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Abstract: Eggplant is an economically important vegetable with a potential for functional food
production, mainly due to its high fruit antioxidant capacity. The goal of the present study was to
investigate the main physicochemical and antioxidant parameters, and assess the bioactive profiles, of
19 eggplant genotypes of diverse origin, including Greek commercial varieties and hybrids, landraces
and the related species S. macrocarpon. For that reason, the physicochemical traits (dry matter,
pH, total soluble solids and total acidity) were assessed in the eggplant fruit and some important
bioactive compounds (total phenols (TPC), total flavonoids (TFC), total monomeric anthocyanin
(TAC), chlorogenic acid (CA) and its isomers neo- and crypto-CA) were assessed both in fruit pulp
and peel. In addition, the antioxidant capacity was assessed according to ABTS•+, DPPH• and
FRAP assays. The results revealed significant differences between the studied genotypes for all the
evaluated traits, for both fruit parts. Solanum macrocarpon showed a distinct bioactive profile and was
superior for most of the pulp traits (TFC, neo-CA, crypto-CA, ABTS•+, DPPH• and FRAP). Among the
eggplant materials, the landrace ‘KD054/07’ had very high values for pH and some pulp traits (TPC,
CA, ABTS•+ and FRAP), while the commercial F1 hybrid ‘Nilo’ was superior for dry matter and most
of the peel traits (TPC, TFC, ABTS•+ and FRAP). The Greek commercial variety ‘Langada’ performed
well for TAC and peel CA, ABTS•+ and FRAP, while ‘Tsakoniki’ had very high anthocyanin and
pulp TPC content. These results constitute a source of information for a subset of the Greek eggplant
germplasm and could contribute both to the promotion of Greek varieties of high bioactive and
antioxidant value, as well as to the targeted selection of parents in breeding programs.

Keywords: genetic resources; genetic diversity; breeding; landraces; hybrids; commercial varieties;
Solanum melongena; Solanum macrocarpon; phenolics; antioxidant activity

1. Introduction

Eggplant or aubergine (Solanum melongena L.) is the third most widely grown solanaceaeous
vegetable after potato and tomato, with commercial and economic importance. It is culti-
vated mainly in the tropical and the subtropical zones, either in open field or greenhouse
conditions [1–4]. Recent statistics from the Food and Agriculture Organization (FAO) show
that the world production of eggplant cultivation in 2020 rose to 56.6 million tons derived
from about 1.88 million ha of cultivated area [5].

The eggplant fruit has well-known nutritional value, with sufficient amount of car-
bohydrates, proteins and minerals such as copper, zinc, iron and vitamins [6,7]. In addi-
tion, eggplant contains a considerably high concentration of health-promoting bioactive
compounds, such as phenolic acids [8,9], whereas almost 90% of these constituents are
chlorogenic acids (CAs) [10]. The contained polyphenols act as nutraceuticals that prevent
cancer, cardiovascular diseases, respiratory infections and protect the brain’s memory
function [4,11–15].
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Another important phenolic group that can be found in the peel (epicarp) of the purple
eggplant fruit are anthocyanins [11], which are mainly the glycosides of delphinidin [12,13].
The main delphinidin derivative reported in eggplant’s peel is nasunin, which consists of cis-
and trans- isomers of delphinidin [14]. This compound was found to suppress angiogenesis,
a process involved in atherosclerosis as well as tumor growth and metastasis [15], whereas
it is a potent superoxide anion radical scavenger, inhibits hydroxyl radicals generation by
chelating ferrous ion and has protective activity against lipid peroxidation [16].

A thorough literature review revealed that there is a considerable genetic variation in
the eggplant genetic pool concerning the fruit nutritional value and bioactive properties.
That was particularly true for total phenolic content (TPC), CA content, DPPH scavenging
activity, polyphenol oxidase activity, antioxidant activity, flavonoid levels, ascorbic acid
and soluble solids contents [17–21]. According to previous research studies, the existence
of sufficient genetic variation within the eggplant germplasm justifies the breeding efforts
to enhance fruit functional and apparent quality [20,22].

In order to develop new eggplant varieties with higher nutritional value, a broader ge-
netic pool is required to increase the chances of identifying and utilizing superior genotypes
in future relevant breeding programs. Eggplant local landraces represent a valuable source
of genetic variation, as they could broaden the genetic basis of nutritional and functional
quality related traits, whereas F1 hybrids seem to share a rather narrow genetic pool [23].
Other wild and cultivated relatives of eggplant can also contribute with significant ge-
netic variation. For example, the wild species S. incanum was used for the mapping of
genes involved in CA and polyphenol oxidase biosynthesis and contributed with alleles
for breeding eggplants with high fruit TPC content [24,25]. Moreover, the domesticated
S. macrocarpon (Gboma eggplant) and its wild ancestor S. dasyphyllum are crossable with
eggplant and have a great potential for breeding for high levels of TPC, CA and other
bioactive compounds [10,26]. Moreover, bioactive metabolite and antioxidant contents of
eggplant are varied in different fruit’s anatomic tissues, e.g., pulp and peel [27,28].

Considering the above, we conducted the present study to assess the physicochemical
properties, bioactive compounds and antioxidant activity of the pulp and peel of eggplant
fruits from 19 different genotypes in order to identify superior genotypes to be used per
se in eggplant cultivation or as parents in breeding programs. It is conceivable that the
screening of locally or internationally available eggplant germplasms and the subsequent
identification of genotypes with high nutrient content would equally be beneficial for:
(1) the eggplant breeders who intend to develop new cultivars with improved nutrient
properties and quality, (2) the eggplant growers who aim to raise prices by growing health-
promoting products and (3) the consumers who demand healthier agricultural products.

2. Materials and Methods
2.1. Plant Material

The plant material used in this study is a subset of the eggplant germplasm collection
of the Greek Gene Bank (G.G.B.) of the Institute of Plant Breeding and Genetic Resources
(I.P.G.R.B.) of the Hellenic Agricultural Organization (ELGO)—Dimitra. A total of 19 egg-
plant genotypes were used, for which the relevant data are presented in Table A1, in the
Appendix. The studied material consisted of ten Greek landraces (L), three Greek commer-
cial varieties (C) developed from landraces through classical breeding, two commercial F1
hybrids (Hyb), a breeding line (BL), two experimental F1 hybrids (Cross) derived from the
hybridization some of the aforementioned Greek genotypes, and the closely related culti-
vated species S. macrocarpon L (Smac). The majority of the selected materials for this study
are representative of eggplant diversity in Greece, with different geographical distribution
and fruit morphology (Figure A1).

2.2. Field Experimentation

For each accession, seeds were sown in individual 10 cm diameter pots filled with peat
and perlite as rooting media and grown in early May 2021 under greenhouse conditions at
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IPBGR, Thermi-Thessaloniki (40◦32′08.7′′ N, 23◦00′06.4′′ E). Thirty individual plants at the
stage of 5–7 leaves of each genotype were later transplanted to an open field of IPBGR in
June 2021. A randomized complete block design (RCBD) was used with 10 plants for each
of the three replicates. Each block occupied approximately an area of 125 m2, and the plant
spacing was 0.5 m on the row and 1.2 m between rows. The plants were drip-irrigated and
the field was hand-weeded when necessary. The first and the tenth plant of each genotype
in each block were guard plants. Each plant was supplied twice with 1 g of water-soluble
NPK 20-20-20 fertilizer through the irrigation system. The fertilizer was applied two and
four weeks after transplanting. All the other cultural practices were in accordance with a
low-input sustainable horticulture.

2.3. Sample Preparation

About one to three representative fruits per plant were collected at commercial ma-
turity from the 10 plants per replicate and then were bulked and were considered as one
replication (i.e., three replications per genotype). Fruits were washed with tap water, cut
across two longitudinal sections (about 2 cm wide) and the peels were separated manually
from the pulp with a sharp knife. Both parts were chopped into small pieces (pulp in
cubes of about 1–3.3 cm3 and peels of about 1–4 cm2). Subsequently, both pulp and peel
samples were freeze-dried for 72 h with a lyophilizer (Freeze-dryer Alpha 1–2 LD plus,
Christ, Osterode, Germany) to obtain dried samples, and then grounded in a laboratory
mill (ZM 1000, Retsch GmbH, Haan, Germany) to pass a 0.50 mm sieve and stored in
−20 ◦C until analysis. Powdered tissue samples were used to determine the bioactive
compounds and the antioxidant activity, whereas non-lyophilized fresh tissue was used for
the determination of the physicochemical parameters.

