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Elena Chatzopoulou, Márcio Carocho, Francesco Di Gioia and Spyridon A. Petropoulos

The Beneficial Health Effects of Vegetables and Wild Edible Greens: The Case of the
Mediterranean Diet and Its Sustainability
Reprinted from: Appl. Sci. 2020, 10, 9144, doi:10.3390/app10249144 . . . . . . . . . . . . . . . . . 127

v



Carlos Gracián-Alcaide, Jose A. Maldonado-Lobón, Elisabeth Ortiz-Tikkakoski, Alejandro
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In recent decades, the consciousness of consumers regarding the importance of a
balanced diet to prevent the occurrence of chronic diseases has significantly increased. In
particular, the consumption of plant-based foods, both vegetables and fruits, have been
demonstrated to have a central role in the prevention of many chronic diseases, due to the
high amount of bioactive compounds they contain. To date, many researchers and scientists
in different fields of research have contributed with great efforts to the characterization of
the phytochemical pattern of hundreds of fruits and vegetables, and have elucidated several
mechanisms of actions and metabolic pathways through which fruits and vegetables exert
their health-promoting and/or disease-preventing activities.

The aim of this special issue was to compile the most recent research on fruit and
vegetable phytochemical composition, on the health-promoting effects and mechanisms
of action of their application/assumptions in different models, such as in vitro cellular
models, in vivo animal trials and in vivo human trials.

The first step of the evaluation of the potential health benefits of fruit and vegetables
is the evaluation of the phytochemical composition. In this special issue, six studies were
focused on the evaluation of the phytochemical composition and the antioxidant capacity
of different fruit/vegetables species.

Li et al. characterized the phenolic composition of five different varieties of apples
grown in Australia (‘Royal Gala’, ‘Pink Lady’, ‘Red Delicious’, ‘Fuji’ and ‘Smitten’) through
liquid chromatography. The results underlined that different genotypes showed different
amounts of total phenolic and total flavonoid content. Furthermore, a total of 97 different
phenolic compounds were detected in the five apple varieties, highlighting the interest of
Australian apple varieties as a rich source of bioactive compounds [1].

Among fruits, berries are raising interest for their proven high nutritional quality, due
to the high amount of several phytochemicals. Two berries were analyzed in this special
issue: in the first study, Kruger et al. evaluated the effect of cultivar, environmental varia-
tions and their interaction on anthocyanin composition of six strawberry cultivars grown in
five locations from the North to South of Europe, for two different years. As a general trend,
fruits grown in southern locations were richer in total anthocyanins and pelargonidin-
3-glucoside content. Principal component analysis revealed that anthocyanin content of
cultivars is influenced by environmental factors; in particular, the minor anthocyanins
(cyanidin-3-glucoside, cyanidin-3-(6-O-malonyl)-glucoside, pelargonidin-3-rutinoside and
pelargonidin-3-(6-O-malonoyl)-glucoside) were sensitive to the maximum temperature
value. However, different cultivars changed their anthocyanin pattern in relation to the en-
vironmental conditions to varying extent, with ‘Gariguette’ and ‘Clery’ cultivars remaining
unaffected [2].

The second study on a berry species involved the phytochemical characterization of
30 haskap berry genotypes. In this manuscript, different spectrophotometric and spec-
trofluorimetric methods were used to evaluate the antioxidant capacity and the amount of
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different phenolic compounds and vitamin C. This study allowed for the identification of
those genotypes, which were more interesting for a high content of the studied phytochem-
icals, and that could be recommended to consumers for a healthy diet. Furthermore, the
heritability and genetic process analyses allowed for the indication of the effectiveness of
breeding for the transmission of the analyzed traits to the progeny, suggesting the most
suitable genotypes for the implementation of future breeding programs aimed at obtaining
healthier fruits [3].

Together with fruits, fresh vegetables are also interesting for their content of specific
bioactive compounds. In particular, vegetables belonging to the Brassicaceae family have
attracted increasing attention in recent years for the quantity and quality of their bioactive
compounds, and this attention has also been confirmed in this special issue, where two
studies (one review and one research) were published on this argument.

The research study presented an investigation on the amount of nine inorganic ele-
ments (Cd, Co, Cr, Cu, Fe, Ni, Mn, Pb and Zn) in genotypes from three different species
belonging to the Brassicaceae family (Brassica rapa, Eruca vesicaria and Sinapis alba), grown
according to both conventional and organic cultivation techniques, during two agricultural
seasons on two different experimental farms. The results underlined that the inorganic
elements amount is influenced mainly by many factors other than the cultivation technique,
comprising the soil characteristics. The organic cultivation technique did not decrease
the heavy metal content or increase the nutritional quality of Brassicaceae, as commonly
believed. As a final result, it was predicted that the consumption of 150–200 g of these
vegetables, both from organic and conventional agriculture, fulfill the same percentage
of Dietary Reference Intakes for Co, Cr, Cu, Fe, Mn and Zn. Regarding the heavy metal
(Cd, Ni and Pb) tolerable intakes, only slight differences (mainly for Pb) have been found
between both cropping systems [4].

The second manuscript regarding the quality of Brassicaceae is a review article, which
aimed to highlight the main phytochemical compounds present in brassicas used as a
food vegetable that confer nutritional and sensorial quality to the final product, and to
investigate the main factors that affect the phytochemical concentration and the overall
quality of Brassica vegetables. In summary, the bioactive molecules responsible for the
nutritional quality of Brassicaceae can be divided in antioxidant compounds (e.g., phenols,
vitamin C) and non-antioxidant compounds (e.g., minerals, glucosinolates). The amount of
these compounds in Brassica vegetables could be influenced by many factors, including
the genetic source, the environmental conditions and the cultivation techniques adopted
for the vegetable production [5].

As mentioned above, the nutritional quality of fresh fruits and vegetables depends
on many factors, which could affect the final quality of the products. However, if the
product is not stored properly after its harvest, the loss or degradation of phytochemical
compounds is a tangible possibility. In this regard, a study in this special issue evaluated
different options for prolonging the apricot fruit quality during cold storage and shelf
life, decreasing the postharvest losses of apricots. The quality parameters (quality losses,
antioxidant properties and enzyme activities) were evaluated at different time periods
(from 7 to 21 days) at cold storage (1 ◦C) and shelf life (25 ◦C), comparing post-harvest
treatments with methyl jasmonate and salicylic acid. As a general trend, both post-harvest
treatments significantly decreased the quality loss of chilling injury and fruit decay on all
dates. The antioxidant capacity and the phenolic patterns increased for both treatments
at all dates, and almost all the antioxidant enzyme activities increased significantly on
all dates for both treatments (except catalase activities, which decreased with the methyl
jasmonate treatment). In conclusion, both methyl jasmonate and salicylic acid are useful
and inexpensive techniques to maintain the apricot fruit quality in both cold storage and
shelf life conditions [6].

The second step for the evaluation of the health potential of fruit vegetables is testing
the product in an in vitro model. Usually, in this step the capacity of the fruit/vegetable
extract is evaluated to limit the viability of pathological cells, or to protect the healthy cells
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from an induced external stress. In this special issue, a study evaluating the effect of olive
(Olea europaea L.) vegetation water on human cells regarding its antioxidant properties
and radical scavenger bioactivities was published. The study involved the treatment of
two cell lines, human hepatocellular carcinoma and human keratinocytes, with two food
supplements containing concentrated olive water in combination with 6% lemon juice or
70% grape juice, respectively. The first analysis of the extracts revealed that hydroxytyrosol
was the most abundant polyphenol in both formulations, followed by tyrosol and oleu-
ropein (for the olive-derived concentrate with lemon juice), and by proanthocyanidins and
tyrosol (for the olive concentrate with grape juice). Both extracts were demonstrated to
be effective antioxidants, also preventing the advanced glycation end product formation.
In addition, preliminary data indicate that the administration of hydroxytyrosol through
these hydrophilic matrices is better absorbed into the human body [7].

After the demonstration of the beneficial effects of fruit and vegetable consumption in
in vitro models, the following step is the evaluation of the positive effects also in in vivo
animal models. A trial on morbidity and mortality in the context of sepsis and septic
shock on male Sprague Dawley® rats was presented in this special issue. In this study, a
thiosulfinate-enriched Allium sativum extract was used as adjuvant in the management
of sepsis induced by intraperitoneal Escherichia coli ATCC 25922 inoculation. To evaluate
the efficacy in the sepsis-induced management, clinical, analytical, microbiological and
histopathological parameters were evaluated in the control group, in the group treated
with antibiotic, and in the group treated with antibiotic plus Allium sativum extract. The
results confirmed that the utilization of Allium sativum extract as an adjuvant to antibiotic
treatment in the management of sepsis could improve the sepsis attenuation, ameliorating
clinical parameters of rats as weight, ocular secretions, whiskers separation and physical
activity level, inhibiting Escherichia coli proliferation and thus, reducing overall mortality
after an animal peritonitis model [8].

The final step for the valorization of the potential health benefits of fruit and vegetable
consumption is the introgression of these products in the human diet. With this aim,
two studies were published in this special issue. The first study involved a particular
group of people affected by prediabetes mellitus, whose glucose levels did not meet the
criteria for diabetes but were higher than those considered normal. These people were
fed with two servings per day of Gynura bicolor, a red purple-colored vegetable, and the
effect on glycemic control and antioxidant ability was evaluated. People were divided into
control group and Gynura bicolor-fed group, and data on anthropometry and biochemical
analysis were collected at 0, 8 and 12 weeks. The results clearly showed that Gynura bicolor
consumption improved both the glycemic control and the antioxidant activity, mainly
because of its high content of polyphenols [9].

The second interventional study was focused on the vulnerable category of elderly
people, in particular, regarding the respiratory tract infections. The objective of this study
was to evaluate the efficacy of the consumption of a combination of elderberry and reishi
extracts on the incidence, severity and duration of respiratory tract infections in a group
of healthy elderly volunteers. A group of 60 nursing home residents ≥65 years of age
randomly received a combination of 1.5 g of elderberry + 0.5 g of reishi or a placebo daily
for 14 weeks. If the incidence of respiratory infections was similar in both groups, the berry-
fed group presented a significant reduction of common cold event duration and of high
severity influenza-like illness events. Moreover, the sleep disturbances were significantly
reduced in the berry-fed group. Thus, the suitability of the elderberry + reishi extract in
reducing the respiratory tract infections was confirmed [10].

To summarize, in this special issue we have published several works demonstrating
that fruit and vegetables contain several bioactive compounds, which give high potentiality
to these foods in the prevention of many chronic human diseases. Furthermore, we have
published some studies showing that fruit and vegetables demonstrated their positive
activities both in in vitro and in vivo models. The last study of the special issue that
we want to present is the correct conclusion of this editorial because it translates all the

3



Appl. Sci. 2021, 11, 8951

previous suggested findings for a healthy life; in fact, the broad recognition of the positive
effects of the Mediterranean Diet, the dietary patterns that were followed in specific regions
of the area in the 1950s and 1960s on the longevity of Mediterranean populations led to
the adoption of this diet in other regions of the world. This study reviewed the scientific
knowledge regarding the beneficial health effects of adherence to this diet, underlying that
it is not only linked to the consumption of specific food products but also to social, religious,
environmental and cultural aspects. Therefore, the Mediterranean Diet represents a healthy
lifestyle in general that can allow to optimize the positive effect of fruit and vegetable
consumption [11].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: There exists an intermediate group of individuals whose glucose levels do not meet the
criteria for diabetes yet are higher than those considered normal (prediabetes mellitus (preDM)).
Those people have a higher risk of developing diabetes in the future. Gynura bicolor (GB) is a red-
purple-colored vegetable, which is common in Taiwan. GB has shown antioxidant, anti-inflammatory
and anti-hyperglycemic effects in previous studies. The aim of this study was to assess the effects
of serving two serving sizes of GB every day on the glycemic control and antioxidant ability of
preDM subjects. According to the age and anthropometry data of the participates, we assigned
them into a control or GB group for the 8-week intervention and 4-week washout period. Data of
anthropometry and biochemical analysis were collected at 0, 8 and 12 weeks. Oral glucose tolerance
tests were performed, and we collected dietary records on the baseline and Week 8. Both groups
received nutrition education and a diet plan individually. After intervention, the fasting glucose
and malondialdehyde (MDA) values were significantly decreased in the GB group. HOMA-IR and
QUICKI values were improved, and antioxidant activity was increased in the GB group. GB could
improve glycemic control and decrease oxidative stress because of its large amounts of polyphenols.

Keywords: Gynura bicolor; prediabetes; phytochemical; blood glucose; oxidative stress

1. Introduction

According to The American Diabetes Association (ADA), people whose fasting plasma
glucose (FPG) level is 100 to 125 mg/dL were defined as impaired fasting glucose (IFG), or
whose 2 h value in the oral glucose tolerance test (OGTT) is 140 to 199 mg/dL were defined
as impaired glucose tolerance (IGT), or individuals with glycated hemoglobin (HbA1c)
of 5.7–6.4%. People who meet one of three diagnosis criteria were called “prediabetes
(preDM)” [1]. Individuals with both IFG and IGT have more severe dysglycemic condition
and are especially at high-risk for type 2 diabetes [2]. According to the International
Diabetes Federation (IDF), in 2019, there were 463 million people with preDM, and this
number is expected to reach 700 million by 2045 [3]. In total, 5–10% of individuals with
preDM develop diabetes annually, with up to 70% eventually developing diabetes. Several
trials have reported on the risk of diabetes development in preDM individuals after lifestyle
and drug-based interventions. PreDM can convert back to normoglycaemia [4,5].

Under hyperglycemia or IR condition, oxidative stress will be increased and endothe-
lial dysfunction will occur [6]. The endothelium is a key regulator of vascular function [7],
when dysfunction will cause inflammation, vasoconstriction, thrombosis and platelet ac-
tivation, which are linked with atherosclerosis [8]. Evidence from prospective studies
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suggest that cardiovascular disease (CVD) may be associated with preDM [9]. Lifestyle
intervention includes diet modification, weight reduction or moderate physical activity.
Some studies reported that intensive lifestyle interventions such as achieving and main-
taining ideal body weight may prevent the progression to type 2 diabetes in IGT or IFG
subjects [10]. In the Da Qing trial in China, 577 individuals with IGT were randomized to
dietary counseling, increased exercise, diet plus exercise or control (general recommen-
dations). The cumulative 6-year incidence of diabetes was significantly lower in the diet
group (43.8%), the exercise group (41.1%) and diet plus exercise group (46.0%) than the
control group (67.7%). In a proportional hazards analysis adjusted for differences in base-
line BMI and fasting glucose, the diet, exercise, and diet-plus-exercise interventions were
associated with 31% (p < 0.03), 46% (p < 0.0005), and 42% (p < 0.005) reductions in risk of
developing diabetes, respectively [11]. In a meta-analysis, it was reported that consuming
large amounts of vegetables and fruits may reduce the risk of diabetes and associate to
inflammation and oxidative stress [12]. Giugliano reported that diets containing vegetables
and fruits, n-3 fatty acids and fiber attenuate the inflammation [13]. Phytochemicals such
as vitamin C, vitamin E, carotenoids, phytosterols, anthocyanins and alkaloids showed
anti-inflammation and antioxidant effects [14].

Anthocyanins belong to the widespread class of phenolic compounds collectively
named flavonoids. Mechanic studies support the beneficial effects of flavonoids, including
anthocyanins, on the biomarkers of CVD risk such as NO, inflammation and endothelial
dysfunction. The role of anthocyanins in CVD prevention is strongly related to against
oxidative damage [15]. Red-purple vegetables are rich in anthocyanins, the common
vegetables in Taiwan such as purple-leaved sweet potato, Gynura bicolor (GB) and purple-
leaved celosia. GB is widely distributed in Asia and common cuisine in Taiwan. The
leaves of GB distinctively show a reddish purple color on the abxial side and a green
color on the adaxial side. Gynura is used as traditional Chinese medicine for treatment
of inflammation, fever, hypertension and diabetes [16,17]. GB has been shown to have
antioxidant, anti-inflammatory and anti-hyperglycemic effects [18–20]. However, limited
clinical human studies have examined the effects on glycemic control and antioxidant
ability in preDM subjects.

The aim of this study was to assess the effects of serving two exchanges of GB per day
on glycemic control and antioxidant ability on preDM subjects.

2. Materials and Methods

2.1. GB Extract Preparation

Fresh GB was obtained from Taiwan Seed Improvement and Propagation Station,
COA, Taiwan. Leaves of GB were removed, washed, dried and ground to fine powder.
The extract was produced from 100 mg of the lyophilized vegetable powder with a 10-fold
volume of 70% methanol (0.1% of HCl) in the shaker for 30 min at room temperature,
then centrifuged at 1400× g for 10 min at 4 ◦C, adjusted the volume of supernant and
repeated extraction for 3 times. The collected extracts were kept at −20 ◦C until used for
total polyphenol and total anthocyanin analysis.

2.2. Total Polyphenol and Total Anthocyanin Analysis of GB Extracts

Total polyphenol contents were determined by the colorimetric method using Folin–
Ciocalteau reagent [21]. Briefly, the extracts, blank or standard (galic acid), were added to
2 mL of 2% Na2CO3. After 2 min, 100 µL of 50% Folin–Ciocalteau reagent was added. The
mixture was left at room temperature in the absence of light for 30 min. The absorbance of
the colored product was measured at 750 nm. The standard curve of gallic acid was used
for calculating the polyphenol contents.

Total anthocyanins were determined by using the pH differential method [22]. Before
analysis, two dilutions of the sample were prepared, one for pH 1.0 using potassium
hydroxide buffer (0.025 M, KOH) and the other for pH 4.5 using sodium acetate buffer
(0.4 M, 54.4 g CH3COONa). Samples were diluted 100 times and waited 15 min. The ab-

6



Appl. Sci. 2021, 11, 5066

sorbance was measured at 520 and 700 nm. The concentration (mg/L) of each anthocyanin
was calculated according to the following formula and expressed as cyanidin-3-glucoside
equivalent (CGE):

Total anthocyanins =
(A × MW × DF × 100)

ε× L

where A is the absorbance =(A520nm − A700nm)pH1.0 − (A520nm − A700nm)pH4.5, MW is the
molecular weight (g/mol) = 449.2 g/mol for cyanidin-3-glucoside, DF is the dilution
factor = 100, and ε is the extinction coefficient = 26,900, where L (path length in cm) was 1.

2.3. Subjects

Subjects were recruited from the neighborhood near by Taipei Medical University.
Inclusion criteria include whose blood glucose data meet the preDM diagnosis: FPG
100–125 mg/dL or 2 h values in the OGTT 140–190 mg/dL or HbA1c 5.7–6.4% and
20–70 years old. Exclusion criteria were individuals with a history of diabetes or use
hypoglycemic agents/insulin in past 3 months, hepatic or renal disease, history of cardio-
vascular disease or cancer, pregnancy, breast feeding, or intending to become pregnant
during the study period, thyroid or pituitary disease, gastrointestinal disease, hematologi-
cal disorders or neurological disease, drinking alcohol or smoker. Written informed consent
was obtained from all subjects, and the study was approved by the Joint Institutional
Review Board at Taipei Medical University in Taiwan (JIRB number: 201307030).

2.4. Study Design

The 12-week study consisted of an 8-week intervention period (Week 0 to Week 8)
and a 4-week washout period (Week 8 to Week 12). Subjects were assigned to the control
group (prohibit eating red-purple food) or GB group (diet including 2 serving sizes of
GB, equivalent to 200 g of edible portion (E.P)). The experimenter weighed GB, and asked
the participants to take it home every week and cook it it by themselves. Both groups
received dietary counseling based on the guideline of the Taiwanese Association of Diabetes
Educators. Subjects were asked to do a 3-day dietary record (2 weekdays and 1 weekend)
at Week 0 and 8, and the compliance was checked by dietary record. Every 4 weeks
of the intervention period (Week 0, 4 and 8) and 4 weeks washout period (Week 12),
anthropometric data and blood pressure were measured. Anthropometric data included
height, weight, body composition, body mass index (BMI), waist and hip circumference
and waist to hip ratio. Body composition was measured by Inbody 3.0 (Biospace, Seoul,
Korea) according to the principle of biochemical impedance analysis (BIA). At Week 0 and
Week 8, blood samples were collected after they had fasted overnight.

2.5. Blood Sample Analysis

Plasma collected by centrifugation at 1500× g for 10 min at 4 ◦C was stored at −80 ◦C
until further analysis. Fasting glucose, fasting insulin and glycated hemoglobin (HbA1c),
total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipopro-
tein cholesterol (LDL-C), aspartate transaminase (AST) and alanine transaminase (ALT)
levels were analyzed at the laboratory of Taipei Medical University Hospital. Homeostatic
model assessment-insulin resistance (HOMA-IR) was calculated according to the formula
insulin (µU/mL) × glucose (mmol/L)/22.5, and the quantitative insulin sensitivity check
index (QUICKI) was calculated according to the formula 1/[log (fasting insulin) + log (fast-
ing glucose)]. Total polyphenol levels in plasma were measured by the method described
by Serafini et al. [23] using Folin–Ciocalteau reagent. Absorption at 750 nm was measured
spectrophotometrically. The other blood measurements included the ferric reducing ability
of plasma (FRAP), vitamin C and malondialdehyde (MDA), which involved standardized
methods. Glutahione peroxidase (GSH-Px) and IL-6 were measured using Cayman stan-
dard glutathione assay kit and R&D human IL-6 high sensitivity ELISA kit, respectively.
The total polyphenol content was expressed as gallic acid equivalent (GAE).

7



Appl. Sci. 2021, 11, 5066

2.6. Dietary Nutrient Intake Analysis

Daily nutrient intake was calculated as the mean daily intake from a 3-day dietary
record using the nutrient analysis software (E-kitchen, Taichung, Taiwan). Nutrient as-
sessment included total caloric intake, dietary macronutrient intake (protein, fat and
carbohydrate), dietary fiber, vitamin C and vitamin E.

2.7. Statistical Analysis

All data were expressed as the mean ± SEM. The data were analyzed using one-way
ANOVA followed by Duncan’s multiple range test, Mann–Whitney U test and paired t-test.
A value of p < 0.05 was used to indicate statistical significance.

3. Results

3.1. Total Polyphenols and Total Anthocyanins of GB

The total polyphenol of GB extract was 25.54 ± 1.77 mg GAE/g DW. The total antho-
cyanin of GB extract was 1.53 ± 0.15 mg CGE/g DW.

3.2. Baseline Characteristics and Dietary Intake of Subjects

Nine subjects (two male and seven female) assigned to the control group and nine
subjects (two male and seven female) assigned to the GB group completed the whole study
period. General baseline characteristics were shown in Table 1. There were no differences
in age or height. Although the dietary fiber intake of both groups did not show significant
differences at baseline, the intake in the GB group was significantly increased (36%) after
intervention (Table 2).

Table 1. Baseline subject characteristics.

Control GB

Sex
Male (%) 22.2 22.2
Female (%) 77.8 77.8

Age 57.6 ± 2.2 61.8 ± 2.6
Height (cm) 159.9 ± 2.8 157.9 ± 1.5
Body weight (kg) 62.6 ± 3.0 64.0 ± 3.1
BMI (kg/m2) 24.4 ± 0.6 26.0 ± 1.4
Body fat (%) 31.8 ± 1.5 32.4 ± 2.5
Fasting plasma glucose (mg/dL) 111.2 ± 6.4 125. 0 ± 3.8
Fasting insulin (mU/L) 10.6 ± 0.9 12.9 ± 1.3
HbA1c (%) 5.79 ± 0.12 6.41 ± 0.17 §

Values are mean ± SEM (n = 9), § p < 0.05 between groups by Student’s t-test, GB, Gynura bicolor; BMI, Body mass
index; HbA1c, Glycated hemoglobin.

Table 2. Dietary intake during study period.

Control GB

Week 0 Week 8 Week 0 Week 8

Energy (kcal) 1370.3 ± 144.5 1382.3 ± 88.3 1440.2 ± 143.7 1391.6 ± 123.7
Protein (%) 15.3 ± 1.0 16.2 ± 1.2 15.6 ± 1.0 17.2 ± 1.1
Fat (%) 28.9 ± 3.2 29.9 ± 1.8 28.7 ± 3.1 28.0 ± 1.7
Carbohydrate (%) 60.0 ± 3.6 54.1 ± 2.3 56.0 ± 3.3 55.7 ± 1.7
Dietary fiber (g) 14.0 ± 1.6 13.0 ± 1.2 15.0 ± 2.3 20.4 ± 2.0 §

Vitamin C (mg) 114.38 ± 40.89 104.52 ± 23.17 120.44 ± 34.40 164.72 ± 44.74
Vitamin E (α-TE) 3.38 ± 0.52 3.46 ± 0.51 3.66 ± 0.52 3.74 ± 0.66

Values are mean ± SEM (n = 9), § p < 0.05 between groups by Mann–Whitney U test, GB, Gynura bicolor; E, energy.
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3.3. Glycemic-Control-Related Markers

Glycemic-control-related markers were shown in Table 3. At baseline, there was
no difference in FPG, fasting insulin, HOMA-IR and QUICKI between groups. After an
8-week intervention, FPG and HOMA-IR were significantly decreased in the GB group
when compared with baseline. In addition, the results remain maintain after the 4-week
washout period (Week 12). The changes of fasting insulin, HOMA-IR and QUICKI in the
GB group were significant when compared with the control group (∆0–8 week).

Table 3. Effects of Gynura bicolor on glycemic control profile.

Control GB

Fasting plasma glucose (mg/dL)
Week 0 111.22 ± 6.43 125.00 ± 3.83 §

Week 8 100.11 ± 2.30 108.22 ± 2.90 §*
Week 12 101.78 ± 3.60 106.00 ± 3.51 *
△0–8 week −11.11 ± 6.04 −16.78 ± 2.72
△0−12 week −9.1 ± 18.8 −19.8 ± 9.3 §

△8–12 week 2.1 ± 9.6 −1.4 ± 8.1
Fasting insulin (mU/L)

Week 0 10.60 ± 0.91 12.87 ± 1.32
Week 8 12.10 ± 1.61 9.89 ± 0.93
Week 12 8.99 ± 0.87 9.00 ± 1.03 *
△0–8 week 1.50 ± 1.30 −2.98 ± 1.37 §

△0–12 week −1.30 ± 2.7 −4.20 ± 4.8
△8–12 week −2.30 ± 3.4 −1.20 ± 3.8

HbA1C (%)
Week 0 5.79 ± 0.12 6.41 ± 0.17 §

Week 8 5.76 ± 0.11 6.30 ± 0.13 §

Week 12 5.69 ± 0.11 6.14 ± 0.14 §

△0–8 week −0.03 ± 0.05 −0.11 ± 0.08
△0–12 week −0.10 ± 0.11 −0.26 ± 0.28
△8–12 week −0.07 ± 0.10 −0.13 ± 0.18

HOMA-IR
Week 0 2.97 ± 0.39 3.95 ± 0.40
Week 8 3.02 ± 0.44 2.63 ± 0.25 *
Week 12 2.30 ± 0.27 2.34 ± 0.26 *
△0–8 week 0.05 ± 0.31 −1.32 ± 0.42 §

△0–12 week −0.52 ± 0.85 −1.52 ± 1.52
△8–12 week −1.00 ± 1.59 −0.36 ± 0.96

QUICKI
Week 0 0.33 ± 0.01 0.31 ± 0.00
Week 8 0.33 ± 0.01 0.33 ± 0.00
Week 12 0.34 ± 0.01 0.34 ± 0.00
△0–8 week −0.00 ± 0.01 0.02 ± 0.01 §

△0–12 week −0.02 ± 0.11 −0.01 ± 0.11
△8–12 week −0.02 ± 0.11 0.00 ± 0.11

Values are mean ± SEM (n = 9), § p < 0.05 between groups by Mann–Whitney U test; * p < 0.05 compared
with Week 0 by Mann–Whitney U test, HOMA-IR, homeostasis model assessment-insulin resistance; QUICKI,
quantitative insulin sensitivity check index.

3.4. Anthropometric Measures, Blood Pressure, Lipid Profile and Liver Function

Anthropometric measures included weight, BMI, body fat, fat-free mass, waist cir-
cumference, hip circumference and waist:hip ratio. There were no differences at baseline,
Week 4, Week 8 and Week 12 between groups or within groups (Table 4). Blood pressure,
TC, HDL-C, LDL-C, AST, and ALT levels did not differ between groups or within groups
at baseline, Week 4, Week 8 and Week 12 (Tables 5 and 6).
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Table 4. Effects of Gynura bicolor on anthropometric and body composition measures.

Control GB

Body weight (kg)
Week 0 62.56 ± 3.10 64.03 ± 3.10
Week 4 62.38 ± 2.67 64.00 ± 2.94
Week 8 62.70 ± 2.84 63.66 ± 3.11
Week 12 59.51 ± 1.92 63.31 ± 3.11

BMI (kg/m2)
Week 0 24.36 ± 0.62 25.96 ± 1.35
Week 4 24.32 ± 0.41 25.94 ± 1.25
Week 8 24.41 ± 0.42 25.54 ± 1.17
Week 12 24.00 ± 0.61 25.64 ± 1.24

Body fat (%)
Week 0 31.83 ± 1.46 32.41 ± 2.47
Week 4 30.84 ± 1.34 32.47 ± 2.46
Week 8 30.33 ± 1.22 31.38 ± 2.34
Week 12 30.88 ± 1.62 31.19 ± 2.34

Fat-free mass (kg)
Week 0 42.82 ± 2.75 42.98 ± 1.81
Week 4 43.29 ± 2.51 42.98 ± 1.89
Week 8 43.88 ± 2.66 43.40 ± 1.82
Week 12 41.11 ± 1.60 43.29 ± 1.88

Waist circumference (cm)
Week 0 85.61 ± 1.29 87.33 ± 3.00
Week 4 84.33 ± 1.39 87.56 ± 3.22
Week 8 83.00 ± 1.90 87.39 ± 2.48
Week 12 82.38 ± 1.29 84.89 ± 2.85

Hip circumference (cm)
Week 0 99.61 ± 1.50 99.56 ± 2.57
Week 4 100.11 ± 1.56 101.00 ± 2.77
Week 8 98.89 ± 1.30 98.39 ± 2.57
Week 12 95.50 ± 1.88 98.44 ± 2.19

Waist to hip ratio
Week 0 0.92 ± 0.01 0.93 ± 0.02
Week 4 0.91 ± 0.01 0.94 ± 0.02
Week 8 0.91 ± 0.01 0.93 ± 0.01
Week 12 0.91 ± 0.01 0.93 ± 0.01

Values are mean ± SEM (n = 9).

Table 5. Effects of Gynura bicolor on blood pressures.

Control GB

Systolic (mmHg)
Week 0 122.89 ± 2.80 135.33 ± 5.06
Week 4 120.89 ± 5.78 136.78 ± 6.28
Week 8 115.22 ± 6.09 133.44 ± 4.19
Week 12 110.88 ± 7.18 120.56 ± 5.23

Diastolic (mmHg)
Week 0 71.22 ± 5.17 78.22 ± 3.05
Week 4 71.78 ± 5.25 80.22 ± 3.03
Week 8 67.67 ± 4.66 77.11 ± 3.12
Week 12 63.25 ± 4.63 72.00 ± 3.54

Values are mean ± SEM (n = 9).
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Table 6. Effects of GB on blood lipid profile and liver function 1–3.

Control GB

Week 0 Week 8 Week 12 Week 0 Week 8 Week 12
Blood lipid profile

TC (mg/dL) 204.2 ± 11.8 197.0 ± 11.0 199.4 ± 11.6 197.7 ± 6.5 199.9 ± 8.9 189.6 ± 10.1
HDL-C (mg/dL) 58.7 ± 4.6 58.9 ± 5.0 61.4 ± 6.2 58.9 ± 4.2 56.2 ± 3.6 56.9 ± 3.6
LDL-C (mg/dL) 136.6 ± 11.0 128.2 ± 9.0 123.1 ± 10.4 * 131.4 ± 7.3 135.8 ± 7.3 123.7 ± 10.6

Liver function
AST (IU/L) 32.7 ± 7.3 22.8 ± 2.5 * 21.9 ± 1.3 24.8 ± 3.6 23.4 ± 2.7 21.8 ± 3.1
ALT (IU/L) 36.7 ± 11.4 23.6 ± 3.7 21.2 ± 2.4 32.1 ± 8.9 29.9 ± 6.8 26.2 ± 7.1

1 Values are mean ± SEM, 2,* p < 0.05 compared with Week 0 by Mann–Whitney U test, 3 GB, Gynura bicolor; TC, total cholesterol; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; AST, aspartate transaminase; ALT, alanine transaminase.

3.5. Oxidative-Stress-Related Markers

Oxidative-stress-related markers were shown in Figure 1. At baseline, vitamin C
(Figure 1a), total polyphenol (Figure 1b) and MDA (Figure 1e) in the GB group were
significantly different when compared with the control group. The baseline total polyphe-
nol level in the GB group was significantly lower when compared to the control group
(0.39 ± 0.01 vs. 0.43 ± 0.01). After asking clients to avoid red-purple food for 8 weeks, the
total polyphenol level in the control group was significantly decreased when comparing
Week 8 to Week 0, though neither group showed any differences at Week 8. Although
FRAP was significantly increased in both control and GB groups after 8 weeks, the delta
value from Week 0 to Week 8 in the GB group was significantly higher than the control
group (3.92 ± 0.56 vs. 1.80 ± 0.19) (Figure 1c). At Week 8, GSH-Px activity in the GB group
was significantly higher than baseline (Figure 1d). At baseline, the levels of MDA in the
GB group were significantly higher than in the control group (9.32 ± 0.62 vs. 5.88 ± 0.65).
After the intervention, the MDA levels of the GB group were significantly decreased when
comparing Week 8 to Week 0, and there were no significant differences between Week 0
and Week 8 of the control group (Figure 1e). Moreover, the differences of MDA levels
between Week 8 and Week 0 were significantly higher in the GB group when compared
to the control group (−5.23 ± 0.66 vs. −0.81 ± 0.43). There were no differences in IL-6
between groups or within groups (Figure 1f).
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Figure 1. Effects of Gynura bicolor on antioxidants, antioxidant capacity and inflammation marker. (a) Vitamin C (µg/mL),
(b) total polyphenols (mg/mL), (c) FRAP (mM), (d) GSH-Px (nmol/min/mL), (e) MDA (µM), and (f) IL-6 (ρg/mL). Values
are mean ± SEM (n = 9). § p < 0.05 between groups by Mann–Whitney U test; * p < 0.05 compared with Week 0 by Mann–
Whitney U test; # the difference value of Week 0 and Week 8 with a significant difference between groups by Mann–Whitney
U test (p < 0.05) FRAP, ferric reducing ability of plasma; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; IL-6,
interlukin-6.

4. Discussion

In 1988, Reaven described a cluster of risk factors for DM and CVD as “syndrome X”,
the former name of “metabolic syndrome (Mets)” [24]. Mets have several definitions. In
Taiwan, Mets is defined as any three of the following five features: waist circumference
>90 cm in men or >80 cm in women, HDL-C < 40 mg/dL in men or <50 mg/dL in women,
FPG ≥ 100 mg/dL, TG ≥ 150 mg/dL and BP ≥ 130/85 mmHg. Insulin resistance (IR)
is considered one of the main pathophysiology that caused Mets. IR causes abnormal
nutrient metabolism such as hepatic gluconeogenesis, lipid peroxidation and TG synthesis.
Moreover, vasoconstriction, oxidative stress and inflammation happened. Under this
condition, it increases the risk of developing CVD [25]. In previous studies, it showed
that IR and β-cell dysfunction were already happening before developing to diabetes [26].
Ford et al. performed a meta-analysis; it concluded that IFG and IGT are associated with
modest increases in the risk of cardiovascular disease. Therefore, preDM is related to
Mets [27]. In our study, all subjects’ FPG levels were over 100 mg/dL and have a large
waist circumference. We considered the subjects in this study to be at a higher risk of
developing Mets and CVD than others.

HOMA-IR was proposed as a simple and inexpensive alternative to more sophisticated
techniques by Matthew et al., and had been evaluated to be reliably used in large-scale
or epidemiological studies [28,29]. QUICKI was first performed by Katz et al. QUICKI
is a novel, simple, accurate and reproductive method for determining insulin sensitivity
in humans [30]. HOMA-IR and QUICKI can only use FPG and fasting insulin to assess
the levels of insulin resistance (IR) and insulin sensitivity. The higher the HOMA-IR, the
higher the levels of IR. QUICKI is the reverse to HOMA-IR. Several studies showed the
different cutoff point of HOMA-IR and QUICKI. Ascaso et al. observed 65 subjects aged
30–60 years in Spain, showing that subjects had IR when HOMA-IR > 2.6 and QUICKI <
0.33 [31]. Keskin et al. described that the cutoff point for diagnosis of IR is >2.5 for adults
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and >3.15 for adolescents [32]. In China, a total of 2217 subjects were observed. It increases
the risks of developing Mets and diabetes when the quartile1 (Q1) of HOMA-IR > 2.8. No
matter which cutoff point they are based on, HOMA-IR and QUICKI in both groups were
abnormal before the intervention period. After an 8-week intervention of GB and a 4-week
washout period, HOMA-IR in the GB group were significantly decreased when compared
with baseline. The difference of QUICKI between baseline and the 8-week intervention
was significantly decreased when compared to the control group. Therefore, we speculated
that an intake of GB may improve the insulin resistance and elevate the insulin sensitivity.
Furthermore, the efforts of improving insulin resistance can be maintained.

Increased consumption of vegetables, whole grains, and soluble and insoluble fiber is
recommended to treat preDM and diabetes individuals. Wolfram and Ismail-Beigi collected
14 randomized clinical trials on diabetes from the past decade. They concluded that im-
proving insulin sensitivity and glucose homeostasis on a plant-based diet is more effective
than other commonly used diets, because plant-based diets contain fiber, micronutrients
(potassium, folate and magnesium) and phytochemicals such as anthocyanins, flavonoids
and chlorophyll [33–35]. The PREDIMED study (PREvencio’n con DIetaMEDiterra’nea)
conducted a 3-month clinical trial. It showed increasing dietary fiber intake with natural
food (22 g per day) on risk factors for CVD in subjects at high risk decreased FPG, TC
and increased HDL-C, which is associated with CVD risk factors [36]. Another random-
ized clinical trial suggested that a moderate amount of dietary fiber intake (7 g per day)
may be beneficial for managing the FPG but no effects on weight and BMI in Japanese
men with hyperglycemia and visceral fat obesity [37]. According to “2005–2008 Nutrition
and Health Survey in Taiwan (NAHSIT)”, the dietary fiber intake in men was 13.7 g and
14 g in women, both of which were less than 25–35 g, the recommended intake from the
Ministry of Health and Welfare (MHW). In our study, the dietary intake (13–14 g) in the
control and GB groups was no different at baseline. After an 8-week intervention of GB,
the dietary intake in the GB group was increased 6 g/day and FPG was decreased when
compared with baseline. One exchange of GB contained dietary fiber (3.1 g). Although
not reaching the recommended intake from the MHW, it did indeed raise the dietary
intake. We speculated that decreased FPG was associated with an increasing intake of
dietary fiber, which is from GB. In addition, total polyphenols and total anthocyanins of
GB extract were 25.54 ± 1.77 mg GAE/g DW and 1.53 ± 0.15 mg CGE/g DW, respectively.
A previous study showed that the main chemical components of GB are phenolic acids,
flavonoids, carotenoids and anthocyanins [38]. Using UPLC-MS/MS analysis, 53 phenolics
were identified [39]. Most polyphenols exist in the form of glycosylated derivatives in GB.
These polyphenols must undergo digestive enzymes and intestinal microbiota metabolism
to become bioactive in the human body [40]. Clinical study in obese healthy subjects did
not support the use of dietary supplementation with dried purple carrot (259.2 mg/day of
phenolic acids) to achieve weight loss, improvements in body composition, LDL-C and
blood pressure [41]. The same results were also observed in our study, because the total
polyphenol was much lower.

Several antioxidants exist in plasma, such as ascorbic acid, vitamin E, carotenoid
and polyphenols. The ability of dietary polyphenols to reduce inflammation is related
to acting as antioxidants, interfering with oxidative stress signaling, suppressing the pro-
inflammatory signaling transductions. The biological significance of phenolic compounds
is not only in direct reaction with ROS, but also in activation of cell signaling pathways [42].
FRAP is presented as a method for assessing total antioxidant power. Ferric ferrous
ion (Fe3+) reduction at low pH causes a navy blue ferrous-tripyridyltriazine (Fe2+-TPTZ)
complex form. The deeper the color, the better the antioxidant power [43]. We observed that
FRAP both in the GB group and control group were increased after an 8-week experimental
period. It meant that total antioxidant power was both enhanced. Moreover, the change
between baseline and Week 8 in the GB group was more significant than in the control group.
MDA is an intermediate product of lipid peroxidation, which usually uses thiobarbituric
acid-reactive substances (TBARS) to quantify. One study showed that smoking and alcohol
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consumption were confounding factors of MDA [44]. GSH-Px is the important enzyme
of the cell defense system. GSH-Px could breakdown peroxide to oxygen and water. The
activity of GSH-Px would decrease when peroxidant increases [45]. A previous study
observed that Aronia extract results from the influence of anthocyanins and possibly
other flavonoids on decreasing MDA and catalase and increasing GSH-Px and superoxide
dismutase activities [46]. In our study, we excluded smoker and alcohol consumption
subjects. MDA and GSH-Px in the GB group were decreased/increased in Week 8 when
compared with baseline, respectively. It showed that, after an 8-week intervention, the
oxidative stress in subjects was decreased.

Because of increasing oxidative stress, the pathophysiology of preDM and T2D were
considered as a chronic inflammation. IL-6 is an important mediator of inflammatory
response [47]. Lucas et al. observed that TNF-α and IL-6 were significantly higher in
overweight/obese young subjects with preDM (BMI > 33 kg/m2) than healthy over-
weight/obese ones [48]. It is not consistent with our study. We speculated that this is
because the study population consisted of all overweight individuals (BMI > 25 kg/m2).
The inflammation generated from adipocytes was fewer than obesity.

The bioavailability of polyphenols was influenced by the molecular weight, conjugated
form (methyl, glucuronide or sulphate) and cooking method. For most flavonoids absorbed
in the small intestine, the plasma concentration then rapidly decreases (elimination half-life
period of 1–2 h). The maintenance of a high concentration in plasma thus requires a repeated
ingestion of the polyphenols over time. Anthocyanins are quite rapidly absorbed, but their
bioavailability seems to be the lowest of all flavonoids [40]. Nielsen et al. concluded that
urinary flavonoids may be useful as a new biomarker for vegetables and fruits [49]. In the
GB group, there were no differences in total polyphenols of plasma. It could be associated
with the fact that the blood sample collection of subjects was not conducted all at the same
time. When all were finished to collect, it already passed the half-life time of polyphenols.
In the control group, total polyphenols of plasma were significantly decreased. It might be
associated with prohibiting eating red-purple food for 8 weeks. We suggested that future
studies must use urine tests to assess total polyphenol intake.

Our study was the first interventional trial using GB for preDM, by using natural
ingredients and at least eating two exchanges of vegetables every day. GB is not only
rich in fiber; it also contains higher polyphenols than other green-leafy vegetables. This
might have resulted in improvement of glycemic control and reducing oxidative stress in
preDM subjects. Although the beneficial effects of GB could be observed, some limitations
needed be addressed. (1) PreDM without medication subjects are difficult to find, because
people pay less attention to their own blood report. (2) The intervention period was 8
weeks. We did not consider that the half-life of HbA1c is about 3 months. (3) The baseline
characteristics had biases between the control group and GB group. This is because we
did not assign randomly, but based on subjects’ dietary habit. Further studies, we suggest,
should consider expanding the intervention time and the allocations of groups.

In conclusion, the subjects in our study were overweight and preDM subjects. After
intervention of two serving sizes of GB for 8 weeks, FPG and MDA were decreased, FRAP
and GSH-Px were increased in the intervention group and HOMA-IR and QUICKI were
improved. We concluded that GB could improve glycemic control and decrease oxidative
stress because of its large amounts of polyphenols. In addition, GB not only has health-care
functions, but its pigments also show potential uses as natural food colorings. Therefore,
GB extract can be used to make functional foods, such as adding to fruit mousse or yogurt.
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Featured Application: Thiosulfinate-enriched Allium sativum extract used as an adjuvant to an-

tibiotic treatment and to sepsis management could improve the response profile and attenuate

the outcome of the sepsis shock.

Abstract: Up to now, there are no studies that have shown a decrease in morbidity and mortality in the
context of sepsis and septic shock, except for antibiotic therapy and the objective-guided resuscitation
strategy. The goal was to evaluate the use of thiosulfinate-enriched Allium sativum extract (TASE)
as an adjuvant in the management of sepsis. An experimental in vivo study was carried out with
male Sprague Dawley® rats. Animals were randomized in three treatment groups: the control group
(I), antibiotic (ceftriaxone) treatment group (II) and ceftriaxone plus TASE treatment group (III). All
animals were housed and inoculated with 1 × 1010 CFU/15 mL of intraperitoneal Escherichia coli

ATCC 25922. Subsequently, they received a daily treatment according to each group for 7 days.
Clinical, analytical, microbiological, and histopathological parameters were evaluated. Statistically
significant clinical improvement was observed in the ceftriaxone plus TASE vs. ceftriaxone group in
weight, ocular secretions, whiskers separation and physical activity level (p ≤ 0.05). When comparing
interleukins on the third day of treatment between II and III, we found statistically significant
differences in IL-1 levels (p < 0.05). Blood and peritoneal liquid cultures of group I were positive for
multisensitive E. coli. Group II and III cultures were negative for E. coli, although an overgrowth of
Enterococcus faecalis was found. In conclusion, TASE used as an adjuvant to antibiotic treatment in
the management of sepsis could improve response profiles with sepsis attenuation, thus reducing
overall mortality after an animal peritonitis model.

Keywords: garlic; Allium sativum; thiosulfinate; allicin; sepsis; immunomodulation; interleukins; rats
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1. Introduction

There are few areas in critical medicine that generate as much interest and research
as sepsis. Despite diagnostic and therapeutic advances, sepsis morbidity, mortality, and
incidence remain very high. Sepsis is an altered host response to an infectious pathogen,
causing potentially life-threatening organ dysfunction, and septic shock is a subset of
sepsis in which the underlying circulatory and metabolic abnormalities are deep enough to
substantially increase mortality [1]. Despite critical care progress in recent years in critical
care, sepsis and septic shock account for more than 50% of deaths in critical care units.

Sepsis is now recognized as a multifactorial host response to an infectious pathogen
that can be significantly amplified by endogenous factors involving the early activation
of both pro- and anti-inflammatory responses along with major modifications in non-
immunological pathways such as cardiovascular, neuronal, autonomic, hormonal, bioener-
getic, metabolic and coagulative [2,3], all of which are of prognostic importance. Addition-
ally, the biological and clinical heterogeneity of affected individuals is important, as well as
age, underlying comorbidities, concurrent injuries (including surgery), medications, and
source of infection [1].

What differentiates sepsis from infection is an aberrant or poorly regulated host
response with the presence of organ dysfunction. The severity of organ dysfunction has
been evaluated with various scoring systems that quantify abnormalities based on clinical
findings, laboratory data, or therapeutic interventions. Differences in these scoring systems
have also resulted in inconsistent information. The predominant score currently in use is
the Sequential Organ Failure Assessment Score (SOFA), which has been simplified in quick
SOFA [1,3].

Garlic (Allium sativum) has long been a medicinal ingredient used as an antineoplastic
and antimicrobial agent. Sulfur compounds (i.e., thiosulfinates) appear to be the active
components in the root bulb of the garlic plant [4,5]. Allicin is the main thiosulfinate of
Allium sativum and could act on four points of the inflammatory cascade. The ability of
allicin to inhibit the activation of the nuclear factor NF-κβ [6], prevent the adhesion of T
cells to endothelial cells and reduce transendothelial migration [7] have been described.
Allicin can also reduce the activity of induced nitric oxide synthase [8] and decrease the
amount of nitric oxide and the vasodilatation that may lead to shock. Additionally, it could
act by preventing the activation of the coagulation cascade by acting as an antiplatelet [9].

Up to now, there are no studies that have shown a decrease in morbidity and mortality
in the context of sepsis and septic shock, except for antibiotic therapy and the objective-
guided resuscitation strategy proposed in the 2016 sepsis campaign. This strategy was
made by a group of international experts who established a series of based-on-evidence
recommendations for the management of acute sepsis and septic shock. It is also the basis
for the better outcome of high-mortality critically ill patients [10]. However, many drugs
have been used unsuccessfully in both animal models and clinical trials [11–15], so there is
still a need of new therapeutics that can overcome the antibiotic resistance.

As allicin is not stable [16], here, we decided to explore whether intraperitoneal
applications of thiosulfinate-enriched Allium sativum extract (TASE) could be an adjuvant
to specific antibiotic treatment in sepsis and septic shock and to evaluate its possible
immunomodulatory role.

2. Materials and Methods

2.1. Animals and Sepsis Model

Male 5-week-old Sprague Dawley® rats (Harlan Laboratories Models SL) were used.
The study was conducted at the Translational Research Unit of the University General
Hospital, Ciudad Real. The procedures were carried out at the same time of day to avoid
the possible influence of the circadian cycle on the results of the work.

Rats were kept with food and water ad libitum, in a cycle of 12 h of light and 12 h of
darkness, and a room temperature of 22 ± 2 ◦C with a relative humidity of 50–70% and
15–20 air renewals per hour without recirculation. They were housed according to RD
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53/2013 and no rat was caged alone to favor their group behavior. In addition, they were
maintained in these environmental conditions to allow acclimatization for a week before
the study started. Animals were randomized in three groups. Group I: physiological saline
(n = 6); group II: ceftriaxone (n = 9); and group III: ceftriaxone + TASE (n = 9). A model of
peritonitis was generated in all groups. Rats from different groups were never housed in
the same cage.

To create the peritonitis model, each rat was administered with an intraperitoneal
injection of bacteria after anesthesia with ketamine/xylacin (75/10 mg/kg), also directly
into the abdominal cavity. Prior to this experiment, we conducted an experimental study to
determine the most optimal inoculum dose to generate the sepsis and septic shock model.
We determined that it was necessary to use a concentration of Escherichia coli ATCC 25922
of 1 × 1010 colony forming units (CFU) in 15 mL of distilled water [17].

2.2. Thiosulfinate-Enriched Allium sativum Extract

Lyophilized Allium sativum extract was obtained from the purple garlic ecotype from
Las Pedroñeras (Ciudad Real, Spain), the only European region with protected geographical
status for garlic (ES/PGI/005/0228/12.03.2002). A patented protocol (WO 2008/102036
A1. Method for obtaining a freeze-dried, stable extract from plants of the Allium genus)
was employed for extraction to guarantee the stability and concentration of allicin and
other thiosulfinates. The standardized composition and concentration of lyophilized Allium
sativum extract are stable for over 10 months at 4 ◦C (Table 1, WO 2008/102036 A1). We
employed diallyl thiosulfinate (allicin) concentration as the reference for the elaboration of
the experimental treatment.

Table 1. Composition of organic and inorganic compounds of lyophilized Allium sativum extract from Las Pedroñeras
(Ciudad Real, Spain) under optimized conditions (WO 2008/102036 A1).

Compound
Concentration

(µg/mg)
Compound

Concentration
(µg/mg)

Dimethyl thiosulfinate 18.30 Se 9.37
Allylmethyl+Methyl-allyl 4.58 B 89.45

Propyl-methyl+Methyl-propylthiosulfinate 3.39 Zn 10.60
Diallyl thiosulfinate (allicin) 5.62 Cd 9.48

Allyl-1-propenyl thiosulfinate 31.02 P 1188.87
1-propenyl-allyl+allyl-propyl thiosulfinate 1.76 Ca 159.11

Propyl-allyl thiosulfinate 1.59 K 3974.85
Di-propyl thiosulfinate 1.65 Mg 188.41

Methyl allyl sulfide 3.58 Cu 298.16
Methyl allyl disulfide 4.73 Fe 95.84
Dimethyl tetrasulfide 6.62 Cr 26.37

Di-allyl trisulfide 0.74 Si 3665.76
Di-methyl pentasulfide 1.63 Mn 1.18

Prostaglandin E1 4.83 Na 102.41
(E,Z)-Ajoene 0.07 Co Non-detected

Inulin 0.10 Hg Non-detected
Vitamin E (α-tocopherol) 3.07 Al, Ni Non-detected

2.3. Experimental Design and Analytical Parameters

In relation to the treatments used, group I received 4.4 mL of 0.9% physiological saline
intraperitoneally, group II received the same intraperitoneal volume with the antibiotic
ceftriaxone (100 mg/kg) and group III the same volume with ceftriaxone (100 mg/kg) +
TASE (0.5 mg/kg; referred to allicin content). In Figure 1, we showed the experimental
scheme of the study.
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Vitamin E (α

Interleukin (IL) 1β/IL α) were deter-

manufacturer’s instructions. All 

Figure 1. Chronological scheme of the study. Day zero started with the arrival of the animals, which included their
respective housing, marking and the beginning of an adaptation process to the animal facility that lasted seven days. On
the seventh day, E. coli inoculation and first treatment dose were performed. Blood samples for interleukin determination
were taken 72 h after. On day 14, animals were sacrificed by lethal doses of anesthesia, with subsequent sampling for
microbiology (blood and peritoneal fluid), interleukins (blood) and pathological anatomy (peritoneum, liver).

The following clinical parameters were evaluated daily: weight, mobility, appearance
(normal, ocular secretions, nasal secretions, whisker position, lack of grooming, piloerection
and dehydration), clinical signs (abdominal distension, hardening distension, temperature)
and behavior (normal, hypoactive, lethargy; response to stimuli).

Interleukin (IL) 1β/IL-1F2, IL-6 and tumor necrosis factor alpha (TNF-α) were de-
termined in blood samples on treatment day 3 (T3) and 7 (T7) with the corresponding
Quantikine® Rat ELISA method (R&D Systems), following the manufacturer’s instructions.
All samples were diluted 1:3 in RD5Y diluent. Each diluted sample and standards were
processed in duplicate. Internal quality control was performed with recombinant buffered
IL control material of known concentration. The final reading was made at 450 nm and
corrected to 550 nm in a microplate reader.

Peritoneal fluid was also sampled on T7 (last day of the experiment) directly from the
peritoneal cavity. Peritoneal fluid study was performed to determine cellularity by Giemsa
staining. During the exploratory laparotomy, the degree of peritoneal inflammation was
evaluated macroscopically. Liver and peritoneum samples were taken for histopathological
evaluation. Thus, samples were paraformaldehyde fixed, paraffin embedded, and 4 µm
sections were made for hematoxylin/eosin staining to analyze the presence or absence of
congestion and immune cells. A blinded expert pathologist evaluated the samples.

2.4. Statistical Analysis

A descriptive statistic of the quantitative variables was carried out to verify that the
minimum and maximum values were in an adequate range. All data were expressed as
mean ± standard error of the mean (x ± SEM).

To analyze the qualitative variables, proportions were compared with the chi-square
test and Fisher’s exact correlation. The means of the continuous variables were compared
with U Mann–Whitney’s test and normal distribution was verified by Shapiro Wilk’s test.

22



Appl. Sci. 2021, 11, 4760

In comparisons at different times within the same groups, tests were applied for paired
variables (Student t for dependent variables or Wilcoxon test as the case may be). For the
comparison between groups, the Kruskal–Wallis test was used as a function of normality.
A significance level of 95% was used for statistical analysis. SPSS 25.0 for Windows (SPSS
Inc., Chicago, IL, USA).

3. Results

Our model of abdominal sepsis is able to generate 100% lethality in rats if no antibiotic
treatment is provided [17], so the control group could not finish the experimentation due
to the fact that all members of the group died after 4–6 h post-inoculum. Unfortunately,
one rat from group II also died after the inoculum despite the ceftriaxone administration,
so we completed group II with eight rats.

In relation to clinical parameters, we found differences when comparing the body
weights of group II and III on days 9, 10 and 11 (p < 0.05), corresponding to the third (T3),
fourth (T4), and fifth (T5) dose of treatment (Figure 2). In relation to stress and suffering
(nasal secretions, ocular secretions, whiskers position, lack of grooming, piloerection,
lethargy, and diarrhea), we could only find differences in the level of activity of rats during
the septic process 72 h post-inoculum (T3), showing greater hypoactivity in group II
compared to group III (p ≤ 0.05). Statistically significant differences were also observed in
the position of the whiskers (p ≤ 0.05) and in the presence of ocular secretions (p ≤ 0.05) at
that time point. No statistically significant differences were found in the rest of the clinical
signs studied (Table 2), and from T4 to T7 (end of the study; data not shown).

In relation to the biochemical parameters studied (IL-1, IL-6, TNF- α), a comparison
was made for the values of each interleukin between treated groups in T3 and T7 (Figure 3).
Considering the levels of IL-1, in T3 we found statistically significant differences when
comparing group II with respect to III (p < 0.05). It was also observed that IL-6 in T3 was
lower in group III, although the values were not statistically significant. As for TNF-α, no
differences between groups were assessed.
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Figure 2. Weight monitoring during experiment: control group (8 days), group treated with ceftriax-
one (CEF; 14 days) and group treated with ceftriaxone + thiosulfinate-enriched Allium sativum extract
(CEF + TASE; 14 days). On day 7, the bacterial inoculum was introduced. Mean ± SEM. * p < 0.05.
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Table 2. Clinical parameters in relation to stress and suffering at T1, T2 and T3 (24, 48 and 72 h post-
inoculum, respectively) for nasal secretions, eye secretions, position of whiskers, lack of grooming,
hair erection, lethargy, and diarrhea. * p ≤ 0.05.

