greening stages based on color values and chlorophyll (Chl) content.
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Figure 4. Index for the estimation of total GAs of ‘Trent’ potato cultivar at six greening stages based on
color values and Chl content.

3.3. Correlation of the Evaluated Parameters and Indices for the Estimation of Total GAs

The correlation result between all the color values vs. the total GAs showed a significant inverse
relationship, except for the relationship between Hunter b* and total GAs (Table 2). The Hunter L* color
values and total GA correlation (−0.62) indicated a decrease in brightness as the total glycoalkaloid
content increased. Correspondingly, the significant correlation (−0.65) between the Hunter a* value and
total GA content showed an increase in the greening of the tubers as the glycoalkaloids accumulation
increased. The significant correlation (−0.67) between the Hunter a*/b* ratio and total GA content
implies that a*/b* ratio could be a good indicator of GA content. In agreement with our results,
the previous studies by Arias et al. [34], Helyes et al. [35], and Tilahun et al. [30] reported the Hunter a*
and a*/b* ratio as good indicators of lycopene content (redness) in tomatoes. Conversely, the correlation
between Chl a, Chl b, and total Chl vs. total GA in the current study showed a highly significant positive
relationship, indicating an increase in total GA content as the total Chl content increased (Table 2).
Total Chl content showed the highest (r = 0.84) correlation to the total GA contents. This finding agrees
with Spoladore et al. [36], who reported a strong positive relationship between Chl and GA content in
potato tubers. In summary, the overall results of the evaluated parameters indicated that the Hunter a*
values, a*/b* ratio, and Chl content could be used as the key indicators of the total GA contents. Hence,
we used the above parameters to develop indices for the estimation of total GA content, as shown in
Figures 3 and 4.
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Table 2. Correlation between color values, Chls, and GA contents of ‘Atlantic’ and ‘Trent’ potato
cultivars under six greening stages during storage at room conditions (22 ◦C) with a 12-h shift of
light-dark cycles.

Hunter L* Hunter a* Hunter b* a*/b* Chl a Chl b Total Chl
α-

solanine
α-

chaconine
Total GA

Hunter L* 1 0.89 *** 0.73 ** 0.90 *** −0.78 ** −0.79 ** −0.80 ** −0.16 ns −0.55 ns −0.62 *
Hunter a* 1 0.82 *** 0.99 *** −0.78 ** −0.78 ** −0.82 *** −0.05 ns −0.67 * −0.65 **
Hunter b* 1 0.83 *** −0.67 * −0.67 * −0.69 * 0.35 ns −0.71 ** −0.40 ns

a*/b* 1 −0.80 ** −0.80 ** −0.84 *** −0.06 ns −0.69 * −0.67 **
Chl a 1 0.99 *** 0.99 *** 0.39 ns 0.60 * 0.82 **
Chl b 1 0.99 *** 0.39 ns 0.59 * 0.81 **

Total Chl 1 0.38 ns 0.63 * 0.84 ***
α−solanine 1 −0.25 ns 0.47 ns

α−chaconine 1 0.74**

Total GA 1

ns, *, **, and *** indicate non-significant and significant differences at p < 0.05, 0.01, and 0.001, respectively.

4. Conclusions

The current study has tried to develop simple indices to detect the toxic level of GAs in potato
tubers using surface color and Chl development. Potato tubers from ‘Atlantic’ and ‘Trent’ cultivars were
used to determine the greening stages at which toxic levels of GAs can be accumulated. The greening,
Chls, and GA contents significantly increased for the two cultivars as the stage proceeded. The toxic
level of GAs was accumulated at the late greening stages of the tubers, accompanied by the highest
Chl content. Taken together, indices were developed based on surface color and Chl content for
estimation of the safe GA levels for the consumption of the two commercially and commonly used
potato cultivars. The developed indices can be used easily to avoid the potential toxicity of GAs to
human beings. Moreover, the developed indices could be used as basic information to adapt it to other
potato cultivars.
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