2.4. Evaluated Parameters
2.4.1. Physicochemical Parameters

Dry matter (DM), expressed as g/100 g of fresh weight (FW), was assessed after oven
drying of one fraction of fresh random pulp samples at 72 ◦C for 48 h [29]. The other fraction
of fresh pulp samples for each genotype were homogenized with a household blender
and then were vacuum-filtered through a Whatman No. 2 filter (Whatman International
Ltd., Maidstone, UK), according to the specifications Kadoglidou et al. [30] with some
modifications. Then, the extracts were used for the determination of pH, total soluble
solids (TSS) and titratable acidity, as described below. Specifically, pulp pH was measured
with a portable pH meter (MW802, Milwaukee Instruments Inc., Rocky Mount, NC, USA),
whereas the content of TSS was determined using a digital handheld refractometer (DR201-
95 Krüss Optronic, Hamburg, Germany) and expressed in degrees Brix [31]. Titratable
acidity (expressed as g citric acid/100 g of FW) was assessed on the same eggplant filtrate
pulp through titration with 0.1N NaOH up to 8.1 pH, using 1% phenolphthalein as an
indicator, according to the specifications of Sadler and Murphy [32]. Each sample was
triplicated.

2.4.2. Sample Extraction

The sample extraction was carried out for pulp and peel separately. A quantity of
200 mg of freeze-dried powdered eggplant sample was transferred to glass vials containing
5 mL of aqueous methanol (methanol/H2O, 80:20, v/v) and the phenolic compounds
were extracted, according to the protocol of Ntinas et al. [33] with some modifications.
The suspension was vortexed for 1 min and then it was incubated in an ultrasound bath
(frequency 37 kHz, model FB15051, Thermo Fisher Scientific Inc. Loughborough, England)
for 20 min. Afterwards, the crude extract was centrifuged at 4000× g for 10 min (Universal
320R, Hettich, Germany), the supernatant was collected, and the residue was re-extracted
with 5 mL aqueous methanol and centrifuged as described above. Each extraction was
triplicated. The obtained extractions were used for all the analysis described below.
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2.4.3. Bioactive Compounds Determination
Total Phenolics Content (TPC)

The analyses of TPC were performed using the Folin–Ciocalteu’s method according to
the specifications of Singleton et al. [34] with some modifications. Briefly, 0.2 mL of sample
extract was transferred into a test tube and mixed with 0.8 mL of the Folin–Ciocalteu
reagent. Methanol/water mixture (70:30, v/v) was used as blank. After incubation for
2 min, 2 mL of sodium carbonate (7.5% w/v) solution was added to the reaction mixture
and the volume was adjusted to 10 mL with the addition of distilled water. The mixture was
allowed to stand for 60 min in a dark place and then the absorbance at 725 nm was recorded
using gallic acid (GA) as the standard [35]. Values were determined from a calibration curve
obtained with GA solutions at concentrations ranging from 25 to 500 µg/mL, following
the same procedure as described above. The analyses were performed in triplicate, and
results were expressed as mg of GA equivalents (GAE) per g of sample on a dry weight
basis (mg GAE/g dw).

Total Flavonoids Content (TFC)

The TFC of the sample extracts, obtained as described above, were evaluated by the
AlCl3 reagent method of Bao et al. [36] with slight modifications. Aliquot of 0.3 mL of
extract was pipetted into a test tube containing 2 mL double distilled H2O and mixed with
0.225 mL 5% NaNO2. After 5 min, 0.225 mL 10% AlCl3 · 6H2O solution was added, the
mixture was allowed to stand for another 5 min, and then 0.750 mL 2 M NaOH was added.
The reaction solution was well mixed, kept for 15 min in the dark, and the absorbance
was determined to be at 510 nm using catechin (CAT) as a standard. Methanol was used
as a blank sample. Values were determined from a calibration curve obtained with CAT
solutions at concentrations from 5 to 200 µg/mL, following the same procedure as described
above. The analyses were performed in triplicate and the results were expressed as mg
CAT equivalents (CATE) per g of sample on a dry weight basis (mg CATE/g dw).

Total Monomeric Anthocyanins Content (TAC)

A quantity of 500 mg of freeze-dried powdered eggplant sample were extracted, as
previously described, with 10 mL of methanol solvent (methanol/HCI 1N, 85:15, v/v).
Aliquots of 3 mL extract were mixed thoroughly with 1 mL of 0.025 M potassium chloride
buffer pH 1.0, and the absorbance of the mixture was measured at 520 and 700 nm after
30 min. Extracts were combined similarly with 0.4 M sodium acetate buffer pH 4.5, and
the absorbance was measured at the same wavelengths. Distilled water was used as a
blank sample. Total monomeric anthocyanin content (TAC) in the extracts was calculated
based on the spectrophotometric pH differential method according to the specifications of
Lee et al. [37]. It was expressed as cyanidin-3-glucoside equivalents (C3GE) according to the
following formula: anthocyanin pigment (C3GE, mg/L) = A ×MW × DF × 103/(ε × l),
where absorption (A) = (A520nm−A700nm) at pH 1.0 and (A520nm−A700nm) at pH 4.5, MW
(molecular weight) = 449.2 g/mol for C3G, DF = dilution factor, ε = 26.900 molar extinction
coefficient in L × mol−1 × cm−1 for C3G, l = pathlength in cm and 103 = factor for
conversion from g to mg. Finally, TAC results were expressed as mg C3GE per g of sample
on a dw basis (mg C3GE/g dw).

Chlorogenic Acids (CAs)

The phenolic extracts obtained from the pulp and the peel of each eggplant genotype
were used to determine the chlorogenic acid and its isomers by using an Agilent Technolo-
gies HPLC (1200 series, Urdorf, Switzerland) system equipped with a Nucleosil 100 C18
column (250 mm × 4.6 mm, i.d. 5 µm), thermostated at 30 ◦C, according to the protocol
previously described by Skendi et al. [38] with some modifications. The phenolic extract
samples were filtered through PTFE syringe filters with 0.22 µm pore size and were injected
at the 20 µL loop. The mobile phase consisted of 1% (v/v) aqueous acetic acid (A), methanol
(B) and acetonitrile (C); its initial composition was 90% A and 10% B, and its flow rate was
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1.3 mL/min. Adopting a linear gradient program, the composition changed to 80% A, 16%
B and 4% C within 10 min; to 75% A, 20% B and 5% C within 25 min; 65% A, 5% B and
30% C within 30 min and finally 100% B within 45 min. The elution of compounds was
monitored at 320 nm. System control, data acquisition and data processing were performed
used the Agilent Chemstation software (version B.04.01, Agilent Technologies).

The detected CA (3-O-caffeoylquinic acid), its isomers crypto-CA (4-O-caffeoylquinic
acid) (c-CA) and neo-CA (5-O-caffeoylquinic acid) (n-CA) were identified in phenolic
extracts by comparison of their retention times with those of the pure standards, and
quantification was performed using the corresponding calibration curves. The results were
expressed as mg per g of sample on a dw basis.

2.4.4. Antioxidant Activity Determination

The antioxidant capacity was determined according to ABTS and DPPH radical scav-
enging assays and ferric reducing antioxidant power assays (FRAP) in order to evaluate
the antioxidant activity of thw eggplant samples [39].

2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) Radical Scavenging Activity

The radical scavenging activity of pulp and peel eggplant extracts against ABTS
radical cation was evaluated according to the protocol of Re et al. [40], with appropriate
adjustments. Briefly, ABTS•+ solution was obtained by reacting 2 mmol/L ABTS stock
solution with 0.73 mmol/L potassium persulfate, and the mixture was left to stand in the
dark at room temperature for 12–16 h before use. The ABTS•+ solution was diluted with
water to an absorbance of 0.70 ± 0.02 at 734 nm. After the addition of 100 µL of sample
extract to 3.9 mL of diluted ABTS•+ solution, the absorbance was measured against a blank
(methanol) at 734 nm after 4 min. Inhibition of ABTS radical cation (%) was calculated
by using the following equation: Inhibition (%) = [(A0 − As)/A0] × 100, where A0 is the
absorbance of the blank sample and As is the absorbance of the sample at 4 min. The results
were expressed as mg Trolox equivalents (TE) per g of sample (mg TE/g dw). Values
were determined from a calibration curve obtained with Trolox solutions at concentrations
ranging from 50 to 800 mM, following the same procedure as described above.