T1
Variable, n/nt (%) CEF CEF + TASE p-Value

Nasal secretions 1 8/8 (100) 7/9 (78) 0.471
Ocular secretions 1 7/8 (88) 7/9 (78) 0.600

Whiskers separation 1 2/8 (25) 6/9 (67) 0.153
Lack of grooming 1 8/8 (100) 6/9 (67) 0.206

Piloerection 1 8/8 (100) 8/9 (89) 0.999
Hypoactivity 1 8/8 (100) 9/9 (100) -

Diarrhea 1 2/8 (25) 0/9 (0) 0.206

T2
Variable, n/nt (%) CEF CEF + TASE p-Value

Nasal secretions 2 7/8 (88) 6/9 (67) 0.576
Ocular secretions 2 6/8 (75) 5/9 (56) 0.620

Whiskers separation 2 2/8 (25) 7/9 (78) 0.057
Lack of grooming 2 8/8 (100) 6/9 (67) 0.206

Piloerection 2 7/8 (88) 5/9 (56) 0.294
Hypoactivity 2 6/8 (75) 4/9 (44) 0.335

Diarrhea 2 2/8 (25) 0/9 (0) 0.206

T3
Variable, n/nt (%) CEF CEF + TASE p-Value

Nasal secretions 3 6/8 (75) 3/9 (33) 0.153
Ocular secretions 3 5/8 (63) 1/9 (11) 0.05 *

Whiskers separation 3 6/8 (75) 2/9 (22) 0.05 *
Lack of grooming 3 0/8 (0) 0/9 (0) -

Piloerection 3 5/8 (63) 2/9 (22) 0.153
Hypoactivity 3 5/8 (63) 1/9 (11) 0.05 *

Diarrhea 3 1/8 (13) 0/9 (0) 0.471

≤

α), a comparison 

α, no 

Figure 3. Interleukin levels in T3 and T7 (treatment day 3 and 7, respectively). CEF = ceftriaxone. CEF + TASE = ceftriaxone
+ thiosulfinate-enriched Allium sativum extract. Mean ± SEM. * p < 0.05.

The peritoneal liquid and blood cultures of the control group were positive for multi-
sensitive E. coli ATCC 25922 and identical to the inoculum (Table 3). Additionally, as
mentioned before, all the rats from the control group did not recover from the inoculum
and died after 4–6 h, showing that our sepsis model is lethal if left untreated. In group II,
only one rat died after inoculation, and of the remaining eight rats, six showed Enterococcus
faecalis in blood cultures, and two in peritoneal liquid. In the blood cultures of the two
remaining rats, the multi-sensitive bacteria E. coli ATCC 25922 appeared. In group III, E.
coli ATCC 25922 was not detected neither in blood nor in peritoneal liquid. In fact, eight
out of nine rats showed Enterococcus faecalis in blood samples, and only one out of nine rats
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showed Enterococcus faecalis in peritoneal liquid. There was also one rat that was negative
for both bacteria.

Table 3. Results of blood and peritoneal fluid cultures stratified by treatment groups and their respective antibiogram.

RESULTS OF MICROBIOLOGIC STUDIES

Number of Rats Blood Cultures
Peritoneal Liquid

Culture

Antibiogram
(Sensitive to Ampicilin,

Vancomycin, Teicoplanin)

Control (Group I) 3 Positive E. coli ATCC
25922

Positive E. coli ATCC
25922 Multisensitive

Ceftriaxone
(Group II)

8
6 Enterococcus faecalis

2–E. faecalis
Sensitive

4–Negative

2 Positive E. coli ATCC
25922 Negative Multisensitive

1 Exitus before 24 h (no
samples collected) - -

Ceftriaxone +
TASE *

(Group III)

8 E. faecalis
1–E. faecalis

Sensitive
7–Negative

1 Negative Negative -

* TASE (0.5 mg/kg; referred to allicin content).

Regarding the histopathological analysis and organ evaluation, the inflammatory
cell count, the presence of bacteria in the liver and on the peritoneal surface, as well as
the congestion and hepatic vacuolization between treatment groups (group II and III), no
statistically significant differences were found (Table 4).

Table 4. Histopathological analysis and organs evaluation in relation to inflammation, bacteria,
congestion, and vacuolization.

Variable, n/nt (%) CEF CEF + TASE p-Value

Liver—hepatic congestion 8/9 (89) 8/9 (89) -
Liver—sinusoidal PMN leukocytes 4/9 (44) 2/9 (22) 0.62

Liver—serosa PMN leukocytes 3/9 (33) 1/9 (11) 0.576
Liver—bacteria 2/9 (22) 0/9 (0) 0.471

Liver—perinuclear vacuolization 6/9 (33) 7/9 (78) 0.599
Peritoneum—PMN leukocytes 3/9 (33) 2/9 (22) 0.999

Peritoneum—bacteria 3/9 (33) 1/9 (11) 0.576

4. Discussion

Until now, many models of sepsis have been described in animal experimentation,
but most of them failed to replicate the human heterogeneous septic process, which is
dependent on the genetic susceptibility of each individual and influenced by sex, age,
comorbidities and drug consumption [18,19]. The murine model described here generates
an efficient, controlled and easily reproducible intraperitoneal infection that could serve as
a basis for future lines of research.

Scientific research based on the use of garlic derivatives has led to ambiguous con-
clusions on the beneficial effects of this plant, thus preventing the application of garlic
products in the treatment of certain diseases [20]. This situation can be attributed to several
factors, among which the following can be highlighted: the chemical instability of this
type of compound [21], the great diversity of industrial processes for their production,
the lack of coherence in terms of the medical properties investigated, and the chemical
composition of the products used in these clinical investigations [22]. With the freeze-dried
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garlic used in this experimental model, these deficiencies could be overcome by using
stable and known concentrations of allicin and other thiosulfinates over time.

At present, there are no studies in the scientific literature that have demonstrated a
decrease in morbidity and mortality in relation to sepsis, except for antibiotics and the
goal-guided resuscitation strategy [23]. Some of the drugs that have been tested are, among
others, corticoids [12], immunoglobulins [13], antithrombin III [14], vasopressin [24] or
anti-TNF [25]. However, the clinical results obtained in our animal experimentation study
are encouraging in this sense and confirm our working hypothesis showing earlier recovery
of weight, less ocular secretions, separation of whiskers and decrease in hypoactivity in
the group where TASE was administered. We also found lower levels of IL-1 on the
third day of treatment, and a tendency to decrease the pro-inflammatory cytokine IL-6
in the TASE group. All these data would support the immunomodulatory role of the
lyophilized garlic, thanks to its action in the inflammatory cascade [26], thus achieving
the attenuation of sepsis and septic shock. Previous work has described the ability to
suppress inflammatory signals of lipopolysaccharide (LPS) through the expression of
anti-inflammatory genes, and the reduction in pro-inflammatory cytokines (IL-6 and MCP-
1) [27]. The work of Lee et al. [28] showed the immunomodulatory activity of garlic in
an experimental sepsis model where clamping and blind puncture were performed to
induce peritonitis. The authors described how the administration of methyl 3-formyl-
4-methylpentanoate (a natural compound derived from garlic) led to the inhibition of
apoptosis of lymphocytes in the spleen and significantly inhibited the production of pro-
inflammatory cytokines such as TNF-α, IL-1β and IL-6. The production of TNF-α and
IL-6 stimulated by LPS was also strongly inhibited by the compound methyl 3-formyl-4-
methylpentanoate sucrose in macrophages derived from mouse bone marrow [28]. In our
study, we could not assess any significant difference on TNF-α levels in the TASE group.

The microbiological analysis showed how the blood cultures of the control group
were positive for E. coli. This bacterium corresponded to the same inoculum with which
sepsis was generated. However, no blood culture or peritoneal fluid were positive for
E. coli in the TASE-treated group. This result highlights the fact that the inoculum was
sensitive to the antibiotic and coadjuvant treatments used. In fact, it is known that there is
a 90% sensitivity of E. coli to ceftriaxone and only 65% sensitivity of Klebsiella pneumoniae.
Despite these moderately high percentages, we are currently in a global state of alarm
due to the increased resistance of several microorganisms to this antibiotic compared to
previous studies [29]. Moreover, most of the blood and peritoneal fluid cultures in our
antibiotic treatment group showed the presence of Enterococcus faecalis. This result could
be explained by considering the broad-spectrum efficacy of ceftriaxone on Gram-negative
and some Gram-positive bacteria. This change of gastrointestinal microbiota would favor
Enterococcus faecalis. One likely explanation for this selection is based on related studies in
mice where LPS and flagellin from Gram-negative and anaerobic bacteria stimulated the
production of RegIIIγ in Paneth cells by interactions with Toll-like receptors. Paneth cells
have an important role in the defense mechanisms of the gastrointestinal tract in several
animal species, thanks to their secretions of lysozyme, phospholipase A2 and defensins [30].
RegIIIγ is a C-type lectin receptor, capable of recognizing carbohydrates present on the
surface of pathogens and is responsible of the internalization of the pathogen for antigen
presentation and the induction of an immunological response. Thus, the level of RegIIIγ
maintains the balance between the bacteria that compose the intestinal microbiota and
the host [31]. When ceftriaxone used in our study killed the Gram-negative bacteria, it
decreased the production of RegIIIγ and facilitated the growth of Gram-positive coccus
(i.e., Enterococcus faecalis). Then, those Gram-positive could cross the intestinal barrier and
reach the systemic circulation, liver and more. Therefore, if the antibiotic treatment persists
for a long time, there could be a potential risk of bacterial endocarditis.

Few studies with animal models associate histological, clinical, and microbiological
findings in intraperitoneal organs such as liver, peritoneum, and intestine after induced
peritonitis. In this sense, our study tried to correlate those findings with the clinical response

26



Appl. Sci. 2021, 11, 4760

to a treatment based on a thiosulfinate-enriched garlic extract. Only Lee et al. [28] examined
the lung after peritonitis for these inflammatory changes, and also after therapy with a
garlic derivative. Unfortunately, we could not obtain any histopathological difference
between treatment groups because the tissue and organ evaluations were assessed at the
end of the experiment and rats from both treatment groups were mostly recovered from
the septic insult. Moreover, our study has several limitations that are inherent to the animal
model of sepsis and septic shock that we use. First, the amount of blood collected was
limited and did not allow the measurement of a greater number of inflammatory factors
and biomarkers of endothelial damage. Secondly, no measurements were taken in relation
to myocardial function and macrocirculation such as mean arterial pressure, contractility,
peripheral vascular preload, and resistance to perform a target-guided therapy as it is
usually performed in humans.

5. Conclusions

Thiosulfinate-enriched Allium sativum extract used as an adjuvant to antibiotic treat-
ment and to sepsis management could improve the response profile and attenuate the out-
come of the sepsis shock, mostly during the first days of the combined treatment. Further
research would be necessary to clarify the immunomodulatory role of this plant extract.

6. Patents

Patent WO 2008/102036 A1. Method for obtaining a freeze-dried, stable extract from
plants of the Allium genus.

National patent (Spanish Trademark number ES2675282A1). Allium sativum extract,
its use for the manufacture of a medicinal product for the treatment of diseases, and its
obtaining procedure.
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Abstract: The present study evaluates the effect of olive (Olea europaea L.) vegetation water on human
cells regarding its antioxidant properties and radical scavenger bioactivities. To this aim, two food
supplements containing concentrated olive water in combination with 6% lemon juice or 70% grape
juice, respectively, were assessed in different oxidation assays. From the investigated polyphenols,
hydroxytyrosol, present in olives and in a lesser extent in grapes, was found to be the most abundant
in both formulations, followed by tyrosol and oleuropein for the olive-derived concentrate with
lemon juice, and by proanthocyanidins and tyrosol for the olive concentrate with grape juice. Cellular
studies suggest that both formulations are effective antioxidants. In particular, the combination
of olive and grape extracts showed a remarkable superoxides-, hydroxyl radicals-, and hydrogen
peroxides-scavenging activity, while the formulation containing 94% olive concentrate wasmore
potent in protecting the cells against lipoxidation. Both products showed a significant and similar
effect in preventing advanced glycation end products’ (AGEs) formation. In addition, preliminary
data indicate that hydroxytyrosol is absorbed into the human body when administered via these hy-
drophilic matrices, as confirmed by the urinary excretion of free hydroxytyrosol. Since the availability
of phytochemicals largely depends on the vehicle in which they are solved, these findings are of
relevance and contribute to supporting the healthful effects here assessed in a cellular environment.

Keywords: hydroxytyrosol; olive extract; olive polyphenols; grape extract; oleuropein; antioxidant
capacity; F2-isoprostanes; AGEs

1. Introduction

Many consumers associate the fruit of the olive tree (Olea europaea L.) mainly with
the resulting oil, the precious olive oil that is considered particularly healthy compared to
other oils. The raw olive fruit contains several types of phenols, thecontents of which vary
with the olive cultivar, mainly tyrosol and its derivatives, phenolic acids, and flavonoids [1].
However, many of these substances that the olive has to offer from a health perspective
are water-soluble, and thus remain largely in the residue of the olive pressing and the
oil contains only a small part. This is the case of hydroxytyrosol, a polar phenol slightly
soluble in fats, which can be found in olives as a simple phenol, or either esterified with
elenolic acid to form oleuropein aglycone, and which is naturally present in significantly
higher concentrations in the olive fruit’s aqueous fraction.

The vegetation water, resulting from the pressing of the olive fruits duringthe pro-
duction of the olive oil, is rich in bioactive compounds, particularly polar phenols, and
typically contains 98% of the total phenols of the olive fruit [2].

The positive health effects of olive polyphenols are already known; in particular,
hydroxytyrosol has potential antioxidant, anti-inflammatory, and health benefits mainly
related with cardiovascular diseases [3–6].

Bioavailability and pharmacokinetic analyses, which were mainly reported with pure
hydroxytyrosol and with olive oil, suggest that hydroxytyrosol can be rapidly absorbed
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from blood and distributed in the human body [7], metabolized, and quickly eliminated
in urine mainly as glucuronide and sulfate [8]. Currently, hydroxytyrosol from different
sources is available on the market. Its absorption and subsequent urine excretion may be
dependent on the vehicle of administration [9]. Thus, the bioavailability of hydroxyty-
rosol and its precursors (oleuropein and tyrosol) from those specific sources would be a
prerequisite for its health effects in humans.

The present study addresses the bioactivity of hydroxytyrosol-rich extracts, obtained
from the vegetation water resulting from olive oil production. Herein, hydroxytyrosol is
present as both a simple phenol and as oleuropein aglycone.

For the study, olive-derived concentrates combined with 6% lemon juice or 70% grape
juice and marketed as liquid supplements were characterized. Bioactivities, mainly related
to the antioxidant potential, were evaluated in cultured cells by means of the antioxidant
capacity (cellular antioxidant activity assay, superoxide dismutase and catalase activities),
the protection against lipoxidation (inhibition of F2-isoprostanes formation) and glycation
(inhibition of AGEs formation). In addition, preliminary data on the bioavailability and uri-
nary recovery of free hydroxytyrosol through acute administration of the food supplements
are presented from an open-label cross-over study with four volunteers.

Despite the difference in the composition of both formulations, the main phytochemi-
cal in the ones that were investigated was hydroxytyrosol, present in both olive fruit and
to a lesser extent in grapes. The treatment of the cells with the supplements gave positive
results, although these were slightly different in magnitude, through antioxidant actions.
The high bioactivity observed suggests a possible application in the maintenance of the
cellular redox state and for related health benefits.

2. Materials and Methods

2.1. Standards and Reagents

2,2′-azobis [2-methylpropionamide] dihydrochloride (AAPH), quercetin dihydrate,
and 2′-7′-dichlorodihydrofluorescin diacetate (DCFH2-DA) were purchased from Sigma-
Aldrich (Milan, Italy). Hydroxytyrosol and oleuropein were procured from Cayman Chem-
ical (Ann Arbor, MI, USA). Resveratrol was purchased from Sigma-Aldrich (Steinheim,
Germany). Dulbecco’s modified Eagle’s medium (DMEM) high-glucose culture media,
L-glutamine, trypan blue solution, and trypsin-EDTA solution 10X were culture grade and
purchased from Merck (Milan, Italy). Fetal bovine serum (FBS), Dulbecco’s phosphate
buffered saline (PBS) without Mg2+ and Ca2+, and Hank’s balanced salts solution (HBSS)
were culture grade and purchased from Euroclone SpA (Milan, Italy). Water, acetoni-
trile, formic acid, and methanol (all LC-MS-grade) were purchased from VWR Chemicals
(Darmstadt, Germany). All other chemicals were analytical grade and purchased from
common sources.

2.2. Sample Material

The food supplements analyzed are derived from olive fruit (Olea europaea L.) vege-
tation water subjected to filtration and concentration, and were supplied by Fattoria La
Vialla (Castiglion Fibocchi, Arezzo, Italy). The commercial brands are Oliphenolia bitter™
and Oliphenolia™, hereinafter referred to as P-1 and P-2, respectively. P-1 consists of 94%
concentrated olive aqueous fraction and 6% lemon juice (Citrus limon L. fructus); while
P-2 is characterized by 30% concentrated olive extract and 70% grape juice (Vitis vinifera
L. fructus).

2.3. Analysis of Polyphenols

The samples were diluted with methanol (50:50 v/v), ultrasonicated, centrifuged, and
filtrated through 0.45 µm regenerated cellulose filters prior to measurement by UHPLC-MS,
with an Acquity UPLC I-Class system coupled to a XEVO-TQS micro mass spectrometer
(bothWaters, Milford, MA, USA). The instrument consisted of a sample manager cooled
at 10 ◦C, a binary pump, a column oven, and a diode array detector measuring at 280 nm.
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The column oven temperature was set at 40 ◦C. The gradient started with 2% A and raised
linearly to 15% within 5.5 min, then to 100% A within 1 min before holding for 1.5 min as a
washing step; it then decreased back to 2% B within 1 min and was equilibrated for 2 min.
Eluent B was water with 0.1% formic acid, eluent A was acetonitrile with 0.1% formic acid,
the flow was 0.4 mL/min on an HSS T3 RP column (150 mm x 2.1 mm, 1.7 µm particle size)
combined with a precolumn (Acquity UPLC HSS T3 VanGuard, 100 Å, 2.1 mm × 5 mm,
1.8 µm), both from Waters (Milford, MA, USA). The injection volume was 2 µL.

The peaks were identified by MS/MS (MRM 153 > 123 for hydroxytyrosol, 539 > 377
for oleuropein and SIR 137 for tyrosol in negative mode and MRM 229 > 135 for resveratrol
operating in positive ion mode). The source voltage was kept at 1.5 kV, and the cone voltage
was 20 V. The source temperature was set at 150 ◦C and the desolvation temperature at
350 ◦C with a desolvation gas flow of 650 L/h and a cone gas flow of 50 L/h. Standard
substances were used as reference.

Proanthocyanidin monomers were determined according to Kelm et al. [10].
Data were acquired and processed using MassLynx (Waters, Milford, MA, USA).

2.4. Cell Cultures

Human hepatocellular carcinoma (HepG2) and human keratinocytes (HaCat) cell lines
were obtained from CLS (Cell Lines Service GmbH, Germany) and cultured at 37 ◦C under
a humidified atmosphere of 5% CO2 in DMEM containing 2 mM L-Glutamine, 4.5 g/L
glucose, and 10% of heat-inactivated FBS. Experiments were performed with DMEM
low-glucose (Lonza Ltd., Morristown, NJ, USA) supplemented with 2 mM L-Glutamine
without FBS in either, 6-well culture plates for AGEs, catalase, and superoxide dismutase
(SOD), 12-well plates for F2-isoprostanes, or 96-well black plates for the cellular antioxidant
activity (CAA) and vitality assays. For each cell-based test, P-1 and P-2 samples were
centrifuged, sterile-filtered and directly diluted into culture media before testing.

2.5. Cellular Viability Assay

To determine the optimal growth conditions of cells following 4 h treatment with the
sample material, five serial dilutions were evaluated for P-1 and P-2 (range 1:150 to 1:750
and 1:250 to 1:1250 for HaCat and HepG2 cells, respectively), and the metabolic activity
was monitored using the resazurin toxicity assay according to the manufacturer’s instruc-
tions (Tox-8 kit, Sigma-Aldrich, Italy). Fluorescence was read at 37 ◦C (Em. 590 nm/Ex.
540 nm) in a multiwell fluorescence reader (Fluostar Optima, BMG LabTech, Offenburg,
Germany). Data were processed using Mars 2.0 Optima Data Analysis software (BMG
LabTech GmbH, Germany).

2.6. Cellular Antixidant Activity (CAA)

The intracellular reactive oxygen species (ROS) formation was detected with the CAA
method by spectrofluorimetry using the cell-permeable probe DCFH2-DA, as previously
described [11,12]. Briefly, HepG2 cells were cultured until confluence and pre-incubated for
an hour with DCFH2-DA and increasing concentrations of the sample dilutions (1:750 to
1:250 v/v) or the quercetin standard. After the addition of AAPH, the absorbed probe was
oxidized to a high fluorescent molecule within the cytoplasm, which was measured at 37 ◦C
for an hour at excitation 485 nm and emission 540 nm (Fluostar Optima, BMG LabTech,
Germany). Raw data were analyzed using MARS 2.0 Optima Data Analysis software (BMG
LabTech, Germany). Results are expressed as µmol of quercetin equivalency (QE) per mL
of product and as the mean of five independent measurements ± standard deviation.

2.7. Cellular Extract Preparation

At the indicated time points, the cells were harvested in ice-cold PBS and collected in
2 mL centrifuge tubes before homogenization for the AGEs, catalase and SOD experiments.
For whole lysates preparation, samples were homogenized using the Cell Disruptor Genie®

(Scientific Industries Inc., Bohemia, NY, USA) with 0.5 mm glass beads, according to the
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manufacturer’s instructions. Whole protein lysates were obtained by centrifugation for
10 min at 10,000× g, clear supernatants were transferred to clean tubes and their total
protein content was determined according to the Bradford method [13], and they were then
preservedat −80 ◦C for further analysis.

2.8. Catalase Activity Assay

HepG2 cells were cultured without (untreated control) or with the specific sample
material (dilution 1:750 v/v) for 72 h. After treatment cells were harvested and lysed, the
catalase activity was immediately measured by fluorescence using a commercial assay
(Arbor Assays Ltd., Ann Arbor, MI, USA, Cat. No: K033-F1) according to manufacturer’s
instructions. Raw data were analyzed using Mars 2.0 Optima Data Analysis software
(BMG LabTech GmbH, Germany), and the results were normalized with the total protein
content, expressed as the mean of two experiments and as units of catalase activity per mg
of protein ± standard deviation, and then compared with the untreated control.

2.9. Superoxide Dismutase (SOD)

HepG2 cells were incubated for 72 h with 1:750 v/v dilution of the samples.After
treatment cells were harvested and lysed for further absolute quantification of SOD activity
using a commercial kit (Sigma-Aldrich, Italy; SOD assay, Cat. No: 19160) following the
manufacturer’s recommendations. In the presence of oxygen, xanthine oxidase generates
O2

•−, which in turn converts a colorless substrate into a yellow product. Samples with
increasing levels of SOD cause a decrease in the O2

•− concentration, reducing the yellow
color, which is read at 450 nm. Raw data were analyzed using Mars 2.0 Optima Data
Analysis software (BMG LabTech GmbH, Germany), and the results were normalized,
expressed as mean of three experiments in terms of units of SOD activity per mg of protein
± standard deviation, and compared with the untreated cells.

2.10. Endogenous F2-Isoprostanes Measurement

HaCat cells were seeded in 12-well plates (500,000 cells/mL) and pre-incubated
overnight without (untreated control) or with diluted samples (1:750 v/v). After replacing
the culture media, lipoxidation was provoked by incubating with AAPH 1 mM for 2.5 h. Su-
pernatants were then removed, centrifuged and immediately investigated for 8-epi PGF2α
concentrations using a commercial ELISA kit (item n. 516360, Cayman Chemical, USA)
following manufacturer’s protocol. Results, expressed as the mean of three experiments ±
standard deviation, were determined using Mars 2.0 Optima Data Analysis software (BMG
LabTech GmbH, Germany).

2.11. Endogenous AGEs Measurement

HaCat cells were plated and incubated overnight in complete culture medium. For
the experiments the culture medium was replaced with serum-free medium without
(untreated control) or with diluted samples (1:750 v/v). After an hour of incubation, the
medium was replaced with an AGEs-inducer solution containing glyoxal and/or S-p-
bromobenzylglutathione cyclopentyl diester at increasing concentrations and incubated
for 4 h. Whole protein lysates were processed for quantitative determination of AGEs
with a commercial ELISA kit (Cusabio Ltd., Wilmington, DE, USA, Cat. No: CSB-E09412h)
according to the manufacturer’s recommendations. Spectrophotometric measurements
were recorded with a multiwell reader (Fluostar Optima, BMG Labtech, Germany), and
the raw data were analyzed using Mars 2.0 Optima Data Analysis software (BMG LabTech
GmbH, Germany) and expressed as the mean of two experiments ± standard deviation
and as AGEs concentrations relative to protein content.

2.12. Bioavailability

A pilot, open-label, single-dose, two-period, cross-over design study was conducted in
our laboratory to test the urinary excretion of free hydroxytyrosol and trans-resveratrol in
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self-reported healthy volunteers. In the investigation, two males and two females received,
after an overnight fast, a single dose (50 mL) of one food supplement with 200 mL of
water separated by one week wash-out period before administration of a single dose of
the second food supplement. Urine samples were collected immediately before intake
(baseline) and after 30 min of intake. The samples were centrifuged and filtered before
being measured by LC-MS/MS, as described above. Freshly prepared urine-blank samples
spiked with standards were used for the hydroxytyrosol calibration.

3. Results

3.1. Characterization of the Food Supplements

Table 1 shows the chemical characterization of a representative batch of P-1 and P-2.
Of the selected phytochemicals identified, hydroxytyrosol is the main phenolic compound
in both samples, as shown by the LC-MS analysis.

Table 1. Chemical analysis of selected phytochemicals of olive-derived food supplements. Values are
expressed as mean ± standard deviation of 2 determinations. a single determination. * manufacture’s
data; – not determined.

P-1 P-2

Parameters Content (mg/L)

Hydroxytyrosol 1196 ± 35 1399 ± 45
Oleuropein a 18.1 11.9

Tyrosol 27.0 ± 0.4 43.9 ± 3.5
Trans-resveratrol – 3.34 ± 0.04

Total phenolic content a* 11,220 11,371
Proanthocyanidin monomers – 165 ± 4

A comparison of the average amount of total phenolics gives similar results for both
samples. Despite the ratio of olive water being lower in P-2, this compound contains
higher amounts of hydroxytyrosol and derivatives. This result is consistent with P-2′s
combination of grape juice and further concentrated olive vegetation water, as both would
contribute to the hydroxytyrosol content. In addition, P-2 comprises trans-resveratrol
and proanthocyanidin monomers from grapes, phytonutrients that have considerable
antioxidant properties, and that are also said to have positive effects on health [14–18]. It is
very likely that P-2 contains additional polyphenols from grapes, and that the two products
may also differ in the content of vitamins, or the phytocomplex they contain, though they
will not be described in detail here, as hydroxytyrosol is the main polyphenol from the
olive on which we are focused.

3.2. Bioassays

Since the aqueous olive extracts show a high content of natural phenols, we examined
their possible connection with the prevention of oxidative stress. To this end, sample
dilutions found to be non-toxic to the HepG2 and HaCat cell lines were further investigated
for their antioxidant effects.

3.2.1. CAA

The CAA measures the ability of an antioxidant sample to inhibit the formation of
induced reactive oxygen species (ROS) within cells [11]. While antioxidant samples inhibit
the formation of free radicals in a dose-dependent manner, an increment in intracellular
fluorescence denotes an increment in ROS formation [19]. Both purified extracts exert
a strong antioxidant activity in the CAA assay (Table 2 and Figure 1) by inhibiting the
production of peroxides at the intracellular level.
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Table 2. CAA results.lts. Ŧ HepG2

Ŧ

±
±

HepG2 cells’ viability > 90% in the dilution range tested; ** QE = quercetin
equivalency; * p < 0.05 according to t test.

Treatment Dilution Rangelts. Ŧ HepG2

Ŧ

±
±

(v/v) µmol QE/mL **

Sample P-1 1:250- 1:750 6.77 ± 0.77 *
Sample P-2 1:250- 1:750 9.20 ± 1.57 *

Ŧ

Ŧ

±
±

Figure 1. CAA of P-1 and P-2. Data are represented as box plots, showing median, 25–75% quartiles,
standard error, and total range of values from 5 experiments. QE = quercetin equivalency.

We found that P-2, containing grape and olive concentrates, displayed a more potent
cellular antioxidant potential compared to P-1 containing 94% of the olive extract (p < 0.05).
In a preventive treatment, the CAA values were 9.20 and 6.77 µmoles quercetin equivalents
per mL for P-2 and P-1, respectively.

Interestingly, the results for both purified extracts of olive water are even superior to
those of extracts known to be highly antioxidant, such as pure chokeberry juice, which in
the CAA test yields an average of 5.27 µmol QE/mL (unpublished results).

Similarly, data reported elsewhere have showed that polyphenols extracted from
olive vegetation water are able to inhibit ROS production in human neutrophils and in
endothelial cells exposed in vitro [20,21].

3.2.2. SOD and Catalase Activities

To minimize the harmful effects of excess ROS, aerobic organisms have developed
several lines of antioxidant defense, which are employed in addition to the direct action
of antioxidant molecules [22]. Among these, the enzymatic defense plays a key role in
oxidative damage prevention [23]. Catalase and superoxide dismutase (SOD) directly
scavenge hydrogen peroxide and superoxide radicals, respectively, converting them into
less reactive species.

Given the performance of P-1 and P-2 samples in the CAA test, we evaluated the
endogenous SOD and catalase defense in HepG2 human cells after treatment with both
formulations, and then compared these to the untreated cells (baseline activity). Under the
conditions tested, both supplements showed an increased SOD activity (p < 0.01) in liver
cells compared to the untreated control (Table 3). A similar effect on catalase activity was
found with the P-2 sample, but not with the P-1 sample.

36



Appl. Sci. 2021, 11, 4763

Table 3. Antioxidant enzyme activity measured in cell-lysates after 72 h of treatment with the sample
material. Average results are expressed in terms of activity units per mg of protein ± standard
deviation. UTC: untreated control cells. * p < 0.01 according to t-test.

Treatment U SOD/mg Protein U Catalase/mg Protein

UTC 6.87 ± 0.44 * 5.52 ± 0.04
P-1 7.93 ± 0.13 * 5.51 ± 0.03
P-2 9.23 ± 0.24 * 7.39 ± 0.18

Similar results supporting the increase in catalase and SOD after treatment with
phenolic-rich olive water were obtained by others through a series of cellular tests [20],
and in vivo in rats’ liver [24].

In accordance with the results obtained in the CAA dosage, the P-2 formulation
containing grape and olive extracts exerts a stronger antioxidant effect than the formulation
without grape extract. This suggests a potent synergism of olive water polyphenols in the
presence of grape extract, and could be explained by the different phenolic compositions,
which include, among other things, grape-derived phenolic compounds, such as trans-
resveratrol, anthocyanins and proanthocyanidins, as well as a further concentration of the
olive vegetation water, which results in a higher content of hydroxytyrosol and tyrosol.

3.2.3. Cellular Peroxidation

Isoprostanes are a family of eicosanoids produced by the random oxidation of tissue
phospholipids by oxygen radicals. Several studies have shown that the content of F2-
isoprostanes in the human body (i.e., measured in vivo) is directly related to oxidative
damage to lipids. In particular, the 8-epi-prostaglandin F2-alpha isomer (8-isoprostane),
an end product of the lipid peroxidation chain reaction, has been proposed as a reliable
signaling molecule for antioxidant deficiency and oxidative stress [25–28]. The degradation
of lipids by lipoxidation occurs as a result of oxidative damage, and consequently the levels
of isoprostanes increase, contributing in turn to the development of many diseases related
to oxidative stress.

To evaluate the potential of olive-derived supplements in protecting cellular lipids
from oxidative damage, we measured the levels of free 8-isoprostanes in cultured cells.
Modest amounts of 8-isoprostanes were present in the culture media under normal culture
conditions (untreated control), which were increased by oxidative stress after induction
by AAPH treatment, but these decreased after incubation with olive-derived extracts or
quercetin treatments (Figure 2 and Table 4); compared with untreated cells (baseline level),
treatment with P-1 caused a significantly (p < 0.05) greater reduction in the content of free
8-isoprostanes (~29% reduction), while P-2 showed a moderate yet not significant effect on
lipid oxidation protection (~6% reduction).

α

α

Figure 2. Box plots represent the free isoprostanes (8-epi PGF2α) released in culture, showing median,
25–75% quartiles, standard error, and total range of values from 3 experiments. UTC: untreated
control cells; +: lipid peroxidation initiator; Q: quercetin control. * p < 0.05 versus UTC.
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Table 4. Free isoprostanes released in culture after treatments. The relative values (third column)
were normalized to the UTC, which represents the basal amount of isoprostanes under normal culture
conditions, and multiplied by 100. UTC: untreated control cells; AAPH: lipid peroxidation initiator;
Q: quercetin 100 µM. * p < 0.05 vs. UTC.

Treatment 8-epi PGF2α (pg/mL) Relative Isoprostanes (%)

UTC 21.80 ± 1.95 100.0
AAPH 28.45 ± 0.76 * 130.5 *

P-1 15.42 ± 1.18 * 70.7 *
P-2 20.49 ± 0.60 93.9
Q 10.24 ± 2.23 * 47.0 *

The products derived from olives appear to cut down the number of oxidative attacks
on the cell lipid membrane; in fact, the basal oxidative stress is effectively quenched
compared to the untreated control cells, thus promoting cellular health. Similarly, in
humans, oils rich in olive polyphenols have been shown to reduce the urinary excretion of
F2-isoprostanes [29].

3.2.4. Antiglycation Activity

Advanced glycation end products (AGEs) are a heterogeneous group of substances
that are formed in the human body during non-enzymatic glycosylation between the
carbonyl group of a reducing sugar and a free amino group of a protein [30,31]. AGEs
play an important, albeit complicated, role in cellular aging processes, in which they
are produced in large quantities, causing oxidative stress, inflammatory reactions, and
chronic diseases such as diabetes and cardiovascular disease [32,33]. Hyperglycemia, the
accumulation of triosephosphates and ketone bodies, lipid peroxidation, and oxidative
stress can increase AGEs formation [34]. The irreversible glycation of proteins in turn
results in structural alterations and the accumulation of defective proteins in cells, which
impactnormal physiological functions [35].

Since increased intracellular and extracellular stress is a source of AGEs accumulation
in vivo, and the antioxidant activities of natural phenolics may inhibit the AGEs produc-
tion [36,37], we investigated cellular AGEs to further support the potential of P-1 and P-2
in preventing the cellular stress.

We have found that both products reduce the formation of new AGEs (Table 5).

Table 5. AGEs content in cell lysates after treatment with the extract products and an AGEs-inducer
mix. UTC: untreated control cells; +: AGEs inducer solution. Relative AGEs values are normalized
to the UTC, which represents the basal amount of AGEs in normal culture conditions, multiplied
by 100.

Treatment µg AGEs/mg Protein Relative AGEs (%)

UTC 1.02 ± 0.006 100
+ 2.64 ± 0.042 258

P-1 0.52 ± 0.008 50.9
P-2 0.47 ± 0.007 46.0

Relative values greater than 100 indicate cellular accumulation of AGEs (e.g., treatment
with the AGE-inducer alone), while lower values indicate a potential for the sample to
reduce the AGEs formation. Pre-incubation of the cells with each product, followed by
the induction of AGEs formation, effectively cleanses the cellular AGEs, with respect to
both the AGEs-inducer treatment alone and with the cells under normal culture conditions.
The strong positive influence is similar for both pre-treatments with each olive-derived
concentrates, and both show a nearly 50% reduction in AGEs formation in vitro.

Our results are consistent with data from a recent study conducted with an olive leaf
extract concentrated in hydroxytyrosol (54.5 mg/g), in which a reduction in AGEs produc-
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tion was demonstrated in HepG2 cells subjected to carbonyls-induced stress [38].These
authors reported that, likely due to a synergistic effect of hydroxytyrosol and other minor
compounds with similar polarities, the olive leaf extract exerts a wide antiglycative activity.

3.3. Bioavailability

Several cellular effects have been evaluated in vitro to test the antioxidant potential of
olive water concentrates. Although, the bioavailability of such components is a prerequisite
to any health claim made based on cellular tests. To investigate whether the hydroxytyrosol
and trans-resveratrol consumed with the food supplements here studied are bioavailable,
we conducted a pilot internal study with four volunteers (two male, two female). Volunteers
in a fasted state received a single dose of 50 mL of P-2 in period 1 and 50 mL of P-1 in period
2, separated by a one-week wash-out period. Trans-resveratrol and hydroxytyrosol in its
free form were undetectable in urinary samples collected immediately before intake. Free
hydroxytyrosol, but not free trans-resveratrol, was detectable in urinary samples collected
30 min after the intake of both supplements and in all the volunteers (Figure 3).

 
Figure 3. UHPLC-MS/MS chromatograms of the MRM 153 > 123. (A) hydroxytyrosol standard in urine; (B) representative
urine sample taken 30 min after ingestion; (C) representative urine sample before intake of the supplement/product.
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Similarly, previous human studies have showed that plasma and/or urinary hydroxy-
tyrosol increase following the oral administration of hydroxytyrosol, consumed with olive
oil [39–41], liquid or encapsulated olive leaf extract [42], and encapsulated extract from
oil mill wastewater [8]. In these experiments, the absorption and excretion of orally ad-
ministered hydroxytyrosol, collected mainly in conjugated forms and in a dose-dependent
manner, have been shown. Furthermore, it has been shown that human absorption may
differ depending on the composition of the food matrix through which the hydroxytyrosol
is dispensed. Besides this, the bioavailability is likely influenced by wide interindividual
variability in the absorption and metabolism [43].

Our preliminary results show that hydroxytyrosol consumed together with a hy-
drophilic vehicle is bioavailable in the human body, independently of the interactions of
the combined fruit extracts used. Moreover, hydroxytyrosol can be detected in urine in
its free form. This is relevant as the absorption of hydroxytyrosol is dependent on the
vehicle of administration [9]. This is likely because the interaction between olive water
and grape or lemon juices influences the hydroxytyrosol absorption and recovery yield.
Further studies should be done to verify this hypothesis.

4. Discussion

Our study explores the antioxidant potential of two food supplements derived from
olive vegetation water, mainly characterized by a high content of hydroxytyrosol. The
antioxidant activity was determined by measuring the cellular antioxidant activity, the
catalase and SOD activities in the HepG2 cell line, as well as the inhibition of lipid peroxi-
dation and glycoxidation in the HaCat cell line. The tests carried out have shown that both
olive-derived products have a strong positive influence on cells; this influence is complex
and not one-dimensional. This reflects the complex nature of the sample materials and
suggests a powerful synergy of hydroxytyrosol with other olive phenols, which is further
potentiated in the presence of the grape phytocomplex. In particular, both supplements are
able to reduce oxidative parameters in vitro.

On one hand, P-1, containing 94% olive water concentrate, showed a good capacity in
the CAA and SOD assays, but a better performance in preventing isoprostanes formation
in vitro when compared to P-2 (Table 6). On the other hand, P-2, containing olive and grape
concentrates, showed a greater antioxidant potential for scavenging reactive species, as
indicated by its greater potential in removing the hydroxyl radicals and by its higher SOD
and catalase activities. Regarding the prevention of AGEs accumulation, both products
showed an excellent capacity in vitro. The overall better antioxidant performance of P-2
in vitro could be explained by the higher concentration of olive-derived polyphenols, as
well as the presence of grape-derived antioxidants, which include, among others, the
trans-resveratrol, anthocyanins and proanthocyanidin monomers.

Table 6 describes the cellular effects measured, and their links to the attributed in
vivo effects.

The mechanism of this positive influence needs to be better understood and has
led us to further investigations on the mechanisms and dynamics of the effects of food
supplements derived from olive vegetation water on human cells. However, understanding
the absorption and bioavailability of these key molecules after oral administration remains
a prerequisite before any potential health effect can be derived. In this sense, the pilot trial
shows that the hydroxytyrosol supplied with ahydrophilic matrix combining olive fruit
concentrate and lemon or grape juices is effectively absorbed, and then urinarily excreted
as hydroxytyrosol in its free form.

In subsequent studies, the exact excreted fraction will be determined, and further
focus will be placed on the metabolites to obtain a broader picture of the entire ADME
properties.

Overall, preliminary data obtained in vitro indicate that the aqueous extracts of olives
can actually improve the cellular redox status and related markers, and that their main
active ingredient is bioavailable to the human body. Aqueous olive concentrates, with or
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without grape concentrate, are valid candidates for the prevention of cellular oxidative
damage, and thus merit further attention.

Table 6. Results of bioassays on human cell lines and the effects’ connections in vivo. Direction of in vitro effect: increased
(↑), decreased (↓), or no effect (~). Effect magnitude compares P-1 to P-2.

In Vitro Test Cellular Effect

Magnitude and Direction of
the Effect In Vitro Associated In Vivo Effect

P-1 P-2

CAA Removal of hydroxyl
radicals ↑ ↑↑

Hydroxyl radical damage protection.
Consequences of hydroxyl radicals are related to

artherosclerosis, cancer and neurological
disorders [44].

AGEs Glycation ability ↓ ↓

An increase in AGEs is associated with cellular
aging processes, oxidative stress, inflammatory
reactions, and chronic diseases such as diabetes,

cardiovascular disease [32,33], and chronic
kidney disease [45].

SOD activity Superoxide removal ↑ ↑↑
Oxidative damage protection. SOD deficiency is

associated with diabetes [46].

Catalase activity Hydrogen peroxide
removal ~ ↑↑

Oxidative damage protection. Catalase deficiency
is associated with diabetes, Alzheimer’s disease,

Parkinson’s disease, and acatalasemia [47].

8-isoprostane Lipid peroxidation ↓ ~
Reliable biomarker of lipoxidation (an increase on

F2-isoprostanes is correlated with oxidative
stress) [28,48].
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Abstract: Apples (Malus domestica) are one of the most widely grown and consumed fruits in the
world that contain abundant phenolic compounds that possess remarkable antioxidant potential. The
current study characterised phenolic compounds from five different varieties of Australian grown
apples (Royal Gala, Pink Lady, Red Delicious, Fuji and Smitten) using LC-ESI-QTOF-MS/MS and
quantified through HPLC-PDA. The phenolic content and antioxidant potential were determined
using various assays. Red Delicious had the highest total phenolic (121.78 ± 3.45 mg/g fw) and
total flavonoid content (101.23 ± 3.75 mg/g fw) among the five apple samples. In LC-ESI-QTOF-
MS/MS analysis, a total of 97 different phenolic compounds were characterised in five apple samples,
including Royal Gala (37), Pink Lady (54), Red Delicious (17), Fuji (67) and Smitten (46). In the HPLC
quantification, phenolic acid (chlorogenic acid, 15.69 ± 0.09 mg/g fw) and flavonoid (quercetin,
18.96 ± 0.08 mg/g fw) were most abundant in Royal Gala. The obtained results highlight the
importance of Australian apple varieties as a rich source of functional compounds with potential
bioactivity.

Keywords: apple; royal gala; pink lady; red delicious; smitten; fuji; phenolic compounds; antioxidant
activity; LC-ESI-QTOF-MS/MS; HPLC

1. Introduction

Apples (Malus domestica) are widely grown and consumed fruits. In 2018, apple
production across the globe was 86 million tonnes, mainly from China, America and
New Zealand, whereas the apple production in Australia was over 2.6 million tonnes [1].
Apples are usually supplied to the market in the form of fresh fruit or processed products,
including dried apples, apple cider, apple juice and sauce [2]. Apples are enriched with
bioactives compounds [3], vitamins (water and fat soluble) and minerals like calcium,
potassium and phosphorus [4]. These compounds are required by the human body to
perform various functions like strengthening of the bones, building muscles, filtering out
waste [3], and have positive health benefits against several chronic diseases, including type
2 diabetes, asthma and rheumatoid arthritis [5].

The varieties of apples are due to the difference of agroclimatic regions and zones,
cultivation practices, nutritional composition and sensory characteristics [6]. Royal Gala,
one of the variety of apples having bright shiny red colour, with stripes ranging from
straw yellow to amber orange, has a sensory profile that is sweet, soft, crunchy and
slightly acidic [7,8]. Pink Lady is a variety that has been originated from a cross between
‘Golden Delicious’ and ‘Lady Williams’, known for its sweet taste, firmness and possesses
a scald-free surface [6]. A consumer panel in New Zealand appreciated the Pink Lady
variety for its dense flesh, excellent crispness, juiciness, good sugar-acid balance and
sweet flavour [9]. The Red Delicious variety when compared to the previous two varieties
has a darker crimson red surface with traces of yellow and orange [10]. The physical
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characteristics of Red Delicious is an elongated form with a thick peel, grainy and tender
with a melting texture, usually exhibiting small but evident humps on the skin surface [11].
While different varieties exhibit different appearances, taste and shapes, apples have one
common characteristics, which are the high concentrations of phenolic compounds that
exhibit high antioxidant potential [12].

Phenolic compounds are important plant secondary metabolites which exhibit ex-
cellent abilities to reduce and eliminate free radicals thereby providing antioxidant and
anti-lipid peroxidation properties [13,14]. The phenolic compounds exhibiting antioxida-
tion potential have made the food and nutrition market interested in phenolic compounds,
thus replacing the existing chemical anti-oxidation ingredients in food to increase the nutri-
tional value and health benefits [14]. One of the polyphenol mechanisms is the removal of
free radicals by supplying hydrogen atoms or separate electrons from the phenol group
and eliminating related enzymes, thereby preventing the production of free radicals and
their intermediate products [15]. Additionally, phenolic compounds can react with metal
ions to inactivate the Fenton reaction [16]. The antioxidant potential are often determined
by using a series of different in vitro spectrophotometric-based assays including the total
antioxidant capacity (TAC), 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
assay, the ferric reducing ability of plasma (FRAP) and 2,2′-diphenyl-1-picrylhydrazyl
(DPPH) [17].

Liquid chromatography coupled with mass spectrometry (LC-ESI-QTOF-MS/MS) is
an effective tool used for the identification and characterisation of phenolic compounds.
High pressure liquid chromatography (HPLC) combined with photodiode array detector
(HPLC-PDA) is used for the quantification of the phenolics [18,19]. According to a previous
study, few phenolic compounds have been identified in apples through HPLC and LC-ESI-
QTOF-MS analysis including flavanols (catechin), dihydrochalcones (chlorogenic acid),
phenolic acids and anthocyanins [20].

Although there are many studies that have isolated and identified phenolic com-
pounds in different apples, only a few have focused on Australian grown apples. The
novelty of this study will encourage the Australian producers to utilise the low-grade pro-
duce of the apples to a better use as it is rich in phenolics, since premature or overripe fruits
compromise the quality and do not meet the standards of the supermarkets. Therefore,
in the current research we extracted phenolics from five popular varieties of Australian
grown apples (Royal Gala, Pink Lady, Red Delicious, Fuji and Smitten) and estimated their
antioxidant potential. The outcome of the current research will add adequate information
on the phenolics and antioxidant potential of Australian grown apples for their further
application in the food, nutraceutical and pharmaceutical industries.

2. Materials and Methods

2.1. Chemicals and Reagents

The chemicals used for the extraction and characterisation were of analytical grade
and purchased from Sigma-Aldrich (St. Louis, MO, USA). The chemicals used for phenolic
estimation and antioxidant assays were procured from Sigma-Aldrich (St. Louis, MO,
USA) including ferric (III) chloride anhydrous, 50% acetic acid, 2,4,6-tripyridyl-s-triazine
(TPTZ), acetonitrile, catechin, ascorbic acid, vanillin, aluminium chloride hexahydrate, 2,2′-
diphenyl-1-picrylhydrazyl, 2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulphonate), potassium
persulfate and Folin-Ciocalteu´s phenol. The standards for HPLC including protocatechuic
acid, epicatechin, gallic acid, epicatechin gallate, caffeic acid, quercetin, chlorogenic acid,
p-hydroxybenzoic acid and kaempferol were procured from Sigma-Aldrich (Castle Hill,
NSW, Australia). Ammonium molybdate and sodium acetate hydrated were procured
from Sigma-Aldrich (Castle Hill, NSW, Australia). Moreover, 99% ethanol was procured
from Thermo Fisher (Waltham, MA, USA), and 98% sulfuric acid was purchased from RCI
Labscan Ltd. (Rongmuang, Thailand).
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2.2. Sample Preparation and Extraction

Australian grown apple varieties (Royal Gala, Pink Lady, Red Delicious, Fuji and
Smitten) were bought from a local market in Melbourne, VIC, Australia. All the samples
were fully matured and ripen before harvested, transported and distributed to the local
retailers within 2–3 days using refrigerated trucks. The apple peels were removed by
a peeler and the core was separated to obtain the pulp. Subsequently, the pulps were
blended into a slurry using a blender. 5 g of slurry samples were macerated in 20 mL of
70% ethanol (w/v) by slightly modifying the protocol of our earlier published study of
Gu et al. [21]. The slurry samples were homogenised to prepare the sample extracts of the
apples in a homogeniser at 10,000 rpm for 30 s. The homogenised extract samples were
incubated in a shaking incubator at 120 rpm, 4 ◦C for 12 h. The samples were centrifuged
for 15 min at 5000 rpm (4 ◦C). A syringe filter was used to filter the extracts used for
LC-ESI-QTOF-MS/MS and HPLC-PDA studies and the samples were stored at −20 ◦C for
further analysis.

2.3. Estimation of Phenolic Compounds and Antioxidant Assays

The estimation of phenolic compounds present in the samples and their potential
antioxidant activities were analysed following our previously published protocols of
Tang et al. [22] and Wang et al. [23].

2.3.1. Determination of Total Phenolic Content (TPC)

The spectrophotometric method of Yunfeng et al. [24] was used for the determination
of TPC with some modifications. For this, 25 µL of the apple extract with 200 µL water
and 25 µL Folin–Ciocalteu reagent solution were added to 96-well plates. The reaction
mixture was incubated for 5 min (25 ◦C). Then, 5 µL of 10% sodium carbonate was added
to the reaction mixture and incubated for 60 min in the dark at room temperature. The
absorbance of the reaction mixture was measured at 765 nm using spectrophotometer.
The standard used was gallic acid (0–200 µg/mL) to construct the standard curve and
the values of TPC was expressed in mg of gallic acid equivalent per gram of sample (mg
GAE/g of sample) (fw).

2.3.2. Determination of Total Flavonoids Content (TFC)

The Total Flavonoids Content (TFC) was determined by improvising the aluminium
protocol described in Rajurkar and Hande [25]. For this, 80 µL of the apple extract with
120 µL of 50 g/L sodium acetate solution and 80 µL of 2% aluminium chloride were added
into the 96-well plate subsequently incubate the reaction mixture at 25 ◦C for 2.5 h. The
absorbance was measured at 440 nm. Quercetin calibration curve (0–50 µg/mL) was
constructed and TFC was expressed in quercetin equivalent (mg QE/g fw).

2.3.3. Determination of Total Tannin Content (TTC)

The vanillin-sulfuric acid method with some modifications of Mesfin and Won Hee [26]
was used to determine TTC. 25 µL of the apple extract was added to 25 µL of 32% sulfuric
acid and 150 µL of 4% vanillin solution in the 96-well plate. The reaction mixture was
incubated for 15 min at 25 ◦C. The absorbance was measured at 500 nm and expressed in
mg of catechin equivalent per g of sample weight (mg CE/g fw) based on a calibration
curve with concentration from 0–1000 µg/mL.

2.3.4. 2,2′-Diphenyl-1-picrylhydrazyl (DPPH) Assay

The DPPH method was used to determine the free radical scavenging activity [27].
For this, 40 µL of DPPH methanolic solution (0.1 mM) and 40 µL of extract were added into
the 96-well plate. The reaction mixture was shaken vigorously and incubated for 30 min at
25 ◦C. The absorbance was measured at 517 nm. The standard used was ascorbic acid to
construct the standard curve (0 to 50 µg/mL). The obtained values were expressed in mg
of ascorbic acid equivalent per gram (mg AAE/g) (fw).
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2.3.5. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing ability was assessed by modifying the FRAP method of Faiza
et al. [28]. The FRAP solution was prepared at the ratio of 10:1:1, 300 mM sodium acetate
solution, 20 mM Fe [III] solution and 10 mM TRTZ. 20 µL of the apple extract and 280 µL
of FRAP dye solution added to the 96-well plate. The reaction mixture was incubated for
10 min at 37 ◦C. The absorbance was measured at 593 nm. The ascorbic acid standard curve
(0–150 µg/mL) was constructed and the values obtained were expressed in mg of ascorbic
acid equivalent per gram of sample (mg AAE/g fw).

2.3.6. 2,2′-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Assay

In ABTS assay, the free radical scavenging activity of the apple samples were deter-
mined by following the protocol as in Rajurkar and Hande [25]. First, 88 µL of 140 mM
potassium persulfate and 5 mL of 7 mM ABTS solution were mixed to form the ABTS+

stock solution and incubated for 16 h in a dark area. 290 µL of prepared diluted ABTS
solution was mixed with 10 µL of extract. Subsequently, incubation of the reaction mixture
in the dark area for 6 min (25 ◦C). The absorbance was measured at 734 nm. The standard
curve used to calculate the antioxidant potential was of ascorbic acid (0 to 150 µg/mL).
The values were expressed in ascorbic acid equivalents (mg AAE/g) of sample.

2.3.7. Total Antioxidant Capacity (TAC)

The phosphomolybdate [29] method was used to determine the TAC. The formulation
for phosphomolybdate reagent was 0.6 M sulphuric acid, 0.004 M ammonium molybdate
and 0.028 M sodium phosphate. Then, 260 µL phosphomolybdate reagent was mixed with
40 µL extracts in the 96-well plate. The incubation of the reaction mixture was at 95 ◦C for
10 min. The absorbance was read at 695 nm after the reaction mixture cools down to room
temperature. Ascorbic acid standard curve (0–200 µg/mL) constructed to determine the
values of TAC and expressed in mg ascorbic acid equivalents (AAE) per gram (fw).

2.4. LC-ESI-QTOF-MS/MS Analysis of Phenolic Compounds

The identification and characterisation of phenolics in five varieties of apples were
conducted using LC-ESI-QTOF-MS/MS and following the protocol described in Suleria
et al. [18]. The separation of compounds was carried out through LC column 250 × 4.6 mm,
4 µm with column temperature at 25 ◦C. The HPLC buffers were sonicated at room
temperature for 10 min. The binary solvent delivery system was used as follows: Mobile
phase A: 2% acetic acid and 98% water; Mobile phase B: acetonitrile, water and acetic
acid (50:49.5:0.5, v/v/v). The injected sample volume was 6 µL and the flow rate was at
0.8 mL/min. The program set was carried out as following: 0 min (10% B), 20 min (25%
B), 30 min (35% B), 40 min (40% B), 70 min (55% B), 75 min (80% B), 77 min (100% B),
79 min (100% B), 82–85 min (isocratic 10% B). Negative and positive modes were performed
for peak identification. Nitrogen gas was used as a nebulizer and drying gas at 45 psi,
temperature at 300 ◦C with the flow rate of 5 L/min. The range of mass spectra were 50–
1300 amu. Agilent LC-ESI-QTOF-MS/MS Mass Hunter workstation software (Qualitative
Analysis, version B.03.01, Agilent, Santa Clara, CA, USA) was used for data acquisition
and analysis.

2.5. HPLC-PDA Analysis

The HPLC-PDA analysis of polyphenols in apples was carried out using Agilent
1200 series HPLC [30,31]. The volume of the injected sample was 20 µL. 280 nm, 320 nm
and 370 nm were the wavelengths used for detection. The column and the conditions
used were as followed in LC-ESI-QTOF-MS/MS analysis. The wavelengths were used for
the identification of hydroxybenzoic acids, hydroxycinnamic acids and flavanol group,
respectively. The acquisition of the data and analysis were carried out using Agilent
LC-ESI-QTOF-MS/MS Mass Hunter workstation software (Qualitative Analysis, version
B.03.01, Agilent, Santa Clara, CA, USA).
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2.6. Statistical Analysis

The experiments were performed in triplicates (n = 3) and the data was expressed
in mean ± standard deviation. One-way analysis of variance (ANOVA) followed by
Tukey’s honestly significant differences (HSD) multiple rank test were performed to see
the significant difference between the phenolic compounds and antioxidant activities at
p < 0.05.

3. Results and Discussion

3.1. Phenolic Compound Estimation (TPC, TFC and TTC)

The Folin–Ciocalteu’s reagent method determined the total phenolic content in the
apple extracts and were expressed as gallic acid equivalents (GAE/g fw) as shown in
Table 1. Red Delicious apple showed the highest TPC with 121.78 ± 3.45 mg GAE/g and
significantly higher than other samples (p < 0.05). The total polyphenol content of five
different varieties of apples were in the order of Red Delicious > Royal Gala > Fuji > Pink
Lady > Smitten. According to the study of Ting et al. [32], Praveen et al. [33] and Almeida
et al. [34], Red Delicious had more phenolic content than Gala, Fuji and Pink Lady, which
is consistent to the result of our study. Almeida et al. [34] reported that Fuji apple contains
14.7 ± 0.4 mg (GAE)/g and Ting et al. [32] study showed that Fuji has 489.59 ± 4.21 mg
(GAE)/g, the difference in the phenolic content might be due to the geographical location,
soil nutrients, growth period and harvest season [35]. Additionally, due to the lack of
research on Smitten apple variety, there is no valid data for Smitten for comparison.

Flavonoids have attracted a lot of attention due to their strong antioxidant activity [36].
In TFC, Red Delicious apple had the highest flavonoid content of 101.23 ± 3.75 mg QE/g
and the lowest flavonoid content was present in Smitten. In a previous study, TFC of Red
Delicious (98 mg QE/g) and Royal Gala (89 mg QE/g) were similar to that of our apple
samples [37]. In another study, the values of total flavonoid content of Fuji apple (108 mg
QE/g) was reported more than our value which may be due to the difference of varieties
or solvent extraction ratio [38]. The TTC in our selected apples ranged between 4.65 ± 0.03
to 2.17 ± 0.05 mg CE/g. Fuji apple showed higher level of tannin content followed by
Pink Lady, Smitten, Royal Gala and Red Delicious. Previously, the total tannin content of
different varieties ranged from 0.75 mg CE/g to 14.79 mg CE/g, which is consistent with
our results [39]. Overall, the variety of Red Delicious had the highest content of TPC and
TFC and Fuji variety had a high content of TTC.

Table 1. Phenolic content and antioxidant potential in five varieties of apples.

Antioxidant Assays Royal Gala Pink Lady Red Delicious Fuji Smitten

TPC (mg GAE/g) 104.21 ± 3.10 b 94.23 ± 2.24 c 121.78 ± 3.45 a 102.26 ± 2.14 b 83.98 ± 1.05 d

TFC (mg QE/g) 93.73 ± 1.10 b 81.23 ± 2.25 d 101.23 ± 3.75 a 87.26 ± 1.54 c 72.19 ± 1.75 e

TTC (mg CE/g) 3.45 ± 0.09 d 4.25 ± 0.01 b 2.17 ± 0.05 e 4.65 ± 0.03 a 3.95 ± 0.08 c

DPPH (mg AAE/g) 3.39 ± 0.05 b 2.56 ± 0.03 c 3.53 ± 0.07 a 1.98 ± 0.01 d 1.17 ± 0.02 e

FRAP (mg AAE/g) 4.12 ± 0.07 b 3.15 ± 0.12 c 4.42 ± 0.01 a 2.12 ± 0.04 d 2.15 ± 0.02 d

ABTS (mg AAE/g) 3.22 ± 0.12 a 2.94 ± 0.01 b 3.24 ± 0.09 a 1.87 ± 0.10 c 1.49 ± 0.09 d

TAC (mg AAE/g) 2.68 ± 0.09 b 2.19 ± 0.11 c 3.12 ± 0.01 a 1.96 ± 0.08 d 1.32 ± 0.01 e

All values are expressed as the mean ± SD and performed in triplicates. Different letters (a, b, c, d, e) within the same column are
significantly different (p < 0.05) from each other. The five varieties of apples are reported based on fresh weight. CE (catechin equivalents),
QE (quercetin equivalents), GAE (gallic acid equivalents), AAE (ascorbic acid equivalents). TFC (total flavonoids content), TPC (total
phenolic content), TTC (total tannins content), FRAP (ferric reducing ability of plasma), DPPH (2,2′-diphenyl-1-picrylhydrazyl), TAC (total
antioxidant capacity), ABTS (2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid).

3.2. Antioxidant Activities (DPPH, FRAP, ABTS and TAC)

The antioxidant potential of five varieties of apple samples were estimated by four
assays including DPPH, FRAP, ABTS and TAC assays, and the antioxidant activities were
expressed in ascorbic acid (AAE) per gram (fw) as mentioned in Table 1.
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In the DPPH assay, the free radical scavenging activity is determined which is at-
tributed to the phenolic compounds [40]. The apple varieties in the current study varied
from 1.17 to 3.53 mg AAE/g. Red Delicious had the highest antioxidant potential followed
by Royal Gala, Pink Lady, Fuji and Smitten. Previous studies reported that antioxidant
potential for over ten varieties of apples ranged from 0.26 to 9.30 mg AAE/g [41,42]. The
values of Fuji and Red Delicious apples are slightly higher than ours which might be
because of the cultivar, location, maturity and storage of apples which may change the
concentration of antioxidant potential [43].

FRAP assay can provide comprehensive information about the antioxidant activities
of five varieties of apples since various antioxidant assays can help us to understand the
antioxidant properties of apples better [44]. In FRAP assay, the electron transfer method
was used to measure the capacity to reduce Fe3+ to Fe2+ [20]. The FRAP values were
significantly different (p < 0.05) from 2.12 ± 0.04 mg AAE/g to 4.42 ± 0.01 mg AAE/g
among the apple varieties. The highest FRAP capacity was recorded in Red Delicious,
followed by Royal Gala, Pink Lady, Fuji, and Smitten.

In the ABTS assay, the antiradical scavenging activities were determined based of the
hydrogen atom donating tendency of polyphenols [40]. The highest antioxidant ability
was demonstrated in the order of Red Delicious > Royal Gala > Pink Lady > Fuji > Smitten.
Upon comparison with the previous studies’ Royal Gala and Fuji showed higher antioxi-
dant ability than the previous reported values [41,42]. The reason might be because of the
cultivar, location, maturity and storage of apples which may change the concentration of
antioxidant potential [43]. In the TAC assay, the mechanism very similar to FRAP where
reduction of molybdenum (VI) to molybdenum (V) in the presence of phenolics. In the
current study, Red Delicious had the highest total antioxidant followed by Royal Gala,
Pink Lady, Fuji and Smitten. Previously Khanizadeh et al.’s [35] study showed the values
ranging from 0.323 to 1.246 mg AAE/g and the values were lower than our study. A differ-
ence in the concentration might be because of the difference between cultivars, location,
harvesting time and maturity of samples [6].

3.3. Correlation between Phenolic Compounds and Antioxidant Activities

The correlation between the polyphenols and antioxidant activities was performed
with a Pearson’s correlation test (Table 2). TPC shows a strong positive correlation with
TFC with r2 = 0.975, p ≤ 0.01, this indicates that TFC contributes largely to the total
phenolic content. Additionally, TPC was strongly correlated with TAC with r2 value of
0.920 (p ≤ 0.05). A previous study by Vasantha Rupasinghe and Clegg [45] reported a
similar correlation between TPC and TAC.

Table 2. Correlation coefficients (r2) between phenolic contents and antioxidant assays.

Variables TPC TFC TTC DPPH ABTS FRAP

TFC 0.975 **
TTC −0.736 −0.702

DPPH 0.832 0.903 * −0.685
ABTS 0.754 0.815 −0.830 0.952 **
FRAP 0.681 0.756 −0.614 0.961 ** 0.938 **
TAC 0.920 * 0.952 ** −0.751 0.980 ** 0.931 * 0.912 *

** Significant correlation with p ≤ 0.01; * Significant correlation with p ≤ 0.05.

TFC had a significantly strong correlation with DPPH and TAC with r2 value of
0.903 (p ≤ 0.01) and 0.952 (p ≤ 0.05) respectively indicating that flavonoids were one of
the significant contributors for the antioxidant activities. The results confirm with the
previous studies of Maleeha et al. [46] and Ruiz-Torralba et al. [47], on phenolic compounds
contributing towards antioxidant potential. A non-significant correlation were observed
between TTC and antioxidant assays indicating the contribution of tannins to antioxidant
activity is limited, which confirms with Kam et al. [48] study.
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The correlation among the antioxidant assays had strong correlation with each other.
Significant positive correlation was observed between DPPH with ABTS, FRAP and TAC
(r2 = 0.952, r2 = 0.961, and r2 = 0.980, p ≤ 0.01). The correlation displayed in our study was
similar to Kriengsak et al. [49], where a high correlation was observed between the four
assays. Similarly, ABTS was observed to have high significant correlation with FRAP and
TAC with r2 = 0.938, p ≤ 0.01 and r2 = 0.931 (p ≤ 0.05), respectively. On the other hand,
FRAP was correlated with TAC with r2 = 0. 912 (p ≤ 0.05).

Overall, phenolic compounds were highly correlated with antioxidant assays, which
indicated that both classes of phenolic compounds including phenolic acids and flavonoids
have strong antioxidant potential. The four antioxidants’ assays were strongly correlated
with each other.

3.4. Phenolic Compounds Profile by LC-MS/MS Analysis

LC- MS/MS has been a useful and reliable tool for identification and characterisation
of phenolics in several plant samples. Qualitative analyses of phenolics from five varieties
of apples (Royal Gala, Pink Lady, Red Delicious, Fuji and Smitten) were achieved using
mass spectrometry in both negative and positive modes of ionisation (ESI−/ESI+). The
compounds in the apples were identified based on their precursor ions and MS spectra.
The basis for the compounds to be further analysed were the PCDL library score more than
80 and mass error < 5 ppm (Table 3). In our current study, 97 different phenolic compounds
were characterised in five apple samples, including 27 phenolic acids, 52 flavonoids,
5 lignans and 13 other polyphenols.
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Table 3. Identification and characterisation of polyphenols in apples by using LC-ESI-QTOF-MS/MS.

No. Proposed Compounds
Molecular
Formula

RT (min)
Ionization

(ESI+/ESI−)
Molecular

Weight
Theoretical

(m/z)
Observed

(m/z)
Error
(ppm)

MS2 Product Ions Samples

Phenolic acid
Hydroxybenzoic acids

1 Gallic acid 4-O-glucoside C13H16O10 6.866 [M-H]− 332.0743 331.0670 331.0674 1.2 169, 125 RG

2 Protocatechuic acid
4-O-glucoside C13H16O9 7.379 ** [M-H]− 316.0794 315.0721 315.0718 −1.0 153 RD, F, * RG, S, PL

3 2-Hydroxybenzoic acid C7H6O3 7.608 ** [M-H]− 138.0317 137.0244 137.0242 −1.5 93 PL, * RD, RG, S, F
4 3-O-Methylgallic acid C8H8O5 12.930 [M+H]+ 184.0372 185.0445 185.0452 3.8 170, 142 F, * PL
5 2,3-Dihydroxybenzoic acid C7H6O4 15.580 [M-H]− 154.0266 153.0193 153.0196 2.0 109 RG, * PL, F

Hydroxycinnamic acids
6 m-Coumaric acid C9H8O3 5.256 ** [M-H]− 164.0473 163.04 163.0393 −4.3 119 S,* RD, RG, PL, F
7 Caffeic acid C9H8O4 5.898 [M+H]+ 180.0423 181.0496 181.0494 −1.1 143, 133 S
8 p-Coumaroyl tartaric acid C13H12O8 8.632 [M-H]− 296.0532 295.0459 295.0468 3.1 115 F
9 Cinnamic acid C9H8O2 9.314 ** [M-H]− 148.0524 147.0451 147.0449 −1.4 103 RG, * RD, F
10 3-Caffeoylquinic acid C16H18O9 12.979 ** [M-H]− 354.0951 353.0878 353.088 0.6 253, 190, 144 PL, S, * RG, F
11 3- p-Coumaroylquinic acid C16H18O8 18.131 ** [M-H]− 338.1002 337.0929 337.0924 −1.5 265, 173, 162 PL,* RG, F, S

12 p-Coumaric acid
4-O-glucoside C15H18O8 20.881 [M-H]− 326.1002 325.0929 325.0925 −1.2 163 PL,* RG, F

13 Rosmarinic acid C18H16O8 22.273 [M-H]− 360.0845 359.0772 359.0755 −4.7 179 * PL, F
14 Caffeic acid 3-O-glucuronide C15H16O10 22.737 [M-H]− 356.0743 355.067 355.0677 2.0 179 PL
15 Ferulic acid C10H10O4 23.366 ** [M-H]− 194.0579 193.0506 193.0505 −0.5 178, 149, 134 S,* PL, F
16 Caffeoyl glucose C15H18O9 24.244 [M-H]− 342.0951 341.0878 341.0886 2.3 179, 161 RD,* PL
17 Ferulic acid 4-O-glucuronide C16H18O10 25.785 [M −H]− 370.09 369.0827 369.0814 −3.5 193 * PL, F

18 1-Sinapoyl-2,2′-
diferuloylgentiobiose C43H48O21 26.763 [M-H]− 900.2688 899.2615 899.2579 −4.0 613, 201 PL

19 Sinapic acid C11H12O5 30.185 ** [M-H]− 224.0685 223.0612 223.0603 −4.0 205, 163 * F, PL, S
20 3-Feruloylquinic acid C17H20O9 33.605 ** [M-H]− 368.1107 367.1034 367.1019 −4.1 298, 288, 192, 191 * RG, F
21 1,2,2′-Triferuloylgentiobiose C42H46O20 34.101 [M-H]− 870.2582 869.2509 869.2498 −1.3 693, 517 S
22 Ferulic acid 4-O-glucoside C16H20O9 35.526 ** [M-H]− 356.1107 355.1034 355.1039 1.4 193, 178, 149, 134 * PL, RG, S, F
23 p-Coumaroyl malic acid C13H12O7 41.506 [M-H]− 280.0583 279.051 279.0524 5.0 163, 119 S



Appl. Sci. 2021, 11, 2421

Table 3. Cont.

No. Proposed Compounds
Molecular
Formula

RT (min)
Ionization

(ESI+/ESI−)
Molecular

Weight
Theoretical

(m/z)
Observed

(m/z)
Error
(ppm)

MS2 Product Ions Samples

Hydroxyphenylacetic acids

24 2-Hydroxy-2-phenylacetic
acid C8H8O3 31.517 ** [M-H]− 152.0473 151.04 151.0402 1.3 136, 92 PL

25 3,4-Dihydroxyphenylacetic
acid C8H8O4 20.749 ** [M-H]− 168.0423 167.035 167.0343 −4.2 149, 123 * RG, PL, F

Hydroxyphenylpropanoic acids
26 Dihydroferulic acid 4-sulfate C10H12O7S 4.076 [M-H]− 276.0304 275.0231 275.0229 −0.7 195, 151, 177 F

27 Dihydroferulic acid
4-O-glucuronide C16H20O10 6.866 [M-H]− 372.1056 371.0983 371.0986 0.8 195 * RG, PL

Flavonoids
Anthocyanins

28 Cyanidin 3-O-diglucoside-5-
O-glucoside C33H41O21 21.567 [M+H]+ 773.214 774.2213 774.2216 0.4 610, 464 S

29 Cyanidin 3-O-(6”-p-
coumaroyl-glucoside) C30H27O13 22.205 ** [M+H]+ 595.1452 596.1525 596.1553 4.7 287 RG,* PL

30 Peonidin 3-O-sambubioside-
5-O-glucoside C33H41O20 22.561 ** [M+H]+ 757.2191 758.2264 758.2228 −4.7 595, 449, 287 * S, F

31 Cyanidin 3,5-O-diglucoside C27H31O16 37.067 ** [M+H]+ 611.1612 612.1685 612.1693 1.3 449, 287 * F, S, PL
32 Delphinidin 3-O-xyloside C20H19O11 37.212 [M+H]+ 435.0927 436.1 436.0996 −0.9 303 PL

33 Delphinidin
3-O-glucosyl-glucoside C27H31O17 37.232 ** [M+H]+ 627.1561 628.1634 628.1648 2.2 465, 303 F

34

Cyanidin
3-O-(2-O-(6-O-(E)-caffeoyl-D
glucoside)-D-glucoside)-5-O-

D-glucoside

C43H49O24 38.918 [M+H]+ 949.2614 950.2687 950.2679 −0.8 787, 463, 301 RG

35 Delphinidin 3-O-galactoside C21H21O12 45.301 ** [M-H]− 465.1033 464.096 464.0964 0.9 303 S, F,* PL
Dihydrochalcones

36 3-Hydroxyphloretin
2′-O-glucoside C21H24O11 24.659 [M-H]− 452.1319 451.1246 451.1249 0.7 289, 273 * PL, RG, F, S

37 3-Hydroxyphloretin
2′-O-xylosyl-glucoside C26H32O15 37.564 [M-H]− 584.1741 583.1668 583.1665 −0.5 289 RG

38 Phloridzin C21H24O10 51.613 ** [M-H]− 436.1369 435.1296 435.1284 −2.8 273 * RG, PL, S, F
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Formula
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Ionization
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Dihydroflavonols

39 Dihydromyricetin
3-O-rhamnoside C21H22O12 23.549 ** [M-H]− 466.1111 465.1038 465.1031 −1.5 301 RG, F,* PL, F, PL

40 Dihydroquercetin
3-O-rhamnoside C21H22O11 32.081 ** [M-H]− 450.1162 449.1089 449.1081 −1.8 303 S,* PL

41 Dihydroquercetin C15H12O7 38.674 ** [M-H]− 304.0583 303.051 303.0518 2.6 285, 275, 151 S,* PL
Flavanols

42 (+)-Gallocatechin C15H14O7 4.494 ** [M-H]− 306.074 305.0667 305.068 4.3 261, 219 S, PL, F,* RD
43 (+)-Gallocatechin 3-O-gallate C22H18O11 11.106 [M-H]− 458.0849 457.0776 457.0781 1.1 305, 169 F,* S
44 Procyanidin dimer B1 C30H26O12 21.362 ** [M-H]− 578.1424 577.1351 577.1333 −3.1 451 * PL, RG, S, F
45 (+)-Catechin 3-O-gallate C22H18O10 22.306 ** [M-H]− 442.09 441.0827 441.0805 −5.0 289, 169, 125 * PL, F
46 (+)-Catechin C15H14O6 26.597 ** [M-H]− 290.079 289.0717 289.0706 −3.8 245, 205, 179 * RG, S, PL, F

47
4′-O-Methyl-(-)-
epigallocatechin
7-O-glucuronide

C22H24O13 27.607 [M-H]− 496.1217 495.1144 495.116 3.2 451, 313 RG,* PL, F

48 Procyanidin trimer C1 C45H38O18 28.966 ** [M-H]− 866.2058 865.1985 865.1961 −2.8 739, 713, 695 * RG, S, PL, F
49 Cinnamtannin A2 C60H50O24 35.444 ** [M-H]− 1154.269 1153.2617 1153.263 1.1 739 RG,* PL, F
50 Prodelphinidin dimer B3 C30H26O14 67.792 ** [M+H]+ 610.1323 611.1396 611.1407 1.8 469, 311, 291 PL,* F

Flavanones

51 Hesperetin
3′,7-O-diglucuronide C28H30O18 21.163 ** [M-H]− 654.1432 653.1359 653.1361 0.3 477, 301, 286, 242 S,* PL

52 6-Prenylnaringenin C20H20O5 35.742 [M+H]+ 340.1311 341.1384 341.1375 −2.6 323, 137 F
53 Narirutin C27H32O14 38.326 [M-H]− 580.1792 579.1719 579.171 −1.6 271 RG
54 Hesperetin 3′-O-glucuronide C22H22O12 52.421 ** [M+H]+ 478.1111 479.1184 479.1199 3.1 301, 175, 113, 85 RD, RG, PL,* F

Flavones

55 Apigenin
7-O-apiosyl-glucoside C26H28O14 14.031 ** [M+H]+ 564.1479 565.1552 565.1552 0.0 296 PL,* S

56 Apigenin 7-O-glucuronide C21H18O11 15.812 ** [M+H]+ 446.0849 447.0922 447.093 1.8 271, 253 * PL, S
57 7,4′-Dihydroxyflavone C15H10O4 18.251 [M+H]+ 254.0579 255.0652 255.0643 −3.5 227, 199, 171 F
58 Cirsilineol C18H16O7 26.744 ** [M+H]+ 344.0896 345.0969 345.0962 −2.0 330, 312, 297, 284 * PL, RD
59 Apigenin 6,8-di-C-glucoside C27H30O15 43.578 ** [M-H]− 594.1585 593.1512 593.1527 2.5 503, 473 PL, S,* RG, F

60 6-Hydroxyluteolin
7-O-rhamnoside C21H20O11 46.758 ** [M-H]− 448.1006 447.0933 447.0928 −1.1 301 * RG, PL, RD, S, F

61 Chrysoeriol 7-O-glucoside C22H22O11 54.226 ** [M+H]+ 462.1162 463.1235 463.1255 4.3 445, 427, 409, 381 RG, PL,* F
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Flavonols
62 Myricetin 3-O-galactoside C21H20O13 19.288 [M-H]− 480.0904 479.0831 479.081 −4.4 317 RD

63 Quercetin
3-O-glucosyl-xyloside C26H28O16 21.146 [M-H]− 596.1377 595.1304 595.1291 −2.2 265, 138, 116 PL

64 Quercetin
3-O-xylosyl-rutinoside C32H38O20 23.124 ** [M+H]+ 742.1956 743.2029 743.2022 −0.9 479, 317 F,* S

65 Kaempferol 3-O-glucosyl-
rhamnosyl-galactoside C33H40O20 24.867 ** [M-H]− 756.2113 755.204 755.2068 3.7 285 RG,* F

66
Kaempferol 3-O-(2”-

rhamnosyl-galactoside)
7-O-rhamnoside

C33H40O19 25.198 ** [M-H]− 740.2164 739.2091 739.2115 3.2 593, 447, 285 S,* F

67 Kaempferol
3-O-xylosyl-glucoside C26H28O15 28.135 ** [M+H]+ 580.1428 581.1501 581.1479 −3.8 * PL, RG, F

68 Kaempferol
3,7-O-diglucoside C27H30O16 37.879 ** [M-H]− 610.1534 609.1461 609.1451 −1.6 447, 285 * RG, S

69 Myricetin 3-O-rhamnoside C21H20O12 39.996 ** [M-H]− 464.0955 463.0882 463.0862 −4.3 317 * RD, RG, S

70 Quercetin
3-O-xylosyl-glucuronide C26H26O17 43.207 [M+H]+ 610.117 611.1243 611.1255 2.0 479, 303, 285, 239 F,* PL

71 Quercetin 3-O-arabinoside C20H18O11 45.665 ** [M-H]− 434.0849 433.0776 433.0781 1.2 301 * RG, S
Isoflavonoids

72 6”-O-Malonylglycitin C25H24O13 7.256 [M+H]+ 532.1217 533.129 533.1286 −0.8 285, 270, 253 S
73 6”-O-Malonyldaidzin C24H22O12 16.246 [M+H]+ 502.1111 503.1184 503.12 3.2 255 F
74 Dihydrobiochanin A C16H14O5 22.255 [M+H]+ 286.0841 287.0914 287.0925 3.8 269, 203, 201, 175 F,* PL
75 Violanone C17H16O6 24.926 [M+H]+ 316.0947 317.102 317.1016 −1.3 300, 285, 135 F
76 3′-Hydroxygenistein C15H10O6 27.116 [M+H]+ 286.0477 287.055 287.0547 −1.0 269, 259 * S, F

77 Formononetin
7-O-glucuronide C22H20O10 42.45 ** [M-H]− 444.1056 443.0983 443.0973 −2.3 267, 252 * S, F

78 5,6,7,3′,4′-
Pentahydroxyisoflavone C15H10O7 42.893 ** [M+H]+ 302.0427 303.05 303.0487 −4.3 285, 257 * PL, S, RD, RG, F

79 6”-O-Malonylgenistin C24H22O13 64.297 ** [M+H]+ 518.106 519.1133 519.1157 4.6 271 * F, S
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Lignans
80 Enterolactone C18H18O4 4.234 [M+H]+ 298.1205 299.1278 299.1279 0.3 281, 187, 165 PL
81 7-Hydroxymatairesinol C20H22O7 47.587 [M-H]− 374.1366 373.1293 373.1283 −2.7 343, 313, S, F,* RG
82 Schisandrin C C22H24O6 59.344 [M+H]+ 384.1573 385.1646 385.1663 4.4 370, 315, 300 S,* F

83 Secoisolariciresinol-
sesquilignan C30H38O10 59.607 [M-H]− 558.2465 557.2392 557.2387 −0.9 539, 521, 509, 361 F

84 Schisandrol B C23H28O7 63.253 [M+H]+ 416.1835 417.1908 417.1929 5.0 224, 193, 165 F
Other polyphenols

Curcuminoids
85 Demethoxycurcumin C20H18O5 81.976 [M-H]− 338.1154 337.1081 337.108 −0.3 217 RD

Furanocoumarins
86 Isopimpinellin C13H10O5 4.478 [M+H]+ 246.0528 247.0601 247.0605 1.6 232, 217, 205, 203 * RD, F

Hydroxybenzaldehydes
87 p-Anisaldehyde C8H8O2 26.251 ** [M+H]+ 136.0524 137.0597 137.0596 −0.7 122, 109 PL,* F, S
88 4-Hydroxybenzaldehyde C7H6O2 44.568 ** [M-H]− 122.0368 121.0295 121.0301 5.0 77 S, F,* RD

Hydroxycoumarins
89 Coumarin C9H6O2 25.364 * [M-H]− 146.0368 145.0295 145.0302 4.8 103, 91 F

Hydroxyphenylpropenes

90 2-Methoxy-5-prop-1-
enylphenol C10H12O2 25.903 [M+H]+ 164.0837 165.091 165.0906 −2.4 149, 137, 133, 124 F

Other polyphenols
91 Salvianolic acid C C26H20O10 9.665 [M-H]− 492.1056 491.0983 491.0963 −4.1 311, 267, 249 S
92 Salvianolic acid B C36H30O16 28.598 [M-H]− 718.1534 717.1461 717.1436 −3.5 519, 339, 321, 295 RD

Phenolic terpenes
93 Rosmanol C20H26O5 22.23 [M+H]+ 346.178 347.1853 347.1844 −2.6 301, 241, 231 S
94 Carnosic acid C20H28O4 80.419 ** [M-H]− 332.1988 331.1915 331.1905 −3.0 287, 269 * RD, F

Tyrosols

95 Hydroxytyrosol
4-O-glucoside C14H20O8 14.338 ** [M-H]− 316.1158 315.1085 315.109 1.6 153, 123 F,* PL

96 3,4-DHPEA-AC C10H12O4 25.537 ** [M-H]− 196.0736 195.0663 195.0658 −2.6 135 * PL, F, S
97 Demethyloleuropein C24H30O13 51.646 * [M-H]− 526.1686 525.1613 525.1599 −2.7 495 * RG, F

* Data presented in the table are from the sample indicated with an asterisk; ** Compounds were detected in both negative [M-H]− and positive [M+H]+ mode of ionization while only single mode data was
presented. Apple samples mentioned in abbreviations are Royal Gala “RG”; Red Delicious “RD”; Fuji “F”; Smitten “S”; Pink Lady “PL”.
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3.4.1. Phenolic Acids

In our research, 27 phenolic acids including hydroxyphenylacetic acids (2), hydrox-
ycinnamic acids (18), hydroxybenzoic acids (5), and hydroxyphenylpropanoic acids (2)
were identified and characterised in five varieties of apples.

Compound 1 was tentatively characterised as protocatechuic acid 4-O-glucoside
present in negative mode of ionisation and identified in Royal Gala, Red Delicious and
Fuji apples. The compound had precursor ion at m/z 315.0718 and on further MS/MS
analysis showed product ions at m/z 125 (loss of CO2, 44 Da) and m/z 169 (loss of hexosyl
moiety, 162 Da) [50]. In previous study of Gu et al. [21] reported tentatively characterised
protocatechuic acid 4-O-glucoside from fresh apples. Compound 12 (([M-H]− m/z at
325.0925) was tentatively characterised as p-Coumaric acid 4-O-glucoside based on the
product ions at m/z 163, due to the loss of hexosyl moiety (162 Da) from the precursor
ions [50]. Identified in Pink Lady, Royal Gala and Fuji apples.

Compound 7 was tentatively characterised as caffeic acid in Smitten variety based on
the precursor ion at [M+H]+ at m/z 181.0494 and confirmed based on the MS2 fragmentation
with product ions at m/z 143 (loss of two water molecules, 36 Da) and m/z 133 (loss of
HCOOH, 46 Da) [51]. Compound 15 was observed in Smitten, Pink Lady and Fuji and
tentatively characterised as ferulic acid based on the precursor ion at ([M-H]− at m/z
193.0505. Upon further MS/MS analysis, the product ions at m/z 178 (loss of CH3, 15
Da), m/z 149 (loss of CO2, 44 Da) and m/z 134 (loss of CH3-CO2, 59 Da) confirmed the
compound [52]. Compounds 19 (([M-H]− m/z at 223.0603) identified in Fuji, Pink Lady and
Smitten apples. MS/MS analysis confirmed the compound as sinapic acid by fragments at
m/z 205 and m/z 163 due to the consecutive loss of H2O and 2CHO from the precursor
ion respectively [53]. Previously, Lee et al. [54] reported the presence of caffeic acid, ferulic
acid and sinapic acid in apples. Caffeic acid abundantly present in both pulp and peel [54].
Other phenolic compounds to our best knowledge were first time detected in Australian
grown apples.

3.4.2. Flavonoids

A total of 52 Flavonoids were identified in the five apple samples including an-
thocyanins (8), dihydrochalcones (3), dihydroflavonols (3), flavanols (9), flavones (4),
flavanones (7), flavonols (10), and Isoflavonoids (8).

Compound 31 (Cyanidin 3,5-O-diglucoside) and compound 33 (Delphinidin 3-O-
glucosyl-glucoside) were both detected in the positive mode of ionization with the precur-
sor ions at m/z 612.1693 and m/z 628.1648, respectively. The MS/MS experiment allowed
the further identification of these compounds based on the peaks after removal of the sugar
moieties for both compounds [55].

Compound 36 and compound 37 were tentatively characterised as 3-hydroxyphloretin
2′-O-glucoside and 3-hydroxyphloretin 2′-O-xylosyl-glucoside present in negative mode
of ionisation with precursor ions at m/z 451.1249 and m/z 583.1665, respectively. 3-
hydroxyphloretin 2′-O-glucoside was confirmed by fragment ions at m/z 289 [M-H-
glucoside] and m/z 273 [M-H-phloretin aglycon] [56] identified in Pink Lady, Royal Gala,
Fuji and Smitten apples. Whereas, 3-Hydroxyphloretin 2′-O-xylosyl-glucoside was iden-
tified by fragment ions at m/z 289, due to the loss of xylosyl-glucoside disaccharide
(132 + 162 Da) [57] observed in Royal Gala apples. Phloridzin (compound 38) with precur-
sor ion at [([M-H]−, m/z 435.1284], and confirmed by product ions at m/z 273 due to the
loss of glucoside (162 Da) [58] identified in Pink Lady, Royal Gala, Fuji and Smitten apples.
Kelebek et al. [58] reported the presence of phloridzin in apples.

Three flavanols derivatives (Compound 44, 46, 48) were all detected in four samples
including Pink Lady, Royal Gala, Fuji and Smitten apples. Compound 44, 46, 48 with
negative mode of ionisation with precursor ions at m/z 577.1333, m/z 289.0706 and m/z
865.1961 were tentatively characterised as procyanidin dimer B1, (+)-catechin and pro-
cyanidin trimer C1 respectively. The compound procyanidin trimer C1 was confirmed by
product ions at m/z 739, m/z 713 and m/z 695, due to the loss of heterocyclic ring fission
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(HRF) reaction (126 Da), loss of retro-Diels-Alder (RDA) (152 Da) and loss of H2O [59].
While the loss of phloroglucinol (126 Da) from the precursor ion confirmed the presence
of procyanidin dimer B1 [60]. Whereas, (+)-catechin compound confirmed based on the
fragment ions at m/z 245, m/z 205 and m/z 179, due to corresponding loss of CO2 (44 Da),
flavonoid A ring (84 Da) and flavonoid B ring (110 Da) from the precursor ion, respec-
tively [50]. Previously Nicoli et al. [61] reported the presence of (+)-catechin in apple
varieties. (+)-catechin has a positive health benefit including scavenging free radicals,
delaying aging and benefitting the intestinal microbes [62].

Compound 51 (hesperetin 3′,7-O-diglucuronide) and compound 53 (narirutin) were
found both in negative ionization modes based on the precusor ions at m/z 653.1361 and
m/z 579.1710, respectively. Compound 51 was confirmed by the product ion at m/z 477 [M-
H-glucuronide, loss of 176 Da], m/z 301 [M-H-2 glucuronide, loss of 352 Da], m/z 286 [M-
H-2glucuronide-CH3, loss of 367 Da] and m/z 242 [M-H-2glucuronide-OCH2-CHO] [63],
while compound 53 was confirmed by loss of neohesperidose moiety (308 Da) [64] from the
precursor ion. In our study compound 51 was identified in Smitten and Pink Lady whereas
compound 53 was identified in Royal Gala and Red Delicious. To our best knowledge it
was first time detected in Australian grown apples.

Apigenin 7-O-glucuronide (Compound 56) and cirsilineol (compound 58) were ten-
tatively characterised in negative mode of ionisation at m/z 447.0930 and m/z 345.0962,
respectively. The MS/MS analysis confirmed the compound 56 at product ions m/z 271
due to the corresponding loss of glucuronide (176 Da) and loss of glucuronide and m/z
253 due to the loss of H2O-CH2O (194 Da) from the precursor ion [65]. The presence of
cirsilineol was confirmed by the product ions at m/z 330 [M+H-CH3], m/z 312 [M+H-CH3-
H2O], m/z 297 [M+H-2CH3-H2O] and m/z 284 [M+H-CH3-H2O-CO] [66]. According to
previous reports, compounds have been characterised in several plants including Ocimum
species [66].

Compound 62 (Myricetin 3-O-galactoside with ([M-H]− m/z at 479.081) identified in
Red Delicious and compound 63 (Quercetin 3-O-glucosyl-xyloside with ([M-H]− m/z at
595.1291) identified in Pink Lady were only detected in the negative ionization mode, and
identified according to the fragment peaks at m/z 317 [M-H-glucoside, loss of 162 Da] [67]
and m/z 265 [M-H-glucose-xylose, loss of 330 Da] [51], respectively. Compound 65, 66 and
68 present in the negative mode of ionisation were identified as kaempferol 3-O-glucosyl-
rhamnosyl-galactoside, kaempferol 3-O-(2”-rhamnosyl-galactoside) 7-O-rhamnoside and
kaempferol 3,7-O-diglucoside according to the ([M-H]− at m/z 755.2068, m/z 739.2115 and
m/z 609.1451, respectively Kaempferol 3-O-glucosyl-rhamnosyl-galactoside exhibited the
product ions at m/z 285, corresponding to the loss of the sugar units from the precursor
ion [68]. The presence of kaempferol 3-O-(2”-rhamnosyl-galactoside) 7-O-rhamnoside was
confirmed by the product ions at m/z 593 [M-H-C6H10O4], m/z 447 [M-H-2C6H10O4], and
m/z 285 [M-H-2C6H10O4-C6H10O5] [69]. Whereas, kaempferol 3,7-O-diglucoside exhibited
the product ions at m/z 447 and m/z 285, corresponding to the loss of glucoside and
consecutive loss of glucoside from the parent ion [70]. It worth noted that these compounds
were first time detected in Australian grown apple samples to the best of our knowledge.

Compound 73 and 75 detected in positive mode were identified as 6”-O-Malonyld-
aidzin and violanone with precursor ion at m/z 503.1200 and m/z 317.1016, respectively.
6”-O-Malonyldaidzin was confirmed by the product ion at m/z 255 [71], corresponding
to the loss of malonyl-glucoside from precursor, while the compound violanone was
confirmed by the intensive peaks at m/z 300 [M+H-CH3, loss of 15 Da], m/z 285 [M+H-
2CH3, loss of 30 Da] and m/z 135 [M+H-C10H12O3] [72]. Previously, several studies had
discovered the existence of the above isoflavonoids in fruits [71,73–76].

3.4.3. Lignans

Compound 82 (Schisandrin C) was detected only in the positive ionization mode
with precursor ions at m/z 385.1663. The fragmentation peaks confirmed the compound
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schisantherin C based on product ions at m/z 370 [M+H-CH3OH], m/z 315 [M+H-C5H10]
and m/z 300 [M+H-CH3-C5H10] [77].

3.4.4. Other Polyphenols

In other polyphenols, curcuminoids (1), furanocoumarins (1), hydroxybenzaldehydes
(2), hydroxycoumarins (1), hydroxyphenylpropenes (1), phenolic terpenes (2), tyrosols (3)
and other polyphenols (2), while tyrosols was the dominant subclass were identified in
apple samples.

Compound 88 was tentatively characterised as 4-hydroxybenzaldehyde based on the
precursor ion at ([M-H]− at m/z 121.0301 and confirmed based on the MS2 fragmentation,
which exhibited the loss of CO2 (44 Da) from the precursor, resulting in the product ion
at m/z 77 [78]. Rosmanol (compound 93) was found in positive modes, and tentatively
characterised according to the precursors [M+H]+ at m/z 347.1844. In the MS2 experiment,
peaks at m/z 301 (loss of H2O) and m/z 231(loss of CO2) achieved the identification of
coumarin [79]. Meanwhile, compound 94 (carnosic acid with ([M-H]− at m/z 331.1905)
was confirmed by the fragments at m/z 287 and m/z 296, resulting from the loss of CO2
and further loss of H2O from the precursor [80]. To best of our knowledge, this is the first
time it has been detected in apple samples.

Compounds 95 and 96 detected in negative mode were detected as hydroxytyrosol
4-O-glucoside and 3,4-DHPEA-AC, precursor ion at m/z 315.1090 and m/z 195.0658, respec-
tively. On further analysis, hydroxytyrosol 4-O-glucoside was confirmed by the product
ions at m/z 153 and m/z 123, corresponding to the loss of glucoside (162 Da) and glucoside-
CH2O (192 Da) from the precursor ion, respectively [78] and 3,4-DHPEA-AC was confirmed
by the product ions at m/z 135 [M-H-C2H4O2] [81].

Compounds 91 and 92 were found in negative ionization mode and identified as
salvianolic acid C and salvianolic acid B with precursor ions at m/z 491.0963 and m/z
717.1436, respectively. Salvianolic acid C was confirmed by the product ion at m/z 311
[M-H-caffeic acid], m/z 267 [M-H-caffeic-CO2] and m/z 249 [M-H-CO2-H2O][82], while
salvianolic acid B was confirmed by the intensive peaks at m/z 519 [M-H-Danshensu, loss
of 198 Da], m/z 339 [M-H-Danshesu-caffeic acid, loss of 378], m/z 321 [M-H-2 × Danshensu,
loss of 396 Da] and m/z 295 [M-H-Danshensu-caffeic acid-CO2, loss of 422 Da][82]. Previ-
ously, both compounds were detected in Salvia miltiorrhiza [83]. Salvianolic acid, known for
its antioxidant potential, can effectively remove oxygen free radicals in the human body.
This compound is one of the natural products with the strongest antioxidant effect [84].
However, these compounds have been discovered for the first time in apple varieties to the
best of our knowledge.

3.5. Quantitative Analysis of Phenolic Compounds by HPLC-PDA

The most effective way of quantification of phenolic compounds is by HPLC-PDA
analysis [85]. In our study, 10 phenolic compounds (mainly phenolic acids and flavonoids)
were chosen to be quantified since it is difficult to complete the qualification of all the
identified compounds. Since a few compounds have too low UV absorption to be detected,
the content of phenolic compounds in five apple samples are shown in Table 4.

In phenolic acids, chlorogenic acid, p-hydroxybenzoic acid and caffeic acid were the
major phenolic acids in Royal Gala, while Pink Lady contained high content in chlorogenic
acid, p-hydroxybenzoic acid and protocatechuic acid. It was observed that Red Delicious
had highest content in caffeic acid when compared to other samples. Caffeic acid, chloro-
genic acid and protocatechuic acid were detected in Fuji. Whereas Smitten apples had
gallic acid and p-hydroxybenzoic acid, these compounds were not observed in Fuji.

According to previous studies, chlorogenic acid and caffeic acid have been identified
and quantified in several apple cultivars [86,87]. While Soares et al.’s [88] study indicated
that apples, including gala, showed a low concentration of gallic acid and p-hydroxybenzoic
acid, only few studies focused on identification of Fuji. Hence, further studies are required
to analyse the quantitation of Fuji and Smitten.
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Table 4. Quantitative analysis in phenolic compounds of five kinds of apple samples.

No. Compound Name
Molecular
Formula

RT
(min)

Royal Gala
(mg/g)

Pink Lady
(mg/g)

Red Delicious
(mg/g)

Fuji
(mg/g)

Smitten
(mg/g)

Phenolic Class

1 Gallic acid C7H6O5 6.836 2.34 ± 0.06 c 1.23 ± 0.05 d 4.56 ± 0.09 a - 3.25 ± 0.07 b Phenolic acids
2 Protocatechuic acid C7H6O4 12.569 3.69 ± 0.07 b 4.59 ± 0.08 a 1.25 ± 0.05 d 2.59 ± 0.07 c - Phenolic acids
3 p-Hydroxybenzoic acid C7H6O3 20.24 4.6 ± 0.08 b 6.37 ± 0.09 a 2.13 ± 0.06 c - 1.29 ± 0.05 d Phenolic acids
4 Chlorogenic acid C16H18O9 20.579 11.25 ± 0.07 b 15.69 ± 0.09 a 4.59 ± 0.06 c 3.18 ± 0.05 d 1.24 ± 0.05 e Phenolic acids
5 Caffeic acid C9H8O4 25.001 4.56 ± 0.06 c 2.14 ± 0.05 e 10.25 ± 0.09 a 5.69 ± 0.07 b 3.69 ± 0.05 d Phenolic acids
6 Catechin C15H14O6 19.704 15.64 ± 0.08 b 10.25 ± 0.08 c 3.68 ± 0.05 e 18.61 ± 0.09 a 4.59 ± 0.07 d Flavonoids
7 Epicatechin C15H14O6 24.961 7.13 ± 0.08 a 2.14 ± 0.06 b 2.14 ± 0.05 b 2.39 ± 0.06 b 7.59 ± 0.09 a Flavonoids
8 Epicatechin gallate C22H18O10 38.015 3.21 ± 0.07 a 0.26 ± 0.02 c - 1.21 ± 0.05 b 3.67 ± 0.07 a Flavonoids
9 Quercetin C15H10O7 70.098 18.96 ± 0.08 b 7.45 ± 0.06 d 19.67 ± 0.09 a 4.98 ± 0.05 e 14.79 ± 0.07 c Flavonoids
10 Kaempferol C15H10O6 80.347 14.25 ± 0.09 a 3.69 ± 0.05 e 9.67 ± 0.07 c 11.59 ± 0.08 b 6.97 ± 0.07 d Flavonoids

Experiments performed in triplicates are expressed as the mean ± SD. Means followed by different letters (a, b, c, d, e) within the same column are significantly different (p < 0.05) from each other. Data of five
kinds of apples are reported (fw).
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In flavonoids, a total of four flavonoids (catechin, epicatechin, quercetin, kaempferol)
were detected among five apple samples. In general, Fuji was detected the highest catechin
content while Red Delicious was the lowest. In contrast, the highest quercetin was detected
in Red Delicious while Fuji contained the lowest quercetin. Epicatechin was detected in
Royal Gala and Smitten the compounds were 7.13 ± 0.08 mg/g and 7.59 ± 0.09 mg/g
respectively. Smitten contained the highest Kaempferol (14.25 ± 0.09 mg/g) among five
samples. Compound epicatechin gallate was negligible in all the samples.

Previous studies showed that catechin and quercetin are main flavonoids that con-
tribute to the antioxidant potential of apples [61,89]. Previously reported that epicatechin
and kaempferol have been successfully synthesised and characterised [90,91]. However,
to the best of our knowledge epicatechin gallate was not detected in apples hence more
further studies are needed to verify the detection of this flavonoids.

In conclusion, Royal Gala, Red Delicious and Smitten had abundant quercetin content.
Pink Lady had a high concentration of compounds including chlorogenic acid and catechin.
Fuji had most abundant amount kaempferol and catechin content among five samples.
Finally, phenolic acids were more abundant in Pink Lady and Royal Gala while flavonoids
were more abundant in Royal Gala, which is consistent with the previous study.

4. Conclusions

In conclusion, various methods have been successfully utilized for the determination,
characterisation, and quantitation of phenolic compounds among five different varieties
of Australian grown apples. In phenolic compound estimation, Red Delicious showed
higher TPC, TFC, DPPH, FRAP, ABTS and TAC values than other apple samples while
Fuji exhibited the highest TTC value. The correlation between flavonoids and phenolic
acids exhibited a major contribution towards the antioxidant activities of apples. The
LC-ESI-QTOF-MS/MS qualification identified a total of 97 different phenolic compounds
in five apple samples, including phenolic acids, flavonoids, lignans, other polyphenols and
stilbenes. 10 phenolic compounds were quantification through HPLC-PDA based on the
difference of UV spectra and retention times. The analysis showed that phenolic acids were
more abundant in Pink Lady and Royal Gala whereas flavonoids were more abundant in
Royal Gala.
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58. Kelebek, H.; Kadiroğlu, P.; Demircan, N.B.; Selli, S. Screening of bioactive components in grape and apple vinegars: Antioxidant
and antimicrobial potential. J. Inst. Brew. 2017, 123, 407–416. [CrossRef]

59. Enomoto, H.; Takahashi, S.; Takeda, S.; Hatta, H. Distribution of flavan-3-ol species in ripe strawberry fruit revealed by
matrix-assisted laser desorption/ionization-mass spectrometry imaging. Molecules 2020, 25, 103. [CrossRef] [PubMed]

60. Lv, Q.; Luo, F.; Zhao, X.; Liu, Y.; Hu, G.; Sun, C.; Li, X.; Chen, K. Identification of proanthocyanidins from litchi (litchi chinensis
sonn.) pulp by lc-esi-q-tof-ms and their antioxidant activity. PLoS ONE 2015, 10, e0120480. [CrossRef]

61. Nicoli, M.C.; Calligaris, S.; Manzocco, L. Effect of enzymatic and chemical oxidation on the antioxidant capacity of catechin
model systems and apple derivatives. J. Agric. Food Chem. 2000, 48, 4576–4580. [CrossRef]

62. Pignatelli, P.; Pulcinelli, F.M.; Celestini, A.; Lenti, L.; Ghiselli, A.; Gazzaniga, P.P.; Violi, F. The flavonoids quercetin and catechin
synergistically inhibit platelet function by antagonizing the intracellular production of hydrogen peroxide. Am. J. Clin. Nutr.

2000, 72, 1150–1155. [CrossRef] [PubMed]
63. Zeng, X.; Su, W.; Bai, Y.; Chen, T.; Yan, Z.; Wang, J.; Su, M.; Zheng, Y.; Peng, W.; Yao, H. Urinary metabolite profiling of flavonoids

in chinese volunteers after consumption of orange juice by uflc-q-tof-ms/ms. J. Chromatogr. B 2017, 1061, 79–88. [CrossRef]
[PubMed]

64. Brito, A.; Ramirez, J.E.; Areche, C.; Sepúlveda, B.; Simirgiotis, M.J. Hplc-uv-ms profiles of phenolic compounds and antioxidant
activity of fruits from three citrus species consumed in northern chile. Molecules 2014, 19, 17400–17421. [CrossRef]

65. Lin-Wei, C.; Qin, W.; Kun-Ming, Q.; Xiao-Li, W.; Bin, W.; Dan-Ni, C.; Bao-Chang, C.; Ting, C. Chemical profiling of qixue shuangbu
tincture by ultra-performance liquid chromatography with electrospray ionization quadrupole-time-of-flight high-definition
mass spectrometry (uplc-qtof/ms). Chin. J. Nat. Med. 2016, 14, 141–146.

66. Pandey, R.; Kumar, B. Hplc–qtof–ms/ms-based rapid screening of phenolics and triterpenic acids in leaf extracts of ocimum
species and their interspecies variation. J. Liquid Chromatogr. Relat. Technol. 2016, 39, 225–238. [CrossRef]

67. Liu, M.-H.; Tong, X.; Wang, J.-X.; Zou, W.; Cao, H.; Su, W.-W. Rapid separation and identification of multiple constituents in
traditional chinese medicine formula shenqi fuzheng injection by ultra-fast liquid chromatography combined with quadrupole-
time-of-flight mass spectrometry. J. Pharm. Biomed. Anal. 2013, 74, 141–155. [CrossRef]

68. Kadam, D.; Palamthodi, S.; Lele, S. Lc–esi-q-tof–ms/ms profiling and antioxidant activity of phenolics from l. Sativum seedcake.
J. Food Sci. Technol. 2018, 55, 1154–1163. [CrossRef]

69. Gong, L.; Haiyu, X.; Wang, L.; Xiaojie, Y.; Huijun, Y.; Songsong, W.; Cheng, L.; Ma, X.; Gao, S.; Liang, R.; et al. Identification and
evaluation of the chemical similarity of yindan xinnaotong samples by ultra high performance liquid chromatography with
quadrupole time-of-flight mass spectrometry fingerprinting. J. Sep. Sci. 2016, 39, 611–622. [CrossRef]

70. Guijarro-Díez, M.; Nozal, L.; Marina, M.L.; Crego, A.L. Metabolomic fingerprinting of saffron by lc/ms: Novel authenticity
markers. Anal. Bioanal. Chem. 2015, 407, 7197–7213. [CrossRef]

71. Farag, M.A.; Huhman, D.V.; Lei, Z.; Sumner, L.W. Metabolic profiling and systematic identification of flavonoids and isoflavonoids
in roots and cell suspension cultures of medicago truncatula using HPLC–UV–ESI–MS and GC–MS. Phytochemistry 2007, 68,
342–354. [CrossRef]

72. Feng, W.; Dong, Q.; Liu, M.; Li, S.; Liu, T.; Wang, X.; Niu, L. Screening and identification of multiple constituents and their
metabolites of zhi-zi-chi decoction in rat urine and bile by ultra-high-performance liquid chromatography quadrupole time-of-
flight mass spectrometry. Biomed. Chromatogr. 2017, 31, e3978. [CrossRef] [PubMed]

73. Li, Z.; Zhang, X.; Liao, J.; Fan, X.; Cheng, Y. An ultra-robust fingerprinting method for quality assessment of traditional chinese
medicine using multiple reaction monitoring mass spectrometry. J. Pharm. Anal. 2020, 11, 88–95. [CrossRef]

74. Zheng, Y.; Duan, W.; Sun, J.; Zhao, C.; Cheng, Q.; Li, C.; Peng, G. Structural identification and conversion analysis of malonyl
isoflavonoid glycosides in astragali radix by hplc coupled with esi-q tof/ms. Molecules 2019, 24, 3929. [CrossRef] [PubMed]

75. Xiao, Y.; Liu, L.; Bian, J.; Yan, C.; Ye, L.; Zhao, M.; Huang, Q.; Wang, W.; Liang, K.; Shi, Z.; et al. Identification of multiple
constituents in shuganjieyu capsule and rat plasma after oral administration by ultra-performance liquid chromatography
coupled with electrospray ionization and ion trap mass spectrometry. Acta Chromatogr. 2018, 30, 95–102. [CrossRef]

76. Liao, M.; Cheng, X.; Zhang, X.; Diao, X.; Liang, C.; Zhang, L. Qualitative and quantitative analyses of active constituents in
trollius ledebourii. J. Chromatogr. Sci. 2018, 56, 619–635. [CrossRef]

77. Yang, S.; Shan, L.; Luo, H.; Sheng, X.; Du, J.; Li, Y. Rapid classification and identification of chemical components of schisandra
chinensis by uplc-q-tof/ms combined with data post-processing. Molecules 2017, 22, 1778. [CrossRef]

78. Wang, Y.; Vorsa, N.; Harrington, P.d.B.; Chen, P. Nontargeted metabolomic study on variation of phenolics in different cranberry
cultivars using uplc-im–hrms. J. Agric. Food Chem. 2018, 66, 12206–12216. [CrossRef]

79. Jesionek, W.; Majer-Dziedzic, B.; Horváth, G.; Móricz, Á.M.; Choma, I.M. Screening of antibacterial compounds in salvia officinalis
l. Tincture using thin-layer chromatography—direct bioautography and liquid chromatography—tandem mass spectrometry
techniques. J. Planar Chromatogr. Mod. TLC 2017, 30, 357–362. [CrossRef]

64



Appl. Sci. 2021, 11, 2421

80. Pacifico, S.; Piccolella, S.; Lettieri, A.; Nocera, P.; Bollino, F.; Catauro, M. A metabolic profiling approach to an italian sage leaf
extract (soa541) defines its antioxidant and anti-acetylcholinesterase properties. J. Funct. Foods 2017, 29, 1–9. [CrossRef]

81. Drira, M.; Kelebek, H.; Guclu, G.; Jabeur, H.; Selli, S.; Bouaziz, M. Targeted analysis for detection the adulteration in extra
virgin olive oil’s using lc-dad/esi–ms/ms and combined with chemometrics tools. Eur. Food Res. Technol. 2020, 246, 1661–1677.
[CrossRef]

82. Zhang, Q.-Q.; Xin, D.; Xin-Guang, L.; Wen, G.; Ping, L.; Hua, Y. Rapid separation and identification of multiple constituents in
danhong injection by ultra-high performance liquid chromatography coupled to electrospray ionization quadrupole time-of-flight
tandem mass spectrometry. Chin. J. Nat. Med. 2016, 14, 147–160. [CrossRef]

83. Ai, C.-B.; Li, L.-N. Stereostructure of salvianolic acid b and isolation of salvianolic acid c from salvia miltiorrhiza. J. Nat. Prod.

1988, 51, 145–149. [CrossRef]
84. Zhao, G.-R.; Zhang, H.-M.; Ye, T.-X.; Xiang, Z.-J.; Yuan, Y.-J.; Guo, Z.-X.; Zhao, L.-B. Characterisation of the radical scavenging

and antioxidant activities of danshensu and salvianolic acid b. Food Chem. Toxicol. 2008, 46, 73–81. [CrossRef] [PubMed]
85. Liaudanskas, M.; Viškelis, P.; Jakštas, V.; Raudonis, R.; Kviklys, D.; Milašius, A.; Janulis, V. Application of an optimized hplc

method for the detection of various phenolic compounds in apples from lithuanian cultivars. J. Chem. 2014, 2014, 1–10. [CrossRef]
86. Lu, Y.; Foo, L.Y. Identification and quantification of major polyphenols in apple pomace. Food Chem. 1997, 59, 187–194. [CrossRef]
87. Marks, S.C.; Mullen, W.; Crozier, A. Flavonoid and chlorogenic acid profiles of english cider apples. J. Sci. Food Agric. 2007, 87,

719–728. [CrossRef]
88. Soares, M.C.; Ribeiro, É.T.; Kuskoski, E.M.; Gonzaga, L.V.; Lima, A.; Mancini Filho, J.; Fett, R. Composition of phenolic acids

content in apple (Malus sp) pomace. Semina Ciências Agrárias 2008, 29, 339–347. [CrossRef]
89. Reay, P.; Lancaster, J. Accumulation of anthocyanins and quercetin glycosides in ‘gala’ and ‘royal gala’ apple fruit skin with

uv-b–visible irradiation: Modifying effects of fruit maturity, fruit side, and temperature. Sci. Hortic. 2001, 90, 57–68. [CrossRef]
90. Mayer, J.M. Proton-coupled electron transfer: A reaction chemist’s view. Annu. Rev. Phys. Chem. 2004, 55, 363–390. [CrossRef]
91. Cheng, Y.; Nie, J.; Liu, H.; Kuang, L.; Xu, G. Synthesis and characterisation of magnetic molecularly imprinted polymers for

effective extraction and determination of kaempferol from apple samples. J. Chromatogr. A 2020, 1630, 461531. [CrossRef]

65





applied  
sciences

Review

Environmental Conditions and Agronomical Factors
Influencing the Levels of Phytochemicals in Brassica Vegetables
Responsible for Nutritional and Sensorial Properties

Francesca Biondi 1,2, Francesca Balducci 1, Franco Capocasa 1 , Marino Visciglio 2, Elena Mei 2,

Massimo Vagnoni 2, Bruno Mezzetti 1 and Luca Mazzoni 1,*

����������
�������

Citation: Biondi, F.; Balducci, F.;

Capocasa, F.; Visciglio, M.; Mei, E.;

Vagnoni, M.; Mezzetti, B.; Mazzoni, L.

Environmental Conditions and

Agronomical Factors Influencing the

Levels of Phytochemicals in Brassica

Vegetables Responsible for

Nutritional and Sensorial Properties.

Appl. Sci. 2021, 11, 1927. https://

doi.org/10.3390/app11041927

Academic Editors:

Alessandro Genovese and

Carmela Spagnuolo

Received: 14 December 2020

Accepted: 19 February 2021

Published: 22 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Agricultural, Food and Environmental Sciences, Università Politecnica delle Marche,
via Brecce Bianche 10, 60131 Ancona, Italy; fra90ap@hotmail.it (F.B.); francesca.balducci@staff.univpm.it (F.B.);
f.capocasa@staff.univpm.it (F.C.); b.mezzetti@staff.univpm.it (B.M.)

2 Valli di Marca ss Agricultural Company, c/da Valle 2, 63068 Montalto delle Marche, Italy;
marino.visciglio@gmail.com (M.V.); maddymei@hotmail.it (E.M.); massimo.agv@gmail.com (M.V.)

* Correspondence: l.mazzoni@staff.univpm.it; Tel.: +39-071-220-4640

Abstract: Recently, the consumption of healthy foods has been related to the prevention of cardiovas-
cular, degenerative diseases and different forms of cancers, underlying the importance of the diet for
the consumer’s health. Fruits and vegetables contain phytochemicals that act as protective factors
for the human body, through different mechanisms of action. Among vegetables, Brassica received a
lot of attention in the last years for the phytochemical compounds content and antioxidant capacity
that confer nutraceutical value to the product. The amount of healthy bioactive compounds present
in the Brassica defines the nutritional quality. These molecules could belong to the class of antioxi-
dant compounds (e.g., phenols, vitamin C, etc.), or to non-antioxidant compounds (e.g., minerals,
glucosinolates, etc.). The amount of these compounds in Brassica vegetables could be influenced
by several factors, depending on the genotypes, the environmental conditions and the cultivation
techniques adopted. The aim of this study is to highlight the main phytochemical compounds present
in brassicas used as a food vegetable that confer nutritional and sensorial quality to the final product,
and to investigate the main factors that affect the phytochemical concentration and the overall quality
of Brassica vegetables.