2,2-Diphenylpicrylhydrazyl (DPPH) Radical Scavenging Activity

Aliquots of aqueous methanol extract of the sample were mixed with DPPH solution
and absorbance was read at 516 nm, as described in the method of Yen and Chen [41]
but with some modifications. Briefly, 150 µL extract was reacted with 2.85 mL of 0.1 mM
methanolic solution of DPPH. After 5 min, the absorbance at 516 nm was recorded, whereas
methanol was used as the blank. The percentage of scavenging effect was calculated by us-
ing the following equation: DPPH radical scavenging capacity (%) = (A0 − As)/A0 × 100,
where A0 and As are the absorbances of the blank and the sample, respectively. Results
were expressed as mg Trolox equivalents (TE) per g of dried sample (mg TE/g dw). Values
were determined from a calibration curve obtained with Trolox solutions at concentrations
ranging from 50 to 800 mM, following the same procedure as described above.

Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was carried out according to the methods Benzie and Strain [42] with
slight modifications. Briefly, the fresh FRAP reagent consisted of 20 mM ferric chloride
solution, 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl and 0.3 mM
acetate buffer pH 3.6 in a proportion of 1:1:10, respectively. Aliquots of 100 µL of sample
extract reacted with 3 mL of the FRAP reagent at 37 ◦C for 4 min under dark conditions, and
the absorbance was recorded at 593 nm against blank (methanol). Results were expressed as
mg Trolox equivalents (TE) per g of dried sample (mg TE/g dw). Values were determined
from a calibration curve obtained with Trolox solutions at concentrations ranging from 50
to 800 mM, following the same procedure as described above.
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2.5. Statistical Analysis

Analysis of variance (ANOVA) was carried out using the computer software MSTAT-C
version 1.41 (Michigan State University, East Lansing, MI, USA). Data of DM, pH, TSS, TA
and TAC were subjected to an ANOVA using the experiment model of one factor (eggplant
genotype) in a randomized complete block design (RCBD). Conversely, data of the rest of
the parameters were objected to an ANOVA of two-factor RCBD, with eggplant genotypes
being factor A and fruit part being factor B. Tukey’s multiple comparison procedures were
used to detect and separate mean treatment differences at p < 0.05. Pearson’s correlation
coefficient was used for the determination of the relationships between the variables by
using SPSS Statistics 21.0 software (SPSS Inc., Chicago, IL, USA). Principal component
analysis (PCA) and agglomerative hierarchical clustering (AHC, heatmap) were generated
using the web tool ClustVis [43]. The construction of two-dimensional (2D) plots was based
on the first two principal components (PCs). The AHC analysis was performed, using
Euclidean distance and Ward’s method for agglomeration to systematically analyze the
combined evaluated traits per eggplant genotype.

3. Results and Discussion
3.1. Physicochemical Parameters

The analysis of variance (ANOVA) of the data obtained for the physicochemical traits
(DM, pH, TSS and TA) showed a significant effect of the eggplant genotype (Table A2). Our
study confirms that eggplant fruits contain a high percentage of water, with values above
90%. Specifically, comparing the various genotypes, the C2 clearly had the highest DM
with a value of 9.4 g/100 g, although it did not differ from the corresponding values of L6,
Cross1, Hyb2, L5 and L1 (Table 1). On the contrary, BL and L10 genotypes had the lower
DM of 3.43 and 4.19 g/100 g, respectively. Generally, the average DM was 6.99 g/100 g,
which falls within the range 6.5–9.0 g/100 g reported by other researchers [29,44].

Table 1. Physicochemical parameters of fruits of 19 eggplant genotypes. Values are averages± standard
deviation. Values in columns followed by the same letter(s) are not significantly different according
to Tukey’s multiple comparison test at significance level 0.05. Explanations for the genotypes’
abbreviations are given in Table A1.

Genotype Dry Matter
g /100 g fw 1 pH Total Soluble Solids

(◦Brix)
Total Acidity

(%)

C1 6.19 ± 0.34 def 5.13 ± 0.02 n 1.25 ± 0.05 k 0.19 ± 0.006 c

C2 9.45 ± 0.45 a 5.30 ± 0.01 g 2.25 ± 0.05 ef 0.12 ± 0.003 i

C3 5.38 ± 0.51 f 5.12 ± 0.01 o 3.05 ± 0.05 c 0.29 ± 0.010 a

Hyb1 5.21 ± 0.45 fg 5.05 ± 0.01 q 1.60 ± 0.02 j 0.16 ± 0.003 f

Hyb2 9.08 ± 0.71 a 4.99 ± 0.03 s 3.15 ± 0.05 c 0.12 ± 0.006 h

L1 8.61 ± 0.40 ab 5.30 ± 0.01 f 2.67 ± 0.06 d 0.09 ± 0.001 m

L2 6.72 ± 0.07 cde 5.53 ± 0.01 b 1.63 ± 0.15 ij 0.11 ± 0.001 j

L3 5.57 ± 0.41 cde 5.57 ± 0.01 a 2.47 ± 0.22 de 0.09 ± 0.001 l

L4 6.99 ± 0.40 cd 5.43 ± 0.01 e 1.63 ± 0.06 ij 0.08 ± 0.001 n

L5 8.70 ± 0.11 ab 5.29 ± 0.01 i 2.40 ± 0.17 def 0.10 ± 0.004 k

L6 9.20 ± 0.10 a 5.27 ± 0.02 j 1.53 ± 0.06 j 0.12 ± 0.001 i

L7 6.28 ± 0.28 def 5.29 ± 0.02 h 1.90 ± 0.02 ghi 0.09 ± 0.005 l

L8 7.67 ± 0.40 bc 5.44 ± 0.01 d 1.73 ± 0.11 hij 0.12 ± 0.005 h

L9 7.21 ± 0.20 cd 5.19 ± 0.01 m 1.77 ± 0.06 hij 0.15 ± 0.010 g

L10 4.19 ± 0.32 gh 5.24 ± 0.06 k 4.20 ± 0.01 b 0.18 ± 0.003 d

BL 3.43 ± 0.12 h 5.46 ± 0.02 c 1.90 ± 0.02 ghi 0.26 ± 0.001 b

Cross1 9.14 ± 0.39 a 5.22 ± 0.01 l 4.65 ± 0.15 a 0.11 ± 0.003 k

Cross2 6.58 ± 0.43 cde 5.03 ± 0.01 r 1.95 ± 0.05 gh 0.16 ± 0.010 fg

Smac 5.83 ± 0.27 ef 5.06 ± 0.01 p 2.15 ± 0.05 fg 0.17 ± 0.001 e

CV 2 % 5.24 0.36 3.83 3.45
HSD 3 0.2113 0.0006 0.0516 0.0006

1 fw, fresh weight; 2 CV, coefficient of variance; 3 HSD, Tukey’s honestly significant difference value.
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The pH values showed a small range of variation (coefficient of variation CV = 0.36%,
Table A2), even though significant differences among genotypes were detected (Table 1).
Specifically, pH fluctuated at a narrow range of nearly 4.99 in Hyb2 to 5.57 in L3 (Table 1).
Similar pH values in the fruit pulp of eggplant germplasm were found by Prohens et al. [21],
with values ranging from 5.01 in S. melongena to 5.93 in S. aethiopicum, as well as by San
José et al. [44]. It is noteworthy that pH is an important trait in eggplant, as it may affect
the enzymatic activity of polyphenol oxidase [45], which is responsible for the oxidation
of phenolic compounds and consequently for the browning of the eggplant’s pulp. It has
been shown that the activity of polyphenol oxidase begins to increase at pH > 5.0 [46],
a value close to the observed pH range in the current study. Instead, at a pH below
4.0, denaturation occurred, and consequently so did enzymatic inactivation, providing a
method for controlling enzymatic darkening [47,48]. In eggplant, the reported optimum
pH values for the polyphenol oxidase activity range between 6.4 and 7.0 and more acidic or
alkaline pH can lead to less enzymatic activity [49,50]. Considering the pH range obtained
in the present study (4.99–5.57), the genotypes with lower pH values may be less susceptible
to flesh browning.