Keywords: phytochemical compounds; antioxidant capacity; Brassica spp.; vegetables; cultivation
techniques; glucosinolates

1. Introduction

In recent years, the increasing incidence of cardiovascular, degenerative diseases and
different forms of cancers has stimulated the interest of consumers in distinguishing healthy
from unhealthy foods, as a consequence of the abandonment of Mediterranean diet which,
in contrast to other eating regimes, was considered a model of healthy eating for years.
The interest for consuming healthy food led to coining the new definition “functional food”
for several foodstuffs. This term defines a food product that, in addition to carrying out
the traditional alimentary function, also performs preventive and/or therapeutic effects
against various human diseases, in particular chronic-degenerative diseases [1,2]. Fruits
and vegetables contain phytochemicals that are responsible for these positive effects on
human body.

Among vegetables, brassicas received a lot of attention in the last few years. They
comprise a large and diverse group of widely consumed vegetables. Brassica is the Latin
name of a genus that is taxonomically placed within the Brassicaceae (Cruciferae). The main
cultivated and most consumed as food vegetables Brassica species in the world are indicated
in Table 1. Other closely related vegetables within the Brassicaceae family are also reported.
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The healthy potential of Brassica is bound to their phytochemical compounds. The main
compounds responsible for healthy function are phenolic compounds, vitamins (C, B9, K),
provitamin A (β-carotene), lutein and different types of glucosinolates [3]. The increasing
interest for Brassica vegetables has been underlined by their economic importance (among
the top 10 economic crops in the world [4]) and by the fact that there was an increase of
about 11.5% of both the cultivated area and the production quantity from 2009 to 2019,
with a slight increase in yield of about 1.5%. The Organization for Food and Agriculture of
the United Nations (FAO) also reported that, in 2019, the global production of cauliflower,
broccoli, cabbage and other Brassica crops was about 97 million tonnes, occupying a
cultivated area of almost 4 million hectares. Asia accounts for more than 75% of the global
Brassica vegetable production, with China producing almost a half of all of these vegetables
(45 million tonnes). India, with more than 18 million tonnes, then Korea, Russia, and USA
with more than 2 million tonnes, are also the biggest producers of cauliflower, broccoli,
cabbage and other Brassica crops [5].

Table 1. Main species, subspecies (ssp.) and varieties (var.) of Brassicaceae family crops consumed as food vegetable in the
world [4,6–8].

Species ssp./var. Common Name/Italian Name

Brassica oleracea L. italica Broccoli

capitata
capitata f. rubra
capitata f. alba

Cabbage
Red cabbage

White cabbage

botrytis Cauliflower

acephala sabellica
acephala laciniata

acephala

Curly Kale, Red, Green and Russian curly kale
Black Cabbage, Italian or Tuscan cabbage

Collards

gemmifera Brussels sprouts

gongylodes Kohlrabi

sabauda Savoy cabbage

alboglabra Chinese kale

costata Tronchuda cabbage

Brassica rapa L. rapa Turnip broccoli

sylvestris Turnip top, broccoli raab/cima di rapa, friarielli

peckinensis Chinese cabbage

chinensis Pak-choi, Chinese mustard

japonica Mizuna, curled mustard, Japanese greens

perviridis Tendergreen, Spinach mustard

rapifera Turnip

Brassica napus L.
napus Rapeseed

napobrassica Swede/rutabaga

Brassica kaber/Brassica
arvensis/Sinapis arvensis

Charlock/kaber

Brassica alba/Sinapis alba,
Brassica hirta

White or yellow mustard

Brassica nigra/Sinapis nigra Black mustard

Brassica campestris Field mustard
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Table 1. Cont.

Species ssp./var. Common Name/Italian Name

Brassica carinata Ethiopian mustard, Abyssinian mustard, Texsel greens

Brassica juncea Brown mustards

Raphanus sativus L. Radish

Raphanus raphanistrum L. Wild radish

Nasturtium officinale R. BR. Watercress/Crescione d’acqua

Eruca sativa Mill. Rocket/Rucola

Eruca vesicaria L. Rocket Ruca, ruchetta

Diplotaxis tenuifolia L. Wild rocket/Rughetta selvatica

Diplotaxis muralis L. Wall rocket

The present review summarizes the main chemical compounds responsible for the
sensorial and nutritional quality of Brassica spp., with particular emphasis on the factors
affecting their level.

2. Nutritional Quality

Nutritional quality could be defined as the value of the product for the consumer’s
physical, psychological, or emotional well-being. The first term of this extended definition
concerns the effects of food determined by its phytochemicals, i.e., the sum of all beneficial
and harmful compounds and their nutritional (or biological) aspects [9]. In the case
of Brassica spp., these molecules could belong to the class of antioxidant compounds
(e.g., phenols, vitamin C, etc.), exerting their health effects through the ability to scavenge
free radicals, or to non-antioxidant compounds (e.g., minerals, glucosinolates, etc.) that
exert their function through direct mechanisms in the human metabolism, different from
the scavenger activity.

2.1. Antioxidant Compounds

Total antioxidant capacity (TAC) is the ability of food to preserve an oxidizable sub-
strate, inactivate the radical species or reduce an oxidized antioxidant. TAC is considered a
fundamental parameter for the description of fruits and vegetables nutritional quality; it is
an indicator of the presence of bioactive substances belonging to the antioxidants group.
Each antioxidant compound performs its protecting activity through different mechanisms
and with different efficiency, depending on its chemical structure and the matrix it acts
on. For this reason, TAC analysis is usually preferred to the measurement of the single
concentration of each antioxidant, mainly if the objective of the study is a general screening
of the health effects of different fruit and vegetables.

Brassica vegetables, i.e., broccoli and kale, showed higher antioxidant potential than
other vegetable crops, such as spinach, carrots, potatoes, beans and onions. In general,
among Brassica vegetables, Brussels sprouts, broccoli, and red cabbage belong to the
group that has the highest antioxidant capacity. Common cabbage possesses the lowest
antioxidant capacity [10,11]. Contrasting results were reported in cauliflower by Azuma
et al. [12] and Wu et al. [13]. The analysis of TAC is influenced by the extraction method
and the type of reactive species in the reaction mixture [12].

Many researchers studied and identified the main antioxidant molecules present in
Brassicaceae [13–16]. These antioxidant compounds belong to two main groups: water-
soluble antioxidants and lipo-soluble antioxidants [14,15]. Kurlich et al. [16] and Wu et al. [13]
reported that hydrophilic antioxidants are responsible for 80–95% of TAC in Brassicaceae,
while lipo-soluble antioxidants account for only 5–20%.
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2.1.1. Water-Soluble Antioxidants

• Phenolic compounds

Phenolic compounds are the most widespread antioxidant family present in vegetables.
This large group of compounds is particularly present in Brassica vegetables and constitutes
the main source of antioxidants in these plants [14,17]. These plants produce them as
secondary metabolites for protection from pest and insect attack.

Their importance in human health is related to antioxidant and anti-inflammatory
properties that could have preventive and/or therapeutic effects against obesity, cancer,
and neurodegenerative and cardiovascular diseases [18]. Among Brassica species, kale and
broccoli have the highest quantity of total polyphenols with about 13 mg gallic acid/g of
dry weight [19,20].

Flavonoids represent common phenolic compounds in Brassica; they possess a lot
of biological properties, e.g., antioxidant activity, a capillary protective effect, and an
inhibitory effect elicited in various stages of tumours [14,21]. They are characterized by
numerous subclasses, but the most important in Brassica are the following:

1. Flavonols: together with anthocyanins, they are the main represented flavonoids in
Brassica species; they can be found in internal and external parts of leaves, seeds,
shoots and sprouts leaves [22,23]. The most represented flavonols in Brassica veg-
etables are quercetin (up to 23 mg/100 g fresh product in kale), kaempferol (up to
47 mg/100 g fresh product in kale) and isorhamnetin (up to 24 mg/100 g fresh product
in kale) [24]. Quercetin, found mainly in kale, is characterized by a strong antioxidant
power (higher than vitamin C); it exerts its activity against free oxygen radicals and
acts on the prevention of cardiovascular diseases and cancer, atherosclerosis and
chronic inflammation, and the induction of enzymes that detoxify carcinogens [25,26].
Kaempferol 3-O-sophoroside is the main represented flavonol in broccoli florets; its
high intake is linked with a lower risk of coronary heart disease [27]. Kaempferol
and quercetin, and in less amounts, myricetin, are the main represented flavonols in
B. rapa subsp. sylvestris.

2. Flavones: Apigenin and luteolin are the only flavones detected in hydrolysed extracts
of different Brassica vegetables (up to 45 and 12 µg/g of fresh weight in Chinese
cabbage, respectively), excluding broccoli, where they were not detected [28].

3. Anthocyanins were detected in Brassica vegetables and described by several au-
thors [13,29]. They are present only in bright coloured species and varieties with red,
orange and purple pigmentation, such as some kales, purple broccoli, and red and
black cabbage. These compounds show an interesting antioxidant activity. The 80%
of anthocyanins present in Brassica species are in the acylated form, more stable and
easily absorbable by the organism. The main represented anthocyanins in cruciferous
are cyanidin derivatives. In particular, red cabbage possesses eight main types of
anthocyanins (for a total of up to 190 mg Cyanidin−3-Glucoside equivalents/100 g of
fresh weight) [30]; cyanidin−3-diglucoside is the most represented [31]. In broccoli,
more than 17 anthocyanins were detected [29].

Among phenolic compounds, even if they are not hydro-soluble, it is worth mention-
ing the lignans, diphenolic compounds that possess several biological activities, through
their antioxidant and oestrogenic properties. Lignans may reduce the risk of certain can-
cers and cardiovascular diseases [16]. Some studies reported that lignans are mainly
present in the kale family, broccoli and Brussel sprouts with lariciresinol (972, 599 and
493 µg/100 g fresh edible weight of Broccoli, Curly kale and Brussel sprouts, respectively)
and pinoresinol (315, 1691 and 220 µg/100 g fresh edible weight of Broccoli, Curly kale
and Brussel sprouts, respectively) being the most abundant [15,32].

• Vitamin C and vitamin B9 (Folic Acid)

Vitamin C, or ascorbic acid, is a powerful antioxidant, widely present and studied in
fruits; however, many recent works have been focused on the importance of vitamin C in
vegetables, mostly in Brassicaceae family. In Brassica vegetables vitamin C concentration
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varies a lot among species and subspecies, and it is strictly genotype- and environment-
dependent [33,34]. Vitamin C performs countless biological activities in the human body
and represents a nutritional compound fundamental for health. Ascorbic acid is a radical
scavenger, an enzyme cofactor and a donator/acceptor in electrons transport at the plasma
membrane level; its role is fundamental in the regeneration of α-tocopherol, and in the
prevention and treatment of malignant and degenerative diseases [33,35].

Among Brassica genotypes, Brussel sprouts (76–192 mg/100 g edible portion) and
kale (92–186 mg/100 g edible portion) seem to possess the highest content of vitamin C,
followed by broccoli (34–146 mg/100 g edible portion) and cauliflower (17–81 mg/100 g
edible portion), while white cabbage (19–47 mg/100 g edible portion) possesses the lowest
amount [14].

Vitamin B9 (Folic acid) is an important vitamin present in Brassica, mainly in raw
broccoli (63 µg/100 g of edible portion), Brussel sprouts (61 µg/100 g of edible portion)
and kale (141 µg/100 g of edible portion) [36], that act as a coenzyme in many single
carbon transfer reactions, in the synthesis of DNA and RNA and of protein components.
Furthermore, it reduces the level of homocysteine in the blood, a risk factor for cardiovas-
cular diseases. Among the several health activities that folic acid performs, it is strongly
important in the prevention of megaloblastic anaemia, neuropsychiatric disorders and
various forms of cancer in the foetus during pregnancy, also reducing the risk of neural
tube defects [33,37]. These beneficial effects of folic acid, in particular on the pathogenesis
of cancer, and neurological, haematological, and cardiovascular diseases may, in part, be
due to its antioxidant activity, via its electron-accepting capacity [38,39].

2.1.2. Lipo-Soluble Antioxidants

Despite the low incidence of lipo-soluble antioxidants on the TAC of Brassica, several
studies confirm the high content of lipo-soluble antioxidant in kale and broccoli, moderate
in Brussels sprouts, and low amount in cauliflower and cabbage [33]. Among lipo-soluble
antioxidants, carotenoids and vitamin E are the most important found in Brassica vegetables.

• Carotenoids

Carotenoids are responsible for the orange, yellow and red pigmentation of sev-
eral fruits and vegetables, mainly carotenes and xanthophylls. The most represented
carotenoids in Brassica vegetables are β-carotene, which the organism transforms to vi-
tamin A, and lutein and zeaxanthin [14]. β-carotene prevents the insurgence of cancer
and cardiovascular diseases, and decreases the risk of myocardial infarction, of immune
dysfunction and age-related macular degeneration among smokers [33,40]. Muller [41]
analysed the total carotenoid content of several Brassica species and reported them in
decreasing order: Brussel sprouts (6.1 mg/100 g), broccoli (1.6 mg/100 g), red cabbage
(0.43 mg/100 g) and finally white cabbage (0.26 mg/100 g). In the Brassica oleracea genus,
kale possesses the highest content of carotenoids with over 10 mg/100 g of the edible
portion [41].

The Brassica vegetable with the highest content of lutein and zeaxanthin is kale (3.04–
39.55 mg/100 g); interesting contents were also found in broccoli and Brussels sprouts [14].
In B. rapa species, 16 carotenoids were identified by Wills and Rangga [42]; in B. chinensis,
parachinensis and pekinensis, lutein and β-carotene are the most abundant carotenoids [15].

• Vitamin E

Vitamin E is formed by groups of compounds known as tocopherols and tocotrienols;
in detail, α-tocopherol is the main compound found in Brassica vegetables, with the ex-
ception of cauliflower, that contains mainly γ-tocopherol [14,43]. Vitamin E performs a
protective activity against coronary heart disease through the inhibition of LDL oxida-
tion [44]. A high intake of vitamin E helps in the prevention of cancers, cardiovascular
diseases, neurological disorders, and inflammatory diseases [33]. The content of vitamin E
in Brassica species has been studied in the literature, as reported here in decreasing order:
broccoli (0.82 mg/100 g), Brussels sprouts (0.40 mg/100 g), cauliflower (0.35 mg/100 g),
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Chinese cabbage (0.24 mg/100 g), Red cabbage (0.05 mg/100 g), and white cabbage
(0.04 mg/100 g) [43].

2.2. Micro- and Macro-Elements

Macro-elements, also called macronutrients, are those nutrients that the plants need
in greater quantities for essential structural and energetic role. They are indispensable
elements for the growth and development of the metabolic functions of plants. The
fundamental nutrients are represented by nitrogen (N), phosphorus (P) and potassium (K).

Minerals, such as Boron (B), Copper (Cu), Cobalt (Co), Iron (Fe), Manganese (Mn),
Zinc (Zn), and Selenium (Se), are required by plants in very small quantities and are known
as microelements. Although trace elements are present in small quantities in plants, they
play key roles in plant life; this is also demonstrated by the symptoms associated with
deficiency phenomena. Their availability depends on the conditions of the soil. The high
capacity of Brassicaceae to accumulate the metals present in the soil led this family to be
considered a good heavy metal hyperaccumulator, giving the significant number of genera
(11) and species (90) of those kinds of plants belong to Brassicaceae family [45].

However, micro- and macro-elements also play important roles in the human body.
The elements K, Ca, Mg, Fe, Zn, Se, and Mn are fundamental in the regulation of many
metabolic activities, in bones and teeth health, in cancer prevention, in the production of
red blood cells, and participating as enzyme co-factors. Among Brassicaceae, kale is the
richest in almost all the main macro and micro elements, with a particularly high amount
of calcium (95–539 mg/100 g of edible portion), magnesium (20–67 mg/100 g of edible
portion), phosphorus (13–92 mg/100 g of edible portion), potassium (20–491 mg/100 g of
edible portion), zinc (0.3–0.9 mg/100 g of edible portion), iron (0.4–3.1 mg/100 g of edible
portion), manganese (0.4–1.9 mg/100 g of edible portion), copper (0.02–1.03 mg/100 g of
edible portion), and selenium (0–0.94 mg/100 g of edible portion). Mustard green is the
richest in iron (1.64 mg/100 g of edible portion), Turnip in sodium (67 mg/100 g of edible
portion) and Broccoli in selenium (2.5 mg/100 g of edible portion) [36,46].

2.3. Glucosinolates (GLS) and Isothiocyanates (ITCS)

Glucosinolates (GLS) are one of the most important secondary metabolites in Bras-
sicaceae derived from amino acid biosynthesis [14,47]. GLS are glucosidic compounds
containing sulphur, present in Brassica leaves, compartmentalized in the vacuole, at con-
centrations that are able to prevent the development of pathogens, diseases and pests [48].
Their concentrations vary among Brassica species [49], according to the developmental stage,
tissue type, exposure to salt stress, environmental factors, or plant signalling molecules,
including treatment with salicylic acid (SA), jasmonic acid (JA) and methyl-jasmonic acid
(MeJA) [50–52]. However, their amount generally ranges from the 4.7–32.2 mg/100 g
of Mustard spinach, 8.7–12.8 mg/100 g of Rocket, 9.7–33.7 mg/100 g of Chinese cab-
bage, up to the 65.4–151.1 mg/100 g of Kale, 149.4 mg/100 g of Chinese broccoli and
87.6–332.8 mg/100 g of Radish [53,54]. GLS can be divided into three chemical classes:
arylaliphatic, indole and aliphatic, based on their amino acid precursor (aromatic amino
acid, tryptophan and methionine, respectively) [55], as reported in Table 2. In Brassica
vegetables, the most important GLS belong to the methionine-derived ones [56]. Some
authors declared that the most popular food processing methods, such as boiling, blanch-
ing, and steaming, can significantly affect the final content of GLS. A mild-processing
technique, such as blanching, is recommended in order to minimize the loss of GLS or their
derivatives [57].
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Table 2. Principal glucosinolates identified in leaves of Brassica vegetable crops.

Crop
Aliphatic Glucosinolates Indole Glucosinolates

Arylaliphatic
Glucosinolates

GIB PRO SIN GAL GRA GNA GBN GIV GER GNL GBS NGBS 4HGBS 4MGBS GST

Brassica oleracea

White cabbage [58–61] + + + + + + + + + - + + + + +
Savoy cabbage [58–61] + + + - + + + + - - + + - + +
Red cabbage [58,60,61] + + + - + + - + - - + + - - -

Kale [58,60–62] + + + - + + - + - - + + + + +
Collard [62] + + + - - - - + + - + - - - -

Tronchuda cabbage [60,63] + + + + + + + + - - + + + + +
Broccoli [62,64] + + + + + + + - + + + + + + +

Brussel sprouts [61,62,64] + + + - + + - + - - + + - - -
Cauliflower [61,64] + + + - + - - + - - + + - - -

Kohlrabi [61] + + + + + + - + - - + + + + -

Brassica rapa

Turnip [59] + + - - - + + - + + + + + + +
Turnip greens [65] + + - + + + + + - + + + + - +

Turnip tops [66] + + - - - + + + - - + + + - +
Chinese cabbage [59] + + - - - + + - - + + + - + +

Brassica napus

Swede [59] - + - - + - + - - + + + + + +
Leaf rape [67] - + - + - + + + - + + + - + +

GIB: glucoiberin (3-methylsulfinylpropyl GSL); PRO: progoitrin ((R)−2-hydroxybut−3-enyl GSL); SIN: sinigrin (prop−2-enyl GSL); GAL: glucoalysiin (5-methylsulphinylpentyl GSL); GRA: glucoraphanin
(4-methylsulphinylbutyl GSL); GNA: gluconapin (but−3-enyl GSL); GBN: glucobrassicanapin (pent−4-enyl GSL); GIV: glucoiberverin (3-methylsulfanylpropyl GSL); GER: glucoerucin (4-methylsulfanylbutyl
GSL); GNL: gluconapoleiferin (2-hydroxypent−4-enyl GSL); GBS: glucobrassicin (indol−3-lylmethyl GSL); NGBS: neoglucobrassicin (1-methoxyindol−3-ylmethyl GSL); 4HGBS: 4-hydroxyglucobrassicin
(4-hydroxyindol−3-ylmethyl GSL); 4MGBS: 4-methoxyglucobrassicin (4-methoxyindol−3-ylmethyl GSL); GST: gluconasturtiin (2-phenylethyl GSL).
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GLS have no direct functions to human health: the health effects are exerted by
their hydrolysis breakdown products, the isothiocyanates (ITCs). These are aromatic
volatile compounds containing sulphur, derived from the hydrolytic action of the enzyme
myrosinase on GLS. The plant myrosinase acts in the human gut and hydrolyses GLS in
ITCs during human ingestion. However, during the cooking of the vegetables, the exposure
to heat treatment can inactivate the plant myrosinase, so the ITCs are obtained thanks to
the action of myrosinase produced by the human gut flora. Unfortunately, its activity and
efficiency are lower than plant myrosinase [68,69]. It is possible to obtain many ITCs, and
their production strictly depends on the original GLS, the substrate, the pH conditions, the
availability of ferrous ions, and the level of activity of the ESP (epithiospecifier protein), a
specific protein factor [52,70].

ITCs are mainly responsible for the bitterness, and spicy and typical aroma and
smell of Brassica vegetables [63]. They possess protective and preventing effects against
several kinds of cancer e.g., prostate, intestinal, liver, lung, breast, and bladder, chronic
inflammation and neurodegeneration, acting on the apoptotic phase of cell developmental
cycle; they are also effective in the reduction in cholesterol [19,71,72].

The most studied ITCs in medical research is sulforaphane [73,74], mainly repre-
sented in broccoli and Brussel sprout. It is the most important ITCs considering its health
benefits, it derives from the glucoraphanin [75]. Sulforaphane is an indirect antioxidant,
because it acts as a catalyst in the stimulation of cellular antioxidant system. In particular,
sulforaphane stimulates some enzymes active against tumoral cell proliferation [65,66].

3. Sensorial Quality

The quality of vegetables for the consumer not only concerns the nutritional aspects,
but also includes the sensorial parameters that can be defined by several indicators.

The principal sensorial parameters are:

• Firmness, which indicates the resistance of vegetables to mechanical damages; it
assumes a great importance during the post-harvest management.

• Colour, which indicates the freshness of the product and the quality of the storage
conditions; it visually attracts the consumers [76].

• Sweetness, which is linked to the presence of glucose, fructose, and sucrose, and
provides the sweet sensation to the consumer.

• Acidity, which indicates the acid sensation that the product stimulates in the consumer.

Considering Brassica vegetable quality, fundamental sensorial parameters are those
related to aroma and taste. All of these parameters can be investigated through analytical
measurements or the implementation of a panel test.

3.1. Brassica Aroma

The typical aroma is one of the main reasons for the consumers’ rejection against
Brassica vegetables [77]. Raw vegetables are rich in aroma compounds, which are usually
produced because of enzymatic reactions. The typical sulphurous and pungent odour of
Brassicaceae crops are often attributed to GSL/ITC content. These traits predominantly
stem from sulphur-compound degradation products, such as from S-methyl-L-cysteine
sulfoxide (SMCSO) [78], and formation can be facilitated by factors, such as bacterial
metabolism, plant senescence, cooking, and enzymatic breakdown because of tissue dam-
age (e.g., cutting) [79–81]. Sulphides are generally undesirable odour attributes [82], and
compounds such as methanethiol, dimethyl sulphide (DMS), dimethyl trisulphide (DMTS),
and dimethyl disulphide (DMDS) are regularly linked with sulphurous aromas and over-
cooked off-flavours. The main responsible of the fresh cabbage odour is the allyl isoth-
iocyanate, a hydrolysis product of sinigrin thanks to the action of myrosinase [83,84].
Additionally, green note is a particularly important characteristic to recognize in Brassica
and is conferred by alcohols and aldehydes formed by the enzymatic degradation of free
fatty acids [83].
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Cooking is the main adopted form to eat Brassica, because makes those vegetables
more easily digestible and causes a flavour change in them, increasing the consumers’
acceptance [85]. Reductions in alcohols, aldehydes and nitriles concentration were reported
in cooked Brassica, as well as of the sulphides amount (except in broccoli) [85]. The
concentration of isothiocyanate was found to increase after cooking [85]. Additionally,
the storage of vegetables in frozen form could impact their volatile profile, in particular,
influencing the alcohol, aldehydes, and isothiocyanates content [85].

3.2. Brassica Taste

As previously stated, Brassica vegetables contain health-related compounds that pos-
sess undesirable sensory characteristics. Bitterness is particularly accentuated in Brassica;
this sensation is caused by ITCs that derive from sinigrin, gluconapin, progoitrin, gluco-
brassicin, neoglucobrassicin at different intensities [86,87]. Many studies identified the
relation between the bitter taste and sinigrin and goitrin in cooked Brussels sprout, and
between bitterness and sinigrin and neoglucobrassicin in cooked cauliflower [88]. Several
studies affirm that the GLS and their breakdown products are not the only ones responsible
for the bitter taste and Brassica aroma, but these resulted from a synergistic activity of
various phytochemicals (indole hydrolysis products, flavonoids, etc.) [65,89].

The overall taste of Brassica vegetables is not only linked to bitter compounds but
derives from the interaction between the bitter and the sweet tastes [88]. Some evidence
demonstrated how the taste is the main driver of liking a food product [90,91], and that
there is an innate preference for sweet taste in respect to bitter and sour taste [92,93]. This
explains why a bitter taste in vegetables could deter most consumers from buying them.
Some studies demonstrated that consumers prefer Brassica with low amounts of bitter
GLS and higher concentrations of sucrose and, more generally, that the sweet taste is a
favourable characteristic for the consumer’s appreciation of Brassica [87,91].

4. Factors Influencing the Phytochemical Compounds of Brassica Vegetables

The quality of the final product can be influenced by several factors such as genetic,
environmental, and agricultural (Figure 1).

Figure 1. Factors that influence the quality of the final product.
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4.1. Genetic Factors

As for all other crops, Brassica quality is influenced by several factors, but the principal
is represented by the genotype characteristics. Many breeding programs are working
towards the creation and selection of new better productive and qualitative genotypes.
These programs are particularly implemented in the Mediterranean Area, where many
spontaneous and wild Brassica provide genetic diversity and variability, allowing for the
development of new pre-breeding and advanced breeding materials. Particularly in Italy
and Spain, it is possible to find countless ecotypes and populations of Brassica oleracea and
Brassica rapa species, handed down by generations of farmers [49].

These two species have been widely studied and showed a wide diversity in terms of
nutritional quality.

4.1.1. Brassica Oleracea Species

Kale could be considered the ancestor of several B. oleracea vegetable crops because it
has been found to be very similar to the B. oleracea wild type and to several wild Brassica
species (n = 9) [94].

Several differences among varieties within this species were reported, e.g., the highest
content of total phenolic was found in curly kale that showed a concentration 10-times
higher than cauliflower and white cabbage [95]. Although the methodologies of analysis
used in many studies were different, all of them agree on the lower content of phytochemi-
cals in white cabbage, in respect to broccoli, Brussel sprouts, curly kale and red cabbage.
There are controversial results regarding cauliflower as it showed high activity in liposomal
phospholipid suspension system, but low activity in oxygen radical absorption capacity
(ORAC method) [14,15].

As mentioned above, the variability is also expressed among genotypes of the same
species in broccoli [96], cauliflower [97], cabbage [26] depending on their characteristics; in
general, the higher content of antioxidants is detected in the varieties with red or purple
pigmentation. Broccoli is important for its cancer-protective compounds; in particular, for
its content of glucoraphanin, and its active form sulforaphane. Sicilian landraces of violet
cauliflower could be considered an environmentally friendly crop, being characterized by
high plant rusticity and adaptability to the Mediterranean climatic condition that allows
one to limit the use of pesticides and fertilizers for its cultivation [98].

4.1.2. Brassica rapa Species and Other Cruciferous Crops

Brassica rapa species include turnip tops and leaves (“cima di rapa” and “friariello”),
turnip, pak choi, Chinese cabbage, choy-sum and mizuna, evidencing a wide variability
among close species [99] and varieties of the same species [100]. Phenolic compounds are
mainly affected by the interaction between environment and genotype; this means that
their variability strictly depends on the environmental conditions, hence they possess low
heritability.

Choy sum, a Brassica rapa variety, showed the highest antioxidant potential compared
to broccoli, cabbage, and cauliflower [101]. Some studies found that watercress showed a
higher antioxidant potential in comparison to salad rocket; however, these two varieties,
together with wild rocket and mizuna, are good sources of antioxidants [102,103]. In
B. rapa, the aliphatic glucosinolates (GLS) is the predominant form, with gluconapin as the
most abundant, followed by glucobrassicanapin [104]. B. rapa varieties have shown a high
concentration of isorhamnetin, irrespective of the plant organs considered [105].

4.1.3. Plant Portion and Plant Developmental Stage

The variation in nutritional and phytochemical content does not differ only among
species and varieties of the same species, but also can change during the growth period [6]
and based on plant portion [50], as reported below.

For most of these crops, the more interesting parts of the plant for the nutritional
quality are not consumed. For example, seeds seem to possess the highest content of
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phytochemical compounds but are not usually consumed and appreciated by consumers;
this aspect is confirmed in kale, where seeds possess higher antioxidant capacity than
leaves [22]. In turnip, flower buds registered the highest antioxidant content, in respect to
leaves, stems and roots [106].

GLS content also differs based on plant portion. Seeds possess the highest concentra-
tion of GLS, followed by inflorescences, siliques, leaves, roots, stems and petioles [107].
Indeed, the concentration of aliphatic GLS in kale (B. oleracea acephala) leaves increases
over time, from seedling to early flowering stages. At that stage, the aliphatic GLS content
in leaves of B. oleracea declined drastically over time as the content in the flower buds
increased [50].

A comparison study on turnip tops and turnip greens also reported several and ap-
preciated differences in phytochemicals compounds. Turnip tops gave a higher GLS value
(26.02 µmol/g dw) than turnip greens (17.78 µmol/g dw). The opposite trend was reported
for total phenolic, whereby turnip greens showed a higher content (43.81 µmol/g dw) than
turnip tops (37.53 µmol/g dw) [104].

Several studies confirmed the possibility to detect differences within the same portion
of plant. In tronchuda cabbage, the mainly consumed portion are the internal leaves,
utilised for salad or cooking; nonetheless, these have an antioxidant capacity lower than
the external ones, which are usually discarded [22]. The same results were observed in
Chinese cabbage, whereby the variation in bioactive compounds was also evident among
different layers of the same head cabbage; phenolic acids and flavonoids were higher in
the outer leaves, followed by the mid- and inner leaves. This result could be explained
by the higher exposure of outer leaves to sunlight, which stimulates the production of
antioxidants [108].

The stage of growth can influence the content and concentration of phytochemical
compounds in Brassica, and the knowledge of this aspect is fundamental in choosing the
proper harvesting moment for obtaining products with the highest quality. Indeed, the
juvenile cabbage possesses more flavonols than the mature one [26].

Total GLS content also varies in the function of the stage of growth and increases from
vegetative to reproductive stages and maturity. Consequently, the highest content is found
either in flower buds, or in leaves harvested at the optimum consumption stage, 180 days
after the sowing of kale [50]. In broccoli heads, the highest glucoraphanin content was also
observed 180 days after sowing, with a following decline during flowering [109].

Vallejo et al. [110] found an increase in ascorbic acid and phenol compounds during
the development of the inflorescence in three broccoli cultivars.

Carotenoids are also affected by the plant developmental stage. In kale, the highest
content of lutein was registered in 1- to 2-week-old leaves, and the highest content of
β-carotene was found in 2- to 3-week-old leaves [111].

Some of the health-promoting factors may be present 10-times higher in sprouts than
in mature vegetables. Sprouting resulted in an overall increase in the total phenolic content
and antioxidant capacity and, although germination time was not a discriminating factor,
longer germination times resulted in the lower antioxidant capacity of the sprouts [112].

4.2. Environmental and Agricultural Factors

Seasonal variation, light exposure, temperature, water availability [113], phytosanitary
measures, sowing date and harvesting period [114] are all factors linked to environmental
conditions that can influence the quality, in particular nutritional content and profile, of
Brassica vegetables [6]. Different responses to seasonal variations were reported in several
Brassica crops, such as broccoli, kale, and turnip [115]; this effect is determined mainly by
temperatures and day length during the period before harvest.

Countless studies agree that spring season crops, growing at intermediate tempera-
tures, high light intensity, during longer days and in dry conditions (or low average of
rainfall) during their vegetative period, contain an increased total GLS and phytochemicals
concentration [50,104,114]. For example, in canola (Brassica napus), it was found that GLS
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concentration increased when a temperature of 40 ◦C was maintained for 4 h on five
successive days, giving a total of 15-degree days of stress (15 DD/40 ◦C) [116]. Some au-
thors reported that higher and lower temperatures, rather than intermediate temperatures,
brought about an increase in GLS concentration, e.g., growing temperatures between 7 ◦C
and 13 ◦C brought about an increase in glucoraphanin and lutein in broccoli; furthermore,
they acted as a trigger for biosynthetic pathways [117]. Moreover, broccoli sprouts grown
at constant high (29–33 ◦C) or low (11–16 ◦C) temperatures had higher antioxidant con-
tent than sprouts grown at intermediate temperature (21.5 ◦C) [118]. The same authors
confirm that the main antioxidant content is observed in sprouts that grow with a strong
temperature range of 30/15 ◦C day/night.

Autumn/winter season crops, grown at lower temperature, lower light intensity,
shorter days, and higher water availability, tend to have the lowest total GLS and other
phytochemicals concentration [119,120]. An exception is represented by a turnip that
produces higher flavonoids and vitamin C content in the autumn/winter season; this crop
accumulates and produces the main phytochemicals with low/moderate temperature and
considerable radiation, mainly in turnip tops [121]. More precisely, in Brassica rapa, the
correlation with temperature is also bound to the plant portion; indeed, the number of
days with a minimum temperature below 0 ◦C was negatively correlated with total GLS
content in turnip greens. In turnip tops, GLS content was positively correlated with the
number of days with a maximum temperature above 20 ◦C. In the case of phenolics, no
correlation was found between climatic factors and turnip greens, while in turnip tops,
total flavonoids and total phenolics content seemed to be correlated with the number of
days with a minimum temperature below 0 and 10 ◦C, respectively [104]. In broccoli,
freezing temperature can positively influence the concentration of sulforaphane [122].

The biotic and abiotic factors that characterize the surrounding environment can
influence the quality of Brassicaceae. With respect to biotic sphere, aphid infestation brought
about an increased production of primary metabolites, including amino acids, as well
as some secondary metabolites, as a plant defence mechanism against these pathogens.
Concerning abiotic factors, the water stress condition and metal exposure produce an
initial increase in photosynthetic pigments, proteins, free amino acids and sugar content,
followed by a subsequent decrease [123]. In detail, a relation between copper stress and
the production of amino acids was found as free amino acid production takes part in the
detoxification from excess copper [124]. In Brassica juncea, the accumulation of metals
produces a 35% increase in oil content [123]. Moderate salinity in water or soil affects
the myrosinase-GLS system in broccoli, inducing the production of GLS; also, phenolic
compounds increase in this stressful condition, but in the case of strong salinity both GLS
and phenolics decrease [125]. Seedlings of Brassica oleracea L. var. italica subjected to water
shortage (applied by increasing the time between two irrigation events) showed a decrease
in inflorescence chlorophylls, carotenoids, ascorbic acid, total phenols and total soluble
carbohydrates [126].

Ragusa and co-author [127] investigated the effect of different germination tempera-
tures (10, 20 and 30 ◦C) on the phytochemical content as well as on reducing and antioxidant
capacity of broccoli and rocket sprouts. In both seeds and sprouts, the total GLS and ascor-
bic acid contents did not differ between vegetables, while broccoli exhibited exceptionally
higher polyphenols and a greater reduction in antioxidant capacity compared to rocket. In
both species, an increase in germination temperature positively affected the glucosinolate
content. Ascorbic acid increased during germination without a difference among the three
tested temperatures. The phenol content increased in broccoli sprouts when grown at 30 ◦C,
while the reverse was true in rocket. The antioxidant capacities increased with germination,
and higher indexes were detected at 10 ◦C, particularly in rocket.

4.2.1. Cultivation System and Soil Composition

The cultivation system influences the quality of vegetable product, in particular the
concentration of primary and secondary metabolites in Brassica vegetables.
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Some authors reported a higher antioxidant (phenolic compounds, in particular
flavonoids) and GLS concentration in Brassica growth in organic cultivation system than in
conventional systems [128], as demonstrated in early harvested tronchuda cabbage [129].
This result could be linked to the fact that, under organic cultivation, crops are subjected
to more biotic and abiotic stress; these stressing conditions lead to an increase in the
production of secondary metabolites as a defence mechanism, and consequently obtaining
vegetables with higher nutritional and antioxidant potential than in a conventional system.

Several studies described an opposite situation and contrasting evidence about phy-
tochemical enhancement in organic vegetables [130,131]. In fact, Conversa et al. [132]
reported that the choice of cultivation systems does not modify the antioxidant proper-
ties of raw and processed products, but differences can be found in the chlorophyll and
carotenoid contents of organic “cima di rapa” landraces. The lipophilic antioxidant content
was improved in organic product while the hydrophilic component, which constituted
99% of the total antioxidant capacity, was not affected by the different crop management in
“cima di rapa”. However, the organic system influenced the quality of products during
storage: after 7 days of storage at 5 ◦C, the organic “cima di rapa” maintained the best
colour with high chlorophyll levels, probably due to a higher availability of nitrogen in
organic management; on the contrary, the quality declined with a higher production of
strong off-odour after 14 days of storage, in comparison to the conventional products.

Regarding the soil composition effect on Brassica quality, it was reported that the
highest GLS and phenolic compounds content were detected in locations with the highest
soil pH and available potassium; the content can be also influenced by nitrogen and sulphur
applications in turnip [104]. On the contrary, in B. rapa L. Subsp. Sylvestris, flavonols
(kaempferol and quercetin derivatives) were reduced by sulphur availability [113].

4.2.2. Water Stress

It was reported that a moderate water stress increases the concentration of bioactive
compounds in Brassica, partly due to an increased concentration per unit of dry weight; if
the stress becomes intensive, the secondary metabolite production should decrease [133].
Phenolic compounds and GLS content increase in the absence of irrigation, because of a
reduction in vegetative growth, mainly in turnip, cabbage and broccoli [6]. The association
between low availability of water in the soil during plant growth and postharvest cold
storage brought about the best maintenance of antioxidant activity in Brassica. Water stress
conditions also affect sugar content, as it is increased in cabbage [134].

4.2.3. Plant Density, Intercropping and Trap Cropping

Plant density seems to affect the plant morphology and phytochemical compound
content: a higher density decreases the head size but increases the GLS content, because
the competition for nutrients in high density conditions causes stress on plants which, in
turn, stimulates the production of secondary metabolites [120].

Intercropping and trap cropping are strategies utilised for weed and pest control [135];
however, the presence of another crop can generate stressful conditions, such as plant
competition for light, nutrients, and water, decreasing their availability and, hence, affecting
the accumulation of phytochemicals in Brassica plant tissue.

4.2.4. Fertilization Practices

A correct fertilization plan is fundamental for obtaining high quality, healthy and safe
vegetables. The nutritional and sensorial profile of Brassica is conditioned by the availability
of fertilizers and nutrients as they determine the biosynthesis of secondary metabolites.

Countless studies have been conducted on the effect of sulphur fertilization on phy-
tochemical concentration, mainly on GLS production, considering their sulphurous na-
ture [136,137]. There is a correlation between the increase in sulphur supply and higher
levels of total GLS [138], in turnip [136], kale [137] and broccoli, mainly when associated
with a reduction in water, at the expense of yield [139]. Vallejo and co-authors [119] sug-
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gested that the effect of sulphur application on GLS varies with the development stage
of broccoli plants and differs for each kind of GLS; in fact, they found an increase in total
GLS content at the start of the inflorescence development, followed by a rapid decrease
thereafter. Increasing sulphur fertilization brought about a positive impact in the synthesis
of polyphenols, such as flavonols and phenolic acids, increasing the total antioxidant
capacity in turnip top (B. rapa ssp. Sylvestis) [113], and broccoli [110]. Sulphur fertilization
in pre-harvest (from 2.6 mmol/L to 6.5 mmol/L) increases the lipophilic and hydrophilic
antioxidant capacity but does not affect the nitrate and chlorophyll contents in ready-to-eat
“friariello” product [140]. Sulphur deficiency induced an increased vulnerability of Brassica
crops to diseases and fungal pathogens [141]. Sulphur fertilization, besides improving the
antioxidant activity, it is also associated with a genotype-dependent significant reduction in
leaf nitrate content, since it enhances the incorporation of nitrogen into organic compounds
and consequently reducing the leaf nitrate concentration [113].

Nitrogen is the main constituent of chlorophyll structure: for this reason, its avail-
ability influences the content of carotenoids such as lutein and β-carotene, indeed high
NO3-N:NH4-N ratio led to a higher content of both [142]. Consequently, the colour and
pigmentation of leafy vegetables are also improved [132]. Nitrogen fertilisation led to a
decrease in the total GLS content [136]; nonetheless, it acts differently according to the type
of GLS; in fact, abundant nitrogen applications increase progoitrin and decrease sinigrin
concentration in Brassica napus [143]. A reduced nitrogen fertilisation generated an increase
in the bioactive compound content, mainly phenolics, as nitrogen stress triggers the gene
expression of flavonoid pathway enzymes [128]. Combined fertilisation with NO3

−:NH4
+

is the optimal solution to maintain plant growth and increase the total GLS content [144].
An optimal balance between nitrogen and sulphur fertilisation influences the biosyn-

thesis of secondary metabolites [21]. GLS, for example, can be enhanced by the presence
of low nitrogen and high sulphur fertilizers: this balance influences the quantity and the
quality of GLS produced, according to the corresponding amino acids synthetized. Some
authors reported the effect of different nitrogen/sulphur combinations on GLS content
in Brassica, with an increasing amount of nitrogen (80–320 kg/ha) applications. When
enough sulphur was available (60 kg/ha), there were no effects on total GLS content, but
their production moved to indolics; when the combination was with a low concentration
of sulphur supply (10–20 kg/ha), the arylaliphatic and aliphatic GLS decreased [138].
Increased nitrogen/sulphur ratio pushes the plants towards the vegetative growth, at the
expense of GLS production [136]. Fabek et al. [145] showed that the type of fertilisation
may influence mineral composition in plants: nitrogen fertilisation was negatively associ-
ated with potassium (K) and calcium (Ca) content in broccoli, while sulphur fertilisation
increased manganese (Mn) and zinc (Zn), and decreased copper (Cu). Applications of
sodium selenate (Na2SeO4) produced an increase in GLS [144].

Similarly, microelements availability can influence the phytochemical concentration
in Brassica, with salts stress increasing GLS content. In detail, selenium seems to increase
the GLS content (in particular sulphuraphane), when applied up to a certain dose; above
this level, it decreases the GLS production [51].

Furthermore, some Brassica species are used as metal hyperaccumulator, and the
type and amount of metal in the soil affects the concentration of glucosinolates in plant
tissues. In particular, it was reported that glucosinolate concentrations in roots and shoots
of Thlaspi caerulescens responded in different way to enhanced Zn accumulation: decreased
glucosinolate levels were observed in leaves of plants accumulating high Zn concentrations,
while increased levels were detected in roots, with Zn accumulation [146]. Similarly, the
content of total glucosinolates, mostly due to indolic glucosinolates as glucobrassicin,
was increased only in the roots of Chinese cabbage, when subjected to high soil copper
stress [147]. In two B. juncea cultivars subjected to high arsenic levels, the increased levels
of thiol related proteins, sulphur content and phytochemicals (phenolics and ascorbic acid)
in leaves allow us to better tolerate the oxidative stress induced in the plant; different
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response pattern of total and individual GSLs content was observed in both cultivars under
arsenic stress [148].

Besides the classical fertilizers, in the last years, new proposed products that are
beneficial on crops, such as improving safety, enhancing growth and production, improving
the defence against weeds and pests and nutritional quality, were developed. Among these,
signalling molecules, biocontrol agents, and biostimulants are now gaining high interest
for improving plant resilience and quality. Leaves and cotyledons of B. napus, B. rapa and
B. juncea showed an up to 20-fold increase in glucobrassicin content after treatment with
JA (Jasmonic Acid), or MeJA (Methyl Jasmonate) [149]. In contrast, treatment with ABA
(Abscisic Acid) reduced the accumulation of indole GLS in B. napus [150].

In summary, the levels of hormones, such as JA, SA (Salicylic Acid) and ABA, seem
to be related to the regulation of GLS and of other bioactive compound content [151].
Consequently, hormonal elicitation can be a useful tool to induce the synthesis of bioactive
compounds interesting for human health.

Concerning the application of biocontrol agents, Gallo et al. [152] affirmed that the use
of Trichoderma and its metabolites led to an increase in GLS in plants. This could probably
be due to their capability of inducing resistance mechanisms, stimulating the synthesis of
salicylic and jasmonic acids and the cascade of events leading to the production of various
metabolites; only ascorbic acid was lower compared to control plants.

Additionally, in Brassica spp. cultivation is increasing the use of biocontrol agents,
there is also the utilisation of seaweeds extract, mycorrhizae, nematodes [153], humic
acids such as vermicompost foliar sprayed [154], and protein hydrolysates, all compounds
now classified as “biostimulants”, useful to increase plant yield and the accumulation of
bioactive compounds [155].

Brassica species can contrast the main soil-borne agents thanks to their secondary
metabolites that act as biofumigants. A study reported the effectiveness of the flour of dry
plants of Brassica juncea, Eruca sativa, Raphanus sativus and Brassica macrocarpa in nematodes
control (Meloidogyne spp.) on tomatoes. Minced flour was distributed before planting (60
and 90 g m−2) and was successful for the sinigrin presence [156].

5. Conclusions

Brassica vegetables are a good source of many phytochemical compounds that exert
positive effects on the final consumer’s health. This study presented an investigation on
the presence of these bioactive compounds, analysing how they affect the sensorial and
nutritional quality, and on the factors that can modify their concentration in Brassica food
vegetables, such as genetic, environmental and agronomic factors.

There is a large possibility to improve the nutritional and sensorial quality of Brassica
vegetables through the implementation of appropriate agronomic practices; nevertheless,
the effects of the treatments are strictly genotype-dependent, and a good selection of the
genotype before the start of cultivation is required. Furthermore, the environmental factors
could influence to different extents the quality of Brassica genotypes, and they should be
considered in the evaluation of the phytochemical compounds amount.

All this information is useful for developing new fresh and processed products with
increased nutritional and sensorial quality, according to the final users’ needs and the final
purpose of consumption. If the consumer will be informed and made conscious of the
healthy potential of the phytochemical compounds present in Brassica, they may be willing
to accept these products despite the bitter taste and the intense aroma, which are often
responsible for a low consumer acceptance.
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Abstract: The effect of cultivar and environmental variations and their interaction on anthocyanin
components of strawberry were assessed for six cultivars grown in five locations from North to
South of Europe in two different years. To evaluate the impact of latitude- and altitude-related
factors, daily mean (Tmean), maximum (Tmax) and minimum (Tmin) temperature and global radiation
accumulated for 3, 5, 10 and 15 days before fruit sampling, was analyzed. In general, fruits grown
in the south were more enriched in total anthocyanin and pelargonidin-3-glucoside (pel-3-glc),
the most abundant anthocyanin in strawberry. Principal component analysis (PCA) provided a
separation of the growing locations within a cultivar due to latitudinal climatic differences, temporary
weather changes before fruit collection and cultivation technique. PCA also depicted different
patterns for anthocyanin distribution indicating a cultivar specific reaction on the environmental
factors. The linear regression analysis showed that pel-3-glc was relatively less affected by these
factors, while the minor anthocyanins cyanidin-3-glucoside, cyanidin-3-(6-O-malonyl)-glucoside,
pelargonidin-3-rutinoside and pelargonidin-3-(6-O-malonoyl)-glucoside were sensitive to Tmax. The
global radiation strongly increased cya-3-mal-glc in ‘Frida’ and pel-3-rut in ‘Frida’ and ‘Florence’.
‘Candonga’ accumulated less pel-3-glc and total anthocyanin with increased global radiation. The
anthocyanin profiles of ‘Gariguette’ and ‘Clery’ were unaffected by environmental conditions.

Keywords: anthocyanins; Fragaria × ananassa; latitude; temperature; global radiation; cultivar ×
environmental interaction

1. Introduction

Strawberry (Fragaria × ananassa Duch.) is the most important berry crop being culti-
vated from North to South of Europe. Beside its unique color, taste and aroma, strawberry
fruits are enriched with several nutritious and bioactive compounds providing health
benefits by reducing risk of diseases such as inflammation disorders and oxidative stress,
obesity-related disorders and heart disease, and protection against various types of can-
cer [1–4]. Anthocyanins are a type of flavonoids that are commonly found in strawberries.
The functional properties and the sensory qualities of the anthocyanins could easily be
explained based on their chemical reactivity [5]. The antioxidative activity of anthocyanins
could mainly be attributed to the presence of the flavylium cation moiety. Despite their low
bioavailability [6], anthocyanins have been shown to exhibit a range of biological effects,
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including antioxidant activity, photoprotection, anti-carcinogenesis, induction of apoptosis,
and prevention of DNA damage [3,7]. Anthocyanins also serve as visual attractants for
pollinators and seed dispensers and play a crucial role in plant protection against biotic
and abiotic stress, and hence, in adaptability to environmental conditions at site [8].

Thus, the total anthocyanin contents in strawberry are both qualitatively and quantita-
tively known to be strongly influenced by the genotype (among others [9–14]) and likewise,
by external factors such as high or low temperature and light (photoperiod, quantity and
wavelength including UV-light). Recent review articles have highlighted the influence of
temperature and light on the synthesis and accumulation of plant secondary metabolites
including anthocyanins [15–17]. For example, some studies reported positive correlation
between anthocyanin contents and temperature in strawberries grown in controlled en-
vironment [18–20], as well as in ambient conditions [14,21]. The studies describing the
influence of incident light are mostly related to protected cultivation systems and includes
shading [22], UV-B radiation [23–26] and blue and red LED-light [27,28].

The synthesis and accumulation of anthocyanins in strawberries are primarily known
to be influenced by the genotype, however, little is known about latitudinal effects on
the anthocyanin content of strawberry causing quantitative or qualitative changes in
the content of these compounds [21,23]. The ambient conditions, including temperature
and photoperiod, varies with latitude, and may also influence the different anthocyanin
components. In future, due to the climate changes, the northern regions of Europe will
become more suitable for berry production [25]. Moreover, it is desirable that quality traits
of a cultivar, including bioactive compounds such as anthocyanins, remain invariant to
the changes caused by environmental conditions during the cultivation season in different
years at all growing locations. Cultivars with such stable fruit qualities could serve as
useful parents in breeding programs with regard to climate warming.

The objective of the present work was to study the cultivar and environmental impact
and their interaction on the anthocyanin content of six strawberry cultivars: ‘Candonga’,
‘Clery’, ‘Frida’, ‘Florence’, ‘Gariguette’ and ‘Sonata’ grown at five geographical distant
locations throughout Europe from South-East Norway to South-West France, covering a
distance of more than 15.5 degree of latitudes or more than 2000 km. These cultivars are
mainly selected because of their diversity and popularity in Europe. The present study
would help in identifying the appropriate cultivar with desirable anthocyanin traits that
could be cultivated in a given environmental condition.

2. Materials and Methods

2.1. Experimental Sites, Plant Material and Cultivation

The experiments were conducted during two consecutive cropping seasons (2017
and 2018) at five locations from North to South Europe at NIBIO (Norwegian Institute of
Bioeconomy Research, Bergen, Norway) (NO, 60◦ N), INHORT (PL, 51◦ N), HGU (DE,
49◦ N), Sant’Orsola (IT, 46◦ N) and Invenio (FR, 44◦ N), hereinafter named as Norway,
Poland, Germany, Italy and France. As common for the different regions, experiments in
Norway, Poland and Germany were carried out in open field, whereas in Italy and France
they were performed in polytunnels that were open-sided after anthesis. Details of the
respective latitude, altitude, yearly mean temperature, soil type, soil pH and cultivation
type, as well as start of flowering, harvest season and day length at start of harvest are given
in Table 1. Air temperature (Tmean, Tmax and Tmin) and global radiation were recorded at
each location. To describe the environmental conditions of the respective harvest season,
weekly mean temperature and global radiation were calculated starting 2 weeks prior to
start of harvest of the earliest cultivar ‘Clery’ (Figure 1).
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Figure 1. Weekly mean temperature and global radiation courses during the harvest season for the five experimental 
Figure 1. Weekly mean temperature and global radiation courses during the harvest season for the five experimental
locations in 2017 and 2018, starting two weeks before the first picking of the earliest cultivar ‘Clery’.
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Table 1. Geographical location, soil and climatic conditions, cultivation type and harvest season for the five experimental
locations in Europe.

NIBIO
Norway

INHORT
Poland

HGU
Germany

Sant’Orsola
Italy

INVENIO
France

Latitude 60◦40′ N 51o95′ N 49◦59′ N 46◦4′ N 44◦85′ N
Altitude (m a.s.l.) 262 252 95 925 145

Yearly mean temperature
(◦C) (a) 5.0 7.9 9.9 11.3 12.9

Soil type Loam Pseudopodsol
with light clay Sandy loam Soilless culture Soilless culture

pH of the soil/substrate 5.7–6.2 6.5–7.0 6.5–7.0 5.5–6.0 6.1
Cultivation type open field open field open field tunnel tunnel

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018

Yearly mean temperature
(◦C) (a) 5.0 5.7 9.1 9.8 11.3 12.4 15.6 15.1 13.2 13.8

Start of flowering (b) 06.06. 21.05. 16.05 30.04. 04.04. (d) 16.04. 04.04. 11.04. 04.04. 07.04.
Start of harvest (b) 07.07. 17.06. 13.06. 22.05. 29.05. 14.05. 19.05. 17.05. 09.05. 09.05.
End of harvest (c) 16.08. 21.07. 07.07. 19.06. 16.06. 18.06. 12.06. 13.06. 22.06. 22.06.

Day length at start of
harvest (h) (b) 18:40 19:09 16:43 16:04 15:56 15:20 14:30 14:30 14.36 14:36

(a) For the period 1981–2010. (b) Earliest cultivar. (c) Latest cultivar. (d) Warm temperature in March enhanced start of flowering followed by
extremely cold temperature delaying fruit development.

The six short-day strawberry genotypes used in this study were selected for their
diverse genetic background and adaptability to different environments: ‘Candonga’® (E),
‘Clery’ (IT), ‘Florence’ (UK), ‘Frida’ (NO), ‘Gariguette’ (FR) and ‘Sonata’ (NL). All cultivars
were cultivated in Norway, Poland, Germany and France, while Italy only grew ‘Clery’,
‘Frida’, ‘Gariguette’ and ‘Sonata’. Each season, all locations propagated their own plants
from mother-plants purchased from the same nursery to avoid epigenetic variation within
a cultivar due to different origin. Thus, each year, plug-plants were planted in week 32
in Norway, Poland and Germany for the harvest season the next year. At all sites, three
randomized replicated plots, each with 20 plants per genotype, were trialed. In Italy and
France, where strawberry are commonly grown in tunnels, cold-stored plants were set
in peat bags, as usual, in week 9 in 2017 and 2018 for harvesting in the respective year.
Furthermore, in Italy and France, the experimental design consisted of three plots, and of
three replications per genotype with 22–24 plants per plot for the harvest in the same year.
Plant protection, fertilization and irrigation in open-field sites, and fertigation of the plants
in peat bags were performed according to local guidelines.

To evaluate the impact of latitude-related factors on the anthocyanin synthesis and
accumulation, daily temperature (Tmean, Tmax and Tmin) and global radiation were accu-
mulated for 3, 5, 10 and 15 days (3d, 5d, 10d and 15d) before sampling of the berries to be
analyzed for each cultivar.

2.2. Sample Preparation for Anthocyanin Analysis

Three independent biological replications were collected twice in an approximately
weekly interval at mid-harvest at each location per cultivar (Figure 1 and Table 1). Thus,
the samples (500 g) consisted mainly of secondary and tertiary fruits, being fully ripe and
undamaged. Each biological replicate of freshly harvested strawberries was promptly
prepared for analytical purposes by first cutting the calyx and then slicing the fruits into
2–4 pieces. Slices were frozen in a liquid nitrogen bath for at least 10 s. For anthocyanin
analysis, the frozen slices were ground either in a lab mill (e.g., Retsch GM 200) or crushed
under liquid nitrogen with a precooled mortar and pistil to a fine powder. The frozen
powders were filled into 50 mL plastic tubes with screw caps, and stored at −20◦ C. Antho-
cyanin analysis was carried out at Geisenheim. Suitable shipping conditions were chosen to
prevent thawing of the samples during transportation until solvent extraction. The frozen
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powders (5.0 g) were weighed into a 50 mL plastic tube and extracted twice in an ultrasonic
bath (30 min, 120 W, Bandelin Sonorex RK 106, VWR, Darmstadt, Germany) and interme-
diate centrifugation (4500 upm 15 min, Hettich Rotanta 460, Tuttlingen, Germany) with
a total of 2 × 10 mL acidified methanol/water/formic acid (80/20/1 v/v/v). Sonication
and centrifugation were performed under cool conditions. After final centrifugation, the
pooled supernatants were made up to 25 mL in a volumetric flask; aliquots were 0.45 µm
filtered prior to HPLC analysis.