Additionally, TSS of eggplant genotypes showed a mean value of 2.31, whereas their
values ranged from 1.25 to 4.65 ◦Brix (Table 1). The genotypes C1 and Cross1 had the lowest
and highest TSS values, respectively. Considering that high DM and TSS are desirable
traits for the food industry since they enhance the quality of the processed product [51],
there are several genotypes discriminated in each parameter. The higher the TSS, the
higher the flavor, since TSS contains organic acids (mostly malic and citric acid), sugars
and amino acids, which are key taste components of eggplant fruit [52,53]. In accordance
with the current results, previous studies of eggplant reported that TSS ranged from 1.27 to
3.94 ◦Brix [54], from 0.74 to 2.13 ◦Brix [44] and from 2.8 to 6.5 ◦Brix [31]. The later study
showed that several factors like irrigation, fertilization and the year of experimentation had
significant effects on this trait. In the same direction, Johnson et al. [55] demonstrated that
the improvement in fruit quality parameters like DM and TSS, apart from the genotypic
effect, could be a consequence of restricted water flow into the fruit due to the decreased
water potential of the plant. Similarly, Serrano [56] mentioned that the high DM and TSS
were enhanced from factors like osmotic challenges imposed by drought or salt stress,
which led to the activation of a defense mechanism with the production and accumulation
of sugars and other organic compounds in various compartments.

Concerning the TA, values ranged from 0.08% in L4 to 0.29% in C3, averaging at
0.14% (Table 1). TA and pH were negatively correlated and consequently the genotypes
with lower TA (e.g., L3, L4) showed the higher pH values, whereas genotypes with higher
TA (e.g., C3) had lower pH values. However, this did not hold true for the rest of the
genotypes. A similar range of TA values (0.10–0.14%) was reported by Leogrande et al. [31]
for eggplants cultivated in a Mediterranean environment. According to the literature
cited, fresh eggplant contained about 1.24 g citric acid/100 g DW, while it is commonly
accepted that TA influences fruit flavor [57] and indicates fruit maturity as it decreases
during maturation [58].

3.2. Bioactive Compounds Determination

ANOVA on the data obtained from the evaluated parameters of bioactive compounds
(TPC, TFC, TAC, CAs, ABTS, DPPH, FRAP) showed high statistically significant effects
due to eggplants genotype (G), fruit part (P) and their interactions (G × P) as a source of
variation (Table A2).

3.2.1. Total Phenolics Content

In terms of overall genotypes, the TPC had a mean value of 4.53 mg GAE/g of dw in
pulp and 8.92 mg GAE/g of dw in the peel of fruits (Table 2). Specifically, the TPC in the
pulp of eggplant’s genotypes ranged from 2.06 to 7.43 mg GAE/g of dw basis (Table 2).
In more detail, fruit pulp of five genotypes (L3, W, L6, C1 and L6) presented the highest
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values ranging from 7.05 to 7.43 mg GAE/g of dw, whilst the L7 showed the lowest one
(2.06 mg GAE/g dw). Regarding the fruit peel, Hyb2 had the greater TFC value (12.74 mg
GAE/g dw), whereas three genotypes (C1, L9 and W1) had the lowest values ranged from
6.33 to 6.63 mg GAE/g dw.

Table 2. Total phenolics content and total flavonoids content in the extracts of pulp and peel of
19 eggplant genotypes. Values are averages ± standard deviation. Values in columns followed by
the same letter(s) are not significantly different according to Tukey’s multiple comparison test at
significance level 0.05. Explanations for the genotypes’ abbreviations are given in Table A1.

Genotype Total Phenolics Content
(mg GAE/g dw)

Total Flavonoids Content
(mg CATE /g dw)

Pulp Peel Pulp Peel

C1 7.06 ± 0.20 a 6.63 ± 0.18 jk 7.46 ± 0.09 c 5.99 ± 0.10 j

C2 3.81 ± 0.13 d 8.09 ± 0.13 h 3.24 ± 0. 04 f 5.75 ± 0.21 j

C3 4.63 ± 0.02 c 10.82 ± 0.13 c 4.37 ± 0.06 e 11.07 ± 0.32 e

Hyb1 3.64 ± 0.03 de 10.64 ± 0.46 c 2.59 ± 0.02 gh 11.66 ± 0.32 d

Hyb2 3.25 ± 0.09 ef 12.74 ± 0.06 a 2.43 ± 0.17 h 14.24 ± 0.32 a

L1 3.85 ± 0.10 d 7.27 ± 0.14 i 2.91 ± 0.18 fg 6.87 ± 0.16 i

L2 3.09 ± 0.05 fg 8.66 ± 0.17 fg 2.23 ± 0.23 hi 7.32 ± 0.05 hi

L3 7.43 ± 0.46 a 9.82 ± 0.27 d 8.12 ± 0.30 b 8.90 ± 0.16 f

L4 2.67 ± 0.08 g 9.31 ± 0.44 de 1.74 ± 0.01 j 7.59 ± 0.09 h

L5 2.66 ± 0.18 g 7.01 ± 0.15 ij 1.94 ± 0.12 ij 7.17 ± 0.05 hi

L6 7.05 ± 0.19 a 10.47 ± 0.11 c 7.54 ± 0.13 c 12.52 ± 0.06 c

L7 2.06 ± 0.14 h 7.27 ± 0.27 i 1.49 ± 0.12 j 7.40 ± 0.25 h

L8 4.82 ± 0.16 c 8.14 ± 0.53 gh 4.48 ± 0.27 e 8.37 ± 0.20 g

L9 2.73 ± 0.18 fg 6.52 ± 0.20 jk 1.63 ± 0.18 j 4.71 ± 0.25 k

L10 5.63 ± 0.17 b 9.21 ± 0.14 ef 5.75 ± 0.01 d 10.68 ± 0.19 e

BL 4.07 ± 0.03 d 10.43 ± 0.24 c 3.24 ± 0.07 f 11.09 ± 0.49 e

Cross1 5.55 ± 0.28 b 11.84 ± 0.27 b 5.55 ± 0.04 d 13.75 ± 0.26 b

Cross2 4.66 ± 0.25 c 8.24 ± 0.15 gh 4.56 ± 0.01 e 8.86 ± 0.19 f

Smac 7.37 ± 0.26 a 6.33 ± 0.18 k 8.92 ± 0.06 a 7.27 ± 0.12 hi

CV 1 % 6.33 2.05 3.44 1.69
HSD 2 0.0983 0.1049 0.0837 0.0876

1 CV, coefficient of variance; 2 HSD, Tukey’s honestly significant difference value.

The literature frequently references that environmental factors, cultivation system
(e.g., conventional or organic) or cultivation season may affect the TPC and other bioactive
compounds in different eggplant genotypes [59]. Moreover, expression in different units
in Folin–Ciocalteu’s method for TPC determination and other methods used makes the
relative comparisons difficult.

Our TPC results are in accordance with those reported by San José et al. [44], who
found that TPC among eggplant cultivars ranged between 4.1 and 8.2 mg GAE/g dw, as
well as with those of Apak et al. [60], who reported a quantitative range of 3.2–15.6 mg
GAE/g dw for TPC of raw vegetables. Moreover, Luthria et al. [59] obtained a con-
tent of 7.0–16.0 mg GAE/g dw TPC for eggplant grown under organic and conventional
cultivation, while recently Koley et al. [61] demonstrated that TPC ranged from 13.0 to
49.3 mg/100 g fw for twenty-six Indian eggplants. Similarly, Raigón et al. [62] found a TPC
value of 48.26 mg/100 g fw of eggplant, comparable to those obtained in the present study.
Nevertheless, Arkoub-Djermoune et al. [58] mentioned that TPC of eggplant was about
49.15 mg GAE/g dw, a value more than four-fold that of the highest value of TPC given
(peel TPC) by our study. More recently and contrary to our results, Chioti et al. [63] also
used the C1, C2, C3 and Hyb2 genotypes and obtained a different TPC range. In particular,
C1, C2, C3 and Hyb2 had 17.4, 100.5, 57.1 and 83.2 mg GAE/g fw, respectively, which
were remarkably higher than the respective values givn in the present study. Moreover,
Zaro et al. [29] found that TPC of eggplant cultivars ‘Monarca’ and ‘Perla Negra’ at tradi-
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tional harvest stages ranged from 1300–1500 mg/kg fw (approximately 13.0–15.0 mg/g
converted on dry weight basis). TPC values in this range are comparable with the mean
value of 6.72 mg/g dw obtained in the current study, even though are about 3-fold greater.