2.3. HPLC Analysis of Anthocyanins

HPLC analysis of the methanolic extracts was performed on an Accela HPLC system
coupled with a PDA detector (Thermo Fisher, Dreieich, Germany) using a 125 × 2 mm i.d.,
3 µm ODS-3 column (Dr. Maisch, Ammerbuch, Germany) protected with a guard column
of the same material. Injection volume was 4 µL, elution conditions were: 250 µL/min
flow rate at 40 ◦C; solvent A was 5% formic acid (ULC/MS grade, Promochem, Wesel,
Germany); solvent B, methanol (gradient grade, Roth, Karlsruhe, Germany); 1 min isocratic
conditions with 10% B, linear gradient from 10% to 40% B in 12 min, followed by washing
with 100% B and re-equilibrating the column. Quantitation was carried out using peak
areas (500 nm trace for pelargonidins, 515 nm for cyanidins) from external calibration via
the reference substances pelargonidin-3-glucoside and cyanidin-3-glucoside, respectively.
Anthocyanin analysis was carried out in duplicate.

2.4. Electrospray Ionization (ESI)-MS Identification of Anthocyanins

For mass detection, the Accela HPLC system was coupled to a ThermoFinnigan LXQ
mass spectrometer (Thermo Fisher, Dreieich, Germany) equipped with an ESI source
and an ion trap mass analyzer. The whole system was controlled by Xcalibur software.
For anthocyanins, the mass spectrometer was operated in the positive mode under the
following conditions: source voltage 4.5 kV; capillary voltage 32 V; capillary temperature
275 ◦C; collision energy 30% (MS2) and 33% (MS3).

2.5. Software Used for Statistical Analysis

All statistical analysis was conducted on the MATLAB (2016b) platform. Signifi-
cant differences were calculated using post hoc analysis with Tukey’s honestly significant
difference criteria on the ANOVA (analysis of variance) results. Principal component
analysis (PCA) [29] was performed using the PLS-Toolbox (Eigenvector Research, Man-
son, WA, USA). Linear regression analysis was used to study the correlation between
different cultivar-specific anthocyanin components and the mean, minimum, maximum
temperatures, and global radiation summarized 3, 5, 10 and 15 days before start of harvest.
Coefficient of determinations (R2) ≥ 0.2 at p ≤ 0.05 are presented.

2.6. Data Arrangement for PCA

The data for ‘Clery’, ‘Frida’, ‘Gariguette’ and ‘Sonata’ grown at the locations in France,
Italy, Germany, Poland and Norway were arranged in a matrix of dimension 60 × 22;
60 represents the number of samples (five locations, two cropping seasons, two picking
dates and three biological replicates) and 22, the number of variables (cya-3-glc, pel-3-glc,
pel-3-rut, cya-3-mal-glc, pel-3-mal-glc, total anthocyanin as well as global radiation, mean,
maximum and minimum temperatures summarized 3, 5, 10 and 15 days prior to harvest).
The data for ‘Candonga’ and ‘Florence’ were arranged in matrices of dimension 48 × 22,
where 48 is the number of samples (four location × two seasons × two picking dates × three
biological replicates) and 22 is the same variables as specified above. The PCA analysis
carried out on all the cultivars together clearly indicated (given in the Supplementary
Figure S1) that the anthocyanin profiles of the strawberries are mainly influenced by the
location. Thus it was important that each of the six cultivars were analyzed separately.

To ensure that each component had equal variance and comparable impact on the
PCA modeling, the specific data for each cultivar were auto-scaled prior to PCA. Autos-
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scaling [29] is a common pre-processing method that uses mean-centering followed by
dividing each variable by the corresponding standard deviation. Each variable upon
auto-scaling has a mean of zero and unit variance.

3. Results and Discussion

3.1. Harvest Season and Environmental Characterization of the Growing Locations

This study investigated the adaption of six strawberry genotypes to different environ-
ments related to anthocyanin accumulation in the fruits. As expected, the harvest period
varied along the North-South axis (Table 1), due to the longitudinal difference between the
growing sites (>15.5◦ of latitude). In addition, yearly differences in temperature and global
radiation affected the harvest period.

For instance, the harvest period was much earlier in 2018 compared to 2017 in Norway,
Poland and Germany, while there were no variations in Italy and France. To highlight
the environmental differences between the five growing sites, ambient weekly mean
temperature and global radiation during the harvest seasons are shown in Figure 1, starting
two weeks prior to start of harvest of the earliest cultivar ‘Clery’. Higher year-on-year
variations were observed in Norway. Here, weekly mean temperature was, on average,
3 ◦C lower, and global radiation 1200 W m−2 less in 2017 compared to 2018 (18 ◦C and
6412 W m−2). In this year, weekly mean temperature and global radiation in Norway
were similar to those in both years in Poland and Germany, and for temperature in France,
only. Due to its high altitude (Table 1), Italy exhibited lower weekly mean temperature in
both years, thus being similar to Norway in 2017. In Italy, large yearly variations occurred
for global radiation in 2017 (5917 W m−2) with similar values as for Norway, Poland and
Germany, while in 2018, Italy had the same low values as for both years in France. The
low values for global radiation at the southern locations are probably due to the earlier
cropping season and shorter photoperiod compared to Norway, as the other extreme.

The temperature and global radiation may vary within the harvest season, therefore,
the sum of temperature and global radiation 3, 5, 10 and 15 days before the two fruit
samplings were calculated for each cultivar and location, and used for principal component
and regression analyses. The complete list is provided in the Supplementary Materials
(Table S1).

3.2. Effect of Genotype on Total and Individual Anthocyanins

Cyanidin-3-glucoside (cya-3-glc, m/z [M+] 449, MS2 287), pelargonidin-3-glucoside
(pel-3-glc, m/z [M+] 433, MS2 271), pelargonidin-3-rutinoside (pel-3-rut, m/z [M+] 579,
MS2 433, 271), cyanidin-3-(6-O-malonyl)-glucoside (cya-3-mal-glc, m/z [M+] 535, MS2 287),
and pelargonidin-3-(6-O-malonoyl)-glucoside (pel-3-mal-glc, m/z [M+] 519, MS2 271) were
assigned by their mass spectra as the major strawberry anthocyanins (Tables 2–7). Over all,
the pel-3-glc showed the highest concentrations (Table 4).

Table 2. Effect of growing location and year on total anthocyanin content as the mean of two picking dates in fruits of six
strawberry cultivars.

Total Anthocyanins HPLC (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 212.6 ± 25.6 284.6 ± 30.5 374.5 ± 30.4 453.4 ± 42.4 263.1 ± 58.2 191.6 ± 16.2 296.6 B
2018 133.8 ± 33.8 195.2 ± 48.7 405.5 ± 43.8 451.6 ± 68.8 198.9 ± 25.8 145.6 ± 30.4 255.1 B
mean 173.2 ab 239.9 c 390.0 d 452.5 e 231.0 bc 168.6 a

Poland 2017 245.9 ± 53.0 310.1 ± 34.3 359.1 ± 89.4 438.0 ± 58.8 235.0 ± 34.9 210.2 ± 27.2 299.7 B
2018 225.0 ± 40.8 249.6 ± 22.4 448.5 ± 68.5 397.9 ± 74.6 217.6 ± 40.1 222.6 ± 35.4 293.5 B
mean 235.5 a 279.9 a 403.8 b 417.9 b 226.3 a 216.4 a
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Table 2. Cont.

Total Anthocyanins HPLC (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Germany 2017 196.5 ± 22.3 285.5 ± 46.5 437.3 ± 57.7 429.2 ± 21.1 225.5 ± 44.4 199.4 ± 44.2 295.6 B
2018 223.6 ± 31.3 307.7 ± 21.1 507.9 ± 26.5 385.9 ± 27.9 273.5 ± 19.9 217.7 ± 51.1 319.4 B
mean 211.0 a 296.6 b 472.6 d 407.6 c 249.5 ab 208.6 a

Italy 2017 - 363.0 ± 27.2 - 432.4 ± 52.7 326.4 ± 19.4 209.2 ± 17.7 332.8 B
2018 - 276.6 ± 44.9 - 302.2 ± 56.2 166.9 ± 22.3 124.7 ± 34.4 217.6 A
mean - 319.8 bc - 367.4 c 246.6 b 167.0 a

France 2017 315.5 ± 23.2 218.9 ± 63.8 455.2 ± 81.3 446.7 ± 44.3 261.5 ± 39.3 212.0 ± 48.3 318.3 B
2018 306.9 ± 45.2 365.6 ± 61.3 420.9 ± 66.3 342.8 ± 64.3 221.2 ± 34.4 198.6 ± 49.2 309.2 B
mean 311.2 b 292.3 b 438.0 c 394.4 c 241.3 ab 205.3 a

Cultivar mean over
all locations

232.5 b 285.7 c 426.1 d 408.0 d 239.0 b 193.1 a

Significance
Cultivar Location Year

Cultivar x
location

Cultivar x
year

Location x
year

*** ns * ns ns *

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were ensured using Bartlett’s test. Mean values (n = 3) of different cultivars grown at a particular location followed
by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a particular
location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05). Mean
values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05). * = 0.05;
*** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.

Table 3. Effect of growing location and year on cyanidin 3-glucoside content as the mean of two picking dates in fruits of six
strawberry cultivars.

Cyanidin 3-Glucoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 9.6 ± 2.6 3.6 ± 1.5 9.4 ± 2.8 14.1 ± 2.4 3.2 ± 0.7 5.7 ± 1.7 7.6 A
2018 12.7 ± 3 7.4 ± 5.2 14.3 ± 2.2 13.2 ± 1.1 4.4 ± 1.2 6.0 ± 2.3 9.6 A
mean 11.2 b 5.5 a 11.8 b 13.7 b 3.8 a 5.8 a

Poland 2017 9.7 ± 1.7 3.2 ± 0.6 12.7 ± 4.5 15.0 ± 3.3 3.3 ± 0.5 6.3 ± 2.6 8.4 A
2018 29.2 ± 2.6 8.8 ± 1.9 47.8 ± 6.7 27.8 ± 4.1 9.2 ± 2.1 13.4 ± 5.9 22.7 B
mean 19.4 bc 6.0 a 30.3 c 21.4 bc 6.2 a 9.9 ab

Germany 2017 10.7 ± 2.4 2.5 ± 0.6 17.4 ± 3.6 12.8 ± 1.2 2.5 ± 1.3 4.4 ± 1.6 8.4 A
2018 12.9 ± 4.8 5.0 ± 4.8 26.4 ± 4.4 16.9 ± 2.0 4.0 ± 0.5 6.0 ± 2.4 11.9 A
mean 11.8 b 3.7 a 21.9 c 14.8 b 3.3 a 5.2 a

Italy 2017 - 1.6 ± 0.3 - 11.9 ± 4.6 2.5 ± 0.5 2.8 ± 0.5 4.7 B
2018 - 1.6 ± 0.7 - 2.4 ± 1.5 1.5 ± 0.7 2.7 ± 1.8 2.0 A
mean - 1.6 a - 7.0 b 2.0 a 2.7 a

France 2017 11.3 ± 1.5 1.3 ± 0.1 19.0 ± 14.5 12.5 ± 1.7 1.7 ± 0.3 2.6 ± 0.7 8.0 A
2018 10.7 ± 3.0 1.8 ± 0.4 16.9 ± 5.8 9.0 ± 2.1 2.7 ± 0.6 3.1 ± 1.3 7.4 A
mean 11.0 b 1.6 a 18.0 c 10.7 b 2.2 a 2.8 a

Cultivar mean over
all locations

13.3 b 3.7 a 20.5 c 13.5 b 3.5 a 5.3 a
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Table 3. Cont.

Cyanidin 3-Glucoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Significance
Cultivar Location r Year

Cultivar x
location

Cultivar x
year

Location x
year

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

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were ensured using Bartlett’s test. Mean values (n =3) of different cultivars grown at a particular location
followed by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a
particular location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05).
Mean values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05).
*** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.

Table 4. Effect of growing location and year on pelargonidin-3-glucoside content as the mean of two picking dates in fruits
of six strawberry cultivars.

- Pelargonidin-3-glucoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 184.3 ± 23.9 228.4 ± 23.1 330.3 ± 26.7 328.1 ± 36.7 178.97 ± 39.8 145.4 ± 13.9 232.6 A
2018 108.8 ± 27.7 146.5 ± 41.2 346.0 ± 35.6 340.1 ± 39.2 133.67 ± 16.2 95.4 ± 48.9 195.1 A
mean 146.6 ab 187.4 b 338.1 c 334.1 c 156.3 ab 120.4 a

Poland 2017 209.9 ± 48.0 246.2 ± 24.0 306.0 ± 85 306.5 ± 37.4 160.4 ± 24.1 154.3 ± 17.2 230.6 A
2018 162.2 ± 15.2 177.9 ± 18.5 333.4 ± 54.6 253.2 ± 50.8 131.6 ± 25.5 146.7 ± 21.3 200.8 A
mean 186.0 ab 212.1 b 319.7 c 279.9 c 146.0 a 150.5 a

Germany 2017 164.5 ± 17.6 216.4 ± 35.3 382.3 ± 49.8 292.4 ± 12.7 149.8 ± 24.3 140.7 ± 26.6 224.3 A
2018 189.5 ± 21.6 233.2 ± 15.7 420.8 ± 16.8 268.1 ± 18.8 183.8 ± 9.0 158.4 ± 37.6 242.1 A
mean 177.0 a 224.8 b 401.5 d 280.3 c 166.8 a 149.5 a

Italy 2017 - 288.5 ± 22.4 - 306.2 ± 41.7 222.2 ± 19.9 160.1 ± 15.8 244.3 B
2018 - 200.8 ± 33.4 - 221.0 ± 39.5 102.1 ± 17.5 91.4 ± 24.0 153.8 A
mean - 244.7 b - 263.8 b 162.1 a 125.8 a

France 2017 279.5 ± 21.6 171.1 ± 46.4 395.0 ± 50.6 321.8 ± 33.1 176.0 ± 27.8 159.9 ± 36.1 250.5 B
2018 271.0 ± 39.5 274.0 ± 53.1 345.7 ± 55.5 225.2 ± 42.7 125.5 ± 31.6 140.7 ± 33.6 230.4 A
mean 275.2 b 222.6 b 370.3 c 273.5 b 150.8 a 150.3 a

Cultivar mean over
all locations

196.2 b 218.3 b 357.4 d 286.3 c 156.4 a 139.3 a

Significance
Cultivar Location Year

Cultivar x
location

Cultivar x
year

Location x
Year

*** ns *** ns ns *

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were ensured using Bartlett’s test. Mean values (n = 3) of different cultivars grown at a particular location followed
by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a particular
location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05). Mean
values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05). * = 0.05;
*** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.
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Table 5. Effect of growing location and year on pelargonidin-3-rutinoside content as the mean of two picking dates in fruits
of six strawberry cultivars.

Pelargonidin-3-rutinoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 18.2 ± 2.5 5.3 ± 1.1 1.4 ± 0.2 27.0 ± 3.7 0.9 ± 0.5 7.3 ± 1.1 10.0 A
2018 11.9 ± 3.4 2.5 ± 1.5 1.4 ± 0.2 23.3 ± 11.9 0.5 ± 0.1 19.2 ± 3.2 9.8 A
mean 15.1 cd 3.9 abc 1.4 ab 25.2 d 0.7 a 13.2 bcd

Poland 2017 26.2 ± 4.4 7.1 ± 0.4 2.1 ± 1.7 25.2 ± 3.2 0.9 ± 0.3 5.9 ± 0.9 11.2 A
2018 28.3 ± 5.7 9.1 ± 1.1 3.7 ± 0.3 25.9 ± 4.8 3.0 ± 0.2 8.5 ± 0.6 13.1 A
mean 27.3 c 8.1 b 2.9 a 25.5 c 2.0 a 7.2 b

Germany 2017 21.0 ± 3.6 6.7 ± 0.7 1.4 ± 0.3 25.4 ± 1.8 0.9 ± 0.5 6.4 ± 1.9 10.3 A
2018 21.2 ± 9.6 9.6 ± 6.8 6.2 ± 1.5 20.9 ± 3.6 2.3 ± 0.7 6.8 ± 2.5 11.2 A
mean 21.1 c 8.2 b 3.8 ab 23.1 c 1.6 a 6.6 b

Italy 2017 - 8.1 ± 0.9 - 24.0 ± 3.8 2.0 ± 0.2 5.5 ± 0.5 9.9 B
2018 - 7.1 ± 1.2 - 7.1 ± 2.5 1.3 ± 0.1 2.6 ± 1.2 4.5 A
mean - 7.6 b - 15.6 c 1.6 a 4.1 ab

France 2017 23.6 ± 3.2 4.5 ± 1.6 2.0 ± 0.1 20.4 ± 3.7 1.2 ± 0.4 4.8 ± 1.8 9.4 A
2018 24.3 ± 3.1 7.2 ± 1.3 1.8 ± 0.4 14.1 ± 3.8 1.8 ± 0.9 3.6 ± 1.5 8.8 A
mean 23.9 d 5.8 b 1.9 a 17.2 c 1.5 a 4.2 ab

Cultivar mean over
all locations

21.8 c 6.7 b 2.5 a 21.3 c 1.5 a 7.0 b

Significance
Cultivar Location Year

Cultivar x
location

Cultivar x
year

Location x
year

*** ns ns ** * ns

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were ensured using Bartlett’s test. Mean values (n = 3) of different cultivars grown at a particular location followed
by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a particular
location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05). Mean
values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05). * = 0.05;
** = 0.01; *** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.

Table 6. Effect of growing location and year on cyanidin-3-(6-O-malonyl)-glucoside content as the mean of two picking
dates in fruits of six strawberry cultivars.

Cyanidin-3-(6-O-malonyl)-glucoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 0.1 ± 0.2 0.7 ± 0.2 0.8 ± 0.2 3.3 ± 1.5 1.4 ± 0.6 1.2 ± 0.5 1.3 A
2018 0.2 ± 0.1 1.5 ± 0.9 2.6 ± 0.5 2.8 ± 0.4 2.3 ± 0.5 0.8 ± 0.7 1.7 A
mean 0.2 a 1.1 b 1.7 b 3.0 c 1.8 b 1.0 ab

Poland 2017 0.0 ± 0.0 0.7 ± 0.2 1.6 ± 0.8 3.5 ± 1.7 1.2 ± 0.5 1.4 ± 0.9 1.4 A
2018 2.5 ± 0.0 4.4 ± 0.4 11.0 ± 1.6 8.6 ± 1.2 5.6 ± 1.2 5.6 ± 1.0 6.3 B
mean 1.2 a 2.5 a 6.3 b 6.1 b 3.4 ab 3.5 ab

Germany 2017 0.0 ± 0.0 0.7 ± 0.2 2.3 ± 0.6 3.8 ± 0.3 1.2 ± 1.1 1.3 ± 0.7 1.6 A
2018 0.0 ± 0.0 0.8 ± 0.4 3.5 ± 0.7 4.1 ± 0.9 1.7 ± 0.2 1.6 ± 0.8 2.0 A
mean 0.0 a 0.8 b 2.9 c 4.0 d 1.5 b 1.5 b

Italy 2017 - 0.7 ± 0.1 - 2.6 ± 1.4 0.9 ± 0.4 0.8 ± 0.1 1.2 B
2018 - 0.7 ± 0.2 - 0.7 ± 0.4 0.7 ± 0.3 0.7 ± 0.4 0.7 A
mean - 0.7 a - 1.7 b 0.8 a 0.8 a
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Table 6. Cont.

Cyanidin-3-(6-O-malonyl)-glucoside (mg kg−1 Fresh Weight)

Cultivar

Location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

France 2017 0.1 ± 0.2 0.2 ± 0.1 1.6 ± 0.9 3.1 ± 0.3 0.5 ± 0.2 0.7 ± 0.2 1.0 A
2018 0.3 ± 0.1 0.6 ± 0.2 3.3 ± 1.4 3.1 ± 0.6 1.7 ± 0.4 1.0 ± 0.4 1.7 B
mean 0.2 a 0.4 ab 2.5 c 3.1 c 1.1 b 0.8 ab

Cultivar mean over
all locations

0.4 a 1.1 ab 3.4 c 3.6 c 1.7 b 1.5 b

Significance
Cultivar Location Year

Cultivar x
location

Cultivar x
year

Location x
year

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

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were insured using Bartlett’s test. Mean values (n =3) of different cultivars grown at a particular location followed
by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a particular
location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05). Mean
values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05). * = 0.05;
*** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.

Table 7. Effect of growing location and year on pelargonidin-3-(6-O-malonyl)-glucoside content as the mean of two picking
dates in fruits of six strawberry cultivars.

Pelargonidin-3-(6-O-malonyl)-glucoside (mg kg−1 Fresh Weight)

Cultivar

location Year Can Cle Flo Fri Gar Son
Yearly

Mean per
Location

Norway 2017 0.4 ± 0.6 46.7 ± 7.7 32.6 ± 5.9 80.9 ± 10.3 78.7 ± 19.1 32.0 ± 5.3 45.2 A
2018 0.2 ± 0.1 37.3 ± 8.6 41.3 ± 7.9 72.2 ± 24.5 58.0 ± 9.3 24.2 ± 5.5 38.9 A
mean 0.3 a 42.0 b 36.9 b 76.5 c 68.3 c 28.1 b

Poland 2017 0.2 ± 0.4 52.9 ± 10.4 36.6 ± 8.0 87.8 ± 17.9 69.2 ± 11.8 42.4 ± 7.5 48.2 A
2018 2.8 ± 0.3 49.4 ± 3 52.5 ± 9.9 82.4 ± 16.1 68.1 ± 12.7 48.4 ± 8.2 50.6 A
mean 1.5 a 51.2 b 44.5 b 85.1 d 68.6 c 45.4 b

Germany 2017 0.4 ± 0.3 59.2 ± 12.8 33.9 ± 16.7 94.8 ± 10.5 71.1 ± 18.8 46.7 ± 14.4 51.0 A
2018 0.0 ± 0.0 59.2 ± 6.4 51.1 ± 8.5 75.9 ± 12.8 81.6 ± 10.6 44.9 ± 11.8 52.1 A
mean 0.2 a 59.2 c 42.5 b 85.4 d 76.4 d 45.8 b

Italy 2017 - 64.1 ± 11.0 - 87.8 ± 13.0 98.8 ± 7.7 40.0 ± 5.9 72.6 B
2018 - 66.3 ± 13 - 71.5 ± 13.3 61.3 ± 8.8 27.3 ± 7.4 56.6 A
mean - 65.2 b - 79.6 b 80.1 b 33.6 a

France 2017 1.1 ± 1.5 41.8 ± 16.0 37.7 ± 29.4 88.8 ± 14.3 82.1 ± 13.2 44.2 ± 11.8 49.3 A
2018 0.7 ± 0.3 82.0 ± 14.8 53.1 ± 10.1 90.9 ± 17.8 89.4 ± 24.4 50.3 ± 15.6 61.1 A
mean 0.9 a 61.9 b 45.4 b 89.9 c 85.8 c 47.2 b

Cultivar mean over
all locations

0.7 a 55.9 c 42.3 b 83.3 d 75.8 d 40.2 b

significance
Cultivar Location Year

Cultivar x
location

Cultivar x
year

Location x
Year

*** *** ns ns ns *

Data are expressed as means ± SD (standard deviation) of two sampling dates per year. Before performing the statistical analysis, the
homogeneity of the data were ensured using Bartlett’s test. Mean values (n =3) of different cultivars grown at a particular location followed
by lower-case letters represent significant differences (p ≤ 0.05) between cultivars. Mean values of all the cultivars grown in a particular
location followed by different upper-case letters represent significant difference between the two years 2017 and 2018 (p ≤ 0.05). Mean
values of all cultivars grown at all the locations followed by different lower-case letters represent significant differences (p ≤ 0.05). * = 0.05;
*** = 0.001; ns = not significant. Can = ‘Candonga’; Cle = ‘Clery’; Flo = ‘Florence’; Fri = ‘Frida’; Gar = ‘Gariguette’; Son = ‘Sonata’.
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The genotype influenced significantly (p ≤ 0.05) the abundance of total and indi-
vidual anthocyanins in the fruits (Tables 2–7). When considering the cultivar means
for all locations, ‘Florence’ and ‘Frida’ showed the highest total anthocyanin content
(426.1 and 408.0 mg kg−1 fresh weight (FW), respectively) whereas ‘Sonata’ had the lowest
(193.2 mg kg−1 FW) (Table 2). As expected, total anthocyanin content was strongly related
to the predominant anthocyanin pel-3-glc (Table 4), resulting in the highest content for
‘Florence’ (357.4 mg kg−1 FW) and, however, being significantly different from ‘Florence’,
for ‘Frida’ (286.3 mg kg−1 FW) and the lowest for ‘Sonata’ (139.3 mg kg−1 FW) and also for
‘Gariguette’ (156.4 mg kg−1 FW). Thereby, pel-3-glc contribution to the total anthocyanin
content in the cultivars was in the range of 66–84%. ‘Florence’ (20.5 mg kg−1 FW) also
had, on average, a higher content of cya-3-glc compared to the other cultivars (Table 3).
Pel-3-rut was highest in ‘Candonga’ and ‘Frida’ (21.8 and 21.3 mg kg−1 FW) (Table 5),
whereas cya-3-mal-glc was enriched in ‘Florence’ and ‘Frida’ (20.5 and 13.5 mg kg−1 FW)
(Table 6). The level of pel-3-mal-glc, the second abundant anthocyanin in strawberry,
was again highest in ‘Frida’ (83.3 mg kg−1 FW) and in ‘Gariguette’ (75.8 mg kg−1 FW)
(Table 7). The contribution of pel-3-mal-glc varied widely in a range of 9.9–31.7% of the
total anthocyanin. In contrast to the other investigated cultivars, ‘Candonga’ contained only
cya-3-glc, pel-3-glc, and pel-3-rut in large quantities, while cya-3-mal-glc and pel-3-mal-glc
were only found in very small amounts in some locations and years (on average <0.4
and 0.7 mg kg−1 FW). Each cultivar had an individual anthocyanin profile that will be
discussed later (see Section 3.3). In general, the values for total and individual anthocyanin
are in similar ranges as previously reported for these cultivars [11,12,14,21,30–32].

3.3. Anthocyanins are Affected by Location

To better characterize the influence of location and thus mainly latitude and climate,
as well as yearly weather parameters on the anthocyanin profile of six strawberry cultivars,
a cultivar-specific PCA was conducted. The score and loading plots comprised by the first
two principal components (PC1 and PC2) explained ~70% of the total variance of the data
set for each of the four cultivars (‘Clery’, ‘Frida’, ‘Gariguette’ and ‘Sonata’) grown in five
locations (Figures 2 and 3), and of the two cultivars (‘Candonga’ and ’‘Florence’) grown in
four locations (Figure 4).

In addition, the PCA models also captured the effect of the two years and the two
picking dates within each year. PC2 described 15.7–25.3% of the data variation and was
mainly responsible for the separation of each cultivar by location, and thus by latitude
and climatic factors, as well as local pre-harvest weather conditions on the anthocyanin
synthesis and accumulation.

In general, the loading plots (Figures 2–4) of each cultivar indicates that pel-3-gluc are
closely related to total anthocyanin, indicating a similar reaction on the different locations
and their environmental conditions. Likewise, cya-3-glc and cya-3-mal-glc were grouped
closely together. Thus, they were similar, but in an opposite way as pel-3-glc and total
anthocyanins, influenced by locations and yearly weather variations. An exception was
observed for ‘Frida’ where the total anthocyanin and pel-3-glc were clustered together with
both cya-derivates, and hence, underlying the same location and environmental effects.
Even though all pel-derivates have the same synthesis pathway, pel-3-rut and pel-3-mal-glc
showed a cultivar and location-dependent distribution pattern. In the case of ‘Clery’,
‘Gariguette’ and ‘Candonga’, pel-3-rut was clustered more or less separately between both
cya-derivates and total anthocyanin and pel-3-glc, while in ‘Sonata’, it was more related
to the cya-derivates, in ‘Frida’, to cya-derivates, pel-3-glc, and total anthocyanin, while in
‘Florence’, pel-3-rut was linked to total anthocyanin and the other two pel-derivates. Pel-3-
mal-glc was more or less related to pel-3-glc and total anthocyanin in the case of ‘Clery’,
‘Gariguette’ and ‘Sonata’. In contrast, pel-3-mal-glc was clustered separately for ‘Frida’ and
together with all other pel-derivates and total anthocyanins in the case of ‘Florence’.

The score plots (Figures 2–4) indicated a similar clustering of location for each of
the cultivars, showing a typical latitudinal division by the North-South axis. However,
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modification also occurred by cultivar, yearly variations and weather conditions during
the harvest period.

The high amount of cya-3-glc and cya-3-mal-glc in ‘Clery’ samples from Poland and
Norway (Tables 3 and 6), and the enriched levels of total anthocyanins, pel-3-glc, and
pel-3-mal-glc and in fruits grown in France (Tables 2, 4 and 7), mainly contributed to the
clustering of the different locations (Figure 2). The pel-3-rut content was high in ‘Clery’
fruits from Germany (Table 5), however, this was less important for the separation by
location. Interesting to note is the effect of yearly variations combined with harvest period
on the synthesis and accumulation of total anthocyanins and their individual compounds
at the different locations. For example, 17A samples from France are overlapping with
those from Italy in 2018. Another example is the clear separation of the Polish 18B samples
from their other ones.

The loading plot for ‘Frida’ (Figure 2) separated the locations more clearly than for
‘Clery’. However, the effects of yearly variations and harvest period are less pronounced.
The main difference between locations were due to the high abundance of pel-3-glc in
samples from Norway in both years (Table 4), and total anthocyanin both in Norway and
Poland (Table 2). In addition, clustering was due to low levels of cya-3-glc in fruits from
Italy, especially in 2017 (Table 3), and low values of pel-3-rut (Table 5) in both Italy and
France in 2018. Moreover, pel-3-mal-glc (Table 7) was found to be relatively less abundant
in samples from Norway.

 

Figure 2. Score and loading plots of PCA for ‘Clery’, and ‘Frida’ grown at five locations (F: France; G: Germany; N: Norway;
P: Poland and I: Italy) characterized by total and individual anthocyanin and climatic data. The number and capital letters
in the different panel are referring to the year (2017 and 2018, labeled as 17 and 18) and A or B to the harvest date, being one
week apart.
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Figure 3. Score and loading plots of PCA for ‘Gariguette’, and ‘Sonata’ grown at five locations (F: France; G: Germany; N: 
Figure 3. Score and loading plots of PCA for ‘Gariguette’, and ‘Sonata’ grown at five locations (F: France; G: Germany;
N: Norway; P: Poland and I: Italy) characterized by total and individual anthocyanin and climatic data. The number and
capital letters in the different panel are referring to the year (2017 and 2018, labeled as 17 and 18) and A or B to the harvest
date, being one week apart.

Although the mean levels of total and individual anthocyanins in fruits of ‘Gariguette’
did not vary much between locations, as was the case for the other cultivars, the different
locations were separated as well (see score plot in Figure 3). This was mainly due to
the high level of cya-derivates in Poland in 2018 (Tables 3 and 6), and high amounts of
pel-3-mal-glc in samples from France in both years, from Norway and Italy in 2017 and
from Germany in 2018 (Table 7). Interestingly, total anthocyanin (Table 2) and its main
component pel-3-glc (Table 4) did not contribute much to the separation of the locations
because of contrasting year-on-year effects mainly in Norway, and even more pronounced,
in Italy. In general, the anthocyanin profile of ‘Gariguette’ seemed to be less affected by the
growing locations.

In the case of ‘Sonata’, total and individual anthocyanins did not vary much between
the locations (Tables 2–7). Samples from France were clearly separated from the other
locations (score plot in Figure 3), properly due to their relative low level of cya-derivates
(Tables 3 and 6). Interestingly, Italian samples contained similar levels of these anthocyanins,
but also less pel-3-glc (Table 4), and thus total anthocyanin (Table 2) in 2018, and this
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distinguished these samples from those of France and partly from the other locations.
Moreover, in 2018, Norwegian samples were enriched in pel-3-rut (Table 5), but contained,
at the same time, low levels of pel-3-glc (Table 4), and total anthocyanin (Table 2) like
samples from Italy. Both variables were of the factors responsible for the clustering of the
Norwegian samples.

 

Figure 4. Score and loading plots of PCA for ‘Candonga’, and ‘Florence’ grown at four locations (F: France; G: Germany; N:
Norway and P: Poland) characterized by total and individual anthocyanin and climatic data. The number and capital letters
in the different panel are referring to the year (2017 and 2018, labeled as 17 and 18) and A or B to the harvest date, being one
week apart.

Total anthocyanin and pel-3-glc were abundant in fruits of ‘Candonga’ grown in
France but less enriched in those grown in Norway in 2018 (Tables 2 and 4). Thus, both
compounds contribute to the separation of France from Norway, and both of these from
the two other locations (Figure 4). Moreover, pel-3-rut (Table 5) was low in samples grown
in Norway whereas samples grown in Poland were enriched in cya-3-glc (Table 3) and
pel-3-mal-glc (Table 7) in 2018, and thus showing clear seasonal effects.

Fruits of ‘Florence’ grown in France were clearly separated from those grown in
Norway (Figure 4). Moreover, PCA segregated both these locations from Germany
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and Poland. In both seasons, the level of pel-3-glc and anthocyanins were high in the
French samples, whereas seasonal effects only enriched the levels of total anthocyanins
in Poland and Germany, of pel-3-glc in Germany and of pel-3-mal-glc in all locations in
2018 (Tables 2, 4 and 7). In addition, fruits grown in Poland and Germany were enriched
in cya-derivates in 2018, too (Tables 3 and 6).

In general, the PCA separated samples of all cultivars from France from those from the
other locations. One reason might be the low values of global radiation for France in both
years (Figure 1). However, more reasonable is the fact, that here, as in Italy, strawberries
were cultivated in an open-sided tunnel covered with a standard plastic film that is well
known to be non-transparent for UV radiation. Among others, flavonoid syntheses in
plants is strongly induced by light and UV-B wavelength (280–315 nm). They are effective
scavengers of reactive oxygen species (ROS) and absorb selectively UV radiation [17].
One of these flavonoids are anthocyanins being synthesized in higher amounts by excess
UV-light. Previous studies reported a retarded coloring of the ripening fruit resulting
in a decreased level of total anthocyanin in strawberries grown under UV opaque film
compared to UV transparent film [26]. Moreover, no effect of UV radiation on total
anthocyanin were observed for strawberry, raspberry and blueberry when grown under
films varying from UV blocking to highly transparent [24]. In a study by Josuttis et al. [23],
it was shown that the anthocyanin cya-3-glc decreased in strawberries when grown under
a UV- blocking plastic film. Cya-3-glc is a minor anthocyanin in strawberry cultivars but
abundant, for example, in red Lettuce sativa types [24,33]. Additionally, enhanced levels
of the derivate cya-3-galactoside were found in the skin of apple [34,35] when exposed
to low night temperature and light including UV wavelength. For peach, a different
genetic background-dependent cya-3-glc level was detected in two peach cultivars after
postharvest treatments with UVA or UVB light [36]. Accompanying transcriptomic studies
identified different cultivar-specific expressed genes related to anthocyanin synthesis. In
the current study, a cultivar-dependent reaction to UV exclusion was observed in the way
that only fruits of ‘Clery’ and ‘Sonata’ showed a decreased cya-3-glc content under the
UV-blocking tunnel production in France and Italy compared to those from open-field
production in Norway, Poland and Germany.

The fact that the Italian samples of each cultivar were not clustered like the French
samples but located between France and the other locations, may be due to the lower
temperature during the harvest period (Table 1) in Italy, because of latitude and altitude.
Thus, temperature effects probably modified the UV-reducing tunnel effect in samples
from Italy.

3.4. Impact of Temperature and Global Radiation on Cultivar-Specific Anthocyanin Profiles

As shown by the PC analysis, the synthesis and accumulation of total and individual
anthocyanin were influenced by temperature (Tmean, Tmax and Tmin) and global radiation
and its interactions, being altogether affected by the latitude of the growing location. Envi-
ronmental factors changing with latitude are mainly photoperiod, quantity and spectral
composition of the solar radiation [17], as well as air temperature being indirectly depen-
dent on solar radiation. However, weather conditions may vary between seasons at site and
during the harvest period. Consequently, linear regression analyses were assessed to better
explain the dependency of the cultivar-specific anthocyanin synthesis and accumulation
on Tmean, Tmax, Tmin and global radiation. Moreover, to evaluate the effective time span
of these factors, they were summarized 3, 5, 10 and 15 days prior to harvest. Overall, the
percentage of variations (Figure 5), explained by these environmental factors, were rather
low with some exceptions (highest R2 = 0.62), highlighting again, the genotype specific-
based anthocyanin syntheses. For example ‘Gariguette’ and ‘Clery’, with the exception of
cya-3-mal-glc, were not affected by the environmental factors tested. For ‘Clery’, this result
supports previous studies showing also no or little environmental effects on anthocyanin
accumulation in fruits from this cultivar, when grown at three locations from North to
Central Europe [21], and at different altitude in Switzerland [31]. In contrast, ‘Florence’,
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‘Frida’ and ‘Sonata’ reacted most sensitively, but differently, to the pre-harvest temperature
and global radiation conditions. For these cultivars, in general, (Tmax) had a higher impact
on the syntheses of the less abundant anthocyanins cya-3-glc, pel-3-rut, cya-3-mal-glc,
pel-3-mal-glc and on the total anthocyanin, than the minimum temperature. Thereby, the
influence of Tmax often seemed to be stronger than the related Tmean itself (for example,
for the cya-derivates in ‘Florence’ and ‘Frida’). Only the synthesis of pel-3-glc, the main
anthocyanin of strawberry, was slightly more influenced by Tmin than by Tmax. In the
current study, global radiation was positive correlated with cyl-3-glc and pel-3-rut only in
fruits of ‘Frida’.

Noticeable is the contrasting behavior of ‘Candonga’ shown as the only cultivar
with a negative relationship between global radiation and the main anthocyanin pel-3-glc
(R2 = 0.38 − 0.44), and thus also to the related total anthocyanin, and between cya-3-mal-glc
and Tmin. ‘Candonga’ was bred and selected for tunnel production in Spain, which is the
common production system for that area. Therefore, it is assumed that protection against
UV-radiation was not an important growing factor for this genotype. In a Spanish study
performed in tunnels, no correlation was found for ‘Candonga’ between total anthocyanin
and Tmean, Tmax and solar radiation and, in contrast to this study, a positive relationship to
Tmin [14]. In the same study, however, other cultivars reacted also on Tmean or Tmax.

Noteworthy also is the positive relationship between global radiation and the content
of cya-derivates in the Scandinavian cultivar ‘Frida’. Moreover, ‘Frida’, together with
‘Florence’—bred in the United Kingdom—were both sensitive to Tmax with high R2 values
for cya-derivates and pel-3-rut, and in the case of ‘Frida’, also of pel-3-mal-glc. Thus, both
cultivars showed a high adaption to their breeding locations to benefit best from Tmax in
areas with, in general, lower temperature, and in case of ‘Frida’, also from the latitudinal
long photoperiod in Norway.

Numerous studies evaluated the effect of temperature on the anthocyanin content
of strawberry. In general, the content of total anthocyanin was enhanced with increasing
temperature when plants were grown under controlled conditions [9,19,20]). However,
the major anthocyanin pel-3-glc was less affected than the minor abundant pel-3-mal-
glc [19]. Moreover, increased night temperature induced higher anthocyanin levels [9]. A
contrasting result was obtained in a study with Japanese cultivars where high growing tem-
perature (30/15 ◦C day/night) decreased the anthocyanin content compared to the control
(20/15 ◦C), due to differently expressed genes involved in the anthocyanin synthesis [37].

There are only few studies evaluating latitudinal or altitudinal effects on the an-
thocyanin content of strawberry. In general, although pre-harvest weather conditions
modified the data, fruits grown at higher latitudes had less anthocyanins than the south-
ern ones [13,22,38]. In addition, quantitative changes in the anthocyanin profiles were
found [20], giving northern fruits a higher percentage of minor anthocyanins like cya-3-glc
and cya-3-mal-glc. These latitudinal depending results confirm our findings. In a study
comparing different altitudes (differences ~600 m) with increased temperature but lower
radiation in the period 10 days before harvest at the higher altitude, no influence on total an-
thocyanin and pel-3-glc were found, but cultivar specifically increased levels of cya-3-gluc
and minor pel-derivates [31]. In contrast, Guerrero-Chavez et al. [39] found a decrease of
total anthocyanin, mainly pel-3-glc and an unnamed pel-derivate, with increasing altitude
(~600 m) in fruits of ‘Elsanta’. Furthermore, in a recent study, temperature, UV radiation
and sunshine duration were found to affect bioactive compounds of strawberry stronger
than locations differing nearly by 800 m altitude. However, anthocyanin was the compound
class that showed significant differences between locations in one cultivar only [32].

In this experiment, ‘Florence’ and ‘Frida’ showed a high adaptation to their breeding
place, and in case of ‘Candonga’, to the tunnel cultivation technique used during selection.
High adaption ability is well known for wild species. For example, wild populations of
different Vaccinium species, grown from South to North Scandinavia, showed significant
variations in the anthocyanin profile and total anthocyanin content giving northern pop-
ulations a higher anthocyanin content in their berries [40–42]. It was explained by the
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long photoperiod at northern sites and its intense radiation of UV, visible and far-red
wavelength [42], but also by its lower mean temperature or by the interaction of both. The
adaption was under strong genetic control and remained when cloned plants of the Nordic
populations were grown in South Scandinavia [42].

 

Figure 5. Coefficient of determinations (R2) between cya-3-glc, pel-3-glc, pel-3-rut, cya-3-mal-glc, ple-3-mal-glc and total

−

Figure 5. Coefficient of determinations (R2) between cya-3-glc, pel-3-glc, pel-3-rut, cya-3-mal-glc, ple-3-mal-glc and total
anthocyanin (shown top to bottom) and the environmental factors’ mean temperature (Tmean), maximum temperature
(Tmax), minimum temperature (Tmin) and global radiation accumulated for 3, 5, 10 and 15 days (3d, 5d, 10d and 15d)
before sampling of the berries to be analyzed for each cultivar ‘Candonga’ (Can), ‘Clery’ (Cle), ‘Florence’ (Flo), ‘Frida’ (Fri),
‘Gariguette’ (Gar) and ‘Sonata’ (Son), shown left to right. Cultivars with no data (blank) indicate the observed correlation
between different anthocyanin components, and mean, maximum, minimum temperatures and global radiation were
statistically insignificant.
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The pigmentation of strawberry occurs relatively rapid at the end of the fruit devel-
opment. Metabolomic studies indicate the first appearance of anthocyanins with rapidly
increasing amounts until ripeness around 5–10 days after the fruit’s white stage [38,43–45].
These previous studies have focused on fruit developmental stages and total anthocyanins
only [38,44], or cya-hexose, pel-hexose and pel-rutinose [45]. The current study considered
different time intervals up to 15 days prior to harvest and took into account not only the
total anthocyanin but all individual anthocyanins evaluated. As expected, pel-3-glc were
cultivar-specific, and presented only the last five days before harvest. However, in our
study, it was surprising to find environmental effects occurring at an earlier fruit develop-
mental stage affecting the different anthocyanins. For example, in ‘Candonga’ fruits, global
radiation inhibited its synthesis up to 15 days pre-harvest. Furthermore, ‘Candonga’ was
the exclusive cultivar where pel-3-rut, cya-3-mal-glc and pel-3-glc were not found for Tmax
at d10 and d15 before harvest whereas they were partly present in ‘Florence’, ‘Frida’ and
‘Sonata’. The synthesis of the other individual anthocyanins was affected by temperature
and less by global radiation when taking the whole period into account. It is assumed that
at this early stage, photosynthesis was enhanced by favorable temperature and radiation
conditions and, in that way, precursors of the anthocyanins like carbon skeletons were
accumulated. When evaluating primary and secondary metabolites during strawberry
development [45], a decrease of diverse sugars was found over time, while anthocyanins
increased at the late fruit developmental stages.

Herein, the impact of location on anthocyanin profiles of certain cultivars was sys-
tematically studied. The obtained results showed that the present work could serve as a
useful starting point towards evaluating the latitudinal effects on plant performance and
internal fruit quality. However, some further specific studies are required to validate this.
In addition, certain optimizations are still required for accounting the seasonal variations
in the global radiation and temperatures. These issues will be addressed in detail in our
near future research work.

4. Conclusions

Our study indicated that the anthocyanin content of strawberry cultivars are, be-
side the well-known genetic origin, partly affected at site by the local environmental
factors, namely temperature, global radiation and cultivation technique. While ‘Clery’ and
‘Gariguette’ displayed a very high stability in their anthocyanin content regardless of the
growing location, the other cultivars partly reacted on the local conditions of the growing
sites. Thus, a high cultivar x environment interaction was observed for the evaluated
cultivars. Tmax, Tmin and global radiation, relatively less affected pel-3-glc. Cya-3-glc,
cya-3-mal-glc, pel-3-rut, pel-3-mal-glc were found to be highly sensitive to Tmax. In ad-
dition, global radiation strongly increased cya-3-mal-glc and pel-3-rut in case of ‘Frida’,
while in case of ‘Candonga’, the abundance of pel-3-glc decreased with global radiation.
The anthocyanin profiles of ‘Gariguette’ and ‘Clery’ were unaffected by environmental
conditions.

The minor strawberry anthocyanins cya-3-glc, pel-3-rut, cya-3-mal-glc and pel-3-mal-
glc seemed to be cultivar-specific more sensitive to such environmental variations than the
abundant pel-3-glc. Thereby, the minor anthocyanins might be useful to breed cultivars
which are able to accumulate anthocyanins even under sub-optimal conditions, for instance,
like ‘Frida’ which produced high content of anthocyanins in Norway being sensitive to
Tmax and global radiation. In contrast, cultivars with high stability in their anthocyanin
content like ‘Clery’ and ‘Gariguette’ may be valuable parents as well in breeding programs
focusing on the challenge of increased temperature due to climate change and on weather
instability between and within harvest periods. Thus, a better understanding of the cultivar
x environmental interactions will be necessary. However, the cultivar-specific relationship
between fruit anthocyanin content and the evaluated environmental factors in our study
were rather low, indicating that other factors not considered were involved.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/3/1326/s1, Table S1: Sum of mean, maximum and minimum temperature as well as sum of
global radiation, 3, 5, 10, and 15 days prior to sampling of fruits for analyses of 6 cultivars from North
to South of Europe, Figure S1: PCA score plots for (a) the 6 cultivars (Clery (Cle), Candonga (Can),
Frida (Fri), Florence (Flo), Gariguette (Gar) and Sonata (Son)) in 4 locations and (b) the 4 cultivars
(Clery (Cle), Frida (Fri), Gariguette (Gar) and Sonata (Son)) in 5 locations clearly indicate that the
location has major impact than the genetic variation. The ‘17’ and ‘18’ indicate years 2017 and 2018,
respectively. The ‘A’ and ‘B’ indicate the two picking dates. In order to have better understanding, it
is essential to analyze each cultivar separately.
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Abstract: Genotypes selected from 3 plant species (Brassica rapa, Eruca vesicaria and Sinapis alba)
belonging to the Brassicaceae family were chosen to compare the concentrations of 9 inorganic el-
ements (Cd, Co, Cr, Cu, Fe, Ni, Mn, Pb and Zn) in these varieties, that were grown under both
conventional and organic conditions during two agricultural seasons (2018/2019 and 2019/2020)
on two different experimental farms (Farm I and Farm II). We found that, together with agriculture
practices, the inorganic element concentrations in Brassicas depended on many other factors, includ-
ing soil characteristics. However, there were no conclusive results indicating a lower heavy metal
content or a higher nutritionally beneficial trace elements content in vegetables grown under organic
agriculture. Finally, a probabilistic assessment (@Risk) derived from the consumption of 150–200 g
of these vegetables showed that organic Brassicas fulfill in comparison with the conventional ones,
similar Dietary Reference Intakes (DRI) percentages for Co, Cr, Cu, Fe, Mn and Zn. Regarding heavy
metals (Cd, Ni and Pb), we only found slight differences (mainly in the case of Pb) in the Tolerable
Intakes (TI) between both cropping systems.

Keywords: organic farming; conventional farming; trace elements; heavy metals; risk assessment

1. Introduction

Nowadays, the maintenance of a good health status via appropriate dietary habits has
become of great social concern, but we also have to bear in mind what has been called the
“health trilemma”, which tells us that food, health and the environment are closely linked,
should also be borne in mind, in order to establish a balance between them for a healthier
life on a more sustainable planet.

Currently, the consumption of plant-based foods with nutraceutical properties is one
of the crucial factors for the welfare and promotion of health, preventing various patholo-
gies like cancer, cardiovascular and neurodegenerative diseases [1,2]. Vegetable species
belonging to the Brassicaceae (formerly Cruciferae) family are considered as being one of the
first cultivated and domesticated plant groups and is appreciated for constituting a good
source of minerals and trace elements [3] and for their health-promoting phytochemicals
such as glucosinolates [4]. Plant species from this family include nutritionally important
human and animal foodstuffs such as broccoli, turnip, cabbage, cauliflower, rapeseed,
mustard, rocket, and is one of the ten most economically important plant families in the
world [5,6].
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In addition, in recent years, developed countries have been showing a greater interest
in organic agriculture, with an increase of around 250% in the last 10 years [7]. This type
of agriculture is based on the non-use of synthetic fertilizers or pesticides, and, instead,
fertilization of the land with composted material, rich in organic matter, derived from the
biodegradation of plant and animal sources [8].

Some authors have pointed out that organic foods contain higher concentrations of nu-
tritionally beneficial trace elements and lower concentrations of harmful heavy metals [9].
In fact, vegetables can uptake and retain these inorganic elements from the surrounding
environment through their roots and leaves [10]. However, the data existing in the bib-
liography on this topic are inconclusive, and it is difficult to make a valid comparison
between both vegetable groups due to the limited availability of well-controlled or paired
studies [11].

Therefore, for all the above reasons, the objectives of this research were (a) to compare
the concentrations of nine inorganic elements (Co, Cr, Cu, Cd, Fe, Ni, Mn, Pb and Zn), well
known both for their nutritional and toxicologic role in 3 species of Brassicaceae (Brassica
rapa, Eruca vesicaria and Sinapis alba) grown under both conventional and organic conditions
during two agricultural seasons (2018/2019 and 2019/2020) on two different experimental
farms; (b) to make a probabilistic estimation with computer software (@Risk) of the contri-
butions of the inorganic elements present in these vegetables to the recommended intakes
or to the toxicologic limits established for them. This was to find out whether organically-
grown Brassicas have a greater nutritional value than the conventionally-grown ones.

The novelty of this work lies in the fact that few long-term studies have been made
comparing vegetables grown under organic and conventional conditions during two
agriculture seasons.

2. Material and Methods

2.1. Plant Material

Genotypes selected from 3 plant species belonging to the Brassicaceae family were
chosen based on previous studies showing their differences in their glucosinolates pro-
file and trace elements concentration: Brassica rapa L. (turnip greens and top greens),
Eruca vesicaria L. (rocket) and Sinapis alba L. (white mustard). Turnip greens are the young
leaves harvested in the vegetative growth period, and turnip tops are the fructiferous
stems with flower buds and the surrounding leaves that are consumed before opening and
while still green. These plant species are well adapted to Mediterranean environmental
conditions and have been obtained by the Plant Breeding Group at the Institute for Sus-
tainable Agriculture (IAS-CSIC) after several generations of breeding for seed yield and
glucosinolate content.

This material was sown and cultivated during two seasons, 2018–2019 and 2019–2020,
in two Farms (I and II) in Southern Spain (see Figure 1).

The Farm I land (37◦51′ N, 4◦48′ W) is located in Córdoba, next to the Guadalquivir
River, in a position of the first terrace (altitude of 106 m), with a deep soil (Typic Xerofluvent)
of sandy-loam texture with high pH (around 8), intermediate organic matter content
(1.6%), and high carbonate content (17%). The experimental plot size for conventional
cultivation of Brassicaceae species on Farm I was 25 × 25 m. The climate is typically
continental Mediterranean (Csa in Köppen’s climate classification), with relatively cold
winters, intensely hot dry summers and mean annual precipitations of 650 mm. On this
Farm, the three Brassicaceae species were only grown under conventional conditions
with herbicides and mineral fertilization being applied. In pre-sowing, an herbicide with
triflularin as its active matter was used at a dose of 1.5 L/ha. Moreover, before sowing,
a basic dressing with 8-15-15 bottom fertilizer was applied at a rate of 600 kg/ha. A top
dressing (cover fertilization) with 300 kg/ha of Ammonium Nitrate was applied after the
winter stop at the resumption of vegetative growth.
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Figure 1. Two Farms in the Southern Spain (A: Farm I. Alameda del Obispo (Córdoba). Brassicaceae grown in Conventional
Cropping System; B: Farm II. Ribera Alta. Alcalá la Real (Jaén). Brassicaceae grown in Conventional and Organic Cropping
System. The distance between both Farms is 121 km.

Farm II is located in the municipal district of Alcalá la Real (Jaén) (37◦27′ N 3◦55′ W,
Spain) in the Sub-Baetic zone, next to the Velillos River (altitude 920 m) with a moderately
stony structure and clay loam texture (Xerofluvent-Fluvisol calcareous) with high pH (8.2),
high organic matter content (3%), and high carbonate content (16%). The experimental
plot size for conventional and ecological cultivation of Brassicaceae species in Farm II were
25 × 25 m each. Both experimental plots were close together and separated only by a 2-m-
wide border. The climate is typically continental Mediterranean (Csa in Köppen’s climate
classification), with short summers, very hot, arid and mostly cloudless, winters are long,
very cold and partially cloudy and mean annual precipitations of 650 mm. In this Farm,
the three Brassicaceae species were grown both under conventional and organic conditions.

The conventional cultivation conditions on Farm II were similar to those of the Farm I.
In organic cultivation, neither herbicides nor mineral fertilizers were applied. Instead, only
treatment with a mixture of goat and sheep manure was applied at a rate of 3 kg/m2.

When plants from the different species reached their optimal moment of consumption
(from 3 to 5 months after sowing), leaf samples from individual plants of each species
were harvested, pooled, and processed for chemical analysis. The number of analyzed
plants throughout the two-years duration of the study were turnip greens (Brassica rapa)
(n = 60), turnip tops (Brassica rapa) (n = 85), Eruca vesicaria (n = 18), and Sinapis alba (n = 12).
The higher number of harvested Brassica rapa samples is due to turnip greens and turnip
tops having good commercial prospects, and their consumption, both fresh and processed,
has considerably increased in the last years. Furthermore, Sinapis alba and Eruca vesicaria
are currently minority crops consumed only in salads, although their consumption may
increase in the future due to their special composition in glucosinolates with medicinal
properties (Sinalbine in Sinapis alba and Glucorafanine in Eruca vesicaria).

Plants were thoroughly washed with tap water to remove dirt and dust, and they
were finally rinsed with deionized water. Then, they were stored at −80 ◦C until freeze-
drying, which was done in Telstar® model Cryodos-50 equipment (Telstar, Terrasa, Spain).
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The freeze-dried samples were ground in a Janke and Kunkel Model A10 mill (IKA-
Labortechnik, Staufen, Germany) for about 20 s, and stored in a desiccator until their analysis.

2.2. Materials and Reagents

All the reagents were of an analytical-reagent grade. Ultrapure water (18 MΩ/SCF)
prepared with a Milli-Q Reference Water Purification (Millipore, Madrid, Spain) was used
throughout the experiments. All the glassware and plastic containers were soaked in 50%
nitric acid overnight, then in 20% hydrochloric acid for an additional night and rinsed three
times with de-ionized water prior to use. Hyperpure nitric acid (65%) and hydrochloric
acid (35%) were obtained from Panreac (Barcelona, Spain). Hydrogen peroxide (33%) was
acquired from Sigma Aldrich (St. Loius, MO, USA).

Standard solutions for measuring the elements Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and
Zn were prepared immediately before use by dilution with distilled deionized water of
1000 mg/L standard solutions (Certipur-Merck, Darmstad, Germany).

2.3. Trace Element Determination

To determine the trace element content (Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn) of Brassi-
caceae species, 0.5 g of freeze-dried sample was weighed in a porcelain crucible. Samples
were incinerated in a muffle furnace at 460 ◦C for 15 h. The ash was bleached after cooling
by adding 200 µL of hyperpure HNO3 and 1 mL of deionized water, drying this on thermo-
static hotplates, and maintaining it in a muffle furnace at 460 ◦C for 1 h more. Ash recovery
was performed with 100 µL of hyperpure HNO3, making up to 10 mL with deionized water.
To Cd analysis, in order to avoid Cd volatilization, 0.5 g of freeze-dried sample was placed
in a Teflon vessel. Then, 3 mL of of hyperpure HNO3 and 2 mL of H2O2 were added to each
vessel and kept for 10 min at room temperature. After sealing the vessels hermetically, they
were placed in a microwave oven (Multiwave GO, Anton Paar, Germany) and digested
following the instrumental parameters indicated by the manufacturer. Every sample was
diluted up to a volume of 20 mL with ultrapure water

Elemental analyses for Fe (λ = 248.3 nm; Slit width = 0.2 nm), Mn (λ = 279.5 nm; Slit
width = 0.2 nm) and Zn (λ = 213.9 nm; Slit width = 0.7 nm) were performed by flame
absorption atomic spectroscopy (FAAS) with a Varian Spectra AA-50B model, equipped
with standard air-acetylene flame, and single- element hollow cathode lamps. Finally,
electrothermal atomic absorption spectroscopy (ET-AAS) was used for the determination
of Cd, Co, Cr, Cu, Ni and Pb (Agilent Technologies model 240Z AA with a graphite furnace
and autosampler). This equipment was certified by an equipment qualification report (EQR;
Agilent Technologies). In this latter, analytical methodology was developed following the
instrumental parameters indicated by the manufacturer with slight modifications (Table 1).
For Cd and Pb analysis, a chemical modifier (200 mL solution) was prepared containing a
mixture of 0.1% Paladium matrix modifier 10 g/L (Merck, Spain) plus 0.06% Magnesium
nitrate hexahydrate in 10 mL HNO3 hyperpure solution (69%). For each measurement,
15 µL of sample and 5 µL of modifier solution were injected. The accuracy and precision of
the different analytical techniques used in determining trace element concentrations were
validated by recovery experiments using Certified Reference Materials (Table 2).
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Table 1. Instrumental conditions for Cd, Co, Cr, Ni and Pb analysis by ET-AAS in Brassicaceae samples.

Cd
(λ = 228.8 nm)

Co
(λ = 240.7 nm)

Cr
(λ = 357.9 nm)

Cu
(λ = 324.8 nm)

Ni
(λ = 232.0 nm)

Pb
(λ = 283.3 nm)

Step T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s)
Argon
Flow

(L/min)

Drying 85 5 85 5 85 5 85 5 85 5 85 5 0.3
95 40 95 40 95 40 95 40 95 40 95 40 0.3

120 10 120 8 120 20 120 10 120 10 120 10 0.3
Pyrolysis 300 5 750 5 1000 5 800 5 800 5 500 10 0.3

300 3 750 3 1000 3 800 3 800 3 500 7 0
Atomization 1800 2.8 2300 2.8 2600 2.8 2300 2.8 2400 2.8 2300 5 0

Cleaning 1800 2 2300 2 2600 2 2300 2 2400 2 2400 4 0.3

Table 2. Analysis of certified references materials (mean ± standard deviation), limit of detection and limit of quantification.

Element

Certified References Material (mg kg−1)

White Cabbage BCR-679 Peach Leaves NIST-1547

LOD
(µg/g)

LOQ
(µg/g)

Certified Found
Recovery

(%)
Certified Found

Recovery
(%)

Cd 0.005 0.016 1.66 ± 0.07 1.57 ± 0.01 95
Co 0.023 0.077 0.07 * 0.063 ± 0.020 90
Cr 0.016 0.052 0.6 ± 0.1 * 0.61 ± 0.03 102
Cu 0.078 0.260 2.89 ± 0.12 3.13 ± 0.25 108
Fe 1.09 3.62 55.0 ± 2.5 56.2 ± 3.0 102
Mn 0.138 0.459 13.3 ± 0.5 13.2 ± 0.4 99
Ni 0.056 0.187 27.0 ± 0.8 25.6 ± 0.9 95
Pb 0.048 0.150 - - - 0.869 ± 0.018 0.883 ± 0.073 102
Zn 1.20 4.84 79.7 ± 2.7 78.2 ± 3.0 98

* Indicative value.

2.4. Statistical Analyses and Risk Assessment

The IBM SPSS 25 statistical software package was used for statistical analysis. The
data were expressed as mean and standard deviation. Data were analyzed using ANOVA
tests. Significant differences were considered when p < 0.05.

A probabilistic model was developed to estimate the intake level for Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb and Zn derived from feeding with Brassica vegetables. It should be pointed out
that in developing the model, only the concentrations of trace elements for the Brassica rapa
species were considered as it is the one most consumed in Spain, Portugal and Southern
Italy, being part of very traditional recipes. Nowadays, turnip greens and turnip tops
have good commercial prospects, and their consumption, both fresh and processed, has
considerably increased in the last years. Eruca vesicaria and Sinapis alba have only eaten in
small amounts in some salads, and they have a slightly spicy flavor like mustard greens.

This model followed a probabilistic approach in which variables were described by
probability distributions, and they were fitted to concentration data obtained in this study
for each element. Additionally, to estimate the intake level, serving size was considered
assuming 15–20 g per day (around 150–200 g of fresh matter) of Brassica rapa (turnip greens
or turnip tops). Daily intake was defined by a uniform distribution in the probabilistic
model, meaning that all values in that range had the same probability to occur.

The probability distributions describing the trace element concentration data were
fitted using @Risk v7.5 (Palisade, Newfield, NY, USA). The simulation ran with 10,000 iter-
ations per element. The goodness of fit assessed how well the fitted distribution described
the data; in this section, the Akaike Information Criterion (AIC) and Chi-square statistical
tests were used. Additionally, the visual analysis was considered to assess the fit of the
probability distributions to intake data. Data obtained through this probabilistic model was
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compared to the Spanish DRI for adult population [12]. In the case of Cd, Ni and Pb [13–15]
considering that they are heavy metals, tolerable intakes (µg/day) were considered.

3. Results and Discussion

3.1. Trace Element Contents in Brassicaceae Species: Conventional Versus Organic

The concentrations of Cu, Mn, and Zn for organic turnip greens (Brassica rapa) grown
on Farm II were 7.4; 100.4 and 24.4 µg/g d.w (see Table 3). The concentrations of these
trace elements in ones conventionally grown on the same farm were practically the same,
with values of 7.5; 110.8 and 22.9 µg/g d.w. Conversely, there were statistically significant
differences for Zn (p < 0.05) and Cu, Mn (p < 0.01) between the turnip greens grown on
Farm I (conventional system) and those grown on Farm II (both conventional and organic
systems). The highest concentrations of Cu and Zn (11.3; 38.9 µg/g d.w) and the lowest one
Mn (56.0 µg/g d.w) found in turnip greens grown on Farm I compared to those analyzed on
Farm II, demonstrate that, together with farming systems, the trace element concentrations
in foodstuffs depend on many other factors, including soil characteristics, pollution from
anthropogenic sources, genetic factors, seasonal influences and interactions between the
elements [16].

Table 3. Total trace elements concentration (dry matter) in Brassicaceae species analyzed (mean ± standard deviation).

Co (µg/g) Cr (µg/g) Cu (µg/g) Fe (µg/g) Mn (µg/g) Zn (µg/g)

Conventional

Farm I

Brassica rapa (turnip greens) 0.23 ± 0.10 2.41 ± 1.50 11.3 ± 3.8 223 ± 133 56.0 ± 20.1 38.9 ± 23.1
Brassica rapa (turnip tops) 0.14 ± 0.04 0.87 ± 0.59 8.06 ± 3.80 71 ± 22 24.2 ± 9.9 29.9 ± 9.1

Eruca vesicaria 0.39 ± 0.08 7.17 ± 0.40 8.19 ± 1.73 539 ± 324 34.8 ± 8.6 37.1 ± 5.0

Farm II
Brassica rapa (turnip greens) 0.28 ± 0.12 2.06 ± 0.98 7.54 ± 1.55 194 ± 75 110.8 ± 60.6 22.9 ± 4.7
Brassica rapa (turnip tops) 0.16 ± 0.08 0.52 ± 0,21 4.56 ± 2.27 60 ± 14 25.5 ± 13.3 25.1 ± 6.2

Eruca vesicaria 0.26 ± 0.09 3.29 ± 1.72 9.33 ± 1.30 413 ± 175 33.2 ± 8.0 34.2 ± 4.5
Sinapis alba <LOQ 0.51 ± 0.03 5.57 ± 0.24 153 ± 32 18.7 ± 0.7 25.9 ± 3.5

Organic

Brassica rapa (turnip greens) 0.22 ± 0.06 1.20 ± 0.66 7.39 ± 1.79 105 ± 63 100.4 ± 38.9 24.4 ± 3.3
Brassica rapa (turnip tops) 0.19 ± 0.06 0.48 ± 0.24 9.04 ± 6.33 72 ± 43 24.8 ± 6.6 31.2 ± 5.9

Eruca vesicaria 0.44 ± 0.11 5.17 ± 2.25 10.2 ± 1.1 700 ± 207 48.1 ± 9.8 33.0 ± 3.0
Sinapis alba <LOQ 0.26 ± 0.08 5.97 ± 1.56 68 ± 11 17.8 ± 2.4 23.8 ± 3.2

The Cu, Mn and Zn in turnip tops grown under the three experimental conditions were
Farm I, conventional, 8.1; 24.2 and 29.9 µg/g d.w. respectively; Farm II, conventional 4.6;
25.5 and 25.1 µg/g d.w.; Farm II, organic, 9.0; 24.8 and 31.2 µg/g d.w. The concentrations
in the turnip tops of the three trace elements were lower than those analyzed in the
corresponding turnip greens. This could be explained by considering that turnip greens
are the vegetative Brassica rapa leaves, whereas the turnip tops are the fructiferous stems
with flower buds and the surrounding leaves. Previous studies have indicated that metals
tend to accumulate preferentially in roots rather than in storage organs or fruits [17,18].
Moreover, unlike what happens to the turnip greens, statistically significant differences
were found for Cu (p < 0.05) and Zn (p < 0.01) between the conventional and organic turnip
tops grown on Farm II, the highest concentrations being found in the organic ones. These
results are in agreement with those reported by Kelly and Bateman [9] for similar studies
made with other vegetables species (tomatoes and lettuces)

Cu, Mn and Zn concentrations in Sinapis alba were 6.0; 17.8 and 23.8 µg/g d.w for the
organic cropping system and 5.6; 18.7 and 25.9 µg/g d.w for the conventional one. Similarly,
concentrations for these trace elements in Eruca vesicaria were 10.2; 48.1 and 33.0 µg/g d.w
for the organic system and 9.3; 33.2 and 34.2 µg/g d.w for the conventional one. Zn
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concentrations found in these Brasicaceae species are in agreement with those reported by
Cámara–Martos et al. [3] in a previous study (Sinapis alba 20.8 µg/g d.w; Eruca vesicaria
23.5 µg/g d.w). However, our work again failed to find statistically significant differences
in the concentrations of these trace elements between organic and conventional agriculture.

The results appearing in the bibliography do not show any clear trend for these trace
elements either. Krejcova et al. [19], in conventionally-grown carrots, have shown a higher
content of Mn and Cu but a lower content of Zn than in organic ones. Hadayat et al. [18],
for organic lettuce, potato and carrot reported higher Cu contents than those in the same
conventional vegetables. However, for conventional lettuce and carrot, higher Zn concen-
trations than those in the organic ones, were also found.

On the other hand, although in our study no differences were found in Mn concen-
trations between conventionally-grown Brassicas and organic ones, some authors have
demonstrated that a lower mean concentration of Mn in organic crops is a common pattern.
This could be due to the high concentrations of arbuscular mycorrhizal fungi in organic
soils [9,20]. Although, this aspect has not been completely clarified. Other studies have
shown that Mn is used as an additive to livestock feed supplements and, in turn, that this
trace element would be present in the manure used in organic farming [9].

Co concentrations in turnip greens (Brassica rapa) were very similar in the three studied
conditions (Farm I conventional 0.23 µg/g d.w; Farm II conventional 0.28 µg/g d.w and
Farm II organic 0.22 µg/g d.w, with no significant differences between them (Table 3).
Regarding Cr contents in turnip greens, in organic plants harvested on Farm II, lower
concentrations (1.20 µg/g d.w) (p < 0.01) than in conventional ones of Farm I (2.41 µg/g d.w)
and Farm II (2.06 µg/g d.w) were found. These results are in agreement with those reported
by Krejcova et al. [19], who also found higher Cr concentration in conventional carrots
(0.059 µg/g) than in organic carrots (0.046 µg/g). We have presumed that the main chemical
form in which Cr is found in Brassicaceae vegetables, would be Cr (III). This chemical form
is considered as being a beneficial element for human health, and according to several
previous research works [21,22], it is the main chemical form (unlike Cr(VI) in which Cr is
found in waters and foods. Therefore, according to their Co and Cr content, organic turnip
greens would not have a higher nutritional value than conventional grown ones.

For the same reason as that already mentioned for the previous trace elements, Co
and Cr concentrations in turnip tops (Brassica rapa) also decreased with respect to the
corresponding turnip greens (Brassica rapa) (Farm I, conventional, 0.14 and 0.87 µg/g d.w.);
(Farm II, conventional, 0.16 and 0.52 µg/g d.w.); (Farm II, organic, 0.19 and 0.48 µg/g d.w.)
Again we find differences in Cr concentrations between turnip tops grown on the two
Farms but not between the cropping systems (conventional versus organic). Thus, there
were significant statistical differences for Cr contents (p < 0.05) between conventional turnip
tops grown on Farm I and conventional turnip tops grown on Farm II. We also found
statistically significant differences for Cr contents (p < 0.01) between conventional turnip
tops grown on Farm I and organic ones grown on Farm II. Therefore, this again indicates
that the total inorganic element content in vegetables does not only depend on the farming
system [16].

Sinapis alba showed higher Cr concentrations (p < 0.01) for conventionally produced
vegetables (0.51 µg/g d.w.) than organically ones (0.26 µg/g d.w.). Co contents for
this Brassicaceae species were below the quantification limit (LOQ < 0.07 µg/g). On the
other hand, Co and Cr contents in Eruca vesicaria were Farm I, conventional, 0.39 and
7.17 µg/g d.w; Farm II, conventional, 0.26 and 3.29 µg/g d.w, and, Farm II, organic 0.44 and
5.17 µg/g d.w. Cr contents in Eruca vesicaria are slightly higher with those reported in a
previous study (2.59 µg/g) [3]. In addition, there were no statistically significant differences
for both elements between organic and conventional Eruca vesicaria. Previous studies have
reported that there is no clear trend in this matter. Thus, Hadayat et al. [18] gave higher Co
contents in conventional potato, onion, tomato and carrot versus organic ones, whereas Cr
contents were higher for organic onion, carrot and potato.
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Regarding Fe, we found statistically significant differences (p < 0.01) between organic
turnip greens (Brassica rapa) (0.10 mg/g d.w.) and conventional ones (0.19 µg/g d.w.)
from Farm II; and between organic Sinapis alba (0.07 mg/g d.w.) and conventional one
(0.15 mg/g d.w.) from Farm II (Table 3). Similarly, Krejcova et al. [19] have also reported
higher Fe content for conventional carrots (5.24 µg/g) versus organic ones (4.96 µg/g).
Nevertheless, for the rest of the vegetable Brassicaceae studied, the differences between
conventional and organic cultivation were scant. In relation to this latter aspect, Kelly and
Bateman [9] observed only minor variations in Fe concentrations between tomatoes and
lettuces cultivated on organic and conventional farms.

While the above trace elements have a clear nutritional role, Pb and Cd are considered
to be heavy metals that have harmful effects on the environment and human health.
With respect to Ni, although the nutritional and/or toxicologic role of Ni in humans is
unclear, in animal models, severe Ni deficiency can affect vision, Fe metabolism, and
Na homeostasis [23]. However, high concentrations of this element can also affect vital
processes in plants and induce toxic effects at morphologic, physiologic and biochemical
levels [24].

For this latter element, we found statistically significant differences (p < 0.05) for
Ni content in turnip tops (Brassica rapa) grown by organic agriculture (0.85 µg/g d.w.)
on Farm II and turnip tops grown under conventional agriculture (1.02 µg/g d.w.) on
the same Farm, with the lowest concentrations in organic ones (see Table 4). Similarly,
Krejcova et al. [19] have also reported a lower Ni content in organic carrots (0.79 µg/g)
than in conventional ones (1.58 µg/g). Other vegetables such as tomato and onion have
also shown lower Ni contents when they are grown by organic systems. Conversely, other
vegetable foodstuffs such as organic wheat (semolina samples) have shown higher Ni
content than conventional wheat.

Table 4. Total heavy metals concentration (dry matter) in Brassicaceae species analyzed (mean ±

standard deviation).

Cd (µg/g) Ni (µg/g) Pb (µg/g)

Conventional

Farm I

Brassica rapa (turnip greens) 0.28 ± 0.16 1.56 ± 1.11 0.99 ± 0.80
Brassica rapa (turnip tops) 0.12 ± 0.03 0.81 ± 0.32 0.90 ± 0.88

Eruca vesicaria 0.72 ± 0.10 3.99 ± 1.47 3.40 ± 0.61

Farm II
Brassica rapa (turnip greens) 0.19 ± 0.06 1.39 ± 0.91 0.62 ± 0.37

Brassica rapa (turnip tops) 0.13 ± 0.03 1.02 ± 0.21 <LOQ
Eruca vesicaria 0.48 ± 0.05 1.76 ± 0.48 0.55 ± 0.07

Sinapis alba 0.23 ± 0.01 0.21 ± 0.03 0.16 ± 0.02

Organic

Brassica rapa (turnip greens) 0.18 ± 0.05 1.02 ± 0.46 0.33 ± 0.23
Brassica rapa (turnip tops) 0.12 ± 0.05 0.85 ± 0.22 <LOQ

Eruca vesicaria 0.54 ± 0.04 2.55 ± 0.71 0.91 ± 0.39
Sinapis alba 0.07 ± 0.01 <LOQ 0.45 ± 0.31

Ni values for conventional turnip tops grown on Farm I were (0.81 µg/g d.w.) and
Farm II (1.02 µg/g d.w.) with statistically significant differences (p < 0.05) between
them. Trace element content in organic Sinapis alba was below the quantification limit
(LOQ < 0.18 µg/g) whereas Ni values for Eruca vesicaria ranged between 1.76–3.99 µg/g d.w
without significant differences between conventional and organic system. These results
are in agreement with those found in a previous study [3] for this latter Brassica specie
(1.12 µg/g).
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Regarding Pb, there were statistically significant differences (p < 0.05) between organic
turnip greens (Brassica rapa) (0.33 µg/g d.w.) and conventional ones (0.62 µg/g d.w.) from
Farm II (Table 4). Nevertheless, for the rest of the Brassicaceae studied, the differences
between conventional and organic cultivation were scant. The influence of the soil in which
the plants are grown has also been demonstrated. Thus, we found statistically significant
differences (p < 0.01) for Eruca vesicaria between conventional plants grown on Farm I
(3.40 µg/g d.w.) and plants grown on Farm II (0.55 µg/g d.w.). Furthermore, while for
organic and conventional turnip tops grown on Farm II, Pb concentrations were below the
quantification limit (LOQ < 0.160 µg/g), concentrations in conventional turnip tops grown
on Farm I reached mean values of 0.90 µg/g d.w.

There are no conclusive results regarding a lower Pb content in vegetables grown
through organic agriculture. Thus, Hadayat et al. [18] found lower Pb concentrations in
organic tomato, lettuce, onion and carrot but not in potato. Krejcova et al. [19] reported
higher Pb contents in conventional carrots (0.064 µg/g) versus organic ones (0.043 µg/g).
However, Zaccone et al. [16] found higher contents of this heavy metal in organic wheat
(94 µg/g) versus that in conventionally grown wheat (82 µg/g). Finally, Karavoltsos
et al. [25] have indicated that, although the majority of organic vegetables may have lower
Pb content, organic agriculture as such does not necessarily reduce the content of this heavy
metal in organically cultivated products.

Another heavy metal whose consumption is aimed to reduce with the development
of organic agriculture is Cd. Nevertheless, in the present study, we only found statisti-
cally significant differences for Cd levels (p < 0.01) between organic (0.07 µg/g d.w.) and
conventional (0.23 µg/g d.w.) (Table 4) Sinapis alba grown on Farm II. For the rest of the
Brassicaceae cultivated on Farm II, Cd values were very similar both in organic and conven-
tional plants. Comparing our results with those in a previous study, Hadayat et al. (2018)
reported lower Cd concentrations in organic tomato, onion, carrot and potato but not
in lettuce. Cámara–Martos et al. [26] for infant foods, such as weaning jars, made with
organic vegetable ingredients, it was also found that Cd concentrations were considerably
lower than those reported in weaning formulas which were not categorized as organic.
Krejcova et al. [19] showed slightly higher mean Cd concentrations in conventional carrots
(0.066 µg/g) versus organic ones (0.060 µg/g), and Hoefkens et al. [11] indicated significant
higher or lower concentrations and even non-significant differences in Cd concentrations,
depending on the food matrix.

A factor that again influenced the Cd concentrations in Brassicaceae was the soil in
which they were grown. Thus, we found statistically significant differences in Cd levels
(p < 0.05) for conventional Eruca vesicaria grown on Farm I (0.72 µg/g d.w.) and those
conventionally grown on Farm II (0.48 µg/g d.w.)

According to Karavoltsos et al. [25], organic agriculture could eventually lead to the
production of foodstuffs with a lower heavy metal content, although organic agriculture
as such is not able to secure low metal contents in its products. Our results show that this
final content is also influenced by other factors such as soil, vegetable variety or even the
presence of these elements in the air and in irrigation waters.

3.2. Probabilistic Assessment: Conventional Versus Organic

As already mentioned in the Material and methods section, a probabilistic model
approach was developed to estimate the intake level of trace elements, which were derived
from the consumption of 15–20 g (around 150–200 g of fresh matter) of these Brassicas.
It should be pointed out that in developing the model, only the concentrations of trace
elements for the Brassica rapa species (turnip greens and turnip top) were considered as
they are the one most consumed.

Dietary reference intakes (DRI) for the Spanish population were considered [12].
There is not DRI for Co; however, this element represents approximately a 4.3% of vitamin
B12. Considering a DRI for vitamin B12 between 2–2.4 µg, this corresponds to around
0.10 µg/day [27]. In the case of Ni [14] and Cd [13], considering that they are heavy metals,
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the tolerable intake (TI) of 2.8 µg/kg body weight·day and 2.5 µg/kg body weight·week
(0.36 µg/kg body weight·day) was used. For Pb a benchmark dose (BMDL01) for cardio-
vascular effects (1.50 µg/kg body weight·day) was considered [15]. It should also be noted
that the present statistical tool was completed using the variability of inorganic elements
present in plants as well as the variability of the Brassica vegetable ingested. Both aspects
determine the total intake of the inorganic elements.

Thus, the results obtained from the simulation of the probabilistic model with con-
ventional Brassicas, indicated values for Co, Cr, Cu, Fe, Mn and Zn of 2.58 µg, 17.41 µg,
0.14 mg, 1.74 mg, 0.55 mg and 0.56 mg, respectively, for 50th percentile (Figure 2). This
shows that the intake of trace elements of at least half of the population consuming these
conventional Brassicas will not be lower than these values. That intake fulfills Co DRI and
complies with the following percentages of DRI for studied elements: Cr 69.6%, Cu 12.7%,
Fe: 9.7%, Mn 30.6% and Zn 8.0%. When the same simulation of the probabilistic model is
developed with concentrations belonging to organic Brassicas, the values obtained for 50th
percentile were 3.61 µg, 9.60 µg, 0.12 mg, 1.20 mg, 0.65 mg and 0.49 mg for Co, Cr, Cu, Fe,
Mn and Zn, respectively (Figure 3), which satisfy similarly to the conventional Brassicas the
DRI percentages for these trace elements.

Regarding heavy metals, we have considered intakes for 95th percentile as being
the most unfavorable situation. Thus, Ni, Pb and Cd intakes for 95th percentile with
conventional Brassicas were 39.00, 47.34 and 6.82 µg, respectively (Figure 4), whereas
intakes with organic Brassicas were 25.70, 15.55 and 4.56 µg for Ni, Pb and Cd, respectively
(Figure 5). According to these values, organic Brassicas led to a decrease in the intake of
these three elements metals. However, when these results were expressed as percentages of
TI for these elements, we only found slight differences (mainly in the case of Pb) between
both agriculture systems. The TI percentages for a mean body weight of 70 kg per person
were 19.9, 45.1 and 27.1% for Ni, Pb and Cd, respectively, with conventional Brassicas,
and 13.1, 14.8 and 18.1 % for organic Brassicas. These results indicate that Cd, Ni and Pb
contents in vegetable Brassica rapa harvested under both conventional and organic farming
conditions are below the accepted safety limits and do not represent any toxicologic risk.
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Figure 2. Simulated data and fitted probabilistic distribution for Co, Cr, Cu, Fe, Mn and Zn in conventional Brassicas.
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Figure 3. Simulated data and fitted probabilistic distribution for Co, Cr, Cu, Fe, Mn and Zn in organic Brassicas.
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Figure 4. Simulated data and fitted probabilistic distribution for Cd, Ni and Pb in conventional Brassicas.

 

Figure 5. Simulated data and fitted probabilistic distribution for Cd, Ni and Pb in organic Brassicas.
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Abstract: The Mediterranean diet (MD) concept as currently known describes the dietary patterns
that were followed in specific regions of the area in the 1950s and 1960s. The broad recognition
of its positive effects on the longevity of Mediterranean populations also led to the adoption of
this diet in other regions of the world, and scientific interest focused on revealing its health effects.
MD is not only linked with eating specific nutritional food products but also with social, religious,
environmental, and cultural aspects, thus representing a healthy lifestyle in general. However,
modern lifestyles adhere to less healthy diets, alienating people from their heritage. Therefore,
considering the increasing evidence of the beneficial health effects of adherence to the MD and the
ongoing transitions in consumers’ behavior, the present review focuses on updating the scientific
knowledge regarding this diet and its relevance to agrobiodiversity. In addition, it also considers a
sustainable approach for new marketing opportunities and consumer trends of the MD.

Keywords: agrobiodiversity; antioxidant activity; bioactive compounds; health benefits; medicinal
properties; Mediterranean diet; market food trends; sustainability; wild edible greens

1. Introduction

Our diet and the proper selection of dietary sources of nutrients are pivotal for our body condition.
According to numerous medical studies, these choices can highly influence health conditions [1–4].
The significance of food consumption for human health was first recognized by Hippocrates who
quoted “Let food be thy medicine and medicine be thy food”. Now, several traditional and/or regional
dietary patterns exist throughout the world which are interrelated with cultural, religious, and social
beliefs, and are handed from generation to generation. The recent food-based dietary guidelines
(FBDGs) for European countries produced by the Food and Agricultural Organization (FAO) and the
World Health Organization (WHO) highlight the importance of planning a strategy to promote healthy
diets and prevent nutritional deficiencies and/or excesses in the global population [5]. Although the
Mediterranean diet (MD) is one of the most well-known dietary patterns that is highly appreciated for its
beneficial health effects, a contemporary overview that links the shifts of consumers’ behavior towards
modern diets and the effects of the MD on diseases is lacking. The health benefits due to adherence to
the MD were first introduced in the late 1950′s in the Seven Countries Study. The MD dietary pattern
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was probably first referred to using this term by Keys, and it was suggested that the residents of Crete
in Greece had the highest life expectancy rates [6–9]. Subsequently, numerous studies have reached the
conclusion that the relatively low mortality rates are due to the adherence to the MD, and a large number
of scientists have suggested this diet as a prevention factor for cancer, diabetes, and other chronic
diseases [10–13]. However, a recent follow-up of the Seven Countries Study revealed that populations
now follow dietary patterns that deviate from those followed 50 years ago, and that these changes have
resulted in high incidences of obesity, high systolic blood pressure, and hypercholesterolemia [9].

Since 2013, this diet has been considered an Intangible Cultural Heritage by UNESCO based on its
values of hospitality, neighborliness, intercultural dialogue, and creativity, and bases its successes on a
set of skills, rituals, knowledge, and traditions concerning crops, harvesting, fishing, animal husbandry,
conservation, processing, cooking, and the sharing and consumption of food [14].

The MD, as it is now known, is based on a longitudinal study conducted in the early 1960s, and is
structured on the food habits of the island of Crete and southern Italy [14]. According to the research of
Keys et al. [15], the life expectancy of adult Greek men was the highest in the world, and breast cancer
rates in women were less than one-half of those in the United States; however, it should be noted that
the existing medical services were limited at that time [16]. The definition of the MD has been subject
to continuous update, starting from the early 1960s, when it was suggested to be a diet comprising low
consumption of saturated fatty acids and high intake of vegetable oils, followed mostly in Greece and
southern Italy [17]. Subsequently, several dietary patterns described as intervention diets and based on
the traditional MD, known also as the “modern MedDiets”, have been observed. These diets integrate
Westernized eating patterns into traditional eating habits [6,18]. Moreover, the local populations of
the broader Mediterranean region have continuously interacted with each other throughout a period
of centuries, resulting in several common eating habits and food ingredients among the countries
around the Mediterranean Sea [19,20]. This continuous evolution and adaptation of dietary patterns
to new conditions requires a constant reconsideration of the definition of the MD, particularly when
considering the recent advances in analytical techniques that allow the effects and the mechanisms
responsible for the reported and confirmed health effects to be revealed.

The MD cannot be simply described as a list of foods, because it integrates and constitutes a social,
cultural, and rural way of living, e.g., sharing and exchanging food for festivities, celebrations, social,
and religious purposes [21]. The MD can be described as a dietary pattern that includes all of the food groups
with daily consumption of large portions of cereals, fruits, vegetables, dairy products, and olive oil (as the
primary source of fat) [22,23]. Consumption of fish, poultry, and eggs is limited to a few portions per week,
and the eating of red meat is restricted to once or twice per month [24]. Vegetables and fruits, in particular,
provide one-tenth or more of total calories on a daily basis. However, regarding the consumption of
vegetables and fruits in the ancient MD, our knowledge is limited and relies on historical records [25].
The key ingredient of the MD is olive oil, which is the main source of fat. Additionally, olive oil and,
in particular, extra-virgin olive oil, is a source of the potent antioxidant vitamin E and polyphenols, it has
antioxidant and antithrombotic properties, and according to numerous clinical, meta-analysis, and cohort
studies it reduces the risk of coronary disease, diabetes, hypertension, cardiovascular disease-related mortality,
and several types of cancer [26–32]. Olive oil has been systematically consumed by the Mediterranean
inhabitants for thousands of years with no evidence of harm, although it comprises 28% and 40% of energy
intake from total fat in southern Italy and Crete, respectively [33]. In addition to the consumption of olive oil,
another key element of the traditional MD common to many populations around the Mediterranean basin is
the daily consumption of a wide variety of seasonal fresh fruit and vegetables, including underutilized local
genetic resources and wild edible plants, which together constitute a rich source of functional food [34,35].
Although the consumption of wild edible plants and local varieties or landraces is strictly linked to the
traditional knowledge and rural lifestyle of the Mediterranean populations, the culinary use of food products
from such genetic resources is persistent today and offers new opportunities to rediscover the value of the
MD. From this perspective, it is important to examine the role that agrobiodiversity played in the traditional
MD and to consider how it may continue to play a key role in the modern MD.
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The relatively recent rapid urbanization in the Mediterranean countries has led to the abandonment
of rural life, and the adoption of modern lifestyles and Westernized diets has been followed by increased
consumption of meat, animal fats, and dairy products. However, despite these changes, the overall
consumption of sugar, meat, and other specific “harmful” food products is less frequent among the citizens
of Mediterranean countries compared to North Europeans, although significant differences in the degree of
adherence to MD are reported among populations of different Mediterranean countries [36]. Considering
the important health effects of the MD and the ongoing transitions in consumers’ behavior, the present
review focuses on updating the knowledge regarding the health effects related to the adherence to this
particular diet, its relevance to agrobiodiversity and the sustainable approach of a healthy diet, and, finally,
the new marketing opportunities that have emerged. The compiled information was collected from various
databases, such as Scopus, ScienceDirect, PubMed, Google Scholar, and ResearchGate, after searching for
specific terms and keywords, e.g., Mediterranean diet and health effects, and agrobiodivesity.

2. Mediterranean Diet and Agrobiodiversity

Agrobiodiversity as part of overall biodiversity can be defined as the diversity of living forms
within agricultural ecosystems and is strongly linked with diversity in food and agricultural production
and, thus, with nutrition and human health. In addition to the diversity of common crop species,
Mediterranean agrobiodiversity resources also include wild edible plants [37–42] and the intra-specific
diversity expressed by the cultivation of different varieties of the same species, which are often selected
locally and called “local landraces” or “local varieties” [43].

In rural areas across the Mediterranean region, it was a usual practice to gather wild plants
for food purposes, and many native species are essential ingredients for several traditional dishes.
Furthermore, several wild edible plants have been domesticated, and generation after generation,
farmers have wisely selected and retained vegetable genotypes with distinct traits, considered to have
particular value or utility [43–45].

As we rediscover the value of such agrobiodiversity heritage and its potential contribution to
our nutrition security and health, young consumers are reconsidering the virtues of the MD primarily
based on the regular consumption of fruit and vegetables, and local landraces of fruit and vegetables
and wild edible plants are increasingly appreciated for their nutritional properties and content of
bioactive compounds [34,45–52].

During recent decades, the scientific community has greatly contributed to highlighting the
value of underutilized genetic resources and to the characterization of their agronomic, nutritional,
and functional properties [53]. Furthermore, the local food service industry is sourcing such
genetic resources from rural communities and small farms and, with the support of renowned
chefs, is contributing to the rediscovery of the use of local landraces and wild edible plants. This is
helping to revive and repropose modern versions of traditional dishes that are cornerstone of the MD,
thereby contributing to the generation of value and the establishment of a link between agrobiodiversity,
local tradition, and the MD. The knowledge generated by the scientific community in synergy with the
initiative of the local food service industry is raising the interest of new generations of consumers that
are increasingly health conscious and attentive to the quality, origin, and sustainability of their food
and diet. These trends are generating new market opportunities, particularly for small-scale farms that
often are the custodians of agrobiodiversity resources and local rural traditions in the Mediterranean
basin [34,54,55]. Linking together local rural traditions, the traditional MD, and smallholder farms
that are investing in the cultivation of local landraces or wild edible plants with the modern MD, it is
possible to generate community driven “Mediterranean food and cultural hubs”, which are capable of
educating and sensitizing modern consumers about the role that agrobiodiversity plays or may play
in our diet and nutrition. The increasing knowledge and education of new generations about how
to apply today the principles of the MD, with the aim of improving their health, will also contribute
to preserving and valorizing local rural communities and economies, in addition to protecting the
patrimony of agrobiodiversity and agricultural ecosystems.
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The inestimable value of the Mediterranean agrobiodiversity, and its strong link with the MD
and its beneficial effects on human health, are increasingly emerging due to the collaborative work
of ethnobotanists, horticulturists, plant breeders, food chemists, and nutritionists, who together
are recovering and generating new knowledge and genetic material, and are characterizing the
nutritional and bioactive profile of many fruit and vegetable local landraces and wild edible species.
Agrobiodiversity resources typical of the Mediterranean region, rich in bioactive compounds and
commonly included as ingredients of the MD, are, for example, the multiple local landraces and
selections of vegetables characterized by different shapes, harvest times, pigmentation, and associated
nutritional and bioactive profiles [56,57], such as artichoke and cardoon [58–63], carrots [64–66], chicory
and lettuce [67,68] among the Asteraceae family; broccoli and cauliflower [69] and kale [70] among
the Brassicaceae family; cultivated and wild garlic [47,48,71–73], and onion [50,74–76] among the
Liliaceae family; common beans, cowpea, fabae, and lentils among the Leguminosae family [77–79],
melons and watermelons [80–82], or zucchini and squashes [83,84] among the Cucurbitaceae family;
and tomato [85–90], pepper [91], and eggplants [92] among the Solanaceous family. Other valuable
genetic resources commonly used in the MD and considered rich sources of bioactive compounds include
minor vegetable species such as arugula [93–95] and broccoli raab or rapini [54,96,97], and numerous
wild edible plants [39,42,44,98–103]. Moreover, the link between agrobiodiversity and MD is also
expressed by the variety of plant parts of different species used in the kitchen, which range from roots
and other below-ground organs, to stems, leaves or leaf petioles, fruit, and sometimes edible flowers or
inflorescences. Exemplary are the cases of the zucchini squash for which, in Southern Italy, stems, young
leaves, and flowers are traditionally used, in addition to the courgette [81]; artichoke, for which plant
off-shoots are used in addition to the heads; or, the case of rapini, for which leaves and/or inflorescence
are commonly used (Figure 1). Similarly, among wild species, the edible parts include leaves and
flowers in Borago officinalis; leaves, inflorescence, and roots in Cichorium intybus L.; and in the case of
Scolymus hispanicus L., the midribs are used after discarding the spiny leaf-lamina (Figure 2).

 

Figure 1. (a) Whole zucchini squash plants harvested to prepare a traditional Italian rural first dish
“spaghetti e cime di zucchine” using every portion of the plant, including small fruits, leaves, stems,
and flowers. (b) A field of rapini plants and harvested product characterized by the different size
of inflorescence (associated with early harvest) in which leaves and inflorescence or only the large
inflorescence is used. (c) An artichoke field of the selection “Violet de Provence” with heads ready to
harvest, followed by an image of plant off-shoots called “carducci”, generated and harvested at the
base of the artichoke plant, being used to prepare fried stems. Photo credits: Francesco Di Gioia.
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The increasing demands for healthy and natural food ingredients, in addition to the rediscovery
of MD from new generations and the adoption of this particular diet in other regions of the world,
necessitates the sustainable management of plant genetic resources [42,98,101,104]. This approach
involves various practices, including the cultivation and domestication of wild species and their
integration in production systems to promote the sustainability of agro-ecosystems and allow
the conservation of valuable genetic resources [37]. The compilation and constant update of
FBDGs is also a useful means to promote agrobiodiversity and sustainability through policies
and dietary recommendations [5]. Moreover, according to Tarsitano et al. [105] and Burlingame
and Dernini [106], the MD or the Mediterranean way encompasses dietary habits and lifestyles,
and considers socioeconomic drivers that could be used as a means to achieve the goals set for the 2030
Agenda for Sustainable Development and thus promote biocultural diversity.

 

Figure 2. (a) Wild chicory (Cichorium intybus L.) leaves sold in a local farmer’s market in Puglia (Italy),
whole plant appearance, and a traditional Mediterranean dish prepared combining wild chicory leaves
characterized by bitter flavor and dry fava beans characterized by mild taste. (b) Example of wild
plants of Scolymus hispanicus L, and midribs cleaned and separated from the spiny lamina and used
to prepare a traditional Easter dish with other wild plants and herbs typical of the Murgia (Puglia,
Italy), combined with eggs and occasionally lamb. (c) Plants of wild Sinapis alba L. harvested, cleaned,
and used to prepare “spaghetti and cime amarelle” a traditional rural dish in Puglia (Italy), revisited
according to today’s habits using processed pasta instead of traditional whole-grain pasta. Photo
credits: Francesco Di Gioia.
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Plant-based diets, including MD, are not only beneficial to human health due to reduced risk
factors for several chronic diseases, but they also contribute to environmental sustainability through the
adoption of healthy lifestyles [107]. Although MD is sustainable in its conception, the recently identified
social and economic trends make it necessary to reevaluate the whole food chain, including crop
production, food production, and consumption, also considering environmental, nutritional, economic,
and social aspects [106]. Recently, several reports highlighted the importance of commercial cultivation
of wild edible greens within the framework of sustainable management of native Mediterranean species
and the exigent need for an increase in agrobiodiversity in farming systems, which is threatened by
ongoing climate change and monocropping [108–111]. According to a recent report published by the
Food and Agriculture Organization of the United Nations, only nine crops contribute 66% of the global
total production of food [37]. The existing cropping systems in most of the Mediterranean countries
consist of small-scale farms, which are ideal for the commercial cultivation of high added value crops,
such as underutilized wild edible greens [41,55,99,100,102,112–115]. Moreover, the socioeconomic
conditions faced by southern European countries during the last decade resulted in limited access to
healthy and natural food ingredients that were traditionally used by poor people on a daily basis,
because the prices of these food products increased making them affordable only to citizens with high
incomes [116]. Several studies revealed that the adherence to MD was higher in social strata that
belonged to high socioeconomic status, a finding that was also reflected in higher mortality rates and
higher frequencies of chronic diseases among lower social strata [117–119]. Therefore, commercial
cultivation of wild species could be a useful means to reduce their production cost, to increase their
availability throughout the year, and, finally, to make them more affordable to the general public [110].
Moreover, the domestication and commercial cultivation of wild edible plants allow small-scale farms
to obtain more stable yields and guarantee the origin of the product and its hygienic quality, in addition
to the conservation of the agro-ecosystem, which may be an issue when collecting spontaneous
plants. Although the commercial cultivation of wild edible species may be challenging in many
aspects, farmers have successfully repeated this process for a large number of crops. An example
of a Mediterranean wild edible species that has been successfully domesticated in recent decades is
wild arugula (Diplotaxis tenuifolia (L.) DC.). Today, wild rocket is cultivated globally in open fields
and protected environments using both soil and soilless systems. It is available to buy year-round,
mostly as a fresh-cut leafy vegetable, and is increasingly appreciated by consumers for its pungent
taste and interesting nutritional and bioactive profile [94,95,120]. The same path toward domestication
and commercial cultivation of similar species could take place and is currently being investigated
for many other Mediterranean wild edible species [121–126]. Using advanced sustainable cultivation
methods, including soilless cultivation systems and agronomic biofortification techniques, it is possible
to use underutilized genetic resources, such as domesticated wild edible plants and vegetable local
landraces, to produce functional vegetable products [42,57,94,98,127,128] (Figure 3). In response to
new food market trends, some specialized small-scale farms are exploiting Mediterranean wild edible
plants and local landraces to produce high-value novel fresh functional products, such as fresh-cut
baby leaf, microgreens, and edible flowers, which are increasingly used by chefs to add value, color,
and taste to their plates, in addition to being recognized by consumers for their nutritional value
and functional properties [129–134] (Figure 3). In addition to creating new market opportunities for
small-scale farms, the cultivation of wild edible species and local landraces highly adapted to local
environmental conditions may allow the recovery and exploitation of marginal land areas affected by
low fertility or high salinity that otherwise could not be used for the production of conventional crops,
thereby contributing to preserve marginal Mediterranean agroecosystems and genetic resources at risk
of being lost [41,54,55].
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Figure 3. Example of typical Mediterranean wild edible plants and vegetable local landraces suitable
to produce edible flowers of (a) Cichorium intybus L., (b) Malva sylvestris L., (c) Borago officinalis L.;
microgreens of (d) Borago officinalis L., (e) Salicornia patula Duval-Jouve, (f) Brassica rapa L. Broccoletto
group; (g) baby-leaf of Brassica rapa L. selection “Sessantina”; (h) fresh-cut zucchini squash flowers,
and (i) fresh-cut stems of Cichorium intybus L. selection ‘Molfettese’. Photo credits: Francesco Di Gioia.

3. The Modern Mediterranean Diet and Its Health Benefits

Numerous reports highlighted the importance of adopting healthy dietary habits for benefiting
the condition and well-being of the human body, focusing on various chronic diseases that impact
developed countries, e.g., cancer, cardiovascular diseases, immunomodulatory diseases, diabetes,
neurogenerative diseases, myocardial infarctions, and cognitive disorders [135]. The MD has been
at the epicenter of research in recent decades, with several beneficial health effects being attributed
to the adherence to this particular diet [11,136–139]. Moreover, according to the study of van den
Brandt [140], the MD has been highly associated with significant reduction in mortality rates when
combined with other lifestyle factors, such as body mass index, smoking, and physical activity.

The following sections provide information regarding the most important health effects of the
MD based on clinical and cohort study results.

3.1. Antioxidant Activity

The ingredients of the MD contain several antioxidant compounds that have the capacity to
protect against cancer, metabolic disorders, aging, and cardiovascular disease, as mentioned in several
reports [12,111,141,142]. Total antioxidant capacity (TAC) consists of all of the antioxidants that are
present in plasma and body fluids, and provides an integrated measurement rather than the simple sum
of measurable antioxidants. For example, in the study of Pitsavos et al. [141] TAC was also positively
correlated with the consumption of olive oil and fruit and vegetables, whereas it was inversely associated
with the consumption of red meat and low oxidized LDL-cholesterol concentrations, which may
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explain the beneficial role of MD on the cardiovascular system. Moreover, according to observational
studies, fruit and vegetable consumption showed protective effects against cardiovascular diseases,
and possible evidence exists for decreased risk of colon cancer, depression, and pancreatic diseases
from fruit intake; and colon and rectal cancer, hip fracture, stroke, depression, and pancreatic diseases
from vegetable intake [135]. Mounting reports of the high quantity of antioxidants in the MD have been
the subject of cohort studies that attempt to prove the strong correlation between the antioxidants in
the diet and the lower incidence of diseases in Mediterranean countries [7,136,143,144]. One example
is the study of Billingsley and Carbone [145], which attempted to reveal how the antioxidants may
reduce the incidence of cardiovascular diseases in high risk patients. The main conclusion of the study
is that the high quantity of polyphenols may in part explain the lower risk for patients following the
MD, however, there are limitations to their efficacy. Polyphenols are secondary metabolites which
act as free radical scavengers and metal chelators, while they also affect the antioxidant activity of
various enzymes [146]. Therefore, a high intake of polyphenols through the diet may improve the
defense mechanisms of the human body against several diseases related to oxidative stress [10,29,147].
The adherence to Mediterranean-style dietary habits has been associated with reduced risk of diabetes
in cohort studies conducted in U.S.A., which highlights the health benefits of the MD [144]. However,
further studies are needed to understand if the antioxidants play a major role in the prevention of these
cardiovascular diseases, or if it is the result of the combination of various factors (climate, lifestyle,
daylight, overall country wealth, socioeconomic status, among others).

3.2. Life Expectancy Rates

According to the existing literature, there is an inverse association between mortality and intake of
vegetable fats and plant proteins, whereas there is evident positive correlation between mortality and
high intake of animal fats, monounsaturated fats of animal origins, and sugar [148]. These coincide with
food-based dietary guidelines of the traditional MD and are associated with lower mortality rates, not
only for deaths related to chronic diseases, but also overall mortality rates [148]. The data meta-analysis
also showed that legumes and olive oil are major food items discriminating subjects between lower
or higher mortality rates, and the lipid-lowering effects and/or reduced thrombosis risk, in addition
to dietary fiber or vitamin E intake, could also account for the reduction in mortality rates [136,149].
Other cohort studies and clinical trials have attributed the low mortality rates associated with the MD
to the preventive effects of dietary sources against the various types of cardiovascular diseases [136].
The analysis of two epidemiological studies conducted in 2020 involving over 2000 Greek citizens over
50 years old showed that a higher adherence to the MD was associated with a higher level of successful
aging [13].

3.3. Type 2 Diabetes

According to a study conducted in United States and Spain of 7018 participants, it was suggested
that meaningful changes to eating habits, such as low-fat diets and the adoption of variants of the
MD including vegetables, fish, legumes, and extra-virgin oil or nuts, may reduce the risks of chronic
diseases [150]. In the same study, it was also reported that even individuals who have a genetic
predisposition to diabetes due to carrying two copies of a certain gene variant associated with a high risk
of developing type 2 diabetes may reduce the risk of developing this disease by following MD eating
habits. Furthermore, the MD is considered a healthy approach to control obesity and complications
of the cardiovascular system, especially in women in menopause [147]. The mechanisms behind the
benefits of the MD towards patients of type 2 diabetes were tentatively explained by Esposito et al. [142],
who analyzed the data from eight meta-analyses and five randomized control trials. The authors stated
that the benefits of this particular diet are associated with the anti-inflammatory and antioxidative
effects from high-quality foods that down-regulate the activation of the innate immune system by
reducing the production of proinflammatory cytokines, inducing the production of anti-inflammatory
cytokines, thus improving the sensitivity to insulin in peripheral tissues. Moreover, the adherence
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to MD is associated with lower glycosylated hemoglobin levels and improved cardiovascular risk
factors compared to diets that have low fat content. Vitale et al. [151] performed a cohort study and
investigated the effect of polyphenols intake on cardiovascular risk factors of 2573 type 2 diabetes
patients. The results of this study showed that diets rich in polyphenols may improve the cardiovascular
risk factor, especially in patients with type 2 diabetes, and they suggested that beneficial effects of such
diets could also be extrapolated to the general population [151].

3.4. Parkinson’s Disease (PD)

Parkinson’s disease is a common neurodegenerative disorder which affects approximately 1% of
individuals over the age of 60 years old in North America and Europe. According to literature reports,
the association of Parkinson’s disease status with MD adherence was significant. Alcalay et al. [152]
analyzed a Willett semi-quantitative questionnaire completed by 257 PD participants to score their diet
during the preceding year. The findings of this study revealed a positive correlation of the adherence
to a Mediterranean-type diet and the reduced rates of PD, and the scores of the Mediterranean-type
diet were associated with the earlier onset of PD. Although the mechanisms behind these activities are
unknown, it is hypothesized that MD ingredients contain various bioactive phytochemicals that lower
inflammation and oxidative stress, which both induce PD pathogenesis [153].

According to the study of Maraki et al. [154], there is a lower probability of prodromal PD in
higher MD adherence in older people based on the evaluation of the MD adherence scores. A recent
randomized controlled trial involving 80 patients with PD analyzed the effect of the adherence to the
MD for 10 weeks compared to a control group [155]. The findings of this trial suggested a significant
improvement in cognitive functions in patients that followed the MD, although the sample size and
the short duration of the study do not allow for explicit conclusions.

3.5. Alzheimer’s Disease

Dietary habits may affect the onset and development of neurodegenerative diseases, such as
Alzheimer’s disease through the increased resistant of neurons to degeneration [156]. The analysis
of dietary patterns and their contribution to cognitive functions may provide useful information
regarding the degenerative mechanisms and the prevention of mental dysfunctions, particularly
because drugs available to treat Alzheimer’s disease have only symptomatic effects and do not delay
its development [157]. In the study of Scarmeas et al. [158], the evaluation of a total of 192 individuals
diagnosed with Alzheimer’s disease showed that adherence to the MD may reduce the mortality rates
of patients, and the same dietary pattern may also reduce the risk of this particular disease [156].
The systematic review of Masan et al. [159] evaluated the results of twenty-four studies and suggested
that the high intake of n-3 fatty acids and the adherence to MD may have protective effects against
age-related cognitive decline. A more recent review identified through numerous studies the positive
correlation of the MD and the improvement in the overall cognitive health of middle-aged and older
people, although more studies are needed to overcome the problems related with the heterogeneity
of scoring systems, in addition to the variability in the evaluation of cognitive outcomes among the
various studies [160].

3.6. Heart Diseases

The first strong evidence of the beneficial health effects of MD was associated with the lower
mortality rates from cardiovascular diseases observed in Greece [6]. Plant-based diets such as MD may
contribute to better control of dyslipidemia management in addition to the prevention of cardiovascular
diseases (CVD) [4,107]. The effects of MD on risk factors for heart diseases are outlined in several
research reports, which conclude that this particular style of diet may decrease the death rates from
heart diseases that constitute the main cause of death in developed countries, accounting for about
17 million deaths per year [161]. Carbone et al. [162], who conducted a cross-section animal model
study, suggested that high-sugar and high-fat diets such as the modern Western diet resulted in cardiac
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systolic and diastolic dysfunction, which was reversed when subjects were fed with a standard diet.
Despite issues with the methodological approaches followed in intervention trials, and meta-analyses
reports that raised concerns regarding the postulated beneficial effects of MD against CVD, a recent
critical review report by Martínez-González et al. [163] concluded that these potential controversies
are not sufficient to compromise the positive impact of MD on the functions of the cardiovascular
system. They also suggested that the existing evidence is strong and consistent, and justifies that
the adherence to the MD improves cardiovascular health outcomes through the reductions in rates
of coronary heart disease, ischemic strokes, and total cardiovascular diseases. The first evidence of
the beneficial effects of the MD was reported in 1950s. Subsequently, numerous clinical trials and
epidemiological studies have confirmed the association of this diet with the low incidence of CVD
through the improvement of the blood lipid profile [6,164]. A recent clinical study suggested that the
consumption of olive oil, which is a key ingredient of the MD, may improve several risk factors of
CVD via the diet’s antithrombotic and anti-inflammatory activities [27]. Moreover, Estruch et al. [165]
compared the short-term impact of two MD ingredients (olive-oil or nuts groups) with a low-fat
diet on 772 asymptomatic individuals with high risk of cardiovascular diseases and concluded that,
although no clinical outcomes were evaluated, both MDs had beneficial effects against cardiovascular
diseases. The short-term effects were associated with the improvement in systolic blood pressure,
plasma glucose levels, and the cholesterol–high-density lipoprotein cholesterol ratio [165]. Similar
findings were observed by Lee et al. [166], who carried out a controlled crossover study and suggested
that following an MD for a 10-day period may improve mood and functions of the cardiovascular
system, such as blood systolic pressure. Anagnostis et al. [167] also attributed the beneficial effects
of the MD to better blood pressure control and reduction of metabolic syndrome. Long-term cohort
studies have also been undertaken, such as that conducted by Buckland et al. [168], who carried out a
cohort study with 609 participants who experienced a fatal or nonfatal confirmed acute myocardial
infarction or unstable angina requiring revascularization. The authors suggested that high adherence
to the MD reduces the risk factors of CVD, particularly the incidents of fatal or nonfatal coronary heart
disease events, and the diet should play a significant role in the prevention of coronary heart disease
in healthy populations. In the same context, Panagiotakos et al. [169] mentioned the high risk of
elevated blood pressure for acute coronary syndromes and the positive effects of the MD in controlling
hypertension. Dontas et al. [170] suggested that MD may significantly reduce the development of
these syndromes, particularly in the elder population, via the reduction in blood pressure levels and in
markers of vascular inflammation. In addition to clinical and epidemiological studies, several other
reports highlighted the beneficial effects of various wild edible plants that are commonly consumed in
healthy dietary patterns against specific risk factors that may induce cardiovascular diseases, such as
Portulaca oleracea [171], Borago officinalis [172], various Asteraceae species [98], and Urtica dioica [173].

3.7. Cancer

The risk percentages of numerous types of cancer can be reduced by following a Mediterranean
healthy diet [174–177]. Breast cancer is the most common cancer and cause of cancer death in women,
accounting for 23% of all cancers and 13.7% of cancer deaths [178], and prostate cancer is the second most
frequent cancer among men [176]. For both cancer types, the adherence to the MD has been associated
with reduced risk and mortality rates [174–176]. The epidemiological data from a case-control study
conducted by Turati et al. [174] revealed that high adherence to the MD significantly reduced breast
cancer risk, although no adequate information on the breast cancer subtype was available. Moreover,
Laudisio et al. [175] suggested that beneficial effects of the MD are associated with the regulation
of cell proliferation, induction of apoptosis, and antioxidant activities of single dietary components
or the synergistic effects of multiple components. However, although these results are confirmed
in postmenopausal women, for premenopausal women, for whom a significantly increased risk of
cancer recurrence and higher mortality rate exist, more long-term studies are needed to confirm these
results. In the same context, Capurso and Vendemiale [176] analyzed the data from observational
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and case-control studies related to prostate cancer and suggested that MD benefits derive from the
high consumption of olive oil, which exerts antioxidant effects and activities on cancer cell signaling
and cell cycle progression and proliferation, in addition to tomato sauce, which is rich in lycopene
and also exhibits antioxidant properties through the modulation of down-regulation mechanisms of
the inflammatory response. According to Coughlin et al. [177] and Di Gioia and Petropoulos [179],
plant-based diets are rich in phytoestrogens, which compete with estrogens by binding in estrogen
receptors. Moreover, as mentioned by Buckland et al. [143], the MD reduced the risk of breast cancer
by 6% overall, and by 7% in postmenopausal women, and Bosetti et al. [180] highlighted the role
of the MD in reducing the risk factors of pancreatic cancer. According to the review report carried
out by Di Daniele et al. [139], the healthy lifestyle associated with MD may reduce the incidences of
obesity-related cancer types.

These beneficial activities have been associated with the presence of specific compounds in
plants that are commonly used in this dietary pattern, including phenolic compounds, such as
hydroxycinnamic and chlorogenic acid [181], saponins [182], flavones and flavonoids [99,101,183,184],
tannins [126], polysaccharides [185], glucosinolates [186,187], and other organosulfur
compounds [71,188]. The mechanisms involved in the bioactive properties of MD ingredients against
cancer have not yet been thoroughly revealed, however, it is hypothesized that they modify the
expression of hormones and growth factors that induce cancer pathogenesis [12].

3.8. Behavioral Effects

Olive oil, fruits, and vegetables, which are key ingredients of the MD, have shown significant
protective effects against cognitive decline and dementia through the attenuation of oxidative
stress [153,189]. An additional advantage of the MD is its high content in polyunsaturated fatty
acids, which are essential for the formation and development of brain tissue [190–192]. According
to McMillan et al. [193], who studied the short-term effects of MD, even the adoption of a healthy
diet for a 10-day interval may improve the mood and cognitive performance in healthy individuals.
This evidence was also supported by the study of Wade et al. [189], who evaluated the MD scores of
populations outside the Mediterranean basin over a 5 year period, and concluded that the adherence
to the MD may improve the global cognitive health and specific cognitive functions. Moreover,
Ferrer-Cascales et al. [194] associated the adherence to the MD with the attenuation of loneliness
perception and isolation through the mediation of stress. The study of Ferrer-Cascales et al. [194] also
revealed an interrelationship between the degree of adherence to the MD, alcohol intake, emotional
eating, and anxiety in student subjects, highlighting the importance of the implementation of educational
programs to promote healthy habits among young populations.

Table 1 summarizes different studies, namely, observational, cohort, meta-analysis, randomized
control analysis (RCA), systematic reviews, and cross-sectional analysis, in which the benefits of
adherence to the MD in human health are identified. Overall, these references prove that this diet
is beneficial against many diseases, namely, cardiovascular, neurological, cancer, renal, and others.
Nonetheless, a large number of these studies also state that, although evidence of the benefits of the
diet has mounted, other tools should be used to prove beyond a doubt its influence, namely, studies in
countries that do not adhere to the MD, or regions where the genetic background is different from that
of the population in the Mediterranean area.
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Table 1. Representation of different types of studies involving humans, in which positive effects of
the consumption of the Mediterranean diet were found. Some references focus on various published
studies and thus the number of people and countries where the study was carried out are not stated.