3.2.2. Total Flavonoids Content

The TFC averaged at 4.22 mg CATE/g dw in the pulp and at 9.01 mg CATE/g dw
in the peel of the examined eggplant genotypes (Table 2). In general, peel TFC was at
least double the pulp TFC. Concerning the pulp TFC, Smac had the highest value (8.92 mg
CATE/g dw), while L7 had the lowest (1.49 mg CATE/g dw). Hyb2 was superior for peel
TFC (14.24 mg CATE/g dw), whereas L9 had the lowest value (4.71 mg CATE/g of dw).

The expression of TFC in different units in similar studies in the literature makes the
relative comparisons difficult. For instance, Arkoub-Djermoune et al. [58] found that TFC
of eggplant was approximately equivalent to 2399.6 mg quercetin/100 g DW. Our results
are in accordance with those of Chioti et al. [63], who found similar TFC values for C1, C2,
C3 and Hyb2 genotypes (approximately 4.9, 6.0, 13.7 and 9.3 mg quercetin equivalent/g
dw). Moreover, Jung et al. [12] reported values of 0.81 and 6.19 mg CATE/g dw for the
eggplant pulp and peel TFC, respectively. More recently, Koley et al. [61] demonstrated
that the TFC in twenty-six Indian eggplants ranged from 5.3 to 28.7 mg/100 g fw, amounts
clearly lesser than the corresponding of the current study.

3.2.3. Total Monomeric Anthocyanins Content

The overall TAC mean value in the peel of eggplant fruits was 1.84 mg C3GE/g dw
(Figure 1). Genotype C1 showed the greatest TAC at 6.54 mg C3GE/g dw, a value 3.5-fold
greater than the overall value. Moreover, four genotypes (L5, L6, L8 and Cross2) presented
TAC values lower than 1 mg C3G3/g dw. As was expected, anthocyanin was not detected
in L1, L10 (white coloration of the fruit skin) or Smac (green coloration; Figure A1).
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Hyb2 0.019 ± 0.004 g 0.145 ± 0.015 bc 2.022 ± 0.022 j 7.090 ± 0.020 d 0.022 ± 0.008 b 0.225 ± 0.025 g 

Figure 1. Total monomeric anthocyanin content (TAC), expressed as mg C3GE per g of dry weight
(dw) in the peel of 19 eggplant genotypes. Values are averages ± standard deviation. Values in
columns followed by the same letter(s) are not significantly different according to Tukey’s multiple
comparison test, at significance level 0.05. Tukey’s honestly significant difference (HSD) value in
pulp = 0.0183. Explanations for the genotypes’ abbreviations are given in Table A1.

Arkoub-Djermoune et al. [58] found that TAC of the fresh eggplant peel was 201.51 mg
quercetin-3-glucoside equivalent/100 g dw, a value close to the mean TAC of the present
study but expressed in different equivalents. Jung et al. [12] reported a TAC of 138 mg
for eggplant peel. In another recent study, C1, C2, C3 and Hyb2 were shown to have
considerably less TAC (3.84–10.44 mg C3GE/100 g) on a fresh weight basis [63] with respect
to the values obtained here. This could be attributed to the different cultivation condi-
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tions or important environmental factors (e.g., temperature) that affect the anthocyanin
synthesis [64].

3.2.4. Identification and Quantification of Chlorogenic Acids

It is well known that eggplant pulp is rich in phenolics acids, specifically hydrox-
ycinnamic acids [8]. These acids typically form esters, CA and its isomers n-CA and c-CA
are the most widely distributed in eggplant, all of which were identified herein. The CA
and its isomers, quantified by HPLC, revealed a great variation among genotypes and
fruit parts (Tables 3 and A2). Generally, 13 of the 19 genotypes contained more CA in the
peel than in the pulp. Pulp CA, ranged from 0.887 mg/g dw in L7 to 10.424 mg/g dw in
L3, with a mean value of 3.995 mg/g dw (Table 3). The corresponding values of peel CA
ranged between 1.855 mg/g dw in L9 and 9.774 mg/g dw in L6, with a mean value of
4.966 mg/g dw.

Table 3. Content of the main chlorogenic acids (n-CA, CA and c-CA) in dried pulp and peel of 19
eggplant genotypes, expressed as mg per g of dry weight (dw). Values in columns followed by
the same letter(s) are not significantly different according to Tukey’s multiple comparison test at
significance level 0.05. Explanations for the genotypes’ abbreviations are given in Table A1.

Genotype n-CA
(mg/g dw)

CA
(mg/g dw)

c-CA
(mg/g dw)

Pulp Peel Pulp Peel Pulp Peel

C1 0.104 ± 0.005 b 0.174 ± 0.015 bc 6.338 ± 0.019 d 1.963 ± 0.058 n 0.046 ± 0.003 b 0.174 ± 0.014 h

C2 0.024 ± 0.004 f 0.059 ± 0.005 bc 3.079 ± 0.051 h 3.624 ± 0.024 l 0.014 ± 0.006 b 0.136 ± 0.010 l

C3 0.017 ± 0.001 g 0.110 ± 0.010 bc 4.240 ± 0.070 g 8.137 ± 0.058 b 0.007 ± 0.007 b 0.155 ± 0.015 j

Hyb1 0.019 ± 0.001 g 0.356 ± 0.015 abc 1.865 ± 0.035 jk 4.065 ± 0.058 k 0.034 ± 0.011 b 0.471 ± 0.021 a

Hyb2 0.019 ± 0.004 g 0.145 ± 0.015 bc 2.022 ± 0.022 j 7.090 ± 0.020 d 0.022 ± 0.008 b 0.225 ± 0.025 g

L1 nd, 1,i 0.079 ± 0.058 bc 2.348 ± 0.049 i 2.990 ± 0.090 m 0.084 ± 0.014 ab 0.106 ± 0.014 m

L2 0.002 ± 0.004 i 0.548 ± 0.031 a 1.574 ± 0.025 kl 4.062 ± 0.062 k 0.015 ± 0.005 b 0.240 ± 0.025 e

L3 0.102 ± 0.016 b 0.411 ± 0.011 ab 10.424 ± 0.302 a 6.559 ± 0.144 e 0.036 ± 0.006 b 0.147 ± 0.007 k

L4 nd i 0.284 ± 0.010 abc 0.993 ± 0.003 mn 5.200 ± 0.080 g 0.014 ± 0.004 b 0.166 ± 0.016 i

L5 nd i 0.131 ± 0.021 bc 0.960 ± 0.059 mn 4.511 ± 0.061 i 0.015 ± 0.006 b 0.087 ± 0.008 n

L6 0.014 ± 0.012 h 0.067 ± 0.007 bc 9.939 ± 0.060 b 9.774 ± 0.075 a 0.062 ± 0.013 b 0.081 ± 0.011 o

L7 nd i 0.175 ± 0.015 bc 0.877 ± 0.037 n 5.250 ± 0.100 g 0.014 ± 0.004 b 0.080 ± 0.015 o

L8 nd i 0.097 ± 0.012 bc 4.402 ± 0.002 fg 4.266 ± 0.101 j 0.013 ± 0.002 b 0.057 ± 0.008 p

L9 0.001 ± 0.001 i 0.381 ± 0.020 abc 1.271 ± 0.129 lm 1.855 ± 0.055 o 0.013 ± 0.002 b 0.035 ± 0.005 r

L10 0.034 ± 0.001 e 0.110 ± 0.010 bc 5.659 ± 0.180 e 6.110 ± 0.011 f 0.023 ± 0.005 b 0.235 ± 0.005 f

BL 0.025 ± 0.004 f 0.205 ± 0.020 abc 2.514 ± 0.015 i 4.721 ± 0.019 h 0.038 ± 0.007 b 0.296 ± 0.026 c

Cross1 0.057 ± 0.004 d 0.354 ± 0.010 abc 5.500 ± 0.090 e 7.669 ± 0.070 c 0.022 ± 0.008 b 0.293 ± 0.013 d

Cross2 0.066 ± 0.006 c 0.131 ± 0.011 bc 4.624 ± 0.086 f 4.564 ± 0.082 i 0.023 ± 0.002 b 0.385 ± 0.015 b

Smac 0.528 ± 0.031 a 0.017 ± 0.005 c 7.274 ± 0.095 c 1.942 ± 0.042 no 0.210 ± 0.030 a 0.050 ± 0.010 q

CV 2 % 16.35 9.54 2.45 0.78 12.17 5.09
HSD 3 0.00058 0.06583 0.05774 0.01826 0.02582 0.00058

1 nd, non-detectable; 2 CV, coefficient of variance; 3 HSD, Tukey’s honestly significant difference value.