Type of Study Country No. of People Health Effects Reference

Observational study - - Menopausal diseases [195]
Observational study Chile 4348 Chronic disease risk [196]

Meta-analysis - - Metabolic syndrome [197]
Cohort study Spain 9408 men Hypertension [198]
Cohort study Italy 13,597 Hypertension [199]
Meta-analysis - 7000 Hypertension [200]

Randomized control
analysis (RCA) - 296 Atherosclerosis [201]

RCA Spain 187 Atherosclerosis [202]

Cohort study 10 European
countries 373,803 Obesity [203]

Cohort study 8 European
countries 15,798 Type 2 diabetes [204]

Cohort studies - - Breast cancer [205]
Cohort study United States 51,529 Prostate cancer [206]

Population study Greece 22,043 Mortality [207]
Cohort study - 51,529 Cognitive decline [208]
Cohort study United Kingdom 74,886 Stroke [209]

RCA 5 European
countries 1294 Osteoporosis [210]

Observational studies - - Depression [211]

Cohort study Spain 22,786 Obesity, cardiovascular
disease, type 2 diabetes [212]

Observational study Greece 1,865 Dementia [213]
Observational study Italy 480 Osteoporosis [214]

RCA Spain 288 Cardiovascular events [215]
Meta-analysis - 72 studies Degenerative diseases [216]

Longitudal study - 3,316,633 Kidney stones [217]
Randomized control trial Iran 40 Parkinson’s disease [155]
Cross-sectional analysis Germany 340 Cognitive performance [218]
Cross-sectional analysis United Kingdom 511 Cognitive function [219]
Systematic review and

meta-analysis - 41,963 Cognitive function [220]

Systematic review and
meta-analysis - 34,168 Cognitive function [221]

Cohort study Italy 1936 Sleep behavior [222]
Cohort study Italy 185 Sleep behavior [223]
Cohort study Italy 1596 Sleep behavior [224]

4. Consumers’ Behavior, Market Opportunities and Trends

Two of the major 21st century food policy challenges are the reduction of diet-related diseases and
the improvement of environmental sustainability. Mediterranean dietary ingredients contain more
energy, fiber, and nutrients per liter of water used; therefore, a shift towards the MD could reduce
the consumptive water footprint by about 750 L/capita/day [225]. Consumers’ perceptions about
sustainability and food consumption has a highly significant effect on attitudes and personal and social
norms related to waste reduction [226]. The most important drivers of food consumption are price,
taste, convenience, and social and cultural factors and habits, in addition to the ethical aspects related
to food [227]. The MD, as a plant-oriented dietary approach, appears to be an appropriate choice for
humans and environmental sustainability because it reduces the environmental impact associated
with the food value chain [228]. Moreover, the trend of decreasing adherence to the MD necessitates
cross-disciplinary studies regarding its environmental, socioeconomic, cultural, and sustainability
aspects, to preserve and transfer this sustainable dietary pattern to the next generations [229].
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The MD may represent an ideal example of a sustainable diet and a part of a sustainability-oriented
lifestyle; however, its adherence is significantly affected by consumers’ income and education, and other
socio-economic drivers [225]. Households with children and those with a higher degree of adherence
to the MD have higher probabilities of buying complementary and healthy products, and increasing
household size reduces the likelihood of buying niche products [230]. Similar results are presented
in a study conducted in Italy by Carlos et al. [230], who identified three different consumer groups:
(i) families with MD eating habits (26%); (ii) families in transition who do not adhere to the MD (37%);
(iii) families with a less healthy diet. According to this definition, almost 26% of the Italian families
adhered to the MD. Concerning Italian households’ spending behavior, families with an older and
more educated background are more likely to spend more on MD products compared to young and
less educated consumers [231,232].

Because of its palatability and long-term sustainability, the MD combined with physical activity
has shown promising results in terms of weight loss in individuals with obesity, in addition to similar
beneficial effects in menopause-related obesity; the adherence to the MD in menopause reduced the
risk of becoming obese, and improved the cardiometabolic profile and the menopausal symptoms [147].
Malnutrition (e.g., both obesity and undernutrition) is considered to be, in addition to climate change,
a global threat, indicating an urgent need for a healthier and more sustainable food system [8]. Because
MD adherence is affected by socio-economic factors, significant concerns have been raised about
the abandonment of healthy diets and the shift towards Westernized and less sustainable eating
patterns [233]. Moreover, recent research shows that the current Spanish diet is considerably different
from the recommended Mediterranean diet, with three times more meat, dairy, and sugar product
consumption, and one-third fewer fruits, vegetables, and cereals [234]. Another study of Spanish
adults proved the direct association between the adherence to the MD and all of the physical, and most
of the mental, health domains, including vitality and social and emotional functioning [235].

Many of the major post-modern chronic diseases, such as heart diseases, hypertension, obesity,
and various types of cancer, have a dietary basis and are highly influenced by changes in dietary
patterns due to changes in lifestyles. For example, from 1985 to 2005, adherence of young people to the
MD decreased in southern Italy mainly due to the reduced consumption of olive oil [236]. To confront
the recent decreased adherence to the MD and broaden the implementation of the MD outside the
Mediterranean region requires focused communication activities and interventions in public health by
governmental entities and stakeholders involved in policy making, the food industry, education sector,
etc. [21].

The recent consumer trend for diversified diets suggests the consumption of wild greens may
be fulfilled with the consumption of novel Mediterranean food products, such as wild halophytes
or other wild edible species of the Mediterranean basin [34,41,54,98,237,238]. These wild species are
considered a valuable genetic resource with the ability to adapt to severe conditions, such as soil and
irrigation water salinity, thus facilitating the design and production process. Additionally, they provide
significant functional and health beneficial properties that could be implemented in various food
products, such as beverages, vegetable extracts, leafy greens, micro-encapsulated oils, food additives,
and antimicrobial agents [41]. Furthermore, to combat the unfortunate trend of reduced adherence to
the MD by the young Mediterranean population, a fruitful solution might be to improve dietary habits
in the workplace, by altering eating patterns and applying diverse group and individual strategies,
such as the installation of vending machines and the supplementation of workplace canteens with
healthy food products [239]. In contrast, there is also an increasing trend of alternative dietary patterns,
such as vegetarianism and veganism, in which higher MD adherence scores are observed compared to
those of omnivores [240].

Another aspect to be considered about marketing trends and consumers’ behavior is organic
farming and its relevance to the MD. Regarding organic farming and the consumption of healthy
food products, a recent study of Cypriot consumers revealed that 99% of respondents were aware
of organic vegetables, but only 69% and 49% consumed or had knowledge of organically cultivated
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vegetables, respectively [241]. Moreover, consumers show great willingness to not only be properly
informed via different means, but also to pay higher prices for organic vegetables, thus indicating a
sustainable and profitable market opportunity. An emerging trend of healthy food consumption can
also be seen in the recent opening of organic food restaurants in which consumers perceived the dishes
to have good food quality, thus positively influencing price fairness and perceived value, leading to
customer satisfaction and intention to return [242]. The trend for consumption of healthy food and
sustainable cultivation has led niche market farmers of the World Wide Opportunities on Organic
Farms movement (WWOOF) to open the farms to share their organic farming knowledge with guests,
as a measure to attain the social, environmental, cultural and economic values that motivated their
participation in the movement [243]. The positive exchange outcomes for the farmers were reduced
uncertainty for their occupation, and enhanced equality and fairness, in addition to joint responsibility
between the farmers and the citizens. In addition to the intangible benefits, organic food supply chains,
when designed and implemented appropriately, are capable of delivering significant financial gains
with higher sustainable development benefits, particularly when a sharing economy mechanism is
applied [244].

5. Conclusions and Future Directions

The MD is highly recognized as a healthy diet with several extensions in aspects of daily life
among inhabitants of the broader Mediterranean basin and other parts of the world. Recent evidence
has shown a rapid transition to Western dietary habits with direct consequences for the health status
of the general public, as reflected in the high incidence rates of chronic diseases. However, there is
increasing interest among consumers for food safety, and healthy or functional food products, which
has led to the rediscovery of traditional eating habits and the adherence to traditional diets such as the
MD. Moreover, the interrelation of the MD with cultural, religious, and other life aspects is the driving
force for the evolution of the traditional MD to a more modern approach to eating habits, thus allowing
consumers to adapt to a healthy lifestyle. Considering these trends, the scientific community should
further explore how these new alternative and modern “MedDiets” affect human health, to evidence
the health effects with clinical studies and to reveal the protective mechanisms against various chronic
diseases. Moreover, the agrifood industry must adapt to this new era by designing new and attractive
food products that fulfill current consumer needs, while preserving the socioeconomic aspects of the
MD and sustaining agrobiodiversity.
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Abstract: Elderly people are particularly vulnerable to respiratory tract infections, so natural strategies
to ameliorate the duration and severity of these infections are of great interest in this population.
The objective of this study is to evaluate the efficacy of the consumption of a combination of elderberry
and reishi extracts on the incidence, severity, and duration of respiratory tract infections in a group
of healthy elderly volunteers. A randomized, double-blind, placebo-controlled pilot study was
performed during the winter season. A group of 60 nursing home residents ≥65 years of age was
randomly assigned to receive a combination of 1.5 g of elderberry +0.5 g of reishi or a placebo daily
for 14 weeks. Data about the health conditions of the volunteers were evaluated and recorded by a
medical doctor every 2 weeks. The incidence of respiratory infections was similar in both groups.
However, volunteers in the extract group presented a significantly lower duration of common cold
events (2.5 vs. 4.8 days, p = 0.033).and a significantly lower probability of having a high severity
influenza-like illness event (p = 0.039). Moreover, the incidence of sleep disturbances was significantly
lower in the extract group (p = 0.049). Therefore, the administration of a combination of elderberry
and reishi extracts to the elderly population during the winter season might be used as a natural
strategy to reduce the duration and severity of respiratory tract infections.

Keywords: elderberry; reishi; respiratory tract infections; common cold; influenza-like illness;
respiratory infection symptoms; randomized controlled trial

1. Introduction

Respiratory tract infections, defined as any of a number of infectious diseases involving the
respiratory tract, are the most common infections in humans of all ages, leading to a significant rate
of mortality and morbidity worldwide [1]. According to the World Health Organization (WHO),
approximately 290,000 to 650,000 deaths annually are caused by influenza virus infection alone [2].
Ominously, in the last 20 years, novel coronaviruses causing acute respiratory syndromes, such
as SARS-CoV, MERS-CoV, and, currently, SARS-CoV-2, have emerged and triggered several global
pandemics with high case fatality rates [3].
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Among all populations, elderly people are at increased risk of acquiring respiratory infections and
of experiencing a more severe disease course following infection due to coexisting chronic diseases,
functional impairment, malnutrition, polypharmacy and immunosenescence [4,5]. The number of
hospital admissions for respiratory infections is much higher among people aged ≥75 years, and it has
been shown that the average length of hospital stay increases with age [1,6]. Moreover, these risks are
even greater in older adults who reside in long-term care facilities [7] due to the close proximity of
residents in combination with advanced age, multimorbidity and frailty [8]. Therefore, strategies that
prevent respiratory infections, ameliorate their severity, or shorten the average duration of the disease
will have the greatest benefit in the elderly population, especially older adults residing in long-term
care facilities.

Natural substances and their derivatives have a long history of use for protection against infection
and enhancement of the immune response [9]. Indeed, over the years, scientific evidence demonstrated
the immunomodulatory and antiviral properties of several of these botanical and fungal extracts used
in ancient medicine [9,10]. In this regard, elderberry (the whole fruit of Sambucus nigra L. containing
multiple bioactive compounds) extract, which has been traditionally used to address cold and flu
symptoms [11], has been shown in two recent meta-analyses to reduce overall symptom duration
and severity when it is supplemented at the onset of upper respiratory infections in children and
adults [12,13]. Moreover, preclinical studies have shown that the acidic polysaccharide-rich fraction
contained in elderberry extract presented antimicrobial and antiviral effects, specifically against
influenza viruses [14]. On the other hand, reishi (Ganoderma lucidum), the oldest known mushroom
in ancient Chinese medicine [15], has been largely used to promote health and treat a large number
of ailments [16]. Reishi has been reported to have a number of pharmacological effects, including
immunomodulatory, anti-inflammatory, analgesic, antibacterial, and antiviral properties [17–20], which
has been mainly attributed to its content in G. lucidum polysaccharide (GLPS) [17].

In addition, it has been suggested that the combination of different plant extracts may have a
synergetic effect on the protection and treatment of respiratory infections [10]. On this subject, a drink
containing Echinacea purpurea and Sambucus nigra extracts was demonstrated to be as effective as
oseltamivir in the treatment of influenza virus infection in patients with early symptomatology [21].
Considering the individual properties of elderberry and reishi extracts, the combination of both
compounds may have a promising effect on the protection against respiratory infection in the
elderly population.

Therefore, the objective of the present study is to evaluate the efficacy of daily consumption of a
combination of elderberry and reishi extracts on the incidence, severity and duration of respiratory
tract infections in a group of healthy elderly volunteers living in a nursing home.

2. Materials and Methods

2.1. Study Design and Subjects

A randomized, double-blinded, placebo-controlled pilot trial was performed. The study was
started in December 2019 and ended in March 2020. Volunteers were recruited from the nursing home
“Residencia de Mayores Claret”, which is located in Granada (Spain). The inclusion criteria were
men and women older than 65 years of age who resided in a nursing home with medical service.
The exclusion criteria were the presence of any disease or disorder that may affect the development
and results of the study, namely, swallowing disorders, chronic pulmonary disease, need for enteral or
parenteral nutrition, or allergy to some ingredient of the study product and use of any supplement or
medication that could influence the outcomes of the trial. The study was conducted according to the
Declaration of Helsinki, and the protocol was approved by the Regional Ethical Committee (Granada,
Spain). Informed consent was obtained from all subjects. The trial was registered with the US Library
of Medicine (http://www.clinicaltrials.gov) under the number NCT04386408.
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The volunteers were randomly assigned to one of two groups: the individuals in the control
group consumed a sachet containing a placebo (maltodextrin), whereas the individuals in the extract
group consumed a sachet containing the combination of elderberry and reishi. The study products
were provided as oral suspension sachets. The subjects were given treatments for 14 weeks, and they
consumed one sachet per day (consuming the extract supplement or placebo) diluted in water at
lunchtime. Participating subjects were instructed to not deviate from their regular habits during the
14 weeks of intervention. Neither the researchers nor the subjects knew which treatment sequence
the subjects had been assigned to; the researchers were unblinded only at the end of the study. All
volunteers were vaccinated against the flu during the same week, according to the vaccine campaign
of 2019/2020.

2.2. Study Products

Each extract sachet (Elderpro TM, Biosearch S.A., Granada, Spain) contained 1.5 g of elderberry
(Sambucus nigra L.) dried fruit juice standardized to 0.15% anthocyanosides and 0.5 g of reishi
(Ganoderma lucidum) body aqueous extract standardized to 35% polysaccharides plus excipients
(aspartame, sucralose and flavorings). Each placebo sachet contained 1.955 g of maltodextrin, plus the
same excipients as extract sachet. Additionally, cochineal carmine and caramel dye were added to
the placebo to ensure that the appearance of the placebo powder was identical to that of the extract
powder. The powder mix of the extract and the placebo were provided in identical sachets with a code
number that referred to the volunteer code according to the randomization. Elderberry extract was
obtained through atomization of the concentrated elderberry juice obtained from the whole fruit by
an aqueous method, whereas reishi extract was obtained from the fruity body of G. lucidum through
the hydroalcoholic method. The content of anthocyanosides and polysaccharides in the extracts
were analyzed by spectrophotometry. Elderberry and reishi extracts were provided by Biosearch Life
(Granada, Spain), and sachets were prepared by HC Clover PS in Madrid (Spain).

2.3. Study Outcomes and Data Collection

The study’s primary outcome was the incidence of respiratory infections, mainly influenza-like
illness (ILI) and common cold, during the intervention. The ILI diagnosis was based on the case
definition used by the European Centre for Disease Prevention and Control [22] as follows: sudden
onset of symptoms with one or more respiratory symptoms (cough, sore throat and/or nasal congestion)
plus one or more systemic symptoms (fever, headache, myalgia and/or malaise). Common cold
was defined as sudden onset of one or more respiratory symptoms (cough, sore throat and/or nasal
congestion) with no systemic symptoms [23]. The total number of respiratory infections was the sum
of common cold and ILI episodes.

Secondary outcomes included the determination of the severity and duration of the respiratory
infections and incidence of symptoms related to them. The severity of the respiratory infections was
determined according to the number of symptoms (previously defined) presenting simultaneously.
Common cold was considered mild severity if subjects presented 1 symptom and high severity if they
presented ≥2 symptoms simultaneously, whereas ILI was considered mild severity if subjects presented
<4 symptoms simultaneously and high severity if subjects presented ≥4 symptoms simultaneously.
The consumption of analgesics and antibiotics during the follow-up period was also recorded. Finally,
some safety parameters, such as nausea, lack of appetite, sleep disturbances, and changes in weight
and blood pressure, were recorded during the intervention.

All data about the health conditions of the volunteers and the consumption of medical treatments
were evaluated and recorded by a medical doctor every 2 weeks in the case report form corresponding
to each volunteer. Weight was determined using a Tanita BC-418 Body Composition Analyzer (Tanita.,
Tokyo, Japan) at baseline and at the end of the intervention. Systolic and diastolic blood pressures
(BP) were measured with a validated digital automated blood pressure monitor (Medisana Healthcare,
Barcelona, Spain). Compliance was assessed at the end of the intervention by comparing the number of
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sachets provided and the number returned. Adverse events, defined as any unfavorable, unintended
effect, were recorded at the follow-up visits (at 2, 4, 6, 8, 10, 12 and 14 weeks).

2.4. Statistical Analysis

The normality of the distribution was tested for all measured variables by normal probability
plots and the Shapiro–Wilk test. Data are presented as the mean (standard deviation) for continuous
variables and as n (%) for categorical variables.

For comparisons between groups at the beginning of the study (extract vs. control), continuous
variables were analyzed with Student’s t-test or the nonparametric Kruskal–Wallis method,
as appropriate, and categorical variables were analyzed with chi-square tests.

The occurrence of infections and symptoms were described using the incidence ratio (IR) and
incidence rate ratio (IRR) with the 95% CI and p-value for the IRR. A Poisson regression model was
applied to adjust the number of events by sex, age, and smoking habits, and additionally, by use of
sleeping medication in the sleep disturbance parameter. Differences in the duration of respiratory
infections between groups and changes in weight and blood pressure between baseline and the end of
the intervention were determined by univariate model analysis adjusted by age, sex, and smoking
habits and by BMI and hypertension medication in systolic and diastolic blood pressure variables.

A general alpha level of 0.05 was used as the cutoff point for statistical significance. Statistical
analysis was carried out using SPSS software version 27.0 for Windows (SPSS, Chicago, IL, USA).

3. Results

3.1. Study Data, Compliance and Baseline Characteristics of the Subjects

A total of 60 older adults were recruited and randomly distributed into two groups: the control
group (n = 30) and the extract group (n = 30). Before completion of the 14-week intervention period,
6 volunteers in the control group and 1 in the extract group discontinued the intervention and dropped
out of the study for the reasons detailed in the study flow chart (Figure 1). No differences among
the groups were detected between the number and the causes of withdrawal. The compliance rate
was confirmed to be very high (≈100%). No adverse events resulting from the intake of either type
of treatment were reported. Data were analyzed for all the subjects included in the study who had
attended at least one of the follow-up visits (analysis per intention to treat, ITT).

≈

Figure 1. Diagram of the Consolidated Standards of Reporting Trials.
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The baseline characteristics of the 60 older adults included in the statistical analyses are presented
in Table 1. Most of the volunteers (71.7%) were older than 80 years, 20% were between 70 and 80 years
old, and 8.3% were between 65 and 69 years old. No significant differences were detected between
subjects in the study groups in the baseline characteristics.

Table 1. Baseline characteristics of the subjects participating in the study.

Control Group (n = 30) Extract Group (n = 30) p between Groups

Age (years) 82.7 ± 9.2 85.9 ± 7.8 0.155
Sex 0.739

Men 5 (16.7%) 6 (20%)
Women 25 (83.3%) 24 (60%)

Weight (kg) 68.1 ± 13.9 63.6 ± 10.9 0.176
BMI (kg/m2) 26.1 ± 4.6 25.4 ± 3.8 0.478
Smoking habit 0.109

Current smoker 4 (13.3%) 2 (6.7%)
Former smoker 1 (3.3%) 6 (20%)
No smokers 25 (83.3%) 22 (73.3%)

Physical activity 0.519
Very low 23 (76.7%) 25 (83.3%)
Low 7 (23.3%) 5 (16.7%)

Systolic BP (mm Hg) 126.2 ± 14.7 130.3 ± 10.4 0.218
Diastolic BP (mm Hg) 70.7 ± 10.2 71.8 ± 9.4 0.667
Sleeping medication 10 (33.3%) 8 (26.7%) 0.389
Hypertension medication 19 (63.3%) 18 (60.0%) 0.518

Values are mean ± SD for continuous variables and n (%) for categorical variables. p indicates differences
between groups.

3.2. Respiratory Tract Infections Incidence and Duration and Severity of Related Symptoms

Table 2 shows the incidence of respiratory infections during the intervention period (14 weeks).
The incidence of total respiratory infections and common colds was 9.4% and 25.0% lower in the
extract group than in the control group, but the differences were not significant (p = 0.728 and p = 0.508,
respectively), whereas the incidence of ILI was very similar in both groups (p = 0.978).

Table 2. Incidence of respiratory tract infections.

Control Group
IR (SD)

Extract Group
IR (SD)

IR Ratio (95% CI) IR Decrease, % p Value c

Common cold 0.321 (0.188) 0.240 (0.135) 0.750 (0.320–1.759) 25.0 0.508
ILI a 0.494 (0.188) 0.523 (0.174) 1.059 (0.514–2.182) −0.06 0.978

Respiratory infections b 0.921 (0.273) 0.834 (0.224) 0.906 (0.523–1.570) 9.4 0.725
a Incidence of influenza-like illness; b Incidence of Common cold + ILI; c Poisson regression model adjusted by sex,
age and smoking habits.

However, the duration and severity of the respiratory infections seemed to be lower in the
group that received the extract than in the control group. Common cold events mean duration were
significantly lower in the extract group than in the control group (2.5 ± 1.0 vs. 4.8 ± 1.4 days, p = 0.033),
although we found no differences in ILI events (6.5 ± 3.1 vs. 5.7 ± 2.1 days, p = 0.399) (Figure 2a).
When common cold and ILI events were classified as mild or high severity according to the number of
simultaneous symptoms, we observed that subjects in the extract group presented a significantly lower
probability of having a high severity ILI event [OR (95% CI) 0.227 (0.054–0.961), p = 0.039], although
this was not significant in common cold events [OR (95% CI) 0.714 (0.086–5.959), p = 0.755] (Figure 2b).
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(a) 

 

(b) 

Figure 2. Duration and severity of respiratory tract infections. (a) Duration in days of common cold
and influenza-like illness (ILI) events according to intervention groups. Values are represented as mean
± standard error of mean (SEM) (light grey bars for control group and dark grey bars for extract group).
p-value indicates differences between groups for the duration of common cold or ILI events (univariate
model adjusted by sex, age and smoking habits). (b) Percentage of events (common cold or ILI) that
course with mild or high severity according to intervention groups (light grey bars for control group
and dark grey bars for extract group). The number above each bar indicates the number of events in
that group. p-value indicates differences in severity of common cold or ILI events between groups
(chi-square test). Statistically significant values (p < 0.05) are given in bold.

Finally, the incidence of sore throat was significantly lower in the extract group, presenting
the volunteers that consumed the extract an incidence ratio decreased by 69.8% compared to the
control group., (p = 0.043, Table 3). With respect to other symptoms related to respiratory infections,
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their incidence was, in general, lower in the extract group than in the control group, except for the
symptom tiredness and malaise, which had a higher incidence in the extract group, but differences
were not statistically significant.

Table 3. Incidence of symptoms related to respiratory infections.

Control Group
IR (SD)

Extract Group
IR (SD)

IR Ratio (95% CI) IR Decrease, % p-Value d

Cough 0.558 (0.202) 0.552 (0.177) 0.989 (0.495–1.976) 1.1 0.976
Nasal congestion 0.478 (0.200) 0.357 (0.141) 0.747 (0.334–1.6719 25.3 0.478

Sore throat 0.356 (0.211) 0.108 (0.073) 0.302 (0.095–0.963) 69.8 0.043
Fever 0.244 (0.112) 0.128 (0.717) 0.528 (0.52–1.834) 47.2 0.315

Headache 0.128 (0.937) 0.102 (0.070) 0.798 (0.266–2.396) 21.2 0.688
Muscle/Bone Pain 0.146 (0.92) 0.138 (0.794) 0.941 (0.327–2.713) 5.9 0.911
Tiredness/Malaise 0.180 (0.101) 0.342 (0.155) 1.897 (0.755–4.770) −89.7 0.173
Local Respiratory

Symptoms a 1.466 (0.352) 1.031 (0.239) 0.703 (0.440–1.124) 29.7 0.141

Systemic Symptoms b 0.754 (0.233) 0.656 (.189) 0.870 (0.500–1.511) 23 0.62
Total Symptoms c 2.185 (0.410) 1.808 (0.316) 0.828 (0.584–1.174) 27.2 0.289

a Sum of local respiratory symptoms (sore throat, cough and/or nasal congestion); b Sum of systemic symptoms
(fever, headache, muscle/bone pain and/or tiredness/malaise); c Sum of all symptoms associated with respiratory
infections (sore throat, cough, nasal congestion fever, headache, muscle/bone pain and/or tiredness/malaise);
d Poisson regression model adjusted by sex, age, and smoking habits. Statistically significant values (p < 0.05) are
given in bold.

The administration of antibiotics and analgesics to treat respiratory infections during the intervention
was similar in both groups [IRR (95% CI): 0.993 (0.388–2.545) and 1.034 (0.411–2.980), respectively].

3.3. Safety Parameters

Regarding safety parameters (Table 4), we found no significant differences between groups in
nausea or lack of appetite (p = 0.484 and p = 0.873, respectively) or in changes in body weight between
baseline and the end of the intervention in both groups (p = 0.842 for the control group and p = 0.981
for the extract group). Systolic and diastolic BP tended to decrease in the extract group, although no
significant differences were observed between baseline and the end of the intervention (p = 0.079 for
systolic BP and p = 0.092 for diastolic BP). No changes were observed in the control group for these
parameters (p = 0.633 for systolic BP p = 0.494 for diastolic BP). Interestingly, the incidence of sleep
disturbances was significantly lower, 58.6%, in the extract group than in the control group [IR ratio
(95% CI) 0.414 (0.172–0.983), p = 0.049].

Table 4. Incidence of symptoms related to respiratory infections.

Control Group Extract Group

Nausea IR (SD) a 0.100 (0.057) 0.166 (0.074)
Lack of appetite IR (SD) a 0.666 (0.149) 0.633 (0.145)
Sleeping disturbance IR (SD) a 0.899 (0.325) 0.372 (0.152) *

Baseline End of intervention Baseline End of intervention

Weight (kg) b 68.4 ± 14.2 67.3 ± 13.4 64.2 ± 10.6 63.8 ± 9.5
Systolic BP (mm Hg) b 126.8 ± 15 127.8 ± 10.7 130.6 ± 10.4 126.5 ± 9.1
Diastolic BP (mm Hg) b 70.5 ± 10.7 72 ± 8.1 72 ± 9.5 68.3 ± 8.7

a Poisson regression model adjusted by sex, age, and smoking habits; and additionally, by use of sleeping medication
in the sleeping disturbance parameter. Asterisk (*) indicate p < 0.05 between control and extract groups. b Values
are mean ± SD. Univariate models adjusted by sex, age and smoking in the weight variable; and additionally by
BMI and hypertension medication in systolic and diastolic BP variables were used to evaluate differences between
baseline and the end of the intervention at each group.

4. Discussion

The present study shows that daily consumption of a combination of elderberry and reishi
extracts during the winter season is effective in reducing the duration and severity of respiratory
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infections in elderly people. Several clinical studies have shown the beneficial immunological effect
of elderberry [12,13] and reishi [24], but to our knowledge, this is the first study that evaluated the
combined effect of both extracts on the incidence, severity, and duration of respiratory infections in
older adults, a population group at increased risk of this type of infection and a worse prognosis of the
disease [5].

Elderberry (Sambucus nigra L fruit) has been indicated in several clinical trials to relieve the
symptoms of the common cold and influenza when ingested at the onset of infection in children and
adults [21,25–27]. Additionally, the effect of elderberry has been tested for prevention of respiratory
symptoms in situations of high risk of infection, such as intercontinental flights, showing a reduction in
the duration and severity of common cold events the travelers developed [28]. The therapeutic effects
of elderberry have been attributed to its content of bioactive compounds, such as anthocyanins and
other polyphenols, through several mechanisms [29,30]. First, elderberry extract has been reported to
enhance the immune response by increasing both inflammatory and anti-inflammatory cytokines [31,32].
Second, it was observed that elderberry preparations exert antiviral activity, specifically against human
influenza (H1N1) virus. It has been shown that several elderberry compounds directly bind the H1N1
virus particles, resulting in the inability of the particles to enter host cells and in a decreased viral load
and spread [33,34]. Regarding the reishi (Ganoderma lucidum), it has been observed in vitro and in animal
studies that the triterpenoids contained in the reishi exert anti-influenza activity by neuraminidase
inhibition [35,36]. Moreover, a recent clinical study reported that a yogurt enriched with β-glucans
from reishi increased the absolute count of peripheral blood total lymphocytes (CD3+, CD4+, and CD8+

T cells) compared to a nonenriched yogurt in a group of healthy children [24]. Therefore, the results
achieved in this randomized clinical trial could be related to the observed immunomodulatory and
antiviral activities of elderberry and reishi. Moreover, this study adds scientific evidence to support
the traditional use of these extracts to relieve respiratory infection symptoms.

In addition, a decline in immune function in older people has been attributed, at least in part, to an
increase in oxidative stress [37]. Therefore, increases in dietary antioxidants, such as anthocyanosides
of elderberry and other phenolic compounds present in elderberry and reishi extracts, may contribute
to improving immune function in the elderly. Indeed, both elderberry and reishi extracts have
been confirmed to exert antioxidant properties during antiradical activity assays in vitro [38,39].
Additionally, one study showed a significant increase in the total antioxidant capacity and total thiol
concentration in the serum of a group of healthy subjects who consumed an elderberry infusion for
30 days with similar content of anthocyanins to our extract [40]. Although we did not analyze any
antioxidant capacity biomarkers in our volunteers, we cannot discard a possible relationship between
the reduction in the duration and severity of respiratory infections and the possible reduction in
oxidative stress, as observed by other authors. In a crossover study performed in older adults, regular
consumption of gold kiwifruit increased plasma antioxidants and reduced the duration and severity
of some symptoms associated with respiratory infections [41]. However, further studies should be
performed to test this hypothesis.

Interestingly, the older adults who took the combination of extracts reported fewer sleep
problems than those who took the placebo. This effect could be attributed to reishi, which has
been traditionally used for insomnia treatment [16]. Indeed, a randomized controlled trial described
that the polysaccharide extract of Ganoderma lucidum improved the insomnia severity scores in patients
with neurasthenia [42]. Moreover, Ganoderma lucidum extract has been shown to increase total sleep
time and nonrapid eye movement sleep time in animal studies [43,44], with a probable mechanism
linked to the modulation of cytokines such as tumor necrosis factor-α [44].

One strength of the present study was the design as a double-blind randomized controlled trial
controlled by placebo. This methodology allowed us to avoid bias related to confounding factors
(through a control group), selection bias (through randomization), and interpretation bias (through
double blinding). However, a limitation of the study was the small sample size, limited by the fact that
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this is a pilot study. Additionally, the diagnosis of flu was based on a confluence of symptoms rather
than viral detection. Moreover, further studies in other population groups should be performed.

5. Conclusions

In conclusion, the administration of a combination of elderberry and reishi extracts to the elderly
population during the winter season reduces the duration and severity of respiratory infections.
The study subjects did not suffer from any adverse effects and even presented a beneficial effect on
night sleep. Therefore, the use of this combination of extracts from elderberry and reishi may be a
natural, suitable, and safe strategy to short and ameliorate respiratory tract infections symptomatology
in older adults, a particularly vulnerable population.
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Ahmed Ezzat 1, Attila Hegedűs 2, Szilárd Szabó 3 , Amin Ammar 4, Zoltán Szabó 5,

József Nyéki 5, Bianka Molnár 5 and Imre J. Holb 5,6,*

1 Department of Horticulture Kafr El-Shaikh, Faculty of Agriculture, Kafelelsehikh University,
Kafr El-Sheikh 33516, Egypt; ahmed.kassem@agr.kfs.edu.eg

2 Department of Genetics and Plant Breeding, Faculty of Horticultural Science, Szent István University,
1118 Budapest, Hungary; hegedus.attila@uni-corvinus.hu

3 Department of Physical Geography and Geoinformatics, Debrecen, University of Debrecen, Egyetem tér 1.,
4032 Debrecen, Hungary; szaboszilard.geo@gmail.com

4 Department of Food Science and Technology, Faculty of Agriculture, Kafelelsehikh University,
Kafr El-Shaikh 33516, Egypt; amin.amar@agr.kfs.edu.eg

5 Institute of Horticulture, Faculty of Agronomy, University of Debrecen, P.O. Box. 36. H-4015 Debrecen,
Hungary; zoltszab@agr.unideb.hu (Z.S.); nyekijo@agr.unideb.hu (J.N.); molnarbianka93@gmail.com (B.M.)

6 Hungarian Academy of Sciences, Centre for Agricultural Research, Plant Protection Institute Budapest,
Herman Ottó út 15., 1022 Budapest, Hungary

* Correspondence: holbimre@gmail.com

Received: 21 October 2020; Accepted: 12 November 2020; Published: 14 November 2020 ����������
�������

Abstract: The apricot storability is one of the largest challenges, which the apricot industry has to
face all over the world; therefore, finding options for prolonging fruit quality during cold storage (CS)
and shelf-life (SL) will help to decrease postharvest losses of apricot. The aim of this apricot fruit
work was to study the temporal changes and correlations of 10 quality parameters (quality losses,
antioxidant properties and enzyme activities) in the postharvest treatments of methyl jasmonate
(MeJA) and salicylic acid (SA) under 1 ◦C CS (7, 14 and 21 days) and 25 ◦C SL (4 and 8 days after the
21-day CS) treatments. MeJA and SA significantly decreased the quality loss of chilling injury (CI) and
fruit decay (FD) at all dates for both storage conditions. MeJA- and SA-treated fruits increased total
antioxidant capacity (TAC), total soluble phenolic compounds (TSPC) and carotenoids contents (TCC)
at all dates of both storage treatments. In contrast, the ascorbic acid content (AAC) increased only
until days 14 and 4 in the CS and SL treatments, respectively. Among enzyme activity parameters,
the activities of phenylalanine ammonia-lyase (PAL), peroxidase and superoxide dismutase (SOD)
were significantly increased in the MeJA and SA treatments in all dates of both storage treatments.
Catalase (CAT) activity increased in the SA and control treatments, while it decreased in the MeJA
treatment in both storage conditions. In both the MeJA and the SA treatments, six pair-variables
(FD vs. CI, PAL vs. CAT, PAL vs. SOD, TAC vs. SOD, TAC vs. FD, and AAC vs. CI) were significant
in Pearson correlation and regression analyses among the 45 parameters pairs. Principal component
analyses explained 89.3% of the total variance and PC1 accounted for 55.6% of the variance and
correlated with the CI, FD, TAC, TSPC, TCC, PAL and SOD, indicating strong connections among
most parameters. In conclusion, MeJA and SA are practically useful and inexpensive techniques to
maintain quality attributes of CI, FD, TAC, TSPC, TCC, PAL, POD and SOD in apricot fruit during
both CS and SL conditions.
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1. Introduction

Minerals, vitamins, and antioxidant materials in fruit crops are essential sources for human health
care [1,2]. The amount and longevity of these sources in stone fruits are highly dependent on the
pre- and postharvest quality of the fruit e.g., [3–5]. Among stone fruit species, the post-harvest life of
apricot (Prunus armeniaca) is short due to its climacteric nature [5]. Apricot fruit can keep its quality for
15–30 days after harvest if the fruit is stored at low temperature under cold storage (CS), e.g., [6–9],
and this quality can be kept for up to a further 5 days at 25 ◦C under shelf-life (SL) conditions [10].
However, longer storage at low temperatures can cause symptoms of chilling injury and/or fruit decay
incidence in the apricot fruit e.g., [5,7,11].

Jasmonic acid (JA) and salicylic acid (SA) have crucial roles in the growth of plants and in the
regulation to various plant stresses e.g., [12,13], as well as in plant defense mechanisms, e.g., [14].

Methyl jasmonate (MeJA), as a natural plant growth regulator, e.g., [12,13,15–17], plays essential
roles in many physiological mechanisms of plants, and it increases postharvest quality of horticultural
crops including tropical fruits, such as avocado, papaya, grapefruit, mango, guava, pomegranates
and loquat [16,18–24], and temperate fruits, such as apple, peach and cherry [25–28]. These studies
demonstrated that MeJA reduced incidences of fruit decay and chilling injury but increased the amount
of phenolic and antioxidant contents as well as defense-related enzymes in fruits during CS. One apricot
study evaluated the effect of MeJA on the sensory quality and physico-chemical parameters of fruit
during storage [8], but treatment effects on chilling injury, fruit decay, antioxidant capacity, phenolic
contents and enzyme activities were not reported.

Salicylic acid (SA), together with its derivatives, is often applied to improve the quality of
horticultural crops during storage [29–34]. Salicylic acid was shown to improve fruit quality and to
decrease chilling injury and quality loss in some fruit crops, such as on peach [29,31,35], banana [30],
loquat [36] and apricot [8,9,37]. The three apricot studies showed that SA improved some quality
features of apricot fruit after harvest [8,9,37], but changes in enzyme activities under CS and the degree
of quality loss and the variation of antioxidant properties under SL conditions were not investigated.

Only two studies carried out comparisons between MeJA and SA on evaluating quality features
of cherry and apricot during storage [8,26] but such a comparative study on chilling injury, fruit decay,
antioxidant capacity, phenolic contents and enzyme activities was not prepared for apricot under CS or
SL storage conditions.

Several biological and physiological connections exist among the plant quality measurements,
which can be expressed by presenting the correlation between the corresponding measurements such as
between phenolic compounds, antioxidant properties and enzyme activity e.g., [38–41], which help to
understand the background of physiological processes in plant organs. However, no attempt has been
made to determine the potential inter-correlations between chilling injury, fruit decay, the parameters
of antioxidant capacity, phenolic contents and enzyme activities for SA and MeJA in various storage
conditions for apricot fruit.

The objective of this work was to evaluate and compare the effect of MeJA and SA on 10 fruit
quality parameters of apricot under 1 ◦C CS (7, 14 and 21 days) and 25 ◦C SL (4 and 8 days after
the 21 day CS) treatments. The 10 measured fruit quality parameters were classified into three
groups: quality losses (chilling injury and fruit decay indices), antioxidant properties (total antioxidant
capacity, total soluble phenol, total carotenoid and ascorbic acid content) and enzyme activities
(phenylalanine ammonia-lyase (PAL), peroxidase (POD), superoxide dismutase (SOD), and catalase
(CAT)). The inter-correlations among the 10 fruit quality parameters for treatments of SA and MeJA
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were also determined in the two storage conditions in order to clarify the physiological changes in
apricot fruit during CS and SL storage.

2. Materials and Methods

2.1. Fruit Samples and Treatments

For all experiments, the cultivar ‘Bergarouge’ was used from a commercial apricot orchard
(Nord-cot Ltd., Boldogkőváralja, Hungary). This cultivar has been planted in large areas in Hungary
in the past few years. The mature fruit is firmer than most other cultivars, but the storage ability of this
cultivar is similar to other commonly grown apricot cultivars in Hungary. The fruits were harvested
98 days from the anthesis (on 5 July) for the experiment. The fruits were packed in paper bags and
transported to the laboratory on the same day of harvest. Healthy and uniform fruits (40 mm, equally
colored, equally matured and equally shaped) were used for the experiment.

The concentrations of 0.2 mmol L−1 MeJA and 2 mmol L−1 SA were used for the experiments
together with an untreated control (water treated). Three units of apricot fruits were used as
MeJA, SA, and untreated control treatments. Each unit contained 150 fruits (3 treatments × 150
fruits = 450 fruits. Each unit was dipped into solutions of 0.2 mmol L−1 MeJA, 2 mmol L−1 SA,
and distilled water (untreated control), respectively, for 15 min. Then, each treatment was divided
into 2 further units (2 units × 75 fruits). The first unit, the CS treatment, was incubated at 1 ◦C and
95% RH; and then fruits were observed on days 7, 14 and 21. The second unit, the SL treatment,
was incubated at 1◦C and 95% RH for 21 days, then held at 25 ◦C for 4 and 8 days. All treatments were
replicated three times (3 replicates × 450 fruits = 1350 fruits), and 2 repeats of the experiment were
used (2 repeats × 1350 fruits).

2.2. Quality Loss Parameters

The two selected quality loss parameters were chilling injury (CI) and fruit decay (FD), which
were evaluated for both CS and SL treatments at each assessment date.

2.2.1. Chilling Injury

Symptoms of CI occurred as flesh browning on 10 assessed fruits per treatments per assessment
dates. Fruits were cut double parallel to the axial diameter and then the degree of CI symptoms was
visually detected on the cut surface of fruits. The degree of flesh browning was classified into five
categories as described by Wang et al. [31]: 0, flesh browning is not visible; 1, flesh browning is less
than 25%; 2, the flesh browning is between ≥25% and <50%; 3, the flesh browning is between ≥50%
and <75%; and 4, the flesh browning is more than ≥75%. Then an index of CI was calculated as CI
index = Σ[(CI category) × (fruit number at the CI category)]/(4 × total fruit number).

2.2.2. Fruit Decay

A fruit surface with superficial browning was considered as a fruit decay symptom. The degree
of FD symptoms was classified into five categories as described by Wang et al. [31]: 0, superficial
browning is not visible; 1, the superficial browning is less than 25%; 2, the superficial browning is
between ≥25% and <50%; 3, the superficial browning is between ≥50% and <75%; and 4, the superficial
browning is more than ≥75%. Then an index of FD was calculated as FD index = Σ[(FD category) ×
(fruit number in the FD category)]/(4 × total fruit number).

2.3. Antioxidant Capacity and Related Parameters

Antioxidant capacity and related parameters were assessed at the CS and the SL treatments and at
each assessment date. All reagents and materials for the analyses were purchased from Sigma-Aldrich
(St. Louis, MO, USA).
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2.3.1. Fruit Extract

Samples of apricot fruit were placed in the laboratory on the day of harvest, then the fruit were
frozen at −18 ◦C. The extracts were prepared by homogenizing the fresh fruit for 5 min in 95% ethanol
(1:3 w/v). Then, the homogenates were blended for 30 min at room temperature, and then centrifuged
at 1500× g for 5 min. The supernatants were concentrated in an evaporator. The extract obtained from
each fruit was adjusted to the same volume by reconstituting the samples in the water. The adjusted
ratio was 0.20 mL extract/gram of fruit.

2.3.2. Total Antioxidant Capacity

The total antioxidant capacity (TAC) was measured spectrophotometrically by applying the ferric
reducing antioxidant power (FRAP) method as described by Benzie and Strain [42]. Briefly, the FRAP
reagent was prepared early before the measurements by adding 2.5 mL of a 10 mmol L−1 TPTZ (Sigma)
solution into 40 mmol L−1 HCl plus 2.5 mL of 20 mmol L−1 FeCl3 and 25 mL of 0.3 mol L−1 acetate
buffer, pH 3.6, and then it was warmed up to 37 ◦C. The 0.04 mL sample supernatants were mixed
with 0.2 mL of distilled water and 1.8 mL of FRAP reagent. The measurement used the reduction
of the ferric-tripyridyltriazine complex [Fe3+-TPTZ] to the ferrous form [Fe2+-TPTZ] in acidic buffer
(pH = 3.6). Fe2+-TPTZ has an intensive color and this was monitored by measuring the absorption
change at 593 nm. Then TAC was given as mg equivalents of ascorbic acid (AA) for 1 g fresh weight
(FW) (mg AA g−1 FW).

2.3.3. Total Soluble Phenol Content

An Folin-Ciocalteu’s (FC) reagent was applied to measure the amount of total soluble phenols
(TSP) in the extracted fruits. The FC assay was used according to the study of Singleton and Rossi [43]
in order to determine the TSP content as follows. The FC reagent was pre-diluted 10 times with distilled
water, and 1.8 mL of the reagent was mixed with 40 µL of fruit extract solution and incubated for 5 min
at 25 ◦C. Then, 1.2 mL of (7.5% w/v) sodium carbonate was mixed with the solutions. After 1 h at 25 ◦C,
the absorbance of the samples was determined at 760 nm with a Hitachi UV2800 spectrophotometer
(Tokyo, Japan). In order to express TSP in gallic acid equivalents (GAE), a calibration curve (R2 = 0.995)
was prepared with 20, 40, 60, 80 and 100 mg L−1 solutions of gallic acid. Then the content of TSP was
given as mg GAEs for 100 g FW sample (GAE 100 g−1 FW).

2.3.4. Total Carotenoids Content

Total carotenoids content (TCC) was measured according to the study of Akin et al. [44] with a
few modifications. In brief, 100 mL of methanol/petroleum ether (1:9, v/v) was homogenized with 5 g
of fruit extract. Then this solution was poured into a separating funnel. The petroleum ether layer was
filtrated through sodium sulphate and transferred to a flask. Then, TCC was measured with a Hitachi
UV2800 spectrophotometer (Tokyo, Japan) at 450 nm. An extinction coefficient of 2500 was used to
evaluate carotenoid content, and TCC was given as β-carotene equivalents (mg β-carotene 100 g−1 FW)
according to Gross [45].

2.3.5. Ascorbic Acid Content

The ascorbic acid content (AAC) was determined spectrophotometrically using the
dinitrophenylhydrazine (DNPH) method as described by Terada et al. [46]. Ten milligrams of
each sample (2 mL extract) were added into a 100 mL flask contain 50 mL acetic acid solution, 5 drops
of bromine water was added until the solution became colored, and then thiourea solution drops were
added to it until a clear solution was obtained. Then 2, 4-dinitrophenyl hydrazine solution was added,
and we completed the solution with acetic acid. The AAC was given as mg per 100 g FW.
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2.4. Activity of Enzymes

Enzyme activities were measured using Sigma-Aldrich reagents (St. Louis, MO, USA) for all
enzyme assessments.

2.4.1. PAL Activity

The activity of PAL was determined as described by Assis et al. [47]. The enzyme extract was
prepared as 10 g of flesh from 10 fruits were homogenized in 25 mL of 50 mmol L−1 sodium borate
buffer (5 mmol β-mercaptoethanol + 0.5 g polyvinyl pyrrolidone, PVPP; pH 8.8,). Then the enzyme
extract (1 mL) together with L-phenylalanine (1 mL; 20 mmol L−1) and sodium borate buffer (2 mL;
50 mmol L−1) was incubated at 37 ◦C for 1 h. During the incubation, PAL catalyzes the reaction of
the deamination of L-phenylalanine to trans-cinnamic acid. Then the reaction was stopped with HCl
(1 mL; 1 mol L−1), and the activity of PAL was given by measuring the amounts of trans-cinnamic
acid spectrophotometrically at 290 nm. The raw enzyme preparation, together with L-phenylalanine,
was not incubated and used as a blank sample. Each analysis was replicated three times and the
activity of PAL was given as nmol cinnamic acid h−1 mg−1 protein.

2.4.2. POD Activity

The activity of POD samples was measured with the method described by Chance and Maehly [48].
Briefly, enzyme extract (0.5 mL) was mixed with 2 mL buffer containing 100 mmol L−1 sodium phosphate
(pH 6.4) and 8 mmol L−1 guaiacol, and then the solution was placed into the incubator for 5 min at
30 ◦C. Then 1 mL of H2O2 (24 mmol L−1) was added to the sample and the increasing absorbance was
determined at 460 nm five times at 30, 60, 90, 120 and 150 s. Then, activity of POD was given as unit
per gram FW per minute (U mg−1 FW min−1).

2.4.3. SOD Activity

Supernatants were prepared for SOD activity measurements as frozen fruit tissues (1 g) were
mixed with sodium phosphate buffer (5 mL; 50 mmol L−1, pH 7.8) at 4 ◦C and then the supernatants
was centrifuged (12,000× g for 20 min; 4 ◦C). The activity of SOD in these supernatants was measured
as described by Rao et al. [49]. The 3 mL reaction mixture contained the following ingredients: sodium
phosphate (50 mmol L−1, pH 7.8), methionine (14 mmol L−1), EDTA (3µmol L−1), nitro-blue-tetrazolium
(NBT, 1 µmol L−1), riboflavin (60 µmol L−1) and crude enzyme extract (0.1 mL). Then the absorbance
was detected at 560 nm for blue formazan. The quantity of enzyme that causes the 50% inhibition of
NBT reduction was used as the SOD activity unit. The activity of SOD in the samples was given as
U mg−1 protein.

2.4.4. CAT Activity

Catalase activity was measured as described by Abassi et al. [50] using the A and the B buffer
solutions. In this process, 1 mL buffer A was added to a 50 µL enzyme extract in a cuvette, and 1 mL
buffer B was added to a 50 µL enzyme extract in another cuvette. The change in the optical density in
the cuvettes was measured spectrophotometrically at 240 nm for 45 s and 1 min when the extract was
placed into the cuvettes. The differences between the values measured at 45 s and 1 min were defined
as the activity of CAT. The activity of CAT in the samples was given as U mg-1 protein.

2.5. Statistical Analysis

2.5.1. ANOVA

A completely randomized design (CRD) was used to accomplish the experiments. Experimental
data were analyzed by ANOVA using an SPSS program (SPSS Inc., Chicago, IL, USA). The effects of
treatment (MeJA, SA, and untreated control), storage condition (CS and SL) and their interactions were
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evaluated on all parameters of quality losses, antioxidant properties and enzyme activities. Duncan’s
multiple range tests used separated means at p < 0.05 level.

2.5.2. Correlation and Regression Analysis among Parameters

In order to quantify the relationship between the fruit quality parameters, Pearson’s correlation
coefficients were determined for the relationships of the two quality loss parameters, the four antioxidant
properties and the four enzyme activities in all combinations (Tables 2 and 3). Correlation analyses
were performed separately for the two chemical (SA and MeJA) treatments. Statistical calculations
using Pearson’s correlation analysis were performed by Genstat 5 Release 4.1 (Lawes Agricultural
Trust, IACR, Rothamsted, UK). Then, the best correlated variables were plotted and linear regression
analyses were used in order to evaluate the strongest relationships among quality loss parameters,
antioxidant properties and enzyme activities. The regression slopes were tested by a t-test in order to
determine whether they are different between MeJA and SA treatments at α = 0.05.

2.5.3. Principal Component Analysis

We conducted a standardized principal component analysis (PCA) based on the correlation matrix
with the CI, FD, TAC, TSPC, TCC, AAC, PAL, POD, SOD, and CAT variables. All variables were
standardized with transforming the values to z-scores. Model fit was tested with the root mean
square residual (RMSR) [51]. Principal components (PCs) were visualized in biplot diagram. PCA was
conducted with R 4.03 [52] with the psych [53], FactoMiner [54] and factoextra [55] packages (R Core
Team, Vienna, Austria).

3. Results

3.1. Quality Loss Parameters

3.1.1. Chilling Injury

The degree of CI index was larger with the progression of assessment times in all chemical and
storage treatments (Table 1). However, fruit pre-treated with MeJA and SA had lower CI indices at
p < 0.05 compared to water-treated fruit for both storage treatments. Fruit treated with MeJA showed
significantly lower CI index in the CS treatments at day 21 and in the SL treatments at day 8 compared
to corresponding SA treatments.

Table 1. Indices of CI (chilling injury) and FD (fruit decay) values for the treatments of methyl jasmonate
(MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on cultivar ‘Bergarouge’ apricot fruit at three
cold storage (CS) dates (days 7, 14 and 21) and at two assessment dates (days 4 and 8) of shelf-life
(SL) treatment.

Treatments
CS at 1 ◦C SL at 25 ◦C

Day 7 Day 14 Day 21 Day 4 Day 8

CI index (%) a

Control 3.12 a b 16.68 a 37.65 a 18.67 a 30.24 a
0.2 mmol MeJA 1.35 a 4.52 b 9.68 c 8.65 b 14.35 c

2 mmol SA 1.64 a 5.58 b 20.91 b 7.68 b 19.26 b
LSD0.05

c ns 3.56 6.83 4.29 3.98
FD index (%) d

Control 16.05 a 56.24 a 96.25 a 66.36 a 100 a
0.2 mmol MeJA 2.11 b 6.57 b 16.98 b 16.35 b 36.65 b

2 mmol SA 2.33 b 7.58 b 15.61 b 20.36 b 35.36 b
LSD0.05 1.74 5.45 4.72 8.31 3.34

a and d at day 0, both the CI and FD indices were zero. b Different letters represent significant differences at p < 0.05
for each column. c LSD0.05: Least significant differences at p = 0.05 level.

172



Appl. Sci. 2020, 10, 8071

3.1.2. Fruit Decay

Non-treated apricot fruit showed a great increase in FD index in both storage treatments reaching
96 and 100% after 21 and 8 days, respectively (Table 1). MeJA and SA treatments reduced superficial
browning symptoms at p< 0.05 compared with control treatments. The FD indices were not significantly
different between the treatments of SA and MeJA in either CS or SL treatments.

3.2. Antioxidant Capacity and Related Parameters

3.2.1. Total Antioxidant Capacity

The TAC of fruit increased in the MeJA and SA treatments until day 14 and day 4 in the CS and
SL treatments, respectively, and then TAC is reduced (Figure 1A,B), while the TAC of control fruits
decreased continuously under both CS and SL conditions (Figure 1A,B). Antioxidant capacity for
control fruits was lower at p < 0.05 than the corresponding MeJA- and SA-treated fruits in both storage
treatments. However, TAC values showed no significant differences between MeJA and SA treatments
in either CS or SL treatments.

3.2.2. Total Soluble Phenol Content

The content of TSP was similar in the MeJA and SA treatments in both storage treatments, while
the TSP content of control fruits decreased continuously in both treatments (Figure 1C,D). The TSP
content was higher in the treatments of MeJA and SA at p < 0.05 compared to the control treatment in
both storage treatments (Figure 1C,D).

3.2.3. Total Carotenoids Content

The contents of total carotenoids increased in both chemical (MeJA and SA) treatments until day
14 and day 4 in the CS and SL treatments, respectively, and then it started to decrease (Figure 1E,F),
except for MeJA treatments for CS where the increase stopped at day 7. Salycilic acid treatments
showed the highest total carotenoids content which was significantly higher at days 14 and 21 in the
CS and at day 4 in the SL treatments compared to either the control or MeJA treatments (Figure 1E,F).
In the control treatments, carotenoids slightly increased at days 7 and 14 in the CS and at day 4 in the
SL treatments (Figure 1E,F), but these increases were negligible and non-significant compared to the
increase in carotenoids in either MeJA or SA treatments.

3.2.4. Ascorbic Acid Content

AAC increased in the control fruits until days 14 and day 4 in the CS and SL treatments, respectively,
then it sharply decreased (Figure 1G,H). AAC in the MeJA- and SA-treated fruits decreased continuously
in both storage conditions (Figure 1G,H). However, by the last assessment dates (day 21 and day 8 for
the CS and SL treatments, respectively), SA showed the highest ascorbic acid content, followed by
the MeJA and then the control treatments, showing significant differences (p < 0.05) from each other
(Figure 1G,H).

173



Appl. Sci. 2020, 10, 8071

Figure 1. Cont.

174



Appl. Sci. 2020, 10, 8071

 

− −Figure 1. Effect of methyl jasmonate (MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on TSP
(total soluble phenol) content, TAC (total antioxidant capacity) total carotenoids and AAC (ascorbic
acid content) in cv. ‘Bergarouge’ in cold storage treatments (A, C,E,G) at 1 ◦C on the assessment days 7,
14 and 21, and in shelf-life (SL) treatments (B,D,F,H) at 25 ◦C on the assessment days 4 and 8. Standard
deviation (SD) values are given for error bars. LSD0.05 values were used to assess differences among
the control, MeJA and SA treatments at p < 0.05. Control means water treated fruits. The first letter
given after each LSD0.05 value belongs to control treatments, second letter to MeJA; and third letter to
SA treatments. Different letters represent significant differences among the treatments at p < 0.05.
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3.3. Enzyme Activity

3.3.1. PAL Activity

The activity of PAL increased with assessment dates in the MeJA and SA treated fruits while it
decreased in the water treated fruits in the two storage treatments (Figure 2A,B). The PAL activity was
the highest in MeJA treatments followed by SA and control treatments in both storage treatments.
The three treatments were different at p < 0.05 from each other at days 14 and 21 in the CS and at day 8
in the SL treatments.

3.3.2. POD Activity

POD activity increased in the MeJA and SA treatments until day 14 and until day 8 in the CS and
SL treatments, respectively, then it decreased (Figure 2C,D). POD activity was inconsistent for the
control treatment in both storage conditions. The activity of POD in the MeJA and SA treatments was
similar, but it was higher at p < 0.05 in all assessment dates compared to the fluctuating levels of POD
activity in the control treatments in both the CS and the SL treatments (Figure 2C,D).

3.3.3. SOD Activity

Activity of SOD increased in the chemical (MeJA and SA) treatments until day 14 and day 4 in the
CS and SL treatments, respectively, and then enzyme activity started to decrease (Figure 2E,F), except
for MeJA in the SL treatment, where the increase was continuous. A reduction in SOD activity was
detected in the water-treated fruits in both CS and SL treatments (Figure 2E,F). Activity of SOD in the
control treatments was lower at p < 0.05 than the corresponding MeJA and SA treatments in both CS
and SL conditions. SOD activity was high in MeJA treatments, which was higher at p < 0.05 than the
SA treatments at day 14 in the CS and at day 8 at the SL treatment.

3.3.4. CAT Activity

CAT activity increased in the SA and control treatments at all assessment dates in both storage
treatments (Figure 2G,H). CAT activity in the MeJA-treated fruits decreased continuously in both
CS and SL treatments, except for MeJA treatments between days 14 and 21 under CS conditions
(Figure 2G,H). Activity of CAT in the MeJA treatments was lower at p < 0.05 compared to in the
corresponding SA or control treatments in both CS and SL conditions. CAT activity was the highest in
SA treatments, which was higher at p < 0.05 compared to the MeJA treatments at days 14 and 21 in the
CS and at days 4 and 8 in the SL treatment (Figure 2G,H).
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Figure 2. Cont.
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Figure 2. Effect of methyl jasmonate (MeJA; 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on
phenylalanine ammonia-lyase (PAL), peroxidase (POD), superoxide dismutase (SOD), and catalase
activity (CAT) in cv. ‘Bergarouge’ in cold storage (CS) treatments (A,C,E,G) at 1 ◦C on the assessment
days 7, 14 and 21, and in shelf-life (SL) treatments (B,D,F,H) at 25 ◦C on the assessment days 4 and 8.
Other information is given in Figure 1 (symbols, error bars and LSD0.05 values).

3.4. Relationship between Fruit Quality Parameters

Among the 45 pair-variables, Pearson’s correlation coefficients of 23 and 9 pair-variables correlated
significantly (at p < 0.05) in both chemical (MeJA and SA) treatments, respectively (Tables 2 and 3).
Among these significantly pair-variables, six pair-variables were significant in both the MeJA and the
SA. Among these six pair-variables, four were correlated positively (FD versus (vs.) CI, PAL vs. CAT,
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PAL vs. SOD, and total antioxidant content vs. SOD) and two negatively (total antioxidant content
vs. FD and ascorbic acid content vs. CI), indicating connections among fruit quality loss, antioxidant
parameters and enzyme activities (Tables 2 and 3).

Table 2. Pearson correlation coefficients (r) and corresponding significance levels (p) amongst 10 fruit
quality parameters in the methyl jasmonate (MeJA) treatments (0.2 mmol L−1) on cv. ‘Bergarouge’
apricot. Data were combined for the assessment dates of days 7, 14 and 21 of cold storage (CS) and for
the assessment dates of days 4 and 8 of shelf-life (SL) treatment.

CI FD CAT SOD POD PAL AAC TCC TSPC

FD a 0.967 b,c

<0.001
CAT −0.315 −0.423

>0.1 >0.1
SOD 0.818 0.813 −0.005

0.013 0.014 >0.1
POD 0.604 0.732 −0.766 0.331

0.079 0.035 0.027 >0.1
PAL 0.273 0.124 0.699 0.697 −0.440

>0.1 >0.1 0.047 0.048 >0.1
AAC −0.829 −0.776 −0.129 −0.921 −0.241 −0.641

0.011 0.024 >0.1 <0.001 >0.1 0.068
TCC −0.668 −0.601 −0.194 −0.825 −0.108 −0.689 0.772

0.059 0.080 >0.1 0.012 >0.1 0.051 0.025
TSPC −0.904 −0.799 −0.012 −0.850 −0.294 −0.592 0.900 0.747

0.001 0.016 >0.1 0.008 >0.1 0.082 0.001 0.032
TAC −0.963 −0.959 0.323 0.874 −0.600 −0.290 0.843 0.724 0.863

<0.001 <0.001 >0.1 0.004 0.080 >0.1 0.009 0.040 0.005

a Fruit quality parameters: CI = chilling injury index, FD = fruit decay index, CAT = catalase activity,
SOD = superoxide dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, TCC = total carotenoid content, TSPC = total soluble phenol content and TAC = total
antioxidant capacity. b The significant (p < 0.05) correlation coefficient values are in bold. c n = 20

Table 3. Pearson correlation coefficients (r) and corresponding significance levels (p) amongst 10 fruit
quality parameters in salicylic acid (SA) treatments (2 mmol L−1) on cv. ‘Bergarouge’ apricot. Data were
combined for the assessment dates of days 7, 14 and 21 of cold storage (CS) and for the assessment
dates of days 4 and 8 of shelf-life (SL) treatment.

CI FD CAT SOD POD PAL AAC TCC TSPC

FD a 0.698 b,c

0.047
CAT 0.960 0.576

<0.001 0.085
SOD 0.167 −0.549 0.257

>0.1 0.1 >0.1
POD −0.171 0.260 −0.123 −0.721

>0.1 >0.1 >0.1 0.039
PAL 0.630 −0.100 0.696 0.711 −0.381

0.071 >0.1 0.048 0.042 >0.1
AAC −0.908 −0.527 −0.884 −0.218 0.191 −0.646

<0.001 0.120 0.003 >0.1 >0.1 0.066
TCC 0.305 0.036 0.307 0.253 −0.219 0.390 −0.298

>0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
TSPC −0.412 −0.462 −0.374 0.238 −0.314 −0.071 0.432 −0.413

>0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
TAC −0.386 −0.884 −0.294 0.738 −0.525 0.393 0.246 0.008 0.577

>0.1 0.003 >0.1 0.033 >0.1 >0.1 >0.1 >0.1 0.085
a Fruit quality parameters: CI = chilling injury index, FD = fruit decay index, CAT = catalase activity,
SOD = superoxide dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, TCC = total carotenoid content, TSPC = total soluble phenol content and TAC = total
antioxidant capacity. b The significant (p < 0.05) correlation coefficient values are in bold. c n = 20
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Thus, the relationships of the six pair-variables were further revealed by regression analysis
(Figure 3). The linear regression analysis showed significant relationships for all six of the pair-variables
with r = 0.716–0.932, p = 0.03–0.001 and with r = 0.703–0.889, p = 0.03–0.001 for the MeJA and SA
treatments, respectively, but the slopes for all six of the pair-variables were not different between the
MeJA and the SA treatments (p = 0.654–0.116 according to a t-test).
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Figure 3. Relationships between fruit decay and chilling injury index, PAL (phenylalanine
ammonia-lyase) and CAT (catalase activity), PAL and SOD (superoxide dismutase), total antioxidant
content and SOD, total antioxidant content and fruit decay, and ascorbic acid content and chilling injury
index in treatments of methyl jasmonate (MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1).

180



Appl. Sci. 2020, 10, 8071

PCA explained the 89.3% of the total variance and the PCs had been justified. The RMSR was 0.05
indicating good fit. PC1 accounted for 55.6% of the variance and correlated with the CI, FD, TAC, TSPC,
TCC (Carotenoids), PAL, and SOD. PC2 accounted for 19.7% of the variance and correlated with the
POD and AAC. PC3 accounted for 14.0% of the variance and correlated with the CAT. The 95 ellipses
of treatments indicated that the control group overlapped with the treatments (Figure 4); however,
the difference was significant in the case of PC1 (F = 13, df = 2, p > 0.001) and non-significant for PC2
(F = 1.518, df = 2, p = 0.251). Accordingly, variables of PC1 were more efficient in discriminating the
treatments than PC2, where the control and treated samples had similar values.

−

−

Figure 4. Biplot of principal component analyses (PCA) conducted on the measured fruit quality
parameters: CI= chilling injury index, FD= fruit decay index, CAT= catalyse activity, SOD= superoxide
dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, Carotenoids = total carotenoid content, TSPC = total soluble phenol
content and TAC = total antioxidant capacity. (C: control; MJ0.2: MeJA, 0.2 mmol L−1; SA2: SA,
2 mmol L−1); 95% ellipses).
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4. Discussion

4.1. Quality Loss Parameters

In agreement with this study, MeJA treatment was demonstrated to decrease CI for fruits such
as papaya, peach, pomegranates, and loquat, e.g., [20,22–24,27]. MeJA was shown to reduce CI
throughout, promoting the expression of heat-shock proteins and regulating arginine metabolism [56].
Furthermore, CI reduction on the MeJA-treated fruits was also likely to be connected to the increase in
polyamines (such as putrescine or spermidine) in the cells [15,34]. These polyamines maintain the ratio
between the unsaturated and the saturated fatty acid, which have a key role in the membrane integrity
and fluidity [57]. Acclimation to low temperatures is highly related to the increase in this fatty acid
ratio in the membrane lipids [58], which could result in lower CI symptoms on the MeJA-treated fruits.

In SA treatments, previous studies on pomegranates and peach reported that SA and its derivates
decreased CI in postharvest treatments [22,31,58], which is in agreement with our apricot study.
The possible mechanism of the effect of SA on CI was studied by Ding et al. [59] and they indicated that
MeSA probably had little direct effect on chilling damage, but it could provide indirectly a reduction in
CI by inducing some defense-mechanism responses in the cells.

MeJA and MeSA treatments were also compared in the study of Sayyari et al. [22], but in contrast
with this study, the authors concluded that differences among MeJA and MeSA treatments were
non-significant for CI. The reasons for the different result are likely to be the differences among applied
concentrations, fruit crops and SA derivates used in the two studies. Overall, our results indicate that
both compounds (MeJA and SA) could be suitable in reducing CI in apricot fruit.

In accordance with our results, some studies also revealed that SA can decrease fruit decay on peach
and cherry [26,60]. Salicylic acid is likely to induce the defense resistance system in fruit tissues, which
result in lower FD compared to untreated fruits. In the case of MeJA, our results of the FD reduction
by MeJA are also in agreement with the results of previous studies on grapefruit, peach, mango
and strawberry. The study of Droby et al. [18] on grapefruit showed that fruit treated with different
MeJA concentrations (1 to 50 mmol L−1) had less FD compared to untreated fruit. They reported
that the MeJA treatments had no direct toxicity effect on the fungus (Penicillium digitatum), which
causes FD. They suggested that MeJA decreased FD indirectly by enhancing the natural resistance
mechanisms of the fruit to fungus infection [18]. The effect of SA and MeJA in reducing FD was also
reported by Yao and Tian [26]. The authors demonstrated that the sweet cherry fruit treated with
SA (2 mM) or with MeJA (0.2 mM) had lower fruit damage caused by Monilinia fructicola than in
the control treatment. The authors reported that SA and MeJA had direct inhibitory effects on the
mycelial growth of M. fructicola. González-Aguilar et al. [19] and Ayala-Zavala et al. [61] showed that
MeJA treatments reduced fruit decay in mango and strawberry, respectively, during both CS and SL
periods. The possible mechanism of MeJA in reducing fruit decay may involve direct inhibition on the
pathogen and/or indirect mechanism through induced resistance. The observed suppression of fruit
decay of apricot in this study supported the hypothesis that MeJA can prolong the postharvest health
of the fruit.

No previous studies compared the joint effect of MeJA and SA on fruit decay and we showed a
similar efficacy for both compounds. We demonstrated significant correlation, significant regression
and significant PCA (in PC1) relationships between FD and CI in both MeJA and SA treatments
(Tables 2 and 3, Figures 3 and 4), which were not demonstrated by previous studies. The possible
reason for the correlative connection between FD and CI may be that FD or CI can be reduced by
similar mechanisms such as the activation of the defense mechanism in the fruit tissues by both MeJA
and SA compounds. Overall, MeJA and SA treatments could be useful compounds for a joint reduction
in chilling injury and fruit decay without adversely affecting fruit quality.
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4.2. Antioxidant Capacity and Related Parameters

Similarly to our apricot study, antioxidant capacity including total phenol contents significantly
increased by MeJA in CS and/or SL treatments in strawberry, peach and pomegranate fruits compared
to untreated fruits [22,28,61].

In SA treatments, Sayyari et al. [22] demonstrated that SA significantly increased the TAC and
TSP content of pomegranate fruits compared to control fruit. Previous studies showed that phenolic
compounds, as an antioxidant substance, usually accumulated or at least maintained their levels under
cold stress [62], which was the case in the SA and the MeJA treatments but not in the control treatments
of this apricot study. The applications of MeJA or SA were able to keep the total phenol contents
or were able to increase the antioxidant capacity during the storage periods (Figure 2). Our results
indicate that postharvest applications of both MeJA and SA compounds have the potential to improve
fruit health by reducing not only CI and FD but increasing the TAC of fruit tissues.

Ascorbic acid content of apricot fruit progressively increases during fruit maturity stages [63].
Our results demonstrate that SA- and/or MeJA-treated fruit had lower ascorbic acid contents at the
beginning of storage. Reports on the effect of MeJA on AAC of fruits are not consistent as, for instance,
González-Aguilar et al. [21] demonstrated that MeJA treatments did not change AAC, while Jin et
al. [28] demonstrated that MeJA significantly influenced vitamin C levels of fruits after CS and SL
treatments on peach compared to control treatments. In SA treatments, Sayyari et al. [58] demonstrated
that AAC reduced significantly in the control and SA treatments at 0.7 and 1.4 mmol L−1, while the
AAC of the fruits was not changed in the dose of 2 mmol L−1. Similarly, ascorbic acid levels remained
the same by the end of storage in the SA treatments at 1 mmol L−1 in peaches and 2 mmol L−1 in
oranges [31,64].

Previous fruit studies showed significant positive correlations among parameters of antioxidant
capacity and phenol contents under storage conditions, e.g., [31,65]. One study [31] provided these
correlations in postharvest application of SA and this study investigated these correlations for MeJA
and SA jointly. For instance, the reduction in fruit decay was associated with increasing antioxidant
capacity for both SA and MeJA treatments, which corroborated well with the significant correlation
coefficients, the significant regression, and the significant PCA (in PC1) relationships between FD
and TAC (Tables 2 and 3, Figures 3 and 4). In the case of CI vs. AAC pair-variable, the increasing
ascorbic acid level in the fruit tissues was connected to a decreasing level of chilling injury, which was
confirmed by the significant correlation coefficients and also by the significant regression relationship
between CI and AAC for both MeJA and SA compounds (Tables 2 and 3, Figure 3).

4.3. Enzyme Activity

The key enzyme of phenyl alanine-lyase is included in the biosynthesis of phenolics such
as flavonoids and phenols [66]. Previous studies showed that the high amounts of phenols and
anthocyanins in apple and grape fruits resulted in an increased the level of PAL [67,68]. In this
study, MeJA-treated fruits showed higher TAC and PAL activity compared to the water-treated fruits
(Figures 1 and 2). These results indicate that antioxidant capacity increased by MeJA may also induce
PAL activity, thus promoting phenolic metabolism. This result agrees with the studies of Yao and
Tian [26]. Meng et al. [27] and Sayyari et al. [58] also demonstrated that MeJA increased the activity of
PAL in fruits of sweet cherry, peach and pomegranate. In the case of SA, two studies [26,69] reported
that SA had an essential role in systematic acquired resistance (SAR) induction by promoting defense
and antioxidant enzymes such as PAL, which was also supported by our results in apricot fruit.

PAL and POD enzymes are involved in the biosynthesis of lignin; as a consequence, the activities
of these two enzymes affect the fruit lignin content. Cao et al. [23] demonstrated that MeJA treatment
promoted activities of PAL and POD as well as the lignin content of loquat fruit, which might also
account for a lower decay index, which was also demonstrated in this apricot study (Table 1, Figure 2).
Qin et al. [69] demonstrated that SA also increased the activities of POD and PAL, in agreement with
this study (Figure 2). Yang et al. [35] showed that SA treatments prevent fruit from softening by
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increasing the activities of PAL and POD and the lignin content in fruit resulting in a higher firmness
and a lower weight loss.

In addition, induction of systemic resistance to biotic or abiotic stresses can lead to direct activation
of defense-related proteins. POD has an essential role in the structure components of cell walls and
lignin formation. An increase in POD activity was reported for SA-treated (4 mM) mandarin fruit
which was related to low FD [70]. Previous studies, e.g., [26,71,72], and this study also confirmed that
either MeJA or SA treatment increased POD activity and decreased fruit decay (Figure 2; Table 1).

The SOD enzyme has several roles in plant cells, such as detoxifying ROS and lowering chilling
injury [73,74]. SOD activity was high in chilling tolerant mandarin fruit during CS at 2.5 ◦C for
8 weeks [73]. Previous studies e.g., [23,24,75] showed that MeJA significantly increased the activity of
SOD in loquat, peach and strawberry fruit in the storehouse compared to the control treatments, while
Huang et al. [64] showed a similar effect of SA treatment for orange fruit. Our apricot study was in
agreement with the above previous studies on SA or MeJA results on SOD activity. However, here we
provided for the first time a comparison between MeJA and SA treatments on SOD activity which
showed that SOD activity was generally higher in the MeJA treatments than in the SA treatments.

CAT is a key enzyme in the catalyzation of H2O2 into H2O and O2, and therefore it has a function
to remove active oxygen species (AOS) from the cell during stress [64]. In agreement with our results,
MeJA was reported to maintain high CAT activity in strawberry plants [75] and in loquat fruit during
the CS period [23] compared to non-treated fruit. However, SA treatment’s effects on CAT activity
were not uniform in previous studies. Huang et al. [64] showed that SA pretreatment reduced CAT
activities compared to the non-treated fruit. However, similarly to our apricot study, Mo et al. [76]
demonstrated that SA treatments increased CAT activity in apple fruit compared to the non-treated
control. This might be associated with the result of the study of Tian et al. [77] that SA can increase
the CAT gene activity, i.e., the transcription and translation. In addition, not only CAT, but also
ascorbate peroxidase is a key enzyme of fruits in the removal of H2O2. Although this peroxidase was
not investigated in this study, future data on ascorbate peroxidase activity also contribute to the better
understanding of the mechanism of the antioxidant capacity and of the defense systems involved.

No previous fruit studies investigated correlations among enzyme activity parameters for MeJA
and SA jointly under postharvest treatments. However, this study confirmed that an increase in CAT
was associated with increasing PAL activity for both SA and MeJA treatments, which corroborated well
with the significant positive correlation coefficients and regression relationships between CAT and PAL
(Tables 2 and 3, Figure 3). A similar relationship was detected for the pair-variable of SOD vs. PAL,
where the increasing superoxide dismutase level in the fruit tissues was connected to an increasing
level of phenylalanine ammonia-lyase, which was confirmed by significant correlation coefficients and
also by significant regression as well as by significant PCA (in PC1) relationship between SOD and
PAL for both MeJA and SA compounds (Tables 2 and 3, Figures 3 and 4).

Overall, our results on the activities of enzymes may imply that the four enzymes can promote
various functions in the defense system and these may be jointly induced by MeJA and/or SA in
apricot fruit. PAL, POD, SOD and CAT enzymes are substantially induced by the given MeJA and SA
concentrations, and as a result, the storability of apricot fruit is increased.

5. Conclusions

This was the first study to investigate the effect of MeJA and SA jointly on quality losses, antioxidant
properties and enzyme activities of apricot fruit in CS and SL conditions.

Our results show that treatments of both SA and MeJA decreased the CI and FD of apricot fruit
in CS and SL periods. Both elicitors ensured high total antioxidant capacity, total polyphenolic and
carotenoids contents, and enhanced the enzyme activity of PAL, POD, SOD and CAT in CS and
SL conditions; as a result, the storability of apricot fruit is increased. Among the 45 pair-variables,
Pearson’s correlation coefficients of 23 and 9 pair-variables correlated significantly in the treatments of
MeJA and SA, respectively. Among these pair-variables, six pair-variables (FD vs. CI, PAL vs. CAT,
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PAL vs. SOD, TAC vs. SOD, TAC vs. FD, and AAC vs. CI) were significant in both the MeJA and the
SA, indicating connections among fruit quality loss, antioxidant parameters and enzyme activities.
The relationship between the six pair-variables was further confirmed by linear regression analysis
with r = 0.716–0.932, p = 0.03–0.001 and with r = 0.703–0.889, p = 0.03–0.001 for the MeJA and SA
treatments. PCA explained 89.3% of the total variance and PC1 accounted for 55.6% of the variance and
correlated with the CI, FD, TAC, TSPC, TCC, PAL, and SOD variables. Variables of PC1 were efficient in
discriminating the treatments. The treatments of MeJA and SA are practically useful and inexpensive
techniques to maintain several quality attributes of apricot fruit during both CS and SL conditions.
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Abstract: The phytochemical characteristic analysis of a group of 30 haskap berry genotypes was
carried out bearing in mind the concern for the consumption of food with high nutraceutical value
that helps maintain good health. Phytochemical fruit composition and antioxidant activity were
assessed by the Folin–Ciocalteau, spectrophotometric, DPPH (1,1-diphenyl-2-picrylhydrazyl) as well
as ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) method. Evaluation of antioxidant
activity was referred to as the Trolox equivalent. The observed differences in the content of phenolics,
flavonoids, vitamin C and antioxidant activity allowed us to select genotypes which, due to the high
level of the analyzed compounds, are particularly recommended in everyone’s diet. In addition,
the analysis of the prospects of increasing the analyzed phytochemical properties, estimated by
parameters such as heritability and genetic progress, indicates the effectiveness of breeding in relation
to each of the analyzed traits. The results of the presented research can be used in the implementation
of future breeding programs for this valuable species.

Keywords: ABTS; bioactive compounds; DPPH; flavonoids; genetic distance; genotypic and
phenotypic correlation; nutraceutical value; phenolics; UPGMA

1. Introduction

The constantly growing awareness of consumers regarding the need for healthy eating and
consuming food with health-promoting properties leads to the search and characterization of new
species with this direction of utilization. Species belonging to the genus Lonicera such as Lonicera

caerulea var. edulis, L. caerulea var. kamtschatica, L. caerulea var. altaica, L. caerulea var. byarnikovae and
L. caerulea var. emphyllocalyx, as well as their hybrids, collectively known as Lonicera caerulea L., also
known as haskap, blue honeysuckle, honeyberry or sweet berry honeysuckle, are representative of
such plants. The fruits of this species, like strawberry, blueberry, blackberry or blackcurrant, belong
to the so-called superfruits—fruits, which due to the presence of bioactive compounds, are very
desirable in the human diet [1,2]. Health-promoting properties of the haskap berries include protective
effects against cardiovascular and neurodegenerative diseases, osteoporosis, type 2 diabetes as well
as antimicrobial, anticarcinogenic and anti-inflammatory activity [3]. Combining biological traits of
individual species allowed us to obtain cultivars with large fruits without a bitter taste, not falling
off the bush after ripening, fertile, more resistant to diseases, suitable for mechanical harvesting
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and storage, as well as significantly different in terms of phytochemical content. The assessment
of the content of health-promoting phytochemical compounds, such as phenolic acids, flavonoids
and anthocyanins has so far been performed usually for a small group of cultivars. Cehula et al. [4]
studied 14 cultivars, Wang et al. [5] 7 cultivars, Senica et al. [6] 4 cultivars, Auzanneau et al. [7] 7
cultivars, Khattab et al. [8] 3 cultivars, Sochor et al. [9] 19 cultivars, Wojdyło et al. [10] 8 cultivars,
Rupasinghe et al. [11] 3 cultivars and Kusznierewicz et al. [12] 6 cultivars. So far, the largest group
of 30 cultivars has been analyzed by Kucharska et al. [13]. The level of the analyzed phytochemical
properties, as indicated by numerous authors [12,14–16] depends, on one hand, on the properties of
the cultivar (genotype), while on the other hand, it is the result of many environmental factors (soil,
fertilization, etc.). The analysis of the influence of each of these factors allows us to determine the
extent to which a given phytochemical property results from the impact of genetic factors, and to which
it is a result of the effect of the environment, which can be expressed by the heritability coefficient, and
which has not been presented so far for this species.

The attractive biological value of Lonicera fruits, which consists of the values of individual cultivars,
causes a rapid increase in the cultivation area of this species. According to the available data, the
global cultivation area in 2017 amounted approximately to 5500 ha. The largest planted area was in
China and North Korea, in total, 2000 ha, Poland—1800 ha, Canada—1000 ha, Russia—400 ha and
Japan—160 ha [17]. The cultivation area of this species is constantly growing and, for example, in
Russia, this area increased to 735 ha in 2019 and its further increase to about 2000 ha is planned in
2022 [18]. Poland, with a cultivation area of approximately 4000 ha in 2019, is a world leader in the
production of haskap berries [19]. The Commission Implementing Regulation (EU) 2018/1991 of 13
December 2018 authorizing the introduction of Lonicera caerulea L. berries to the market as a traditional
food from a third country in accordance with the Regulation of the European Parliament and of the
Council (EU) 2015/2283 [20] is likely to support a further increase in the cultivation area of this species.
The growing area of cultivation, as well as the valuable properties of the fruits in terms of human
health, require, as many authors postulate, the analysis of the biological potential of new genotypes
of this species, their suitability for breeding, and thus an indication of the possibility of increasing
the content of biologically active compounds in the future [11,13,21]. Therefore, the aim of this study
was, firstly, to evaluate the content of polyphenols, flavonoids, vitamin C and antioxidant activity of
berry in a large group (30) of haskap genotypes of various origin, including 10 that were analyzed
for the first time. Secondly, the estimation of variability, as well as the not-yet presented genotypic
correlation, heritability and the genetic advance of characteristic in a group of genotypes studied
was evaluated. For this purpose, a large group of genotypes was necessary because it increased the
precision of inference. Thirdly, this study can be a guide in the implementation of breeding work
aimed at increasing the biological potential of this species and helpful in selecting a cultivar for those
who want to consume fruits with a high nutraceutical value.

2. Materials and Methods

The Institute of Plant Genetics and Biotechnology has held a collection of cultivars and breeding
clones of the genus Lonicera since 2007. The experiment used the bushes in the fourth year of fruiting
planted in 2015 at the Experimental Station, University of Life Sciences in Lublin (51◦13′59” ϕN,
22◦34′0” λE, elevation: 225.48 m). The research covered a diverse group of genotypes including
cultivars of Polish, Slovak, Russian and Canadian origin, as well as breeding clones, the list of which is
presented in Table 1. Thirty genotypes were selected for analyses from which the fruits were harvested
in June 2019. Three fruit sub-samples were collected from each genotype (at the start, in the middle
and the end of the harvest period selecting fully pigmented fruits). Fruit sub-samples were frozen and
stored at −20 ◦C until analysis (10 days). Directly before the analysis, the samples were mixed and the
resulting average sample, weighting 150 g, was the material for testing the content of phytochemical
compounds such as phenolics, flavonoids, vitamin C and antioxidant activity.
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Table 1. List of genotypes tested.

No. Genotype Country of Origin No. Genotype Country of Origin

1 1-17-59 RUS 16 Jugana RUS
2 Amphora RUS 17 K100 POL
3 Amur SVK 18 Karina POL
4 Aurora CAN 19 LeningradskijVelikan RUS
5 BakczarskijVelikan RUS 20 Nimfa RUS
6 BerryBlue CZE 21 Polar Jevel CAN
7 Blue Velvet RUS 22 Siniczka RUS
8 Borealis CAN 23 Sinoglaska RUS
9 Brązowa POL 24 T3 RUS

10 Czarna POL 25 T5 RUS
11 DoczVelikana RUS 26 Uspiech RUS
12 HoneyBee CAN 27 Valhova RUS
13 Indigo Gem CAN 28 Vostorg RUS
14 IndigoTreat CAN 29 Warta POL
15 Jolanta POL 30 Zielona POL

2.1. Fruit Extract Preparation for Polyphenols and Antioxidant Activity Determination

Before the experiment, whole frozen fruit samples (150 g) were homogenized with a blender
(PHILIPS). The appropriate fruit material (2.5 g) was successively extracted three times with 8 mL
acidified (0.1% (v/v) formic acid) 80% (v/v) methanol for 30 min (Multi-Rotator RS-60 (bioSan))
at room temperature. The supernatant was filtered using a vacuum pump and was poured
together. The final volume was 25 mL. The obtained extract was used for the determination of
total polyphenols (phenolics, flavonoids) as well as DPPH (1,1-diphenyl-2-picrylhydrazyl) and ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay.

2.2. Total Phenolics Content (TPC)

The total phenolics content of fruit extracts was determined according to the method of as
Khattab et al. [8]. The sample (0.1 mL each) was mixed with 0.4 mL of distilled water, and 2.5 mL 10%
Folin–Ciocalteau reagent (v/v) and incubated at room temperature for 5 min before being neutralized
by 2.0 mL of 7.5% (w/v) sodium carbonate solution. The reaction mixture was incubated at room
temperature for 2 h and the absorbance was measured at 760 nm using a UV–VIS spectrophotometer
(Shimadzu A-160, Shimadzu Corp., Kioto, Japan). The absorbance of each extract was reduced by
the absorbance of the blank sample that contained the distilled water instead of the Folin–Ciocalteau
reagent. Gallic acid in 50% (v/v) methanol solution at a range of concentrations (10–100 mg·L−1 was
used as a standard and a calibration curve was drawn. The content of total phenolics was expressed as
mg gallic acid equivalent (GAE)·100 g−1 of fresh weight. All samples were analyzed in five replications.

2.3. Flavonoids Content

Total flavonoids content of fruit extracts was determined using a spectrophotometric method [11].
The extract or standard (quercetin) (0.5 mL) was diluted to 3.7 mL with distilled water and mixed
with 0.15 mL of 5% (w/v) sodium nitrite (NaNO2) solution at time zero. After incubation at room
temperature for 5 min, 0.15 mL of 10% (w/v) aluminum chloride (AlCl3) was added and the mixtures
were vigorously shaken. After 1 min, 1 mL of 1 M sodium hydroxide (NaOH) was added, mixed, and
the absorbance at 510 nm was measured immediately versus a blank. The blank consisted of 50% (v/v)
methanol instead of sample. Quercetin in 50% (v/v) methanol solution at a range of concentrations
(10–100 mg·L−1) was used as a standard and a calibration curve was drawn. Total flavonoid content in
the extract was expressed as mg quercetin equivalent (QE)·100 g−1 fresh sample. All samples were
analyzed in five replicates.
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2.4. Antioxidant Activity

As suggested by Schlesier et al. [22] that the assessment of antioxidant activity should be carried
out using at least two methods, the DPPH and ABTS methods were used in this work.

2.4.1. DPPH Assay

The antiradical activity of extracts was determined with the DPPH• radical
(1,1-diphenyl-2-picrylhydrazyl), according to the method of Brand-Williams et al. [23] slightly modified
by Khattab et al. [8]. Fruit extracts or standard (Trolox) (0.1 mL) were mixed with 2.9 mL of 0.1 mM
DPPH solution and incubated in the shade at room temperature for 10 min. The absorbance was
measured at 515 nm. Solution with 100% methanol, instead of samples, was used as a control.
The absorbance of each extract was reduced by the absorbance of the blank sample that contained the
extract and 100% methanol instead of the DPPH solution. Antioxidant activity was calculated based on
Trolox standards at a range of concentrations 0.4–1.0 mM and expressed as a mmol Trolox equivalent
(TE)·100 g−1 fresh sample. All samples were analyzed in five replications.

2.4.2. ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) Assay

The antioxidant activity was also determined with the cation radical ABTS+• (2.2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid)), in line with the methodology described by Re et al. [24].
ABTS+• was generated by reacting ABTS aqueous solution (7 mM) with potassium persulfate (2.45 mM)
in the dark for 12–16 h. The initial solution was diluted until absorbance reached 0.7 (±0.02) at 734 nm.
The reaction mixture contained a 3 mL ABTS+• solution and a 0.03 mL extract or standard (Trolox).
Measurements were made after 10 min at room temperature. Antioxidant activity was calculated
based on Trolox standards at a range of concentrations 0.1–1.0 mM and expressed as a mmol Trolox
equivalent (TE)·100 g−1 fresh sample. All samples were performed in five replicates.

2.5. Fruit Extract Preparation for Vitamin C Content Determination

From the homogenized fruits (150 g) was prepared a 5 g sample which was mixed with 40 mL of
3% metaphosphoric acid. After stirred for 30 min (Multi-Rotator RS-60 (bioSan)) at room temperature
the solution was filtered using a vacuum pump. The final volume was made up to 50 mL with the 3%
metaphosphoric acid and the obtained extract was used for the determination of vitamin C content.

Vitamin C was determined with the spectrofluorimetric method [25] with necessary modifications.
The oxidizing solution (100 mL) was prepared by mixing of I2 (1.3 g), KI (40%, 10 mL) solution, HCl
(7 M, 0.1 mL) and distilled water. The derivatization reagent was prepared by dissolving OPDA
(o-phenyloenediamine, 10 mg) in 10 mL of 0.005 M H2SO4. Sample (2 mL) was mixed with 0.3 mL of
a 0.005 M solution of iodine in potassium iodide. After being vortexed for 1 min, 0.3 mL of 0.01 M
Na2S2O3 was added. After adjusting the pH of the samples to approximately 6.0, the derivatization
was carried out by adding 0.3 mL of OPDA solution and stirring for 30 min at room temperature.
The final volume was made up to 100 mL with the distilled water. The analysis was performed on
Cary Eclipse (Varian, Palo Alto, CA, USA) spectrofluorimeter at an excitation wavelength λ = 365 nm
and an emission wavelength λ = 425 nm. The vitamin C content was calculated based on a standard
curve obtained using an aqueous solution of L-ascorbic acid standard in concentrations of 10, 20, 50
and 100 mg·L−1. The vitamin C content in the extract was expressed as mg L-ascorbic acid·100 g−1

fresh sample. All samples were analyzed in five replications.

2.6. Statistical Analysis of the Data

All data obtained in the experiment were statistically analyzed by ANOVA (analysis of variance)
and the significance of differences between means was established by the Fishers LSD test at p≤ 0.05 with
Statistica 13.1 [26] statistical software. The cluster analysis based on the content of phenolics, flavonoids,
vitamin C and antioxidant activity was conducted using the Unweighted Pair-Group Method with
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Arithmetic Mean (UPGMA) method available in the same software [26]. Fruit phytochemical content
and antioxidant activity are quantitative features, so the genetic estimation of these traits may be
assessed with the use of genetic parameters like: heritability (H), genetic advance (GA), phenotypic and
genotypic coefficient of variability (PCV and GCV respectively). These parameters are commonly used
in creative breeding which is focused on obtaining new genetically improved cultivars (genotypes).
Estimation of these coefficients will help to know the gene action affecting the concerned traits.
Heritability is a genetic parameter used for the evaluation of genetic determination of quantitatively
inherited traits. Heritability values are useful to indicate the reliability of the phenotypic value of
characteristic to predict its genetic value, high values indicate a greater possibility of genetic advance
(GA) obtained with the selection. Generally, heritability indicates the effectiveness with which the
selection of genotypes could be based on phenotypic performance. Genetic advance (GA) expected
from the selection is a precise indicator of the improvement of features in genotypic value for the
new breeding population compared with the base population under one cycle of selection at a given
selection intensity. Genetic advance (GA) can be estimated in population by multiplication of the values
of heritability (H), phenotypical standard deviation of traits (∂p) in population and selection intensity
coefficient (k), which value depends on the percent of selection intensity (in our research 20%, k = 1.4),
so that GA = k·∂p·H. In our study, all analyzed traits were assessed by their phenotypic and genotypic
value. The phenotypic value of an individual is the values of the traits observed and measured in the
test sample. For each quantitative trait, a part resulting from the action of genes can be separated from
its phenotypic value and is called the genotypic value. The genotypic and phenotypic coefficient of
variation (GCV, PCV) was calculated using the formula of Burton and DeVane [27], heritability (H) and
genetic advance (GA) were calculated according to Allard [28] in an Excel spreadsheet. Relationships
between fruit characteristics were estimated using Pearson’s correlation coefficient (r). Correlation
coefficients measure the mutual relationship between a pair of variables, independently of other
variables being considered. Correlation coefficients between characteristics were estimated both on
the basis of phenotypic values (phenotypic correlation) and genotypic values (genotypic correlation).
Genotypic and phenotypic correlation coefficients were computed using META-R software [29].

3. Results and Discussion

The results obtained in this study (Table 2) clearly indicate that the content of bioactive compounds
and antioxidant activity was significantly different in the studied group of genotypes.

Among the analyzed properties, the highest value of the coefficient of variation (CV, 32.8%)
was observed for vitamin C, while flavonoid and phenolic compound values were much lower and
very similar (19.2 and 19.8, respectively). Antioxidant activity determined by the ABTS method was
characterized by greater variability when compared to the DPPH method. Vitamin C content ranged
from 8.5 to 29.7 mg L·100 g−1 fw which meant over a three times higher content of this compound
in cultivars such as Zielona, Karina or clone T5 compared to the cultivar Brązowa. In the study of
Molina et al. [30], the average ascorbic acid level was 24.8 mg·100 g−1 fw; Caprioli et al. [31] recorded
an average level of ascorbic acid of 22.5 mg·100 g−1, while Wojdyło et al. [10] obtained 17 mg·100 g−1

fw. Thus, these values differed only slightly from the mean for all genotypes tested in this experiment.
Apart from cultivar, works of other authors indicated a possible significant impact on the level of this
property of factors such as locality and years of research, resulting in different content of this compound
in the range: 17–25 mg·100 g−1 [32]; 31.9–44.5 mg·100 g−1 [33]; 3.19–32.12 mg·100 g−1 [10]. However, the
cited values are significantly lower compared to the previously recorded high content in the range from
28.56 to 86.9 mg·100 g−1 by Pokorná-Juríková and Matuškovič [34] for Lonicera kamtschatica, cultivar
Gerda 25 and exceptionally high content in the range of 67.66–186.61 mg·100 g−1 fw obtained in the
study on cultivars and clones by Jurikowa et al. [35]. Nevertheless, it can be indicated (in principle)
that this genetic background in most cultivars has a decisive influence on the level of synthesis of
this compound, while other genotypes are more variable in this respect. For example, vitamin C
content tested in Switzerland was the highest in the cultivar Indigo Gem, lower in IndigoTreat and
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the lowest in Berry Blue [7] and the same order of cultivars in terms of this compound content was
observed in our research. This confirmed the essential role of the genotype of the cultivar in shaping
this property, as pointed out by Jurikova et al. [36]. Increasing the level of vitamin C in fruits seems to
be the desired direction of changes in new cultivars, and this is related to reports that the consumption
of high vitamin C doses results in enhanced antisenescence and anti-atherosclerotic effects [37].

Table 2. Total phenolics, flavonoids, vitamin C content and antioxidant activity determined by the
DPPH (1,1-diphenyl-2-picrylhydrazyl) and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) assays in fruits of 30 genotypes of blue honeysuckle. The results are given in mg gallic acid
equivalent (GAE)·100 g−1 fw (phenolics), mg quercetin equivalent (QE)·100 g−1 fw (flavonoids), mg
L-ascorbic acid·100 g−1 fw (Vitamin C), mmol Trolox equivalent (TE)·100 g−1 fw (DPPH and ABTS).

Genotypes Phenolics Flavonoids Vitamin C
Antioxidant Activity

DPPH ABTS

1-17-59 934.1 ± 21.8 1137.5 ± 19.9 9.8 ± 3.6 2.2 ± 0.01 5.5 ± 0.17
Amphora 727.9 ± 43.4 1030.5 ± 9.2 9.6 ± 0.7 2.0 ± 0.03 4.5 ± 0.28

Amur 509.8 ± 24.5 722.1 ± 18.0 24.1 ± 0.9 1.6 ± 0.02 2.6 ± 0.10
Aurora 422.3 ± 27.8 609.8 ± 13.5 15.6 ± 1.7 1.2 ± 0.05 2.6 ± 0.70

Bakczarskij Velikan 642.1 ± 24.6 1054.0 ± 17.2 16.5 ± 0.3 1.9 ± 0.04 4.1 ± 0.16
Berry Blue 501.0 ± 18.7 684.1 ± 4.3 11.1 ± 0.7 1.4 ± 0.03 2.5 ± 0.02
Blue Velvet 518.5 ± 28.4 679.0 ± 20.3 22.9 ± 0.6 1.4 ± 0.06 3.1 ± 0.05

Borealis 480.6 ± 30.6 679.2 ± 32.1 17.3 ± 0.6 1.5 ± 0.08 3.4 ± 0.05
Brązowa 470.2 ± 19.2 436.9 ± 6.6 8.8 ± 0.9 1.4 ± 0.01 2.9 ± 0.06
Czarna 746.5 ± 10.5 1002.5 ± 17.1 21.1 ± 2.5 1.9 ± 0.06 3.3 ± 0.18

Docz Velikana 642.2 ± 9.4 938.7 ± 8.0 17.6 ± 1.1 1.8 ± 0.04 3.3 ± 0.20
Honey Bee 497.1 ± 18.9 740.9 ± 9.1 21.2 ± 1.2 1.6 ± 0.05 3.2 ± 0.11
Indigo Gem 477.4 ± 18.7 680.7 ± 6.6 24.3 ± 0.2 1.4 ± 0.08 3.2 ± 0.06
Indigo Treat 756.6 ± 32.0 969.8 ± 15.3 15.4 ± 3.7 1.9 ± 0.05 4.4 ± 0.43

Jolanta 512.5 ± 6.9 626.1 ± 14.6 24.7 ± 2.6 1.6 ± 0.06 2.2 ± 0.84
Jugana 659.4 ± 17.3 863.8 ± 12.2 12.6 ± 4.3 1.9 ± 0.03 3.4 ± 0.24
K100 491.0 ± 14.5 727.8 ± 6.0 19.0 ± 0.2 1.4 ± 0.04 3.0 ± 0.05

Karina 606.7 ± 33.9 899.5 ± 12.8 27.7 ± 4.0 1.6 ± 0.05 3.6 ± 0.08
Leningradskij

Velikan 616.6 ± 9.9 966.5 ± 12.3 23.8 ± 1.3 1.6 ± 0.05 3.7 ± 0.02

Nimfa 591.6 ± 13.6 902.0 ± 13.4 24.6 ± 1.7 1.7 ± 0.04 3.5 ± 0.10
Polar Jevel 461.3 ± 34.8 707.0 ± 7.9 8.5 ± 1.0 1.4 ± 0.06 2.5 ± 0.08

Siniczka 610.1 ± 24.1 906.8 ± 12.7 17.5 ± 0.9 1.8 ± 0.06 3.3 ± 0.14
Sinoglaska 732.9 ± 20.6 960.1 ± 6.1 13.9 ± 1.4 1.9 ± 0.03 3.3 ± 0.27

T3 658.8 ± 36.1 924.7 ± 7.5 21.9 ± 0.4 1.8 ± 0.06 3.5 ± 0.35
T5 506.6 ± 14.2 798.5 ± 12.4 26.8 ± 2.3 1.4 ± 0.05 2.9 ± 0.12

Uspiech 616.1 ± 20.4 949.8 ± 25.4 18.2 ± 0.8 1.8 ± 0.07 2.9 ± 0.52
Valhova 700.3 ± 21.7 1023.7 ± 18.6 14.1 ± 0.4 1.9 ± 0.05 3.6 ± 0.18
Vostorg 537.5 ± 0.9 766.4 ± 4.3 22.2 ± 0.3 1.6 ± 0.02 2.5 ± 0.06
Warta 462.7 ± 4.5 708.6 ± 15.5 17.6 ± 0.7 1.3 ± 0.04 2.8 ± 0.08

Zielona 688.6 ± 24.5 929.9 ± 10.3 29.7 ± 0.1 1.8 ± 0.03 3.5 ± 0.21
LSD 29.0 18.1 2.6 0.06 0.31

Mean 592.6 834.2 18.6 1.7 3.3
Standard deviation 118.0 160.9 6.1 0.3 0.7

Range 422.3–934.1 436.9–1137.5 8.5–29.7 1.2–2.2 2.2–5.5
CV (%) 19.8 19.2 32.8 15.1 21.7

The largest and most diverse group of polyphenols are flavonoids, which occur in the form of free
molecules or bound to sugars. Flavonoids are characterized by a wide spectrum of health-promoting
activities and are used in the pharmaceutical, medical and cosmetic industries. This is due to their
antioxidant, anti-inflammatory, antimutagenic and anticarcinogenic properties combined with their
ability to modulate key functions of cellular enzymes. They are used to combat diseases such as cancer,
Alzheimer’s disease and atherosclerosis [38]. The following genotypes were characterized by a high
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content of flavonoids, exceeding 1000 mg·100 g−1 fw: clone 1-17-59, cvs Bakczarskij Velikan, Amphora,
Valhova and Czarna, and this value was more than twice as high as that observed in the weakest cultivar
in this respect, Brązowa. Different contents of this compound in the analyzed group of 12 genotypes (of
Russian origin) were observed by Rop et al. [14], who emphasized the pronounced cultivar variability
in this regard. The cultivars Borealis and Indigo Gem tested by Rupasinghe et al. [11] in Canada were
characterized by total flavonoid content at the level of 699.29 and 638.55 mg QE·100 g−1 fw, respectively.
The same cultivars in Poland showed a similar content of this group of compounds, while flavonoid
content in the cultivars Leningradskij Velikan and Nimfa (3.27 and 3.11 g·kg −1 fw, respectively), tested
in the Czech Republic [14], was much lower compared to the results obtained in the present work.
The opposite was found in Berry Blue, Borealis and Indigo Gem, for which Rupasinghe et al. [16]
obtained significantly higher values (1156.6, 1582.8 and 1128.5–1327.0 mg QE·100 g−1 fw respectively)
compared to the results in this study. Therefore, it should be noted that a large variation in the content
of flavonoids may result from cultivar differences and growing locations and conditions, as also
indicated by the authors cited above.

The role of plant phenolics in the prevention against chronic diseases such as cardiovascular,
diabetes and neurodegenerative diseases has been suggested in many studies. Honeysuckle berry fruit
contains triterpenoic acids, β-carotene, catechol, flavonols, chlorogenic acid and many other acids [39].
In the current study, the group of genotypes with a high total phenolic content included: clone 1-17-59,
cvs. IndigoTreat, Czarna, Sinoglaska, Amphora, and Valhova, while low values of this trait were
recorded in cultivars Aurora, Polar Jevel and Warta. The list of 19 cultivars in terms of total polyphenol
content presented by Gołba et al. [39], indicating that cultivars of Canadian origin such as Aurora,
Borealis and Honey Bee were characterized by a lower content of this group of compounds compared
to cultivars of Russian origin. This general tendency was also confirmed in our research, with the
exception of the cultivar IndigoTreat, where polyphenol content was the highest among the cultivars
studied. In the study by Senica et al. [40], the content of this group of compounds in Canadian cultivars
ranged from 362.2 mg GAE·100 g−1 fw to 471 mg GAE·100 g−1 fw, while the values observed by us
were close to or slightly above the upper range. Kusznierewicz et al. [12] showed that some genotypes
analyzed in different locations were characterized by a similar level of total anthocyanin content, total
phenolic content and antioxidant activity, while others significantly varied in this respect. For example,
the cultivar Berry Blue, tested in Canada, showed a lower level of total phenolic content compared to
the cultivar Indigo Gem [8], whereas in our research, it was Berry Blue that was more effective in this
regard. In contrast, earlier studies by Orincak et al. [41] suggested that different cultivation conditions
did not seem to significantly influence the content of this compound. Therefore, while the variability
of chemical compositions in the cultivars tested under the same conditions results from their genetic
diversity [42], additionally, changes in environmental conditions may also result in an increased or
decreased level of their synthesis. Additional factors affecting the observed level of properties include
different years (differences in climatic conditions) [34] and maturity stage of the fruit, as late-harvested
fruits had significantly higher polyphenolic content then early harvested berries [43,44]. Moreover,
Kithma et al. [15] found that the impact of the harvesting date on polyphenol composition was very
distinct. Considering that the total phenolic content for the studied group of genotypes was on average
592 mg 100 g−1 fw, the daily intake of phenolic extract calculated by Jurgoński et al. [45] at the level of
0.8 g can be successfully met by eating fruits of this species.

The consumption of products containing high levels of antioxidants shows a positive effect against
cancers and inflammatory diseases. The honeysuckle berry serves as a rich source of free radical
scavengers [39]. The genotypes 1-17-59 and Amphora were characterized by the highest antioxidant
activity, determined both by the DPPH and ABTS methods. In turn, the lowest antioxidant activity
was found for the cultivar Aurora using the DPPH method and the cultivar Jolanta using the ABTS
method. In the group of genotypes studied by Rop et al. [14], the cultivars Leningradskij Velikan and
Nimfa had the lowest antioxidant activity. In our research, on the other hand, Nimfa belonged to
the group of intermediate activity, and Leningradskij Velikan to a slightly lower antioxidant activity.
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In turn, Auzanneau et al. [7] considered IndigoTreat and Uspiech as the best cultivars in terms of
antioxidant activity, as determined by DPPH and ABTS, and Berry Blue as the weakest in this respect,
which was also demonstrated in our research. Moreover, the latter authors pointed out that different
antioxidant activities in individual years of research could be the result of weather conditions. Research
by Rupasinghe et al. [11] and Bakowska-Barczak et al. [21] indicated that the antioxidant potential of
haskap berries was higher compared to fruits of other berry plants. According to Khattab et al. [8],
it resulted from the high phenolic and anthocyanin content, as the highest radical scavenging activity
was found in cultivars with a high content of these compounds. In relation to phenolic compounds,
this was confirmed by the results of this study listed in Table 3, where high and statistically significant
correlations, both at the phenotype and genotype levels, were found between polyphenol content
and antioxidant activity analyzed by the DPPH and ABTS methods (phenotypic 0.94, genotypic 0.95;
phenotypic 0.72, genotypic 0.82, respectively).

Table 3. Phenotypic (right side) and genotypic (left side) correlation matrix between bioactive
compounds studied in 30 blue honeysuckle genotypes.

Flavonoids Phenolics Vitamin C DPPH ABTS

Flavonoids 1.0000 0.8797 * 0.0838 ns 0.8302 * 0.7085 *
Phenolics 0.8850 * 1.0000 −0.0343 ns 0.9417 * 0.7183 *
Vitamin C −0.0246 ns

−0.1843 ns 1.0000 −0.0751 ns
−0.0615 ns

DPPH 0.8551 * 0.9520 * −0.1911 ns 1.0000 0.6584 *
ABTS 0.7495 * 0.8222 * −0.2235 ns 0.7435 * 1.0000

* significant at p ≤ 0.05; ns not significant.

Such correlation also concerned flavonoid content and both methods measuring antioxidant
activity. In addition, similarly to Rupasinghe et al. [11], a highly positive correlation between total
phenolic content and total flavonoid content was observed. Therefore, according to many authors,
the high antioxidant activity of the Kamchatka berry, previously determined on the basis of a smaller
number of genotypes compared to this study, was caused by both the high level of total flavonoid
and total polyphenol contents [9,14,46,47]. On the other hand, correlations between vitamin C and
polyphenol content were negative, however, this direction of interactions was confirmed by the study
of Senica et al. [40]. Although correlations at the phenotypic level are helpful in determining the
relationship between the studied traits, it should be noted that apart from the genetic component, they
also contain an environmental determinant, thus the desired direction of trait-level change should
not be fully expected during the selection of breeding materials. Therefore, it is important to analyze
the relationship directly at the genotypic level. In our research, in most cases, genotypic correlation
coefficients were higher than phenotypic ones, which indicated, as reported in the example of other
species of berry plants by Mishra et al. [48], that the effects of environment suppressed the phenotypic
relationship between these characters. Moreover, knowledge of the degree of genetic correlations
between important traits had a great impact on the selection of improved genotypes in breeding
programs [49,50] and enabled indirect selection. According to Connor et al. [51], the total phenolic
content was suitable for indirect selection for antioxidant activity in blueberry, indicating the possibility
of also obtaining new blue honeysuckle genotypes with higher levels of phytochemical compounds.

The content of total phenolics, flavonoids, vitamin C as well as antioxidant activity analyzed by
means of cluster analysis (Figure 1) revealed three main cluster groups.

The first one comprised only the breeding clone 1-17-59, which showed the remarkably high
content of phenolics, flavonoids as well as antioxidant activity in both testing methods. The second
one was composed of thee genotypes—Amfora, IndigoTreat and Bakczarskij Velikan—for which the
values of the analyzed parameters were slightly lower. Two sub-clusters could be distinguished within
the third cluster, the first one composed of 11 genotypes and the second one composed of 15 genotypes.
It should be noted that within the analyzed clusters, there was no genotype clustering with a common
country of origin, similar to what was observed by Sochor et al. [9].
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σ σ

Figure 1. Dendrogram estimating distance among 30 blue honeysuckle genotypes based on phenolic
acid, flavonoid, vitamin C content and antioxidant activity.

The estimation of genetic components of variance allows for the understanding of the function of
genes affecting the quantitative traits. Among them, the most important parameters are genotypic
and phenotypic variances, heritability [52], and heritability coupled with high genetic advance as a
percentage of the mean provides better information than single parameters [53]; the values of these
parameters are presented in Table 4.

Table 4. Estimates of variance, heritability (H) and genetic advance of fruit phytochemical content and
antioxidant activity in 30 blue honeysuckle genotypes.

Traits
Phenotypic
Variance

(σ2
P)

Phenotypic
Coefficent of

Variation
(PCV %)

Genotypic
Variance

(σ2
G)

Genotypic
Coefficient of

Variation
(GCV %)

Heritability
(H)

Genetic
Advance

(GA)

Genetic
Advance as

Percentage of
Mean (GAM %)

Flavonoids 26,615 19.56 26,406 19.48 0.99 226.61 27.16
Phenolics 14,302 20.18 13,756 19.79 0.96 161.14 27.19
Vitamin C 110.21 56.34 105.72 55.19 0.95 14.09 75.67

DPPH 64,266 15.32 62,133 15.06 0.96 343.13 20.74
ABTS 528,371 22.08 468,188 20.78 0.88 901.74 27.39

Phenotypic variance values expressed by the phenotypic coefficient of variation (PCV%) for all
traits were only slightly higher than genotypic variance values expressed by the genotypic coefficient
of variation (GCV%), which indicated a low environmental impact on the level of these properties.
The values of the heritability coefficient ranged from 0.88 for the assessment of antioxidant activity
using the ABTS method to 0.99 for flavonoid content. These values should be considered high because
Falconer [54] considered heritability above 0.5 already as high. Such high heritability values of
the analyzed parameters are, according to Vieira et al. [50], useful to indicate the reliability of the
phenotypic value in predicting the genetic value, since high values suggest a greater possibility of
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gain with the selection. Moreover, due to the insignificant influence of environmental conditions, they
may constitute the basis for direct selection [55]. High heritability coupled with high genetic advance
as a percentage of the mean was observed for vitamin C content, and thus selection would be very
effective for this trait. For phenolic and flavonoid content and antioxidant activity, satisfactory selection
effects can also be obtained, because heritability and genetic gain are still high. Since this is the first
report regarding heritability and genetic advance for the content of phenols, flavonoids, vitamin C and
antioxidant activity in blue honeysuckle, the results can be applied only to other species of berry plants.
For example, in physico-chemical studies of various characteristics of strawberry fruits, Vieira et al. [50]
observed heritability in the range 0.79–0.31, while Mishra et al. [48] estimated ascorbic acid heritability
in this species at the level of 0.76. In the red raspberry, heritability (narrow-sense) estimates of Connor
et al. [56] were H = 0.54 for antioxidant activity and 0.48 for total phenolic content; these estimates
implied that a rapid response to selection was possible. Connor et al. [56] estimated the heritability of
blueberries to be 0.43 for antioxidant activity and 0.46 for total phenolics. Antioxidant capacity and
total phenolic content (TPC) were at the same level of heritability (0.55) in blackcurrants [57].

4. Conclusions

Honeysuckle fruits are a valuable source of health-promoting compounds that can be used as
nutraceuticals. The use of the genus Lonicera fruits in the diet as a potential source of bioactive
compounds with health-promoting properties can be extremely beneficial for consumers. The research
presented in this article extends and updates the existing reports on honeysuckle berries. Our research
revealed that some of the genotypes analyzed for the first time (1-17-59, DoczVelikana, Jugana, Polar
Jevel, Valhova) were characterized by a higher level of phenolic compounds, flavonoids and antioxidant
activity compared to the already analyzed genotypes. This shows that breeding studies allow for a
significant increase in the content of biologically active compounds with health-promoting properties
in the fruits of this species. It can be concluded, based on the analysis of the group of genotypes
studied, that there is a potential for obtaining new genotypes with increased content of all analyzed
properties, including particularly high vitamin C content.
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35. Jurikova, T.; Sochor, J.; Rop, O.; Mlček, J.; Balla, S.; Szekeres, L.; Žitný, R.; Zitka, O.; Adam, W.; Kizek, R.

Evaluation of Polyphenolic Profile and Nutritional Value of Non-Traditional Fruit Species in the Czech
Republic—A Comparative Study. Molecules 2012, 17, 8968–8981. [CrossRef]

36. Jurikova, T.; Matuskovic, J.; Gazdik, Z. Effect of irrigation on intensirty of respiration and study of sugar and
organic content in different development stages of Lonicera kamtschatica and Lonicera edulis berries. Hortic.

Sci. 2009, 36, 14–20. [CrossRef]
37. Kim, S.M.; Lim, S.M.; Yoo, J.A.; Woo, M.J.; Cho, K.H. Consumption of high-dose vitamin C (1250 mg

per day) enhances functional and structural properties of serum lipoprotein to improve anti-oxidant,
anti-atherosclerotic, and anti-aging effects via regulation of anti-inflammatory microRNA. Food Funct. 2015,
6, 3604–3612. [CrossRef]

38. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, 47. [CrossRef]
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