The pulp n-CA ranged from negligible values (0.014 mg/g dw in L6 and 0.017 mg/g dw
in C3) to 0.528 mg/g dw in Smac (Table 3). It is remarkable that two eggplant genotypes
had only traces of n-CA and that five genotypes had no n-CA at all. Peel n-CA ranged
from the very low value of 0.017 mg/g dw in Smac to 0.548 mg/g dw in L2. All the other
genotypes did not differ significantly in peel n-CA concentration. The mean pulp n-CA
value was 0.053 mg/g dw, about one quarter of the peel n-CA (0.202 mg/g dw).

Regarding c-CA, its overall mean value was 0.037 mg/g dw in the pulp and 0.180 mg/g dw
in the peel of the eggplant fruit (Table 3). Pulp c-CA ranged from 0.007 mg/g dw in C3
to 0.210 mg/g dw in Smac, whereas peel c-CA varied between 0.035 mg/g dw in L9 and
0.471 mg/g dw in Hyb1. It is noteworthy that, excluding the very high value of W, pulp
c-CA concentration did not differ among the rest of the eggplant genotypes.
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The above-mentioned results concerning the pulp and peel CAs confirm several
previous findings that report a high phenolic content in the eggplant fruit, with CA being the
most abundant phenolic compound [65,66], whereas its isomers c-CA and n-CA were found
in minor quantities [67,68]. However, there is a great range amongst their quantification
methods in the literature, while the expression of results on different weight bases (dry
or fresh) makes the comparisons difficult. For example, Niño-Medina et al. [8] reported
that CAs isomers, as the main class of phenolic acids of eggplant, represented 77% to 94%
of the total soluble phenolic acids and varied from 424 to 961 mg/100 g fw, showing an
analogy with our study. Accordingly to our results, the literature mentioned that CAs in
dried samples ranged from 0.5 to 13.0 mg/g dw [69,70], whereas Šilarová et al. [71] found
lower concentration of CA (0.1–1.9 mg/g fw). Scalzo et al. [72] reported CA concentrations
of 17.2, 15.2 and 12.9 mg/g dw in the eggplant cultivars ‘Tunisina’, ‘Buia’ and ‘L 305’,
respectively. Niño-Medina et al. [7] mentioned that the content of CA in eggplants grown
in Mexico depended highly on the cultivar and on the harvesting conditions and ranged
from 8.6 to 17.0 mg/g dw, values comparable to the respective ones of the current study.
Contrariwise, the CA content of the ‘Blackbell’ and ‘Millionaire’ eggplant cultivars growing
under organic or conventional conditions ranged between 2.63–6.71 mg/100 g dw [59],
values about one hundred fold smaller than the relative ones in our study.

3.3. Antioxidant Capacity

The ANOVA of the data obtained by the ABTS, DPPH and FRAP assays indicated a
significant effect of the eggplant genotype (G), fruit part (P) and their interaction (G × P)
on the antioxidant capacity (Table A2).

Indeed, a higher antioxidant capacity was observed in the peel than in the pulp tissue.
Precisely, the overall, mean values of ABTS, DPPH and FRAP assays in the pulp were 5.96,
4.21 and 5.07 TE/g dw, respectively, whilst the corresponding values in peel were 14.68,
12.04 and 15.23 TE/g dw (Table 4). In detail, in the pulp of the eggplant fruit ABTS values
ranged between 2.97 and 10.57 TE/g dw, DPPH ranged between 1.58 to 9.04 TE/g dw and
FRAP were between 2.23 to 9.47 TE/g dw. Concerning the peel antioxidant capacity, ABTS
ranged between 9.13 and 24.87 TE/g dw, DPPH ranged between 8.01 and 18.74 TE/g dw
and FRAP values were between 8.06 and 23.90 TE/g dw. Overall assays, Smac clearly
presented the highest antioxidant capacity in pulp, with nearly 1.8- to 2.1-fold higher values
than the respective means of the other genotypes, followed by L3. The pulp of L7 had
the lowest antioxidant capacity in the three conducted assays. Peel of the Hyb2 and C3
genotypes presented at least 24.7–69.4% higher antioxidant capacity for all three assays
than the other genotypes. The same trend was demonstrated by Chioti et al. [63], with C3
and Hyb2 showing the best antioxidant activity, as indicated by the highest DPPH and
FRAP values. On the contrary, the peel of Smac and C1 presented the lowest values of
antioxidant capacity for all assays. Generally, the antioxidant activity of raw vegetables
(garlic, onions, peppers cabbages, lotus, and salad), as determined by FRAP ABTS, DPPH,
and CUPRAC assays, varied remarkably and ranged from 6.2 to 22.0 µmol TE/g dw for
DPPH [60]. Nevertheless, Arkoub et al. [58] reported 121 mg TE/g dw for ABTS in fresh
whole eggplant fruit, a value about 8-fold of the mean value obtained in the present work
(14.68 mg TE/g dw in the peel).
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Table 4. Overview of the antioxidant capacity of extracts derived from pulp and peel of 19 eggplants
genotypes determined as 2,2-azino-bis-(3-ethylbenzothia zoline-6-sulfonic acid) radical scavenging
activity (ABTS), 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH), and ferric reduc-
ing antioxidant power (FRAP); all values are expressed as mg of trolox equivalent (TE) per g of dry
weight (dw). Data represent the mean values ± standard deviation. Values in columns followed
by the same letter(s) are not significantly different according to Tukey’s multiple comparison test at
significance level 0.05. Explanations for the genotypes’ abbreviations are given in Table A1.

Genotype ABTS (mg TE/g dw) DPPH (mg TE/g dw) FRAP (mg TE/g dw)

Pulp Peel Pulp Peel Pulp Peel

C1 8.98 ± 0.14 cd 10.17 ± 0.60 hi 7.11 ± 0.09 c 8.01 ± 0.21 k 8.74 ± 0.17 b 8.06 ± 1.45 h

C2 4.85 ± 0.11 hij 15.54 ± 2.61 cdefg 3.20 ± 0.06 g 10.99 ± 0.35 ef 4.16 ± 0.15 fg 15.73 ± 3.01 defg

C3 6.27 ± 0.22 fg 20.47 ± 3.08 ab 4.25 ± 0.07 f 15.01 ± 0.17 c 5.24 ± 0.12 e 23.90 ± 1.37 a

Hyb1 4.29 ± 0.14 ijk 16.79 ± 2.73 bcde 2.71 ± 0.05 h 14.87 ± 0.23 c 3.95 ± 0.16 fg 18.02 ± 1.76 cde

Hyb2 3.65 ± 0.12 jkl 24.87 ± 4.70 a 2.63 ± 0.02 h 18.74 ± 0.36 a 3.21 ± 0.16 h 23.61 ± 2.01 ab

L1 5.41 ± 0.53 gh 10.84 ± 1.87 ghi 3.19 ± 0.04 g 9.33 ± 0.37 hi 3.73 ± 0.14 g 10.82 ± 0.43 gh

L2 3.66 ± 0.06 jkl 13.92 ± 2.34 defghi 2.42 ± 0.20 hi 11.71 ± 0.29 ef 2.86 ± 0.16 hi 17.32 ± 0.56 cde

L3 10.03 ± 0.22 ab 16.18 ± 1.36 bcdef 8.07 ± 0.14 b 13.69 ± 0.43 d 9.47 ± 0.29 a 16.37 ± 1.81 cdef

L4 3.66 ± 0.72 jkl 17.58 ± 3.99 bcd 1.81 ± 0.16 jk 13.67 ± 0.10 d 2.29 ± 0.17 jk 19.06 ± 4.32 abcd

L5 3.26 ± 0.19 l 10.07 ± 1.94 hi 2.05 ± 0.14 ij 8.82 ± 0.12 ijk 2.68 ± 0.11 ij 11.09 ± 0.87 gh

L6 9.55 ± 0.13 bc 16.70 ± 1.74 bcde 7.43 ± 0.14 c 14.44 ± 0.57 cd 8.96 ± 0.27 b 21.05 ± 0.01 abc

L7 2.97 ± 0.08 l 11.54 ± 2.21 fghi 1.58 ± 0.08 k 9.92 ± 0.29 gh 2.23 ± 0.06 k 10.99 ± 1.03 gh

L8 6.15 ± 0.71 fg 10.32 ± 0.98 hi 4.29 ± 0.14 f 9.62 ± 0.53 hi 5.16 ± 0.07 e 10.25 ± 0.57 h

L9 3.39 ± 0.13 kl 11.04 ± 1.77 ghi 2.22 ± 0.14 i 8.22 ± 0.20 jk 2.38 ± 0.07 jk 9.21 ± 0.25 h

L10 7.50 ± 0.18 e 12.58 ± 1.65 efghi 5.47 ± 0.10 d 10.66 ± 0.12 fg 6.15 ± 0.08 d 13.03 ± 1.91 efgh

BL 4.58 ± 0.16 hij 16.86 ± 2.66 bcde 3.10 ± 0.04 g 15.05 ± 0.03 c 3.99 ± 0.21 fg 20.14 ± 0.91 abcd

Cross1 8.09 ± 0.03 de 19.86 ± 2.68 bc 5.08 ± 0.24 e 16.83 ± 0.22 b 6.59 ± 0.06 c 18.63 ± 2.15 bcd

Cross2 6.42 ± 0.02 f 14.48 ± 2.28 defgh 4.27 ± 0.01 f 9.13 ± 0.33 hij 5.15 ± 0.03 e 11.68 ± 0.14 fgh

Smac 10.57 ± 0.20 a 9.13 ± 1.76 i 9.04 ± 0.18 a 9.99 ± 0.33 gh 9.42 ± 0.05 a 10.34 ± 0.78 h

CV 1 % 5.06 10.48 2.94 2.63 2.70 10.68
HSD 2 0.1742 0.8884 0.0707 0.1826 0.0796 0.9390

1 CV, coefficient of variance; 2 HSD, Tukey’s honestly significant difference value.

3.4. Correlation Coefficients among Physicochemical Traits, Bioactive Compounds, Antioxidant
Capacity and CAs

The Pearson correlation coefficient (r) was used to evaluate the correlations between
the studied physicochemical traits (DM, pH, TSS, TA), the concentrations of the bioactive
compounds (TPC, TFC and TAC and CAs) and the antioxidant capacity as determined by
the ABTS, DPPH and FRAP assays, both in the fruit pulp and peel.

Significant positive correlations (mainly at p ≤ 0.001) were observed between several
traits (Table 5), indicating that breeding for one of these traits could also bring about an
indirect improvement in other traits [73]. Apparently, the physicochemical traits were not
correlated with the rest of traits, with the exception of TA, which was strongly negatively
correlated with DM (r = −0.676, p > 0.01). In contrast, Arkoub-Djermoune et al. [58] found
a high positive correlation between TA and pH (r = 0.69).
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Table 5. Correlation matrix (Pearson correlation coefficients r) of the physicochemical traits, bioactive compounds, and antioxidant capacity of 19 eggplant genotypes.

Parameters DM
1,2 pH TSS TA TPC-

Pulp
TPC-
Peel

TFC-
Pulp

TFC-
Peel

TAC-
Peel

ABTS-
Pulp

ABTS-
Peel

DPPH-
Pulp

DPPH-
Peel

FRAP-
Pulp

FRAP-
Peel

CA-
Pulp

n-CA-
Pulp

c-CA-
Pulp

CA-
Peel

n-CA-
Peel

c-CA-
Peel

DM 1 −0.007 0.106 −0.676 ** −0.083 0.045 −0.084 −0.013 0.033 −0.041 0.140 −0.073 0.063 −0.051 0.032 0.028 −0.187 −0.120 0.185 −0.103 −0.345
pH 1 −0.166 −0.319 −0.066 −0.068 −0.088 −0.248 −0.043 −0.080 −0.161 −0.091 −0.055 −0.085 0.019 0.035 −0.305 −0.229 0.055 0.387 −0.252
TSS 1 0.050 0.117 0.449 0.0121 0.509 * 3 −0.184 0.171 0.369 0.091 0.378 0.093 0.250 0.123 −0.001 −0.091 0.436 −0.78 0.143
TA 1 0.213 0.155 0.191 0.208 0.165 0.156 0.145 0.171 0.121 0.176 0.228 0.086 0.153 0.094 0.023 −0.219 0.254

TPC-pulp 1 0.047 0.991 ** 0.194 0.029 0.987 ** −0.082 0.985 ** 0.032 0.993 ** −0.051 0.954 ** 0.567 * 0.553 * 0.174 −0.221 −0.076
TPC-peel 1 −0.003 0.915 ** 0.180 0.014 0.930 ** −0.037 0.958 ** 0.033 0.897 ** 0.128 −0.293 −0.303 0.778 ** 0.196 0.524 *
TFC-pulp 1 0.161 −0.007 0.991 ** −0.119 0.995 ** −0.004 0.993 ** −0.087 0.949 ** 0.637 ** 0.597 ** 0.162 −0.255 −0.126
TFC-peel 1 −0.037 0.173 0.764 ** 0.125 0.856 ** 0.184 0.742 ** 0.244 −0.117 −0.101 0.782 ** −0.009 0.497 *
TAC-pulp 1 −0.052 0.346 −0.027 0.239 0.043 0.243 −0.045 −0.138 −0.230 −0.067 0.129 0.143

ABTS-
pulp 1 −0.104 0.985 ** 0.008 0.986 ** −0.080 0.952 ** 0.606 ** 0.586 ** 0.188 −0.241 −0.118

ABTS-peel 1 −0.143 −0.022 0.989 ** −0.104 0.944 ** 0.668 ** 0.641 ** 0.127 −0.244 −0.170
DPPH-
pulp 1 0.928 ** −0.084 0.919 ** 0.005 −0.280 −0.333 0.694 ** 0.176 0.459 *

DPPH-
peel 1 0.033 0.925 ** 0.096 −0.141 −0.141 0.706 ** 0.210 0.424

FRAP-
pulp 1 −0.054 0.960 ** 0.589 ** 0.563 * 0.189 −0.219 −0.103

FRAP-peel 1 0.042 −0.253 −0.229 0.744 ** 0.159 0.364
CA-pulp 1 0.432 0.420 0.359 −0.175 −0.129

n-CA-pulp 1 0.899 ** −0.313 −0.262 −0.75
c-CA-pulp 1 −0.304 −0.336 −0.240

CA-peel 1 −0.035 0.127
n-CA-peel 1 0.334
c-CA-peel 1

1 DM, dry matter; TSS, total soluble solids; TA, total acidity; TPC, total phenolic content; TFC, total flavonoid content; TAC, total monomeric anthocyanin content; ABTS, 2,2-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; FRAP, ferric reducing antioxidant power; CA, chlorogenic acid. 2 Measurements
for the physicochemical traits were taken in fruit pulp, while the rest of the measurements were taken in both pulp and peel. 3 ** and * indicate significance at 0.01 and 0.05 significance
level, respectively.



Horticulturae 2022, 8, 1113 14 of 20

TAC was not correlated with the other antioxidant capacity traits in the present study
(Table 5). This was also reported by other researchers [12,70], leading to the conclusion
that TPC, rather than TAC, is more correlated to the antioxidant activity. Indeed, pulp TPC
was correlated with all the other traits determined at pulp, except for the physicochemical
traits. Specifically, regarding the pulp traits, TPC was very strongly correlated with TFC,
ABTS, DPPH, FRAP and CA, (r = 0.954−0.993, p > 0.01), whereas it was highly correlated
with n-CA and c-CA (r = 0.553−0.567, p > 0.05). The same holds true for the peel traits as
TPC was strongly or very strongly correlated with TFC, ABTS, DPPH, FRAP, CA and c-CA
(r = 0.778−0.958, p > 0.01), except for the case of n-CA, where the strong correlation had a
rather low r (0.524, p > 0.05). Similarly, pulp TFC was very strongly correlated with other
pulp traits like ABTS, DPPH, FRAP, and CA (r = 0.949−0.995, p > 0.01), whereas it was
strongly correlated with n-CA and c-CA (r = 0.597−0.637, p > 0.01). A similar trend was
observed for peel TPC (Table 5).

In the antioxidant capacity assays, pulp ABTS was very strongly correlated with pulp
DPPH and pulp FRAP (r = 0.985−0.986, p > 0.01), while no correlation was observed
between peel ABTS and peel DPPH or FRAP. However, peel DPPH was strongly correlated
with peel FRAP (r = 0.925, p > 0.01). Moreover, an ABTS assessed in either pulp or peel was
very strongly correlated with pulp CA (0.944−0.952, p > 0.01) and strongly correlated with
its isomers in the pulp (0.586−0.668, p > 0.01).

Although it is well-known that flavonoids have high antioxidant activity and there
is no correlation between non-flavonoid compounds and antioxidant activity [74,75], in
the present study, TPC was also strongly correlated with the antioxidant capacity assays.
Moreover, the results clearly indicate that TPC and TFC contribute, to a high extent, to
the antioxidant activity of eggplant, whereas Cas (especially CA) corresponded to a great
extent to the determined TPC and TFC, as well as to the antioxidant capacity. The strong
correlation between Cas and TPC was previously observed and attributed to the fact that
the most abundant phenolic acid in eggplant was the CA [59]. In the same manner, a very
strong correlation of Cas with the antioxidant activity’s assays was previously reported by
Xu et al. [76], revealing that Cas isomers exhibit antioxidant activities and protective effects
against DNA damage to various extents.

3.5. Principal Component Analysis and Hierarchical Clustering

In total, 21 determined variables concerning the physicochemical traits, the bioactive
compounds, and the antioxidant capacity of 19 eggplant genotypes were subjected to
a principal component analysis (PCA). Based on an eigenvalue >1, we extracted a total
of two PCs with a cumulative distribution of 61.3%, (33.2% for the first component and
28.1% for the second) (Figure 2a). It was observed that 15 eggplant genotypes formed four
distinct groups, whereas Smac, C1, L10 and Hyb2 were diagonally scattered in the PCA plot.
Interestingly, the majority of the landraces, excepting L3 and L6, were distinctly ordinated
on the positive side of the PCA (blue outline) together with C2 and Cross2, indicating a
tendency for higher values in most of the evaluated traits. Two other groups, consisting
of L3 and L6 (pink outline) and of C3 and Cross1 (green outline), were both located in the
lower left quadrant, indicating that their values of estimated parameters were below the
mean values and thus were grouped at the negative side of the PCA plot. The BL and Hyb1
formed the fourth group in the lower right quadrant (brown outline).

To obtain a comprehensive view of the distribution of the eggplant genotypes based
on the evaluated parameters, AHC analysis was performed to enable the grouping of
genotypes into clusters of similar responses based on calculations of the Euclidean distance
(Figure 2b). The output dendrogram obtained after applying Ward’s method for agglomer-
ation consisted of three distinct clusters on the horizontal axis. Cluster I was comprised of
four genotypes located on the third and fourth quadrants of the PCA plot (group of L3 and
L6 together with C1 and Smac). Cluster II consisted of eight genotypes (the genotypes of
the blue group, excepting Cross2). Finally, Cluster III contained seven genotypes ordinated
in the lower right quadrant of the PCA plot (the green and brown groups together with
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L10 and Hyb2). It is apparent that the grouping results from the AHC analysis were in
accordance with the respective results of the PCA.
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agglomerative hierarchical clustering (AHC).

Genotypes belonging to different AHC clusters showed a different response regarding
the pulp and the peel traits. Particularly, the genotypes of Cluster I presented remarkably
high values (indicated with different shades of pink color in Figure 2b) for most of the
evaluated traits, especially those estimated in the fruit pulp. On the other hand, the
genotypes of Cluster III were characterized by moderate values for pulp traits and higher
values for most of the peel traits. In this regard, C3, Cross1 and Hyb2 gave the best values
for the peel traits. Finally, Cluster II consisted of genotypes with the lowest values for
the pulp traits and low-to-moderate values for the peel traits. Moreover, AHC analysis
grouped the evaluated traits into two distinct clusters on the vertical axis with respect to
the fruit part that was used for their determination. Cluster I corresponded to the peel and
physicochemical traits and Cluster II corresponded to the pulp traits.

4. Conclusions

The present study revealed a considerable genetic variation in the physicochemical
and bioactive properties of the fruit peel and pulp in the evaluated eggplant germplasms.
Among the 19 materials, some genotypes with remarkably high antioxidant contents were
identified. Interestingly, these genotypes included both improved (commercial varieties
and hybrids) and unimproved (landraces and S. macrocarpon) germplasms, emphasizing the
significance of genetic resources in eggplant breeding. PCA and AHC analyses successfully
grouped the genetic materials together on the basis of their biochemical profile. In addition,
AHC grouped the evaluated traits into two major groups with respect to the fruit part used
for their determination (fruit peel and fruit pulp traits).

Considering the four genotypes that performed best for the antioxidant content,
two distinctive profiles were identified: (1) genotypes that were superior for pulp traits
(S. macrocarpon and the landrace ‘KD054/07’) and (2) genotypes that were superior for
peel traits (i.e., F1 ‘Nilo’ and ‘Langada’). However, no significant negative or positive
correlation was found between pulp and peel traits. Therefore, it would be interesting
to hybridize these two groups in order to obtain genotypes with high functional value
in both fruit parts. In this respect, ‘KD054/07’ is a more suitable potential parent in a
hybridization program, because S. macrocarpon is more distantly related to eggplant. Other
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materials with potential for breeding included the commercial variety ‘Tsakoniki’ with very
high anthocyanin content and the landrace ‘GRC094/05’ with high values for dry matter
percentage, pulp TPC and peel CA.

The present study provided an insight into the bioactive properties of an eggplant
collection of diverse origin and identified several eggplant materials with high antioxidant
fruit content that can be utilized for breeding purposes.
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8 KD054/07 L3 Greek landrace GGB 
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Figure A1. Fruit phenotype of the studied eggplant germplasm: Commercial landraces and com-
mercial F1 hybrids (A). Experimental hybrids, breeding line and Solanum macrocarpon (B). Landraces.
All genotypes maintained in the Greek Gene Bank of ELGO—Dimitra (C). Explanations for the
abbreviations are given in Table A1.
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Appendix B

Table A1. Details on the eggplant’s germplasm collection used in the current study.

No Germplasm Abbreviation Type Source

1 Tsakoniki C1 Greek commercial landrace 1 ELGO-DIMITRA 2

2 Emi C2 Greek commercial landrace ELGO-DIMITRA
3 Langada C3 Greek commercial landrace ELGO-DIMITRA
4 Anamika Hyb1 Commercial F1 hybrid Sungro Seeds
5 Nilo Hyb2 Commercial F1 hybrid Rijk Zwaan
6 LKK95/07 L1 Greek landrace GGB 3

7 KD053/07 L2 Greek landrace GGB
8 KD054/07 L3 Greek landrace GGB
9 KD209/07 L4 Greek landrace GGB
10 KD047/07 L5 Greek landrace GGB
11 GRC094/05 L6 Greek landrace GGB
12 IS031/07 L7 Greek landrace GGB
13 HL050/07 L8 Greek landrace GGB
14 MFS030/07 L9 Greek landrace GGB
15 Santorini L10 Greek landrace GGB
16 Male parent of F1 Meliton BL Breeding line GGB
17 Santorini × Tsakoniki Cross1 Experimental F1 hybrid GGB
18 Santorini × BL Cross2 Experimental F1 hybrid GGB
19 Solanum macrocarpon Smac Cultivated eggplant relative GGB

1 Commercial landraces developed by applying classical breeding methods on Greek landraces. 2 Hellenic
Agricultural Organization—Dimitra. 3 Greek Gene Bank of ELGO-Dimitra.

Appendix C

Table A2. Results of analysis of variance performed on the evaluated physicochemical profile,
bioactive compounds and antioxidant capacity of different fruit parts (pulp and peel) of 19 eggplant
genotypes. F-ratios’ significance are given for the effects of the eggplant genotype, the fruit part and
their interaction on the evaluated traits.

Significance of F-Ratio

Variation
Source Df 1 DM pH TSS TA TPC TFC ABTS DPPH FRAP TAC CA n-CA c-CA

Genotype (G) 18 *** 2 *** *** *** *** *** *** *** *** *** *** *** ***
Fruit Part (P) 1 na 3 na na na *** *** *** *** *** na *** *** ***

G x P 18 *** *** *** *** *** *** *** ***
CV% 5.24 0.36 3.83 3.45 2.71 2.99 17.30 2.73 11.73 2.00 11.71 1.63 9.21

1 df, degree of freedom; DM, dry matter; TSS, Total Soluble Content; TA, Total Acidity; TPC, Total Phenols
Content; TFC, Total Flavonoids Content; antioxidant activity expressed as ABTS, DPPH and FRAP; TAC, Total
monomeric anthocyanin content; CA, Chlorogenic acid; n-CA, neo-chlorogenic Acid; c-CA, crypto-chlorogenic
Acid; CV, Coefficient of Variance; 2 *** indicate significance at 0.001 significance level; 3 not applicable.
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